UNB

Universitat Autonoma de Barcelona

Nutrition and Immunity: Molecular Approaches

GABRIELA AVILA MORALES

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: https://creativecommons.org/licenses/?lang=en




UNB

5/ Universitat Autbnoma
de Barcelona

UNIVERSITA DEGLI STUDI DI MILANO
AND
UNIVERSITAT AUTONOMA DE BARCELONA

PhD Course in Veterinary and Animal Sciences (Cycle XXXIV)
Department of Veterinary Medicine and Animal Sciences
and
PhD in Animal Production
Department of Animal and Food Science

Nutrition and Immunity: Molecular Approaches

GABRIELA AVILA MORALES

SUPERVISORS: PROF. FABRIZIO CECILIANI
PROF. ARMAND SANCHEZ BONASTRE
DR. MURIEL BONNET

PHD PROGRAM COORDINATORS: PROF. FABRIZIO CECILIANI
DR. JOAQUIM CASELLAS VIDAL

Academic Year 2021-2022



Table of contents

TADIE Of FiQUFES ....uuuueeeeeeveviisreeeeveerreiiissssssseeeesssisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 4
TADLE Of TADIES......uuuuueeeeeeeaeeeeeeeeeeverreiiisiteeeeesssiissssssssseessssissssssssssssssssssssssssssssssssssssssssssns 5
0 1 2 1 7 1 6
B 1 1 T 9
Chapter 1. The importance of livestock: cattle, pigs and pOultry .............cccceueeeeuueeeeeeeeenn. 11
1.1 7 1 1 12
1.2 ) o S 14
1.3 O 11 7 € 1 16
14 Challenges in liveStoCk prOAUCHION............c...uuueeeiinneriiiinneeiiietinncete st 16
Chapter 2. The mammalian and avian iMMUNE SYSTEM ..........cceeeverrrrssisisisssssssssssssssssssssssas 18
2.1 The mammalian iMMUNE SYSTEHL.........ueeerverureriissieiiiissesisssseesisssssesssssssessssssssesssssssesssssssessas 18
2.1 1. INRGLE TMIMURILY .....eeeeeeee ettt ettt ettt e e sttt e s it e e sttt e e sabaeeesanbeeeesanreeesannne 19
2.1.2. AAQPUIVE FIIMUNILY .....cooeeieeeieiie ettt ettt e sttt e sttt e e s bt e e e sabaeeesanbeeeesnreeesnanne 22
2.2 The avian iMMURE SPSTEM.........uuueeriieseeeisissuressissiesissssesissssssssssssesssssssesssssssssssssssesssssasssses 23
Chapter 3. The intestinal iMMUNE SPSTEM ...........veerrersiisssisissssisssssssssssssssssssssssssssssssssssssssss 25
3.1 The mammalian intestinal iMMURE SYSIEML ........eeevveuurerriiseeiiiiieeeisisseessssssesssssssesssssssssssssns 25
3.1.1. Components and organization of the intestinal immune system: mucosal barrier and gut-associated
LYMPROIA tISSUCS (GALT) .cecoouveeeeaiiieeeeieee ettt ettt et e e st e s st e e s e e e e sabbe e e s eabeeeesnneees 25
3.1.2. PeYer’s PAICHES (PP) .......cccououueiiiiiiiiiiiieie ettt ettt ettt ettt e st e s ee e e snneeesnanee 27
3.2 Avian intestinal iMMURE SPSIEML........ueeereerueeiisissneeiiissresiisssesissssesssssssesssssssesssssssesssssssssssssns 28
Chapter 4. Nutrition And iMMURILY ............ueeevvsiiiiiiiiiisiiiiiisissssisssssssssssssssssssssssssssssssssssssssas 30
4.1 Nutrition: mechanisms of immMunROMOAUIALION ................uuueeercnneeiiiineriiiieieinceeesseeenane 30
4.2 The role of nutrition on livestock Species iMMURILY ...........ueeereeveeeriissereriissiesiisseesisseeessnns 32
4.3 Common and novel dietary supplements used on livestock species RULFItION ........................ 33
4.3.1. n-6 PUFA: Conjugated [inoleic acid (CLA)..........cccoucueeiiiiiiiiniiiiiiiiiie et 34
4.3.2. n-3 PUFA: Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA) ............ccccccveeennnee.. 36
4.3.3. Dietary fibres: Cittus PECHN (CP)....c...ccuieiiiiiiiiiiiei ettt ettt sttt e 38
4.3 4. MIIK @XOSOMES .....eeeeeeeeeee ettt ettt ettt e st e e st e s s bt e e ssb et e e sabbeeessareeeesnneees 41
Chapter 5. In vitro models: characterization of the impact of nutrition on immunity........ 46
5.1 Viability and QpOPIOSIS ...........uuueeivenueeiiiineeiiiieieinietes s sass e s as e s s ane s s aas 47
I @ 7/ 7 v AN 48
R O o 17 s Yo X KN 49
R N 1 1 1 1) N 50
5.5 Killing capabilify .........cuuueeeivnueeiinieiiiiiiteiinsetenssases s ss s s sass s s as e s ase s s e 51
Chapter 6. OMIC technologies: system biology approQCH..................uuueueeeeevvvvsvssueeeeeeeenn. 52
6.1 TPANSCTIPLOMICS «.uueeervenrereriiineeiisissteisissatesisssssessssssstessssssesssssssessssssssssssssasesssssssessssssnsesssssnnes 53
0. 1. 1. MIRINAOIICS .c.neeeeeiiie ettt ettt ettt e e sttt e st e e s st e e e sabre e e s aabaeeesnbeeeesanneees 54
LI o 17 )1 55



Chapter 7. Aim of the thesis, specific objectives and experimental design......................... 58

Chapter 8. ReSUlts (S€€ PAPETYS)........uuuereesirsiisiiisiiisisssisssssssssssssssssssssssssssssssssssssssssssssssssssas 60
Paper 1: In vitro effects of conjugated linoleic acid (CLA) on inflammatory functions of
DOVINE MOMOCYLES...ceiiireiiiiriiirriiiitiniieiireiieriste ettt ar e sessessssnesesanessssesessnesessnessssesssane 60
Manuscript draft 2: Porcine milk exosomes modulate the immune functions of CD14+
TNONOCYLES I71 VIIFO eevvvuuereriiiueeiiisineeisiistesisssssesisssstesssssase s ssssase s sssssas e s ssssase s sesssssesssssasessssssnensssnns 83
Manuscript draft 3: Inmunomodulatory effects of long-chain n-3 polyunsaturated fatty acids
(PUFA) on porcine monocytes (CD14+) immune reSponse ift Vitro.......ccceevueesrssseesssssseeessenne 115
Paper 4: Short Communication. Anti-inflammatory activity of citrus pectin on chicken
MONOCYtes' IMMUNE FESPOMSE......ueeerriirreriiiisieiiiiissteiissstesisssseesssssssesssssssessssssssesssssasesssssansessas 141
Manuscript draft 5: Conjugated Linoleic Acid (CLA) modulates bovine peripheral blood
mononuclear cells (PBMC) Proteome irt Vitro.........eevcveeriseinsseeisssnerisnnnsseeissneiosressssesssenns 160
Manuscript draft 6: Porcine milk exosomes modulate porcine peripheral blood mononuclear
cell (PBMC) ProteOMe iFl VIlFO.....ueeeeveveeeiiiieeeiisineiiiisseiesisssssessssssse s sssssse s ssssasssssssssesssssasesses 213
Manuscript draft 7: Citrus pectin (CP) modulates chicken peripheral blood mononuclear
cells (PBMC) ProteOme i7 VItF0 ....cevvueerirurerirurerisenisssneiisnessssnssssseissssesessnesssesssssesesssessssnsssssesens 256
miRNAomics: In vitro impact of CLA, milk exosomes and CP on bovine, porcine and chicken
MIRNA Profile ..cueeiiiiiiiiiiiiiii e s sase s s aes 290

Chapter 9. General discussion and CONCIUSIONS..............cvevevvvisisissiisisisiiisississsssssssssssssans 298
L () g 1 T N 305
List of papers published, submitted or in Preparation ..............uueeervceueeiisiseeissssseeesssssresssssanes 333
PUDIISREA PAPEFS ...euneeennneeeiiireiiiiiiinisitte st as s s sas e s s sas e s s s sas e s sssanes 333
Manuscripts SUDMUIMEd. .............uueeervnneeiiiiiiiiiietiiineec st as e s sanes 333
Manuscripts 10 De SUDMULIEM ..............uueeveenneeeiiineiiiiiiiiiiiietiscte s saees 333
Other published papers not related to the present thesis project ..........uuuuevveeueeriviseeersissuennnenne 334
Activities performed dUring PRD .................uueeiivnneiiiiieiiiiieieiiniesssere e sssssseessans 334
1 7 N 334
Communications (abstracts) t0 Meetings OF CONGFESSES .......uuurrrerrureiissssneeissssseessssssesisssssesssens 336
ACKNOWIEAZEMENLS .....ccccnnneenriiiiiiiiiieereeeiiieerree st aess e s ssss s e e e s s s s s snnns 338



Table of Figures

Figure 1. Total production (millions of tonnes of protein) of milk, meat and eggs from cattle,
pigs, chicken and their global diStribution. ............coociiiiiiiiiiiiii e 12
Figure 2. Livestock population (millions of heads) in European countries. .............ccccuueeee. 13
Figure 3. Total quantity of meat production (millions of tons) of the most commonly used
livestock species in the EU, and the contributing percentages of the biggest EU meat

producers’ countries in 2020, .........uvviiiiieeeeeiiiiiieee e e e e eee e e e e e e e e e e e e e e e raaraaaaaaaaans 15
Figure 4. Overview of the major cellular and molecular players in innate and adaptive
1100100101011 USSP URPPRN 19
Figure 5. The recognition of pattern pathogen-associated molecular patterns (PAMP) by Toll-
like receptors (TLR), and their downstream signaling pathways. ...........ccocoeeeieniiiiieennnnenn. 21
Figure 6. Recognition of PAMP and DAMP by PPR of different immune cells, and their
AOWNSLIEAM EFTECES. ...eeiiiiiiiiieiie et e e e et e e e e as 22
Figure 7. Composition and organization of the mammalian intestinal immune system......... 26
Figure 8.Peyer’s patches (PP) structure and organization. ...........ccoeecueeeeeeiiiiieeeniieeeeeieeen. 28
Figure 9. Schematic representation of chicken intestinal immune system structure and
OTANIZALION. ...teeeeeuiitieee ettt ee e ettt e e ettt eeeeasetteeeeansbeeeeeaanteeeeeannbbeeeeannbbeeeeannbeeeeeannsbeeeesnneeeeas 29

Figure 10. Immune cell functions affected by micronutrients (vitamins D, E and zinc);
macronutrients (n-3 PUFA); and other feed additives (probiotics, and EGCG a polyphenolic

phytochemical Of Green tea). .......ccuuiiiiiiiiiii e 32
Figure 11. Biosynthesis of conjugated linoleic acid (CLA) in ruminants.............cccceeevuneeen. 35
Figure 12. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) biosynthesis in

100 E:1 10100 F:1 KPP PRI 37
Figure 13. Potential indirect and direct immunomodulatory effects of pectins on intestinal
TNIMUNE CRLLS. ...teieeiiti ettt e e e ettt e e e et e e e e st eeeeenneeeaas 40
Figure 14. Schematic representation of a proposed mechanism of the anti-inflammatory
effects of pectin on IMMUNE CEIIS. .....coooiiiiiiiiiiee e 41
Figure 15. Graphical representation of an exosome and its content: transmembrane and
cytosolic proteins, amino acids, nucleic acids, metabolites, lipids............ccoeeecurviiiieeeeenennns 42
Figure 16. Potential mechanisms of food-derived exosomes internalization by intestinal
immune cells (e.g. epithelial and macrophages), and their regulatory effects. ...................... 44
Figure 17. Mechanisms of exosomes internalization or uptake by target cells...................... 45
Figure 18. Workflow of a systems biology approach in nutritional studies. ...............cc........ 53
Figure 19. Schematic representation of RNA sequencing workflow. .............cccoocoieiniiien. 54
Figure 20. Schematic representation of proteomics Workflow............ccccoeviiiiiiiiiiiiiinniieen.. 57
Figure 21. Specific objectives and experimental design followed in the PhD project. .......... 59



Table of Tables

Table 1. Top five significant enriched gene ontology (GO) terms for the three main GO
categories (biological processes (BP), molecular function (MF), cellular compartment (CC))
associated with the target genes for the DE miRNA identified in each comparison (untreated

vs CLA (UNT_CL), ethanol vs CLA (VEH_CL) and untreated vs ethanol (VEH_UNT)).. 294

Table 2. Top five significant enriched gene ontology (GO) terms for the three main GO
categories (biological processes (BP), molecular function (MF) and cellular compartment
(CC)) associated with the target genes for the DE miRNA identified for the comparison
between exosomes and untreated group (EXO UNTR)......cccceeiiiiiiiiiiiiiiiiiieeeieeees 296

Table 3. Top five significant enriched gene ontology (GO) terms for the three main GO
categories (biological processes (BP), molecular function (MF), cellular compartment (CC))
associated with the target genes for the DE miRNA identified between untreated and Citrus
Pectin (UNTR _CP) GIOUPS. ..eeeeeiiiiiieeiiiiiee ettt e et e e e et e e e e ebeeee e e 296



Abbreviations

ALA: o-linolenic acid

APC: antigen-presenting cells

ARA: arachidonic acid

c¢DNA: copy DNA

CFU: colony-forming units

CLA: conjugated linoleic acid

CP: citrus pectin

DAMP: damage-associated molecular patterns
DC: dendritic cells

DHA: docosahexaenoic acid

2-DE: two-dimensional gel electrophoresis
DIGE: differential imaging gel electrophoresis
DPA: docosapentaenoic acid

EPA: eicosapentaenoic acid

EV: extracellular vesicles

FA: fatty acid

FAE: Follicle-associated epithelium

FAOQO: Food and Agriculture Organization
FO: fish oil

GALT: gut-associated lymphoid tissues
GPR120: G protein-coupled receptor 120
GO: gene ontology

H>DCFDA: 2',7'-dichlorodihydrofluorescein diacetate
H>0:: hydrogen peroxide

HPLC: high liquid chromatography

HRP: horseradish peroxidase

TAV-S: influenza A virus in swine

IEC: intestinal epithelial cells

IEL: intraepithelial lymphocytes

IFN: interferon

Ig: immunoglobulins

IL: interleukin



LA: linoleic acid

LP: lamina propria

LPS: lipopolysaccharide

LTA: lipoteichoic acid

MACS: Magnetic-Activated Cell Sorting

M cell: microfold cells

MHC: Major Histocompatibility Complex

miRNA: micro RNA

mRNA: messenger RNA

MTT: dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
MS: mass spectrometry

MyD88: myeloid differentiation primary-response 88
NADPH: nicotinamide adenine dinucleotide phosphate
NFkB: nuclear factor kappa B

NK: natural killer

NLR: NOD-like receptor

NOD: nucleotide oligomerization domain

PAMP: pathogen-associated molecular patterns
PBMC: peripheral blood mononuclear cells

PGEx: prostaglandin E2

PI3K: phosphoinositide 3-kinase

PMN: polymorphonuclear cells

PPARY: peroxisome proliferator-activated receptor gamma
PP: Peyer’s patches

PRR: pattern recognition receptors

PRRSV: porcine reproductive and respiratory syndrome virus
PUFA: polyunsaturated fatty acids

RNAseq: RNA sequencing

ROS: reactive oxygen species

SCFA: short-chain fatty acids

SED: subepithelial dome

SPM: specialized pro-resolving lipid mediators

sRNA: small RNA

TLR: Toll-like receptor



TNF-a: tumor necrosis alpha

Treg: regulatory T cells

TRIF: TIR-domain-containing adaptor inducing IFNf
ZAS: Zymosan Activated Serum



Abstract

Nutrition plays an important role in modulating livestock species immunity. Therefore, this
thesis aimed at evaluating the effects of different dietary molecules used in animal nutrition on
mammalian and avian immunity. Both, in vitro functional analyses and OMIC technologies
(proteomics and miRNAomics) were implemented herein for an integral characterization of
the molecules’ impact on the animals’ immune response. Specifically, in this thesis the in vitro
impact of the n-6 conjugated linoleic acid (CLA), citrus pectin (CP), and porcine milk
exosomes and n-3 polyunsaturated fatty acids (PUFA) on bovine, chicken and porcine
mononuclear cells immune response was evaluated, respectively.

In the first study, the in vitro activity of CLA on bovine monocytes apoptosis and immune
activities, including chemotaxis, phagocytosis, killing capability, and extracellular reactive
oxygen species (ROS) production was assessed. Anti-apoptotic effects and an increase in
extracellular ROS production during experimental pro-inflammatory conditions were
observed, only when using the mixture of the two main isomers of CLA in equal proportions
(50:50). The present results demonstrated for the first time that CLA does have
immunomodulatory effects on some functions of bovine monocytes in vitro and that the CLA
(50:50) mixture is more effective than the CLA isomers individually. The proteomics analysis
performed on bovine peripheral blood mononuclear cells (PBMC) revealed that CLA (50:50)
mixture does modulate bovine PBMC proteome, supporting the antiapoptotic and
immunomodulatory effects observed in the previous in vitro study on bovine monocytes, and
propose a potential cytoprotective role of CLA (50:50) mixture against oxidative stress.

In the second study, the in vitro activity of CP on chicken monocytes viability, apoptosis,
chemotaxis and phagocytosis was assessed. The study demonstrated for the first time that CP
inhibits monocytes’ chemotaxis and phagocytosis in vitro, suggesting a potential anti-
inflammatory activity. The proteomics analysis carried out on chicken PBMC provided a
proteomics background to the anti-inflammatory activity of CP, demonstrating that the in vitro
reduction of phagocytosis and chemotaxis is associated with changes in proteins related to the
actin cytoskeleton.

In the third study, the in vitro activity of porcine milk exosomes on porcine monocytes viability,
apoptosis, chemotaxis, phagocytosis, killing capability and extracellular ROS production was
assessed. Milk exosomes were successfully purified from sows’ milk and characterized using
their size, concentration, morphology, and exosome protein markers. This study reported for
the first time that porcine milk exosomes can be internalized by porcine monocytes in vitro and

that they can modulate the cell's immune response, by decreasing their chemotaxis and
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phagocytosis; and increasing their ROS production under resting and pro-inflammatory
conditions. The proteomics analysis performed on porcine PBMC demonstrated for the first
time that porcine milk exosomes can modulate porcine PBMC proteome in vitro. Moreover,
the gene ontology (GO) functional analyses revealed that porcine milk exosomes enrich
biological processes related to innate immune-related processes and exosome uptake processes,
supporting the immunomodulatory effects and the exosome internalization observed in the
previous in vitro study.

In the last study, the in vitro activity of the n-3 PUFA, docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), on porcine monocytes viability, apoptosis, chemotaxis,
phagocytosis, and intracellular, extracellular and total ROS production was assessed. The
results of the study showed that DHA and EPA at the highest concentration (200 pM) decreased
porcine monocytes' viability. In addition, it was reported for the first time that DHA and EPA
can exert differential in vitro immunomodulatory effects in pigs, by dampening monocytes'
chemotaxis and potentiating their intracellular oxidative burst, respectively. The proteomics
and miRNAomics analyses were not performed for this study. Instead, a first glance on the
results from the bioinformatic analyses of the miRNAomics data of all the rest of the studies is
presented herein.

In conclusion, this thesis provides both, a phenotypical and molecular characterization of the

in vitro impact of these dietary molecules on bovine, porcine and chicken immune responses.
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Chapter 1. The importance of livestock: cattle, pigs and poultry

Livestock includes terrestrial and domesticated animals that are raised with the sole purpose of
providing a wide range of goods and services, including meat, milk, eggs, fibres, feathers and
traction. Livestock species include, for example, cattle, water buffaloes, pigs, poultry
(chickens, ducks, geese and quails), horses and small ruminants (goats and sheep)

(https://www.fao.org). Livestock is the main source of animal protein (milk, meat and eggs)

worldwide (Gilbert et al., 2018), corresponding to 34% of the global food protein supply and
one-third of all the protein consumed by people. In addition, livestock production contributes
to the global food systems by contributing to crop productivity through draught power and
manure — organic matter often coming from the animals’ faeces that is used as fertilizer in
agriculture — and to the nutrition and subsistence of households from developed countries, but
especially in those from developing countries. Indeed, as reported by the Food and Agriculture
Organization (FAQO), livestock accounts for approximately 40% of the total agricultural output
in developed countries and around half of it in developing ones, supporting the subsistence of
more than one billion people around the world.

Cattle, pigs and chickens are among the most widely used for food production and distributed

livestock species worldwide. In Figure 1, their worldwide production profiles are presented.
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Figure 1. Total production (millions of tonnes of protein) of milk, meat and eggs from cattle,
pigs, chicken and their global distribution.

Source: https://www.fao.org

1.1 Cattle

Cattle - domesticated bovids - are the most common and widespread species of large ruminant
livestock and they can be classified into two subspecies, Bos taurus and Bos indicus
(Utsunomiya et al., 2019). They are mainly raised to produce milk, meat and hides (leathers)
and to provide draft power. Indeed, cows are the biggest contributors to milk production in the
world, accounting for over 90%, and the countries where the most cow milk is produced are

the United States of America, India and China (https://www.fao.org).

The estimated worldwide cattle standing population was around 1.5 billion by the end of 2021.
Bos taurus breeds are commonly found in developed and temperate countries, while Bos
indicus ones are mostly found in developing countries and humid tropics. India, Brazil, China,
Ethiopia and Pakistan are the countries with the highest numbers of dairy cows in the world,

being mostly Bos indicus (https://www.fao.org). Within the Bos taurus group, the Holstein-

Friesian is the most widespread cattle dairy breed in the world as it is present in more than 150
countries (McGuffey and Shirley, 2011), and the most predominant throughout western Europe

(Mayne et al., 2011). In European countries, around 76 million cows were estimated at the end
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of 2020. France constituted the country with the highest (23.3 %) bovine population

(https://ec.europa.eu/eurostat) as shown in Figure 2.
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Figure 2. Livestock population (millions of heads) in European countries.

Source: https://ec.europa.eu/eurostat

Italy is one of the most important European countries for milk production. Indeed, in 2019 Italy
was among the top five European countries with higher yields in milk production, delivering a
total of 1,208,647 thousand tons. The milk production within the country comes mainly from
Italian Holstein cows and it is concentrated mostly in the regions of Lombardy, Emilia-
Romagna, Veneto and Piemonte, as these regions produced approximately 80% of the total
milk in 2020 (Masi et al., 2021). Most of the milk (80%) produced is then allocated to cheese
production, one of the main assets of the Italian dairy industry at both national and international

levels (Ablondi et al., 2021).

13



1.2 Pigs

Sus scrofa domesticus, the domesticated pig, is bred for meat production. The pig sector,
together with the poultry, is the fastest-growing livestock subsector and its production is global
except in some regions where is prohibited due to cultural and religious reservations

(https://www.fao.org). Worldwide, there are around 1 billion pigs, China harbouring almost

half of them. In Europe, around 150 million have been estimated, representing the largest
livestock category before cows. Moreover, in the EU pig meat production is one of the principal
as it accounts for nearly half of total EU meat production. Countries like Germany, Spain and

France are the major producers of pig meat in the EU (https://www.europarl.europa.eu).

According to Eurostat (2020), the EU pig meat production had a new rise peak in 2020, where
23 million tons of pig meat were produced, producing Germany and Spain the largest amounts
(around 5-5.1 million). In Figure 3, the total quantity of meat production of the most commonly
used livestock species (cattle, pig, poultry and other small ruminants) in the EU in 2020 is

shown in detail.
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livestock species in the EU, and the contributing percentages of the biggest EU meat

producers’ countries in 2020.

Source: https://ec.europa.eu/eurostat

Finally, pigs are extremely versatile and easy to adapt, which allows to raise them in very
different systems that go from small and labour-intensive family units to massive, capital-
intensive production units (Pedersen, 2018). This versatility makes the pig meat production
sector, a fundamental one to address the increasing demand in the world for animal-source

foods.
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1.3 Chickens

Chickens (Gallus gallus domesticus) are the most important and numerous poultry species
worldwide, accounting for 93% of the world’s poultry population in 2019. They are specifically
bred for meat or egg production, indeed contributing 90 % of world poultry meat production
and 93 % of egg production. However, in small scale production systems they could also have
a dual purpose. They are ubiquitously distributed, but more than half (56%) of the total
worldwide chicken population is found in Asia. In 2017, the global chicken population was

over 22 billion birds (https://www.fao.org), from which a vast majority corresponded to

broilers— chickens raised specifically for meat (Bennett et al., 2022). Most of the commercial
companies that use modern, industrialized and intensive production systems, have focused on
the production of meat from broilers, mainly due to their high feed-meat conversion ratio,
allowing them to rapidly adapt to the increasing demand for food worldwide (Rowe et al.,
2019). Remarkably, in the EU approximately 13.6 million tons (Figure 3) of poultry meat were
produced in 2020, showing an increase of 2.3% respect to 2019. In the same year, the principal
poultry meat producers in the EU included Poland (2.7 million tons), Spain and France
(1.7 million tons), Germany (1.6 million tons) and Italy (1.4 million tons), the latter showing a

rise of 1.7% respect to the previous year (https://ec.europa.eu/eurostat). Finally, as chickens

exhibit a great potential to adapt to diverse environmental conditions, have short lifecycles and
high feed conversion ratios, which allow breeding improvement, they represent valuable
livestock and genetic resource that could help us face and address the challenges of food

shortage and security (Lawal and Hanotte, 2021).

1.4  Challenges in livestock production

In the past decades, the increase in the worldwide population and the high demand for animal-
source food has caused an important increase in livestock production systems, making
extremely necessary the development of novel strategies that could allow us to meet those
needs without leaving aside livestock health and welfare (Scholten et al., 2013). Indeed, the
improvement of livestock health, immunity, welfare and at the same time productive
performance remains one of the major challenges in the livestock industry. Specifically, the
rise in production of diseases and indiscriminate use of antibiotics have both affected animals’

productivity, causing substantial economic losses worldwide (Hafez and Attia, 2020). For
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example, in dairy cows, production diseases such as mastitis, external and internal parasites
often reduce the efficiency of the production system, by decreasing milk yield and quality,
animals’ fertility and feed conversion, among others. Moreover, zoonotic diseases represent a
high risk also for human health (e.g. tuberculosis and brucellosis) (Hoischen-Taubner et al.,

2021) (https://www.fao.org). In chickens, the genetic pressure that has been put to improve

their performance has shown to adversely affect the animals’ welfare, immunity and
consequently their disease tolerance. Common poultry enteric disorders, due to infection by
rotavirus, coronavirus enteritis, parasitic infestation and E. coli; and respiratory diseases
have caused substantial losses to the poultry industry (Hafez and Attia, 2020). Furthermore,
viral diseases such as Newecastle disease and avian influenza are economically important

diseases that cause high mortality and morbidity in chickens and have cost billions of dollars

worldwide (Hafez and Attia, 2020) (https://www.fao.org). Lastly in the case of pigs, even if in
the past decades an improvement in pig performance and productivity has been observed, the
animals’ health has not shown to increase parallelly. Indeed, many endemic, caused by
important respiratory, intestinal, and systemic pathogens, (e.g. porcine reproductive and
respiratory syndrome virus (PRRSV), influenza A virus in swine (IAV-S), pathogenic E. coli
strains and Streptococcus spp.), epidemic (African swine fever), foodborne zoonotic diseases
(human salmonellosis) are still prevalent in many pig herds worldwide, affecting the animals’
health, welfare and productivity (Maes et al., 2020).

In conclusion, immunity is key for the animals’ protection, disease control and for
consequently assuring their overall health. Therefore, the improvement of livestock species’
immunity is fundamental to control the spread of infectious diseases between the animals,
prevent transmission of zoonotic diseases, minimize the use of antibiotics, enhance the
animals’ productivity and improve food security. As highlighted by the FAO, protecting
livestock against diseases and preventing disease spread has a pivotal role in fighting hunger,

malnutrition and poverty worldwide.
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Chapter 2. The mammalian and avian immune system

In the first part of this chapter, the general principles of the mammalian and avian immune
systems will be described together. However, at the end of this chapter, a separate subsection
will be dedicated only to the avian immune system to further describe and focus on its

differential aspects when compared to mammalian immunity.

2.1 The mammalian immune system

The host immune system is composed of a group of cells and molecules specialized to identify
and destroy potentially dangerous microorganisms or their products, toxins, cancer and dead
cells. The immune system besides protecting our body from invading agents is also responsible
for tolerating and maintaining the symbiosis with the beneficial microbiota living in our bodies;
and for being involved in tissue repair, wound healing and resolution of inflammation (Cohen,
2000; Swiatczak and Cohen, 2015).

To unleash an immune response against invading agents, it is first necessary that the host
immune system sorts out self from non-self-entities, and from the non-self-ones to know which
represent danger and which does not (Chaplin, 2010). According to the type of mechanisms
implemented to recognize these non-self-entities, the immune system can be further classified
into innate and adaptive immunity, as shown in Figure 1. Briefly, innate immunity corresponds
to our first line of defense and it is characterized for being a non-specific and rapid response,

while adaptive immunity is a slow, but highly specific response (Calder and Kew, 2002).
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immunity.
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2.1.1. Innate Immunity

The mammalian and avian immune systems in response to potential pathogens unleash the first
set of responses that activates the innate immunity, which serves as the first line of defense
against infection. Innate immunity is mainly composed of: 1) physical barriers, including the
epithelial cell and mucosal layers, blood-brain barrier, and molecular or chemical barriers,
including soluble proteins and other bioactive molecules such as the complement proteins,
cytokines, chemokines, reactive oxygen species (ROS), pattern recognition receptors (PPR)
found in innate immune cells and antimicrobial peptides that bind pathogen-associated
molecular patterns (PAMP); 2) innate immune effector cells (Chaplin, 2010). Among the innate
immune cells, we can find polymorphonuclear cells (PMN) or also known as granulocytes (e.g.
neutrophils, basophils and eosinophils), monocytes, macrophages, dendritic cells, mast cells
and a group of lymphocytes called natural killer (NK) and gamma-delta T cells (y6T), which
function at the intersection of innate and adaptive immunity (Vlasova and Saif, 2021).
Neutrophils, monocytes and macrophages are specialized phagocytes that kill bacteria and
fungi after phagocytosis (Klasing, 2007). Usually, pathogens are first recognized by
monocytes/macrophages through TLR, starting an inflammatory response by releasing
inflammatory mediators that at the same time recruit neutrophils to the affected tissue for them

further kill the pathogens (Yang et al., 2014). Eosinophils and basophils on the other side
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correspond to the antiparasitic cells of the innate immune system, while NK cells are involved
in viral infections and destroying cancer cells (Li et al., 2010; Stone et al., 2011).

These innate immune responses are known to be very rapid, as no preliminary cloning step is
needed as in adaptive immunity, and PPR that is widely expressed by different immune cells
and have been selected over evolutionary time, quickly detect PAMP, triggering different
inflammatory reactions (Dranoff, 2004; Chaplin, 2010).

The PPR are class of receptors expressed by both immune cells, such as mast cells, monocytes,
macrophages, dendritic cells, innate lymphoid cells, and basophils; and some non-immune
cells, such as epithelial cells (Gong et al., 2020; Zindel and Kubes, 2020). The two most
commonly known PPR in the innate immune system of vertebrates are Toll-like receptors
(TLR) and the cytoplasmic nucleotide oligomerization domain (NOD)-like receptors (NLR),
found in the surface or inside of antigen-presenting cells (Fritz et al., 2006). On the other hand,
PAMP is specific and highly conserved molecular structures found in the same type of
microorganisms, which include lipids, proteins, and nucleic acids such as Gram-negative
bacteria lipopolysaccharides (LPS), Gram-positive bacteria lipoteichoic acid (LTA), and
bacterial DNA, among others (Janeway, 2001; Zindel and Kubes, 2020). It is important to
highlight that PPR can also recognize molecular structures from apoptotic, damaged senescent
and tumorigenic cells, which are often known as the damage-associated molecular pattern
(DAMP) (Gong et al., 2020). As shown in Figure 5, once the PPR recognize and bind their
associated PAMP or DAMP they recruit adaptor molecules (e.g. myeloid differentiation
primary-response 88 (MyD88) and TIR-domain-containing adaptor inducing IFNP (TRIF))
that help to initiate downstream signaling pathways (e.g. NFkB) to exert anti-infection,

antitumor, and other immunoprotective functions (Gong et al., 2020; Li and Wu, 2021).
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Figure 5. The recognition of pattern pathogen-associated molecular patterns (PAMP) by Toll-
like receptors (TLR), and their downstream signaling pathways.

Abbreviations: LPS, lipopolysaccharide; TLR, toll-like receptors;, NF-«B, nuclear factor kappa- B;
MyD88, myeloid differentiation factor 88; IFN, interferon; ssRNA, single-strand ribonucleic acid;
dsDNA, double-strand deoxyribonucleic acid; dsRNA, double-strand ribonucleic acid; IRF, IFN
regulatory factor;, TRAM, TRIF-related adaptor molecule.

Source: (Vallés et al., 2014)

Specifically, the activation of the immune cells expressing those PRR leads to the production
of pro-inflammatory cytokines and chemokines, and IFN-a and IFN-f inducible genes, which
start the inflammatory response and help in recruiting professional phagocytes and other
immune cells in the site of infection or injury and activate adaptive immune responses

(Mogensen, 2009; Chen and Nuifiez, 2010) (Figure 6).

21



Innate immunity

O—)n D/—. ()

o

Pathogen PAMPs  PRR APC T cell
(Sg L) : Strangers
Macrophage PMN Cytokines/chemokines
immune cell recruitment
inflammation
DAMP / ada‘_ptive immgnity
Stressed receptor issue repair
o o0 °
L] o0 [ 3 *
e o o DAMPS,
e o o ()
Dangers
< PRR 9

o D
Healthy

Figure 6. Recognition of PAMP and DAMP by PPR of different immune cells, and their

downstream effects.

Abbreviations: TLR, toll-like receptor; APC, antigen-presenting cells;, PMN, neutrophils; PPR pattern
recognition receptors, PAMP, pathogen-associated molecular pattern;, DAMP, damage-

associated molecular pattern.

Source: (Vallés et al., 2014)

Specialized phagocytes such as neutrophils, monocytes, macrophages migrate towards the site
of infection through a process known as chemotaxis — the ability of the cells to migrate in
response to a chemical signal or chemoattractant gradient concentration —, and once there they
exert different inflammatory functions like production of pro-inflammatory cytokines, ROS
and eventually phagocyte and kill the engulfed microorganism (WU, 2005; Rendra et al.,
2019). Finally, these professional phagocytes are also responsible for presenting the foreign
antigens to lymphocytes to activate an adaptive immune response, suggesting an important

crosstalk and close relationship between both types of immunity (Rendra et al., 2019).

2.1.2. Adaptive immunity

Adaptive immunity provides the second line of defense and it unfolds when the innate immune
system fails to resolve an infection. The adaptive immune system, just like the innate immune

system, relies on both molecular humoral (e.g. immunoglobulins (Igs) and major
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histocompatibility complex (MHC)) and cellular responses (Smith et al., 2019). Adaptive
immunity is characterized by the slow response, as it is composed of a fewer number of cells
that need to undergo first under proliferation after recognizing their specific antigen to be able
to have enough cell numbers for an effective immune response. Despite, the adaptive immunity
mounts a slower response than innate immunity, it is greatly specific for any individual
pathogen, toxin or allergen, as it depends on antigen-specific receptors (e.g. T and B cell
receptors) that are tailored and selected through somatic recombination of a large set of gene
segments, allowing the formation of millions of different antigen receptors, each with
potentially unique specificity for a different antigen. Another key feature of adaptive immunity
is the immunological memory that it provides to the host as it produces long-lived cells that
can re-express effector functions rapidly when they find again their specific antigen (Bonilla
and Oettgen, 2010; Chaplin, 2010).

Cells involved in this type of immunity are T and B lymphocytes. T and B cells are involved
in cellular immunity, exerting cytotoxic functions and humoral immunity by producing
antibodies, respectively. It is through T cells, in secondary lymphoid organs, that adaptive
responses start. First, antigen-presenting cells (APC) recognize, take up and process pathogens
and their antigens, later they present them through surface MHC molecules to antigen-specific
T cells for their further activation to function either as a helper (CD4+) or cytotoxic (CD8+) T
cells (Fujihashi et al., 2013). After T cells activation and clonal expansion, they also recruit
and give out signals to B cells that differentiate into antibodies-producing plasma cells. The
antibodies - also known as immunoglobulins (Igs) - that are produced present a high affinity
against foreign antigens and are key players of the so-called humoral immunity (Smith et al.,
2019). Moreover, B cells can also act as APC to further activate T cells, creating a positive
feedback loop. After antigen recognition, T and B cells can become long-lived memory cells
that persist in the host for life-giving in this immunological memory and the ability to be
activated and generate a more rapid and robust response in case of reinfection (Chaplin, 2010).
Although, both innate and adaptive immunity present clear differences in the mechanisms used
to protect us from non-self-entities and even though often they are thought to be opposite to

each other, they work closely together and complement each other (Calder and Kew, 2002).

2.2 The avian immune system

Even though the avian immune system is genetically simpler than the one of mammals, they

share the same basic structure and function (Ferreira Junior et al., 2018). For example, TLR is
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largely conserved between mammalian and avian species, so they mount a similar innate
immune response. However, as it diverged from that of mammals over 200 million ago some
differences can be found. Specifically, birds possess only one polymorphonuclear leucocyte,
the heterophil, which is the analogue to the mammalian neutrophils (Wigley, 2017). Similar to
mammals, avian heterophils exert phagocytic activities against microbes or foreign particles
(Kogut et al., 2005). Moreover, the avian red blood cells and thrombocytes — analogues to
mammalian non-nucleated platelets — are both nucleated, and the thrombocytes might play an
important role in innate immunity as they may act as phagocytes and APC (Wigley, 2017).
Thrombocytes constitute 70% of the peripheral blood mononuclear cells (PBMC) fraction,
therefore confirming their critical role in the overall avian immune response (Désert et al.,
2016). In addition, since avian thrombocytes are nucleated, have sizes and densities similar to
lymphocytes and monocytes, and have the adherent capacity, technical challenges to isolate
PBMC or monocytes alone are often encountered (Mudronova et al., 2014).

In the case of their adaptive immunity, chickens have less polymorphism of major receptor
families, present a ‘compact or minimal’ MHC complex as it expresses only two Class I and
Class II genes, compared to the hundreds of genes of mammals, which limits chickens to
develop an effective immune response against certain pathogens (Ferreira Junior et al., 2018).
They also present only three immunoglobulin classes (IgY, IgM and IgA) instead of the five
found in mammals, possess three T-cell receptor types (one more than mammals), and they
lack structured peripheral or mesenteric lymph nodes. Despite these differences, the adaptive
immune system function is similar to that of mammals, as both cellular and humoral immunity

are present (Wigley, 2017).
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Chapter 3. The intestinal immune system

Generally, immune response takes place throughout the body. However, it is well known that
the intestine is the largest immune organ in both mammalian and avian species, and where most
of the immune interactions and shared signal pathways are produced between the mucosal
immune system and the intestinal bacteria (Takiishi et al., 2017; Ma et al., 2018). Indeed, the
intestine is the first site of interaction between the nutrients, microbiota and host immune
response. Approximately, the lumen of the human gastrointestinal tract possesses trillions of
commensal bacteria, a number that exceeds the number of cells from the host (Ramakrishna,
2013). This large number of bacteria is essential for influencing the host's health, as they are
the ones responsible for the development and function of the immune system, among other
roles (Ramakrishna, 2013). The intestinal immune system also plays an important role in
communicating, tolerating and maintaining the homeostasis with the beneficial symbiotic
microbiota there residing to maintain host health. Disruptions in this homeostasis can cause the

onset of different acute and chronic intestine inflammatory diseases (Strober et al., 2007).

3.1 The mammalian intestinal immune system

3.1.1. Components and organization of the intestinal immune system: mucosal barrier and

gut-associated lymphoid tissues (GALT)

The gut-associated lymphoid tissues (GALT) are distributed along the intestinal tract and
contain one of the largest lymphoid cell populations in the body, which is organized as
lymphoid tissues (Coker and Madan, 2020). Within the intestine, the intestinal mucosa
separates the commensal bacteria from the GALT. This mucosa is a dynamic interface,
containing a monolayer of intestinal epithelial cells (IEC) composed of enterocytes, goblet and
Paneth cells, which generates physical and chemical barriers to maintain this separation
(Okumura and Takeda, 2017). Goblet cells release mucus, a viscous fluid enriched in mucin
glycoproteins that form large net-like polymers, which serves together with the tight junctions
strongly linking IEC as a physical barrier (Okumura and Takeda, 2017). Additionally, as
chemical barriers it is also possible to find within the mucus layer, anti-microbial peptides (e.g.
defensins) that are produced by Paneth cells and immunoglobulin A (IgA) - an antibody isotype
specialized in mucosal protection- produced by B cells found in the GALT and that collaborate

with IEC to release it to the mucosal surface (Fagarasan et al., 2010; Bevins and Salzman,
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2011; Gutzeit et al., 2014). Therefore, these physical and chemical barriers constitute the first
line of intestinal defense against pathogens (Ma et al., 2018).

The second line of defense corresponds to the immune cells present in the GALT. The GALT
is mainly organized: 1) as individual and scattered immune cells in the lamina propria (LP),
underlying the intestinal epithelium; 2) as immune cells interlinked with the intestinal
epithelium (e.g. intraepithelial lymphocytes (IEL)); and 3) as organized lymphoid structures or
follicles (Peyer’s patches) (Murch, 2021). The main components and organization of the

intestinal immune system are shown in Figure 7.
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Figure 7. Composition and organization of the mammalian intestinal immune system.
Abbreviations: Tfh, T follicular helper cells; IgA, immunoglobulin A; M cell, microfold cell.

Source: (Brucklacher-Waldert et al., 2014)

Inside the LP is possible to find immune cells from both innate and adaptive immune systems
such as IgA-producing B cells, T cells, mostly CD4+ T helpers and T regulatory (Treg) cells,
and APC like DC and macrophages. DC, macrophages and Treg are of great importance in
maintaining the intestinal immune homeostasis, and the first two specifically have been
implicated in the dual role of eliciting a robust immune response against pathogens, but

remaining tolerant to beneficial bacteria and dietary antigens (Denning et al., 2007). However,
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under inflammatory conditions and upon antigen presentation to T cells by DC and
macrophages, the increased production of pro-inflammatory cytokines and chemokines leads
to the recruitment of additional circulating innate immune cells, including monocytes, which
are mucosal DC and macrophages precursors (K. et al., 2006; Varol et al., 2006), PMN, mast
cells, and other T cells and B cells, for further defensive roles (Cominelli et al., 2003).

The organized lymphoid structures are located in anatomically defined microcompartments
distributed all along the intestine. Among them, we can find the Peyer’s patches (PP) in the
small intestine, cecal patches in the cecum, colonic patches in the colon, isolated lymphoid
follicles in the large intestine and rectum, mesenteric lymph nodes and fat associated lymphoid
tissues, which are farther away from the lumen (Brucklacher-Waldert et al., 2014; Silva-
Sanchez and Randall, 2020). In general, all the GALT types share a similar cellular structure
and basic function that allows the interaction of APC with B and T cells, their activation and
the consequent mounting of adaptive immune responses. However, it is known that these
GALT also present differential functions, as their location varies along the intestine, together

with the microbiota composition and load (Takiishi et al., 2017).

3.1.2. Peyer’s patches (PP)

The PP are the best-characterized of all the organized tissues of the GALT and are
macroscopically visible domelike structures that extend into the lumen of the ileum (Mowat
and Agace, 2014). As the other GALT, they are fundamental sites for the induction of the
adaptive immune response within the intestine, being indeed considered as the immune sensors
of the intestine. They are composed of an overlying layer of follicle-associated epithelium
(FAE) that contains specialized epithelial cells called microfold cells (M cells). Their function
is to interact and transport, through endocytosis, phagocytosis, pinocytosis and
micropinocytosis, antigens from the lumen into the subepithelial dome (SED) where resident
APC - mainly DC although macrophages are also present in lower densities-, further process
and present the antigens to B and T cells, unleashing an adaptive immune response or of
immune tolerance towards the gut commensal bacteria and dietary antigens (Jung et al., 2010;
Lycke, 2012). Moreover, PP is mostly composed of large areas containing B cells (follicles or
germinal centres), often surrounded and flanked by T and DC, which converts them into
important centres of IgA production within the gut, as shown in Figure 8 (Jung et al., 2010).

Then, the long-lived IgA producing plasma cells and memory B cells generated in the germinal
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centres can leave the PP and migrate to the blood through the mesenteric lymph nodes, or to
effector sites in the LP of both the large and small intestine (Lycke, 2012). Finally, studies have
shown that PP also could play an important role in innate immunity, as monocyte-derived DC
and macrophages from PP of mice also exerted strong antibacterial and antiviral gene
signatures and only the macrophages were able to phagocyte naive T helper cells (Jung et al.,

2010; Bonnardel et al., 2015).
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Figure 8.Peyer’s patches (PP) structure and organization.
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Source: (Lycke, 2012)

3.2 Avian intestinal immune system

The GALT, and consequently the immune responses that take place within them, are only
found in mammals and birds (Fagarasan et al., 2010). Like in mammals, the avian GALT is
composed of scattered immune cells in the LP, immune cells intermingled within the intestinal
epithelium (IEL such as NK or other non-common T cells subsets) or as organized lymphoid
tissues (Casteleyn et al., 2010) as shown in Figure 9. Among the avian intestinal immune cells,
we can find heterophils -analogues of mammalian neutrophils-, macrophages, DC, NK, and

different subsets B and T cells ([jaz et al., 2021).
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Figure 9. Schematic representation of chicken intestinal immune system structure and

organization.

Source: (Jjaz et al., 2021)

However, some aspects of avian GALT distribution, shape and size can differ among species
and also within organisms of the same specie (Sinkora et al., 2011). The main lymphoid tissues
within avian GALT are PP, cecal lymphoid aggregates (tonsils) -the largest lymphoid
aggregates of the GALT-, and the Meckel’s diverticulum and the Bursa of Fabricius, the latter
exclusively found in birds (Heidari et al., 2015).

In both, cecal tonsils and PP, protective immune responses are carried out to protect the chicken
against bacterial, parasitic and viral pathogens in the gut (Heidari et al., 2015; Kuper et al.,
2017). The most abundant cells in cecal tonsils at hatch are CD4+ T cells that get replaced by
B cells and some CD8+ T cells as it matures into a secondary lymphoid aggregate (Alqazlan
et al., 2021). Avian PP, are very similar to those in mammals, as they consist of lymphoid
follicles that mainly contain B lymphocytes and are separated by interfollicular regions rich in
T lymphocytes, and M cells located in the overlying epithelium are the ones in charge of
sampling antigens to present them to APC which start eliciting the adaptive immune response

(Befus etal., 1980; Algazlan et al., 2021). In chicken, up to 6 PP have been identified in chicken

29



jejunum and 1 in the ileum; and they are known to develop very quickly as after 10 days they
can be seen macroscopically (Casteleyn et al., 2010).

The bursa of Fabricius is a spherical lymph epithelial organ, located adjacent to the cloaca, and
predominates in young birds as it undergoes involution with time. It is divided into follicles
that contain B cells that produce specific antibodies, which circulate in the bloodstream (Hafez
and Attia, 2020). B cells are first produced in the bone marrow, embryonic liver, and yolk sac
and then to the bursa of Fabricius, where they mature to B lymphocytes. The Meckel’s
diverticulum on the other hand is the embryonic remnant of the yolk stalk on the small intestine.
Among the immune cells that can be found in it are: heterophils, monocytes and large numbers
of plasma cells, however, no erythrocytes or thrombocytes are found (Oldh and Glick, 1984;
Olah et al., 1984). It is thought that its main functions include the nourishing of the neonatal
bird, during the first days of life, and acting as a myelopoietic organ in later stages. Lastly,
another difference between the immune system of avian and mammalian species is that the first
ones lack structured lymph node follicles such as mesenteric lymph nodes (Casteleyn et al.,
2010).

Finally, it is important to highlight that both, mammalian and avian GALT, are not only
necessary for triggering an adaptive immune response against pathogens but are also critical to
managing the immune response to dietary antigens, making the difference between them and
pathogenic antigens and inducing immune tolerance towards them (Chase, 2018). Indeed, when
this tolerance is not maintained it leads to the development of several food-induced

gastrointestinal pathologies such as food allergies and celiac disease (Pabst and Mowat, 2012).

Chapter 4. Nutrition and immunity

4.1 Nutrition: mechanisms of immunomodulation

As it was discussed in the previous chapter, the intestine is the largest immune organ and it is
the first site of interaction between the host immune system, the ingested nutrients and the
resident microbiota. Thus, feeding can modulate animals’ immunity, and it can do it through
both direct and indirect mechanisms. For example, one of the most common indirect
mechanisms by which nutrition can affect the host immune response is through changes in the

microbiota composition, load and/or their metabolic products (Shen et al., 2012; Ma et al.,
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2018). As previously mentioned, the gut microbiota plays a critical role in shaping the
development and function of the immune system, and indeed many immune-associated
pathologies can be prevented by modifying the immune response via the modulation of the
microbiota (Ma et al., 2018). Changes in the diet of young calves greatly influenced
microbiome development and composition (Dill-McFarland et al., 2019). In humans, in vitro
supplementation of dietary fibres increased the abundance of beneficial colonic microbiota
(Shen et al., 2012). Moreover, one of the ways by which the microbiota can modulate gut
immunity is through the production of microbial metabolites with immunomodulatory effects,
like short-chain fatty acids (SCFA). Metabolites such as SCFA can be obtained whether by
bacterial fermentation of dietary fibres or by their direct supplementation in the animal's diet
(Corréa-Oliveira et al., 2016).

On the other hand, it is well known that the immune system directly depends on adequate
nutrients to function properly, like any other system in the organism (Wu et al., 2019). Indeed,
the nutritional status seems to be closely related to the capacity of the host resistance to
infection and in general immune competence (Field et al., 2002). Some types of feeds, besides
helping in maintaining a well and adequate function of the immune system, could also enhance
or boost some of the host immune responses, and/or counteract excessive and uncontrolled
ones that could be detrimental to the organism. The functions that different classes of dietary
supplements and feed additives can exert to enhance the host immunity are inhibition of pro-
inflammatory cytokines, chemokines and other inflammatory mediators, increase in the
production of anti-inflammatory mediators, direct modulation of immune cells activities (e.g.
chemotaxis, phagocytosis, ROS production, proliferation, differentiation, activation), and
enhance the crosstalk between the innate and adaptive immune systems, among others (Salman
etal., 2008; Lecchi et al., 2011; Wu et al., 2019; Avila et al., 2021). A schematic representation
of how some dietary supplements (macro and micronutrients) or feed additives (probiotics and
green tea polyphenolic phytochemicals) can directly affect immune cells functions is shown in

Figure 10.
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Figure 10. Immune cell functions affected by micronutrients (vitamins D, E and zinc);
macronutrients (n-3 PUFA); and other feed additives (probiotics, and EGCG a polyphenolic
phytochemical of green tea).

Abbreviations: D, vitamin D; E, vitamin E; Z, zinc, n-3, n-3 PUFA; PB, probiotics;, EG, EGCG;

Source: (Wu et al., 2019)

4.2 The role of nutrition on livestock species immunity

The role of nutrition on mammalian and avian immunity has been widely studied over the last
decades, and different nutrition strategies have been implemented to improve the animals’
immune status, and ultimately their overall health (Bobeck, 2020). As previously described in
Chapter 1, according to the FAQ, livestock species such as cows, pigs and chickens have shown
to be extremely important as they provide most of the animal-source food that is consumed
worldwide, therefore, having a great economic and social impact. One of the main urgent
challenges that the cattle, pig and poultry industries face is the increase in infectious diseases
and antimicrobial resistance, which ultimately may affect the animals’ health, welfare and
productivity, as it has been reviewed elsewhere (Hafez and Attia, 2020; Maes et al., 2020;
Vlasova and Saif, 2021). The improvement of immunity represents the most obvious way to
overcome those challenges, and to do it through nutrition has become a preferred strategy

(Sordillo, 2016; Hafez and Attia, 2020). For example, nutrition intervention with omega-3
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polyunsaturated fatty acids (n-3 PUFA) attenuated the effects of subclinical inflammations and
improved the energy balance in periparturient dairy cows (Trevisi et al., 2011). Moreover, not
only FA diet supplementation has influenced the inflammatory status of lactating cows, but
also has been shown to enhance lactation performance (Greco et al., 2015). In weaned piglets
fed with antibiotic-free diets, dietary fibre has been shown to influence their growth, immune
response, gut barrier function and microbiota. Specifically, the authors observed a decrease in
serum pro-inflammatory cytokines, an increase in antibodies, and a reduction in diarrhea rate,
which is one of the major causes for reduced growth performance during weaning (Heo et al.,
2015; Shang et al., 2021). Lastly, in broiler chickens, the supplementation of organic acids
mixed with dietary fibres also enhanced the humoral immune responses, and only
supplementation with organic acids improved their performance (Sabour et al., 2019).
Additionally, supplementation of laying hens’ diets with fish oil, which is rich in n-3 PUFA,
enhanced the antibody response, without affecting different reproductive parameters of the
animals (Ebeid et al., 2008). In conclusion, based on what has been reported in the previous
studies diet complementation with different food components or dietary integrators such as FA
and dietary fibres could not only improve the animals’ immune competence, but also affect

positively other equally important parameters such as growth and reproductive performance.

4.3 Common and novel dietary supplements used on livestock species nutrition

As previously discussed, the supplementation of animals’ diets with micro and macronutrients,
including vitamins, minerals, lipids, proteins and carbohydrates, has been a widely used
strategy in animal nutrition. This supplementation not only aims to maintain adequate cell
homeostasis and function, but also to enhance some aspects of the animal’s immunity, health,
welfare and performance (Wu et al., 2019; Bobeck, 2020; Hafez and Attia, 2020). Moreover,
in the past years, a whole research area has been dedicated to identifying novel feed
supplements that could help to cope with some of the major challenges faced in the different

livestock animals’ industries.
The immunomodulatory effects that some common (n-3 and n-6 PUFA and dietary fibres) and

novel feed supplements (milk exosomes) used in bovine, porcine, and chicken nutrition will be

presented and further discussed in the following subsections.

33



4.3.1. n-6 PUFA: Conjugated linoleic acid (CLA)

Dietary lipids are important energy-providing macronutrients and especially essential n-6 and
n-3 PUFA, and their metabolic products are important mediators of immune cell functions (Wu
et al., 2019). It is known that the immune system, both innate and adaptive, require high energy
utilization and especially under inflammatory conditions where innate immune cells such as
monocytes, macrophages and PMN carried phagocytosis, production of ROS and cytokines for
pathogen killing; and lymphocytes upon antigen presentation undergo proliferation and
secretion of cytokines and antibodies (Brand, 1985; Newsholme et al., 1986; Sordillo, 2016).
The n-6 and n-3 essential PUFA, linoleic acid (LA) and a-linolenic acid (ALA), respectively,
cannot be synthesized by mammals, including ruminants, so they need to be obtained from the
diet (e.g. fresh pasture and vegetal oils) (Kaur et al., 2014; Haubold et al., 2020). n-6 PUFA
has been shown to alter the FA profile of cell membranes phospholipids, with increased LA
and arachidonic acid (ARA) proportions, which are known precursors of eicosanoids and other
inflammatory mediators (Calder, 2012).

CLA 1is a group of naturally occurring positional and geometrical isomers of LA that are
characterized by having conjugated double bonds in either cis or trans configuration, and that
is naturally present in milk and meat of ruminants (Bhattacharya et al., 2006). In ruminants,
CLA can be synthesized both, as an intermediate product during the biohydrogenation of LA
by rumen bacteria (Churruca et al., 2009) or through the endogenous conversion of trans-
vaccenic acid by desaturase-9 in the mammary gland, as previously demonstrated (Griinari et

al., 2000) (Figure 11).
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The two most important and biologically relevant CLA isomers are the cis-9, trans-11 and the
trans-10, cis-12 CLA isomers, being the first one the most abundant in nature and animal
dietary products (Collomb et al., 2006). They have been shown to exert differential effects, and
synergic and enhanced effects have been reported when they are given to the animals in a
mixture, containing equal amounts of each (Pariza et al., 2001; Viladomiu et al., 2016).

In cows, CLA dietary supplementation has been a common nutritional practice, as it has shown
to exert beneficial properties, including an increase in milk yield, reduce milk fat and glucose
production, enhancing whole-body energy utilization, among others (Selberg et al., 2004;
Galamb et al., 2017). Moreover, CLA isomers have exhibited several immunomodulatory
properties in different animal and humans’ studies. For example, CLA isomers both,
individually and in the mixture have been shown to decrease the expression of pro-
inflammatory cytokines (e.g. IL-6, IL-1p and TNF-a) on humans macrophages in vitro (De
Gaetano et al., 2015); inhibit human monocytes migration in vitro (McClelland et al., 2010);
increase of porcine PMN phagocytosis and chemotaxis, and canine PMN phagocytosis and
oxidative burst in vitro (Kang et al., 2007; Kang, Ji-Houn and Yang, 2008; Paek et al., 2010).
The effects of CLA isomers have also been limitedly investigated on some bovine immune

cells. The supplementation of dams with a commercial CLA preparation (Lutrell Pure, BASF
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SE, Ludwigshafen, Germany), which contains the mixture of both isomers in roughly equal
proportions (50:50), enhanced the ex vivo stimulation ability of bovine PBMC (Danicke et al.,
2012). Moreover, c9,t11 and t10,c12 CLA isomers separately, have been shown to inhibit
bovine PBMC mitogen-activated proliferation, while affecting marginally their cytokine
expression in vitro (Renner et al., 2013). Altogether, these results suggest that CLA might play
pleiotropic functions as both, immune-enhancing and dampening effects have been observed
and that these effects might vary between species, cell types and how CLA is supplemented,
with the isomers separately or in the mixture.

Finally, so far there is no information on how CLA isomers, separately or in the mixture, can
affect other bovine mononuclear cells’ (e.g. monocytes) critical defensive functions, including
chemotaxis, phagocytosis, ROS production and killing capability. Therefore, further research
in this field is needed.

4.3.2. n-3 PUFA: Docosahexaenoic acid (DHA) and Eicosapentaenoic acid (EPA)

n-3 PUFA is among the most recognized immunomodulating supplements even over n-6 PUFA
(Wu et al., 2019; Bobeck, 2020). n3- PUFA are FA that naturally contain more than one double
bond in their structure and the first double bond is on carbon number 3, counting the methyl
carbon as carbon number 1 (Calder and Yaqoob, 2009; De Caterina, 2011). They can be divided
into 1) short-chain n3-PUFA: ALA, and 2) the longer-chain n3-PUFA: EPA, DHA and
docosapentaenoic acid (DPA) (Calder, 2013). EPA and DHA are most abundant in seaweeds
and fish oil (FO) (Calder, 2015), but they can be also synthesized from ALA, following several
steps of desaturation and elongation (Domenichiello et al., 2015) (Figure 12). However, it has
been demonstrated that the conversion of EPA and DHA in mammals is quite limited, being

therefore the diet the main source of these long-chain n-3 PUFA (Calder, 2013).
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In animal and human nutrition studies, EPA and DHA have been demonstrated to enhance
antioxidant defense mechanisms, growth, fertility, and immunity (Calder, 2007; Lee et al.,
2019; Fu et al., 2021). Especially, they are well known for their anti-inflammatory properties
as reviewed elsewhere (Savoini et al., 2019). Different mechanisms have been proposed to
explain EPA and DHA’s immunomodulatory and anti-inflammatory effects. As they are both
structural and functional components of immune cells’ membrane phospholipids, they can alter
the immune cells’ functions by changing the cells’ membrane FA composition, which
consequently impacts the cells membrane’s fluidity, lipid raft formation, cell signaling and
consequent gene expression (Gutiérrez et al., 2019). Moreover, both PUFA is major precursors
of anti-inflammatory eicosanoids, and specifically of specialized pro-resolving lipid mediators
(SPM) that mediate the resolution (turn off) of the inflammation (Chiang and Serhan, 2020).
Finally, they are natural ligands of the intracellular and surface receptors, peroxisome
proliferator-activated receptor y (PPARy) and G protein-coupled receptor 120 (GPR120),
respectively. These two receptors are known to inhibit the NF-«B signaling pathway that is
involved with the expression of inflammatory cytokines (Calder, 2017; Al-Khalaifah, 2020).
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These immunomodulatory and anti-inflammatory effects have been both reported in different
in vivo, in vitro and ex vivo studies. In vivo, FO — which is rich in EPA and DHA — has been
shown to increase different leukocytes subsets counts (e.g. T cells and PMN) in the blood of
periparturient goats during the transition period, suggesting that some aspects of cell-mediated
immune response may be improved around this critical period in the animals (Agazzi et al.,
2004; Bronzo et al., 2010). Besides showing an effect on the phenotype and counts of immune
cells, further defensive actions of immune cells can be affected by EPA and DHA. In vitro,
EPA and DHA induced the polarization of murine macrophages towards an anti-inflammatory
M2 phenotype (Chang et al., 2015); increased goat monocytes phagocytosis and ROS
production (Lecchi et al., 2011); and increased goat neutrophils phagocytosis and
downregulated their ROS production (Pisani et al., 2009). Moreover, increasing EPA and DHA
in the human diet reduced monocytes and neutrophils chemotaxis ex vivo (Schmidt et al.,
1992).

In the past few years increased attention has been put to DHA and EPA supplementation in
other mammals’ diets, including pigs, to exploit their beneficial immunomodulatory and anti-
inflammatory properties. Indeed, in previous studies, n-3 PUFA decreased the gene expression
of pro-inflammatory cytokines (e.g. IL-6 and TNF-a) in growing-finishing barrows, and the
production of pro-inflammatory cytokines and eicosanoids (e.g. PGE>, TNF-a and IL-8) in
porcine alveolar macrophages ex vivo (Meller and Lauridsen, 2006; Huang et al., 2008). In
addition, EPA and DHA have also exhibited in vitro cytoprotective and proliferative effects on
porcine enterocytes (IPEC-J2) submitted to different biological and chemical insults
(Sundaram et al., 2020). Altogether, these results confirm the potential of EPA and DHA in
maintaining pigs’ gut health, integrity and immunity, especially under pro-inflammatory
conditions. However, most of the studies have mainly focused on EPA and DHA effects on the
production of inflammatory mediators and gut health and integrity; and no studies of their in
vitro impact on other inflammatory functions of porcine mononuclear cells (e.g. phagocytosis,
chemotaxis, oxidative burst) are available yet. Therefore, it would be of great value to further

investigate it with the aim at covering this gap.

4.3.3. Dietary fibres: Citrus Pectin (CP)

It has been widely recognized that the consumption of dietary fibres provides several health
benefits for both humans and animals (Anderson et al., 2009; Sabour et al., 2019). Dietary

fibres refer to several plant-based non-digestible food components, including non-
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starch polysaccharides, oligosaccharides, lignin, and analogous polysaccharides. Generally,
dietary fibres are classified by their solubility in water, microbial fermentation in the large
intestine, and viscosity. Among the soluble fibres, pectin is one of the most recognized and
used for dietary integration (Papathanasopoulos and Camilleri, 2010). Pectin is a family of
complex polysaccharides, primarily composed of repeating units of galacturonic acid (Ridley
etal., 2001). It is an important component of all plants’ cell walls but is most abundant in citrus
fruits (Sahasrabudhe et al., 2018).

CP has been widely used as dietary fibre in both human and animal nutrition, as it has shown
to have antioxidative (Sanders et al., 2004), anti-diabetic (Liu et al., 2016), anti-cancer (Glinsky
and Raz, 2009; Salehi et al., 2018), anti-inflammatory and other immunomodulatory effects
(Chen et al., 2006b; Salman et al., 2008; Sahasrabudhe et al., 2018).

It has been proposed that pectin can affect intestinal immune cells’ response through both,
indirect and direct mechanisms, which are summarized and illustrated in Figure 13. Pectin can
indirectly alter the immune response, by changing the composition and function of the
microbiota; favouring the adhesion of commensal microbiota to epithelial cells, while
preventing pathogens adhesion; and promoting the production of SCFA, which are microbial
immunomodulatory metabolites produced by the fermentation of dietary fibres in the large
intestine. In weaning pigs, pectins have indeed shown to shape the colonic microbiota, which
potentially could have health-promoting effects (Tian et al., 2017). On the other hand, pectin
can exert direct effects on the cell's immune functions by interacting with PRR such as galectin-

3 or TLR (Beukema et al., 2020).
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Specifically, it has been proposed that pectin can inhibit TLR 1 and 2 activation in murine
macrophages and human DC, which consequently can inhibit the downstream NF-«kB pro-
inflammatory pathway, as shown in Figure 14 (Sahasrabudhe et al., 2018). In vitro studies
carried out in human PBMC also demonstrated that CP causes inhibition of proinflammatory
cytokines (IL-1B), while increasing the secretion of the anti-inflammatory cytokines (IL-1ra
and IL-10), confirming CP's potential anti-inflammatory role (Salman et al., 2008). Moreover,
it has been reported that CP could modulate mice's intestinal innate and adaptive immune
response in vivo, by interacting and activating immune cells from the PP, after being
transported by M cells (Suh et al., 2013; Ishisono et al., 2017). As previously described herein,
the immunomodulatory effects of CP, and consequently its mechanisms of action, have been
mainly studied and observed in human and mice, and no specific reports on its direct

immunomodulation on other species is available so far.
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In poultry nutrition, there has been an increased interest in integrating the animals’ diets with
dietary fibres, including pectin (Jha and Mishra, 2021). Pectin has been demonstrated to exert
some protective effects against a parasitic infection in broilers chickens (Wils-Plotz et al.,
2013). Specifically, CP improved broilers' energy utilization and nutrient digestibility,
impacting positively their growth performance (Silva et al., 2013). However, there is limited
information on CP effects on chicken immunity, and most specifically on different immune
functions of chicken mononuclear cells, which are critical players in both types of immunity.
Therefore, to cover this gap more research should be conducted to examine CP

immunomodulatory capacity on chicken mononuclear cells' defensive functions.

4.3.4. Milk exosomes

In the past few years, special attention has been focused on novel potential bioactive food
components that could also exert beneficial and immunomodulatory effects on the animals,
just as the traditionally used macronutrients. Specifically, exosomes have shown to be a

promising option for novel food-derived components (Munir et al., 2020).
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Exosomes are nano-sized extracellular vesicles (30 - 160 nm) that mediate intercellular
communication in both physiological and pathological conditions (Becker et al., 2016; Kalluri
and LeBleu, 2020). They are produced by all cell types, including immune cells, and are
released to the extracellular space through exocytosis (Wen et al., 2017). Exosomes can carry
proteins, lipids, DNA, RNA (mRNA, miRNA, non-coding RNA) and metabolites. Some of the
exosomes’ surface and intracellular proteins have been used as exosomes biomarkers for their
identification, as shown in Figure 15. Once released by the donor cells, they mediate near and
long-distance cell-to-cell communication signaling events, by carrying and transferring their
cargo or content into recipient cells. The transfer of exosomes’ cargo can ultimately alter the
recipient cells’ function, as it has been demonstrated by immune cell-derived exosomes that
modulated recipient immune cells’ gene expression by transferring their miRNA (Mittelbrunn
et al., 2011; Montecalvo et al., 2012). It is important to highlight that exosome content and its
amount seems to vary depending on the type of the donor cell, its physiological and activation

state, among other environmental factors (Kalluri and LeBleu, 2020).
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Accumulating evidence has demonstrated that exosomes can induce, amplify and/or modulate
both innate and adaptive immune responses, including NK activation, macrophage
differentiation and monocyte chemotaxis induction (Dalvi et al., 2017), antigen presentation,
T cell activation and differentiation (Raposo et al., 1996). However, the immunosuppressive
and anti-inflammatory roles of exosomes have also been described (Chaput and Théry, 2011).
Exosomes can be isolated from different body fluids, including milk (Admyre et al., 2007).
Moreover, it has also been possible to isolate exosomes from fruits, vegetables, and other
animal-derived sources, showing similar sizes and morphology to mammalian exosomes
(Raimondo et al., 2015).

The particular intention has been focused on milk exosomes, as they are thought to play an
important role in the transmission of immunity from the mother to the offspring, by transferring
immunoregulatory molecules (e.g. miRNA). Therefore, they may play an essential role in the
development of the newborn immune system and growth (Zhou et al., 2012). Human milk
exosomes have been shown to resist digestion in vitro, be internalized by intestinal cells and
affect their gene expression (Lonnerdal et al., 2015). Similarly, bovine milk exosomes were
taken up by human and rat intestinal cells, where they released their miRNA cargo (Wolf et
al., 2015). Both, bovine and porcine milk exosomes, and their cargo, can also accumulate in
suckling piglets and mice peripheral tissues rich in immune cells such as the liver, spleen, lung
and small intestine (Manca et al., 2018). Therefore, after reaching the intestinal tract, milk
exosomes could modulate the animals’ immunity, as shown in vitro (Ascanius et al., 2021).
Furthermore, immune cells like human and murine macrophages are also capable of taking up
in vitro breast and bovine milk exosomes, containing functional RNA(Lésser et al., 2011; Arntz
et al., 2015; Izumi et al., 2015). Figure 16, illustrates how food-derived exosomes after being
ingested can be taken up by intestinal epithelial cells and macrophages, where they transfer
their regulatory cargo (miRNA and mRNA). Moreover, it shows how these exosomes can later
travel through the bloodstream to reach target organs (e.g. liver, lungs, spleen); and how in the
large intestine (colon) they can also be taken up by the microbiota, which can consequently

affect the host immune defense (Teng et al., 2018).
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Multiple mechanisms have been proposed to contribute to the exosomes internalization or
uptake, including (1) ligand-receptor interaction-induced intracellular signaling, (2) direct
fusion of the exosomes membrane with the plasma membrane, (3) phagocytosis and
macropinocytosis, (4) clathrin-mediated endocytosis, (5) caveolae-mediated endocytosis, (6)
receptor-mediated endocytosis, (7) lipid raft- mediated endocytosis, among others (Figure 17)
(Kalluri, 2016; Huang-Doran et al., 2017). Concretely, in professional phagocytes like
monocytes and macrophages, exosome uptake occurs mainly through phagocytosis, in a
cytoskeleton and PI3-kinase (PI3K) phagocytic pathway-dependent manner (Feng et al., 2010;
Parada et al., 2021). However, previous studies highlight the possibility that several
mechanisms of exosome uptake could occur in parallel and that these depend on the signaling

status of the recipient cell, among other factors (Svensson et al., 2013).
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Finally, porcine milk exosomes have also been shown to promote porcine intestinal epithelial
cells proliferation in vitro and in vivo in mice (Chen et al., 2016), but their effects on porcine
immunity are unknown so far. Therefore, it might be of great interest to further investigate if
they can be internalized by porcine mononuclear cells and consequently alter their immune

activities.
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Chapter 5. In vitro models: characterization of the impact of nutrition on

immunity

Nowadays, many of the studies to assess the immunomodulatory role of different dietary
supplements in animal science have been carried out in vitro (Pisani et al., 2009; Lecchi et al.,
2011; Dipasquale et al., 2018). In vitro models provide a cheap and reliable tool to obtain
relevant information on cell biology, in a simpler and more controlled way. In an in vitro
approach, it’s possible to see the intrinsic response of a specific cell type when stimulated with
the homogeneous and individual form of a nutrient in the culture. The information collected at
this stage is of great importance, as it provides an initial idea of the potential effects of these
molecules on the cells, thus proving a description of their phenotype, and more importantly
allows for further elucidation of their mechanisms of action (Calder and Kew, 2002).
Therefore, in vitro assays represent a first, but reliable approach that opens the door to
answering more complex questions in advanced in vivo nutrition studies.

To characterize the impact of nutrition on immunity in vitro there are different cellular models
that can be used, including PBMC and monocytes. PBMC are a heterogeneous population of
blood mononuclear cells including monocytes, lymphocytes (T cells, B cells, NK) and
dendritic cells, which are critical players in both innate and adaptive immunity (Deng et al.,
2014). PBMC can be considered a valuable biological sample to investigate the
immunomodulatory effects of dietary molecules, as they can closely reflect the animals’ overall
immune response. Moreover, PBMC can be obtained rapidly from routine animal blood
collections and isolated with simple in vitro techniques, such as Ficoll gradient centrifugation,
yielding a large number of cells (Ceciliani et al., 2007; Silva et al., 2016; Li et al., 2019). As
previously mentioned monocytes are found within the PBMC, and they can be easily isolated
from the PBMC through different techniques, including those that rely on the adhesive capacity
of monocytes and the sorting of the cells by magnetic-activated cell sorting (MACS, Miltenyi
Biotec, Germany), specifically those of the CD14+ fraction (Ceciliani et al., 2021). The
preferred technique for isolating mammalian monocytes, including ruminants and porcine, has
been the MACS, as it has been reported previously (Lecchi et al., 2008, 2013a; Auray et al.,
2010); while in chickens is most common to use the adherence methods due to the lack in
availability of antibodies for chicken monocytes cell surface markers (He et al., 2007).
Monocytes are circulating blood leucocytes derived from the bone marrow that play a pivotal

role in the innate immune reaction against infections and injuries, and are involved in almost
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all the phases of the immune response as they also support the adaptive immune responses and
participate in tissue homeostasis (Lauvau et al., 2014; Hussen and Schuberth, 2017). They fulfil
their defensive roles by trafficking throughout the body and migrating rapidly into inflamed
tissues, where they produced pro-inflammatory cytokines and reactive oxygen species (ROS),
and eventually phagocyte and kill engulfed pathogens. Upon tissue entry, monocytes can
differentiate into resident macrophages and some subsets of DC, which converts them into
major precursor cells critical in replenishing the pool of these immune cells in different tissues,
including the intestine (Murray and Wynn, 2011). The adequate display of their functions is
critical for effective immune response (Chavez-galan et al., 2015). Therefore, given their
critical role, monocytes represent a suitable in vitro model to assess the impact that nutrition
exerts on mammalian and avian immunity.

Exists a wide range of in vitro functional assays that can be implemented to measure different
monocytes' immune-related activities such as chemotaxis, phagocytosis, ROS production, and
killing capability. Moreover, there are in vitro assays that can assess the cells’ viability and
their capacity to undergo different types of cell death such as apoptosis. These assays can be
highly useful to discard any potential cytotoxic effects of the dietary molecules and to set up
their optimal working concentrations for further functional assays. All of these activities are
excellent indications of the cells’ health state and function, so to assess if nutrition affects them

in vitro is highly informative.

5.1 Viability and apoptosis

Identifying the cells’ viability is fundamental when working in vitro studies, as it evidences the
overall health of the cells and the potential cytotoxic effects of a specific drug or chemical. Cell
viability assays can be mainly be classified as dye exclusion assays (Trypan-blue),
colorimetric, fluorometric and luminometric assays, and flow cytometric assays. The simplest
methods correspond to the ones based on the use of dyes that are excluded by the living cells
and not the dead cells, which can be detected using light microscopy. The colorimetric is based
on the measurement of a biochemical marker to determine the cell's metabolic activity, using
spectrophotometry. The classic and most widely used colorimetric method is the one based on
the reduction of Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) into the

colored product formazan. Fluorometric and luminometric assays can be also used providing
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higher sensitivity than the colorimetric ones (Zaritskaya et al., 2010; Arndt et al., 2014;
Kamiloglu et al., 2020).

Apoptosis is an ATP-dependent type of programmed cell death, necessary for maintaining
tissue development and homeostasis (Zamaraeva et al., 2005). It is considered an integral a
critical feature of the immune system, as it controls immune cells' activity by modulating their
abundance in the inflammatory environment (Feig and Peter, 2007).

The in vitro measurement of the activity of the two main effectors enzymes in apoptosis,
namely caspase-3 and —7, is among the most common approaches to measure this type of cell
death in animal studies. Indeed, it has been already reported and validated in bovine monocytes
(CD14+) and other small ruminants (Ceciliani et al., 2007; Lecchi et al., 2013a). In these
studies, the activation of the two enzymes was determined through a fluorometric detection
assay kit that contains a pro-fluorescent peptide substrate that upon cleavage by the effector
caspases it releases a green fluorophore (rhodamine-110) that when excited at a certain
wavelength produces a fluorometric signal that can be measured using a fluorometer.
Caspases activity can be also measured through colorimetric assays, as it has been
demonstrated for bovine monocytes infected with Mycobacterium bovis (Mulongo et al.,
2014). Lastly, other in vitro methods to measure apoptosis and other cell death types in
monocytes and macrophages, specifically in bovine, have been extensively reviewed

previously (Ceciliani et al., 2021).

5.2 Chemotaxis

Chemotaxis refers to the capacity of cells to migrate towards a chemoattractant or chemical
signal. Innate immune cells, including monocytes, migrate and are recruited to affected tissues,
where they fulfil their phagocytic and killing functions against invading pathogens (WU, 2005;
Lecchi et al., 2008).

The most common way to measure immune cells' chemotaxis in vitro, is by using a Boyden
chamber that is composed of an upper and a lower compartment separated by a porous
membrane (Gomez-Lopez et al., 2011). It mainly consists in adding the cells with migratory
capacity in the upper chamber and monitoring their migration through the porous membrane
towards a chemoattractant (e.g. Zymosan Activated Serum or ZAS), which is added in the
lower compartment of the chamber. Then, the cells that migrated to the other side of the porous

membrane are stained and counted through light microscopy (Guan, 2005). This technique has
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been previously validated in bovine monocytes and macrophages (Walter and Morck, 2002;
Lecchi et al., 2008).

In addition, many studies have assessed the in vitro immunomodulatory effect of several
dietary compounds on the chemotactic capacity of monocytes. In most of them, alternative or
modified Boyden chambers are used (e.g. Transwell migration assay), which follow the same
principle, but offer additional technical facilities to the user. In a previous study, the effects of
CLA isomers on human monocytes' chemotaxis using this technique were reported
(McClelland et al., 2010).

Finally, chemotaxis can be also evaluated with flow cytometry, which seems to be in most
cases a more simple and rapid approach, which additionally allows the phenotypic
characterization of the cells, which is necessary when working with mixed cell populations like

PBMC (Gomez-Lopez et al., 2011).

5.3 Phagocytosis

Monocytes, among other innate immune cells, exert their protective functions by recognizing
invading pathogens through their PRR, phagocytizing and killing them. Phagocytosis is
defined as the cellular process of ingesting and eliminating particles larger than 0.5 pm in
diameter, including microorganisms, foreign substances, and apoptotic cells. Phagocytosis is
also an important process that bridge both types of immunity, as phagocytic cells can then
present the antigens of the ingested pathogens to the lymphocytes, triggering an adaptive
immune response (Uribe-Querol and Rosales, 2020).

Typically, phagocytosis can be measured in vitro using both, fluorometric methodologies using
microplate readers and flow cytometry. In the first case, the fluorescein-labelled E. coli
bioparticles — as well other microorganisms bioparticles - internalization assay is among the
most commonly used in animal studies. It is based on the co-incubation of professional
phagocytes such as monocytes, macrophages and neutrophils with previously opsonized
fluorescein-labelled inactivated E. coli bioparticles, and then measuring the intracellular
fluorescence emitted by the engulfed bioparticles(Pisani et al., 2009). For this type, of
technique is of great importance to quench the extracellular fluorescence of non-internalized
bioparticles with dyes such as Trypan Blue, to be sure of only measuring the intracellular
fluorescence. This technique has been previously used to evaluate the effects of n-3 PUFA

(DHA and EPA) in caprine monocytes and PMN (Pisani et al., 2009; Lecchi et al., 2011); and
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of heat stress on bovine PMN (Lecchi et al., 2016b). Lastly, to measure the in vitro impact of
CLA on porcine PMN phagocytic capacity, a flow cytometry approach was used. In this study,
the cells were co- incubated with latex beads labelled with the fluorophore FITC, and the
fluorescence of ingested particles was then measured by a flow cytometer (Kang et al., 2007).
A similar protocol, but using FITC-conjugated and heat-killed S. aureus or E. coli, has been

reported for bovine monocytes.

5.4 ROS production

The production of ROS by monocytes is a critical step for their antimicrobial activities. Once
the pathogen, is phagocytosed and activation of NADPH oxidase takes place and several highly
toxic ROS (e.g. superoxide anion, hydrogen peroxide (H202)) are produced, which can be
detected both intracellularly and extracellularly (Chew and Park, 2004; Rinaldi et al., 2008).
The overall and simultaneous (total) detection of both types of ROS is also possible, as
previously described for bovine PMN (Rinaldi et al., 2007).

Different techniques have been developed to measure ROS production in vitro, those
implementing coulometry, fluorescence and chemiluminescence. For example, the
Cytochrome C assay is one classical used one, and it relies on the reduction of cytochrome c,
by the extracellularly generated superoxide anion and its quantification by spectrophotometry
(Chen and Junger, 2012). The cytochrome C reduction assay has been previously used in
caprine monocytes and PMN to assess the effects of n-3 PUFA on their oxidative burst (Pisani
et al., 2009; Lecchi et al., 2011). In addition to colorimetric assays, chemiluminescent based
ones can also be used for the detection of extracellular superoxide anion. For example, the
isoluminol-dependent chemiluminescent assay in the presence of horseradish peroxidase
(HRP) — an enzyme that amplifies the chemiluminescent signal - has been implemented
previously in bovine PMN (Grob et al., 2020).

For the detection of total ROS production (intracellular and extracellular) on bovine PMN, it
has been quite common to use the luminol-dependent chemiluminescent assay. Luminol is a
redox-sensitive compound that is oxidized by total ROS, causing the emission of blue
luminescence that can be detected using a luminometer (Rinaldi et al., 2008; Bedouhéne et al.,
2017; Grob et al., 2020).

Lastly, the intracellular ROS can also be measured by using intracellular ROS indicators such

as the 2',7'-dichlorodihydrofluorescein diacetate (HDCFDA), which gets reduced by ROS and
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become fluorescent, allowing their measurement through fluorescence plate readers. This
approach has also been used on bovine PMN (Wang et al., 2020).

Additionally, to these traditional methods, the use of flow cytometry has also been possible,
making measurements easier, more rapid and efficient, as thousands of cells can be measured
by using less amount of the starting material such as blood (Chen and Junger, 2012).

Finally, excessive ROS production may damage the host tissue (Pisani et al., 2009). Therefore,
is very important also to assess if dietary supplements not only influence the cells killing
capability against invading pathogens, through oxidative burst but also if they also can

potentially control or mitigate their cytotoxic effects.

3.5 Killing capability

The killing capability of phagocytes like PMN, monocytes and macrophages against pathogens
can also be measured. It is important to highlight that even if a pathogen is phagocytosed by
these immune cells, it might not succeed in killing it. Therefore, phagocytosis and killing
capability assays should be performed separately (Campbell et al., 1994). The most common
way to elucidate these cells’ killing capacity is through the implementation of intracellular
bacterial killing assays, in which the phagocytes are first incubated with live and opsonized
bacteria or other microorganisms for 1 h, in the case of monocytes. Then all the unbound and
extracellular bacteria are eliminated by washing and treating the cells with antibiotics, cells are
lysed and the surviving bacteria are plated on MacConkey agar plates for colony forming units

(CFU) counting. This technique has been previously used on bovine monocytes and PMN

(Lecchi et al., 2013D).

In conclusion, despite in vitro studies can present some limitations as they often don’t provide
an exact representation of the in vivo conditions (Calder and Kew, 2002), they do represent a
useful and reliable first step in the way to try to understand the potential immunomodulatory
effects that some dietary supplements exert on animals, and to identify the phenotype of the
cells. Moreover, they allow the assessment of a wide range of key immune functions that could
correlate well with what can be seen in vivo. Therefore, it is of great importance later to
integrate the data coming from different approaches, including in vivo studies that could help

us elucidate the biological significance of these dietary supplements.
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Chapter 6. OMIC technologies: system biology approach

The implementation of OMIC technologies — the set of high-throughput technologies that
detect genes (genomics), RNA (transcriptomics), proteins (proteomics), lipids (lipidomics) and
metabolites (metabolomics) — has become a widely used approach in livestock nutrition as it
helps to understand better the molecular effects of novel feed additives comprehensively and
systematically (Lippolis et al., 2019). Specifically, they represent a great tool for further
elucidating the molecular mechanisms underlying the impact observed in previous in vitro or
in vivo studies.

The integration of the data coming from different OMIC technologies, together with the ones
observed in ‘phenotypical’ studies such as in vitro or in vivo ones would allow us to understand
better and holistically what these dietary supplements are doing in our complex biological
system (Kato et al., 2011). The systems biology approach can be indeed defined as the
combination of data coming from these different technologies to create large molecular data
sets that are later integrated using statistical and computational modelling approaches to
provide predictive pathways, complex networks, identification of novel molecules and
biomarkers. Therefore, the ultimate goal of that systems biology approach is to explain how
our biological system behaves after dietary intervention (Badimon et al., 2017). Figure 18

exemplifies how the systems biology approach can be used in nutritional research.
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Figure 18. Workflow of a systems biology approach in nutritional studies.

Source: (Badimon et al., 2017)

6.1 Transcriptomics

Transcriptomics is the study of the complete set of RNA transcripts within a cell or tissue
(transcriptome) (Martyniuk, 2020). Specifically, transcriptomics analysis studies the gene
expression (mRNA), alternative splicing events, long non-coding RNA and small RNA
(miRNA) (Ritchie et al., 2015). The development and advances of high-throughput next-
generation DNA sequencing (NGS) technologies have been of great utility for the growth of
the transcriptomics field, making RNA-sequencing (RNA-seq) the method of choice for it
(Martyniuk, 2020). RNA-seq allows RNA analysis through cDNA sequencing at a massive
scale, supporting both the discovery and quantification of transcripts (Ozsolak and Milos, 2011;
Wang et al., 2019).

Generally, the main steps followed in RNA-seq includes sample collection, high-quality
nucleic acid extraction, library preparation, clonal amplification, and sequencing (Figure 19).

After sequencing, data processing and analysis are required and includes data cleaning,
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filtering, assembly, alignment with a reference genome (de novo or reference-based), variant
calling, differential expression analysis and bioinformatic analysis (e.g. Gene Ontology (GO),

enrichment pathway and network analysis) (Misra et al., 2019).
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Figure 19. Schematic representation of RNA sequencing workflow.

Source: created with BioRender.com

The mRNA profiling is of great importance for nutrition studies and indeed corresponds to the
most commonly used technique among the OMIC technologies (Kato et al., 2011). It has the
potential to identify specific changes in mRNA level that respond to a given nutrient or diet,
and it serves to obtain a global idea of the pattern of expressed mRNA after the dietary
intervention. However, this mRNA expression might not linearly correlate with the changes
seen at a protein level (Koussounadis et al., 2015). This could be partially explained by the
existence of a type of small RNA (sRNA), the microRNA (miRNA), that are known to play a

key role in gene expression.

6.1.1. miRNAomics

The miRNA are small non-coding endogenous RNA (19-25 nucleotides) involved in post-
transcriptional gene expression regulation, by either degradation of a target mRNA or the

inhibition of translation (Plotnikova et al., 2019). Indeed, in mammals miRNA is thought to
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control the activity of approximately 50 % of all protein-coding genes (Krol et al., 2010). They
are known to play important regulatory roles in cell biological processes and pathways such as
cell cycle, proliferation, apoptosis, and immune response, among others. Thus, dysregulation
of miRNA may lead to the development of different pathologies such as cancer (Giovannetti
et al., 2012; Plotnikova et al., 2019).

The regulatory mechanism of miRNA towards mRNA is exerted through complementary
binding of seed sequences of 2—8 nucleotides of miRNA and 3’ untranslated regions (UTR) of
mRNA (Huntzinger and Izaurralde, 2011).

Nowadays, sSRNA profiling, including miRNA, mostly relies on NGS platforms, however,
some preparation strategies differ from those for longer RNA (>200 nucleotides) are not
suitable for sSRNA so alternative and adapted preparation strategies have been developed
(Ozsolak and Milos, 2011).

miRNAomics analysis has been previously and extensively implemented in veterinary and
animal husbandry. For example, they could serve as potential biomarkers of livestock species'
health and welfare as it has been previously reviewed (Miretti et al., 2020). Moreover, several
studies have identified miRNA as potential biomarkers of transport-related stress in turkeys
(Lecchi et al., 2016a), of tail docking and castration-related pain in pigs (Lecchi et al., 2020),
and Brucella infection in water buffaloes (Lecchi et al., 2019).

As it is clear that miRNA play important roles in different biological processes, including the
immune response, and thus in the maintenance of the animals’ health, there is no doubt that
miRNAomics analysis could provide meaningful information on the effects of nutrition on the

animals’ immunity.

6.2 Proteomics

Proteomics is the large scale study of the protein profile in a given biological system (e.g. cells,
tissues, organs) (Pardanani et al., 2002). Besides the identification and quantification of the
proteins, proteomics analysis aims at identifying and characterizing protein-protein
interactions and protein post-translational modifications (Mann and Jensen, 2003). As proteins
are the effector molecules of the biological functions encoded by genes, the study of the
proteome allows us to better understand both, physiological and pathological phenotypes

(Pardanani et al., 2002; Diz et al., 2012).
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Proteome analyses are generally comprised of separation, quantification, and identification of
proteins (Kussmann et al., 2008). Separation of proteins can be done through gel-based or gel-
free methods. Gel-based methods depend on separation using two-dimensional gel
electrophoresis (2-DE), in which separated proteins are visualized and quantified after staining
with reagents for silver stain or fluorescent stain. A similar, but more sophisticated strategy,
the differential imaging gel electrophoresis (DIGE) method, in which proteins of different
samples are pre-labelled with different fluorescent dyes has also been applied (Swatton et al.,
2004). On the other hand, gel-free methods rely on protein separation before their identification
through chromatography, such as high liquid chromatography (HPLC). Nowadays, for the
identification and quantification of proteins mass spectrometry (MS) is the most widely used
technique. MS measures mass-to-charge ratio (m/z), yielding the molecular weight and the
fragmentation pattern of peptides derived from proteins (Mann and Jensen, 2003). MS-based
proteomics techniques can be used for the quantification of proteins in multiple samples using
targeted or shot-gun (untargeted) approaches. The former, aims at the identification of specific
proteins of interest, while the latter aims through a large-scale analysis the identification of all
proteins present within a given sample (Borras and Sabido, 2017).

In untargeted proteomics, the entire set of extracted proteins is directly digested, and the
resulting peptides are prepared, concentrated, separated with HPLC and analyzed by MS
(Soares et al., 2012).

The development of shot-gun proteomics would have not been possible without the
development and the advances in techniques such as mass spectrometry, which provides
increased sensitivity while decreasing the amount of needed sample, allowing still the detection
of minimal differences in protein abundances and identification of post-translational
modifications (Aebersold and Mann, 2016). Therefore, these advances have made easier the
identification and quantification of large numbers of candidate protein biomarkers or molecular
signatures from complex biological systems (Yates 3rd, 2019). In addition, the development
of novel bioinformatics and functional annotation tools has also made simpler the retrieval of
meaningful biological information about the function of the protein by associating them with
biological processes and molecular pathways (Kaspric et al., 2015; Manzoni et al., 2018).
Protein quantification can be done through label-free and chemical and metabolic label-based
methods (Ning et al., 2011). Despite if a label-based or label-free approach is used, both
approaches follow the same overall steps, including sample collection, protein extraction,
enzymatic digestion of proteins into peptides, peptide concentration and/or separation using

liquid chromatography, followed by MS analysis and peptide and protein identification and
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quantification (Soares et al., 2012; Misra et al., 2019). Additionally, to retrieve biological
information out of the list of identified and quantified proteins, statistical and bioinformatics
analyses (GO enrichment and pathway analyses and network analyses) should be performed as

shown in Figure 20.
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Figure 20. Schematic representation of proteomics workflow.

Source: (Soares et al., 2012)

Proteomics analyses have been extensively used in animal and veterinary science. Some studies
have used it to assess the effects of infectious diseases, and characterization of specific
immunological pathways on livestock species immune cells (e.g. PBMC) (Deng et al., 2014;
Deeg et al., 2020). In addition, also other studies have assessed the effects of dietary
supplements (n-3 PUFA) on the ex vivo bovine PBMC proteome (Kra et al., 2021).

In conclusion, proteomics represents a great tool for identifying the molecular signature of
different dietary supplements, which could help us explain the molecular basis of the effects of

nutrition on animal immunity.
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Chapter 7. Aim of the thesis, specific objectives and experimental design

The main aim of this thesis was to determine the in vitro activity of some molecules that are

used in animal nutrition on mammalian (bovine and porcine) and avian (chicken) immune

defenses.

To achieve this aim, in vitro functional studies were first performed to elucidate the effect of

these nutrition molecules on bovine, porcine and chicken monocytes' immune-related

activities, including chemotaxis, phagocytosis, killing capability and reactive oxygen species

(ROS) production. Proteomics and miRNAomics analyses were then performed to further

elucidate the molecular impact of these molecules on bovine, porcine and chicken peripheral

blood mononuclear cells (PBMC), to have a system biology perspective.

The specific objectives of this thesis were the following:

1.

To set up the protocols for bovine, porcine and chicken PBMC and monocytes (CD14+)
isolation.

To evaluate the in vitro impact of conjugated linoleic acid (CLA) on bovine monocytes'
immune response.

To evaluate the in vitro impact of sows’ milk exosomes on porcine monocytes' immune
response.

To evaluate the in vitro impact of the n-3 PUFA, DHA and EPA, on porcine monocytes'
immune response.

To evaluate the in vitro impact of citrus pectin (CP) on chicken monocytes' immune
response.

To determine the in vitro impact of CLA, milk exosomes and CP on bovine, porcine
and chicken PBMC protein (proteomics) profile, respectively.

To determine the in vitro impact of CLA, milk exosomes and CP on bovine, porcine

and chicken miRNA (miRNAomics) profile, respectively.

It is important to highlight that for pigs, only the effects of porcine milk exosomes on porcine

PBMC were investigated with proteomics and miRNAomics analyses.
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The experimental design followed to achieve all of the scientific objectives of this thesis is

illustrated in a more detailed manner in Figure 21.

Specific objectives
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Figure 21. Specific objectives and experimental design followed in the PhD project.

bioinformatic analyses
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Chapter 8. Results (See papers)

Paper 1: In vitro effects of conjugated linoleic acid (CLA) on inflammatory

functions of bovine monocytes
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The following results have been published in Journal of Dairy Science (2020),
https://doi.org/10.3168/jds.2020-18659

In vitro effects of conjugated linoleic acid (CLA) on bovine monocytes’ inflammatory

functions
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HIGHLIGHTS
e CLA exerts immunomodulatory effects in some in vitro functions of bovine monocytes
¢ CLA mixture reduces bovine monocytes’ apoptosis
e CLA mixture also increases ROS production under pro-inflammatory conditions

e The mixture of the two CLA isomers is more effective than the individual isomers

ABSTRACT
The conjugated linoleic acid (CLA) isomers, a group of naturally occurring isomers of the
essential fatty acid (FA) linoleic acid, have received special attention in animal and human
nutrition. Although they have long been used as dietary integrators in dairy cows, the
effects of CLA isomers on bovine immune cells remain yet mostly undisclosed. The
present study aimed to cover this gap and investigate the in vitro effects of CLA on
inflammatory functions, including chemotaxis, phagocytosis, killing capability and
extracellular respiratory burst of purified bovine monocytes (CD147). The apoptosis rate

of monocytes was addressed as well. Once assessed the effects of different concentrations
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(10, 50, 100 and 500 uM) of the two9, tin CLA isomers, namely the cis-9,trans-11 (c9,t11)
and the trans-10,cis-12 (t10,c12), the experiments were carried out using a concentration
of 50 uM of the CLA isomers, both individually and in a mixture (50:50). The
immunomodulatory activity of linoleic acid, an essential FA, and stearic acid, a saturated
FA, was also investigated. Only the 50:50 CLA mixture was able to reduce monocytes
apoptosis and to increase the extracellular respiratory burst during experimental pro-
inflammatory conditions, as assessed by measuring reactive oxygen species (ROS)
production. CLA and linoleic acid had no effects on chemotaxis, phagocytosis and killing.
Remarkably, treatment of monocytes with stearic acid sensibly reduced their chemotactic
capability. In conclusion, the present results demonstrated that CLA isomers do have
immunomodulatory effects on some bovine monocytes’ functions, confirming that the

mixture of the two CLA isomers is more effective than the CLA isomers individually.

Keywords: conjugated linoleic acid, monocyte, innate immunity, dairy cow

INTRODUCTION
Conjugated linoleic acid (CLA) is a group of naturally occurring positional and
geometrical isomers of the essential omega-6 fatty acid (FA) linoleic acid, featuring
conjugated double bonds in either cis or trans configuration (Bhattacharya et al., 2006).
CLA is synthesized as an intermediate product during the biohydrogenation of linoleic
acid by Butyrivibrio fibrosolvens rumen bacteria (Churruca et al., 2009) or through the
endogenous conversion of trans-vaccenic acid by desaturase-9 in the mammary gland, first
demonstrated by Bauman’s team (Griinari et al., 2000).
Among the 28 CLA isomers reported so far, the cis-9,trans-11 (¢9,t11) and the trans-
10,cis-12 (t10,c¢12) are the most abundant and the ones with relevant biological activities
(Pariza et al., 2001; Viladomiu et al., 2016). CLA is formed in ruminants, in particular the
c9, t11 isomer that is the most predominant isomer in milk fat (80-90%). The c9,t11 isomer
concentration in multiparous late-lactating Holstein-Friesian cows’ milk fat is 0.71 g/100g
of total FA, and it sensibly increases (up to 2.5 folds) after feeding with fresh pasture (Kay
et al., 2005). In other studies, the mean concentration of c9,t11 isomer in bovine milk
varied between 5.04 to 11.28 mg/g of fat in animals fed with different diets, showing that
CLA milk content is markedly influenced by the composition of the animal’s diet (Bauman
et al., 1999; Fritsche et al., 1999). The two isomers differ in their biological effects, and

further different activities were demonstrated when combining them in equal amounts
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(Pariza et al., 2001). Dietary supplementation of dairy cows with CLA is a frequent and
relevant nutrition strategy, as it has been observed in in vivo studies a reduction in milk
fat and glucose production, allowing a more efficient whole-body energy utilization, and
enhanced milk yield (Selberg et al., 2004; Danicke et al., 2012; Galamb et al., 2017).
Beside the effects on metabolism, supplementing CLA as well as other Polyunsaturated
Fatty Acids (PUFA) in dairy ruminants, has been identified as a potential strategy to
mitigate the effects of the pro-inflammatory status associated to the oxidative stress related
to metabolic and endocrine changes around calving in dairy cows (Sordillo, 2016).
Although CLA isomers have been extensively used for improving milk quality and
alleviating the magnitude of negative energy balance, the information about their impact
on cow’s immunity is limited. In vitro studies carried out on a model of mammary gland
epithelial cells (BME-UV1) demonstrated that CLA can modulate inflammation and
respiratory burst (Basirico et al., 2015, 2017; Dipasquale et al., 2018). The effects of CLA
on the activity of immune cells have been investigated on bovine peripheral blood
mononuclear cells (PBMC) and resulted in contradictory results. Supplementing dams
with a commercial CLA preparation (Lutrell Pure™, BASF-SE) in preceding lactation
period exerted effects on the ex vivo stimulation ability of bovine PBMC (Dénicke et al.,
2012). In an in vitro study assessing the effect of ¢9,t11 and t10,c12-CLA isomers, the
inhibition of bovine isolated PBMC mitogen-activated proliferation was detected together
with a marginal effect of c9,t11 isomer on cells’ cytokine expression pattern (Renner et
al., 2013). The apparent inconsistency of these results may be related to the fact that most
of the studies were not carried out with comparable experimental designs and on an
isolated population, but on PBMC, which included both lymphocytes and monocytes.
Monocytes are myeloid cells derived from bone marrow. They play a pivotal role in
immune defence against infections and injuries and are involved in almost all the phases
of the immune reactions (Hussen and Schuberth, 2017). Given their pivotal role, the
present study aimed to investigate the in vitro effect of c9, t11 and t10,c12-CLA isomers,
both individually and using a mixture (50:50) of the two isomers, on bovine sorted
monocyte population. To examine if and how these CLA isomers could play a role in
modulating monocytes’ inflammatory activities, their impact on chemotaxis, respiratory
burst, phagocytosis, killing capability, and apoptosis were evaluated. The effects of other
unsaturated, such as linoleic acid, and saturated FA, such as stearic acid, were assessed as

well.
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MATERIALS AND METHODS

Materials

Ficoll-Paque PLUS (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden), EDTA 2mM,
red blood cell lysis buffer, sterile-filtered Dulbecco’s Phosphate Buffered Saline without
calcium and magnesium (DPBS) (Sigma, St. Louis, USA) were used for bovine PBMC
isolation. For monocytes purification, CD14 MicroBeads, LS Columns and Pre-Separation
filters 30mm (Miltenyi-Biotech, Bergisch Gladbach, Germany) and Bovine Serum
Albumin (BSA; Sigma, St.Louis, USA) were used. After isolation, cells were resuspended
in complete medium, comprising RPMI 1640 Medium with 25 Mm Hepes and L-
Glutamine supplemented with 1% of Non-essential Amino Acid Solution 100X and 1%
Penicillin Streptomycin Solution 100X (Euroclone, Milano, Italy), and 10% Fetal Bovine
Serum (FBS; Sigma, St. Louis, USA). Sterile 96 wells plate MICROTEST (Becton
Dickinson and Company, Franklin Lake, USA), 384 well black plates, 24-well Transwell
migration plates (Costar, Corning, USA) and cryogenic vials (Sigma, St. Louis, USA)
were routinely used for cell culture. The FA 9(E),11(Z)-Octadecadienoic acid and
10(E),12(Z)-Octadecadienoic acid (¢9,t11 and t10,c12-CLA, respectively) (Matreya LLC,
State College, USA); linoleic and stearic acid from (Sigma, St. Louis, USA) were used for
cells’ treatment.

Zymosan A from Saccharomyces cerevisiae, and Cytochrome C from equine heart,
phorbol myristate acetate (PMA) (Sigma, St. Louis, USA), fluorescein-labelled
Escherichia coli bioparticles K-12 strain (Invitrogen, Oregon, USA) and Escherichia coli
American Type Culture Collection (ATCC) 25922 (strain Seattle 1946; LCG Standards)
were used for chemotaxis, reactive oxygen species (ROS) production, phagocytosis and

killing capability assays, respectively.

Purification of monocytes from blood

Peripheral blood from 33 pluriparous late lactating healthy Holstein-Friesian cows was
collected during routine slaughtering procedures at a local slaughterhouse in sterile flasks
containing 1.8mg K,EDTA as anticoagulant per ml of blood. Monocytes (CD14" cells)
were isolated through Ficoll 1.077 g/ml density gradient centrifugation, as previously
described (Dilda et al., 2012), with few modifications. Briefly, blood was first centrifuged
at 1260g, for 30 min at 4°C and the buffy coat (PBMC ring) was collected. PBMC were
then diluted 1:5 in sterile cold PBS without Ca** and Mg?', containing 2mM EDTA,
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layered on Ficoll and centrifuged without breaks at 1700g for 30 min at 4°C. PBMC were
recovered at the interface, washed with PBS without Ca?* and Mg?" and treated with Red
Blood Cell Lysis Buffer for red blood cells elimination. Two subsequent centrifugations
(500g for 7 min with cold PBS without Ca** and Mg?*+ 2mM EDTA) were carried out to
remove platelets. The CD14" monocytes purification was carried out using magnetic-
activated cell sorting technique (MACS). Isolated PBMC were incubated with anti-human
CD14 microbeads for 15 min at 4°C and CD14" cells were isolated from an MD column
(LS) according to the manufacturer's instructions. The homogeneity of the sorted cells (>
98%) was determined using an automatic cell counter (Sysmex). The working

concentration of monocytes was then adjusted with complete medium.

Unsaturated and Saturated FA preparation

Stock solutions of unsaturated and saturated FA were prepared. The two CLA isomers
(c9,tl11and t10,c12-CLA), linoleic acid and stearic acid were reconstituted in ethanol at a
concentration of 357 mM for CLA isomers and linoleic acid and of 70.3 mM for stearic
acid. Stock solutions were stored at -20 °C and fresh dilutions with the complete medium
were prepared when needed. The amounts of CLA isomers used for preliminary studies
ranged from 0 to 500 uM. Additionally, the mixture of both isomers in a 50:50 proportion,
linoleic and stearic acid at 50 uM were also prepared. During the first part of the study,
the working concentration of CLA isomers was determined by testing the different
concentration of individual ¢9,t11 and t10,c12-CLA isomers on monocytes’ apoptosis.
Once determined the CLA working solution, this was tested on monocyte immune-related

functions, including chemotaxis, phagocytosis, respiratory burst, killing and apoptosis.

Apoptosis assay

Apoptosis assay was performed in triplicate on 50 x10° sorted monocytes seeded in 384
well black plates. The experiment was carried out on cells purified from 8 animals. Firstly,
to determine CLA working concentration the cells were incubated overnight at 39 °C in
the humified atmosphere 5% CO; with increasing concentrations of ¢9,t11 and t10,c12-
CLA isomers (10, 50, 100 and 500 uM) or with 0.1% ethanol as control (vehicle), being
the concentration of ethanol found in 500 uM of CLA isomers. At this concentration of
ethanol, no effects on viability on bovine PBMC were observed, as assessed by a 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetra- zolium bromide (MTT)-based assay (data not
shown). Once determined the CLA working concentration (50 uM), the effects of other
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unsaturated and saturated FA on monocytes’ apoptosis were measured by incubating the
cells with 50 uM of each CLA isomer, the 50:50 mixture of the two isomers, linoleic acid,
stearic acid and ethanol (vehicle) as the control, with the same concentration of ethanol
found in the 50 uM FA solutions (0.014%). The apoptosis rate was measured after
overnight incubation by using the Apo-ONE® Homogeneous Caspase-3/7 kit (Promega,
Madison, WI, USA). The caspase-3/7 reagent was added to each well and the fluorescence
intensity was measured using a fluorescence plate reader Fluoroscan Ascent at 485/538
nm (absorbance/emission), every 30 minutes up to 4 hours, as previously described in

bovine monocytes (Ceciliani et al., 2007).

Chemotaxis assay

Monocytes chemotaxis towards zymosan activated serum (ZAS) was measured as
previously reported (Lecchi et al., 2008; McClelland et al., 2010) with some minor
modifications. The experiment was carried out on cells purified from 8 animals.
Monocytes were first pretreated overnight, in absence of chemoattractant, with 50 uM of
each CLA isomer, the 50:50 mixture of the two isomers, linoleic acid and stearic acid or
0.014% ethanol as the control in 24-well Transwell migration plates, equipped with a 5
um pore size membrane. A total of 1x10° monocytes (100 pl final volume) were added in
triplicates in the upper chamber, while FA and migration medium (RMPI-1640 with 1%
of FBS) were added in both chambers at a final volume of 750ul. Cells were incubated
overnight at 39°C in humified atmosphere 5% CO». After pretreating the cells, the
chemotaxis was measured by adding 3mg/ml of the chemoattractant ZAS to the lower
chamber, in the presence of newly added FA (50 uM) or ethanol (vehicle) as control, and
again incubated for 2 h at 39°C in humified atmosphere 5% CO:. For the negative control,
cells were incubated with the vehicle without ZAS. Finally, upper chambers were
removed, non-migrated cells on the upper part of the membrane were gently eliminated
using a swab moistured with PBS, and migrated cells stained with Diff-Quick (Sigma, St
Louis, USA) and counted in ten different fields, using light microscopy.

Determination of respiratory burst by measuring ROS production under normal and
pro-inflammatory conditions

The production of extracellular superoxide anion (O2") was determined by the cytochrome
C reduction method as previously described (Lecchi et al., 2016). The experiment was

carried out on cells purified from 8 animals. A total of 1x10° monocytes (50ul) were seeded
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in complete RPMI-1640 without phenol red in duplicates in 96-well sterile plates. Cells
were then incubated overnight at 39°C in a humidified atmosphere of 5% CO», with 50
uM (50 ul) of each CLA isomers individually, the 50:50 mixture, linoleic acid and stearic
acid or 0.014% ethanol (vehicle) as control at a final volume of 100 pl. At the end of the
incubation time, 10 pl of cytochrome C and 90 pl of HBSS or only 100 ul of HBSS as
negative control were added to each well to make up a final volume of 200 pl. Finally, to
mimic possible pro-inflammatory conditions the second set of experiments was performed
by adding PMA (2.5 pg/ml final concentration). The absorbance was measured every 30
min for 4 h at 550 nm with LabSystems Multiskan plate reader Spectrophotometer.

Phagocytosis assay

Monocytes’ phagocytic activity was determined as previously described (Lecchi et al.,
2011). The experiment was carried out on cells purified from 9 animals. First, 6x10%
fluorescein-labelled Escherichia coli bioparticles (K-12 strain) were opsonized, by
incubating them with 20% of autologous serum for 30 min at 37°C. The suspension was
then centrifuged at 800 g for 15 min and suspended in HBSS. Opsonized bacteria were
stored at -20°C upon use. A 100 pl suspension containing 3x10° monocytes was seeded in
duplicates in 96-well sterile plates with 50 uM (50 ul) of each CLA isomers individually,
the 50:50 mixture, linoleic acid and stearic acid or 0.014% ethanol (vehicle) as the control.
The medium was then added to reach a final volume of 200 ul. Afterwards, the cells were
incubated overnight at 39°C in a humidified atmosphere of 5% CO». Cells were then
washed with sterile HBSS and 45 opsonized fluorescein-labelled E. coli bioparticles (100
ul) per cell were added. Monocytes were then incubated again for 2 h at 39°C in a
humidified atmosphere of 5% CO;. Cells were washed twice with HBSS and 0.4% of
trypan blue was added to quench the fluorescence from non-internalized bacteria. Finally,
cells were again washed with HBSS and the fluorescence intensity of fluorescein-labelled
E. coli bioparticles was measured using a Fluoroscan Ascent FL (Thermo Scientific) at

485/538 nm (absorbance/emission).

Killing Capability assay

The intracellular bacteria-killing capability of monocytes was evaluated according to
(Lecchi et al., 2013). The experiment was carried out on cells purified from 7 animals.
Briefly, E. coli American Type Culture Collection (ATCC) 25922 (LCG Standards) was

opsonized with 20% bovine serum at 37 °C for 30 min. The bacteria were washed twice
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by centrifuging at 1500 g for 10 min and suspended in sterile HBSS. A total of 3x10°
bovine monocytes (100 pl) were suspended in complete medium-containing cryogenic
vials (300 pl final volume) (Sigma, St. Louis, USA) and treated overnight with 50 uM (50
ul) of each CLA isomers individually, the 50:50 mixture of them, linoleic acid and stearic
acid or 0.014% ethanol as vehicle at 39°C in a humidified atmosphere of 5% CO2. Cells
were then washed and incubated with 1x107 of opsonized live E. coli and incubated for 1
h at 39°C in a humidified atmosphere of 5% CO>. Monocytes were centrifuged at 110g for
5 min to remove unbound bacteria and treated further for 1 h with 100 pg/ml of Gentamicin
to kill any remaining extracellular bacteria. Gentamicin was eliminated by washing with
HBSS and centrifuging the cells at 110g for 5 min. Finally, cells were lysed using 0.5%
Triton X-100 (Sigma, St. Louis, USA) for 10 min and the surviving E. coli were counted

on MacConkey agar plates. Results are expressed in colony forming units (CFU).

Statistical analysis

Statistical analyses were performed in GraphPad Prism 8.0.2, San Diego, California USA.
For the data normality assessment, the Shapiro Wilk test was applied. Repeated measures
one-way ANOVA and Tukey’s multiple comparison test were used to evaluate ROS
production, under normal and pro-inflammatory conditions, in normally distributed data.
Repeated measures Friedman test and Dunn’s multiple comparison test were used for
apoptosis, chemotaxis, phagocytosis and killing capability, in not normal distributed

samples. Statistical differences were accepted at P < 0.05.

RESULTS

Effect of c9,tl11and t10,c12-CLA isomers on bovine monocyte apoptosis

To determine c9,t11and t10,c12-CLA isomers optimal concentration, a preliminary study
on monocytes was carried out by incubating overnight the cells with increasing
concentrations of CLA isomers (10, 50, 100 and 500 uM) or with the vehicle (ethanol),
and their apoptosis rate was  assessed (Supplemental Figure SI;

https://doi.org/10.3168/jds.2020-18659). No effects were observed with any of the CLA

isomers at increasing concentrations on the sorted population. The following experiments
were then carried out using a concentration of 50 pM.

In the second part of the study, the differential effects of additional unsaturated (linoleic
acid and the mixture 50:50 of both CLA isomers) and saturated FA (stearic acid) on
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monocytes apoptosis were compared. After exposing the cells with the FA overnight,
apoptosis (Figure 1) was found to be reduced (P = 0.013) only by the 50:50 mixture of

CLA isomers when compared with the vehicle (ethanol).

Effect of unsaturated and saturated FA on bovine monocyte chemotaxis

In this part of the study, the capability of the unsaturated and saturated FA of modulating
monocyte chemotactic activity was measured by using transwell migration plates. The
chemotactic activity of monocytes was activated using ZAS, after exposing purified cells
to 50 uM of the FA or the vehicle (ethanol) overnight. The results are presented in Figure
2. Co-incubation with CLA and LA did not modulate monocyte chemotaxis. On the
contrary, stearic acid induced an evident decrease in the chemotactic ability of monocytes
in a statistically significant way (P = 0.032) when compared with the control (vehicle), the
50:50 mixture of CLA (P =0.049) and the t10,c12-CLA (P =0.013); and (P <0.001) with
c9,t1-CLA.

Effect of unsaturated and saturated FA on bovine monocyte ROS production

Monocytes’ production of extracellular superoxide anion at both normal and under
inflammatory conditions was evaluated through the Cytochrome C reduction method.
Cells were treated overnight with the FA and then the ROS production was measured every

30 min for 4 h (Supplemental Figure S2; https://doi.org/10.3168/jds.2020-18659). As the

highest ROS levels were observed in both experimental conditions at 60 min after the
addition of Cytochrome C, the effects of the different FA on the cells’ superoxide anion
production were only further evaluated and presented at this time point (Figure 3). Cells
under normal conditions did not show any difference in ROS production (Figure 3A) as
compared to control. On the contrary, an increase with the 50:50 mixture of CLA isomers
was detected (P = 0.002), after inducing a pro-inflammatory challenge with PMA (Figure
3B), when compared to the control and (P = 0.003) with c9,t11-CLA and linoleic acid.

Effect of unsaturated and saturated FA on bovine monocyte phagocytosis and killing
capability of E. coli

The last set of experiments was aimed to study whether the co-incubation of isolated
bovine monocytes with unsaturated and saturated FA affects their phagocytic and killing
capability, as determined by fluorescein-labelled E. coli bioparticles internalization assay

and intracellular E.coli killing assay, respectively. The capacity of monocytes to
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phagocyte (Figure 4A) and kill live E. coli (Figure 4B) when treated overnight with

saturated and unsaturated FA was not affected when compared to the vehicle.

DISCUSSION

In this study, we reported the effects of ¢9,t11 and t10,c12-CLA isomers, separately and
as 50:50 mixture, as well of linoleic acid, an essential FA, and stearic acid, a saturated FA,
on several immunoregulatory functions of bovine monocyte (CD14%), including apoptosis,
chemotaxis, phagocytosis, respiratory burst and killing capability. Our main finding was
that the 50:50 mixture of the ¢9,t11 and t10,c12-CLA isomers, when used at a
concentration of 50 uM, reduced the apoptosis rate of monocytes. Co-incubating cells with
the 50:50 mixture of the two isomers also increased the respiratory burst, as determined
by an increase of the production of ROS, but only in an experimental pro-inflammatory
environment. On the contrary, CLA does not affect any of the other monocyte
immunoregulatory functions herein assessed. Remarkably, we found that stearic acid was
capable of a statistically significant reduction of chemotaxis.

Conjugated linoleic acid isomers have been routinely used as a feed supplement for dairy
cows due to their beneficial in vivo effects. A decrease in milk fat synthesis and its
consequent improvement in energy balance, increase in milk production, improved
reproductive performance and reduction of metabolic-related diseases were reported
(Perfield et al., 2007; de Veth et al., 2009; Basirico et al., 2017; Csillik et al., 2017).
However, their effects on bovine immunity have been scarcely addressed.

Monocytes provide a suitable in vitro model to assess the impact CLA exerts on bovine
immunity. Monocytes are circulating blood leucocytes playing a major role in the host
immune defence against invading pathogens (Chavez-galéan et al., 2015). They fulfil their
defensive roles by migrating into inflamed tissues, producing pro-inflammatory cytokines
and ROS, and eventually phagocytosing and killing engulfed pathogens. The adequate
display of their functions is critical for an effective immune response.

The rate of apoptosis is regarded as a way to control the activity of blood monocytes, by
either increasing or reducing their presence and activity in the inflammatory environment.
Therefore, apoptosis is regarded as an integral feature of the immune system (Feig and
Peter, 2007). Under this premise, this study tested whether CLA isomers affect apoptosis
in sorted monocytes, demonstrating that 50:50 mixture of the two CLA isomers can reduce

apoptosis. The impact of CLA on apoptosis has been widely studied on cancer cell models
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in humans, and the results converge toward a pro-apoptotic and antiproliferative effect
(Ochoa et al., 2004; Wang et al., 2008). Studies carried out on bovine cellular models
resulted in apparently contradictory results. In bovine mammary cells (MAC-T cell line),
co-incubating with 35uM concentrations of both CLA isomers promoted an increase of
apoptosis rate (Keating et al., 2008), while in another study the ¢9,t11-CLA isomer (60
uM) was able to reduce the caspase-3 activity, thus decreasing apoptosis rate, in bovine
aortic endothelial cells (Lai et al., 2005), suggesting the hypothesis that the effects of CLA
are cell-specific.

For all the following experiments, the working concentration of CLA was set at 50 puM.
This concentration of CLA was selected following preliminary studies, that were carried
out by co-incubating the monocytes with different concentrations of CLA isomers,
demonstrating that there were no differences in modulating apoptosis rate using
concentrations ranging from 10 puM to 500 pM. The use of a concentration of 50 uM was
set to compare the present results with others from previous studies, that used the same
CLA concentration (Basirico et al., 2015, 2017; Dipasquale et al., 2018). Indeed, the
concentration of 50 uM is also close to physiological levels found in human sera (10-70
uM) (Basirico et al., 2015). Moreover, positive effects when using (50 uM) of CLA such
as an improved redox status of bovine mammary cells (Basirico et al., 2015) or
atheroprotective properties in human monocytes have been reported (McClelland et al.,
2010).

To further investigate that the effects reported were specific for CLA isomers and not
related to an unspecific effect in response to treatment with FA, we compared the
differential effects of linoleic acid as omega-6 PUFA control and stearic acid as saturated
acid, which is also the main FA found in some commercially available CLA supplements,
on bovine monocytes’ apoptosis. We also incorporated a 50:50 mixture of both CLA
isomers, as most of the animal studies reporting CLA benefits and commercially available
CLA supplements use a mixture of these two isomers in roughly equal amounts (Song et
al., 2005; Renner et al., 2012). The CLA mixture was the only treatment that caused a
significant reduction in monocytes apoptosis when compared with the vehicle (ethanol),
an effect not observed with the individual CLA isomers.

In the following set of experiments, the capability of CLA isomers to modulate chemotaxis
was studied. We did not observe any difference in monocytes’ migration toward ZAS
when treated with CLA isomers and its mixture. These results differ from those previously

reported in human monocytes, that demonstrated that CLA could modulate
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monocytes/macrophages’ chemotaxis by PPARy activation and COX-2 inhibition,
suggesting atheroprotective properties (McClelland et al., 2010). Intriguingly, a
statistically significant reduction of chemotaxis was found when monocytes were co-
incubated with stearic acid. These results are in contrast with what previously reported in
human monocytes, where stearic acid was found to have a pro-inflammatory activity
(Anderson et al., 2012).

In the final set of experiments, further defensive performance of monocytes in the
inflammatory focus such as phagocytosis, killing and respiratory burst were measured.
Treating isolated monocytes with CLA has no impact on the phagocytic and killing
capability of bovine monocytes. These findings are different as compared to the reported
effects of CLA on other species, including dogs and pigs, and other cellular targets like
polymorphonuclear cells (PMN), where the t10,c12-CLA isomer increased the
phagocytosis process, either indirectly (Kang et al., 2007), or directly (Kang et al., 2009).
No differences in the production of extracellular superoxide anion under normal conditions
were also found. On the contrary, treating the cells with PMA, to mimic inflammatory
conditions, upregulated ROS production in monocytes treated with the CLA mixture.
These results are in agreement with those reported in human macrophages, where both
c9,t11 and t10,c12-CLA isomers upregulated ROS synthesis, through a PPARy dependent
mechanism (Stachowska et al., 2008). Remarkably, a similar effect of increasing ROS
production was recently demonstrated in BME-UV1 cells (Dipasquale et al., 2018).
Moreover, t10,c12-CLA isomer has already shown to increase oxidative stress in human
in vivo studies (Risérus et al., 2002) and in canine PMN (Kang and Yang, 2008; Kang et
al., 2009).

CONCLUSIONS
CLA has shown to present a wide range of beneficial properties for cows’ health,
production and welfare. However, its effects on immune cells’ responses and functionality
have been scarcely addressed so far. This study demonstrates that CLA exerts an anti-
apoptotic activity, and can increase ROS production in an inflammatory in vitro model,
suggesting that CLA may have relevant roles in modulating some in vitro monocyte
immune functions. The present study provides the evidence that the effects of each CLA
isomer are different and a combination of the c9,t11with t10,c12-CLA isomers induce
synergic effects on at least two important monocyte immune functions, namely apoptosis

and inflammatory induced respiratory burst. Besides its isomer-dependent activity, CLA
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effects are also strictly related to their cellular targets, as the effects observed on mammary
gland and endothelial cell lines are different compared to those on immune-related cells
such as monocytes. Several aspects of the potential immunomodulatory effects of omega-
6 FA are still elusive, particularly the molecular basis of the different mechanisms of action
of CLA. Elucidation of these mechanisms would improve our understanding of the actions
of CLA in experimental in vivo systems and determine its practical biological significance,
supporting a more targeted utilisation of CLA in dairy animal nutrition. Given the wide
use of stearic acid in dairy animal nutrition, its immunomodulatory effect on reducing

chemotaxis deserves to be further explored.
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FIGURES

Fluorescence (485/538 nm)

Figure 1. In vitro effect of saturated and unsaturated FA on bovine monocytes apoptosis.
Caspase-3/7 enzymatic activity of bovine monocytes after overnight incubation with FA or
vehicle (0.014% ethanol). Data are means + SEM of eight independent experiments.
Significance was declared for P < 0.05 (*).
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Figure 2. Differential effects of saturated and unsaturated FA on bovine monocytes
chemotaxis. Cells were treated with 0.014% of ethanol as vehicle control. Data are means +
SEM of eight independent experiments. Significance was declared for P < 0.05 (*) and P <
0.001 (*¥**).
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Figure 3. In vitro effect of saturated and unsaturated FA on bovine monocytes extracellular

superoxide anion generation, at 60 min after the addition of Cytochrome C, under (A) normal

conditions or (B) pro-inflammatory conditions (phorbol myristate acetate (PMA) stimulation).

Cells treated with 0.014% of ethanol (vehicle) were considered as control. Data are means + SEM

of eight independent experiments. Significance was declared for P <0.01 (**).
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Figure 4. (A) Phagocytosis of fluorescein-labelled Escherichia coli bioparticles and (B) killing
capability of live Escherichia coli by bovine monocytes after overnight exposure with FA. The
results are expressed as fluorescence intensity (OD 485-538 nm) and as colony forming units

(CFU), respectively. Cells treated with 0.014% of ethanol (vehicle) were considered as
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control. Data are means = SEM of nine and seven independent experiments, respectively.
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ABSTRACT

Exosomes are a subtype of extracellular vesicles with an endosomal origin mediating near and
long-distance intercellular communication events. They are secreted by all cell types and carry
nucleic acids, proteins, lipids, and metabolites, which can be transferred to recipient cells, altering
their biological response. Exosomes are present in different body fluids such as blood, saliva and
milk, where they can exert immunomodulatory functions after discharging their cargo. It has been
demonstrated that porcine milk exosomes can accumulate in the small intestine that is rich in
immune cells like macrophages. No information is available on the immunomodulatory ability of
porcine milk exosomes on porcine immune cells, like monocytes, which are known precursors of
gut macrophages. This study covers this gap aiming to (1) assess the in vitro uptake of milk
exosomes by porcine monocytes (CD14+) and (2) evaluate the in vitro impact of porcine milk
exosomes on porcine monocytes immune functions. Milk exosomes were purified from sows’ milk
by ultracentrifugation coupled with size exclusion chromatography (SEC). After removal of
lipopolysaccharides (LPS) to allow their in vitro utilization, exosomes were characterized by
Nanoparticle Tracking Analysis (NTA), Transmission Electron Microscopy (TEM), and Western
Blotting to detect a specific exosomal marker. Monocytes were isolated from pigs’ blood, using
the magnetic-activated cell sorting technique (MACS). The internalization of PKH26-labeled
porcine milk exosomes by monocytes was examined using fluorescence microscopy. To exclude
potential cytotoxic effects, porcine monocytes were incubated with increasing exosome
concentrations, and apoptosis and viability were measured. Lastly, the ability of milk exosomes to
modulate the cells’ immune activities was evaluated by measuring monocytes’ phagocytosis, the
capacity of killing bacteria, chemotaxis, and reactive oxygen species (ROS) production. Exosomes
did not cause any cytotoxic effects on porcine monocytes, as their apoptosis and viability remained
unchanged. Instead, the exosomes decreased monocytes' chemotaxis and phagocytosis and
increased ROS production under resting (non pro-inflammatory) and pro-inflammatory conditions.
No effects on killing capacity were observed. Altogether, this study provides insights into the role
that milk exosomes might play in pigs’ immunity, by demonstrating that milk exosomes can be
internalized by porcine monocytes in vitro and exert immunomodulatory effects on inflammatory

functions.

Keywords: porcine milk exosomes, exosome uptake, monocyte, phagocytosis, chemotaxis.
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INTRODUCTION

Exosomes are nano-sized extracellular vesicles (30 - 160 nm) with an endosome-derived limiting
membrane that mediate intercellular communication in both physiological and pathological
conditions (Becker et al., 2016; Kalluri and LeBleu, 2020). They are produced by all cell types,
including immune cells, through the inward budding of the endosomal membrane, which mature
into multivesicular bodies (MVB) that when fusing with the plasma membrane release the
exosomes through exocytosis (Wen et al., 2017).

As mediators of cell-to-cell communication, exosomes are secreted from donor cells to modulate
short and long-distance signalling events by carrying and transferring their cargo, which can
include proteins, both transmembrane and cytosolic proteins, lipids, DNA, RNA (mRNA, miRNA,
non-coding RNA) and metabolites (Kalluri and LeBleu, 2020). The exosomes’ cargo can then be
transferred to recipient cells, altering their function (Raposo and Stoorvogel, 2013; Chow et al.,
2014). Several studies report that immune cell-derived exosomes can indeed functionally transfer
miRNA after their fusion with the acceptor immune cells and modulate their gene expression
(Mittelbrunn et al., 2011; Montecalvo et al., 2012).

Over the past two decades, accumulating evidence has reinforced the hypothesis that exosomes
can induce, amplify and/or modulate both innate and adaptive immune responses, including natural
killer cells activation, macrophage differentiation and monocyte chemotaxis induction (Dalvi et
al., 2017), antigen presentation, T cell activation and differentiation (Raposo et al., 1996).
Immunosuppressive and anti-inflammatory roles of exosomes have also been described (Chaput
and Théry, 2011). Indeed, mesenchymal stromal cells-derived exosomes exert immunomodulatory
properties in human peripheral blood mononuclear cells (PBMC) and T cells, by increasing cell
apoptosis, inducing the differentiation of T helper type 1 (Thl) into T helper type 2 (Th2),
suppressing the secretion of the pro-inflammatory cytokines tumor necrosis factor alpha (TNF-a)
and IL-1pB, and increasing the production of the anti-inflammatory cytokine transforming growth
factor beta (TGF-P) (Chen et al., 2016b).

Exosomes are present in different body fluids such as blood, saliva, urine, semen, cerebrospinal
fluid, bile, and milk (Admyre et al., 2007; Raposo and Stoorvogel, 2013). Milk exosomes are part
of the complex mechanism of transmission of immunity from the mother to the offspring, by

transferring immunoregulatory molecules, such as miRNA, they may play an essential role in the
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development of the newborn immune system and growth (Zhou et al., 2012). Indeed, human milk
exosomes resist digestion in vitro and are internalized by intestinal cells, affecting their gene
expression (Lonnerdal et al., 2015). Similarly, bovine milk exosomes are internalized by human
and rat intestinal cells where they release their miRNA cargo (Wolf et al., 2015).

Immune cells like human macrophages are also capable of taking up in vitro breast milk exosomes,
containing functional miRNA (Lésser et al., 2011). Inter-species exosome internalization has been
also observed with bovine milk exosomes, as they can enter human (Izumi et al., 2015) and murine
macrophages, and splenocytes in vitro (Arntz et al.,, 2015). Both, bovine and porcine milk
exosomes, including their cargo, can also accumulate in piglets and mice peripheral tissues rich in
immune cells such as the liver, spleen, lung and the small intestine after suckling or oral
administration (Manca et al., 2018). Therefore, after reaching the intestinal tract, milk exosomes
could modulate the animals’ immunity, as shown in vitro (Ascanius et al., 2021). As further
supported by proteomic analysis, bovine milk exosome proteins are mainly involved in
immunological pathways such as Fc- gamma receptor-mediated phagocytosis, antigen processing
and presentation, lymphocyte receptor signalling, and NK cell-mediated cytotoxicity (Reinhardt
et al., 2012).

Porcine milk exosomes have been shown to promote porcine intestinal epithelial cells proliferation
in vitro and in vivo in mice (Chen et al., 2016a), but their effects on porcine immunity have been
so far unexplored. Therefore, this study aimed to investigate the in vitro uptake of porcine milk
exosomes by porcine CD14+ monocytes and whether porcine milk exosomes may influence the
immune functions of monocytes, including viability, apoptosis, chemotaxis, oxidative burst,

phagocytosis, and killing capacity.

MATERIALS AND METHODS

Purification and Characterization of Milk Porcine Exosomes

Purification of Milk Exosomes from Sows. Milk from multiparous healthy sows (Teaching and
Research Farm Frankenforst, University of Bonn) was collected during natural milk ejection and

exosomes were purified through differential ultracentrifugation coupled with size exclusion
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chromatography (SEC), as previously reported for porcine milk exosomes with some minor
modifications (Ferreira et al., 2021). Briefly, sows’ skimmed milk (7.5 mL) was centrifuged at
10,000 g for 30 min at 4 °C to remove the remaining fat, cellular debris and microvesicles. The
supernatant was diluted with double-filtered (0.22 uM) sterile PBS to reach a final volume of 12.5
mL and then it was transferred to Ultra-clear quick seal ultracentrifuge tubes (Beckman Coulter,
Indianapolis, CA, USA) and centrifuged at 100,000 g for 1 h at 4 °C, using a fixed rotor (Beckman
Coulter TY65 fixed angle rotor, Pasadena, CA, USA). The exosome pellet was carefully collected
on top of the casein pellet without disturbing it and deposited in 2 mL tubes. The collected
exosomes (2 mL) were thoroughly mixed with the pipette and further purified through SEC, using
the gEVOriginal columns from Izon, with a 35 nm-350 nm recovery range (Izon Science, Oxford,
UK), following the manufacturer’s instructions. After the void volume (3 mL), 4 fractions of 500
uL each were collected. The fractions 2 and 3 that are expected to contain the exosomes were
pooled and depleted from lipopolysaccharides (LPS) using the ToxinEraser Endotoxin Removal
Kit (GenScript, Piscataway, NJ, USA) and following the manufacturer’s instructions. The purified

LPS-depleted exosomes were stored at -80 °C until use.

Nanoparticle Tracking Analysis (NTA). The Nanoparticle Tracking Analysis (NTA) was
conducted using a Nanosight NTA 3.3 (Amesbury, United Kingdom) instrument as per the
manufacturer’s instructions. The milk exosomes were diluted in double-filtered PBS (1:50), loaded
into the chip and the particles were visualized and analyzed with the NTA 3.3 Dev Build 3.3.301
software. For the analysis, the instrument was set up to operate at 22 °C, with a syringe pump
speed of 30 arbitrary units (AU) and for each sample, 5 videos of 60 sec each were recorded.
Results (mean of 5 measurements) are expressed as exosome size (nm) and concentration

(particles/mL).

Transmission Electron Microscopy (TEM). Milk exosomes (2.5 pnL) were applied to glow-
discharged carbon-coated formvar copper grids, negatively stained with 2% uranyl acetate, air-
dried for 10 min and observed in a FEI Talos 120 kV transmission electron microscope (FEI

Company, Netherlands). Images of exosomes were acquired by a 4 k x 4 K Ceta CMOS camera.
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Identification of Exosome Marker Proteins by Western blotting. The milk exosome protein
concentration was first determined with the Pierce Bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific, Rockford, IL, USA), following the manufacturer’s instructions.
Exosomal proteins (2 pg) were loaded on sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel and Western blotted on nitrocellulose membrane, using Trans-
Blot Turbo Midi 0.2 um Nitrocellulose Transfer Packs (Bio-Rad Laboratories, Hercules, CA,
USA), and the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). The membranes were
blocked for 1 h with ROTI®Block 1X (Carl Roth, GmbH Co.KG, Schoemperlen, Germany) and
incubated with the primary antibody rabbit anti-human TSG-101 (1:2000) (ab225877, Abcam,
Cambridge, UK) for 2 h at room temperature, and then with the secondary antibody polyclonal
anti-rabbit peroxidase (1:3000) (Vector Laboratory, Inc.30, Burlingame, CA, USA) for 1 h at room
temperature. The immunodetection of the reactive bands was performed using the Immobilion

Western chemiluminescent HRP substrate (Millipore Corporation, Billerica MA, WA, USA).

Characterization of Porcine Milk Exosomes’ Immunomodulatory Effects on Porcine

Monocytes

Purification of Porcine Monocytes. Peripheral blood (100 mL) from twenty 60-100 kg healthy
pigs (TOPIGS) was collected during routine slaughtering procedures in sterile flasks containing
0.2% of EDTA (Sigma-Aldrich, St. Louis, MO, USA) as an anticoagulant. PBMC were isolated
first through Ficoll density gradient centrifugation, as previously described for bovine blood
(Ceciliani et al., 2007). Briefly, blood was first centrifuged at 1260 g for 30 min at 18 °C to obtain
the buffy coat. The buffy coat was diluted 1:5 in cold sterile Dulbecco’s PBS without Ca?>" and
Mg?* + 2 mM EDTA (Sigma-Aldrich) and carefully layered onto 3 mL of Ficoll-Paque Plus
(1.077g/mL) (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Cells were then centrifuged at
1700 g (without brakes) for 30 min at 4 °C to obtain the PBMC ring. PBMC were collected at the
interface, washed twice with cold sterile PBS without Ca?>" and Mg?" + 2 mM EDTA, centrifuged
at 500 g for 7 min at 4 °C and incubated with Red Blood Cell Lysis (Roche Diagnostics GmbH,
Mannheim, Germany) buffer for 3 min at room temperature to remove the red blood cells. Three
consequent washes with cold sterile PBS+ 2 mM EDTA were performed to remove contaminant

platelets. CD14+ monocytes were further purified from PBMC through magnetic-activated cell
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sorting technique (MACS), using CD14 MicroBeads, LS (large size) columns and 30 mm pre-
separation filters (Miltenyi-Biotech, Bergisch Gladbach, Germany), as previously described for
bovine samples (Avila et al., 2020), and following the manufacturer’s instructions. Monocytes
were counted using an automatic cell counter (TC20™, BioRad), and cells were resuspended in
complete medium Roswell Park Memorial Institute 1640 medium (RPMI) with L-glutamine+ 25
mM HEPES + 1% P/S + 1% non-essential amino acids and 10% exosome-depleted Fetal Bovine

Serum (FBS), purchased from Sigma-Aldrich.

Exosome Uptake Assay. To evaluate if porcine milk exosomes could be internalized by porcine
monocytes, monocytes of four healthy animals were treated with LPS-depleted milk exosomes and
visualized using fluorescence microscopy. First, 108 LPS-depleted exosomes (ratio of 200
exosomes/cell) were labelled with the PKH26 Red Fluorescent Cell Linker Mini (Sigma-Aldrich),
following the manufacturer’s instructions with minor modifications. Briefly, LPS-depleted milk
exosomes or PBS (negative control) were mixed with 250 puL of Diluent C and then rapidly added
to a PKH26 dye solution in diluent C (0.04 x 10 final concentration), which was prepared
immediately before staining. The exosomes were incubated with periodic mixing for 5 minutes in
dark, and then 10% of exosome depleted serum was added to stop the staining and to allow the
binding of excess dye. The excess of unincorporated dye was further removed with the Exosome
Spin Columns (MW3000) (Invitrogen, Waltham, MA, USA), following the manufacturer’s
instructions. Before cell seeding, the sterile 4-well Nunc Lab-Tek II Chamber Slides w/Cover RS
Glass Slide (Thermo Fisher Scientific, Waltham, MA, USA) were treated with 100 uL of Poly-D-
lysine (50 pg/mL) (Sigma-Aldrich) for 2 h, to enhance the cells’ adherence, and washed with
pyrogen-free water. Then, 5 x 10° monocytes, purified from 4 animals, were seeded and co-
incubated with 103 PKH26-labeled exosomes (150 pL) or PBS as a negative control for 22 h at 39
°C in a humidified atmosphere and 5% CO,. After the incubation, cells were fixed with 4%
paraformaldehyde (PFA) for 30 min at room temperature and the nuclei were stained with Hoechst
33342 (Sigma-Aldrich) (1 pg/mL) for 15 min. Finally, a drop of Invitrogen™ProLong™ Diamond
Antifade Mountant (Thermo Fisher Scientific) was added to the slides and the cells were visualized
using a fluorescence microscope (Eclipse E600; Nikon). The images were then analyzed with the
ImagelJ/Fiji software. The percentage of PKH26 exosome positive cells was determined by

calculating the ratio between the cells positive for the red fluorescent dye and the total number of
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cells observed in each field, multiplied by 100. Results are expressed as the mean percentage of

three different fields.

Viability Assay. The viability assay was performed to assess the potential cytotoxicity of LPS-
depleted milk exosomes on porcine monocytes by using the Cell proliferation kit I (MTT) (Roche
Diagnostics) as already reported for bovine monocytes (Avila et al., 2020). A total amount of 1 x
10 cells (25 uL) per well, purified from 5 animals, was seeded in duplicate in sterile 96-well plates
(Becton Dickinson and Company, Franklin Lakes, NJ, USA). The plates were incubated for 12 h
and 22 h at 39 °C in a humidified atmosphere and 5% CO, with increasing numbers (103, 10°, 107,
and 10%) of LPS-depleted milk exosomes (25 pL) or with the medium as control (no exosomes).
To measure the cells’ viability, 10 uL of the MTT labeling reagent were added to each well and
incubated at 39 °C for 4 h, following the manufacturer’s instructions. The formazan crystals were
solubilized by adding 100 pL of solubilizing buffer and incubating the plates overnight at 39 °C.
The absorbance was read at 550 nm with a LabSystem Multiskan plate reader Spectrophotometer

(LabX, Midland, Canada).

Apoptosis Assay.To evaluate whether milk exosomes could affect porcine monocytes’ apoptosis,
the enzymatic activity of Caspase-3/7 was measured. Briefly, 5 x 10* cells (12.5 pL) from 5
animals were seeded in duplicate in sterile 384-well black plates (Corning Inc., Kennebunk, ME,
USA), as previously described for bovine samples (Ceciliani et al., 2007). The cells were incubated
for 12 h and 22 h at 39 °C in a humidified atmosphere and 5% CO> with increasing numbers (10,
103,107, and 10®) of LPS-depleted porcine milk exosomes (12.5 puL) or the medium as control (no
exosomes). The apoptosis assay was carried out using the Apo-ONE® reagent Homogeneous
Caspase-3/7 kit (Promega, Madison, WI, USA), following the manufacturer’s instructions. The
fluorescence of 485/538 nm (absorbance/emission) was measured with a fluorescence plate reader

Fluoroscan Ascent (Thermo Fisher Scientific) every 30 min for 2 h.

Chemotaxis Assay.The monocytes’ chemotaxis towards zymosan activated serum (ZAS) was
measured as previously reported, with some minor changes (Avila et al., 2020). Briefly, ZAS was

prepared by activating FBS-exosome depleted serum (Sigma-Aldrich) with 15 mg/ml of Zymosan
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A from Saccharomyces cerevisiae (Sigma-Aldrich) for 60 minutes at 39 °C, and incubated for 30
minutes at 56 °C to destroy complement components, as previously described for bovine
monocytes (Lecchi et al., 2008). Then, 50 microliters of monocytes (1 x 10°) from 5 animals were
seeded in duplicate in the upper chamber of a sterile 24-well Transwell migration plates (Corning
Inc.), equipped with an 8 um pore size membrane. Cells were then pretreated with 2 x 107 LPS-
depleted milk exosomes (50 pL in the upper chamber and 650 pL in the lower chamber), in a ratio
of 200 exosomes/cell and the absence of a chemoattractant, for 22 h at 39 °C and 5% CO.. After
the incubation, ZAS (3 mg/mL) was added in the lower chamber, and the cells were incubated in
the presence of newly added milk exosomes or migration medium (RMPI-1640 with 1% of
exosome-depleted FBS) as control (no exosomes) again for 2 h at 39 °C and 5% CO>. Finally,
non-migrated cells in the upper chambers of the membrane were gently removed with a swab
moistened with PBS, and migrated cells were stained with Diff-Quick (Sigma-Aldrich) and

counted in 10 different fields, using light microscopy (inverted microscope).

Phagocytosis Assay. The phagocytosis assay was carried out by measuring the fluorescence of
fluorescein-labelled Escherichia coli (E. coli) K-12 strain bioparticles (Invitrogen) as previously
performed (Lecchi et al., 2016). Opsonization of fluorescein-labelled E. coli bioparticles (K-12
strain) was performed by incubating 80 uL of bacteria suspension (5 x 10° E.coli/uL) with 20% of
exosome-depleted FBS (20 pL) for 30 min at 39 °C. The suspension was centrifuged at 800 x g
for 15 min and suspended in PBS. A total of 3 x 10° monocytes (100 pL) from 7 animals were
seeded in duplicate in 96-well plates and treated with 100 pL of LPS-depleted milk exosomes
(ratio of 200 exosomes/cell) or with the medium as control (no exosomes). Cells were then
incubated at 39 °C and 5% CO. for 22 h. The cells were washed with PBS and fluorescein-labeled
E. coli bioparticles with a ratio of 45 particles/cell were added and co-incubated for 2 h at 39 °C.
Cells were washed with PBS to remove non-internalized bioparticles and incubated with 50 uL
trypan blue 0.4% for 1 min at room temperature to remove and quench the fluorescence of the non-
internalized bacteria, respectively. After removal of the trypan blue, the fluorescence (485/538

nm) was measured using the microplate reader Fluoroscan Ascent (Thermo Fisher Scientific).

Killing Capacity Assay. The intracellular bacterial killing capacity was determined according to

as reported previously (Lecchi et al., 2013). The E. coli American Type Culture Collection
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(ATCC) 25922 (strain Seattle 1946; LCG Standards Ltd., Teddington, UK) were opsonized with
20% exosome depleted FBS (20 pL), incubated at 37 °C for 30 min. The bacteria were washed
twice by centrifugation at 1500 g for 10 min at 4 °C and suspended with PBS. A total of 3 x 10°
monocytes (100 pL) from 5 animals was seeded in duplicate in cryogenic vials. Cells were then
treated with 6 x 107 LPS-depleted milk exosomes (100 pL), in a ratio of 200 exosomes/cell, or
with the medium as control (no exosomes) and were incubated for 22 h at 39 °C and 5% CO..
After the incubation, cells were incubated for 1 h at 39 °C and 5% CO; with 1 x 107 opsonized live
E. coli. The unbound bacteria were removed by centrifugation and by further treating the cells with
100 pg/mL of gentamicin for 1 h. Gentamicin was eliminated by washing the cells with PBS and
centrifuging at 110 x g for 5 min. Finally, cells were lysed with 0.5% Triton x-100 (Sigma-Aldrich)
on ice for 10 min, and after overnight incubation at 37 °C, the colonies forming units (CFU) of
surviving bacteria were counted on MacConkey agar plates. Results were then expressed as

CFU/mL.

Reactive Oxygen Species (ROS) Production Assay. The production of extracellular superoxide
anions (02-) was determined with the cytochrome C reduction assay, as previously described
(Lecchi et al., 2016). A total of 1 x 10° monocytes (50 puL) from 6 animals was seeded in complete
medium without phenol red in triplicate in 96-well sterile plates and co-incubated for 22 h at 39
°C + 5% CO> with 2 x 107 exosomes (50 pL) in a ratio of 200 exosomes/cell. After the incubation
period, the production of O;- was measured under resting (non- pro-inflammatory) and pro-
inflammatory conditions when challenged with phorbol myristate acetate (PMA). In the normal
conditions, 10 pL of Cytochrome C from the equine heart (1 mM), (Sigma-Aldrich) were added;
while to mimic a pro-inflammatory challenge 10 uL of Cytochrome C and 2 pL. PMA (2.5 pg/mL
final concentration; Sigma-Aldrich) were added. Medium without phenol red was added to all
wells to have a final volume of 200 puL. The absorbance was measured every 30 min for 4 h at 550

nm with a LabSystem Multiskan plate reader spectrophotometer (LabX).

Statistical Analyses. Statistical analyses were performed in GraphPad Prism 8.0.2. Data normality
was assessed with the Shapiro Wilk test. Repeated measures one-way ANOVA and Tukey’s
multiple comparison tests were used for normally distributed samples from viability and apoptosis

at 22 h assays, while a Friedman test and Dunn’s multiple comparisons tests were applied for
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apoptosis at 12 h. Paired t-tests were used for phagocytosis, killing capacity, chemotaxis, ROS

production and exosome uptake assays. Statistical differences were accepted at P < 0.05.

RESULTS

Purification and Characterization of Milk Porcine Exosomes

To examine and determine the size and concentration of the isolated LPS-depleted milk exosomes
NTA was performed. The size of the purified porcine milk exosomes was 155 nm + 8.9 nm (SEM)
and the concentration was 2.55 x 10'? particles/mL (Figure 1A).

The structural and morphological features of porcine LPS-depleted milk exosomes were assessed
by TEM negative staining. The exosomes presented a round or cup shape (Figure 1B) and were
enclosed by a lipid bilayer membrane (Figure 1C).

The protein content of the LPS-depleted milk exosomes was quantified with the BCA protein
quantification kit, and a total concentration of 147 pg/mL was obtained (data not shown). The
presence of the exosome marker TSG-101 in milk exosomes, before and after LPS depletion was
confirmed by Western blot analysis (Figure 1D). The detected band for this cytosolic protein was
observed at the reported molecular weight (44 kDa).

Characterization of Exosomes’ Immunomodulatory Effects on Porcine Monocytes

Porcine Milk Exosomes were Internalized by Porcine Monocytes in vitro. To evaluate whether
porcine milk exosomes can be taken up by porcine monocytes, the cells were co-cultured with 103
PKH26-labeled milk exosomes (LPS-depleted) for 22 h and then visualized using fluorescence
microscopy. No fluorescence was observed in the PKH26-labeled PBS (negative control) treated
cells (Figure 2A). Porcine PKH26-labeled milk exosomes (in red) were internalized by the
monocytes (blue) in vitro and they were mainly located in the cells’ cytoplasm, surrounding the
nucleus (Figure 2B, C). These results were further confirmed when determining the percentage of
PKH26-positive cells, which was higher (P = 0.03) in the exosome group than in the negative
control (Figure 2D).
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Porcine Milk Exosomes did not Affect Porcine Monocytes’ Spontaneous Apoptosis and
Viability. To determine if the milk exosomes could exert cytotoxic effects on porcine monocytes,
cells were incubated with increasing numbers (10°, 10°, 107, and 10%) of exosomes or with
complete medium only as control (no exosomes) for 12 and 22 h and their apoptosis and viability
were measured. Increasing concentrations of milk exosomes showed no cytotoxic effects on
porcine monocytes during the time, as neither their spontaneous apoptosis nor viability at 12 h

(Figure 3A, C) and 22 h (Figure 3B, D); were affected.

Porcine Milk Exosomes Modulate Porcine Monocytes’ Chemotaxis. The chemotactic activity
was measured after activating the cells either treated with porcine milk exosomes or medium
(positive control) with the chemoattractant, ZAS. Porcine milk exosomes did modulate monocyte
chemotaxis (P = 0.05), as a decrease in the number of migrated cells was observed when compared

with the positive control without exosomes (Figure 4).

Porcine Milk Exosomes Decreased Porcine Monocytes’ Phagocytic Capacity, but not their
Killing Capacity. The capacity of monocytes to phagocyte (Figure 5A) E.coli bioparticles when
treated with milk exosomes (107) was decreased (P = 0.02) compared to the control. However, no

effects were observed in their capacity to kill live E. coli (Figure 5B).

Porcine Milk Exosomes Increased Porcine Monocytes’ ROS Production. The monocytes’
production of extracellular Oz- under both, resting and pro-inflammatory conditions, was also
evaluated. Cells co-cultured with porcine LPS-depleted milk exosomes under resting conditions
showed an increase in their ROS production at 60 minutes (P = 0.04) (Figure 6A) as compared to
control. Co-incubation with milk exosomes also affected the ROS production of monocytes after
inducing a proinflammatory challenge with PMA; in detail, an increase after 90 minutes (P = 0.03)

and 120 minutes (P < 0.01) was detected (Figure 6B) when compared to the control.
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DISCUSSION

Exosomes are important mediators of intercellular communication. They fulfil this critical role by
transferring their cargo of regulatory molecules (nucleic acids, proteins, lipids and metabolites) to
recipient cells, altering their biological response, including the balancing of the immune response
(Kalluri and LeBleu, 2020).

The contribution of milk exosomes to intercellular communication and regulation of cellular
processes remains still undisclosed. To the best of our knowledge, the present study reports for the
first time the in vitro uptake of sows’ milk exosomes by porcine monocytes (CD14+), and the
ability of these exosomes in modulating monocytes immune activities, including chemotaxis,
phagocytosis and ROS production. Our main findings were that porcine milk exosomes are
internalized by porcine monocytes and that they modulated in vitro the cells’ chemotaxis,
phagocytosis, and ROS production, the latter under both, resting and pro-inflammatory conditions.
In the first part of the study, LPS-depleted porcine milk exosomes were isolated and characterized
using NTA, TEM and Western blotting. The NTA results are consistent with the size range
previously reported for exosomes (-40 - 160 nm) (Kalluri and LeBleu, 2020), and with the average
size (152 nm) of porcine milk exosomes from different lactation stages (Ferreira et al., 2021).
However, particles with sizes larger than 160 nm and up to 819 nm were also detected in our NTA
results, suggesting that other extracellular vesicles (EVs) - known to have sizes ranging from 50
nm to 1 um — were also isolated. The co-isolation of different subpopulations of EVs has been
previously reported (Bebelman et al., 2018; Mathieu et al., 2019), revealing the technical
challenges and limitations that we still face with the currently available isolation methods to obtain
pure exosome isolates. The concentration of the porcine milk exosomes determined by the NTA
was also consistent with the concentrations observed in previous studies in bovine (1.4 x10'!
particles/ml) and human (8.0 x 10'* particles/ml) (Vaswani et al., 2019), and porcine milk (2.4 x
10" particles/mL) (Ferreira et al., 2021).

The TEM micrographs showed the typical rounded and/or cup-shaped morphology of exosomes -
the latter being related to the drying process for imaging analysis (Raposo and Stoorvogel, 2013)
- and the lipid bilayer membrane surrounding them, in agreement with the already reported
structure for porcine milk exosomes (Ferreira et al., 2021). Immunoblotting results further

confirmed the presence of the widely recognized exosome marker protein, TSG-101 (tumour

96



susceptibility gene 101), a cytosolic protein (44 kDa) involved in the origin and biogenesis process
of exosomes (Kalluri and LeBleu, 2020). This protein has routinely been used for defining bovine
milk exosomes (Samuel et al., 2017; Vaswani et al., 2019) and, more recently, for porcine milk
exosomes as well (Ferreira et al., 2021).

The second part of the study it was evaluated the in vitro immunomodulatory activity of milk
exosomes on porcine monocytes functions. In a first step, we examined if milk exosomes are taken
up by monocytes. Our results revealed that indeed these nanovesicles can be internalized by the
cells and that they were located mainly in their cytoplasm near the nucleus, as seen with
fluorescence microscopy. These results agree with those of human (Lisser et al., 2011) and bovine
milk exosomes (Izumi et al., 2015), which can be also uptaken by human and murine macrophages
(Arntz et al., 2015). In a second step, to rule out any potential cytotoxic effects of porcine milk
exosomes, and subsequently, determine their subtoxic working concentration, we evaluated the
apoptosis and viability of porcine monocytes. Milk exosomes did not affect the monocytes
spontaneous apoptosis and viability during the time. These results are consistent with previous
studies on human PBMC, where exosomes derived from mesenchymal stromal cells and breast
milk did not affect the viability of the cells (Admyre et al., 2006; Khare et al., 2018). Moreover,
when con-incubated with other cellular models, such as the porcine intestinal epithelial cells IPEC-
J2, milk exosomes have not shown detrimental effects in vitro on the viability when measured with
the MTT assay, enhancing their proliferation (Chen et al., 2016a). However, our results differ from
the anti-apoptotic and protective effects that porcine milk exosomes have produced on LPS-treated
intestinal epithelial cells, by attenuating their apoptosis and enhancing their viability (Xie et al.,
2019), suggesting that exosomes do have pleiotropic functions that may depend on the type of cell
that produces the exosomes, of the cargo they carry and transfer, and of the recipient cells.

For all the following experiments, a total of 107 exosomes, with a ratio of 200 exosomes/cell, and
an incubation time of 22 h were selected, as no cytotoxic effects were observed in our preliminary
experiments. This concentration was based on a preliminary study (Hong et al., 2017) that
investigated the immunomodulatory effects after the internalizing of the exosomes on rhesus
macaques PBMC and CD4+ T cells, using a similar range of 10° - 10® exosomes. Moreover, we
decided to select the closest exosome concentration to that found physiologically in porcine milk

that could still be used in the in vitro assays.
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Porcine milk exosomes decreased monocyte chemotaxis by reducing their migration towards ZAS.
To the best of the authors’ knowledge, this is the first study reporting the milk exosomes activity
on immune cells. Our study confirms the results reported in other models, such as the effects of
human exosomes from atherogenic macrophages that inhibited both human and mouse
macrophages migration by transferring miRNA, in particular, the miR-146a (Nguyen et al., 2018).
Moreover, proteomic analysis of milk exosomes also confirmed the presence of exosome proteins
involved in the migration and cell movement, as pathways such as the chemokine signalling and
leukocyte transendothelial migration were found to be enriched (Reinhardt et al., 2012). It must be
said that the effects of exosomes on chemotaxis likely depend on the source of the exosomes, and
the type of the delivered cargo since other contradictory effects of exosomes on chemotaxis have
been previously reported (Li et al., 2020).

The monocytes’ phagocytic capacity was decreased by porcine milk exosomes but did not affect
their killing capacity. These results could be explained by the immunosuppressive effects already
attributed to milk exosomes (Ahn et al., 2021) and their miRNA cargo (Melnik et al., 2021) in
downregulating murine macrophages phagocytosis via the suppression of nuclear factor-kB (NF-
kB) (Zhu et al., 2014). Proteomic studies of bovine milk exosomes also demonstrated that
exosomal proteins were involved in Fcy receptor-mediated phagocytosis, suggesting that milk
exosomes can modulate this inflammatory function (Reinhardt et al., 2012). However, the current
information on the effects of milk exosomes on phagocytosis is limited, and contradictory, as other
studies reported an effect of upregulating phagocytosis (Singhto et al., 2018).

Our findings show that porcine milk exosomes increased the production of extracellular
superoxide anion under both resting and pro-inflammatory conditions after the PMA challenge,
suggesting that they might play an important role in enhancing the monocytes’ response. Our
results agree with those previously reported in other models, where different sources of exosomes
and cellular targets were used, and that demonstrated that eosinophil-derived exosomes increased
the ROS production in patients with asthma (Canas et al., 2017), while macrophage-derived
exosomes induced the production of ROS in injured neurons (Hervera et al., 2018). The molecules
necessary for ROS production like NADPH oxidase (Janiszewski et al., 2004) and cytochrome
P450 (Kumar et al., 2017) were also found in platelet-derived exosomes and plasma exosomes,
respectively. However, recent works have instead pointed towards an antioxidant and protective

role of exosomes against oxidative stress (Bodega et al., 2019). For example, bovine milk
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exosomes inhibit ROS production and increase activities of the antioxidant enzymes SOD and
GPX (Wang et al., 2021), and suppress murine macrophages ROS production under hypoxic
conditions (Matic, 2019).

CONCLUSIONS

The results of this study demonstrated that LPS-depleted porcine milk exosomes modulate some
immune functions of porcine monocytes in vitro. Specifically, milk exosomes decreased
monocytes’ phagocytosis and chemotaxis, while increasing their ROS production under resting
and pro-inflammatory conditions, suggesting they can exert pleiotropic functions on the cells, as
both immunosuppressive and/ or immune-enhancing effects were observed. To the best of our
knowledge, we also demonstrated for the first time that milk exosomes are taken up by monocytes
in vitro, which could potentially explain the way exosomes exert their immunomodulation.
However, our study does not provide evidence on the exact molecular mechanisms underlying
such effects. Their elucidation using OMIC technologies like transcriptomics and proteomics
would help us to better understand the biological significance in experimental in vivo systems.
Finally, our results also suggest a potentially critical role of porcine milk exosomes in the sow-to-
piglettransmission of regulatory molecules and consequently immunomodulation. Hence, it would
be also of great interest to perform further in vitro experiments, using antibodies to block
ligand/receptor interactions or chemical inhibitors of phagocytosis and/or endocytosis to further

elucidate the underlying molecular mechanisms of exosome uptake.
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Figure 1. Characterization of LPS-depleted porcine milk exosomes purified by ultracentrifugation
coupled with Size Exclusion Chromatography (SEC). (A) Nanoparticle Tracking Analysis (NTA)

of LPS-depleted porcine milk exosomes. The plot of NTA analysis shows the size (nm) in the x-
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axis and the concentration (particles/mL) in the y-axis. The size of the exosomes was 156 + 8.9
nm. Transmission Electron Microscopy (TEM) micrographs showed that porcine milk exosomes
have a characteristic (B) round and/or cup shape and are (C) limited by a lipid bilayer, indicated
by the black arrows. Scale bars: 100 and 200 nm, respectively. (D) Representative western blotting
analysis of the exosome marker TSG-101 in porcine milk exosomes. TSG-101 (44 kDa) was
detected in both LPS-depleted (first lane) and non-LPS depleted porcine milk exosomes,

confirming the isolation of milk exosomes.
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Figure 2. Uptake of LPS-depleted porcine milk exosomes by porcine monocytes in vitro. Cells
were incubated with 108 of PKH26-labeled milk exosomes or PKH26-PBS (negative control) for
22 h, their nuclei stained with Hoechst and examined by fluorescence microscopy: red, PKH26-
labeled exosomes; blue, nuclei. Fluorescence microscopy image of cells treated with (A) PKH26-
PBS; (B, C) PKH26-labeled milk exosomes [(C) shows a higher magnification of (B)]; (D)
Percentage of PKH26 positive cells that internalize PKH26-labeled exosomes. Data are means +
SEM of four experiments. Significance was declared at P < 0.05 (*). Scale bars: 100 and 50 yum,

respectively.
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Figure 3. In vitro effect of LPS-depleted milk porcine exosomes on porcine monocytes’ apoptosis
and viability. Cells were treated with increasing numbers (103,105,107 and 10%) of porcine milk
exosomes or only medium as control (no exosomes), and apoptosis at (A) 12 h and (B) 22 h was
measured. Cells’ viability at (C) 12 h and (D) 22 h was also examined. Caspase-3/7 enzymatic
activity and 2,5-diphenyl tetrazolium bromide (MTT) reduction by metabolically active cells were
measured for apoptosis and viability, respectively. The results are expressed as fluorescence
intensity (485/538 nm) for apoptosis and absorbance (OD 550 nm) for viability. Data are means +
SEM of five experiments. OD = optical density.
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Figure 4. In vitro effects of LPS-depleted porcine milk exosomes on porcine monocytes
chemotaxis. Milk exosomes (107) and medium (positive control) pre-treated cells were both
activated with the chemoattractant Zymosan Activated Serum (ZAS) in the presence or absence of

milk exosomes for 2 h. Data are means + SEM of five experiments. Significance was declared for
P <0.05 (*).
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Figure 5. (A) Phagocytosis of fluorescein-labelled Escherichia coli bioparticles and (B) killing
capacity of live E. coli by porcine monocytes after 22 h incubation with LPS-depleted porcine milk
exosomes (107). Cells treated with only medium (no exosomes) were considered as control. The
results are expressed as fluorescence intensity (485/538 nm) and as colony-forming units/mL
(CFU/mL), respectively. Data are means £ SEM of seven and five experiments for phagocytosis

and killing capacity, respectively. Significance was declared for P < 0.05 (*).
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Figure 6. In vitro effects of LPS-depleted porcine milk exosomes on porcine monocytes’
extracellular superoxide anion generation (O2") after the addition of cytochrome C, under (A)
resting conditions or (B) proinflammatory conditions [phorbol myristate acetate (PMA)
challenge]. Cells treated with only medium (no exosomes) were considered as control. The results
are expressed as absorbance values (OD 550 nm). Data are means = SEM of six experiments.

Significance was declared at P < 0.05 (*) and P <0.01 (**). OD = optical density.
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ABSTRACT

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are omega-3 long-chain
polyunsaturated fatty acids (n3-PUFA) found mostly in fish oil. They have been commonly used
as dietary integrators in human and animal nutrition, modulating the immune system, mostly by
exerting anti-inflammatory activities as demonstrated by in vivo and in vitro studies. The precise
mechanisms of action at the background of EPA and DHA immunomodulatory activity are still
not fully elucidated. Moreover, no information on their effects on porcine monocytes immune
response is available yet. To cover this gap, the study aimed to evaluate DHA and EPA's in vifro
impact on porcine monocytes (CD14+) defensive functions. Briefly, monocytes were isolated from
the blood of twenty-six healthy pigs, using a magnetic-activated cell sorting technique (MACS).
Monocytes were first treated with increasing concentrations of DHA and EPA (25, 50, 100 and
200 uM) and apoptosis and viability were measured to assess potential cytotoxic effects. Once

determined EPA and DHA subtoxic working concentrations (25, 50 and 100 uM), their effects on
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chemotaxis, phagocytosis and total, intracellular and extracellular reactive oxygen species (ROS)
production were evaluated. DHA and EPA only decreased porcine monocytes viability at the
highest concentration (200 uM), but not their apoptosis. DHA (100 uM) decreased the cells’
chemotaxis, while EPA (25 uM) increased their intracellular ROS production after 60 minutes
under non-inflammatory or resting conditions and at 90 minutes under pro-inflammatory
conditions (PMA challenge). EPA (50 uM) decreased monocytes’ intracellular ROS levels only
under resting conditions at 30 minutes. No effects were observed on porcine monocytes phagocytic
capacity. In conclusion, this study demonstrates that DHA and EPA can exert differential in vitro
immunomodulatory effects in pigs, by dampening monocytes chemotaxis and potentiating their

oxidative burst, respectively.

Keywords: PUFA, pig, monocyte, chemotaxis, ROS production, anti-inflammatory

Abbreviations

PUFA, polyunsaturated fatty acids; MACS, magnetic-activated cell sorting; FA, fatty acids; ALA,
alpha-linolenic acid; EPA, -eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid; ARA, arachidonic acid; GPR120, G protein-coupled receptor 120; PPARy,
peroxisome proliferator-activated receptor y; NF«xB, nuclear factor kB; SPM, specialized pro-
resolving lipid mediators; MTT, 3-(4,5- dimethyl thiazol -2-yl)-2,5-diphenyl tetrazolium bromide;
ROS; reactive oxygen species; ZAS, zymosan activated serum; H>DCFDA, 2'.7'-
dichlorodihydrofluorescein diacetate; HRP, horseradish peroxidase; DPI, diphenyleneiodonium

chloride; Oy, superoxide anion; H>O», hydrogen peroxide.

1. Introduction
Omega-3 polyunsaturated fatty acids (n3-PUFA) are fatty acids (FA) that naturally contain more
than one double bond in their structure (De Caterina, 2011). They are divided into: 1) short chain
n3-PUFA: a-linolenic acid (ALA), and 2) the longer-chain n3-PUFA: eicosapentaenoic acid
(EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA) (Calder, 2013). Long-
chain n3-PUFA are mostly abundant in, seaweeds and other fish oil supplements, being the diet
their main source (Calder, 2015). EPA and DHA have been long used as dietary fatty acids in both

human and animal nutrition, as they have been demonstrated to have beneficial properties,
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improving their antioxidant defense mechanisms, growth, fertility, health and immunity (Calder,
2007; Fu et al., 2021; Lee et al., 2019).

As structural and functional components of the immune cells’ membrane phospholipids, EPA and
DHA are known to mainly alter immune cell functions by changing the cells’ membrane FA
composition after their incorporation, thus affecting the membrane’s fluidity, lipid raft formation,
cell signaling and consequent gene expression (Gutiérrez et al., 2019). Their immunomodulatory
and anti-inflammatory actions can be also attributed to other mechanisms such as: inhibition of
arachidonic acid (ARA) metabolism, direct interaction with the cell surface and intracellular
receptors, G protein-coupled receptor 120 (GPR120) and the anti-inflammatory peroxisome
proliferator-activated receptor y (PPARY), respectively. The inhibition of ARA metabolism and
direct modulation of PPARy signaling pathway have been associated with reduced production of
pro-inflammatory eicosanoids and expression inflammatory genes (Al-Khalaifah, 2020; Calder,
2017). Moreover, EPA and DHA are known substrates for anti-inflammatory and specialized pro-
resolving lipid mediators (SPM) such as resolvins, protectins, lipoxins and meresins that mediate
the resolution (turn off) of the inflammation (Chiang and Serhan, 2020). The defensive actions of
immune cells can be affected by EPA and DHA in vitro and in vivo, including the polarization of
murine macrophages towards an anti-inflammatory M2 phenotype (Chang et al., 2015), the
immunomodulation of goat monocyte and neutrophil phagocytosis and ROS production (Lecchi
et al., 2011; Pisani et al., 2009). Finally, the increase of EPA and DHA in human diets also reduced
monocytes and neutrophils chemotaxis ex vivo (Schmidt et al., 1992).

In pigs, the effects of n-3 PUFA coming from fish oil have been shown to influence their gut health
and immunity, being of special importance for transition periods such as postweaning, where the
piglets are more susceptible to inflammation (Lauridsen, 2020). A low dietary 06:®3 ratio (4:1)
during gestation and lactation has beneficial effects for weaning survival rate, weight gain, and 3
enrichment in colostrum and milk (Nguyen et al., 2020). Additionally, EPA and DHA caused in
vitro cytoprotective and proliferative effects on porcine enterocytes (IPEC-J2) submitted to
different biological and chemical stresses (LPS and H>0:) (Sundaram et al., 2020). These findings
confirmed the potential of EPA and DHA in maintaining pigs’ gut health, integrity and immunity,
especially under pro-inflammatory conditions. Lastly, dietary fish oil supplementation in weaned
piglets also modulated the inflammatory responses of porcine alveolar macrophages ex vivo, with

a negative correlation between the n-3 PUFA content and PGE;, TNF-a and IL-8 concentrations,
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which lead to a decreased production of pro-inflammatory cytokines and eicosanoids (Meller and
Lauridsen, 2006).

Even though previous studies have already demonstrated the immunomodulatory effects of EPA
and DHA on pigs, they have mainly focused on assessing their effects on the production of
inflammatory cytokines, eicosanoids, and gut health and integrity. In addition, the exact
mechanisms underlying the direct effects of EPA and DHA on porcine immune cells’ response
have not been yet fully elucidated, and to the best of our knowledge, no studies of their in vitro
impact on porcine monocytes - the main effectors immune cells - are available. Therefore, in this
study, we aimed at covering this gap by investigating the in vitro effects that DHA and EPA may
exert on porcine monocytes defensive functions, including chemotaxis, phagocytosis and oxidative

burst. Their effects on the cells’ viability and apoptosis were also evaluated.

2. Materials and methods
2.1. Materials
Ficoll-Paque Plus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), EDTA 0.5 M, red blood
cell lysis buffer, and sterile-filtered Dulbecco’s PBS without calcium and magnesium (Sigma-
Aldrich, St. Louis, MO, USA) were used for porcine PBMC isolation. For monocytes purification
CD14 MicroBeads, Large Size (LS) columns, 30-mm pre-separation filters (Miltenyi-Biotech,
Bergisch Gladbach, Germany) and 0.5% BSA (Sigma-Aldrich) were used. Once isolated, the cells
were resuspended in complete medium RPMI 1640 with 25mM HEPES and L-glutamine
complemented with 1% nonessential amino acid solution 100x and 1% penicillin-streptomycin
solution 100%, and 10% FBS (Sigma-Aldrich). DHA (cis-4,7,10,13,16,19-Docosahexaenoic acid
sodium salt) and EPA (cis-5,8,11,14,17-Eicosapentaenoic acid sodium salt) used for stimulating
the cells were purchased from Sigma-Aldrich. Zymosan A from Saccharomyces cerevisiae
(Sigma-Aldrich), BioParticles® E. coli Fluorescent Particles (Invitrogen) were used for
chemotaxis and phagocytosis assay, respectively. For the ROS production assays, 2'.7'-
dichlorodihydrofluorescein  diacetate = (HDCFDA), Iuminol, 4-Aminophthalhydrazide
(isoluminol), horseradish peroxidase (HRP), diphenyleneiodonium chloride (DPI) and PMA were
purchased from Sigma-Aldrich.

2.2.PUFA preparation
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DHA (14.3 mM) and EPA (15.4 mM) stock solutions were prepared by adding 1 mL of endotoxin-
free water (Sigma-Aldrich). The stock solutions were then filtered with 0.22 pm filters (Millipore
Corporation, Billerica MA, WA, USA), aliquoted and stored in the dark at -80 °C until use.
Immediately before their use, EPA and DHA working dilutions were prepared with a complete
medium. Increasing concentrations of DHA and EPA (0, 25, 50, 100 and 200 uM) were first used
for determining their working concentration, as previously described for caprine monocytes
(Lecchi et al., 2011). The subtoxic concentrations of 25, 50 and 100 uM were selected to perform

the further experiments.

2.3. Purification of porcine monocytes (CD14+) from blood

Peripheral blood (100 mL) from twenty-six 60-100 kg healthy pigs (TOPIGS) was collected during
routine slaughtering procedures in sterile flasks containing 0.2% of EDTA as an anticoagulant.
PBMC were isolated first through Ficoll density gradient centrifugation, as described for bovine
blood with some minor modifications (Ceciliani et al., 2007). Briefly, blood was first centrifuged
at 1260 g for 30 min at 18 °C to collect the buffy coat. The collected buffy coat was diluted 1:5 in
cold sterile-filtered PBS without Ca?>" and Mg?" +2 mM EDTA and carefully layered onto 3 mL
of Ficoll-Paque Plus (1.077g/mL). A second centrifugation step was performed at 1700 g (without
brakes) for 30 min at 4 °C to obtain the PBMC ring. The PBMC were collected at the interface,
washed with cold sterile PBS without Ca** and Mg?* + 2 mM EDTA and centrifuged at 500 g for
7 min at 4 °C. To remove the red blood cells, Red Blood Cell Lysis buffer was added to the
monocytes and then incubated for 3 min at room temperature. Washes with cold sterile PBS + 2
mM EDTA were performed to remove contaminant platelets. Monocytes (CD14+) were further
purified from PBMC through magnetic-activated cell sorting technique (MACS), as previously
described for bovine samples (Avila et al., 2020), following the manufacturer’s instructions.
Monocytes were counted and their viability assessed through Trypan blue exclusion (>90%), using
an automatic cell counter (TC20™, BioRad). Finally, monocytes were resuspended in a complete

medium at the desired concentration for each assay.

2.4.Viability assay
To assess potential cytotoxic effects of DHA and EPA and to select the subtoxic working
concentrations, the cell proliferation kit I (MTT) (Roche Diagnostics GmbH, Mannheim,
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Germany) was used, following the manufacturer’s instructions and as previously described with
bovine monocytes (Catozzi et al., 2020). Briefly, monocytes (1x10°) from 7 different animals were
seeded in duplicates in clear sterile 96-well plates (Becton Dickinson and Company, Franklin
Lakes, NJ, USA) and incubated with increasing concentrations of DHA and EPA (25, 50, 100 and
200 uM) or with only medium (0 uM) as a control for 22 h at 39 °C + 5% CO.. After the incubation
time, the MTT labelling reagent (10 pL) was added and the cells were incubated for 4 hours at
39°C + 5% COz. To solubilize the produced formazan crystals, 100 pL of solubilization buffer was
added and the plates were incubated overnight at 39 °C + 5% CO». The absorbance was measured
with a LabSystems Multiskan plate reader spectrophotometer (LabX, Midland, Canada) at 550

nm.

2.5.Apoptosis assay

To evaluate the effects of DHA and EPA on porcine monocytes apoptosis, the enzymatic activity
of Caspase-3/7 was measured, as previously described for bovine monocytes with minor
modifications (Ceciliani et al., 2007). Briefly, 5x10* monocytes (12.5 pL) from 6 animals were
seeded in duplicates in sterile black 384-well plates (Corning Inc., Costar, Kennebunk, ME, USA)
and incubated with increasing concentrations (25, 50, 100 and 200 uM) of EPA and DHA (12.5
pL) or with only medium (0 M) as a control for 22 hours at 39 °C + 5% CO. After the incubation
period, the cells’ apoptosis was measured using the Apo-ONE® Homogeneous Caspase-3/7 kit
(Promega, Madison, WI, USA), following the manufacturer’s instructions. The fluorescence was
then measured every 30 minutes for 2 hours with the Fluoroscan Ascent (Thermo Fisher Scientific,

Vantaa, Finland) at 485/538 nm (absorbance/emission).

2.6.Chemotaxis assay

Monocytes chemotaxis towards ZAS was measured as previously reported (Avila et al., 2020;
Lecchi et al., 2008), with some minor changes. Firstly, 1x10° monocytes (50 pL) from 6 animals
were seeded in duplicates onto the semi-permeable membrane (8 um pore size) of the upper
chamber of a sterile 24-well Transwell migration plate (Corning Inc., Costar). The cells were then
pre-treated, in the absence of ZAS, with 100 uM of DHA and EPA (50 uL in the upper chamber
and 650 pL in the lower chamber) or only migration medium (RMPI-1640 with 1% of heat-
inactivated FBS) as a control for 22 hours at 39 °C + 5% CO,. After the incubation period, the
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medium was removed from both chambers and again 100 uM of EPA and DHA or migration
medium were added to both chambers. To measure the cells’ chemotaxis, 3 mg/mL of ZAS were
added only to the lower chamber of the plate in both, the PUFA and medium treated cells (positive
control), and cells were incubated further for 2 hours at 39 °C + 5% CO,. Cells incubated only
with migration medium, but without ZAS were considered as the negative control. Finally, the
non-migrated cells were removed from the upper membrane, and those that migrated were stained
using Diff Quick Staining (Sigma-Aldrich) and counted using an inverted microscope at 40x. ZAS
was prepared using porcine serum, as previously described for bovine monocytes (Lecchi et al.,

2008).

2.7.Phagocytosis assay

Monocytes’ phagocytic activity was determined as previously described (Lecchi et al., 2011).
Briefly, a total of 3x10° monocytes (100 ul) from 7 different animals were seeded in duplicates in
sterile 96-well plates (Becton Dickinson and Company). They were incubated with increasing
concentrations (25, 50 and 100 uM) of EPA and DHA (100 ul) or with only medium (0 uM) as a
control for 22 hours at 39 °C and 5% CO,. After the incubation period, fluorescein-labelled
Escherichia coli bioparticles (K-12 strain) were first opsonized with 20% non-decomplemented
pig serum at 39 °C for 30 minutes. Cells were then washed with sterile PBS and 100 pl of
opsonized bioparticles/cell (45 bioparticles/cell) were added to the wells and cells were incubated
for 2 hours at 39 °C and 5% CO.. Non-internalized bioparticles were then removed by washing
the cells with PBS and, their fluorescence was further quenched by incubating the monocytes with
50 pl of 0.4% trypan blue for 1 minute at room temperature. Trypan blue was then washed, and
PBS (100 pl) was added to all the wells. Finally, the fluorescence was measured using the
microplate reader Fluoroscan Ascent FL (Thermo Fisher Scientific) at 485/538 nm

(absorbance/emission).

2.8. Total, intracellular and extracellular ROS production assay

The production of intracellular, total and extracellular - superoxide anion (O2-) ROS were
determined under both, resting and pro-inflammatory conditions (PMA challenge), with
H>DCFDA, luminol and isoluminol in the presence of HRP, as previously described for bovine

polymorphonuclear cells (PMN) with some minor modifications (Grob et al., 2020; Rinaldi et al.,
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2007; Wang et al., 2020). Briefly, a total of 1x10° monocytes (100 uL) from 6 animals was seeded
in complete medium without phenol red in duplicates in sterile black (Corning Inc., Costar) or
white 96-well plates (Nunclon Delta Surface, Thermo Fisher Scientific) for intracellular; and total
and extracellular ROS assays, respectively. Cells were then co-incubated with increasing
concentrations of DHA and EPA (25, 50 and 100 uM) or medium as control (0 uM) for 22 h at 39
°C + 5% COa.

For the intracellular ROS evaluation, after the incubation period, cells were washed twice with
PBS at room temperature to remove the FBS, as it can interfere with the activation of the
fluorescent ROS indicator probe, HDCFDA. To load the fluorescent probe into the cells, 200 pL
of HoDCFDA (10 uM final concentration) or PBS alone (negative control) were added and cells
were incubated for 20 min at 39 °C + 5% CO,. The loading buffer was then removed and 200 pL
of medium without phenol red and FBS or 200 pL of PMA (2.5 pg/mL of final concentration)
were added to the cells to recreate the non-inflammatory (resting) and pro-inflammatory
conditions, respectively. Fluorescence intensity was measured immediately (0 min) and then every
30 min for 2 h, using a fluorescence plate reader Fluoroscan Ascent at 485/538 nm
(absorbance/emission).

For the total ROS and extracellular O>™ production determination, 50 uL. of luminol (500 uM final
concentration) or isoluminol (100 uM final concentration) + 4 U/mL HRP were added to the cells
to reach a final volume of 200 uL, respectively. To mimic the pro-inflammatory conditions, PMA
(2.5 pg/mL final concentration; Sigma-Aldrich) was also added to the cells. The effect of the ROS
inhibitor, DPI —a NADPH oxidase inhibitor - on monocytes total and extracellular ROS generation
was also assessed, so monocytes treated with only medium (no PUFA) were first treated with 8
uM of DPI for 10 min at 39 °C + 5% CO- and then luminol and isoluminol + HRP, with or without
PMA, were added as mentioned above. The chemiluminescence was then immediately measured
(0 min) and then every 30 min for 2 h using a plate reader luminometer (Glomax 96 Microplate
Luminometer, Promega). Data for total and extracellular ROS assays are presented as relative

chemiluminescence units (RLU).

2.9.8tatistical analyses
Statistical analyses were performed in GraphPad Prism 9.1.2 for Mac OS X, GraphPad Software
(San Diego, California, USA). Data normality was assessed by applying the Shapiro-Wilk test.
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For normally distributed data, a repeated measures one-way ANOVA followed by Tukey’s
multiple comparison tests was used for all the assays; while for not normally distributed data in
the ROS production assays a Friedman test followed by Dunn’s multiple comparisons test was
applied. Specifically, for ROS production assays a repeated measures one-way ANOVA or
Friedman test was applied to assess exclusively the effect of the different treatments (DHA and
EPA concentrations and control) within each time point (0, 30, 60, 90 and 120 min). Statistical

differences were accepted at P < 0.05.

3. Results

3.1. DHA and EPA affect porcine monocytes’ viability at high concentrations

As the first step of this study, a preliminary experiment was performed to determine the subtoxic
working concentrations of EPA and DHA. Only the highest concentration (200 uM) of DHA and
EPA (P = 0.01) had cytotoxic effects on porcine monocytes, as a decrease in the cells’ viability
was observed when compared to the control (Fig. 1A, B). Porcine monocytes viability was also
decreased at 200 uM of DHA when compared to 100 uM DHA, 50 uM DHA, and 25 uM DHA
(P =0.01); and 200 uM of EPA when compared to EPA 100 uM EPA, 50 uM EPA (P = 0.01),
and 25 uM EPA (P = 0.02).

Despite a decrease in the cell viability was observed at 200 uM of DHA and EPA, no effects on
the apoptosis of porcine monocytes were observed when treated with the increasing concentrations

of DHA (Fig. 1C) nor EPA (Fig. 1D).

3.2.DHA modulates porcine monocytes’ chemotaxis

Porcine monocytes' chemotactic activity towards the chemoattractant, ZAS, was measured after
pre-treating the cells with either 100 uM of DHA or EPA or medium (positive control) for 22 h.
DHA suppressed (P = 0.05) the chemotaxis of porcine monocytes, as the number of migrated cells
was lower when compared to the positive control without PUFA (Fig. 2A). No effects were
observed with 100 uM of EPA (Fig. 2B). Finally, as expected positive control cells also presented
a higher number of migrated cells (P = 0.01) when compared to those not activated with ZAS

(negative control), confirming the chemoattractant activity.

3.3.DHA and EPA don’t have any effects on porcine monocytes’ phagocytic capacity
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To further study EPA and DHA's effects on porcine monocytes defensive response, porcine
monocytes phagocytic capacity was measured, using the fluorescein-labelled E. coli bioparticles
internalization assay. However, increasing concentrations (25, 50 and 100 pM) of both DHA (Fig.
3A) and EPA (Fig. 3B) did not modulate porcine monocytes phagocytosis when compared to the
control (0 uM).

3.4.EPA increases porcine monocytes’ intracellular ROS production

No effects with DHA on the cells’ intracellular ROS production were observed under resting
conditions (non-inflammatory) nor pro-inflammatory conditions (Fig. 4A, B) within each
timepoint. On the contrary, cells treated with 25 uM of EPA showed an increase (P = 0.05) in their
intracellular ROS production at 60, 90 and 120 minutes, under resting conditions, as compared to
control (Fig. 4C), while 50 uM of EPA caused a decrease (P = 0.03) in the cells’ ROS production
at 30 minutes under resting conditions. Moreover, the ROS production under resting conditions
was also increased with 25 uM of EPA at 60 (P =0.02), 90 (P = 0.03) and 120 minutes (P = 0.04)
when compared with 50 uM of EPA; and at 60 (P = 0.03), 90 (P = 0.04) and 120 minutes (P =
0.03), as compared to 100 uM of EPA (significance not shown in Fig. 4C).

Lastly, under pro-inflammatory conditions, only cells treated with 25 uM of EPA had an increase
in their intracellular ROS production, but only at 90 minutes (P = 0.01), when compared to the
control (Fig. 4D). Even though there is an increasing trend in the ROS production when compared

to the control, no significant effects were observed with 25 uM of EPA at 120 min (P = 0.06).

3.5.Total and extracellular ROS Production is not affected by DHA and EPA

Firstly, under resting conditions, porcine monocytes did not produce detectable total ROS (Fig.
5A, C) when measured with the luminol chemiluminescence assay, as only negative values were
obtained and similar to those observed in the cells treated with the ROS inhibitor (DPI) and the
negative control (cells without luminol). In a same manner, the extracellular ROS (Fig. 6A, C),
which were measured with the isoluminol + HRP chemiluminescence assay, were also not
detectable during the first 60 minutes, but started to increase in the cells treated with 100 uM of
DHA and 50, 25 uM of EPA and control (0 uM) at 90 and 120 min. EPA at 100 uM slightly
increased the ROS production to detectable levels at 90 min, but it decreased again at 120 min.

Under pro-inflammatory conditions, all cells treated with the increasing concentrations with DHA,
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EPA or without PUFA (control) produced detectable total (Fig. 5B, D) and extracellular ROS (Fig.
6B, D) after being challenged with PMA, while for those treated with the negative control or DPI
(ROS inhibitor) remained undetectable. Finally, none of the increasing concentrations (25, 50 and
100 uM) of DHA or EPA modulated porcine monocytes total (Fig. 5) nor extracellular ROS
production (Fig. 6), neither under resting nor pro-inflammatory conditions when compared to

control (0 uM).

4. Discussion

The immunomodulatory and anti-inflammatory effects of the n-3 PUFA, EPA and DHA, have
been widely reported in both human and animal studies (Al-Khalaifah, 2020; Calder, 2017).
However, no information on their in vitro effects on porcine monocytes defensive functions is
available yet. We present in this study for the first time the capacity of DHA and EPA in
modulating two main porcine monocytes’ inflammatory functions, namely chemotaxis and
intracellular ROS production. Our main findings were that the cells’ chemotaxis was suppressed
by DHA, and their intracellular ROS production was increased by EPA under both, resting and
pro-inflammatory conditions.

In the first part of the study, to examine if EPA and DHA had any potential cytotoxic effects on
porcine monocytes, and subsequently, to determine their subtoxic working concentrations, we
evaluated their apoptosis and viability. Both DHA and EPA decreased porcine monocytes’
viability, but only when using them at the highest concentration (200 uM). Interestingly, despite
the clear reduction in the viability of the cells - determined by measuring their metabolic activity
- at this concentration, the apoptosis of the cells remained unchanged. These results suggest, that
EPA and DHA cytotoxic effects might not be induced through apoptosis, but possibly by other
cell death mechanisms such as necrosis. Similarly, in a previous study it was observed that the n-
3 PUFA ALA also caused an increase in the percentage of dead prostate cancer cells, but did not
affected their apoptosis (Eser O. et al., 2013). In the same study EPA did induce the cells’
apoptosis, but the percentage of dead cells still exceeded that of apoptotic cells, indicating that the
cell death observed after EPA treatment was not all attributed to apoptosis. Moreover, EPA and
DHA have indeed been shown to increase the necrosis in human cancer cell lines (Chiu and Wan,
1999; Finstad et al., 1994); and both apoptosis and necrosis in macrophage cell line, but necrosis

in a greater extent (Martins de Lima et al., 2006). These results should be considered with caution
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as they were reported in cancer and immune cell lines, which their response greatly defer to that
of healthy primary cells, but no information on primary immune cells is available so far. However,
our results are consistent with previous studies on caprine monocytes, where also 200 uM of both
PUFA decreased the viability of the cells (Lecchi et al., 2011), and on human mononuclear cells
in which concentrations higher than 150 uM caused the same effect (Jaudszus et al., 2013).

For all the following experiments, only the lower concentrations of DHA and EPA (25, 50 and 100
uM) were used, as no cytotoxic effects were observed in our and others previous experiments in
vitro at similar concentrations (Lecchi et al., 2013, 2011; Zhao et al., 2005).

The effects of DHA and EPA were examined on three of the main defensive functions of porcine
monocytes, including chemotaxis, phagocytosis and ROS production. Only DHA (100 puM) was
able to reduce porcine monocytes chemotaxis towards ZAS. The ability of DHA and EPA in
suppressing immune cells migration has been widely documented in other models such as in
human neutrophils and monocytes (Schmidt et al., 1992), being indeed one of the key anti-
inflammatory and pro-resolving effects of these long-chain n-3 PUFA (Calder, 2017). Our study
confirmed this effect in porcine monocytes. The exact mechanisms by which DHA and EPA inhibit
chemotaxis are not fully clear yet, but this inhibition has been attributed to down-regulated
expression of receptors for chemoattractants, reduced production of some chemoattractants (e.g.
LTB4) and down-regulated expression of adhesion molecule genes, via NFkB, PPAR-y and
GPR120 (Calder, 2015). Additionally, SPM have been shown to inhibit the transendothelial
migration of human neutrophils (Serhan et al., 2000), which could be caused by the reduction in
actin polymerization (Krishnamoorthy et al., 2010), and of monocytes and macrophages as
reviewed elsewhere (Balta et al., 2021). Lastly, reduction in neutrophils’ cell membrane fluidity
after EPA incorporation, was also proposed to be one of the reasons for the suppression of the
cells’ chemotaxis (Sipka et al., 1996).

In our experiment the porcine monocytes’ phagocytic capacity was on the contrary not affected
neither by DHA nor EPA at any of the concentrations tested (25, 50 and 100 uM). These results
differ from those observed in murine macrophages, and caprine monocytes and neutrophils, where
an increase in their capacity to engulf zymosan and apoptotic cells (Chang et al., 2015), and E.coli
were observed, respectively (Lecchi et al., 2011; Pisani et al., 2009). However, the current

information on the effects of DHA and EPA on phagocytosis is limited, and contradictory, as other
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in vivo and in vitro studies reported no effects at all (Al-Khalaifah, 2020; Rees et al., 2006), or a
downregulating effect on phagocytosis (Sipka et al., 1996).

In the last set of experiments, we assessed the effects of increasing concentrations of DHA and
EPA on porcine monocytes’ overall capacity to generate ROS measuring the intracellular,
extracellular and total ROS levels, under both resting and pro-inflammatory conditions (PMA-
challenge). Our findings show that only EPA at the lowest concentration (25 pM) was able to
increase the production of intracellular ROS under both resting and pro-inflammatory conditions
at different time points. These findings suggest that EPA might play an important role in enhancing
the monocytes’ immune response and support the idea that PUFA should be considered a
substantial source of ROS (Schonfeld and Wojtczak, 2008). However, it should be also noted that
EPA was able to decrease the cells intracellular ROS production only under resting conditions and
at an intermediate concentration (50 M) at 30 minutes. Our results agree with those previously
reported in rat neutrophils, where EPA caused a greater effect, by increasing the in vitro production
of intracellular (H.O») and extracellular ROS (H>O; and Oy") at similar concentrations (12.5 - 150
puM), under resting and pro-inflammatory conditions (Paschoal et al., 2013). Similarly, in LPS-
stimulated murine macrophages EPA (10 and 100 uM) increased the total ROS production after
the PMA challenge (Ambrozova et al., 2010). Nevertheless, in our study, no impact on the
extracellular Oz nor the total ROS levels was detected, as determined with the isoluminol and
luminol-dependent chemiluminescence assays, respectively: this could be mainly due to the
different methods of ROS quantification used in the studies and the different cell types and
activation states. The lack of significant results observed is consistent with what was found in goat
monocytes, where DHA and EPA also didn’t modulate their extracellular O, production (Lecchi
et al., 2011). On the contrary, in caprine neutrophils only DHA induced a down-regulation in
extracellular O, production in vitro (Pisani et al., 2009), suggesting that these two n-3 PUFA exert
differential immunomodulatory effects that might also vary between species and cell types.
Moreover, dual effects of DHA and EPA in modulating extracellular O  production in the
mitochondria have already been reported (Schonfeld and Wojtczak, 2008). The exact mechanisms
underlying these dual effects of EPA and DHA in immune cells ROS production are still not
completely clarified, but it is thought they could up-regulate ROS production via NADPH oxidase
(Paschoal et al., 2013), while a down-regulation could be due to a decreased transcription factor

activation (Gutiérrez et al., 2019).
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5. Conclusions

In conclusion, the results of this study demonstrate for the first time that EPA and DHA modulate
different immune functions of porcine monocytes in vitro. Specifically, DHA decreased porcine
monocytes’ chemotaxis, while EPA mainly increased their intracellular ROS production under
resting (non-inflammatory) and pro-inflammatory conditions (PMA challenge). This suggests that
long-chain n-3 PUFA can exert anti-inflammatory, inflammation resolving, and/or immune-
enhancing effects in pigs. Therefore, our results further support the hypothesis that EPA and DHA
do not act only as unspecific immune repressors, as they could boost the immune response of the
animals, especially when at risk of infections and still be able to counteract inflammation through
anti-inflammatory and pro-resolving mechanisms. This immunomodulatory potential makes the
supplementation of EPA and DHA in pigs’ diets a valuable option to be included in nutrition
strategies to improve the animals’ overall health and immune status. However, our study does not
provide evidence on the exact molecular mechanisms underlying such effects, and their elucidation
using a system biology approach, including transcriptomic and proteomic analyses, could help us

to better understand the biological significance in in vivo systems.
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Fig. 1. In vitro effects of DHA and EPA on porcine monocytes’ apoptosis and viability. Cells were
treated with increasing concentrations (25, 50, 100 and 200 pM) of DHA and EPA or medium as
control (0 uM) for 22 h. Cells’ viability after DHA (A) and EPA (B) treatment was measured. The
effects of DHA (C) and EPA (D) on porcine monocytes apoptosis were also examined. The 2,5-
diphenyl tetrazolium bromide (MTT) reduction by metabolically active cells and the caspase-3/7
enzymatic activity were measured for viability and apoptosis, respectively. The results are
expressed absorbance (OD 550 nm) for viability and fluorescence intensity (485/538 nm) for
apoptosis. Data are means = SEM of seven and six experiments for viability and apoptosis,

respectively. OD = optical density. Significance was declared at P <0.05 (*) and P < 0.01 (**).
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Fig. 2. In vitro impact of DHA and EPA on porcine monocytes chemotaxis. Cells pre-treated for
22 h with 100 uM of DHA (A) or EPA (B) and medium (positive control) were activated with the
chemoattractant Zymosan Activated Serum (ZAS) in the presence of DHA and EPA for 2 h. Cells
pre-treated with only medium (no PUFA) that were not activated with ZAS were considered as a
negative control. Data are means + SEM of six experiments. Significance was declared at P <0.05

(*) and P < 0.01 (**).
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Fig. 3. Phagocytosis of fluorescein-labelled Escherichia coli bioparticles by porcine monocytes
treated with DHA and EPA. Cells were pre-treated with increasing concentrations (25, 50 and 100
uM) of DHA (A) and EPA (B) or medium (0 uM) as a control for 22 h. The results are expressed

as fluorescence intensity (485/538 nm). Data are means = SEM of seven experiments.
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Fig. 4. In vitro effects of DHA and EPA on porcine monocytes’ intracellular reactive oxygen
species (ROS) generation. Cells were first pre-treated with increasing concentrations (25, 50 and
100 uM) of DHA and EPA or medium as control (0 uM) for 22 h. The intracellular ROS levels
were then measured on the cells pre-treated with DHA (panels A and B) or EPA (panels C and D)
under both resting (non pro-inflammatory) conditions or pro-inflammatory conditions (PMA
challenge), using the fluorescent ROS indicator, H-DCFDA. Fluorescence intensity (485/538 nm)

was measured every 30 minutes for 2 h. Data are means + SEM of six experiments. Significance

was declared at P <0.05 (*) and P < 0.01 (*%*).
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Fig. 5. Effects of DHA and EPA on in vitro porcine monocytes’ total reactive oxygen species
(ROS) generation. Cells were first pre-treated with increasing concentrations (25, 50 and 100 uM)
of DHA and EPA or medium as control (0 uM) for 22 h. The total ROS levels were determined
using luminol-dependent chemiluminescent assay, on the cells pre-treated with DHA (panels A
and B) or EPA (panels C and D) under resting conditions (non pro-inflammatory) or pro-
inflammatory conditions (PMA challenge). Chemiluminescence was measured every 30 minutes
for 2 h and the results are expressed as relative light units (RLU). Data are means = SEM of six

experiments.
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Fig. 6. Porcine monocytes’ extracellular superoxide anion (O2") production after DHA and EPA in
vitro treatment. Cells were first pre-treated with increasing concentrations (25, 50 and 100 uM) of
DHA and EPA or medium as control (0 uM) for 22 h. The extracellular ROS levels were then
determined by adding isoluminol + horseradish peroxidase (HRP), on the cells pre-treated with
DHA (panels A and B) or EPA (panels C and D) under resting conditions (non pro-inflammatory)
or pro-inflammatory conditions (PMA challenge). Chemiluminescence was measured every 30
minutes for 2 h and the results are expressed as relative light units (RLU). Data are means + SEM

of six experiments.
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Paper 4: Short Communication. Anti-inflammatory activity of citrus pectin on

chicken monocytes' immune response
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The following results have been published in Veterinary Immunology and

Immunopathology (2021), https://doi.org/10.1016/j.vetimm.2021.110269
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Highlights

e (P did not affect chicken monocytes’ apoptosis and viability
e (P inhibited the chemotactic activity of chicken monocytes
e CP reduced the phagocytic activity of chicken monocytes

e (P exerts in vitro immunomodulatory effects in poultry

ABSTRACT

Via

Via

Pectin is a dietary fibre composed of galacturonic acid, primarily found in the citrus fruits'

cell walls. Citrus pectin (CP) has demonstrated antioxidative, anticancer, and anti-

inflammatory properties in humans and animals. In broilers, CP supplementation

improves energy utilization and nutrient digestibility, but limited information on its

effects on chicken immunity is available so far. This study aimed to assess the in vitro

impact of CP on chicken monocytes' immune response. Cells were purified from whole
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blood of healthy chickens and incubated with increasing concentrations (0, 0.25, 0.5,
0.75, 1 mg/mL) of CP to determine CP working concentration. The effects of different
CP concentrations on cells' apoptosis and viability were assessed by measuring caspase-
3 and -7 and the cells' metabolic activity (MTT assay), respectively. CP had no dose-
dependent effect on monocyte apoptosis and viability. Then, the effects of CP (0.5
mg/mL) on chicken monocytes' chemotaxis and phagocytosis were assessed by
measuring transwell migration and fluorescein-labelled E. coli incorporation,
respectively. CP inhibited both monocytes' chemotaxis and phagocytosis. These data
demonstrate that CP exerts an immunomodulatory role in chicken monocytes, supporting
its integration in nutrition strategies that might be beneficial for the animal's immunity

and health.

Keywords: chicken, citrus pectin, monocyte, anti-inflammatory, apoptosis, chemotaxis

Abbreviations

CP, citrus pectin; MTT, 3-(4,5- dimethyl thiazol -2-yl)-2,5-diphenyl tetrazolium bromide;
DM, methyl esterification; TLR, toll-like receptor; HBSS, hank's balanced salt solution;

ZAS, zymosan activated serum; MCP, modified citrus pectin.

1. Introduction

Pectin is a family of complex polysaccharides, primarily composed of repeating units of
galacturonic acid, joined by al = 4 glycosidic linkages, creating a linear polymer (Ridley
et al., 2001). Different degrees of methyl esterification (DM) of the pectin carboxyl
groups can be observed, often associated with structural and functional differences of the
pectin (Chen et al., 2006; Salman et al., 2008).

Pectin is found in all plants' cell walls, but it is most abundant in citrus fruits
(Sahasrabudhe et al., 2018). Citrus pectin (CP) is widely used as dietary fibre in both
human and animal nutrition (Langhout and Schutte, 1996; Leclere et al., 2013). Previous
in vitro and in vivo studies demonstrated CP's antioxidative (Sanders et al., 2004), anti-
diabetic (Liu et al., 2016), anticancer (Glinsky and Raz, 2009; Salehi et al., 2018), anti-
inflammatory (Sahasrabudhe et al., 2018; Salman et al, 2008) and other

immunomodulatory activities (Chen et al., 2006). In vitro studies performed in human
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PBMC demonstrated that CP with higher esterification degrees (60 and 90%) inhibits in
a dose-dependent manner the production of the proinflammatory cytokine IL-1f3, while
increases the secretion of anti-inflammatory cytokines IL-1ra and IL-10 (Salman et al.,
2008). Low DM citrus pectin blocked immune receptors in human dendritic cells and
murine macrophages by inhibiting the Toll-like receptor 1 (TLR1) and Toll-like receptor
2 (TLR2) proinflammatory pathways. The production of IL-6 and IL-10 was also reduced
in human dendritic cells, and only of IL-6 in murine macrophages (Sahasrabudhe et al.,
2018). Lemon pectin can also activate human THP-1 monocytic cell line, in a TLR and
DM dependent manner, and exert a protective effect on the human epithelial barrier (Vogt
et al., 2016). The immunomodulatory effects observed in these studies were all dependent
on the DM of the citrus pectin used, in which generally the higher the DM (> 50%), the
stronger the effects observed.

Although CP supplementation of broilers' diet improves the energy utilization, nutrient
digestibility, increasing productive performance (Silva et al., 2013), limited information
of CP effects on chicken immunity is available so far. The impact of CP on immune
functions of chicken mononuclear cells have not been assessed yet either. The present
investigation aims to cover this gap by evaluating the in vitro impact of CP (55-70% DM)
on chicken monocytes' immune response, including its effects on spontaneous apoptosis,

viability, chemotaxis and phagocytosis.

2. Materials and methods

2.1. Materials

2.1.1. Chemicals
Methylcellulose, EDTA, NaCl (Sigma, St. Louis, USA) were used for PBMC isolation.
Pectin esterified (55-70%) potassium salt from citrus fruit, cell tested, (Sigma, St. Louis,

USA) was used for treating the cells.

2.1.2. Reagents

Ficoll-Paque PLUS (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden), Percoll, red
blood cell lysis buffer, sterile-filtered PBS and HBSS, endotoxin-free water (Sigma, St.
Louis, USA) were used for PBMC isolation. Cells were resuspended in complete

medium, comprising RPMI 1640 Medium with 25 Mm HEPES and L-Glutamine (Sigma,
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St. Louis, USA), supplemented with 1% of Non-essential Amino Acid Solution 100X and
1% Penicillin Streptomycin Solution 100X (Euroclone, Milano, Italy), and 10% FBS
(Sigma, St. Louis, USA).

Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega, Milano, Italy) and Cell
Proliferation Kit I (MTT) (Roche, Mannheim, Germany) were used for apoptosis and
viability assays, respectively. Chemotaxis and phagocytosis were measured by using
Zymosan A from Saccharomyces cerevisiae and fluorescein-labelled Escherichia coli

bioparticles K-12 strain (Invitrogen, Oregon, USA), respectively.

2.2. Purification of monocytes from blood

Chicken monocytes were isolated from peripheral blood through double discontinuous
gradient centrifugation, as previously described for chicken (He et al., 2007; Kogut et al.,
1995), with few modifications. Briefly, fifty mL of peripheral blood from 42 days-old
hybrid broilers (ROSS 308) were collected during routine slaughtering procedures at a
local slaughterhouse and pooled in sterile flasks containing 0.2% EDTA per mL of blood
as anticoagulant. The blood was mixed (1.5:1 v/v) with methylcellulose 1% (25
centiposes) and centrifuged at 40g without brakes for 30 min at 4°C. The supernatant was
then collected, diluted (1:1) with PBS without Ca?" and Mg?*+2mM EDTA and layered
over a double discontinuous Ficoll-Percoll gradient (specific gravity 1.077 g/mL of Ficoll
over 1.119 g/mL of Percoll) in 15 mL conical centrifuge tubes, and centrifuged at 200g
without brakes for 30 min at 4°C. The PBMC ring was collected at the Ficoll/supernatant
interface, washed twice with PBS without Ca?" and Mg?* + 2mM EDTA and centrifuged
at 200g for 10 min at 4°C to remove the contaminating thrombocytes. For red blood cells
elimination, Red Blood Cell Lysis Buffer was added to the cells for 3 min at room
temperature, and cells were washed with PBS without Ca?" and Mg?* +2mM EDTA until
the supernatant was clear. Finally, the PBMC were counted, and their viability assessed
with trypan blue exclusion. The purification of monocytes was carried out by allowing
the PBMC to adhere for 2 h at room temperature to the cell culture treated plates of each
assay, as previously described (He et al., 2007). Non-adherent cells were removed, and
monocytes were washed with complete warm medium. The monocytes' purity was
determined by microscopic examination of Diff-Quick stained cytospin smears. Cell
viability, measured with the Trypan Blue exclusion method, was higher than 95%. At the

microscope examination, monocyte purity was of 70% approximately.
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2.3.Citrus pectin preparation

Citrus pectin esterified (55-70%) potassium salt was reconstituted in endotoxin-free water
at a concentration of 10 mg/mL. Briefly, 2 mL of endotoxin-free water were added to 20
mg of CP, and the solution was then vortexed thoroughly until it was dissolved. The CP
solution was filtered with 0.22 um filters. Aliquots from the stock solution were prepared
and stored at 4°C until use. Working dilutions with complete medium were freshly
prepared. The amounts of CP used for determining its working concentration were 0,
0.25, 0.5, 0.75, 1 mg/mL. Once selected the CP working solution, a concentration of 0.5

mg/mL was used to measure chemotaxis and phagocytosis.

2.4.Viability assay (MTT)

To assess the potential toxicity of CP on chicken monocytes, the cells' viability was
evaluated by using the Cell Proliferation Kit I (MTT), as previously reported (Catozzi et
al., 2020). The experiment was carried out on cells purified from 3 different pools,
consisting of 9 animals each. A total of 1 x 10° PBMC (100 pl) were seeded in duplicate
in 96-well sterile plates MICROTEST (Becton Dickinson and Company, Franklin Lake,
USA) to let the monocytes adhere to the plates. After removing the non-adherent cells,
monocytes were incubated 20 h with increasing CP concentrations (0.25, 0.5, 0.75 and 1
mg/mL) or with medium (control) at 41°C in humified atmosphere 5% CO,. After the
incubation period, 10 pl of MTT labelling reagent was added to each well and incubated
at 41°C for 4 h. The formazan crystals were solubilized by adding 100 pl of the
solubilization buffer and incubating at 41°C overnight, following the manufacturer’s
instructions. Finally, the absorbance was read at 550 nm with LabSystems Multiskan

plate reader Spectrophotometer.

2.5.Apoptosis assay

Apoptosis assay was performed in duplicates; 5 x10* PBMC were seeded in 384-well
black plates (Costar, Corning, USA). The experiment was carried out on the adhered
monocytes purified from 4 different pools of 9 animals each. To determine CP working

concentration, the cells were incubated for 20 h at 41°C in a humified atmosphere of 5%
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CO; with increasing CP concentrations (0.25, 0.5, 0.75 and 1 mg/mL) medium as control
and the spontaneous apoptosis was measured. The apoptosis was measured after 20 h of
incubation by using the Apo-ONE® Homogeneous Caspase-3/7 kit. The caspase-3/7
reagent was added to each well, and the fluorescence intensity was measured using a
fluorescence plate reader Fluoroscan Ascent at 485/538 nm (absorbance/emission), every
30 minutes up to 2 hours and after overnight incubation, as previously described in bovine

monocytes with minor modifications (Ceciliani et al., 2007).

2.6.Chemotaxis assay

Monocytes chemotaxis towards zymosan activated serum (ZAS) was measured as
previously reported (Avila et al., 2020; Lecchi et al., 2008), with minor changes. The
experiment was performed on cells purified from 5 different pools, consisting of 9
animals each. Monocytes were first pretreated overnight, in the absence of
chemoattractant, with 0.5 mg/mL of CP or migration medium only (RMPI-1640 with 1%
of FBS) as a control (vehicle) in 24-well Transwell migration plates (Costar, Corning,
USA), equipped with an 8 pm pore size membrane. First, a total number of 1x10° PBMC
(100 pl) were added in duplicates in the upper chamber, and monocytes were allowed to
adhere for 2 h at room temperature to the upper insert membrane of the transwell plate.
After incubation, non-adherent cells were removed and monocytes washed with the warm
medium. Adhered monocytes were pretreated with 0.5 mg/ mL of CP or with migration
medium by adding 100 pl of CP or medium to the upper chamber and 650 pl to the lower
chamber, for 20 h at 41°C in a humified atmosphere of 5% CO». After pretreating the
cells, chemotaxis was measured by adding 3 mg/mL of the chemoattractant ZAS to the
lower chamber, in the presence of newly added CP (0.5 mg/mL) or migration medium
(vehicle) in both chambers, and again incubated for 2 h at 41°C in a humified atmosphere
of 5% COa,. Cells incubated with migration medium but without ZAS were considered as
the negative control. Upper chambers were removed, and non-migrated cells on the upper
part of the membrane were eliminated using a cotton swab moistured with PBS. Finally,
migrated cells were stained with Diff-Quick (Sigma, St Louis, USA) and counted in ten
different fields, using light microscopy (inverted microscope). The chemoattractant ZAS
was prepared as previously described in bovine monocytes (Lecchi et al., 2008), using

chicken serum.
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2.7.Phagocytosis assay

Monocytes’ phagocytosis was determined as previously described (Lecchi et al., 2011).
The experiment was carried out on cells purified from 6 different pools, consisting of 9
animals each. In a first step, 6x10® fluorescein-labelled Escherichia coli bioparticles (K-
12 strain) were opsonized with 20% of chicken serum for 30 min at 37°C. Opsonized
bacteria were centrifuged at 800 g for 15 min, suspended in HBSS and stored at -20°C
until use. A total of 3x10° PBMC (100 pl) were seeded in duplicates in 96-well sterile
plates for monocyte isolation for 2 h at room temperature. After removing non-adherent
cells and washing the monocytes with warm HBSS, 100 pl of 0.5 mg/mL CP or only
medium (vehicle) as the control was added to each well. The medium was added to reach
a final volume of 200 ul, and cells were incubated for 20 h at 41°C in a humidified
atmosphere of 5% COa,. Cells were then washed with sterile HBSS, and a total of 45
opsonized fluorescein-labelled E. coli bioparticles (100 pl) per well were added.
Monocytes were incubated again for 2 h at 41°C in a humidified atmosphere of 5% CO..
Cells were washed twice with HBSS and 0.4% of trypan blue was added to quench the
fluorescence from non-internalized bacteria. Cells were finally washed with HBSS and
the fluorescence intensity of fluorescein-labelled E. coli bioparticles was measured using

a Fluoroscan Ascent at 485/538 nm (absorbance/emission).

2.8.8tatistical analyses

Statistical analyses were performed in GraphPad Prism 8.0.2. Data normality of
apoptosis, viability and chemotaxis was assessed by applying the Shapiro Wilk test and
the Kolmogorov Smirnov test for phagocytosis. For the assessment of CP's effect on the
apoptosis, viability and chemotaxis, repeated measures one-way ANOVA and Tukey’s
multiple comparison tests were used for normally distributed samples and a one-tailed

paired t-test for phagocytosis. Statistical differences were accepted at P < 0.05.

3. Results and discussion

In the present study, we reported the effects of CP on chicken monocytes’ immune
functions, including chemotaxis and phagocytosis. To test the impact of CP on

monocytes, viability and apoptosis were also measured.
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The purity of the isolated monocytes was approximately 70%, the contaminant cells being
mostly thrombocytes, which is consistent with what was reported in previous studies (Ma
et al., 2019; Reddy et al., 2016). Since avian thrombocytes are nucleated cells with sizes
and densities similar to lymphocytes and monocytes, they are often purified together with
them. Moreover, their capacity to adhere to the plastic makes their complete depletion
from monocytes cultures challenging (Mudronova et al., 2014).

Pectin has shown immunomodulatory roles by preventing immunological diseases like
asthma (Zhang et al., 2016), allergies, colitis and inflammatory bowel diseases through
directly regulating inflammation in several animal models (Ishisono et al., 2019;
Sahasrabudhe et al., 2018). In broilers, including CP in the diet has improved the animals’
growth’s performance (Silva et al., 2013), but information about its immunomodulatory
activity in chickens is still absent.

As the first step of this study, we measured chicken monocytes’ viability and apoptosis
to determine the optimal working concentration of CP and to evaluate potential CP
cytotoxic effects. Cells’ viability (Fig. 1A) and spontaneous apoptosis (Fig. 1B) were not
affected by increasing CP concentrations. Apoptosis plays a critical role in regulating and
shaping the immune system, as it maintains cellular homeostasis by eliminating the
excess of immune cells (Feig and Peter, 2007). Therefore, apoptosis can be regarded as a
way of controlling immune cells' activity in the inflammatory focus. Modified citrus
pectin (MCP) can induce apoptosis of breast (Salehi et al., 2018), prostate (Jackson et al.,
2007) and colon (Olano-Martin et al., 2003) cancer cells, without damaging normal cells
even at high concentrations (600 pg/mL) (Chauhan et al., 2005). The same increasing
concentrations of CP (0.25, 0.5, 0.75 and 1 mg/mL) herein tested, had also no cytotoxic
effects on a macrophage murine cell line (RAW264.7) (Chen et al., 2006), suggesting that
the impact of CP might be cell-specific.

In the second step of this investigation, CP's effect (0.5 mg/mL) on the chemotaxis of
chicken monocytes was assessed. This concentration was used throughout the next
experiments, as monocytes’ viability and apoptosis remained unchanged at this
concentration, and no other cytotoxic effects in immune cells, including macrophages,
have been described (Fan et al., 2018). On the contrary, several immunomodulatory
effects, specifically anti-inflammatory ones, have been observed (Chen et al., 2006;
Salman et al., 2008).

The activation of medium treated (vehicle) cells with ZAS enhanced the chemotaxis of

monocytes compared to the negative control (cells without ZAS) (P< 0.01). Co-
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incubation with CP decreased (P = 0.03) chemotaxis rate of cells compared to ZAS
activated cells treated with medium (vehicle), while no differences were observed
compared to cells without ZAS (negative control) (Fig. 2). The present findings
demonstrated that CP reduces the in vitro monocytes’ chemotaxis in chicken. These
results are consistent with those reported in cancer cells, which revealed that smaller sizes
of MCP fractions inhibit their migration (do Prado et al., 2019). A similar inhibitory effect
on the migration of a murine fibroblasts treated with 0.5 mg/mL of ginseng pectin was
observed by changing the cells’ morphology and organization of actin filaments, and by
reducing cell adhesion and spreading to the substratum (Fan et al., 2018). Specifically,
MCP inhibited cancer and endothelial cells’ migration through the direct inhibition of
Galectin-3, a carbohydrate-binding protein expressed by numerous cell types, including
monocytes, which is involved in cell migration and phagocytosis (Nangia-Makker et al.,
2002; Simon and Green, 2005). Indeed, pectins can modulate directly innate immune
responses by interacting with monocytes and macrophages’ pattern recognition receptors
(PPR) like Galectin-3 and Toll-like receptors (TLR) (Beukema et al., 2020). The direct
inhibition of Galectin-3 and TLR2, TLR1 and TLR4 by CP (Ishisono et al., 2017;
Sahasrabudhe et al., 2018) could explain the suppression of some monocytes’ immune
responses and consequently of its anti-inflammatory effects. On the other hand, after their
binding, pectins can also present TLR2/4 activating properties, and as reported
previously, TLR2/4 signalling can also cause a rapid arrest of human monocytes’
chemotaxis (Yi et al., 2012).

The last set of experiments was performed to explore CP's capacity in modulating chicken
monocytes’ phagocytosis. Monocytes were treated with CP (0.5 mg/mL) or complete
medium (vehicle) as control for 20 h at 41°C, and their phagocytic capability was
measured. Fig. 3 shows a reduction (P = 0.03) in the phagocytosis of CP treated
monocytes when compared to the control. These results evidence that CP inhibited
another important monocyte defensive function, phagocytosis. This result differs from
those previously reported, showing that a high DM pectin (around 85% DM) isolated
from berries increased peritoneal macrophages’ phagocytosis (Wang et al., 2015).
However, contrasting results of pectin's immunomodulatory effects on leukocytes are
often reported, as the content of galacturonic acid and the degree of DM determine
pectin’s ability to decrease immune reactivity. Pectins with higher than 80% of
galacturonic acid decreased the in vivo accumulation of murine macrophages, while

increasing or no effects were seen with pectins with less than 75% of galacturonic acid
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(Popov and Ovodov, 2013). On the contrary, CP with lower DM showed anti-
inflammatory properties in mice in vivo, a feature lost as their DM increases (Popov et
al., 2013).

Finally, the suppression of chicken monocytes’ phagocytosis could also be explained by
the inhibition of Galectin-3, which plays a significant role in macrophage phagocytosis,
as a major component of phagosomes and phagocytic cups (Sano et al., 2003).

In conclusion, this is the first study to indicate that CP inhibits two main inflammatory
functions of chicken monocytes’, namely chemotaxis and phagocytosis, suggesting
potential anti-inflammatory roles. Moreover, our results evidence that the effects of CP
on apoptosis and viability are cell-specific, as the pro-apoptotic effects often observed in
cancer cells were not seen on chicken monocytes. Altogether, these results reinforce the
concept that CP may play an essential role in immunity, specifically in dampening
inflammation. Such potential anti-inflammatory functions make CP an attractive dietary
fibre for novel nutrition strategies to enhance the animals' health. Besides, these results
highlight the importance to formulate balanced diets in chicken, specially considering
that an excessive CP content may induce an immunosuppressive status, increasing the
risk of developing opportunistic diseases. Further analyses on other inflammatory
immune functions (e.g., oxidative burst, killing capability and cytokine production) and
integration of system biology approaches might be highly valuable to elucidate CP

biological significance.
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Fig. 1. In vitro effect of increasing concentrations (0.25, 0.5, 0.75 and 1 mg/mL) of citrus
pectin (CP) on chicken monocytes’ (A) viability and (B) apoptosis. 3-(4,5- dimethyl
thiazol -2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction by metabolic active
cells and caspase-3/7 enzymatic activity of chicken monocytes treated with citrus pectin
or medium as control (0 mg/mL) were measured for viability and apoptosis, respectively.
Data are means + SEM of three and four animals, for viability and apoptosis, respectively.

All experiments were carried out using duplicates for each condition.
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Fig. 2. Effects of citrus pectin (CP) on chicken monocytes chemotaxis. Citrus pectin (0.5
mg/mL) and vehicle control (only medium) treated cells were activated with Zymosan
Activated Serum (ZAS), while negative control cells were not. Data are means = SEM of
five independent experiments. All experiments were carried out using duplicates for each

treatment. Significance was declared for P < 0.05 (*).
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Fig. 3. Phagocytosis of fluorescein-labelled Escherichia coli bioparticles by chicken
monocytes after 20 h incubation with citrus pectin (0.5 mg/mL). Cells treated with only
medium (vehicle) were considered as control. Data are means + SEM of six independent
experiments. All experiments were carried out using duplicates for each treatment.

Significance was declared for P < 0.05 (*).
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ABSTRACT

Conjugated linoleic acid (CLA) is a group of naturally isomers of the n-6 polyunsaturated
fatty acid (PUFA) linoleic acid, commonly used in cattle nutrition due to its beneficial
properties on cows’ milk production, metabolism, fertility and immunity. In our previous
in vitro study, the mixture in equal proportions (50:50) of the two main isomers of CLA
(cis-9, trans-11 and trans-10, cis-12) has shown to exert enhanced and synergic
immunomodulatory effects on bovine monocytes, as it decreased the cells’ apoptosis and
increased their reactive oxygen species (ROS) production under pro-inflammatory
conditions. However, no studies on the exact molecular mechanisms underlying these
immunomodulatory effects on bovine mononuclear cells are available so far. Therefore,
this study aimed to assess the effects of CLA (50:50) mixture on bovine peripheral blood
mononuclear cells (PBMC) proteome. PBMC purified from peripheral blood of seven
healthy Holstein-Friesian cows were incubated with 50 uM of the CLA (50:50) mixture
isomers or with 0.014% ethanol (vehicle) or only medium (untreated) as controls. Proteins
were extracted, concentrated and analyzed by nano-LC-MS/MS. A total of 1608 of
quantifiable proteins was identified, and the supervised multivariate statistical analysis,
sparse variant partial least squares — discriminant analysis (SPLS-DA) for paired data,
was applied to identify discriminant proteins (DP) that contributed to a clear separation
between the CLA (50:50) mixture, vehicle and untreated groups. A total of 407 DP was
identified, and a global Gene Ontology (GO) analysis was performed using ProteINSIDE.
The main enriched GO terms in the biological process (BP) category were mainly related
to RNA splicing and processing, metabolic processes, immune system process and
negative regulation of proteolysis. To further elucidate the specific role of the DP
identified for each group, DP with the highest abundance in CLA group, vehicle group
and untreated group were selected and again mined with ProteINSIDE. DP with higher
abundance in CLA (50:50) mixture group were mainly involved in negative regulation of
proteolysis and endopeptidases activity, acute-phase response, complement activation,
lipid metabolism, oxidative stress response and ROS metabolism. Remarkably, proteins
with anti-apoptotic (SERPINA3-7 and ITIH4) and anti-oxidant effects (HMOX1 and
HMOX2), and involved in the host innate immune defense (C3, C4A, agp and A2M)
were found annotated in those enriched BP. In conclusion, these results suggest that CLA
(50:50) mixture does modulate bovine PBMC proteome, support the antiapoptotic and

immunomodulatory effects observed in our previous in vitro study on bovine monocytes,
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and propose a potential cytoprotective role of CLA (50:50) mixture against oxidative

stress.

Keywords: conjugated linoleic acid, bovine PBMC proteome, anti-apoptotic,

immunomodulation, SERPINA3-7, ITIH4, HMOX1

3. Introduction

Conjugated linoleic acid (CLA) is a group of naturally occurring positional and
geometrical isomers of the essential n-6 polyunsaturated fatty acid (PUFA) linoleic acid,
characterized by conjugated double bonds in either cis or trans configuration. The cis-
9,trans-11 (c9,t11) and the trans-10,cis-12 (t10,c12) are the two most abundant and
biologically relevant CLA isomers [1,2]. Each isomer seems to exert differential
biological effects when used separately, but enhanced and synergic effects were
demonstrated when they are combined in equal amounts [3]. Indeed, most of the animal
studies reporting CLA benefits and commercially available CLA supplements use a
mixture of these two isomers in roughly equal amounts [4,5]. CLA has been commonly
used as dietary supplement in cattle nutrition as it has shown to increase milk yield, reduce
milk fat, thus, enhancing whole body energy utilization, and increase reproductive
performance in early lactation [6—8]. Moreover, a potential role of CLA in mitigating the
pro-inflammatory status associated with the oxidative stress around calving in dairy cows
has been proposed [9], as it has been shown for other PUFA [10]. In vitro, ex vivo and in
vivo studies have also shown that CLA isomers separately or in mixture can modulate
bovine immune response, by affecting peripheral blood mononuclear cells (PBMC)
proliferation and cytokine expression, PBMC stimulation ability and increasing different
PBMC subsets (e.g. T and B cells) in mesenteric lymph nodes and ileal lamina propria,
respectively [11-13]. In addition, in our previous in vitro study, only the CLA (50:50)
mixture was able to decrease bovine monocytes apoptosis, and increase their ROS
production under experimentally induced pro-inflammatory conditions [14]. However,
the exact molecular mechanisms underlying these immunomodulatory effects have not
been identified so far.

The implementation of OMIC technologies — the set of high-throughput technologies that
detect genes (genomics), RNA (transcriptomics), proteins (proteomics), lipids
(lipidomics) and metabolites (metabolomics) — has become a widely used approach in

livestock nutrition as it helps to understand better the molecular effects of novel feed
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additives in a comprehensive, holistic and systematic way [15]. Specifically, proteomics
— large scale study of the protein profile in a given biological system — could help us to
identify the molecular signature of CLA (50:50) mixture and, thus, to improve our
understanding on the potential biological role that CLA could exert in cattle immunity
[16]. In a quite recent study, the ex vivo bovine PBMC proteome of postpartum dairy
cows supplemented with omega-3 fatty acids was determined [17]. Nonetheless, at the
best of our knowledge, the in vitro impact of CLA, and specially of the CLA (50:50)
mixture on bovine PBMC proteome has not been assessed yet. Therefore, in this study
we aim at evaluating the capacity of CLA (50:50) mixture in modulating bovine PBMC

proteome in vitro, using an untargeted proteomics approach.

4. Materials and methods

5.1. Purification of bovine PBMC from blood

Bovine PBMC were isolated from peripheral blood through Ficoll density gradient
centrifugation, as previously described for bovine [14] with some minor modifications.
Briefly, peripheral blood from 7 healthy pluriparous late lactation Holstein-Friesian cows
was collected during routine slaughtering procedures at a local slaughterhouse, in sterile
flasks containing 1.8 mg KoEDTA per mL of blood as anticoagulant. Blood was first
centrifuged (without breaks) to collect the buffy coat that was then diluted with sterile
PBS without Ca ?* and Mg?" + 2mM EDTA (Sigma-Aldrich, St. Louis, MO, USA),
layered carefully on Ficoll (1.077 g/mL; GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) and centrifuged again without breaks. The PBMC ring was recovered at the
interface, washed with sterile PBS without Ca %" and Mg?" + 2mM EDTA, and treated
with red blood cell lysis buffer (Roche Diagnostics GmbH, Mannheim, Germany) for red
blood cell elimination. Finally, the PBMC were counted, their viability assessed with
trypan blue exclusion (>90%) and resuspended at the desired concentration in complete
medium (RPMI 1640 Medium + 25 mM HEPES + L-Glutamine, supplemented with 1%
of Non-essential Amino Acid Solution 100X and 1% Penicillin Streptomycin Solution

100X and 1% FBS (Sigma-Aldrich)).

5.2. Bovine PBMC stimulation with CLA (50:50) mixture
Firstly, the two CLA isomers 9(E),11(Z)-octadecadienoic acid (¢9,t11) and 10(E),12(Z)-
octadecadienoic acid (t10,c12) (Matreya LLC, State College, PA, USA) were used to
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prepare the CLA (50:50) mixture as previously described for bovine monocytes [14] with
some minor modifications. Briefly, the mixture containing both CLA isomers in a 50:50
proportion at a final concentration of 50 uM, was prepared in complete medium (1% FBS)
when needed for each experiment and it was set as the working concentration for in vitro
the stimulation of bovine PBMC. Secondly, a total of 15x10° bovine PBMC (1.5 mL) was
seeded in triplicates in Corning® tissue-culture treated culture 60 mm dishes (Corning
Inc., Costar, Kennebunk, ME, USA) and incubated with 50 uM of CLA (50:50) mixture
(100 pL) or 0.014% ethanol (vehicle) as control - this being the same concentration of
ethanol found in the 50 uM CLA (50:50) mixture that was used for the two isomers
solubilization - overnight at 39 °C in a humified atmosphere with 5% CO,. Complete
medium (1% FBS) was then added to each dish to reach a final volume of 3 mL. Cells
treated with only complete medium (1% FBS) (untreated cells) were also used as negative
control to evaluate the effects of 0.014% ethanol on the cells’ proteome. Finally,
according to the results of our previous study, ethanol at this concentration did not affect
the cells viability as assessed by a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetra-zolium
bromide (MTT)-based assay [14].

5.3. Bovine PBMC collection and protein extraction

The cells’ supernatant (3mL) that contain the cells in suspension (lymphocytes), was
collected into two tubes of 1.5 mL. Cells were centrifuged at 500 x g for 7 min at 4°C to
pellet the lymphocytes, which were then washed twice with 500 uL sterile-PBS without
Ca?" and Mg?" (room temperature) and again centrifuged twice at 500 x g for 7 min at
4°C to remove the rest of medium and of FBS that could interfere with the proteomic
analysis. In the meantime, three washes with 2 mL of sterile-PBS without Ca*" and Mg?*
(room temperature) were performed in the 60 mm dishes to wash the adhered monocytes,
and remove dead cells and rest of contaminant medium and FBS. When both, the
lymphocytes and monocytes were washed, 500 pL of Igepal buffer (150 mM NacCl, 10
mM Tris-HCI pH 7.4, 1 mM EDTA and EGTA, 100 mM NaF, 4 mM NasP>07-10 H>O,
2 mM Na3VOq, 1% Triton X100, 0.5% IGEPAL CA-630 (Sigma-Aldrich), 1 pill for 50
mL of total volume of Protease Inhibitor Cocktail (Roche)) was added to the lymphocytes
pellet, the cells were resuspended and then collected and added directly to the monocytes
in the 60 mm dishes. The dishes were then carefully mixed to make sure all of the surface
was covered with Igepal buffer and incubated for 1 h at 4°C with regular shaking to lyse

the cells. After incubation, the cells were scraped using sterile Corning Cell scrapers
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(blade L 1.8 cm, handle L 25 cm; Corning Inc.), the cell lysate was collected in 1.5 mL
tubes and sonicated for 10 min in an ultrasonic bath (Branson 2200, Danbury, CT, USA)
to complete the cells’ lysis and homogenization. Finally, the tubes with the cell lysate
were centrifuged for 10 min at 6000 x g at 4°C to remove the cell debris, and the
supernatant containing the extracted proteins of all 3 technical replicates for each
biological replicate was pooled in 1.5 mL tubes, aliquoted and stored at -80 °C for further

analyses.

5.4. Sample preparation for proteomic analysis

Total protein concentration was first determined with the Pierce Bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA), following the
manufacturer’s instructions. For peptide preparation, extracted proteins were digested and
concentrated using the Filter Aided Sample Preparation (FASP) method, following the
manufacturer’s instructions with some minor modifications. Briefly, fifty pug of proteins
lysate were put into Milipore 10 kDa MWCO filters and 100 pl of Urea 8 M in 0.1 M
Tris-HC1 pH 8.5 were added for solubilization. The detergent together with other
contaminant components within the protein lysate were removed by repeated filtration
upon aid of centrifugation. After discarding the flow-through, proteins were reduced with
100 ul DTT (10 mM) for 46 min and centrifuged at 14000 rpm for 10 min. Then, 200 pl
of 25 mM iodoacetamide solution were added to the filters and incubated for 20 min at
room temperature for protein alkylation. After performing several washes of the filters
with Urea 8 M and 50 mM of ammonium bicarbonate, proteins were digested with 200
pl of 0.25 mg/mL trypsin (50:1 ratio of protein:enzyme) and mixed at 600 rpm in a
thermomixer for 1 min. Filters were then transferred to new collection tubes, incubated
in a wet chamber at 37 °C overnight. Finally, peptides were eluted by adding 200 pl of
50 mM of ammonium bicarbonate and the filtrate lyophilized in a SpeedVac and then

resuspended in 100 pl of 1% formic acid.

5.5.Nano-LC-MS/MS analysis

For each sample 50ug of proteins was used according to the FASP preparation. Final
volume was adjusted exactly to 300 puL with a recovery solution (H2O/ACN/TFA —
94.95/5/0.05). After passing through the ultrasonic bath (10 min), the entire supernatant

was transferred to an HPLC vial prior to LC-MS/MS analysis. Peptides mixtures were
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analysed by nano-LC-MS/MS (ThermoFisher Scientific) using an Ultimate 3000 system
coupled to a QExactive HF-X mass spectrometer (MS) with a nanoelectrospray ion
source. Five uL of hydrolyzate was first preconcentrated and desalted at a flow rate of 30
pl/mn on a C18 pre-column 5 cm length x 100 um (Acclaim PepMap 100 C18, Sum,
100A nanoViper) equilibrated with Trifluoroacetic Acid 0.05% in water. After 6 min, the
concentration column was switched online with a nanodebit analytical C18 column
(Acclaim PepMap 100 - 75 pm inner diameter x 25 cm length; C18 - 3 um -100A - SN
20106770) operating at 400 nL/min equilibrated with 96 % solvent A (99.9 % H20, 0.1 %
formic acid). The peptides were then separated according to their hydrophobicity thanks
to a gradient of solvent B (99.9 % acetonitrile, 0.1 % formic acid) of 4 to 25% in 60
minutes. For MS analysis, eluted peptides were electro sprayed in positive-ion mode at
1.6 kV through a Nano electrospray ion source heated to 250°C. The mass spectrometer
operated in data dependent mode: the parent ion is selected in the orbitrap cell (FTMS) at
a resolution of 60,000 and each MS analysis is succeeded by 18 MS/MS with analysis of
the MS/MS fragments at a resolution of 15,000).

2.5. Processing of raw mass spectrometry data
At the end of the LC-MS/MS analysis, for raw data processing, MS/MS ion search was

carried out with Mascot v2.5.1 (http://www.matrixscience.com) against the bovine

database (i.e. ref bos taurus 20210114-37,512 sequences). The following parameters
were used during the request: precursor mass tolerance of 10 ppm and fragment mass
tolerance of 0.02 Da, a maximum of two missed cleavage sites of trypsin,
carbamidomethylation (C), oxidation (M) and deamidation (NQ) set as variable
modifications. Protein identification was validated when at least two peptides originating
from one protein showed statistically significant identity above Mascot scores with a
False Discovery Rate of 1%. Ions score is -10 log(P), where P is the probability that the
observed match is a random event. For the bovine proteome, the Mascot score was 32
with a False Discovery Rate (FDR) of 1%. The adjusted p-value was 0.02561. Finally,
for label-free protein quantification analysis, LC-Progenesis QI software (version 4.2,
Nonlinear Dynamics, Newcastle upon Tyne, UK) was used with the same identification
parameters described above with the phenotypic data among all matrix. All unique
validated peptides of an identified protein were included and the total cumulative
abundance was calculated by summing the abundances of all peptides allocated to the

respective protein. LC-Progenesis analysis yielded a total of 1608 unique quantifiable
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proteins, having at least two peptides and two unique peptides. Finally, for sample 1
(corresponding to animal 1) from the untreated group it was not possible to quantify any

proteins, so for further statistical and bioinformatic analyses this sample was eliminated.

5.6.8tatistical analyses

2.7.1. Univariate analysis

To identify the differential abundant proteins a univariate statistical approach was
performed on all 1608 quantified proteins, using an R package for proteomic analysis

(available on GitHub with the DOI https://doi.org/10.5281/zenodo.2539329) as

previously described [18]. Briefly, data normality distribution was assessed by the
Shapiro-Wilk-Test. Then, either a paired Student's t-test (normally distributed data) or a
paired Wilcoxon test (not normally distributed data) was applied to determine the p-value
between the different treatment groups comparisons (CLA vs Vehicle, CLA vs. Untreated
and Vehicle vs Untreated). Finally, the obtained p-values were corrected using different
adjustment methods (e.g. Benjamini & Hochberg or FDR, Hochberg and Bonferroni). For

all of these analyses R version 3.6.3 was used.

2.7.2. Multivariate analysis

As no differentially abundant proteins were obtained after performing the p-value
corrections, an alternative supervised multilevel sparse variant partial least square
discriminant analysis (SPLS-DA) was applied, using the mixOmics package in R. The
multilevel sPLS-DA enables the selection of the most predictive or discriminative
proteins in the data of the two components (PC1 and PC2) to classify or cluster the

samples between the three different treatment groups [19].

2.8. Bioinformatic analysis of discriminant proteins selected by sPLS-DA

First, before performing the bioinformatic and functional annotation analyses, the
accession numbers from all 1608 quantified proteins were converted into Gene ID using
UniProt retrieve/ID mapping online tool. For undefined proteins, the Gene ID of human
orthologs of bovine proteins were assigned. Second, only for the selected discriminant
proteins a gene ontology (GO) enrichment analysis, focused on the Biological Processes
(BP) was performed using ProteINSIDE online tool version 2.0 (available at https://umrh-

bioinfo.clermont.inrae.fr/ProteINSIDE 2/index.php?page=upload.php), as previously

described [20], and using Bos Taurus as reference specie. Only significant (FDR < 0.05)
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GO BP terms were considered as enriched and were used for further interpretation and
figure creation. The enriched GO BP terms were summarized and their enrichments
expressed as -logl0 (FDR) for visualization on horizontal bar graphs plotted using
GraphPad Prism 9.1.2 for Mac OS X, GraphPad Software (San Diego, California, USA).
Finally, a hierarchical clustering heat map analysis was performed to illustrate the relative
abundance of all the 407 DP selected by sPLS-DA using the clustered image maps (cim)

function from mixOmics package in R (http://mixomics.org/graphics/cim/). Hierarchical

clustering of both proteins and samples was performed, and dendrograms were used along
the left and upper axes to show how each protein and sample clusters based on their
similarity and the hierarchical clustering method used. Pearson correlation and Ward
methods were used as the distance and cluster methods, respectively.

Finally, the average log fold-change (log FC) of the raw abundances of all the 407 DP
from the CLA mixture samples was calculated respect only to those of the vehicle group,

and plotted using R version 3.6.3.

6. Results
6.1. The proteome of bovine PBMC and identification of the molecular signature of
CLA (50:50) mixture

A total of 1608 proteins, with at least two unique peptides, were identified and quantified
in bovine PBMC (data not shown). A classical univariate statistical analysis (paired t-
test or Wilcoxon test) was applied and no differentially abundant proteins were detected
between the CLA (50:50) mixture and the other treatment groups after adjusting the p-
value (FDR and Bonferroni). However, in order to retrieve meaningful biological
information, the multivariate sPLS-DA analysis was applied to identify the molecular
signature of CLA (50:50) mixture treatment. The sPLS-DA model selected a total of 407
DP (approximately 25% of the total proteins identified) from both components (data not
shown), which contributed to a good clustering between the different treatment groups
(Fig. 1). From the 407 DP, only the proteins from the SPLS-DA component 1 that strongly
correlated together (data not shown) for each treatment group were selected to perform
separate GO BP enrichment analyses. From these proteins, a total of 85 proteins had the
highest abundance in the CP group, while 96 and 27 in the vehicle (ethanol) and untreated

groups, respectively (data not shown).

6.2. GO enrichment analyses of total DP identified by sPLS-DA
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In order to identify the global function of all the 407 DP a GO enrichment analysis was
performed. These proteins were annotated by 237 enriched (FDR <0.05) GO terms within
the BP category. The main enriched BP were related to cellular RNA splicing
(GO:0008380), mRNA processing (GO:0006397), organonitrogen compound metabolic
process (GO:1901564), negative regulation of proteolysis (GO:0045861), metabolic
process (GO:0008152), mitochondrial electron transport, NADH to ubiquinone
(GO:0006120), immune system process (GO:0002376), negative regulation of
endopeptidase (GO:0010951) and catalytic activity (GO:0043086) (Fig. 2). Among the
most annotated BP were: metabolic process (269), organonitrogen compound metabolic
process (91), immune system process (86) and negative regulation of catalytic activity

(34) (Supplementary Table S1).

6.3.GO enrichment analyses of DP with highest abundance in CLA (50:50) mixture
group

To further elucidate the specific role of the DP with highest abundance in each group,
separate GO enrichment analyses were performed using only those DP selected in
component 1 from the sSPLS-DA that strongly correlated. The 85 proteins with the highest
abundance in CLA (50:50) mixture group were annotated by 314 enriched (FDR < 0.05)
GO terms within the BP category. These proteins were mainly involved in BP such as:
negative regulation of endopeptidase (GO:0010951) and peptidase activity
(GO:0010466), negative regulation of proteolysis (GO:0045861) and of hydrolase
(GO:0051346) and catalytic activity (GO:0043086), acute-phase response
(GO:0006953), complement activation (GO:0006956), lipid metabolic process
(GO:0006629), response to oxidative stress (GO:0006979) and reactive oxygen species
metabolic process (GO:0072593). From these enriched BP, the ones with the highest
number of annotated proteins were: negative regulation of catalytic activity (20), of
proteolysis (18) and of endopeptidase, peptidase and hydrolase activity (17) (Fig. 3).
ITIHI1, ITIH2, ITIH4, SERPINA3-7, SERPINA7, SERPINC1, SERPIND1 SERPINGI,
A2M, C3, C4B were some of the annotated proteins in all of the most enriched BP.
Proteins ITIH4, agp and F2 were found in acute-phase response; and C3, C4A, CFB were
also found in complement activation. C3, CAT, APOA4, APOE, ACADVL and CPTIA
were annotated in lipid metabolism, while APOA4, APOE and CAT were also annotated

in the response to oxidative stress and reactive oxygen species metabolic process. Finally,
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HMOX1 and HMOX2 were exclusively annotated in the response to oxidative stress

(Supplementary Table S2).

6.4. GO enrichment analyses of DP with highest abundance in vehicle group

In total, 96 DP were found to be more abundant in the vehicle group. These proteins were
annotated by a total of 66 enriched (FDR < 0.05) BP GO terms (Supplementary Table
S6). These enriched GO terms were mainly related to: RNA processing (GO:0006396)
and splicing (GO:0008380), mRNA metabolic process (GO:0016071), mRNA splicing,
via spliceosome (GO:0000398), protein-containing complex subunit organization
(GO:0043933), gene expression (GO:0010467), regulation of cytokine production
(GO:0001817), translation (GO:0006412) and regulation of interleukin-6 production
(GO:0032675) (Fig. 4). The enriched BP with the highest number of annotated proteins
were gene expression (47), protein-containing complex subunit organization (24) and
RNA processing (22). AIF1 was found in the two most annotated BP, gene expression
and protein-containing complex subunit organization, but also in regulation of cytokine
production and the regulation of interleukin-6 production, among other proteins

(Supplementary Table S3).

6.5.GO enrichment analyses of DP with highest abundance in untreated group

In the untreated group, 27 DP were found to be more abundant and were annotated by a
total of 41 enriched (FDR < 0.05) BP GO terms. These enriched GO terms were mainly
related to: RNA processing (GO:0006396), RNA splicing (GO:0008380), snoRNA
localization (G0O:0048254), mRNA metabolic process (GO:0016071), mRNA processing
(GO:0006397), positive regulation of double-strand break repair via nonhomologous end
joining (GO:2001034), cellular aromatic compound metabolic process (GO:0006725),
nucleic acid metabolic process (GO:0090304) and ribosome biogenesis (GO:0042254)
(Fig. 5). The enriched BP with the highest number annotated proteins were related with
nucleic acid metabolic processes (14), cellular aromatic compound metabolic process

(14) and RNA processing (9) (Supplementary Table S4).

6.6. Hierarchical clustering heat map analysis of all the DP identified with sPLS-DA
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A hierarchical clustering heat map analysis was performed to illustrate the relative
abundance of all 407 DP (Fig. 7). Both, proteins and samples were clustered by similarity
as indicated by the left and upper dendrograms, respectively. Samples were sorted in two
main clusters (upper dendrogram), the first cluster contained mainly samples from the
CLA group (green) with the exception of two vehicle group (orange) samples (Cows 3
and Cow 5) that also clustered with them, while the second cluster contained most of all
the samples from vehicle and untreated groups (blue), except for one from CLA group
(Cow 5). Moreover, the 407 DP proteins were also sorted in two main clusters (left
dendrogram), cluster 1 (red) contained 250 DP (data not shown) that showed higher
abundance (red) mainly in the CLA group; while cluster 2 (light blue) had 157 DP (data
not shown) that showed a lower abundance in the CLA group respect to the vehicle and
untreated groups. Altogether, these results approved the DP selected by sPLS-DA, as
overall different protein abundance profiles were observed between the CLA group and
the vehicle and untreated groups, that in the other hand had similar protein abundance

profiles.

6.7.GO enrichment analyses of the DP clustered by hierarchical clustering heat map
analysis

Separate GO enrichment analyses were again performed using the DP from the two
clusters generated by the hierarchical clustering analysis to further confirm their
differential role. In cluster 1, the 250 DP were annotated by a total of 342 enriched (FDR
< 0.05) BP GO terms. The enriched GO terms were very similar to the previous ones
observed for the 85 DP - coming only from component 1 - with highest abundance in
CLA group (Fig. 3), as they were mainly related to: negative regulation of endopeptidase
(GO:0010951) and peptidase activity (GO:0010466), and of proteolysis (GO:0045861),
immune system process (GO:0002376) and lipid metabolic process (GO:0006629),
among others (Fig. 8A). On the contrary, in cluster 2, the 157 DP were annotated by a
total of 164 enriched (FDR < 0.05) BP GO terms, and those BP were very similar to those
found previously for the DP with the highest abundance in both, vehicle and untreated
groups (Fig. 5 and Fig. 6). They were mainly related to: regulation of RNA splicing
(GO:0043484), regulation of mRNA metabolic process (GO:1903311), regulation of
mRNA processing (GO:0050684), cellular amide metabolic process (G0O:0043603),
translation (GO:0006412), ribosome biogenesis (GO:0042254), gene expression
(GO:0010467) and interleukin-6 production (GO:0032635) (Fig. 8B) (Supplementary

172



Tables S5 and S6). In conclusion, these results further elucidated and confirmed the

specific role of the DP selected by sPLS-DA.

6.8. Average log fold-change (log FC) of the abundances of the DP identified with
sPLS-DA

The changes (logF'C) in the abundance of all the 407 DP between the CLA (50:50)
mixture and vehicle group is illustrated in Fig. 6. The protein with the greatest change in
abundance (logFC > 20) was PLIN2. Other proteins with higher abundances in CLA
group were found, including CD36 (logFC > 5); VCAN, SERPINA3-7, SDS, LUM
(logFC > 2). On the other hand, proteins such as APOA2, PNKP, GBP2 and RBM1B
showed the lowest abundance in CLA group (logFC < 1).

7. Discussion

The synergic immunomodulatory and anti-apoptotic effects of the CLA (50:50) mixture
on bovine mononuclear cells, specifically monocytes, has been previously reported in
vitro [14]. However, the exact molecular mechanisms underlying such effects have still
not been identified. This study presents for the first time the capacity of CLA (50:50)
mixture in modulating bovine PBMC proteome and we propose a potential molecular
signature of CLA treatment. Our main findings were that CLA (50:50) mixture caused an
enrichment in BP related to negative regulation of proteolysis and endopeptidases
activity, potentially explaining the anti-apoptotic activity observed in our previous in
vitro study on bovine monocytes [14]. Moreover, CLA mixture also enriched immune-
related processes, such as acute-phase response, complement activation, response to
oxidative stress and ROS metabolism, suggesting a potential role in modulating bovine

immune defense response.

7.1. Global biological processes enriched by the DP selected by sPLS-DA

In the first part of the study, we aimed at identifying the molecular signature of CLA
treatment, using the SPLS-DA method that allows the selection of the most discriminative
proteins in the data to cluster the samples [19]. In other words, in our study the sPLS-DA
selected 407 discriminant proteins that allowed an adequate clustering of the samples

from the CLA, vehicle and untreated groups, and therefore a clear separation between
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them was observed. Once the DP were identified, a GO enrichment analysis was
performed to determine their global function, and it revealed that the proteins were
involved in both, very general BP processes related to RNA splicing, processing and
several metabolic processes, but also related to immune system processes such as
negative regulation of proteolysis, endopeptidase and catalytic activity. Proteolysis — the
intracellular protein degradation — is critical for the immune response and elimination of
invading pathogens [21]. Indeed, endopeptidases - a class of proteolytic enzymes — have

shown to play important roles in inducing robust immune responses [22].

7.2. Biological processes enriched by DP with the highest abundance in CLA (50:50)
mixture group on bovine PBMC

In the second part of the study, the specific function of the DP identified with the highest
abundance in each treatment group was investigated by performing separate GO
enrichment analyses. The 85 DP with the highest abundance in the CLA (50:50) mixture
group caused an enrichment in BP related mostly to immune system processes such as:
negative regulation of proteolysis, and of endopeptidase, hydrolytic and catalytic activity,
acute-phase response, complement activation, response to oxidative stress and ROS
metabolism.

Proteolysis, as previously mentioned is essential for many cell functions, including the
elimination of defective proteins, supply of free amino acids as energy source or for
synthesis of essential proteins, immune response, cell proliferation and apoptosis [21].
Indeed, the proteolytic cleavage of specific cellular proteins is a recognized central
biochemical feature of apoptosis [23]. Caspases are the main proteolytic executioner
enzymes of apoptosis [24]. Caspases are aspartate-specific cysteine endopeptidases that
hydrolyze peptide bonds in a reaction that depends on catalytic cysteine residues in the
caspase active site and occurs only after certain aspartic acid residues in the substrate
proteins [25]. These endopeptidases can be found expressed in most cells as an inactive
proenzyme, and once they activate they can also activate other caspases starting a
proteolytic cascade, amplifying the apoptotic signaling pathway in an irreversible manner
[23]. However, it is also known that non-caspase proteins like other cysteine proteases
(e.g. calpains), serine proteases, granzymes and the proteasome-ubiquitin pathway can
modulate apoptosis [26,27].

Remarkably, all of these BP related to proteolysis and the activity of proteolytic enzymes
like endopeptidases were negatively regulated after CLA (50:50) mixture, which could
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potentially explain the anti-apoptotic effects of CLA mixture that we previously observed
on bovine monocytes in vitro [14]. Indeed, most of the proteins annotated in these BP,
including, SERPINA3-7, SERPINA7, SERPINC1, SERPINDI1, SERPINGI, ITIHI,
ITIH2, ITIH4 and A2M are indeed known for their serine endopeptidases inhibitor
activity.

Serpins are a superfamily of proteins found in all organisms that are recognized by their
common and principal function as serine protease inhibitors [28]. The large serpin family
is divided into nine first clades (A-I) based on their sequence similarities, with a variety
of members being in each clade. The clades with the largest number of members are the
serpin A and B, known as antitrypsin-like and ovalbumin-like serpins, respectively [29].
These functionally diverse proteins are ubiquitously expressed and are involved in
multiple processes such as blood coagulation [30], hormone transport [31], immune and
inflammatory response (e.g. acute-phase response and complement system activation)
[32], and apoptosis [33,34]. Indeed, the al-Antichymotrypsin protein (SERPINA3) — one
of the most well studied and abundant serpins- is known to play important role in
modulating the immune and inflammatory response, such as inhibiting cytotoxic T-cells
activity, enhancing antibody response and inhibiting serine proteases involved in
inflammation and leukocyte-derived proteases [35-38]. In humans, this protein is
encoded by the single SERPINA3 gene, but in cattle it is encoded by a cluster of eight
closely related genes (SERPINA3-1 to SERPINA3-8) [29]. In the present study,
SERPINA3-7 — also known as endopin 2— was identified as one of the DP with higher
abundance in CLA group. Interestingly, previous studies have confirmed the inhibitory
role of this protein towards serine and cysteine proteases in chromaffin cells [39,40],
suggesting a potential anti-apoptotic effect, which has indeed already been attributed to
other bovine SERPINA3 proteins (SERPINA3-1 and SERPINA3-3), as caspase 8 and 3
inhibitors [41].

Several members of another family of plasma serine endopeptidase inhibitors (ITIHI,
ITIH2 and ITIH4) were also found with higher abundance after CLA mixture treatment.
The inter-alpha (globulin) inhibitor (ITI) family proteins — also known as inter-alpha-
trypsin inhibitors — besides exerting the protease inhibitor functions, have also shown to
contribute to extracellular matrix stabilization, cell signaling, immune response,
inflammation, carcinogenesis and apoptosis [42,43]. Indeed, some of ITIH proteins have
been demonstrated to be both negative and positive acute-phase proteins in humans [44].

In cattle, the inter-alpha-trypsin inhibitor heavy chain 4 (ITIH4) — also known as IHRP —
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is a well-known positive acute-phase protein that its expression increases after bacterial
and viral infections, and it might have a role in modulating cell migration and
proliferation during the acute-phase response [45], which explains why it was found also
annotated in the enriched BP of acute-phase response. Moreover, in a previous study this
protein inhibited actin polymerization and thus the phagocytic capacity of
polymorphonuclear cells (PMN), suggesting anti-inflammatory roles [46]. Finally, ITTH4
has also shown to have anti-apoptotic effects on alveolar epithelial cells submitted to air
pollution, as its inhibition hampered apoptosis [47]. The potential anti-apoptotic role of
this protein has also been indirectly assumed previously, as it often, together with other
ITIH proteins, are downregulated in many types of human cancer [42,43].

The DP with the highest abundances after CLA (50:50) mixture also enriched critical
processes for the host immune defense such as: acute-phase, complement activation,
response to oxidative stress and ROS metabolism. The acute phase response is the
immediate innate immune defense against acute illness (e.g., infection or tissue damage),
and is mediated by acute-phase proteins (APP), a group of approximately 40 plasma that
share a common protective role from injury, which concentration can increase (positive
APP) or decrease (negative APP) during inflammation [48]. Among the annotated
proteins found in these first two BP were recognized several positive APP proteins such
as: alpha-1-acid glycoprotein (agp), prothrombin (F2), complement 3 (C3), complement
component 4A (C4A) and component factor B (CFB), among others [48,49]. The protein
a2-macroglobulin (A2M), another known positive APP was not annotated in these BP,
but was found in those related with negative regulation of proteolysis and of proteases
activity, which makes sense as it is a recognized proteases inhibitor that has shown to
exert anti-apoptotic effects in macrophages infected with 7..cruzi in vitro [50,51]. Overall,
all of these proteins play different important roles in the immune defense, including
immune cell recruitment, proteolytic enzymes inactivation, complement activation,
opsonization and elimination of infectious agents and limit tissue damage by scavenging
free radicals and giving negative feedback to the inflammatory response [48,52]. Our
results agree with previous studies in pigs supplemented with CLA diets, which increased
the abundance of APP such agp [53], suggesting that CLA might play an important role
in bovine immune and inflammatory response.

Finally, lipid metabolic process and other two critical immune related processes, response
to oxidative stress and ROS metabolic process were also found enriched. In the lipid

metabolic process, proteins involved with fatty acid beta oxidation, lipid binding,
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transport and lipid absorption, including the very long-chain specific acyl-CoA
dehydrogenase, mitochondrial (ACADVL), carnitine O-palmitoyltransferase (CPT1A),
apolipoprotein A-IV (APOA4), apolipoprotein E (APOE) and catalase (CAT), were
found annotated, respectively [54-57]. In the oxidative stress response and ROS
metabolism, besides APOA4, APOE and CAT, also HMOX1 and HMOX2, were found
among other proteins. The fact that proteins involved in lipid metabolism are also
annotated in these GO BP terms could be explained by the potential that both
mitochondrial and peroxisomal (-oxidation of fatty acids have to generate ROS (e.g.
H>0,) [58]. Finally, heme oxygenase 1 (HMOX1) and 2 (HMOX2) are microsomal
enzymes with known anti-oxidant and anti-inflammatory roles involved in heme group
degradation. HMOXI1 can be induced by biological, chemical and physical stresses,
making it directly involved in the oxidative stress response to try to counteract or reduce
inflammation, while HMOX2 is constitutively expressed [59]. HMOXI1, has indeed
demonstrated to have anti-inflammatory roles in macrophages in vivo and in vitro [60].
In addition, HMOX1 overexpression has shown to have anti-apoptotic and cytoprotective
effects on cancer cells [61], fibroblasts [62] and endothelial cells [60]. The increase in
abundance of anti-oxidant, anti-apoptotic and cytoprotective proteins against oxidative
stress its remarkable, especially as in our previous in vitro study on bovine monocytes
treated with CLA (50:50) mixture an increase in ROS production was observed [14].

Altogether, these results suggest that CLA (50:50) mixture might exert anti-apoptotic,
anti-oxidant and cytoprotective effects on bovine PBMC, and that it modulates the cells
immune response by upregulating the abundance of proteins involved in the negative
regulation of proteolysis and endopeptidases activity, response to oxidative stress and

ROS metabolism, acute-phase response and complement activation.

7.3.Biological processes enriched by DP with the highest abundance in vehicle and
untreated groups on bovine PBMC
The 96 and 27 DP with highest abundances in vehicle and untreated group, respectively
were mined using ProteINSIDE to determine the most enriched GO BP terms. Most of
the enriched BP in both groups were shared or similar, and included very unspecific and
basic GO terms, related mainly with RNA processing and splicing, mRNA and other
metabolic processes, gene expression, translation and ribosome biogenesis, suggesting
that both control treatments exerted a similar effect on bovine PBMC. Overall, we could

assume that no major modulation in the immune response was caused by both treatments,
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as almost no BP related with immune system processes were found, with the exception
in the vehicle treated group where the regulation of interleukin-6 (IL-6) production was
found enriched. IL-6 is a cytokine with pleiotropic functions in inflammation and immune
response, acting as both a pro-inflammatory and anti-inflammatory cytokine [63,64]. Its
abundance seems to increase during ethanol consumption, and it has shown to act as a
potential endogenous cytoprotective cytokine, protecting murine hepatocytes
against ethanol-induced apoptosis in vivo [65]. One of the proteins annotated by this BP
is the allograft inflammatory factor 1 (AIF1), a cytoplasmic protein that is involved
mainly in the activation of macrophages and enhancing the production of pro-
inflammatory cytokines. This protein seems to be expressed in other immune cells such
as T cells, neutrophils and microglia [66]. In human PBMC and murine macrophages,
AIF1 expression has been positively correlated with IL-6 and chemokines secretion,
suggesting an important role in the activation and inflammatory response of these cells
[67,68]. Moreover, our results agree to those reported in other models such as in microglia
cells — the only macrophage population in the central nervous system — from ethanol
treated mice, where an increase in the mRNA levels of AIF1 was found [69].

In conclusion, these results made evident that after CLA (50:50) mixture treatment there
was a functional switch from very basic BP to others highly related with different immune
related processes, and that even though in both vehicle and untreated groups mostly
redundant functions from the DP were found, ethanol treatment did cause a differential

effect on bovine PBMC immune response.

7.4. Biological processes enriched by DP clustered by hierarchical clustering heat map
analysis
To further illustrate the abundance profiles of all the 407 DP, a hierarchical clustering
analysis was performed. Overall, two main clusters of the samples were appreciated: in
the first one mainly CLA treated samples were grouped together with the exception of
two vehicle treated samples, while in the second mostly the untreated and vehicle treated
samples grouped together with the exception of one CLA sample. These results made
evident that mostly two differential protein abundance patterns were observed between
the CLA group and the other two control groups, vehicle and untreated groups, which
were more similar to each other. Indeed, these results further confirmed the functional
similarity or redundancy that was previously observed on the separate GO enrichment

analyses between the vehicle and untreated groups, and the difference when compared to
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the CLA group. However, it is thought that the clustering of the samples was not
completely perfect, as all the 407 DP, selected in both components from sPLS-DA, were
used and not only the ones that strongly correlated between each other in component 1 as
it was done with the first separate GO enrichment analyses. Moreover, the high biological
variability between the animals could have also played a role in it.

Nevertheless, to further confirm the differential roles of the DP that were grouped in two
main clusters, separate GO analyses were performed again. Remarkably, the 250 DP from
cluster 1, which had mostly a higher abundance in the CLA group, enriched GO BP
related to negative regulation of proteolysis and endopeptidase activity, immune system
process and lipid metabolism. On the contrary, the 157 DP from cluster 2, which had
mostly a higher abundance in vehicle and untreated groups, enriched BP related to
regulation of RNA splicing, mRNA processing and metabolic process, ribosome
biogenesis and interleukin-6 production, among others. These results just further
confirmed the differential effects that CLA (50:50) mixture caused on bovine PBMC

already described herein.

7.5. Key DP with greater changes in abundance after CLA (50:50) mixture treatment
Lastly, to further elucidate the effects of CLA (50:50) mixture on bovine PBMC proteome
and determine its molecular signature, we aimed at identifying key DP that showed
greater changes in their abundances (logFC) when treated with CLA respect only to
vehicle group. This decision was taken because the vehicle group corresponds to the most
‘immediate’ control group as it has the same percentage of ethanol used for solubilizing
the CLA isomers, and no major functional differences were detected when compared to
the untreated group.

The protein with the highest abundances after CLA treatment were perilipin-2 (PLIN2)
and platelet glycoprotein 4 or scavenger receptor-class B (CD36). PLIN2 is one of the
major lipid droplet-associated proteins that is expressed ubiquitously [70]. Lipid droplets
work not exclusively as lipid storage organelles, but also important roles in immunity and
inflammation have been attributed as reviewed elsewhere [71,72]. Additionally, other
roles of PLIN2 in immunity have been reported previously, such as in the innate immune
response against bacterial infections and modulating chemokines production on
monocytes [73,74]. Its expression has shown to be upregulated in different cell types

supplied with fatty acids, and it is known that peroxisome proliferator-activated receptor

o (PPARa), v (PPARy) and & (PPARS) — key regulators of lipid metabolism and
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inflammation - are the responsible for its induction and regulation of expression [75-77].
In macrophages, PPAR y and PPARS activation indeed demonstrated to regulate of the
expression of PLIN2 and of CD36, and PPARy of PLIN2 in human monocytes [76,78,79].
CD36, is a scavenger receptor that plays a role in the uptake or import of long-chain fatty
acids, with similar expression regulatory mechanisms of PLIN2 [78,79]. Moreover, it is
well known that CLA is among the most potent agonists of PPAR, specially of PPARa
and PPARy that are mostly active in macrophages [80]. Indeed, several of the
immunomodulatory and anti-inflammatory effects of CLA seem to be mediated by the
PPAR signaling pathways [80,81]. Our results agree with a previous study where an
increase in the mRNA abundance of PLIN2 and a modulation of lipid droplet formation
was observed after caprine monocytes were treated in vitro with two omega-3 long-chain
polyunsaturated fatty acids (PUFA), namely DHA and EPA [82]. Moreover, in human
monocytes the addition of y-linolenic acid (omega-6 PUFA) and EPA also increased the
mRNA and protein expression of PLIN2 [78]. Similarly, preadipocytes stimulated with
long-chain fatty acids also exhibited an increase the expression of both PLIN2 and CD36
[83.84]. In in vivo studies, the t10,c12 CLA isomer increased the gene expression of
PLIN2 and CD36 in CLA-fed rats [85], while no effects on their expression in the
mammary tissues of t10,c12 CLA-fed cows were observed [86]. However, at the best of
our knowledge no reports on the effects of CLA isomers alone or in mixture on the
abundance of these two proteins on bovine PBMC are available yet.

More discrete increases on other proteins abundance were observed such as: lumican
(LUM) and versican core protein (VCAN), both extracellular matrix proteins involved in
the regulation of innate immune responses and inflammation [87,88]; L-serine
dehydratase/L-threonine deaminase (SDS), a cytosolic enzyme involved in
gluconeogenesis and lipid metabolism [89]; and the aforementioned SERPINA3-7 that is
involved in the inhibition of endopeptidases activity [29].

On the contrary, proteins that showed a lower abundance in the CLA group were:
apolipoprotein A-II (APOA2); involved in lipid transport and metabolism, which
expression has shown to increase after alcohol ingestion [90]; guanylate binding protein
2 (GBP2), is a interferon (IFN)-inducible GTPase that is an important mediator of host
immune defenses and inflammation [91]; RNA binding motif protein 12B (RBM12B), a
RNA binding protein involved in RNA splicing; and polynucleotide kinase 3'-
phosphatase (PNKP), a DNA binding protein involved in DNA repair [92].
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8. Conclusions

The results of this study demonstrate for the first time that the mixture (50:50) of the two
main CLA isomers (c9, t11 and t10, c12) does modulate bovine PBMC proteome in vitro,
and elucidate the molecular signature of CLA treatment. The GO analysis revealed that
CLA (50:50) mixture caused an enrichment in biological processes related mainly to
negative regulation of proteolysis and of endopeptidases activity, which are critical
biochemical features of apoptosis, acute-phase response, complement activation,
oxidative stress response and ROS metabolism, confirming the anti-apoptotic and
immunomodulatory effects observed in our previous in vitro study on bovine monocytes.
Moreover, our results suggest that CLA (50:50) mixture might also exert potential
cytoprotective effects against oxidative stress, by increasing the abundance of proteins
with anti-oxidant capacity. By revealing some of the molecular mechanisms underlying
the immunomodulatory effects of CLA mixture, we pretend to have a clearer idea of its
potential biological significance in vivo, thus allowing a better management for its
inclusion in nutrition strategies to enhance the animals immune and health status.
However, to deepen the knowledge on the overall impact of CLA (50:50) mixture on
bovine immunity, it is necessary to perform further molecular pathway enrichment and
protein-protein interaction analyses, and integration of proteomics data with other OMIC

technologies.
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Fig. 1. Sparse partial least squares discriminant analysis (SPLS-DA) for paired data
individual plot. The individual ploy shows the similarities and relationship (clustering)
between samples of the conjugated linoleic acid (CLA) mixture (50:50) (blue), vehicle
(ethanol) (gray), and untreated (orange) treatment groups.
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Fig. 2. Global enriched (P<0.05) Gene ontology (GO) terms within the biological
processes (BP) category that have annotated all 407 discriminant proteins (DP). GO terms
enrichments are expressed as -log10 (FDR) for visualization on graphs. The total number

of proteins annotated by GO BP terms is shown in brackets.
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Fig. 3. Enriched (P<0.05) Gene ontology (GO) terms within the biological processes
category that have annotated the 85 discriminant proteins (DP) with the highest
abundance in the conjugated linoleic acid (CLA) mixture (50:50) group. GO terms
enrichments are expressed as -log10 (FDR) for visualization on graphs. The total number

of proteins annotated by GO BP terms is shown in brackets.
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Fig. 4. Enriched (P<0.05) Gene ontology (GO) terms within the biological processes
category that have annotated the 96 discriminant proteins (DP) with the highest
abundance in the vehicle (ethanol) group. GO terms enrichments are expressed as -log10
(FDR) for visualization on graphs. The total number of proteins annotated by GO BP

terms is shown in brackets.
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Fig. 5. Enriched (P<0.05) Gene ontology (GO) terms within the biological processes
category that have annotated the 27 discriminant proteins (DP) with the highest
abundance in the untreated group (only medium treated cells). GO terms enrichments are
expressed as -logl0 (FDR) for visualization on graphs. The total number of proteins

annotated by GO BP terms is shown in brackets.
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Fig. 6. Hierarchical clustering heat map analysis of discriminant proteins (DP) selected
by sPLS-DA. Rows and columns are sorted by similarity as indicated by the left (proteins)
and top (samples) dendrograms. Red and blue represent increased and decreased protein
abundance, respectively. Samples from the three treatment groups were represented with
different colors: green = CLA (50:50) mixture; orange = vehicle, and blue = untreated. A

total of 250 DP was sorted in Cluster 1 (red), while 157 in Cluster 2 (light blue).
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Supplementary material
Supplementary Table S1. List of global enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by all 407
discriminant proteins (DP) selected the sPLS-DA.

GO Term BP GO Term P-value -logl0(FDR) Annotated Proteins (Gene Name)
Description (FDR)
G0:0008380 0,00000031 6,51 AHNAK CELF1 CELF2 DAZAP1 DCPS DDX39A HNRNPA1 HNRNPK HNRNPM
o KHDRBS1 LGALS2 LGALS3 LSM4 LUC7L MBNL1 PRPF31 PTBP1 RBM12B
RNA sphing RNPS1 RTCB SF3A2 SF3A3 SNRNP200 SNRNP70 SREK1 SRSF1 SRSF10 STRAP
TRA2A WBP11
G0:0006397 0,00000060 6,22 CELF1 CELF2 DAZAP1 DCPS DDX39A FIP1L.1 HNRNPA1 HNRNPK HNRNPM
MRNA processing KHDRBS1 LSM4 LUC7L MBNL1 PRPF31 PTBP1 RNPS1 RPRD1B SF3A2 SF3A3
SLTM SNRNP200 SNRNP70 SRRM1 SRRT SRSF1 SRSF10 STRAP SUPTSH
TRA2A WBP11
GO:1901564 0,00000236 5,63 A2M ABCE1 ACADM ACO1 ACSL6 ADD1 AGT AIP ALDOA APOA2 APOA4
APOE ARHGEF2 ARL6IP5 ARRB1 ATPSF1A ATPSME ATPSPO BANK1 C3 C4A
) CAT CBFB CD44 CDC37 CFB CKB CPT1A CTSA CTSB CTSC DCPS DDOST
organonitrogen

DDX3X DLD DPP3 EEF1G EIF1AX EIF3G EIF3L EIF4B EIFSA ERAP1 F2
FAMO98B FARSA FBL FETUB FKBP5 FN1 GABARAPL2 GARS1 GOT1 GOT2
GPX1 GRK2 HARS1 HIBADH HMOX1 HMOX2 HNRNPD HPRT1 PRMT1
HRMTI1L2 HSP9OAA1 HUWEI ISG15 ITIH1 ITIH2 ITIH3 ITIH4 KHDRBS1 KIF12
LACTB LAMP2 LAMTOR2 LAP3 LGMN LOC107131209 LOC506828 MAP2K1

compound metabolic

process
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GO:0045861 0,00000305 5,52
negative regulation
of proteolysis

GO:0008152 0,00000333 5,48

metabolic process

MAP4K1 METAP2 MPC2 MTHFD1L MYDGF NAGA NARS1 NAXE NCKAPIL
NEK7 NFKB1 NME2 NSF OARD1 OGT OPA1 OXSR1 PAPSS1 PAPSS2 PFDN1
PFKP PHB2 PHGDH PICALM PKM PKN1 PLG PNKP PNP POGLUT1 PPIH
PPMI1F PPP1CA PRDX3 PRDX4 PRKAR2A PRPSAP2 PSMA1 PSMA3 PSMA4
PSMA6 PSMB1 PSMB2 PSMB3 PSMB9 PTPN1 PTPRC PYCR3 QARS1 RAD23A
RAP2B RPL11RPL3 RPL9 RPN1 RPN2 RPRD1B RPS14 RPS17 RPS20 RPS24
RPS27 RPS28 RUVBL2 SDCBP SDS SERPINA3-7 SERPINA7 SERPINCI1
SERPIND1 SERPING1 SKP1 SLK SNX12 SPAGY9 SPTLC2 STK24 STRAP
TBL1XR1 TCOF1 TRIM25 TTLL12 TXN UBA1 UCHL3 VNN2 VPS35 WARS1
XPO1 YARSI

A2M C3 C4A CD44 DDX3X F2 FETUB GABARAPL2 GPX1 ITIH1 ITIH2 ITIH4
KIF12 LOC107131209 LOC506828 OGT PICALM RPL11 SERPINA3-7 SERPINA7
SERPINC1 SERPIND1 SERPING1 SNX12

A2M ABCE1 ACADM ACADVL ACO1 ACO2 ACSL6 ADD1 AFP AGT AHNAK
AIF1 AIP AK3 ALDH3A2 ALDOA APOA2 APOA4 APOE ARHGEF2 ARL6IPS
ARRB1 ATP1A1 ATP5F1A ATPSME ATP5PO ATP6V1B2 BANF1 BANK1 C3
C4A CAT CBFB CD14 CD44 CD47 CDC37 CELF1 CELF2 CETN2 CFB CKB
CPT1A CTSA CTSB CTSC CYBCI1 DAZAP1 DCPS DDOST DDX39A DDX3X
DLD DPP3 EEF1G EIF1AX EIF3G EIF3L EIF4B EIFSA ERAP1 ETFDH F2
FAMO98B FARSA FBL FETUB FIP1L1 FKBPS5 FN1 GABARAPL2 GARS1 GBEI
GOT1 GOT2 GPX1 GRK2 GSDMD HARS1 HIBADH HMGB2 HMOX1 HMOX?2
HNRNPA1 HNRNPD HNRNPK HNRNPM HPRT1 PRMT1 HRMT1L2 HSP90AA1
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G0:0006120

mitochondrial
electron transport,
NADH to

ubiquinone

0,00001173

4,94

HUWEI1 ILIRN ISG15 ITGAM ITIH1 ITIH2 ITIH3 ITIH4 KHDRBS1 KIF12 LACTB
LAMP2 LAMTOR2 LANCL1 LAP3 LGALS2 LGALS3 LGMN LOC107131209
LOC506828 LSM4 LUC7L LUM MAP2K1 MAP4K1 MBNL1 MCMS5 MDH?2
METAP2 MOB1A MPC2 MTHFDIL MYBBP1A MYDGF NAGA NARS1 NAXE
NCKAPIL NDUFA10 NDUFB8 NDUFS1 NDUFS3 NDUFS6 NDUFS7 NDUFV2
NEK7 NFKB1 NFYC NME2 NPM1 NSF OARDI1 OGT OPA1 OXSR1 PAPSSI1
PAPSS2 PCCA PDCD4 PFDN1 PFKP PHB2 PHGDH PICALM PIP4K2A PKM
PKN1 PLBD2 PLG PNKP PNP POGLUT1 POLR2B PPIH PPM1F PPP1CA PRDX3
PRDX4 PRKAR2A PRPF31 PRPSAP2 PSMA1 PSMA3 PSMA4 PSMA6 PSMB1
PSMB2 PSMB3 PSMB9 PTBP1 PTER PTPN1 PTPRC PYCR3 QARS1 QKI RAD23A
RAP2B RBM12B REL RNPS1 RPL11RPL3 RPL9 RPN1 RPN2 RPRD1B RPS14
RPS17 RPS20 RPS24 RPS27 RPS28 RTCB RUVBL2 SDCBP SDHA SDS SEPHS1
SERPINA3-7 SERPINA6 SERPINA7 SERPINC1 SERPIND1 SERPINF2 SERPING]1
SF3A2 SF3A3 SFXN1 SKP1 SLK SLTM SMC3 SMCHD1 SNRNP200 SNRNP70
SNX1 SNX12 SPAG9 SPTLC2 SREK1 SRRM1 SRRT SRSF1 SRSF10 SSB STAT1
STK24 STRAP SUPT5SH SYNCRIP TBL1XR1 TCEA1 TCOF1 TFAM TKFC TRA2A
TRIM25 TTLL12 TTR TXN TYROBP UBA1 UCHL3 UQCRC1 VDAC1 VNN2
VPS35 WARS1 WAS WBP11 XPO1 YARSI1

DLD NDUFA10 NDUFB8 NDUFS1 NDUFS3 NDUFS6 NDUFS7 NDUFV2
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G0:0002376 0,00001565 4,81
immune system
process
GO:0010951 negative regulation  0,00001565 4,81
of endopeptidase
activity
G0:0043086 0,00001753 4,76

negative regulation

of catalytic activity

ADDI AIF1 AP1G1 APOA2 APOA4 APOE ARHGEF2 BANK1 BOLA-DOB BoLA-
DOB BoLLA DR-ALPHA BOLA-DRA BoLA-DRA BoLA-DRB2 BOLA-DRB2
BOLA-DRB3 BoLLA-DRB3 BOLA-NC1 C3 C4A CBFB CD14 CD247 CD36 CD44
CD47 CD99 CDC37 CFB CTSC CYBC1 DDX3X ERAP1 F2 GBP2 GNLY GPX1
GSDMD HLA-DMB HMGB2 HMOX1 PRMT1 HRMT1L2 IL1RN IPO7 ISG15
ITGAM KHDRBS1 LGALS2 LGALS3 LGMN LOC107131209 LOC512486
MAP2K1 MYO1C NCKAPIL agp ORM1 OXSR1 PHB2 PICALM PIP4K2A PKN1
PLG PRDX3 PRRC2C PSMA1 PSMB9 PTPRC RAB10 REL RPS24 SERPING1
SFXNTI1 SIRPA STAT1 STX7 TKFC TNFAIPSL2 TRIM25 TTLL12 TYROBP WAS
WDFY4

A2M C3 C4A CD44 DDX3X FETUB GPX1 ITIH1 ITIH2 ITIH4 KIF12
LOC107131209 LOC506828 PICALM SERPINA3-7 SERPINA7 SERPINC1
SERPIND1 SERPING1

A2M ABCE1 AGT APOA2 APOE C3 C4A CD44 DDX3X FETUB GPX1 ITIHI
ITIH2 ITIH4 KIF12 LOC107131209 LOC506828 NFKB1 PICALM PIP4K2A PKN1
PPMI1F PRDX3 PRKAR2A PTPN1 PTPRC QARS1 RPL11 SERPINA3-7 SERPINA7
SERPINC1 SERPIND1 SERPING1 WARSI1
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Supplementary Table S2. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins
(DP) selected by the sSPLS-DA with the highest abundance in CLA (50:50) mixture group.

GO Term BP

GO:0010951

GO:0010466

GO:0045861

GO:0051346

G0:0043086

GO:0006953
GO:0006956

GO Term
Description
negative regulation of
endopeptidase activity
negative regulation of
peptidase activity
negative regulation of
proteolysis
negative regulation of

hydrolase activity

negative regulation of

catalytic activity

acute-phase response
complement

activation

P-value

(FDR)

0,0000000

0,0000000

0,0000000

0,000000

0,000000

0,0001328
0,0002195

-log10(FDR)

13,62

13,62

13,07

10,52

9,85

3,88
3,66

Annotated Proteins (Gene Name)

A2M C3 C4A CD44 FETUB ITIH1 ITIH2 ITIH4 KIF12 LOC107131209
LOC506828 PICALM SERPINA3-7 SERPINA7 SERPINC1 SERPIND1 SERPING1
A2M C3 C4A CD44 FETUB ITIH1 ITIH2 ITIH4 KIF12 LOC107131209
LOC506828 PICALM SERPINA3-7 SERPINA7 SERPINC1 SERPIND1 SERPINGI1
A2M C3 C4A CD44 F2 FETUB ITIH1 ITIH2 ITIH4 KIF12 LOC107131209
LOC506828 PICALM SERPINA3-7 SERPINA7 SERPINC1 SERPIND1 SERPING1
A2M C3 C4A CD44 FETUB ITIH1 ITIH2 ITIH4 KIF12 LOC107131209
LOC506828 PICALM SERPINA3-7 SERPINA7 SERPINC1 SERPIND1 SERPINGI1
A2M AGT APOE C3 C4A CD44 FETUB ITIH1 ITIH2 ITIH4 KIF12
LOC107131209 LOC506828 PICALM PIP4K2A SERPINA3-7 SERPINA7
SERPINC1 SERPIND1 SERPING1

F2 FN1 ITIH4 ORM1 agp

C3 C4A CFB LOC107131209 SERPING1
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G0O:0006629 lipid metabolic 0,001383 2,86 ACADVL ACSL6 AFP AGT APOA4 APOE C3 CAT CPT1A F2 IL1IRN

process PIP4K2A QKI SERPINA6 TTR
GO:0006979 response to 0,01417 1,85
oxidative stress APOA4 APOE CAT HMOX1 HMOX2 TXN
G0:0072593 reactive oxygen
species metabolic 0,03523 1,45
process APOA4 CAT F2 ITGAM

Supplementary Table S3. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins
(DP) selected by the sSPLS-DA with the highest abundance in vehicle (ethanol) group.

GO Term BP GO Term P-value -logl0(FDR Annotated Proteins (Gene Name)
Description (FDR)
G0O:0006396 0,0000 7,70 CELF2 DCPS FIP1L1 HNRNPA1 HNRNPK HNRNPM LUC7L RBM12B
RNA processing RNPS1 RPL11 RPS14 RTCB SLTM SNRNP200 SNRNP70 SREK1
SRRMI1 SRRT SRSF1 SSB STRAP WBP11
G0O:0008380 o 0,0000 7,45 CELF2 DCPS HNRNPA1 HNRNPK HNRNPM LUC7L RBM12B RNPS1
RNA splicing RTCB SNRNP200 SNRNP70 SREK1 SRSF1 STRAP WBPI11
G0O:0016071 0,0000 7,40 CELF2 DCPS FIP1L1 HNRNPA1 HNRNPD HNRNPK HNRNPM LUC7L
mRNA metabolic
RNPS1 SLTM SNRNP200 SNRNP70 SRRM1 SRRT SRSF1 SSB STRAP
process o
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GO:0000398

G0:0043933

GO:0010467

GO:0001817

GO:0006412

G0O:0032675

mRNA splicing, via

spliceosome

protein-containing
complex subunit

organization

gene expression

regulation of

cytokine production
translation

regulation of
interleukin-6

production

0,0000

0,0000

0,0000

0,0081

0,0175

0,03805

4,85

4,52

4,52

2,09

1,76

1,42

CELF2 DCPS HNRNPK HNRNPM LUC7L RNPS1 SNRNP200 SNRNP70
SRSF1 STRAP WBP11

ADD3 AIF1 APOA2 ARHGEF2 ARPC3 BOLA-DRA BoLA DR-ALPHA
BoLA-DRA CELF2 DDX3X EIFSA GSDMD HRMT1L2 PRMT1 LUC7L
MCMS NCKAPIL NDUFA10 NDUFSS RPL11 RPS10 RPS14 SNRNP200
SRSF1 STRAP WARSI1

AIF1 APOA2 ARHGEF2 BANK1 CELF2 DCPS DDX3X EIFIAX EIFSA
FIP1L1 GPX1 GSDMD HMGB2 HNRNPA1 HNRNPD HNRNPK
HNRNPM LUC7L NARS1 NCKAPIL NFYC NPM1 PDCD4 PHGDH
RBM12B REL RNPS1 RPL11 RPL9 RPS14 RTCB RUVBL2 SLTM
SNRNP200 SNRNP70 SNX12 SREK1 SRRM1 SRRT SRSF1 SSB STAT1
STRAP TBL1XR1 TFAM WARS1 WBP11

AIF1 APOA2 ARHGEF2 BANK1 DDX3X GSDMD NCKAPI1L PDCD4
REL STATI

BANK1 DCPS DDX3X EIF1AX EIFSA HNRNPD NARS1 RPL11 RPL9
RPS14 WARSI

AIF1 ARHGEF2 BANK1 NCKAPIL
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Supplementary Table S4. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins

(DP) selected by the sPLS-DA with the highest abundance in untreated group.

GO Term BP

G0O:0006396

GO:0008380
GO:0048254
GO:0016071
G0O:0006397
GO:2001034

GO:0006725

G0O:0090304

G0O:0042254

GO Term Description

RNA processing

RNA splicing
snoRNA localization
mRNA metabolic process
mRNA processing
positive regulation of double-strand
break repair via nonhomologous end
joining
cellular aromatic compound metabolic

process

nucleic acid metabolic process

ribosome biogenesis

P-value
(FDR)
0,00017

0,00092
0,00156
0,00579
0,00693
0,00693

0,00693

0,00706

0,01074

-log10(FDR)
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3,78

3,04
2,81
2,24
2,16
2,16

2,16

2,15

1,97

Annotated Proteins (Gene Name)

AHNAK DAZAP1 FBL LSM4 MBNL1 PTBP1 RPS27
RPS28 TRA2A

AHNAK DAZAP1 LSM4 MBNL1 PTBP1 TRA2A
FBL NOPS58

DAZAP1 LSM4 MBNL1 PTBP1 SYNCRIP TRA2A
DAZAP1 LSM4 MBNL1 PTBP1 TRA2A

PNKP SMCHD1

AHNAK CETN2 DAZAP1 FBL LSM4 MBNL1 MYBBP1A

PNKP PRPSAP2 PTBP1 RPS27 RPS28 SMCHD1 SYNCRIP
TRA2A

AHNAK CETN2 DAZAP1 FBL LSM4 MBNL1 MYBBP1A

PNKP PTBP1 RPS27 RPS28 SMCHD1 SYNCRIP TRA2A

FBL NOP58 RPS27 RPS28



Supplementary Table S5. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins

(DP) in cluster 1 after the hierarchical clustering heat map analysis.

GO Term BP GO Term P-value -logl0(FDR)
Description (FDR)
GO:1901564 0,0000000 13,82
organonitrogen
compound metabolic

process

GO:0010951  negative regulation  0,0000000 12,34
of endopeptidase
activity

Annotated Proteins (Gene Name)

A2M ABCE1 ACADM ACSL6 ADD1 AGT AIP AK3 ALDOA APOA4 APOE
ARLG6IPS ATPSF1A ATPSME ATP5PO BAX C3 C4A CAT CBFB CD36 CD44
CFB CKB CLU CPT1A CTSA CTSB CTSC DDOST DLD DPP3 EEF1G EIF3G
EIF3L EIF4B ERAPI1 F2 FAM98B FETUB FN1 GARS1 GOT1 GOT2 GRK2
HARS1 HIBADH HMOX1 HMOX2 HPRT1 PRMT1 HRMT1L2 HUWEI ISG15
ITIHI ITIH2 ITIH3 ITIH4 KIF12 LACTB LAMP2 LGMN LOC107131209
LOC506828 MAP2K1 METAP2 MOB1A MPC2 MYDGF NAGA NAXE NFKB1
NME2 NSF NT5C2 OGT PAPSS2 PFKP PHB2 PICALM PKM PLG PNP
POGLUT1 PPMI1F PPP1CA PRDX3 PRDX4 PRKAR2A PSMA1 PSMA3 PSMA4
PSMA6 PSMB1 PSMB2 PSMB3 PSMB9 PSMD13 PTPN1 PTPRC PYCR3 QARSI
QDPR QKI RAD23A RAP2B RPN1 RPN2 RPS24 RUVBL2 SDCBP SDS
SERPINA1 SERPINA3-7 SERPINA6 SERPINA7 SERPINC1 SERPIND1
SERPINF1 SERPINF2 SERPING1 SLK SPTLC2 STK24 TBL1XR1 TCOF1
TRIM25 TTR TXN UBA1 UCHL3 VPS35 XPO1 YARSI1

A2M AGT C3 C4A CD44 FETUB ITIH1 ITIH2 ITIH3 ITIH4 KIF12 LOC107131209
LOC506828 PICALM PRDX3 SERPINA1 SERPINA3-7 SERPINA6 SERPINA7
SERPINC1 SERPIND1 SERPINF1 SERPINF2 SERPING1
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G0O:0010466

G0:0045861

G0:0006120

G0:0046034

G0:0002376

G0:0045333

negative regulation

of peptidase activity

negative regulation

of proteolysis

mitochondrial
electron transport,
NADH to

ubiquinone

ATP metabolic

process

immune system

process

cellular respiration

0,0000000

0,0000000

0,0000001

0,0000002

0,0000004

0,0000004

12,30

11,78

6,83

6,73

6,39

6,39

A2M AGT C3 C4A CD44 FETUB ITIH1 ITIH2 ITIH3 ITIH4 KIF12 LOC107131209
LOC506828 PICALM PRDX3 SERPINA1 SERPINA3-7 SERPINA6 SERPINA7
SERPINC1 SERPIND1 SERPINF1 SERPINF2 SERPING1

A2M AGT C3 C4A CD44 F2 FETUB ITIH1 ITIH2 ITIH3 ITIH4 KIF12
LOC107131209 LOC506828 OGT PICALM PRDX3 SERPINA1 SERPINA3-7
SERPINA6 SERPINA7 SERPINC1 SERPIND1 SERPINF1 SERPINF2 SERPING1

DLD NDUFA10 NDUFB8 NDUFS1 NDUFS3 NDUFS6 NDUFS7 NDUFV2
ALDOA ATPSF1A ATPSME ATP5PO ATP6V1B2 COX411 DLD NDUFA10
NDUFB8 NDUFS1 NDUFS3 NDUFS6 NDUFS7 NDUFV2 OGT PFKP PKM
UQCRC1

ADDI1 AP1G1 APOA4 APOE BoLA-DOB BOLA-DOB BOLA-DRB3 BoLA-DRB3
BOLA-NCI1 C3 C4A CBFB CD14 CD247 CD36 CD44 CD47 CD99 CFB CLU
CTSC CXCR4 CYBC1 ERAPI F2 FN1 HMOX1 PRMT1 HRMT1L2 HSP90AA1
IL1RN [PO7 ISG15 ITGAM LGALS2 LGALS3 LGMN LOC107131209 MAP2K 1
MYOIC agp ORM1 PHB2 PICALM PIP4K2A PLD4 PLG PRDX3 PRRC2C
PSMA1 PSMB9 PTPRC RAB10 S100A13 SERPING1 SFXN1 STX7 TRIM25
TYROBP WAS

ACO2 ATPSF1A ATPSPO CAT COX4I11 DLD ETFDH NDUFA10 NDUFBS8
NDUFS1 NDUFS3 NDUFS6 NDUFS7 NDUFV2 SDHA UQCRC1
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GO:0042775 mitochondrial ATP 0,0000035
synthesis coupled
electron transport

GO:0006629 0,0039790
lipid metabolic

process

5,45

2,40

COX411 DLD NDUFA10 NDUFB8 NDUFS1 NDUFS3 NDUFS6 NDUFS7
NDUFV2 UQCRC1

ACADM ACADVL ACSL6 AFP AGT ALDH3A2 APOA4 APOE ATP1A1
ATPSF1A C3 CAT CPT1A ETFDH F2 IL1IRN LACTB NAGA NFKB1 PCCA PHB2
PIP4K2A PLBD2 PLD4 QKI SERPINA6 SPTLC2 TTR

Supplementary Table S6. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins

(DP) in cluster 2 after the hierarchical clustering heat map analysis.

GO Term GO Term P-value
BP Description (FDR)
GO:0043484 regulation of RNA  0,00000002
splicing
GO:1903311 regulation of mRNA 0,00000009
metabolic process
GO:0050684 regulation of mRNA 0,00000037
processing

GO:0034641 0,00000410
cellular nitrogen

compound

metabolic process

-log10(FDR)

7,70

7,03

6,43

5,39

Annotated Proteins (Gene Name)

AHNAK CELF1 CELF2 DAZAP1 FAMS0A LOC100848353 HNRNPA1 HNRNPK
KHDRBS1 MBNL1 PTBP1 RBM12B RNPS1 TRA2A

CELF1 CELF2 DAZAP1 DCPS LOC100848353 HNRNPA1 HNRNPD HNRNPK
HNRNPM KHDRBS1 MBNL1 PTBP1 RNPS1 SLTM SYNCRIP TRA2A

CELF1 CELF2 DAZAP1 LOC100848353 HNRNPA1 HNRNPK KHDRBS1 MBNL1
PTBP1 RNPS1 SLTM TRA2A

ACO1 ACOT9 AHNAK ARHGEF2 ARRB1 BANF1 BANK1 CELF1 CELF2 CETN2
DAZAP1 DCPS DDX39A DDX3X EDF1 EIF1AX EIFSA FAMS0A FARSA FBL
FIP1L1 GPX1 GSTP1 HMGB2 LOC100848353 HNRNPA1 HNRNPD HNRNPK
HNRNPM KHDRBS1 LSM4 LUC7L MBNL1 MCM5 MTAP MTHFD1L MYBBP1A
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GO:0043603 0,00012000
cellular amide

metabolic process

GO:0006412 0,00018000
translation

G0:0010467 0,00101500

gene expression

GO0O:0032635 interleukin-6 0,02296000
production

GO:0042254 ribosome biogenesis 0,00481500

3,92

3,74

2,99

1,64

2,32

NARS1 NEK7 NPM1 OARD1 OPA1 PAPSS1 PDCD4 PKN1 PNKP POLR2B PPIH
PRPF31 PRPSAP2 PTBP1 RBM12B REL RNPS1 RPL11 RPL3 RPL9 RPRD1B
RPS14 RPS17 RPS20 RPS27 RPS28 RTCB SF3A2 SLTM SMCHD1 SNRNP200
SNRNP70 SNRPD2 SREK1 SRRM1 SRRT SRSF1 SRSF10 SSB STAT1 STRAP
SYNCRIP TCEA1 TFAM TRA2A VNN2 WARS1 WBP11

ACO1 ACOT9 BANK1 DCPS DDX3X EIF1AX EIFSA FARSA GPX1 GSTP1
HNRNPD KHDRBS1 NARS1 RPL11 RPL3 RPL9 RPS14 RPS17 RPS20 RPS27
RPS28 VNN2 WARSI1

ACO1 BANKI1 DCPS DDX3X EIF1AX EIF5A FARSA HNRNPD KHDRBS1 NARS1
RPL11 RPL3 RPL9 RPS14 RPS17 RPS20 RPS27 RPS28 WARSI1

ACO1 AHNAK AIF1 APOA2 ARHGEF2 ARRB1 BANK1 CDC37 CELF1 CELF2
DAZAP1 DCPS DDX39A DDX3X EDF1 EIF1AX EIFSA FAMS0A FARSA FBL
FIP1L1 GPX1 GSDMD HMGB2 LOC100848353 HNRNPA1 HNRNPD HNRNPK
HNRNPM KHDRBS1 LSM4 LUC7L MBNL1 MYBBP1A NARS1 NCKAP1L NPM1
PDCD4 PHGDH PKN1 POLR2B PPIH PRPF31 PTBP1 RBM12B REL RNPSI1
RPL11 Rpl3 RPL3 RPL9 RPRD1B RPS14 RPS17 RPS20 RPS27 RPS28 RTCB
SF3A2 SLTM SMCHD1 SNRNP200 SNRNP70 SNRPD2 SNX12 SREK1 SRRM1
SRRT SRSF1 SRSF10 SSB STAT1 STRAP SYNCRIP TCEA1 TFAM TRA2A
WARSI WBP11

AIF1 ARHGEF2 ARRB1 BANK1 NCKAPIL
DDX3X FBL NOP56 NOP58 NPM1 RPL11 RPL3 RPS14 RPS27 RPS28
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ABSTRACT

Exosomes are a subtype of nano-sized extracellular vesicles that mediate intercellular
communication. By transferring their cargo (nucleic acids, proteins, lipids, and
metabolites) into recipient cells, they can influence the cells’ biological response.
Exosomes can be found in different body fluids, including milk. Porcine milk exosomes
are internalized by monocytes and modulate their immune functions in vitro, by
decreasing their phagocytosis and chemotaxis, while increasing their oxidative burst. No
information on the molecular mechanisms underlying the immunomodulatory effects on
porcine mononuclear cells is available so far. Thus, this study aimed to assess the effects
of porcine milk exosomes on the porcine peripheral blood mononuclear cells (PBMC)
proteome. Cells were purified from the peripheral blood of seven healthy pigs (TOPIGS)
and incubated with porcine milk exosomes (200 exosomes/cell) or medium as a control
for 22 h at 39°C. Extracted proteins were then analyzed using nano-LC-MS/MS. A total
of 1584 quantifiable proteins were identified, and the supervised multivariate statistical
analysis, sparse variant partial least squares — discriminant analysis (sPLS-DA) for paired
data, was applied to identify discriminant proteins (DP) that contributed to a clear
separation between the porcine milk exosomes and control groups. A total of 384 DP
from both components were selected. To elucidate the differential role of the identified
DP for each treatment group, 54 proteins with the highest abundance in milk exosomes
and 142 in the control group were selected to perform a Gene Ontology (GO) enrichment
analysis with ProteINSIDE. DP with a higher abundance in porcine milk exosomes were
mainly involved in innate immune-related and exosome uptake processes. Proteins such
as TLR2, APOE, CD36, MFGES8 and CLU were found annotated in those enriched BP.
In conclusion, these results provide a proteomics background to the immunomodulatory
activity of porcine milk exosomes and to the potential mechanisms used by immune cells

to internalize them

Keywords: milk exosomes, pigs, PBMC proteome, immunomodulation, TLR2, CD36,
uptake, phagocytosis

1. Introduction

Exosomes are nano-sized extracellular vesicles (30 - 160 nm) with an endosome-derived

limiting membrane that mediate intercellular communication in both physiological and
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pathological conditions [1,2]. They can be produced and released to the extracellular
space by all cell types through exocytosis [3]. Exosomes carry a wide range of regulatory
molecules (cargo) such as proteins, lipids, DNA, RNA (mRNA, miRNA, non-coding
RNA) and metabolites [1]. These nanovesicles mediate near long-distance intercellular
communication by targeting and transferring their cargo into recipient cells, altering their
function [4,5].

Over the last two decades, it has been demonstrated that exosomes can induce, amplify
and suppress both innate and adaptive immune responses. Indeed, exosomes have been
shown to modulate natural killer (NK) cells activation, macrophage and T cell
differentiation and monocytes chemotaxis [6—8]. Anti-inflammatory roles of exosomes in
human peripheral blood mononuclear cells (PBMC) and T cells have also been reported
[9].

Exosomes can be found in different body fluids, including milk [10]. Milk exosomes are
also thought to exert potential immunomodulatory effects, as both human and bovine milk
exosomes that contain functional RNA are taken up by human macrophages [11,12].
Porcine milk exosomes and their cargo have previously shown can also accumulate in
piglets and mice peripheral tissues rich in immune cells (e.g. liver, spleen, lung and the
small intestine) after suckling or oral administration [13], suggesting potential
immunomodulation. Moreover, porcine milk exosomes demonstrated in our previous in
vitro study to exert immunomodulatory effects on porcine monocytes, by decreasing their
phagocytosis and chemotaxis and increasing their reactive oxygen species (ROS)
production (See Manuscript draft 3, pages 103-133). However, the molecular
mechanisms underlying the immunomodulatory activity of porcine milk exosomes on
porcine mononuclear cells are still unknown.

The use of OMIC technologies, specifically proteomics — the large-scale study of the
protein profile in a sample — provides a great option to unravel the molecular impact of
porcine milk exosomes on porcine PBMC immune response [14]. In previous studies,
porcine PBMC proteome has been investigated, mainly in the context of infectious
diseases [15], stress [16], pregnancy [17] and characterization of the cell's protein profile
[18]. However, no information on the in vitro impact of porcine milk exosomes on porcine
PBMC proteome is available yet. Therefore, this study investigated for the first time the
immunomodulatory capacity of porcine milk exosomes on porcine PBMC proteome in

vitro, using an untargeted proteomics approach,
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2. Materials and methods

2.1. Purification of porcine PBMC from blood

Porcine PBMC were isolated from peripheral blood through Ficoll density gradient
centrifugation, as previously described for bovine blood, with some minor modifications
[23]. Briefly, 100 mL of blood from seven 60-100 kg healthy pigs (TOPIGS) was
collected during routine slaughtering procedures in sterile flasks containing 0.2% of
EDTA (Sigma-Aldrich, St. Louis, MO, USA) as an anticoagulant. Blood was then
centrifuged at 1260 x g for 30 min at 18 °C to obtain the bufty coat. The buffy coat was
diluted 1:5 in cold sterile Dulbecco’s PBS without Ca?>" and Mg?* +2 mM EDTA (Sigma-
Aldrich), carefully layered onto Ficoll-Paque Plus (1.077g/mL) (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden), and centrifuged at 1700 x g (without brakes) for 30 min
at 4 °C to obtain the PBMC ring. PBMC were collected at the interface, washed with cold
sterile PBS without Ca?" and Mg?" + 2 mM EDTA, centrifuged at 500 x g for 7 min at
4 °C and incubated with Red Blood Cell Lysis buffer (Roche Diagnostics GmbH,
Mannheim, Germany) for 3 min at room temperature to remove the red blood cells.
Washes with cold sterile PBS+ 2 mM EDTA were performed to remove contaminant
platelets. Finally, the PBMC were counted using an automatic cell counter (TC20TM,
BioRad), their viability assessed with trypan blue exclusion, and resuspended at the
desired concentration in complete medium (RPMI 1640 Medium + 25 mM HEPES + L-
Glutamine, supplemented with 1% of Non-essential Amino Acid Solution 100X and 1%
Penicillin Streptomycin Solution 100X and 1% exosome-depleted Fetal Bovine Serum

(FBS) (Sigma-Aldrich).

2.2. Porcine PBMC stimulation with porcine milk exosomes

First, porcine milk exosomes were purified from sows’ milk and characterized by means
of their concentration, size, morphology/structure, and presence of exosome marker
protein, as previously reported (See Manuscript draft 3, pages 103-133). For each
experiment, an aliquot of LPS-depleted porcine milk exosomes (6.2 x 10'° exosomes/mL)
was thawed and used. Briefly, a total of 15 x 10° porcine PBMC (1.5 mL) were seeded in
triplicates in Corning® tissue-culture treated culture 60 mm dishes (Corning Inc., Costar,
Kennebunk, ME, USA) and incubated with 3 x 10° (48.4 uL) porcine milk exosomes (in
a ratio of 200 exosomes/cell) for 22 h at 39 °C in a humified atmosphere with 5% COs,.
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Complete medium (1% exosome-depleted FBS) was then added to each dish to reach a

final volume of 3 mL.

2.3. Porcine PBMC collection and protein extraction

After incubation time, around 3mL of the cells in suspension (lymphocytes) were
collected and centrifuged at 500 x g for 7 min at 4°C. The lymphocytes were then washed
twice with 500 pL sterile-PBS without Ca?>" and Mg?" (room temperature) and again
centrifuged twice at 500 x g for 7 min at 4°C to remove the remaining medium and FBS.
In the meantime, three washes with 2 mL of sterile-PBS without Ca** and Mg?" (room
temperature) were performed in the 60 mm dishes to wash the adhered monocytes and
remove dead cells. When both, the lymphocytes pellet and the adhered monocytes were
washed, 500 pL of Igepal buffer (150 mM NaCl, 10 mM Tris-HCI pH 7.4, 1 mM EDTA
and EGTA, 100 mM NaF, 4 mM Na4P,07-10 H,0, 2 mM NazVOs, 1% Triton X100,
0.5% IGEPAL CA-630 (Sigma-Aldrich), 1 pill for 50 mL of the total volume of Protease
Inhibitor Cocktail (Roche)) was added to the lymphocytes pellet. The lymphocytes were
resuspended and added directly to the 60 mm dishes containing the monocytes. The dishes
containing the cells and the Igepal buffer were incubated for 1h at 4°C with regular
shaking to allow the lysis of the cells. After incubation, the cells were scraped using sterile
Corning Cell scrapers (blade L 1.8 cm, handle L 25 cm; Corning Inc.), the cell lysate was
collected and sonicated for 10 min in an ultrasonic bath (Branson 2200, Danbury, CT,
USA) to complete the cells’ lysis and homogenization. Finally, the cell lysates were
centrifuged for 10 min at 6000 x g at 4°C to remove the cell debris, and the supernatant
containing the extracted proteins of all 3 technical replicates for each biological replicate

was pooled in 1.5 mL tubes, aliquoted and stored at -80 °C for further analyses.

2.4. Sample preparation for proteomic analysis

The total protein concentration was determined with the Pierce Bicinchoninic acid (BCA)
protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA), following the
manufacturer’s instructions. For peptide preparation, extracted proteins were digested and
concentrated using the Filter Aided Sample Preparation (FASP) method, following the
manufacturer’s instructions with some minor modifications. Briefly, 50 pg of proteins
lysate were put into Millipore 10 kDa MWCO filters and 100 pl of Urea 8 M in 0.1 M
Tris-HC1 pH 8.5 were added for solubilization. The detergent together with other

contaminant components within the protein lysate were removed by repeated filtration by
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centrifugation. After discarding the flow-through, proteins were reduced with 100 ul DTT
(10 mM) for 46 min and centrifuged at 14000 rpm for 10 min. Then, 200 ul of 25 mM
iodoacetamide solution were added to the filters and incubated for 20 min at room
temperature for protein alkylation. After performing several washes of the filters with
Urea 8 M and 50 mM of ammonium bicarbonate, proteins were digested with 200 pl of
0.25 mg/mL trypsin (50:1 ratio of protein:enzyme) and mixed at 600 rpm in a
thermomixer for 1 min. Filters were then transferred to new collection tubes, incubated
in a wet chamber at 37 °C overnight. Finally, peptides were eluted by adding 200 pl of
50 mM of ammonium bicarbonate and the filtrate lyophilized in a SpeedVac and then

resuspended in 100 pl of 1% formic acid.

2.5.Nano-LC-MS/MS analysis

For each sample, 50pug of proteins were used according to the FASP preparation. The
final volume was adjusted exactly to 300 uL with a recovery solution (H2O/ACN/TFA —
94.95/5/0.05). After passing through the ultrasonic bath (10 min), the entire supernatant
was transferred to an HPLC vial before LC-MS/MS analysis. Peptides mixtures were
analyzed by nano-LC-MS/MS (ThermoFisher Scientific) using an Ultimate 3000 system
coupled to a QExactive HF-X mass spectrometer (MS) with a nanoelectrospray ion
source. Five uL of hydrolysate was first preconcentrated and desalted at a flow rate of 30
pl/mn on a C18 pre-column 5 cm length x 100 um (Acclaim PepMap 100 C18, Sum,
100A nanoViper) equilibrated with Trifluoroacetic Acid 0.05% in water. After 6 min, the
concentration column was switched online with a nanodebit analytical C18 column
(Acclaim PepMap 100 - 75 pm inner diameter x 25 cm length; C18 - 3 um -100A - SN
20106770) operating at 400 nL/min equilibrated with 96 % solvent A (99.9 % H20, 0.1 %
formic acid). The peptides were then separated according to their hydrophobicity thanks
to a gradient of solvent B (99.9 % acetonitrile, 0.1 % formic acid) of 4 to 25% in 60
minutes. For MS analysis, eluted peptides were electro sprayed in positive-ion mode at
1.6 kV through a Nano electrospray ion source heated to 250°C. The mass spectrometer
operated in data-dependent mode: the parent ion is selected in the orbitrap cell (FTMS)
at a resolution of 60,000 and each MS analysis is succeeded by 18 MS/MS with analysis
of the MS/MS fragments at a resolution of 15,000).

2.5. Processing of raw mass spectrometry data
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At the end of the LC-MS/MS analysis, for raw data processing, MS/MS ion search was

carried out with Mascot v2.5.1 (http://www.matrixscience.com) against the porcine

database (i.e. ref sus scrofa 20210114-49,792 sequences). The following parameters
were used during the request: precursor mass tolerance of 10 ppm and fragment mass
tolerance of 0.02 Da, a maximum of two missed cleavage sites of trypsin,
carbamidomethylation (C), oxidation (M) and deamidation (NQ) set as variable
modifications. Protein identification was validated when at least two peptides originating
from one protein showed statistically significant identity above Mascot scores with a
False Discovery Rate of 1%. lons score is -10 log(P), where P is the probability that an
observed match is a random event. For the porcine proteome, the Mascot score was 32
with a False Discovery Rate (FDR) of 1%. The adjusted p-value was 0.02747. Finally,
for label-free protein quantification analysis, LC-Progenesis QI software (version 4.2,
Nonlinear Dynamics, Newcastle upon Tyne, UK) was used with the same identification
parameters described above with the phenotypic data among all matrices. All unique
validated peptides of an identified protein were included and the total cumulative
abundance was calculated by summing the abundances of all peptides allocated to the
respective protein. LC-Progenesis analysis yielded a total of 1584 unique quantifiable

proteins, having at least two peptides and two unique peptides.

2.6.8tatistical analyses

2.6.1. Univariate analysis
To identify the differential abundant proteins a univariate statistical approach was
performed on all 1584 quantified proteins, using an R package for proteomic analysis

(available on GitHub with the DOI https://doi.org/10.5281/zenodo.2539329) as

previously described [25]. Briefly, data normality distribution was assessed by the
Shapiro-Wilk-Test and then either a paired Student's t-test, for normally distributed data,
or a paired Wilcoxon test for not normally distributed data, was applied to determine the
p-value. Finally, the obtained p-values were corrected using different adjustment methods
(e.g. Benjamini & Hochberg or FDR, Hochberg and Bonferroni). For all of these analyses,

R version 3.6.3 was used.

2.6.2. Multivariate analysis
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An alternative supervised multilevel sparse variant partial least square discriminant
analysis (sSPLS-DA) was applied as no differentially abundant proteins were detected. The
multilevel sPLS-DA enables the selection of the most predictive or discriminative
proteins in the data of the two components (PC1 and PC2) to classify or cluster the
samples between the treatment groups [26]. The multivariate analysis was performed

using the mixOmics package in R (http://mixomics.org).

2.7.Bioinformatic analysis of discriminant proteins (DP) selected by sPLS-DA

First, before performing the bioinformatic and functional annotation analyses, the
accession numbers from all 1584 quantified proteins were converted into Gene ID using
UniProt retrieve/ID mapping online tool. For undefined proteins, the Gene ID of human
orthologs of porcine proteins was assigned. Second, only for the selected DP a gene
ontology (GO) enrichment analysis, focused on the Biological Processes (BP) was
performed using ProteINSIDE online tool version 2.0 (available at https:/umrh-

bioinfo.clermont.inrae.fr/ProteINSIDE 2/index.php?page=upload.php), as previously

described [27], and using Sus scrofa as reference specie. Only significant (FDR < 0.05)
GO BP terms were considered enriched and were used for further interpretation and figure
creation. The enriched GO BP terms were summarized and their enrichments were
expressed as -logl0 (FDR) for visualization on horizontal bar graphs plotted using
GraphPad Prism 9.1.2 for Mac OS X, GraphPad Software (San Diego, California, USA).
Finally, the average log fold-change (logFC) of the raw abundances of all the DP
identified with sSPLS-DA from all the seven 7 biological replicates was calculated and

plotted using R version 3.6.3.

3. Results

3.1. The proteome of porcine PBMC and identification of the molecular signature of
porcine milk exosomes treatment

A total of 1584 proteins, with at least two unique peptides, were identified and quantified

in porcine PBMC (data not shown). A classical univariate statistical analysis (paired t-

test or Wilcoxon test) was applied and no differentially abundant proteins were detected

between the treatment groups after adjusting the p-value (FDR and Bonferroni).

However, to retrieve meaningful biological information, the multivariate sPLS-DA

analysis was applied to identify the molecular signature of the porcine milk exosomes
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treatment. The sSPLS-DA model selected a total of 384 DP (approximately 25% of the
total proteins identified) from both components (data not shown), which contributed to a
good clustering between the two treatment groups (Fig. 1). From the 384 DP, only the
proteins from the sPLS-DA component 1 that strongly correlated together (data not
shown) for each treatment group were selected to perform separate GO BP enrichment
analyses. From these proteins, a total of 54 proteins had the highest abundance in the CP

group, while 142 in the control group (data not shown).

3.2. GO enrichment analyses of total DP identified by s-PLS-DA

To identify the global function of all the 384 DP a GO enrichment analysis was
performed. These DP were annotated by 301 enriched (FDR < 0.05) GO terms within the
BP category. The main enriched BP were related to cellular supramolecular fiber
organization (GO:0097435), metabolic process (GO:0008152), actin cytoskeleton
organization (G0O:0030036), intracellular transport (GO:0046907), positive regulation of
organelle organization (GO:0010638), translation (GO:0006412), regulation of vesicle-
mediated transport (GO:0060627), gene expression (GO:0010467), immune system
process (GO:0002376) and regulation of apoptotic signaling pathway (G0:2001233)
(Fig. 2). Among the most annotated BP were: gene expression (142), metabolic processes
(92), immune system process (70) and intracellular transport (50) (Supplementary Table
S1).

3.3.GO enrichment analyses of DP with the highest abundance in the milk exosomes
group
To further elucidate the specific role of the DP with the highest abundance in each group,
separate GO enrichment analyses were performed. The 54 proteins with the highest
abundance in the milk exosomes group were annotated by 130 enriched (FDR < 0.05)
GO terms within the BP category. These proteins were mainly involved in BP such as
cellular detoxification (GO:1990748), response to diacyl bacterial lipopeptide
(GO:0071726), nitric oxide-mediated signal transduction (GO:0007263), cGMP-
mediated signalling (GO:0019934), positive regulation of tumor necrosis factor
production (GO:0032760), positive regulation of endocytosis (GO:0045807), secretion
(GO:0071706), immune system process (GO:0002376), ERK1 and ERK2 cascade
(GO:0070371), regulation of body fluid levels (GO:0050878) and phagocytosis,
recognition (GO:0006910). From these enriched BP, the ones with the highest number
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of annotated proteins were the immune system process with nine proteins, secretion with
six proteins, and ERK1 and ERK2 cascade and regulation of body fluid with five proteins
(Fig. 3). CD36 and APOE were mainly annotated by almost all of these enriched BP.
SASH3, CLU and CTSH were found in the immune system process, but CLU and CTSH
were also found in positive regulation of endocytosis, and ERK1 and ERK2 cascade,
respectively. Moreover, TLR2 was found in the biological processes involved with the
response to bacterial lipopeptide, immune system process and secretion. In the latter, and
also in the regulation of body fluids, CSN2 and CSN3 were also found. Lastly, MFGES
was only found in phagocytosis (Supplementary Table S2).

3.4. GO enrichment analyses of DP with the highest abundance in the control group

A higher number of DP (142) was found to be more abundant in the control group. These
proteins were annotated by a total of 64 enriched (FDR < 0.05) BP GO terms. These
enriched GO terms were mainly related to the catabolic process (GO:0009056), amide
biosynthetic process (G0O:0043604), cellular organization (GO:0051641), translation
(GO:0006412), metabolic process (GO:0008152), vesicle budding from the membrane
(GO:0006900), vesicle-mediated transport (GO:0016192), regulation of anoikis
(GO:2000209) and interleukin-27-mediated signaling pathway (GO:0070106) (Fig. 4).
The enriched BP with the highest number of annotated proteins were: metabolic processes

(87), cellular localization (35) and catabolic process (34) (Supplementary Table S3).

3.5. Average log fold-change (logFC) of the abundances of the DP identified with sPLS-
DA
Lastly, to identify and focus on key DP that presented greater changes in their abundance
after porcine milk exosomes treatment, the average logFC of the raw abundances of the
proteins from the cells treated with milk exosomes was calculated (Fig. 5). The protein
with the greatest change in the abundance (logFC > 100) between the milk exosomes and
control was CSN2. Other proteins with higher abundances in the milk exosomes group
were found, including BTN1A1, CSN1S1, CSN1S2, MFGES and SLC34A2 (logfC > 5).
On the other hand, FABP4 (logFC < 0.5) and LGALS3 (logFC < 1) showed the lowest

abundance in the milk exosomes group.
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4. Discussion

The present study describes the proteome of porcine PBMC after stimulation with milk
exosomes. Interestingly, in our previous in vitro study, we demonstrated for the first time
that porcine milk exosomes were internalized by monocytes and that they modulated three
inflammatory functions of monocytes (See Manuscript draft 3, pages 129-165). However,
to the best of our knowledge, the exact molecular mechanisms underlying such effects
have not been yet elucidated. In this study, we present for the first time that porcine milk
exosomes can modulate PBMC proteome in vitro, providing a molecular signature of
their immunomodulatory activity. Our main findings were that porcine milk exosomes
caused an enrichment in BP related to different immune system processes, such as
response to diacyl bacterial lipopeptide, nitric oxide-mediated signal transduction,
positive regulation of tumor necrosis factor and phagocytosis. Moreover, enrichment of
processes related to exosome internalization or uptake by immune cells, including
phagocytosis and endocytosis was also observed, suggesting a potential role of porcine

milk exosomes in modulating immune defense response.

4.1. Global biological processes enriched by the DP selected by sPLS-DA

In the first part of the study, an sPLS-DA model was applied to select the most
discriminative proteins that allow an adequate clustering of the samples from the milk
exosomes and control groups [26]. The sPLS-DA selected 384 DP that enabled clear
discrimination between the two treatment groups.

To determine globally the function of these DP, a GO enrichment analysis was performed,
and it revealed that the DP was involved in both, very general BP processes, but also in
other more specific ones. Among the general BP, metabolic process, intracellular
transport, positive regulation of organelle organization, regulation of vesicle-mediated
transport and translation and gene expression were enriched. These processes are
essential for proper functioning and for maintaining the homeostasis of all cell types [29—
31]. On the other hand, among the more specific we found BP related to immune system
process, cellular supramolecular fiber organization, actin cytoskeleton organization and
regulation of apoptotic signaling pathway were also found enriched. It is widely known
that the actin cytoskeleton organization and fiber organization are two necessary
processes for immune functions like chemotaxis, phagocytosis and cell communication
[32-34]. Furthermore, the actin cytoskeleton has also been shown to be necessary for

immune cells' crosstalk or communication, by playing a crucial role in the formation and
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maintenance of the immunological synapse structure. Moreover, apoptosis — an ATP-
dependent type of programmed cell death - is also another key feature of immunity, as it
controls the immune response by eliminating autoreactive lymphocytes, or other immune
cells like monocytes in the inflammatory environment, apoptosis rate being critical for a

normal cell turnover and thus maintaining homeostasis.

4.2. Biological processes enriched by DP with the highest abundance in porcine milk
exosomes group

In the second part of the study, to further elucidate the differential effects between the
porcine milk exosomes and control groups, separate GO enrichment analyses were
performed, using the DP with the highest abundance in each group. The 54 DP with the
highest abundance in the porcine milk exosomes group enriched BP are involved in
immune system process, including response to diacyl bacterial lipopeptide, nitric oxide-
mediated signal transduction, positive regulation of tumor necrosis factor production,
phagocytosis.

In the past decade, there has been increasing evidence of the immunomodulatory activity
of exosomes coming from different sources, including milk [6-8,28]. Indeed, there is
recent evidence that exosomes can modulate the innate immune response through the
interaction with Toll-like receptors (TLR), by both triggering or inhibiting them [37].
TLR are a class of pathogen recognition receptor (PPR) expressed by innate immune cells
(e.g. monocytes and macrophages), which upon recognition of the invading
microorganism trigger an inflammatory response for its elimination [38].

Remarkably, in our study Toll-like receptor 2 protein (TLR2) -a membrane-bound PRR-,
was among the DP found with a higher abundance in the porcine milk exosomes group,
and was found annotated in BP such as response to diacyl bacterial lipopeptide and
immune system process. Our results agree with those observed in other cellular models,
where milk exosomes and other milk extracellular vesicles (EV) have also been shown to
be able to interact with TLR. Specifically, human breast milk exosomes inhibited the
activation of TLR4 in the intestinal epithelium, suggesting protective effects against
necrotizing enterocolitis [41,42]. Schwan cells-derived exosomes also upregulated the
expression of TLR2 in astrocytes through the NF-xB/PI3K signaling pathway, triggering
the cells' inflammatory responses [39]. In addition, exosomes derived from
M.tuberculosis infected cells have also been shown to suppress macrophages' response to

IFN-y, by affecting their expression of TLR2 [40].
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The positive regulation of tumor necrosis factor production (TNF) was also enriched by
the porcine milk exosomes and its production, together with other pro-inflammatory
cytokines, is known to be dependent on TLR signaling pathways [43]. Our results agree
with previous studies of exosomes coming from different sources. For example,
exosomes isolated from systemic lupus erythematosus patients enhanced the production
of TNF-a and other pro-inflammatory cytokines via the TLR1/2, TLR7, TLR9, and TLR4
pathways [44].

Another important process of the immune response is the production of nitric oxide (NO)
and its mediated signaling transduction. Both NO-mediated signaling transduction and
cGMP-mediated signaling were found enriched after milk exosomes treatment. NO
production also occurs after TLR activation, which culminates in the upregulation of gene
transcription of pro-inflammatory mediators such as the inducible nitric oxide synthase
(INOS), an enzyme that produces NO [46]. NO can also convert into different reactive
nitrogen species (RNS) that can be highly toxic to invading microbes [47]. Besides
exerting a protective role against pathogens, NO is also an important signaling molecule
that acts via the activation of the NO sensitive guanylyl cyclase (NO-GC). This activation
then leads to the formation of the second messenger cGMP that can further regulate some
innate and adaptive immune functions [48,49]. These results are consistent previous
studies on other cellular models, where exosomes derived from hypoxic cardiomyocytes
promoted NO production in endothelial cells [S0]. Moreover, the release of exosomes
from senescent macrophages, containing iNOS has been reported; and bovine milk
exosomes containing miR-155-5p — an essential regulator of eNOS and NO — increased
eNOS in endothelial cells. Altogether, this suggests that exosomes cargo might also play
an important role in modulating NO production [51,52].

The glycoprotein IIIb (CD36) was one of the proteins involved in almost all of the
enriched BP, including the previously mentioned ones and in phagocytosis. CD36 is a
membrane glycoprotein and a member of the class B scavenger receptor family, present
on mononuclear phagocytes (e.g. monocytes and macrophages) among other cells. It
functions as a scavenger receptor, and thus participates in the identification and
phagocytosis of apoptotic cells, some pathogens, lipoproteins, and in general in the
inflammatory response [53,54]. Moreover, it has been identified as a co-receptor of TLR2
in response to diacylated lipoproteins [55].

Another enriched BP was phagocytosis. Phagocytosis plays an important role in the

uptake of exosomes by monocytes and macrophages [56,57]. However, different forms
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of endocytosis have also been proposed as mechanisms of exosomes internalization, in
which CD36 is also involved [57,58]. These results also agree with a previous study in
which exosomes upregulated human macrophages' phagocytosis in vitro, and the
proteomic analysis revealed that the identified exosome proteins were mainly related to
Fcy receptor-mediated phagocytosis [59]. Another protein that was found only annotated
in the phagocytosis BP is the milk fat globule-EGF factor 8 (MFGES) or lactadherin.
MFGES is a phosphatidylserine-binding glycoprotein secreted and expressed by
macrophages and other immune cells that promotes the engulfment of apoptotic cells and
vesicles [60,61]. It is also one of the immune components found in milk, specifically in
milk fat globules and highly enriched in milk exosomes [62,63]. Therefore, it is thought
that MFGES might play a role in the intestinal immune system of newborns, as it has been
shown to modulate intestinal dendritic cell (DC) activity and induce T cell differentiation
[62]. This protein also plays an important part in maintaining cell homeostasis and
tolerogenic immune responses, by eliminating apoptotic cells and inducing the secretion
of regulatory T cells (Treg)-inducing cytokines [60]. Lastly, MFGES as a surface protein
is involved in the targeting and internalization of EV, including exosomes, by specialized
phagocytes (e.g. macrophages and monocytes) through the binding to the
phosphatidylserine often present in these vesicles [65]. We can therefore hypothesize that
exosomes can function as potential nanocarriers of immunomodulatory molecules (e.g.
MFGERS) that participate in the transmission of immunity from the mother to the
offspring, helping in the development of the newborn immune system and growth [64].

CD36 downstream signaling also involves the production of ROS and modulation of
macrophage migration [53,66]. Specifically, it has been demonstrated that CD36 in
response to oxidized low-density lipoproteins (LDL) can inhibit murine and human
macrophage migration, by altering the cytoskeletal dynamics [66]. The fact that this DP
showed a higher abundance in the porcine milk exosomes group, was of great interest, as
in our previous in vitro study, we observed that porcine milk exosomes caused an increase
in the ROS production and inhibition of the chemotaxis of porcine monocytes (See
Manuscript draft 3, pages 103-133). Remarkably, a previous study using another model,
confirmed these results, as extracellular vesicles (EV), including exosomes, inhibited
endothelial cells migration and increased the ROS production via the CD36-mediated
pathway [67]. Moreover, the fact that CD36 was involved and annotated in two of the

main mechanisms (e.g. phagocytosis and endocytosis) of exosomes internalization used
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by phagocytes, supports the uptake of porcine milk exosomes by porcine monocytes we
observed in our previous in vitro study (See Manuscript draft 3, pages 103-133).

ERK1 and ERK?2 cascade was another of the enriched BP after milk exosomes treatment.
The extracellular signal-regulated kinase 1/2 (ERK1/2) cascade is a central signaling
pathway that allows the intracellular communication between cell membrane receptors
and their nuclear/cytoplasmic targets upon stimulation. It regulates a wide variety of
stimulated cellular processes, including proliferation, differentiation, migration, survival,
apoptosis and stress response [68]. Interestingly, in a previous study, it was shown that
exosomes activated the ERK1/2 cascade and that its activity is necessary for an efficient
exosome uptake via lipid raft-mediated endocytosis [69]. Moreover, it was previously
found that exosomes and their miRNA cargo can modulate the ERK1/2 signaling pathway
to induce immunomodulatory effects such as reducing macrophage migration [70]. Pro-
cathepsin H (CTSH) - a lysosomal cysteine protease involved in protein degradation -
was among the proteins annotated in this BP [71]. Cathepsins are key regulators of the
innate and adaptive immune system [72]. Some cathepsins have been shown to regulate
the migration of endothelial cells [73]. Cathepsins have also been found in EV and seem
to be involved in their biogenesis and secretion [74].

Additionally, proteins such as APOE, CLU and SASH3 were found annotated in several
of the immune-related processes previously described. Specifically, apolipoprotein E
(APOE) - a major protein component of very-low and high-density lipoproteins — is
mainly expressed by monocytes/macrophages and has shown to exert anti-inflammatory
roles, including reduction of migration of some cells [75,76]. Our results are consistent
with what has been previously reported on gastric cancer cells, where exosomes released
by anti-inflammatory (M2) macrophages increased the levels of APOE in the cancer cells,
and modulate their migratory capacity through the transfer of functional APOE [77]. The
presence of APOE in porcine colostrum and milk exosomes has been also recently
reported [24]. The function of APOE in modulating the migration of different cell types
seems to be mediated in a MAPK/ERK1/2 dependent manner, which explains why this
DP was also found annotated in the ERK1/2 cascade BP [78].

Clusterin (CLU) or also known as apolipoprotein J, is a ubiquitously expressed
glycoprotein, and a known extracellular chaperone that has shown to exert
immunomodulatory and anti-inflammatory effects such as modulation of antimicrobial

responses, facilitation of apoptotic cell clearance and suppression of kidney macrophage
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infiltration [79,80]. CLU can be found in both, milk and milk exosomes, and is one of the
proteins that is implied to modulate the immune response of the offspring [81].

SAM and SH3 domain-containing 3 protein (SASH3) is an adaptor protein that plays an
important role in the organization of signaling complexes and propagation of signal
transduction cascades in lymphocytes. Moreover, it is involved in the positive regulation
of the adaptive immune system, by modulating lymphocytes activation, proliferation and
antibodies production, among other processes [82]. These results suggest that exosomes
can modulate not only different aspects of innate immunity but also adaptive immunity,
confirming their pleiotropic functions.

Lastly, other BP such as cellular detoxification, secretion and regulation of body fluids
were also found enriched. In the first BP, proteins related to the removal of harmful toxins
(AKR1A1 and ESD) were found. Cellular detoxification is a key feature of the proper
function of the immune system [83]; and exosomes seem to play an important role in the
detoxification of target cells by carrying and transferring drug or toxin-metabolizing
enzymes, as has been previously observed in hepatocytes derived exosomes [84].

In the secretion and regulation of body fluids BP, proteins such as -caseins and k-casein
(CSN2 and CSN3), among others were found. Caseins are among the most abundant
proteins in milk and are involved in milk synthesis and the secretory process [85].
Moreover, caseins have also known to present antimicrobial properties such as it is the
case of k-casein, by inhibiting the adhesion of pathogenic bacteria to the mucosal lining
[86]. Finally, in a previous study, it was demonstrated that caseins enhanced EV uptake
in vivo in mice, altering the gene expression in blood cells [87].

Thus, altogether these results suggest that porcine milk exosomes can exert
immunomodulatory effects by changing the abundance of some porcine PBMC proteins
mostly related to innate immune responses and that might be mediated through the TLR2
signaling pathway. In addition, the enrichment of some BP and pathways involved with
exosome uptake might indicate that exosomes internalization might be necessary for

carrying out their immunomodulation.

4.3. Biological processes enriched by DP with the highest abundance in the control group
In contrast, to what was observed in the milk exosomes group, the 142 DP with a higher
abundance in the control group were annotated mainly by very general BP such as

different metabolic processes, cellular organization translation and vesicle-mediated
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transport. These processes besides being the most enriched presented also the highest
number of annotated proteins.

Other processes related to cell death and immune-related processes such as regulation of
anoikis and interleukin-27-mediated signaling pathway were also identified, respectively.
Anoikis is a subtype of apoptosis that is caused when cells lose their capacity to attach to
the extracellular matrix (ECM) or their substrate and neighboring cells, which is required
for normal cell function and cell turnover [88]. Anoikis is mostly seen in epithelial cells
and cancer cells, however, previous studies have reported that monocytes can also
undergo anoikis in vitro [89].

Interleukin-27 (IL-27) is a cytokine produced by monocytes, macrophages and DC, with
both pro-and anti-inflammatory as well other immunoregulatory functions. IL-27-
mediated signaling pathway regulates the transcription of genes involved in cell
proliferation, differentiation and expression of cytokines [90].

Altogether, these results highlight that after porcine milk exosomes treatment, it occurred
a functional switch from very general BP to others mostly related to immune response

and exosome uptake processes.

4.4. DP with greater changes in abundance in the porcine milk exosomes group

To identify key DP that presented greater changes in their raw abundances when after
porcine milk exosomes treatment, their logFC was calculated. The protein with the
highest abundance after treatment with milk exosomes was B-casein (CSN2), one of the
most abundant proteins in milk. Caseins besides providing nourishment to the offspring,
by being a major source of amino acids, is also known to have immunomodulatory effects.
Specifically, B-casein and other caseins can be broken down into bioactive peptides that
have shown to influence the activity of immune cells [91,92]. Alpha-s1-casein (CSN1S1)
and Alpha-s2-casein (CSN1S2) were also found, but in lesser abundance than CSN2. All
of these three caseins, but also CSN3, have been identified previously in isolated porcine
milk exosomes, while only CSN2 and CSN1S1 were detected in bovine milk exosomes
after proteomics analyses [24,93]. Interestingly, CSN1S1 was shown to be expressed
outside the mammary gland and to be expressed by immune cells such as monocytes and
T cells [94]. Moreover, this protein has shown to exert also immunomodulatory effects
on monocytes such as: inducing the expression of IL-1B and the in vitro differentiation

towards a macrophage-like phenotype [94,95].
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Finally, BTN1A1, SLC34A2 and MFGES proteins also presented higher changes in their
abundance in the milk exosomes group. Butyrophilin subfamily 1 member Al
(BTN1A1), is a member of the immunoglobulin superfamily that was first discovered in
milk and is mainly associated with milk fat globules. Immunomodulatory roles of this
protein have also been reported, mainly inhibitory effects on CD4+ T cell proliferation
and T cell expression of cytokines associated with T cell activation; and some
antibacterial properties as well [96]. The Na (+)-dependent phosphate cotransporter 2B
protein (SLC34A2) is a multi-pass membrane protein that has been involved in the
activation of the complement alternative pathway (C3 and C4b) [97,98]; while MFGES
as previously described herein has been involved in the phagocytosis of apoptotic cells,
modulation of DC and T cells activity, and more recently know in exosomes uptake by
phagocytes [60,62,65].

On the contrary, lower abundances in the fatty acid-binding protein 4 (FABP4) and
galectin-3 (LGALS3) were found. FABP4 is a protein known to play a crucial role in
lipid transportation and that functions as a transmitter linking lipid metabolism to
inflammation. LGALS3 is a carbohydrate-binding protein, known to be highly expressed
in monocytes and macrophages and to be a strong regulator of cell migration and
phagocytosis, among other immune and inflammation-related processes [99,100]. This
finding, is remarkable, as it could potentially explain the suppressive effects of porcine
milk exosomes we observed previously on porcine monocytes in vitro (See Manuscript

draft 3, pages 103-133).

5. Conclusions

The results of this study demonstrate for the first time that porcine milk exosomes can
modulate porcine PBMC proteome in vitro. The GO enrichment analysis revealed that
the DP with higher abundance in the porcine milk exosomes group were mostly related
to innate immune-related processes that are mediated in a TLR2 dependent manner; and
to exosome uptake processes. Our results also suggest that porcine milk exosomes might
exert pleiotropic immunomodulatory functions on porcine PBMC, by increasing the
abundance of proteins with both, immune-enhancing and dampening properties.
Therefore, these results confirm the suppressive and enhancing effects of porcine milk
exosomes on porcine monocytes, observed in our previous in vitro study, where a
decrease in the cells’ phagocytosis and chemotaxis; and an increase in their oxidative

burst was detected. Moreover, the detection of caseins and other milk proteins with
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known immunomodulatory properties, which are also found in porcine milk exosomes,
exemplifies how exosomes could fulfil their functions in intercellular communication by
transferring their cargo to target cells. By providing a molecular background of porcine
milk exosomes' immunomodulatory activity, we can have a better understanding of their
potential role as novel dietary supplements, specifically in the sow-to-piglet transmission
of regulatory molecules and immunomodulation. Finally, additional molecular pathway
enrichment and protein-protein interaction analyses; and integration of proteomics data
with other OMIC technologies should be performed to have a holistic view of the impact

of porcine milk exosomes on porcine immunity.
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Fig. 1. Sparse partial least squares discriminant analysis (SPLS-DA) for paired data
individual plot (PlotIndiv). The individual plot shows the similarities and relationship
(clustering) between samples of the porcine milk exosomes (blue) and the untreated

control (orange) treatment groups.
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Fig. 2. Global enriched (P<0.05) Gene ontology (GO) terms within the biological
processes (BP) category that has annotated all 384 discriminant proteins (DP). GO terms

enrichments are expressed as -log10 (FDR) for visualization on graphs. The total number

of proteins annotated by GO BP terms is shown in brackets.
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-log10 (FDR) for visualization on graphs. The total number of proteins annotated by GO
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Supplementary material
Table S1. List of some of the main enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by all 384 discriminant
proteins (DP) selected the sPLS-DA.

G0O:0097435 0,00000 5,52 ABI1 ACTN1 ACTN2 ANXA2 APOE ARPC1B ARPC2 ARPC5 ARPCSL ARRB1 ASC
supramolecular LOC100522011 CD36 LOC100511343 CLU CORO1B CUL3 DIAPH1 ITGB1 KPNBI1
fiber organization LOC100513346 PAM16 LOC100737113 MAPRE1 MCU MECP2 MYADM NCBP1 NCK2
PFDN2 PRKCD RDX RPS3 S100A10 SERPINH1 SH3KBP1 WASF2 WDR1
GO:0008152 0,00001 5,01 FABP4 A-FABP AARS1 ABCEI1 ABI1 ACADL ACLY ACL ACP1 ACSS2 AKRI1A1

ANXA2 ANXA4 AP3B1 APEH APOE ARRB1 ASC LOC100522011 ATP1B1 ATP2A2
ATP6V1A ATP6VIB2 BAGS5 CKB BANF1 BRCC3 BTK CAND1 CASP1 CASP6 CBFB
CBXS5 CCT4 CD36 LOC100511343 CD47 CDK2 RAB5B CLU CNN2 CPM CPT1A CSN2
CTBP1 CTRC EFHD2 CTSH CTSS CUL3 CYB5R3 DARS1 DAZAP1 DDB1 DDOST
DDX17 DDX5 DEK DLAT DNAJB11 DNASE1L1 DPP3 ECHS1 ECM1 EEF1A EEF1A1
EFTUD?2 EIF2S1 EIF3E EIF3F EIF3H EIF4E EIF4G1 EPRS1 ERP44 ESD ETF1 F13A1
FDPS FGB G3BP1 GAR1 GARS1 GFPT1 GGT1 GLRX3 GZMA GZMB HADHA HARSI1
HINT1 HK2 HMGB2 HNMT HNRNPU HSD17B4 IDH2 IDH3A IDI1 LOC100625049
ILVBL INPP5D ITGB1 SRSF6 L3AMBTL1 LAMP2 LCP2 LDHA LMNA LNPEP ZGLP1
LOC100526209 LOC110260088 LONP1 LSM3 LYPLA1 MAN2B1 MAP2K2 MECP2
METAP2 MTREX MVP MYADM MYBBP1A NAA15 NAAA NAMPT PBEF1 NCBP1

metabolic process
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G0:0030036 0,00003 4,53
actin cytoskeleton

organization

G0:0046907 0,00004 4,44

intracellular

transport

NCF4 NCK2 NDUFA13 NDUFS6 NIBAN1 NIT2 NME2 NSUN2 OXCT1 PADI2 PCK2
PCYOX1 PDCDS5 PDHB PDXK PFDN2 PKM PLD4 PMPCB PNP PPA2 PPP2R2A PRDX2
PREP PRKCD PRMT1 PRPF19 PRPF40A PSMA3 PSMAS RAPSN PSMC3 PSMCS5
PSMD1 PTBP3 PTPN12 PTPN6 PTPRJ PTRH2 PYGL PYGM QARS1 RAB7A RAEI
RALY RBBP7 RBM14 RBM4 RBM39 RBMX RDX RO60 RPA1 RPIA RPL10A RPL13A
RPL18 RPL19 RPL27 RPL29 RPN1 RPS13 RPS19 RPS25 RPS3 RPS8 RPS9 RTCB
RUVBLI1 SAFB SARNP SART1 SASH3 SCARB2 SCPEP1 SDCBP SDHA SERPINH1
SF3B6 SKP1 SLA-DQB*G01 SLA-DQB1 SLADQB SLA-DQB SMC3 SMU1 SND1 SPN
SPR SRI SRSF1 STAT1 STK24 STK4 STX4 SUB1 SUPT5H TAF15 TBXAS1 TCIRGI
TCOF1 THBS1 THOC2 TLR2 TNC TOP2B TP53RK TRIM28 TUFM UBA1 UBE2M UFLI1
UGDH UGGT1 UGP2 UMPS USP7 VPS35 WBP11 WDR61 XPNPEP1 YWHAQ

ABI1 ACTN1 ACTN2 ARPC1B ARPC2 ARPCS5 ARPC5L ARRB1 ASC LOC100522011
CAP1 CNN2 COROI1B CUL3 DIAPH1 DOCK2 FLII ITGB1 LOC100513346 PAM16 MCU
MYADM NCBP1 NCK2 PFN1 PRKCD RDX S100A10 SDCBP SH3KBP1 TLN1 WASF2
WDRI1

ACTN2 ANXA2 AP3B1 ATP2A2 CD36 LOC100511343 COPA COPB2 CUL3 ERGIC1
HNRNPU HSPA4 IPOS5 KIF5B KPNB1 LAMP1 LAMP2 LMNA PAM16 LOC100513346
Mx1 MX2 MX1 NCBP1 NDUFA13 NSUN2 PDCDS PMPCB PRKCD RAB10 RAB7A
RAE1 RANBP1 RDX SCARB2 SEC23B SEC24C SNX2 SRP68 SRPRA STOM STX4
TAP1 THOC2 TRIM28 USO1 USP7 VPS35 YKT6 YWHAQ
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GO:0010638

G0:0006412

G0:0060627

G0:0010467

positive regulation
of organelle

organization

translation

regulation of

vesicle-mediated

transport

gene expression

0,00005

0,00006

0,00013

0,00041

4,29

4,19

3,89

3,38

ACTN2 ANXA2 ARPCI1B ARPC2 ARPC5 ARPC5L ARRB1 ASC LOC100522011 CCT4
CORO1B CTBP1 CUL3 G3BP1 LMNA MAPRE1 MCU MECP2 NCK2 PDCD5 PFDN2
RPS3 S100A10 SDCBP SURF4 TRIM28 VPS35 WDR1 WDR61

AARS1 DARS1 EEF1A EEF1A1 EIF2S1 EIF3E EIF3F EIF3H EIF4E EIF4G1 EPRS1 ETF1
GARS1 HARS1 LOC110260088 NCBP1 NCK2 NIBAN1 QARS1 RPL10A RPL13A RPL18
RPL19 RPL27 RPL29 RPS13 RPS19 RPS3 RPS8 RPS9 TCOF1 THBS1 TUFM

ACTN2 ANXA2 APOE ARRB1 ASC LOC100522011 ATP2A2 ATP6AP1 CD36
LOC100511343 CD47 CLU CNN2 DNAJCS DOCK2 FGB LAMP1 LGALS3 LYPLAI
MFGES8 RAB7A RDX SDCBP STX4 USP7

FABP4 A-FABP AARS1 ANXA4 AP3B1 APOE ARRB1 ASC LOC100522011 ATP1B1
BTK CASP1 CBFB CBX5 CD36 LOC100511343 CD47 CDK2 RABS5SB CLU CNN2 CTBP1
CTSH CTSS CUL3 DARS1 DAZAP1 DDX17 DDXS ECM1 EEF1A EEF1A1 EFTUD2
EIF2S1 EIF3E EIF3F EIF3H EIF4E EIF4G1 EPRS1 ETF1 FGB G3BP1 GARS1 GFPT1
GLRX3 HARS1 HINT1 HMGB2 HNRNPU INPP5D SRSF6 L3AMBTL1 LMNA ZGLP1
LOC100526209 LOC110260088 LSM3 MECP2 METAP2 MTREX MYADM MYBBP1A
NAA15 NAMPT PBEF1 NCBP1 NCK2 NDUFA13 NIBAN1 NSUN2 PADI2 PDCDS5 PLD4
PMPCB PNP PRDX2 PRPF19 PRPF40A RAPSN PSMC3 PSMCS PTBP3 PTPN6 PTRH2
PYGM QARS1 RAE1 RBBP7 RBM14 RBM4 RBM39 RBMX RDX RO60 RPL10A
RPL13A RPL18 RPL19 RPL27 RPL29 RPS13 RPS19 RPS25 RPS3 RPS8 RPS9 RTCB
SAFB SARNP SART1 SASH3 SERPINH1 SF3B6 SLA-DQB*G01 SLA-DQB1 SLADQB
SLA-DQB SMUI1 SND1 SPN SRI SRSF1 STAT1 STX4 SUB1 SUPT5H TAF15 TCIRG1
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G0:0002376 0,00044 3,35

immune system

process

GO:2001233 regulation of 0,00449 2,35
apoptotic signaling

pathway

TCOF1 THBS1 THOC2 TLR2 TNC TRIM28 TUFM UFL1 USP7 VPS35 WBP11 WDR61
YWHAQ

ABI1 ACTN1 ANXA2 AP3B1 APOE ASC LOC100522011 ATP6AP1 BTK CASP1 CBFB
CD36 LOC100511343 CD47 CLU CNN2 CTSH CTSS DOCK2 ECM1 EPRS1 FGB G3BP1
GGT1 HMGB2 IFIT3 INPP5D ITGAL ITGB1 KIF5B LAMP1 LCP2 LGALS3 MCU Mx1
MX2 MX1 NCK2 PADI2 PLD4 PNP PRDX2 PRKCD PRMT! PTPN6 PTPRJ RAB10
RBM14 RBM4 RO60 RPS3 SART1 SASH3 SH3KBP1 SLA-DQB*G01 SLA-DQBI1
SLADQB SLA-DQB SPN STAT! STK4 STX4 TAP1 TCIRG1 THBS1 TLR2 TRIM28
UFL1 WASF2 WDR1 WDR61

ASC LOC100522011 CKB BAGS5 CLU CTSH FGB HMGB2 LGALS3 LMNA NCK2
NDUFA13 PRDX2 PRKCD QARS1 RPS3 STK4 STX4 THBSI
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Table S2. List of some of the main enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins

(DP) selected by the sSPLS-DA with the highest abundance in the milk exosomes group.

G0:1990748
GO:0071726

G0:0007263

G0:0019934

G0:0032760

G0O:0045807

GO:0071706
G0:0002376

G0:0070371
GO:0050878

cellular detoxification
cellular response to diacyl
bacterial lipopeptide
nitric oxide mediated
signal transduction
cGMP-mediated signaling
positive regulation of
tumor necrosis factor
production
positive regulation of
endocytosis

secretion
immune system process

ERK1 and ERK2 cascade
regulation of body fluid

levels

0,01
0,01

0,03

0,03

0,03

0,03

0,04
0,04

0,04
0,04

1,85
1,85

1,55

1,54

1,54

1,54

1,42
1,42

1,42
1,42

AKRIA1 CD36 LOC100511343 ESD

CD36 LOC100511343 TLR2

APOE CD36 LOC100511343

APOE CD36 LOC100511343

CD36 LOC100511343 CLU SASH3

APOE CD36 LOC100511343 CLU

APOE ATP6AP1 CSN2 CSN3 TLR2 YKT6

APOE ATP6AP1 CD36 LOC100511343 CLU CTSH ECM1 PLD4 PRMT1

RBM14 RBM4 SASH3 TLR2

APOE ATP6AP1 CD36 LOC100511343 CTSH

APOE CD36 LOC100511343 CSN2 CSN3
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GO:0006910 phagocytosis, recognition 0,04 1,42 CD36 LOC100511343 MFGES

Table S3. List of some of the main enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins

(DP) selected by the sSPLS-DA with the highest abundance in the control group.

G0:0009056 0,001 2,95 ACADL ANXA2 ASC LOC100522011 ATP2A2 CTSS CUL3 EIF3E EIF3H EIF4G1 GGT1
catabolic process GZMA HADHA HK2 HSD17B4 ILVBL ITGB1 LAMP2 LSM3 NCBP1 NDUFA13 OXCT1
PCYOX1 PNP PSMCS5 PSMD1 SCARB2 SND1 SUPTSH TCIRG1 UFL1 USP7 VPS35
GO:0043604 amide biosynthetic 0,002 2,77 AARS1 ACLY ACL DARS1 EEF1A EEF1A1 EIF2S1 EIF3E EIF3H EIF4G1 ETF1 GARSI
process GGT1 HARS1 LOC110260088 NCBP1 PDHB QARS1 RPS19 RPS9
GO:0051641 0,002 2,77 ALB ANXA2 ATP1B1 ATP2A2 CCT4 COPA COPB2 CUL3 DCTN2 DIAPH1 ERGIC1
cellular HK2 ITGAL ITGB1 KIF5B KPNB1 LAMP1 LAMP2 LGALS3 MX2 MX1 NCBP1
localization NDUFA13 PTPN6 RAB10 RPA1 S100A10 SCARB2 SEC23B SNX2 SRPRA STOM
TCIRG1 USP7 VPS35
G0:0006412 b 0,004 2,37 AARS1 DARS1 EEF1A EEF1A1 EIF2S1 EIF3E EIF3H EIF4G1 ETF1 GARS1 HARSI
LOC110260088 NCBP1 QARSI RPS19 RPS9
GO:0008152 0,019 1,73 FABP4 A-FABP AARS1 ABCE1 ACADL ACLY ACL ANXA2 ANXA4 ASC
metabolic process LOC100522011 ATP1B1 ATP2A2 ATP6VIA ATP6V1B2 BANF1 CANDI1 CBFB CCT4

CD47 CNN2 CPT1A CTSS CUL3 CYB5R3 DARS1 DDOST DLAT EEF1A EEF1A1
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G0:0006900

G0:0016192

G0:2000209

GO:0070106

vesicle budding

from membrane

vesicle-mediated

transport
regulation of
anoikis
interleukin-27-
mediated signaling

pathway

0,019

0,021

0,023

0,037

1,71

1,69

1,64

1,43

EFTUD?2 EIF2S1 EIF3E EIF3H EIF4G1 ERP44 ETF1 GARS1 GFPT1 GGT1 GLRX3
GZMA GZMB HADHA HARS1 HK2 HSD17B4 IDI1 LOC100625049 ILVBL INPP5D
ITGB1 LAMP2 LOC110260088 LSM3 MVP MYBBP1A NAA15 PBEF1 NAMPT NCBP1
NDUFA13 NME2 OXCT1 PADI2 PCK2 PCYOX1 PDHB PNP PRPF40A PSMC5 PSMD1
PTPN6 PTPRJ PTRH2 QARS1 RBMX RPA1 RPN1 RPS19 RPS9 RTCB RUVBL1 SCARB2
SF3B6 SND1 STAT1 SUPTSH TCIRG1 TOP2B UFL1 UMPS USP7 VPS35

ANXA2 CUL3 S100A10 SEC23B
ANXA2 ASC LOC100522011 ATP2A2 CD47 CNN2 COPA COPB2 CUL3 ERGIC1 ITGBI1

LAMP1 LGALS3 RAB10 S100A10 SCARB2 SEC23B SNX2 USP7 VPS35

ITGB1 MYBBP1A PTRH2

MX1 MX2 STATI

255



Manuscript draft 7: Citrus pectin (CP) modulates chicken peripheral blood

mononuclear cells (PBMC) proteome in vitro

256



Citrus pectin (CP) modulates chicken peripheral blood mononuclear cells (PBMC)

proteome in vitro

G. Avila®* M.Bonnet’, , D. Viala®<, S. Dejean?, G. Grilli®, C. Lecchi®, F. Ceciliani®

“Department of Veterinary and Animal Sciences, Universita Degli Studi di Milano, Via
dell’Universita 6, 26900, Lodi, Italy

PINRAE, Université Clermont Auvergne, Vetagro Sup, UMRH, 63122, Saint-Genés-
Champanelle, France

°INRAE, Metabolomic and Proteomic Exploration Facility (PFEM), F-63122 Saint-
Genes-Champanelle, France

nstitut de Mathématiques de Toulouse, Université de Toulouse, CNRS, UPS, UMR
5219,31062 Toulouse, France

*Corresponding author: Gabriela Avila Morales

E-mail address: gabriela.avila@unimi.it

Department of Veterinary and Animal Science, Universita Degli Studi di Milano, Via
dell’Universita 6, 26900, Lodi, Italy
Tel: 0039 02 50334531

257



ABSTRACT

Citrus pectin (CP) is a dietary fiber used in animal nutrition with antioxidative, anticancer
and anti-inflammatory properties. In chicken, CP dampens the inflammatory reaction by
downregulating monocytes’ chemotaxis and phagocytosis. No information on the
molecular mechanisms underlying the immunomodulatory effects on chicken
mononuclear cells is available so far. To cover this gap, this study aimed to assess the
effects of CP on chicken peripheral blood mononuclear cells (PBMC) proteome. Cells
were purified from 7 different peripheral blood pools of healthy chickens and incubated
with 0.5 mg/mL of CP or medium as a control for 20 h at 41°C in a humified atmosphere
with 5% COa. Proteins were extracted, concentrated with the FASP column and analyzed
by nano-LC-MS/MS. A total of 1503 quantifiable proteins were identified, and the
supervised multivariate statistical analysis, sparse variant partial least squares —
discriminant analysis (sPLS-DA) for paired data, was applied to identify discriminant
proteins that contributed to a clear separation between CP and control groups. A total of
373 discriminant proteins from both components were selected and a Gene Ontology
(GO) analysis was performed using ProteINSIDE. The main enriched GO terms in the
biological process (BP) category were related to metabolic processes, actin cytoskeleton
organization, translation and cell migration. To further elucidate the specific role of the
discriminant proteins identified by the sPLS-DA for each group, 50 proteins with the
highest abundance in CP and 137 in the control group were selected and mined again with
ProteINSIDE. Discriminant proteins with higher abundance in CP were mainly involved
in actin cytoskeleton organization, cell morphogenesis, intracellular signal transduction,
cell communication and negative regulation of cell migration, while the ones with higher
abundance in the control group they were mainly related to different metabolic processes,
translation and gene expression. Remarkably, MARCKSL1, protein known to restrict cell
movement was upregulated in CP treated cells, while other proteins involved in
cytoskeleton rearrangement, cell migration and phagocytosis, such as MARCKS,
LGALS3 and LGALSS, were downregulated in CP treated cells. In conclusion, these
results provide a proteomics background to the anti-inflammatory activity of CP,
demonstrating that the in vitro downregulation of phagocytosis and chemotaxis is related

to changes in proteins related to the cytoskeleton.

Keywords: citrus pectin, chicken PBMC proteome, anti-inflammatory, cell migration,

MARCKSLI, LGALS3
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1. Introduction

Citrus pectin (CP) is a dietary fiber widely used in both human and animal nutrition
(Langhout and Schutte, 1996; Leclere et al., 2013), as it has been shown that exerts
beneficial immunomodulatory and anti-inflammatory effects (Chen et al., 2006; Salman
et al., 2008; Sahasrabudhe et al., 2018; Beukema et al., 2020). In human peripheral blood
mononuclear cells (PBMC), CP inhibited the in vitro production of pro-inflammatory
cytokines (IL-1f), but upregulated anti-inflammatory cytokines (IL-1ra and IL-10)
(Salman et al., 2008). In human macrophages, a similar scenario was observed as CP
inhibited Toll-like receptors 1 and 2 (TLR1 and TLR2) pro-inflammatory pathways by
directly blocking TLR2, and potentially reducing NFkB activation, downregulating pro-
inflammatory cytokines. CP has shown also to block directly other surface immune
receptors such galectin-3, which is highly expressed in monocytes and macrophages
(Sahasrabudhe et al., 2018; Beukema et al., 2020).

In chickens, CP has an anti-inflammatory activity on monocytes by suppressing their
chemotaxis and phagocytosis, in vitro (Avila et al., 2021). However, the molecular
mechanisms underlying these anti-inflammatory effects are still unknown, and no further
studies on CP molecular impact on other subsets of chicken mononuclear cells, which
include lymphocytes, monocytes and thrombocytes have been reported yet (Désert et al.,
2016).

Proteomics analysis is the large-scale analysis of the protein profile in a given biological
system, widely applied to animal science (Almeida et al., 2021), allowing a better
understanding of both physiological and pathological phenotypes (Pardanani et al., 2002;
Diz et al., 2012). The knowledge of chicken PBMC proteomics is limited to a few studies
focused on infectious diseases (Korte et al., 2013; Deng et al., 2014; Sekelova et al., 2017)
or the characterization of specific immunological pathways (Deeg et al., 2020).
Therefore, proteomics might be a convenient methodology to elucidate the molecular
impact of nutrition on animals’ immunity. The present study aims at evaluating the in
vitro capacity of CP in modulating chicken PBMC proteome through untargeted
proteomics, using nano-LC-MS/MS spectrometry.

2. Materials and methods
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2.1. Purification of chicken PBMC from blood

Chicken PBMC were isolated from peripheral blood through double discontinuous
gradient centrifugation, as previously described for chicken (Avila et al., 2021). Briefly,
50 mL of seven different peripheral blood pools (biological replicates) from 42 days-old
hybrid healthy broilers (ROSS 308) were collected during routine slaughtering
procedures at a local slaughterhouse in sterile flasks containing 0.2% EDTA. The blood
was then mixed with methylcellulose 1% (GE Healthcare, Bio-Sciences AB, Uppsala,
Sweden) and centrifuged at 40 x g without brakes for 30 min at 4°C. Then, the supernatant
diluted (1:1) with sterile PBS without Ca?>* and Mg?* + 2mM EDTA (Sigma-Aldrich, St.
Louis, MO, USA) and layered over a double discontinuous Ficoll-Percoll gradient
(specific gravity 1.077 g/mL of Ficoll over 1.119 g/mL of Percoll; Sigma-Aldrich) in 15
mL conical centrifuge tubes, and centrifuged at 200g without brakes for 30 min at 4°C.
The PBMC ring was collected at the Ficoll/supernatant interface and washed with PBS
without Ca?" and Mg?" + 2mM EDTA to remove the contaminating thrombocytes. Red
blood cells were eliminated using the Red Blood Cell Lysis Buffer (Roche Diagnostics
GmbH, Mannheim, Germany). Finally, the PBMC were counted, their viability assessed
with trypan blue exclusion and resuspended at the desired concentration in complete
medium (RPMI 1640 Medium + 25 mM HEPES + L-Glutamine, supplemented with 1%
of Non-essential Amino Acid Solution 100X and 1% Penicillin Streptomycin Solution

100X and 1% FBS (Sigma-Aldrich)).

2.2. Chicken PBMC stimulation with CP

Firstly, pectin esterified (55-70%) potassium salt from citrus fruit (Sigma-Aldrich) was
prepared as previously described for chicken monocytes (Avila et al., 2021) with some
minor modifications. Briefly, only a working dilution of 0.5 mg/mL CP was prepared
with the complete medium (1% FBS) when needed for each experiment and it was set as
the working concentration for the stimulation of chicken PBMC. Secondly, a total of
5x10® chicken PBMC (1.5 mL) were seeded in triplicates in Corning® tissue-culture
treated culture 60 mm dishes (Corning Inc., Costar, Kennebunk, ME, USA) and incubated
with 0.5 mg/mL of CP (500 pL) for 20 h at 41°C in a humified atmosphere with 5% CO..
Complete medium (1% FBS) was then added to each dish to reach a final volume of 3
mL.

2.3. Chicken PBMC collection and protein extraction
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After incubation time, the cells’ supernatant (3mL), containing the cells in suspension
(lymphocytes), was collected into two tubes of 1.5 mL. Cells were centrifuged at 500 x g
for 7 min at 4°C to obtain the lymphocytes pellet. The lymphocytes pellet was then
washed twice with 500 pL sterile-PBS without Ca** and Mg?" (room temperature) and
again centrifuged twice at 500 x g for 7 min at 4°C to remove the rest of the medium and
of FBS that could interfere with the proteomic analysis. In the meantime, three washes
with 2 mL of sterile-PBS without Ca?" and Mg?* (room temperature) were performed in
the 60 mm dishes to wash the adherent cells (monocytes) and remove dead cells and the
rest of the contaminant medium and FBS. When both, the lymphocytes pellet and the
adhered monocytes were washed, 500 pL of Igepal buffer (150 mM NaCl, 10 mM Tris-
HCI pH 7.4, 1 mM EDTA and EGTA, 100 mM NaF, 4 mM NasP>07-10 H,O, 2 mM
Na3zVOs, 1% Triton X100, 0.5% IGEPAL CA-630 (Sigma-Aldrich), 1 tablet for 50 mL
of the total volume of Protease Inhibitor Cocktail (Roche)) was added to the lymphocytes
pellet, the cells were resuspended and then collected and added directly to the 60 mm
dishes containing the monocytes. The dishes were then carefully mixed to make sure all
of the surfaces were covered with Igepal buffer and incubated for 1h at 4°C with regular
shaking to lyse the cells. After incubation, the cells were scraped using sterile Corning
Cell scrapers (blade L 1.8 cm, handle L 25 cm; Corning Inc.), the cell lysate was collected
in 1.5 mL tubes and sonicated for 10 min in an ultrasonic bath (Branson 2200, Danbury,
CT, USA) to complete the cells’ lysis and homogenization. Finally, the tubes with the
cell lysate were centrifuged for 10 min at 6000 x g at 4°C to remove the cell debris, and
the supernatant containing the extracted proteins of all 3 technical replicates for each
biological replicate was pooled in 1.5 mL tubes, aliquoted and stored at -80 °C for further

analyses.

2.4. Sample preparation for proteomic analysis

Total protein concentration was first determined with the Pierce Bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA), following the
manufacturer’s instructions. For peptide preparation, extracted proteins were digested and
concentrated using the Filter Aided Sample Preparation (FASP) method, following the
manufacturer’s instructions with some minor modifications. Briefly, fifty pug of proteins
lysate were put into Millipore 10 kDa MWCO filters and 100 pl of Urea 8 M in 0.1 M
Tris-HC1 pH 8.5 were added for solubilization. The detergent together with other

contaminant components within the protein lysate were removed by repeated filtration by
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centrifugation. After discarding the flow-through, proteins were reduced with 100 ul DTT
(10 mM) for 46 min and centrifuged at 14000 rpm for 10 min. Then, 200 ul of 25 mM
iodoacetamide solution were added to the filters and incubated for 20 min at room
temperature for protein alkylation. After performing several washes of the filters with
Urea 8 M and 50 mM of ammonium bicarbonate, proteins were digested with 200 pl of
0.25 mg/mL trypsin (50:1 ratio of protein:enzyme) and mixed at 600 rpm in a
thermomixer for 1 min. Filters were then transferred to new collection tubes, incubated
in a wet chamber at 37 °C overnight. Finally, peptides were eluted by adding 200 pl of
50 mM of ammonium bicarbonate and the filtrate lyophilized in a SpeedVac and then

resuspended in 100 pl of 1% formic acid.

2.5.Nano-LC-MS/MS analysis

For each sample, 50ug of proteins were used according to the FASP preparation. The
final volume was adjusted exactly to 300 uL with a recovery solution (H2O/ACN/TFA —
94.95/5/0.05). After passing through the ultrasonic bath (10 min), the entire supernatant
was transferred to an HPLC vial before LC-MS/MS analysis. Peptides mixtures were
analysed by nano-LC-MS/MS (ThermoFisher Scientific) using an Ultimate 3000 system
coupled to a QExactive HF-X mass spectrometer (MS) with a nanoelectrospray ion
source. Five uL of hydrolyzate was first preconcentrated and desalted at a flow rate of 30
pl/mn on a C18 pre-column 5 cm length x 100 um (Acclaim PepMap 100 C18, Sum,
100A nanoViper) equilibrated with Trifluoroacetic Acid 0.05% in water. After 6 min, the
concentration column was switched online with a nanodebit analytical C18 column
(Acclaim PepMap 100 - 75 pm inner diameter x 25 cm length; C18 - 3 um -100A - SN
20106770) operating at 400 nL/min equilibrated with 96 % solvent A (99.9 % H20, 0.1 %
formic acid). The peptides were then separated according to their hydrophobicity thanks
to a gradient of solvent B (99.9 % acetonitrile, 0.1 % formic acid) of 4 to 25% in 60
minutes. For MS analysis, eluted peptides were electro sprayed in positive-ion mode at
1.6 kV through a Nano electrospray ion source heated to 250°C. The mass spectrometer
operated in data-dependent mode: the parent ion is selected in the orbitrap cell (FTMS)
at a resolution of 60,000 and each MS analysis is succeeded by 18 MS/MS with analysis
of the MS/MS fragments at a resolution of 15,000).

2.6.Processing of raw mass spectrometry data
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At the end of the LC-MS/MS analysis, for raw data processing, MS/MS ion search was

carried out with Mascot v2.5.1 (http://www.matrixscience.com) against the chicken

database (i.e. ref Gallus gallus 210114-27,536 sequences). The following parameters
were used during the request: precursor mass tolerance of 10 ppm and fragment mass
tolerance of 0.02 Da, a maximum of two missed cleavage sites of trypsin,
carbamidomethylation (C), oxidation (M) and deamidation (NQ) set as variable
modifications. Protein identification was validated when at least two peptides originating
from one protein showed statistically significant identity above Mascot scores with a
False Discovery Rate of 1%. lons score is -10 log(P), where P is the probability that an
observed match is a random event. For the chicken proteome, the Mascot score was 31
with a False Discovery Rate (FDR) of 1%. The adjusted p-value was 0.02357. Finally,
for label-free protein quantification analysis, LC-Progenesis QI software (version 4.2,
Nonlinear Dynamics, Newcastle upon Tyne, UK) was used with the same identification
parameters described above with the phenotypic data among all matrices. All unique
validated peptides of an identified protein were included and the total cumulative
abundance was calculated by summing the abundances of all peptides allocated to the
respective protein. LC-Progenesis analysis yielded a total of 1503 unique quantifiable

proteins, having at least two peptides and two unique peptides.

2.7.8tatistical analyses

2.7.1. Univariate analysis

To identify the differential abundant proteins a univariate statistical approach was
performed on all 1503 quantified proteins, using an R package for proteomic analysis

(available on GitHub with the DOI https://doi.org/10.5281/zenodo.2539329) as

previously described (Bazile et al., 2019). Briefly, data normality distribution was
assessed by the Shapiro-Wilk-Test and then either a paired Student's t-test, for normally
distributed data, or a paired Wilcoxon test for not normally distributed data, was applied
to determine the p-value. Finally, the obtained p-values were corrected using different
adjustment methods (e.g. Benjamini & Hochberg or FDR, Hochberg and Bonferroni). For

all of these analyses, R version 3.6.3 was used.

2.7.2. Multivariate analysis
As no differentially abundant proteins were obtained after performing the p-value

corrections, an alternative supervised multilevel sparse variant partial least square
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discriminant analysis (SPLS-DA) was applied, using the mixOmics package in R. The
multilevel sPLS-DA enables the selection of the most predictive or discriminative
proteins in the data of the two components (PC1 and PC2) to classify or cluster the

samples between the treatment groups (Lé Cao et al., 2011).

2.8. Bioinformatic analysis of discriminant proteins selected by sPLS-DA

First, before performing the bioinformatic and functional annotation analyses, the
accession numbers from all 1503 quantified proteins were converted into Gene ID using
UniProt retrieve/ID mapping online tool. For undefined proteins, the Gene ID of human
orthologs of chicken proteins was assigned. Second, only for the selected discriminant
proteins a gene ontology (GO) enrichment analysis, focused on the Biological Processes
(BP) was performed using ProteINSIDE online tool version 2.0 (available at https://umrh-

bioinfo.clermont.inrae.fr/ProteINSIDE 2/index.php?page=upload.php), as previously

described (Kaspric et al., 2015), and using Gallus gallus as reference specie. Only
significant (FDR < 0.05) GO BP terms were considered as enriched and were used for
further interpretation and figure creation. The enriched GO BP terms were summarized
and their enrichments were expressed as -log10 (FDR) for visualization on horizontal bar
graphs plotted using GraphPad Prism 9.1.2 for Mac OS X, GraphPad Software (San
Diego, California, USA). Finally, the average fold-change (FC) of the raw abundances of
all the discriminant proteins identified with sPLS-DA from all the seven 7 biological
replicates was calculated and plotted using R version 3.6.3. In the plot, proteins with

greater fold-changes in their abundances showed bigger font sizes for better visualization.

3. Results

3.1. The proteome of chicken PBMC and identification of the molecular signature of CP
treatment
A total of 1503 proteins, with at least two unique peptides, were identified and quantified
in chicken PBMC (data not shown). A classical univariate statistical analysis (paired t-
test or Wilcoxon test) was applied and no differentially abundant proteins were detected
between the CP and control groups after adjusting the p-value (FDR and Bonferroni).
However, to retrieve meaningful biological information, the multivariate sPLS-DA
analysis was applied to identify the molecular signature of CP treatment. The sPLS-DA

model selected a total of 373 discriminant proteins (approximately 25% of the total

264



proteins identified) from both components (data not shown), which contributed to a good
clustering between the CP and control groups (Fig. 1). From the 373 discriminant
proteins, only the proteins from the sPLS-DA component 1 that strongly correlated
together (data not shown) for each treatment group were selected to perform separate GO
BP enrichment analyses. From these proteins, a total of 50 proteins had the highest

abundance in the CP group, while 137 in the control group (data not shown).

3.2. GO enrichment analyses of total discriminant proteins identified by s-PLS-DA

To identify the global function of all the 373 discriminant proteins a GO enrichment
analysis was performed. These 373 proteins were annotated by 121 enriched (FDR <
0.05) GO terms within the BP category. The main enriched BP were related to cellular
amide metabolic process (GO:0043603), vesicle-mediated transport (GO:0016192), actin
cytoskeleton organization (GO:0030036), peptide metabolic process (GO:0006518),
organonitrogen compound biosynthesis (GO:1901566), actin filament organization
(GO:0007015), translation (GO:0006412), cell migration (GO:0016477) and regulation
of leukocyte chemotaxis (GO:0002688) (Fig. 2). Among the most annotated BP were:
organonitrogen compound biosynthesis (49), vesicle-mediated transport (47), cellular

amide metabolic processes (39) and cell migration (36) (Supplementary Table S1).

3.3.GO enrichment analyses of discriminant proteins with the highest abundance in the
CP group

To further elucidate the differential effects of the CP and control treatments and the
specific role of the discriminant proteins with the highest abundance in each group
separate GO enrichment analyses were performed. The 50 proteins with the highest
abundance in CP were annotated by 81 enriched (FDR < 0.05) GO terms within the BP
category. These proteins were mainly involved in BP such as actin cytoskeleton
organization (GO:0030036), regulation of cell morphogenesis (GO:0022604), actin
filament-based process (G0O:0030029), positive regulation of intracellular signal
transduction (GO:1902533), integrin-mediated signalling pathway (GO:0007229),
tumour necrosis factor-mediated signalling pathway (GO:0033209), regulation of
phosphatidylinositol 3-kinase signalling (GO:0014066), negative regulation of cell
migration (GO:0030336), positive regulation of cell communication (GO:0010647) and
cytokine-mediated signalling pathway (GO:0019221). From these enriched BP, the ones

with the highest number of annotated proteins were: actin cytoskeleton, actin filament-
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based process and positive regulation of cell communication with nine proteins, and
positive regulation of intracellular transduction with eight proteins (Fig. 3). APOA1 and
SLC9A3RI1 proteins were mainly annotated by almost all of these enriched BP, and TLN1
on those related to the actin cytoskeleton and actin-filament organization and cell

morphogenesis (Supplementary Table S2).

3.4. GO enrichment analyses of discriminant proteins with the highest abundance in the
control group

From the 373 discriminant proteins that contributed to a good clustering between the two
treatments groups, a higher number (137) was found to be more abundant in the control
group. These proteins were annotated by a total of 55 enriched (FDR < 0.05) BP GO
terms. These enriched GO terms were mainly related to cellular amide metabolic process
(GO:0043603), peptide metabolic process (GO:0006518), organonitrogen compound
biosynthetic process (GO:1901566), translation (GO:0006412), catabolic process
(GO:0009056), cellular homeostasis (GO:0019725), carbohydrate metabolic process
(GO:0005975) and post-transcriptional regulation of gene expression (GO:0010608)
(Fig. 4). The enriched BP with the highest number of annotated proteins were related to
different metabolic processes (> 20) and translation (16) (Supplementary Table S3).

3.5. Average fold-change (FC) of the abundances of the discriminant proteins
identified with sPLS-DA

Lastly, to have a clearer overview of the changes in abundances of all the 373 discriminant
proteins between the CP and control groups, the average fold-change of the raw
abundances of the proteins from the cells treated with CP was calculated (Fig. 5). The
protein with the greatest change in abundance (FC > 1.6) between the CP and control was
ALB. Other proteins with higher abundances in the CP group were found, including SCD
and IL411 (FC >=1.4); and FLNA, TPM2, ISG12(2), PDLIM1, LPP, HPS5, TXNDCS5 and
MARCKSL1 (FC > 1.2). On the other hand, proteins such as MARCKS, LGALSS,
LGALS3, SQLE, CYP51A1, FABP7, FAM3C, TFRC, AHNAK2 showed the lowest
abundance in the CP group (FC <0.8).

4. Discussion
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The present study describes the proteome of mononuclear cells after stimulation with CP.
The immunomodulatory and anti-inflammatory activity of CP on chicken monocytes has
been previously reported in vitro (Avila et al., 2021). However, the exact molecular
mechanisms underlying such effects were not elucidated. We present herein for the first
time the molecular background of CP immunomodulatory activity by demonstrating the
capacity of CP in modulating chicken PBMC proteome. Moreover, we revealed the
molecular signature of CP treatment using a supervised multivariate analysis (sPLS-DA).
Our main findings were that CP caused an enrichment in BP related and fundamental for
the cells’ immune response such as actin cytoskeleton organization, cell migration,
intracellular signal transduction and cell communication. Moreover, proteins such as
MARCKSL1 and SLC9A3R1, known to restrict cell movement and migration, were
among the discriminant proteins with the highest abundance in the CP group, while
MARCKS, LGALS3 and LGALSS were all involved with cell migration, phagocytosis
and other actin cytoskeleton organization-based processes were found with the lowest

abundance in the CP group.

4.1. Global biological processes enriched by the discriminant proteins selected by sPLS-
DA

In the first part of the study, an sPLS-DA model was applied to identify the molecular
signature of CP treatment. The sPLS-DA method allows the selection of the most
discriminative features, or in this case proteins, in the data to classify the samples (Lé
Cao et al., 2011). In other words, in our study, the sPLS-DA selected 373 discriminant
proteins that enabled an adequate clustering of the samples from the CP and control
groups, and therefore clear discrimination between them.

To have a global idea of the function of these discriminant proteins a GO enrichment
analysis was performed, and it revealed that the proteins were involved in very general
BP processes related to metabolisms such as cellular amide and peptide metabolic
process, organonitrogen compound biosynthetic process, and translation. Moreover, other
more specific and immune-related processes such as actin cytoskeleton and actin filament
organization, vesicle-mediated transport, cell migration and regulation of leukocyte

chemotaxis, were also enriched

4.2. Biological processes enriched by discriminant proteins with the highest abundance

in CP group on chicken PBMC
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In the second part of the study, to further elucidate the specific function of the
discriminant proteins identified for the CP and control group, separate GO enrichment
analyses were performed, using the proteins with the highest abundance in each group.
The 50 discriminants proteins with the highest abundance in the CP group were mainly
related to BP such as actin cytoskeleton organization, regulation of cell morphogenesis,
positive regulation of intracellular signal transduction, positive regulation of cell
communication, negative regulation of cell migration, among other signalling pathways;
being the first four BP the most annotated ones.

The ability of cells to rapidly change their morphology in response to activation is an
important feature of immune cells and their effector functions. The actin cytoskeleton
plays a critical role in providing the cells the mechanical structure to support their changes
in shape and membrane (Rivero et al., 1996). Indeed, the actin cytoskeleton is one of the
immediate targets of signal transduction during phagocytosis by driving the formation of
phagosomes to engulf the foreign particles, while in chemotaxis the cytoskeleton allows
the cells to acquire the proper morphology and orientation of the cellular contents towards
the chemoattractant (May and Machesky, 2001; Affolter and Weijer, 2005). Furthermore,
the actin cytoskeleton has also been shown to be necessary for immune cells crosstalk or
communication, by playing a crucial role in the formation and maintenance of the
immunological synapse structure (Roy and Burkhardt, 2018).

Talin-1 (TLN1) and Na(+)/H(+) exchange regulatory cofactor (NHERF1/SLC9A3R1)
were two of the proteins that were annotated for the actin cytoskeleton organization and
actin filament-based process GO BP terms. TLN1is a cytoskeletal protein with actin-
binding functions that are involved in phagocytosis and phagosome formation, by
providing a physical link between the actin cytoskeleton and integrin receptors and thus
regulating integrin-dependent engulfment (Lim et al., 2007). Moreover, TLN1 is also
involved in the integrin-mediated signalling pathway related to phagocytosis (Torres-
Gomez et al., 2020). SLC9A3RI is a scaffold protein that stabilizes protein complexes
at the plasma membrane by connecting signalling pathways and structural proteins to the
actin cytoskeleton (Bretscher et al., 2000). Interestingly, besides being annotated in the
BP terms of actin cytoskeleton organization and cell morphogenesis, this protein was also
found annotated in negative regulation of cell migration. Our results are consistent with
what has been previously reported on lung cancer cells, where overexpression of the
SLCI9A3RI1 protein inhibited the cells' migration (YANG et al., 2017). This finding is of

special interest, as in our previous study CP inhibited chicken monocytes chemotaxis in
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vitro (Avila et al., 2021). Similar effects were described for other types of pectins, such
as ginseng pectin (Fan et al., 2018).

Enrichment of other immune and inflammation-related pathways such as tumour
necrosis, regulation of phosphatidylinositol 3-kinase and cytokine-mediated signalling
pathways was observed in the CP group, further suggesting immunomodulatory activities
of CP. Apolipoprotein A-I (APOA 1) was one of the proteins that were annotated in almost
all the enriched GO BP terms, including the tumour necrosis signalling pathway and
cytokine-mediated signalling pathway. APOAL is the major structural protein of high-
density lipoprotein (HDL) and is widely known for its atheroprotective and anti-
inflammatory properties (Bursill et al., 2010). APOAT inhibits macrophages chemotaxis
and monocytes recruitment by modulating the reorganization of the actin component of
the cytoskeleton (Igbal et al., 2016) and has been shown to suppress the TLR-mediated
secretion of the pro-inflammatory cytokines IL-6 and TNF in monocytes and
macrophages (De Nardo et al., 2014). Lastly, the present finding is also consistent with a
previous study on mice fed with pectin oligosaccharides that increased APOA1 levels in
plasma (Zhu et al., 2017). Thus, these results suggest that CP modulated the abundance
of some chicken PBMC proteins and therefore could alter the cells’ immune response,
mainly through changes in their actin cytoskeleton organization and signal transduction
pathways often critical for regulation of several immune cell processes such as

phagocytosis, cell migration, cell communication and inflammation.

4.3. Biological processes enriched by discriminant proteins with the highest abundance
in the control group
As performed for the CP group, the 137 discriminant proteins with the highest abundance
in the control group were mined using ProteINSIDE to determine the most enriched GO
BP terms. In contrast with the enriched BP found in the CP group, the enriched BP in the
control group were very general GO terms, related mainly to different metabolic
processes, translation, cellular homeostasis and post-transcriptional regulation of gene
expression. One of the issues of finding GO BP terms that are not specific is that the
functional information that can be retrieved is quite limited. Indeed, none of the 55
enriched BP found in this treatment group was related to specific immune response GO
terms. However, these results made evident that after CP treatment there was a functional
switch from very general BP to others highly related to different processes of the immune

response.
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4.4. Discriminant proteins with greater changes in abundance after CP treatment

To further elucidate the effects of CP on chicken PBMC proteome and determine its
molecular signature, we focused on identifying key proteins that presented greater
changes in their raw abundances when treated with CP, considering their fold-change,
and that could be involved in the most enriched BP detected with the GO analysis.

The protein with the highest abundance after CP treatment was albumin (ALB), the most
abundant circulating protein in plasma that transports fatty acids, cholesterol, metals and
other components by binding them (Park et al., 2014). Albumin is also known to be a
major antioxidant protein by trapping free radicals, negative acute-phase protein and to
be involved in negative regulation of apoptosis in endothelial cells, suggesting that CP
might exert protective effects in chicken PBMC against oxidative stress and apoptosis
(Zoellner et al., 1996; Roche et al., 2008; Jain et al., 2011). Other proteins with higher
abundances in the CP group and involved with immune response were also detected such
as serum amyloid A protein (HPS5), an acute-phase response protein in chicken (Marques
et al., 2017), L-amino-acid oxidase (IL4I1), a negative regulator of T cell
activation/proliferation and regulator of other adaptive immune responses (Castellano and
Molinier-Frenkel, 2017), the putative ISG12(2) protein and the uncharacterized protein
TXNDCS, both related with negative regulation of apoptosis processes (Horna-Terrén et
al., 2014; Qi et al., 2015). Remarkably, the analysis of the discriminant proteins with
greater changes in abundance after CP treatment confirm a rearrangement of the
cytoskeleton as shown by the upregulation in the CP group of Myristoylated alanine-rich
C kinase substrate-like 1 (MARCKSLI) protein. MARCKSL1 is a membrane-bound
protein part of the MARCKS family with known actin-binding functions involved in
regulating actin cytoskeleton homeostasis and coordinating other membrane-cytoskeletal
signalling events such as cell migration and phagocytosis (Kim et al., 2016). Depending
on its phosphorylation state, is known to enhance (unphosphorylated) or restrict cell
migration (phosphorylated) of neurons and cancer cells, by inducing actin bundles
formation and stabilization, which reduce actin plasticity (Bjorkblom et al., 2012).
MARCKSLI1 is highly expressed in macrophages and its role in inflammation has been
widely documented, as it has been shown to affect macrophage transmigration (Chun et
al., 2009). These results are consistent with the suppression of chicken monocytes'

chemotaxis that was observed in our previous in vitro study (Avila et al., 2021).
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Finally, there were also identified with a higher abundance in the CP group: Filamin-A
(FLNA), tropomyosin beta chain (TPM2), the uncharacterized protein (PDLIM1) and
lipoma-preferred partner homolog (LPP), which have been also associated with actin
cytoskeleton organization and stabilization (Gunning et al., 2008; Ono et al., 2015; Welter
et al.,, 2020), cell migration (Savinko et al., 2018), maintaining cell shape and cell
adhesion (Petit et al., 2000; Ngan et al., 2018). The fatty acid- desaturase domain-
containing (SCD) protein, involved with fatty acid biosynthesis, which might be
necessary for some humoral immune responses was also identified (Zhou et al., 2021).

On the contrary, proteins such as MARCKS, LGALS3 and LGALSS showed a lower
abundance in the CP group. Specifically, MARCKS has been shown to promote cell
migration of human neutrophils (Eckert et al., 2010) and of murine macrophages in vitro
(Green et al., 2012). Moreover, downregulating MARCKS inhibits murine macrophages
phagocytosis (Carballo et al., 1999) and macrophages pro-inflammatory cytokines
production (Lee et al., 2015), confirming its involvement in modulating inflammation.

Galectin-3 (LGALS3) and galectin-8 (LGALSS) are ubiquitous carbohydrate-binding
proteins (Brinchmann et al., 2018), participating in many cellular processes, including
inflammation, immune responses, cell migration, autophagy and cell signalling. In
chickens, 5 members have been identified (Kaltner et al., 2011): among them, LGALS3
and LGALS. LGALS3 is known to be highly expressed in monocytes and macrophages,
and to be a strong regulator of cell-extracellular matrix (ECM) and cell-cell interactions,
cell migration and phagocytosis (Lu et al., 2017). The detection of a lower abundance of
LGALS3 in the CP group is remarkable, as mouse LGALS3 was downregulated by
modified citrus pectin (MCP) - a derivative of citrus pectin (Kolatsi-Joannou et al., 2011),
thus reducing disease severity and inflammation. Moreover, MCP directly inhibits
LGALS3, causing a suppression in the migration of human endothelial cells in vitro and
cancer cells in vivo (Nangia-Makker et al., 2002), and in the adhesion of monocytes and
macrophages in vitro and in vivo, by tightly binding LGALS3 through its carbohydrate
recognition domain (Lu et al., 2017). LGALSS is involved in cytoskeleton reorganization
processes, cell adhesion and cell migration, as well as in autophagy and cytokines and
chemokines expression (Gentilini et al., 2017; Johannes et al., 2018). In LGALSS
knockout mice, the expression of several pro-inflammatory cytokines and chemokines
(TNF-a, IL-1B, MCP-1 and IL-6) was reduced (Shatz-Azoulay et al., 2020), confirming
the critical role of CP in potentially lowering inflammation through the inhibition of

galectins.
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Finally, proteins involved in the positive regulation of T and B cells proliferation (TFRC)
(Ned et al., 2003) and human mononuclear cells migration (AHNAK?2) were also
identified (Zheng et al., 2021), supporting the CP immune-modulatory function.

S. Conclusions

In conclusion, the results of this study demonstrate for the first time that CP does
modulate chicken PBMC proteome. Specifically, when performing the GO BP analysis
of the sPLS-DA-selected discriminant proteins with higher abundance in the CP group,
an enrichment in biological processes mainly related to actin cytoskeleton organization,
cell morphogenesis and negative regulation of cell migration was observed. Therefore,
these results confirm the suppressive effects observed in our previous in vitro study on
chicken monocytes' phagocytosis and chemotaxis and provide novel information on the
immunomodulatory activity of CP on chicken PBMC. By elucidating the molecular
mechanisms underlying such immunomodulatory effects, we might have a better
understanding of CP's practical biological significance in vivo and hence on how to
include it as a dietary fibre in novel nutrition strategies to modulate the animals' immune
and health status. Moreover, this study demonstrates the suitability of the supervised
multivariate statistical analysis SPLS-DA to retrieve meaningful functional information
from complex proteomics data, converting it into a noteworthy option for the analysis of
data coming from other OMIC technologies. Finally, further functional annotation
analyses such as molecular pathway enrichment and protein-protein interaction analyses,
and integration of proteomics data with other OMIC technologies should be performed to

increase and deepen the knowledge on the overall impact of CP on chicken immunity.
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Fig. 1. Sparse partial least squares discriminant analysis (sSPLS-DA) for paired data

individual plot. The individual ploy shows the similarities and relationship (clustering)

between samples of the citrus pectin (CP) (blue) and control (orange) treatment groups.
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Fig. 2. Global enriched (P<0.05) Gene ontology (GO) terms within the biological
processes (BP) category that has annotated all 373 discriminant proteins. GO terms
enrichments are expressed as -log10 (FDR) for visualization on graphs. The total number

of proteins annotated by GO BP terms is shown in brackets.

cytokine-mediated signaling pathway (4)

positive regulation of cell communication (9)
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Fig. 3. Enriched (P<0.05) Gene ontology (GO) terms within the biological processes
category that have annotated the 50 discriminant proteins with the highest abundance in
the citrus pectin (CP) group. GO terms enrichments are expressed as -logl0 (FDR) for
visualization on graphs. The total number of proteins annotated by GO BP terms is shown

in brackets.
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Fig. 4. Enriched (P<0.05) Gene ontology (GO) terms within the biological processes
category that have annotated the 137 discriminant proteins with the highest abundance in
the control group (no CP). GO terms enrichments are expressed as -logl0 (FDR) for
visualization on graphs. The total number of proteins annotated by GO BP terms is shown

in brackets.
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pectin (CP) treatment. Proteins (Gene ID) that showed greater fold-changes are

represented with bigger font sizes.
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Supplementary material

Supplementary Table S1. List of global enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by all 373

discriminant proteins selected the sPLS-DA.

GO Term
BP

G0:0043603

G0:0016192

G0:0030036

GO:0006518

GO Term

Description

cellular amide

metabolic process

vesicle-mediated

transport

actin cytoskeleton

organization

peptide metabolic

process

P-value
(FDR)
0,00002

0,00018

0,00018

0,00018

-log10(FDR)

4,63

3,75

3,75

3,75

Annotated Proteins (Gene Name)

ACLY ACSS1A ASAH1 ASNS ASS1 ATP6AP2 CALR CLIC2 COL4A3BP EIF3D
EIF3I EIF3L EIF4E EIF4G1 EIF4G2 EIF5S GAPDH GARS GCLC GCN1 GSPT2 GSS
GSTM2 LTA4H MARS PKM RPL11 RPL22 RPL23 RPL4 RPS15 RPS20 RPS24 RPS27
RPS3 RTN4 SPHK1 TARDBP UPF1

AP2A2 AP2M1 AP3M1 APOA1 ARF1 ARF4 ARHGAP1 ATP2A2 ATP6VIH BMP2K
CALR CBL COPB2 EHD3 EPN2 EZR GRB2 HIP1 HSPAS ITGB1 LAMTOR1 LGALS3
LYN NCF2 PIP4K2A PLEK PLSCR1 PRKCB PTPRC RAB11A RAP1B RIN3 S100A10
SCAMP1 SCARB2 SEC31B SEPTIN2 SEPT2 SNX3 SPHK1 STXBPS5 TLN1 TMED7
VAMP3 VPS25 VPS26A

ACTC1 ACTNI1 ACTR2 ACTR3 APOA1 ARPC2 ARPC5 CALR CORO7 CSRP1 DSTN
EVL EZR FLNA FLNB GRB2 INF2 ITGB1 ITGB5 LCP1 LOC107056441 MARCKS
NRP1 PARVB PLEK S100A10 SDCBP SH3KBP1 SLC9A3R1 TLN1 TPM1

ATP6AP2 CALR CLIC2 EIF3D EIF3I EIF3L EIF4E EIF4G1 EIF4G2 EIFS GAPDH
GARS GCLC GCN1 GSPT2 GSS GSTM2 LTA4H MARS PKM RPL11 RPL22 RPL23
RPL4 RPS15 RPS20 RPS24 RPS27 RPS3 RTN4 TARDBP UPF1
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GO:1901566

G0:0007015

G0O:0006412

G0O:0016477

G0:0002688

organonitrogen
compound
biosynthetic

process

actin filament

organization

translation

cell migration

regulation of
leukocyte

chemotaxis

0,00058

0,00088

0,00157

0,01487

0,02495

3,23

3,05

2,80

1,83

1,60

ACLY ACSS1A ADSS2 ADSS ALG12 APOA1 ASAH1 ASNS ASS1 CALR CHP1 DBI
EIF3D EIF31 EIF3L EIF4E EIF4G1 EIF4G2 EIF5S GAPDH GARS GCLC GCN1 GOT1
GOT2 GSPT2 GSS IMPDH2 MARS NMT1 OAT OGT PGM3 PKM RPL11 RPL22
RPL23 RPL4 RPS15 RPS20 RPS24 RPS27 RPS3 SLC25A13 SPHK1 STT3B TARDBP
UMPS UPF1

ACTC1 ACTNI1 ACTR2 ACTR3 APOA1 ARPC2 ARPC5 CORO7 DSTN EVL EZR
GRB2 ITGBS5 LCP1 LOC107056441 MARCKS NRP1 PLEK S100A10 SH3KBP1 TPM1
CALR EIF3D EIF3I EIF3L EIF4E EIF4G1 EIF4G2 EIFS GAPDH GARS GCN1 GSPT2
MARS PKM RPL11 RPL22 RPL23 RPL4 RPS15 RPS20 RPS24 RPS27 RPS3 TARDBP
UPF1

AIMP1 APOA1 ARF4 ARPC5 C1QBP CALR CORO7 EVL GLIPR2 ILK ITGB1 LCP1
LGALS3 LGALS8 LGMN LOC107056441 LYN MAPRE2 MPP1 NACA NRP1 PHB2
PRPF40A PTPRC RAB11A RAP2C RIN3 RTN4 SDCBP SH3KBP1 SHTN1 SLC9A3R1
SPHK1 STAT3 STRAP VCL

C1QBP CALR LGMN LYN MPP1 RIN3
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Supplementary Table S2. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins

selected by the sPLS-DA with the highest abundance in citrus pectin (CP) group.

G0:0030036

G0:0022604
G0:0030029

G0:1902533

G0:0007229

G0:0033209

G0:0014066

G0:0030336
G0:0010647

G0:0019221

actin cytoskeleton organization
regulation of cell morphogenesis
actin filament-based process

positive regulation of intracellular signal
transduction
integrin-mediated signaling pathway
tumor necrosis factor-mediated signaling pathway
regulation of phosphatidylinositol 3-kinase
signaling

negative regulation of cell migration
positive regulation of cell communication

cytokine-mediated signaling pathway

0,0015

0,0025
0,0025

0,0046

0,0060

0,0168

0,0325

0,0378
0,0453

0,0497
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2,82

2,60
2,60

2,34

2,22

1,77

1,49

1,42
1,34

1,30

ACTNI1 APOA1 CSRP1 EVL PARVB PLEK SLC9A3R1
TLN1 TPM1

APOAL1 ILK LIMS1 PARVB SLC9A3R1 TPM1

ACTNI1 APOA1 CSRP1 EVL PARVB PLEK SLC9A3R1
TLN1 TPM1

APOA1 CAT GLIPR2 HPSE ILK LIMS1 MAPRE2
PIK3AP1 SLCY9A3R1

APOAT ILK PLEK TLN1

APOAT ILK LIMSI1

CAT PIK3AP1 SLC9A3R1

EVL SLC9A3R1 TPM1

APOA1 CAT GLIPR2 HPSE ILK LIMS1 MAPRE2
PIK3AP1 SLCY9A3R1

ACSL1 APOA1 ILK LIMS1



Supplementary Table S3. List of enriched Gene Ontology (GO) terms within the biological processes (BP) annotated by the discriminant proteins
selected by the sPLS-DA with the highest abundance in the control group.

GO Term BP GO Term Description P-value -logl0(FDR) Annotated Proteins (Gene Name)
(FDR)
G0:0043603 0,0000 4,76 ACLY ASAH1 ASS1 ATP6AP2 CALR COL4A3BP EIF3D EIF4E EIF4G1

cellular amide metabolic
EIF4G2 GCLC GSPT2 MARS RPL11 RPL22 RPL4 RPS20 RPS24 RPS27 RPS3

process
RTN4 STAT3 UPF1
GO:0006518 ) ) 0,0001 4,13 ATP6AP2 CALR EIF3D EIF4E EIF4G1 EIF4G2 GCLC GSPT2 MARS RPL11
peptide metabolic process
RPL22 RPL4 RPS20 RPS24 RPS27 RPS3 RTN4 STAT3 UPF1
GO:1901566 0,0001 3,90 ACLY ASAHI1 ASS1 CALR EIF3D EIF4E EIF4G1 EIF4G2 GCLC GOT1 GOT2

organonitrogen compound
GSPT2 MARS NMT1 OAT PGM3 RPL11 RPL22 RPL4 RPS20 RPS24 RPS27

biosynthetic process

RPS3 SLC25A13 STAT3 UMPS UPF1

GO:0006412 el 0,0006 3,20 CALR EIF3D EIF4E EIF4G1 EIF4G2 GSPT2 MARS RPL11 RPL22 RPL4
RPS20 RPS24 RPS27 RPS3 STAT3 UPF1

GO:0009056 0,0044 2,36 ASAHI1 ATP2A2 ATP6VOA1 CTSA CTSB EIF4G1 EIF4G2 ERLIN2 FUCA2

catabolic process GCLC GOT1 GOT2 HSP90B1 ITGB1 LGALS8 OAT PHB2 PRDX6 PSMA3

PSMD11 PSMD14 RPL11 SCARB2 SDCBP SNX3 STAT3 UPF1 XPO1

GO:0006417 regulation of translation 0,0049 2,31 CALR EIF3D EIF4E EIF4G1 EIF4G2 GSPT2 RPL22 RPS3 STAT3 UPF1

GO:0019725 0,0082 2,08 ATP1A1 ATP1B1 ATP2A2 ATP6AP2 ATP6VOD1 ATP6V1G1 ERO1A GCLC

cellular homeostasis
RTN4 STEAP4 UPF1
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GO:0005975 carbohydrate metabolic 0,0158 1,80
process
GO:0010608 posttranscriptional 0,02861 1,54
regulation of gene

expression

FAM3C FUCA2 GAAGSD GBE1 GCLC GLB1 GOT1 NANS PGM3 SCARB2
STATS3

CALR EIF3D EIF4E EIF4G1 EIF4G2 GSPT2 RPL22 RPS3 STAT3 UPF1
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miRNAomics: In vitro impact of CLA, milk exosomes and CP on bovine, porcine

and chicken miRNA profile
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A miRNAomics analysis was also performed as an attempt to further elucidate the
molecular impact of CLA, porcine milk exosomes and CP on bovine, porcine and chicken
immunity, respectively. Specifically, with the present study we aim at evaluating the in
vitro capacity of these molecules in modulating the animals’ PBMC miRNAome. In this
last section of the chapter, a first glance to the results of the bioinformatic analysis from

the miRNA seq data is presented.

Material and Methods

Bovine, porcine and chicken PBMC isolation and stimulation with nutrition molecules

Firstly, PBMC from all three species were isolated and stimulated with the correspondent
treatments as previously mentioned in the proteomics manuscripts (see Manuscripts 5,6
and 7 in pages 159, 212 and 255), with some minor modifications. Briefly, a total of 2 x
10° bovine, porcine and chicken PBMC (200 uL) were seeded in triplicates in sterile 6
well plates and incubated with 50 pM of CLA (50:50) mixture, 4 x 10® exosomes porcine
milk exosomes (in a ratio of 200 exosomes/cell), and 0.5 mg/mL of CP, respectively.
Complete medium (1% FBS) was then added to each well to reach a final volume of 2
mL. Bovine, porcine and chicken PBMC treated only with complete medium (1% FBS)
(untreated cells) were used as controls. In addition, bovine PBMC incubated with 0.014%
ethanol (vehicle) were also used as control as this is the same concentration of ethanol

used for the solubilization of the two CLA isomers.

Bovine, porcine and chicken PBMC collection, miRNA extraction and miRNA Sequencing

The cells’ supernatant (2 mL) that contain the cells in suspension (lymphocytes), was
collected into tubes of 2 mL. Cells were centrifuged at 500 x g for 7 min at 4°C to pellet
the lymphocytes, which were then washed with 500 pL of cold sterile-PBS without Ca”*
and Mg?* and again centrifuged at 500 x g for 7 min at 4°C to remove the rest of medium
and of FBS that could interfere with downstream analyses. In the meantime, three washes
with 2 mL of cold sterile-PBS without Ca?* and Mg?" were performed in the 6 well plates
to wash the adhered monocytes, and remove dead cells and rest of contaminant medium

and FBS. When both, the lymphocytes and monocytes were washed, 1 mL of Qiazol
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Lysis Reagent (Qiagen, Milan, Italy) was added directly to the 6 well plates containing
the monocytes and cells were incubated for 5 min at room temperature. During the
incubation with Qiazol, monocytes were scraped using sterile Corning Cell scrapers
(blade L 1.8 cm, handle L 25 cm; Corning Inc.), and then the cell lysate was added into
the 2 mL tubes containing the lymphocytes. The tubes were then vortexed quickly for
further disruption and homogenization, and immediately stored at —80 °C for further RNA
extraction. Finally, total RNA enriched with small RNA (miRNA) was extracted using
miRNeasy Mini Kit from Qiagen, following the manufacturer’s instructions. The quantity
and quality of the extracted total RNA were assessed using a NanoDrop ND-1000 UV—
vis spectrophotometer and Agilent Bioanalyzer 2100, respectively.

Libraries were prepared at the Center for Genomic Regulation (CRG) in Barcelona,
Spain, using the NEBNext® Small RNA Library Prep Set for Illumina, following the
manufacturer’s protocol. Libraries were also sequenced at the CRG, using a HiSeq 2500
sequence analyzer (Illumina, San Diego, CA, USA), and 50 bp single reads were

generated.

Bioinformatic analysis

miRNA seq data preparation, quantification and differential expression analysis. First, a
quality control analysis of the reads was performed using the CLC Genomics Workbench
software 20.0.4 (CLC Bio, Aarhus, Denmark). The adapter and low-quality sequences
were trimmed from the raw sequences. Then, mature miRNA were annotated and
quantified using miRbase v22, selecting the appropriate specie (Bos taurus, Sus scrofa
and Gallus gallus) as reference. Finally, the differential expression analysis was
performed between all the treatment groups by the Wald test (CLC Bio).The differentially
expressed (DE) miRNA were selected as those with a p-value <0.05 and |log(FC)[>2.

Functional enrichment analysis: Gene Ontology (GO) analysis. First, the prediction of
potential target genes of each DE miRNA was performed using targetscan

(http://www.targetscan.org/). Second, the identified target genes were used to perform a

Gene Ontology (GO) functional enrichment analysis. The three main GO categories
(biological processes (BP), molecular function (MF), cellular compartment (CC)) were
analyzed using the list of potential target genes as described previously (Canovas et al.,

2012). The R package WebgestaltR was used to perform an overrepresentation test using
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the human annotation for GO terms using the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database. A multiple testing correction based on a false-discovery ratio 5%
(FDR 5%) was adopted to identify the enriched significant GO terms. Due to the absence
of a Gallus gallus specific database, the enrichment analysis for GO terms was performed
using the human database on WebgestaltR based on the gene symbols for each predicted
target of the DE miRNA.

Results

Identification of differentially expressed (DE) miRNA

Differential expression analyses were first performed for each treatment group
comparisons used in the cow, pig and chicken studies. Only miRNA with p-value <0.05

and |log(FC)|>2 were considered as DE.

In the cow study, 3 treatments groups were compared with each other: untreated vs CLA
(UNT_CL), ethanol vs CLA (VEH_CL) and ethanol vs untreated (VEH _UNT). A total
of 7 DE miRNA were identified in the UNT_ CL comparison group, 5 in the VEH CL,
and 4 in the UNT CL.

In the pig study only two treatments groups were compared: exosomes vs untreated
(EXO_UNTR), and a total of 5 DE miRNA were identified.

Finally, in the chicken study only two treatments groups were compared: untreated vs

citrus pectin (UNTR_CP), and a total of 3 DE miRNA were identified.

Gene Ontology (GO) enrichment analysis for potential target genes of DE miRNA

The DE miRNA identified in each treatment group comparison were first used for
performing a target gene prediction analysis. Then, a GO functional analysis was carried
out using those predicted target genes to elucidate which biological process (BP),
molecular functions (MF) and cellular compartment (CC) associated with them were

enriched.
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In the cow study, the GO analyses for each group comparison: (1) UNT _CL, (2) VEH_CL
and (3) VEH_UNT were performed. Table 1 shows the top 5 significant enriched GO
terms for each GO category (BP, MF and CC) and for each comparison.

Table 1. Top five significant enriched gene ontology (GO) terms for the three main GO
categories (biological processes (BP), molecular function (MF), cellular compartment
(CQ)) associated with the target genes for the DE miRNA identified in each comparison
(untreated vs CLA (UNT_CL), ethanol vs CLA (VEH_CL) and untreated vs ethanol
(VEH_UNT)).

GO Comparison

GO Term p-value FDR
category group
Regulation of anatomical structure
) 4.00E-15 1.87E-12 BP UNT CL
morphogenesis
Tube morphogenesis 2.56E-13  598E-11 BP UNT _CL
Actin filament-based process 3.42E-12 5.33E-10 BP UNT _CL
Cellular component morphogenesis 1.07E-11 1.25E-09 BP UNT _CL
Cardiovascular system development 3.59E-11  3.36E-09 BP UNT _CL
Regulatory region nucleic acid binding 0 0 MF UNT _CL
DNA-binding  transcription  factor
o ) 0 0 MF UNT CL
activity, RNA polymerase II-specific
Sequence-specific double-stranded
1.11E-16  6.18E-15 MF UNT CL
DNA binding
Transcription factor binding 2.21E-11  9.22E-10 MF UNT _CL
Kinase binding 8.07E-11  2.70E-09 MF UNT CL
Synapse part 1.67E-05  0.0019 CC UNT _CL
Cell junction 8.00E-05  0.0045 CcC UNT CL
Transport vesicle 0.0002 0.0085 CC UNT _CL
Endosome 0.0004 0.0085 CC UNT _CL
Golgi apparatus part 0.0004 0.0085 CC UNT _CL
Animal organ morphogenesis 1.17E-12  4.68E-10 BP VEH _CL
Cellular component morphogenesis 2.00E-12  4.68E-10 BP VEH _CL
Regulation of anatomical structure
) 6.68E-12  1.04E-09 BP VEH CL
morphogenesis
Neuron development 3.37E-11  3.47E-09 BP VEH _CL
Tube morphogenesis 3.71E-11  3.47E-09 BP VEH _CL
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DNA-binding  transcription  factor

o ) 0 0 MF VEH CL
activity, RNA polymerase II-specific
Regulatory region nucleic acid binding 1.85E-13  1.54E-11 MF VEH _CL
Sequence-specific double-stranded
1.21E-12  6.73E-11 MF VEH CL
DNA binding -
Kinase binding 7.14E-08  2.98E-06 MF VEH CL
Protein domain specific binding 2.14E-06  7.14E-05 MF VEH _CL
Glutamatergic synapse 1.46E-06  0.0001 CC VEH _CL
Synapse part 2.06E-06  0.0001 CC VEH _CL
Cell junction 1.28E-05  0.0005 CcC VEH CL
Cytoplasmic vesicle part 5.78E-05  0.0016 CC VEH _CL
Endosome 9.91E-05 0.00227 CC VEH CL
Regulation of anatomical structure
) 2.44E-11  7.94E-09 BP VEH _UNT
morphogenesis
Negative regulation of transcription by
3.39E-11  7.94E-09 BP VEH _UNT
RNA polymerase 11
Actin filament-based process 8.36E-10  1.30E-07 BP VEH_UNT
Regulation of protein localization 1.36E-09  1.59E-07 BP VEH_UNT
Tube morphogenesis 2.18E-09  2.04E-07 BP VEH_UNT
DNA-binding  transcription  factor
o ) 0 0 MF VEH _UNT
activity, RNA polymerase II-specific
Sequence-specific double-stranded
8.88E-16  6.18E-14 MF VEH _UNT
DNA binding -
Regulatory region nucleic acid binding 1.11E-15  6.18E-14 MF VEH_UNT
Transcription factor binding 3.19E-09  1.33E-07 MF VEH_UNT
Kinase binding 2.71E-07  9.04E-06 MF VEH _UNT
Glutamatergic synapse 0.0001 0.0105 CC VEH_UNT
Cell junction 0.0001 0.0105 CcC VEH _UNT
SNARE complex 0.0002 0.0107 CcC VEH _UNT
Transcription factor complex 0.0006 0.0169 CC VEH_UNT
Transcriptional repressor complex 0.0007 0.0169 CC VEH_UNT

In the pig study, a GO analysis for the EXO UNTR comparison was performed. Table 2
shows the top 5 significant enriched GO terms for each GO category (BP, MF and CC).
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Table 2. Top five significant enriched gene ontology (GO) terms for the three main GO
categories (biological processes (BP), molecular function (MF) and cellular compartment
(CQ)) associated with the target genes for the DE miRNA identified for the comparison
between exosomes and untreated group (EXO UNTR).

GO Comparison
GO Term p-value FDR
category group
Ras protein signal transduction 1.85E-13  1.57E-10 BP EXO UNTR
Positive regulation of neurogenesis 2.87E-11  1.22E-08 BP EXO UNTR
Cell-substrate adhesion 6.81E-11  1.93E-08 BP EXO UNTR
Regulation of neuron projection
9.41E-11  2.00E-08 BP EXO UNTR
development
Regulation of cell morphogenesis 1.46E-10  2.48E-08 BP EXO UNTR
Synaptic membrane 1.10E-08  1.90E-06 CC EXO UNTR
Glutamatergic synapse 1.68E-07  1.44E-05 CC EXO UNTR
Early endosome 2.54E-06  0.00014575 CC EXO UNTR
Presynapse 3.77E-06  0.000162 CC EXO UNTR
Neuron to neuron synapse 5.45E-06  0.00018732 CC EXO UNTR
Metal ion transmembrane transporter
o 5.88E-08  1.66E-05 MF EXO UNTR
activity
Transmembrane receptor  protein
) o 6.06E-07  8.55E-05 MF EXO UNTR
kinase activity
Beta-catenin binding 3.90E-06  0.00032615 MF EXO UNTR
Guanyl-nucleotide exchange factor
o 5.65E-06  0.00032615 MF EXO UNTR
activity
Protein  serine/threonine  kinase
5.78E-06  0.00032615 MF EXO UNTR

activity

Finally, in the chicken study, a GO analysis for the UNTR CP comparison was
performed. Table 3 shows the top 5 significant enriched GO terms for each GO category
(BP, MF and CC).

Table 3. Top five significant enriched gene ontology (GO) terms for the three main GO

categories (biological processes (BP), molecular function (MF), cellular compartment
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(CC)) associated with the target genes for the DE miRNA identified between untreated
and Citrus Pectin (UNTR_CP) groups.

GO Comparison
GO Term p-value FDR
category group
Axon development 3.3E-12  2.8E-09 BP UNTR_CP
Cell-cell adhesion via plasma-
8.7E-11  3.7E-08 BP UNTR _CP
membrane adhesion molecules
Dendrite development 4.8E-09 1.4E-06 BP UNTR_CP
Regulation of cell morphogenesis 8.1E-09 1.6E-06 BP UNTR_CP
Cell-cell signaling by wnt 9.3E-09 1.6E-06 BP UNTR_CP
SMAD binding 9.0E-08 2.5E-05 MF UNTR _CP
DNA-binding transcription repressor
o ) 1.9E-05 2.7E-03 MF UNTR _CP
activity, RNA polymerase II-specific
Transcription corepressor activity 5.4E-05 5.1E-03 MF UNTR_CP
Protein serine/threonine/tyrosine
) o 8.3E-05 5.9E-03 MF UNTR _CP
kinase activity
PDZ domain binding 1.9E-04 7.9E-03 MF UNTR _CP
Synaptic membrane 2.6E-10 4.4E-08 CC UNTR_CP
Glutamatergic synapse 3.7E-08 3.1E-06 CC UNTR_CP
Neuron spine 2.9E-07 1.3E-05 CC UNTR_CP
Neuron to neuron synapse 3.0E-07 1.3E-05 CC UNTR_CP
Axon part 5.6E-07 1.9E-05 CcC UNTR _CP
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Chapter 9. General discussion and conclusions

The findings of this thesis provide for the first time an overview of the in vitro activity of
CLA, milk exosomes and n-3 PUFA, and CP on bovine, porcine and chicken immune
response, respectively. Moreover, to elucidate the overall molecular impact of these
molecules on both, mammalian and avian immune defense, a system biology approach
was implemented by performing proteomics and miRNAomics analyses.

Livestock species such as cattle, pigs and chickens are the main source of animal protein
worldwide (Gilbert et al., 2018). The increase in the world population and demand for
their dietary products has made necessary to improve the animals’ productivity and
product quality, which often could jeopardize their health and welfare (Scholten et al.,
2013). Specifically, the rise in infectious diseases, and the indiscriminate use of
antibiotics have affected the animals’ productivity and health (Hafez and Attia, 2020).
One way to overcome these challenges is by improving the animals’ immunity, and
nutrition has been demonstrated to be a valuable and effective tool to do so (Field et al.,
2002; Wu et al., 2019; Vlasova and Saif, 2021).

The overall characterization of the effects of commonly used and novel dietary molecules
on mammalian and avian immunity could be of great help for a better understanding of
the molecules’ practical biological significance in vivo, and thus on how to include them
efficiently in animal nutrition. Therefore, in the present thesis, through in vitro functional
analyses it was first investigated the impact of CLA, porcine milk exosomes and n-3
PUFA, and CP, on bovine, porcine and chicken monocytes' immune activities (e.g.
chemotaxis, ROS production, phagocytosis, and killing capability), respectively. Second,
proteomics and miRNAomics analyses were performed to further elucidate the molecular
mechanisms underlying the effects observed in vitro.

CLA has been routinely used in dairy cows’ nutrition due to its beneficial in vivo effects
(Selberg et al., 2004; de Veth et al., 2009; Galamb et al., 2017). A mixture of the two
main CLA isomers in equal proportions (50:50) (¢9, t11 and t10, c12) is used in most of
the animal studies reporting CLA benefits, and in the commercially available CLA
supplements. Indeed, synergic and enhanced effects (50:50) are often observed when this
mixture is utilized (Pariza et al., 2001; Song et al., 2005; Renner et al., 2012).

As there is limited information on the effects of CLA on bovine immunity, in this thesis

the effects of the two main CLA isomers, both individually and in the mixture (50:50),
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on porcine monocytes' immune activities were investigated. The main findings of this
study were that only the 50:50 CLA mixture, when used at a concentration of 50 uM,
reduced the apoptosis of monocytes, and increased their ROS production under a pro-
inflammatory environment (PMA-challenge). The anti-apoptotic effect of CLA has
already been reported in bovine aortic endothelial cells (Lai et al., 2005). Additionally, in
previous studies, CLA has already been demonstrated to increase the production of ROS
in several cell types and species, supporting the results observed in this study (Stachowska
et al., 2008; Dipasquale et al., 2018). It is thought that CLA induces ROS in a PPARYy-
dependent manner (Stachowska et al., 2008). Altogether, these results suggest a potential
anti-apoptotic, and immunomodulatory activity of the CLA mixture (50:50) on bovine
monocytes. The results also make evident that the CLA (50:50) mixture, at least in our in
vitro model, is more effective than the CLA isomers individually, possibly due to their
synergic effects.

To further elucidate the overall in vitro impact of CLA (50:50) mixture on bovine
mononuclear cells (PBMC) immune response, and specifically identify the underlying
molecular mechanisms of its” immunomodulatory activity, an untargeted proteomics
analysis was performed. The proteomic results revealed for the first time the capacity of
the CLA (50:50) mixture in modulating bovine PBMC proteome and proposed the
molecular background of CLA anti-apoptotic and immunomodulatory activities. The
main findings were that CLA (50:50) mixture caused an enrichment in biological
processes related to negative regulation of proteolysis and endopeptidases activity, and in
immune-related processes such as acute-phase response, complement activation,
response to oxidative stress and ROS metabolism.

Proteolysis is essential for many cell functions, including apoptosis (Combaret et al.,
2016). Indeed, the proteolytic cleavage of specific cellular proteins is a recognized central
biochemical feature of apoptosis (Elmore, 2007). Besides the caspases, which are the
main proteolytic executioner enzymes of apoptosis, other proteases such as serine
endopeptidases are known to modulate apoptosis (Utz and Anderson, 2000; Moffitt et al.,
2007; O’Connell and Stenson-Cox, 2007). Remarkably, proteins with serine
endopeptidases inhibitor activities, and known for their anti-apoptotic effects (e.g.
SERPINA3-7 and ITIH4) were found annotated in those biological processes, suggesting
a potential anti-apoptotic role of CLA (50:50) mixture (Hwang et al., 2002, 2009;
Herrera-Mendez et al., 2009; Chen et al., 2021). Moreover, proteins with anti-oxidant
effects (e.g. HMOX1 and HMOX2), and involved in the host innate immune defense (C3,
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C4A, agp and A2M) were found annotated in the other enriched biological immune-
related processes. Thus, these results suggest a potential role of CLA (50:50) mixture in
modulating bovine immune defense and in exerting potential cytoprotective effects
against oxidative stress, by increasing the abundance of proteins with anti-oxidant
capacity. In conclusion, these results support the anti-apoptotic and immunomodulatory
effects of the CLA (50:50) mixture observed in our previous in vitro study on bovine
monocytes.

Exosomes are important mediators of intercellular communication and they have been
shown to modulate both innate and adaptive immune responses (Raposo et al., 1996;
Dalvi et al., 2017). Milk exosomes seem to play an important role in the transmission of
immunity from the mother to the offspring, by transferring immunoregulatory molecules
(e.g. miRNA), and in the development of the newborn immune system and growth (Zhou
et al., 2012). Indeed, milk exosomes, containing functional miRNA, have shown to be
taken up by immune cells such as macrophages (Lésser et al., 2011; Arntz et al., 2015;
Izumi et al., 2015). Specifically, porcine milk exosomes have enhanced porcine intestinal
epithelial cells proliferation in vitro and in vivo in mice (Chen et al., 2016), but their
effects on porcine monocytes' immune response have been so far unexplored. Therefore,
this study investigated the in vitro uptake of porcine milk exosomes by porcine monocytes
and their influence on the monocyte immune functions. This study reported for the first
time the in vitro uptake of porcine milk exosomes, and the ability of these exosomes in
modulating porcine monocytes' chemotaxis, phagocytosis and ROS production.
Specifically, porcine milk exosomes decreased the cells’ chemotaxis and phagocytosis,
while increased their ROS production under both, resting (non-inflammatory) and pro-
inflammatory conditions. The immunosuppressive and anti-inflammatory roles of milk
exosomes and their miRNA cargo have been already demonstrated in previous studies
(Ahn et al., 2021; Melnik et al., 2021). Specifically, studies in other models reported
inhibitory effects of exosomes on human and murine macrophages migration (Nguyen et
al., 2018); and of milk exosomes on murine macrophages phagocytosis (Zhu et al., 2014).
On the other hand, exosomes from different sources have also been shown to boost some
immune functions such as ROS production in other cell models (Canas et al., 2017;
Hervera et al., 2018). Altogether, these results suggest that porcine milk exosomes can
exert pleiotropic functions on porcine monocytes, as both immunosuppressive and/ or

immune-enhancing effects were observed. Finally, our results also suggest a potentially
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critical role of porcine milk exosomes in the sow-to-piglet transmission of regulatory
molecules and immunomodulation.

The proteomics study of porcine PBMC demonstrated for the first time that porcine milk
exosomes can modulate porcine PBMC proteome in vitro and it provided a molecular
signature of their immunomodulatory activity. Our main findings were that porcine milk
exosomes caused an enrichment in biological processes related to different immune
system processes, such as response to diacyl bacterial lipopeptide, nitric oxide-mediated
signal transduction, positive regulation of tumor necrosis factor and phagocytosis,
suggesting an immunomodulatory role of porcine milk exosomes. An enrichment in
processes related to exosome internalization or uptake by immune cells, including
phagocytosis and endocytosis was also observed. Moreover, proteins like TLR2 and
CD36 were found to be annotated in those enriched biological processes. It has been
previously demonstrated that exosomes can modulate the innate immune response
through the interaction with TLR (Guo et al., 2020). In fact, in a previous study, exosomes
also upregulated the expression of TLR2 in astrocytes, triggering the cells' inflammatory
responses (Pan et al., 2021). The production of TNF and NO are two processes known to
be dependent as well on the TLR signalling pathway (Lai and Gallo, 2008), which suggest
that the immunomodulation caused by milk exosomes could be mediated mainly in a
TLR2 dependent manner. CD36, besides being a co-receptor of TLR2 is a member of the
class B scavenger receptor family (Triantafilou et al., 2006). It is known to be involved
in phagocytosis, endocytosis, migration and ROS production (Baranova et al., 2008;
Collins et al., 2009; Park et al., 2009; Silverstein and Febbraio, 2009). Remarkably, a
previous study, reported that extracellular vesicles (EV), including exosomes, inhibited
endothelial cells migration and increased ROS production via the CD36-mediated
pathway (Ramakrishnan et al., 2016). Lastly, the abundance of LGALS3, which is a
strong regulator of cell migration and phagocytosis, was found to be decreased in the milk
exosomes group (Lu et al., 2017; Brinchmann et al., 2018). Altogether, these results
support our previous in vitro study, where porcine milk exosomes caused an increase in
the ROS production and an inhibition of the chemotaxis and phagocytosis of porcine
monocytes. In conclusion, this study demonstrated that porcine milk exosomes might
exert immunomodulation on porcine PBMC by upregulating innate immune processes
that are mainly mediated in a TLR2 dependent manner, and processes that allow their

uptake by immune cells. In addition, these results also support the pleiotropic
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immunomodulatory functions of porcine milk exosomes, as they increased the abundance
of proteins with both, immune-enhancing and dampening properties.

The immunomodulatory and anti-inflammatory effects of the n-3 PUFA, EPA and DHA,
have been widely reported in both human and animal studies (Agazzi et al., 2004; Bronzo
et al., 2010; Calder, 2017; Al-Khalaifah, 2020). However, no information on their in vitro
effects on porcine monocytes' defensive functions is available yet. Thus, in this last study,
the in vitro effects of n-3 PUFA (EPA and DHA) on porcine monocytes' immune
functions were investigated. The in vitro functional analyses demonstrated for the first
time the capacity of DHA and EPA in modulating two main porcine monocytes’
inflammatory functions, namely chemotaxis and intracellular ROS production. The main
findings were that the cells’ chemotaxis was suppressed by DHA, and their intracellular
ROS production was increased by EPA under both, resting (non-inflammatory) and pro-
inflammatory conditions (PMA-challenge). The ability of DHA and EPA in suppressing
immune cells migration has been widely documented in other models such as in human
neutrophils and monocytes (Schmidt et al., 1992), being indeed one of the key anti-
inflammatory effects of these n-3 PUFA (Calder, 2017). Although, the exact mechanisms
by which DHA and EPA inhibit chemotaxis are not fully clear yet, its inhibition has been
attributed to a reduction in the expression of receptors for chemoattractants, the
production of some chemoattractants and the expression of adhesion molecule genes
(Calder, 2015). Additionally, the production of SPM and reduction in the cells’ membrane
fluidity after their incorporation have also been proposed as inhibitory mechanisms
(Sipka et al., 1996; Serhan et al., 2000). PUFA are also considered a substantial source of
ROS (Schonfeld and Wojtczak, 2008). Indeed, previous studies demonstrated that EPA
could increase the in vitro production of intracellular and extracellular ROS in rat
neutrophils; and also in LPS-stimulated murine macrophages, it increased the total ROS
production (Ambrozova et al., 2010; Paschoal et al., 2013). The exact mechanisms
underlying these effects are still not completely clarified, but it is thought they could up-
regulate ROS production via NADPH oxidase (Paschoal et al., 2013). In conclusion, these
results suggest that long-chain n-3 PUFA can exert anti-inflammatory, inflammation
resolving, and/or immune-enhancing effects in pigs, and that EPA and DHA exert
differential immunomodulatory effects that might also vary between species and cell
types. These properties make them quite attractive to be used as dietary integrators to
improve the overall health and immune status of the animals. Finally, proteomics and

miRNAomics analyses were not carried out for this study. Thus, our study does not
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provide evidence on the exact molecular mechanisms underlying such
immunomodulatory effects. However, it is recognized that their elucidation using a
system biology approach, including miRNAomics and proteomic analyses, could help to
have an integral characterization of the potential impact of these molecules on pigs’
immunity.

Citrus pectin is a dietary fibre that has been widely used in animal and human nutrition
(Langhout and Schutte, 1996; Leclere et al., 2013), as it has been shown to exert
beneficial immunomodulatory and anti-inflammatory effects (Chen et al., 2006a; Salman
et al., 2008; Sahasrabudhe et al., 2018; Beukema et al., 2020). However, scarce
information on the effects of CP on chicken immunity is available so far. Therefore, this
thesis aimed at covering this gap, by evaluating for the first time the in vitro effects of CP
on two main inflammatory functions of chicken monocytes, namely chemotaxis and
phagocytosis. This study reported for the first time that CP (0.5 mg/mL) suppresses both,
chicken monocytes chemotactic and phagocytic capacity in vitro, suggesting a potential
anti-inflammatory activity of CP. These results are consistent with those reported in
previous studies using different cell models, where CP and ginseng pectin inhibited the
migration of cancer cells and murine fibroblasts, respectively (Fan et al., 2018; do Prado
et al., 2019). It is thought that CP, among other pectins, exert suppressive and anti-
inflammatory effects by changing the cells’ morphology and organization of actin
filaments, and/or by inhibiting PRR found in monocytes and macrophages such as TLR
and galectin-3 (Nangia-Makker et al., 2002; Fan et al., 2018; Sahasrabudhe et al., 2018).
Altogether, these results indicate that CP may play an essential role in the chickens’
immunity, specifically in dampening inflammation. However, is important to highlight
that the potential anti-inflammatory functions of CP could be beneficial for animals that
are under a pro-inflammatory status, but an excess in CP content in their diets could
induce an immunosuppressive status, increasing the risk of developing opportunistic
diseases. Finally, having this knowledge is of great value as it would allow the design of
adequate nutrition strategies to enhance the animals’ health.

An untargeted proteomic analysis was also carried out on chicken PBMC. This study
described for the first the proteome of chicken mononuclear cells after stimulation with
CP and revealed that CP does modulate chicken PBMC protein profile. Our main findings
were that CP caused an enrichment in biological processes related to, and fundamental
for the cells’ immune response such as actin cytoskeleton organization, negative

regulation of cell migration, intracellular signal transduction and cell communication.
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The actin cytoskeleton is critical for providing the cells with the mechanical structure to
support their changes in shape and membrane (Rivero et al., 1996). Upon activation, the
immune cells need to change their morphology to carry out their defensive functions such
as phagocytosis and chemotaxis. Indeed, during phagocytosis, the actin cytoskeleton
drives the formation of phagosomes to engulf foreign particles, while in chemotaxis it
allows the cells to acquire the proper morphology and orientation of the cellular contents
towards the chemoattractant (May and Machesky, 2001; Affolter and Weijer, 2005). The
actin cytoskeleton is also necessary for immune cells communication (Roy and
Burkhardt, 2018). Moreover, proteins such as MARCKSL1 and SLC9A3R1, known to
restrict cell movement and migration, were among the discriminant proteins with the
highest abundance in the CP group. On the contrary, proteins such as MARCKS,
LGALS3 and LGALSS, all involved with cell migration, phagocytosis and other actin
cytoskeleton organization-based processes were found with the lowest abundance in the
CP group. These results support the suppressive effects observed in our previous in vitro
study on chicken monocytes' phagocytosis and chemotaxis. In conclusion, this study
provides a molecular background to the anti-inflammatory activity of CP, demonstrating
that the in vitro downregulation of phagocytosis and chemotaxis is mainly caused by
changes in the abundance of proteins related to the cytoskeleton.

The miRNAomics analyses concerning the bovine, porcine and chicken studies, in
porcine only considering the impact of milk exosomes, have been carried out and
finalized. Indeed, a first glance to the results of the GO functional enrichment analyses
was presented herein. Those results mostly showed the identification of the main enriched
biological processes, molecular functions and cellular compartments associated with the
target genes of the identified DE miRNA. However, further bioinformatic analyses and
research are necessary, and must be performed for an appropriate and more in depth
biological interpretation of these results.

To conclude, this thesis tried to cover, at least in part, the gap in knowledge concerning
the in vitro effects of CLA, porcine milk exosomes and n-3 PUFA, and CP on bovine,
porcine and chicken immune response, respectively. The results of this thesis will
hopefully provide data that would increase the knowledge of the potential
immunomodulatory effects of these dietary molecules in in vivo systems. Specifically, by
providing both, phenotypical and molecular data coming from in vitro studies, we aspire

to provide an integral and holistic view of these molecules’ practical biological
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significance. Consequently, this information could be useful for the design of targeted
and balanced nutrition strategies to improve the animals’ immunity, health and welfare.

The future perspectives of this thesis include the finalization of the bioinformatic analyses
from the miRNAomics data of all three species, and the integration of the results coming
from both OMIC approaches with the in vitro data. It is expected that by doing this,
relevant functional information would be retrieved, including novel molecular networks
and pathways, which could allow a better understanding and prediction of the
immunomodulatory effects of these molecules. Finally, it is important to highlight that
these results should be considered cautiously, as they just represent the first step into the
complete elucidation of the molecule's impact on mammalian and avian immunity.
Therefore, to have a systems biology perspective, it would be greatly valuable and
necessary to further integrate the data not only coming from proteomics and

miRNAomics, but also from iz vivo studies.
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