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1. BEVEZETES

A fejlett orszagokban egyre gyakoribb a medddség eldforduldsa, ami részben azzal
magyarazhato, hogy az els6 terhesség vallalasa késobbi életkorra tolodik, a magasabb anyai
¢letkor pedig nem csupéan az endometrium allapotat, de az embriok mindségét is negativan

befolyasolja [Hui és mtsai. 2022].

A terhesség létrejottének elsd 1€épése a blasztociszta bedgyazodasa a fogadoképes
endometriumba. A folyamat kezdetén, az embridé hozzitapad az endometrialis
epitheliumhoz, majd implantdlédik ¢és a trofoblaszt benyomul a decidualizalodott
endometrium szdvetébe. Az implantacié minden 1épésében kulcsfontossagl szerepet jatszik
a progeszteron, melynek genomikus hatésait a klasszikus progeszteron receptor két forméaja,
a progeszteron receptor A (PR-A) és B (PR-B) kozvetitik. Ezek biologiai szerepének
tisztdzdsaban az infertilis PR knock out egerek [Fernandez-Valdivia és mtsai. 2005]
nyujtottak segitséget. A PR-A elengedhetetlen az endometrium decidualis atalakuldsahoz,
¢s az endometrialis receptivitas kialakulasdhoz, a PR-B pedig az emld mirigyallomanyéanak

fejlodéséhez sziikséges.

A beagyazodasi zavarok egyrészt az endometrium nem megfeleld fejlédése, masrészt
az embrid elégtelen implantacidos képessége miatt alakulnak ki. Ezért kutatdsaink
gyujtopontjdban az embrid beagyazddast befolyasold immunoldgiai mechanizmusok

vizsgalata, és a jo implantaciods készséggel rendelkezd embrio azonositasa allt.

1.1. Az implantacioban szerepet jatszo molekulak

Az implantacié sordn szdmos molekula jatszik kritikus szerepet. A Vascular
Endothelial Growth Factor (VEGF) eldsegiti az angiogenezist az implantacidé helyén. Az 4j

erek képzddése, létfontossaghh a bedgyazodd embrido taplalasa és oxigénellatasa
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szempontjabol [Guo és mtsai. 2021]. Az Insulin-like Growth Factor 2 (IGF2) az embrionalis

crer

differencidlodasat [Bergman és mtsai. 2013].

A Macrophage Migration Inhibitory Factor (MIF) immunmodulatorként miikodik,
amely segiti a terhesség korai szakaszdban a méhnyalkahartya befogadd képességének
javitasat. Befolyésolja az immunrendszer miikodését és hozzajarul a gyulladasos valaszok
szabalyozasahoz[Arcuri és mtsai. 2001]. A Plasminogen Activator Inhibitor-1 (PAIl)
szabalyozza a fibrinolitikus rendszert, amely a sejtmatrix atalakuldsédban és a trofoblaszt
invazidban jatszik szerepet. Fontos a sejtek kozotti matrix lebontasaban és ujjaépitésében,

ami nélkiilozhetetlen az embrié bedgyazddasdhoz [Ye és mtsai. 2017].

A Leukemia Inhibitory Factor (LIF) hozzdjarul az endometrium sejtjeinek
atalakulasdhoz ¢s elokésziti a méhnyalkahartyat az embrid fogadasara [Stewart és mtsai.
1992], igy elengedhetetlen a blasztociszta beadgyazddasdhoz. A Progeszteron Indukalta
Blokkolé Faktor (PIBF) immunoldgiai szempontbol kedvezd kornyezetet teremt az
implantacidhoz azaltal, hogy gatolja az NK- sejtek aktivitasat, és Th2 iranyban tolja el az

immunvalaszt [Szekeres-Bartho és mtsai. 2001].

A Placental Growth Factor (PLGF) a placentacio soran serkenti az angiogenezist és
a trofoblaszt sejtek novekedését [Demir és mtsai. 2007]. A Tumor Necrosis Factor Alpha
(TNFa) szabalyozza az immunvalaszt és részt vesz az endometrialis sejtek apoptozisdban,

ami befolyasolja az implantacids kornyezetet [Lédée-Bataille és mtsai. 2004).
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1.2. Az anya és magzat immunologiai kapcsolata

1.2.1. A PIBF

Az anya immunrendszere a normalis terhesség soran felismeri, de nem tdmadja meg
a magzaton kifejez0dott apai eredetli antigéneket, hanem tolerdlja azokat. Ebben a
folyamatban kulcsfontossagu szerepet tolt be a progeszteron, valamint egy kiilonleges
fehérje, a PIBF. A PIBF a progeszteron immunmodulacids hatasait kozvetiti és hozzajarul
egy olyan immunoldgiai kornyezet kialakitdsdhoz, amely elésegiti a magzat megfeleld

fejlodését.

A magzati antigéneket felismerve, az anyai limfocitdk aktivalodnak és klasszikus
progeszteron receptorokat expresszalnak [Szekeres-Bartho, és mtsai. 1985; 1989; Roussev
és mtsai. 1993], majd progeszteron jelenlétében egy, a progeszteron immunologiai hatasaiért
felelds fehérjét PIBF-t termelik [Szekeres-Bartho, Kilar és mtsai. 1985; Szekeres-Bartho ¢és

mtsai. 1989]

A PIBF kiilonb6z0, terhességhez asszocialt szovetekben (decidudban, placentaban,
az amnionban) [Anderle ¢és mtsai. 2008a], ¢és a szérumban is megjelenik.
Szérumkoncentracidja a terhesség alatt folyamatosan novekszik, a sziilés megindulasakor

pedig hirtelen csokken [Polgér és mtsai. 2004].

A PIBF fehérjét kodolo PIBF1 gén filogenetikailag konzervalt, emberben a 13-as,
egérben a 14-es kromoszoman talalhatd. A PIBF1 gén transzkripcidja soran 16 kiilonbz6
mRNS keletkezik, melyek koziil a leghosszabb (3677 bazispar) varians 18 exont tartalmaz,

¢s egy 756 aminosavbol allo6 90 kDa fehérjét kodol (1. dbra) [Polgéar és mtsai. 2003],
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amelybdl alternativ splicing révén szamos kisebb izoforma is képzddik.

PEST NLS1 LeuZip1 NLS2 bZIP Leu Zip 2
BB I m W
1 270 B 5 6§ 6 7 8 9 10 11 12 .13 14 156 16 17 18
e - -
5'UTR 90-kDa JUTR

1. abra: Teljes lancu PIBF mRNS szerkezete [Lachmann és mtsai. 2004]

A teljes lancu PIBF, a centroszomalis fehérjék (CEP) csaladjanak tagjaként, a
pericentriolaris szatellita komplexet alkotd fehérjék egyike, a centroszoémahoz-asszocialt
formaban, konstitutivan jelen van a sejtekben [Lachmann és mtsai. 2004; Kim és mtsai.
2012], mig a kisebb splice-varidnsok a citoplazmaban helyezkednek el, és szekretalddnak

[Lachmann ¢és mtsai. 2004].

A centroszoémahoz asszocidlt, teljes hosszusagu PIBF feltehetdleg a sejtciklus
szabalyozasaban jatszik szerepet [Kim és mtsai. 2011; 2012], és ez a forma szabalyozza a
trofoblaszt, és a tumorsejtek invazios képességét [Halasz és mtsai. 2013; Balassa és mtsai.
2018]. A rovidebb, szekretalodo izoformak a sejtbdl kijutva, a PIBF receptoron keresztiil
egyrészt a JAK1/STAT6 [Kozma és mtsai. 2006], masrészt a PKC/Ca®* [Kozma, és mtsai.

2006a] jelatviteli utat aktivaljak, melynek eredménye a Th2 tipusu citokintermelés (2. dbra).
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2. abra: PIBF éltal aktivalt jelatviteli utvonal [Gutiérrez-Rodriguez & Camacho-Arroyo,
2016]

A fentiekbdl kovetkezden a PIBF terhesség soran betoltott szerepe rendkiviil
szertedgazo. A szekretdlt PIBF az arachidonsav-felszabadulas gatlasa mellett [Szekeres-
Bartho, és mtsai. 1985] a progeszteron immunmodulélo tulajdonsagait kozvetiti, melyek
koziil a legfontosabbak a Th2 citokin-talsuly kialakitasa és az NK aktivitds alacsony szinten

tartasa.

A normalis lefolyasu terhességet a beagyazddas kozvetlen kornyezete és a sziilés
kivételével a Th2 citokinek talsulya jellemzi [Wegmann €s mtsai. 1993]. A periférids vérben
talalhato citokin mintdzat és a terhesség kimenetele kozti 0sszefliggést szamos adat tdmasztja
ala. Vetélo és korasziild ndk periférias vérében az egészséges terhesekéhez viszonyitva
jelentdsen emelkedik a Thl citokinek szintje [Raghupathy 1997; S. C. Ng és mtsai. 2002;
Rezaei és mtsai. 2002]. A PIBF fokozza a Th2 citokinek termelddését [Szekeres-Bartho €s

mtsai. 1996]. Egy habitualis vetélokon végzett prospektiv tanulmany eredményei szerint a
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progesztogén terapia hatdsara keletkez6 PIBF fokozza a Th2 citokinek termelddését
[Raghupathy és mtsai. 2005]. In vivo egérkisérletek is igazoljak a Thl citokin-talstly
terhességre gyakorolt karos hatasat. Terhes egerek interleukin -2 (IL-2), tumor nekrozis
faktor o (TNFa) vagy interferon y (IFNy) kezelése a terhesség megszakadasat eredményezi
[Parant, 1990]. Ezzel szemben rezorbciora hajlamos egértérzsek granulocita-makrofag
kolénia-stimulald faktor (GM-CSF), interleukin -3 (IL-3), vagy anti- TNFa kezelése

csokkenti a magzati veszteséget [Chaouat és mtsai. 1990].

A PIBF szerepet jatszik az endometrium implanticiora valo elkészitésében.
Elésegiti a stromasejtek decidudlis atalakulasat, és hozzdjarul ahhoz, hogy a
méhnyalkahartya egy rovid ideig (implantacios ablak) alkalmas legyen a megtermékenyiilt
petesejt befogadasara. Egérben a PIBF endometridlis expresszidja az implantacios ablak
iddszakéban a legmagasabb, ami valdsziniisiti, hogy a PIBF szerepet jatszik a beagyazodas

folyamataban [Mulac-Jericevi¢ és mtsai. 2019].

1.2.2. A B- sejtek szerepe a terhességben

A modern immunologiai kutatasok egyre inkabb ravilagitanak a B- sejtek szerepére
az implantacioban és a korai terhességben. Ezek a sejtek nem csupan az adaptiv
immunvalasz fontos elemei antitest-termelésiik révén, hanem kritikus szerepet jatszanak az
anyai immunrendszer €s a magzati szovetek kozotti immunologiai egyensuly fenntartasaban
is.

Az implantaci6 soran a B- sejtek, kiilonosen a reguldcios B- sejtek (Breg sejtek),
citokineket, példaul IL-10-et és TGF-B-t termelnek, amelyek eldsegitik a magzattal
szembeni immunologiai tolerancia kialakulasat és fenntartasat [Catalan és mtsai. 2021]. A
B-sejtek altal termelt citokinek szabdlyozzak a helyi gyulladasos folyamatokat, ami
kulcsfontossagu az implantacio sikeressége szempontjabol. Egy specialis populacio, a PIBF
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pozitiv B- sejtek, kiemelkedd szerepet jatszanak az immunoldgiai tolerancia eldsegitésében.
A PIBF pozitiv B- sejtek eldsegitik a Th2 tipusu immunvalasz dominanciajat [Huang és
mtsai. 2017]. IL-10 és TGF-B termelésiik révén eldsegitik az anti- gyulladdsos kornyezet

kialakuldsat a méhben. [Catalan és mtsai. 2021]

A Breg sejtek diszfunkcidja vagy csokkent szdma a terhesség korai szakaszaban
hozzajarulhat olyan komplikaciokhoz, mint a spontan vetélés (RSA) [Esteve-Solé és mtsai.
2018]. Ezen talmenden a B- sejtek szabalyozzak a trofoblaszt sejtek invazios képességét is,
kozvetlen interakciok révén tdmogatva az implantacid folyamatat és a placenta fejlodését

[Guzman-Genuino és mtsai. 2019].

1.2.3. A T-sejtek szerepe a terhességben

A T- sejtek, kiilonosen a CD4+ és CD8+ T- sejtek, kritikusak a terhesség alatti
immunvalasz szabalyozasaban. A CD4+ T-sejtek, az altaluk termelt citokineken keresztiil
koordindljak az immunvalaszt, szabalyozzdk a B- sejtek, makrofagok és mas T- sejtek
miikddését. A CD8+ T- sejtek, vagy citotoxikus T- sejtek, kozvetleniil képesek elpusztitani

a fert6zott sejteket és daganatos sejteket.

A T- sejtek aktivacidja két fazisban torténik. Az elsd fazisban a T- sejt receptor
(TCR) felismeri az antigént, amelyet az antigén-prezentald sejt (APC) mutat be az MHC
(Major Histocompatibility Complex) molekuldkon keresztiil. A TCR egy heterodimer,
amely alfa és béta lancokbol all, és a CD3 komplex kézremiikodésével tovabbitja a jelet a
T-sejt belsejébe [Smith-Garvin €s mtsai. 2009]. A masodik fazisban ko-stimulacids jelek
sziikségesek a T- sejt teljes aktivacigjahoz. A ko-stimulacio foként a CD28 receptoron
keresztiil torténik, amely a T-sejten expresszalodik és az APC éltal kifejezett CD80 és CD86
molekulakkal 1€p kolcsonhatasba. A CD28 jelatvitel nélkiil a T- sejt anergias allapotba keriil,

inaktivva valik [Lanier és mtsai. 1995]. A TCR/CD3 komplex és a CD28 receptor
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szinergikusan mikodik, biztositva a sziikséges jeleket az IL-2 termeléshez és a T- sejt

proliferacidhoz [Smith-Garvin és mtsai. 2009].

A terhesség alatt az anyai immunrendszernek tolerdlni kell a magzati antigéneket,
egyidejileg meg kell 6riznie a védekezdképességét a fertdzésekkel szemben. A CD4+ T-
sejtek szabalyozzak a Th1/Th2 egyensulyt [Rautajoki és mtsai., 2008]. A CD8+ T- sejtek
fontos szerepet jatszanak a virusfertdzések elleni védekezésben a terhesség soran. tulzott
CD8+ T- sejt aktivitas, karosithatja a magzati szoveteket és komplikaciokhoz vezethet
[Petroff és mtsai. 2003]. Ezért az immunrendszer finomhangoldsa és a megfeleld

CD4+/CD8+ T- sejt arany fenntartasa kulcsfontossagu a sikeres terhesség érdekében.

1.2.4. Az NK- sejtek szerepe a terhességben

A terhesség korai szakaszaban a méhnyalkahartyaban (decidua) jelen 1év6 decidudlis
NK szerepet jatszanak a placenta kialakitasaban és a magzati fejlédés tamogatasaban. Ezek

a sejtek szamos mechanizmus révén segitik a magzat beagyazdodasat és fejlodését.

A dNK sejtek egyedi fenotipusuk és funkcioik révén kiillonboznek a periférias vérben
talalhato NK sejtektél. Ezen sejtek fenotipusit a CD56°¢"/CD16™ markerek jellemzik, és
nagy mennyiségben termelnek kiilonféle citokineket és kemokineket, amelyek eldsegitik a
interferon-gamma (IFN-y) és a tumor nekrdzis faktor-alfa (TNF-a) alapvetd szerepet
jatszanak a spirdlis artériak atalakuldsédban, amely lehetové teszi a magzat szdmara a
megfeleld tapanyag- és oxigénellatast [Ashkar és mtsai. 2000]. A decidudlis NK sejtek
citotoxikus aktivitdsa annak ellenére alacsony, hogy keringd tarsaikhoz hasonléan
citoplazmatikus granulumaikban perforint, granzyme A-t és B-t tartalmaznak [King & Loke

1991; Koopman és mtsai. 2003; Crncic és mtsai. 2005; Quillay és mtsai. 2016]. Bar bizonyos
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koriilmények kozott, pl. spontan vetélés alkalmaval, ezek a sejtek képesek degranulalodni,
normalis lefolyésu terhességben nem citotoxikusak, aminek egyik oka lehet, hogy a PIBF
gatolja citotoxikus molekulék felszabadulasat a dANK sejtek granulumaib6l [Faust és mtsai.

1999].

Ezen sejtek diszfunkcidja komoly kovetkezményekkel jarhat. Az abnormalis NK sejt
aktivitas Osszefiiggésbe hozhatd kiilonboz6 terhességi komplikaciokkal, mint példaul a
preeklampszia, a vetélés és az intrauterin novekedési retardacié [Quenby €és mtsai. 2009].
Azokban az esetekben, amikor az NK sejtek tulzott citotoxicitast mutatnak, a deciduaban
talalhato trofoblaszt sejtek karosodnak, ami gatolhatja a placenta megfeleld kialakulasat és

a magzat tapanyagellatasat [Hanna és mtsai. 2006].

1.3. Extracellularis vezikulak

Az embrid, illetve a magzat €s az anyai szervezet kozotti kommunikacié direkt sejt-
sejt kapcsolatok, valamint extracellularis vezikulak (EV) segitségével valosul meg. Ezeket
a kettds foszfolipid membrannal ,,szallitd eszkozoket” minden pro-, €s eukariota sejt
konstitutiv modon termeli. Az EV-ket méretiik alapjan 3 csoportba soroljuk. 100nm alatti
atmérovel rendelkeznek az exoszémak, 100- 800nm kozottiek a mikrovezikuldk (MV),

1000nm-nél nagyobbak az apoptotikus testek (3. abra).
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3. abra: Extracellularis vezikuldk tipusai és méretbeli eloszlasa [Gyorgy, Szabd, és mtsai. 2011]

Az EV-k kiilonb6z6 molekuldkat (DNS, RNS fehérjék, ezen beliil MHC molekulak,
cytokinek, stb...) tartalmazhatnak. A sejtek kozotti informaciddramlés eldsegitésével részt
vesznek fiziologids és patologias folyamatok szabalyozdsdban ezért diagnosztikus és

prognosztikai markerként klinikai jelentdségliek [Zaborowski és mtsai. 2015].

1.3.1. Az extracellularis vezikulak képzodése

Az exoszomak a sejten beliil a multivezikularis testek membranjabol képzddnek,
majd exocitozis utjan tdvoznak a donor sejtbdl [Subra és mtsai. 2010; Mathivanan €és mtsai.

2012; Keerthikumar és mtsai. 2016].
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A mikrovezikuldk a sejtvaz atalakuldsa, ¢és a szallitando molekuldk bevalogatasa utan
forditott leflizddéssel keletkeznek. Az apoptotikus testek a programozott sejthaldlon atesd

sejt feldarabolodésa révén jonnek 1étre. [Coleman és mtsai. 2001]

1.3.2. Az extracellularis vezikulak kimutatdsa

Napjainkban is zajlik az EV-k kimutatdsara és vizsgdlatara hasznalt modszerek
fejlesztése, illetve standardizalasa. A leggyakrabban hasznalt eljarasok; a Western blot, a
nanoparticle tracking analysis (NTA), az elektronmikroszkopia és az d&ramlési citometria. Az
alkalmazott modszer kivalasztasdban jelentds szerepe van a biologiai kérdésfelvetésnek.
Mas- mas modszert kell alkalmazni az EV-k méretének, Osszetételének, illetve
hatdasmechanizmusainak vizsgélatdra. [Van Der Pol és mtsai. 2010; Zwicker 2010; Van

Putten és mtsai. 2011]

1.3.3. Az extracellularis vezikulak funkcidja

Az EV-k tartalmanak molekuléris Osszetétele hasonlit a donor sejtre azonban a
szelektiv molekula bevalogatodas miatt specifikus feladatokat latnak el. Az EV-ket a célsejt
kiilonb6zé modon veheti fel. Torténhet membranfizioval, endocitozissal, valamint receptor-
ligand kapcsolédas utjan. Az EV-k aktivalhatnak jelatviteli utvonalakat ezzel
megvaltoztatva a célsejt funkcidjat. Fehérjék atadasdval megvaltozhat a célsejt fenotipusa,
valamint genetikai informécié transzfer révén genetikai és epigenetikai valtozasokat

(atprogramozas) idézhetnek el6 a célsejtben [Zaborowski €s mtsai. 2015].

1.3.4. Az extracellularis vezikulak szerepe a terhességben

Az embrio, ill. a magzat és az anyai szervezet kozti parbeszéd részben extracellularis
vezikulak segitségével valosul meg. Az EV-k mar a fertilizacioban is szerepet jatszanak. Az

ondofolyadékban talalhatdé EV-k tartalmazzék a spermiumok taléléséhez és motilitasdhoz
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sziikséges fruktoz képzOodéséhez sziikséges enzimeket. EV-k hordozzak, majd a spermium
membrannal valé Osszeolvadasuk révén keriilnek a spermiumok membranjanak felszinére
azok a fehérjék (P34H, ADAM7, GP-83) melyek az petesejt €s spermium dsszeolvadasahoz
sziikségesek [Frenette és mtsai. 2006; Oh ¢és mtsai. 2009]. Az ondofolyadék EV-i gatoljak a
Komplement reguléator fehérjét (CD59) adnak at a spermiumoknak, ezzel megakadalyozva
az anyai komplement aktivaciot. Lokalisan gatoljak a ndi genitdlis traktus alsé részében

talalhato NK sejtek aktivacigjat [Tarazona és mtsai. 2011].

Az EV-k szerepérdl a beagyazddas folyamataban jelenleg keveset tudunk. Az anyai
endometrium EMMPRIN (CD147) fehérjét tartalmazé EV-ket termel melynek szerepe van
az endometrium atépiilésében a bedgyazddas soran [Burnett és mtsai. 2012; Y. H. Ng és
mtsai. 2013].M4s sejtekhez hasonloan, az embri6 is termel EV-ket, melyek tartalma egyrészt
befolyasolhatja az anyai immunrendszer miikodését, masrészt az embrid altal termelt EV-k

olyan jellemzdkkel rendelkezhetnek, melyekbdl az embrid allapotéra lehet kdvetkeztetni.

Az extravillézus trofoblaszt altal termelt vezikuldk human leukocita antigén G
(HLA-G) pozitivak ¢és szerepet jatszanak az anyai immuntolerancia kialakitasaban azaltal,
hogy szabalyozzak a STAT3 (Signal transducer and activator of transcription 3)
foszforilaciot [Pap és mtsai. 2008] csokkentik a CD3- zéta lanc expresszidt [Gercel-Taylor
¢s mtsai. 2002] és apoptozist indukalnak [Stenqvist és mtsai. 2013] A trofoblaszt eredet
EV-k csokkentik a lokalis CD4+ T- sejtek interleukin 6 (IL-6) iranti érzékenységét [Pallinger

és mtsai. 2012].
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2. CELKITUZESEK

A fentiek alapjan célul tliztiik ki annak vizsgalatat, hogy:

Milyen implantacioban fontos markerek jelennek meg a pre- implantacios egér
embrio kiilonbozd stadiumaiban.

A PIBF milyen mechanizmusokon keresztiil segiti el6 az implantaciot

Hatassal lehetnek-e az embrio-eredetii EV-k az anyai immunvélasz alakul4séara
Talalhat6-e olyan marker a tenyésztett human embridk altal termelt EV-kben,
melynek alapjan kivalaszthatd az az embrio, amelynek a legjobb az esélye a

bedgyazddasra.
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3. ANYAGOK ES MODSZEREK

3.1. Az implantaciéban szerepet jatszo molekuldk expressziéjanak vizsgalata in vitro

tenyésztett egér embriokban

Mastél napos terhes CD1 egerek (Charles River, Németorszag) petevezetékének
oblitésével kétsejtes embriokat izolaltunk. Az embridkat KSOM (Merck KGaA, Darmstadt,
Németorszag) médiumban 37°C-on, (5% CO2, 100% paratartalom) tenyésztettiik, majd a 2
sejtes, 4 sejtes, 8 sejtes, morula, és blasztociszta allapot elérése utan 4%-os paraformaldehid
(PFA) oldattal 25 percig szobahdmérsékleten fixaltuk azokat. Ezutan az embriokat cseppben
festés modszerrel 8 kiilonb6z6, az implantacié folyamataban szerepet jatsz6 marker jelenléte
szempontjabol vizsgaltuk. A jel6lési folyamat minden esetben ugyanaz volt csupan az
elsddleges antitest valtozott a kiilonb6z0 markerek vizsgalata érdekében. A fixalast kdvetden
az embridkat 3X5 percig foszfat pufferel sdéoldatban (PBS) (Thermo Fisher Scientific,
Waltham, MA, USA) mostuk, majd 5 percig 0,5%- os Triton X-100 oldatban
permeabilizaltuk. Ezt ismét 3X5 perc mosas kovette, majd az endogén peroxidaz enzim
aktivitasat 3%-os hidrogén- peroxid oldatban 5 percig gatoltuk. Ujabb 3X5 perc mosas utan
anem specifikus kotdhelyeket 1%-0s BSA (Bovine Serum Albumin) (Sigma-Aldrich, USA)
tartalmi PBS oldatban 30 percig blokkoltuk. Az 1:50 aranyban higitott elsddleges
antitestekkel 1 6rat, szobahdmérsékleten inkubaltuk az embridkat. A hasznalt elsédleges
antitestek a kovetkezok voltak: poliklonalis nyul anti- egér VEGF (Abcam, Cambridge, CB2
0AX, Egyesiilt Kiralysag) poliklonalis nyul anti- egér IGF2 (Abcam, Cambridge, CB2 0AX,
Egyesiilt Kirdlysag), monoklonalis nyul anti- egér PIBF [Polgar és mtsai. 2004], poliklonalis
nyul anti- egér LIF (Abcam, Cambridge, CB2 0AX, Egyesiilt Kirdlysag), poliklonalis nytl
anti- egér PLGF (Abcam, Cambridge, CB2 0AX, Egyesiilt Kirdlysag), poliklonalis nyul anti-
egér TNFa (Abcam, Cambridge, CB2 0AX, Egyesiilt Kirdlysag), poliklonalis nytl anti- egér

PAIl (Abcam, Cambridge, CB2 0AX, Egyesiilt Kiralysag), poliklonalis nyul anti- egér MIF
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(Abcam, Cambridge, CB2 0AX, Egyesiilt Kirdlysag). Az inkubaciot kdvetd 3XS5 perc mosas
utan 1:100 aranyban higitott tormagyokér peroxidaz (HRP) enzimmel konjugélt kecskében
termelt anti- nyual IgG masodlagos antitesttel (Sigma-Aldrich, USA) 30 percig
szobahdmérsékleten kezeltiik az embridkat. A reakciot diamino- benzidin (DAB) (DAKO,
Glostrup, Daénia) szinreakcidval tettiik lathatovd. Az eredményt fénymikroszkoppal

vizsgaltuk.

3.2. PIBF implantacioban betoltott szerepének vizsgalata egérmodellben

3.2.1. PIBF biologiai hatdasanak semlegesitése a peri-implantdcios idoszakban

egérmodellben

8-12 hetes nostény CDI1 egereket CD1 himekkel paroztattunk (Charles River,
Németorszag). Masnap reggel vizsgaltuk a vaginalis dugd meglétét, és pozitiv esetben a
terhességi kort 0,5 napnak tekintettiilk. Az egereket a terhesség 1,5.- és 4,5. napjan (az
egérben a peri- implantaciés idészaknak megfeleld intervallum) 2pg 100ul PBS oldatban
higitott monoklonalis nyul anti- egér PIBF ellenanyaggal [Polgar és mtsai. 2004] kezeltiik
intraperitonedlisan (i.p.) A kontroll csoportot azonos koriilmények kozott 100ul PBS-el
oltottuk. Az allatokat a terhesség 10,5 napjan cervikalis diszlokéacidval feldldoztuk, majd
megszamoltuk az implantaciés helyeket. Az izolalt decidudk egy részébdl

immunhisztokémiai vizsgalatokat végeztiink, a masik részébol az NK sejteket izolaltunk.

3.2.2. Immunhisztokémia

Az izolalt implantacios helyeket 6%-os pufferelt formalin oldatban 24 6ran keresztiil
fixaltuk, majd felszall6 alkohol sorban dehidraltuk és paraffinba agyaztuk be. A
szovetblokkokbdl Sum- vastagsaghi metszeteket készitettiink. A metszeteket xilolban
deparaffinizaltuk, majd leszallo alkohol sorban rehidraltuk. Az antigénfeltarast citrat

pufferrel (pH:6, S1699, DAKO, Glostrup, Dania) végeztiik. Ezutdn a metszeteket TBS-
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TWEEN20 oldatban mostuk 3X5 percig, majd endogén peroxidaz gatlast végeztiink 3%-os
hidrogén-peroxid oldattal 20 percig. Ismételt mosas utan a nem specifikus kotdhelyeket 3%-
os PBS- BSA oldattal blokkoltuk, majd Gjabb mosas utan, 1:25 ardnyban higitott biotinalt
monoklonalis nyul anti- egér PIBF-fel [Polgar és mtsai. 2004] egy éjszakén 4t 4°C-on, majd
a kovetkez0 napon 3X5 perc mosast kovetden 1:100 ardnyban higitott HRP konjugalt
sztreptavidinnel (GE Healthcare, Little Chalfont, Egyesiilt Kiralysadg) szobahdmérsékleten
egy oOran at inkubaltuk a metszeteket. A reakciot DAB- bal (DAKO, Glostrup, Dania) tettiik
lathatova. A sejtmagokat hematoxilinnel (DAKO, Glostrup, Dania) festettilk, majd a
metszeteket vizes bazisu fedéanyaggal (DAKO, Glostrup, Dania) lefedtiik. Az eredmények

kiértékeléséhez Olympus FV-1000 1ézer pasztazo konfokalis mikroszkdpot hasznaltunk.

3.2.3. Deciduadlis B- sejtek vizsgalata immunfluoreszcencidaval

A B- sejtek azonositasahoz 1:30 higitasu Alexa647 fluorokrémmal konjugalt B220
antitestet alkalmaztunk (Az ellenanyagot a Prof. Dr. Balogh Péter [Pécsi Tudomanyegyetem,
Immunolégiai és Biotechnologiai Intézet] bocsatotta rendelkezésiinkre). Az NK- sejtek
azonositasa érdekében fluoreszcein- izotiocianat (FITC) konjugalt DBA- lektint (Vector
Laboratories, Peterborough, Egyesiilt Kiralysdg) hasznéltunk 1:25-6s higitasban. Az
els6dleges antitestekkel a metszeteket egy éjszakan at sotétben 4°C-on inkubaltuk. A
sejtmagokat Hoechst33342 -vel (Calbiochem, San Diego, CA, USA) festettiik meg. A
metszeteket Vectashield médiummal (Vector Laboratories, Peterborough, Egyesiilt
Kiralysadg) fedtik le. A vizsgalathoz Olympus FV-1000 lézer pasztazd konfokalis

mikroszkdpot hasznaltunk.
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3.2.4. Decidudlis és periférias limfocitak citotoxicitisanak mérése

A monoklonalis nytl anti- egér PIBF- el [Polgar ¢s mtsai. 2004] kezelt és a kontroll
(PBS- el oltott) egerek decidudit, valamint 1épét a terhesség 10,5. napjan steril koriilmények

kozott izolaltuk.

Decidua feldolgozasa:

A decidudkat apr6 darabokra vagtuk, majd 10ml Img/ml-es steril kollagendz
(collagenase from Clostridium histolyticum, type IV, Sigma-Aldrich, USA) oldatba
helyeztiik, és 37°C-on keverve inkubdltuk 30 percig. Ezutan a szovetdarabkakat 70um
porusatmérdjii szirdn (Greiner Bio-One International GmbH, Ausztria) passziroztuk at. A
sziir6t FCS mentes RPMI1640 (Gibco, Life technologies, Skoécia) tapfolyadékkal
atoblitettilk. Ezutan a végtérfogatot RPMI1640 (Gibco, Life technologies, Skocia)
tapfolyadékkal 40ml-re egészitettiik ki. Centrifugalas utan (5 perc, 2000 rpm), a feliiliszot
leontottiik és a pelletet Sml RPMI1640 (Gibco, Life technologies, Skocia) +10% FCS
(Gibco, Life technologies, Skocia) +1% P+S (Gibco, Life technologies, Skocia)
tapfolyadékkal felszuszpendaltuk, majd 40um (Greiner Bio-One International GmbH,

Ausztria) sziir6n atontottiik. A sejtszamot 1 millié limfocita/ml re allitottuk be.

Lep feldolgozasa:

Az allatok Iépét egy 100pum porusadtmérdjii sziirén (Greiner Bio-One International
GmbH, Ausztria) pasziroztuk at. A sziir6t FCS mentes RPMI1640 (Gibco, Life technologies,
Skocia) tapfolyadékkal atoblitettiik, majd a sejtszuszpenzidt térfogatat RPMI1640 (Gibco,
Life technologies, Skoécia) tapfolyadékkal 40ml-re egészitettik ki. A csoveket
centrifugéltuk, a pelletet 10ml RPMI1640 (Gibco, Life technologies, Skdcia)

tapfolyadékban reszuszpendaltuk majd 70um- es sziirén atontottiik. A limfocitakat Ficoll-
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Paque Plus (Cytiva, Merck KGaA, Darmstadt, Németorszag) gradiensen izolaltuk. A

sejtszamot 1x10°/ml -re llitottuk be.

A célsejtek elokészitese:

A frissen passzalt egér limfoma a YAC-1 célsejteket RPMI1640 (Gibco, Life
technologies, Skocia) + 10% FBS (Gibco, Life technologies, Skocia) + 1% P+S (Gibco, Life
technologies, Skoécia) tapfolyadékban tenyésztettilk. A célsejteket megszamoltuk és a
sziikséges mennyiséget a gyartod altal ajanlott protokoll szerint PKH67 (Sigma- Aldrich,

USA) fluoreszcens vitalis festékkel festettiik meg.

Citotoxicitasi teszt:

A limfocitakat 12,5:1 ardnyban 300ul RPMI1640 (Gibco, Life technologies, Skocia)
+10% FCS (Gibco, Life technologies, Skocia) +1% P+S (Gibco, Life technologies, Skocia)
tapfolyadékban adtuk a PKH67 jelolt YAC-1 célsejtekhez, majd 500rpm-el egy percig
centrifugaltuk a sejteket, hogy kozel keriilhessenek egymdashoz, és 37°C-on, termosztatban

4 Oran at inkubaltuk.

Az inkubacios 1d6 letelte utan a csoveket centrifugaltuk (5 perc, 2000 rpm) a
feliiluszot leontattiik €s S00ul RPMI1640 (Gibeo, Life technologies, Skocia) tapfolyadékban
szuszpendaltuk fel a sejteket, majd a mintdkat 1:500- ra higitott propidium jodiddal (PI)
(Sigma- Aldrich, USA) festettiik 3 percig. Ezutan BD FACSCalibur flow citométer (BD
Biosciences, Franklin Lakes, New Jersey, USA) segitségével meghataroztuk a propidium

jodid és PKH67 pozitiv célsejtek szamat (4. abra).

A kaput a PKH67 pozitiv célsejtekre allitottuk be majd ezen beliil a mértiik az NK

sejtek altal elpusztitott PI+ sejtek szamat, melyekbdl levonasra kertilt az NK sejtek nélkiili
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spontan elpusztult célsejtek szadma. Az eredményeket a Cell Quest Pro software
segitségével értékeltiik ki. A citotoxicitast PKH67+ sejteken beliil az elpusztult PI+ sejtek

aranyaval [(elpusztult jelolt célsejtek/ elpusztult jeldlt célsejtek + €16 jeldlt célsejtek) x 100]

- fejeztiik ki.
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4. abra: Citotoxicitasi teszt soran alkalmazott kapuzasi stratégia. Az elsé kaput a PKH67

pozitiv célsejtekre allitottuk be (A), majd ezen beliil vizsgaltuk a PI pozitiv sejtek szamat

(B).

3.2.5. T- sejt aktivacioban és Th1/Th?2 differencialodasban szerepet jatszo markerek

vizsgadlata periférids limfocitikon

Prime PCR (Bio- Rad Hercules, Kalifornia, USA) teszt segitségével vizsgaltuk az
anti-PIBF kezelt és kontroll allatok periférias CD4+ és CD8+ 1épsejtjein a T- sejt aktivacios,
valamint a Th1/Th2 differencidciés markereket. A kezelt és kontroll allatok lépeibdl a
terhesség 10,5. napjan limfocitakat izolaltunk, majd Mini-MACS rendszert (Miltenyi Biotec
Biotechnology Company, USA) haszndlva, magneses szeparaldssal izolaltuk a CD4+ és
CD8+ T- sejteket. Az izolalt sejteket mostuk, majd a sejtszamokat 5X10%/ml-re allitottuk be.
Floureszcens monoklondlis anti- egér CD4 és CDS8 antitestekkel jelolt sejteken flow

citométer segitségével ellendriztiik az izolalas hatadsfokat. Annak érdekében, hogy az RNS
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stabil maradjon az izolalt CD4+ és CD8+ sejteket RNALater-ICE (Thermo Fisher Scientific,
Waltham, MA, USA) oldatban taroltuk felhasznéldsig. A mintakbol a Qiagen RNeasy Mini
Kit (Qiagen, Hilden, Németorszag) segitségével, a gyartd altal javasolt protokollt kdvetve
totdl RNS-t izolaltunk. A mintdk RNS tartalmét Qubit 4 fluoriméterrel mértilk meg. Bio-
Rad Prime PCR teszttel vizsgaltuk 41 kiilonb6zd gén expresszidjanak mértékét a CD4+ és

CD8+ sejteken. A kvantitativ real time PCR-t ABI 7900 berendezéssel végeztiik.

3.3. Nukleinsav tartalmu extracellularis vezikulak szamanak meghatarozasa 5. napos

tenyésztett human embriok tapfolyadékaban

Az in-vitro fertilizaciés (IVF) kezelésben résztvevd ndktdl szdrmazod embridkat
egyesével olaj (Ovoil, Vitrolife®, Goteborg, Sweden) alatt G-1 tapfolyadékban (Vitrolife®,
Goteborg, Sweden) tenyésztik hdrom napig, majd G-2 tapfolyadékban (Vitrolife®,
Goteborg, Sweden) tovabbi két napig. Az 5. nap reggelén a tapfolyadékot leszivjak és -80°C

on taroljak.

A tenyésztés 5. napjan a mikroszkopos morfologia alapjan megfelelonek itélt
embriok beiiltetésre keriiltek. A transzfer utan két héttel tortént ultrahangos vizsgalattal

igazoljak az implantacio sikerességét.

3.3.1. Aramldsi citometria

A méréseket BD FACSCalibur (BD Biosciences, Franklin Lakes, New Jersey, USA)
aramlasi citométerrel végeztiik az adatokat CellQuestPro software segitségével analizaltuk.
A bedllitashoz és a kapuzashoz Megamix-Plus SSC gyongyoket (Biocytex, Franciaorszag)
hasznaltunk. Az EV-k abszolut szamanak meghatarozasakor belsé standard gyongyoket
(Sysmex Partec GmbH; Németorszag) adtunk a kondicionalt tapfolyadék mintakhoz. Az

EV-k abszolut szamat az alabbi képlet segitségével szamoltuk:
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Abszolut EV szam (EV/uL) = (EV események szdma/ gydngy események szdma) x

gyongyok koncentracioja (beads/puL)

Az embrid-eredetli EV-k nukleinsavtartalmat propidium jodid (PI) festéssel mutattuk
ki. Huszondt pl embrid tenyésztéfolyadékot 15 percig szobahdmérsékleten inkubaltunk
100pul 4% paraformaldehiddel (PFA), majd 150ul PBS-t és 1ul PI oldatot (50 pg/ml),
valamint 50 pl Count Check gyongyot (Sysmex Partec GmbH, Németorszag) adtunk a
mintakhoz. Az dramlasi citometrids mérést a PI festés utan 30 percen beliil végeztiikk. Az
autofluoreszcenciat festetlen mintakkal, a nukleinsav jeldlés specificitasat PI jelolt iires G-1

¢s G-2 tapfolyadék mérésével ellendriztiik.

3.3.2. Elektronmikroszkdpos feldolgozas, immun elektronmikroszkopia

Ot napos terhes egér endometrium kb. 1 mm? darabjat PBS-el mostuk és egy éjszakan
at4 °C-on 2.5% glutaraldehiddel fixaltuk. Ezutan a blokkokat 1% osmium tetroxiddal 1 6ran
at 4 °C —on tovabb fixaltuk, majd etanol novekvo koncentracidival dehidraltuk. A blokkokat
kétszer 4 percig propilén oxiddal kezeltiik, majd propilén oxid és Durcupan gyanta (Sigma,
St Louis, USA) keverékébe meritettiik 30 percig. Egy ¢éjszakan at Durcupanban tartottuk a
blokkokat, majd Durcupannal t61tott zselatin kapszulakba bedgyaztuk és 72 6rén at 56 °C-

on inkubaltuk.

A gyanta polimerizalédasa utdn Leica Ultracut ultramikrotom (Leica Biosystems,
USA) segitségével félvékony metszeteket készitettliink, melyeket toluidin-kékkel festettiink.
Ultramikrotémmal sorozatos ultravékony metszeteket készitettiink, melyeket uranil acetattal
¢és 6lomcitrattal kontrasztositottunk, majd JEOL 1200EX-II elektron mikroszkoppal (JEOL

USA, Inc., MA, USA) vizsgaltunk.
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Az embri6 altal termelt, az embri6 kornyezetében talalhatdé EV-k PIBF tartalmat
immun elektronmikroszkopiaval vizsgaltuk. Tenyésztett és 4% formaldehiddel fixalt morula
stadiumu embridt 1:50 higitdsu nytlban termelt monoklonalis anti-PIBF ellenanyaggal
reagaltattuk [Polgar és mtsai. 2004] 2 6raig szobahdémérsékleten, majd 1:100 aranyban
higitott HRP konjugalt anti- nyul IgG ellenanyaggal (DAKO, Glostrup, Déania) inkubaltuk 1
oran at szobahdmérsékleten. A reakciét DAB-bal (DAKO, Glostrup, Daénia) tettiik
lathatéva. Az immunreakci6 utdn az embridkat 3% -os agar oldatba (Sigma, St Louis, USA)
dgyaztuk, amelybdl megszildrdulas utdn 1 mm? méretii blokkokat vagtunk és a fent leirtak

szerint el0készitettiink elektronmikroszkopos vizsgalatra.

3.4. PIBF + EV-k hatasa a CD8+ T- sejtek citokintermelésére

3.4.1. Egér embriok in vitro tenyésztése

8- 12 hetes CD1 ndstény egereket (Charles River, Németorszag) intraperitonealisan
(i.p.) oltottunk SNE follikulus stimulalé hormonnal (FSH) (Meriofert, IBSA Pharma, Svajc),
majd 48 ora mulva SNE human koriogonadotropinnal (hCG) (Choragon, Ferring,
Magyarorszag). Kozvetleniil a hCG oltds utdn a ndstény egereket himekhez tettiik. A
vaginalis plug észlelését a terhesség 0,5. napjanak tekintettilk. A plug pozitiv egerek
petevezetdjébdl 2 sejtes embridkat oblitettiink a terhesség 1,5. napjan, majd in vitro,
termosztatban (5% CO2, 37 C°, 100% paratartalom) egyesével tenyésztettiik tovabb 50pul-
es KSOM (Millipore, Egyesiilt Kirdlysag) médium cseppben paraffinolajjal (OVOIL,
Vitrolife, Svédorszag) lefedve. Az embridk az izolalds utan 72 éraval érték el a blasztociszta
stadiumot. Az embriokat 24 dranként friss KSOM cseppbe helyeztiik. Az utols6 24 6raban
az embriok morula staddiumtol blasztociszta stadiumig fejlodnek. Ezt a tapfolyadékot az

embrio kivétele utan az olaj alol leszivtuk és felhasznaléasig -80 C°-on taroltuk.
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3.4.2. EV-k azonositasa annexin V- el

Az EV-k membranjaban expresszalodo foszfatidil szerin (PS) jeldlésére fikoeritrin
(PE) jeldlt annexin V- 6t (Sony Biotechology Inc, USA) hasznaltunk. Az egér embrid
tapfolyadékbol 2ul-t 250l annexin kotd pufferhez adtuk majd 1pl PE konjugélt annexin V-
0t és inkubaltuk 10 percig szobahdmérsékleten. A keverékhez ezutan 50ul Count Check
gyongyot (Sysmex Partec Gmbh) adtunk. Az EV-k jelenlétének bizonyitasdra néhany mintat
0,1% Triton X detergensel kezeltiink. A detergens feloldja az EV-k membranjat ezért a
kezelés hatasara eltlint jeleket EV-knek tekinthetjiik. [Gyorgy és mtsai. 2011; Osteikoetxea
és mtsai. 2015]. Ures médiumot (embrié nem fejlédott benne, de ugyantigy volt kezelve)

hasznaltunk negativ kontrollként.

3.4.3. EV-k kotodésének vizsgalata egér periféridas limfocitdaihoz

Tizenhat hetes CD1 egér 1épét izolaltuk majd sejtszuszpenziot készitettiink beldle.
Ezt 30um poérusatmérdji Filcon szlirén (BD Biosciences, San Jose, USA) ontottiik at. A
CD4+ Th sejteket APC konjugalt anti- egér CD4 antitesttel (katalogusszdm: 553051 klon:
RM4-5 (RUO) BD Biosciences, USA), a CD8+ Tc sejteket PECy7 konjugalt anti- egér CDS8
antitesttel (katalogusszam: 552877, klon: 53-6.7 (RUO), BD Biosciences, USA) jeloltiik. A
CD4+ ¢és CD8+ sejtek felszinén expresszalodd foszfatidilszerin receptor (PSR)
detektalasahoz jeloletlen anti- foszfatidilszerin receptor antitestet (katalogusszam: P1495,
Sigma, USA), majd FITC konjugalt méasodlagos antitestet (anti- nytl IgG) hasznaltunk 1:50-
es higitasban. A sejteket az antitestekkel 30 percig szobahdmérsékleten inkubaltuk. Festési
kontrollként az elsddleges antitestet kihagytuk a reakciobol. EV-k izolaldsdhoz 5db egér
embri6 tapfolyadékot pooloztunk Gssze majd 12500g- vel centrifugéltuk (Z 216 M k
Microlite centrifuga, 200.88- as rotor, Hermle Labortechnik, Németorszag) 20 percig 16 C°

-on, majd mostuk 12500g-vel 15 percig 16 C°-on. Az Ev-k membranjat PKH-26
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fluoreszcens festékkel (Sigma, USA) festettiik meg a gyartd ajanldsa szerint. A PKH-val
jelolt EV-ket 96 lyuku lemezen inkubaltuk 5x10* CD4 és CDS jeldlt limfocitaval, 4% BSA
jelenlétében 4 C°-on. A BSA jelenléte megakadalyozza, hogy a szabad PKH a limfocitdkhoz
kosson. Az inkubécios id6 utan a sejteket PBS-el mostuk, majd aramlési citométerrel
(FACSCalibur, Becton Dickinson, USA) mértiik. Az eredményeket a CellQuest Pro szoftver

(Becton Dickinson, USA) segitségével analizaltuk.

3.4.4. EV-k limfocitikhoz kiotodésének megakadalyozdsa

Az EV-k limfocitakhoz k6tddésének mechanizmusat vizsgaltuk, oly mdodon, hogy az
embrid eredeti EV-k felszinén megjelend PS-t annexin V — el (Sony Biotechology Inc,
USA) jeloltik meg, vagy a limfocitdk kiils6 membranjdban megjelend PSR-t anti- PSR
antitettel (Sigma; kat szam: P1495, USA) ,takartuk™ el. A CD4 ¢s CDS jelolt limfocitakat

lug/ml  koncentracioju  poliklondlis anti- PSR antitesttel inkubaltuk 20 percig

szobahOmeérsékleten.

Az elozéleg PKH-val megjelolt vezikulakat annexin kotd pufferbe vettiik fel, majd

Iul annexin V- 6t adtunk hozza, majd inkubaltuk 5 percig, szobahdmérsékleten.

Az PKH festett embri6 eredetli vezikuldkat (annexin V- el kezelt vagy nem kezelt)
30 percig inkubaltuk kezeletlen vagy anti- PSR kezelt limfocitakkal 30 percig 4 C°- on. A

CD4+ illetve a CD8+ limfocitdkon megjelend PKH jeleket vizsgéltuk aramlési citométerrel.

3.4.5. Limfocitak IL-10 termelésének vizsgalata

Otszazezer limfocitdt stimulaltunk embrié eredeti EV-kel protein transzport
inhibitor brefeldin A (Sigma, USA) jelenlétében 4 6ran at termosztatban. A stimulalt sejteket
ezutan mostuk, majd 50ul jelold pufferben (1% BSA/PBS) vettik fel. A jelolé puffer

optimalisan titralt mennyiségben tartalmazta a kovetkezd antitesteket: monoklondlis APC-
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konjugalt patkany anti- egér CD4 (APC Rat Anti-Mouse CD4 Clone RM4-5 (RUO) 553051,
BD Biosciences, USA) és monoklonalis PECy™7- konjugalt patkany anti- egér CDS8 (PE-
Cy™7 Rat Anti-Mouse CD8a Clone 53-6.7 (RUO) 552877, BD Biosciences, USA). A
sejteket 30 percig inkubaltuk az ellenanyagokkal szobahémérsékleten. Ezutan a CD4 és CDS8
jelolt sejteket 4%-os PFA- ban fixaltuk 10 percig szobahdémérsékleten. Fixalds utdn a
limfocitdkat permeabilizaltuk 0,1%-0s szaponinnal majd 50ul- es jelold pufferben (1%
BSA/PBS) festettiilk megfelelden titralt monoklonalis PE- konjugélt patkdny anti- egér IL-
10 antitesttel (PE Rat Anti-Mouse IL-10 Clone JES5-16E3 (RUO) 561060, BD Biosciences,
USA) 30 percig szobahémérsékleten. Az inkubacids id6 utan a sejteket 2ml PBS el mostuk,
majd centrifugaltuk 5 percig 300g-n, a feliilluszot ledntottik és a pelletet 300ul 2%-os
paraformaldehid (Sigma, USA) oldatban vettiik fel. A jelolt sejtek a mérés elkezdéséig 4 C°-
on taroltuk sotétben. A teszt sordn az aramlési citométerrel 5x 10* sejtet mértiink le
csOvenként. Az adatokat a CellQuestPro szoftver (Becton Dickinson, USA) segitségével

elemeztiik.

Az eredmények statisztikai analizisére kétmintas t probat alkalmaztunk. A
kiilonbségeket p <0,05 esetén tekintettiik szignifikansnak.,
3.5. Etikai engedély

Minden modszert és kisérleti protokollt a Baranya megyei Allategészségiigyi
Bizottsag altal kiadott engedély (BAI/35/859-6/2019) birtokdban, a relevans iranyelvek és

szabalyok betartasa szerint végeztiink.
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4. EREDMENYEK

4.1. Az implantacié soran szerepet jatsz6 markerek megjelenése a tenyésztett egér

embriokban

Nyolc kiilonb6zd, az irodalmi adatok alapjan az implantacié és a terhesség soran
fontos szerepet jatsz6 marker jelenlétét vizsgaltuk 2, 4, 8 sejtes, morula €és blasztociszta
stadiumban levé egér embriokban. Az embriok minden vizsgalt fejlddési stadiumban erésen
expresszaljak a VEGF, IGF2, MIF, PAII, LIF és PIBF markeret. Nem expresszaljak viszont

a PLGF- et és a TNFa- at (5. ébra).
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2 sejtes 4 sejtes 8 sejtes Morula  Blasztula

5. abra: Az implanticidban szerepet jatszo molekuldk megjelenése kiilonbozé fejlettségii

tenyésztett egér embriokban. (immunhisztologia, 200x)
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4.2. A PIBF implantacioban betoltott szerepének vizsgalata egérmodellben

4.2.1. A peri- implantdacios idoszakban torténd anti- PIBF kezelés csokkenti a

bedagyazddott embriok szamat és noveli a rezorbcios aranyt

Az egereket a terhesség 1,5 és 4,5. napjan anti- egér PIBF ellenanyaggal kezeltiik,
ezzel semlegesitve a PIBF biologiai hatdsat az implantacids ablak alatt. Az egereket a
terhesség 10,5. napjan dolgoztuk fel, mert ez idépont alkalmas volt arra, hogy nem csupéan
az implantacios helyeket, de a rezorbealddott embriok aranyét is meg tudjuk allapitani. A
kontroll (PBS- sel kezelt) allatokban az implantacios helyek atlagos szama 6,5 volt, mig az
anti- PIBF-fel kezeltekben csupan 4. Azok az embriok, melyek a PIBF hidnyaban is
beagyazodtak, a késdbbiekben elpusztultak. A kontroll egerekben megfigyelt 2% rezorbcios

arany a PIBF hianyos egerekben 40%-ra nétt (6. abra).
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6. abra: Implantacios és rezorbcios arany PIBF deficiens és kontroll egerekben. Az
oszlopok 10 (anti- PIBF kezelt), ill. 15 (kontroll) egér eredményeinek atlagat +/- SE
mutatjak. *p <0,05
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PIBF hidnyos egerekben csokken az implantacios- és fokozott a rezorbcids arany.
CD1 egereket a terhesség 2,5 és 4,5 napjan i.p. monoklonalis anti- PIBF ellenanyaggal, a
kontrollokat azonos koriilmények kozott PBS-el oltottunk. A terhesség 10,5. napjan

meghatdroztuk az implantacios helyek szamat és a rezorbcids aranyt.

Ezen jelenség hatterének tisztazésa érdekében vizsgaltuk a decidudban talalhato
immunsejtek Osszetételének, és az immunvalasz egyes elemeinek valtozasat PIBF hianyos

egerekben.

4.2.2. Az anti- PIBF kezelés hatdsdra csokken a PIBF * decidudlis NK sejtek szdama

Bogdan és mtsai. egészséges terhes egerek decidualis NK sejtjeinek citoplazmatikus
granulumaiban a perforinnal ko-lokalizacioban PIBF-t mutattak ki [Bogdan és mtsai. 2017].
Az anti- PIBF-fel kezelt egerek deciduajaban szignifikansan alacsonyabb szamu PIBF
pozitiv NK sejtet talaltunk a kontrollhoz képest. A kontroll egerek spontan rezorbealddott
embridinak decidudjaban hasonloképpen csokkent szamu PIBF+ NK sejtet talalunk, ami arra

enged kovetkeztetni, hogy a rezorbcié PIBF+ limfocitak hianyéra vezethetd vissza (7. abra).

REZORBEALT

KONTROLL

ANTI-PIBF

7. abra: PIBF+ NK sejtek immunhisztologiai kimutatdsa 10,5 napos normal és rezorbealt

magzatok decidudjaban kontroll és anti- PIBF kezelt allatokban (400x).
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4.2.3. A deciduadlis és periférias NK sejtek citotoxicitisa anti-PIBF kezelt és kontroll

egerekben

A peri implantacids id6szakban alkalmazott anti- PIBF kezelés a kontrollhoz képest

szignifikansan fokozta mind a periférias, mind a decidualis NK sejtek citotoxikus aktivitasat

(8. abra).
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8. abra: PIBF hianyos egerek decidualis és keringd NK sejtjeinek citotoxikus aktivitasa. A
citotoxikus aktivitds meghatarozasa aramlési citometriaval tortént. A PKH-67-al jelolt
célsejteket a limfocitakkal valdo négy oOrds inkubécid utdn propidium jodiddal jeloltiik, a
karosodott és €16 célsejtek elkiilonitése céljabol. A citotoxicitast PKH-67+ sejteken beliil az
elpusztult PI+ sejtek ardnyaval [(elpusztult jelolt célsejtek/ elpusztult jelolt célsejtek + €16
jelolt célsejtek) x 100] - fejeztiik ki. Az oszlopok 6 fliggetlen meghatarozas atlagat +/-SEM
mutatjak. *p <0,05
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4.2.4. Decidudalis B- sejtek az anti-PIBF kezelés hatdsdra depletdalodtak

A kontroll allatok decidudjaban a korio- decidualis rétegben alacsony szamu B- sejt

talalhat6, melyek az anti- PIBF-fel kezelt allatok decidudiban nincsenek jelen (9. dbra).

9. abra: Decidualis B sejtek a kontroll (A) és anti- PIBF kezelt (B) egerek decidudjaban. A
B sejteket, Alexa Fluor 647 -el konjugalt anti- egér B220 IgG-vel reagaltattuk (voros
fluoreszcencia) az NK sejteket pedig FITC-konjugalt DBA lektinnel (z6ld fluoreszcencia)
jeloltiik. A kontroll egerekben az NK sejtek (A panel a és c) a deciduaban, a B sejtek pedig
(A panel b és c) a korio-decidudlis hataron helyezkednek el. Az anti- PIBF kezelt egerek
decidugjadban az NK sejtek jelen vannak (B panel a és ¢), a B sejtek azonban hidnyoznak (B

panel b és ¢). a: NK sejtek (FITC) b: B sejtek (Alexa Fluor 647) c: Merged. (200X)
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4.2.5. A peri-implantacios idészakban PIBF hidanyos egerek CD4+ T- sejtjein az
aktivaciohoz sziikséges gének csokkent mértékben expresszdlodnak és a T- sejtek Thl

iranyba differencidlodnak

Prime PCR teszttel vizsgaltuk 48 kiilonb6z6é gén expresszidjanak mértékét a PIBF
hianyos és a kontroll egerek periférids limfocitdin. A vizsgalt géneket 3 csoportra lehetett
osztani; a T- sejt aktivacioban-, a Thl iranyu differencidlodasban-, és a Th2 iranya
differencidlodasban szerepet jatszo génekre. A T- sejt aktivacidoban szerepet jatszé CD3
komplex tagjai (CD247, CD3D, E ¢és G, IL2RG), valamint a ko-stimuléacioért felelos CD4,
CD28 CD40L ¢és CD86 gének a kontrollhoz képest szignifikdnsan alacsonyabb szinten
expresszalodtak a PIBF hianyos allatok CD4+ sejtjeiben, de magasabb expresszids szintet

mutattak a kezelt allatok CD8+ limfocitaiban (10. &bra).

CcD247
CcD28
CD3D
CD3E
CD3G
CcD4
CcD4oL
cD86
IL2RB

IL2RG

CD4 Kontroll CD4 a-PIBF kezelt CDS8 Kontroll CD8 a-PIBF kezelt

10. abra: A T- sejt aktivalodasban szerepet jatszo gének kifejezddése anti- PIBF kezelt és

kontroll terhes egerek CD4+ és CD8+ T 1épsejtjein.
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A hétérképen lathato, hogy mind a CD3 komplex dsszetevdi, mind a ko-stimulécios
molekulak csokkent mértékben fejezddnek ki PIBF-deficiens egerek CD4+ T- sejtjein, mig
néhanyan upreguldlodnak a CD8+ sejteken. A hétérképen az alacsony értékeket zold, a
magasakat piros szin jelzi. Valamennyi adat szignifikansan (p <0,05) kiilonbozik a kontroll

értékektol.

A PIBF hidnyos egerek CD4+ sejtjein az IL-4 mRNS expresszidja csokkent
(11.4bra), mig a CD8+ populacioban megnétt az IL-2R gamma lanc (10. abra) és az IL-12A

mRNS expresszidja (11. abra).
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11. abra: A Thl1/Th2 differencidlédasban szerepet jatszo6 gének expresszioja kontroll és
anti-PIBF kezelt egerekben. A) Az anti- PIBF kezelt egerek CD8+ sejtjeiben szignifikdnsan
magasabb az IL-12A mRNA expresszidja. B) Az anti- PIBF kezelt egerek CD4+ sejtjeiben
szignifikansan csokkent az IL-4 mRNS expresszidja. Az oszlopok 4 kisérlet eredményének

atlagat +/-SEM mutatjak. *p <0,05
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Az eredmények alapjan az anti- PIBF kezelés gatolja a CD4+ sejtek, és serkenti a

CD8+ T- sejtek aktivaciojat.

4.3. PIBF+ EV-k hatasa periférias limfocitak citokintermelésére

4.3.1. Embrio eredetii EV-k kimutatdasa annexin V- el

Az egér embridk extracellularis vezikulumokat termelnek. Az egér embrid
tapfolyadékaban 1évé embrid-eredetii EV-ket az annexin V kotdképességiik alapjan
azonositottuk, aramlasi citometriaval. Annexin V-t tartalmazo iires tapfolyadék (embrid
nem fejlédott benne) hasznaltunk a nem specifikus fluoreszcencia hattér mérésére (12
abra/A). Az annexin V pozitiv események szama magasabb volt az embrid tdpfolyadékban
(12. abra/ C, E), mint az tires tapfolyadékban (12 dbra/A). Az annexin V pozitiv EV-k
eltlintek a mintak Triton-X kezelése utan (12. abra/D, F), mig az iires tapfolyadék nem
specifikus fluoreszcencia hattere nem volt érzékeny a Triton-X fiiggd lizisre (12. dbra/B).
A tovabbi kisérletekben azokat az eseményeket tekintettiik EV-knek, amelyek érzékenyek

voltak a 0,1%-o0s Triton-X 100 kezelésre.

Az 14 embrid tapfolyadéka és 4 tires tapfolyadék elemzése jelentds kiillonbséget
mutatott (p <0,001) az annexin V+ és a TritonX-fiiggd lizisre érzékeny EV-k szamaban

(13. abra).

Ezek az adatok megerdsitik, hogy a tenyésztett embrid kimutathaté mennyiségii
EV-t termel, és az annexin V jelolés megbizhaté mddszer az embrid-eredetii EV-k

kimutatdsanak.
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12. abra: Extracellularis vezikuldk embriok tenyésztéfolyadékaban. Az egér embrio
tapfolyadékaban 1évé EV-kat az annexin V kotd képességiik alapjan azonositottuk
aramlasi citometria segitségével. A nem specifikus festddés mérésére annexinV -tel
jelolt iires tapfolyadékot hasznaltunk (nem fejlédott benne embrid). Az EV-k
jelenlétét detergens lizissel igazoltuk. Annexin V pozitiv EV-k két reprezentativ
embridtenyésztd tapfolyadékban és egy iires tapoldatban. (A) Annexin V pozitiv EV-
k ires tapfolyadékban. (C, E) Annexin V pozitiv EV-k az egér embrid
tapfolyadékaban. (D, F) Az annexin V pozitiv EV-k eltinnek a TritonX kezelés utan.
(B) Az iires tapkozegben 1évo hattér nem érzékeny a Triton X-fiiggd lizisre. A panel
jobb felsé negyedében 1év0 szamok az egy mérés soran észlelt annexin V+

események szamat mutatjak.
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13. abra: Az annexin V- tel jelolt Ev/ul szdma 14 egyedi embridtenyésztd
tapkozegben és 4 tires tapfolyadékban. Az oszlopok 14, illetve 4 kisérlet atlagos +/-
SEM értékét jelentik *p <0,001.

4.3.2. Az embrio eredetii EV-k PIBF-t tartalmaznak

A preimplanticiés egér embrid6 PIBF-t expresszal (5.4bra). Immun -
elektronmikroszkopia segitségével kimutattuk, hogy az embrié altal termelt EV-kben is

megtalalhat6 a PIBF (14. 4bra).
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14. abra: Extracellularis vezikuldk a bedgyazddott embri6 és a maternalis oldal kozti
résben. A) 5. napos implantantacids hely egér endometriumban (félvékony metszet). A
bekarikazott teriilet nagyitva lathat6 a B dbran. Scale bar=200 pm. B) Az embri6-
maternalis hatarfeliilet kis nagyitasu elektronmikroszkopos képe. Az extracelluléris
vezikulakat nyilak jelolik. A bekarikazott teriilet nagyobb nagyitassal lathat6 a C abran.
(Scale bar= 20 um C, Scale bar = 500 nm. D) In vitro tenyésztett morula stddiumban levo
egér embridt anti PIBF ellenanyaggal festettiik, majd agarba bedgyaztuk és
elektronmikroszkdpiara el0készitettiik. Az embri6 altal termelt EV (nyil) PIBF-t tartalmaz.
Scale bar =200 nm.

4.3.3. Az embrio eredetii EV-k foszfatidil- szerinen keresztiil kotodnek a periféridas

limfocitikhoz

Az egér embrid-eredetli extracelluldris vezikulumok a foszfatidil-szerin révén
kotddnek az egér 1ép sejtjeihez. Az EV-k kotodését egér 1ép sejtekhez dramlasi citometriaval
igazoltuk. A sejteket méret (FS) és granularitas (SS) alapjan limfocitdkra és nem limfoid

sejtekre osztottuk. Az egér embrid-eredetii EV-k kétddnek mind a CD4+ mind a CD8+ T-
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limfocitak feliiletére, de nem kdtddnek a nem limfoid sejtekhez. Meghataroztuk a CD4+ és
CD8+ sejtek kapuit, és 0sszehasonlitottuk a PKH fluoreszcenciat a CD4+ és CD8+ limfocita
kapukon beliil. Jelentésen magasabb (p <0,001) PKH fluoreszcenciat lattunk a CD8 + sejtek
kapujaban (MFI = 48,58 £ 6,19) mint a CD4+ sejtek kapujaban (MFI = 10,81 + 1,19), ami

azt mutatja, hogy a CD8+ sejtek tobb embrio-eredetii EV-t kotottek, mint a CD4 + sejtek

(15. abra).
* *kk*k
100+
o
=
®e
s 80
&
S
2 60 4 e
§ T
S 40- aylye
= oo
= 204 =
~ Lot
0 T r
CD4+ sejtek CD8+ sejtek

15. abra: Jelentésen magasabb PKH fluoreszcenciat mutattunk ki a CD8+ sejtek
esetében, mint a CD4+ sejteknél (p <0,0001). A kisérleteket hat alkalommal,
duplikatumokban ismételtiik meg. Az abran az atlagok + SEM értékek lathatok.

Feltételeztiik, hogy az EV-k a limfocitakhoz a membranjuk feliiletén talalhato PS és
a sejtek feliiletén expresszalodo PSR kozotti kdlesonhatés révén kotddnek. A CD4+ és CD8+

sejtek egyenld mértékben expresszalnak PSR-t (16. abra).
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16. abra: CD4+ (A) és CD8+ (B) sejtek foszfatidil- szerin receptor expresszidja

Ezért vizsgaltuk a foszfatidil szerin-foszfatidil szerin receptor kolcsdnhatas szerepét
az embrid-eredetli EV-k T- sejtekhez valo kotddésében. Mieldtt az embrid-eredetii EV-ket
immun-fenotipizalt 1épsejtekkel inkubaltuk volna, ,letakartuk” az embrio-eredetii EV-k
exofacialis foszfatidil-szerin kotéhelyeit annexinV-tel, vagy a limfocitdk foszfatidil-szerin
receptorait foszfatidil-szerin receptorra specifikus monoklonalis antitestekkel, és
ellendriztiik a CD4+ ¢és CD8+ sejtekhez kotédd EV-k szamat. Mindkét esetben részben
gatoltak a PKH-jelolt, embrio-eredeti EV-k kotddését. Ezeket a kisérleteket 4-szer
ismételtiik meg, €s jelentds (p = 0,05) csokkenést mutattunk ki a sejtekhez kotédé EV-k
szamaban az anti- PSR vagy az annexin V blokkolasat kdvetéen (17. abra). Ezért arra a
kovetkeztetésre jutottunk, hogy a PSR lehet az egyik cél- kotohelye az embrio-eredetii EV-

knek.
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17. abra: Az embrid-eredetii extracellularis vezikulumok (EV) exofacialis foszfatidil-

szerin kotohelyeinek blokkoléasa gatolja az EV-k kotddését a limfocitdkhoz. Miel6tt az

embrid-eredetli EV-ket anti- CD4 ¢és anti- CDS jelzett 1épsejtekkel inkubaltuk volna,

maszkoltuk a foszfatidil-szerint az EV-k membranjain az annexin V-vel, vagy a

limfocitak foszfatidil-szerin receptorait, és ellendriztik az EV-k CD4+ ¢s CD8+

sejtekhez kotddésének szamat. A. panel: A reprezentativ dot plotok jobb felsd

negyedeiben lathatok a PKH+/CD4+ vagy PKH+/CDS8+ duplan pozitiv sejtek. Ezek a

populécidk képviselik azoknak a limfocitaknak a szamat, amelyek a felsziniikon PKH-

jelzett EV-ket kotottek. Mind a limfocitdk anti-PSR antitest eldkezelése, mind az

embrid-eredetli EV-k exofacidlis foszfatidil-szerinjének annexin V-vel torténd

blokkolasa részben gatolta az EV-k kotodését.
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4.3.4 Az embrio eredetii EV-k jelenlétében a CD8+ limfocitak IL-10 termelése emelkedett

Anti- CD4 vagy anti- CD8 ellenanyaggal jelolt egér Iépsejteket embrio-eredetii EV-
kel, ill. 30 percig 37°C on anti- PIBF ellenanyaggal kezelt EV-kel inkubaltunk. Ezutdn a
1épsejteket anti- IL-10 ellenanyaggal jeldltiik, és dramlasi citometridval meghatdroztuk az

IL-10 pozitiv sejtek szamat.

Az EV-k jelenléte szignifikansan fokozta az IL-10+ CD8+ sejtek szamat, az EV-k
elézetes anti- PIBF kezelése ezt megakadalyozta (18. abra). Az EV-k nem befolyasoltak a

CD4+ ¢és a B- sejtek IL-10 termelését.
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18. abra: Embrid-eredetli, PIBF-tartalmi EV-k hatidsa a CD8+ Iépsejtek IL-10 termelésére.
*p <0,001.
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4.4. A tenyésztett embriok altal termelt nukleinsav tartalmu EV-k szama jelzi az

embri6 implantacios képességét
44.1. A PI+ EV-k szama szignifikansan alacsonyabb a kompetens embriok
tapfolyadékaban, mint azokéban, amelyek nem dgyazodnak be

Nyolcvannyole, asszisztalt reprodukcids kezelésben részesiilo infertilis asszony
embridit vizsgaltuk. A legtobb esetben egynél tobb embrid betiltetése tortént.

A kimenetel ismeretében két csoport alakult ki.

1) Nem jott 1étre bedgyazodas N=30

2) Klinikai terhesség alakult ki N=58

A PI+ EV-k szama szignifikansan (p<0,001) alacsonyabb volt azon embridk 5. napos
tenyésztd folyadékaban, amelyek beiiltetése klinikai terhességet eredményezett (N=112),

mint azokéban, amelyek nem adgyazodtak be (N=49) (19. abra).
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19. abra: Propidium jodid (PI)+ EV-k a klinikai terhességet eredményezd, és a nem

implantal6do embriok tenyésztéfolyadékaban. *** p<0,001
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4.4.2. A kompetens embrié azonositisa az 5. napos tenyésztofolyadék PI+ EV tartalma

alapjdan

Szaztizenkét embrid beiiltetése 58 ndbe 64 implantacidt eredményezett. Negyvenot
esetben 2, 0t esetben 3, ¢és 8 esetben egy embrio beiiltetése tortént. (egy minta masra lett

felhasznalva a statisztika nem tartalmazza).

Ha két embri6 betiltetése egyes terhességet eredményezett, az egyik beiiltetett embrid
tapfolyadékaban jelentdsen alacsonyabb szamt PI+ EV-t mutattunk ki, mint a mésikéban
(20. abra), mig, amikor két embri6 beiiltetése utan sem jott 1étre a terhesség, mindkét embrid

tapfolyadékaban magas volt a PI+ EV-k szdma (21. abra).
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20. abra: 5. napos embriok tapfolyadékaban talalhaté PI+ EV-k szama. Két embrid
beiiltetése egyes terhességet eredményezett. a) Reprezentativ dot plot az EV-k méret szerinti
eloszlasat mutatja. b) és c¢) dot plotok mutatjak az egy anyéba {iltetett embriok PI+ EV

szamat.
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21. abra: 5. napos embriok tapfolyadékaban talalhaté PI+ EV-k szama. Két embrid
beiiltetése nem eredményezett terhességet. a) Reprezentativ dot plot az EV-k méret szerinti
eloszlasat mutatja. b) és c¢) dot plotok mutatjak az egy anyéba {iltetett embriok PI+ EV

szamat.
Két embrid beiiltetése hat esetben ikerterhességet eredményezett, és mindkét embrid

tenyésztd folyadékaban alacsony szamt PI+ EV-t mutattunk ki (22. 4bra).
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22. abra: 5. napos embriok tapfolyadékaban talalhatdé PI+ EV-k szama. Két embrid
betiltetése ikerterhességet eredményezett. a) Reprezentativ dot plot az EV-k méret szerinti
eloszlasat mutatja. b) és c) dot plotok mutatjdk az egy anyéba {iltetett embriok PI+ EV

szamat.
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A klinikai terhességgel végz6do csoportban az alacsonyabb szamu PI+ EV-t termeld
embriok tapfolyadékat a magasabb szamu PI+ EV-t termelé embriok tapfolyadékaval

Osszehasonlitva szignifikans (p<0,001) volt a kiilonbség a két csoport kdzott (23. abra).

Ennek alapjan feltételezhetd, hogy azok az embriok implantaloédtak, amelyek

alacsonyabb szamu PI+ EV-t termeltek.

Nyolc esetben egyetlen embri6 betiltetése egyes terhességet, tovabbi 6 esetben két
embrid beiiltetése ikerterhességet eredményezett. Ezen embriok PI+ EV termelése tehat
egyértelmiien 6sszekapcsolhatd beagyazodasi hajlamukkal. Valamennyi ebbe a kategoriaba
tartozo embrid alacsony szdmu PI+ EV-t termelt (23. dbra), ami megerdsiti a feltételezést,
hogy a kompetens embrid azonosithatd a termelt alacsony PI+ EV szdm alapjan. Az adatok
egyben arra is utalnak, hogy ha ugyanazon anya tenyésztett embridinak tapfolyadékai kozott
jelentds kiilonbségek mutatkoznak, a legalacsonyabb szdmt nukleinsav tartalmi EV-t

termelO embrionak a legnagyobb az esélye a beagyazodasra.
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23. abra: A klinikai terhességgel végzddd beliiltetések embridinak magas (N=48) vagy
alacsony (N=64) szamu PI+ EV-t tartalmazo tipfolyadékai. Osszehasonlitasként feltiintettiik
a bizonyithatéan kompetens embriok (N=20) tapfolyadékaban mért PI+ EVk szamat.

% p< 0,001 #+%* p<0,0001
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4.4.3. A jo bedgyazddasi hajlammal rendelkezo és a nem implantalédo embriok

azonositdsa

A kulonboz6 adathalmazokat ROC analizissel elemeztiik.

A bizonyitottan kompetens embridk, vs. a nem implantalodott embriok altal termelt
PI+ EV-k szamat ROC analizissel vizsgalva (24/a. édbra) a két csoportot elkiilonitd cut off
szint 957 PI+ EV-nek bizonyult. A kompetens embrié 90% szenzitivitassal és 85.7%

specificitassal azonosithato.

A valdszintisithetden kompetens embriok (az azonos anyatol szarmazd embriok
koziil a legalacsonyabb PI+ EV szammal rendelkezd), és a nem implantalodott embridk altal

termelt PI+ EV-k szdmat 6sszehasonlitva (24/b abra) a cut off érték of 964-nek bizonyult.

A valdszintsithetéen kompetens embridk, és a valdszinlsithetéen nem
implantalodott embridk altal termelt PI+ EV-k szdmat 6sszehasonlitva (24/c 4bra) a cut off

értek 1063-nak bizonyult. A modszer szenzitivitasa 93.7% specificitasa 64%.
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24. abra: ROC analizis az optimalis cut-off érték és a modszer diagnosztikai értékének
meghatarozasara. (a) Bizonyitottan kompetens embridk versus (vs.) a nem implantalodott
embriok adatai. (b) Feltehetéen kompetens embriok (azonos anyatdl szdrmazo embridok
koziil a legalacsonyabb szamu PI+ EV-t termeld) vs. a nem implantalodd embridk adatai. (c)
A feltehetden kompetens embrok adatai vs. a feltehetden inkompetens embriok a klinikai

terhességgel végzddo csoportban, plusz a sikertelen implantacio csoport adatai.

Az eredmények azt mutatjak, hogy a tenyésztés soran az embri6 altal a tdpfolyadékba
kibocsatott PI+ EV-k szama jol elkiiloniti a kompetens és az implantalédni nem képes

embriot.

A 964 PI+ EV, cut off szintet alkalmazva 64 feltételezetten kompetens embri6 koziil
8 (12.5%) termelt ennél magasabb, és a 49 nem implantalodott embrid koziil 7 (14%) ennél

alacsonyabb szamu PI+ EV-t.

A 20 biztosan kompetens embrid koziil 19 a cut off szint alatti szamban termelt PI+
EV-t. Megallapithato tehat, hogy az azonos anyatdl szarmazo tenyésztett embriok koziil a

legalacsonyabb szamu PI+ EV-t termeld beiiltetése ajanlott.

56



5. DISZKUSSZIO

Munkacsoportunk korabbi eredményei szerint a PIBF el6segiti az endometrialis
stromasejtek decidudlis atalakulasat, és az implantacios ablak alatt expresszalodik
legerésebben az egér endometriumban [Mulac-Jeri¢evi¢ €s mtsai. 2019], ami arra enged
kovetkeztetni, hogy a PIBF szerepet jatszhat az implantacioé folyamatdban. Ennek tisztazasa
céljabol, a peri-implantacids idészakban specifikus ellenanyaggal neutralizaltuk a PIBF

biologiai aktivitasat, és vizsgaltuk ennek funkcionalis kovetkezményeit.

A funkcionalisan PIBF hianyos egerekben az implanticios helyek szama
szignifikansan alacsonyabb volt, mint a kontroll egerekben, €s azok az embridk, amelyek a
PIBF hidnyéban is beagyazodtak, a késébbiekben fokozott mértékben pusztultak el. Korabbi
megfigyelések szerint a terhesség 8,5. napjan tortént anti- PIBF kezelés a kontroll 8%-hoz
képest 40%-ra emelte a rezorbealddott magzatok aranyat [Szekeres-Bartho és mtsai. 1997],
a jelen adatok pedig azt mutatjak, hogy a peri-implantacios idészakban kialakult PIBF hidny

ezen feliil a beagyazodast is gatolja.

A PIBF termelésére szamos sejt ill. szovet, igy a keringd limfocitak [Szekeres-
Barth6 és mtsai. 1995], maga az embrid, a trofoblaszt [Anderle és mtsai. 2008b] és az
endometridlis sejtek [Mulac-JeriCevi¢ és mtsai. 2019] képes. A sikeres IVF kezelésben
részesiilt nok szérumaban a PIBF 14 nappal az embridtranszfer utan kimutathat6é [Hudic és
mtsai, 2020]. Bar mar a tenyésztett embri6 is termel PIBF-t, egyetlen embrid természetesen
nem képes olyan mennyiségli fehérje termelésére, amely a szérumban mérhetd
koncentraciokat eredményezne, valoszinlibb, hogy az embrid jelenlétét felismerd anyai oldal

felelOs a szérumban is megjelend PIBF termeléséért.
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A tovéabbiakban megvizsgaltuk milyen folyamatok allhatnak a PIBF hidny okozta

beagyazodasi zavar hatterében.

A sikertelen terhességek egy részében jellemzden magas az anyai NK aktivitas [de
Fougerolles és mtsai. 1987; Kinsky és mtsai. 1990; Aoki és mtsai. 1995; Fukui és mtsai.
1999; Ntrivalas és mtsai. 2001, 2005; Yamada és mtsai, 2001; Putowski és mtsai. 2004;
Shakhar és mtsai. 2003]. A progeszteron ¢és a PIBF terhességre kifejtett kedvezd hatasa
részben az NK aktivitds szabalyozasan keresztiil valésul meg. A progeszteron koncentracio-
fiiggé modon csokkenti a terhes ndk keringd NK sejtjeinek aktivitasat [Szekeres-Bartho, és
mtsai. 1985], €s terhes egerek progeszteron receptorainak blokkolasa szignifikansan noveli

az NK aktivitast [Hansen és mtsai. 1992].

A decidualis limfocitdk 60-70%-at mind emberben, mind egérben az NK sejtek teszik
ki [King €s mtsai. 1991; Croy és mtsai. 1993] Ezek a sejtek fenotipusosan €s funkcionalisan
is kiilonboznek a periférids vérben taldlhato NK sejtektdl [Lopez-Botet és mtsai. 1996;
Cooper ¢és mtsai. 2001; Koopman ¢és mtsai. 2003; Trundley és mtsai. 2004]. A human
periférias NK sejtek tulnyomo része kis mértékben fejezi ki az CD56 (CD56%™) és nagy
mértékben a FCyRIII (CD16) antigéneket, ezzel szemben, a decidualis NK sejteket a CD56
molekula erds expresszdja jellemzi, és hianyzik a CD16. Ennél is Iényegesebb kiilonbség,
hogy mig a keringd NK sejtek legfontosabb tulajdonsaga citotoxikus aktivitdsuk, a
decidudban talalhaté NK sejtek annak ellenére, hogy a citoplazmatikus granulumaikban
jelen levo perforin és granzim [Koopman és mtsai. 2003], képessé tenné Oket litikus
aktivitasra, nem citotoxikusak [Rukavina és mtsai. 1995; Cooper és mtsai. 2001; Crncic és
mtsai. 2007]. Ehelyett nagy mennyiségben citokineket és angiogén faktorokat termelnek
[Koopman ¢és mtsai. 2003]. Megjelenésiik dinamikdja alapjan ezek a sejtek a placenta

kialakulasaban és fejlodésében jatszhatnak szerepet.
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A decidualis NK sejtek alacsony citotoxikus aktivitasa azért meglepd, mert keringd
tarsaikhoz hasonléan citoplazmatikus granulumaikban perforint, granzim A-t és B-t
tartalmaznak [Koopman és mtsai. 2003; Crncic és mtsai. 2005], tehat rendelkeznek az
0léshez sziikséges fegyvertarral [King és mtsai. 1993; Rukavina és mtsai. 1995; Quillay és
mtsai. 2016]. Bar bizonyos koriilmények kdzott, pl. spontan vetélés alkalmaval, ezek a sejtek
képesek degranulalodni, normalis lefolyasu terhességben nem citotoxikusak, aminek egyik
oka lehet, hogy a PIBF gatolja citotoxikus molekuldk felszabaduldsat a dNK sejtek

granulumaibol [Faust és mtsai. 1999].

A decidualis NK sejtek granulumaikban a citotoxikus enzimek mellett PIBF-t is
tartalmaznak, mely részben magyarazatot ad alacsony citotoxikus aktivitasukra [Bogdan és
mtsai. 2017], és a PIBF gatolja az aktivalt decidualis limfocitdkban a perforin expressziod
fokozodasat, tovabba a citoplazmatikus granulumok kitirilésének gatlasa Utjan pedig
csokkenti a litikus aktivitast [Faust és mtsai. 1999; Laskarin és mtsai. 1999] Bogdan és
mtsai. nagyszamu PIBF+ NK sejtet mutattak ki 12.5 napos terhes egerek decidudiban
[Bogdan és mtsai. 2017]. A peri-implantaciés idészakban PIBF hidnyossa tett egerek
decidudjaban a kontrollokhoz viszonyitva jelentdsen csokkent a PIBF+ NK sejtek szdma, és
ezzel pahuzamosan fokozodott mind a periférids, mind a decidudlis NK sejtek litikus

aktivitasa.

Az NK aktivitas és a terhesség kimenetele kozti Osszefiiggés ismert. Kozépidds
terhes egerek anti- PIBF kezelése fokozza az NK aktivitast és a reziorpcids aranyt. Az anti-
PIBF kezelt egerek anti- NK ellenanyagokkal torténd egyidejii kezelése megakadalyozza a
magas rezorpcios arany kialakulasat, ami arra utal, hogy a PIBF egérben az NK aktivitas

gatlasa révén védi a terhességet [Szekeres-Bartho és mtsai. 1997], tehat a peri-implantacios
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idészakban PIBF hidnyos egerek PIBF+ decidudlis NK sejtjeinek hidnya kovetkeztében

megno6tt decidudlis NK aktivitas lehet a fokozott magzati veszteség hatterében.

A B- sejtek a decidualis limfocitak toredékét képviselik, ennek ellenére fontos
szerepet jatszanak a lokalis immunoldgiai egyensuly kialakitdsdban. Egy nemrég megjelent
tanulmany szerint a PIBF1 tartalmu decidudlis B- sejtek mind egérben, mind emberben
védelmet nyujtanak az id6 elétti terhességmegszakadassal szemben [Huang és mtsai. 2017].
A PIBF deficiens egerek decidudjabol hianyoznak a 12,5 napos kontroll terhes egerekben a
chorio-decidudlis hataron megfigyelhetd B- sejtek, , kovetkezésképpen a mar beagyazodott

embriok késobbi sorsa is kétséges.

Végiil megvizsgaltuk, hogy a PIBF hianya befolyasolja-e a T- sejt aktivalodéasban és
differencialodasban szerepet jatszo genek expressziojat. A T- sejt receptort az alfa és béta
lanc, valamint a CD3 alkotja. A T- sejt aktivacidban nem csupan az MHC-vel egyiitt
bemutatott immunogén peptid, de a T- sejt, valamint az antigén prezentalo sejt (APC) altal
kifejezett ko-stimulator molekulak is részt vesznek. Ko-stimulacié hianya T- sejt receptor

jelatvitel anergiat eredményez.

A T- sejt differencialodas szabalyozasaban a T- sejt receptor mellett szamos az APC-
n talalhat6 ligandjaval kapcsolodo sejtfelszini receptor is kozrejatszik. A CD4 kapcsolodik
az MHC II molekulaval és stabilizalja a T- sejt és az APC interakcidjat [Leitenberg és mtsai.
1998; Krummel és mtsai. 2000]. CD28 a T- sejten kifejez6d6 ko-stimulator, amely az
aktivalt APC altal expresszalt CD80 ¢s CD86 molekulékat koti [Lanier és mtsai. 1995]. A
T- sejt aktivalodashoz vezetd elsé szignalt a sejt receptor / CD3 komplex, a masodik jelet
pedig a CD28 kotése biztositja. Mindkét jel sziikséges az IL-2 termeléshez és a T- sejt

proliferacidhoz.
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A PIBF hidnyos egerek CD4+ T- sejtjein a T- sejt receptor komplex tagjait koddolo
gének csokkent mértékben expresszalodtak, mig a CD8+ sejteken fokozott CD3D ¢és IL2RB,
valamint G expresszio volt megfigyelhetd, ami arra utal, hogy ezekben az allatokban gatolt

a T helper sejtek aktivalodasa.

A hizdsejtek, bazofil és eozinofil granulocitdk, tovabba NK sejtek és aktivalt CD4+
T- sejtek altal termelt IL-4 a Th2 irdnyu differencialodast segiti eld [Rautajoki és mtsai.
2008]. A PIBF hidnyos egerek CDA4+ sejtjeiben az IL-4 gén szignifikdnsan down-

regulalodott, mig a CD8+ sejtekben fokozodott az IL-12A expresszidja.

A fentiekbdl lathat6, hogy PIBF hidnyaban az anyai immunvalasz a terhesség
fennmaradéasa szempontjabol kedvezdétlen modon véltozik meg. PIBF hianyos egerek NK
aktivitasa fokozddik, a CD4+ T- sejteken csokken a T- sejt aktivalodasban szerepet jatszo
gének expresszioja, igy azok a T- sejtek, melyek a normalis lefolyasu terhességre jellemz6
Th2 dominans citokin egyensuly kialakitdsaban szerepet jatszanak, miikddésképtelenné
valnak. Fokozza a problémat, hogy a naiv T- sejtek PIBF hidnyaban Thl irdnyban
differencialodnak, ami kedvezdtlen a magzati antigéneket toleralé immunologiai kdrnyezet
kialakitdsa szempontjabol. Ezen immunolédgiai valtozasokkal parhuzamosan csokken az

implantacioés arany, és né a magzati veszteség.

A fentiek alapjan nyilvanvalo, hogy a PIBF jelenléte sziikséges a terhesség normalis
lefolyasa szempontjabol kulcsfontossagti Th2 dominans citokin egyensuly kialakulasdhoz

[Dey és mtsai. 2004].

Felmertil ezek utan a kérdés, hogy az implantacié idészakdban hogyan kommunikal
az embri6 az anyai immunrendszerrel. Az EV-k lipid membrénnal hatéarolt strukturdk,

melyekbe a kibocsatd sejt nukleinsavakat, fehérjéket vagy egyéb molekuldkat csomagol.
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Ezek az iizenetek eljutnak a kornyezd sejtekhez, igy az extracellularis vezikuladk a sejtek
kozotti parbeszéd eszkozeiként mitkodnek. Az embri6 altal termelt extracellularis vezikuldk
kimutathatok a tenyésztett embridk tapfolyadékaban, valamint elektronmikroszkoppal, az
implantéacio6 helyén, az endometrium ¢és a bedgyaz6dd embrid kozti résben. Immunfestéssel
igazolhat6, hogy az embrid altal termelt extracellularis vezikuldk egyebek kozt PIBF-t is

tartalmaznak.

Egerek periférias limfocitdi embrid-eredetli extracellularis vezikuldk jelenlétében
fokozott mértékben termelik az IL-10 citokint, tehat az embrid eredetii extracellularis
vezikuldk befolydsoljdk az anyai immunrendszer miikodését, hozzédjarulva a magzat
intrauterin fejlédése szempontjabdl kedvezé immunologiai kornyezet megteremtéséhez

[Pawar és mtsai. 2014].

Az implantaci6 sikerének masik tényezdje a j6 mindségii embrid. Tobb orszdgban
elterjedt eljaras az asszisztalt reprodukcid soran, egynél tobb embrid beiiltetése. Ez a
gyakorlat azonban nem csupan a terhesség esélyét, de az ikerterhesség veszélyét is noveli.
Az ikerterhesség a korasziilés leggyakoribb oka. Mig az egyes terhességek 12-15%-a, az
ikerterhességek 50%-a végzddik korasziiléssel [Murray és mtsai. 2018]. Nem beszélve az
esetleges késobbi kovetkezményekrdl, a korasziilott csecsemd perinatalis ellatdsaval
kapcsolatos koltségek tizszer magasabbak, mint a terminusra sziiletett egészséges
ujsziilotteké. A fentiek miatt a kovetendd eljaras egyetlen embrio beiiltetése lenne, ehhez
azonban képesnek kell lenniink azonositani azt az embriot, amely képes lesz bedgyazddni a

receptiv endometriumba.

Kidolgoztunk egy nem invaziv, egyszeriien €s gyorsan elvégezhetd modszert, amely
alkalmas arra, hogy a tenyésztett embriok 5. napos tapfolyadékaban talalhatdé nukleinsav

tartalmu (PI+) tartalmt extracellularis vezikuldk szaménak meghatarozasaval kivalasszuk
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azt az embriot, melynek legnagyobb az esélye a bedgyazddasra. A vizsgalatba 88 IVF
kezelésben részesiilt nét valasztottunk be. Otvennyolc esetben klinikai terhesség jott 1étre,
harminc esetben sikertelen volt a betiltetés. A klinikai terhességet eredményezd 112 embrid
tapfolyadékaban szignifikdnsan alacsonyabb volt a nukleinsav tartalmit EV-k szdma, mint
annak a 49 embrionak a tdpfolyadékaban, melyek nem implantalodtak. Tekintve, hogy a
hazai gyakorlatnak megfelelden legtobb esetben egynél tobb embrid keriilt betiltetésre,
feltételeztiik, hogy a beliltetett két embridé kozil az implantalédott, amelynek
tapfolyadékaban alacsonyabb volt a PI+ extracellularis vezikuldk szama. Ennek a
feltételezésnek bizonyitasara hlisz olyan embri6 tapfolyadékat vizsgaltuk, amelyeknek egyes
beiiltetése egy klinikai terhességet eredményezett, igy azonosithatd volt az Osszefiiggés a
bedgyazodott embrio és a tenyésztéfolyadékaban taladlhato PI+ EV-k szama kozott. A
vizsgalt husz tapfolyadék koziil 19-ben alacsony volt a nukleinsav tartalmii EV-k szama,
ami azt mutatja, hogy ez a moddszer valdoban alkalmas a jo beagyazodasi képességgel

rendelkez6 embrid azonositasara.

A modszer eldnye, hogy gyorsan elvégezhetd igy kdzvetleniil a friss embri6 transzfer

elott kivalaszthatd az az embrio, amelynek a legnagyobb az esélye a beagyazodasra.

A fenti eredmények alapjan megallapithato, hogy a PIBF nélkiilozhetetlen a receptiv
endometrium kialakulasdhoz, az embri6 extracellularis vezikuldk segitségével kommunikal
az anyal immunrendszerrel, az embrid altal termelt nukleinsav tartalmt extracellularis
vezikuldk szaméanak meghatarozasa alkalmas a legjobb implantacios készséggel rendelkezd

embrid kivalasztasara.
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6. OSSZEFOGLALAS ES KOVETKEZTETESEK

A PIBF szerepe az implantacioban:

e A preimplanticios egér embrioban jelen vannak az implantacio sikerességével
kapcsolatba hozhaté molekuldk. Az embri6 erésen expresszal PIBF-t.
e Az anyai PIBF szint jelentds csokkenése az implantacios ablak alatt bedgyazddasi
zavarhoz vezet. Ennek hatterében a kovetkezok allnak:
o PIBF hianyaban az anyai szervezetben, mind a periférids, mind a deciduélis
NK- sejtek citotoxicitasa megno.
o A PIBF semlegesitése a korio-decidualis rétegbdl eltlinteti a B- limfocitékat,
melyeknek fontos szerepe van a terhesség fenntartasaban.
O A peri-implantaciés idoszakban PIBF hidnyos egerek CD4+ T- sejtjein az
aktivaciohoz sziikséges gének csokkent mértékben expresszalodnak, és a T-

sejtek Thl irdnyban differencialédnak.

e Az anya ¢és az embri6 kozotti kommunikécio részben extracelluléris vezikuldk atjan
torténik.

e Az embri6 altal kibocsatott annexin V jelolt EV-k flow citometridval kimutathatok.

e Az embri6- eredetli extracelluléris vezikulak PIBF-t tartalmaznak.

e Az embri6 eredetli extracellularis vezikuldk foszfatidil- szerin foszfatidil- szerin
receptor kdlcsonhatas révén kotddnek a CD4+ és CD8+ sejtekhez.

e Az egér limfocitdk embri6 eredetti PIBF tartalmi EV-k jelenlétében fokozottan
termelnek IL-10 citokint, ami alatamasztja, hogy az embrid altal kibocsatott EV-knek
szerepilk van a terhesség soran kialakuldé Th2 irdnyG immunolégiai milid

kialakitasaban.
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A PIBF-nek nem csupan a terhesség fenntartasaban, de az implantdcidban is hatalmas
szerepe van. A terhesség normdl lefolyasahoz elengedhetetlen tolerdns immunoldgiai
kornyezet kialakitasdhoz, EV-k altali kommunikéacioval maga az embri6 is hozzajarul mar a

megtermékenyitéstdl kezdve.

A kompetens embrio azonositasa:

e Az embriok nukleinsav tartalmi EV-ket bocsatanak ki a tenyésztéfolyadékukba in
vitro tenyésztés soran.

e Ezek a nukleinsav tartalmt EV-k PI jel6léssel és flow citometridval mérhetok.

e Az embridk altal kibocsatott PI+ EV-k szama ¢s implantacios kapacitasuk kozott

forditott aranyossag all fenn.

Az éltalunk kidolgozott mddszer a jovoben egy gyors diagnosztikai lehetdséget

biztosithat a kompetens embri6é azonositasara.
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SCIENTIFIC REPLIRTS

A simple and rapid flow
cytometry-based assay to
‘identify a competent embryo
e e prior to embryo transfer

Published: 06 January 2017 . . . . .
Y Eva Pallinger!, Zoltan Bognar?3*, Jozsef Bodis**¢, Timea Csabai***, Nelli Farkas’,

Krisztina Godony®, Akos Varnagy*>®, Edit Buzas! & Julia Szekeres-Bartho?3*®

Multiple pregnancy is a risk for prematurity and preterm birth. The goal of assisted reproduction is to
achieve a single pregnancy, by transferring a single embryo. This requires improved methods to identify
the competent embryo. Here, we describe such a test, based on flow cytometric determination of the
nucleic acid (PI+) containing extracellular vesicle (EV) count in day 5 embryo culture media. 88 women
undergoing IVF were included in the study. More than 1 embryos were transferred to most patients.

In 58 women, the transfer resulted in clinical pregnancy, whereas in 30 women in implantation failure.
In 112 culture media of embryos from the “clinical pregnancy” group, the number of PI+ EVs was
significantly lower than in those of 49 embryos, from the “implantation failure” group. In 14 women,
transfer of a single embryo resulted in a singleton pregnancy, or, transfer of two embryos in twin
pregnancy. The culture media of 19 out of the 20 “confirmed competent” embryos contained a lower
level of PI+ EVs than the cut off level, suggesting that the competent embryo can indeed be identified
by low PI+ EV counts. We developed a noninvasive, simple, inexpensive, quick test, which identifies the
embryos that are most likely to implant.

The efficiency of embryo implantation is surprisingly low in humans. This can either be attributed to the high
rate of chromosomally abnormal embryos, or to uterine factors, if the embryo is chromosomally normal. Ideally,
a competent embryo should have good chances to implant into a receptive endometrium. However, successful
outcome is also related to the age of the mother. The percentage of aneuploidy embryos increases with maternal
age, reaching 80% over the age of 40'~, and many of these chromosomally abnormal embryos fail to implant®®,
which explains that according to a rather conservative estimate only 50% of human conceptions will result in
pregnancy’.

In an attempt to increase the chances of pregnancy in infertile women, many in vitro fertilization (IVF) centres
transfer more than one embryos. This in turn also increases the hazard of twin pregnancies. Multiple pregnancies are
among the most common causes of preterm birth, along with the increased risk for prematurity. Therefore, it would
be of importance to select the embryo that is most likely to implant and to transfer that particular embryo only.

Enormous efforts have been devoted to finding the appropriate method to identify the competent embryo.
Selection, based on the morphological features of the embryo!!~!? is highly prone to subjectivity'*. Morphokinetic
measurements provide more objective data'>!¢. By using time-lapse imaging, the development of the embryo can
be observed in a closed system, and thus, in contrast to morphological evaluation, in this case the culture condi-
tions are stable. Some studies reported an elevated pregnancy rate when morphokinetic parameters were used for
embryo selection, however, large randomized trials are still missing!”.

Invasive methods, such as pre-implantation genetic screening for aneuploidy involve certain risks, since
biopsy might negatively influence further development of the embryo®. Randomized trials performed with
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cleavage stage embryos did not show a beneficial effect on implantation and pregnancy rates!®-!, partly because

of chromosomal mosaicism, - the blastomere analysed, does not reflect the situation in the whole embryo?, or
because since cleavage stage embryos are most vulnerable to invasive interventions, the biopsy itself might have
contributed to the failure to show positive results'®.

Analysis of embryo culture media is based on detection of changes in the spent embryo culture medium that
would reflect the functional state and vitality of the embryo?*-2°. Recently, Monstko, et al.*” reported a 100% iden-
tification of non-viable embryos by the presence of a haptoglobin fragment in embryo culture medium. Although
only 55% of successfully implanting embryos could be identified, this approach would still be a useful tool for
embryo selection. However liquid chromatography together with mass spectrometry can hardly be expected to
become available for routine use in IVF centres. Unfortunately, tests detecting the glucose or amino acid metabo-
lism or oxygen consumption of the embryo also require sophisticated equipment. Therefore, they are not suitable
for high throughput routine screening.

The ideal test should be non-invasive, simple and quick, so that it could be performed immediately, before
fresh transfer.

Tannetta et al. suggested that preimplantation embryos might produce extracellular vesicles, however they
point out that in vitro fertilization (IVF) culture media alone contains high levels of EVs, possibly from the nutri-
ents supplemented for embryo growth?.

Extracellular vesicles (EVs) are phospholipid bilayer enclosed structures which are constitutively produced by
both eukaryotic and prokaryotic cells. Among EV's exosomes are the smallest particles, with a diameter of approx-
imately 100 nm or less. Microvesicles range from 100 to 800 nm and apoptotic bodies are larger than 1000 nm.
On the basis of their specific exofacial and intra-vesicular molecular pattern (DNA, RNA and protein), EVs
play important role in intercellular communication, both in physiological and pathological processes. EVs are
detectable in body fluids including peripheral blood, urine, cerebrospinal fluid, synovial fluid, or amniotic fluid.
Although most if not all cell types can produce any subpopulations of EVs, the different vesicles are induced by
various stimuli?**. Several methods are used for the assessment of the size distribution, morphology, molecular
pattern, and cellular origin of EVs. The most often used detection techniques are Western blotting, nanoparticle
tracking analysis (NTA), tunable resistive pulse sensing (TRPS), electron microscopy (EM) and flow cytometry.

The latter is an ideal, high-throughput method, suitable for multiparametric characterization of EVs®..

This study has set the goals i) to characterize embryo-derived EVs in embryo culture media by flow cytometry,
ii) to correlate the characteristics of embryo-derived EVs with implantation potential and iii) to prove the appli-
cability of the embryo-derived EVs as biomarkers in the prediction of the implantation potential.

Methods

Patients, sample collection. Eighty eight unselected infertile patients enrolled in the IVF program, were
included in the study. The study was approved by the Human Reproduction Committee of the Hungarian Medical
Research Council and the Ethical Committee of Pecs University. Informed consent was obtained from each
patient. All methods were performed in accordance with the relevant guidelines and regulations.

For controlled ovarian hyperstimulation follicles were sycnhronized with the GnRh agonist triptorelin
(Gonapeptyl; Ferring®, Germany) in either a long or short protocol. Follicle stimulation was performed with
individual dosages of rFSH (Gonal-F; Serono® Aubonne, Switzerland), varying from 112 to 2251U per day.
Final oocyte maturation was induced by injection of 250 ug of hCG (Ovitrelle; Serono®Aubonne, Switzerland).
Oocytes were harvested 36 hours later by ultrasonographically guided puncture of the follicles. Fertilization was
performed with intracytoplasmatic sperm injection (ICSI) if sperm count was less than 15M/ml, or the maternal
age was higher than 35 years or if the number of the previous treatment cycles of the patient were more than two.

Embryos were cultured individually for 3 days under oil in G-1 medium. Then the medium was replaced by
40l of G-2 medium and the embryos were further cultured under oil till day 5. In the morning of day 5 (the day
of the transfer) as much as possible of the spent medium was collected, and stored at —80 °C until used for EV
determination. Oil (Ovoil), G-1 and G-2 medium were purchased from Vitrolife®, Goteborg, Sweden.

Embryos were transferred 3 or 5 days after the oocyte retrieval, however, only day 5 media from embryos
transferred on day 5 were included in this study. The embryos to be transferred were selected by morphological
criteria, using the Istambul Consensus embryo scoring system of ESHRE®2. If possible, only expanded blastocysts
with Grade 1 ICM and TE were transferred.

Implantation was confirmed by ultrasonography four weeks after the transfer. Clinical pregnancy is defined by
the presence of foetal heartbeat, and implantation failure by the lack of the former, together with the lack of beta
hCG on week 2 after the transfer.

Flow cytometry. Measurements were carried out using a BD FACSCalibur (BD Biosciences) flow cytometer.
All the FACS data were analyzed with CellQuestPro software. The instrument settings and gates were defined
by Megamix-Plus SSC beads (Biocytex, France) and were optimized with 1 um Silica Beads Fluo-Green Green
(Kisker Biotech GmbH & Co; Steinfurt, Germany). (Supplementary Figure 1). The single-platform flow cyto-
metric determination of the absolute number of EVs was performed by adding internal counting standard beads
(Sysmex Partec GmbH; Germany) to IVF conditioned medium samples. The absolute number of EV's was calcu-
lated using the following formula:

Absolute EV Count (EVs/uL) = (Number of EV events/Number of bead events)
x Concentration of beads (beads/pL)

For Annexin V staining 2 pl IVF conditioned medium was diluted with 250 ul annexin binding buffer
(BD Biosciences, San Jose, USA) and incubated for 10 minutes at room temperature with 1l phycoerythrin
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Figure 1. Annexin V staining of embryo-derived EVs in embryo culture medium. (a) Representative FSC-
SSC dot plot shows the size distribution of EVs in embryo culture medium. (b) Representative dot plot shows
the phycoerythrin (PE) fluorescence of EVs after AnnexinV-PE labelling. (c) Representative dot plot shows the
PE fluoresce after Triton-X 100 differential detergent lysis.

conjugated AnnexinV (BD Biosciences, San Jose, USA). Fifty il Count Check Beads (Sysmex Partec GmbH) was
also added for determination of the number of EVs. To confirm the presence of EVs, we applied Triton-X differ-
ential detergent lysis using a final concentration of 0.1%. Only events that disappeared in the presence of 0.1%
Triton-X 100 were considered as vesicles®>*.

Propidium iodide (PI) was used for the labelling of the nucleic acid content of embryo-derived EVs. PI is
a fluorescent intercalating agent which is commonly used as a DNA stain for flow cytometry. Twenty five ul of
conditioned embryo culture media was used for the measurements. Embryo culture media were incubated for
15 minutes at room temperature with 100 ul 4% formaldehyde (from paraformaldehyde (PFA) solution. At the
end of the incubation, 150 pl filtered PBS and 1 pl PI solution (50 pg/ml) and 50 pl Count Check beads (Sysmex
Partec GmbH) were added to the sample. FACS analysis was carried out within 30 minutes after PI staining.
Unstained samples were used for the detection of autofluorescence. Empty G-1 and G-2 medium and oil for
embryo culture were also incubated together PI dye for determination of the specificity of DNA labelling method.
(Supplementary Figure 2). The single-platform flow cytometric determination of the absolute number of EV's was
performed by adding internal counting standard beads (Sysmex Partec GmbH; Germany) to IVF conditioned
medium samples.

Confirmation of the presence of EVs in IVF medium by using transmission electron micros-
copy. Pooled samples (2 IVF medium) were used for transmission electron microscopic analysis. After cen-
trifugation of pooled samples (20500 g, 20 minutes), the supernatant was carefully removed and the pellet was
fixed at room temperature for 30 min with 4% formaldehyde, in 0.01 M phoshate buffer (PBS) at pH 7.4). After
washing with phosphate buffer several times, the preparations were postfixed in 1% OsO, (Taab; Aldermaston,
Berks, UK) for 30 min. Following washing with distilled water, the pellets were dehydrated in graded ethanol,
including block-staining with 2% uranyl acetate in 70% ethanol for 30 min, and embedded in Taab 812 (Taab).
Ultrathin sections were examined in a Hitachi 7100 transmission electron microscope (Hitachi Corporation,
Japan). Electron micrographs were taken at the same magnification (40,000).

Statistical analysis. The distribution of the PI positive (PI+) EVs was tested with the Kolgomorov-Smirnov’s
test, which showed a nonparametric distribution. To determine differences between the groups the
Mann-Whitney test was used. Receiver operating curve (ROC) analyses was used evaluate the diagnostic ability
of test, and the optimal cut-off score was set by the Youden index®. P-values < 0.05 were considered as statistically
significant.

Results

Cultured human embryos release EVs. The presence of EVs in culture media of in vitro fertilized human
embryos was demonstrated by flow cytometry. Although phosphatidylserine is predominantly located in the
inner leaflet of the plasma membrane, it is externalized in EVs, thus it could be stained by Annexin V. To confirm
the flow cytometric detection of Annexin V positive EVs, we used Triton-X differential detergent lysis. Only the
events sensitive to 0.1% Triton-X 100 were considered as EVs (Fig. 1). Nucleic acid-containing embryo-derived
EVs could be detected by Propidium iodide (PI) after fixation of vesicle membrane (Fig. 2). The presence of EVs
was also confirmed with transmission electron microscopy (Supplementary Figure 3).

The number of PI+ EVs is significantly lower in culture media of competent-, than in those of

failed embryos. Eighty eight infertile women were included in the study. To increase the chances of viable

pregnancy, according to the national legislation in most cases two or three embryos were transferred simultaneously.
Two groups were formed according to the outcome;

1) Implantation failure N =30.
2) clinical pregnancy N=58.
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Figure 2. Propidium iodide (PI) staining of embryo-derived EVs in embryo culture medium. (a) Representative
FSC-SSC dot plot shows the size distribution of EVs in embryo culture medium. (b) Representative dot plot shows the
autofluorescence of embryo culture medium in FL2 channel (embryo culture medium + 4% formaldehyde solution
+PI, without EVs. (c) Representative dot plot shows the PI fluorescence of 4% formaldehyde fixed embryo-derived
EVs in embryo culture medium.
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Figure 3. Propidium iodide (PI)+ EVs in culture medium of embryos resulting in clinical pregnancy or
implantation failure. ***P < 0.001.

The number of PI+ EVs was significantly (p < 0.001) lower in the 5 day culture media of embryos from the
“clinical pregnancy” group (N =112), than in those of embryos, that failed to implant (N =49) (Fig. 3).

Identification of competent embryos by determining the number of P14 EVs in day 5 culture
medium. Transfer of 112 embryos to 58 women resulted in 64 implantations. Two embryos were transferred
to 45 women, three to 5 women and a single embryo to 8 women. (One sample was used for other purposes, not
included in the statistics).

If transfer of two embryos resulted in a singleton pregnancy, the culture media from one of the transferred
embryos contained considerably less PI+ EVs than the other (Fig. 4), while, if transfer of two embryos resulted in
implantation failure, culture media of both embryos contained a high number of PI+ EVs (Fig. 5).

In 6 cases transfer of two embryos resulted in twin pregnancy. The culture media of both embryos contained
alow number of PI+ EVs (Fig. 6).

Based on these data we assume that the embryos releasing lower number of PI+ EVs were the ones that

implanted.

When transfer of more embryos resulted in singleton pregnancies, PI+ EV counts were lower in one of the
embryo culture media than in the others.

When culture media with lower number of PI4 EV's were analysed against culture media of embryos with
higher number of PI+ EVs within the “clinical pregnancy” group, there was a significant difference (p < 0.001)
between the lower PI+ EV and higher PI+ EV groups (Fig. 7). In 8 cases, transfer of a single embryo resulted in a
singleton pregnancy, and in 6 cases, the transfer of two embryos ended up in a twin pregnancy. All of these “con-
firmed competent” embryos contained low PI+ EV counts (Fig. 7). This confirms, that the competent embryo can
indeed be identified by lower PI+ EV counts.

These data also suggest, that if there is a marked difference in the PI+ EV counts in the culture media of dif-
ferent embryos from the same mother, it is the embryo with lower number of nucleic acid-containing EV's that is
more likely to implant.
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Figure 4. Propidium iodide (PI) staining of embryo-derived EVs in embryo culture medium. Two
transferred embryos resulting in singleton pregnancy. (a) Representative FSC-SSC dot plot shows the size
distribution of EVs in embryo culture medium. (b,c) dot plots show the PI fluorescence of EVs transferred to
the same mother.
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Figure 5. Propidium iodide (PI) staining of embryo-derived EVs in embryo culture medium. Two
transferred embryos resulting in pregnancy failure. (a) Representative FSC-SSC dot plot shows the size
distribution of EVs in embryo culture medium. (a,c) dot plots show the PI fluorescence of EVs transferred to
the same mother.
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Figure 6. Propidium iodide (PI) staining of embryo-derived EVs in embryo culture medium. Two
transferred embryos, resulting in twin pregnancy. (a) Representative FSC-SSC dot plot shows the size
distribution of EV's in embryo culture medium. (b,c) dot plots show the PI fluorescence of EV's transferred to
the same mother.

A cut off level for identifying the competent embryos. ROC analysis was performed using different
data sets.  Plotting data of confirmed competent embryos versus data from implantation failure (Fig. 8a) yielded
a cut off level of 957 PI4- EV count that corresponded to a maximum specificity and sensitivity. The AUC (area
under the curve) was 0.91, (95% CI: 0.842-0.978). Sensitivity; 0.9 specificity; 0.857.
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Figure 7. Culture media of embryos from clinical pregnancies with higher (N =48) or lower (N = 64)
number of PI+ EVs. ***p < 0.001 ****p < 0.0001.

Plotting data from presumed competent embryos (giving the lowest PI+ EV values among embryos from the
same mother) against data from implantation failure (Fig. 8b) resulted in a cut off level of 964. The AUC was 0.899
(95% CI: 0.837-0.960) Sensitivity; 0.875 specificity; 0.857.

Plotting data from presumed competent embryos against data from presumed incompetent embryos in the
clinical pregnancy group, plus data from the implantation failure group (Fig. 8¢). The cut off value was 1063, the
AUC was 0.806 (95% CI: 0.740-0.873) Sensitivity; 0.9375 specificity; 0.639.

The AUC is a measure of how well a parameter can distinguish between two diagnostic groups. The present
values show a very good distinction.

When the cut off was set at 964 PI+ EVs, the culture media of 8 (12.5%) out of 64 potentially competent
embryos contained a higher number of PI+ EVs than the cut off, whereas in 7 (14%) of the 49 samples from the
implantation failure group PI4 EV counts fell below the cut off level. The culture media of 19 out of the 20 “con-
firmed competent” embryos contained lower PI+ EV counts than the cut off level.

Based on these data, the embryo to be transferred should be the one with the lowest PI4+ EV count among all
the embryos from the same mother. The question is, how many of such embryos have a higher PI4 EV count,
than the cut off level, in other words; what is the chance for false positivity. In the present study, 8 (12.5%) of
the 64 supposedly competent embryos were falsely diagnosed. Therefore, when an IVF specialist transfers the
embryo with the lowest PI4 EV count, the chances of implantation are close to 90%, provided the maternal side
is receptive.

Discussion

Due to the increasing rate of infertility in developed countries, assisted reproduction has become a routine pro-
cedure. Transferring a single competent embryo, is crucial for avoiding multiple pregnancies, however to achieve
this goal, no reliable method is available to identify the competent embryo at present. A major disadvantage of
aneuploidy screening is its invasive nature’®, selection based on embryo morphology!!-? is subjective and mor-
phology does not always correlate with implantation potential'. Analysis of embryo culture media based on the
supposedly different metabolic activity of competent and incompetent embryos is time consuming and requires
sophisticated equipment®-?7.

Here, we describe a non-invasive, simple, inexpensive, and most importantly quick test, to identify the
embryos that are most likely to implant in a receptive endometrium. Less than 1h is required to test 15 embryo
culture media, thus the test can easily performed before fresh transfer. A clear disadvantage of the method is, that
a flow cytometer is an expensive equipment. On the other hand; given the short time required for performing
the test, the IVF centre does not necessarily be equipped with a flow cytometer. Measurements can be done in a
nearby flow cytometric core facility. We used culture media of day 5 embryos, because if the embryo is cultured
in vitro till it develops into blastocyst, the developmental uncertainties of cleavage stage embryo development can
be eliminated. Furthermore, the implantation potential of the blastocyst seems to be better than, that of cleavage
stage embryos. A single-blastocyst transfer is much more likely to result in a singleton live birth, than transfer
of a single good-quality cleavage-stage embryo on day 3!2%. Therefore, simply allowing the embryo to reach the
blastocyst stage, might improve the implantation rate in a fresh transfer.

In this study we showed that in vitro fertilized embryos release detectable numbers of extracellular vesicles,
into the culture media, and a part of these contain nucleic acid detectable by PI staining. The origin of the nucleic
acid has not been investigated in this study, but a possible explanation could be that it is released due to cell dam-
age, thus the higher number of nucleic acid containing EVs reflect the impairment of the embryo.

We demonstrated that when the transfer of multiple embryos resulted in singleton pregnancies, PI+ EV
counts were lower in one of the embryo culture media than in the others. Based on these data we assumed that
the embryos releasing lower number of PI+ EVs were the ones that implanted. To prove this concept, we col-
lected the culture media of embryos, with a known outcome of the transfers. Culture media from twenty embryos
from either single transfers resulting in clinical pregnancies, or from transfer of two embryos resulting in twin
pregnancies were tested. Nineteen of these 20 “confirmed competent” embryos produced lower than the cut-off
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Figure 8. Evaluation of optimal cut-off score and the diagnostic ability of test by ROC analysis. (a) Data
of confirmed competent embryos are plotted in function of data from implantation failure. (b) Data from
presumed competent embryos (giving the lowest PI4- EV values among embryos from the same mother) are
plotted against data from implantation failure. (c) Data from presumed competent embryos are plotted against
data from presumed incompetent embryos in the clinical pregnancy group, plus data from the implantation
failure group.

PI+ EV numbers in the culture media, suggesting that determining the number of PI+ EVs in the culture
medium is indeed suitable for identifying the competent embryo.

Considering the relatively small sample size, the sensitivity and specificity of the test are acceptable.

Of note; while in the cases resulting in clinical pregnancies, both the maternal side and - at least one - of the
embryos must have been competent; in women, with failed implantation, the reason for the failure could be either
embryonic, or maternal or both. Therefore, when we compare the PI4 EV content of presumably competent
embryos to that of embryos from the implantation failure group, on the latter side we are dealing with a hetero-
geneous population. In addition to the incompetent embryos, competent embryos might also have been present,
which failed to implant, because of endometrial receptivity problems.

The other problem concerns the methodology. Although the method is very simple, the inherent problems of
flow cytometry —if not properly handled might cause inconsistent results. Even though flow cytometry is a com-
mon method for characterizing EVs, it has many difficulties. Different instruments use different counting meth-
ods. There are two trends in flow cytometric absolute counting: 1) the volumetric- and 2) the microbead-based
absolute counting. In our experiments microbead-based assessments were applied for FACSCalibur cytometer. In
these cases the appropriate sample handling is very important to avoid false results or artefacts. Our data indicate
that during microbead-based absolute counting procedures the same type of calibration beads must be used in
order to avoid inter-assay variations. In order to achieve the highest sensitivity we also suggest the detection of
background noise by the analysis of PI containing empty culture media (Supplementary Figures 1 and 2).

If these problems are taken in account and properly dealt with, this system can be useful in identifying the
competent embryo right before fresh transfer.
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. Earlier evidence suggests, that the embryo signals to the maternal immune system. Extracellular
. vesicles (EVs) are produced by all types of cells, and because they transport different kinds of molecules
. from one cell to the other, they can be considered as means of intercellular communication. The aim
. of this work was to test, whether the embryo is able to produce sufficient amounts of EVs to alter the
. function of peripheral lymphocytes. Embryo-derived EVs were identified by their AnnexinV biding
. capacity, and sensitivity to Triton X dependent lysis, using flow cytometry. Transmission electron
microscopy was used to detect EVs at the implantation site. Progesterone-induced blocking factor
. (PIBF) expression in embryo-derived EVs was demonstrated with immuno-electron microscopy. The
© % of IL-10 + murine lymphocytes was determined by flow cytometry. EVs were present in embryo
. culture media, but not in empty media. Mouse embryo-derived EVs adhere to the surface of both CD4+
and CD8+ murine peripheral T lymphocytes, partly, via phosphatidylserine binding. The number of
IL-10+ murine peripheral CD8+ cells increases in the presence of embryo-derived EVS, and this effect
is counteracted by pre-treatment of EVs with an anti-PIBF antibody, suggesting that the embryo
communicates with the maternal immune system via EVs.

Pregnancy has a profound influence on the functioning of the maternal immune system. Owing to the concerted
action of NK cells, regulatory T cells and altered cytokine balance, the developing embryo enjoys a favourable
immunological environment throughout gestation. Though later stages of pregnancy have been relatively well
© characterized in this respect, little is known about the embryo-maternal interactions in the peri-implantation

. period.

: Earlier data suggest, that such an early communication might exist. Daya and Clark demonstrated immuno-
suppressive factors in embryo culture medium! and Kelemen et al.? reported increased IL-10 mRNA expression
in peripheral lymphocytes incubated with the culture media of fertilized eggs, but not in those, incubated with
follicular fluid.

Thus, there is evidence, that the embryo releases signals, to alter the maternal immune functions, from the
earliest stages of pregnancy, however, the mechanism of signal transport has not been thoroughly investigated.

In recent years extracellular vesicles (EVs) have received much attention. These membrane-coated structures
may express phosphatidylserine (PS) in their membrane®, which reacts with Annexin V.

: EVs are produced by all types of cells, and because they transport different kinds of molecules from one cell

* to the other, they can be considered as means of intercellular communication, and as such, might be considered

. as candidates for conveying the signal from the embryo to the mother. Earlier, we showed that in vitro cultured

. human embryos produce detectable numbers of EVs*, therefore, it seemed plausible, that these structures might

© be involved in the communication between the embryo and the endometrium during implantation.

EVs originating from various cell types and carrying different molecules can both activate and suppress the
function of the immune system, by presenting antigens>°, MHC molecules”"!° or cytokines!'-1°,

: The Progesterone-induced Blocking factor (PIBF) was originally described as a 34kDa protein produced

. by peripheral pregnancy lymphocytes. Later it became obvious, that PIBF is expressed by many other cell
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types and plays a role in the feto-maternal communication, partly, by mediating the immunological actions of
progesterone'’.

The aim of this work was to test, whether the embryo-derived EVs might carry PIBE, and whether PIBF+
embryo-derived EVs might alter the function of peripheral lymphocytes, this way contributing to the communi-
cation between the embryo and the mother in the early stage of pregnancy.

Materials and Methods
Embryo culture. Eight to 12 weeks old CD1 female mice (Charles River, Germany) were injected with 5
IU of FSH (Merional, IBSA Pharma, Switzerland). Forty eight hours later the mice were treated with 5 IU LH
(Chloragon, Ferring, Hungary), and directly placed to CD1 males. Twenty four hours after sighting the vaginal
plug, two cell stage embryos were flushed from the fallopian tubes, and cultured individually in 50 pl droplets
in KSOM medium (Millipore, England), supplemented with 0.4% of BSA, under mineral oil at 37 C°, 5% CO2,
for 72 h, until they reached the blastocyst stage. Culture media were replaced every 24 hours. After 24 h culture,
mouse embryos are at the 6-8 cell stage, during a further 24 h of culture they develop into morulae, and an addi-
tional 24 h culture period is needed for the embryos to reach the blastocyst stage. At this point the culture media
of individual blastocysts were collected, and stored at —80 °C, until used. Media from embryos collected at earlier
stages of development were not used in this study.

All methods were carried out in accordance with relevant guidelines and regulations. All experimental proto-
cols were approved by the Animal Health Committee of Baranya County.

Flow cytometry. Measurements were carried out using a BD FACSCalibur (BD Biosciences, San Jose, USA)
flow cytometer, and data were analyzed with CellQuestPro software. The instrument settings and gates were
defined by Megamix-Plus SSC beads (Biocytex, France) and were optimized with 1 um Silica Beads Fluo-Green
Green (Kisker Biotech GmbH & Co; Steinfurt, Germany). The single-platform flow cytometric determination of
the absolute number of EVs was performed by adding internal counting standard beads (Sysmex Partec GmbH;
Germany) to embryo culture medium samples. The absolute number of EVs was calculated using the following
formula:

Absolte EV Count (ENs/pL) = (Number of EV event/Number of bead event)
x Concentration of bead (bead/L)

EVs were identified by Annexin V binding to PS expressed by the vesicle membranes. For
Annexin V staining 2 pl of embryo culture medium was diluted with 250 pl of annexin binding buffer (BD
Biosciences, San Jose, USA) and incubated for 10 minutes at room temperature with 1 pl of phycoerythrin conju-
gated AnnexinV (BD Biosciences, San Jose, USA). Fifty pl Count Check Beads (Sysmex Partec GmbH) was also
added for determination of the number of EVs. To confirm the presence of EVs, we applied Triton-X differential
detergent lysis using a final concentration of 0.1% as described by Gyorgy et al.'®. Because the detergent lyses
the membrane of the vesicles, events that disappeared in the presence of 0.1% Triton-X 100 were considered as
EVs'®1% Empty medium (culture medium that did not contain embryos, but was otherwise treated under the
same conditions as embryo culture medium) was used as negative control.

Electron microscopy. The presence of EVs at the feto-maternal interface in day 5 murine pregnancy was
confirmed using transmission electron microscopy. Approximately 1 mm? uterine tissues from day 5 murine
pregnancy were washed in PBS, fixed with 2.5% glutaraldehyde diluted in phosphate buffer (0.1 M, pH 7.4)
overnight at 4°C. After washing with PBS, the blocks were post-fixed in 1% osmium tetroxide in 0.1 M PBS for
1 hour at 4°C and dehydrated with increasing concentration of ethanol. After complete dehydration, blocks were
transferred into propylene oxide 2 times for 4 minutes. Following this, blocks were immersed in the mixture
of propylene oxide and Durcupan resin (Sigma, St Louis, USA) for 30 minutes. Then, blocks were placed into
Durcupan-containing aluminum-foil boats overnight, and embedded into gelatin capsule filled with Durcupan
resin. After polymerization and hardening of the resin at 56 °C for 72 hours, 700 nm semi-thin sections were
cut with Leica Ultracut ultramicrotom, mounted on glass slides, stained with toluidine- blue and examined
with Olympus BX50 light microscope. Following this, 65nm serial ultrathin sections were cut with the ultra-
microtome, and mounted on mesh and single-slot copper grids. The ultrathin sections were then contrasted by
uranyl acetate and lead citrate, and were examined in JEOL 1200EX-II electron microscope.

Immuno-electron microscopy. In vitro cultured morula stage mouse embryos were stained in droplet. The
embryos were fixed in 4% formaldehyde buffered in PB for 20 minutes at room temperature. Following fixation,
blocking of endogenous peroxidase was achieved by immersing the embryos in 1% hydrogen peroxide for 15 min-
utes, non-specific binding sites were blocked with 3% of bovine serum albumin for 40 minutes. Embryos were
then reacted with 1:50 diluted rabbit anti-PIBF primary antibody®® for 2 hours at room temperature. Polyclonal
anti-PIBF antibody was generated in our laboratory by immunizing rabbits with the 48-kDa N-terminal part
of the human recombinant PIBF. The IgG from immune sera was affinity purified on protein-A or protein-G
columns (AP Hungary Ltd, Budapest, Hungary). The antibody titres were determined by ELISA using the recom-
binant PIBF protein as the antigen. An aliquot of the antibody was absorbed with the 48-kDa N terminal part of
the recombinant PIBF to be used for testing the specificity of binding on Western blots*. Binding of the primary
antibody was detected with horseradish peroxidase conjugated anti-rabbit secondary antibody (1:100) (Dako,
Denmark) at room temperature for 1 hour. Peroxidase reaction was visualized using diaminobenzidine as chro-
mogene. Following the immunoreaction, embryos were mixed in 3% agar solution ((Sigma, St Louis, USA). After
agar was hardened, small blocks of approximately 1 mm?® were cut and fixed with 2.5% glutaraldehyde diluted in
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PB overnight at 4 °C. Post-fixation with 1% osmium tetroxide, embedding and cutting of the blocks were per-
formed as described above.

Binding of EVs to mouse spleen cells.  Spleen cells of 16 weeks old female CD1 mice were prepared by
mechanical separation and filtered through a 30 um Filcon filters (BD Biosciences, San Jose, USA). Multicolor
staining method was used for the detection of CD4+ Th and CD8+ Tc cells. All antibodies (APC conjugated
anti-mouse CD4 cat No: 553051 Clone RM4-5 (RUO) 5530510r PeCy7 conjugated anti-mouse CD8 cat. No:
552877 Clone 53-6.7 (RUQO) 552877) were purchased from BD Biosciences.

For visualization the phosphatidylserine receptor (PSR) on CD4+ and CD8+ cells, the cells were reacted
with anti-phosphatidylserine receptor antibody (Sigma; Cat no: P1495) for 20 min at room temperature, and
with FITC-labelled secondary antibody (anti-rabbit IgG; Sigma; dilution 1: 50 with antibody buffer) for 30 min
at room temperature. FITC-labelled secondary antibody was used as negative control to distinguish non-specific
background signal from specific antibody signal.

Extracellular vesicles (EV fraction =12.5K pellet) were sedimented from five pooled mouse embryo culture
media at 12,500 g for 20 minutes at 160C (Z216 M K Microlite centrifuge, 200.88 rotor, Hermle Labortechnik)
and subsequently washed at 12,500 g for 15 minutes at 160C. Separated EV's were labelled with freshly prepared
PKH-26 fluorescent dye at a final concentration of 5M of PKH according to the instructions of the manufacturer
(Sigma, St Louis, USA).

PKH-labelled EVs were incubated in a 96 well plate with 5 x 10* anti-CD4 and anti-CDS8 labelled spleno-
cytes in the presence of 4% BSA for 30 minutes at 4°C (BSA was used to inhibit binding of excess PKH to the
lymphocytes). Diluted PKH dye solution without EVs (mock-stained control) was used to assess non-specific
(EV-independent) staining (supplementary Fig. 1). At the end of the incubation period, cells were washed with
PBS and analysed by flow cytometry. Experiments and measurements were repeated six times in two parallels.
Measurements were carried out using a FACSCalibur flow cytometer (Becton Dickinson, CA, USA) on the day of
the staining, collecting 2.5 X 10*— 1 x 10° cells/tube. CellQuest-Pro software (Becton Dickinson, CA, USA) was
used for analysis.

Inhibition of EV binding to lymphocytes. To investigate the mechanism of EV binding to the lympho-
cytes, we measured EV binding after reacting the exofacial phosphatidylserine (PS) of embryo-derived EV's by
Annexin V, or masking the surface phosphatidylserine receptor (PSR) molecules of splenocytes with anti-PSR
polyclonal antibody.

CD4 and CD8 labelled splenocytes were incubated with 1 pg/ml of polyclonal anti-phosphatidylserine recep-
tor antibody (Sigma; Cat no: P1495) for 20 min, at room temperature.

PKH labelled embryo-derived EVs were incubated with 1l of Annexin V (Sony Biotechology Inc) in Annexin
binding buffer for 5 minutes at room temperature.

Embryo-derived (untreated, or Annexin V treated) EVs were incubated with untreated or anti-PSR-treated
lymphocytes in PBS, 4% BSA for 30 minutes at 4°C.

PKH fluorescence signal of CD4+ and CD8+ lymphocytes was detected.

Intracellular IL-10 staining of splenocytes. Five hundred thousand splenocytes were stimulated with
embryo-derived EVs for 4 hours in the presence of the protein transport inhibitor brefeldin A (Sigma, St Louis,
USA). Stimulated cells were washed and incubated in 50 pl of staining buffer (1% BSA/PBS) with a pre-titrated
optimal concentration of allophycocyanin (APC)-conjugated rat anti-mouse CD4 (APC Rat Anti-Mouse CD4
Clone RM4-5 (RUO) 553051), and FITC-conjugated rat anti-mouse CD8 (PE-Cy™7 Rat Anti-Mouse CD8a
Clone 53-6.7 (RUO) 552877) monoclonal antibodies (15-30 min, at room temperature) for identifying CD4+
and CD8+ lymphocytes.

Anti-CD4 and anti-CD8 labelled cells were fixed (4% paraformaldehyde solution for 10 minutes, at room tem-
perature), permeabilized with 0.1% saponin and incubated in 50 pl of staining buffer (PBS containing 1% BSA)
with a pre-titrated optimal concentration of phycoerythrin-conjugated anti-mouse IL-10 monoclonal antibody
(PE Rat Anti-Mouse IL-10 Clone JES5-16E3 (RUO) 561060) for 15-30 min, at room temperature. The cells were
washed twice in 2ml of PBS, centrifuged for 5 min at 300 g, and fixed with 300 ul of 2% paraformaldehyde (Sigma,
St Louis, USA). Stained cells were stored at 4 °C in dark before analysis. All fluorochrome-conjugated monoclonal
antibodies were purchased from BD Biosciences. Tests were carried out by measuring, 5 x 10* cells/tube, on the
day of the staining. All the FACS data were analysed with CellQuestPro software (Becton Dickinson, CA, USA).

Statistics. The two-tailed Student’s t-test was used for statistical evaluation of the data. Differences were con-
sidered significant if the P value was equal to or less than 0.05.

Results
Mouse embryos produce extracellular vesicles. Mouse embryo-derived extracellular vesicles
contain PIBF. Embryo-derived EVs in mouse embryo culture media were identified by their Annexin V
biding capacity, using flow cytometry. Annexin V containing culture medium (without embryo) was used for
measuring the non-specific fluorescence background (Fig. 1A in panel A). The number of Annexin V positive
events was higher in embryo culture media (Fig. 1C,E in panel A), than in empty media (Fig. 1A in panel A).
Annexin V positive EVs disappeared upon treatment of the samples with Triton-X (Fig. 1D,F in panel A), while
the non-specific fluorescence background in empty medium was not sensitive to Triton-X dependent lysis (Fig.
1B in panel A). In further experiments the events sensitive to 0.1% Triton-X 100 were considered as EVs.
Analysis of 14 embryo culture media and 4 empty media revealed a significant difference (p < 0.001) in the
number of Annexin V+ and TritonX-dependent lysis sensitive EVs between the two groups (Fig. 1 Panel B).
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Figure 1. Extracellular vesicles in embryo culture media. EVs in mouse embryo culture media were identified
by their Annexin V biding capacity, using flow cytometry. Annexin V containing empty medium was used

for measuring the non-specific fluorescence background. The presence of EVs was confirmed by detergent
lysis. Panel A; Annexin V positive EVs in two representative embryo culture media and an empty medium.
(A) Annexin V positive EVs in empty medium. (C,E) Annexin V positive EVs embryo culture media. (D,F)
Annexin V positive EV's disappear after TritonX treatment. (B)The background in empty medium is not
sensitive to Triton X dependent lysis. Numbers in the upper right quadrants in panel A show the number of
Annexin V+ events detected in a single measurement. Panel B; The number of AnnexinV labelled Evs/pl in
14 individual embryo culture media and 4 empty media. The bars represent the mean+/— SEM of 14 and 4
experiments respectively *p < 0.001.

These data confirm, that that the cultured embryo produces detectable numbers of EVs, and Annexin V label-
ling is a reliable marker of embryo-derived EVs.

EVs with a diameter of 100 to 200 nm were also demonstrated at the foeto-maternal interface by transmission
electron microscopy in day 5 murine pregnancy (Fig. 2A-C).

PIBF expression in embryo-derived EVs was demonstrated with immuno-electron microscopy (Fig. 2D).

Our earlier data show that mouse embryos express PIBF at all stages of development (supplementary Fig. 2).

Previous flow cytometric analysis in our laboratory confirmed the presence of PIBF+ EVs in embryo culture
medium. Direct labelling of unfixed samples, detects the surface bound PIBF molecules, while a direct labelling
of paraformaldehyde fixed samples detects the intra-vesicular PIBE.

Twenty mouse embryo culture media were analysed by multicolour flow cytometry. After fixation of these
samples by 4% paraformaldehyde solution, the vesicles were reacted with FITC-labelled PIBF antibody and
propidium iodide (PI) at the same time. The double labelling revealed the presence of 1) PIBF+/PI— vesicles;
2) PIBF+/PI+ and 3) PIBF—/PI+ vesicles, suggesting that not all vesicles contain PIBF (Supplementary Fig. 3).

Mouse embryo-derived extracellular vesicles bind to mouse spleen cells via phosphatidylserine.
Binding of EVs to mouse spleen cells was confirmed by flow cytometry.

In addition to the fluorescence signals, FS (forward scatter) and SS (side scatter) parameters were also detected.
Based on their size (FS) and granularity (SS) cells were classified as lymphocytes and non-lymphoid cells and
gated accordingly (Supplementary Fig. 4) Fluorescence of PKH-labeled EV samples as well as of mock-stained
control samples were assessed within the “non-lymphoid” and within the “lymphocyte” gates.

Mouse embryo-derived EV's were found to adhere to the surface of both CD4+ and CD8+ T lymphocytes
(Fig. 3A), but not to non-lymphoid cells (Fig. 3B).

For comparing the EV binding of CD4+ or CD8+ cells, we used the PKH fluorescence intensity parameter
(geometric mean channel values/MFI values) which reflects on the number of bound EVs per cell. The mock
control did not get any fluorescence signal at PKH wavelength. We defined CD44- and CD8+- cells gates and
compared the PKH fluorescence within the CD4+ and CD8+ lymphocyte gates. Significantly higher (p < 0.001)
PKH fluorescence was detected in the CD8 + cells gate (MFI =48.58 £ 6.19) than in the CD4+ cells gate
(MFI=10.81+£1.19), showing that CD8+- cells bound more embryo-derived EVs than CD4 + cells (Fig. 3C).

We hypothesized that EVs bind to the lymphocytes via an interaction between the membrane PS and the PSR
on the surface of the cells.

Reacting CD4+ and CD8+- cells with anti-PSR antibody revealed an equal number of PSR/cell in the two
subsets (Fig. 4)
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Figure 2. EVs at the feto-maternal interface and around in vitro cultured embryos. (A) Light microscopic
photomicrograph showing implantation in a semi-thin section. Encircled area in A is shown with higher
magnification in B. Scale bar =200 um. (B) Low magnification electron microscopic photomicrograph
revealing EV's (arrows) at the embryo maternal interface. Open arrow point to the membrane of a maternal cell,
while arrowheads indicate collagen fibres in the extracellular space. Encircled area in B is shown with higher
magnification in C. Scale bar =500 nm (C) High magnification of EV's at the embryo maternal interface. Scale
bar =200 nm. (D) In vitro cultured morula stage mouse embryos were immune-stained with rabbit anti- PIBF
primary antibody, then embedded in agar and prepared for electron microscopy. The EV (indicated with

an arrow) produced by the embryo is PIBF-immuno-reactive. Insert shows EV reacted with the secondary
antibody only, as a negative control. Scale bar =100 nm.

Therefore, we investigated the role of phosphatidylserine-phosphatidylserine receptor interaction in binding
of embryo-derived EVs to T cells. Prior to incubating embryo-derived EVs with immune-phenotyped spleno-
cytes, we masked the exofacial phosphatidylserine binding sites of embryo-derived EVs by AnnexinV, or the
phosphatidylserine receptors on the lymphocytes by phosphatidylserine receptor specific monoclonal antibodies
and checked the number of EV binding CD4+ and CD8+ cells. The binding of PKH-labelled embryo-derived
EVs was partially inhibited in both cases (Fig. 5A). These experiments were repeated 4 times, and revealed a sig-
nificant (p =0.05) reduction in the number of EVs bound/cell following anti PSR or AnnexinV blocking (Fig. 5B).
Therefore we concluded that PSR may be one of the target binding sites of embryo-derived EVs.

PIBF containing EVs alter IL-10 expression of mouse peripheral lymphocytes. Anti-CD4 or
anti-CD8 labelled mouse spleen cells were incubated with embryo derived EVs, or with EV's that had been treated
with anti-PIBF antibody for 30 mins at 37 °C. Than the cells were labelled with anti- IL-10 antibody, and the num-
ber of IL-10 positive cells among the subpopulations was determined by flow cytometry.

The percentage of IL-104+ CD8+ cells increased in the presence of EVS, and this was counteracted by
pre-treatment of EVs with an anti-PIBF antibody (Fig. 6). The presence of EV's did not alter IL-10 production in
either CD4+ cells or of B cells (data not shown).

Discussion

Here we show that mouse embryos produce extracellular vesicles both in culture and after implantation. EVs
can be produced by virtually all cell types, however it has been debated, whether a single embryo would be able
to produce a detectable amount of EVs. The more so, because the culture medium contains serum or albumin,
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Figure 4. Phosphatidylserine receptor expression on CD4+ and CD8+ cells. Flow cytometry analysis of PSR
expression on the cell surface of CD4+ (A) and CD8+ (B) T cells. Histograms show staining with unconjugated
anti-PSR antibody followed by FITC-conjugated secondary goat anti-rabbit IgG (solid lines). Control cells were
stained with FITC-conjugated secondary antibody alone (dashed lines).

both of which could also be a source of EVs. Indeed, Tannetta et al.?!, points out the difficulty of measuring EV's
in embryo culture medium.

For embryo culture we used KSOM medium supplemented 0.4% bovine serum albumin. When EV content of
spent and empty media were compared (Fig. 1), though there was definitely a background in the empty medium,
this was not sensitive to TritonX-dependent lysis, which excludes the presence of EVs in the empty medium, thus
the observations are very likely due do the presence of embryo-derived EVs.

This is in line with our earlier data, showing that nucleic acid containing EV's are present in day 5 human
embryo culture media, and that the number of these EV’s is related to embryo competence®. Recently, other
groups have also reported on the presence of EVs in embryo culture medium. Giacomini et al.??, character-
ized HLA-G containing EVs isolated from conditioned media from in vitro cultured human embryos. EVs were
demonstrated in the culture medium of bovine blastocyst and the characteristics of these EV's varied depending
on embryo competence?. Qi et al.**, showed that the negative effects of culture media replacement during embryo
culture are due to the loss of embryo derived EVs, and can be corrected by exosome supplementation.

We have shown that EV's bind to the lymphocytes and the binding is inhibited both by anti-phosphatidylserine
receptor antibodies and by Annexin V. Interestingly, we found no significant EV binding to non-lymphoid cells.
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Figure 6. IL-10 expression of mouse peripheral CD8+ lymphocytes incubated with mouse embryo-derived
EVs, or with anti-PIBF treated mouse embryo-derived EVs. Anti-CD8 labelled mouse spleen cells were
incubated with embryo derived EVs, or with EVs that had been pre-treated with anti-PIBF antibody for 30 mins.
Anti-rabbit IgG was used as an isotype control. Then the cells were labelled with anti- IL-10 antibody, and the
number of IL-10 positive cells among the subpopulations was determined by flow cytometry. The bars represent
the mean+/— SEM of 15 measurements. *p < 0.001.

This might be due to a lower phosphatidylserine receptor expression on these cells. However, the non-lymphoid
population is a mixture of different cell types, and the phosphatidylserine receptor expression of each has not
been tested.

Though CD4+ and CD8+- cells express similar numbers of phosphatidylserine receptor, CD8+ cells bound
higher amounts of EVs than CD4+ lymphocytes, suggesting, that in addition to the PS-PSR binding, other, yet
unidentified mechanisms might also be involved in binding of EVs to CD8+- cells.

EVs contain different kinds of molecules, including lipids, nucleic acids, peptides and proteins, and as such,
they might act as vehicles transporting information from one cell to the other. EVs from both immune and
non-immune cells might have important roles in immune regulation.

With immuno- electron microscopy we identified PIBF in embryo-derived EVs. PIBF mediates many of the
immunological actions of progesterone during pregnancy. PIBF alters the arachidonic acid metabolism?, inhib-
its NK activity?>?” and results in Th2-dominant cytokine production by maternal lymphocytes?. Furthermore,
owing to its immunological effects PIBF contributes to the maintenance of pregnancy. Higher rates of foetal
loss were observed in mice treated with anti-PIBF compared to untreated controls®, and recent data show that,
PIBF+ decidual B cells are needed for the maintenance of late pregnancy?.
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We hypothesized that the intercellular communication between the embryo and the maternal immune system
in the peri-implantation period might be established via EVs.

There is evidence for such a mechanism in more advanced pregnancy, as placental exosomes isolated from
peripheral blood of pregnant women have been shown to suppress T-cell signalling®. In the present study, murine
embryo-derived EVs, increased the number of IL-10+ cells among peripheral CD8+- cells, but not in the CD4+
population. IL-10 producing CD8+ T cells might have a special function. Earlier studies revealed that IL-10
producing CD8+ T cells control influenza virus induced inflammation in the lung?!, and that virus-specific
IL-10-producing CD8 T cells prevent liver damage during chronic hepatitis C virus infection®.

Pre-treatment of EV's with an anti-PIBF antibody abrogates the above effect of the EV's. These data suggest,
that PIBF transported by the EV's from the embryo to maternal lymphocytes might induce increased IL-10 pro-
duction by the latter, this way contributing to the Th2 dominant immune responses described during pregnancy.
The finding is in line with our earlier data®, showing increased IL-10 production of murine spleen cells in the
presence of PIBE.

We show for the first time, that murine embryo derived EV's bind to peripheral lymphocytes —at least in part -
via phosphatidylserine, and influence IL-10 production of CD8 + peripheral lymphocytes. The latter effect can at
least partly be attributed to PIBF content of the EVs.

These data suggest, that PIBF transported by the EVs from the embryo to maternal lymphocytes might induce
increased IL-10 production by the latter, this way contributing to the Th2 dominant immune responses described
during pregnancy.

The above findings contribute to our understanding of the embryo-maternal communication in the
peri-implantation period.
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Earlier data suggest that progesterone-induced blocking factor (PIBF) is involved in
implantation. The present study therefore aims to investigate the consequences of
functional PIBF deficiency during the peri-implantation period. CD1 female mice were
injected intraperitoneally with 2 j.g anti-PIBF monoclonal antibody on days 1.5 and 4.5
of pregnancy. The number of implantation sites and resorption rates were recorded on
day 10.5. PIBF+ decidual NK cells and B cells were detected by immunohistochemistry
or immunofluorescence. Decidual and peripheral NK activity was assessed by flow
cytometry. A prime PCR array was used for determining the differential expression
of genes involved in lymphocyte activation and Th1 or Th2 differentiation in CD4+
and CD8+ spleen cells from pregnant anti-PIBF-treated and control mice. Anti-PIBF
treatment in the peri-implantation period resulted in impaired implantation and increased
resorption rates in later pregnancy. The number of PIBF+ decidual NK cells decreased,
while both decidual and peripheral NK activity increased in the anti-PIBF-treated
mice. B cells were absent from the resorbed deciduas of anti-PIBF-treated mice. The
genes implicated in T cell activation were significantly downregulated in CD4+ and
increased in CD8+ of the anti-PIBF-treated animals. The gene for IL-4 was significantly
downregulated in CD4+ cells while that of IL-12A was upregulated in CD8+ cells of
anti-PIBF-treated animals. These data suggest that the lack of PIBF results in an impaired
T cell activation, together with Th1 differentiation and increased NK activity, resulting in
implantation failure.

Keywords: PIBF, decidual NK cells, T cell activation, B cells, implantation

INTRODUCTION

The success of embryo implantation depends on embryo quality as well as on the receptivity of the
maternal endometrium. The process starts with the attachment of the embryo to the endometrial
epithelium (1-6), followed by invasion to the decidua. Progesterone plays a central role in this
process (4, 6) via the nuclear progesterone receptor (PR) isoforms, PRA and PRB (7, 8). Studies on
PR knockout mice revealed that PRA is required for endometrial receptivity and decidualization
(9), and consequently, PRA-deficient mice are infertile (10, 11).
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The progesterone-induced blocking factor (PIBF) is a
progesterone-induced mediator which conveys some of the
immunological effects of progesterone. The PibfI gene contains a
progesterone response element (12), which is activated following
the engagement of PRA in the mouse uterus (13).

Earlier data suggest that PIBF is required for the establishment
and maintenance of pregnancy, both in humans and mice.
In the sera of pregnant women, PIBF concentrations increase
throughout gestation and drop before labor (14). During
spontaneous miscarriage or preterm delivery, serum PIBF
concentrations fall below the normal levels (15). Anti-PIBF
treatment or anti-progesterone treatment of pregnant mice
results in increased resorption rates, together with an inversion
of the Th1/Th2 cytokine balance (16). The latter is due to the fact
that PIBF induces an increased synthesis of Th2 cytokines both
in vitro (17) and in vivo (18). Recent data show that PIBF plays a
role in implantation in mice (13).

The decidual transformation of endometrial stromal cells is
a prerequisite for a successful implantation. Ablation of PRA but
not PRB expression in mice results in a uterine phenotype similar
to PRKO, indicating that PRA is the major isoform involved in
the regulation of uterine receptivity and decidualization in the
mouse (19). It is important to point out that, in humans, PRB is
also involved in decidualization (20).

In our hands, during a 6-day culture, PIBF induced the
decidual transformation of mouse endometrial stromal cells
(13). Furthermore, in the mouse endometrium, PIBF expression
significantly increased during the implantation window (13).

The immunological effects of PIBF play an important
role in establishing a favorable immunological milieu for the
developing fetus.

In spite of the presence of perforin and granzyme in their
cytoplasmic granules, the decidual NK cells are weakly cytotoxic.
High decidual NK activity might damage the fetus and result in
a failed pregnancy. PIBF inhibits the degranulation of NK cells
(21). Recently we demonstrated a high number of mouse decidual
NK cells that contained PIBF in their cytoplasmic granules,
suggesting that the local presence of PIBF might be a factor in
the low decidual NK activity (22).

In the present study, we aimed to investigate the consequences
of anti-PIBF treatment of pregnant mice during the peri-
implantation period on reproductive performance as well as the
underlying mechanisms.

MATERIALS AND METHODS

Treatment of Mice

Eight- to 12-week-old CDI1 female mice (Charles River,
Germany) were caged overnight with CDI1 males in an
environment controlled for temperature, humidity, and light.
Sighting of the vaginal plug was considered as 0.5 day
of pregnancy.

Females were injected intraperitoneally with 2 jLg of anti-PIBF
monoclonal antibody (14) on days 1.5 and 4.5 of pregnancy.
The control mice were injected with 100 pl of PBS, among
the same conditions. On day 10.5 of pregnancy, the mice were
sacrificed, the number of implantation sites as well as resorption

rates was recorded, and spleens and deciduas were removed for
lymphocyte isolation.

All procedures were approved by the Animal Care Committee
of the University of Pecs.

Isolation of Decidual and Spleen
Lymphocytes

Isolated mouse deciduas were minced with scissors and
incubated for 30min with 10ml (1 mg/ml) of collagenase
(collagenase from Clostridium histolyticum, type IV, Sigma-
Aldrich, USA). The fragments were then passed through
a 70-pm mesh and washed with RPMI1640 (Gibco, Life
technologies, Scotland).

The pellet was resuspended in 10 ml of fetal calf serum (FCS)-
free RPMI and filtered on a 40 um filter. The cell count was
adjusted to 1 x 10%/ml in RPMI1640 (Gibco, Life technologies,
Scotland) +10% FCS (Gibco, Life Technologies, Scotland) + 1%
penicillin/streptomycin (Gibco, Life Technologies, Scotland).

Spleen cells were isolated by passing the spleen through a 100-
pm stainless steel mesh and centrifuging for 10 min at 1,000
rpm. The pellet was resuspended in 10 ml RPMI1640, filtered
on a 70-pwm mesh and further on a 40-wm mesh, washed, and
resuspended in RPMI1640. The lymphocytes were isolated on
Ficoll-Paque gradient, washed, and resuspended in RPMI1640 +
10% FCS + 1% penicillin/streptomycin.

Immunohistochemistry

The implantation sites were isolated on day 10.5 of pregnancy,
fixed in 6% of buffered formalin, and then embedded in
paraffin. Five-micrometer paraffin sections were deparaffinized,
rehydrated, and revealed with DAKO Target Retrieval Solution
(S1699, Dako, Denmark) at pH 6.0 in a microwave oven.
Endogenous peroxidase activity was inhibited with 3% H,O,, and
non-specific antibody binding was blocked with 3% BSA.

The slides were than reacted with 1:25 diluted biotinylated
monoclonal anti-PIBF antibody produced in our laboratory (14)
or biotinylated mouse I1gG2a either for 1h at room temperature
or overnight at 4°C. After incubation, the slides were washed for
3-5 min and reacted with 1:100 diluted streptavidin-horseradish-
peroxidase (GE Healthcare, Little Chalfont, United Kingdom) for
30 min in a humidified chamber. The reaction was developed
with diamino-benzidine (DAKO, Glostrup, Denmark). The
nuclei were counterstained with hematoxylin (DAKO, Glostrup,
Denmark) for 3 min, and the slides were mounted.

Fluorescent Staining

For visualizing of the B cells, the sections were reacted overnight
at 4°C with 1:30 diluted rat anti-mouse B220 IgG conjugated
with Alexa Fluor 647. The antibody was produced at the
Department of Immunology and Biotechnology, University
of Pécs, and was provided by Dr. Peter Balogh. The anti-
B220 IgG was purified from the supernatant of rat hybridoma
RA3-6B2 (obtained from ATCC) using Protein G affinity
chromatography. The purified antibody was dialyzed into 0.1 M
NaHCOj3 buffer and conjugated with Alexa Fluor 647 NHS dye
(ThermoFisher Scientific) as recommended by the vendor. The
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conjugated immunoglobulin was separated using Sephadex-G25
size exclusion chromatography.

For identifying of PIBF-positive decidual B cells, the sections
were reacted overnight at 4°C with 1:25 diluted FITC-conjugated
anti-mouse PIBF antibody, together with the 1:30 diluted
Alexa647-conjugated anti-mouse B220. The nuclei were stained
with Hoechst33342 (Calbiochem, San Diego, CA, USA) for
5min, washed, and then mounted with Vectashield mounting
medium (Vector Laboratories, Peterborough, United Kingdom)
and examined with an Olympus FV-1000 laser scanning
confocal system.

NK Cytotoxicity Test

A flow cytometric assay was used for the determination of
the cytotoxic activity of peripheral and decidual natural killer
cells from the control and the anti-PIBF-treated pregnant mice.
The assay is based on the quantitative and the qualitative
flow cytometric analysis of cell damage on a single-cell level.
The mouse lymphoma cell line YAC-1 was used as the target
cell population. The target cells were pre-stained with PKH-67
(PKH67 Green Fluorescent Cell Linker Midi Kit for General
Cell Membrane Labeling, Sigma- Aldrich, USA), a lipophilic dye
that stably integrates into the cell membrane without disturbing
its surface marker expression. It, thus, permits the distinction
between target and effector cells. Freshly isolated peripheral
and decidual lymphocytes from pregnant mice served as the
effector cells. The target cells and the lymphocytes, at a ratio of
1:12.5, were centrifuged and incubated in RPMI1640 containing
10% FCS and 1% penicillin/streptomycin medium for 4h at
37°C and in 5% CO,. After incubation, the cell mixture was
centrifuged and stained with propidium iodide [PI, 50 jrg/ml
(Sigma-Aldrich, USA)]. PI staining allows the discrimination
between death and living target cells. Data analysis is performed
first by gating on PKH-67-positive target cells, followed by the
analysis of the PI-positive subpopulation killed (gating strategy
is shown in Figure 1). The percentage of cytotoxicity in the
PKH-67-gated cell population was calculated by subtracting
unspecific PI4 positive target cells (spontaneous cell death),
measured in appropriate controls without effector cells from the
experimental samples. Flow cytometric analysis was performed

on a FACS Calibur flow cytometer (BD Immunocytometry
Systems, Erembodegen, Belgium) equipped with the CellQuest
software program (BD Biosciences, San Diego, CA, USA) for data
acquisition and analysis.

Lymphocyte Activation and Th1 and Th2

Cell Differentiation

A prime PCR array from Bio-Rad was used for determining the
markers for T cell activation and Thl or Th2 differentiation
in separated CD4+ and CD8+ spleen cells from anti-PIBE-
treated and control pregnant mice. The mice were sacrificed on
day 10.5 of pregnancy. The spleens were minced with scissors
and passed through a 70-pm cell strainer. The CD4+ and
CD8+ T cells were separated from splenic single-cell suspension
by magnetic separation with the Mini-MACS system (Miltenyi
Biotec Biotechnology Company, USA). Mouse Naive CD8a+
T Cell Isolation Kit (130-096-543) and mouse CD4+ T Cell
Isolation Kit (130-104-454) were applied for negative selection,
according to the manufacturer’s instructions. The collected cells
were washed, and the cell count was adjusted to 5 x 10°. One
hundred thousand separated cells were fluorescently stained with
the anti-mouse CD4 or anti-mouse CD8 monoclonal antibodies
for checking of the separation efficiency. Cell debris and dead
cells were excluded from the analysis based on scatter signals
and propidium iodide fluorescence. For the stabilization of RNA,
separated CD44 or CD8+ splenocytes were stored frozen in
RNAlater®-ICE solution. Total RNA was extracted from the cells
with the Qiagen RNeasy Mini Kit (Cat. No. 74104) according
to the supplier’s protocol. The RNA content of samples was
measured with Qubit 4 Fluorometer using the Qubit RNA
HS Assay Kit. The expression of 41 genes was determined
using a Bio-Rad prime PCR array (Immune response-Thl
and Th2 cell differentiation M384; Bio-Rad Laboratories, Inc.,
California, USA). Quantitative PCR reactions were carried out
on an ABI 7900 real-time PCR instrument according to the
manufacturer’s instructions.

Statistical Analysis
Data were analyzed by the Mann-Whitney U test and Students ¢
test. P < 0.05 was considered as significant.

A

102
PKH

FIGURE 1 | Gating strategy for determining the number of the PKH-67-positive target cells killed (Pl+). (A) Representative dot plot showing the PKH67 staining of
YAC target cells. PKHE7-positive cells were gated and were used for further analysis. (B) Representative dot plot shows the red fluorescence of PKH67+ YAC cells
after Pl staining. The percentage of PI4+-/PKH67+ YAC cells was defined as apoptotic cells.
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FIGURE 2 | Anti-PIBF treatment of pregnant mice in the peri-implantation
period results in decreased implantation and increased resorption rates. CD1
mice were injected with anti-PIBF monoclonal antibody at days 1.5 and 4.5 of
pregnancy. The controls were treated with PBS, among the same conditions.
The number of implantation sites (1st panel) and resorption rates (2nd panel)
were recorded on day 10.5. The implantation sites were significantly lower,
while the resorption rates significantly increased in the anti-PIBF-treated mice.
The columns represent the mean + SEM of the results from 10
(anti-PIBF-treated) and 15 (control) mice. “P < 0.05.

RESULTS

Anti-PIBF Treatment in the
Peri-Implantation Period Results in
Impaired Implantation and Increased

Resorption Rates in Later Pregnhancy

The mice were treated with anti-PIBF antibody at days 1.5 and
4.5 of pregnancy to render them functionally PIBF deficient
during the implantation window. The mice were sacrificed at
day 10.5. This enabled us to record not only the implantation
sites but also the resorption rate among the implanted embryos.
While the average number of implanted embryos was 6.5 in the
controls, in females treated with anti- PIBF antibody in the peri-
implantation period, the mean implantation sites decreased to
four (Figure 2). The unusually low 2% resorption rate in the
control group increased to 40% in the functionally PIBF-deficient
mice (Figure 2).

PIBF+ Large Granulated Cells Are
Depleted From the Deciduas of
Anti-PIBF-Treated Mice

In an earlier study, we demonstrated a high number of large
granulated cells—with a strong PIBF reactivity in the cytoplasmic
granules—in the deciduae of day 12.5 pregnant mice. These cells
were identified as members of the PAS+ DBA+ uterine NK cell
population. PIBF co-localized with perforin in the cytoplasmic
granules of the cells (22).

In the present study, we found a significantly decreased
number of PIBF+ NK cells in the day 10.5 deciduae of resorbed
embryos from anti-PIBF-treated mice compared to normal

NORMAL

RESORBED

CONTROL

ANTI-PIBF

FIGURE 3 | Immunohistochemical analysis of PIBF+ NK cells in normal and
resorbed deciduae from anti-PIBF-treated and control mice on day 10.5 of
pregnancy (x400).

- . NORMAL
[l RESORPTION

PIBF+ GRANULATED CELLS/mm2
g & &8 8

CONTROL ANTI-PIBF

FIGURE 4 | The number of PIBF+ NK cells in deciduas from anti-PIBF-treated
and control mice on day 10.5 of pregnancy. Compared to the normal deciduae
from the untreated controls, the number of PIBF+ NK cells is significantly
lower not only in the deciduae from both the normal and the resorbed fetuses
from anti-PIBF-treated animals but also in those of spontaneously resorbed
fetuses from control mice. The bars represent the mean + SEM of 10
independent determinations. *P < 0.05.

deciduae from untreated mice (Figures 3, 4). The number of
PIBF+ granulated cells was also significantly lower in the
deciduae of normal embryos from the anti-PIBF-treated mice
and in those of spontaneously resorbed embryos from untreated
control mice (Figures 3, 4) than in the normal decidua of the
untreated mice. These data suggest that the decreased number
of PIBF+ decidual lymphocytes was associated with resorption
rather than with the lack of functional PIBF.

Cytotoxic Activity of Decidual and
Peripheral NK Cells From

Anti-PIBF-Treated and Control Mice

We determined the cytotoxic activity of decidual lymphocytes
and of spleen cells from anti-PIBF-treated and control mice
using a flow cytometric method. Both the decidual and the
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peripheral NK activity of the anti-PIBF-treated mice were
significantly (P < 0.05) increased compared to those of the
controls (Figure 5).
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FIGURE 5 | Cytotoxic activity of decidual and peripheral lymphocytes from
anti-PIBF-treated and control mice on day 10.5 of pregnancy. The cytotoxic
activity of peripheral and decidual NK cells from control and anti-PIBF-treated
mice was determined by flow cytometric analysis of target cell damage on a
single-cell level. The target cells were labeled with PKH-67 and stained with
propidium iodide after 4 h of incubation with the lymphocytes to distinguish
apoptotic from non-apoptotic target cells. The bars represent the mean +
SEM of at least six experiments. *P < 0.05.

B Cells Are Depleted From the Deciduas of
Anti-PIBF-Treated Embryos

The endometria of the control animals (Figure 6A) contained
decidual NK cells (Figure 6A—a,c) and a discrete layer of B cells
(Figure 6A—b,c) at the coriodecidual interface. While the NK
cells were still present (Figure 6B—a,c), the B cells disappeared
from the deciduas of the resorbed embryos from the anti-PIBF-
treated mice (Figure 6B—b,c).

Functional PIBF Deficiency in the
Peri-Implantation Period Results in
Impaired CD4+ T Cell Activation and Th1
Type Differentiation

Peripheral Th cell subsets from anti-PIBF-treated and control
mice were tested for the differential expression of 48 genes
using a prime PCR array. Twelve of these showed a significantly
higher or lower expression in the lymphocytes of anti-PIBF-
treated mice compared to the controls. When analyzing the
results, the differentially expressed genes were assigned to the
following groups: (1) genes involved in T cell activation, (2)
those involved in Th1 differentiation, and (3) those involved in
Th2 differentiation.

The genes implicated in T cell activation, e.g., members of
the CD3 complex (CD 247, CS3D, CS3E, CS3G, and IL2RG),
were significantly downregulated in the CD4+ spleen cells of
anti-PIBF-treated mice but significantly increased in the CD8+
cells of the same animals (Figure 7). In the anti-PIBF-treated
mice, the beta chain of the IL2R was downregulated in the

NK CELLS

CONTROL

ANTI-PIBF

absent. (a) NK cells, (b) B cells, and (c) merged (x200).

B CELLS

FIGURE 6 | Decidual B cells in control (A) and anti-PIBF-treated (B) mice. B cells were reacted with rat anti-mouse B220 IgG conjugated with Alexa Fluor 647 (red
fluorescence), and NK cells were reacted with fluorescein-conjugated DBA lectin (green fluorescence). (A) Decidua of an untreated mouse. NK cells (a,c) are present in
the decidua and B cells (b,c) are located at the choriodecidual interface. (B) Decidua of anti-PIBF-treated mouse. NK cells (a,c) are present, while B cells (b,c) are
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FIGURE 7 | Differential expression of genes implicated in T cell activation in
splenic CD4+ and CD8+ T spleen cells of anti-PIBF-treated mice and
controls. Heatmap of the T cell activation-related mRNA expression of genes
in CD4+ and CD8+ splenocytes of anti-PIBF-treated and control mice. Clear
separations are seen between the anti-PIBF-treated and control animals and
also between the CD4+ and CD8+ cell types. Members of the CD3 complex
and co-stimulatory molecules were downregulated in CD4+ cells and
upregulated in CD8+ cells of anti-PIBF-treated mice. All of the results shown
were significantly (P < 0.05) different from the values of the controls. The
expression intensities were scaled on rows (genes) to Z scores to make them
weigh equally in the clustering. The colors of the heatmap are mapped linearly
to the Z scores (low expression in green and high expression in red).

CD4+ population, while in the CD8 population the alpha and
the gamma chain of the IL2R and the IL2 increased. The genes of
the co-stimulatory molecules were altered in a similar fashion.
Upon anti-PIBF treatment, the genes for CD4, CD28, CD40L,
and CD86 were downregulated in the CD4 and upregulated in the
CD8 population (Figure 7). These data suggest that the absence
of PIBF inhibits the activation of CD4+ cells and facilitates that
of CD8+ T cells.

Among genes involved in the Th1/Th2 pathway, IL-4 was
significantly downregulated in CD4+ cells of the anti-PIBF-
treated mice. At the same time, IL-12 was upregulated in CD8+
cells of the anti-PIBF-treated animals (Figure 8).

DISCUSSION

Earlier we showed that PIBF induces the decidual transformation
of mouse endometrial stromal cells. Furthermore, PIBF
expression in the mouse endometrium is markedly increased
during the implantation window (13). These data suggest

that PIBF might play an active role in implantation. To
confirm this hypothesis, we neutralized the biological activity
of PIBF during the peri-implantation period in mice and
investigated the consequences of functional PIBF deficiency at
several levels.

The anti-PIBF treatment of pregnant mice at days 1.5 and
4.5 of pregnancy resulted in a significantly reduced number of
the implantation sites, and the implantations that took place
nevertheless must have been compromised as shown by the
high resorption rates. In an earlier study, anti-PIBF treatment
on day 8.5 of pregnancy increased the resorption rate to 40%
(23). The present data show that when administered in the
peri-implantation period, the anti-PIBF antibody also interferes
with implantation.

Several cell types, e.g., the peripheral pregnancy lymphocytes
(24), the embryo itself (25), the trophoblast (26), and the
endometrial cells (13), produce PIBF. In confirmed clinical
pregnancies, PIBF is detectable in the serum of IVF patients
14 days after embryo transfer (Hudic et al., manuscript in
preparation). A single embryo cannot produce such a high
amount of PIBF. It is more likely that the bulk of the PIBF is
produced by the maternal side in response to the presence of
the embryo.

We further investigated the underlying mechanisms of
implantation failure and pregnancy loss in functionally PIBF-
deficient mice.

Failed pregnancies are characterized by high peripheral NK
activity, both in humans and in mice (27-35).

Progesterone decreases the NK activity of peripheral
pregnancy lymphocytes in a concentration-dependent fashion
(36), and RU 486 (a progesterone receptor antagonist)
significantly augments the NK cell cytolytic activity in vitro (37).

Decidual NK cells constitute 60% of decidual lymphocytes
(38). Is spite of the availability of perforin and granzyme in their
cytotoxic granules (38), these cells have a very moderate cytotoxic
potential (39, 40) but secrete angiogenic factors and cytokines
(38). The dynamics of the appearance of uterine NK cells suggests
that one of their functions might be the control of placentation.

The low cytotoxic activity of decidual NK cells might be
due to the presence of PIBF in their cytoplasmic granules
(22). PIBF blocks the upregulation of perforin expression in
activated decidual lymphocytes and inhibits NK cell cytotoxicity
by blocking granule exocytosis (21, 41). Bogdan et al. (22)
demonstrated a high number of PIBF+ NK cells in the day 12.5
decidua of pregnant mice.

Here we show that anti-PIBF treatment during the peri-
implantation period results in the reduced presence of PIBF+
NK cells in the day 10.5 decidua, together with significantly
increased decidual and peripheral NK activity, compared to
the controls.

Anti-PIBF treatment of mid-pregnant mice has been shown
to boost both the peripheral NK activity and the resorption
rates. Increased resorption rates in anti-PIBF-treated mice were
corrected by simultaneous treatment of the mice with anti-NK
antibodies (23), suggesting that PIBF prevents pregnancy loss
in mice—at least partly—by blocking NK activity. Increased
decidual NK activity owing to the loss of PIBF+ decidual NK cells
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FIGURE 8 | Differential expression of genes involved in Th1/Th2 differentiation by spleen cells of control and anti-PIBF-treated mice. (A) IL12A mRNA is significantly
upregulated in CD8+ cells of anti-PIBF-treated mice. (B) IL-4 mRNA is significantly downregulated in CD4+ cells of anti-PIBF-treated mice. The bars represent the
mean + SEM of four experiments. “P < 0.05.

could be one of the reasons for the increased resorption rates in
the anti-PIBF treated mice.

B cells constitute a minor population among decidual
lymphocytes, yet they might be important for the immunological
balance of the decidua. A recent study showed that the IL-33-
induced expression of PIBF1 by decidual B cells protects against
preterm labor both in humans and in mice (42).

In the present study, we detected a distinct layer of B cells
at the choriodecidual interface of control pregnant mice on day
10.5 of pregnancy. These cells were completely absent from
the deciduae of mice that had been treated with anti-PIBF
during the peri-implantation period. We could not detect PIBF
in the B cells on day 10.5 of pregnancy; however, PIBF+ B
cells were present in the late pregnancy deciduae of the control
mice (data not shown).

Taken together, it is conceivable that anti-PIBF treatment—by
depleting decidual B cells—will, at a later stage, put pregnancy at
risk due to the lack of PIBF-positive B cells (42).

Finally, we performed a gene array on the spleen cells of anti-
PIBF-treated and control mice in order to investigate whether
the absence of functional PIBF had an effect on T cell activation
and differentiation.

The T cell receptor is a complex of T cell receptor alpha
and beta chains and the CD3 proteins. Activation of CD4+ T
cells occurs through the simultaneous engagement of the T cell
receptor and a co-stimulatory molecule on the T cell by the
MHCII peptide and the co-stimulatory molecules on the APC.
In the absence of co-stimulation, T cell receptor signaling results
in anergy.

In addition to TCR alpha/beta, a whole set of cell surface
receptors are also engaged by their ligands on APCs, which
regulate Th differentiation. CD4 acts as a cellular adhesion
molecule that binds MHC class II and stabilizes the interaction
of T cells and APCs (43, 44). CD28 is a costimulatory receptor
on T cells, which binds CD80 and CD86 on activated APCs
(45). The TCR alpha/beta/CD3 complex provides the first signal

and CD28 the second signal for T cell activation. Both signals
are required for IL-2 production and T cell proliferation. CD40
ligand, expressed by activated T cells, binds to CD40 on APCs,
initiating a T cell-mediated immune response (46).

In this study, we found that members of the T cell receptor
CD3 complex were significantly downregulated on CD4+ T
cells of anti-PIBF-treated mice, while CD3D and IL2R B
and G were upregulated in CD8+ cells, suggesting that Th
cell activation is severely inhibited in the anti-PIBF-treated
pregnant mice.

IL-4 is the main cytokine driving Th2 cell differentiation. IL-4
is produced by various cell types, including mast cells, basophils,
eosinophils, NK cells, activated CD4+ T cells, and differentiated
Th2 cells (47).

Here we found that the gene for IL-4 was significantly
downregulated in CD4+ cells, while that of IL-12A was
upregulated in CD8+ cells of the anti-PIBF-treated mice.

There is now ample evidence that the recognition of paternal
antigens by the maternal immune system is not simply harmless
but absolutely necessary for the setting in of the mechanisms
that adapt the immune response to tolerate the fetus (48).
Following recognition of fetal antigens, the immune system
becomes activated, and this will result in the establishment
of regulatory mechanisms, e.g., a Th2 dominant immune
response (49, 50).

Neutralizing PIBF in the peri-implantation period abolishes
this mechanism right at the start. CD44 T cell activation
is disturbed, T cells differentiate in the Thl direction, and
as a result, implantation as well as ongoing pregnancies
is compromised.
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