CHARACTERIZATION OF PORCINE MILK EXOSOMES
FROM DIFFERENT STAGES OF LACTATION

Furioso Ferreira, Rafaela

Doctoral thesis / Disertacija
2022

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, Faculty of Veterinary Medicine / SveuciliSte u Zagrebu, Veterinarski fakultet

Permanent link / Trajna poveznica: https://Jum.nsk.hr/urn:nbn:hr:178:531714

Rights / Prava: In copyright /Zasti¢eno autorskim pravom.

Download date / Datum preuzimanja: 2024-04-27

Repository / Repozitorij:

Repository of Faculty of Veterinary Medicine -
Repository of PHD, master's thesis

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII



https://urn.nsk.hr/urn:nbn:hr:178:531714
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.vef.unizg.hr
https://repozitorij.vef.unizg.hr
https://repozitorij.unizg.hr/islandora/object/vef:1029
https://dabar.srce.hr/islandora/object/vef:1029

e

UNIVERSITAT
UNIVERSITY OF UNIVERSITY OF BONN
ZAGREB
FACULTY OF FACULTY OF
VETERINARY MEDICINE AGRICULTURE

RAFAELA FURIOSO FERREIRA, DR. MED. VET.

CHARACTERIZATION OF PORCINE
MILK EXOSOMES FROM DIFFERENT
STAGES OF LACTATION

INTERNATIONAL DUAL DOCTORATE

Zagreb, 2022



e

UNIVERSITAT
UNIVERSITY OF UNIVERSITY OF BONN
ZAGREB
FACULTY OF FACULTY OF
VETERINARY MEDICINE AGRICULTURE

RAFAELA FURIOSO FERREIRA, DR. MED. VET.

CHARACTERIZATION OF PORCINE
MILK EXOSOMES FROM DIFFERENT
STAGES OF LACTATION

INTERNATIONAL DUAL DOCTORATE

Supervisors:
Professor Vladimir Mrljak, Ph.D., Dr. med. vet.
Professor Helga Sauerwein, Dr. agr., Dr. agr. habil.

Zagreb, 2022



L

UNIVERSITAT
SVEUCILISTE U SVEUCILISTE U BONNU
ZAGREBU
VETERINARSKI POLJOPRIVREDNI
FAKULTET FAKULTET

RAFAELA FURIOSO FERREIRA

KARAKTERIZACIJA EGZOSOMA
MLIJEKA KRMACA U RAZLICITIM
RAZDOBLJIMA LAKTACIJE

MEDBUNARODNI DVOJNI DOKTORAT

Mentori:
Prof. Vladimir Mrljak
Prof. Helga Sauerwein

Zagreb, 2022



UNIVERSITAT

Faculty of Veterinary Medicine Faculty of Agriculture

Characterization of porcine milk exosomes from different

stages of lactation

Dissertation
for the degree of
Doctor of Philosophy (Ph.D.)
Faculty of Veterinary Medicine of the University of Zagreb
&
Agricultural Faculty of the Rheinische Friedrich Wilhelms-Universitat Bonn
By
Rafaela Furioso Ferreira
From

Ribeirao Preto, Brazil

Bonn, 2022



VETERINARSKI FAKULTET

IZJAVA | STATEMENT

Ja, RAFAELA FURIOSO FERREIRA, potvrdujem da je moj doktorski
rad izvorni rezultat mojega rada te da se u njegovoj izradi nisam

koristila drugim izvorima do onih navedenih u radu. /

I, RAFAELA FURIOSO FERREIRA confirm that my doctoral work is
the original result of my work and that | did not use it in its work to

other sources than those mentioned in the paper.

4FOUMO
(potpis studenta)

SIGNATURE OF STUDENT
Zagreb, 2022




“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.”

Marie Curie
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ENGLISH ABSTRACT

CHARACTERIZATION OF PORCINE MILK EXOSOMES FROM DIFFERENT
STAGES OF LACTATION

Exosomes are membranous vesicles considered major players in cell-cell communication.
Milk provides adequate nutrition, transfers immunity, and promotes neonate
development, and milk exosomes are suggested to have a key role in these processes. The
ratio of dietary omega-6:omega-3 (0-6:®-3) polyunsaturated fatty acids (PUFA) affects
health and inflammation, and can induce changes in milk fatty acid composition, but no
reports have included the proteome and the lipidome of the exosomal fraction. Milk
samples were obtained on days 0, 7, and 14 after parturition from sows receiving either a
standard diet (o-6:»-3 = 13:1), or a test diet enriched in ®-3 (0-6:0-3 = 4:1), and
exosomes were isolated using ultracentrifugation coupled with size exclusion
chromatography, and characterized by nanoparticle tracking analysis, transmission
electron microscopy, and assessment of exosomal markers via Western blotting. The
proteome was explored using a Tandem Mass Tag-based high-resolution quantitative
approach and the lipidome was assessed using untargeted metabolomics by a liquid
chromatography-quadrupole time-of-flight mass spectrometry approach. A total of 319
proteins in each timepoint were identified in milk exosomes. Exosomes from colostrum
presented 162 differentially abundant proteins (DAP) as compared to exosomes from
milk on day 7, and 170 DAP from milk on day 14. The DAP revealed to be related to
biological functions such as uptake of metabolites, regulation of homeostasis, and cellular
development. A total of 947 lipids from sixteen subclasses were identified in both
colostrum and milk exosomes. When compared to colostrum exosomes, we identified 734
differentially abundant lipids (DAL) in milk exosomes on day 7 and 779 DAL on day 14.
Dietary treatments exerted an effect on the milk exosome proteome but not on their
lipidome. Results unveil a distinct proteomic and lipidomic profile in porcine milk
exosomes in different stages of lactation, with implications for their functional biology,
and are relevant for potential strategies using milk exosomes as vehicles for drug or

additive delivery.

Keywords: milk, colostrum, exosomes, extracellular vesicles, nutrition,



ABSTRACT AUF DEUTSCH

CHARAKTERISIERUNG VON PORCINEN MILCH-EXOSOMEN AUS
UNTERSCHIEDLICHEN LAKTATIONSSTADIEN

Exosomen sind membranhaltige Vesikel, denen eine Hauptrolle in der interzelluldren
Kommunikation zugesprochen wird. Milch sichert die N&hrstoffversorgung, Ubertragt
Immunitat und fordert die optimale Entwicklung von Neugeborenen, wobei Exosomen
wahrscheinlich zentrale Funktion haben. Das Verhaltnis von »-6 zu o-3 mehrfach ungeséttigte
Fettsduren (PUFA) in der Nahrung nimmt Einfluss auf die Gesundheit und auf
Entziindungsprozesse, und kann auch die Fettsdurezusammensetzung des Milchfetts veréandern.
Ob diese Verdnderungen auch das Proteom und Lipidom der in der Milch enthaltenen
Exosomen betreffen, ist bisher unzureichend untersucht. Milchproben von Sauen wurden 0, 7
und 14 Tage post partum von Sauen gewonnen, welche entweder einen erhéhten ®-3 (0-6:0-3
=4:1) Anteil in Futter oder eine Standardration (0-6:0-3 = 13:1) erhielten. Im Weiteren wurden
die Exosomen aus der Milch mittlels Ultrazentrifugation und
GroRenausschlusschromatographie isoliert und anschlieBend mit Nanopartikel-Tracking-
Analyse, Transmissionselektronenmikroskopie und dem Nachweis von Markerproteinen
mittels Western Blot charakterisiert. Das Proteom wurde mittels Tandem-
Massenspektrometrie, das Lipidom mit einem ungerichteten Metabolomics-Verfahren (liquid
chromatography-quadrupole time-of-flight mass spectrometry) analysiert. Insgesamt wurden
319 Proteine/Zeitpunkt bei den aus der Milch isolierten Exosomen identifiziert. Im Vergleich
zu den Isolaten von Tag 7 post partum wurden bei den aus Kolostrum isolierten Exosomen 162
in unterschiedlicher Menge vorliegende Proteine (differentially abundant proteins; DAP)
gefunden, im Vergleich zu Tag 14 wurden 170 DAP identifiziert. Die DAP weisen auf eine
veranderte biologische Funktion wie z.B. die Aufnahme von Metaboliten, die Regulierung der
Homdostase oder eine veranderte Zellentwicklung hin. Insgesamt wurden in Kolostrum- und
Milchexosomen 947 Lipide aus sechzehn Subklassen identifiziert. Im Vergleich zwischen
Kolostrum- und Milchexosomen wurden an Tag 7 post partum 734 unterschiedlicher Menge
vorliegende Lipide (differentially abundant lipids; DAL) identifiziert und 779 DAL an Tag 14.
Die unterscheidlichen Futterrationen wirkten sich auf das Proteom der Milchexosomen aus,
nicht aber auf ihr Lipidom. Die Ergebnisse zeigen ein unterschiedliches Proteom- und Lipidom-
Profil in Milchexosomen von Sauen in verschiedenen Laktationsstadien, was Auswirkungen

auf ihre funktionelle Biologie hat. Zudem sind die Resultate fur mogliche Ansatze zur



Verwendung von Milchexosomen als Vesikel flr die Verabreichung von Medikamenten oder

Zusatzstoffen von Bedeutung.

Keywords: Milch, Kolostrum, Exosomen, Extrazellulare Vesikel, Erndhrung, Schwein



PROSIRENI SAZETAK / EXTENDED ABSTRACT

KARAKTERIZACIJA EGZOSOMA MLIJEKA KRMACA U RAZLICITIM
RAZDOBLJIMA LAKTACIJE

uvoD

Egzosomi su membranske vezikule endocitnog podrijetla, koje se smatraju vaznim
¢imbenicima u medustani¢noj komunikaciji. Mlijeko je vrlo slozenog sastava koji osigurava
adekvatnu prehranu, prijenos imuniteta i potie adekvatan razvoj odojka. Smatra se da
egzosomi mlijeka imaju klju¢nu ulogu u tim procesima, ali ih tek treba dodatno istraziti, kao i
prijenosne mehanizme u kojima sudjeluju egzosomi u razli¢itim fazama laktacije, te njihovu
ulogu koja je vazna je za razumijevanje razli¢itih ¢imbenika tijekom laktacije, kao i za
poboljSanje mlije¢nih nadomjestaka za ljude i zivotinje. Proteom i lipidom izvanstani¢nih
vezikula (EV) sadrzi proteinske sastojke i razli¢ite druge aktivne tvari; promjene u tim
odjeljcima mogle bi utjecati na njihovu ulogu u komunikaciji izmedu stanica. Poznato je da
omjer m-6 i ®-3 viSestruko nezasi¢enih masnih kiselina (PUFA) u prehrani utjeée na zdravlje i
upalu te izaziva promjene u sastavu masnih kiselina u mlijeku, ali do sada nijedno istrazivanje
nije ukljucivalo frakciju EV u mlijeku. Cilj ovog istrazivanja bio je istraziti kako se mijenja
sastav egzosoma mlijeka tijekom prijelaza s kolostruma u fazu odbi¢a odojaka, te kako dva
razli¢ita omjera ®-6 i ®-3 mlijecnih kiselina utjecu na lipidom i proteom egzosoma mlijeka i

kolostruma krmaca.

MATERIJALI | METODE

Sesnaest krmaca, plotkinja koje su se viSe puta prasile, te su nasumi¢no rasporedene u dva
dijetalna tretmana: kontrolna skupina (Skupina S - GS) primala je standardnu prehranu s
omjerom ®-6:®-3 od 13:1 od 28. dana gravidnosti do prasenja, te u omjeru od 10:1 tijekom
laktacije); a druga (tretirana) skupina (Grupa L - GL) hranjena je obrokom s niskim omjerom
®-6:-3 (4:1 od 28. dana gravidnosti do kraja laktacije, tj. 24 dana nakon prasenja). Uzorci
mlijeka prikupljeni su 0, 7 i 14 dana nakon partusa tijekom prirodnog izlu¢ivanja mlijeka,
zamrznuti odmah nakon prikupljanja i ¢uvani na -80 °C do izolacije egzosoma. Egzosomi su

izolirani ultracentrifugiranjem u kombinaciji s kromatografijom iskljucenja po veli¢ini Cestica



(SEC), karakterizirani analizom pracenja nanocestica (NTA) pomoc¢u NanoSight NS300
instrumenta, zatim transmisijskom elektronskom mikroskopijom (TEM) i metodom Western
blot. Izolirani egzosomi pripremljeni su za digestiju u gelu, zatim za obiljeZavanje peptida
izobarnim privjescima (TMT) te analizirani pomoc¢u spektrometra masa spregnutog s
tekuc¢inskom kromatografijom (LC-MS/MS). StatistiCke analize podataka na razini
podudaranja peptidnog spektra (PSM) provedene suu ’R’’ programu, verzija 3.6 , koriStenjem
,in house’’ razvijenog protokola. Analiza genske ontologije (GO) i analiza bioloskih puteva
provedeni su u STRING softverskoj verziji 11.0 1 Cytoscapeu v3.8.2. pomocu ClueGO
aplikacije. Lipidi su ekstrahirani Folch metodom, a lipidom izoliranih egzosoma odreden je LC-
MS/MS spektrometrijom masa. Analiza podataka o lipidima provedena je u MS-DIAL
programu primjenom baze podataka LipidBlast, a statisticka analiza provedena je na programu

MetaboAnalyst 5.0 (http://www.metaboanalyst.ca).

REZULTATI | RASPRAVA

Egzosomi mlijeka krmaca karakterizirani su analizom pracenja nanocestica, transmisijskim
elektronskim mikroskopom i metodom Western blot. Promjene u hranidbi i odnos izmedu
vremena i tretmana nisu dali razlike u veli¢ini EV, dok su razli¢ite faze laktacije (kolostrum
naspram mlijeka) dale razlike. Prosjecni EV promjer nije se razlikovao (p = 0,6) izmedu dvije
skupine (GL =151 £ 18,5; GS = 154 £ 19,3; (= SD u nm), za izolaciju koristenu u proteomskoj
analizi; 1 GL =162 £ 14,7 GS = 156 £+ 20,6 , za izolaciju koriStenu u analizi lipida). Populacija
egzosoma bila je neSto manja u kolostrumu (139 £ 19 nm u izolaciji koriStenoj u analizi
proteoma; i 147 + 21,3 u izolaciji koriStenoj u analizi lipida) od mlijeka (162 + 12,5 u izolaciji
primijenjenoj u proteomskoj analizi; i 162 + 18 u izolaciji koja se koristi u analizi lipida).
Ispitivanje TEM metodom pokazalo je okrugle i poput ¢ase, konkavne sfere s morfologijom
kompatibilnom s egzosomima. TSG101, proteinski marker egzosoma, detektiran Western blot
metodom, bio je prisutan u mlijeku i egzosomima kolostruma u obje skupine. Rezultati analize
metodom spektrometrije masa (LC-MS/MS) takoder su mapirani prema bazi podataka

ExoCarta za oznake egzosoma, a svih 10 najboljih markera bilo je prisutno u uzorcima.

LC-MS/MS analiza mapirala je 3989 peptida koji predstavljaju 637 proteina. Nakon §to su
primijenjeni kriteriji iskljuenja (FDR < 0,5% i najmanje dva jedinstvena peptida, uklanjanje
suviSnih peptidno-spektralnih podudaranja, single-shot proteina i peptida s visokom
interferencijom izolacije), ukupno je 319 proteina u svakoj vremenskoj tocki koriSteno za

statistiCku analizu. Kvantitativna proteomska analiza otkrila je razlicite profile proteoma za


http://www.metaboanalyst.ca/

egzosome kolostruma i1 egzosome mlijeka. Egzosomi iz kolostruma imali su 162 razli¢ito
zastupljena proteina (DAP) (82 povecana i 80 smanjena) u usporedbi s egzosomima iz mlijeka
7.dana, a 170 DAP (81 povecan i 89 smanjen) iz mlijeka 14. dana. Varijacije u proteomu unutar
skupina s razli¢itom hranidbom ustanovljene su 7. dana, s razlikama u zastupljenosti proteina
spondina-2 i glukozom regulirani protein molekularne tezine 78 kDa. Nisu pronadene razlike u
egzosomima kolostruma izmedu promatranih skupina. Proteini s funkcijama u razvoju
imunoloskog odgovora, regulaciji stani¢nih procesa i stanicnom razvoju razliito su
eksprimirani izmedu kolostruma i egzosoma mlijeka. Funkcionalna analiza istaknula je
povecano eksprimirane bioloske puteve povezane s regulacijom homeostaze u egzosomima
kolostruma, te povecano eksprimirane bioloske puteve kao §to su razvoj endotelnih stanica i
metabolizam lipida u egzosomima mlijeka. Funkcionalna analiza razli¢ito eksprimiranih
proteina izmedu promatranih skupina istaknula je molekule vazne za vezikulom posredovani
transport (G0O:0016192) i transport (GO:0006810), koji bi mogao biti pod utjecajem promjena
u sastavu PUFA.

Lipidomska analiza primjenom spektrometrije masa uspjela je identificirati ukupno 947 lipida
u uzorcima egzosoma mlijeka 1 kolostruma. Identificirani lipidi ukljucivali su 25 glavnih klasa
i 47 potklasa lipida. Najzastupljenije klase lipida bili su diradilgliceroli, triradilgliceroli i
fosfosfingolipidi, koji se sastoje od sfingolipida, uglavnom sfingomijelina, koji ukljucuju
fosforne skupine. U usporedbi s egzosomima kolostruma, identificirali smo 734 razli¢ito
zastupljena lipida u egzosomima mlijeka 7. dana i 779 DAL 14. dana. U usporedbi s
egzosomima iz mlijeka 7. dana, egzosomi kolostruma imali su nizi diacilglicerol (DG) (n =
176), triacilglicerol (TG) (n = 70), fosfatidilkolin (PC) (n = 62), sfingomijelin (SM) (n = 50),
masne kiseline (FA9 (n = 48) i fosfatidiletanolamin (PE) (n = 48), a za razliku izmedu dana 0 i
dana 14, egzosomi kolostruma imali su nizi DG (n=193), TG (n = 81), PC (n=61), Cer (n =
61), PE (n = 60), SM (n =58) i FA (n = 48). Nisu uocene znacajne razlike u lipidnom sastavu
egzosoma mlijeka izmedu 7. 1 14. dana, a uglavnom nema razlika u sastavu lipida izmedu
tretmana s razliCitim omjerima hranjenja ®-6 I ®-3 masnih kiselina. Samo jedan lipid (PA
17:0 28:6) bio je smanjen u usporedbi izmedu egzosoma mlijeka iz GS i GL 14. dana. Rezultati
otkrivaju specifi¢an profil lipida u egzosomima mlijeka krmaca u razli¢itim fazama laktacije, s
mogucim implikacijama na njihovu funkcionalnu biologiju, ukljucujuéi razvoj strategija koje

koriste upotrebu mlije¢nih egzosoma kao nosaca za isporuku lijekova ili aditiva.

ZAKLJUCCI



Ova studija potvrduje vaznost egzosoma kao aktivnih biokomponenti mlijeka i daje nove
temelje za buduca istrazivanja uloge egzosoma u regulaciji imuniteta i razvoju odojaka.
Identificirani funkcionalni proteom i dobivene mreze interakcija medu proteinima u nasoj
studiji pomazu razjasniti ulogu egzosoma mlijeka u razli¢itim razdobljima laktacije. Buduce
studije istrazit ¢e daljnje ucinke prehrane na sastav izvanstani¢nih vezikula (EV) u mlijeku i
njihov odnos prema razvoju mladuncadi. Karakterizacija lipida pruza znanja o strukturi,
funkciji 1 stabilnosti egzosoma mlijeka. Dobiveni rezultati su relevantni za osnovno
razumijevanje njihovog utjecaja na razvoj odojka, ali 1 za strategije koje ukljuuju upotrebu
egzosoma mlijeka kao sredstva za prijenos lijekova ili aditiva te unaprijedenje znanja za

proizvodnju zamjenskih mlije¢nih proizvoda.

Kljuéne rije€i: mlijeko; kolostrum; egzosomi; izvanstani¢ne vezikule: prehrana; svinja
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1 INTRODUCTION

Extracellular vesicles (EV) are membrane-bound nano-sized vesicles released from
cells in both physiological and pathological conditions (POL et al., 2012; YUANA et al.,
2013). First described in 1967 as “platelet dust” (WOLF, 1967), EV have been increasingly
studied for their role in mediating intercellular communication in short and longer-range
signaling events and for their ability to transfer various proteins, lipids, DNA, RNA, and
metabolites between different cell types (KALRA et al., 2016).

EVs can be classified into three types based on their biogenesis and size: exosomes,
ectosomes or shedding microvesicles (MV), and apoptotic bodies (KALRA et al., 2016).
Exosomes were first described as vehicles for eliminating specific proteins and for
remodeling the plasma membrane for reticulocyte maturation, and were initially proposed
to represent cellular waste (JOHNSTONE et al., 1987). Since that, the term “exosomes” has
been loosely used to describe many EV (GOULD and RAPOSO, 2013), but the most actual
accepted definition describes exosomes as vesicles released to the extracellular environment
after fusion of late endosomes/multivesicular bodies (MVB) with the plasma membrane
(HESSVIK and LLORENTE, 2018; EDGAR, 2016).

Exosome biogenesis starts on the endocytic pathway: through the inward budding of
the plasma membrane, early endosomes mature into late endosomes or MVB - characterized
by the presence of vesicles in their lumen (ILV) formed by the invagination of the endosomal
membrane (KOWAL et al., 2014). The MVB can either traffic to lysosomes and be subjected
to proteasome degradation (i.e., ‘degradative MVB’) or can continue to further steps for
releasing exosomes by the transport and fusion of MVB with the plasma membrane (i.e.,
‘exocytic MVB’), being the ILV released into extracellular space referred to as ‘exosomes’
(MATHIVANAN et al., 2010). A schematic representation of biogenesis and release of
exosomes is shown in Figure 1, indicating several molecules that have been implicated in
these processes. The exact process that regulates the fate of MVB in both pathways is still
unknown, but it appears that cholesterol levels play a significant role: cholesterol-rich MVB
are directed for exosomal release, and cholesterol-poor MVB are directed to lysosomes
(MOBIUS et al., 2002).
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Figure 1. Exosome biogenesis with main molecules shown to affect its formation, transport of MVB to the
plasma membrane, and fusion of MVB with the plasma membrane, releasing the exosomes. Abbreviations:
ALIX, ALG-2 interacting protein X; DGK, diacylglycerol kinase; ESCRT, endosome sorting complex required
for transport; Hrs, hepatocyte growth factor-regulated tyrosine kinase substrate; nSMase2, neutral
sphingomyelinase 2; SNAREs, SNAP receptors; RAB, RAS-related protein; STAML1, signal transducing
adapter molecule 1; TSG101, tumor susceptibility gene 101; VPS4B, vacuolar protein sorting 4 homolog B;
YKTB6, synaptobrevin homolog. Adapted from HESSVIK and LLORENTE (2018).

The protein content of exosomes has been recently analyzed from different cell types
from cell cultures and different body fluids, by mass spectrometry, Western blotting, and
fluorescence-activated cell sorting (YANG et al., 2017; THERY et al., 2002). Since
exosomes originate from endosomes, proteins involved in MVB formation (e.g., Alix and
TSG101), membrane transport and fusion (e.g., annexins, flotillins, GTPases), adhesion
(e.g., integrins), tetraspanins (e.g., CD9, CD63, CD81, CD82), antigen presentation (MHC



class molecules), heat shock proteins (HSP70, HSP90) and lipid-related proteins are often
identified in exosomes irrespective of the cell type of origin (KALRA et al., 2016).

Lipids are essential components of exosomal membranes, and exosomes are also
known to be enriched in lipids such as cholesterol, sphingomyelins, glycosphingolipids, and
phosphatidylserines (SKOTLAND et al., 2017a). Exosomes have been reported to carry
RNA, including mRNA, miRNA, and some non-coding RNA, and have polysaccharide and
glycan signatures on their outer surface (KALRA et al., 2016).

However, it is important to understand that whatever exosomes contain, it is sorted
into them during their formation (as ILV). EDGAR (2016) claimed that any cargo on the
ILV/exosome membrane must first be on the limiting membrane of the endosome, which
means it must first come from the cytosol. The cargo may thus be concentrated in exosomes,
but it will also be found elsewhere and there will never be an exclusive marker for exosomes.
Hen