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Roviditések jegyzéke

AgNP: eziist nanopartikulum

AMP: antimikrobialis peptid

A.U.: arbitrary unit (tetsz6leges egység)

AuNP: arany nanopartikulum

BCR: B-sejt receptor

BrdU: 5-bromo-deoxyuridine

BSA: Bovine Serum Albumin (borji szérum albumin)

CA: Korreszpondencia-elemzés (Correspondence analysis)
CCF: Coeloma Citolitikus Faktor

CP: coeloma protein

CRISPR: clustered regularly interspaced short palindromic repeats (halmozottan eléfordulo,
szabalyos kozokkel elvalasztott palindromikus ismétlédések

DAPI: 4°,6- diamino-2-phenylindoline (4°,6- diamino-2-fenilindolin)
EC: effektiv koncentracio

EFCC: Eisenia coelomocytes cluster

EDTA: Ethylenediamine tetraacetic acid (etiléndiamin-tetraecetsav)
EdU: 5-ethynyl-2’-deoxyuridine

EGTA: Ethylene glycol-bis (B-aminoethyl ether)-N,N,N’,N -tetraacetic acid (etilénglikol-
tetraecetsav)

FBS: Fetal Bovine Serum (magzati szarvasmarha szérum)

FITC: Fluorescein isothiocyanate (fluoreszcein izothiocianat)

FSC: forward scatter (eldre iranyuld szorodas)

GMP: Guanine Monophosphate (guanin-monofoszfat)

IL: interleukin

LBSS: Lumbricus Balanced Salt Solution

LC: lethalis koncentracio

LC-MS/MS: kombinalt folyadékkromatografias tandem tomegspektrometria
LMA: Low Melting Agarose (alacsony olvadaspontu agar6z gél)

LPS: Lipopolysaccharide (lipopoliszacharid)


https://hu.wikipedia.org/wiki/Palindrom

Lumbr: Eisenia andrei lumbricin

LURP: Eisenia andrei lumbricin-rokon fehérje

mMADb: monoclonal antibody (monoklonalis antitest)

MAPK: Mitogen-activated protein kinase (mitogén aktivalt protein kinaz)
MyD88: Myeloid differentiation primary response 88

NMA: Normal Melting Agarose (normal olvadaspontu agardz gél)
NOD: nukleotid-koté és oligomerizacios domén

NP: nanopartikulum

PBS: Phosphate Buffered Saline (foszfat pufferolt s6oldat)

PCA: fékomponens-analizis (principal component analysis)

PCR: polimeraz-lancreakcio

PRR: pattern recognition receptor (mintdzat felismerd receptor)
RAG: rekombinaci6 aktivalo gén

ROI: reaktiv oxigén intermedierek

RPMI: Roswell Park Memorial Institute (médium)

RT: room temperature (szobahdmérséklet)

RT-PCR: reverz-transzkripcios polimeraz-lancreakcio

SDS: Sodium Dodecyl Sulfate (natrium-dodecil-szulfat)

SOD: szuperoxid-dizmutaz

SSC: side scatter (oldalra iranyulé szorodas)

TCR: T-cell receptor (T-sejt receptor)

TGFp: Transforming Growth Factor Beta

TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling

7-AAD: 7-amino actinomycin D


https://en.wikipedia.org/wiki/Terminal_deoxynucleotidyl_transferase

Osszefoglalas

Az Eisenia gytrisféreg fajokat a toxikologiai kisérletek mellett az &sszehasonlitd
immunologiai és fejlédésbiologiai kutatasokban is alkalmazzdk. Dolgozatom soran ezt a
harom teriiletet érintettiik, de az evolicidsan konzervalt, ¢sibb, immunbioldgiai folyamatokra
fokuszaltunk egy gerinctelen modellorganizmus, E. andrei gilisztafaj alkalmazasaval.

A munka elsé részében szerepel, hogy MRNS szinten azonositottuk a Lumbricus
rubellus gilisztafajban leirt lumbricin (antimikrobialis fehérje) két homologjat E. andrei-ben,
amelyek a prolin-gazdag aminosavak csaladjaba tartozva nagyfoku szekvencia azonossagot
mutatnak a rokon fajokban leirt lumbricinekkel. Szdveti szinten a legnagyobb mértékii
MRNS-expresszidés mintazatuk az elobélben volt megfigyelhetd. Ellentétben az eldzetes
tanulmanyokkal —mindkét lumbricin  homolég expresszidja kimutathato  volt a
coelomasejtekben €s az embrionalis fejlédés soran, illetve indukalhatonak bizonyultak a 48
oras in vivo Gram-pozitiv bakterialis kezelést kovetden. Eredményeink alatdmasztjak a
lumbricin fehérjék konzervaltsagat az Annelida csoporton beliil, illetve fontos szerepiiket a
homeosztazis fenntartasaban.

A dolgozat masodik részében az E. andrei anterior és posterior regeneracioja soran a
morfoldgiai valtozasok mellett az immunbiologiai folyamatokat vizsgaltuk. Eredményeink
alapjan a coelomasejtek az ujonnan képzddd szegmensekbe vandorolnak és szerepiik van a
sikeres regeneracios folyamatban. Az immunvalaszban résztvevd gének (mintazatfelismero-
receptorok és antimikrobialis fehérjék) tulnyomorészt csokkent mértékiit mRNS-expresszids
mintazatot mutattak az intakt allatokhoz viszonyitva. Az anterior/posterior regeneracio
jellemzése soran szamos, karakterisztikus sejt,- és génszintli valtozast figyeltiink meg a
gytriisférgek velesziiletett immunvalaszdban, mely parhuzamba allithatd mas gerinctelenek
regeneracidjakor megfigyelt immunologiai valtozasokkal.

Végiil a harmadik részben, a toxikologiai vonatkozasban két kozeli rokon faj (E.
andrei ¢és E. fetida) coelomasejtjeinek érzékenységét tanulmanyoztuk in vitro, eltérd biologiai
szinteken eziist (Ag) és arany (Au) nanopartikulum (NP) kezelést kovetéen. Eredményeink
alapjan az AgNP mar alacsony koncentracioban toxikus a sejtekre, és apoptozist indukalo
tulajdonsaggal rendelkezik, mely az AuNP-ndl nem volt megfigyelhetd. Emellett
kiilonbségeket figyeltiink meg a fajok kozott a génexpresszid szintjén és a NP-ok koriil
kialakulé biomolekularis korona Osszetételében, melyek magyardzzdk a kialakuld
érzékenységbeli kiilonbségeket. Eredményeink ravilagithatnak arra, hogy milyen hatéassal

lehetnek ezek a részecskék a magasabb rendi szervezetek immunrendszerére.



1. Altalanos bevezetés
1.1. Az immunrendszer torzsfejlédése, roviden

A védekezé mechanizmusok megjelenése, azaz az ¢€l0 szervezetek integritasanak
megOrzése er0sen 0sszefligg a multicellularitas kialakulasaval. A velesziiletett immunrendszer
6si elemei és funkcidi koriilbeliil 700 millio éve a szivacsoktdl kezdve megfigyelhetéek. A
mintazatfelismerd receptorok, fagocitézis, RNS interferencia (RNAi) és az antimikrobialis
fehérjék erds konzervaltsagot mutatnak az evolicido sordn. Ezek az alapvetd funkciok,
nagyobb részt valtozatlanul maradtak fenn a filogenezis folyaman (Kvell és mtsai., 2007).
Figyelemre mélto, hogy a prokariota egysejtiik mar kifejlesztettek egy adaptiv mechanizmust
(CRISP/Cas rendszer), mellyel képesek védekezni viralis korokozokkal szemben (Barrangou
¢s mtsai.,, 2007). A csaldnozok torzsénél a mintdzatfelismerd receptorok (Toll,- és NOD-
szerl) és antimikrobialis fehérjék (pl. periculin-1, aurelin) mellett néhany fajban az 6si
komplementrendszer (C3-komplement komponenshez hasonld molekulak) elemei is
megtalalhatoak (Bosch, 2013). A hengeresférgek torzsénél (ebben a csoportban még nem
alakult ki a valodi testiireg) a velesziiletett immunredszer hatékony védelmet biztosit a viralis,
bakterialis, és gombas fertézésekkel szemben. Ebben az allatorzsben az RNAi komponensei
reagalnak a virusfertézésekre, -az immunvédekezésben szerepet jatszo-, konzervalt jelatviteli
utvonalak is ismertek (TGFp és MAPK jelatvitel) (Ermolaeva és mtsai., 2014). A humoralis
és cellularis immunfolyamatok els6ként a gytriisférgek torzsében kiiloniilnek el (Engelmann
¢s mtsai., 2004, részletezve 1d. kés6ébb). A puhatestiick esetében a sejtes és humoralis
komponensek mellett bizonyos fajokban mar lokalizalt immunszerveket talalunk, emellett az
egyedi variabilitasi receptorok is megjelennek (Allam és Raftos, 2015; Castillo és mtsai.,
2015). Az izeltlabuak torzsében a rovarok (Drosophila melanogaster) immunvalasza a
legismertebb. Ebben a fajban kifejezett immunszerveket figyelhetiink meg, a funkcionalisan
elkiiloniilt hemocyta altipusok (fagocitozis: plasmatocytak, melanizacio: kristaly sejtek,
enkapszulacio: lamellocytak) hematopoezise, leszarmazasi vonalai is jol ismertek, illetve 6si
komplement-komponensek (opszoninok) is megfigyelhetéek (Honti és mtsai., 2014; Nonaka,
2014). Az egyedi variabilitasi felismerd receptorok a rovaroknal is megtalalhatoak.
Nevezetesen, a human Down-szindréma sejtadhéziés molekula (Dscam) Drosophila homolog
cDNS ¢és genomidlis elemzésének soran tobbféle immunglobulin (Ig) és transzmembran
doméneket tartalmazé variansat tartak fel. Alternativ-splicing révén tobb mint 38000 Dscam

izoforma johet létre, ezaltal a molekularis sokféleség hozzajarulhat a neuronalis kapcsolat



specifikussagahoz, illetve a hemocytak részérél a mikrobak megkotéséhez (Schmucker és
mtsai., 2000, Watson és mtsai., 2005).

Az 1jszajuak fotorzsébe tartozd tliskésboriiekben (Echinodermata) a cellularis
immunitds 6 alkotéi a coelomasejtek kiilonboz6 alpopulaciéi, mig a humoralis
immunfolyamatok részeként az antimikrobialis fehérjék mellett a komplementrendszer
alternativ és mann6z-koté lektin (MBL)-Gtvonalainak bizonyos komponensei is mar ismertek
(Smith és mtsai., 2001; Xue és mtsai., 2015). Az adaptiv immunrendszer evolucidja
szempontjabol az el6gerinchirosok (Urochordata) altorzsének tagjai kivaldé modellt
biztositanak. A csoportnal még nincs jelen a {6 hisztokompatibilitasi komplex (MHC), de mar
leirtdk a ,sajat” és ,nem sajat” szovetek/egyedek felismerését. A telepeket képzo,
elégerinchuros  fajokban  kifejlodott  egy  egyszerli, de erdsen  valtozékony
,hisztokompatibilitasi/fuziobilitdsi” (Fu/HC) génlokusz, mely haplotipusanak szdvetekben
torténd expresszioja lehetdvé teszi az ,.egyedi idegenség” (allorecognition) elkiilonitését
(Petranyi és Gyodi, 2005). A sejtes immunitast a hemocytak kiilonb6zo alpopulacioi
képviselik (szerepiik a fagocitozisban és citotoxicitasban nyilvanul meg), mig a humoralis
immunfolyamatok magukban foglaljdk a komplementrendszer két utvonalanak, az
antimikrobialis fehérjéknek és az Osi citokineknek (TNFa, IL-1, IL-6) az Osszehangolt
miik6dését (Nonaka és Satake, 2010; Dishaw és mtsai., 2016).

Megemlitendd még az allkapocs nélkiilick vagy korszajuak (Agnatha) csoportja,
melyek a legdésibb gerincesek. Limphocyta-szeri sejtek vannak jelen, melyek egyedi
variabilis receptorokat expresszalnak (VLR: wvariabilis limfocyta receptor). Azonban
nincsenek masodlagos nyirokszervek, nem ismert az Ig/BCR/TCR és MHC, ezért egy
alternativ adaptiv immunitas jelenlétérdl beszélhetiink ezekben a fajokban (Kvell és mtsai.,
2007; Flajnik, 2014).

Az antitest, TCR és MHC ,,szentharomsagan” alapul6 adaptiv immunrendszer csak a
gerincesekre (porcos halaktol — emldsokig) jellemzdek. Az adaptiv immunrendszer legtobb
komponense, beleértve a diverz antigén-receptorokkal rendelkezd limfocytakat, antitesteket €s
specializalt limfoid szoveteket viszonyleg rovid id6 alatt fejlédtek ki az evoliicid soran (kb.
400 millio éve), és ezt a jelenséget nevezik az immunologiai ,,Big Bang”-nek. A folyamatban
nagy szerepe volt a RAG-transzpozonnak, mert a BCR és TCR génatrendezddés folyamatait
szabalyozo6 enzimeket kodoldo RAG korai alakja, transzpozonként beépiilt az akkori allkapcsos
gerincesek csiravonalaba, igy a porcos halaktol kezdve folyamatosan né az adaptiv

immunreceptorok diverzitasa (Flajnik, 2014).



1.2. A gerinctelenek él6lények, mint immunolégiai modellszervezetek

Egy gerinctelen allat testfelépitését és élettanat vizsgdlva médunkban all megismerni a
filogenezis folyamatait, altalanosan el6forduld, evoliicidosan 6sibb jelenségek alapjait tarhatjuk
fel, amelyek kiilonb6z6 fejlettségi szinten 1€vo allatcsoportokban is eléfordulnak.

Szamos gerinctelen modellallatot alkalmaznak a velesziiletett immunitds elemzésekor,
remélve, hogy részletesebben megismerik a gerincesek komplex immunvalaszanak kezdeti
lIépéseit. A gerinctelen allatokkal valo kisérletes munkaban el6nyt jelent, hogy relative
konnyen szaporithatdak, a laboratoriumi tartdsuk viszonylag egyszerii, és felhasznalasuk —
egyenldre- nem titkozik szigoru etikai akadalyokba. Tovabba, a gerincteleneknél felfedezett
aktiv immunmechanizmusok joval Osszetettebbek, mint azt korabban feltételezték (pl. az
antimikrobialis peptidek termelése, koagulacio, fagocitozis és az enkapszulacios reakcidok
Osszehangolt mitkkddése) (Cooper és mtsai., 2002). Szintén nem régen valt ismertté, hogy a
gerinctelen allatokban felfedezett mintazatfelismerd receptorok konzervalt és specialis
(gerinceseknél kevésbé ismert) jelatviteli itvonalakat is miikddésbe hozhatnak (Engelmann és

mtsai., 2011, Ganesan és mtsai., 2011; Kuo és mtsai., 2018; Prochazkova és mtsai., 2020).
1.3. Az Oligochaeta gyiiriisférgek immunrendszere

A kevéssertéji gytriisférgeket (osztaly: Clitellata; alosztaly: Oligochaeta) elsésorban a
kornyezeti toxikologiai kisérletekben alkalmazzak. A kisérletes felhaszndlds magyarazhat6
azzal, hogy a talajlako gilisztdk magas nehézfém-rezisztenciaval rendelkeznek, illetve a
nehéz-fémionok idéleges tarolasara és inaktivalasara is képesek (Demuynck és mtsai., 2007;
Calisi és mtsai., 2009).

Az elsd, passziv védelmi réteget a borizomtdmld képezi, amely elhatarolja az 4llat
szervezetét a kilvilagtdl. Felépitését tekintve egy epidermisz ¢és egy vékony,
mukopoliszacharidokat tartalmazo kutikula rétegbdl all, emellett fehérjéket is tartalmaz,
ezaltal antimikrobidlis barrierként funkciondl. Az epidermisz egy egyrétegli, csillos
hengerhambdl, pontosabban tamasztosejtekbol, bazalis és szekrécios mirigysejtekbol épiil fel.
A bazilis sejtek fontos szerepet jatszanak a sériilések gydgyulasa mellett a fagocitdzisban is
(Bilej és mtsai., 2010) (1.3. abra). A torzsfejlodés soran ebben a gerinctelen allatcsoportban
figyelhetjilk meg eldszor a cellularis és a humoralis immunfolyamatok egyiittes mitkodését
(Cooper és mtsai., 2002; Engelmann és mtsai., 2004; Kvell és mtsai., 2007). A humoralis
immunfolyamatok nagy része a coelomafolyadékban zajlik, amely bizonyitottan proteolitikus,

haemolitikus, antibakterialis, és citolitikus tulajdonsagokkal (1.5. tablazat) rendelkezik (Bilej
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¢és mtsai., 2000; Cooper és mtsai., 2002; Bodo és mtsai., 2019). Az Oligochaeta gytrisférgek
coelomafolyadéka a molekularis 6sszetevok mellett cellularis komponenseket is tartalmaz, az
un. coelomasejteket. Ezek a sejtek morfologiailag €s funkcionalis szempontbdl is analogiat

mutatnak a gerincesek fehérvérsejtjeivel (Engelmann és mtsai., 2016a).

1.3. abra. Az E. andrei foldigiliszta keresztmetszete. A képen f6 szervek és szovetek elhelyezkedése
lett jelolve. A nagyitott kép a coelomaiiregben elhelyezkedd coelomasejtek kiilonbdz6 populaciodit
(amoebocytak és eleocytak) mutatja. Méretarany: 500 um (f6 kép) és 200 um (nagyitott kép). Am
amoebocytak, BW testfal, BV (d) dorzalis vérér, BV (sn) szubneuralis vérér, BV (V) ventralis vérér,
Chl chloragocytak, E eleocytak, G bél, M metanephridium, Mu izomréteg, VNC ventralis idegkéGteg
(Engelmann és mtsai., 2018).

1.4. A coelomasejtek alcsoportjai és a mintazatfelismerés

A coelomasejtek kiilonb6z6 alcsoportjai szamos funkcioval rendelkeznek, amelyek
kozil a legfontosabbak a fagocitozis, enkapszulacid és a cellularis citotoxicitas. A sejtek
leszarmazasi vonalai részleteiben nem tisztazottak, tobb kutatd gy véli, hogy a sejtek a
coelomaiireg epithelialis vonalabol, a splanchnopleurabdl szarmaznak (Biliej és mtsai., 2010).

Szamos, az Oligochaeta alosztalyba tartozo fajnak (pl: Dendrobaena veneta,
Allolobophora chlorotica) vizsgaltak mar a coelomasejtjeit, azonban tényleges szerepiikre
vonatkozo legtobb adat a foldigilisztabol (L. terrestris) és az Eisenia fajokbol (E. andrei és E.
fetida) (Adamowicz, 2005, Kurek és mtsai., 2007, Engelmann és mtsai., 2016a) szarmazik. A
coelomasejtek jellemzése kezdetben klasszikus fény és elektronmikroszkopos modszerekkel
tortént (Valembois és mtsai., 1992), a ma hasznalatos, egyszer(ibb csoportositas alapjan
(aramlasi citometria és monoklonalis ellenanyagok alkalmazasa) a coelomasejteknek-eredetiik
¢s morfologiajuk alapjan- két nagyobb alpopulacioja kiilonithetd el (1.4.1. és 1.4.2. abra).

Ezek az amoebocytak (ezen beliil hyalin és granularis sejtek) és az eleocytak.
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eloszlasa. Aramlasi citometridval jol elkiilonithetd a coelomasejtek két f6 populacidja (amoebocytak
¢és eleocytak) nagysag (FSC) és granularitas (SSC) alapjan. A szortolt alpopulaciok tisztasaga
hagyomanyos aramlasi citometrias méréssel lett ellendrizve. Az intakt eleocytak alacsony szazalékos
aranya valosziniileg a chloragoszomak felszabadulasa miatt alakul ki, amelyek megjelennek az
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alacsonyabb FSC és SSC értékekben is (Engelmann és mtsai., 2016a).
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1.4.2. abra. Phalloidin-jelolt és anti-EFCC monoklonalis antitesttel (mAb) festett coelomasejt
alcsoportok konfokalis képalkotas alapjan. Eloszor a szeparalt amoebocytak (a) és eleocytak (b) csak
Phalloidin-Alexa 488 konjugatummal lettek jelolve (propidium-jodid nuklearis festés). A kettds jelolés
esetén a Phalloidin-Alexa 568 festést a FITC-konjugalt anti-EFCC3 mAb kovette a szeparalt
amoebocytakon (C) és eleocytakon (d). Az amoebocytak (hyalin alcsoport) mutattak pozitiv reakciot.
A kovetkezokben a szeparalt amoebocytak (e) és eleocytak (f) frakcioi Phalloidin-Alexa 568 jeloléssel
illetve anti-EFCC4 mADb-tel lettek vizsgalva. A jelolt granularis amoebocytak (nyilak)
megkiilonboztethetek a festetlen hyalin amoebocytaktol. Egy masik 1épésben az amoebocytak (e) és
eleocytak (f) a Phalloidin-Alexa 568 festést kovetéen anti-EFCC5-FITC (lysenin specifikus) mAb-tel
lettek jelolve. Méretarany: 10 um (c) and 20 um (a, b, d-h) (Engelmann és mtsai., 2016a).

Korabban vizsgaltuk az amoebocytdk és eleocytak kdlcsonhatdsait FITC-konjugalt
Escherichia coli és Staphylococcus aureus baktériumok 24 o6ras in vitro inkubaciojat
kovetden, amely alapjan megallapitottuk, hogy az amoebocytdk szignifikdnssan tobb
baktérium bekebelezésére voltak képesek, mint az eleocytak (Engelmann és mtsai., 2016a).
Ezek alapjan a granularis és hyalin amoebocytdk a cellularis immunmechanizmusok
(fagocitozis ¢€s enkapszulacid) résztvevoi. Ezek az effektor sejtek  kiilonbdzo
mintazatfelismerd receptorokat (PRR) is expresszalnak (Prochazkova és mtsai.,, 2020).

Jellegzetes egyedi mintazatfelismerd receptor a coeloma cytolitikus faktor (CCF) (Beschin és
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mtsai., 1998), a lipopoliszacharid-koté fehérje (LBP) és a bakterialis permeabilitast fokozo
protein (BPI) Eisenia gilisztdkban leirt homologja (Ea LBP/BPI) (Skanta és mtsai., 2016).
Nemrégen sikeriilt azonositani a TLR Eisenia illetve Lumbicus fajokban leirt homologjait is
(gkanta ¢s mtsai., 2013, Fjosne és mtsai., 2015, Prochazkova és mtsai.,, 2020). Korabbi
vizsgalataink bizonyitottdk, hogy szdmos gén expresszidja eltér a két alpopulacid kozott.
Tobb PRR, immunologiailag,- és oxidativ-stressz rokon gén expresszidja (CCF, TLR,
lumbricin, LURP, MyD88, Cu/Zn SOD, MnSOD) csak az amoebocyta populacidban nyilvanult
meg. Mas immunologiai folyamatokban résztvevd, antimikrobidlis hatdsi vagy bioaktiv
molekula (lizozim, lysenin), illetve lizoszomalis hidrolazok (cathepsin L és cathepsin C)
mRNS expresszidja az eleocytakban is kimutathatdo volt (Bodd és mtsai., 2018, Id. az
eredmények 1. fejezetében).

A chloragogén sejtek jellegzetesen a kozépbél felszinén képeznek egy kiterjedt, sargas
pigmentl sejtréteget. Endogén (pl.: glikogén és lipidek) illetve exogén (pl.: pigmentek (pl.:
riboflavin) vagy fémek) anyagok tarolasara is alkalmasak. A typhlosolis red6ben is jelen
vannak, de a coelomaiiregben mar eloregedett formaban fordulnak eld, ezek az un. eleocytak
(amelyek szabadda valt chloragogén sejtek) (Jamieson és mtsai., 1981). A riboflavin tartalom
miatt az egyes fajokban a chloragogén sejtek/eleocytak erds autofluoreszcenciat mutatnak
(pl.: D. veneta, E. fetida) de az autofluoreszcencia a Lumbricus fajokra kevésbé jellemz6
(Rorat és mtsai., 2014). A chloragogén sejtek/eleocytak lizoszomalis rendszeriik révén
detoxifikalé szereppel birnak, tovabba ezeknek a testiiregi sejteknek tulajdonitjak a
haemoglobin szintézisét, a pH egyensuly és az isohydria allapotanak fenntartasat és szamos,
immunfolyamatokban is hatékony szereppel bird fehérje termelését (Homa, 2018). Enzim
aktivitasuk széleskoriinek mondhatd, nem specifikus észteraz, foszforilaz, alkalikus foszfataz,
peroxidaz, katalaz termelésére €s litikus reakciokra is képesek (Stein és mtsai., 1977; Stein és
Cooper 1978; Engelmann és mtsai., 2016a). Az eleocytak legfontosabb feladata, hogy
hozzajarulnak a homeosztdzis fenntartdsdhoz és lysenin-szekrécidjuk révén résztvesznek a
humoralis immunologiai folyamatokban (Engelmann és mtsai., 2004, Engelmann és mtsai.,
2011; Engelmann és mtsai., 2016ab).

A coelomasejteket a velesziiletett immunvalaszban meghatarozott szerepiik révén
tekintjiik fontos komponenseknek. Valtozatos funkcidjuk, a fagocitdzisban betoltott szerepiik
miatt makrofag-szerli sejteknek mondhatok, emellett funkciojukat tekintve antimikrobialis
peptid szekréciora és célsejtekkel szembeni litikus reakciokra képesek (Engelmann és mtsai.,

2016b).
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1.5. A humoralis komponensek csoportositasa

A gytrisférgek humordlis immunvalaszanak jellegzetes komponensei a szekretalt
citolitikus molekuldk. A coelomafolyadék citolitikus hatasa altalanosan bizonyitott kiilonbdzo
célsejteken: pl. erythrocytakon ill. sejtvonalakon is (Bilej és mtsai., 2000, Engelmann és
mtsai., 2004). A haemolizinek tobbsége haemagglutinaciés tulajdonsaggal bir, azonban
bakteriosztatikus hatassal is rendelkeznek (Valembois és mtsai.,, 1982). A humoralis
immunvalasz tobbnyire a fenoloxidazok/peroxidazok (Valembois és mtsai., 1991), lizozim
(Lassalle és mtsai., 1988), agglutinin (Stein és Cooper, 1988), lumbricin (Cho és mtsai., 1998)

¢s a fetidin/lysenin szintézisével zajlik (Roch és mtsai., 1981; Milochau és mtsai., 1997).

Mole- . .
Molekula . . 1 Eléfordulas
Funkcio kula | Termelédés
neve . helye
suly
- haemolitikus
peroxidaz aktivitas
- kotédés a sphingomyelinhez,
Fetidin/ lizist induksl | 40kpa
. - bakterosztatikus, mennyiségiik nd : z
Lysenin : - 41 kDa chloragocytak coelomafolyadék
il , a pathogén baktériumok
fehérje csalad e z 45 kDa
beinjektalasa utan
- simaizom Osszehuzodas
patkanyoknal
- membrankarositas
- citolitikus aktivitas
Eiseniapore - kot6dés a sphingomyelinhez
(EP;) (vorosvértestek galaktosyl- 38 kDa coelomasejtek coelomafolyadék
ceramidjahoz kotédik, lizist
indukal)
Haemolizinek e Y At i%II:DDa I itek sz Allath
(H1, H2, H3) - lizis és agglutinacio (haemolizis) a coelomasejte egész allatban
o 40 kDa
. - prolin gazdag antimikrobialis = - e
Lumbricin fehérje, széles hatasspektrummal 7-8 kDa egész allat egész allat

1.5. tablazat. A humoralis immunkoponensek tulajdonsagai
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2. Célkituzések

A kevéssertéjii gytrisférgek kozé tartozo E. andrei gilisztafaj viszonylag gyakran
alkalmazott modellszervezet az Gsszehasonlito immunologiai, fejlédés- és regenerativ-
biologiai illetve toxikoldgiai tanulmanyokban. Dolgozatomban, harom kiilon fejezetben
ismertetve ezen f6 teriiletek keriiltek a kdozéppontba, részben, vagy teljesen uj célkitlizéseket
megfogalmazva. Kozos mindegyik fejezetben, hogy a hangsily az evoluciésan konzervalt,
immunbiologiai folyamatokra koncentralodik.

1. A lumbricin nevii antimikrobialis peptidet eldszor L. rubellus gilisztafajban
azonositottak, azota a lumbricin homologjait mar szamos gyiriisféreg fajban leirtak (pl.
Hirudo medicinalis). A kozeli rokonsag miatt feltételeztilk a gén expresszidjat E. andreli
fajban, ezért f6 célunk volt a lumbricin homolégjanak azonositasa, filogenetikai
elhelyezése, és MRNS expressziojanak meghatirozasa feln6tt allatok Kkiilonboz6
szoveteiben ¢és az ontogenezis soran. Emellett vizsgaltuk a lumbricin mRNS
expressziojanak kinetikajat eltéré in vivo patogén (bakterialis, gomba) kezelések
hatasara.

2. A regeneracios képesség egy evolicidsan Osi tulajdonsagnak szamit. A regeneraciod
morfologiai 1épései ma mar jol ismertek, azonban az immunvalasz szerepe a folyamatban,
részleteiben még nem tisztazott. Az E. andrei gilisztak intenziv regeneracios képességgel
rendelkeznek, de napjainkig az alapvet6, embrionalis fejlédés mechanizmusaban is
nélkiilozhetetlen folyamatok (pl. sejtosztodas és sejthalal) pontos leirasa sem tortént meg.
Ezért célunk volt a regeneracio folyamatiban a sejtosztodas ¢és sejthalal egyiittes
kimutatasa, illetve a velesziiletett immunrendszer cellularis (coelomasejt alcsoportok)
elemeinek vizsgalata és a humoralis folyamatokban részt vevo faktorok (pl. lumbricin,
lysenin) mMRNS expressziojanak vizsgalata.

3. A toxikologiai vonatkozasban két kozeli rokon (E. andrei és E. fetida) faj
coelomasejtjeinek érzékenységét vizsgaltuk eltérd biologiai szinteken nemesfém (Ag és Au)
NP kezelést kovetden. Céljaink kozott szerepelt eltéré modszerek alkalmazasaval a lethalis
NP-kezelésekre adott oxidativ stressz, apoptotikus valasz és DNS-karosodas kimutatasa.
A szublethalis koncentraciok alkalmazasaval vizsgalni kivantuk a két faj kozotti a gén,-
¢s fehérje expressziéo szintjén, ill. a protein korona osszetételében megnyilvanulo
kiilonbségeket. A dolgozatomban a szublethalis koncentracidkhoz tartozd, az antimikrobidlis

fehérjékkel kapcsolatban 1év6 eredmények keriiltek részletes ismertetésre.
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Eredmények |.

3. Uj, lumbricin-homolégok azonositasa Eisenia andrei gilisztafajban

A téma alapjaul szolgéalo publikaciok:

Engelmann P., Hayashi Y., Bodo K., Ernszt D., Somogyi I., Steib A., Orban J., Pollak E.,
Nyitrai M., Németh P., Molnar L.(2016a). Phenotypic and functional characterization of
earthworm coelomocyte subsets: Linking light scatter-based cell typing and imaging of the
sorted populations. Dev. Comp. Immunol. 65, 41-52.

Engelmann P., Hayashi Y., Bodé K., Molnar L. (2016b). New aspects of earthworm innate
immunity: novel molecules and old proteins with unexpected functions. In: Ballarin L,
Cammarata M (eds.) Lessons in immunity: from single cell organisms to mammals. Elsevier-
Academic Press, New York Amsterdam, pp. 53-66.

K. Bodé, D. Ernszt, P. Németh, P. Engelmann. (2018). Distinct immune- and defense-related
molecular fingerprints in separated coelomocyte subsets in Eisenia andrei earthworms.
1SJ.15, 338-345.

K. Bodo, A. Boros, E. Rumpler, L. Molnar, K. Borocz, P. Nemeth, P. Engelmann. (2019).
Identification of novel lumbricin homologues in Eisenia andrei earthworms. Dev. Comp.
Immunol. 90, 41-46.
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3.1. Bevezetés

3.1.1. Az antimikrobialis peptidekrol altalaban

A velesziiletett immunrendszer humoralis elemei kozé tartozd, evolucidsan konzervalt
antimikrobialis peptidek (AMP) termelédése mar a torzsfejlodés korai szakaszaban
megfigyelhet6. Mostanaig tobb ezer AMP-et azonositottak az egysejtiicktdl az emldsok
osztalyaig (Zasloff, 2002). Kationos (pozitivan toltott) szerkezetiik révén ezen peptidek széles
korl antimikrobialis hatdst mutatnak a Gram-pozitiv-, és negativ baktériumok, gombak,
egysejtiiek €és virusok ellen, emellett néhany AMP az immunmodulator hatasardl is ismert
(Nguyen és mtsai., 2011). Az AMP gének az evolucio soran rendkiviil gyorsan evolvalodtak,
¢s altalanossagban kevesebb, mint 150 aminosavbdl épiilnek fel. Masodlagos szerkezetiik
alapjan 4 csoportba oszthatok (a-hélix, B-lemez, hurokba rendez6dd és kiterjedt peptidek)
(Zasloff, 2002; Bulet és mtsai.,, 2004; Nguyen és mtsai., 2011). Korabbi tanulmanyok
kimutattak, hogy antimikrobialis aktivitasuk nagymértékben fligg az aminosav-Gsszetételt6l
¢s a fizikai-kémiai tulajdonsagaiktol: a kationos feliiletiikt6l, a pozitiv nettd toltésiiktol és az
amfipaticitastol, valamint a mikroorganizmusok membran lipid elrendezését6él (Cunha és
mtsai., 2017), emellett hatdsmechanizmusuk nem csak a porus formaciéra és membran
permeabilizaciora korlatozodik. Szadmos AMP rendelkezik sejten beliili célmolekuldkkal,
emellett képesek befolydsolni a legfontosabb metabolikus folyamatokat is, amely végiil a sejt

halalahoz vezet (Hale €s Hancock, 2007, Nicolas, 2009).
3.1.2. A lumbricin mint potencialis antimikrobialis peptid

A gerinctelen organizmusok, mint példaul a gilisztak 6sszehangolt, velesziiletett sejtes és
humoralis immunkomponensekkel 6rzik meg integritasukat. A lumbricint els6ként a
Lumbricus rubellus gilisztafajban azonositottak (Cho és mtsai., 1998), azdta homologjait mar
szamos gylrisféreg fajban megtalaltak (Metaphire tschilliensis, M. guillelmi, Hirudo
medicinalis). Tobb tanulmany alatamasztotta, hogy a lumbricin és ortologjai széleskori
antimikrobialis hatassal rendelkeznek a Gram-pozitiv és Gram-negativ baktériumok, illetve
gombékkal szemben, de haemolitikus aktivitdsukat nem jegyezték fel. Elézetes munkak
alapjan a lumbricin gén szamos szovetben mutatott, nem indukalhatd MRNS expresszidt
(azonban coelomasejtekbdl nem azonositottak). A L. rubellus gilisztafaj embrionalis fejlodése
soran a lumbricin mRNS expresszidjat nem figyelték meg (Wang és mtsai., 2003; Schikorski
¢s mtsai., 2008; Li és mtsai., 2011).
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Ezek a tanulmanyok alatamasztottak a peptid parallel eléfordulasat az Annelida csoport
szamos fajanal. Mostanaig hdarom, széles hatds spektrumi biologiai aktivitdssal jard
antimikrobialis faktort, koztiik a lizozimet (Joskova és mtsai., 2009), a lysenin/fetidin
molekulacsaladot (Bilej és mtsai., 2000; Engelmann és mtsai., 2004) irtak le E. andrei
foldigilisztaban, és az antimikrobialis hatast foleg ezeknek a fehérjéknek tulajdonitottak,
azonban E. andrei gilisztanal a lumbricin expresszidja még nem bizonyitott. Munkank célja
volt a lumbricin homoldgjanak azonositasa és karakterizalasa, szoveti és ontogenetikai
megoszlasa, illetve in vivo patogén indukcio hatasanak vizsgalata coelomasejteken, E. andrei

gilisztafajban.

3.2. Anyagok és modszerek

3.2.1. Kisérleti allatok tartasa

Kisérleteink soran ivarérett E. andrei (Lumbricidae, Annelida) gilisztakat hasznaltunk.
Az éallatokat a Pécsi Tudomanyegyetem Allatszervezettani és Fejlodésbiologiai Tanszékének
tenyészetébodl szereztliik be, a tartdsuk standard laboratoriumi koriilmények kozott tortént
(Molnar és mtsai., 2012). A kisérletek megkezdése el6tt 24 oOraval a kivalogatott allatokat
csapvizzel nedvesitett papirvattara helyeztiik at, hogy bélcsatornajukbol a talajszemcsék
kitiriiljenek. A kisérletek kezdete ¢lott az allatokat vizzel Oblitettiik le, hogy semmilyen

szennyezOdés ne keriiljon az izolalo pufferbe.
3.2.2. RNS izolalas, cDNS szintézis és RACE-PCR (Rapid Amplification of cDNA ends)

Els6ként a totdl RNS izolalasa (NucleoSpin® RNA isolation kit, Macherey-Nagel
GmbH, Diiren, Germany) a coelomasejtekbdl és az idegrendszerbdl tortént meg a gyarto altal
megadott protokoll alapjan. A késObbiekben a total RNS izolaldsa a kiilonboz6 giliszta
szovetekbdl és az eltérd stadiumil embriokbol- Potter homogenizalast kdvetden- hasonld
modon tortént. Az RNS NucleoSpin-membranrél valé elualasat kovetéen a mintak tisztasagat
¢és az RNS-koncentracidjat NanoDrop késziilékkel és 1 %-os agardz gélen valo futtatds soran
ellendriztiik. Az RNS mintak térolédsa -80 °C-on tortént.

A cDNS készités elott a RNS nagyobb tisztasagara torekedve DNaz emésztést
(Amplification Grade DNase I; Sigma-Aldrich) végeztiink (paraméterek: 25 °C, 15 perc és 72
°C10 perc) a megadott protokoll alapjan. A kovetkezd 1épésben a DNaz emésztésen atesett

total RNS-t hasznaltuk fel a cDNS készitéshez, amelyhez High Capacity cDNA Reverse
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Transcription Kit-et (Thermo Scientific) alkalmaztunk a megadott protokoll alapjan. A
reakcid végtérfogata dsszesen 20 pl volt. A cDNS mintak tarolasa -20 °C-on tortént.

A 3’RACE PCR-hoz a reverz transzkripcié soran kapott cDNS-eket és Adapter-oligo-dT-
anchor primert alkalmaztunk (lasd a ,,Mellékletekben”, a relevans publikacioban: Bodo és
mtsai., 2019; S1 Tablazat). Az RNase-H emésztést kovetéen 3’RACE PCR reakciot
végeztiink adapter primer és generikus forward primer alkalmazasaval (Bodo és mtsai., 2019),
amelyek az ismert lumbricin szekvenciak (L. rubellus: AF060552; H. medicinalis:
EU156756) konzervalt régioira lettek tervezve. Az S’RACE PCR-hoz szekvencia specifikus
reverz primereket (R1) terveztiink az adatbazisban elérheté lumbricin szekvencidk alapjan
(Bod6 és mtsai., 2019). A reverz transzkripciot és RNase-H emésztést kovetéen a cDNS 3°-
végére poly-A véget allitottunk eld terminalis deoxinukleotidil-transzferdaz enzim és dATP
alkalmazasaval (Boros és mtsai., 2011). Ezt kdvetden, a mar poly-A véget tartalmazd cDNS-t
tisztitottuk (Genelet PCR tisztité kit, Thermo Scientific), majd semi-nested PCR reakciokat
végeztiink szekvencia specifikus R2 (PCR1) és R3 (PCR2) reverz primerek, illetve oligo-dT
anchor (PCR1) és adapter (PCR2) forward primerek alkalmazasaval (Bodo és mtsai., 2019).
Az 5’ ¢és 3° RACE PCR reakciok sordn a termalis profil paraméterei a kovetkezoek voltak: 1
ciklus 94 °C-on 30 sec, amelyet 35 ciklus kovetett 94 °C-on 35 masodperc, 50 °C-on 1 perc,
72 °C-on 2 perc, illetve a terminéci6 a végs6 elongacids 1épéssel 72 °C-on (5 perc) fejezdott
be. A PCR amplikonok visszanyerése GeneJet PCR tisztitd kit vagy GeneJet PCR extrakcios
kit (Thermo Scientific) alkalmazasaval tortént, majd az amplikonokat direkt szekvenaltuk a
megadott protokoll alapjan (Sanger és mtsai. 1977) (ABI Prism 310 Genetic Analyzer;
Applied Biosystems) BigDye Terminator szekvenald Kit (Applied Biosystems) segitségével.
A kapott szekvenciak (Ea-lumbricin (Lumbr): KX816866 és Ea-Lumbricin-related peptide
(LURP): KX816867) megtalalhatoak az NCBI Genebank adatbazisban.

3.2.3. Szekvencia- és filogenetikai analizis

A szekvencia homologidk kimutatdsa céljabol BLAST analizist végeztiink. A
kiilonb6z6 fajokbdl szarmazd lumbricin-homolog aminosav szekvenciak illesztését a Clustal
Omega programmal hajtottuk végre (Sievers és Higgins, 2014). A Lumbr és LURP aminosav
Osszetétele, becsiilt molekulasuly,- és a teoretikus izoelektromos pontjainak megallapitasa a
ProtParam és a Compute pl/Mw tool (ExPASy) programok segitségével tortént. Az
aminosavak rendezetlenségének becslése ¢és a masodlagos szerkezetek 1étezésének

megallapitasa céljabol a PrDOS és CFSSP programokat alkalmaztuk (ExPASy). A szignal
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peptid analizist a SignalP program segitségével hajtottuk végre. A filogenetikai analizist a
,legnagyobb valdszinliség” moddszer és a PoisSon model alapjan végeztiik el (Kumar és

mtsai., 2016) (maximum lépték: 1000).
3.2.4. Coelomasejtek izolalasa

A coclomasejtek kinyerésére izolald puffert (71,2 mM NaCl; 5 mM EGTA; 50,4 mM
guaiacol glycerylether; 5 %-o0s ethanol; pH: 7,3) alkalmaztunk (Engelmann és mtsai., 2005).
Az alkoholtartalmti izolalo puffer hatasara a gilisztak a dorzalis porusokon kibocsajtjak a
coelomasejteket tartalmazo coelomafolyadékot. Ezek utan a mintakat LBSS pufferel (71,5
mM NacCl; 4,8 mM KCI; 1,1mM MgSO4, 0,4 mM KH;PO,4; 0,3 mM NaH,PO4; 4,2mM
NaHCOs; pH:7,3) kétszeres térfogatra higitottuk, és centrifugaltuk (100 RCF, 5perc), majd a
feliiluszot leontottilk. Az €10 coelomasejtek szamat tripankék festékkizarasi modszerrel

hataroztuk meg.
3.2.5. A coelomasejtek szeparalasa és aramlasi citometria

Az izolalt coelomasejteket LBSS-ben reszuszpendaltuk, majd az aggregacio
elkeriilésének céljabol 1 % FBS-t (Biowest, Nuaillé, France) és 5 mM EDTA-t (Sigma-
Aldrich) adtunk a szuszpenzidhoz. A coelomasejteket fizikai paramétereik, a nagysag és
granularitds (FSC/SSC) figyelembe vételével szeparaltuk. A szortolast FACSAria Il (BD
Biosciences) késziilékkel végeztiik a mar korabban alkalmazott médszer alapjan (Engelmann
¢s mtsai.,, 2016a; Bodd és mtsai., 2018). A szeparalas hatékonysagat és a coelomasejtek
¢letképességét  7-amino-actinomycin D (7-AAD) fluoreszcens festékkel ellendriztiik

FACSCalibur aramlasi citométeren.
3.2.6. Hematoxylin-eozin festés

A szortolt coelomasejt alcsoportokat (80 pl of 5 x 10°/mL) targylemezekre iilepitettiik
Cytospin 3 (SHANDON, Thermo Scientific) késziilék alkalmazéasaval. Szaradast kdvetden

hematoxylin-eozin festést alkalmaztunk standard protokoll alapjan.
3.2.7. RNS-izolalas, cDNS-szintézis és szemikvantitativ RT-PCR

A total RNS izolalasa a szeparalatlan coelomasejtekbdl, illetve szortolt amoebocyta és
eleocyta alcsoportokbol a mar emlitett NucleoSpin® RNS izolalo kit (Macherey-Nagel
GmbH, Diiren, Germany) alkalmazasaval tortént a megadott instrukciok alapjan. Az RNS-

mennyiséget NanoDrop késziilékkel 260 nm-en hataroztuk meg, az RNS mintakat -80 °C-on
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taroltuk. Kozvetleniil a DNaz-emésztést (Sigma-Aldrich) kdvetéen a reverz-transzkripciot 20
uL végtérfogatban végeztiik el High Capacity ¢cDNS Reverz Transzkripcios Kit (Thermo
Scientific) segitségével. Ezt kovetden az elkésziilt cDNS-eket hasznatuk fel templatként a
PCR reakciokban. A gén specifikus primerek tervezése a Primer Express Software (Thermo
Fisher Scientific) segitségével (lasd a ,,Mellékletekben”, a relevans publikacioban: Bodo és
mtsai., 2018) tortént. A PCR soran a kovetkezé paramétereket alkalmaztuk: elddenaturacios
1épés 95 °C-on 10 percig, amit 35 ciklusban kovetett a denaturacios 1épés 95 °C-on 35
masodpercig, annealing vagy kapcsolédas 54 °C-on 30 masodpercig és elongicio vagy
meghosszabbitds 72 °C-on 30 masodpercig. Az amplifikaciés ciklusokat egy végsd
extenzidval fejeztiik be (72 °C-on 10 perc). Végiil a PCR-termékeket 1 % (w/v) agaroz-gélen
futtattuk és vizualizaltuk GelRed (Biotium, CA, USA) festék alkalmazasaval. A képek
készitése a GelDoc XR rendszer (BioRad, Hercules, CA, USA) segitségével tortént.

3.2.8. Valés-idejii PCR Kkiilonb6z6 szoveti és embrionalis mintakbol

A totdl RNS izolalasa a kiilonb6zé giliszta (10 egyed) szovetekbdl (bérizomtdomlo,
gyomor, garat, kozépbél, metanephridium, petefészek, ondoholyag, idegrendszer,
coelomasejtek) tortént. A giliszta embridkat a kokonokbol gytijtottiik. A kiillonbozo fejlodési
stadiumokat (E1-E4) a morfologiai jellegzetességek alapjan hataroztuk meg (Boros és mtsai.,
2010). A total RNS kinyerése és a cDNS-szintézis az 0sszegyljtott szovetekbdl és a 10
embriobdl (mindegyik fejlodési stddium) a mar emlitett NucleoSpin® RNS izolalod kit
(Macherey-Nagel GmbH, Diiren, Germany) és HighCapacity cDNS Reverz Transzkripcios
Kit (Thermo Scientific) segitségével zajlott. Az elkésziilt cDNS-t kdzvetleniil hasznaltuk
templatként a valos-idejii PCR (qPCR) reakciokban. A génspecifikus primerek tervezése a
Primer Express Software (Thermo Fisher Scientific) segitségével (Bod6 és mtsai., 2019)
tortént.

A valds-idejli gén expresszids valtozasok mérése Maxima SYBR Green Master Mix
(Applied Biosystems) hasznalataval, egy ABI Prism 7500 késziiléken (Applied Biosystems)
zajlott. Az amplifikacios profil el6-denaturalas 1épése 95 °C-on kezdddott, amely 10 percig
tartott. Ezt 40 cikluson keresztiil kdvette: a denaturacio (95 °C-on 35 masodperc), a primerek
hibridizalasa (58 °C-on 35 masodperc), és az elongacié (72 °C-on 1 perc). A kvantitativ
méréseket az RPL17 gén (Bodo és mtsai.,, 2019) mMRNS-szintjéhez normalizaltuk. Harom
fliggetlen mérést végeztiink, duplikalt technikai ismétléssel.

3.2.9. In vivo bakterialis és zymosan kezelés
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Az in vivo kezelések soran az E. andrei gilisztakat (3 példany/kondicid) tobb
kiilonboz6 iddtartamban (12, 24, 36 és 48 ora) tartottuk szlirépapiron (RT, sotétben) (Homa és
mtsai., 2004; Cang és mtsai., 2017), melyeket Gram-negativ (Escherichia coli ATCC 25922),
Gram-pozitiv (Staphylococcus aureus OKI 112001) baktériummal (1x10®8 CFU) (Liu és
mtsai., 2009) vagy zymosan-nal (Saccharomyces cerevisiae sejtfalkivonat 1 mg/mL végso
koncentracio, Sigma-Aldrich) (Schikorski és mtsai., 2008; Liu és mtsai., 2009) kezeltiink. A
mikroorganizmus-szuszpenziot és a zymosan-t LBSS-ben higitottuk. A kontroll allatokat csak
LBSS-sel atitatott szlirbpapiron tartottuk. A kezelés végeztével a coelomasejteket a mar
korabban leirt modon nyertiik ki az allatokbol (Engelmann €s mtsai., 2005), majd a total
RNS-extrakciot €és reverz-transzkripciot kovetéen az Lumbr és LURP mRNS expresszidjat

val6s- idejii PCR segitségével detektaltuk.
3.2.10. Statisztikai analizis

A statisztikai elemzéseket a Prism v5.0. (GraphPad szoftver, La Jolla, CA, USA)
szoftver segitségével hajtottuk végre. Az adatokat harom fiiggetlen mérés alapjan hataroztuk
meg. Az analizisek el6tt elséként az adatok normal eloszlasat ellendriztiik (Shapiro-Wilk
normalitasi test) és eredményeink atlagat (=SEM) abrazoltuk. Az eredményeket egy,- vagy
kétutas ANOVA-val, Bonferroni post-hoc teszt segitségével elemeztiik. A p<0,05 értéket
tekintettiik statisztikailag szignifikansnak.

3.3. Eredmények és megbeszélés
3.3.1. A Lumbr és LuRP szekvencia analizise, illesztése és filogenetikaja

A gytirGisférgek hatékony védekez6 rendszerrel rendelkeznek a kornyezeti kdrokozokkal
szemben. A torzsfejlodés soran ennél az éllatcsoportnal figyelheté meg elséként a humoralis
¢s cellularis immunfolyamatok szoros egylittmiikdése.

A velesziiletett immunrendszer humoralis elemei koz¢ tartoz6 AMP-ek termelddése mar
az egysejtliektdl kezdve szamos allat- és ndvénycsoportra jellemzd. Azonban a gytirtisférgek
esetében az AMP-krél kevés adattal rendelkeziink (Tasiemski, 2008; Bruno és mtsai., 2019).
Cho és mtsai.,, (1998) azonositottak els6ként a lumbricint (lumbricin-1) L. rubellus
gilisztafajban, melynek mar szamos homologjat irtak le mas giliszta fajokban (a PP-1 a M.
tschiliensis fajbdl, és a lumbricin-PG a M. guillelmi fajbdl szarmazik) és az orvosi pidcabol
(Hm-lumbricin, H. medicinalis) (Wang és mtsai., 2003; Schikorski és mtsai., 2008; Li és
mtsai., 2011). Munkank soran f6 célul tiiztiik ki a lumbricin homoldgjanak azonositasat E.

andrei fajban. Az elérheté lumbricin szekvencidk alapjan egy degeneralt, forward primert
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terveztlink, hogy detektalni tudjuk a lumbricin homoldgjat E. andrei-ben 3’-RACE PCR
segitségével (1d. a relevans publikacioban, Bodo és mtsai., 2019), azonban meglepé moédon
nem egy, hanem két diszkrét savot kaptunk a 3’-RACE PCR eredményeként (Bodo és mtsai.,
2019, SlI). A két PCR amplikonbd] meghatarozott szekvenciak nukleotid (nt) azonossaga csak
43 % volt. Ezt kovetéen szekvencia-specifikus primerek és 5'-RACE PCR technika
alkalmazasaval meghataroztuk a két mRNS 466-nt és 549-nt hosszl szekvenciait (a polyA-
vég nélkiil). A 466 nt hosszi mRNS egyetlen 192 nt hosszusagu nyitott leolvasasi keretet
(ORF-et) tartalmaz, amely egy 63 aminosav hosszi peptidet kodol (lumbricin, réviditve:
Lumbr) (atlagos szamitott molekulatomege: 7413,35 Da) (3.3.1.1a abra). Emellett, a
lumbricin-rokon fehérje (roviditve: LURP) 575-nt hosszi mRNS, amely egyetlen, 180-nt
hosszi ORF-et tartalmaz, igy egy 59 aminosav hosszi peptidet kodol (atlagos széamitott
molekulatomege: 7066,84 Da) (3.3.1.1b abra). Tovabba, meghataroztuk az Gj E. andrei
lumbricin homoldgok teoretikus izoelektromos pontjait (Lumbr: 7,95; LuRP: 6,07). Az
ujonnan azonositott E. andrei Lumbr és LuRP prekurzor peptidekben nem talaltunk
egyértelmii szignalpeptid-szekvenciat, amely a lumbricin-I-ben és a lumbricin-PG-ben jelen
van, de hianyzik a Hm-lumbricin-bsl és a PP-1-bél (3.3.1.2a abra). Erdekes médon ez a
jelenség arra utal, hogy az érett lumbricin és a rokon (LURP) fehérje nem szekretalodik,
azonban a kisérleti bizonyitékok azt mutatjak, hogy a Hm-lumbricin és a P. tschiliensis-bdl

szarmazo PP-1 extracellularisan is jelen van (Wang és mtsai., 2003; Schikorski és mtsai.,

2008).
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1 gacgaagtcgacaagattcaggaacgttttgccggaacaccggctaaggttgagatgtac 60
M Y

61 agcaagtacgagcgtcagaaggacaagaggccatactcggaacgcaagaaccaatacacg 120
S K Y E R Q KD KR P Y S E RKNOGQ Y T

121 ggtccgcagttcctctatcctceccggagegecatcccaccgcagaaggtcatcaaatggaac 180
G P Q F L ¥ P P E R I PP Q K V I KWN

181 gaggagggtcttcccatctacgaaatccccggcgaaggaggtcacgcagaaccagetgee 240
E E G L P I ¥ E I P G E G G HAUZE P A A

241 gcctaggttagatttccagatgaaccgatgccaaccggagaggaagagagttgatttcga 300

A *
301 tggagcgtgtggactgaactatcagcgttctttttaccatcgtcgctataagtctatcac 360

361 tcttagaggatcaagtagattgcgtagacctagttaactaaacctaaatcaattgctgtc 420

421 ttggttttaaatgagtggagaggaaaattaaacaaattacaaccctaaaaaaaaaaa 478
t) 1 gacgctgtagacagaattcaaacacgcttcgctggagctccgtccaaggtggagatgtac 60
M Y

61 agcaaatacgagcgacagaaggacaagaggtcgtacgacgagcgacacacgatctacace 120
S K Y E R Q KD KR S Y DEIRUHTTI YT
121 gggccccagtgggcccacccggtcgagagaatcaacccaactaaaatcgtceccgatggaac 180
G P Q WA H P V E R I N P T K I V R W N
181 gaggagggcctgcccatctacgaggaaccgggagcggagcaagtggceccgecatgagcatca 240
E E G L P I Y E E P G A E Q V A A *
241 catgccttcggggttaacgagcecctgtactcgcaagetttegttataaaactctctcaaat 300

301 ctcaactgacaggatatttttcggctgattctaatcgcagaacgctacgcactactccga 360
361 agcctactggcaacacccgcaacgaaacatttcagcatcgtcaagatcatattggacaac 420
421 tatcaacaactgatgtgcttagctgtcacgtctttacagcacacgccgaatctgtgcaag 480
481 gcaacaatctcggaatgttcttcttatgatgaccgacctttaattttagtcttcaactct 540

541 aataaaacgctactaacttaaaaaaaaaaaaaaaa 577

3.3.1.1. abra. Az E. andrei lumbricin (a) és a lumbricin-rokon fehérje (LURP: lumbricin-related
peptide) (b) nukleotid és aminosav szekvenciai. A nyitott leolvasasi keretek aminosavszekvenciai a
nukleotidszekvencidk alatt keriilnek bemutatasra. A stopkodonok csillaggal jeloltek, a poliadenilacios
szignal szekvenciak aldhuzottak. Mindkét fehérje a prolin gazdag antimikrobialis peptidek csaladjaba
tartozik, emellett nagyszamu, pozitivan tolttt aminosav-maradékot tartalmaznak.

Mindkét mRNS 3’ nem transzlalodo régidja tartalmazza az AUUAAA és AAUAAA
poliadenilacios szignalszekvencidkat (Tian és Graber, 2012) (3.3.1.1a és 3.3.1.1b abra). A

szekvencia-analizis és BLAST-keresés (legkdzelebbi talalat) alapjan a prekurzor peptidek
98% (Lumbr) és 66% (LuRP) azonossagot mutatnak az L. rubellus lumbricin-1 peptiddel
(AF06552), azonban a két E. andrei AMP minddssze 66 %-0s azonossagot mutatott
egymassal (3.3.1.2a abra).
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a Hm-lumbricin EU156756 —————————e ——- MFSKYER QKDKRSYGER FSMFTGPQFI SPPERIKPNK 37
Lumbricin-1 AF06552 MSLCISDYLY LTLTFSKYER QKDKRPYSER KNQOYTGPQFL YPPERIPPQOK 50
Lumbricin-PG P86929 MLLTISDFLF LSLTFSRYAR MRDSRPWSDR KNNYSGPQFT YPPEKAPPEK 50
PP-1 AY167144 =——m——meemecmme ——- MYSKYER QKDKRPYSER KDQYTGPQFL YPPDRIPPSK 37
E. andrei Lumbr KX816866 —-—-——-—————= ——- MYSKYER QKDKRPYSER KNQYTGPQFL YPPERIPPQK 37
E. andrei LuRP KX816867 -———-———— ——- MYSKYER QKDKRSYDER HTIYTGPQWA HPVERINPTK 37

*:** :*-*_:.:k ::i’**: * s * ok
Hm-lumbricin EU156756 ILOQWDGEGMP IYATSGAAA- =—=————==== E 57
Lumbricin-1 AF06552 VIKWNEEGLP IYEIPGEGGH AEPA---A-A 76
Lumbricin-PG P86929 LIKWNNEGSP IFEMPAEGGH IE-—-——-— P 73
PP-1 AY167144 AIKWNEEGLP MYEVLPDGAG AKTAVEARAE 67
E. andrei Lumbr KX816866 VIKWNEEGLP IYEIPGEGGH AEPA---A-A 63
E. andrei LuRP KX816867 IVRWNEEGLP IYEEPGA--- -EQV---A-A 59
= ow ko * kK ..
b E. andrei LuRP
100
H. medicinalis
E. andrei Lumbr
100
L. rubellus
100
100 P guilleimi
! P tschilliensis

3.3.1.2. abra. Az E. andrei Lumbr (KX816866) és LuRP (KX816867) aminosav sorrendjének
Osszehasonlitasa mas gylirtsféreg fajokban azonositott homoldg, lumbricin fehérjék aminosav
szekvenciajaval (L. rubellus - AF06552, H. medicinalis - EU156756, P. guillelmi - P86929, ésP.
tschiliensis - AY167144). A prediktalt szignal szekvenciak délt betiivel vannak jelezve. A csillag
jelolés (*) az identikus aminosavak maradékokat, a kettGs pont (:) a konzervalt, a pont (.) a szemi-
konzervalt aminosavakat (a) jeloli.

A Lumbr és LuRP szekvenciak filogenetikai Osszehasonlitasa a legkozelebbi Annelida molekularis
rokonokkal, a legnagyobb valdsziniiség modszer alapjan (D). Az ,,csomdpontoknal” 1évé szamok
reprezentaljak a maximum lépték (1000) szazalékos aranyat.

Annak ellenére, hogy a Lumbr és a LURP nagyfoku szekvencia azonossagot mutatnak, a
prekurzorok tavolabb allnak egymastol. A Lumbr a L. rubellus lumbricin-I-gyel, mig a LURP
a H. medicinalis Hm-lumbricin-nel mutat nagyobb foki homologiat (3.3.1.2b abra). Erdekes
modon a Lumbr N-terminalis vége 13 aminosavval rovidebb, mint az L. rubellus lumbricin-I,
azonban a két peptid szekvenciaja azonos (3.3.1.2a abra). Altalanossagban elmondhatd, hogy
a lumbricin-homolégok tipikus hossza 57 - 76 aminosav (3.3.1.2a abra). Szembet{ing
tulajdonsaga ezen AMP-csaladba tartozd fehérjéknek a magas prolin tartalmuk. A legtobb
prolin-gazdag AMP-et az izeltlabuak torzsébdl (rakok és rovarok) irtak le, pl. a drosocin,
apidaecinek, pyrrhocoricin és az arasin-1. Prolin-gazdag AMP-k ismertek a novényekben és
az eml6sokben is (PR-3, prophenin és BnPRP1) (Otvos, 2002). Az E. andrei Lumbr és a
LURP is szamos prolint tartalmaz (14,3% ¢€s 6,8% molaranyban) hasonléan a lumbricin-I-hez

¢s a tobbi lumbricin homologhoz (Cho és mtsai.,, 1998). Cho és mtsai., (1998) szerint a
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lumbricin-I bizonyos hasonlosagot mutat az emlés PR-39 ¢s Bac5 AMP-kkel, azonban ezt a
megfigyelést mas lumbricin rokonok esetében nem targyaltak. A prolin egyediilallo
tulajdonsagokkal rendelkezik, példaul képes befolyasolni a proteinek konformaciojat és
ciklizaciojat, ezaltal hatassal van a masodlagos szerkezet kialakuldsara (Vanhoof és mtasi.,
1995; Graf és mtsai.,, 2017). Tovabbi érdekesség, hogy az Eisenia lumbricin homoldégok
aromas aminosav-tartalma (His, Trp, Tyr) is viszonylag magas (15-16 % molaranyban),

amely ezen peptidek antimikrobialis hatasat fokozhatja (Mufioz és mtsai., 2007).
3.3.2. A Lumbr és LURP mRNS szoveti expresszidja és ontogenetikai kifejezodése

A korabbi tanulmanyok (Wang és mtsai., 2003; Li és mtsai., 2011) nem vizsgaltak
kiterjedten a lumbricin lokalizaci6jat (Tasiemski, 2008), ezért célul tiiztiik ki a Lumbr és a
LURP expresszi6s mintazatanak vizsgalatat E. andrei giliszta kiilonbozé szerveiben és
szoveteiben. Wang és mtsai., (2003) szerint a lumbricin jelenléte P. tschiliensis esetében csak
a testfalra korlatozodik és nincs jelen a béltraktusban, illetve a coelomasejtekben. Schikorski
¢s mtsai.,, (2008) kimutattak a Hm-lumbricin expresszidéjat a H. medicinalis mikroglia
sejtekben, bar ebben a munkaban csak neuralis szoveteket vizsgaltak. Ezzel szemben a Lumbr
¢és LURP széles korti mRNS expressziojat figyeltiik meg szamos szovetben (3.3.2a abra).
Mindkét AMP mRNS expresszidja az elobél proximalis részén (garat, gyomor) bizonyult a
legmagasabbnak, mikézben a tobbi vizsgalt szovetben nagyrészt kdzepes szintii kifejezddést
tapasztaltunk (bOorizomtomlo, petefészek, ondoholyag, metanephridium ¢és idegrendszer), a
legalacsonyabb mRNS szinteket a coelomasejtekben detektaltunk. Minden vizsgalt szovetben
a LURP magasabb mRNS expresszidos mintazatot mutatott, mint a Lumbr. Mindkét AMP
esetében a kozépbélben volt a legmagasabb expresszio, mivel ez a szerv tekintheté a
mikrobialis invazio szempontjabol kdzponti fontossagunak. Fiotka és mtsai., (2012) D. veneta
giliszta vizsgalata soran kimutattak, hogy a lizozim expresszio foként a kozépbélben volt a
legkifejezettebb. Kisérletiink bizonyitotta, hogy mindkét lumbricin izoforma expresszalodik a
vizsgalt szovetekben. Erdekes, hogy egy masik antibakterialis (és cytotoxikus) hatast
molekula, a lysenin csak az amoebocytakban, és eleocytakban expresszalodik (Opper és
mtsai., 2013; Bod6 és mtsai., 2018). Korabban kizar6lag a szesszilis chloragocytakban irtak le
a lysenin expressziot (Ohta és mtsai., 2000).

A lumbricin expresszidojanak ontogenezisét tekintve, Cho ¢és mtsai., (1998) a
lumbricin-1 expressziojat csak felndtt allatban figyelte meg (embridkban és a kokonokban
nem). Kisérleteinkben mindkét E. andrei lumbricin-homolég kifejez6dést mutatott az

embrionalis fejlodés stadiumai soran, és a LURP expresszidja szignifikansan magasabb volt
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Osszehasonlitva Lumbr-vel (3.3.2¢ abra). Az expresszi6 folyamatos novekedést mutatott a
negyedik fejlodési stadiumig (E4), amikor is a test mar teljesen szegmentalt és a szervek

differencialodasa is befejez6dott (Boros és mtsai., 2010).
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3.3.2. abra. A Lumbr és LURP expresszios mintazata kiilonbozé E. andrei szovetekben (n=3,
atlagtSEM) (a). E. andrei gilisztafaj embrionalis stadiumainak (E1-E4) morfologiai valtozasai a
fejlédés folyamata soran (b). A Lumbr és LURP mRNS expresszios mintazata az E. andrei embrionalis
fejlédése soran (C). A kvantitativ mérések az RPL17 mRNS-szintjéhez lettek normalizalva. Harom
fiiggetlen kisérletet végeztiink duplikalt technikai ismétléssel. Az eredmények az atlagokat mutatjak, a
hibasavok az atlagok standard hibajat (SEM) jelentik. A csillagok a szignifikans p (* <0,05) értékeket
jelolik.

Az expresszid gradiens novekedésének egyik magyardzata lehet a testméret

novekedése a fejlodés folyamata soran. Masrészt ismert, hogy szamos szimbiotikus baktérium

kolonizalja a foldigilisztak embridit, és gyakorisaguk ndvekszik a korai embriogenezis soran
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(Zachmann és Molina, 1993; Davidson ¢és mtsai., 2010). Valoszinii, hogy a Lumbr ¢s LURP
differencialt kifejezddése kontrolldlhatja a kommenzalis baktériumok szaporoddsat a
foldigilisztdk embridiban, mivel hasonld mechanizmus mar mas gerinctelen antimikrobialis

peptidekrdl ismert (Roiff és Schmid-Hempel, 2016).

3.3.3. Eltéré mRNS expressziés mintazat az amoebocyta és eleocyta alpopulaciék kozott

A coelomasejt alcsoportok kozotti génexpresszios eltérések elemzéséhez szeparaltuk a
coelomasejt alpopulaciokat fizikai paramétereik (méretiik és granularitasuk) alapjan (3.3.3.1a
abra). A szeparalast kovetden vizsgaltuk a sejtek életképességét (7-AAD festés). A talélési
arany a szeparalt amoebocytakban (82-85%) magasnak bizonyult, mikdzben a masik
alpopulacional a magas autofluoreszcencia (Rorat és mtsai. 2014; Engelmann és mtsai.,

2016a) miatt nem tudtuk értékelni az él6/halott eleocytak aranyat.
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3.3.3.1. abra. A coelomasejt alcsoportok szeparalas el6tti (a) és szeparalas utani (b, ¢) megoszlasa. A
teljes coelomasejt populaciot (a) fizikai paraméterek alapjan zomében homogén amoebocyta (b) és
eleocyta (c) alpopulacidkra valasztottuk el. A szeparalas utani elemzések azt mutattdk, hogy az
amoebocytdk nem sériiltek, azonban az eleocytak esetében sejttérmelék is megfigyelhetd volt. A
hematoxylin-eozin festés alapjan szeparalas el6tt egy vegyes populaciot lathattunk (a), mig az
elvalasztast kovetden homogén amoebocyta (b) és homogén eleocyta (c) populacidkat figyeltiink meg.
Meéretarany: 100 um. A reprezentativ abrakat harom fliggetlen kisérlet eredményeibdl mutatjuk be.

A szepardlas hatékonysdganak ellendrzése céljabol hematoxilin-eozin festést

végeztiink. A szortolt populacié nagy részét hyalin amoebocytdk alkottdk (3.3.3.1b abra),
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mig a granuldris amoebocytdk kis szazalékban fordultak elé. Az elkiilonitett eleocytdk
(3.3.3.1c abra) konnyen felismerheték a kis magjukrdl és a chloragoszomakkal kitdltott
citoplazmarol.

A velesziiletett immunrendszer szamos PRR-receptorral operal, mely lehetévé teszi a
sajat és nem-sajat strukturdk felismerését. Az elmult években tobb, evolicidosan konzervalt
PRR molekulat irtak le az E. andrei gilisztakban (Bilej és mtsai., 2010; Prochazkova és
mtsai., 2020). Elséként a coeloma citolitikus faktort (CCF) azonositottak. A CCF egy LPS,
peptidoglikan és B-1,3-gliikan/N,N'-diacetilchitobi6z-kotd doméneket tartalmazd fehérje
(Beschin és mtsai., 1998). A coelomasejt alcsoportok esetében megfigyeltiik, hogy a CCF
csak az amoebocyta szubpopulacioban expresszalodik, de a szortolt eleocytakban nem volt
jelen (3.3.3.2a abra). A toll-szerii receptor (TLR) molekulak Annelida fajokban valo
jelenlétére utald elsé bizonyitékok a soksertéjii gylirisférgek ¢és pioca fajok nukleotid
adatbazisainak in silico elemzésébdl szarmaztak (Davidson és mtsai., 2008). Az orvosi pidca
Hm-TLR molekulajanak azonositasa jelentette az elsé tényleges Kkisérletes eredményt
(Cuvillier-Hot és mtsai., 2011). Ezt kéveten sikeriilt kimutatni a TLR kodold szekvenciajat
E. andrei-ben (EaTLR) (Skanta és mtsai., 2013). Az EaTLR expresszios szintje viszonylag
alacsony volt a coelomasejtekben (Skanta és mtsai., 2013), és - megfigyelésiink szerint - csak
az amoebocytakban expresszalodik (3.3.3.2a abra). Erdekes tény, hogy jelenléte nem
korlatozodik kizarolag az immunkompetens szovetekre (Skanta és mtsai., 2013; Engelmann
¢s mtsai., 2016b; Prochazkova és mtsai., 2020). Tovabbi érdekesség, hogy tjabb genomikai
vizsgalatok kimutattak a TLR-ok viszonylagos valtozatossagat mas giliszta fajokban (Fjesne
¢s mtsai., 2015). A harmadik leirt Eisenia PRR az evoluciésan konzervalt LPS-t kotd
fehérje/baktérium-permeabilitist fokozé fehérje (LBP/BPI) (Skanta és mtsai, 2016).
Legmagasabb expresszidja a coelomasejtekben és az ondoholyagban volt jellemzd, mig
legalacsonyabb kifejezddése a béltraktusra korlatozodott. Megfigyeléseink alapjan a LBP/BPI
expresszio az amoebyocytakhoz kothet6, és nincs jelen az eleocytakban (3.3.3.2a abra).
Osszehasonlitva a korabbi funkcionalis vizsgalatokkal (Valembois és mtsai., 1985; Valembois
¢és Lasségues, 1995), eredményeink megerdsitették azt az elképzelést, hogy az elsddleges

patogén-felismerés az amoebocyta alpopulacidhoz kithetd.
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3.3.3.2. abra. Mintazatfelismer6 receptorok (PRRs) (a) és antimikrobialis/citotoxikus fehérjék (b)
mRNS expresszios mintizatanak vizsgalata E. andrei coelomasejtekben. (a) tlr, ccf és Ibp/bpi (b)
lizozim, lumbricin, LURP, lysenin. A jel6lések a teljes coelomasejt populaciot (T), vagy szeparalt
eleocyta (E) illetve szeparalt amoebocyta alpopulaciét (A) jelentik. Harom fiiggetlen kisérletet
végeztiink, ezek koziil egy reprezentativ eredményt mutatunk be.

A PPR-ok expresszidja mellett (3.3.3.2a abra) vizsgaltuk az AMP-ek expresszios
mintazatat a két alpopulacioban (3.3.3.2b abra). A lizozim egy nagy konzervaltsagot mutato
AMP, amely szamos kiilonféle €l6lényben megtalalhatd, a novényektdl az emberig. A korabbi
vizsgalatok azt mutattak, hogy az E. andrei lizozim nagyfoku-hasonlosagot mutat mas
gerinctelen lizozimekkel (Joskova és mtsai.,, 2009), ezenkiviil expresszidja fokozodik a
coelomasejtekben a Gram-pozitiv és a Gram-negativ bakterialis expozicié hatasara.
Eredményeink alapjan mindkét elvalasztott coelomasejt szubpopulacido expresszalja ezt az
AMP-et (3.3.3.2b abra), azonban a szeparalt amoebocyta alpopulacidban ez az expresszo
joval kifejezettebb, mint az eleocytaknal. A Lumbr és LURP expresszié szempontjabol csak az
amoebocyta alpopulacidé bizonyult pozitivnak, az eleocyta nem (3.3.3.2b abra). A lysenin-
fehérje csalad specifikus az Eisenia fajokra, sphingomyelint (és foszfokolint) ko6t6
molekulakbol all és kiilonféle biologiai aktivitdssal rendelkezik (citotoxicitds, antimikrobidlis
aktivitas és opszonizacio) (Bilej és mtsai., 2000; Joskova és mtsai.,, 2009; Engelmann és
mtsai., 2016ab). Korabbi immunhisztokémiai elemzések alapjan tobbnyire az eleocytak a
lysenint expresszald sejtek (Opper és mtsai, 2013). Eredményeink alapjan a lysenin
expresszio mindkét alpopulacidban megnyilvanult (3.3.3.2b abra), amely 6sszhangban van

korabbi aramlasi citometrian alapuldé megfigyelésekkel (Opper és mtsai., 2013).

Dolgozatomban azért keriil egyiittes megemlitésre a PRR-ok és AMP-ek peptidek

expresszidja, mert mas gerinctelen (pl. rovaroknal) szervezetek esetében mar bizonyitott,

crcr

2011; Hayashi és mtsai., 2016), azonban ez a tény E. andrei gilisztanal nem bizonyitott.

31



3.3.4. A Lumbr és LURP mRNS indukci6ja in vivo bakterialis kezelés hatasara

A prolinban gazdag AMP-ek Kiterjedt spektrumi antimikrobialis hatassal
rendelkeznek a mikroorganizmusokkal szemben (Otvos, 2002). Cho és mtsai.,, (1998) a
lumbricin-1 hatasspektrumanak vizsgalatakor széleskori antimikrobidlis aktivitast figyeltek
meg Gram-negativ, Gram-pozitiv baktériumok és gombakkal szemben, haemolitikus
tulajdonsag nélkiil. A lumbricin-homologokkal végzett kisérletek is igazoltak ezeket a
megfigyeléseket (Schikorski és mtsai., 2008; Li és mtsai., 2011). Azonban érdekes modon
Northern blot analizis alapjan a bakterilis expozicio nem indukalta a lumbricin-1 expressziot
a kontroll L. rubellus gilisztakhoz képest, ezért gy gondoltak, hogy a lumbricin-I
konstitutivan expresszalodik a felndtt allatokban (Cho és mtsai., 1998). Ennek ellentmondé
megfigyelés, hogy H. medicinalis-ban a mikrobialis kezelés az id6 fliggvényében modulalja a
Hm-lumbricin expressziojat. Kiilonosen a Gram-pozitiv baktériumok (Micrococcus) és a
zymosan kezelések voltak nagyobb hatassal a Hm-lumbricin mRNS expresszidjara, szemben
a Gram-negativ (Aeromonas) bakterialis expozicioval (Schikorski és mtsai., 2008). Li és
mtsai., (2011) leirtak, hogy a vizsgalt mikroba torzsek koziil a Pseudomonas aeruginosa
(Gram-negativ) és az S. aureus (Gram-pozitiv) a legérzékenyebb a P. guillelmi lumbricin-PG-

re, mig az E. coli (Gram-negativ) térzsre kevésbé hatott a peptid.
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3.34.1. abra. A Lumbr (a) ¢és LuRP (b) mRNS expressziés mintazatinak valtozasa a
coelomasejtekben in vivo bakterialis és zymosan kezelést kovetden. A kvantitativ mérések az RPL17
MRNS-szintjéhez lettek normalizalva. Duplikalt technikai ismétléssel harom fliggetlen kisérletet
végeztiink. Az eredmények az atlagokat reprezentaljak, a hibasavok az atlagok standard hibajat (SEM)
jelentik. A csillagok a szignifikans p (* <0,05, ** <0,01) értékeket képviselik.

A fent emlitett vizsgalatokhoz hasonloan, az E. andrei Lumbr és LURP mRNS
expresszids szintje a coelomasejtekben szignifikdns emelkedést mutatott a 48 oras S. aureus

baktérium-fertdzést kovetden, de az expresszid valtozatlan maradt az E. coli vagy zymosan

kezelések utan (3.3.4.1a és 3.3.4.1b abra). Az AMP indukcios kinetikajat tekintve a Hm-
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lumbricin 6 ora eclteltével mar emelkedést mutatott, amely a csticspontjat 24 orara érte el
(Schikorski és mtsai., 2008).

Osszehasonlitasképp, eredményeink alapjan a Lumbr és a LURP lassu indukcidjat (48
ora elteltével) figyeltik meg in vivo patogén kezelés hatasara. Az irodalmi adatokkal
szembeni részleges ellentmondas a kdvetkezdekkel magyarazhatd: eldszor, nagy kiillonbségek
lehetnek a fajok kozott az expresszios szintekben. Masodszor, az alkalmazott modszerek
(Northern blot vs. valds-ideji PCR) eltéré érzékenységgel rendelkeznek. Harmadszor, a
mikrobialis torzsekkel szembeni kiilonféle hatasok szerkezeti tulajdonsdgokon alapulnak:
elsésorban a lumbricinek aminosav-Osszetételén és a mikrobialis sejtfal-0sszetevok kozotti

kiilonbségeken (Tassanakajon és mtsai., 2015; Cunha és mtsai., 2017).

3.4. Konklazié

A foldigilisztak evoluciosan Osibb szervezetek, ezért alkalmazkodniuk kellett a
talajban mindeniitt jelenlévo korokozokhoz. Ennek érdekében az integritasuk megdrzéséhez
hatékony sejtes és humoralis immunoldgiai mechanizmusokat fejlesztettek ki.

Jelen tanulmanyunk feltarta a prolin gazdag AMP-ek csaladjaba tartozo két 1j
lumbricin-homolog jelenlétét E. andrei gilisztafajban, amelyek nagyfoku szekvencia-
hasonlosagot mutattak a mar korabban leirt lumbricinekkel. Mivel a korabbi munkak nem
vizsgaltak ilyen részletesen a lumbricin szoveti eléfordulasat, ezért elképzelhetd, hogy a
hasonlo expresszios mintazat a tobbi rokon fajban is megfigyelheté lenne, emellett variansok
ott is eléfordulhatnak. Ezen megallapitas mellett sz6l, hogy az el6z6 tanulmdnyok mas
modszereket alkalmaztak a lumbricinek detektaldsara, amelyek érzékenysége meglehetosen
kiilonbozé. A foldigilisztdk embriondlis fejlédésérél molekularis viszonylatban még
hianyosak az ismereteink, az eredmények Osszevetése mas immunologiailag-rokon gének
expressziojaval a jovoben hasznos lenne a teriileten.

Uj eredményeink alatamasztjdk a lumbricin fehérjék konzervaltsagat az Annelida
csoporton beliil, lehetséges szerepiiket a gilisztdk immunhomeosztazisanak fenntartdsaban, az

ontogenezis €s patogén fertdzések soran.
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4. A cellularis és humoralis immunkomponensek szerepe az Eisenia andrei
szoveti regeneraciojaban

A téma alapjaul szolgéalo publikaciok:

Engelmann P., Bodo K., Najbauer J., Németh P. (2018). Annelida: Oligochaetes (Segmented
Worms): Earthworm Immunity, Quo Vadis? Advances and New Paradigms in the Omics Era
In: Edwin, L Cooper (szerk.) Advances in Comparative Immunology Cham (Németorszag);

Springer International Publishing, pp. 135-159.

Bodo K., Kellermayer Z., Laszl6 Z., Kokhanyuk B., Németh P., Engelmann P. Unravelling
the evolutionary conserved cell- and immunobiological mechanisms of tissue renewal in an

non-classical invertebrate model organism (elékésziiletben).
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4.1. Bevezetés
4.1.1. A regeneracios képesség filogenezise

A regeneraci6é olyan morfogenetikus események 0sszessége, amely soran a részlegesen,
vagy teljesen az elvesztett szerv vagy szoveti egység helyreallitasa torténik meg. Tobb
hierarchikus szinten jelenhet meg novényekben, gerinctelenekben és gerincesekben, beleértve
Alvardo, 2018). Thomas Hunt Morgan ismerte fel els6ként, hogy a regeneracié nem egy
egyseges folyamat és két fobb tiptisat kiilonitette el (Elliott €s Alvardo, 2018; Engelmann ¢és
mtsai., 2018). A szervek és szovetek helyreallitasa foként az epimorfozis folyamata soran
megy végbe. A regeneracidés folyamat e forméjandl az Ossejtek/progenitor sejtek (szamos
fajban neoblasztoknak nevezik 6ket) aktivalodnak, proliferalodnak, amelynek eredménye a
regeneracios blastema. A késGbbiekben ez a regeneracios blastema formalodik at az eredeti,
elvesztett testrésszé. A regeneracids folyamat morphallaxis Gtjan is végbemehet, ekkor az
eredeti, sértetlen sejtek épitik Ujja az elvesztett szervet/vagy az egész szervezetet Ossejtek
részvétele és sejtproliferacio nélkiil (Bely és Nyberg, 2010; Mainschein, 2011). A jelenlegi
irodalmi adatok szerint a morphallaxist tekintjiik az 6sibb folyamatnak és fOként gerinctelen
szervezetekre jellemzd. Az epimorfozis gerincteleneknél és gerinceseknél is megfigyelhetd ¢€s
a kétoldalian szimmetrikus allatok (Bilateria) sajatos innovaciojanak tekinthets. A
regeneracios blastemat foként proliferaldodod, differencialatlan sejtek épitik fel, kezdetben
pigmenteket sem tartalmaz (Bely és Nyberg 2010; Engelmann és mtsai., 2018).

A regeneracios képesség az evolucid soran a korai multicellularitds szintjén jelenik meg
(4.1.2. abra), de a f6 Bilateria kladok, mint a tapogato-csillokoszoris allatok
(Lophotrochozoa), vedl6 allatok (Ecdysozoa) és az Gjszajhak (Deutorostomia) fotorzsén beliil
varidbilis a regenerdcios képesség, van olyan taxon, ahol ez meglehetdsen limitalt. Ennek
magyarazata a k6z0s 6sokre vezethet6 vissza. Az Gsszajuak (Protostomia) kozott szamos
csoport képes az intenziv regenerdcids képességre, igy valdszinilisithetd, hogy a tobbsejtii
(Metazoa) s is képes volt regeneraciora (Bely és Nyberg, 2010). A klasszikus regeneracios
modellorganizmusok koziil meg kell emliteniink a hidrat és a planariat, amelyek mar a valodi
szovetes allatok kozé tartoznak, de joval egyszerlibb felépitésiiek, 12-15 differencialt
sejttipusbol allnak (Elliot és Alvardo, 2018). Meglepd, de a regeneracios képesség eltérd a
kozeli rokon fajok kozott is. A legtobb gytirisféreg faj (Annelida) hasonldéan a gerinctelenek
tobbségéhez, képes az elvesztett testrészek (szelvények) regenerdlasara, de ez a képesség a

piocak esetében nem figyelheté meg (Bely, 2006; Engelmann és mtsai., 2018). A rovarok
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(Drosophila) esetében a regeneracios képesség csak larva korban, az imaginalis
diszkuszokban figyelhetd meg, a kifejlett rovarnal ez mar csak a kozépbél-teriiletére
korlatozodik (Vriz és mtsai., 2014). A tiiskésboriiek (Echinodermata) egyes fajainal a kiilsé
testrészek (karok) és belsd szervek regeneracidja autotomia (,,0ncsonkitas™) vagy predacio
indukalta sériilés hatasara is végbemegy (Khadra és mtsai.,, 2017; Khalacheva és mtsai.,
2017). A gerinceseknél (Chordata) a regeneracios képesség tovabb redukalodik, a halaknal
(zebrahal) még megfigyelhetd a végtagok (Usz0), a sziv, vagy az idegrendszer regeneracidja.
A kétéltiiek egyik csoportjaban (géte, szalamandra) a sebgyogyulds és a végtagok
regeneracidja teljes mértéki a felndtt egyedekben is, mig a masik kétélti csoportban (békak)
ez a fajta regeneracids potencidl csak a metamorfozis elotti ebihal formar6l mondhatéd el
(Tanaka és Reddien, 2011; Li és mtsai.,, 2015). A nagymértékii regeneracios képesség a
melegvériiség kialalulasaval (madarak, emldsok) teljesen elveszett, ontogenetikailag
korlatozott a gerinceseknél. Sebgyogyulasrol beszélhetiink, amely hegképzodéssel jar és a kor
elérehaladtaval is csokken a sebgyodgyulasi kapacitas (4.1.2. abra) (Bely és Nyberg, 2010;
Engelmann és mtsai., 2018).
A filogenetikus mintazat jol szemlélteti hogyan veszett el a regeneracids képeség az evolacid
soran, ezért szamos kulcskérdés fogalmazhat6 meg:

1. A regeneracio egy Osi karakterisztikus tulajdonsag, vagy csak egy evolucios 0jitas?

2. Része-e a normal fejlodésnek?

3. Miért alakult ki a filogenezis soran?

4. Hogyan egyeztethetd O0ssze az altalanos fejloddési folyamattal?
A kérdésekre nehéz pontos valaszt taldlni, azonban annyi bizonyos, hogy az evolucio soran a

regeneracios képességet Okologiai és evolicidos folyamatok sokasidga formalta (Bely és

Nyberg, 2010).
4.1.2. A gyiiriisférgek regeneracioja

A gylirisférgek a hidrahoz és planaridhoz képest joval komplexebb ¢€l6lények. Ennél a
torzsnél jelent meg elsOként a kozépsd csiralemez, azaz a mezoderma, amelybdl
szarmaztathatd a zart keringési rendszer. Ebben az allatcsoportban fejlett idegrendszer és a
szegmentaltsag is megfigyelhetd. A legtobb Oligochaeta gyiriisféreg faj esetén az anterior €s
posterior vég regenerdcidja végbemegy (4.1.2. abra), bar a posterior vég regeneracidja joval
elterjedtebb tulajdonsagnak szamit (Bely, 2006; Engelmann és mtsai., 2018). Az evolucio
folyamata soran a gylrtsférgekben valosziniileg azért alakult ki a regeneracié képessége,

mert gyakran érik Oket ragadozok tamadasai, amelyeknek kovetkezménye a sériilések és
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szelvények elvesztése (Bely és Nyberg, 2010). A gylirisféreg fajok esetében a regeneracio
folyamata szamos faktortdl fligg, tigy, mint a kornyezeti tényezoktol, a taplaléktol, a fejlodési
allapottol, és az eltavolitott szelvények szamatdl illetve a sériilés poziciojatol (Varhalmi és

mtsai., 2008).
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4.1.2. abra. A regeneracios kapacitas sematikus abrazolasa a gerinctelen és gerinces allattorzsek
esetén. A kiilonboz6 fajok eltérd regeneracios képességgel rendelkeznek az egész test regeneraciojatol
a sejtek és szovetek megtijulasdig, amit a kiilonb6zo szinek szemléltetnek. A fényképeken a kiilonb6z6
allatcsoportok képvisel6i lathatdak: csalanozok (Chrysaora fuscescens), puhatestiiek (Cepea
nemoralis), gytriisférgek (Eisenia andrei), izeltlabuak (Papilio glaucus), tiiskésbortiek (Asterias
vulgaris), halak (Amphiprion ocellaris), kétéltiiek (Bufo americanus), hiillék (Tarentola mauritanica),
madarak (Limosa limosa), és emlésok (Tamias striatus) (Engelmann és mtsai., (2018) alapjan,
modositva).

Kordbban mar megfigyelték, hogy az anterior szegmensek regeneracidja
nagymértékben limitalt és nem minden esetben valdosul meg, tovabba a cerebralis ganglion
eltavolitasaval a talélési rata jentdsen csokken az anterior vég regeneracidja soran (Varhalmi
¢és mtsai., 2008; Xiao és mtsai., 2011). Ezzel szemben a posterior vég helyreallitdsa egy joval
univerzalisabb tulajdonsaga a kiilonféle Annelida csoportoknak és altalaban teljes mértékben
megvalosul (Bely, 2006). Bizonyitott, hogy a gilisztak regeneracidja epimorfozis
(regeneracios blastema kialakulasa) és morphallaxis (régi szelvények transzformacidja) utjan

megy végbe. A helyreallitasi folyamatban részt vesznek progenitor sejtek is, un. neoblasztok
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(hasonléan, mint a planariaknal). Ezek a sejtek elszortan vannak jelen minden szegmensben, a
sériilés helyére vandorolnak és részt vesznek a regeneraciés blastema kialakitasaban
(Varhalmi és mtsai., 2008; Engelmann és mtsai., 2018). Az Oligochaeta gyirisférgekben
regeneracié molekularis hattere kevésbé ismert. A legtobb adat (fejlédést szabalyozd gének,
pl. hox és hedgehog) a Platynereis soksertéjii gytriisféreg és Pristina sp. regeneracios
folyamatanak vizsgalatabol szarmazik (Tessmar-Raible és Arendt, 2003; Nyberg és mtsai.,

2012).
4.1.3. A regeneraci6 és az immunrendszer kapcsolata

A regeneracié molekularis hattere mellett az immunologiai folyamatokkal kapcsolatban is
rendkiviil hianyosak az ismereteink. Szamos tanulmany igazolta, hogy az immunrendszer
szerepe alapvetd a regeneracios folyamatban, illetve a regenerdcios kapacitas novekedése
forditottan aranyos az immunrendszer fejlettségével (4.1.3. abra) (Julier és mtsai., 2017;

Engelmann és mtsai., 2018).
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4.1.3. abra. Az immunrendszer fejlettsége és a regeneracios kapacitds kozott fennalld forditott
kapcsolat az evolucié vagy fejlédés folyamata soran. Az alacsonyabbrendli gerincesek esetén (pl.
halak ¢és kétéltiiek) még megvan a kapacitds, hogy teljes mértékben regenerdljak a szoveteiket.
Emldsoknél a regeneracios kapacitas fiigg a fejlodési stadiumtol (pl. magzat, Gjsziilott és felnott).
Emellett az evolucio,- és az emldsdk életszakaszainak soran az immunrendszer egyre bonyolultabba
valasa figyelhet6 meg (Julier és mtsai., (2017) alapjan, modositva).

A szdveti gyogyulas és immunrendszer kapcsolata meglehetdsen Osszetettnek mondhato,
amelyben az immunrendszer pozitiv és negativ szereppel is bir, de ez nagyrészt fligg a
fejlédési stadiumtol (embrionalis, Ujsziilott vagy felndtt). Az immunvélasz tipusa, idétartama
és a sejttipusok részvétele drasztikusan megvaltoztatja a sebgyogyulas eredményét
(inkomplett gyogyulds: hegképzddés vagy fibrozis; illetve komplett gydgyulds: regeneracio)
(Julier és mtsai., 2017).
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Mar a filogenezis korai szakaszaban megfigyelhetd a gyulladds folyamatanak kialakuldsa
¢s a szoveti regeneracios képesség. Szamos tanulmany alatamasztotta, hogy az eltérd
organizmusokban a sériilt szelvények/testrészek helyreallitasa forditott korrelaciot mutat az
immunrendszer komplexitasaval (Eming és mtsai., 2007; Godwin és mtsai., 2013). Az els6
adatok ezen megfigyelés alatamasztasara  g6ték  szemlencse  regeneracidojanak
tanulmanyozasabol szarmaznak (Godwin és Brockes, 2006). A szemlencse regeneracidja
specialis modon megy végbe (transzdifferenciaco). A dorzélis irisz medidlja a sériilt lencse
helyreéllitasat, és a sériilt lencse indukalja az immunvalaszt (Godwin és Brockes, 2006).
Sériilést kovetden az immunrendszer nem csak a fertdzések ellen nyujt védelmet, hanem a
makrofagok részvételével megindul a sejttormelék eltavolitasa is a sériilés kornyezetében. A
makrofagok a regeneracié folyamataban, a szoveti atrendezddés (remodelling) és az apoptdzis
soran is kintlintetett szereppel birnak (Julier és mtsai., 2017).

A jelenlegi publikaciok nagyobbrészt a regeneracio és a fejlodési folyamatok kozotti
kapcsolatokat vizsgaltak. A regenerdcid morfologiailag jol tanulmanyozott, de a részletes
molekuldris mechanizmusrdl és az immunbiologiai folyamatok kapcsolatarol kevés adattal
rendelkeziink. Ezért 6 célunk volt az E. andrei gilisztafaj anterior és posterior regeneracioja
soran a sejtosztddas és sejthaldl kapcsolatanak vizsgalata, a folyamatban a makrofag-szerii
sejtek (coelomasejtek) részvételének igazolasa és az immunvalaszban szerepet jatszo gének

MRNS-expresszidjanak vizsgalata.
4.2. Anyagok és médszerek
4.2.1. A regeneracios kisérletek kivitelezése

A regenerdciés folyamat morfologiai vizsgalatai sordn az 4allatokat elboditottuk
(szénsavas vizzel 30-60 masodpercig), majd az elsé Ot (anterior-vég) vagy az utolsd ot
(posterior-vég) szelvényt eltavolitottuk. A regeneracios idOszak alatt az allatokat talajban
tartottuk, a szelvények eltavolitdsa el6tt egy nappal nedves sziir6papirra helyeztiikk a
gilisztakat, hogy béltartalmuk megfelelden kiiiriiljon. A regeneracios folyamat 4. napja, 1., 2.
és 4. hete végén a regeneracios blastemat is amputaltuk az allatok narkotizalasa utan, majd a
szoveteket kriosztatos fagyasztd6 médiumban -80 °C-on taroltuk. A kisérletekben intakt
allatokat hasznaltunk kontrollként, ezek esetében a normal szegmenseket (anterior/posterior)

tavolitottuk el és hasznaltuk a metszetek készitéséhez.
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4.2.2. Hisztokémia

A kriosztatos metszetek (8 um) készitését kovetden a targylemezeket egy éjszakan
keresztiil szaritottuk, majd hematoxylin-eozin festést alkalmaztunk a standard protokoll
alapjan. A poliszacharidok detektalasa céljabol a metszeteket 10 percig 1 %-os perjodsavban

inkubaltuk, amelyet egy 10 perces Schiff-reagensben torténé inkubacio kovetett.
4.2.3. Enzim hisztokémia

A metszetek elokészitése a 4.2.2-es pont alapjan tortént. A savas-foszfataz aktivitas
kimutatasa céljabol a metszeteket fixaltuk, majd 3 oran keresztiil a reakcids-mixben
inkubaltuk. A reakcids mix Osszetétele 10 mg naftol AS-BI foszfat (Sigma-Aldrich)
dimethilformamidban (DMF) oldva, 4 %-0s pararozanilin, 2 %-os vizes hidrogén-klorid és 2
%-0s vizes natrium-nitrit volt. Az inkubacié utan a metszeteket natrium-acetat pufferrel

mostuk, majd hematoxylin-kontrasztfestést végeztiink.
4.2.4. Sejtosztodas és sejthalal detektalasa, immunfluoreszcencia

Az osztodod sejtek detektalasakor elséként EdU-t (12,5 pg, Thermo Scientific)
injektaltuk Hamilton-pipetta segitségével a narkotizalt allatokba. Az intakt allatok esetén az
injektalas az anterior-vég feldli 5. vagy a posterior-vég feloli 5. szelvénybe tortént. A
morfoldgiai vizsgalatok sordn a legnagyobb regeneraciobeli valtozasokat 2 és 4 hét elteltével
tapasztaltuk, ezért ezeket az idopontokat valasztottuk a sejtosztodas kimutatasara. A 2 és 4
hetes regeneralodoé allatok esetén az EAU injektalas a regeneracios blastema el6tti elsé eredeti
(intakt) szelvénybe tortént. Négy ora elteltével eltavolitottuk intakt allatok esetében az els6
vagy utolso 5 szegmenst, regeneralodo allatok esetében pedig a regeneracios blastemat, majd
a szoveteket kriosztatos fagyaszté médiumban -80 °C-on taroltuk és a metszeteket a 4.2.2-es
pontban leirt médon készitettiik el6. Az osztddo sejteket Click-iT EdU Imaging Kit (Thermo
Scientific) segitségével detektaltuk a gyarto altal megadott protokoll alapjan.

Parhuzamosan, a sejtosztodas kimutatasa mellett (nem ugyanazon az allatokon) az
apoptotikus sejtek azonositasat is elvégeztiik Click-iT Plus TUNEL Alexa Fluor 488 Imaging
Assay (Thermo Scientific) alkalmazasaval, a megadott protokoll alapjan.

Mindkét protokoll lehetdvé teszi az antitestes festés alkalmazasat, ezért a coelomasejt-
alcsoportok kimutatasa céljabol immunfluoreszcens festést alkalmaztunk. Az elsédleges
antitestek felvitele elétt egy 30 perces blokkolasi Iépést végeztiink (3 %-0s BSA + 0,1 %
Triton-X/PBS-ben). A kovetkezd 1épésben alkalmaztuk a biotinnal-konjugalt, eleocyta
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specifikus anti-EFCC-5 (1:50) és granularis amoebocyta specifikus anti-EFCC4 (1:100)
monoklonalis antitesteket (egér IgG). A lemezeket az antitestekkel 1 6ran keresztiil, s6tétben
inkubaltuk. Masodlagos reagensként Steptavidin-R-phycoerythrin-t (1:100) (0,1 % Triton-X
/PBS-ben) alkalmaztunk szintén 1 oOran keresztiil, sotétben (Engelmann és mtsai., 2016a
alapjan). Magfestékként DAPI-t hasznaltunk, a metszeteket PBS-glycerol 1:1 aranyu
keverékével fedtiik le. A metszeteket Olympus BX61 mikroszkép és AnalySIS software
(Olympus Hungary, Budapest) segitségével vizsgaltuk. Tobbféle negativ kontrollt is
alkalmaztunk: (1) EdU helyett PBS-t injektaltunk, illetve (2) EdU-injektalt intakt allatokat is

hasznaltunk, azonban a Click-it reakcids mixet az Alexa Fluor 488 festék nélkil alkalmaztuk.
4.2.5. RNS-izolalas, reverz-transzkripcio és valés-idejii PCR

Az intakt és regeneralodd szovetekbdl a total RNS-izolalasa NucleoZOL reagens
(Macherey-Nagel GmbH, Diiren, Germany) alkalmazasaval tortént a gyartd altal megadott
instrukciok alapjan. Az RNS-k mennyiségét NanoDrop késziilékkel 260 nm-en hataroztuk
meg, és az RNS mintakat -80 °C-on taroltuk. Ezt kdvetden a reverz-transzkripciot és valds-
idejii PCR-t az eredmények 1. fejezetében leirt mdédon hajtottuk végre. A génspecifikus
primerek tervezését a Primer Express Software (Thermo Fisher Scientific) segitségével

végeztiik el, az alkalmazott primer szekvenciak az 4.2.5. tablazatban vannak feltiintetve.

. . . o Er_ana Amplikon
Target gén Gén Bank accession # Szekvencia (5'-3") méret (bp)
TLR IX898685 ATTGTG TCAAAC GCCTTC GC 123

GTC GGC GAT CTCTTC CAACA

y ACT CGG AAC GCA AGA ACC AA
Lumbricin KX816866 GGT TCT GCG TGA CCT CCT TC 139

GGT CGA GAG AAT CAA CCC AAC TA
LURP KX816867 CTT GTG AGC GAT GTC GGC TA 133

_ TGA TCC ACA CTG GTG CTT CC
Lysenin D85646 CAG GTG CCA AGG AGA AGA AG 17

GCA GAA TTC AAG GGA CTG GA
RPL17 BB998250 CTC CTT CTC GGA CAG GAT GA 159

4.2.5. tablazat. A felsé és az alsé szekvencidk a forward és reverse primereket jelentik.

4.2.6. Statisztikai analizis

A statisztikai elemzéseket a Prism v5.0 programmal (GraphPad Software, La Jolla,
CA, USA) hajtottuk végre. Az adatokat négy fliggetlen mérés alapjan hataroztuk meg. Az
adatok szignifikanciajat egyutas ANOVA modszerrel értékeltilk, Dunnett post-hoc teszt
alkalmazasaval. A p<0,05 értékeket tekintettiik statisztikailag szignifikansnak.
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4.3. Eredmények és megbeszélésiik
4.3.1. Az anterior és posterior-vég regeneracios folyamatanak morfolégiai valtozasai

A gytirisférgek regeneracidja morfologiailag jol tanulmanyozott, azonban a
regeneracio hatterében all6 molekularis €s immunolégiai folyamatokkal kapcsolatban kevés
adattal rendelkeziink. A gilisztak regeneracidja epimorfozis és morphallaxis utjan megy végbe
(Berill, 1952; Varhalmi és mtsai., 2008; Engelmann és mtsai., 2018). A regeneracios blastema
tobbféle, morfologiailag elkiiloniild sejtbdl épiil fel. Elsé 1épésben, a sebhely a felszinen 1évo
epiblasztok révén zarodik, amelyek differencialatlan epidermalis sejtek. Az alatta 1évo
rétegekben taldlhatok a myoblasztok, amelyek a differencidlatlan testfalbol és bélcsatornabdl
eredeztethetok. Az alsobb rétegekben endoblasztok és migratorikus képességgel rendelkezd
mezodermalis sejtek is megfigyelheték (Varhalmi és és mtsai,, 2008). Munkank soran
els6ként hisztokémiai festéseket végeztink az anterior (4.3.1a abra) és posterior (4.3.1b
abra) regeneraci6 folyamata soran a regeneracios blastema megjelenésétél (4. nap) a
regeneracios folyamat végéig (4 hét). A hematoxilin-eozin (H&E) festés segitségével jol
lathat6 az 0j szelvények képzOdése és a szovetek tjraszervezédése mind az anterior (4.3.1a

abra) mind a posterior (4.3.1b abra) regeneracié folyamata soran.

d

Intakt CTRL 4 nap
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4.3.1. abra. Az intakt kontroll (CTRL) és regeneralodo (4. naptol 4. hétig) allatok eliilsd, anterior ()
¢és hatso, posterior szegmenseinek (b) hematoxilin-eozin festése (H&E), perjodsav-Schiff (PAS) és
savas-foszfataz (AcP) festése. ACP-pozitivitas: nyilak. Méretarany: 100 pm.

A PAS festés, amely a szénhidratok/glikogén-kimutatasara alkalmas (Engelmann és
mtsai., 2016a), nem mutatott Iényeges kiillonbségeket az intakt és regeneralodo allatok kozott
sem az anterior, sem a posterior regenerdcid folyamatdban. Ezzel szemben AcP festés
segitségével mindegyik folyamat sordn lényeges kiilonbségeket figyeltiink meg az intakt €s
regeneralodo allatok kozott. A savas-foszfataz a lizoszOmalis aktivitds egyik markere
(Engelmann és mtsai., 2016a), illetve az autofagia miatt megndvekedett lizoszomalis-aktivitas

egyik jele is lehet (He és Klionsky, 2009).

4.3.2. Az eleocytak és granularis amoebocytak blastemaba vandorlasa az anterior és
posterior-vég regeneracidja soran

Munkank soran konzervalt sejtbiologiai és immunbioldgiai folyamatokat vizsgaltunk
E. andrei gilisztafaj anterior és posterior regeneracidja soran. Tovabba, Osszefliggéseket
kerestiink a cellularis és molekuldris immunbioldgiai folyamatok kozott. A sejtosztodas
kimutatasa céljabol az intakt, 2 és 4 hetes regeneralodo allatok esetében (az iddpontokat a
hisztokémia alapjan valasztottuk, itt voltak a legszembetlinbbek a morfologiai kiilonbségek)
EdU-festést végeztiink. Vizsgalataink soran elsdként mutattunk ki oszt6do sejteket E. andrei
gilisztafaj anterior és posterior regeneracidja soran (4.3.2a-d abra). A modszer segitségével

nyilvanvalova valt, hogy a kéthetes regeneralodd allatoknal joval tobb az osztodo sejtek
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mennyisége az anterior €s posterior regeneracio (8 fliggetlen kisérlet atlagaként 371 oszt6do
sejt az anterior, és 220 a posterior blastemaban) alatt, mint az intakt (8 fiiggetlen kisérlet
atlagaként 59 0szt6do sejt az anterior, és 10 a posterior vég esetében) és 4 hetes (8 fiiggetlen
kisérlet atlagaként 169 o0szt6do sejt az anterior, és 50 a posterior blastemaban) regeneralddo
allatoknal. Megfigyeléseink alapjan a sejtosztodds az anterior regeneracido soran joval
kifejezettebb, mint a posterior regeneraci6 folyamataban (nem mutatott eredmények).
Osszehasonlitva a BrdU-festéssel, ez a médszer egy joval gyorsabb és megbizhatobb
eljaras, amelynek soran nincs sziikség HCl-as feltarasra, igy az epitopok nem sériilnek.
Ezaltal lehet6ségiink nyilt immunhisztokémiai Iépések végrehajtasara is. Jelen munka soran, a
mar korabban hasznalt anti-EFCC5 (eleocyta/lysenin) és anti-EFCC4 (granularis amoebocyta
specifikus) monoklondlis antitesteket alkalmaztuk (Engelmann és mtsai., 2005; Engelmann ¢és
mtsai., 2016a), azért, hogy igazolni tudjuk a coelomasejtek részvételét a regeneracios
folyamatokban. Mar korabban bizonyitottak, hogy a velesziiletett immunrendszer cellularis és
humoralis komponensei nélkiilozhetetlen szerepet jatszanak a regeneracids folyamatokban,
aktivitasuk meghatarozza a regeneracid sikerességét (Abnave és Ghigo, 2018). Kordbban is
ismert volt, hogy a coelomasejtek valamilyen szinten részt vesznek a sebgyogyulas ¢€s
regeneraci6 folyamataban (Liebmann, 1943). Eredményeink alapjan az ecleocytak és
granularis amoebocytdk is az Gjonnan képz6d6 szegmensekbe vandorolnak. Azonban az
anterior regeneracido folyamataban sokkal kevesebb anti-EFCCS5 pozitiv eleocyta, €és anti-
EFCC4 pozitiv granularis amoebocyta volt megfigyelhetd még 2 és 4 hét utan is,

Osszehasonlitva a posterior regeneracioval (4.3.2a-d abra).
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c - Anti-EFCC5
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4.3.2. abra. A sejtosztodas kimutatasa és a coelomasejtek (eleocytak/anti-EFCCS5 pozitiv sejtek (a és
C) és a granularis amoebocytak/anti-EFCC4 (b és d) pozitiv sejtek) részvételének igazolasa az intakt, 2
¢s 4 hetes anterior (a és b), illetve a 2 és 4 hetes posterior (¢ és d) regeneracié folyamataban.
Csillagok: EdU-pozitiv sejtek, nyilak: anti-EFCC5 (lysenin) és anti-EFCC4 pozitiv sejtek, nyilhegyek:
egyesitett (merged) EdU-pozitiv sejtek, szamjelek: egyesitett (merged) anti-EFCCS5 és anti-EFCC4
sejtek. Méretarany: 50 um.
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Ezzel szemben a posterior regeneracido soran mar a masodik hét elteltével anti-EFCC5
pozitiv, eleocyta-csoportosuldsokat figyeltiink meg a regeneracidos blastema lacundiban
(4.3.2¢ abra). A lysenin-szekretalo eleocytak jelenléte, igy az antimikrobialis kdrnyezet
kialakitdsa a regeneracios folyamatban Osszekapcsolodhat a korokozok elleni védelemmel.
Megfigyeléseinket alatamasztja, hogy kordbban a rakok kozponti idegrendszerének
regeneracioja soran kimutattdk az immunsejtek aktiv részvételét (Chaves da Silva és mtsai.,
2013). Tovabba bizonyitott, hogy szamos antimikrobialis faktor (theromacin, neuromacin,
Hm-lumbricin) képes a sériilt axonok helyreallitasanak fokozasara H. medicinalis pidca faj
esetében (Schikorski és mtsai., 2008).

Az anti-EFCC4 pozitiv, migraciora és fagocitozisra képes granularis amoebocytak is
jelen voltak a regeneracios blastemaban, de nem csak a coelomaiiregekben, hanem a
testfalban és izomzatban is (4.3.2b és d abra). Ez a megfigyelésiink egybevag a
szakirodalommal, miszerint a szegmensek eltavolitasat kovetden a coelomasejtek fagocitald
csoportja képes a sériilés kozelébe vandorolni és ott a sériilt epithelidlis és izomsejteket

eltavolitani (Cooper és Roch, 1984).

4.3.3. A programozott sejthalal kinetikaja és effektor coelomasejtek megjelenése a

regeneracios blastémaban

A sejtosztddassal parhuzamosan a programozott sejthalal (apoptozis) folyamatat is
vizsgaltuk Click-iT TUNEL-assay segitségével, mellyel az apoptotikus sejtek jelenléte volt
kimutathatd az anterior és posterior regeneracios folyamatok soran. Az apoptdzis két
hullamban mutatott nagyobb intenzitast (nem mutatott adatok), azonban a legnagyobb
mértéki sejtpusztulast a 4 hetes anterior (4.3.3a abra) és posterior (4.3.3b abra) regeneralodo
allatokban volt kimutathat6. A programozott sejthaldl nem csak a transzdifferencidcid
szakaszaban fontos, hanem a regeneracios folyamat elindulasakor is. Példaul a pusztulo sejtek
szignalokat (szolubilis 4genseket) bocsathatnak ki, és szignal transzdukcids utakat aktivalnak.
Hidra regeneracioja soran (a fej és 1ab regenerdlasa kortilbeliil harom nap alatt lezajlik)
megfigyelték, hogy az apoptdzis két hullimban megy végbe. Kettévagads hatdsara egy oran
beliil egy massziv, apoptotikus hulldmot lathatunk, a mdasik hullimot csak joval kés6bb
pusztuld sejtek Wnt3-at bocsatanak ki, amely aktivalja a Wnt/B-catenin utvonalat, ezaltal
meginditja a sejtproliferaciot (Vriz és mtsai.,, 2014). Egy planarian végzett Gsszehasonlitd
tanulmanyban megallapitottak, hogy a regeneracié soran szamos sejt feleslegessé valik vagy a

szimmetria helyreallitasa alatt nem megfeleld pozicioba keriil, igy tobbféle sejttipus
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eliminalodhat az apoptozis altal (Tettamanti és mtsai.,, 2008). Drosophila larva esetében a
sejtek 60 %-nak irradidlasa utan a szarny imaginalis diszkuszai képesek a normal méret
helyreallitasara, amely apoptozis indukalta proliferacio utjan valosult meg (Holstein és mtsai.,
2011; Vriz és mtsai.,, 2014). A zebrahal farokusz6 regeneraciojanal is két hullamban
tapasztalhatd az apoptozis, elsoként a kezdeti sebgyogyulasnal, kés6bb pedig a szoveti
atrendez6dés folyamataban (Vriz és mtsai., 2011). Mindezek alapjan beszélhetiink, egy un.
regenerativ  sejthalalr6l, amely kisérlet sorozatunk sordn is tapasztalhatdo volt,

legintenzivebben a ,,remodelling” fazisban (4.3.3a és b abra).

4 hét

a DAPI Anti-EFCC4

4 hét

b DAP Anti-EFCC4

4.3.3. abra. Apoptozis kimutatasa a 4 hetes blastemaban az anterior (a) és a posterior (b) regeneracios
folyamat soran. A TUNEL-pozitiv sejtek szama 4 hét utan volt a legmagasabb, egyidejiileg csak a
granularis amoebocytak (anti-EFCC4-pozitiv sejtek) voltak jelen az apoptotikus sejtek koriil.
Csillagok: TUNEL-pozitiv sejtek, nyilak: anti-EFCC4-pozitiv sejtek, nyilak: Osszeillesztett (merged)
TUNEL-pozitiv sejtek, szamjelek: merged anti-EFCC4-pozitiv sejtek. Méretarany: 100 pm.
Eredményeink alapjan az anti-EFCC4 pozitiv sejtek megtalalhatoak voltak az
apoptotikus sejtek koriil, és feltehetdleg azok eltakaritasaban vesznek részt (4.3.3a és b abra).

Korabban gerincesekben leirtak, hogy a velesziilettett immunrendszer sejttipusai (neutrofil

granulocytak, monocytak, stb) a sériilés helyére vandorolnak és részt vesznek az elhalt részek
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eltavolitasdban és a korokozok elleni védelemben, ezdltal hozzajarulnak a sikeres
sebgyogyulashoz, és a helyreallitasi folyamatok megindulasahoz (Eming és mtsai., 2017).
Zebrahal farokusz6 regeneracidjaban a makrofagok szerepe jo6l dokumentélt, ¢és
nélkiilozhetetlen a sikeres szoveti regeneraciohoz (Morales és Allende, 2019). A fagocita
sejteknek magaban a szoveti Ujraszervezddés folyamataban is szerepilk van, a masodik
apoptotikus hullam megengedi a 1étezd strukturak atrendezddését és a coelomasejtek jelenléte
befolyasolja a blastemaképzdés és regeneracid sikerességét (Okrzesik és mtsai., 2013;

Molnar és mtsai., 2015).

4.3.4. Az immunvalaszban szerepet jatszo gének mRNS expressziés valtozasai az

anterior és posterior regeneracio folyamata soran

Munkéank sordn a regeneracid celluldris mechanizmusai mellett a molekularis szintii
valtozasokat is vizsgaltuk. A hasonld témaji tanulmanyok (gylriisférgek és magasabb rendi
szervezetek esetén is) eddig foként a fejlddésben szerepet jatszd gének expresszidjara
koncentraltak. EImondhatjuk, hogy mar a blastema formalodas korai szakaszaban a blastema
transzkripcionalisan aktivva valik. Transzkriptom analizis szamos Hox-klaszter gén, GMP-
gének, a Wnt-jelatviteli utvonal génjei (kozottik a pS-catenin), glutamin-szintetdz, twist,
miRNS-ek, a grimp és tuba expresszidjanak valtozasait allapitotta meg a regeneracié soran
(Tadokoro és mtsai., 2006; Niva és mtsai., 2008; Takeo és mtsai., 2008 és 2010; Steinmetz és
mtsai., 2010; Bely és Sikes, 2010; Pfeifer és mtsai., 2012; Huang és mtsai., 2012; Pfeifer és
mtsai., 2013; Novikova és mtsai., 2013; Ozpolat ¢s Bely, 2015; Kozin ¢és Kostyuchenko,
2015; de Jong és Seaver, 2016).

Gytrisférgeknél az immunvalaszban szerepet jatszo gének (PRR és AMP-ek) mRNS
expressziojat eddig még nem vizsgaltdk a regeneracid folyamatdban. Gilisztdban egyeldre
nem ismerjiik a TLR-szignalizacié kovetkezményeit, de gerincesek esetében a TLR-aktivacio
inflammatorikus citokinek (pl. TNFa és INFy) szintézis¢hez vezet (Chen és DiPietro, 2017),
rovaroknal azonban a Toll ligand kotése antimikrobidlis peptidek termelddését idézi eld
(Ganesan és mtsai. 2011). Kisérleteink soran ezért vizsgaltuk a TLR (PRR), és az
antimikrobialis tulajdonsagu fehérjék (lysenin, Lumbr és LURP) expresszi6s mintazatat az
anterior (4.3.4a abra) és posterior (4.3.4b abra) regeneracios folyamat (1. héttél a 4. hétig)
soran.

Munkank soran az intakt allatokhoz képest fOként csokkent mértékli génexpressios

mintazatot figyeltiink meg. Kisérleteink soran a TLR-expresszid csokkenését tapasztaltuk a
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regeneracios folyamat alatt (4.3.4 a és b abra). A Lumbr ¢s LURP prolin gazdag AMP-ek
(Bodo és mtsai., 2019) esetén is szembetind, hogy amig a sejtosztodas kifejezett (2. hét), az
AMP-ek mRNS expresszidja csokkenést mutatott, azonban a 2. hét utdn a sejtosztdodas
lényegesen csokken, és ekkor a mRNS expresszidos mintazat novekedését tapasztaltuk (4.3.4a
és b abra). Az Eisenia-specifikus lysenin, egy tobbféle funkcioval (citotoxikus,
antibakterialis) rendelkezé molekula (Opper és mtsai., 2013). A lysenin expresszio csokkent a
legkifejezetebb mértékben mind az anterior €s posterior regeneracios folyamatok soran, és a
tartosan redukalt expresszio jellemzd volt a megfigyelt regeneracids periddusra, ellentétben a
Lumbr és LURP szintekkel (4.3.4a és b abra).

Emlésoknél a sériilést kovetden a patogéneket €és a ,,danger szignalokat” (pl. hésokk
fehérjék, extracellularis ATP, IL-1a, IL-33) a TLR-ok és mas PRR-ok ismerik fel, majd az
NF-xB transzkripcids faktor aktivacidjan keresztiil gyulladasos folyamatokat inditanak el. A
TLR ¢és NF-xB aktivacio a gyulladas indukcidja révén negativan szabalyozza a sériilések
kezdeti regeneracidjat (Mescher és Neff, 2005; Chen és DiPietro, 2017).

Elézetes tanulmanyok alapjan az axolotl esetében megfigyelték, hogy bOrsériilést
kovetden egy attenudlt immunvalasz sziikséges a tokéletes gyodgyulashoz, a Xenopus
ebihalaknal a 1ab regeneracidjanak esetében az immunvalasz génjeinek késobbi aktivaciojat
figyelték meg (Godwin ¢és Rosenthal, 2014). Egy hipotézis szerint az adaptiv immunrendszer
kifejloédése szab gatat a regeneracido folyamatanak és idézi eld csupan a sebgyogyulast a
magasabb rendii gerincesek esetében (Vitulo és mtsai., 2017).

Osszefoglalasként, elmondhatjuk, hogy a vizsgalt gének alulmiikodése a blastemat alkoto
sejtek éretlen természetére utalhat, tovabba a blastema sejtek metabolizmusa is eltérhet a
differencialodott szovetekt6l. Egy masik elmélet az immunvalaszban szerepet jatszo gének
»down-regulacidjat” a regeneraciod folyamataban az egyes allokacios stratégiakkal és a ,,trade-
off” modellel magyarazza. A regeneracid képessége, csakiigy, mint az aszexualis agametikus
reprodukci6d (pl. hasadas, bimbo6zas) egy poszt-embrionalis képességnek szdmit (Bely és
Nyberg, 2010). Egy 0j képesség hozzaadoddsa az organizmus repertoarjahoz, az elézetes
»forras” allokdci6 modositasat feltételezi. Az egyes allokéacids-stratégidk meglehetdsen nagy
energia-raforditast igényelnek. Ezek a stratégiak lehetnek példaul a szomatikus novekedés, a
regeneracid és az aszexudlis agametikus reprodukcios képesség (Bely és Nyberg, 2010;
Zattara és Bely, 2013). Ha egy ¢l61ény valamelyik életmenet stratégiaba tobb energiat allokal,
a tobbi stratégia negativ korrelacioba keriil az aktudlisan preferalttal szemben (,,trade-0ff”).
Gyltirtisférgek esetében a regeneracio soran az elsddleges cél, az elvesztett szelvények minél

hamarabbi pétlasa. A ,trade-oft” értelmében pedig ezen 1d6 alatt a felvett forrds nagy része a
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regeneraci6és mechanizmusra forditédik, és igy kevesebb energia jut a védekezd

mechanizmusokra (Zattara és Bely, 2013).

a b

TLR TLR
; 4 * 5 204
5 ‘ ’ <
= £
34 % 154
b]
3
g N
- g " %
2 °=’ &
g . EEEA
Ly 1 = 54
R
0 2 - T : - .
CTRL 1 hét 2 hét 3 hét 4 hét CTRL 1 hét 2 hét 3 hét 4 hét
Lysenin Lysenin
~ 5 200
El * 2 * %
< | - > r | e—>
§ * 3 D s o
© 1504
2
10 N
]
14
4 2 100
9
E N
N N =
U EE o

CTRL 1 hét 2 hét 3 hét 4 hét CTRL 1 hét 2 hét 3 hét 4 hét

Lumbr Lumbr
~ * % 3 100,
3 e g N
< ~
s W % N
3 EaSSY i & w
a
E oo Pos N
3 * H NN
F <+—> | ¢ 60
¢ 5
g @ :
o -
2 g ©
[
] £
E BB EES s
] g 20
= HE
g .
H H
z T T T T T i Z T T 1 T T
!
CTRL 1 hét 2 hét 3 hét 4 hét CTRL 1 hét 2 hét 3 hét 4 hét
LuRP LuRP
* *
3 20 +—r ——» i 5 40q
< HE- 4
& Pk
3 i3
& 154 g 30
2 ]
2 i®
g 104 '8 20
5 { &
12} H 12}
: @ .
[ H E
= 5 o= 104
5 i 3
3 i 3
E i E
5 [
E T T T T T . z 0 T T T T T
CTRL 1 hét 2 hét 3 hét 4 hét CTRL 1 hét 2 hét 3 hét 4 hét

4.3.4. abra. A célgének (TLR, lysenin, Lumbr, LURP) expresszidos mintazata az anterior (a) és a
posterior (b) regeneracios folyamat (1-4. hét) soran. A box-plotokon a mediant, az interkvartilis és a
legalalacsonyabb/legmagasabb kvartilis terjedelmeket abrazoltuk. A *p <0,05, **p<0,01 értékeket
tekintettiik statisztikailag szignifikdnsnak. Az eredményeinket RPL17 mRNS szintjéhez normalizaltuk
¢és négy fiiggetlen mérést végeztiink (n=4, £SEM).
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4.4, Konkluzio

A regeneracios képesség torzsfejlodésileg 6si tulajdonsag, melynek sikerességét szamos
faktor hatarozza meg. Mai elképzelések szerint a regeneracié az embrionalis fejlodési
folyamat egy alternativ modjaként értelmezhetd. A legtobb tanulmany igen nagy hangsulyt
fektet a fejlédés és regeneracido kozotti parhuzamok felderitésére. Szamos hipotézist sikeriilt
felallitani, miért és hogyan veszett el a regeneracios képesség a filogenezis sordn. Az egyik
szerint az immunrendszer szerepe dontd a regenerdcios folyamatban, illetve a regeneracios
kapacitas forditottan ardnyos az immunrendszer fejlettségével. A sériilés hatasara egy lokalis
gyulladas indul el, amely a gyogyuldsi folyamatot negativan befolydsolja. Szdveti
makrofagok, monocytak, neutrofilek aktivacioja és mobilizacidja kezdddik el, a sériilés pedig
egy gyors sebgyogyuldst igényel. A sebgydgyulasi folyamatban kitiintetett szerepet jatszanak
az M2 (alternativ ttvonalon aktivalt) makrofagok, melyek anti-inflammatorikus
tulajdonsagaik révén vesznek részt a sebgyodgyulasban (a regenerdcios fazisban mar nincs
gyulladas). A makrofagok szerepe donté a regeneraciés folyamatban, de kiilonb6zé T-sejt

alcsoportok (Treg, Thy és yoT-sejtek) részvétele is bizonyitott (Gieseck és mtsai., 2018).

Kisérleteink soran a regeneracié morfologiai Iépéseit és az immunbiologiai folyamatokat
vizsgaltuk az intenziv regeneracios képességel rendelkez6 E. andrei gilisztafajban (ahol csak
a velesziiletett immunrendszer van jelen). Eredményeink alapjan morfologiai kiilonbségek
vannak az anterior €és posterior regeneracié soran, a coelomasejtek (makrofag-szerii sejtek)
részt vesznek a regeneraci6 folyamataban, de az immunvalaszban szerepet jatsz6 gének
mRNS expresszidja (PRR, AMP) alacsonyabb mértékli expresszidos mintazatot mutatott az
intakt 4llatokhoz képest. Szamos karakterisztikus sejt és génszintii valtozast figyeltiink meg a
gylriisférgek immunvélaszaban, amely parhuzamba allithatd mdas gerinctelen fajok
regeneracidja soran megfigyelt immunoldégiai valtozasokkal, illetve a sikeres regeneracios

képesség oka lehet, hogy a blastema id6legesen egy immunologiailag toleralt teriilet.
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Eredmények II1.

5. Evoluciésan konzervalt stressz és immuntoxikolégiai folyamatok: eziist és
arany nanopartikulumok in vitro kélesonhatasanak vizsgalata gerinctelen
immunsejteken

A téma alapjaul szolgalo publikécio:

Engelmann P., Hayashi Y., Bodé K., Molnar L. (2016b) in Lessons in immunity: from single
cell organism to mammals, ed. L. Ballarin and M. Cammarata, Elsevier, Amsterdam, 1stedn.,
2016, ch. 4, pp 53-66.

Bodo K., Hayahi Y., Gerencsér G., Laszlo Z., Kéri A., Galbacs G., Telek E., Mészaros M.,
Deli A. M., Tolnai G., Kokhanyuk B., Németh P., Engelmann P. Species-specific sensitivity
towards noble metal nanoparticles: a multiparametric in vitro study of OECD standard soil

sentinels (elbiralas alatt).
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5.1. Bevezetés
5.1.1. A nanorészecskék definicioja, és jellemzoi

A nanotechnologia egy uj szakteriilet, amely egy teljesen 0j korszak hirndkének, avagy
a kovetkez6 ipari forradalom uttér6jének tekintheté (Hansen és mtsai, 2008). Ez a
technolégia magaban foglalja az atomi, molekuléris és makromolekularis teriileteken torténd
kutatasokat és fejlesztéseket, melyekben az alkotéelemeket nanométeres skalan értelmezziik.
A kiilonféle nano-méretii anyagok hajlamosabbak a kémiai reakciokra, kiilonb6zd erdsségli
vagy eltérd elektromos tulajdonsagaik révén mobilisabbak lehetnek a nagyobb méreti,
hasonld anyagoknal. Az Eurdpai Bizottsag 2011. oktober 18-an a kovetkezoképp hatdrozta
meg a nanopartikulumok (NP-ok) fogalmat: természetes, esetleges gyarilag elballitott
anyagok, melyek a partikulumokat oldott vagy aggregalt allapotban tartalmazzak, méretiik
egy vagy tobb dimenzids skaldn 10 és 100 nm kozotti tartomanyban mozog (McShan és
mtsai., 2014). Gyartasuk és hasznalatuk rendkiviil gyorsan novekszik, a 2004-es becslések
szerint a globalis szintli eléallitasuk és hasznalatuk tobb ezer tonnara volt tehetd, és a 2020-as
év végére mar el fogja érni a fél millio tonnat. Igy biztosnak mondhato, hogy a nanotermékek
melléktermékei is kikeriilnek a kornyezetbe (Robichaud ¢és mtsai., 2009; Stensberg ¢s mtsai.,

2011).

5.1.2. A nanopartikulumok, mint potencialisan karos anyagok

Szamos NP-ot hasznalnak a viz tisztitdsa, kezelése, ¢és a talajviz remediacidjanak
folyamata sordn, amely eredményesnek bizonyult, de né annak is az esélye, hogy a felhasznalt
részecskék a vizzel egyiitt az €16 szervezetekbe keriiljenek. Ennek alapjan elmondhatjuk, hogy
a NP-ok haszndlatdnak ¢és alkalmazasanak szamos kornyezeti kockadzata van (Borm és
Kreyling, 2004). Ebben a tekintetboen a NP-ok megndvekedett felhasznalasa (ha nem
megfeleléen szabalyozzak) jelentds felhalmozddashoz vezethet a kornyezetben (Soni és
mtsai., 2015; Lai és mtsai., 2017; Prajitha és mtsai., 2019). A nagyobb mértékii ipari termelés
eredményeként annak is ndvekszik a kockazata, hogy az emberek szervezetébe is
bekeriilhetnek ezek a részecskék, amelynek tobbféle modja lehet: inhaldcio, dermalis
kontaktus vagy abszorpcidé az emésztd traktusbol. A nanotoxikologia a toxikologia egy 1j
aganak tekintheté, mely a nanopartikulumok interakcidjat és potencialisan karos hatésait
vizsgalja az ¢él6 szervezeteken és kornyezetiikon (Das és mtsai., 2016). A NP-ok eldallitasa
egy elektronikus-galvanikus eljaras keretein beliil torténik, igy kdnnyebben szivodnak fel a

szervezetben aprd részecskék formajaban. Alacsony koncentracidban is képesek a szervezet
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egyensulyanak felboritasara, az életfolyamatok negativ irdnyba vald befolyasolasara. Méretiik
¢s esetlegesen mas anyaggal vald boritottsdguk nagymértékben meghatdrozza a
reaktivitasukat, transzportjukat, és toxicitdsukat (Oberdorster és mtsai., 2005; Maurer-Jones
¢s mtsai., 2009).

Magasabbrendi €16 szervezetek, mint a gerincesek esetében a NP-ok képesek athatolni
a killonbozé védelmi funkciokat ellatd hatarfeliileteken. gy a belélegzett részecskék
atjuthatnak a pulmonalis vagy gasztrointesztinalis rendszer epitélidlis sejtrétegein,
bekeriilhetnek a vérkeringésbe, majd azon keresztiill az egyes belsé szervekbe jutva
megzavarhatjak azok normal miikodését, de specifikus helyekre is akkumulalodhatnak, pl.: az
olfaktorikus idegek segitségével kozvetleniil az agyba szallitédhatnak karosodast idézhetnek

el6 az idegsejtekben (McShan és mtsai., 2014).

5.1.3. Az arany és eziist nanopartikulumok: altalanos jellemzék, kolcsonhatasuk
biologiai rendszerekkel

A fém-nanorészecskék egyediilalld fizikai,- kémiai és optikai tulajdonsagaik miatt
kitiintetett szereppel birnak a kereskedelemben és orvostudomanyban (Soni és mtsai., 2014;
Vio és mtsai., 2017; Zhao és mtsai, 2019). Az eziist (Ag) NP-ok az antimikrobialis
tulajdonsaguknak koszonhetéen a leginkabb felhasznalt NP-ok a kereskedelmi termékekben,
mig az arany (Au) NP-ok foként az orvosdiagnosztikai képalkotasban terjedtek el (Cabuzu és
mtsai., 2015; Negut és mtsai., 2018).

Szdmos tanulmany szdmolt be a NP-ok (leginkdbb AgNP) akut és karos (foként
citotoxikus) hatasair6l. Bizonyitott, hogy a kisebb méretli AgNP-ok nagyobb mértékii ROS-
képzdodést idéznek eld, ezaltal az apoptotikus valaszreakcio fokozodasa kovetkezhet be, illetve
szamos tanulmany mutatott r4 a megndvekedett oxidativ stressz ¢€s a mitokondridlis
membran,- és DNS karosodasa kozotti erés korrelaciora (Hayashi és mtsai., 2012; Tourinho
¢és mtsai., 2012; Zoroddu és mtsai., 2014; Bodo6 és mtsai., elbiralas alatt). Jol ismert, hogy az
AgNP és Ag+ képes interakcidba 1épni a fehérjékkel és aminosavakkal (foként thiol), igy
megvaltoztatva azok szerkezetét, amely a funkcidjuk modosulasdhoz is vezet (Kim és Ryu,
2013). A legtobb esetben az AuNP expozicio nincs hatassal a sejtek életképességére és a
hatasmechanizmus kimenetele maig ismeretlen. Az eddigi tanulmanyok alapjan az AuNP
toxicitasi képessége erdsen fligg a sejtek vagy sejtkulturak tipusatol és az egyes organizmusok
fogékonysagatol (Tao, 2018). Emellett az AgNP-ok és AuNP-ok interakcioba 1épnek a
biologiai folyadékokban (pl. sejtkulturak feliiluszoja, szérum) talalhatd fehérjékkel, amelynek

eredménye egy bio-molekularis korona képzddése (un. protein korona) (Lai és mtsai., 2017).
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Az ujonnan kialakult protein koronanak feltehetdleg szerepe van a NP-ok felismerésében ¢és

crcr

(Hayashi és mtsai., 2013; Bodo és mtsai., elbiralas alatt).
5.1.4. Nanorészecskék és coelomasejtek interakcigja in vitro

A nanotoxikolégiai tanulmanyokban a mai napig Kkitiintetett szerephez jutnak a
baktériumok €s a gerinctelenek, mivel ezek a szervezetek az elsdk kozott talalkozhatnak a
kornyezetiinkbe keriilt nanorészecskékkel (Maurer-Jones és mtsai., 2009). Mostanaig szamos
in vitro és in vivo tanulmany (kiilonb6z6 sejtkulturakat és szervezeteket alkalmazva)
foglalkozott az AgNP toxicitdsaval, azonban a részecskék biokémiai és immunologiai
folyamatokra gyakorolt hatdsa sokszor nehezen értelmezhetd és vitathaté (Kim és Ryu 2013;
Tao, 2018). A teriileten mérfoldkdnek szamitott az az in vitro tanulmany (Hayashi és mtsai.,
2012), amely AgNP-kezelés alkalmazasaval Osszehasonlitotta a konzervalt biologiai
folyamatok lezajlasat gerinctelen (E. fetida coelomasejtek) és gerinces immunsejtek (THP-1,
human akut monocyta leukémia sejtvonal) k6zott. A tanulmanyt késébb Gsszekapcsoltak in
vivo vizsgalatokkal is (Hayashi és mtsai., 2016). Erdekes, hogy a nanotoxikologiai
vizsgalatok figyelembe veszik filogenetikai szinten a stresszvalaszok konzervaltsagat, viszont
horizontalis szinten a kdzel-rokon fajok kozotti kiilonbségeket nem vizsgaljak.

A talajlako gilisztak kulcsfontossagli szervezetek, amelyek a talaj, mint 6koszisztéma
allapotat jellemzik (E¢imovi¢ és mtsai., 2018). Az Eisenia andrei és az E. fetida gilisztak
morfoldgiai tulajdonsagaik révén két megkiillonboztetett, de szoros rokonsagot mutatod
foldigiliszta faj, melyeket széles korben alkalmaznak az Okotoxikoldgiai és Gsszehasonlitd
immunologiai vizsgalatok soran (Hayashi és mtsai.,, 2002; Engelmann és mtsai.,, 2016b).
Valojaban a két faj természetes életkoriilményei alapvetd kiilonbségeket mutatnak;
pontosabban, az E. andrei inkabb a komposztban, mig E. fetida nedves erdei talajban él,
azonban kialakulhatnak vegyes koloniak is (Rorat és mtsai., 2014). Annak ellenére, hogy a
két Eisenia spp. mar régota alkalmazott modellszervezet a kiilonb6z6 biologiai
vizsgalatokban, pontos genetikai megkiilonboztetésiiket csak a kozelmultban sikerdilt
megoldani a mitokondrialis citokrom-oxidaz (COI) I-es gén alegységére tervezett faj-
specifikus primerekkel (Dvotfak és mtsai., 2013). A korabbi eredmények eltéré mértéki
génexpressziot bizonyitottak a két Eisenia faj kozott a fetidin/lysenin alapszintjében (e
fehérjék szerepe vitathatatlan a faj-specifikus fehérje-NP komplexek képzddésében) (Hayashi
¢s mtsai., 2013).
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Munkank soran E. andrei és E. fetida gilisztdk immunsejtjeinek kolcsonhatasait
vizsgaltuk in vitro 10 nm-es nemesfém NP-okkal (AgNP-ok és AuNP) molekularis és
cellularis szinten. Céljaink kozott szerepelt a NP kezelésekre adott molekularis és sejtszintii
(Bod6 és mtsai., elbiralas alatt) valasz megallapitasa, a részt vevd antimikrobialis hatassal
rendelkez6 peptidek (lysenin, lumbricin, LuRP) szerepének pontos vizsgalata, illetve a két faj

érzékenységbeli kiilonbségének a meghatarozasa.
5.2. Anyagok és mddszerek
5.2.1. Nanopartikulumok

A polyvinylpyrrolidone (PVP)- felszinti, 10 nm-es AgNP-ot és AuNP-ot (1 mg/mL,
BioPure, OECD standard) a NanoComposix (San Diego, CA, USA) cégtdl szereztiik be, és 4
°C-on, sotétben taroltuk a gyartd utasitasait kovetve. Az AgNOs-ot (oldott Ag) a Sigma-
Aldrich-t6] vasaroltuk (Budapest, Magyarorszag), és 4 °C-on, sdtétben taroltuk a gyartd

utasitasai szerint.

5.2.2. Coelomasejtek izolalasa és az in vitro kezelés koriilményei

E. andrei és E. fetida gilisztak tartasa standard laboratoriumi koriilmények kozott tortént
(az eredmények 1. fejezetében leirt modon), csakiigy, mint a coelomasejtek izolalasa
(Engelmann és mtsai., 2005). A fajok genotipizalasa Dvorak és mtsai. (2013) alapjan zajlott.
A sejtek izolalasat, mosasat és szamoldsat kovetSen (5x10°), kezeltiik Oket eltérd
koncentracioban (1,25-40 pg/mL) és id6tartamban (1-24 6ra) a NP-okkal RPMI-1640
sejttenyészt6 médiumban (HEPES 3,5 g/L pH 7,4) 1% penicillin/streptomycin (100 U/mL
penicillin és 100 pg/mL streptomycin, Lonza) és 1 % hdinaktivalt FBS jelenlétében. A
kezelésekhez 24 lyuku-sejttenyésztd lemezeket hasznaltunk. Egyes kolorimetrias méréseknél
interferencia volt varhatd, ezekben az esetekben fenol-vorés mentes RPMI-t hasznaltunk.
Kétszeresen desztillalt-vizet (ddH,0) alkalmaztunk negativ kontrollként (abban a térfogatban,
mint a legnagyobb koncentraciojo AgNP-kezelés), pozitiv kontrollként AgNOs-ot
hasznaltunk (oldott Ag). Az é&ramlési citometrids mérések alatt csak az amoebocytdkra
kapuztunk, hogy kizarjuk a magas autofluoreszcencidval rendelkezd eleocyta alpopulaciot

(Bodo és mtsai., 2018).
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5.2.3. A dozis-hatas gorbék alkalmazasa és a tovabbi kisérletekben alkalmazott

koncentraciok kivalasztasa

A kezelésekhez tartozo lethalis koncentraciok (LC. értékek) kiszamitasahoz dozis-
hatas gorbéket készitettiink. A toxicitdsi mechanizmus tovabbi tanulmanyozasa céljabol az
AgNP-nal a magasabb koncentraciokat valasztottuk (15, 30 és 40 ug/mL) Ki, a pozitiv
kontrollnal (AgNO3) a legmagasabb koncentraciot (1.35 ug/mL, ahol a kezelés sejtek tobb
mint 95 %-ra hatékony) alkalmaztuk (az ehhez tartozd részletes leiras a relevans
publikdcioban megtaladlhaté: Bodd ¢€s mtsai., elbiralas alatt). Az AuUNP esetében nem
figyeltiink meg toxicitast, egy koztes koncentraciot (20 pg/mL) hasznaltunk. Az aramlasi
citométeren alapuld funkcionalis méréseket (kiilonbozé fluoreszcens festékek) az €l6/halott
sejtek megallapitasahoz hasznalt 7-AAD-vel (Biotium, 1 pg/mL) kombinaltuk. A gén, -és
protein expresszids profil vizsgalatoknal szublethalis koncentraciokat alkalmaztunk, amelyek
az LCyp-as értékeket jelentették (AgNP: E. anderi 2,71 ug/mL és E. fetida 2 ug/mL; AgNO3
0,20 pg/mL), illetve az AuNP esetében mindkét fajnal a valtozatlan 20 pg/mL-0S
koncentraciét hasznaltuk. Dolgozatomban részletesen a génexpresszios €s fehérje-szintii
valtozasokat ismertetem, a subcellularis valaszreakciok vizsgalata (ROS/NO detektalas,
mitokondrialis membranpotenical, kaszpaz aktivacio, DNS-karosodas) megtalalhaté a

relevans publikacioban (Bodo €és mtsai., elbiralas alatt).
5.2.4. Génexpresszios profil

A coelomasejteket (5x10°) eltérd idétartamban (2, 12 és 24 h) kezeltik az alacsony
toxicitasi koncentraciokkal (LCy) (AgNP: E. andrei 2,71 pug/mL; E. fetida 2 pg/mL illetve
AgNOs: 0,20 pg/mL, mindkét fajnal) ill. a 20 pg/mL AuUNP koncentracioval. Minden
kondici6 esetében Ot fiiggetlen bioldgiai ismétlést végeztiink. A kezeléseket kdvetden a
coelomasejteket dsszegyiijtottiik és kétszer mostuk LBSS-sel (5 perc, 100 RCF). A total RNS
izolalasa ¢és cDNS-szintézis a gyartd altal megadott protokol alapjan, az eredmények I.
fejezetében leirt modon (3. pont) tortént, emellett a valos-idejii PCR esetében is ugyanazokat
a paramétereket alkalmaztuk (I. fejezet, 3. pont).

A SyBR Green-alapti valos-idejii PCR reakciot a korabbi fejezetekben leirtakhoz
hasonloan végeztilk el. A génspecifikus-primerek megtervezése a Primer Express szoftver
(Thermo Scientific) segitségével (Bodo €s mtsai., elbiralas alatt) valosult meg. Az analizis
soran a nyers fluoreszcens adatokat hasznaltuk az amplifikacio kinetikdjanak a szamitasahoz,

ezért a cDNS templat kezdeti mennyiségét (Ro) DART-PCR (Peirson és mtsai., 2003)
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segitségével hataroztuk meg. Az Ro-értékek normalizalasahoz kétféle modszert alkalmaztunk,
egyrészt a konvencionalis ,house-keeping” gén (RPL17, mint belsé referencia gén) alapu
megkozelitést illetve az adat-alapt NORMA-gén algoritmust (Heckman és mtsai., 2011). Az
utobbi modszert valasztottuk, mivel ebben az esetben csokkent az egyes csoportokon beliili
variaci6 (hatékony normalizacid) illetve a csoportok kozotti varianciat is minimalisan
befolyasolta. Minden idépontban a NORMA-gén algoritmus altal normalizalt Ro-értékeket
mutattuk be a kontroll értékek geometriai atlagahoz viszonyitva. A hotérképeket a log,-
transzformalt és skalazott adatkészletekre készitettiik az R programcsomag (3.5.1. verzid)
gplot funkcidjanak (3.0.1.1 verzid) alkalmazasaval.

A génexpresszidos adatok tobbvaltozos elemzéséhez fokomponens-analizist (PCA) és
korreszpondencia-elemzést (CA) végeztiink a FactoMineR (verzi6 1.41) (Le és mtsai., 2008)
¢s a factoextra (ver. 1.0.5) szoftverek segitségével. A PCA esetében a génexpresszios
értékeket logy-transzformaltuk. A PCA-t az adatok dimenzidjanak csokkentése érdekében
végeztik el, hogy meghatarozzuk az altalanos eltéréseket a kiilonb6z6 kategoriak (fajok,
expozicids idOtartam és kezelések, valamint ezek kombinacioi) kozott. A CA-t standardizalas
(azaz skalazas) nélkiil hajtottuk végre, hogy abrazolni tudjuk a kezelés-specifikus

génexpresszios Mintazatok idobeli kinetikajat.
5.2.5. A NP-ok koriil kialakulo ex-situ protein korona osszetételének vizsgalata

Az AgNP-ok és AuNP-ok koriil kialakulo protein korona Osszetételének
tanulmanyozéasa soran néhany modositassal ugyanazon modszereket alkalmaztuk, mint
amelyeket Hayashi és mtsai., (2013). A sejteket (5x10° sejt/mL) 24 o6ran 4t inkubaltuk
szobahdmérsékleten szérum nélkili (inkomplett) RPMI sejttenyészté tapoldatban. Ezt
kovetéen a feliiliszot leszivtuk és centrifugaltuk (5 perc, 500 RCF) a sejtek eltavolitasa
céljabol. A kovetkezd Iépésben a coelomafehérjéket (CP) tartalmazod feliiluszokat ismét
centrifugaltuk (10 perc, 1700 RCF) és szirtik (0,22 pm), majd a CP-t Protein LoBind
csovekbe (Eppendorf, Hamburg, Németorszag) gyijtottik. A CP-eket az adott gilisztafaj
szerint neveztiik el: EaCP-nek (E.andrei coeloma protein) illetve EfCP-nek (E. fetida coeloma
protein). A CP-k fehérje koncentraciojat (250-300 pg/mL) BCA-kittel (Sigma-Aldrich)
hataroztuk meg. Ezek a koncentraciok nem voltak elég magasak ahhoz, hogy az 1% FBS
(400-600 pg fehérje/mL) alternativajaként szolgaljanak, ezért ugy dontdttiink, hogy a CP-t
BSA fehérjével a hatterében megnoveljiik. Igy osszesen 800 pg fehérje/mL koncentraciot
értiink el, amelyb6l 100 pg/mL volt a CP és 700 pg/mL volt a BSA. Ez 6tszér nagyobb
fehérje koncentraciot jelent, amely elegend6 ahhoz, hogy elfedje a 20 pg 10 nm-es AgNP (igy
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106 pg fehérje jut 11 cm?AgNP feliiletre) és 10 nm-es AuNP (58 pg fehérije jut 6 cm® AuNP
feliiletre) elméleti teljes feliiletét. E szamitdsoknak megfeleléen 1 mL 20 pg/mL AgNP-ot €s
AUNP-ot hasznaltunk. A kontrollok esetében, ugyanazt az inkubacios feltételt alkalmaztuk
csak CP fehérjék nélkiil. A mintdkat 24 oran at szobahdémérsékleten, sotétben inkubaltuk
wend-over-end” rotatoron, majd ezt kdvetden centrifugaltuk (30 perc, 16 kRCF, 21 °C). A
centrifugalast kovetden a feliiliszokat eltavolitottuk, és a NP-0kat haromszor mostuk PBS-sel
(30 perc, 16 kRCF, 21 °C). Az utols6 mosasi 1épés utan a NP-okhoz 2xSDS mintapuffert
adtunk, és a mintakat 5 percig foztiik, majd ujabb centrifugalassal (30 perc, 16 kRCF, 4 °C)
megszabadultunk a pelletté valt NP-oktol.

Felhasznalasig a feliiliszokat -80 °C-on taroltuk, a SDS-PAGE-t és a Coomassie-
Brilliant Blue festést standard protokollok szerint végeztiik el. A referencia fehérjemintakat
kozvetleniil a CP-kbd1 készitettiik (NP-okkal torténd inkubalas nélkiil), hogy 6sszehasonlitsuk
a NP-ok felszinérol eltavolitott fehérjékkel. A géleket egy VilberLourmat Bio-Profil 97
géldokumentacids rendszerrel (Collégien, Franciaorszag) és egy Biocapture Version 12.6
szoftverrel elemeztiikk. Elvégeztik a kivagott gélsavok fehérje azonositdsat kombinalt
folyadékkromatografias tandem tomegspektrometriaval (LC-MS/MS) és Western blot-tal
(WB) a diszkrét savok pontos azonositasa céljabol. Az LC-MS/MS és a WB mérések pontos
részleteit a relevans publikacio melléklete tartalmazza (Bodo és mtsai., elbiralas alatt). (Az

LC-MS/MS mérések a Debrecen-i Egyetemen, dr. Csész Eva segitségével torténtek).
5.2.6. Fehérje szekréciés mintazat

A fehérje szekrécios profil vizsgalat kivitelezése Hayashi és mtsai., (2016)
publikacioja alapjan tortént. Elsé Iépésben a coelomasejteket (5%10° sejt/minta) 4 és 24 6ran
at, szobahdmérsékleten kezeltilkk a megfeleld NP-koncentraciokkal, ugyanazon expozicids
koriilmények kozott, mint amelyeket a génexpresszios vizsgalatban hasznaltunk. A kontrollok
esetében ddH,O-t adtunk a sejtekhez a NP-ok helyett. Az inkubaciot kdvetden a tenyészetek
feliiluszoit (beleértve az NP-kat) Osszegylijtottiikk Protein LoBind csévekbe (Eppendorf),
centrifugaltuk (5 perc, 500 RCF, RT) a sejtek eltavolitasa céljabol, majd ujra centrifugaltuk
(10 perc, 1700 RCF). A fehérjekoncentraciot BCA-kit (Sigma-Aldrich) segitségével
hataroztuk meg, és 400-600 pg/mL-re allitottuk be. Ezt kdvetéen SDS mintapuffert adtunk a
sejtmentes feliiliszokhoz és 5 percig foztiikk 6ket. Az NP-0k eltavolitasahoz a mintakat
centrifugaltuk (30 perc, 16 kRCF, 4 °C), majd SDS-PAGE és Coomassie-Brilliant Blue
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festést végeztiink a standard protokoll szerint. Az ImageJ szoftvert (NIH) hasznaltuk a

denzitometrias elemzéshez.

5.2.7. Statisztikai analizis

Minden kisérletet harom fliggetlen alkalommal ismételtiink meg (kivéve a qPCR-t, ott
n=5). A statisztikai elemzéseket a Prism v5.0 programmal végeztiik el (GraphPad Software,
La Jolla, CA, USA). A normal eloszlast Shapiro-Wilk normalitasi teszt alkalmazasaval
ellendriztiik. A grafikonokon az adatok atlagat a standard hibaval (+SEM) egyiitt mutatjuk be.
Az eredményeket egy-utas ANOVA-val, illetve Kruskal-Wallis teszttel elemeztiik, amelyet
Dunn post-hoc teszt kovetett. A valos-ideji PCR-nal a relativ génexpresszios értékeket log-
transzformaltuk, hogy megfeleljiink a normalitas feltételeinek. A Student-féle t-tesztet (vagy
adott esetben a Welch-féle t-tesztet) az R-ben hajtottuk végre, a Levene-féle variancia
homogenitési teszt utan. A kontrollok és a kezelések kozotti szignifikans kiilonbségeket az

egyes idopontokban =0,05 értékként hataroztuk meg.

5.3. Eredmények és értékelésiik
5.3.1. A koncentracio-fiiggo citotoxicitast csak az AgNP-ok idézik elé, az AuNP nem

Kisérleteink soran elsOként meghatdroztuk a dézis-hatas gorbéket, amelyek alapjan
kivalasztottuk a megfeleld tesztkoncentraciokat a tovabbi szublethalis mérésekhez. Az AgNP
¢és AuNP (1,25-40 pg/mL) illetve AgNOs3 (0,05-1,35 pg/mL) koncentracidé sorozatok 24 6ras
expozicidjat kovetden a coelomasejtek tulélési aranyat 7-AAD-vel, egy sejtmembran-
impermeabilis nuklearis festékkel értékeltiik. Az aramlasi citometrias elemzésben csak az
amoebocyta populaciora koncentraltunk, mivel az eleocytak (a coelomasejtek masik f6
csoportja) magas riboflavin tartalmuk miatt er6s autofluoreszcenciaval rendelkeznek (Rorat és
mtsai., 2014; Bod6 és mtsai., 2018). Mindkét gilisztafaj coelomasejtjei esetében csak az
AgNP (és alacsonyabb koncentraciokban az AgNOs, de az AuNP nem) koncentraciofiiggd
citotoxicitast mutatott a vizsgalt koncentracio tartomanyban (Bodd és mtsai. elbiralas alatt).
Ez azt is igazolja, hogy az AgNP-o0k oldott frakcidja (az 6sszes Ag <0,4% -a) nem kovette az
AgNO; kezeléshez bedllitott koncentracio-valasz gorbét. A fajok kozotti kiilonbségeket
illetéen az E. fetida-bol szarmazd coelomasejtek nagyobb érzékenységet mutattak az AgNP-
okkal és AgNOs-kal szemben, mint az E. andrei coelomasejtek, a becsiilt alacsonyabb LCx

értékek és a meredekebb Hill-Slope-ok alapjan (Bodd és mtsai. elbiralas alatt, 5.3.1.
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cyey

(15, 30 és 40 pg/mL) valasztottunk a 24 oras kisérletekhez, valamint egy kozbensé AuNP
koncentraciot (20 pg/mL), mivel ott a sejtek életképességében nem tortént valtozas. A gén- és
fehérje expresszidos vizsgalatokhoz az alacsony citotoxikus koncentracidkat (LCyo)
valasztottuk ki az AgNP és az AgNOj; esetében, mig az AuNP-kat ugyanabban a

koncentracioban alkalmaztuk, mint a fent emlitett moédon (Hayashi és mtsai., 2013).

Fajok Kezelés LCy (ug/mL)  LCso (ng/mL) Hill-Slope
E. andrei AgNP 2.76+0.64 6.72+1.71 1.37
E. fetida AgNP 2.04+0.53 5.24+1.22 1.7
E. andrei AgNO; 0.206+0.04 0.48+0.10 1.49
E. fetida AgNO; 0.207+0.01 0.41+0.01 3.13

5.3.1. tablazat. Becsiilt LCy értékek (Bodo és mtsai. elbiralas alatt alapjan).

Szamos részletes in vitro és in vivo tanulmany targyalja az AgNP-ok toxicitasat
kiilonb6z6 sejttenyészetekben és szervezetekben; azonban a NP-ok biokémiai folyamatokra és
immunrendszerre gyakorolt hatasa vitathatd és szamos esetben ellentmondasos (Kim és Ryu,
2013; Tao, 2018). Munkank sordn az AgNP-kezelés soran kapott eredmények egybevagnak a
szakirodalommal, az AgNP mar alacsony koncentracioban karositotta a coelomasejteket,
amely a kis méretiiknek is tulajdonithato (Hayashi és mtsai., 2012, Van der Ploeg és mtsai.,
2014; Bodo és mtsai., elbirdlds alatt). Ezzel ellentétben hasonld valaszokat nem figyeltiink
meg AuNP kezelések utan (Bodo és mtsai., elbirdlés alatt; Slc és d abra). Az AuNP bioldgiai
rendszerekkel valo koélcsonhatasa meglehetésen ellentmondasos (Unrine és mtsai., 2010;
Asharani és mtsai.,, 2011), bar szamos tanulmany foglalkozik az AuNP-ok széles korii

toxicitasaval (Choi és mtsai., 2012; Lopez-Chaves, 2018).
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5.3.2. Az AgNP-ok hatasa fajtél fiiggetlen és fiiggé hatasa a génexpressziora

A NP-okkal szembeni - fajok kozotti- érzékenység kiillonbségének megallapitasahoz
tobb gén expresszios profiljat elemeztiikk (stresszhez kapcsolt: szuperoxid-dizmutdz-SOD,
metallothionein-MT, mintazatfelismerd receptor: toll-szerii receptor-TLR és antimikrobialis
peptidek: lysenin, lumbricin, LURP). Multiparametrikus analizist végeztiink: két kiilonb6z6
faj, idokinetika (2, 12 és 24 o6ra) és kiilonféle kezelések (AgNP, AuNP és AgNO3) adatait
hasonlitottuk 6ssze. Az AgNP (E. andrei: 2,71 pug/mL és E. fetida: 2 ug/mL) és az AgNO3
(0,20 pg/mL mindkét faj esetében) alacsony toxikus koncentracioit (LCayo-értékek)
valasztottuk a koncentracié standardizélasara szolgalo kisérletekhez (kapcsolat megallapitasa
a két faj kozott). Az AUNP esetében a nem toxikus koncentraciot (20 pg/mL) hasznaltuk a
fentiek szerint.

Az altalanos mintdzatok feltarasa érdekében eldszor az egyes fajokra vonatkozd
adatkészleteket hétérképeken abrazoltuk a z-pontszamok alapjan. Igy az osszes gént azonos
modon tudtuk kezelni az inherens expresszios szintektdl fiiggetleniil. Az E. fetida relativ
expresszids profiljai szélesebb z-pontszam-eloszlassal rendelkeznek, ezaltal az igy kapott
hétérkép szélséségesebb értékeket mutat, mint az E. andrei hétérképe, ahol az expresszios
értékek (z-pontszam nulla) a globalis atlag koriil fordulnak elé (5.3.2a abra). Ez arra utal,
hogy az E. fetida coclomasejtek valoban érzékenyebben reagaltak a vizsgalt kezelésekre. A z-
transzformalt adatkészletek felhaszndlasaval PCA-t végeztiink, hogy megkapjuk a globalis
mintazatot jellemzéen a fajokra, kezelésekre vagy iddpontokra, vagy az utdbbi kettd
kombinacidjara (kezelésxidd). Az els6 két PC (f0komponens) minden esetben a teljes
variaciok >50%-at elemezte. Annak ellenére, hogy a transzkripciés valaszok mértéke
globalisan eltér (5.3.2a abra), az altalanos génexpresszidos mintdzat nem Kkilonbozott
nagymértékben a két faj kozott (Bodo és mtsai., elbirdlas alatt; S3a 4bra). Mindkét faj
esetében kozos, expresszios mintazatokat figyeltiink meg a negativ PC1 pontszama adatoknal:
ezeket vilagosabb szinnel abrazoljak az 24 oras AgNP és az AgNO; kezelések (Bodd és
mtsai., elbiralas alatt, S3b abra, az atlagpontok sarga és kék szinnel lettek jelolve, illetve S3c
abra, narancssarga szinli atlagpont). A kezelések és az idopontok kombinalasat (24 oOras
expozicio AgNP-okkal vagy AgNOs-tal) egyértelmiien jeloltiik (5.3.2b abra: ,minden
idépont”, barnas-sargaval és sotétkékkel jelolt atlagpontok). A PCl-hez nagymértékben
hozzajarul a viszonylag alacsony expresszios szintii lysenin (erésen kapcsolodik a 24 6ras
AgNP ¢és AgNO; kezelésekhez), mig a relative magas expresszioji SOD ¢és MT
nagymértékben befolyasolja az 1. és 2. PC alakulasat (5.3.2b abra: ,,minden idépont”). Ezt a

63



harom gént szem el6tt tartva a két faj kozos és eltérd jellemzdit vizsgaltuk mindkét
idopontban, 2 és 24 ora elteltével. A MT és a lysenin nagymértékben jarulnak hozza az 1. és a
2. PC-hez 2 6ranal, amely egyértelmiien elkiilonitette az AgNP és AgNO3 kezeléseket a PC1-
en, valamint az E. andrei és E. fetida-t a PC2-n (5.3.2b abra: ,.2 6ras idépontok”). Erdekes,
hogy a koordinatdk mintdzata pontosan ellentétes volt a két faj kozott, jelezve azt a
kontrasztos tendenciat, hogy a 2 oras kezelések elteltével az E. andrei alacsony MT/magas
lysenin-profillal, az E. fetida pedig magas MT/alacsony lysenin-profillal rendelkezik. A PC2
ugy tiinik, hogy 24 o6ra elteltével kihangsulyozza a két fajra jellemzd kezelések kozotti
kiilonbséget, ahol azt lathattuk, hogy a kontrollok és az AuNP kezelések negativ PC2
pontszamokkal tarsulnak, mig az AgNO3 és AgNP kezelésekre magasabb vagy pozitiv PC2
pontszamok jellemzéek (5.3.2b abra: ,,24 h idépont”).

a b PCA (minden id6pontban)

o . denidépont)
E. andrei E. fetida i " Id5/Kezelés Magas
s = T (!
S o £ s B 1 ® 2t | Kontroll I Hozzajérulas a PC
Ef- 2 L % & - ® b valtozékhoz
- o = -
== = @ Alacsony
a7 B
£ o~ =
- I x Y = aiik 2 és 24 oras idGpontok
' AuNP -
— G A
— o Q’.@i‘\a\‘
= ® 2k [AgNO ® @ Kontroll
Egi = @ i
: -2 0 2 ® ® AuNP
- = PC 1 (269%) o ® AgNO:

PCA (2 dra elteltével)

PCA (24 ora elteltével)

LS00
f

—
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PC 2{26%)
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5.3.2. abra. Hotérkép és fokomponens-elemzés (PCA). Mindkét faj esetén a relativ génexpresszios
értékek vannak abrazolva a hotérképeken, a z-pontzamok eloszlasa és a szinkddok alapjan. A mintak
szinkoddal vannak ellatva, és a kezelések harom csoportra osztottak (2, 12 és 24 o6ra), amelyek 5
biologiai ismétlésbol allnak (a). A PCA-biplotok reprezentaljak az egyes fajokhoz tartozd adatokat
minden idépontban, vagy kiilon-kiilon a 2 és 24 oras idépontokban, ahol a két faj szinkoddal jelolt. Az
egyedi mintak (kis pontok) és atlagpontok (nagy pontok) az elsé két PC koordinatain a valtozo
egyitthatokkal (nyilak) vannak abrazolva. A 6 valtozo (gén) hozzijaruldsa a két PC-hez szinskalan
jelolt, a sziirkétdl a vordsig. Konfidencia ellipsziseket rajzoltunk azon mintajellemzdk esetében,
amelyek atlagos PC-pontszama nagyobb, mint a tobbi mintaé (b). Minden idépontban 6t fiiggetlen
mérést hajtottunk végre, duplikalt technikai ismétléssel.
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Ez a trend eredményezi a lysenin szupressziojat és a SOD indukcidjat, amely a
legszembet{indbb eredménye az E. fetida coelomasejtek AgNP kezelésének. Osszességében, a
kezelések és az idépontok hatasat tekintve a PCA azonositotta, hogy a 24 6réas idopontban az
AgNP ¢és az AgNO; kezelések eredményei jellegzetesen kiilonboznek a tobbitél. Ez a
kiilonbség foként a lysenin és az SOD expresszidés mintazatabdl szarmazott, amely kozos
mind az E. andrei-nél, mind a E. fetida-nal. Azonban 2 ora elteltével a két faj ellentétes
expresszios profilt mutatott a lysenin és MT vonatkozasaban az §sszes kezelésnél, jelezve a

fajspecificitast, amely az id6 fliggvényében alakulhat Ki.
5.3.3. Id6- és kezelés-specifikus génexpresszios mintazatok vizsgalata

A PCA-val ellentétben a korreszpondencia-analizis (CA) egy kozvetlenebb
megkdzelités a tobbdimenzios adatkészletek megjelenitéséhez egyszertibb grafikonokon, z-
transzformacid nélkiil. Ez megkonnyiti az értelmezést, ha a két kezelés idébeli szempontjait
Osszehasonlitjak a génexpresszids-mintak kozos és eltérd jellemzdinek azonositasa érdekében.
(Referenciaként az egyvaltozos statisztikak eredményeit az S4-es abra mutatja be, Bodo és
mtsai., elbiralas alatt). A CA-ben az AgNP adatkészleteket kozvetleniil 6sszehasonlitottuk az
AuNP-mal vagy az AgNOs-tal, hogy megallapithassuk a NP-okra vagy az AQNOgs-ra jellemz6
tulajdonsagokat. Altalanossagban az E. andrei-nél és az E. fetida-nal is két gén, a lysenin és
az MT jarult hozza leginkabb ellentétes iranyban az elsé tengelyhez (1. dimenzi6), amely
magyarazza az clemzett adatok variacidinak > 50% -at (5.3.3. abra). Ez tiikr6zi a mindkét
fajra jellemz6, PCA-ban azonositott tendenciat, hogy a lysenin akkor indukal6dik, ha az MT-
expresszi6 alacsony, tovabba hogy a két gén relativ expresszids szintje kifejezettebb, mint a
tobbi vizsgalt géné. A masodik tengely (2. dimenzid) jellemzi az iddbeli szempontokat. E.
andrei esetében a lysenin a SOD és a TLR ellentétes oldalan, az MT pedig kozépen
helyezkedik el, ahol a lysenin pozitiv korrelacidban all a 2 6ras profilokkal, és a MT a 12 éras
profilokkal (5.3.3a és ¢ abra). Kiilonosen figyelmet érdemel, hogy az AgNP-kezelés és -
kisebb mértékben - az AuNP-kezelés szintén negativ korrelacidban volt a lysenin-nel és
pozitivban a SOD/TLR-ral a 24 6ras idopontban. Ez azt mutatja, hogy fiiggetleniil a kezelés
tipustol, a lysenin 2 ora elteltével indukalodik, majd 24 orara represszalodik, mig az MT akkor
indukalddik, amikor a lysenin expresszié ujra a kiindulasi szinthez ér, 12 ora elteltével.
Egyidejiileg az AgNP/AuNP kezelésekben tapasztalhatd 24 oras lysenin szupresszioval
(AgNP, p = 0,002; AuNP, p = 0,039) nyilvanvalova valt a SOD (AgNP, p = 0,006) és a TLR
indukcioja (S4a abra). Az E. fetida esetében a masodik tengelyen a MT most kdzelebb van a
lysenin-hez, szemben a SOD-zal és a TLR-ral (5.3.3b és 5.3.3d abra). Az E. andrei-t6l
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eltéréen, a TLR AgNP ¢és AuNP altali indukciojat 2 ora elteltével figyeltiik meg (AgNP, p =
0,022; AuNP, p = 0,020), mig az AgNOs a TLR expressziot nem befolyasolta (Bodo és mtsai.
elbiralas alatt, S4b abra). Az AgNP és az AgNO; kezeléseket Osszehasonlitva az expresszios
profilok hasonld tendenciat mutatnak, azzal a kiilonbséggel, hogy a LURP is hozzajarult a
masodik tengelyhez, altalaban negativ pontszamokat hozzaadva az AgNO; profilokhoz
(5.3.3d abra). A LURP-tdl eltekintve mindkét kezelést foként a lysenin szuppresszioja
jellemezte 2 o6ranal (AgNO3, p = 0,005) és 24 6ranal (AgNP, p< 0,0010; AgNO3, p = 0,003),
valamint a MT fokozatos indukci6ja 24 6ra felé (AgNP, p = 0,006; AgNO03, p<0,0010) (Bodo
¢s mtsai., elbiralas alatt; S4b abra). A PCA-ben meghataroztuk, hogy az AgNP-ok - mindkét
indukciojaval, E.fetida-nal a MT-nel is. Az AgNP-okra és az AgNOs-ra adott génvalaszok
hasonlé mintakat mutattak mindkét fajban néhany kivétellel, valosziniileg a gének, példaul az
MT és a LURP nagy bioldgiai variaci6i miatt (Bodo és mtsai., elbiralas alatt; S4 abra).

Tovabbi tényez6, amely megkiilonboztette a két fajt, a lumbricin, a lysenin és SOD
gének alapszintli expresszids szintjei, amelyek magasabbak voltak az E. andrei-ben, mig a
TLR, LURP és MT az E. fetida-ban erésen indukalhatdak stressz koriilmények kozott (Bodo és
mtsai., clbiralas alatt; S3 Tablazat). Az idé fliggvényében vizsgalt expresszids profilok
ravilagitanak arra, hogy az E. fetida coelomasejtek kétségkiviil érzékenyebbek a vizsgalt
kezelésekre (5.3.2a abra), azonban a két faj kozott a teljes génexpresszidos mintizat nem

kiilonboz6 teljesen (Bodoé és mtsai., elbiralas alatt; S4a abra).
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5.3.3. abra. Korreszpondencia analizis (CA). A CA biplotok a génexpresszios profilokat mutatjak az
id6 fiiggvényében, az AgNP és az AuNP (a, b) vagy az AgNP és az AgNOjs (¢, d) kombinacidjaban a
két fajra. Az egyes mintakat (kis pontok vagy korok) és géneket (keresztek) az elsé és masodik
dimenzid koordinatainak megfeleléen abrazoljuk. A 6 valtozo (gén) hozzajarulasa a két dimenzidhoz
szinskalan jelolt: sziirkétol a pirosig. Pontok/korok (expresszios profilok a megadott id6pontban) egy
kereszt (gén) kozelében jelentik az expozicids id0 és a transzkripcios valasz kozotti kapcsolatot.
Harom, talsagosan kilogd mintat kizartunk az E. fetida AgNP adatkészletéb6l (2 ismétlést a 12 oras
idépontok és 1 ismétlést a 24 oras idOpontok koziil), mivel ezekben a dominans LURP expresszid
szintje befolyasolta az elemzést (b, d).

Altaldban az MT (fémek detoxifikacioja) és a lysenin expresszio sokkal szembetiindbb
volt a tobbi vizsgalt génnél. Korabban megfigyelték E. fetida-ban, hogy az MT és a lysenin
szabalyozasa a kornyezeti stresszorok hatdsara gyorsan megvaltozik, ezért a stressz korai
biomarkereinek tekinthetéek (Bernard és mtsai., 2010). Eredményeinkkel Osszhangban
Hayashi és mtsai., (2016) megfigyelték az MT indukciojat és egyidejlileg a lysenin expresszio
csokkenését az E. fetida coelomasejtek AgNP-okkal (NM-300K, 15 nm) és AgNOs-tal torténd
kezelését kovetden. Ezek alapjan eredményeink dsszhangban allnak a korabbi eredményekkel,
¢és megerdsitik e gének biomarkerekként valo felhasznalasat fém-expozicid esetén (Bernard és
mtsai., 2010). A MT mellett, a SOD ndvekvd expresszidja is az oxidativ Stresszvalasz
kialakulasara utal mindkét fajban. Az AgNP-oknak kezelt egerek tiidészovetében is
megfigyelték a SOD fokozott regulaciojat (Asare és mtsai., 2015). Hasonld jelenségeket irtak

le human hepatoéma sejtek AgNP-nak valo kezelése utan is (Kim és mtsai., 2009).
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Az E. fetida coelomasejtek korai (2 ora elteltével) TLR indukcidja valdsziniileg a
makrofag-szerli sejtek és NP-ok kolcsonhatasaval magyarazhatd (Hayashi és mtsai., 2016,
Njoroge és mtsai., 2018). A PRR-ok és a NP-ok kdlcsonhatasa kovetkeztében feltételezhetd,
hogy az AMP-ek expresszidja emelkedik (a2 PRR ligand-kotése szamos jelativeli 1épést
kévetéen AMP termelést indukal) (Hayashi és mtsai., 2016). Korabbi megyfigyeléseink soran
azt tapasztaltuk, hogy a lumbricin és a LURP mRNS expresszioja meglehetésen konstitutiv
mintazatot mutatott az E. andrei coelomasejtek patogén kezelését kovetéen (Bodo és mtsai.,
2019). Bar az AuNP-kezeléseknél nem figyeltiink meg citotoxicitast az alkalmazott
koncentracional, szignifikansan eltéré expresszidos mintazatot mutattak a TLR, a lysenin és a
MT gének (Bodo és mtsai., eclbirdlas alatt; S4 abra), jelezve, hogy az AUNP-medialta
mechanizmusok nem koézvetleniil kapcsolodnak a sejthalalhoz, hanem inkabb az NP-okkal
val6 interakcidkhoz. Az AUNP-ok megvaltoztatjdk az antioxidans,- €és a velesziiletett
immunvalaszban részt vevé gének expresszidjat a Sparus aurata halakban, de nem
befolyasoljak a SOD expressziot (Na-Phatthalung és mtsai., 2018). Az AuNP-ok potencialis
hatasa a velesziiletett immunitasra ezért olyan teriilet, amely a jovében tovabbi figyelmet
érdemel, és érdemes a dozis-valaszok soran az immunrendszerrel kapcsolatos paraméterekre

érdemes koncentralni, nem pedig a toxicitasra.

5.3.4. Az AgNP-ok kolcsonhatasba lépnek a lyseninekkel, és az expozicios koriilmények

kozott szabalyozzak ezek szekréciojat

Korabban Hayashi és mtsai., (2013) dokumentalta a protein korona fajspecifikus
kialakulasat E. fetida coelomaprotein (EfCP) felhasznalasaval, ahol a lysenin fehérjék
csaladja jellegzetes dusulast mutatott a 15, és 75 nm-es AgNP-ok felszinén. Masrészt sem az
E. andrei coelomaproteineket (EaCP), sem az AuNP-okkal valé kdlcsonhatas tulajdonsagait
napjainkig még nem vizsgaltak. A lysenin alap génexpresszios szintje eltér az egyes Eisenia
fajokban (Brulle és mtsai., 2006; Dvotak és mtsai., 2013), ezért elemeztiik a protein korona
Osszetételét és vizsgalataink kdzéppontjaban a lysenin,- és olyan fehérjék alltak, amelyeknek
nagy affinitasa van az AgNP-mal, és —feltételezhetden- az AUNP-mal szemben is. A korabban
leirtak szerint a coelomasejteket sejttenyészté médiumban inkubaltuk szérum-kiegészito
nélkiil, majd 6sszegytijtottiik az EaCP-t és az EfCP-t. Kisérleteinkben BSA-t hasznaltuk hattér
fehérje-forrasként, hogy biztositsuk a megfelelden magas fehérje koncentraciot ahhoz, hogy
megakadalyozzuk a fehérjék altal kivaltott NP-aggregalodast. Ez a fajta megkozelités hasonlit

az immunolégiai metodikakra, ahol a BSA-t vagy a tejfehérjéket hasznaljak a nem-specifikus
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kotések blokkolasara. Valdjaban, annak ellenére, hogy az inkubdcidés keverékben nagy
mennyiségben van jelen a BSA (66 kDa-os sav) ("Referencia"), a CP-specifikus proteinek
feldisulasat (38, 40 és 45 kDa-os savok) figyeltiik meg az AgNP és AuNP koriil képzodott
protein-koronakban (5.3.4.1a abra). Szintén nyilvanvalo volt, hogy az AgNP, és az AuNP
kolcsonhatasba 1ép a BSA-val, mivel csak kevés kiilonbség mutatkozott a BSA
savintenzitasaban a CP-vel (,,CP-spiked”) ellatott mintak és a CP-nélkiili (,,No-spike”)
kontrollok kozott (5.3.4.1a abra).

Korabban Hayashi és mtsai., (2013) bizonyitottak, hogy az EfCP egyik f0 fehérje
komponense a lysenin, mely erésen kétodik az AgNP-hoz, de ez az interakcid nem volt
megfigyelheté a szilika NP-ok esetében. Jelen tanulmanyban AuNP-ot hasznaltuk az
Osszehasonlitashoz, mivel hasonlé kémiai tulajdonsagokkal rendelkeznek, mint az AgNP-ok a
(thiolokkal valo feliileti reakcioképesség szempontjabol). Meglepé moédon, a Western blot
elemzés bebizonyitotta, hogy a lysenin (38 kDa-0s és 40 kDa-os savok) kotddése csak az
AgNP-okra korlatozodik, ezaltal kizarhatjuk a thiol-vezérelt kolcsonhatasok lehetdségét
(5.3.4.1a abra). A felszini hidrofobitas mindenesetre hozzajarulhat a lyseninek preferencialis
kotédéséhez, amint azt korabban Hayashi és mtsai (2013) targyaltak, de nem tudjuk, hogy
ennek a kolcsonhatasnak a sajatossagai mogott milyen pontos mechanizmus rejlik. A fajbeli
kiilonbségeket illetéen megfigyeltiik a lysenin fehérjék (38 kDa-0s és 40 kDa-0S savok)
nyilvanvalo eltérését az EaCP és az EfCP kozott, és az igy 1étrejovo, kiilonbozo fehérje
koronakat az AgNP-ok koriil (5.3.4.1a abra, Western blot, szintén piros nyilakkal jellve az
SDS-PAGE gélen).

Ezen fehérjék, valamint a 45 kDa-os fehérjék azonositasa céljabol, (mind az AgNP-ok,
mind az AuNP-ok felszinén megtalalhato fehérjék), a savok kivagasa utan folyadék
kromatografiaval kombinalt tdmegspektrometriat (LC-MS/MS) alkalmaztunk (mindkét fajbol,
de csak az AgNP-khez kapcsolodd koronafehérjéket képviseld savokat vagtuk ki). Ez a
modszer igazolta a fehérjék azonossagat a lysenin-csaladbol (lysenin és lysenin-rokon protein
2; LRP2), mig a 45 kDa-os sav valosziniileg az aktin fehérje (5.3.4. tablazat). A lysenint,
mind az LRP2-t azonos mértékben detektaltuk mindkét faj 38 és 40 kDa-os kivagott savjaban.
Lehetséges, hogy a 40 kDa-os sav megfelel az LRP2-nek, amely a lysenin valamivel nagyobb
molekulastilyt variansa. Ezt nem tudtuk mas modszerrel megerdsiteni, mivel a két lysenin
fehérje nagy hasonlosagot mutat aminosav-szekvenciaban (89% azonossag). Az E. andrei

esetén csak egyetlen lysenin sav volt lathato a 40 kDa-os tartomanyban.
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5.3.4.1. abra. Ex situ protein korona-képzddés (a) és az E. andrei-bél (b) és E. fetida-bal () szarmazo
coelomasejtek fehérje szekrécios profilja, amelyet SDS-PAGE és Coomasssie Brilliant Blue festéssel
vagy Western-blot médszerrel vizsgaltunk. Harom fiiggetlen kisérlet reprezentativ gélképeit mutatjuk
be. A piros nyilak jelzik a lysenin-fehérje csalad tagjait, feltehetdleg a lysenint (also nyil) és a lysenin
rokon fehérje 2-t (LRP) (fels6 nyil), amelyet az LC-MS/MS azonositott. A kék nyilak jelzik a lysenint
(~ 37-38 kDa), a LRP2-t (~ 40 kDa), mas koronafehérjéket (~ 45 kDa, >200 kDa) és a BSA-t (~ 66
kDa). A gélképekhez tartozd grafikonok ezeknek a savoknak a denzitometrias elemzését mutatjak,
amelyet ugy szamitottunk ki, hogy a sav intenzitdsat a megfeleld protein sdvra normalizaltuk a
referencia fehérje savokban (a) vagy a kontroll savokban (b, c). Az értékek az atlagokat (+ SEM)
képviselik. Az AgNP-ok és AUNP-ok fehérje korona-profiljai a 24 6ras inkubaciot kovetéen CP-vel
ellatott sejttenyészto tapoldatban, kiegészitve BS A-val hattérfehérje-forrasként (a). Az E. andrei (b) és
az E. fetida coelomasejtek (c) fehérje szekrécios profiljai alacsony toxikus koncentracioju AgNP (E.
andrei: 2,71 pg/mL, E. fetida: 2 pg/mL) és AuNP (20 pg/mL) kezelést koveten. Az ,,RPMI + 1%
FBS” minta csak szérumfehérjéket tartalmaz, coelomasejtek nélkiili minta. A Western-blot elemzés
igazolta a lysenin és a LRP2 szekrécid dinamikus valtozéasait az NP expozicio soran.
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SDS-
PAGE

. Mol.
savtar-  Azonositott o Protein . A a s b
to-  fehérjék # Erték (accession #) Fay suly Pl Funkeiok
. (kDa)
many
(kDa)
35-55 10 323.31 Lysenin Eisenia 33.44 5.86 Haemolizis
(018423) fetida Citolizis
lon transzport
Antimikrobial.
35-55 11 323.31 Lysenin-rokon  Eisenia 34.14 5.64 Haemolizis
protein 2 fetida Citolizis
(018425) lon transzport
Antimikrobial.
35-55 34 323.31 Aktin Eisenia 41.92 5.30  Citoszkeleton
(AOA2I7YVT73) fetida Transzport

mechan.

5.3.4. tablazat. Az E. andrei és az E. fetida coelomafehérjék tandem tomegspektrometrian alapulo
azonositasa (amelyek koronat képeztek az AgNP-0k koriil).

*Poszt-transzlacios modositasok elbtti molekulasuly (Mw) az UniProtKB adatbazis alapjan, amely a
teljes aminosav-szekvenciakbol és az pl (izoelektromos pont)-bol lett kiszamitva az pI/MW szamitasi
modszert (ExPASy) alkalmazva.

®A funkciokat az UniProtKB adatbazisbol gytijtéttiik.

A lysenin fehérjecsaladon kiviil az aktin is az AgNP-ok koril kialakult fehérjekoronak
egyik alkotoeleme (Hayashi és mtsai.,, 2013). Az aktint a citoszol fehérjéjének tekintik,
azonban a gerinctelen szervezeteknél feltételezett szerepe van szekretalt, extracellularis
fehérjeként is. A sejtmentes haemolimfabdl szarmazd extracellularis aktin képes tobb
baktériumtorzs feliiletéhez kapcsolodni (Tetreau és mtsai., 2017), illetve Alijagic és mtsai.,
(2019) azonositottak az aktint a titan-dioxid NP feliiletén Iétrejové komplex protein
koronaban is. Ezért feltételezheté a tanulmanyban, hogy a gilisztak extracellularis aktinja
hasonlo szereppel rendelkezik, mint a rovaroknal, puhatestiieknél, és tiiskésboriieknél talalt
aktin (pl. fagocitozist és baktériumolé mediatorok) (Sandiford és mtsai., 2015; Alijagic és
mtsai., 2019). Az aktin megkotése az AgNP-ok és az AuNP-ok esetében is fennallt, a
jovébeni tanulméanyok szempontjabol hasznos lehet az extracellularis aktin jellemzése a
velesziiletett immunitds Osszefliggésében, kiilonds tekintettel a mintdzatfelismerési
mechanizmusokra. Mindazonaltal ez a tanulmany kisérleti bizonyitékkal mutatott ra a protein
repertoarban rejlé (lysenin fehérjecsalad Osszetétele) - a szoros rokonsag ellenére is - fajbeli
kiilonbségekre. A lysenin specifikus jelenléte AgNP-ok felszinén 1évé fehérje-koronaban a
magas BSA hattér ellenére is azt jelzi, hogy hasonlé eredmény feltételezhetd atanulmanyban
alkalmazott egyéb expoziciés koriilmények esetén is (azaz 1% FBS-sel kiegészitett

tenyésztooldatok), amelyet korabban nagyobb méretii AgNP alkalmazasanal mar kimutattak
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(Hayashi és mtsai., 2013). Ezt a feltételezést nagymértékben befolyasolja a lyseninek in situ
szekrécidja, ezért ezt kovetden megvizsgaltuk az AgNP-ok és az AuNP-ok hatdsat a lysenin-
szekrécios profilra.

Korabban mar vizsgaltak az alacsony toxikus koncentracioji, 15 nm-es AgNP-okkal
kezelt E. fetida coclomasejtek fehérje szekrécios profiljat, ahol a lysenin szekrécio latszolag
magasabb szintjét tapasztaltdk 2 ora elteltével, amely fokozatos csokkenést mutatott 24 ora
felé (Hayashi és mtsai, 2016). Hasonlo megkdzelitést alkalmaztunk, de a modszert
kiegészitettiik Western-blot vizsgalattal a tovabbi megerdsités céljabol, illetve hogy
eredményeinket ssze tudjuk hasonlitani a lysenin gén differencialis expresszids profiljaval.
Elosz6r megerdsitettiik, hogy a lysenin szekréci6 a kontrollokban ugyanolyan tartomanyba
esik, mint a lyseninek koncentracidja a CP-ekkel ellatott "Referencia protein" kontrollokban
(5.3.4.1b és ¢ abra), igazolva az ex situ protein korona profil vizsgalat relevanciajat (5.3.4.1a
abra). Megjegyzendd, hogy az AgNP vagy AuNP expozicio kezdetben (4 ora clteltével) a
lyseninek fokozott szekréciojat eredményezte a kontrollokhoz képest mindkét gilisztafaj
esetében (5.3.4.1b és ¢ abra). Ezt kdvetben 24 orara a lyseninek mennyisége redukalodott
(5.3.4.1b és ¢ abra), mely hasonldésagot mutatott a génexpresszio csokkenésével (ettdl a
képtol eltér az E. fetida coelomasejtek 24 6ras AUNP expozicioja) (Bodo és mtsai., elbiralas
alatt; S4 abra). Ez azt jelzi, hogy a lyseninek szekrécios profilja altalaban a differencialisan
expresszalodo lysenin gén mintajat koveti, igy lyseninben gazdag fehérje korona képzddhet az
AgNP-ok felszinén a coclomasejtek jelenlétében is. A lysenin gén szabalyozasa és a fehérje
szekrécidja altalaban mind az AgNP, mind az AuNP kezelésekre egyarant jellemzo volt,
amellett, hogy az AgNOs; is jelent0s hatassal van a gén expresszidjara, igy a lyseninek
valoszinlileg stressz-szabalyozott fehérjék, amelyek immunoldgiai funkcioval rendelkeznek.

Tekintettel a lysenin feltételezett szerepére a coelomasejtek AgNP felvételében a
(Hayashi és mtsai., 2013), a lysenin fehérjék az akut fazis fehérjék kozé sorolhatdoak, melyek
egy negativ visszacsatolas révén befolyasolhatjak az NP-ok felvételi kinetikajat in vitro és in

vivo koriilmények kozott Eisenia foldigilisztakban (5.3.4.2. abra).
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5.3.4.2. abra. Mintazatfelismer6 stratégiak vazlata a gilisztak kornyezeti korokozokkal és idegen
anyagokkal (NPs) szembeni immunvalaszaban. A kérddjelek az eddig kevésbé ismert
mechanizmusokat jelentik. (Engelmann és mtsai., (2016b) alapjan, modositva).

5.4. Konklazié

A NP-0k és az immunvalasz kolcsonhatdsa kevésbé ismert. Jelen tanulmanyban
vizsgaltuk két szoros rokonsagban 1év6 foldigiliszta faj (toxikologiai vizsgalatokban
mindketté régota alkalmazott) coelomasejtjeinek nemesfém NP-okkal szembeni
érzékenységét kiilonbozd modszerek alkalmazasaval. Altalanossagban az E. fetida
coelomasejtek nagyobb érzékenységet mutattak az AgNP-okkal szemben, mint az E. andrei
coelomasejtek, mig a fajok AuUNP-okkal szembeni érzékenységét nem tudtuk meghatarozni a
vizsgalt koncentraciotartomanyban. A génexpresszios profilok azt sugalljak, hogy az
antioxiddns mechanizmusok, mint példaul az SOD mindkét fajban részt vesznek, emellett a
MT is tartosan fokozodik az E. fetida-ban, alatamasztva a 24 oras kezelés végére a thiol-
medialt méregtelenitési folyamatok jelentds szerepét. Az immunvalaszban szerepet jatszo
gének (TLR) gyors szabalyozasa szembet(ind volt az E. fetida coelomasejtekben. Ez egy NP-
specifikus valaszként értelmezhetd, amely kozos az AgNP és az AuNP-ok esetében is, mely
inkabb a cellularis interakciokkal lehet Osszefliggésben az expozicid kezdeti szakaszaban,
mint a redox/toxikus folyamatokkal. Mindkét fajban megfigyeltiik, hogy a lyseninek
expresszidja/szekrécidja stressz szabdlyozottnak tlinik, amely egy Osszetett visszacsatoldsi

mechanizmust von maga utdn az AgNP-ok szamara. A bazalis expresszid szintjében is
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kiilonbségek vannak a fajok kozott, a lysenin, lumbricin, SOD nagyobb mértékii expressziot
mutatott E. andrei fajban, ezzel ellentétben E. fetida-ban a LURP, TLR és MT-gének erésen
indukalhatoak stressz koriilmények kozott. A lyseninek affinitdsa nagy az AgNP-okhoz,
pozitivan jarulnak hozza a felvételi mechanizmusokhoz, emellett E. fetida esetén mindkét
lysenin izoforma kimutathato volt az AgNP-ok felszinén.

Az egyik lehetséges magyarazat az E. fetida nagyobb érzékenységére az, hogy
természetes kornyezete jelentdsen kiilonbozik az E. andrei-t6l. Az E. andrei mikrobakban
gazdagabb komposztban él, mig az E. fetida okologiai preferencidja a nedves erdei talaj.
Ezaltal a természetes szelekcid alakitotta ki az immunrendszeriik érzékenységének,
fogékonysaganak és toleranciajanak genetikai valtozasait (Dvorak és mtsai., 2013). Emellett,
eredményeink igazoltak a TLR korai (2 h) indukcidjat E. fetida-nal, amely Gsszefiiggésben
lehet az AgNP-ok gyorsabb sejtbe keriilésével. Az E. fetida fajnal az AgNP-ok egyiittesen a
lysenin és LRP2 szekréciojat idézik eld, a termelddo fehérjék visszacsatolas réveén erdsithetik
a felvétel folyamatat. Rovidebb id0 alatt tobb AgNP keriilhet a sejtekbe, amelyek igy
mindinkabb felboritjdk a cellularis redox-egyensulyt ¢és apoptozist indukalnak.
Megallapitasaink azt mutatjak, hogy inkabb az E. fetida-t kellene eldnyben részesiteni a
nanorészecskékkel végzett immun-toxikologiai tanulmanyokban szemben az E. andrei-vel,
nemcsak az azonositott fajérzékenység miatt, hanem jobban reprezentalja a talaj

Okoszisztémajat is, mint kulcs-fontossagu faj.
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Uj eredmények osszefoglalasa

Az Eisenia gytrisféreg fajokat elsdsorban toxikologiai kisérletekben alkalmazzak,

mint modellszervezeteket, azonban egyre elterjedtebbek az Osszehasonlitd immunologiai és

fejlodésbiologiai kutatasokban is. Egy egyszeriibb, gerinctelen modellorganizmust hasznalva

talan kozelebb keriilhetiink a gerincesekben felvet6dd, megvalaszolatlan kérdésekhez és a

még nem teljesen tisztazott immunoldgiai mechanizmusok megértéséhez.

1.

Azonositottuk a lumbricin homologjat E. andrei fajban. Egy lumbricin-rokon AMP-et is
(LURP) is karakterizaltunk. Mindkét AMP nagyfoka szekvencia-homoldgiat mutatott a
mas fajokban azonositott lumbricinekkel, és a prolin gazdag AMP-k csaladjaba tartoznak.
Ellentétben a korabbi megfigyelésekkel, mindkét AMP novekvd mRNS-expresszios
mintazatot mutatott az ontogenezis soran. Tovabbd, szamos szdvetben azonositottuk ezen
molekulak jelenlétét: a coelomasejtekben is.

A korabbi tanulmanyokkal ellentétben (kivéve: Hm-lumbricin) a Lumbr és LURP is
indukalhatonak bizonyult a 48 dras in vivo S. aureus kezelést kovetden.

Megfigyeltik az E. andrei anterior és posterior regeneracidja soran végbemend
morfoldgiai valtozésokat, a sejtosztddas és programozott sejthalal kapcsolatat, és a
folyamat soran torténé immunbiologiai mechanizmusokat.

A legnagyobb mértékii sejtosztodas két hét elteltével volt megfigyelhetd, az apoptozis
jelensége pedig a teljes regeneracios folyamatban, intenzivebben a sebgyogyulas és a
szoveti atrendez6dés soran volt detektalhato.

A velesziiletett immunrendszer cellularis elemei (coelomasejtek) részt vesznek a
regeneracioban, és a regeneracios blastemaba vandorolnak.

Az anterior és posterior regeneracid soran az immunvalaszban szerepet jatszé gének
nagyrészt hasonlo, de csokkent mértékii mRNS expresszios mintdzatot mutattak.

Az AgNP és AuNP-ok toxikus hatasait vizsgaltuk in vitro két kozeli rokon faj (E. andrei
¢s E. fetida) coelomasejtjein. Eredményeink alapjan az AgNP dozisfliggd sejtpusztulast
idézett el6 a coelomasejtekben, de az E. fetida nagyobb érzékenységet mutatott, mint az E.
andrei.

A génexpresszio vizsgalata sordn annak ellenére, hogy a transzkripcios valaszok mértéke
globalisan eltért, az altalanos génexpresszidos mintdzat nem kiilonbozott nagymértékben a
két faj kozott. Példaul a 24 oras kezelés végére a lumbricin expresszié E. andrei-nél és E.

fetida-nal is cs6kkenést mutatott, a LURP ezzel ellentétben emelkedést.
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10.

11.

12.

13.

14.

15.

Az AgNP és AgNOs kezelés hatasara 2 ora elteltével az E. andrei alacsony MT/magas
lysenin-profillal, az E. fetida pedig magas MT/alacsony lysenin-profillal rendelkezett. Ez
legszembetiindbb eredménye az E. fetida coelomasejtek AgNP kezelésének. Az AUNP
toxicitast nem idézett el6, de génexpresszids valtozast indukalt.

A biomolekularis vagy protein korona kialakulasat vizsgalva CP-specifikus proteinek
feldusulasat (38, 40 és 45 kDa-os savok) figyeltiik meg nemcsak AgNP, hanem AuNP
koriil képzodott protein koronakban is.

A Western blot és LC-MS/MS bebizonyitotta, hogy a lysenin kotédése csak az AgNP-
okra korlatozodik. Az E. fetida CP-ek vizsgalatakor sikeriilt kimutatnunk kétféle lysenin
izoformat is az AgNP-ok feliiletén.

A lysenin-fehérjecsalad mellett az aktin szerepe is jelentds lehet a protein korona
kialakulasaban.

A lysenin fehérjeprofil vizsgélata sordn egybevagdan a génexpresszids eredményekkel,
mindkét fajnal 4 ora elteltével az AgNP és AuNP kezelés hatasara magas lysenin (E.
fetida-nal mindkét izoforma) szekrécid jelenléte volt azonosithatd, amely a 24 oOras
kezelés végére jelentds csokkenést mutatott.

s

peptidek koziil leginkdbb a lysenin expressziot és szekréciot befolyasolta mindkét fajnal.
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Flow cytometry is a common approach to study invertebrate immune cells including earthworm coe-
lomocytes. However, the link between light-scatter- and microscopy-based phenotyping remains
obscured. Here we show, by means of light scatter-based cell sorting, both subpopulations (amoebocytes
and eleocytes) can be physically isolated with good sort efficiency and purity confirmed by downstream
morphological and cytochemical applications. Immunocytochemical analysis using anti-EFCC mono-
clonal antibodies combined with phalloidin staining has revealed antigenically distinct, sorted subsets.
Screening of lectin binding capacity indicated wheat germ agglutinin (WGA) as the strongest reactor to
amoebocytes. This is further evidenced by WGA inhibition assays that suggest high abundance of N-
acetyl-p-glucosamine in amoebocytes. Post-sort phagocytosis assays confirmed the functional differ-
ences between amoebocytes and eleocytes, with the former being in favor of bacterial engulfment. This
study has proved successful in linking flow cytometry and microscopy analysis and provides further
experimental evidence of phenotypic and functional heterogeneity in earthworm coelomocyte subsets.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction (Jamieson, 1981; Valembois et al., 1985).

In general, earthworm coelomocytes can be divided into

Innate immune responses in earthworms are maintained by
humoral and cellular components. Earthworm coelomocytes are
free-circulating immune cells in the coelomic cavity (Bilej et al.,
2010; Cooper et al., 2002). In the late 19th and 20th century, coe-
lomocytes were typified first based on light-microscopic observa-
tions (Liebmann, 1942). Since then, the nomenclature of the distinct
coelomocyte subtypes was rather diffuse based on the applied
morphological terminology analogous to vertebrate leukocytes

* Corresponding author. Department of Immunology and Biotechnology, Clinical
Center, University of Pécs, Pécs, H-7643, Szigeti u. 12, Hungary.
E-mail address: engelmann.peter@pte.hu (P. Engelmann).
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amoebocyte and eleocyte subgroups. Amoebocytes are character-
ized by the relatively large eccentric nucleus and numerous pseu-
dopodia. Using various hematological staining methods and/or
based on light- and electron microscopic evaluations amoebocytes
can be further classified (Stein et al., 1977; Linthicum et al., 1977).
The described subgroups may represent various maturation stages
of coelomocytes. In the case of eleocytes the picture is less
complicated since these cells represent a more homogeneous
group.

These immunocytes have a mesodermal origin (Engelmann
et al., 2005; Vetvicka and Sima, 2009), but so far properly defined
hematopoietic organs have not been identified in earthworms
(Fischer, 1993). Although not confirmed, some believe
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coelomocytes are rather loosely produced by the epithelial lining of
the coelomic cavity adjacent to the gut and longitudinal muscle
layers (Jamieson, 1981). It is likely that the various subpopulations
of coelomocytes have different maturation sites (Liebmann, 1942;
Jamieson, 1981). However there is no clear consensus whether
the various morphological subtypes are separate lineages or tran-
sient cells in the course of maturation.

In contrast, eleocytes (or free-floating chloragocytes) are origi-
nated from the chloragogenous tissue covering the alimentary ca-
nal (Homa et al., 2013). Eleocytes are considered as a final
maturation stage of sessile chloragocytes. This hypothesis is sup-
ported mainly by morphological observations of certain intracel-
lular structures (chloragosomes) of eleocytes/chloragocytes
(Prentg, 1986). Sometimes these structures are referred to as
modified, tertiary lysosomes (Molndr et al., 2012; Varute and More,
1972).

Flow cytometry is a common approach to study the two major
subpopulations of earthworm coelomocytes (amoebocytes and
eleocytes) as these cells can be separately gated according to their
light scatter profiles (corresponding to their size and granularity).
Using this approach, several authors have provided valuable data
about the different functional aspects (e.g. cytotoxicity, phagocy-
tosis, proliferation, and ecotoxicology) of earthworm coelomocytes
(Cossarizza et al., 1996; Fuller-Espie et al., 2008; Homa et al., 2013;
Vernile et al., 2007). However, the link between the light scatter-
based two subpopulations and microscopy-based phenotyping re-
mains obscured, with no clear consensus on the cell types
encompassed in the coelomocyte populations. Here we show, by
means of light scatter-based cell sorting, the two major sub-
populations can be physically isolated with downstream morpho-
logical, cytochemical and functional analysis of sorted populations.
Our results confirm the previously documented phenotypic fea-
tures of amoebocytes and eleocytes, with the first example of
performing post-sort functional assays in earthworm
coelomocytes.

2. Materials and methods
2.1. Earthworm husbandry

Breeding stocks of Eisenia andrei earthworms were maintained
at room temperature and fed with manure complemented soil.
Prior to coelomocyte harvesting earthworms were placed onto
moist tissue paper for overnight depuration.

2.2. Extrusion of coelomocytes

Coelomocytes were collected as described earlier (Engelmann
et al., 2004) and cell numbers were evaluated by the trypan-blue
exclusion method.

2.3. Flow cytometry and cell sorting

Single coelomocyte suspensions isolated from earthworms were
sorted according to their forward scatter/side scatter (FSC/SSC)
characteristics that reflect the differences in cell size and granu-
larity. Collected coelomocytes were kept in Lumbricus balanced salt
solution (LBSS) (Engelmann et al., 2005) complemented with 1%
fetal bovine serum (FBS, Biowest, Nuaillé, France) and 5 mM EDTA
(Sigma—Aldrich, Hungary) to avoid cell aggregation. Sorting of
amoebocyte and eleocyte subpopulations was performed by FAC-
SAria IlII (BD Biosciences) cell sorter. Sorted coelomocytes were
collected in RPMI-1640 medium supplemented with 1% FBS and 1%
penicillin and streptomycin for better survival. Data acquisition and
analysis of sorting were executed by FACS DiVa Software. Pre-sort

and post-sort viability was monitored by 7-Aminoactinomycin D
(7-AAD, Biotium) using a FACSCalibur flow cytometer (BD Bio-
sciences). The collected flow cytometry data were analyzed with
CellQuest (BD Biosciences), FCS Express (De Novo Software, Los
Angeles CA, USA) and FlowJo (Ashland, OR, USA) softwares.

2.4. Scanning electron microscopy

Sorted amoebocytes and eleocytes (10°/ml) were deposited onto
silicon wafers. After 1 h the cells were fixed in 2.5% glutaraldehyde
for 30 min, and subsequently postfixed with 1% osmium tetroxide
for 30 min. Following rounds of gentle washings with PBS, the cells
were gradually dehydrated by increasing ethanol concentrations
before incubation in 100% bis(trimethylsilyl)amine (hexame-
thyldisilazane or HMDS) for 3 min and air-dried completely. The
samples were then sputtered with gold (nominal 30 nm coating)
and imaged by scanning electron microscopy (NovaSEM 600 FEI
company, the Netherlands).

2.5. Transmission electron microscopy

Sorted amoebocytes and eleocytes were fixed in a mixture of
2.5% glutaraldehyde and 4% paraformaldehyde for electron micro-
scopic post-embedding morphological observations. The fixative
was dissolved in 0.1 M phosphate buffer (pH 7.4) and the specimens
were incubated for 2 h at room temperature. Samples were post-
fixed with 1% osmium tetroxide for 1 h at 4 °C. For post-
embedding structural observations, the cells were dehydrated
and embedded into epoxy resin (Durcupan ACM, Sigma—Aldrich).
Serial ultrathin (60—70 nm) sections were cut with a Reichert ul-
tramicrotome. Grids were then washed in drops of distilled water,
counterstained in uranyl acetate and lead citrate. Observation and
documentation were carried out with a JEOL-1200 (JEOL USA, Inc,
Peabody, MA, USA) transmission electron microscope.

2.6. Cytochemistry

Sorted coelomocyte subpopulations (80 pl of 5 x 10°/ml) were
spread onto glass slides using Cytospin 3 (SHANDON, Thermo-
Scientific, Waltham, MA, USA) apparatus. Haematoxylin-eosin and
May-Griinwald-Giemsa stainings were performed following stan-
dard protocols. For visualization of polysaccharides the cytospin
preparations were incubated in 1% periodic acid for 10 min fol-
lowed by 10 min of incubation in Schiff's reagent.

For lipid visualization the samples were fixed in 10% formalin,
and were stained with Oil Red O solution (Sigma-Aldrich) for
10 min. Subsequently, 60% isopropanol was applied for differenti-
ation of the specimens. Following the different staining procedures
haematoxylin counterstaining was performed.

2.7. Enzyme cytochemistry

For acid phosphatase activity the cytospin samples were fixed in
formalin and incubated for 3 h with the reaction mixture. The re-
action mixture constituted of 10 mg naphthol AS-BI phosphate
(Sigma—Aldrich) in dimethylformamide (DMF), a solution of 4%
pararosaniline, 2% aqueous HCl and an aqueous solution of 4%
NaNO, (Sigma—Aldrich). After the incubation coelomocytes were
washed in sodium acetate buffer and counterstained with
haematoxylin.

Alkaline phosphatase activity was monitored with the mixture
of nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phos-
phate (Biotium) in substrate buffer (100 mM Tris—HCI, 100 mM
NaCl, 5 mM MgCl,, pH 9.5) for 20 min. NBT and BCIP were dissolved
in 70% and 100% dimethylformamide, respectively. Nuclear
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counterstaining was performed with 1% neutral red solution. For
cytochrome ¢ oxidase (CCO) activity the coelomocyte sub-
populations were incubated with a reaction mixture for 2 h. The
reaction mixture constituted of 10 mg cytochrome c, 4 mg catalase
and 5 mg 3,3’ diaminobenzidine tetrahydrochloride (DAB) in 0.1 M
phosphate buffer (pH: 7.4). Nuclear counterstaining was performed
with haematoxylin.

For succinate dehydrogenase (SDH) activity coelomocyte sub-
groups were incubated with a reaction mixture (100 mg NBT,
500 mM sodium succinate in 0.1 M phosphate buffer, pH: 7.6) for
15 min at 37 °C. Nuclear counterstaining was performed with 1%
neutral red solution.

2.8. Phalloidin labeling and immunofluorescence staining of
coelomocytes

Cytospins of coelomocyte subpopulations were fixed in 4%
paraformaldehyde, followed by washing with PBS/0.1% Triton X-
100. Samples were incubated with 5% BSA for 20 min to avoid non-
specific binding then incubated with Alexa Fluor 488 Phalloidin
(Invitrogen Molecular Probes, Eugene, OR, USA). In double immu-
nofluorescence assays mouse IgG fractions of FITC-conjugated anti-
EFCC3, anti-EFCC4 or anti-EFCC5 mAb (1:100) (Engelmann et al.,
2005; Opper et al., 2013) along with Alexa Fluor 568 Phalloidin
(Invitrogen) was used. Control slides were incubated with mouse
IgG1-FITC (BD Biosciences), otherwise prepared similarly. Propi-
dium iodide (PI, Invitrogen) was applied for counterstaining of
Alexa Fluor 488 Phalloidin staining that strongly binds cytoskeletal
filaments of actin.

2.9. Confocal microscopy and image analysis

Images were captured on a laser scanning confocal microscope
(Zeiss LSM 710 upright microscope and 63 x Plan-Apochromat oil-
immersion objective [NA: 1.4], Carl Zeiss Microscopy, Jena, Ger-
many) by using ZEN 2010 software (Carl Zeiss Microscopy).

2.10. Lectin stainings

Sorted and unsorted coelomocyte subpopulations were labeled
with FITC-conjugated Arachis hypogaea peanut agglutinin (PNA),
Ulex europaeus agglutinin (UEA), Lens culinaris agglutinin (LCA) and
Dolichos biflorus agglutinin (DBA) and Alexa Fluor 488 conjugated
concanavalin A (ConA), phytohemagglutinin (PHA), wheat germ
agglutinin (WGA) (Vector Laboratories). Lectin stainings were
performed in PBS complemented with 0.1% BSA and 0.1% NaNs
solution for 30 min. After washing labeled cells were observed in
flow cytometry. For inhibition 1 h prior to the staining Alexa Fluor
488 conjugated WGA were preincubated with 10 mM or 100 mM of
N-Acetyl-p-glucosamine (GIcNAc, Sigma Aldrich) or 10 mM of N-
acetylneuraminic acid (sialic acid, Neu5Ac, Sigma Aldrich). For
microscopic evaluations the cytospins of sorted coelomocyte sub-
populations were prepared. Following acetone fixation 5% BSA was
used to inhibit the unspecific binding for 20 min, then Alexa Fluor
488-WGA conjugate was applied for 30 min. Cell nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) and then observed with Olympus BX61 microscope and
AnalySIS software (Olympus Hungary, Budapest).

2.11. Preparation and treatment of coelomocyte lysate

Sorted amoebocytes, eleocytes and unsorted (total) coelomo-
cytes were lysed in RIPA buffer (50 mM Tris/HCl; pH 8.0, 150 mM
NaCl, 1% (v/v) NP-40, 0.5% (w/v) Na-deoxycholate, 5 mM EDTA, 0.1%
SDS) complemented with protease inhibitor cocktail (Sigma-

Aldrich) on ice for 15 min and then centrifuged at 16060g (15 min,
4 °C). Protein concentrations of amoebocyte, eleocyte and unsorted
(total) coelomocyte lysates were measured with BCA Reagent Kit
(Pierce, Rockford, IL, USA). Some aliquots of the samples were
subjected to PNGase F (Sigma-Aldrich) digestion according to the
manufacturer’s protocol.

2.12. SDS-polyacrylamide gel electrophoresis and WGA (“Eastern”)
blots

Proteins were separated on 10% polyacrylamide gels, topped by
a 4% stacking gel using Mini-Protean 3 apparatus (Bio-Rad, Her-
cules, CA, USA). Separated proteins were blotted onto nitrocellulose
membranes (Bio-Rad) in blotting buffer at 4 °C for 2 h. Subse-
quently, nitrocellulose sheets were incubated in PBS containing 2%
(v/v) Tween 20 for 2 min at room temperature (Nagy et al., 2013).
Afterwards blots were incubated with HRP-conjugated WGA
(1:1000, Sigma-Aldrich) according to the manufacturer’s in-
structions. Briefly, HRP-conjugated WGA was diluted in PBS con-
taining 0.05% Tween, 1 mM CaCl,, 1 mM MnCly, 1 mM MgCl, for
16 h at room temperature. ECL reagents (Pierce) were used to
visualize the membranes. Chemiluminescent signals were detected
with Fuji LAS4000 Imaging System (Fuji, Japan).

2.13. Invitro bacterial challenge and detection of phagocytosis after
sorting

Sorted coelomocyte subpopulations were incubated with FITC
conjugated heat-inactivated Staphylococcus aureus (OKI [12001) and
Escherichia coli (ATCC 25922) overnight at room temperature. Both
amoebocytes and eleocytes (108 each) vs. bacteria (107) were mixed
in 1 ml final volume of RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin in 24-well plates (Falcon, BD
Labware). Following incubations, samples were washed in LBSS.
Prior to flow cytometry trypan blue were added to the samples to
elucidate bound/ingested bacteria by quenching.

2.14. Statistical analysis

Statistical analysis was performed with Microcal Origin
(Microcal Software Inc., Northampton, MA USA). Data were calcu-
lated from three independent experiments. Results are presented
as mean and all error bars represent the standard error of the mean.
The effect of treatments was analyzed by one way-ANOVA. p < 0.05
was denoted as statistically significant.

3. Results
3.1. Separation of coelomocyte subsets by cell sorting

We separated the coelomocyte subpopulations by a FACS device
based on their physical manifestations (size and granularity), that is
not relying on fluorescence but on the distinct light scatter pattern
of amoebocytes and eleocytes (Fig. 1). Post-sort analysis showed
enrichment of intact amoebocytes from 39% to 89%, and intact
eleocytes from 20% to 39%, giving an enrichment factor of around
two in each case. It should be noted, in both cases, cross-
contamination was negligible as verified by extremely low frac-
tions of contaminating cells (0.1% intact eleocytes in the sorted
amoebocyte population and 1% intact amoebocytes in the sorted
eleocyte population). The low recovery percentage of intact eleo-
cytes (39% after sorting) can be reasonably explained by the pres-
ence of released chloragosomes derived from eleocytes (as seen in
both pre-sort and post-sort analyses in Fig. 1).

Post-sort cell viability assays indicated a high survival rate
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Fig. 1. Presorting and postsorting distributions of coelomocyte subsets. Freshly collected earthworm coelomocytes demonstrate two major subpopulations (amoebocytes and
eleocytes) in flow cytometry. Following sorting the purity of both sorted subpopulations was monitored by conventional flow cytometry measurements. Note the low recovery
percentage of intact eleocytes likely due to the release of chloragosomes that appear in the lower FSC and SSC values.

(85—89%) for sorted amoebocytes (Electronic supplementary
material, Fig. S1), while we could not evaluate the alive/dead
eleocyte ratio due to their high endogenous fluorescence that
manifested in a wide range of fluorescence spectra.

Subsequently, the sorted coelomocyte subpopulations were
further characterized based on their ultrastructural and cyto-
chemical properties (Figs. 2—4 , Fig. S2 and Table 1).

3.2. Coelomocyte subsets exert distinct antigen and actin-
cytoskeleton patterns

Sorted coelomocytes were further studied by fluorochrome-
conjugated phalloidin labeling and coelomocyte specific mAb-
based immunocytochemistry. Phalloidin binds to actin filaments
that build up the microfilament-based cytoskeleton. Binding of the
toxin conserves the cellular actin pool in filament state and by the
fluorescent labeling it results in high imaging contrast of the bun-
dles of filaments compared to the monomer actin in the cytoplasm.
In confocal imaging actin filaments and bundles in the cells are
highlighted by Alexa Fluor 488-coupled phalloidin labeling. This
feature was especially prominent in the case of filopodium/pseu-
dopodium formation of amoebocytes (Fig. 5a). In contrast, actin
patterns were considerably different in eleocytes. Hereby, actin
filaments were lined through the cytoplasm and their pattern was
determined mostly by smaller and larger chloragosomes (Fig. 5b).
There was no extended actin-cluster formation in the eleocytes
compared to the amoebocytes.

Earlier we raised a panel of specific mAbs against earthworm
coelomocytes (anti-EFCC clones) that were used in several pheno-
typic and functional assays (Engelmann et al., 2005; Opper et al.,
2013). In this study we combined the phalloidin staining with an
immunocytochemical approach applying anti-EFCC3, anti-EFCC4
and anti-EFCC5 mAbs from the aforementioned cluster of Eisenia
coelomocyte-specific antibodies. As we described earlier anti-
EFCC3 mAb marks hyaline amoebocytes that are able to aggregate

each other and participate mainly in phagocytosis. Indeed, in the
sorted populations, FITC-conjugated anti-EFCC3 mAb only resulted
in strong intracellular staining only in the amoebocyte subpopu-
lation (Fig. 5¢), and eleocytes were consistently negative (Fig. 5d).
Anti-EFCC4 mADb stained (characteristic for granular amoebocytes)
intracellularly only a fraction of cells from the sorted amoebocyte
population (Fig. 5e), while eleocytes were marked only with Alexa
Fluor 568 phalloidin conjugate (Fig. 5f). A-EFCC4 and phalloidin
positive cells (Fig. 5e) typically showed less pronounced actin
bundles compared to the anti-EFCC3 positive cells (Fig. 5¢).

In contrast, staining with anti-EFCC5 mAb revealed negative
reaction in the amoebocytes population (only the phalloidin
staining was observable) (Fig. 5g), while the eleocytes proved to be
positive for this antibody staining with a typical granular pattern
(Fig. 5h).

3.3. Strong WGA binding specifies the amoebocyte subpopulation

Sorted coelomocyte subsets were further characterized
regarding to their lectin-binding properties. Several fluorochrome-
coupled plant lectins were applied in the flow cytometry-based
assays resulting in various staining patterns (Table 2). Among the
tested lectins the strongest reaction was revealed by wheat germ
agglutinin (WGA) (Fig. 6a and Fig. S3). Robust WGA positivity was
observed in the amoebocyte subsets (Fig. 6a), while eleocytes
(Fig. 6b) were marked by very low/weak staining for this lectin. In
fluorescence microscopy the previous findings were supported
since sorted amoebocytes (Fig. 6¢) were strongly WGA positive in
contrast to eleocytes (Fig. 6d).

In order to further characterize the WGA-recognized glycosyl-
ation pattern of coelomocyte proteins we performed a lectin-blot
(Fig. 6e). Proteins of unsorted (total) and sorted coelomocyte cell
lysates were separated by SDS-PAGE, blotted and probed with HRP-
conjugated WGA. Strong, characteristic isolated bands were
recognized at 46 and 58 kDa by WGA. Indeed, these bands were
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Fig. 2. Scanning and transmission electron microscopy images of sorted coelomocyte subpopulations. (a) Sorted hyaline amoebocytes exert a flattened cell shape and rough
cell surface structures with numerous filopodia (arrows) observed by SEM. Granular amoebocytes (c) projects several small pseudopodia arrow). In contrast to amoebocytes,
eleocytes (b) have a round-like cell shape with no cellular extrusions. Intracellular chloragosomes (d) are revealed in the disrupted eleocyte. Hyaline amoebocytes (e) show typical
phagocyte-related characteristics by TEM. Several phagolysosomal granules (asterisks) with ingested material can be distinguished (e) and numerous mitochondria (number signs)
are also observable in the cytoplasm. Typical granular amoebocyte (g) harbors numerous phagolysosomes (asterisks) and many mitochondria (number signs). Eleocytes (f and h) are
easily distinguishable by their polymorphic, large chloragosomes (Ch) small nucleus (N) and few mitochondria (number signs). Scale bars: 5 um (a-d), 2 um (e, g, h), and 10 um (f).

more pronounced in the amoebocyte fraction, compared to the WGA lectin binds predominantly to N-acetyl-p-glucosamine
lanes of eleocytes or unsorted (total) samples (Fig. 6e). (GIcNAC) residues of the proteins. In our next attempt we inhibited
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Fig. 3. Cytochemical features of sorted amoebocytes and eleocytes. Haematoxylin-eosin staining has proved a homogeneous amoebocyte (a) population with similar
morphologic appearance after sorting. Most of the sorted population is made up by the hyaline amoebocytes (arrows), while only a small percentage of granular amoebocytes
(number signs) are present. Separated eleocytes (b) were clearly distinguishable by their intracellular, brownish chloragosomes (asterisks) and less or more centrally positioned,
small nucleus. Small number of contaminating amoebocytes can be observed (arrow). (¢) By means of May-Griinwald-Giemsa staining most separated amoebocytes appeared with
pale blue cytoplasm (arrows) that is typical for hyaline amoebocytes. Some amoebocytes have numerous intracellular granules and darkly stained cytoplasm (number signs) that is
characteristic for granular amoebocytes (c and c’). Eleocytes evidenced weak staining with May-Griinwald- Giemsa solution (d). Amoebocytes were strongly PAS positive (e) in
contrast to eleocytes (f). PAS positive granules are seldom found in eleocytes (arrowheads) and some PAS positivity can be observed surrounding the eleocytes (arrows) as well.
Sorted amoebocytes (g) showed no evidence for harboring neutral lipids, while eleocytes (h) contained many lipids (arrows) demonstrated by Oil Red O staining. Haematoxylin
nuclear counterstaining was performed following PAS and Oil Red O reactions. Scale bars: 20 pm (c’), 100 um. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

the WGA binding toward amoebocytes by pre-incubation of WGA
with different concentrations of GIcNAc (10 mM and 100 mM). We
observed a dose-dependent inhibition of WGA binding to the
amoebocytes compared to the control amoebocytes labeled by
untreated WGA (Fig. 6f). Furthermore, we analyzed whether
PNGase F digestion would diminish the WGA binding on coelo-
mocyte proteins. We observed that this enzyme digestion totally
removed the WGA recognized sugar ligands demonstrated by

subsequent blots (Fig. S3). It is known that WGA is able to recognize
sialic acid (N-Acetylneuraminic acid, Neu5Ac) residues as well.
Employing flow cytometry we tested whether the 10 mM Neu5Ac
preincubated WGA still maintain the capability to contact with the
sugar residues of amoebocytes. In this experiment we did not
observe any inhibition compared to the only WGA incubated pos-
itive control or GIcNAc pretreated sample (data not shown).
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Fig. 4. Enzyme cytochemical characteristics of sorted coelomocyte subsets. Acid phosphatase (AcP) activity was observable in the majority of sorted amoebocytes (a, arrows).
The AcP reaction concentrates mainly in intracellular granules. In contrast, eleocytes (b) exhibit no AcP activity. Alkaline phosphatase (ALP) was also typically active (arrows) in the
purified amoebocytes population (c), while eleocytes seem not to possess this enzyme activity (d). Cytochrome C oxidase (CCO) had evidenced low activity (arrow) in separated
amoebocytes (e), but not in eleocytes. Succinate dehydrogenase (SDH) enzyme activity was absent in amoebocytes (g), but SDH activity could be well monitored (arrows) in
eleocytes (h). Haematoxylin and 1% neutral red counterstainings were performed following AcP, CCO and ALP, SDH enzyme reactions, respectively. Scale bar: 100 um. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Amoebocytes are the dominant phagocytic cell type within
coelomocyte subsets

As a proof-of-concept functional study, we assessed the capa-
bility of the sorted subpopulations to mediate phagocytosis as a
typical cellular immune mechanism. To verify that the cell sorting
process itself does not affect the cell viability, sorted coelomocytes
were assessed for their survival rate prior/after to the phagocytosis
assays. A high number of sorted amoebocytes survived during the
post incubation period (>85%) of phagocytosis (Fig. S4). Sorted
amoebocyte and eleocyte subpopulations were cultured in vitro in

the presence of FITC-conjugated E. coli or S. aureus bacteria strains.
After 24 h of incubation cells were collected and were measured by
flow cytometry using trypan blue quenching to evaluate the bound/
engulfed bacteria. Indeed, amoebocytes reflected strong phagocytic
activity (Fig. 7a) against both bacteria stains in contrast to sepa-
rated eleocytes (Fig. 7b). Upon bacterial challenge amoebocytes
significantly engulfed the FITC-E. coli compared to untreated
amoebocytes (p = 0.029). In addition, FITC-labeled S. aureus were
also ingested by the amoebocytes; however, it did not differ
significantly from the control amoebocytes (Fig. 7c). In the case of
eleocytes we did not observe significant engulfment of either
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Table 1
Ultrastructural and cytochemical properties of separated coelomocyte subsets.

Amoebocytes

Eleocytes

Ultrastructural morphology
SEM - hyaline: flattened cells with long filopodia (Fig. 2a)
- granular: adherent cells with small filopodia (Fig. 2c)

round cell shape, no filopodium (Fig. 2b), some eleocytes have spherical
hollows resembling chloragosomes (Fig. 2d, Fig. S2)

TEM - hyaline: 6-8 pm large, condensed nucleus with prominent centrally located nucleus with heterochromatin clumps, lipid droplets and
heterochromatin/euchromatin pattern, phagolysosome-rich cytoplasm, glycogen-rich cytoplasm filled with chloragosomes that are varied in size and

fine pseudopodia (Fig. 2e)

electron-dense (Fig. 2f, h)

- granular: several, small pseudopodia, cytoplasm is packed with smaller,

and larger granules (Fig. 2g)
Cytochemical characteristics
Haematoxylin large, dark nucleus and pale cytoplasm (Fig. 3a)

& eosin

May- - hyaline: pale blue cytoplasm, centrally located red nucleus (Fig. 3¢c)
Griinwald- - granular: darkly stained cytoplasm filled with granules (Fig. 3c, ¢')
Giemsa

Periodic Acid strong staining with occasional granular appearance (Fig. 3e)
-Schiff

Oil Red O no reaction observed (Fig. 3g)

Enzyme characteristics

AcP +-++ (Fig. 4a)

ALP +++ (Fig. 4c)

cco + (Fig. 4e)

SDH — (Fig. 4g)

no cytoplasm staining, chloragosomes with yellowish, brownish coloration
(Fig. 3b)
no cytoplasm staining, shrunk nucleus and merged granules (Fig. 3d)

some weak PAS positive granules in the cytoplasm (Fig. 3f)
fine orange droplets varied in size (2—5 pm) (Fig. 3h)

+/— (Fig. 4b)

— (Fig. 4d)

— (Fig. 4f)
++ (Fig. 4h)

bacteria strain compared to controls (Fig. 7d).

4. Discussion

Free-floating coelomocytes can be easily and non-invasively
retrieved from earthworms for an array of downstream applica-
tions (Engelmann et al., 2004). Indeed, the different subpopulations
have unique phenotypic and functional features that deserve
further characterization using various separation techniques as
demonstrated for immunocytes from other invertebrate taxa
(Tirouvanziam et al., 2004; Cueto et al., 2015).

To the best of our knowledge this is the first study that suc-
cessfully separated earthworm coelomocyte subsets based on cell
specific light scattering profiles by a cell sorter for further charac-
terization. We sorted freshly collected coelomocytes into amoe-
bocyte and eleocyte subpopulations and evaluated their purity and
cell survival after sorting. The two subpopulations were sorted with
high purity (having <1% cross-contamination in both samples), yet
in the case of eleocytes release of chloragosomes was evident after
sorting of intact eleocytes making the fraction of intact eleocytes
low. However, this is a common observation in flow cytometry not
specific to cell sorting because chloragosomes can also be detected
to the same extent before and after sorting.

Earlier electron microscopical (both SEM and TEM) observations
have been attempted for the detailed, ultrastructural character-
ization of the coelomocytes in different Lumbricidae species
(Cooper and Stein, 1981; Linthicum et al., 1977; Valembois et al.,
1985). Most of the data was derived from Eisenia fetida/andrei
species and Lumbricus terrestris. According to Valembois et al.
(1985) the SEM analysis distinguished small and large leukocytes
(amoebocytes) and free-floating chloragocytes (eleocyte) sub-
populations in Eisenia earthworms while TEM analysis revealed
several distinct subtypes. Recent studies of earthworm coelomo-
cytes aimed to match the identified coelomocyte subtypes by
electron microscopy with those by light microscopic classifications
(Adamowicz, 2005; Kurek et al., 2007). In these reports three main
subtypes were suggested such as eleocytes, amoebocytes and
granulocytes, or eleocytes, hyaline and granular amoebocytes,
respectively. In our earlier flow cytometric analysis (Engelmann
et al,, 2004, 2005) we were able to resolve three distinct sub-
populations that correspond to these aforementioned

subpopulations. In this study, sorted amoebocytes (hyaline and in
some cases granular) and eleocytes showed similar morphological
features compared to those known from the work of other labo-
ratories (Cooper and Stein, 1981; Kurek et al., 2007; Linthicum et al.,
1977; Valembois et al., 1985). In comparison to the earlier studies
by others, our approach of combining cell sorting and electron
microscopy has proved fruitful in morphology-based phenotyping
with confidence. This is because of the technical limitations of
electron microscopy. For instance, SEM imaging is well-suited for
surface structure analysis but as it lacks intracellular information it
is rather difficult to study heterogeneous specimens without prior
knowledge. TEM imaging, on the other hand, provides intracellular
information usually at the expense for 3D morphological data and
thus it is challenging to distinguish the cells without unique
intracellular structures. With the application of cell sorting up-
stream we succeeded in preparation of less heterogeneous
(amoebocytes) or highly homogeneous (eleocytes) specimens for
both SEM and TEM imaging. The images obtained verified the
previous observations and now they can be linked to the light
scatter profiles studied in flow cytometry.

Limited number of publication is available about the cyto-
chemical properties (carbohydrates, lipid characteristics) of earth-
worm coelomocytes (Stein and Cooper, 1978). This report suggests
certain amoebocytes (neutrophils, acidophils and granulocytes) of
L. terrestris were PAS positive and mainly Sudan Black negative,
while eleocytes were stained weakly for PAS, but strongly for Sudan
Black. Only basophil amoebocytes of L. terrestris were variedly
positive for Sudan Black staining (Stein and Cooper, 1978).
Regarding to carbohydrate and lipid characteristics our data is
concordant with this previous finding since amoebocytes were
predominantly PAS positive, however, eleocytes also exerted PAS
positive granules to some extent. Oil Red O droplets were observed
exclusively in eleocytes, while there was no reaction in the case of
amoebocytes.

More information is available about the enzyme characteristics
of earthworm coelomocytes (Engelmann et al., 2004; Hamed et al.,
2002; Marks et al., 1981; Stein and Cooper, 1978). All of them agreed
that amoebocytes have high acid phosphatase activity in their
granules. Acid phosphatase is characteristic marker enzyme for
lysosomes and phagolysosomes (Moss et al., 1995). Our AcP data
presented in this study is in concert with these previous findings;
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Fig. 5. Confocal imaging of phalloidin-labeled and anti-EFCC mAb stained coelomocyte subsets. Sorted amoebocytes (a) and eleocytes (b) were labeled with phalloidin Alexa
Fluor 488 conjugate and followed by propidium iodide nuclear counterstaining. For double labeling phalloidin-Alexa Fluor 568 staining followed by FITC-conjugated anti-EFCC3
mADb on sorted amoebocytes (c) and eleocytes (d). Only the amoebocytes (hyaline subgroups) possess positive reactions. Next, sorted amoebocytes (e) and eleocytes (f) fractions
were probed with anti-EFCC4 mAD following phalloidin-Alexa Fluor 568 staining. Labeled granular amoebocytes (arrows) can be distinguished from unstained hyaline amoebocytes.

In another set up, amoebocytes (g) and eleocytes (h) were stained with the lysenin specific anti-EFCC5-FITC mAb after the incubation with phalloidin-Alexa Fluor 568. Scale bars:
10 um (c) and 20 pm (a, b, d-h).

we did not find AcP activity in eleocytes of Eisenia as we have reported earlier (Engelmann et al., 2004). In contrast, eleocytes of
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Table 2
Characteristics of lectin binding capacity of earthworm coelomocyte subsets.

since only the sorted amoebocyte subpopulation expressed ALP
activity. Until now the existence of cytochrome oxidase and suc-

Lectins Reaction pattern cinate dehydrogenase -by means of cytochemistry-has not yet been
Amoebocytes Eleocytes report.ed from earthworm coelomocytes. Indeed, CCO and SDH are
p— P ubiquitous enzymes corresponding to the general cellular meta-
; z;;ozzr;gfgl;ﬁil;i(n (PN)A) i+ i;: bolism of invertebrate immunocytes (Cima et al., 2000). In opposite
Concanavalin A (ConA) 4 - to our expectations, CCO was only expressed in some amoebocytes,
Wheat Germ Agglutinin (WGA) +++ +/— while SDH activity seems to be restricted to eleocytes. In the
L. culinaris agglutinin (LCA) + +/- eleocyte fraction some granules seem to demonstrate the precipi-
U. europeaus agglutinin (UEA) - += tation of DAB chromogen for CCO activity. In this case the possible
D. biflorus agglutinin (DBA) - +/— . . .
involvements of other enzymes (e.g. peroxidase, DOPA peroxidase)
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Fig. 6. WGA binding patterns of coelomocyte subpopulations. Sorted amoebocytes and eleocytes were the subjected to lectin based characterization. Among the tested lectins
WGA proved to strongest binding to amoebocytes (a), while this WGA binding was minimal in the case of eleocytes (b) observed by flow cytometry. Lectin (WGA) cytochemistry was
performed on the cytospins of sorted amoebocytes (c¢) and eleocytes (d). DAPI counterstaining, scale bar: 50 pm. Glycosylated proteins of unsorted coelomocytes (T-total) and sorted
coelomocyte subsets (E-eleocyte, A-amoebocyte) were probed by HRP-conjugated WGA by lectin-blot (e). Specific binding of WGA to the carbohydrates of amoebocytes were
proved by the dose dependent inhibition (f) after preincubation with different concentrations of GIcNAc (10 and 100 mM) in a flow cytometry-based assay.

L. terrestris possess a weak AcP activity according to a previous
report (Stein and Cooper, 1978). Interestingly, sessile chloragocytes
of both Eisenia and Lumbricus were strongly AcP positive (Molnar
et al.,, 2012; Prentg, 1986), but not the free-floating eleocytes of
Eisenia. This discrepancy could be explained by the different
maturation stages represented by sessile chloragocytes and free-
floating eleocytes. Indeed, eleocytes are often referred to as end-
staged, differentiated chloragocytes released from the chlor-
agogenous tissue. Furthermore species-specific difference might
also play a role in the observed AcP activity of L. terrestris eleocytes
that is not present in eleocytes isolated from E. andrei. Alkaline
phosphatase is also referred to as another characteristic enzyme of
phagocytes that can be localized in the lysosomal or plasma
membranes (Cima et al., 2000). ALP activity of earthworm coelo-
mocytes (in basophils) was reported only in one publication
(Hamed et al., 2002). Our findings are in concert with this report

of eleocytes cannot be excluded (Fischer, 1978).

Surprisingly, very limited information is available about the
characteristics of cytoskeletal microfilaments in earthworm coe-
lomocytes compared to other invertebrate immune cells (Kasschau
etal., 2007). According to this report L. terrestris coelomocytes form
a cortical ring of F-actin at isotonic concentrations (170 mOsm).
Filopodium formation only appeared upon hypertonic stress after
the disruption of actin cortical ring. The aforementioned publica-
tion failed to notice the possible cytoskeletal differences in the
distinct coelomocyte subsets. We observed characteristic actin-
based cytoskeleton structure variations between amoebocyte and
eleocyte subgroups. Amoebocytes have formed typical actin
boundaries in the close proximity of plasma membranes, while
eleocytes have a random net-like pattern of actin microfilaments
mainly determined by the intracellular chloragosomes. Moreover,
we co-stained the phalloidin-labeled amoebocytes and eleocytes
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Fig. 7. Phagocytic properties of sorted amoebocytes and eleocytes. Sorted amoebocytes (a) and eleocytes (b) were incubated with gram+ and gram— bacteria for phagocytosis
evaluation. Amoebocytes (a and c) taken up FITC-conjugated E. coli and S. aureus compared to control samples. In the case of eleocytes (b and d) we could not detect any significant

differences to the control eleocytes (n = 3, mean + SEM).

with our previously described anti-EFCC3, anti-EFCC4 and anti-
EFCC5 mAbs (Engelmann et al., 2005; Opper et al., 2013) proving
their separate lineages.

Lectin staining is also a common approach (if specific mono-
clonal antibodies are not available) to characterize the phenotype of
distinct immune cells. Currently there is no information about
systematic lectin-based classification of earthworm coelomocyte
subsets. There are certain publications claiming that various lectins
bind to coelomocytes, however, those reports paid more attention
to the mitogenic effects of lectin binding (Homa et al., 2013).
Hereby, to the best of our knowledge we tested methodically first,
the engagement of various types of lectins to earthworm coelo-
mocyte subsets. WGA showed the strongest binding to amoebo-
cytes and we proved the specificity of this binding by inhibition
assays with enzymatic deglycosylation or pre-treatment with
competitive carbohydrates. By means of lectin blotting we detected
a major band recognized by WGA in the amoebocyte fraction,
however, an identical band can be observed in the eleocyte fraction
that is in contrast with the data derived from flow cytometry
measurements. One explanation for this discrepancy could be that
eleocytes fraction was contaminated with some amoebocytes (at
least 1%) during the sorting. Moreover, the blotting technique has a
higher sensitivity compared to the flow cytometry detection. In this
regard, the lectin binding capacity of amoebocytes is in concert
with their strong PAS positivity.

It is known that invertebrate immunocytes with different phe-
notypes exert diverse immunological functions (Cossarizza et al.,
1996; Engelmann et al., 2005). Several reports claimed that earth-
worm coelomocytes are capable of phagocytosis, cytotoxicity and
encapsulation (Cossarizza et al., 1996; Dales and Kalag, 1992;
Engelmann et al.,, 2005; Stein et al., 1977; Valembois et al., 1992).
Amoebocytes are mainly involved in the cellular immune functions.
They are able to engulf different foreign particles (e.g. bacteria,
fungi, etc.) by phagocytosis or help to remove the injured body
parts/tissues. In addition, amoebocytes combat against multicel-
lular intruders, such as nematode parasites through a specialized

type of nodule formation or encapsulation (so called “brown body”
development) (Valembois et al., 1992). Free-floating or sessile
chloragocytes have multiple roles including trophic, excretory and
immunological functions through releasing agglutinating, opso-
nizing, antimicrobial and cytotoxic factors into the coelomic fluid
(Valembois et al., 1985; Opper et al., 2013). Due to these functional
characteristics of coelomocytes as a mixed population it is difficult
to observe and evaluate the direct and indirect effects of any in vitro
treatments targeting solely either amoebocytes or eleocytes. To
address this problem a number of separation techniques have been
applied to date. Gradient centrifugation using a Percoll enrichment
technique is a possible option (Kauschke et al., 2001). Indeed the
obtained cell populations are viable and can be applied in different
functional assays, however, the cell purity and yield is much lower
than those achieved by modern cell sorting with digital cell sorters.
We performed phagocytosis assay of the sorted coelomocyte sub-
sets to prove that their viability and functional competence are not
biased by the sorting procedure. Indeed, sorted amoebocytes
engulfed the FITC-coupled gram-negative/-positive bacteria, in
contrast to eleocytes that is in agreement with our previous find-
ings (Engelmann et al, 2005). Valembois et al. (1985) have
observed that eleocytes have agglutinated the pathogenic
B. megaterium at the early stage of interaction among bacteria and
earthworm immune cells. It was suggested that some released
endogenous opsonins enhance the efficiency of phagocytosis (Dales
and Kalag, 1992). In our previous experiment we observed that the
accumulation of nanoparticles (NPs) was enhanced by a corona of
endogenous proteins native to the cells. The protein corona was
formed of the secretory proteins (in the supernatant) of cultured
coelomocytes that show a great similarity to the needle-aspirated
coelomic fluid proteins (Hayashi et al., 2013). Major constituent of
the protein corona was lysenin, one of the major proteins harbored
and secreted by eleocytes evidenced by high anti-EFCC5 positivity
(Opper et al., 2013). Furthermore, we described that lysenin
expression is up-regulated upon bacterial exposure (Opper et al.,
2013). Lysenin is likely one important, new factor in opsonization
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of foreign structures to enhance their engulfment (Engelmann
et al.,, 2016).

Our paper is the first to report the selective separation of coe-
lomocyte subsets in earthworms using an optical cell sorting
approach. This method exploits cell-specific light scatter charac-
teristics inherent to the two subpopulations; amoebocytes and
eleocytes. This enables robust and highly reproducible means of
physical separation of mixed coelomocyte populations, offering
more reliable phenotyping than morphological identification that
are rather of subjective nature. In those experiments where
amoebocytes and eleocytes should be observed as individual sub-
sets (e.g. Irizar et al., 2015) a cell sorting-based approach would be
principal as a starting point. Furthermore, such a method in hand
could be applied to greatly improve our understanding of the
specific molecular fingerprints of the sorted coelomocyte
subpopulations.
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Preface

Animals constitute the greatest part of eukaryotic biodiversity, with more than 2
million known species grouped in approximately 35 phyla.

The exploitation of only a limited part of this great variety of species was
fundamental for the advancement of immunobiology, starting with the original
experiments of Elie Metchnikoff with sea star larvae, which posed the basis for
the phagocytosis theory, up to the recent studies on Toll receptors in Drosoph-
ila by Jules A. Hoffmann, which led to comprehension of the role of Toll-like
receptors in innate immunity.

Animals have evolved a wide range of approaches to cope with foreign, poten-
tially pathogenic organisms, and today, the increasing need to extend our knowledge
of immune responses requires new, suitable, and simple model organisms for the
study of the variety of defense strategies present in metazoans, besides the few spe-
cies investigated so far. This is of general biological interest and might reveal new
adaptive solutions and unknown recognition and effector mechanisms, useful for
further progresses in immunology. It also has an applied interest, as a solid knowl-
edge of invertebrate immunity is fundamental for setting up biological methods to
control invertebrates, which are vectors of diseases or pests for crops. In addition,
a better knowledge of the immune system of farmed species can be of great help
in the optimization of the rearing strategies in cattle breeding and aquaculture.
Furthermore, focusing on mammals only, as most immunologists do, does not allow
for the study of the evolution of immune defense and host—parasites coevolution.

This book stems from the activity of the Italian Association of Develop-
mental and Comparative Immunobiology, born in 1997, which coordinates the
activity of many research teams on the common theme of immune responses in
no mouse, no man models through periodic scientific meetings. We invited part
of its members and other international collaborators with consolidated com-
petence in their respective fields to write on specific aspects of their research.
The outcome is a series of short chapters (lessons), in the form of overviews, in
which a wealth of new and reviewed information, concerning many aspects of
immunity in invertebrates and vertebrates, can be found. The aim is to provide
scientists and teachers with an easy and updated tool reporting, in an evolution-
ary perspective, the state of the art in relevant fields of immunobiology.

We thank all the authors and reviewers for their important contributions and
their patience with the process that, finally, brought this book to fruition.

Matteo and Loriano

XV
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Chapter 4

New Aspects of Earthworm
Innate Immunity: Novel

Molecules and Old Proteins
With Unexpected Functions

Péter Engelmann
University of Pécs, Pécs, Hungary

Yuya Hayashi
Aarhus University, Aarhus, Denmark; Karlsruhe Institute of Technology (KIT), Karlsruhe,
Germany

Kornélia Bodo, Laszl6 Molnar
University of Pécs, Pécs, Hungary

ESSENTIALS OF EARTHWORM IMMUNITY: A CONCISE
INTRODUCTION

Earthworms as a Research Model in Life Sciences

Invertebrates are the major components of marine, freshwater, and terrestrial
communities. Some invertebrates such as earthworms (Annelida, Clitellata, Oli-
gochaeta) are frequently referred to as ecosystem engineers for their pivotal role
in maintaining ecosystem wellness. Indeed, the mystery of earthworms’ key
role in soil formation was what excited Charles Darwin most in his late scien-
tific career.! Earthworms are found worldwide, their life cycles are short, and
they have a wide temperature and moisture tolerance range,> which has made
them a popular research model in environmental biology. They are also sensi-
tive to environmental contamination,’- and together these factors are favored
by researchers and regulators in ecotoxicology. To this end, the two closely
related species Eisenia andrei and Eisenia fetida have been recommended by
the Organisation for Economic Co-operation and Development since 1984 for
toxicity testing of chemicals in soil environments.® Earthworms are, however,
less evident research subjects in other life science areas. For instance, several
Lessons in Immunity: From Single-Cell Organisms to Mammals
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studies have attempted to dissect the immune components of earthworms, but
the precise molecular data are relatively limited compared to other “classical”
invertebrate model organisms such as the Drosophila fruit fly or the nematode
Caenorhabditis elegans.”® In this chapter, we focus on this facet of earthworms,
and by reviewing the state of the art, we aim to present the knowledge gap as
well as future perspectives in earthworm innate immunity.

Historical Foundation of Earthworm Immunity Research

Historically, earthworm immunity was established upon the morphological
observations and descriptions of the cellular elements harbored in the coelomic
cavity (so-called coelomocytes) by Cuénot, Rosa, and Liebmann.’

Earthworm immune mechanisms were further evidenced in connection with
transplantation experiments. As one of the pioneers in invertebrate immunol-
ogy, Edwin L. Cooper observed graft rejections when body wall tissues were
exchanged as allograft or xenograft in earthworms.!%-!! Interestingly, in the course
of graft rejection, mononuclear cells invaded the grafting area indicating the direct
involvement of immune cells in this process.'?

In contrast to other invertebrate models (cnidarians and ascidians) that
provided precise data about the molecular recognition involved during tissue
rejection,'®!* the molecular basis of the self/nonself recognition of grafted
tissues in earthworms is largely unexplored.

Following the established roots, several research groups have been orga-
nized in different locations (France, Germany, Czech Republic).!5-17

Major Constituents of Earthworm Immune Response

Earthworm immune components consist of cellular and humoral elements
(antimicrobial and pattern recognition molecules)’-#18-20 Jocated in the coe-
lomic cavity (Fig. 4.1). Previously, we have characterized the coelomocyte
subpopulations (hyaline amoebocytes, granular amoebocytes, and eleocytes)
using cytochemical, immunological (applying specific monoclonal antibodies,
mAbs), and functional approaches.?!>> With respect to the functions, hyaline
and granular amoebocytes are capable of phagocytosis?® and encapsulation
although granular amoebocytes engulf less foreign particles than hyaline cells
do?” (Fig. 4.2A). Eleocytes show no phagocytic activities,?® but they undertake
metabolic functions as well as the production of bioactive molecules.?*" In
addition, cellular cytotoxic effects of coelomocytes have been demonstrated in
xenogeneic and allogeneic cultures.?!-32

In parallel to those cellular studies, the humoral counterpart—molecular
components of coelomic fluid—have been examined extensively. For example,
it is now known that earthworm coelomic fluid possesses a wide range of bio-
logical functions in addition to antimicrobial activities,?® including mitogenic,
antioxidative, proteolytic, hemolytic, cytotoxic, and nutritive activities.$3334
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FIGURE 4.1 Cross section of an Eisenia andrei earthworm. Main organs and tissues are
marked. Hematoxylin-eosin staining. Note that the coelomic cavity is filled with coelomocytes.
Scale bar: 100 pm.

In the following sections, we provide a quick snapshot of the novel find-
ings that have drastically advanced our understanding of cellular and humoral
immune functions in earthworms.

“STARS AND STRIPES” OR PATTERN RECOGNITION
IN EARTHWORMS

Coelomic Cytolytic Factor: The Unique Earthworm Pattern
Recognition Receptors

Innate immune response is the first line of active defense against infections.
Germ line-encoded receptors are the key elements to initiate the immune
response by recognizing conserved molecular motifs from both exogenous and
endogenous sources. Pattern recognition receptors (PRRs) can be subdivided
into various classes®: Toll-like receptors (TLRs), peptidoglycan recognition
receptors (PGRPs), nucleotide-binding leucine-rich repeat containing receptors
(NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), C-type
lectins, and scavenger receptors (SRs).

Until recently, only one unique type of PRR was known from Eisenia earth-
worms, and it has been designated as coelomic cytolytic factor 1 (CCF1).3¢ Inter-
estingly, this 42kDa protein contains lipopolysaccharide, peptidoglycan, and
f-1,3-glucan/N,N’-diacetylchitobiose-binding domains. Basically, this means
CCF is able to bind a wide range of microbes, including gram-positive and
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FIGURE 4.2 Elements of earthworm immunity: coelomocytes, pattern recognition recep-
tors, and humoral factors. (A) Free-floating coelomocyte subtypes harbored in the coelomic
cavity: hyaline amoebocytes (H), granular amoebocytes (G), and eleocytes (E). Hematoxylin-
eosin staining, scale bar: 50 um. (B) Toll-like receptor expression is demonstrated (targeting
the Toll/interleukin-1 receptor domain) in the neural tissues and coelomocytes of Eisenia
earthworms by semiquantitative RT-PCR. (To avoid any contamination, sequential isolation
steps were performed: first, coelomocytes were isolated. Next the chloragogenous tissue was
removed, and then the gut was detached. At last the nerve cord was removed. Between the
steps careful washings with a Lumbricus-balanced salt solution buffer were performed.) CG,
cerebral ganglion; VNC, ventral nerve cord; CC, coelomocytes. (C) Lysenin expression is
restricted mainly to eleocytes (arrows) among free-floating coelomocytes, while some ele-
ocytes are negative (number signs). Hyaline amoebocytes are consistently negative (asterisks).
Immunocytochemical staining is performed by lysenin specific a-EFCC5 monoclonal antibody.
Hematoxylin counterstaining, scale bar: 100 pm. (D) Sessile chloragocytes (Ch) are negative
for lysenin demonstrated by immunofluorescence staining on the earthworm cross section.
Only free-floating coelomocytes (arrows) were labeled with the polyclonal antilysenin
antibody. DAPI counterstaining, scale bar: 200 pm.

gram-negative bacteria and yeast.’* Homologues of CCF have been described
for other earthworm species such as Lumbricus terrestris, Lumbricus rubellus,
and Dendrobaena veneta with certain differences in the domain structures com-
pared to Eisenia sp. that could be explained by the different ecology of this spe-
cies.’” It has been postulated that CCF initiates the prophenoloxidase cascade;
however, this effector mechanism seems to be not so efficient in earthworms
compared to other invertebrates (eg, arthropods).38-3°
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Variations on a Theme: Not Just Coelomic Cytolytic Factor
Anymore

In contrast to other invertebrate models, TLRs were described relatively belatedly
in annelids.*® The first evidence of the presence of TLRs in annelids was derived
during the genome analysis of Capitella polychaeta and Helobdella hirudean spe-
cies.*! In addition, neural regeneration experiments revealed the expression of
TLR (and NLR) in leeches.** Finally, diverse coding sequences of TLRs were
cloned from the coelomocytes of E. andrei.** Protein prediction analysis has pre-
sumed that this earthworm TLR contains seven extracellular leucine-rich repeats.
Bacterial challenge modulated the level of TLR transcripts; however, it was only
significant in the case of the Bacillus subtilis treatment.*> Besides this informa-
tion, the exact ligand specificity of these TLRs is not yet known.

Meanwhile, genome amplification experiments of D. veneta revealed sev-
eral homologous sequences that proved the conservation of TLRs among vari-
ous earthworm species.*

Toll-like Receptors Expression in Nonimmune Tissues

It is known that the expression of TLRs (and other PRRs) is not restricted to
the hematopoietic tissues, but it is present in the central nervous system (CNS)
as well.*> Similar trends can be observed in invertebrates, as we mentioned
earlier (TLR molecules are present in leech CNS).*2 In fact, several different
organs express TLRs in earthworms,*? but whether these molecules are located
in extracellular and/or intracellular membranes remains unanswered. Our ini-
tial results correspond to the TLR expression in the coelomocytes of E. andrei
(Fig. 4.2B). Additionally, we confirmed Toll/interleukin-1 receptor (TIR) tran-
script expression in the peripheral nerve cord but not in the cerebral ganglion.
This result complements those findings in leech that also demonstrated PRR
expression in nonimmune tissues.*°

Another interesting question relates to the task of TLRs. The function of this
ectopic TLR is still a matter to be investigated. This book is dedicated entirely
to the evolution of immunity; yet we should not forget that Toll was initially
described as a dorsoventral body plan determining factor involved in fruit fly
development.*’ Until now, very limited information has been available for the
evolutionary conservation of Toll in this developmental process.*®

LYSENIN: A MULTITASKING PROTEIN IN EISENIA
EARTHWORMS

Cellular Expression of Lysenin

Earthworm coelomic fluid is rich in bioactive molecules; however, its exact
nature and full spectrum is still only partly understood. One major constitu-
ent of the coelomic fluid is a sphingomyelin (and phosphocholine)-binding
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protein family*® consisting of lysenin, lysenin-related proteins, and fetidin.
They are known to have cytotoxic, hemolytic, and smooth muscle contraction
activities.”! Initially, lysenin was described as a smooth muscle contraction
protein from coelomic fluid. Following studies revealed that lysenin medi-
ates (temperature-dependent) hemolysis, and it strongly targets erythrocytes
of sheep rather than those of humans or rats. Its cytotoxicity was reported for
insect hemocytes, vertebrate fibroblasts, and tumor cells but not against
Lumbricus coelomocytes or molluskan hemocytes.”® An interesting remark is,
however, that the presence of sphingomyelin is limited to vertebrate taxa, and all
those sphingomyelin-targeted activities of lysenin demand further explanations
in an ecophysiological context in earthworms. An in situ hybridization study
showed that its expression was restricted to the central chloragocytes (chlor-
agocytes located in the typhlosolis, as opposed to peripheral chloragocytes fac-
ing to the coelomic cavity).’! In contrast, our immunohistochemical analysis
(applying in-house-raised a-lysenin mAb designated as a-EFCCS5) revealed
that subgroups of free-floating coelomocytes (in particular the eleocytes) were
lysenin-expressing cells (Fig. 4.2C).2 Central chloragocytes located in the
typhlosolis were consistently negative in our experiments when we applied our
mAb or the commercially available a-lysenin polyclonal antibody (Fig. 4.2D).
To resolve this discrepancy, one could hypothesize that the expression of
lysenin mRNA in the central chloragocytes exists only during their maturation, and
the mature, free-floating chloragocytes (eleocytes) undertake its transcription.
Indeed, this is an option to consider, however, there is no experimental evidence
to prove this idea. Moreover, the exact origin of eleocytes was debated.” Some
literature claims that eleocytes are free-floating chloragocytes derived from the
sessile chloragogenous tissue?; yet this hypothesis needs to be supported by
robust experimental observations.>*

Antimicrobial Induction of Lysenin

In parallel to lysenin, another bioactive protein harbored in the coelomic fluid was
described and named fetidin.>> Although it was thought to be a new molecule, it
turned out that this molecule shared strong molecular homology with lysenin.
Now it is considered that in earthworms, lysenin belongs to a multiprotein family
with at least four members sharing molecular homology.>® Little is known about
lysenin’s antimicrobial activity, but the bacterial challenge of the coelomocytes
seems to trigger the expression of lysenin. Interestingly, gram-positive bacteria
exposure evoked increased lysenin expression in coelomocytes, while exposure to
gram-negative bacteria attenuated the level of lysenin expression.>? In support of
our observation of the latter, a mass spectrometry-based proteomic study revealed
that the expression of lysenin was also suppressed in vivo upon Escherichia coli
challenge.”’ Furthermore, when different culture (soil) conditions were applied to
earthworms, there was a fluctuation in the transcriptional profile of lysenin sug-
gesting that lysenin is a stress-induced factor.*
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Inhibitors and Possible Regulators of Lysenin-Mediated Cell Lysis

Screening of natural products has uncovered candidates for possible inhibitors
of lysenin oligomerization and lysenin-evoked cell lysis.”® Among 1580 samples
a plant- and a microorganism-derived compound retain the potential inhibition
of lysenin’s action. Interestingly enough, it is not known what type of inhibitory
molecules exist in the earthworms themselves to rescue self-structures from unin-
tended pore formation by lysenin. Indeed, the lack of sphingomyelin in the mem-
branes would explain this issue. Yet, earthworms are equipped with inhibitors of
pore-forming molecules (eg, eiseniapore) in general.”” Amoebapores and perforin
are among the functional homologues of lysenin. Perforin is a well-known lytic
protein secreted by NK-cells and cytotoxic T-lymphocytes.® Indeed, effector
immune cells should be rescued from self-damage after releasing the cytotoxic
content of their cytoplasmic granules. Now, it is known that lysosomal proteases
are anchored to the membrane of the effector immune cells, and these proteases,
namely cathepsins, are able to diminish the self-destruction effect of the secreted
perforin.®® Cathepsins are a conserved group of proteases described in many spe-
cies. Cathepsin B is the most typical member of this extensive molecular family
involved in this process; however, other cathepsins also participate in the immune
response (eg, intracellular antigen processing). Cathepsin L from the leech
Theromyzon tessulatum is involved in the phagocytic response,®' and homologues
with a similar role probably exist in other annelids including earthworms. How-
ever, whether any of the postulated cathepsins have a regulatory role in the inhibi-
tion of the lysenin-mediated cytotoxic process is only a hypothesis that should be
experimentally proven.

LYSENIN MEETS NANOPARTICLES: UNEXPECTED RISE
OF A NEW FUNCTION

Lysenin and the Concept of the Biomolecular Corona

It was a great surprise when the multitasking protein lysenin revealed yet
another role in immunity toward nanoparticles. This relatively new finding was
first uncovered by a simple experiment in which nanosized particles of silver
were incubated with secretory proteins from E. fetida.> The study sought a
unique interaction of earthworm proteins with nanoparticles, for we knew that
an array of different types of biomolecules (mainly proteins) binds to a nanopar-
ticle spontaneously forming a biomolecule—nanoparticle complex or a “biomo-
lecular corona.” The theory and experimental evidence of biomolecular coronas
around nanoparticles have been an active area of bionanoscience research and
are well documented elsewhere.®? Although those observations were limited to
mammalian proteins (mostly human plasma/serum proteins and fetal bovine
serum (FBS) proteins), the universal tendency seems to be preferential binding
of lipoproteins and immunological proteins such as opsonins (immunoglobulins
and complement proteins), coagulation proteins, and acute-phase proteins.®*
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Much less known, however, is how proteins from invertebrate organisms
behave when they meet nanoparticles. The proteomes that nanoparticles encounter
can differ in many aspects from the spatiotemporal profile of the animal’s physiol-
ogy to species differences in the protein repertoire. To examine the latter in this
context using earthworms, we focused on the immune-competent fluid in which
immunocytes reside and circulate: the coelomic fluid in comparison to FBS.%?

The High Affinity of Lysenin for Silver Nanoparticles

Two methods were examined for the harvesting of coelomic fluid proteins,
and we concluded that secreted proteins from a primary culture of E. fetida
coelomocytes were favored for our experimental purposes and reproducibil-
ity rather than the conventional method of needle-aspiration of the coelomic
fluid.®> In both cases, lysenin was one of the two major constituents of the
coelomic fluid proteins, as anticipated from the relative abundance of lysenin-
producing eleocytes among the coelomocyte subpopulations.’> More striking
is the selective enrichment of lysenin at silver nanoparticles following incuba-
tion of the nanoparticles in the secretory proteins from the coelomocytes.%> The
strong binding of lysenin was surprisingly explicit since it was only the family of
lysenin and a few minor proteins that were “fished” by silver nanoparticles leav-
ing the other major proteins behind. In general, abundant proteins are frequently
found in the nanoparticle’s coronas as they have higher chances to encounter the
nanoparticle surface than minor proteins do. The classical theory of the Vroman
effect® can be readily applied here, by which sequential replacement of bound
proteins occurs according to the relative abundance and the affinity for the sur-
face. To test the high affinity of lysenin, we incubated the nanoparticles in a
biased mixture of secretory coelomic proteins (low abundance) and FBS (high
abundance) and observed a gradual accumulation of lysenin over time, likely
displacing the early arriving proteins such as serum albumin.®> The implication
is that lysenin is not adsorbing to silver nanoparticles purely by its relative abun-
dance but rather by a specific parameter, which makes it favorable to adsorb.
Currently, we do not know the mechanism behind this selective binding, as
lysenin’s crystal structure (RCSB Protein Data Bank ID: 3ZXD)* does not pro-
vide any clues on particular sites of potential silver-specific association (eg, via
cysteine-rich pockets). We do, however, speculate that the unique hydropathic-
ity profile of lysenin (eg, alternate hydrophilic/hydrophobic residue sequence*?)
may allow the local enrichment of the protein at silver nanoparticles.

The Unexpected Role of Lysenin in the Accumulation
of Nanoparticles

As mentioned earlier, earthworms have acquired an ability to opsonize micro-
bial particles by means of the extracellular receptor protein CCF, of which two
motifs encompass a versatile pattern recognition repertoire.” The production
of melanin downstream of the CCF-triggered prophenoloxidase cascade has
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been considered responsible for the subsequent phagocytosis of the opsonized
particles.” Surprisingly, upon incubation of synthetic particles in the coelomic
fluid, CCF was also deposited onto the particle surface in a manner that was
recognizable by CCF-specific monoclonal antibodies (ie, CCF was adsorbed
without a significant loss of its native conformation).’® This adhesion capa-
bility of CCF was an early (and to our knowledge, only) example of pattern
recognition-independent opsonization of nonbiological particles. Using secre-
tory proteins from coelomocytes (which were comparable to needle-aspirated
coelomic fluid proteins), we preformed coronas of the coelomic proteins (or
recombinant lysenin) on silver nanoparticles and showed that coelomocytes
accumulated those nanoparticles significantly more than when the coronas were
preformed of FBS.%2 Notably, when recombinant lysenin was used in place of
the coelomic proteins, the accumulation was even greater in eleocytes in com-
parison to amoebocyte populations (capable of phagocytosis).%? In our previous
transmission electron microscopic study, similar-sized silver nanoparticles were
clearly visible in the intracellular compartments of amoebocytic cells but not
in eleocytes, suggesting the importance of phagocytic activities over receptor-
mediated endocytosis.®” Although the precise mechanism remains unclear, it
seems likely that lysenin is involved in opsonization-induced cellular interac-
tions of silver nanoparticles and that the related mechanism may not be the same
between amoebocytes and eleocytes (Fig. 4.3). The local enrichment of lysenin
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FIGURE 4.3 A schematic illustrating the novel and known pattern recognition strategies
involved in earthworm immunity toward environmental pathogens and foreign materials
(nanoparticles). Headings with question marks represent the mechanisms that are less understood
in the course of immune response in earthworms.
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at silver nanoparticles would certainly facilitate the presentation of repetitive
motifs (or avidity effect®®) that may possibly be detected by known or uniden-
tified pattern recognition machinery of the coelomocytes. Interestingly, our
latest study revealed a negative feedback cycle of lysenin expression and time-
lagged induction of the 7LR in the coelomocytes exposed to a low-cytotoxic
concentration of silver nanoparticles.®” As yet, we do not know whether there is
a biological link between the two phenomena or if the contrasting regulation of
the two genes is simply an independent response. Given that lysenin is a pore-
forming protein that works in an oligomerization state,®” it may be interesting
to study whether it could act as a “find-me/eat-me” signal to guide scavenger
cells for immediate phagocytic clearance. Lysenin is an old molecule into which
many researchers have long dug in search of novel medicine, but its original
role in earthworm immunity is much less understood. This unexpected finding
of lysenin’s role toward nanoparticles begins to illuminate its unexplored facet
in immunity.

CONCLUSIONS AND PERSPECTIVES

Undoubtedly, these new discoveries have given a tremendous boost to earth-
worm immunity research. Although rapidly emerging, the available molecular
data are as yet scarce. For instance, the aforementioned novel findings related to
Toll would certainly advance the research of earthworm immunity to discover
Toll ligands and mediators of intracellular signaling following Toll receptor/
ligand engagements. Moreover, TLRs are just one characteristic group of PRRs,
and we should keep in mind that the other PRRs (eg, PGRPs, NLRs, RLRs, and
SRs) are also conserved in the course of evolution. They can be considered as
potential but undiscovered candidates involved in earthworm immunity against
extracellular and intracellular pathogens. Last, the unexpected observation of
lysenin’s strong interaction with silver nanoparticles and subsequent cellular
association has driven us to rethink its original role in earthworm immunity. The
emergence of new earthworm PRRs would also offer intriguing insights into
how nanoparticles are detected via ligand—receptor interactions. The unique and
conserved recognition strategies reviewed here have certainly opened up new
research avenues and potentially harbor an intriguing clue for better elucidating
the vertebrate immune response toward various antigens.
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Abstract

During phylogenesis different types of immunocytes such as amoebocytes and eleocytes have
developed in earthworms to defend the host against microbial pathogens.

Previously we applied a cell sorting-based approach to untangle the morphological and functional
properties of these aforementioned coelomocyte subsets. In order to compare their constitutive gene
expression patterns, cell-sorting was performed and followed by semiquantitative RT-PCR in the
distinct, separated coelomocyte subpopulations of unmanipulated Eisenia andrei earthworms. We
targeted a variety of genes with diverse functions ranging from pattern recognition through intracellular
signaling to oxidative stress.

Several immune-related genes (CCF, TLR, lumbricin, LURP, MyD88) were only manifested in the
amoebocytes. In contrast, other immune response genes (lysozyme, lysenin), lysosomal hydrolases
(cathepsin L and cathepsin C) and cystatin B were expressed in both subpopulations. In addition, cell
signaling molecules (MyD88, PKC1) and oxidative stress-related genes (Cu/ZnSOD, MnSOD) were
mainly observed in amoebocytes, while other stress-related genes (Cd-metallothionein, catalase) were
apparent in both subsets.

We conclude that these characteristic differences of the molecular signatures manifest in the
functional heterogeneity of distinct coelomocyte subtypes.

Key Words: Eisenia andrei, coelomocytes, cell sorting, gene expression, immune response, oxidative stress

Introduction

Evolutionary conserved immune mechanisms amoebocytes are mainly involved in the phagocytosis
are reported from diverse invertebrate organisms and encapsulation (Fuller-Espie, 2010), while
(Loker et al., 2004). A surprising complexity and eleocytes have no phagocytic properties, but they
close cooperation between cellular and humoral produce a handful of bioactive molecules (Stein et
immune components can be observed in several al., 1977; Valembois et al., 1985).
invertebrate models including earthworms Recently we applied a cell-sorting-based
(Cooper et al.,, 2002; Cooper and Roch 2003; approach to separate these distinct coelomocyte
Bilej et al, 2010; Engelmann et al., 2016b). subsets upon their light-scatter properties (from the
Earthworm coelomocytes are divided into perspective of physical parameters; size and
amoebocyte and eleocyte subpopulations. Similarly granularity). After separation we characterized their
to other invertebrate immunocytes, these cells are differences in  morphological, cytochemical,
derived from the mesoderm (eleocytes are functional and lectin-binding properties (Engelmann
considered to be originated from the gut surface- et al., 2016a).
located, liver equivalent chloragogenous tissue), In the last two decades several immune
and possess various functions during the immune proteins have been identified in earthworms;
response (Engelmann et al., 2005). In this regard, however, little is known about their differential gene

expression in the coelomocyte subgroups (Bilej et
al., 2010; Engelmann et al., 2016b).

C di thor: . .
orresponcing author Aware of the phenotypic and functional

Péter Engelmann

Department of Immunology and Biotechnology differences in the coelomocyte subsets, we aimed to
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Pécs, H-7643, Szigeti u. 12, Hungary immune and stress-related target genes in the
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Table 1 List of primers were applied for semi-quantitative RT-PCR experiments

Target Gene Gene Bank accession # Sequence (5'-3')? Asrgeplégg;]
i S ISReSTese
cer peazs MRS s
covee souros STICRC IS
some ogsasis CeCCATS MO TCeeNIST o
Lumbrich 1686 ACT CGG AAC GCA AGA ACC AA 139
v s e N A
s oo IPTSAACOGECTe
woss crerozs TCYCTOACTIITIS
e crerzzi SASSHRCONCCATIAL
P oazses LIISESCoMETer  no
w s CTSTOToAMATTES i
cadose o3 IepATeTIOMeIce
cumson kuosi2 TCOMTIISARTONS® s
COMEIMICIETEM
iane  eszie JSMSSNCTIEAT s
TS TAS AT o
Cathepsin C GR228740 O A e A oty 120
canepsnt. eveszses guscsTIoTIoTAeI g
co assaos SOATISCRMCIGACTE  an
s o MTMOCOATONOTCIMOTE i
o — SAGMICMOSACIES s
B-actin 1Q038870 ATG TGG ATC AGC AAG CAG GAG TA 9

ATC GCCGAG ATCGGAATCTT

aUpper and lower sequences represent forward and reverse primers

Materials and methods

Earthworm husbandry

Adult Eisenia andrei earthworms were
maintained in breeding stocks at standard
conditions (Molnar et al, 2012). Prior to

coelomocyte harvesting, earthworms were placed
onto moist tissue paper allowing defecation to
avoid contamination during coelomocyte
collections.

Coelomocyte harvesting

Coelomocytes were isolated as we described
earlier (Engelmann et al., 2004) and enumerated by
0.14% trypan-blue dye-based exclusion.

Cell sorting and flow cytometry
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Collected coelomocytes were resuspended in
Lumbricus  balanced salt solution (LBSS)
(Engelmann et al., 2005) supplemented with 1%
fetal bovine serum (FBS, Biowest, Nuaillé, France)
and 5 mM EDTA (Sigma-Aldrich, Hungary) to
prevent cell aggregation. Coelomocytes were sorted
according to their basic forward and side scatter
(FSC/SSC) characteristics reflecting their cell size
and granularity, respectively. Sorting procedure was
performed by a FACSAria Ill (BD Biosciences) cell
sorter as we described earlier (Engelmann et al.,
2016a). The efficacy of sorting and the coelomocyte
viability was controlled by 7-amino-actinomycin D
(7-AAD) using a FACSCalibur flow cytometer.



Hematoxylin-eosin staining for 30 s. Amplification cycles were terminated by a

Sorted coelomocyte subsets (80 pl of 5 x final extension at 72 °C at 10 min. Finally, PCR
105/ml) were spread onto glass sides using Cytospin mixtures were analyzed on 1% (w/v) agarose gel,
3 (SHANDON, ThermoScientific, Waltham, MA, and PCR products were visualized by GelRed
USA) apparatus. Hematoxylin-eosin staining was (Biotium, Inc., Fremont, CA, USA) dye. Gel pictures
employed following standard protocols. were photographed by GelDoc XR system (BioRad,

Hercules, CA, USA).
RNA isolation, cDNA synthesis and semiquantitative

RT-PCR Results and Discussion
Total RNA was isolated from unseparated
coelomocyte, sorted amoebocyte and eleocyte Pattern recognition receptors (PRRs) are attributed
samples using NucleoSpin® RNA isolation kit to separated amoebocytes
(Macherey-Nagel, Diren, Germany) according to To analyze the distinct gene expression
the manufacturer’s protocol. The quality and quantity patterns  we  separated the  coelomocyte
of RNA samples were measured by NanoDrop 1000 subpopulations based on their  physical
spectrophotometer  (ThermoScientific).  Following manifestation (size and granularity) (Fig. 1a). Post-
DNAse | digestion (Sigma-Aldrich) the reverse sort cell viability measurements (7-AAD staining)
transcription reaction was performed by Hi-Capacity indicated a high survival rate (82-85%) for sorted
Reverse Transcription Kit applying random amoebocytes, while we were not able to evaluate
hexamers (ThermoScientific). DNAse I-treated total the ratio of alive/dead eleocyte due to their high
RNA was reverse transcribed and subsequently autofluorescence.
used in the PCR reactions. Gene specific primers Hematoxylin and eosin staining was performed
were designed based on the available sequences to check the efficacy of the sorting process. Majority
from NCBI GenBank Database and their major of the sorted population was composed by hyaline
characteristics are detailed in Table 1. amoebocytes (Fig. 1b), whereas a small percentage
The following PCR conditions were applied: an of granular amoebocytes appeared as well.
initial denaturation step at 95 °C for 10 min, followed Separated eleocytes (Fig. 1c) were easily
by 35 cycles of denaturation at 95 °C for 30 s, perceptible by their small nucleus and the cytoplasm
annealing at 54 °C for 30 s, and elongation at 72 °C filled with chloragosomes.
a T a
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Fig. 1 Pre- and post-sorting analyses of coelomocyte subsets and cytochemical properties of sorted populations.
Total coelomocyte population (a) was separated to amoebocyte (b) and eleocyte (c) subpopulations upon their
physical manifestations. Post-sort analyses demonstrated that amoebocytes were mainly undamaged; however,
eleocytes showed a certain fragility evidenced by the increased amount of debris. Hematoxilin-eosin staining
revealed mixed total coelomocytes prior to sorting while homogenous amoebocytes (b) and eleocyte
subpopulations (c) can be observed following the separation. Scale bars: 100 um. Representative dot-plots are
presented from three independent experiments.
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Innate immunity operates with a panel of PRRs
to discriminate between non-self and self structures.
Recently, some unique and evolutionary conserved
PRR molecules have been identified in E. andrei
earthworms (Bilej et al., 2010; Engelmann et al.,
2016b). First, we investigated the expression of
pattern recognition receptor (PRR) genes including
coelomic cytolytic factor (CCF), toll-like receptor
(TLR), and LPS-binding protein/bacterial
permeability-increasing protein (LBP/BPI). CCF is
an unique LPS, peptidoglycan and (-1,3-
glucan/N,N’-diacetylchitobiose-binding protein that
is expressed at higher level in the chloragogenous
tissue and lower level in large coelomocytes
(Beschin et al., 1998). In the case of coelomocyte
subsets, we found that CCF was only expressed in
separated amoebocyte subpopulation, but it was not
present in sorted eleocytes (Fig. 2a).

First evidence of annelid TLRs was emerged
from the analyses of polychaete and hirudean
species (Davidson et al., 2008; Cuviller-Hot et al.,
2011). Shortly, the coding sequence of TLR was
identified in E. andrei (EaTLR). EaTLR expression
level was relatively low in coelomocytes (Skanta et
al.,, 2013) and -according to our observation- only
occurred in amoebocytes (Fig. 2a), however its
presence is not restricted exclusively to
immunocompetent tissues (Skanta et al., 2013;
Engelmann et al, 2016b). Further genomic
investigations have shown the high diversity of
TLRs in annelid earthworms (Fjgsne et al., 2015).

Recently, a homologue of evolutionarily
conserved LBP/BPI molecule was isolated from E.
andrei. The highest expression level of EaLBP/BPI
was observed in coelomocytes, seminal vesicles,
while the lowest level appeared in the intestine
(8kanta et al., 2016). We observed that LBP/BPI
expression only occurred in amoebocytes, but not in
eleocytes (Fig. 2a).

These findings confirmed the notion that
molecular recognition of pathogens is dedicated
mainly to the amoebocyte subpopulation. In
comparison to the earlier functional studies
(Valembois et al., 1985; Valembois and Lasségues,
1995), our results support the concept that
amoebocyte subpopulation is priorly involved in the
pathogen-triggered phagocytic response.

Distinct antimicrobial molecular
coelomocyte subsets

Nowadays, antimicrobial proteins (AMPSs) are
recognized as the first line of defense against
microbial pathogens (Boman, 1991; Zasloff, 2002).

Lysozyme is a highly conserved AMP present in
many different organisms ranging from plants to
human. Previous investigations have revealed that
E. andrei lysozyme represents strong sequence
similarity with other invertebrate lysozymes
(Joskové et al., 2009). Furthermore its expression is
increased in coelomocytes upon Gram-positive and
Gram-negative bacteria exposure. We found that
both  separated coelomocyte  subpopulation
expressed this AMP, however we observed a more
augmented lysozyme expression in separated
amoebocytes compared to eleocytes (Fig. 2b).

Lumbricin is a distinctive earthworm AMP that
was initially isolated from Lumbricus rubellus. So far

fingerprints  of
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several additional lumbricin homologues have been
described from other annelid species (Cho et al.,
1998; Wang et al., 2003; Schikorski et al., 2008; Li
et al., 2011). Its expression was observed in several
tissues, but not in coelomocytes (Li et al., 2011).
Recently, we have identified the coding sequence of
lumbricin and its novel-related peptide (LURP) in E.
andrei. Lumbricin and LURP show close relationship
with other lumbricin homologues (Bodé et al., 2019).
Additionally, we observed that lumbricin and LURP
exert ubiquitous expression in several earthworm
tissues (including coelomocytes), but their highest
expression was evidenced in the foregut. Among
other tissues Lumbricin and LURP expression was
the lowest in coelomocytes. As for their distribution
in the subpopulations we observed that only
amoebocyte subpopulation turned out to be weakly
positive, but eleocytes were negative for these
genes (Fig. 2b).

A species-specific bioactive molecule lysenin
has been described from Eisenia earthworms.
Lysenin protein family consists of sphingomyelin-
(and phosphocholine)-binding molecules, and
possess diverse biological activities (cytotoxicity,
antimicrobial activity, and opsonization) (Engelmann
et al., 2016a). Our immunohistochemical analysis
showed that mostly eleocytes were the lysenin
expressing cells (Opper et al., 2013), in contrast to
previous observations where chloragocytes were
suggested as the major players in lysenin
production (Ohta et al., 2000). Lysenin expression
was manifested in both subpopulations (Fig. 2b) that
is concordant with our previous flow cytometry-
based observations (Opper et al., 2013).

Conserved signaling molecules
subsets

Our knowledge is very limited concerning on
the intracellular signaling in earthworm immunity
(Engelmann et al.,, 2011). We gained recent
knowledge of different signaling pathways and we
tested their expression pattern in the separated
coelomocyte subsets. Certain signaling pathways
such as MAPK cascade are fundamental and
evolutionarily conserved; since several publications
are available from various organisms (Sakaguchi et
al.,, 2004; Ragab et al., 2011). Hayashi et al., 2012
observed down-regulation of MEKK1 level in silver
nanoparticle (AgNP)-exposed Eisenia
coelomocytes. We measured that MEKK1
expression is present in the isolated amoebocytes,
besides we found a very weak signal in the eleocyte
population (Fig. 2c).

Innate immunity is largely dependent on the
engagement of TLRs. Following PAMP recognition
intracellular molecular events are initiated by the
cytosolic components of TLR signaling pathway,
one such is the MyD88. Hayashi et al., 2012 have
observed a delayed induction of MyD88 gene in
coelomocytes upon AgNP exposure. MyD88 was
only expressed in the amoebocyte subpopulation
that is relevant with the amoebocyte-restricted TLR
expression (Fig. 2c).

Protein kinase C (PKC) has fundamental
functions in cellular homeostasis, and its role is well
implicated in the immune response (Larsen et al.,
2002). Earthworm PKC1 and PKC2 were recently

in coelomocyte
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Fig. 2 Expression patterns of (a) pattern recognition receptors; PRRs, (b) antimicrobial peptides AMP, (c)

signaling pathway genes, (d) metal-,

oxidative stress-induced molecules, (e) hydrolytic proteases, and (f)

housekeeping genes in coelomocytes of Eisenia andrei. (a) TLR, CCF, and LBP/BPI; (b) Lysozyme, Lumbricin,
LURP and Lysenin; (c) MEKK 1, MyD88, and PKC1; (d) Mt, Cat, Cu/ZnSOD and MnSOD; (e) Cyst B, Cath B,
Cath C, and Cath L; (f) COI, 18S, 7 RPL17 and B-actin. Total coelomocytes (T), and separated eleocytes (E) and

amoebocytes (A), with H,O as PCR negative control.

independent experiments.

partially cloned (Brulle et al., 2006). Homa et al.,
(2013) found that a phorbol ester (PMA), a potent
activator of PKC caused the proliferation of
earthworm coelomocytes. Interestingly, in the
course of in vitro PMA administration we observed
that PKC is not involved in the Ca?*-dependent
activation of coelomocytes (Opper et al., 2010;
Engelmann et al, 2011). Among coelomocyte
subgroups only the separated amoebocytes
evidenced the expression of PKC (Fig. 2c). In fact,
the amoebocyte subpopulation has a crucial role in
the pathogen recognition, and in the downstream
inflammatory response evidenced by the selective
expression of signal transduction molecules and
antimicrobial factors.
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Representative images are presented from three

Expression of oxidative, metal stress genes in
separated coelomocyte subsets

In addition to immune response-related genes,
we examined the expression patterns of other
defense-related genes involved in metal- and
oxidative stress. Metallothioneins (Mt) are
intensively studied metal-sequestrating proteins and
ubiquitously expressed in a wide variety of
organisms including earthworms (Calisi et al., 2014;
Kowald et al., 2016). In recent years, earthworms
are frequently applied as a sentinel organism to
evaluate metal contaminations in soil (Calisi et al.,
2014). Homa et al., (2005) previously described that
E. fetida coelomocytes are able to accumulate
various metal ions. Earlier results demonstrated that



Mt expression is mostly attributed to chloragocytes
(Morgan et al., 2004); however we found that Mt
manifestation  occurred in  both  separated
amoebocyte and eleocyte (free-floating
chloragocyte) subpopulations. In contrast to the
previous data we observed weak signal in
eleocytes, while amoebocytes had a stronger Mt
expression (Fig. 2d).

All living organisms possess a diversity of
antioxidant defense mechanisms (Wang et al,
2015). Catalase (Cat) is one conserved key enzyme
of oxidative stress, and it exists in many different
cell types including earthworm coelomocytes (Brulle
et al., 2006). Cat expression was observed in both
sorted coelomocyte subpopulations (Fig. 2d).
Amoebocytes are involved in the early immune
response against pathogens, but probably both
subpopulations participate in maintaining the normal
cellular homeostasis.

Another oxidative stress-related enzyme,
Cu/Zn-SOD has been recently cloned and
characterized in E. fetida (Xiong et al., 2012). The
predicted amino acid sequence was excavated that
genetic distance of Cu/Zn-SOD in E. fetida was far
from other invertebrate SOD molecules. Indeed, it
showed strong sequence similarity with homologue
sequences from Tubifex tubifex and L. rubellus
(Xiong et al., 2012). In addition, the sequence of
MnSOD has been recently assessed in E. andrei
(Roubalova et al., 2018). Interestingly, its role in
innate immune responses now has been elucidated
(Wang et al, 2015). In contrast to Mt and Cat
expression Cu/Zn-SOD and MnSOD were only
manifested in separated amoebocyte subpopulation
(Fig. 2d). Indeed, following the phagocytosis the
intracellular “killing” in amoebocytes is mediated by
the free reactive oxygen (and nitrogen) species that
needs to be terminated by certain antioxidative
enzymes (e.g. Cat, SOD).

Hydrolytic endopeptidases and their inhibitor are
present in coelomocyte subsets

Cathepsins (Cath) are ubiquitous lysosomal
proteases involved in many aspects of the cell life
cycle. Cath B, Cath L and Cath C have been
identified in several invertebrate organisms.
Undoubtedly, Cath B is one of the most typical
member of this molecular family that takes essential
part in the immune response against bacterial
infections (Balaji et al., 2002). Cath B is involved in
the regulation of apoptosis, and this lysosomal
protease is implicated to be involved in the immune
mechanisms of the echinoderm, Apostichopus
japonicus (Chen et al.,, 2016). Cath L is also
identified in several invertebrates including the leech
Theromyzon tessulatum. Cath L was involved in the
phagocytic responses of leeches (Lefebvre et al.,
2008).

Cystatin B (Cyst B) is an endogenous
cathepsin inhibitor, which localization was observed
in the cytosol, mitochondria and nucleus (Kopitar-
Jerala, 2015). Previously, cystatin B gene was
described in the leech T. tessulatum, and
upregulated after bacterial challenge (Lefebvre et
al., 2004). Interestingly, leech coelomocytes
possess a differential expression of cathepsin L (in
chloragocytes and amoebocytes) and cystatin B
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(only in chloragocytes) (Lefebvre et al.,, 2008).
According to our results all of the observed
cathepsins (Cath B, C and L) were present in the
sorted amoebocyte subpopulation, while only Cath
C is absent from the sorted eleocytes (Fig. 2e).
Interestingly, Cath C expression evidenced a low
expression in total coelomocytes, while it appeared
relatively higher in isolated amoebocytes. The
inhibitor of these lysosomal proteases, Cyst B was
expressed in both coelomocyte subpopulations (Fig.
2e). Their immune function in E. andrei is still
unknown; however we cannot rule out the option
that these proteases might be the possible
regulators of lysenin-mediated cell lysis and also
involved in the phagocytic machinery (Engelmann et
al., 2016a).

We have chosen four ,housekeeping” genes to
prove the intact RNA quality of the sorted
coelomocyte subsets. All of tested genes including
COl, 18S, RPL17 and B-actin expressed in both
populations, however RPL17 and B-actin genes
showed a lower level in eleocytes (Fig. 2f).

Conclusions

Taken together, hereby we report initially the
differential expression patterns of immune and
defense-related genes in sorted coelomocyte
subsets of E. andrei. Our results verify the
previously observed cytochemical, immunological
and functional differences of coelomocyte subsets
at the molecular level. Accordingly, amoebocytes
are the main effector cells participating in pathogen
recognition, and elimination. Eleocyte
subpopulation is mainly involved in the stress
response and production of bioactive molecules.
These results provide fine details about the
substantial molecular functions of separated
coelomocyte subsets.
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Gene expression

Lumbricin and its orthologue antimicrobial peptides were typically isolated from annelids. In this report, mRNA
for lumbricin and -serendipitously- a novel lumbricin-related mRNA sequence were identified in Eisenia andrei
earthworms. The determined mRNA sequences of E. andrei lumbricin and lumbricin-related peptide consist of
477 and 575 nucleotides. The precursors of proline-rich E. andrei lumbricin and the related peptide contain 63
and 59 amino acids, respectively. Phylogenetic analysis indicated close relationship with other annelid lum-
bricins. Highest expression of both mRNAs appeared in the proximal part of the intestine (pharynx, gizzard),

while other tested organs had moderate (body wall, midgut, ovary, metanephridium, seminal vesicles, ventral
nerve cord) or low (coelomocytes) levels. During ontogenesis their expression revealed continuous increase in
embryos. Following 48 h of in vivo Gram-positive bacteria challenge both mRNAs were significantly elevated in
coelomocytes, while Gram-negative bacteria or zymosan stimulation had no detectable effects.

1. Introduction

Antimicrobial peptides (AMPs) are structurally conserved bioactive
molecules during phylogenesis (Boto et al., 2018; Bulet et al., 2004;
Nguyen et al., 2011; Zasloff, 2002). Until now, several thousand AMPs
have been isolated from prokaryotes to mammals (Boman, 1995;
Zasloff, 2002). They possess a broad range of antimicrobial activity
with no or little cytotoxicity (Kumar et al., 2018; Nguyen et al., 2011).

Earthworms operate with complex cellular and humoral immune
constituents to maintain their self-integrity (Gupta and Yadaw, 2016).
Until now a handful of immune components have been identified in
earthworms (Cooper et al., 2002; Macsik et al., 2015), but only a lim-
ited number of antimicrobial molecules (e.g. F1/F2, lumbricusin, ly-
senin/fetidin, lysozyme, OEP3121) have been characterized (Joskova
et al., 2009; Lassegues et al., 1997; Kim et al., 2015; Liu et al., 2004;
Opper et al., 2013; Zhang et al., 2002).

In addition to lysozyme, just one restricted AMP denoted as lum-
bricin-1, has been isolated and characterized from the earthworm,
Lumbricus rubellus. This 62 amino acid long peptide exhibits in vitro
broad antimicrobial spectra against fungi, Gram-positive and Gram-
negative bacteria without hemolytic activity (Cho et al., 1998). By now,
several lumbricin homologues have been identified and described from
other earthworm (Li et al., 2011; Wang et al., 2003) and leech species

(Schikorski et al., 2008).

These aforementioned studies revealed the parallel existence of this
peptide among annelid species, however it was not detected yet from
Eisenia andrei earthworms. In this report we describe the characteriza-
tion, tissue and ontogenetic distributions, and antimicrobial induction
of a new lumbricin homologue and a novel lumbricin-related peptide
from E. andrei.

2. Materials and methods
2.1. Earthworm husbandry

Adult (clitellated) Eisenia andrei (Lumbricidae, Annelida) were col-
lected from the breeding stock, maintained at standard conditions
(Molnar et al., 2012). Prior to organ and tissue isolations earthworms
were placed onto moist tissue paper for overnight depuration to avoid
soil contaminations.

2.2. RNA isolation, cDNA synthesis, rapid amplification of cDNA ends
(RACE)

Coelomocytes were harvested from the coelomic cavity, followed by
the surgical removal of cerebral ganglion and the ventral nerve cord.
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Total RNA was extracted from the samples according to the manufac-
turer's protocol using NucleoSpin” RNA isolation kit (Macherey-Nagel
GmbH, Diiren, Germany). For the 3’ RACE PCR reverse transcription
(RT) was conducted from total RNA using High Capacity cDNA reverse
transcription kit (Thermo Fisher Scientific) and Adapter-oligo-dT-an-
chor primer (Table S1).

After RNAse-H digestion 3’ RACE PCR reaction was made using
adapter primer and a generic forward primer (Ea-Lumbr-F, Table S1)
designed to the conserved sequence regions of the known lumbricin
sequences of L. rubellus (AF060552) and Hirudo medicinalis (EU156756)
and the same reagents described previously (Boros et al., 2011). For the
5’ RACE RT-PCR reactions sequence specific R1 primers were used for
RT (Table S1). Following the RT and RNase-H digestion 3’ poly-A-
tailing of the cDNA was made using terminal deoxynucleotidyl trans-
ferase enzyme and dATP (Boros et al., 2011). The polyA-tailed cDNA
was purified using GeneJET PCR purification kit (Thermo-Fisher,
Waltham, MA, USA). Semi-nested PCR reactions were conducted using
sequence-specific R2 (PCR1) and R3 (PCR2) reverse primers and
Adapter-oligo dT-anchor primer (PCR1) the Adapter (PCR2) as a for-
ward primers (Table S1) and the same reagents described previously
(Boros et al., 2011). The thermal program for PCR reactions of the 3’
and 5’ RACE experiments started with 1 cycle at 94 °C for 30 s, followed
by 35 cycles of 94 °C for 35s, 50 °C for 1 min, 72°C for 2min, and
terminated with a final elongation step of 72 °C for 5min. The visible
PCR amplicons were purified using either GeneJET PCR purification kit
or GeneJET Gel extraction kit (Thermo-Fisher, Waltham, MA, USA) and
sequenced directly on an automated sequencer (ABI Prism 310 Genetic
Analyzer; Applied Biosystems, Stafford, USA) using the BigDye Termi-
nator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, War-
rington, UK). The obtained sequences were submitted into the NCBI
Genbank (lumbricin accession number: KX816866; LuRP accession
number: KX816867).

2.3. Sequence and phylogenetic analysis

Amino acid sequences of annelid lumbricins and its novel homo-
logues from E. andrei were aligned by Clustal Omega (Sievers and
Higgins, 2014). Estimated molecular weight and theoretical isoelectric
point analysis were performed by ProtParam and Compute pI/Mw tool
(ExPASy) programs. Phylogenetic analysis was conducted using the
maximum likelihood method and Poisson model by MEGA 7.0 (Kumar
et al.,, 2016). The numbers closed to the branch nodes represent the
percentage of 1000 bootstrap replications.

2.4. Relative quantification of target genes from adult tissues and embryos

Various organ and tissue samples (pharynx, gizzard, midgut, ovary,
metanephridium, body wall, seminal vesicle, ventral nerve cord and
coelomocytes) were collected from at least ten adult earthworms.
Earthworm embryos were gathered from their cocoons. Their distinct
developmental stages (from E1 to E4) were identified by their specific
morphological features (Boros et al., 2010). Total RNA was extracted
from ten pooled tissue samples of adult earthworms as well as a pool of
ten embryos from all developmental stages according to the manufac-
turer's protocol using NucleoSpin® RNA isolation kit (Macherey-Nagel
GmbH, Diiren, Germany). The amount of total RNA was determined by
NanoDrop at 260 nm. RNA samples were stored at — 80 °C. Reverse
transcription was accomplished in 20 pl reactions using High Capacity
cDNA reverse transcription kit (Thermo Fisher Scientific) and ¢cDNA
samples were stored at — 20 °C. Subsequently, cDNA used as a template
in qPCR reactions. Gene specific primers were designed with Primer
Express software (Thermo Fisher Scientific) to estimate the expression
levels of target genes in the aforementioned tissues (Table S1). Gene
expression was measured by an ABI Prism 7500 instrument (Applied
Biosystems, Warrington, UK) applying Maxima SYBR Green/Low Rox
Master Mix (Thermo-Fisher, Waltham, MA, USA). The amplification
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profile started at 95°C for 10 min, that followed 40 cycles of 35sat
95 °C, 35sat 58 °C, and 1 min at 72 °C. Quantitative measurements were
normalized to RPL17 mRNA level (Table S1). Three independent ex-
periments were implemented in duplicates.

2.5. In vivo microbial challenge

Adult earthworms (three animals/condition) were exposed to heat-
inactivated Escherichia coli (ATCC 25922), Staphylococcus aureus (OKI
112001) (each 108/ml) and zymosan (membrane from Saccharomyces
cerevisiaze in 1mg/ml final concentration, Sigma-Aldrich, Budapest,
Hungary) on filter paper for different time points at room temperature
(Cang et al., 2017; Homa et al., 2005; Schikorski et al., 2008). The
suspension of microorganisms and zymosan were diluted in Lumbricus
balanced Salt Solution (LBSS). Control earthworms were exposed on
LBSS-immersed filter paper (for composition, please see Engelmann
et al., 2005). After the treatments coelomocytes were harvested from
the coelomic cavity as we published earlier (Engelmann et al., 2005).
Coelomocyte numbers were evaluated by trypan-blue exclusion method
and subsequently were centrifuged twice in LBSS (200 g, 5 min, at room
temperature). Total RNA extraction, reverse transcription, and qPCR
experiments were executed as we described earlier. RPL17 mRNA level
was employed for the normalization process. Normalized expressions of
both genes are exhibited in pathogen stimulated earthworms compar-
ison with untreated ones.

2.6. Statistical analysis

Statistical analyses were carried out with Prism v5.0 (GraphPad
software, La Jolla, CA USA). Data were calculated from three in-
dependent experiments. Data were checked for normality prior to fur-
ther analysis (Shapiro-Wilk normality test). All data were expressed as
mean + SEM. Results were analyzed by one or two way ANOVA fol-
lowed by Bonferonni post hoc tests. p < 0.05 was denoted as statisti-
cally significant.

3. Results and discussion
3.1. Sequence analysis of E. andrei lumbricin and LuRP

A large variety of AMPs were isolated from several organisms from
plants to humans. Annelid earthworms provided relatively limited in-
formation in this field (Tasiemski, 2008). Cho et al. (1998) isolated the
first antimicrobial peptide (lumbricin-1) from the earthworm, L. ru-
bellus. Until recently, several lumbricin homologues were described
from other earthworms (Pheretima tschiliensis, and P. guillelmi) and the
leech, H. medicinalis (Li et al., 2011; Schikorski et al., 2008; Wang et al.,
2003). Based on the available annelid lumbricin sequences a novel
generic forward primer was designed for the detection of lumbricin
homologues in E. andrei by 3’ RACE PCR (Table S1). Surprisingly, the 3’
RACE PCR showed the presence of not one but two discrete bands (Fig.
S1). The sequences determined from the two PCR amplicons showed
only 43% pairwise nucleotide (nt) identity. Using sequence specific
primers and 5’ RACE PCR technique 466-nt and 549-nt-long sequences
(without the polyA-tail) of the two mRNAs were determined. The 466-
nt-long mRNA called as lumbricin (Lumbr) contains a single 192-nt-long
ORF encoding a 63-aa-long peptide (average calculated molecular
mass: 7413.35Da) (Fig. 1a), while the 575-nt-long mRNA called as
lumbricin-related peptide (LuRP) contains a single 180-nt-long ORF
encoding a 59-aa-long peptide (average calculated molecular mass:
7066.84 Da) (Fig. 1b). The theoretical isoelectric points of the novel
Eisenia AMPs (Lumbr: 7.95, LuRP: 6.07) were determined. The identi-
fied Lumbr and LuRP precursor peptides lack an obvious signal peptide
sequence that is present in lumbricin-1 and lumbricin-PG, but absent
from Hm-lumbricin and PP-1 (Fig. 1c). Interestingly, this phenomenon
suggests that mature lumbricin is not secreted, however the
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Fig. 1. Nucleotide and deduced amino acid
sequences of E. andrei lumbricin (a) and its
related protein (E. andrei LuRP) (b). Amino
acid sequences of the open reading frame
are presented under the nucleotide se-
quences. Stop codons are denoted with as-
terisks. Polyadenylation signal sequences
are underlined. E. andrei lumbricin (a) is a
novel antimicrobial peptide consisted of 63
amino acids and E. andrei LuRP (b) is made
up of 59 amino acids. (¢). Amino acid se-
quence alignment of E. andrei lumbricin
(KX816866) and E. andrei LuRP (KX816867)
were compared to L. rubellus lumbricin-1
(AF06552), H. medicinalis lumbricin
(EU156756), P. guillelmi lumbricin-PG
(P86929) and P. tschiliensis antimicrobial—
like peptide PP-1 (AY167144). The pre-
dicted signal peptide sequences are in italic.
The asterisks (*) signify identical amino acid
residues and dots indicate highly conserved
() or semi-conserved (.) substitutions.
Phylogenetic relationship analysis based on
the deduced amino acid sequences of E.
andrei lumbricin and LuRP with the closest
annelid molecular relatives by the max-
imum likelihood method. The numbers
closed to the branch nodes represent the
percentage of 1000 bootstrap replications
(d).

to the antimicrobial peptide lumbricin-1 from L. rubellus (AF06552) as
the closest match identified by BLASTp search. The E. andrei Lumbr and
E. andrei LuRP precursor peptides show only 66% pairwise aa identity
(Fig. 1c). The 3’ untranslated regions of both mRNAs contain the



K. Bodg et al.

AUUAAA and AAUAAA polyadenylation signal sequences (Tian and
Graber, 2012) (Fig. 1a and b). Phylogenetically Lumbr and LuRP pre-
cursor peptides are also separated from each other; Lumbr is clustered
together with the lumbricin-1 of L. rubellus while LuRP shows closer
relationship to the lumbricin homologue of H. medicinalis (Fig. 1d).

Interestingly, the N-terminal end of Lumbr of E. andrei is 13 aa
shorter than the lumbricin-1 of L. rubellus otherwise the sequence of the
two peptides are identical (Fig. 1c). Typical lengths of lumbricin
homologues are ranged between 57 and 76 amino acids (Fig. 1c).

E. andrei lumbricin and its related peptide harbor numerous proline
residues (14.3% and 6.8% in molar ratio) similar to lumbricin-1 and
other lumbricin homologues (Cho et al., 1998). Typically proline-rich
AMPs were isolated from the arthropods including insects and crusta-
ceans (Graf et al., 2017; Otvos, 2002). According to Cho et al. (1998)
lumbricin-1 shows certain similarity with the mammalian PR-39 and
Bac5 AMPs, however this observation is not discussed in the case of
other lumbricin relatives (Li et al., 2011; Schikorski et al., 2008; Wang
et al., 2003).

Proline amino acids uniquely alter the protein conformation (e.g.
folding and cyclisation); thereby it exerts an influence on the secondary
structure of proteins (Graf et al., 2017; Vanhoof et al., 1995). Fur-
thermore, aromatic amino acid (His, Trp, Tyr) content of these Eisenia
lumbricin homologues is relatively high (15-16% in molar ratio), which
could further suggest the antimicrobial activity of these peptides
(Munoz et al., 2007).

3.2. Tissue and embryonic expression patterns of Lumbr and LuRP in E.
andrei

Since the recent studies (Li et al., 2011; Wang et al., 2003) did not
survey extensively the tissue localization of lumbricins in annelids
(Tasiemski, 2008), hence we aimed to examine the Lumbr and LuRP
expression patterns in the different organs of E. andrei. According to
Wang et al. (2003) lumbricin was restricted to the body wall in P.
tschiliensis, and not present in the intestine or coelomocytes. A lum-
bricin homologue was isolated from the skin secretions of P. guillelmi (Li
et al.,, 2011). Schikorski et al. (2008) investigated Hm-lumbricin ex-
pression of the microglial cells in the course of leech CNS regeneration.
In contrast we demonstrated the presence of Lumbr and LuRP in a wide
variety of E. andrei tissues (Fig. 2a). Highest mRNA expressions of both
AMPs were detected in the proximal part of the intestine (including
pharynx and gizzard), while other tested tissues had a moderate (body
wall, midgut, ovary, seminal vesicle, metanephridium, ventral nerve
cord) or low (coelomocytes) level of expression. Higher LuRP mRNA
expression was demonstrated in all tested tissues and coelomocytes
compared to Lumbr. The highest expressions of both AMPs were de-
tected in the intestine, because this organ is the most exposed for fre-
quent microbial invasions. According to Fiotka et al. (2012) lysozyme
expression is also mainly detectable in the intestine of the earthworm,
Dendrobaena veneta. Both lumbricin isoforms show ubiquitous tissue
expression in E. andrei (Fig. 2a), in contrast to lysenin that is mainly
attributed to large coelomocytes (amoebocytes), eleocytes (Opper et al.,
2013) or sessile chloragocytes (Ohta et al., 2000).

First ontogenetic distribution pattern of lumbricin is reported from
L. rubellus. Cho et al. (1998) detected lumbricin-1 expression in adult L.
rubellus, but not in the cocoons or developing earthworms. In contrast,
both lumbricin homologues from E. andrei were expressed in the course
of embryonic development (Fig. 2b). Their expression displayed con-
tinuous increase up to the fourth developmental stage (E4) when the
body is entirely segmented and the organ differentiation is completed
(Boros et al., 2010). LuRP exhibited significantly higher expression
compared to Lumbr in the different stages of developing E. andrei
earthworms. One explanation of the gradient increase of Lumbr/LuRP
expression could be the larger body size of the more developed em-
bryonic stages. On the other hand, it is known that numerous symbiotic
bacteria colonize the earthworm embryos and their frequencies boost
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during early embryogenesis (Zachmann and Molina, 1993; Davidson
et al.,, 2010). It is probable that Lumbr and LuRP might control the
growth of commensal bacteria in earthworm embryos that is known
already about other invertebrate antimicrobial peptides (Roiff and
Schmid-Hempel, 2016).

3.3. Induction of Lumbr and LuRP mRNA expression upon in vivo microbial
challenge

Proline-rich AMPs possess a wide range of antimicrobial activity
against microorganisms (Otvos, 2002). Indeed, L. rubellus lumbricin-1 is
efficient against Gram-negative, Gram-positive bacteria and fungi
without any haemolytic activity (Cho et al., 1998). Follow-up experi-
ments on lumbricin homologues have verified these observations in
other annelid species (Li et al., 2011; Schikorski et al., 2008). L. rubellus
lumbricin-1 had similar minimal inhibitory concentrations comparing
the activity against E. coli and S. aureus (Cho et al., 1998).

Interestingly, bacterial challenge did not induce the lumbricin-1
expression compared to non-bacteria challenged earthworms revealed
by Northern blot analysis in L. rubellus. Thus, lumbricin-1 is evidenced
constitutive expression in this species (Cho et al., 1998). In contrast,
Hm-lumbricin expression is modulated overtime by microbial challenge
(Schikorski et al., 2008). In particular Gram positive bacteria (Micro-
coccus) and zymosan treatments were more effective on Hm-lumbricin
mRNA expression compared to Gram negative (Aeromonas) bacteria
exposure in H. medicinalis (Schikorski et al., 2008). Li et al. (2011)
described that among the tested strains the most sensitive were Pseu-
domonas aeruginosa (Gram-negative) and S. aureus (Gram-positive) to
lumbricin-PG from P. guillelmi, however E. coli (Gram-negative) was
less sensitive to this peptide. Similarly to the aforementioned studies we
found significantly elevated mRNA level of Lumbr and LuRP upon 48 h
of S. aureus bacteria challenge, but there was no any increase of ex-
pression upon E. coli or zymosan treatments (Fig. 2c and d). Regarding
to the AMP induction kinetics Hm-lumbricin was elevated after 6 h that
was peaked after 24 h in isolated leech CNS (Schikorski et al., 2008). In
comparison, our results evidenced a rather slow induction of Lumbr and
LuRP at 48 h, but we exposed in vivo intact earthworms to microbes.

These discrepancies in the bacterial induction of lumbricin could be
explained with the following considerations. First, there can be major
differences in the expression levels among species. Second, the applied
methods (Northern blot vs. qPCR) have different sensitivity. Third,
these effects against the different microbial strains are based on the
various structural features: mainly the amino acid compositions of
lumbricins and differences between the microbial cell-wall constituents
(Tassanakajon et al., 2015; Cunha et al., 2017).

4. Conclusions

Our study has revealed the presence of two novel members of the
proline-rich lumbricin AMP family in the earthworm E. andrei. Hereby,
our novel data support the high conservation of lumbricin AMPs in
annelid worms and their possible role in the maintenance of earthworm
immune homeostasis during ontogeny and pathogenic infections.
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Table S1. List of the primer sequences applied in the experiments.

Primer name  Application Sequence (5°-3°)?

Ea-Lumbr-F 3’RACE- AAG TAC GAG MGN CAG AAG GAC AA
PCR

Adapter -oligo- 3’RACE-RT GAC CAC GCG TAT CGATGT CGACTT
dT-anchor TTTTTTTTTTITTTV
Adapter 3’RACE- GAC CACGCGTATCGATGTCGAC

PCR

Ea-Lumbr-R1  5’RACE-RT CGC TCC ATC GAA ATC AAC TCT

Ea-Lumbr-R2 5’RACE- TCG AAATCAACTCTCTTCCTC
PCR1

Ea-Lumbr-R3 5’RACE- GGC ATC GGT TCATCT GGA AA
PCR2

Ea-LURP-R1  5’RACE-RT GTC AGT TGAGATTTGAGAGAGTT

Ea-LURP-R2 5’RACE- TGC GAG TAC AGG CTC GTT AAC
PCR1

Ea-LURP-R3 5’RACE- ATG TGATGC TCATGC GGC CA
PCR2

Ea-Lumbr-Fq gPCR ACT CGG AAC GCA AGA ACC AA

Ea-Lumbr-Rq gPCR GGT TCT GCG TGA CCT CCTTC

Ea-LuURP-Fq gPCR GGT CGA GAG AAT CAACCCAACTA



Ea-LuRP -Rq qPCR TGC GAG TAC AGG CTC GTT AAC

Ea-RPL17-Fq qPCR GCA GAATTC AAG GGA CTG GA

Ea-RPL17-Rq qPCR CTCCTT CTC GGA CAG GAT GA

& Upper and lower sequences denote forward and reverse primers

Abbreviations: Lumbr - Lumbricin; LURP - Lumbricin-related peptide
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Fig. S1. 3> RACE PCR amplification of lumbricin and LURP cDNAs from ventral nerve

cord (VNC) sample of E. andrei.
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Immune Surveillance of Earthworms: A Brief Introduction
Morphological and Physiological Background

More than 8000 earthworm species have been described; their sizes vary greatly and
they dwell in soil and freshwater habitats (Pirooznia et al. 2007). They possess an
elongated, segmented body shape that bears numerous setae to help their locomotion.
Most of these segments contain the same set of organs, except the shared digestive,
circulatory, and nervous system along their body. Several important anatomical and
physiological structures are specific to these animals, such as a secondary body
cavity (e.g., coelomic cavity) and the closed, complex circulatory system with blood
vessels that contain hemoglobin in suspension (Mill 1978). A specialized tissue
compartment surrounds the gut (e.g., chloragogenous tissue) and has multiple
important functions (e.g., carbohydrate metabolism, storage, detoxification and
immune properties) resembling vertebrate hepatocytes (Jamieson 1981). The
coelomic cavity is filled with a protein-rich fluid that contains various free-floating
cellular components, termed coelomocytes (Fig. 1). Coelomocytes are considered
to be the mesodermal effector cells of an earthworm’s immune system. The body
cavity is connected with the outer environment through nephridiopores and dorsal
pores that ensure continuous microbial exposure and promote effective immune
mechanisms in earthworms.
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Fig. 1 Cross-section of Eisenia andrei earthworm. Main organs and tissue compositions are
marked on the photomicrographs. Inset shows the distinct coelomocyte subpopulations (amoebo-
cytes and eleocytes) of earthworm located in the coelomic cavity. Hematoxylin-eosin staining.
Scale bars: 500 pm (main image) and 200 pm (inset). Am amoebocytes, BW body wall, BV (d)
dorsal blood vessel, BV (sn) subneural blood vessel, BV (v) ventral blood vessel, Chl chlorago-
cytes, E eleocytes, G gut, M metanephridium, Mu muscle layers, VNC ventral nerve cord

Back to the Roots

In the past century the field of immunology, including comparative immunology,
gained enormous amounts of novel and important knowledge relevant to basic and
applied biological sciences. Comparative immunological studies date back to
Metchnikoff, who established the field of cellular immunology (Cooper et al. 2002;
Silverstein 2001). In the late 1800s several pioneering morphological observations
in earthworms identified the cellular constituents (e.g., coelomocytes) of the
coelomic cavity (Liebmann 1942; Rosa 1896). Indeed, the nomenclature of these
cell types is based on the categorization of vertebrate leukocytes, which is sometimes
misleading because no direct homology exists among the immune cells of
invertebrate and vertebrate organisms. Following early ground-breaking
observations, several research groups studying earthworm immunity were initiated
in the USA (established by Edwin L. Cooper), Germany (begun by Werner Mohrig),
France (launched by Pierre Valembois), and Czech Republic (led by Jaroslav
Rejnek). These research groups have carried out in-depth studies of earthworm
immune mechanisms, ranging from transplantation experiments to the analysis of
humoral and cellular immune components. Now earthworms are even used in bio-
medical applications and as an alternative food source (Cooper and Balamuragan
2010; Cooper and Hirabayashi 2013). With regard to the University of Pécs,
Hungary, in the 1970s Erné Fischer initiated several experiments investigating
chloragogenous tissues and their physiological role in earthworms after exposure to
different toxicants (Fischer 1977; Fischer and Molnar 1992).
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Many excellent reviews and book chapters (including those present in this vol-
ume) summarize the recent advances of earthworm immunity (Bilej et al. 2010;
Cooper et al. 2002, 2006; Engelmann et al. 2016a). In the following section we
provide a brief survey of our contribution in this research area. Furthermore, we
discuss some novel observations that might open new research directions in the field
of earthworm immunity.

Application of Monoclonal Antibodies in Earthworm Immunity

Monoclonal antibodies (mAbs) are major scientific tools used to study vertebrate
(mainly mouse and human) immune functions. Interestingly, very few studies are
available about the application of mAbs in the field of earthworm immunology.

According to Cossarizza et al. (1996), mouse mAbs raised against mammalian
antigens unequivocally identify one subgroup of coelomocytes denoted as small,
electron-dense cells. This cell group showed cross-reactivity with a-CD90 (Thy-1),
a-CD54, a-CDlla, a-CD45RA/CD45RO, a-CDw49b, and a-f,-microglobulin,
whereas the large, electron lucent cells were negative for these reactions.
Furthermore, these phenotypic differences were mirrored in their functionality
because small coelomocytes were cytotoxic against certain tumor cell lines, whereas
the large cells were phagocytic. As a follow-up study, first we applied several mouse
mAbs developed against conserved mammalian cell surface molecules (Thy-1,
CD24), cytokines (tumor necrosis factor [TNF]-a, transforming growth factor-o),
oxidative stress enzymes (Cu/Zn superoxide dismutase), and hormones (thyroid-
stimulating hormone) (Engelmann et al. 2002; Wilhelm et al. 2006). Among the
obtained results, we believe that the cross-reactivity of a-TNF-a mAb with
earthworm cellular structures is a unique observation (Engelmann et al. 2002). Our
immunoserological, immunohistochemical approach proved that a conserved
epitope of a TNF-like molecule might exist in earthworms. Since our study, several
TNF-family homologs have been cloned and described in various invertebrates
(Parinello et al. 2008; Sun et al. 2014). Considering these supportive data, it seems
that cytokines with an essential role in inflammation might have emerged early
during evolution (Beschin et al. 1999; Engelmann et al. 2005a; Wiens and Glenney
2011). Interestingly, leech immune cells also show cross-reactivity with a panel of
mAbs specific against mammalian myeloid antigens (de Eguileor et al. 2000). The
current data should be supported by further experiments, including isolation and
identification of cell surface antigens and adhesion molecules in annelids.

The aforementioned studies used antibodies generated against mammalian anti-
gens because of the lack of coelomocyte-specific reagents, which potentially raises
criticism about the specificity of these antibodies to antigens in annelids.

To fill this gap we developed a panel of specific mAbs (EFCC [Eisenia fetida
coelomocyte cluster] clones) against earthworm (Eisenia spp.) coelomocytes to
further analyze the distinct features of coelomocyte subsets (hyaline amoebocytes,
granular amoebocytes, and eleocytes) (Engelmann et al. 2005b). With the aid of
these molecular tools we were able to phenotypically and functionally characterize
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different subsets of coelomocytes combining cell sorting with imaging and
functional assays (Engelmann et al. 2016b). We confirmed that hyaline and granular
amoebocytes are capable of phagocytosis and encapsulation, although granular
amoebocytes engulf fewer foreign particles than do hyaline cells (Engelmann et al.
2005b; Fuller-Espie 2010). Eleocytes show no phagocytic properties (Stein et al.
1977), but they possess several metabolic functions including the production of
bioactive molecules such as lysenin (Kobayashi et al. 2004; Lassegues et al. 1997;
Opper et al. 2013; Valembois et al. 1982). Using a novel mAb (a-EFCC5) reacting
with lysenin, we obtained data in support of the view that eleocytes and large
amoebocytes, but not sessile chloragocytes, are the major source of lysenin. We
observed that lysenin production in earthworm coelomocytes is modulated in vitro
by exposure to Gram-positive bacteria (Opper et al. 2013). Along with other studies
we demonstrated that coelomocytes exert a very strong cytotoxicity in addition to
their phagocytic activity (Engelmann et al. 2004). As a follow-up to our initial
cytotoxicity study, we showed in extensive downstream experiments that, indeed,
lysenin is one essential, but not exclusive, member of the earthworm cytotoxic
molecular palette (Mécsik et al. 2015).

Recently, we obtained insightful data about the in vitro interactions of coelomo-
cytes and silver nanoparticles (Hayashi et al. 2012). With the aid of recombinant
lysenin and our lysenin-specific mAb (a-EFCCS5), we observed that lysenin is an
essential molecular component of the protein corona formed around silver nanopar-
ticles. Furthermore, lysenin-rich protein corona directly facilitates the cellular
uptake of silver nanoparticles (Hayashi et al. 2013).

Indeed, we gathered a handful of phenotypic and functional information about
the cellular immune components of earthworms; however, there are several
unexplored areas that remain to be investigated further. For instance, some
publications discuss the proliferation capacity and recovery of coelomocytes in the
coelomic cavity (Dvofdk et al. 2016; Engelmann et al. 2011; Homa et al. 2013;
Roch 1979). There is still no clear consensus whether all coelomocyte subtypes are
able to proliferate or only certain subtypes. Is there lineage commitment in these
cell types, and which coelomocyte types can be considered as progenitor cells?

Transcriptomics in Earthworm Immunity
Digging for Information: Earthworm Nucleotide Databases

This chapter focuses on earthworm immunity, but we think it is essential to have a
short overview of the molecular databases dealing with earthworms. Currently,
earthworms are frequently used in studies testing specific target genes, isolating
Expressed Sequence Tags (ESTs), or performing whole transcriptome analysis
to uncover the effect of certain toxicants (Gong and Perkins 2016).

These “omics” studies cover multi-platform genomics, transcriptomics, pro-
teomics, and metabolomics (Brulle et al. 2010). Simultaneous informatics and sta-
tistical approaches allow the extraction of information from the multivariate datasets
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to illustrate how interdependent pathways of genes respond to different stimuli. For
this research purpose, publicly available nucleotide databases (in addition to the
NCBI [National Center for Biotechnology Information]) are extremely relevant.

In the case of earthworms, Lumbricus rubellus was initially used to build an EST
library (Stiirzenbaum et al. 2009). More than 17,000 tags that represent approximately
8000 genes are incorporated in this database. This information was the basis to
construct a publicly available genome library, the LumbriBASE (www.earthworms.
org). Certain genes show significant homologies with their correspondent genes
isolated from C. elegans, Drosophila melanogaster, and Homo sapiens. Interestingly,
from the different gene cohorts of earthworms, the highest numbers of significance
were evidenced with the human counterparts. Later, the abovementioned L.
rubellus database was further developed into another database incorporating the
EST sequences of Helobdella robusta leech and Capitella teleta polychaete species
(http://badger.bio.ed.ac.uk/earthworm/) (Elsworth et al. 2013); however, this
database is currently not accessible. Recently, another available earthworm
nucleotide database has been released based on the draft genome of Eisenia fetida
(http://ryanlab.whitney.ufl.edu/genomes/Efet/) (Zwarycz et al. 2015). These
databases are invaluable bioinformatics tools to those researchers who plan to target
certain genes in their studies.

Transcriptomics and (Eco)Toxicology of Earthworms

Due to human industrial and economic activities, environmental contamination is
rapidly increasing. Earthworms are eco-engineers that are responsible for the quality
control of our terrestrial environment (Darwin 1881). These soil sentinels are more
frequently applied in various (eco)toxicological studies than in other scientific
fields. Indeed, Eisenia spp. is recommended by the Organisation for Economic
Co-operation and Development (OECD) as a well-established organism for
ecotoxicological testing of certain toxic chemicals (OECD 1984, 2004). Using the
standard in vivo readouts (e.g., survival, reproduction, growth, soil avoidance test)
these animals are the practical bioindicators for different environmental toxicants
(Velki and Ec¢imovi¢ 2017). During the last two decades the aforementioned
classical ecotoxicological toolbox has been complemented with novel molecular
biological approaches aimed at untangling the questions concerning ecological and
environmental stressors (Brulle et al. 2010; Thunders et al. 2017). Ecotoxicological
experiments now frequently apply transcriptomic, proteomic, metabolomic, and
bioinformatic approaches to monitor the ecological effects of polluted soils on
earthworms (Stiirzenbaum et al. 2009). Transcriptomic analysis has certain benefits
over the classical ecotoxicological tools. First, sensitivity: gene expression will be
more sensitive; fluctuation of expression patterns can be detected at lower exposure
concentrations. Second, specificity: gene expression will be specific to the triggering
stress mechanisms, unlike reproduction or soil avoidance. Third, rapidity: the gene
expression pattern changes quickly, on the order of hours to days, while classical
tests could last weeks (Gong et al. 2010). On the other hand, transcriptomic
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information may not always be reliable at the protein level, so the experiments are
more complete if the transcriptomic results are complemented with proteomic and
metabolomic studies. To this end, earthworms can provide sensible and reliable
biomarkers (e.g., metallothionein, phytochelatin synthase, riboflavin) to monitor the
health status of the soil ecosystems (Brulle et al. 2006; Stiirzenbaum et al. 2004;
Plytycz et al. 2010). Recently, several regulatory agencies have discussed how
genomic tools could fit into the risk assessment process.

In the last 20 years approximately 60 studies have dealt with earthworms in the
field of toxicology and genomics. Within these studies a broad array of toxicants
have been tested, ranging from metals, insecticides, pharmaceutical drugs, and
organics to explosives. Indeed, these studies highlight the recently emerged inter-
est in these areas of research. It is quite striking that certain toxicological studies
applying parallel metabolomics and transcriptomics resulted in a significant over-
lap between the effects elicited by different compounds (Van Straalen and Roelofs
2008).

Immunotranscriptomics of Earthworms

Why is transcriptomic information important in studies of earthworm immunity?
Largely because stimuli that reach coelomocytes can be measured at the gene
expression level and this is among the first biological parameters to change upon
exposure to stressful conditions. Some specific studies have directly analyzed the
transcriptome of coelomocytes; however, this was mostly in the ecotoxicological
and not immunological context (Brulle et al. 2006).

One initial study analyzed 1151 ESTs directly from a complementary DNA
(cDNA) library of coelomocytes and found 659 unique genes, among which 24
were immune- and defense-related genes (Tak et al. 2015). Overall, the most
abundant genes were related to energy metabolism; lysenin-related protein has
evidenced the highest frequency among the immune-related genes. Furthermore,
they proved that mRNA expression of lysenin-related protein was modulated in vivo
only by Gram-positive bacteria (Bacillus subtilis) challenge, which is consistent
with our findings on the protein level of lysenin expression following in vitro
exposure to bacteria (Opper et al. 2013).

Another transcriptomic study applied next-generation sequencing (NGS) on an
Ilumina platform to identify characteristic genes for the earthworm immune system
(Mikami et al. 2015). For this purpose, coelomocytes were isolated from E. fetida
reared in a sterile environment. Isolated coelomocyte mRNAs were subject to NGS
and resulted in 151,929 contigs. From these contigs 41,423 unigenes were identified,
and among those 12,285 unigenes had annotations in NCBI. Based on gene ontology
assignments several unigenes were assigned to immune system processes, notably
to immune receptor signaling pathways. Indeed, the Toll-like receptor (TLR)
adaptor protein myeloid differentiation primary response gene 88 (MyD88) was
found to be a unigene, confirming other previous datasets (Gong et al. 2008; Hayashi
et al. 2016), while a homolog for Janus kinase (JAK) 2, a member of JAK-STAT
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(Signal Transducer and Activator of Transcription) signaling, was also identified
(Mikami et al. 2015). Several lines of evidence suggest that ancient natural killer
(NK)-like activity exists in earthworms (Cossarizza et al. 1996; Engelmann et al.
2004; Kauschke et al. 2001); however, so far the NK-specific molecular fingerprints
(e.g., homolog for perforin, granzymes, etc.) have not been available. Mikami et al.
(2015) found an Eisenia homolog of the p-1,3-glucuronyltransferase 1 (GIcAT-P)
gene that participates in the synthesis of the CD57 NK cell marker of vertebrates. In
fact, this gene shows high similarity to human GIcAT-P; however, the molecule has
other functions (e.g., neurobiological processes).

There have been only a few transcriptomic studies dealing with earthworm
immunity; however, this field is rapidly developing. The high number of genes that
remain to be identified could shed more light on the physiology of coelomocytes.
On the other hand, earthworm coelomocytes represent a mixed population of
eleocytes and amoebocytes. This dichotomy could manifest at several biological
levels (Hayashi and Engelmann 2013) that should be taken into account during the
(gen)omic approaches. Eleocytes and amoebocytes can be separated by cell sorting
(Engelmann et al. 2016b) to resolve this issue and apply the well-characterized
single populations in various downstream ‘omic’ applications.

Epigenetics: From Basic Concepts to Worms as Pivotal Model
Organisms

Basic Concepts in Epigenetics: DNA Methylation, Histone
Modifications, and RNA Interference

The eukaryotic cell nucleus contains the genomic DNA, associated nuclear proteins
(histones, transcription factors, etc.), and various RNA species that comprise the
chromatin. The structure of chromatin determines the expression of genes and the
flow of genetic information to a large degree, and many of these processes are
regulated by epigenetic mechanisms. Epigenetics means above/upon (epi) genetics
that consist of heritable changes in gene expression or phenotype that are stable
between cell divisions, and sometimes between generations, but do not involve
changes in the underlying DNA sequence of the organism. The combination of
histone and DNA post-translational modifications and related interacting proteins
helps to define the transcriptional program in a given cell. In the context of epigenetic
signaling, post-translational modifications are often called ‘marks’ or ‘tags’
(Arrowsmith et al. 2012).

DNA methylation involves covalent modifications of CpG (cytosine—guanine)
dinucleotides. The majority of methylated CpG dinucleotides in vertebrates are in
heterochromatic regions, often in promoter CpG islands (of note, the worm C.
elegans lacks detectable levels of 5-methylcytosine, while the fly D. melanogaster
contains very low levels of 5-methylcytosine) (Bird 2002). The cytosines in CpG
dinucleotides become 5-methylcytosines as a result of DNA methylation. Among its
functions, DNA methylation in mammals is required for gene silencing. As a result
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of DNA methylation, the chromatin becomes more condensed (transcription
repressed). DNA demethylation results in chromatin expansion (transcription
permitted) (Gaspar-Maia et al. 2011).

Another type of DNA modification, N®-methyladenine (6 mA), was identified
first in prokaryotes and some unicellular eukaryotes but has recently been found in
metazoans. The function of this modification in metazoans is not well-defined;
however, it is postulated that it may be involved in gene activation and transposon
suppression (Luo and He 2017). It is likely that future studies will identify proteins
involved in 6 mA writing, reading, and erasing, which should help in determining
the functional relevance of the this type of DNA modification.

Covalent modifications of histones are essential to regulation of chromatin
dynamics, and thus affect numerous biological processes. One of the most frequent
post-translational modifications of histones is methylation of lysines and arginines
(Greer and Shi 2012). Lysines in histones can be non-methylated, or mono-, di-, or
trimethylated on the e-amino group of the lysine side chains. Arginines can be non-
methylated, N-monomethylated or N,N-dimethylated on the side chain guanidino
group. Lysines in histones can also be acetylated and ubiquitinated, whereas
arginines in histones can be citrullinated. Other modified amino acids in histones
include phosphoserine, phosphotyrosine, and ribosylated glutamic acid (Campos
and Reinberg 2009). Propionylated and sumoylated (SUMO [small ubiquitin-like
modifier]) amino acids can also be found in histones. Many of these molecular
‘tags’ that establish the so-called ‘histone code’ are in a dynamic state, i.e., such
tags can also be removed (Arrowsmith et al. 2012). These tags and proteins, together
with DNA methylation and demethylation, comprise the dynamic components of
the epigenome.

The Nobel Prize in Physiology or Medicine in 2006 was awarded to American
scientists Andrew Z. Fire and Craig C. Mello for their discovery of RNA interfer-
ence and gene silencing by double-stranded RNA. The discovery was made in the
nematode worm C. elegans by observing the phenotypic effect of injection of sin-
gle-stranded or double-stranded unc-22 RNA into the gonad of C. elegans (the unc-
22 gene encodes a myofilament protein). Injected double-stranded RNA, but not
single-stranded RNA, induced the twitching phenotype in the progeny. RNAi-based
regulatory processes are involved in numerous biological processes, including pro-
tection against viral infections, securing genome stability by keeping mobile ele-
ments silent, epigenetic regulation, chromatin remodeling, genome integrity/
stability, developmental gene regulation, and so on. The RNA species that regulate
such processes are, among others, long non-coding RNAs (IncRNAs), small non-
coding RNAs (sncRNAs), microRNAs (miRNAs), PIWI-interacting RNAs (piR-
NAs), and short interfering RNAs (siRNAs) (Gomes et al. 2013) (Fig. 2). RNAi can
be used to modulate gene expression and has provided a powerful tool for studying
gene function, and is likely to have great impact on treatment of diseases (Castanotto
and Rossi 2009; Pecot et al. 2011).
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Fig. 2 Schematic summary of epigenetic mechanisms that affect the nuclear structure, function,
and gene expression. Epigenetic components include DNA methylation, histone post-translational
modifications, chromatin remodeling, and non-coding RNA targeting. These components and their
interplays contribute to the regulation of crucial nuclear activities such as DNA replication, repair,
chromatin packaging, and transcription. The nucleosome subunit is shown with schematic
summary of histone modifications that comprise the histone code

Epigenetic Mechanisms in Earthworms

MicroRNAs in Earthworms

Investigation of epigenetic mechanisms in earthworms has been advancing at a sig-
nificantly slower pace than in the fruit fly D. melanogaster or the nematode worm
C. elegans. Nevertheless, earthworm epigenetics are starting to emerge, especially
in the context of ecotoxicology, but also at the basic science level, such as concerning
miRNAs as regulators of the epigenome. miRNAs are an abundant new class of
sncRNAs that average 22 nucleotides in length and which play important roles in
regulating gene expression in a wide range of processes from cell differentiation
and development and immunological defense mechanisms to learning and memory
(Follert et al. 2014; Kosik 2009; Mehta and Baltimore 2016; Self-Fordham et al.
2017). Gong et al. identified 32 miRNAs belonging to 22 families using earthworm
EST databases and homology-based EST analysis with secondary structure
requirements (Gong et al. 2010). They found that these earthworm miRNAs share
multiple features with known animal miRNAs, such as the nucleotide U being
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dominant in both mature and pre-miRNA sequences. Using in silico analysis they
identified 436 unique target ESTs for 30 of the 32 earthworm miRNAs. Interestingly,
the potential target genes were predicted to be involved in biological processes and
pathways related to development, growth, and reproduction, as well as the response
to stress, particularly oxidative stress. The authors suggested that deep-sequencing
technologies are likely to help in further characterization of both conserved and
species-specific earthworm miRNAs (Gong et al. 2010). In another study, Huang
et al. investigated the role of miRNAs in tissue regeneration in the earthworm
E. fetida (Huang et al. 2012). The authors cloned and characterized 17 non-coding
RNAs from this species and found four small RNAs (efe-let-7, PB1-1, PB7, PB10)
that showed higher expression in regenerating tissues than in normal control tissues,
suggesting their role in the regeneration process (Huang et al. 2012).

Earthworm Epigenetics in an Ecotoxicological Context

Earthworms, especially Eisenia spp. and Lumbricus spp., are widely used as senti-
nel species and serve as bioindicators/biomonitors for soil ecosystems due to their
close contact with the environment. Earthworms have also been used extensively to
assess environmental risk and chemical toxicity in laboratory and field settings
(Gong and Perkins 2016). With advances in epigenetics, earthworms are increas-
ingly used to determine the effects of ecotoxicological factors and environmental
stressors on the epigenome (Vandegehuchte and Janssen 2014). In an earlier study,
Santoyo et al. studied global DNA methylation in earthworms and suggested that it
may serve as a candidate biomarker for epigenetic risks related to the presence of
metals in soil (Santoyo et al. 2011). The authors have found a direct correlation
between soil and tissue content of As, Se, Sb, Zn, Cu, Mn, Ag, Co, Hg, and Pb, and
have observed an inverse correlation between the percentage of methylated DNA
cytosines and total tissue and some of these metals (individually or in combination).
A recent study showed that low levels of Cd (a common soil pollutant) induced
persisting epigenetic modifications, which may mediate acclimation of the earth-
worm Lumbricus terrestris (Srut et al. 2017). As mentioned, these and other studies
highlight the use of earthworms as sentinel species in studying the ecotoxicological
effects on the epigenome, and aid in formulating important questions and tasks: (1)
Are the epigenetic changes causal to phenotypic alterations?; (2) The long-term
persistence of transgenerationally transferred epigenetic and phenotypic alterations
needs to be assessed in more detail; and (3) What are the consequences of interac-
tion between the environment and the epigenome at the population level?
(Vandegehuchte and Janssen 2014).

Innate Immunity, Epigenetics, and Invertebrates

Macrophages are ancient phagocytes that are prevalent in invertebrates as well as
vertebrates. Monocytes exposed to different pathogens differentiate into
macrophages with various functional properties. There is compelling evidence that
this differentiation process is regulated by epigenetic mechanisms (Logie and
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Stunnenberg 2016). Macrophages exposed to f-glucan (fungal cell wall component)
undergo H3K27 acetylation affecting several thousand gene enhancers. Similarly,
lipopolysaccharide (LPS) or bacillus Calmette-Guérin (BCG) stimulation also
induces such events in the promoter and enhancer regions of certain genes.
Engagement of pattern recognition receptors (TLR, nucleotide oligomerization
domain [NOD], scavenger receptors, etc.) is a prerequisite for microbe engulfment.
Emerging data suggest that TLR expression and the downstream macrophage
activation is dependent on histone deacetylation (Hennessy and McKernan 2016).

A novel concept suggests the existence of innate immune priming or innate
immunological memory (also termed trained immunity) that involves epigenetic
mechanisms (e.g., trimethylation of H3K4 in monocytes). These epigenetic
modifications enhance intracellular activation and cytokine release and modify the
cellular metabolism of monocyte/macrophage lineage (van der Meer et al. 2015). In
addition, chromatin remodeling is essential to orchestrate the balance between the
classically and alternatively activated macrophages (Quintin et al. 2012).

Similarly to the vertebrate counterparts, Drosophila macrophages (e.g., plas-
matocytes) show extreme diversity in function, ranging from microbe phagocytosis
to the clearance of apoptotic bodies during embryonic development. This type of
activity is controlled by certain epigenetic mechanisms and is associated with
immune priming (Weaver and Wood 2016). Hence, a memory component of innate
immunity in insects and other invertebrates has been debated for a long time (Hauton
and Smith 2007; Kvell et al. 2007; Milutinovic and Kurtz 2016).

Interestingly, host—parasite co-evolution provides solid experimental evidence
for the existence of immune priming or even transgenerational immune priming
(Vilcinskas 2016). In an extensive experimental set-up, the wax moth Galleria
mellonella larvae were fed on different bacteria-containing diets. The microbe-
contaminated diet induced a biased expression of immune response-related genes in
various tissues (including the eggs). Proteomic analysis of the eggs revealed unique
immune-related gene products similar to those in the exposed larvae. These findings
were also verified in the beetle Tribolium castaneum. To define the mechanism of
these transcriptional changes, more attention was focused on epigenetics during
host—pathogen interactions. Interestingly, it seems DNA methylation events were
not involved in the course of transgenerational priming (the parenteral generation
was exposed to different bacteria strains), but appeared during the parasitic fungi
infections. In contrast, histone deacetylation was evident in a parasitic fungi
infection of G. mellonella, resulting in immune suppression of the host organism
(and delay of larval development). As for miRNA, several small RNA species were
identified and differentially expressed in the parasitic fungus-infected G. mellonella
(Vilcinskas 2016). It seems histone modifications and miRNA biogenesis are both
involved in the transgenerational immune priming.

We currently have little information concerning earthworm immunity and epi-
genetics; thus, this field is wide open for future studies which may generate valuable
data in basic research and biomedical sciences.
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Co-evolution of Microbiota and the Immune System
in Invertebrates

Animals in a Bacterial World: The Metazoan-Microbial Holobiont

It is increasingly evident that animal biology is affected by the broad range of ani-
mal-bacterial interactions that involve shared ecosystems and symbiotic relation-
ships. New thinking starts to prevail about fundamental questions such as: How
have bacteria facilitated the origin and evolution of animals? How do animals and
bacteria affect each other’s genomes and epigenomes? How does animal develop-
ment depend on bacterial partners? How do animals and their symbionts maintain
their homeostasis in a symbiotic relationship? And how can ecological and other
approaches deepen our understanding of the different levels of animal-bacterial
interaction (McFall-Ngai et al. 2013)? A new scientific field is emerging named
“ecological evolutionary developmental biology” (Eco-Evo-Devo), which has the
goal of incorporating the rules governing the interactions between an organism’s
genes, epigenome, development (developmental plasticity), and environment (biotic
and abiotic) into evolutionary theory. The metazoan host plus its persistent symbi-
onts that form the holobiont may be considered as an important unit of evolutionary
selection (Gilbert et al. 2015).

Microbial symbionts can exert multiple effects on the host, including develop-
ment (e.g., induction of developmental transitions and affecting developmental
plasticity), nutrition (e.g., processing and transformation of nutrients), and host pro-
tection by competition against detrimental/pathological microbes and induction of
immune system maturation and modulation of immunity (Selosse et al. 2014). The
immune system, in return, has evolved largely to maintain the symbiotic relation-
ship of the host with these useful, highly diverse, and evolving microbes while pro-
tecting the host from potentially harmful microbial agents (Belkaid and Hand 2014).

Metazoan Innate Immunity and Microbiota: Insight from Hydra

Cnidaria represent a sister group to Bilateria, and are divided into five classes, one
of which is the Hydrozoa, which include several Hydra species. Symbiotic
relationships between Hydra and photosynthetic algae have been studied for
decades. More recent research has dealt with bacteria, which are important symbiotic
components of the Hydra holobiont (Bosch 2013). These research data show that
the innate immune system of the epithelium (mobile phagocytes are absent) in the
Hydra largely determines the bacterial colonization of the epithelial surfaces. A
highly conserved signaling cascade that involves TLR, MyD88, and nuclear factor
(NF)-xB is of central importance in sensing microbes. Different species of Hydra
are associated with species-specific microbiota, which suggests that the host
selectively shapes the symbiotic bacterial community and underscores the
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importance of host genetic (and likely epigenetic) factors in determining microbial
colonization of epithelial surfaces. Antimicrobial peptides are major effector
components of the innate immune system of the Hydra. These peptides, in addition
to protecting the host from microbial pathogens, are key regulators of the composition
of microbiota that colonize the Hydra host. The forkhead box O (FOXO) transcription
factor, which is involved in the maintenance of stem cells, might also be involved in
controlling the synthesis of antimicrobial peptides, and thus could serve as a link
between tissue homeostasis, the innate immune system, and composition of resident
microbiota (Bosch 2013, 2014; Schroder and Bosch 2016).

Host-Microbiota Interactions in Insects

All insects are colonized by microbiota that comprise bacterial, archaeal, and
eukaryotic organisms (e.g., fungi and various unicellular eukaryotes), and viruses
thatimpact multiple aspects of insect biology (Douglas 2015). These microorganisms
can establish residence in multiple organs of the insect, including the insect
exoskeleton, gut lumen, and hemocoel, and within cells of the insect. For example,
the body surface of D. melanogaster contains ~1000 bacterial cells. The insect gut,
especially the hindgut, is favorable for colonization by microorganisms. The midgut
is less favorable for microbial colonization because it secretes numerous enzymes
and has a heightened immune response. A pH < 3 region is present in the midgut
that likely kills many microbial cells. Thus, the factor that influences the composi-
tion and abundance of insect microbiota is to a large degree the immune system of
the insect, but physico-chemical conditions also play a role, as well as interactions
among the colonizing microorganisms. Microbiota can modulate the insect immune
system and can protect their hosts against pathogenic microbes, including viruses,
bacteria, and parasitoids (Douglas 2015).

Insect viruses, especially the arthropod-borne viruses (arboviruses) such as
Dengue, West Nile, Chikungunya, and others can cause disease in humans and pose
a major global health burden (Jupatanakul et al. 2014). The resident microbiota of
insects can potentially be exploited as modulators of insect vector competence.

Gut microbial communities have been extensively studied in social bees (Kwong
and Moran 2016). The gut microbiome of honey bees (Apis mellifera) shows
similarities to the mammalian, including human, microbiota (both are mostly
composed of host-adapted, facultatively anaerobic and microaerophilic bacteria),
but the microbiome of the bee gut is much simpler than the mammalian microbiota
(only nine bacterial species clusters are specific to bees, and these bacteria are
transmitted through social interactions between individual bees) (Kwong and Moran
2016). In addition to serving as model organisms in microbiome research, bees are
also of global economic importance because they are (together with bumble bees)
the main pollinators of many crops and wild flowering plants. For these reasons,
studying the bee gut microbiome is of great importance.
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The Earthworm Microbiome

Earthworms are oligochaete annelids used in ecotoxicology, comparative biochemis-
try, physiology, regeneration, and innate immune system studies, and, more recently,
studies related to the earthworm microbiome. In 2013, Dvofak and colleagues reported
data on the microbial environment and its effects on innate immunity in two closely
related earthworm species E. andrei and E. fetida, which inhabit different ecological
niches (E. andrei lives in compost and manure, E. fetida can be found in the litter layer
of forests) (Dvordk et al. 2013). Coelomic cytolytic factor (CCF; a pattern recognition
protein) and lysozyme showed only slight differences in expression level and activity,
whereas fetidin/lysenin expression and hemolytic activity was higher in E. andrei than
in E. fetida. After exposure of E. fetida to compost microbiota, expression of fetidin/
lysenin was not affected (the reasons for which are not well-understood). Importantly,
genomic DNA analyses revealed an approximately twice as high number of fetidin/
lysenin gene copies in E. andrei than in E. fetida. The authors hypothesized that E.
andrei, by colonizing and adapting to compost as a new habitat, may have acquired an
evolutionary advantage that is reflected in higher expression of antimicrobial proteins.
In another study, the same group reported on the earthworm’s immune defenses
against infection (Dvordk et al. 2016). This latter work suggested that microorganisms
are sensed by pattern recognition receptors in the gut, and this information might be
transferred into the adjacent mesenchymal lining that contains precursors to coelomo-
cytes (Dvordk et al. 2016).

Liu et al. carried out a comparative study of gut microbiota of earthworms
(E. fetida) that were fed in three different substrates: nutrient-poor soil, mineral soil,
or organic-rich compost soil (Liu et al. 2017). High-throughput sequencing was
used to characterize the earthworm gut microbes. Data showed that the microbial
community in the earthworm gut was dominated by microbial taxa Proteobacteria,
Firmicutes, Actinobacteria, Chloroflexi, and Bacteroidetes. There was a core
microbial community in the earthworms’ gut, but the total gut microbial composition
differed between substrates. Proteobacteria and Bacteroidetes were more abundant
in earthworms kept on organic-poor substrates than in the gut of earthworms kept in
organic-rich compost soil. It was postulated that these bacteria may help earthworms
survive in a nutrient-poor environment. In an unrelated study using E. andrei
earthworms, we analyzed the microorganisms on the body surface and in the
coelomic cavity and have identified numerous microbes (Table 1). Interestingly,
despite the use of different species, different anatomic sites, and different
environments, there was a partial overlap between the microbial species identified
by Liu et al. (2017) and those identified in our study (Table 1) (overlapping microbes
were Acinetobacter and Aeromonas). Prochazkova et al. studied the activity of
digestive enzymes and non-self recognition in the gut of E. andrei earthworms.
They showed a correlation between expression of CCF, lysozyme, and other enzyme
activities in the gut of earthworms, following a challenge with various microbes.
The data suggested that enzymes that play important roles in molecular pattern
recognition and effector pathways are modulated during microbial challenge.
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Table 1 Isolated microor- Body surface Coelomic cavity

ganisms from Eisenia andrei Aeromonas hydrophila ~ Aeromonas hydrophila

earthworms Aeromonas media Aeromonas media
Pseudomonas alcaliphila  Aeromonas caviae
Serratia marcescens Serratia marcescens

Pseudomonas anguilliseptica
Acinetobacter Iwoffii
Comamonas testosteroni
Comamonas aquatica

Laminarinase (p-glucanase) and glucosaminidase activities were increased in addi-
tion to upregulation of CCF and lysozyme expression (Prochdzkova et al. 2013).

Another study reported that L. terrestris earthworms fed a crystalline cellulose
diet had a longer lifespan than high energy-fed earthworms (Rudi and Stratkvern
2012). Further, independent of the feeding regimen, earthworms that contained
Ferrimonadaceae bacteria showed an increased lifespan.

Finally, it should be noted that in addition to the exciting research summarized
herein, network-based analytical approaches are starting to be used to disentangle
and better understand the interactions between the microbiome and the host that
comprise the holobiont, as well as to reveal the complex interactions within the
polymicrobial microbiome (Layeghifard et al. 2017).

Regeneration, Immunity, and Earthworms
About Regeneration: A Concise Introduction

Since the pioneering observations of Abraham Trembley, Charles Bonnet, and
Lazarro Spallanzani, studies on animal regeneration have been extensively reported
(Dinsmore 2001). Indeed, the mystery of restoration mechanisms was what excited
Thomas Hunt Morgan most in his early scientific career (Morgan 1901). He also
determined the ways that the injured body parts are regenerated in various organisms
(earthworms, fish, and tadpoles). Organs and tissues are restored by a regeneration
process called epimorphosis. During this type of regeneration, stem cells/progenitor
cells (named neoblasts in some model species) become activated, proliferate, and
form a regenerating blastema. Subsequently, this blastema differentiates into an
emerging bud to form the restored body parts. Additionally, other regenerating
mechanisms such as morphallaxis are also involved in the body restoration. In this
case, intact cells reorganize the injured tissue or severed organ/organism without
stem cell involvement and proliferation (Mainschein 2011). According to the recent
literature, morphallaxis operates mainly in invertebrates, while epimorphosis exists
in both invertebrate and vertebrate species. Surprisingly, there is a strong variation
in the regeneration capacities even within closely related species. For instance,
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annelids, like many other invertebrate animals, are able to replace lost body parts
(segments) by regeneration (Dinsmore 2001). However, this ability is prominent in
certain annelid species but not in others; for example, leeches do not regenerate
their lost segments. Most of the Oligochaeta earthworms can regenerate both ante-
rior and posterior body parts (Bely 2006).

On the other hand, regeneration is considered to be an alternative process of
development because both regeneration and development are terminated at the same
endpoint; the adult body plan will be built or restored. Until recently, only a few
studies tried to directly compare regeneration with embryogenesis, but it is unlikely
that there are distinct programs between these two biological processes (Myohara
2004; Zattara and Bely 2011). For better understanding of these mechanisms, addi-
tional molecular biological approaches need to be carried out.

Indeed, multicellular organisms have variable regenerative capacity. Considering
the ancestries of regeneration it is frequently noted that in some invertebrates the
capability to reproduce asexually is tightly combined with regeneration. It seems
that restorations of certain injured body parts (e.g., limbs and eyes) are restricted in
the course of evolution (Fig. 3).

Regenerative Capacity and Immune Response

Interdependency of inflammation and regenerative capacity dates back to some
invertebrates appearing early in phylogenesis. Recent data claim that regeneration
of injured body parts in various organisms is inversely correlated to the complexity
of their immune response (Eming et al. 2007; Godwin et al. 2013). One of the first
clues on the crosstalk between regeneration and immunity was derived from the lens
restoration process of newts (Godwin and Brockes 2006); in a specialized sequence
of events (so-called transdifferentiation), the dorsal iris cells mediate the replacement
of the damaged lens. Additionally, the immune response is triggered by a damaged
lens structure. On the other hand, fin regeneration in zebrafish is not dependent on
the recruitment of inflammatory cells (e.g., neutrophils and macrophages) to the site
of injury (Mathew et al. 2007). Upon injury, the host immune response not only
defends against infections, but facilitates the removal of cellular debris at the site of
the wound. Among tailed Amniotes, only lizards are able to regenerate their tail; in
contrast, their removed limbs are passed into a scar or tail-like outgrowths.
Transcriptome analyses revealed strong downregulation of immunoglobulin and
surface B and T receptor genes in the tail blastema of Podarcis muralis. In contrast,
upregulation of inflammatory genes was observed in the limb blastema. It is prob-
able that the regenerating tail demands immune suppression. The development
of adaptive immunity is hypothesized to induce scarring instead of the regeneration
process, which might be a significant obstacle to tissue regeneration in higher ver-
tebrates (Vitulo et al. 2017).

Despite its vital importance in physiology, the positive, negative, or neutral
mechanisms that orchestrate the regeneration process and the immune response are
poorly understood.
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Fig. 3 Schematic illustration of the regenerative capacity in a phylogenetic tree of various inver-
tebrate and vertebrate phyla. Distinct organisms have different regeneration capacities, ranging
from whole-body regeneration to cell renewal, which is illustrated by the different colors in the
animal groups according to available publications. Photographic images show the representatives
of various animal groups: cnidarians (Chrysaora fuscescens), mollusks (Cepea nemoralis), anne-
lids (Eisenia andrei), arthropods (Papilio glaucus), echinoderms (Asterias vulgaris), fish
(Amphiprion ocellaris), amphibians (Bufo americanus), reptiles (Tarentola mauritanica), birds
(Limosa limosa), and mammals (Tamias striatus). (All images were taken by Péter Engelmann
except for Tarentola mauritanica, which was captured and provided generously by Mariann Szabd)

Earthworm Regeneration

Earthworms have enormous ability to regenerate their lost/injured body segments
(Liebmann 1943). Interestingly, the ability to restore body segments is present in
certain annelid groups, while it is limited in others such as leeches (Bely 2006). In
the course of evolution, earthworms have probably acquired this regeneration
capacity because of their high likeliness to be attacked by natural predators resulting
in the injury or loss of body segments. The regeneration process depends on
numerous factors such as ambient conditions, nourishment, and developmental
stages as well as the position and/or numbers of segments that are removed. It seems
that regeneration of anterior segments is significantly limited as more segments are
abolished. For instance, E. fetida is not capable of anterior regeneration if more than
20 segments are amputated (removed) (Berrill 1952). In addition, in contrast to the
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anterior body parts, posterior regeneration is a robust and almost universal process
in various annelid groups. Moreover, during anterior regeneration, the survival rate
of regenerating earthworms is dramatically reduced if the cerebral ganglion is
involved in the injured/lost segments (Xiao et al. 2011).

Generally, the newly produced segments are regenerated by epimorphosis.
During this process stem cells/progenitor cells (e.g., neoblasts) are activated and
form a regenerating blastema. Subsequently, this blastema turns into an emerging
bud to form a new segment either at the head or tail part. Interestingly, other
regenerating mechanisms such as morphallaxis are also involved in the body
restoration. In this case, the intact cells reorganize the body segment without stem
cell involvement (Zoran 2010). Molecular aspects of regeneration are largely
unexplored in oligochaete annelids. Most of the molecular data (e.g., hox and
hedgehog genes) are derived from regeneration experiments involving Platynereis
polychaete and Pristina naidid annelid species (Nyberg et al. 2012; Tessmar-Raible
and Arendt 2003).

Immune Response During the Course of Earthworm Regeneration

It has long been known that coelomocytes participate in the regeneration and wound
healing of injured earthworms (Liebmann 1943). Following tissue transplantation,
phagocytic coelomocytes migrate into the injured tissue and eliminate damaged
epithelial and muscle cells during wound healing (Cooper and Roch 1984).
Moreover, it is speculated that migrating coelomocytes have supporting functions
providing hormones, nutritive factors, and growth factors for the regenerating
segments (Jamieson 1981; Somogyi et al. 2009). However, this hypothesis has been
challenged by arguing that coelomocyte deprivation did not affect the kinetics of
segmental regeneration (Moment 1974). This discrepancy might be solved if we
consider not only the restoration of the segments but also the organ-specific regen-
eration. Straightforward experiments proved that immune cells actively participate
in the regeneration of the crustacean central nervous system (Chaves da Silva et al.
2013). In addition, we now know that production of certain antimicrobial factors
(theromacin, neuromacin, lumbricin) can also enhance the restoration of injured
axons in the leech Hirudo medicinalis (Schikorski et al. 2008). Recent experiments
demonstrated that coelomocyte depletion could significantly delay the restoration
process of the cerebral ganglion in Dendrobaena veneta (Molnar et al. 2015;
Okrzesik et al. 2013). These findings underline the possible involvement of coelo-
mocytes in tissue regeneration.

According to our recent preliminary observations, regenerated segments (Fig. 4a)
are abundant in certain types of coelomocytes (Fig. 4b). Coelomocytes are frequent
in the lacunae of the regenerating blastema and in the neighboring intact segments;
however, coelomocytes are less frequent in the appropriate location of intact
animals. Immunostaining with the a-EFCC5 mAb (lysenin-specific) has revealed
that these coelomocytes are mostly lysenin-producing eleocytes (Fig. 4c, d).
Whether the role of lysenin-producing cells is related to the clearance of apoptotic
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Fig. 4 Parasagittal sections of regenerating blastema in Eisenia andrei earthworms. (a)
Hematoxylin-eosin staining of 2-week-old regenerating blastema. (b) Inset representing a larger
magnification of the parasagittal section where eleocytes (arrow) are evidently present in the newly
developed segments. Immunofluorescence analysis (¢, d) using a lysenin-specific a-EFCC5
monoclonal antibody (fluorescein isothiocyanate [FITC] conjugated) shows that the lysenin-rich
eleocytes (arrowheads) are abundant in the regenerating segments. DAPI (4’,6-diamidino-2-
phenylindole) counterstain was used. The dotted line marks the beginning of intact segments.
Scale bars: 1000 pm (a), 100 pm (b), 200 pm (c), and 50 pm (d). E eleocytes, G gut, M
metanephridium, S septum

cells and/or the immune response against injury-related infections is a matter of
debate and could be addressed with a new set of experiments.

Future research in this field may shed more mechanistic insights into the possible
involvement of coelomocyte subpopulations in the earthworm regeneration process.

Conclusions and Perspectives

In this chapter we have given a short overview of the advances and interconnected-
ness of various fields of research on the innate immune system, transcriptomics,
epigenetics, microbiota, and regeneration in invertebrate organisms, focusing on
earthworms. It is becoming clear that in the “omics” era new and important questions
can be addressed both on the evolutionary scale (e.g., role of microbiota in the
emergence of innate immunity) and processes occurring on shorter time scales (e.g.,
regeneration). Invertebrate model organisms continue to yield valuable data in these
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fast-advancing fields of research. Earthworms are also increasingly studied as
sentinel organisms in the context of ecotoxicology and effects of soil pollution on
the epigenome. A highly complex network of epigenetic modifications plays
fundamental roles in the development and immunity in various organisms from
worms to humans, which are viewed as holobionts of host organisms and symbiotic
microbiota. Finally, this chapter summarizes the current state of research of
earthworm (and invertebrate) immunity, but the “Quo vadis?” of this field is only
just becoming discernible. We expect that the main directions for future research
will likely be determined, in part, by the currently available data and the “omics”
methodologies that are becoming more powerful, as well as by the application of
“network science”, which will help in integrating the current and future research
data, thus revealing new horizons in this exciting field.
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Environmental significance statement

Silver and gold nanoparticle-based products have been broadly utilized in both commercial
and biomedical fields, and their potential ecotoxicological impacts should be further
considered. In particular, harmful effects on the immune systems may result in an undesirable
physiological consequence of the exposed organisms. Using macrophage-like cells
(coelomocytes) separately harvested from two closely-related Eisenia species of earthworms,
we compared their biological responses to silver/gold nanoparticles at molecular and cellular
levels. Our in vitro findings reinforce the existence of species-specific responses towards
nanoparticles, which may influence the organism's susceptibility. As nanoparticles behave
differently from classical environmental contaminants, additional concerns should be given
for species extrapolation from ecotoxicological models to higher or even closely related

organisms.
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Abstract

Two closely-related earthworm species have long been used as model organisms in
ecotoxicology. The same nanoparticles (NPs) may affect the two species differently, not only
because of the inherent differences in susceptibility but also due to how immune system could
recognize NPs. In a comparative approach using FEisenia andrei and E. fetida, we study
various immune-related parameters of earthworm coelomocytes following in vitro exposure to
10 nm NPs (silver, Ag; and gold, Au) or dissolved Ag (AgNO;). In general, E. fetida
coelomocytes were more susceptible to AgNPs and AgNO; while AuNPs did not show
cytotoxicity. At the sub-cellular level, AgNPs, similarly affected cellular redox reactions in
both species however, E. fetida showed greater responses for apoptosis-related endpoints. At
the molecular level, AgNPs (at 24 h LC,y) induced a significantly high level of superoxide
dismutase in E. andrei coelomocytes while E. fetida was additinally characterized by
consistent induction of metallothionein, differential capacity for redox and metal regulation.
Although AuNPs were not cytotoxic, both NP types (Ag and Au) seemed to alter the
expression pattern of immune-related genes (foll-like receptor and lysenin) in both species,
but more clearly in E. fetida. We further observed that lysenin proteins, while secreted
differently between the two species, bind only to AgNPs resulting in negative secretion
feedback. Our findings support the general preference of E. fetida in ecotoxicology, and
reveal the potential roles of protective and immune mechanisms optimized for each species in

its own ecological niche.

Keywords: innate immunity, coelomocytes, AgNP, AuNP, apoptosis, gene expression pattern
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1. Introduction

Metal nanoparticles (NPs) are nanomaterials of particular interest in commercial and
biomedical fields due to their unique physico-chemical and optical properties!-3. For example,
silver (Ag) NPs are the most utilized engineered NPs in commercial products owing to their
antimicrobial attributes while gold (Au) NPs have found an intriguing niche as a
diagnostic/sensing tool in biomedical imaging*°. In this regard, the increasing number of
applications of engineered NPs in those products may, if not properly regulated, lead to their
significant accumulation in the environment®®. Their potential impact is largely unknown;
therefore nanotoxicology is considered to be a ramification of toxicology®. So far, numerous
studies have focused on the acute and deleterious effects of AgNPs (e.g. cytotoxicity), but we
own limited knowledge about the immunobiological out-comes in general!® !,

Previous studies suggest that AgNP toxicity is largely dependent on the material
composition, size, shape and coating or capping agents'?. It is generally accepted that
oxidative dissolution of AgNPs and thus the release of bioactive Ag ions results in excess
reactive oxygen species (ROS) generation leading to DNA damages and apoptotic
responses'> 1315 In contrast, AuNPs are highly resistant to oxidative dissolution and
somewhat inconsistent results have been reported, indicating the unpredictable nature of NP
toxicity!®. Spontaneous formation of biomolecular coronas in biological fluids is also
considered as a factor modulating the cellular interactions and toxicity of those NPs’.

Invertebrate animal models have been long applied to study the evolution of innate
immune responses by cross-referencing to the more complicated mammalian immune
system!4 17-19 Among terrestrial invertebrates, earthworms are “keystone” species to monitor
the health of the soil ecosystem?’. Earthworm coelomocytes constitute the cellular arm of
innate immunity and are classified into amoebocyte and eleocyte subpopulations, the former

of which is considered to be ancestors of vertebrate macrophages!® 3. In addition, the
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coelomic fluid that accommodates coelomocytes possesses a wide range of bioactive
molecules (fetidin/lysenin, lysozyme, and lumbricin) that comprise the humoral arm of
earthworm immunity?!-24,

Several detailed in vitro and in vivo reports on AgNPs exist in the literature that
applied cell cultures and different organisms; however, the interpretation of the impact of
these NPs on the regulation of biochemical processes and immune system has been
disputable!® 6. As a pioneer study that unfolds the conserved mechanisms between
invertebrate and vertebrate immune cells underlining molecular and cellular responses to
AgNPs, Hayashi et al, (2012)'* compared Eisenia fetida coelomocytes and THP-1 cells
(human acute monocytic leukemia cells). This was later linked to the in vivo exposure®
scenarios providing molecular signatures for the involvement of immune responses that were
rather dissimilar between the treatments by AgNPs and the dissolved counterpart. While those
studies appreciated the evolutionary differences and exposure scenarios associated with the
immune system, the horizontal axis of the phylogeny is still not considered in the context of
nanotoxicology.

E. andrei and E. fetida are two closely-related earthworm species widely used in
standardized ecotoxicological testing and discerned as separate species by their minor
morphological features. In fact, their natural living environment fundamentally indicates
dissimilarities in the niche; more specifically, E. andrei can be present in manure and compost
while E. fetida subsists in moist forest soil, however both Eisenia spp. frequently constitute
mixed colonies?®. Despite that Eisenia spp. have long been applied as model organisms in
comparative immunology!®, the exact genetic distinction between the two species has only
recently been solved by species-specific primers for mitochondrial gene cytochrome oxidase
(COI) I subunit?’. Furthermore, earlier results evidenced gene expression variations between

the two Eisenia species in the basal levels of fetidin/lysenin which is an Eisenia specific gene
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involved in molecular responses and the formation of species-specific protein coronas around
AgNPs!8,

In this work, we study biological interactions between earthworm immune cells and 10
nm noble metal NPs (AgNPs and AuNPs) both at molecular and cellular levels in vitro.
Briefly, we ascertained marked contrast of the two earthworm species in the susceptibility of
coelomocytes to AgNPs at both biological levels. To the contrary, AuNP exposure had no
detectable effects on cell viability of coelomocytes from both species, but it clearly affected
gene- , and protein expression of /ysenin. To the best of our knowledge, this is the first report
that describes a direct comparison of earthworm coelomocytes from the two closely-related
species E. andrei and E. fetida on the molecular/cellular toxicity of AgNPs and AuNPs. We
further aim to link the ex sifu lysenin/protein-corona formation and protein secretion to the

observed responses of coelomocytes.

2. Materials and methods
2.1. Earthworm husbandry

Adult (clitellated) E. andrei and E. fetida earthworms were maintained under standard
laboratory conditions and collected from breeding stocks?®. One day before coelomocyte
isolations earthworms were placed onto moist tissue paper for depuration to minimize soil
contaminations during coelomocyte harvesting. The genotypes of the two species were

validated according to Dvoidak et al., (2013)".

2.2. Extrusion of coelomocytes and in vitro exposure conditions
Coelomocytes were separately harvested from E. andrei and E. fetida earthworm
species in the same manner as we described earlier®* and detailed in the electronic

supplementary information (ESI). Following the cell isolations and enumerations (5x10°
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cells), coelomocytes were exposed to different concentrations of NPs (1.25-40 pg/mL) for
several time points (1-24 h) in RPMI-1640 cell culture media (with HEPES 3.5 g/L, pH 7.4)
supplemented with 1% penicillin/streptomycin (100 U/mL penicillin and 100 pg/mL
streptomycin, Lonza, Basel, Switzerland) and 1% heat-inactivated FBS (Euroclone, Milan,
Italy) and placed onto 24-well plates'®. Where interference is expected in colorimetric
measurements, phenol red-free RPMI was used instead. Double-distilled-water (ddH,O)
served as a negative control (in the same volume as the highest concentration of AgNP
treatments) and AgNOs as a positive control for dissolved Ag cytotoxicity'4. During flow
cytometry-based detections only amoebocytes were gated for the analysis as the eleocyte

population has a high autofluorescence level.

2.3. Nanoparticles

Polyvinylpyrrolidone (PVP)-capped 10 nm AgNPs and AuNPs (1 mg/mL, BioPure,
OECD standard) were purchased from NanoComposix (San Diego, CA, USA) and stored at 4
°C in the dark according to the manufacturer’s instructions. Dissolved AgNO; was purchased

from Sigma-Aldrich (Budapest, Hungary).

2.4. Physico-chemical characterization of NPs

Highest applied concentrations of 10 nm AgNP and AuNP (40 pg/mL) was incubated
for 24 h at room temperature (RT) in ddH,O, PBS, RPMI-1640, RPMI-1640 supplemented
with 1% FBS. The light absorbance profile (characteristic to the localized surface plasmon
resonance of those NPs) was studied by UV/VIS spectrophotometry to determine the
aggregation states and particle morphology under exposure conditions. After desalting,
particle sizes and morphology of NPs were also investigated at high resolution using a

transmission electron microscope (TEM)!'4. The hydrodynamic size and polydispersity index
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(PdI) of NPs under exposure conditions were determined by a dynamic light scattering (DLS)
device (Zetasizer Nano ZS, Malvern Panalytical, Worcestershire, UK). Likewise, zeta
potentials were measured but after three washing steps with ddH,O (3%x20 min, 18 kRCF) to
remove serum proteins and minimize electrolyte concentrations!# 2°. For the quantification of
dissolved ion concentrations, NPs were pelleted by ultracentrifugation (1 h, 164-192 kRCF, 4
°C) and metal concentrations in the supernatant were analyzed by inductively-coupled plasma
mass spectrometry (ICP-MS). More details of the particle characterization are provided in the

ESIL

2.5. Concentration-response curve fitting, and the choice of test concentrations
Concentration-response curves were fitted to the results obtained from live/dead cell
assays in order to estimate LCy values for 24 h exposure (see ESI for details). To further study
the cytotoxicity mechanisms, we chose a high concentration range for AgNPs (15, 30 and 40
pg/mL) and the highest AgNO; concentration at which >95% of cells were affected (1.35
pg/mL) to ensure a high signal-to-noise ratio at earlier time points than 24 h. As AuNPs did
not induce cytotoxicity at any of the concentrations tested, we chose 20 pg/mL as an
intermediate concentration comparable to the AgNP treatments. Where possible, the same
live/dead stain 7-AAD (Biotium, Fremont, CA, USA) was used in combination with
functional stains in flow cytometry to exclude dead cells or cells with leaky membranes from
analysis. For sub-lethal endpoints such as gene and protein expression profiles, we used
average LC,, values referred to as "low-cytotoxic concentrations" (AgNP: E. andrei 2.71
pg/mL and E. fetida 2 pg/mL; AgNO;. 0.20 pg/mL) as well as 20 pg/mL AuNP for a

comparison.
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2.6. Flow cytometric analysis of oxidative, and mitochondrial stress

Following exposure to selected concentrations of AgNP, AuNP or AgNOs;, the
amoebocyte population of coelomocytes were evaluated for oxidative and mitochondrial
stress parameters (intracellular ROS level, nitric oxide production, caspase-3 activity and
mitochondrial membrane potentials) by flow cytometry.

The measurements and data analyses were performed using a FACSCalibur (Beckton
Dickinson, Frankin Lakes, NJ, USA) flow cytometer and a FCS Express (DeNovo Software,
Glendale, CA, USA) software, respectively. Intracellular ROS profile was investigated for
early time points (1, 2 and 4 h) using 2,7-dichlorodihydrofluorescein diacetate (H,DCF-DA;
Sigma-Aldrich) for staining and hydrogen peroxide (100 pM, H,0,) as a positive ROS-
inducer control in phenol red-free cell culture media. After exposure, coelomocytes were
collected, spun down and loaded with 10 uM H,DCF-DA for 25 min in the dark at RT.
Thereafter the cells were washed twice with LBSS (5 min, 100 RCF) prior to flow cytometry.
Fluorescence signals were detected in FL1 (530/30 filter) gated on the population with intact
cell membranes, as determined by 7-AAD in FL3 (670 LP filter).

For nitric oxide (NO) measurements, coelomocytes were collected at 4 and 24 h time
points, washed with LBSS (5 min, 100 RCF), and stained with 4-Amino-5-methylamino-2’,7'-
difluorescein (10 uM DAF-FM-DA, Sigma-Aldrich) for 20 minutes in the dark at RT. After
incubation, coelomocytes were washed with LBSS (5 min, 100 RCF) and subsequently
monitored by flow cytometry in FL1 (530/30 filter) along with of 7-AAD in FL3 (670 LP
filter). Caspase-3 activation and mitochondrial damages were studied likewise using a dual
NucView488 (detected in FLI1, 530/30 filter) and MitoView633 (detected in FL4, 661/16

filter) Apoptosis Assay Kit (Biotium).
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2.7. Apoptosis detection by TUNEL-assay

To verify apoptosis induction determined by the caspase-3 activity study above, Click-
it Plus TUNEL Assay (modified terminal deoxynucleotidyltransferase-dUTP nick end
labelling) with Alexa Fluor 488 fluorescent dye (Life Technologies, Carlsbad, CA, USA) was
applied to detect the double-stranded DNA-breakage at 24 h exposure. Coelomocytes (80 pL
from 5x10°/mL) were spread onto glass slides using Cytospin 3 (SHANDON, Thermo
Scientific, Waltham, MA, USA) apparatus. Slides were dried at RT overnight, before the
assay was performed according to the manufacturer’s instructions. Cell nuclei were
counterstained with 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI, 10 pg/mL, Life
Technologies) and then observed using an Olympus BX61 microscope and an AnalySIS

software (Olympus Hungary, Budapest).

2.8. Comet assay

To study the DNA damage by Comet assays, coelomocytes (10° cells) were exposed
for 24 h to AgNPs, AuNPs or AgNOs; or the positive control UV-C for 30 s. Following two
washing steps with LBSS (5 min, 100 RCF) alkaline-based sandwich-agarose gel technique
was applied on slides according to previous studies®’. Briefly, Normal Melting Point agarose-
gel (NMA, 0.5%) constituted the first layer and coelomocytes were mixed into the second
layer with Low Melting Point agarose gel (LMA, 0.5%), that was covered by another LMA-
layer without cells to form the third layer. Thereafter slides were placed in a lysing-solution
(1% sodium sarcosinate, 2.5 M NaCl, 100 mM Na,-EDTA, 1% Triton X-100, 10% DMSO,
and 10 mM Tris) for overnight incubation in the dark at 4 °C. The next day, slides were kept
in cold electrophoresis buffer (200 mM EDTA, 10 N NaOH, pH: 10) for 20 min. DNA-
strains electrophoresis was performed in the same buffer for 40 min at 0.46 mV/cm and 132

mV in the dark. Slides were washed with a neutralizing solution (0.4 M Tris) three times for
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5 min and stained with ethidium bromide. At least 80 individual cells were scrutinized from
each treatment under an Olympus BXS50 fluorescent microscope with 400x magnification
and evaluated by an image analysis software (Comet assay IV; Perceptive Instruments Ltd.,
Bury St Edmunds, UK). Tail Moment values (TM, the extent of the head and tail, size of the

head and the strength of fluorescent intensity) were measured for the analysis.

2.9. Gene expression profiling

Coelomocytes were exposed (5x10° cells/well) for 2, 12 and 24 h to low-cytotoxic
concentrations (LCyo) of AgNPs (E. andrei 2.71 pg/mL, E. fetida 2 ng/mL) or AgNOs (0.20
pg/mL), or 20 ng/mL AuNP for a comparison as above. Five independent experiments were
performed for all conditions. At each time point, coelomocytes were collected and washed
twice with LBSS (5 min, 100 RCF). Total RNA extraction and cDNA synthesis were
performed following the manufacturer's instructions and described in details in ESI, along
with the temperature setting used for quantitative real-time PCR (qPCR).

For SYBR Green-based qPCR, the cDNA templates were mixed with gene-specific
primer pairs designed using a Primer Express software (Thermo Scientific) and the primer
sequences are summarized in Table S1. The raw fluorescence qPCR data was used to
calculate the amplification kinetics and thus the initial quantity of template cDNA (R)) using
DART-PCR?3!, For normalization of the calculated R, values, we tested both the conventional
housekeeping gene approach (RPL17 as the internal reference gene) and using the data-driven
algorithm NORMA-gene*?. We opted for the latter approach as it proved more conservative
(i.e. minimal influence on the inter-group variation) and effective normalization (i.e. reduction
in the intra-group variation). The NORMA-gene normalized R, values were then presented

relative to the geometric means of the control values at each corresponding time point.

10
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Heatmaps were created on log,-transformed and scaled datasets using the gplots package (ver.
3.0.1.1) in the R environment (ver. 3.5.1.).

For multivariate analyses of the gene expression datasets, principal component
analysis (PCA) and correspondence analysis (CA) were performed using the FactoMineR
(ver. 1.41)33 and factoextra (ver. 1.0.5) packages for R. For PCA, the gene expression values
were logy-transformed and scaled. We performed PCA to reduce the dimensionality of the
data so as to identify general variations among categories such as species, exposure duration
and treatments as well as their combinations. CA was performed without standardization (i.e.

scaling) to visualize the treatment-specific gene expression patterns over time.

2.10. Profiling of ex-situ protein coronas around nanoparticles

To study the composition of protein coronas around AgNPs and AuNPs, we applied
the same methods as described in Hayashi et al,, (2013)3* with some modifications. Briefly, to
obtain coelomic proteins (CP) from the coelomocyte culture, the cells (5x103 cells/mL) were
incubated for 24 h at RT in RPMI cell culture media without serum supplement. The culture
medium was then aspirated and centrifuged (5 min, 500 RCF) to remove cells. The
supernatants were centrifuged again (10 min, 1700 RCF) and filter-sterilized (through 0.22
um membrane filters), after which the CP was collected in Protein LoBind tubes (Eppendorf,
Hamburg, Germany). According to the earthworm species from which the CP was derived, it
was named EaCP or EfCP (E. andrei and E. fetida coelomic protein, respectively). Total
protein concentrations of the CPs were quantified using a BCA-kit (Sigma-Aldrich) and were
typically in the range of 250-300 pg/mL. As these concentrations were not high enough to
serve as an alternative to 1% FBS (400-600 pg protein/mL), we decided to spike the CP in
BSA protein background, achieving a total of 800 pg protein/mL of which 100 pg/mL was

CP and 700 pg/mL was BSA. This represents a >5-fold higher protein concentration sufficient

11
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to cover the theoretical total surface area of 20 pg of 10 nm AgNPs (106 pg proteins to 11
cm? AgNP surface) and 10 nm AuNPs (58 pg proteins to 6 cm?> AuNP surface). In line with
these calculations, we used 1 mL of 20 pg/mL AgNPs and AuNPs. As for the control, we
used the same incubation condition without the CP spike. Samples were incubated on an end-
over-end rotator for 24 h at RT in the dark, and then were centrifuged for 30 min at 16 kRCF
at 21 °C. Supernatants were removed and NPs washed three times with PBS (30 min, 16
kRCF, 21 °C). After the final washing step 2xSDS sample loading buffer was added and
samples were boiled for 5 minutes, followed by another centrifugation (30 min, 16 kRCF, 4
°C) to pellet NPs. Supernatants were stored at -80 °C. SDS-PAGE and Coomassie-Brilliant
Blue staining were performed as per standard protocols. Reference protein samples were
prepared directly from CP (i.e. without incubation with NPs) for comparison with corona
proteins on NPs. Images were analyzed with a VilberLourmat Bio-Profil Version 97 gel
documentation system (Collégien, France) and a Biocapture Version 12.6 software. In
addition, protein identification of excised bands by liquid chromatography combined tandem
mass spectrometry (LC-MS/MS) and Western blots (WB) were performed to precisely
identify the discrete bands. Specific details of LC-MS/MS measurements and WB are

provided in the ESI.

2.11. Analysis of NP-induced protein secretion

Protein secretion profile was examined according to Hayashi et al., (2016)%. Initially,
coelomocytes (5%10° cells/sample) were exposed for 4 h and 24 h at RT to the corresponding
concentrations of NPs under the same exposure conditions as used in the gene expression
study. Vehicle controls were prepared by adding ddH,O to cells instead of NPs. Following
incubations, the culture supernatant (including NPs) was collected into a Protein LoBind tube

(Eppendorf), spun down (5 min, 500 RCF) to remove cells and centrifuged again (10 min,

12
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1700 RCF). The total protein concentrations were quantified using a BCA-kit (Sigma-
Aldrich) and adjusted to 400-600 pg/mL. SDS sample buffer was added to a small aliquot of
the cell-free supernatant and boiled for 5 min. To remove NPs, samples were centrifuged (30
min, 16 kRCF, 4°C), then SDS-PAGE and Coomassie-Brilliant Blue staining was performed

as per standard protocols. Image J (NIH) was employed for densitometry analysis.

2.12. Statistical analyses

Each experiment (except qPCR) was repeated three independent times (n=3).
Statistical analyses were carried out with Prism v5.0 (GraphPad Software, La Jolla, CA,
USA). Distribution of normality was overseen prior to additional statistical tests (Shapiro-
Wilk Normality Test). All data are presented with the mean and standard error of the mean
(SEM). Results were analysed by one-way ANOVA with Kruskal-Wallis test followed by
Dunn’s post hoc test. The significance level of &= 0.05 was applied for all statistical tests.
For qPCR datasets, the relative gene expression values were log-transformed to satisfy the
assumption of normality. Student’s #-test (or Welch’s #-test where appropriate) was performed
in R following Levene’s test on the homogeneity of variances. Significant differences

between controls and treatments at each time point were determined as = 0.05.

3. Results and discussion

3.1. Physico-chemical characterization of NPs under exposure conditions
Characterization of NPs under the exposure conditions is essential since any biased
physico-chemical factors could dramatically influence the cellular response®®. Even in the
high electrolyte and protein-rich milieu, AgNPs revealed a narrow absorbance peak
characteristic of localized surface plasmon resonance, suggesting a monodispersed population

(Fig. 1a). This was further supported by DLS and TEM (Table 1, Fig. 1c and d), where they

13

Page 16 of 62



Page 17 of 62

oNOYTULT D WN =

Environmental Science: Nano

also showed a narrow hydrodynamic size distribution, low PdI (Table 1) and no signs of
particle aggregation, respectively. AuNPs, on the other hand showed a broader peak in the
absorbance spectrum indicating heterogeneity in localized surface plasmon resonance due to
the presence of multimeric clusters rather than singly dispersed particles (Fig. 1b). The mean
hydrodynamic size and PdI were also a little larger than that of AgNPs (Tablel and Fig. 1c),
although the inherent particle size as observed in TEM was smaller (Fig. le). These
characterization results suggest that, while some degree of protein-induced agglomeration is
apparent in AuNPs, the NPs were in general colloidally stable under the exposure conditions
used in this study.

Oxidative dissolution of metal NPs, AgNPs in particular, is a critical process that can
obscure the NP-specific effects on toxicity as the ionic counterpart is known to be highly
bioactive!4. To address this problem, the dissolved metal ion concentrations were determined
by ICP-MS analysis after removal of NPs by ultracentrifugation. The results suggest that
oxidative dissolution under the exposure conditions is not a major concern in both NP types,
as dissolved fraction was only <0.4% of the total metal mass (Table 1). For the highest
concentration of AgNPs used in this study, the dissolved Ag was 0.16 ng/mL, corresponding

lower concentration regime used for the AgNO; treatment.

3.2. Concentration-dependent cytotoxicity is evoked by AgNPs but not AuNPs

We first determined the concentration-response relationship, based on which we
selected test concentrations for futher analysis on sub-lethal end-points. Following 24 h
exposure to a series of concentrations (1.25-40 pg/mL for AgNPs and AuNPs, 0.05-1.35
pg/mL for AgNOs;), the survival rate of coelomocytes was evaluated by 7-AAD, a cell
membrane-impermeant nuclear stain. In the flow cytometry analysis, we referred to the

amoebocyte population as the surrogates for total coelomocytes, because eleocytes (the other
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major population of coelomocytes) possess a high riboflavin content that results in strong
autofluorescence?®. In both earthworm species, AgNP (and AgNOs; at lower concentrations)
but not AuNPs exerted concentration-dependent cytotoxicity within the concentration range
tested (Fig. S1). This also verifies that the dissolved fraction of AgNPs (<0.4% of total Ag)
did not follow the concentration-response curve established for the AgNOj; treatment. As for
the species differences, coelomocytes from E. fetida showed higher sensitivity towards
AgNPs and AgNO; than E. andrei coelomocytes based on the estimated lower LCy values and
the steeper Hill-Slopes (Table S2). Based on the concentration-response curves established
here we selected a high concentration series of AgNPs (15, 30 and 40 pg/mL) to study time
points earlier than 24 h, and an intermediate AuNP concentration (20 pg/mL) with reference
to AgNPs as no changes in the cell viability was observed. For gene and protein expression
studies, we opted for low-cytotoxic concentrations (LC,y) determined for AgNPs and AgNOs,
while AuNPs were tested at the same concentration as above?>.

AgNP, coincidingly with the literature, exhibited harmful effects on innate immune
cells (e.g. earthworm coelomocytes) in low-concentration attributed to their small-size!# 37.
Contrastingly similar responses were not observed after AuNP treatments (Fig. Slc and d). To
this end, their interactions with biological systems are rather contradictory?® 3°; however

several studies deal with the broad toxicity of AuNPs** 41,

3.3. AgNPs induce immediate increase of intracellular ROS, delayed elevation of NO
and mitochondrial membrane depolarization

As we hypothesize that oxidative stress is a key process that initiates a cascade of
subcellular events upstream of apoptotic determination following exposure to AgNPs, we first
evaluated the intracellular level of ROS at early time points (i.e. 1, 2 and 4 h). A

concentration-dependent increase in the relative ROS-level was observed for the AgNP
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treatments (Fig. 2a and b). With regard to the temporal aspect, E. andrei coelomocytes
showed a peak in the ROS level at 2 h, while E. fetida coelomocytes revealed gradual
elevation of ROS toward 4 h. Indeed, in general similar trends were observed also for the
AgNO; treatment and positive control (H,0,), suggesting an inherent difference in the
kinetics of ROS physiology between the two species (Fig. 2a and b).

It has been generally recognized that AgNP exposure results in oxidative stress a
process extremely dependent on NP size, shape, dose and duration!® 4> 43, A variety of
oxidative stress-related abnormalities have been reported for earthworms as well as other
invertebrates upon AgNP treatments!# 44-30 however induction of NO derivates has not been
studied in invertebrate immune cells. In the coelomocytes of both FEisenia species, the
intracellular NO level was slightly higher at 4 h and then strongly increased at 24 h, showing
significant differences between the AgNP treatments and the unexposed control (Fig. 2¢ and
d). Interestingly, AgNOs; did not induce NO production as high as observed for the AgNP
treatments, indicating NP-specificity of this response.

In the case of mitochondrial depolarization (Aym) we did not find any remarkable
changes at 4 h in any of the AgNP treatments (Fig. 2e and f). However, at 24 h a significant
concentration dependent decrease of mitochondrial membrane potential was observed for E.
fetida coelomocytes and to a lesser extent for E. andrei species. Notably, the AgNO;
treatments at 24 h resulted in the highest change among the other treatments.

Taken together, although AgNP induced a similar degree of NO production in the two
species, the relative ROS level was rapidly regulated in E. andrei coelomocytes resulting in a
decreasing trend toward 4 h. On the other hand, the higher degree of mitochondrial stress in E.
fetida coelomocytes may reflect the lower survival of cells compared to E. andrei species
(Table S2). The positive correlation of mitochondrial depolarization and cell death was also

evident for the AgNO; treatments, underscoring that the former process is linked to
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subsequent cell death®!. We do not know whether the intracellular ROS level could have been
much higher in E. fetida coelomocytes at 24 h than the earlier time points tested here, as the
measurement of ROS levels becomes more complicated when the cells are under stress.
Interesting to note is that in the hemocytes of Mytilus galloprovincialis AgNPs did not cause
elevated ROS levels but the mitochondrial membrane potential was significantly decreased’!,
as was the case for E. fetida coelomocytes in this study. It is nonetheless plausible that the
cellular redox balance (indicated by the excess ROS level) was affected at initial stages of
AgNP and AgNO; exposure, as a consequence of which mitochondrial membrane
depolarization persisted for long enough to trigger cell death in both treatments at 24 h. As
AgNO; did not significantly altered the intracellular NO level unlike AgNPs, this process
deserves a further investigation that may provide insights into the NP-specific modes of
cellular responses. In all cases, as predicted from the cytotoxicity assays, AuNPs did not

induce any of the changes in coelomocytes of both species.

3.4. AgNPs induce caspase-3 activation and DNA damages

To further strengthen our hypothesis outlined above, we next focused on the
parameters directly linked to apoptosis. As expected, a concentration-dependent caspase-3
activity was noted in the AgNP treatment in both species, in particular in E. fetida
coelomocytes that showed a significant difference at the highest concentration at 24 h (Fig. 3a
and b). AgNOs; induced higher caspase-3 activity already at 4 h and then at 24 h in both
species. The AuNP treatments again did not show any notable changes. Of particular interest
is the general weaker response of E. andrei coelomocytes compared to E. fetida. The
molecular signature of apoptosis was further indicated by TUNEL assays revealing double
strand DNA breaks in AgNP and AgNO; treatments (Fig. 3c and d). TUNEL assay controls

and the concentration series of AgNPs applied in this study validated the assay specificity
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(Fig S3a and b). These observations are all in line with the cytotoxicity and the mitochondrial
depolarization results. By means of TUNEL assay a previous study>? has reported that AgNP
treatments caused DNA damages in THP-1 monocytic cell line which could be linked to
excess ROS production. Furthermore, in rat hippocampus AgNPs induced apoptosis in a dose-
dependent manner observed by TUNEL staining’?. Likewise Ribeiro et al, (2019)**
documented apoptosis of E. fetida coelomocytes upon copper oxide nanomaterial exposure in
Vitro.

As another method of choice for sensitive detection of single/double-stranded DNA
breakage, Comet-assay is a widely applied method including the genotoxicity evaluation of
NPs in individual cells>. Here, a “Tail Moment” (TM) value was used that takes into account
the size and signal intensity of the nuclei and determines the degree of the DNA breakdown.
Following 24 h exposure, at which we were able to detect significant caspase-3 activation
(Fig. 3), AgNPs triggered concentration-dependent genotoxic effects in coelomocytes of both
species (Fig. 4). Furthermore, we noted higher TM-values in E. fetida coelomocytes
compared to E. andrei after exposure to AgNPs or AgNO; (Fig. 4a). In support of our
findings, another study* on AgNP genotoxicity revealed concentration-dependent appearance
of micronuclei and bi-nucleated coelomocytes of Aporrectodea caliginosa earthworms. As a
side note, while we did not find any changes in the AuNP-exposed coelomocytes, by Comet
assays Lopez-Chaves et al., (2018)* observed DNA-damage caused by AuNPs in a size-

dependent manner (10, 20, 30, and 60 nm) in HepG2 hepatoma cells.

3.5. Identification of species-independent and dependent gene responses to AgNPs
To further gain insights into the species differences in sensitivity towards noble metal
NPs, we analyzed expression profiles of several target genes (stress-related: superoxide-

dismutase-SOD, metallothionein-MT, pattern-recognition receptor: toll-like receptor-TLR, and
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antimicrobial peptide genes: Iysenin, lumbricin, lumbricin-related peptide-LuRP) in a
multiparametric manner: two different species, time kinetics (2, 12 and 24 h) and various
treatments (AgNP, AuNP, and AgNO;). Low-cytotoxic concentrations (LC,y values) of
AgNPs (E. andrei: 2.71 pg/mL and E. fetida: 2 pg/mL), and AgNO; (0.20 pg/mL for both
species) were selected for the experiments to standardize the concentration-response
relationship between the two species. For AuNPs, the non-cytotoxic concentration (20
pg/mL) was used as above.

To explore the general patterns, we first visualized the datasets in a heatmap for each
species based on z-scores and thus treating all genes equally independent of the inherent
expression levels. Relative expression profiles of E. fetida have a broader z-score distribution
and the resulting heatmap features more extreme values than the heatmap for E. andrei in
which expression values around the mean (z-score of zero) are found more frequently (Fig.
5a). This suggests in general that E. fetida coelomocytes are more sensitive to the studied
treatments. Using z-transformed datasets, PCA was performed to identify global patterns
specific to species, treatments or time points, or the combinations of the latter two (treatment
x time). In all cases, the first two PCs explained >50% of the total variations. Despite the
global difference in the degree of transcriptional responses (Fig. 5a), the overall gene
expression patterns were not largely different between the two species (Fig. S3a). Expression
patterns likely common to both species were observed with samples having negative PC1
scores; they are weakly represented by the AgNP and AgNO; treatments (Fig. S3b, mean
points labelled in yellow and blue, respectively) and by 24 h (Fig. S3c, mean point labelled in
orange), but clearly indicated when the treatments and the time point were combined (i.e. 24 h
exposure to AgNPs or AgNO;) (Fig. 5b “all time points”, mean points labelled in brownish
yellow and dark blue, respectively). The gene contributing largely to PC1 (strongly related to

AgNP and AgNOs; treatments at 24 h) is lysenin due to relatively low expression levels, while
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SOD and MT have influences over PCs 1 and 2 mainly as a result of relatively high expression
levels (Fig. 5b “all time points”). With these three genes in mind, now we look at the common
and uncommon features between the two species at two time points, 2 and 24 h. At 2 h, MT
and lysenin contribute largely to both PCs 1 and 2, and this clearly separated AgNP and
AgNO; treatments on PC1 as well as E. andrei and E. fetida on PC2 (Fig. 5b “2 h time
points”). Interestingly, the coordinates pattern was exactly opposite between the two species,
indicating a contrasting tendency such that when M7 is high lysenin is low, and vice versa. To
be more specific, E. andrei had a low MT/high lysenin profile and E. fetida had a high
MT/low lysenin profile at 2 h. At 24 h, PC2 seems to underscore the difference between the
treatments common to the two species, where controls and the AuNP treatments are
associated with negative PC2 scores and AgNO; and AgNP treatments are associated with
higher or positive PC2 scores (Fig. 5b “24 h time point”). This trend was a result of
suppression of /ysenin and induction of SOD which were the most prominent examples of the
AgNP treatments of E. fetida coelomocytes. Overall with respect to the effect of treatments
and time points, PCA identified the 24 h time point for AgNP and AgNO; treatments as
characteristically different from the rest, and the difference stemmed from the expression
patterns of lysenin and SOD common to both E. andrei and E. fetida. At 2 h, however, the two
species showed a contrasting expression profiles for [ysenin and MT for all treatments,

indicating an inherent species specificity that may be a function of time.

3.6. Exploration of time- and treatment-specific gene expression patterns

In contrast to PCA, CA is a more direct approach to visualize the multidimensional
datasets in simpler plots without z-transformation. This makes the interpretation easier when
the temporal aspects of two treatments are compared to identify common and uncommon

features of gene response patterns. For a reference, results from the univariate statistics are
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presented in Fig. S4. In CA, we directly compared AgNP datasets to AuNP or AgNO; to
explore features specific to NPs or AgNO;, respectively. In general to both of E. andrei and
E. fetida, the two genes lysenin and MT had the highest contributions in the opposite direction
to the first axis (Dimension 1) that explains >50% of the variations of the data analyzed (Fig.
6). This reflects the tendency common to both species, as identified in PCA, that lysenin is
induced when MT is down-regulated and that the relative expression levels of these two genes
are more pronounced than other genes tested. Intriguingly, the second axis (Dimension 2)
appears to characterize the temporal aspects. In E. andrei lysenin is on the opposite side of
SOD and TLR, with MT localized in the middle, where /ysenin is positively correlated with the
2 h profiles, and MT with the 12 h profiles (Fig. 6a and 6c¢). Of particular note is that the
AgNP treatment and to a lesser extent the AuNP treatment were also negatively correlated
with lysenin and positively with SOD/TLR at the 24 h time point. What this tells us is that,
irrespectively of the treatment types, lysenin was induced at 2 h and down-regulated towards
24 h, while MT was induced when lysenin expression was at the baseline level at 12 h. In the
AgNP/AuNP treatments, concurrent with the suppression of /ysenin at 24 h (AgNP, p = 0.002;
AuNP, p = 0.039), induction of SOD (AgNP, p = 0.006) and 7LR became apparent (Fig. S4a).
In E. fetida, on the second axis MT is now closer to lysenin, being opposite to SOD and TLR
(Fig. 6b and 6d). Unlike E. andrei, the induction of TLR by AgNP and AuNP was observed at
2 h (AgNP, p = 0.022; AuNP, p = 0.020), while it was not affected by AgNO; (Fig. S4b). The
comparison between the AgNP and AgNO; treatments revealed some similarity in the
expression profiles, except that there was a fair contribution of LuRP to the second axis in
general pushing the AgNO; profiles to negative scores (Fig. 6d). Apart from LuRP, both
treatments were mainly characterized by suppression of /ysenin at 2 h (AgNO;, p = 0.005) and
24 h (AgNP, p < 0.001; AgNOs, p = 0.003), and gradual induction of MT towards 24 h

(AgNP, p = 0.006; AgNO;, p < 0.001) (Fig. S4b). As identified in PCA, common to both
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species is that AgNPs down-regulated lysenin at 24 h concurrent with induction of SOD and
additionally MT in the case of E. fetida. Gene responses to AgNPs and AgNO; showed similar
patterns in both species with some exceptions possibly due to large biological variations in the
genes such as MT and LuRP (see the controls in Fig. S4).

As another factor that differentiated between the two species, basal expression levels
of the genes lumbricin, lysenin and SOD were higher in E. andrei, whereas TLR, LuRP and
MT in E. fetida were highly inducible under stress conditions (Table S3). Temporal
expression profiles shed further light on that E. fetida coelomocytes are undoubtedly more
sensitive to the examined treatments (Fig. 5a), but between the two species the complete gene
expression patterns were not entirely distinguished (Fig. S4a). Generally, MT (metal
detoxification) and lysenin expression were more prominent compared to the other tested
genes. As previously observed in E. fetida, MT and lysenin regulation changed rapidly by
environmental stressors, therefore it is considered to be an early biomarker of stress®.
Consistent with our results, Hayashi et al., (2016)* observed MT induction and opposing
down-regulation of lysenin over time following 2-24 h exposure of E. fetida coelomocytes to
AgNPs (NM-300K, 15 nm) and AgNO;. Therefore our results are consistent with these
previous findings and bear out the use of these genes as biomarkers upon metal burdens®. Not
only MT but also the increasing expression of SOD in both species also suggests the onset of
oxidative stress response, characterized by activation of the anti-oxidative defense system in
cooperation with quenching of thiol-reactive metals. In particular, SOD is responsible for the
attenuation of free superoxide radicals, and its up-regulation was documented for mice lung
tissues exposed to AgNPs*’. Similar phenomena were observed after exposure of human
hepatoma cells to AgNPs>®.

Furthermore, early induction (at 2 h) of the pattern recognition receptor 7LR in E.

fetida is possibly a result of the macrophage-like cells interacting with NPs3> %, Upon pattern

22



oNOYTULT D WN =

Environmental Science: Nano

recognition receptor engagement by NPs, it is plausible that antimicrobial peptides expression
is increased, however, our findings revealed that /lumbricin and LuRP mRNA expression had a
rather constitutive pattern following pathogen treatment in E. andrei coelomocytes?!: 3.
Although we did not observe cytotoxicity of AuNPs at the concentration used,
significantly differential expression patterns were evidenced for 7LR, lysenin and MT (Fig.
S4), possibly indicating mechanisms that are not directly related to cell death but rather the
interactions with NPs. For instance, in Sparus aurata fish AuNPs altered expression of genes
involved in antioxidant and innate immune responses while not affecting expression of sod®.
The potential impact of AuNPs on innate immunity is therefore a topic that may deserve
further attention upon establishment of dose-response relationship on an immune-related

parameter, not cytotoxicity.

3.7. AgNPs preferentially interact with lysenins and regulate their secretion under
exposure conditions

We have previously documented the species-specific formation of protein coronas
using E. fetida coelomic proteins (EfCP), where the family of lysenin proteins showed
characteristic enrichment at both 15 and 75 nm AgNPs34. On the other hand, the properties of
neither E. andrei coelomic proteins (EaCP) nor the combination with AuNPs’ have been
investigated yet. Since basal gene expression level of lysenin is different in Eisenia spp.2”- 6!,
with a particular focus of lysenins we hereby analyzed the compositions of protein coronas to
identify proteins that have high affinity for AgNP but also for AuNPs. As previously
performed, EaCP and EfCP were harvested after incubating coelomocytes in culture media
without serum supplement. In this study, however, we used BSA as a background protein
source to ensure a high protein concentration enough to prevent protein-induced

agglomeration of NPs. This approach also emphasizes the specificity of NP-protein
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interactions in the same way as immunostaining where BSA or milk proteins are commonly
used for blocking non-specific binding. Indeed, despite the high abundance of BSA (66 kDa
bands) in the incubation mix ("Reference"), enrichment of CP-specific proteins (38, 40 and 45
kDa bands) were observed for protein coronas formed around AgNPs or AuNPs (Fig. 7a). The
minor interactions of both AgNPs and AuNPs with BSA were also evident as there were only
little differences in the band intensities for BSA between the CP-spiked samples and “No-
spike” controls (Fig. 7a).

Previously, we have shown the specificity of lysenin, a major protein component of
EfCP, in the interaction with AgNPs and not with silica NPs**. In this study, we used AuNPs
for a comparison as they have a similar chemical property with AgNPs in terms of the surface
reactivity with thiols. To our surprise, the Western blot analysis rather proved that binding of
lysenins (38 kDa and 40 kDa bands) is restricted to AgNPs, excluding the possibility for thiol-
driven interactions (Fig. 7a). Surface hydrophobicity could contribute to the preferential
binding of lysenins, as discussed earlier**, but we do not know the exact mechanism behind
the specificity of this interaction. As for the species differences, we have noted a clear
difference in lysenin proteins (38 kDa and 40 kDa bands) between EaCP and EfCP, and thus
the resulting protein coronas around AgNPs (Fig. 7a, Western blot, also marked with red
arrows in the SDS-PAGE gel).

To identify these proteins as well as the 45 kDa proteins that were enriched both by
AgNPs and AuNPs, we performed LC-MS/MS following excision of those bands (from both
species but only the bands representing corona proteins associated with AgNPs). This verified
the identity of the proteins from the lysenin family (lysenin and lysenin-related protein 2;
LRP2), whereas the 45 kDa bands were likely represented by actin (Table S4). As we detected
both lysenin and LRP2 to the same extent in the 38 and 40 kDa bands from both species, it

could be that the 40 kDa band corresponds to LRP2, a slightly larger variant of lysenin.
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Unfortunately, it was not possible to confirm this because the two lysenin proteins share a
high similarity in amino acid sequence (89% identity) and thus no distinction was made for
the 40 kDa band observed in E. andrei, where only single band was visible for the lysenin
proteins.

In addition to the lysenin protein family, actin is also a constituent of protein coronas
formed around AgNPs34. Although actin is considered as cytosolic proteins, its putative role
as a secreted, extracellular protein is also emerging for invertebrate organisms. For example,
extracellular actin from cell-free hemolymph is able to attach to the surface of diverse
bacterial strains®?. Alijagic et al, (2019)% have also identified actin in the complex protein
corona on titanium-dioxide NPs after in vitro exposure of sea urchin immunocytes. It is thus
plausible that earthworm extracellular actin may possess an analogous role with actin of
insects, gastropods and echinoderms (e.g. mediating phagocytosis and killing bacteria)®3 4,
As the binding of actin was likely the case for both AgNPs and AuNPs, future studies may
benefit from characterization of extracellular actin in the context of innate immunity in
particular in relation to pattern recognition mechanisms. Nevertheless, this study has provided
an experimental evidence that species differences at NPs can manifest even for a pair of
closely-related species due to the inherent difference in the protein repertoire, such as the
composition of the lysenin protein family. The specific enrichment of lysenins at AgNPs
despite the high BSA background also signifies that a similar result can be assumed for the
exposure conditions used here in other cell assays (i.e. culture media supplemented with 1%
FBS), as we previously demonstrated using a larger size of AgNPs3*. As this assumption is
largely influenced by the secretion level of lysenins in situ, we next tested the effects of
AgNPs and AuNPs on the lysenin secretion profile.

We have previously investigated the protein secretion profile of E. fetida

coelomocytes treated with a low-cytotoxic concentration of 15 nm AgNPs and observed an
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apparently higher level of lysenin secretion at 2 h that consistently decreased towards 24 h3.
In the present study, we applied the same methodology but with additional confirmation by
Western blotting in an attempt to compare with the differential expression profile of the
lysenin gene. We first confirmed that the lysenin secretion in the controls was in the same
range as the concentration of lysenins in the CP-spiked "Reference protein" controls (Fig. 7b
and c), validating the relevance of the ex sifu protein corona profiling study (Fig. 7a). Notably
for both earthworm species, exposure to AgNPs or AuNPs initially resulted in higher
secretion of lysenins at 4 h compared to the controls (Fig. 7b and c). Subsequently, the
amount of lysenins diminished at 24 h (Fig. 7b and c) concurrently with down-regulation of
the gene (except for the 24 h exposure of E. fetida coelomocytes to AuNPs) (Fig. S4). This
indicates that the secretion profile of lysenins generally follows the pattern of the
differentially expressed /ysenin gene, and that even without the CP-spikes the formation of
lysenin-rich protein coronas on AgNPs may take place in the presence of coelomocytes. As
the regulation of the gene and secretion of the protein were in general common to both AgNPs
and AuNPs, in addition to the significant impact of AgNO; on the gene expression, lysenins
are likely stress-regulated proteins that have immunological functions.

Given its putative role for AgNP uptake in coelomocytes**, the family of lysenin
proteins may represent a non-mammalian translation of acute-phase reactions that could affect
the kinetics of NP uptake via a negative feedback loop in vitro and in vivo in Eisenia

earthworms.
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Conclusions

The interaction of NPs and immune systems is poorly understood, in particular in
invertebrate models as NPs may acquire a rather species-specific biological identity that is
largely different from the well-studied mammalian models®*. This emerging aspect of NPs
adds another dimension to the susceptibility of the exposed organisms in the environment that
is primarily represented by chemical tolerance. Demonstrated in the present study is the
differential sensitivity to noble metal NPs in coelomocytes of two closely-related earthworm
species that have been historically used in ecotoxicological studies. In general, E. fetida
coelomocytes showed greater sensitivity to AgNPs compared to E. andrei, whereas we could
not determine species sensitivity to AuNPs for the concentration range tested. The higher cell
death at 24 h in E. fetida was also supported by the higher degree of apoptosis-related sub-
cellular events such as mitochondrial membrane depolarization, caspase 3 activation and
DNA damages at 24 h. Exception was the intracellular redox balance represented by ROS and
NO levels, where both Eisenia spp. showed responses to a similar extent or possibly even
more prominent in E. andrei revealing rapid quenching of excess ROS by 4 h. The gene
expression profiles indeed suggest involvement of antioxidant mechanisms such as SOD in
both species, and persistent up-regulation of M7 in E. fetida underscoring the thiol-mediated
detoxification process towards 24 h. Furthermore, rapid regulation of an immune-related gene
(TLR) was evident in E. fetida coelomocytes as an NP-specific response common to AgNPs
and AuNPs, which may not be related to redox/cytotoxicity but rather to cellular interactions
at the initial phase of exposure. In both species, expression/secretion of lysenins seems to be
stress-regulated and this implies a complex feedback mechanism for AgNPs because lysenins
are specifically enriched by AgNPs and known to enhance uptake by earthworm

coelomocytes.
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One possible explanation for the higher responsiveness of E. fetida is that its natural
living environment is considerably different from that of E. andrei. Specifically, E. andrei
flourishes in microbe-rich compost while E. fetida subsists in moist forest soil, underlining
genetic alterations in sensibility, susceptibility, as well as tolerance of their immune system
evolved through natural selection?’. Our findings reveal the preference of E. fetida in contrast
to E. andrei in immuno-toxicological studies on nanomaterials not only because of the species
sensitivity identified in this study but also it better represents the soil ecosystem as a keystone

species.
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Table 1. Characterization of AgNPs and AuNPs under exposure conditions.

Characterization data
. . TEM z-average® Hydrodynamic ¢ ICP-MS
Nosin;l:al Pz:rtlzle Medium FBS size? (nm[PdI]) size (nm)° potentiald Ion content
P (nm) (mV) ¢ (mg/L)
(%)
om A, RPML 1% 100m 3%641266]'8 3784165 -9.9 1.1 0.16
g 1640 : ' (0.4%)
11.1 nm 33.8+8.7 —-13.3+ 0.094
_ 0
10nm  Au 11113612‘/15 %4 [0.265] 45.8+198 0.8 (0.24%)

Table 1. Characterization of AgNPs and AuNPs under exposure conditions.
aTransmission electron microscopy (TEM); values are mean + SD, n=300.

"Dynamic light scattering; values are z-avarage + SD; polydispersity index (PdI).
‘Dynamic light scattering; values are mean + SD of the particle size distribution obtained by
the CONTIN algorithm (shown is the value for the most representative peak).

dC potential; values are mean + SD, n=3
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Figure 1. Colloidal stability of 10 nm AgNP and AuNP under exposure conditions. Light absorbance
characteristics of localized surface plasmon resonance of 10 nm AgNPs (a) and AuNPs (b) were monitored by
spectrophotometry. Representative DLS results showing the scattering intensity-based distribution of
hydrodynamic sizes (nm) fitted by the CONTIN algorhitm (c). Primary particle sizes of AgNPs (d) and AuNPs
(e) were analyzed by TEM after desalting. Two representative images are presented from three individual

experiments, scale bars: 50 nm.
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Figure 3. Apoptosis assessment following exposure to AgNP, AuNP or AgNO3 (1.35 pg/mL). Numbers shown
after "AgNP" and "AuNP" refer to the test concentration in pg/mL. Flow cytometry-based caspase-3 activity
(% of gated cells) in coelomocytes of E. andrei (a) and E. fetida (b) over time (4 h and 24 h).
Representative TUNEL-assay images of control (ddH,0), AgNOs3 (1.35 pg/mL), AgNP (40 pg/mL) and AuNP
(20 pg/mL) exposed coelomocytes of E. andrei (c) and E. fetida (d) earthworms are shown, scale bars: 50
um. Each measurements were conducted three times (n=3), results are represented as mean = SEM.
Asterisks (*) denote a significant difference between the control and the treatment at the specified time
point (one-way ANOVA, *p< 0.05, ***p< 0.001).
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Figure 4. Degree of DNA-damage following 24 h exposure to AgNP, AuNP or AgNO3 (1.35 pg/mL). Numbers
shown after "AgNP" and "AuNP" refer to the test concentration in pg/mL. Comet-assay was performed in
coelomocytes of E. andrei (a) and E. fetida (b). UV-C treatment served as a positive control. Representative
images from one Comet-assay are shown in the top panel. Blue lines show the “front of the head”, green
lines the “middle of the cells” and purple lines the “end of the tail”. Each treatment was independently
performed three times (n=3), and in one experiment at least 80 cells were evaluated. Graphs in the bottom
panels demonstrate “Tail-moment” values with standard error of the mean (£SEM). Asterisks (*) denote a
significant difference between the control and the specified treatments (one-way ANOVA, ***p< 0.001).
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Figure 5. Heatmap and principal component analysis (PCA). The relative gene expression values are shown
as a heatmap for each species along with the z-score density and a color key. Sample features are color-
coded and each treatment is split into three groups (2, 12 and 24 h) consisting of 5 biological replicates (a).
PCA biplots are shown for the species-pooled dataset with all-time points, or separately for the 2 h and 24 h
time points with the two species color-coded. Individual samples (small dots) and mean points (large dots)
are plotted according to the coordinates in the first two PCs, overlaid with variable coefficients (arrows).
Contributions of the 6 variables (genes) to the two PCs are color-scaled from grey to red. Confidence ellipses

are drawn for sample features that on average have greater PC scores than the rest of the samples (b).
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Figure 6. Correspondence analysis (CA). CA biplots for the temporal gene expression profiles are shown in a

combination of AgNP and AuNP (a, b) or AgNP and AgNOs3 (c, d) for the two species, respectively. Individual
32 samples (small dots or circles) and genes (crosses) are plotted according to the coordinates in the first two
33 dimensions. Contributions of the 6 variables (genes) to the two dimensions are color-scaled from gray to
34 red. Dots/circles (expression profiles at the specified time point) in the proximity of a cross (gene) signify an
35 association between the exposure time and the transcriptional response, and its relative importance is
36 determined by the contribution of the gene to each dimension. Three outlier samples were excluded from
the AgNP dataset for E. fetida (2 replicates for the 12 h time point and 1 replicate for the 24 h time point),
as they had predominant levels of LURP expression affecting the analysis overall (b, d).

39 150x109mm (300 x 300 DPI)



oNOYTULT D WN =

Environmental Science: Nano

Lysenin s - -

(WB’ - —
EaCP EfCP No spike
—p ———p 2,
2 > @ &
TVIEST T LT TGS
&R & & LR
& T o &
¢ _ ¢ €
H
3 2
25
: EaCP-AgNP & .
: EaCP-AGNP geots o
:EfCP-AGNP & o 1
= ECP-AUNP £ 2
2205
o=
& oz o 66 kDa (BSA)
2 2 &
s x
15
1 i
0 T
, T ¥ T
05
’ o T T T T
3 38 40 45 250

Molecular weight (kDa)

o EEEEmEmE

b
kDa
250—»

250
130 =

100

Eisenia andrei

n

-
o

2
L

55

Page 46 of 62

AgNP 4h
{AgNP 24 h
:AuNP 4h
: AuNP 24 h

c

35

Densitometry (Relative to control)

Lysenin — -

(WB)

4h 24h 4h 24h 4h 24h 4h 24h RPMI+

1%FBS
EaRef CTRL AgNP AuNP
Protein

[+

Eisenia fetida =
kDa

250 & 2 E
250 24

130 -
100 .

ssL;-‘-'E"' . - 2
55 TN - »,ns-
45 — - —— — — — ——
40 — —

4 45 66 250
Molecular weight (kDa)

:AgNP 4h
: AgNP 24 h
:AuNP 4h
E: AuNP 24 h

i i;l*.ll

38 35" . = 0

Lysenin

wp Eemmm=aT L
4h 24h 4h 24h dh 24h 4h 24h RPMI+
—

* 1%FBS
EfRef CTRL AgNP AuNP
Protein

38 40 45 66 250
Molecular weight (kDa)

Figure 7. Ex-situ protein corona formation (a) and protein secretion profile of coelomocytes from E. andrei
(b) and E. fetida (c) earthworms studied by SDS-PAGE and Coomasssie Brilliant Blue staining or Western
blotting of lysenins. Representative gels from three independent experiments are shown. Red arrows
indicate the members of the lysenin-protein family, supposedly lysenin (top arrow) and lysenin-related
protein 2 (lower arrow) identified by LC-MS/MS. Blue arrows indicate lysenin (~37-38 kDa), lysenin-related
protein 2 (~40kDa), other corona proteins (~45 kDa, >200 kDa) and BSA (~66 kDa). The associated graphs
show the enrichment of these bands calculated as the band intensity normalized to the corresponding
protein band in the reference protein lanes (a) or in the control lanes (b, ¢). Values represent the mean and
+ SEM. Protein corona profiles for ANPs and AuNPs following 24 h incubation in CP-spiked cell culture
media supplemented with BSA as a background protein source (a). Protein secretion profiles of E. andrei (b)
and E. fetida coelomocytes (c) exposed to low-cytotoxic concentration of AgNP (E. andrei: 2.71 yg/mL, E.
fetida: 2 pg/mL) and AuNP (20 pg/mL). A blank (RPMI+1% FBS) is included showing serum proteins without
coelomocytes. Western-blot analysis verified the dynamic changes of lysenin and lysenin-related peptide

secretion (LRP) upon NP exposure.
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Materials and methods

UV-visible light spectrophotometry

Aggregation state and particle morphology of 10 nm AgNPs and AuNPs (40 pg/mL) were
studied by quantifying the light absorbance profile characteristic to the localized surface plasmon
resonance within the wavelength regime of 300-800 nm scanned on a UV-visible
Spectrophotometer (Jasco V-660 UV/VIS Spectrophotometer). Following 24 h incubation (at RT,
in the dark) in different solutions (H,O, PBS, RPMI-1640, RPMI-1640 with 1% and 10% heat-
inactivated FBS) each sample was diluted in 1:200 in the appropriate solution prior to the

measurement.

Transmission electron microscopy (TEM)

The AgNPs and AuNPs (with a nominal primary size of 10 nm) were imaged under a JEOL-1400
transmission electron microscope. For the characterization of NPs-protein complexes, free
(unbound) proteins were removed through 3-times washing in ddH,O by centrifugation (30 min,
16 kRCF, RT). After re-suspending the NPs in approximately 20 uL. ddH,O, they were further
diluted twice and dropped directly onto the middle of 300 mesh grids coated with colloid ion film
(Hatfield, USA, PA). Grids were dried at the ambient atmosphere for at least one day. Several
grids were prepared for all treatments, and more than 15 images were captured for estimation of

the size distributions.

Quantification of dissolved ion content
AgNPs and AuNPs were incubated at the highest test concentration (40 pg/mL) under the

exposure conditions and after ultra-centrifugation (1 h, 164-192 kRCF, 4 °C). For quantitative
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metal analysis a quadrupole Agilent 7700X inductively coupled plasma mass spectrometer (ICP-
MS) was used. The sample introduction system consisted of an Agilent [-AS autosampler and a
Micro Mist pneumatic nebulizer equipped with a Peltier-cooled Scott-type spray chamber. The
sample uptake rate was 400 pL/min. Instrumental parameters were set up as follows: 1550 W RF
power, 15.0 L/min plasma gas flow rate, 1.05 L/min carrier gas flow rate, 10.0 mm sampling
depth. Measurements were carried out by monitoring the signal of '*’Au and '"’Ag isotopes. In all
ICP-MS experiments trace-quality de-ionized labwater (MilliPoreElix 5 with Synergy, Merck)
was used for preparing solutions and dilution. Ultra trace quality HCI and HNO; acids (VWR
Chemicals, USA) were used for sample preparation. To determine the total metal concentrations
in the NP suspensions from which the supernatants were collected by ultracentrifugation, hot
HNO; acid (for Ag) or hot aqua regia (for Au) were used to completely dissolve the NPs for 1 h
at 180 °C. ICP-MS tuning was performed prior to the analytical measurements using tuning
solutions supplied by Agilent (No. G1820-60410). Calibration was performed using the Agilent
Multi-Element Calibration Standard-3 (for gold) and Inorganic Ventures IV-ICPMS-71A (for
silver). The 99.996% purity argon gas was purchased from Messer Hungarogaz (Hungary). ICP-

MS data processing was performed within the Agilent Mass Hunter software.

Extrusion of coelomocytes and in vitro exposure conditions

Coelomocytes were harvested from Eisenia andrei and E. fetida as we described earlier' and
washed twice (5 min, 100 RCF) with Lumbricus Balanced Salt Solution (LBSS: 71.5 mM NaCl,
48mM KCI, 1.1mM MgSOsx 7H,O, 04mM KH,POs, 0.3 mM NaH,PO, 4.2 mM
NaHCO;, pH: 7.3). Coelomocyte numbers were enumerated by a dead-cell exclusion method

using 0.14 % trypan-blue dye.
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Evaluation of concentration response curve by flow cytometry

Coelomocytes were exposed to a concentration series of NPs (1.25-40 pg/mL) or AgNO; (0.05-
1.35 pg/mL) for 24 h at RT (as mentioned in the main article). Following treatments,
coelomocytes were washed twice in LBSS (5 min, 100 RCF). 7-aminoactinomycin D (7-AAD, 1
pg/ml, Biotium) was added to each sample just prior the flow cytometry measurements.
Amoebocytes (a subpopulation of coelomocytes) were gated and the fluorescent signal of 7-AAD
was measured in FL3 (670 LP filter). Concentration-response results were fitted to a 4-parameter
logistic non-linear regression curve fit to derive LCy values using Prism v5.0 (GraphPad

Software, La Jolla, CA USA).

RNA isolation, cDNA synthesis, gPCR

Total RNA was extracted from coelomocytes applying NucleoSpin® RNA isolation kit
(Macherey-Nagel GmBH, Diiren, Germany) according to the manufacturer’s protocol (including
DNase I digestion). The quantities of total RNA were measured at 260 nm by NanoDrop 1000
spectrometer (Thermo Scientific) and the qualities inspected by 1% agarose gel electrophoresis.
Total RNA samples were stored at -80 °C.

The cDNA was reverse-transcribed following DNase I digestion (Sigma-Aldrich) using
High-Capacity cDNA reverse transcription kit (Thermo Scientific) in 20 pl total volume and
stored at -20 °C. Maxima SYBR Green/Low Rox MasterMix reagents (Thermo Scientific) were
used on an ABI Prism 7500 instrument (Applied Biosystems, Warrington, UK). The
amplification profile started with pre-denaturation at 95 °C for 10 min followed by 40 cycles of

denaturation at 95 °C for 35 s, annealing at 58 °C for 35 s and elongation at 72 °C for 1 min.
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In-gel digestion

The excised gel bands of interest were subjected to in-gel trypsin digestion”. Briefly, after
destaining, reduction was performed using 20 mM dithiothreitol (Bio-Rad, Hercules, CA, USA)
for 1 h at 56 °C followed by alkylation with 55 mM iodoacetamide (Bio-Rad) for 45 min at RT in
the dark. The trypsin digestion was carried out using stabilized MS grade TPCK-treated bovine
trypsin (Sciex, Framingham, MA, USA) at 37 °C overnight. The digested peptides were

extracted, lyophilized and re-dissolved in 10 pL 1% formicacid (VWR Ltd., Radnor, PA, USA).

LC-MS/MS analysis

Peptides were separated with a flow rate of 300 nL/min on a 180 min water/acetonitrile
gradient using an EASY-nLC 1200 nano UHPLC (Thermo Scientific, Waltham, MA, USA). The
peptide mixture was desalted on an Acclaim PepMap 100 C18 trap column (20 x 75 um, 3 pm
particle size, 100 A poresize, Thermo Scientific, Waltham, MA, USA), followed by separation on
Acclaim PepMap RSLC C18 analytical column (150 mm x 50 pum 2 pm particle size, 100 A
poresize, Thermo Scientific, Waltham, MA, USA).

Data-dependent analyses were carried out on an Orbitrap Fusion mass spectrometer
(Thermo Scientific, Waltham, MA, USA). The 14 most abundant multiply-charged ions were
selected from each survey MS scan using a scan range of 350-1600 m/z for MS/MS analyses
(Orbitrap analyse resolution: 60000, AGC target: 4.0e5, acquired in profile mode). CID
fragmentation was performed in the linear ion trap with 35% normalized collision energy (AGC
target: 2.0e3, acquired in centroid mode).

The acquired LC-MS/MS spectra were used for protein identification with the help of

MaxQuant 1.6.2.10 software’ searching against the Eisenia proteins downloaded from the
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UniProt knowledge base (33430 sequence entries). Cys carbamidomethylation was set as fixed
modification; Met oxidation and N-terminal acetylation were set as variable modifications.
Maximum 2 missed cleavage sites were allowed. Proteins were accepted with at least 3 identified

peptides using 1% FDR criteria.

Western blot

The ex-situ protein corona or protein secretion samples were transferred onto
nitrocellulose membranes following SDS-PAGE. Nitrocellulose membranes were incubated in
blocking buffer (1xPBS, 0.1 % Tween-20, 1 % BSA) for 1 h at RT, and then with polyclonal
anti-lysenin antibody (rabbit, Pepta Nova GmbH, Sandhausen, Germany) diluted (1:1500) in
blocking buffer for overnight at 4 °C. Next, blots were washed in PBS-T for 30 min and
incubated with HRP-conjugated anti-rabbit IgG secondary antibody diluted (1:1000) in PBS-T
for 1 h at RT. Finally, ECL detection reagent (Super Signal West Pico Plus, Thermo Scientific)

was used for visualization.
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Tables

Table S1. Lists of primers and GenBank Accession numbers used for q°PCR analysis

oNOYTULT D WN =

1 Target Gene Bank Sequence (5°-3°)? Amplicon
12 Gene Accession # size (bp)

15 RPL 17 BB998250 ATT GTG TCA AAC GCC TTC GC 159
GTCGGCGATCTCTTCCAACA

18 TLR JX898685 ATT GTG TCA AAC GCC TTC GC 123
19 GTCGGCGATCTCTTCCAACA

21 Lysenin D85846 CTT GTG AGC GAT GTC GGC TA 117
22 TGA TCC ACA CTG GTG CTT CC

Lumbricin KX816866 ACT CGG AAC GCA AGA ACC AA 139
GGT TCT GCG TGA CCT CCT TC

LuRP KX816867 GGT CGA GAG AAT CAACCCAACTA 133
TGC GAG TAC AGG CTC GTT AAC

29 MT AJ236886 GCT GTG GAA AAT CTA CCT GCG 129
30 CAC ATT TGC CCT TCT CAG CG

32 Cu/Zn SOD KR106132 TGC CAA GTT TGA AGT GAC GG 103
33 TTT GCC AAG ATC GTC CAC CA

8Upper and lower primer sequences indicate forward and reverse primers.
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Table S2. Estimated LC, values
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Species Treatment LCy (ng/mL) LCso (ug/mL) Hill-Slope
E. andrei AgNP 2.76+0.64 6.72+1.71 1.37
E. fetida AgNP 2.04+0.53 5.24+1.22 1.7
E. andrei AgNO;3 0.206+0.04 0.48+0.10 1.49
E. fetida AgNO;3 0.207+0.01 0.41+0.01 3.13

LC values of 24 h exposures represent the mean + SEM (n=3).

10
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Table S3. Basal gene expression levels of E. fetida / E. andrei (where the value of >1
indicates a higher expression level in E. fetida).

TLR Lumbricin  LuRP Lysenin SOD MT
2h 0.465 0.248 0.184 0.469 0.419 0.413
12h 1.426 0.158 2.096 0.179 0.828 12.170
24 h 2.496 1.167 6.583 0.332 0.420 25917
All 1.183 0.358 1.364 0.303 0.526 5.068

Values were calculated by taking a geometric mean of the control Ry values at each time point or

all time points.

11
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Table S4. Tandem mass spectrometry-based identification of E. andrei and E. fetida
coelomic proteins enriched by AgNPs after 24 h incubation.

Environmental Science: Nano

SDS- .
Unique
PAGE . . a
Unique sequence Protein name . Mw a . b
band . . Species pl Functions
range peptides # coverage (accession #) (kDa)
0,
(kDa) (%)
35-55 10 37.4 Lysenin Eisenia 3344 5386 Hemolysis
(018423) fetida Cytolysis
Ion transport
Antimicrobial
35-55 11 383 Lysenin-related Eisenia 34.142 5.64 Hemolysis
protein 2 fetida Cytolysis
(018425) Ion transport
Antimicrobial
35-55 34 73.1 Actin Eisenia 41919 530  Cytoskeleton
(AO0A217YV73) fetida Transport
mechanisms

All samples listed here contained BSA as a non-specific background protein source.

“Before post-transitional modification according to the Protein knowledgebase (UniProtKB) from the whole amino

acid sequences and pl were calculated by Compute pI/MW (ExPASy).

°Functions are derived from Protein knowledgebase (UniProtKB)

12
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Figures
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47 Figure S1. Concentration-dependent coelomocyte mortality curves for the concentration ranges
49 of 1.25-40 ug/mL AgNP (a, b), AuNP (c, d) and 0.05-1.35 pg/mL AgNOs (e, f). Cytotoxicity was
52 determined by the 7-AAD live/dead cell assay on flow cytometry following 24 h exposure. Dots

54 represent the mean of three independent measurements.
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Figure S2. Representative images of one TUNEL-assay in coelomocytes of E. andrei (a) and E.

fetida (b) earthworms after 24 h exposure to 10 nm AgNP (15 pg/mL, 30 pg/mL). Unexposed

coelomocytes were applied for TUNEL-controls. The positive controls were treated with DNase-I

for 30 min, negative controls did not receive TdT-enzyme (following the manufacturer’s

instructions). Each assay was repeated three independent times. Scale bars: 50 pm.
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31 Figure S3. Principal component analysis (PCA) on species-pooled gene expression datasets. The
same PCA biplot is shown with color codes differentiating (a) species, (b) treatments and (c) time
36 points. Note that the same PCA biplot is also shown in the main article, Fig. 5, with a color
38 scheme for treatments x time points. Individual samples (small dots) and mean points (large dots)
are plotted according to the coordinates in the first two principal components (PCs), overlaid with
43 variable coefficients (arrows). Percentage contributions of the 6 variables (genes) to the two PCs
45 are color-scaled from grey to red. Concentration ellipses are drawn for each sample feature as a
guide to identify overall trends along with the mean points (the distance from the center

50 representing the degree of bias).
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