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ABSTRAKT

Larvalni toxokardza je celosvétoveé rozsifend zoondza vyskytujici se v rozvinutych statech i
zemich tfetiho svéta. Pivodcem onemocnéni jsou skrkavky rodu Toxocara, primarné stievni
paraziti pst, ko¢ek a dalsich Selem. Zivotaschopnymi vajicky, uvolnénymi do prostiedi se
stolici psa, se mohou nakazit nejen definitivni hostitel¢, ale také hostitelé paratenicti, mezi
které krom&€ mnoha obratlovcii a nékterych bezobratlych patii i ¢lovék. U Clovéka mize
migrace larev zpusobit vazné a nenavratné poskozeni tkéni, které je charakterizovano riznymi

klinickymi formami onemocnéni.

Pro ucely rutinni diagnostiky larvéalni toxokardzy je dosud nejcastéji vyuzivanou metodou
ELISA a Western blot, které umoziiuji prikaz reakce specifickych protilatek s larvalnim
exkre¢né-sekrecnim produktem (TES). TES je pro ucely diagnostiky ziskdvan z larev
kultivovanych larev v zivném médiu. Piiprava takové antigenni smési je velmi pracnd a
v jednotlivych laboratofich se muze lisit. Sou€asny vyzkum v oblasti diagnostiky larvalni
toxokardzy je proto zaméfen 1 na standardizaci sérodiagnostickych postupli. Zasadni
pfedpokladem je znalost detailniho sloZzeni TES, zejména antigennich (proteinovych)
molekul. U Toxocara canis je vSak pocet praci vénujicich se charakterizaci TES produkt

larev zatim stale velmi omezen.

Kli¢ova slova: Toxocara canis, larvalni toxokaroza, TES, rekombinantni proteiny,

séroprevalence



ABSTRACT

Larval toxocarosis is a worldwide widespread zoonosis occurring in developed countries as
well as developing countries. The disease is caused by roundworms of the genus Toxocara,
primarily intestinal parasites of dogs, cats and other animals. Viable eggs released into the
environment with the dog's faeces can infect not only definitive hosts, but also paratenic
hosts, which include many vertebrates, some invertebrates, and also humans. In humans,
larval migration can cause severe and irreversible tissue damage, which is characterized by

various clinical forms of the disease.

For the purposes of routine diagnosis of larval toxocarosis, the most frequently used method
so far is ELISA and Western blot, which enable the reaction demonstration of specific
antibodies with the larval excretory-secretory product (TES). TES is obtained for diagnostic
purposes from larvae cultured in nutrient medium. The preparation of such an antigenic
mixture is very laborious and may vary across the laboratories. Current research in the field of
diagnosis of larval toxocarosis is therefore focused on the standardization of serodiagnostic
procedures. A fundamental prerequisite is knowledge of the detailed composition of TES,
especially antigenic (protein) molecules. However, the number of studies devoted to the

characterization of larval TES products is still very limited.

Key words: Toxocara canis, larval toxocarosis, toxocariasis, TES, recombinant proteins,

seroprevalence



1. UVOD..ciccrrnncisnsnnns 13
2. LITERARNi PREHLED 15
2.1 Skrkavka Toxocara canis 15
2.1.1 ZAVOUNT CYKIUS 1. 16

2.1.2 Larvalni tOXOKATOZA .......cooueeiiriieiieieeiiecieeie ettt 19
2.1.2.1 KHNICKE OTMY ...eouiieiiieiieiieieeeseee ettt 21

B B N ¥ o) (USROS UPP PR 26

2.1.2.3 Séroprevalence larvalni toXoKarozy .........c..coceeeeviervieneenenseneenenicnene 26

2.1.2.4 Regulace imunitni odpoveédi u €loveka..........ccoovieiiiiniiiiiiiieee, 29

2.1.2.5 Laboratorni diagnostika ...........ccoeceeiieniiiiniiniieie e 32

2.2 Funkéni molekuly exkreéné-sekreénich produktii larev 7. canis 36
2.2.1 Proteinové molekuly exkre¢né-sekrecnich produktii larev 7. canis.................... 37

2.2.1.1 Proteinove antigeNy ........cceeecueerurerieerieenreeneeereesseeeseenseessseesssessseesssesssens 39

2.2.1.2 DalSi potencidlni proteinove antigeny...........ccccveeerveeerereeereveesrneeesiveeennnes 44

3 CILE PRACE ouuenienncinnncssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 47
4 MATERIAL A METODIKA 49
4.1 Publikace &. 1 — Séroprevalence larvalni toxokarézy v Ceské republice............... 49
4.1.1 Kultivace larev T. canis a ptiprava TES........ccocvieiiiieiieeeeeeeeee e 49

A4.1.2 LAASKA SETA.....eiiiiieiieciiee ettt 51

4.1.3 Imunologické MEtOdY ........cccueeriiiiiiiiiieieeie e 51

4.1.4 StatistiCkd analyzZa .........cociieiiiiiiiiieece e e 52

4.2 Publikace ¢. 2 — Antigenni proteiny exkrecné-sekrecnich produkti larev

Toxocara canis a hodnoceni jejich potencialu pro imunodiagnostiku larvalni

LOXOKATOZY veeevrvrecsrunicssanesssanssssanesssanesssassssssssssssssssssssssssssssssssssssssssssssssssssssasssssasssssassssnas 52

4.2.1 MyST @ lASKA SETa .....veiiiiieeiiieeieeee ettt et 53

4.2.2 SePArace PIrOLEINTL ......eeevuveeerreeeiieeeiieeeiteeesteeesteeesseeessseeessseesssseessseeessseesssseesnsnes 54



5

4.2.3 Bioinformatick€ analyzy ..........cccecvieriiiiiiiiiiieiieeeee e 55

4.2.4 Molekularné-biochemické analyzy ..........cccoecveviieiiiiniiiiiiiniieiee e 56
4.2.4.1 Schéma experimentu €. 1 .....cccccuieiieriiieiierie et 56

4.2.4.2 Schéma exXperimentu €. 2 .......cccveeruierieeniienieeieeeieeieeseeesteesireeseessveenseas 59

4.2.5 IMmunologicke MEtOAY ........cccuieriiiiiiieriiieieecie ettt 61

4.3 Publikace ¢. 3 — Infekce Toxocara canis zhorSuje prubéh experimentalni
autoimunitni encefalomyelitidy u mysi .. 63
4.3.1 Experimentalni infekce mySich hostitell ...........cceccvveeriieeiiiiiieeeee e, 63
4.3.2 Kultivace a infekce [arvami 7. Camis ..........ccooceeviieiiiiiiiiienieeeee e 63
4.3.3 Indukce experimentalni autoimunitni encefalomyelitidy ............ccccveeeverieennennne. 64
4.3.4 Odbér séra a izolace leukocytil z vybranych organii...........ccceeevvevieeiiienieenenne, 64
4.3.5 Stanoveni CYLOKINT .......eoviieiieiieiiierieeie ettt e e eaesbeeeneeesbeenes 65
4.3.6 StatistiCKa analYZa ......c.ccocvieiiiiiiiiieiieeieee e 65
VYSLEDKY A DISKUZE 67
5.1 Publikace &. 1 — Séroprevalence larvalni toxokarézy v Ceské republice............... 67
5.1.1 VySEtIeni PACIENTI.....eeeiuiieeiiiieeiieeeieeeiieeeiteeeieeeeireeeteeeeaeeesaeeesnseeessseeennseeeenes 67
5.1.2 Celkova séroprevalence a Srovnani Zeny vs. MUZI .......cecverueerueeeeneenieneeneenneennes 67
5.1.3 Séroprevalence podle v€kovych Kategorii.........ceoerieniriiniininiiiiicecicneeeeen 69
5.1.4 Séroprevalence v Krajich CR ...........cccooiuiviuieieeieeeeeeeeeeeee e, 70
5.1.5 ZavEry publIKace €. 1 ...coouiiiiriiiiiiiiiieieceeee s 71

5.2 Publikace ¢. 2 — Antigenni proteiny exkrecné-sekrecnich produkti larev

Toxocara canis a hodnoceni jejich potencialu pro imunodiagnostiku larvalni

LOXOKATOZY veeevurricrrunicssanesssanesssanesssanessassssssssssasssssssssssssssssnsssssssssssssssssssssssasssssasssssassssnns 73
5.2.1 Vysledky hmotnostné-spektrometrické analyzy...........ccocceeeviiencieencieeeiieee, 73
5.2.2 Vybrané identifikované proteiny a proteinoveé skupiny ..........ccceccveeecvveerveeennnnn. 74
5.2.3 Vybér potencidlnich antigennich proteini..........cccceecveveeveniienenninienenienieene 79
5.2.4 Sérologické testovani vybranych rekombinantnich antigent.............cccceeenneene. 80

5.2.5 ZAVErY PUDIIKACE €. 2 ..ooviiiiiieiieeeee et 85



5.3 Publikace ¢. 3 — Infekce Toxocara canis zhorSuje pribéh experimentalni

autoimunitni encefalomyelitidy u mysi ... 86
5.3.1 Infekce T. canis a klinické ptiznaky EAE ........cccccooiviiiiiiiiiiiieeeeeee e 86
5.3.2 Vysledky méieni s€rovych cytoKint ...........ccccveeeiiieeiiiieeiieceieecee e 88
5.3.3 Vysledky méieni CD4+ T-lymfocytll @ Tre@s.....coveevvreeiieeeiieeeiieeeiie e 89
5.3.4 ZAVETY PUDIIKACE C. 3 ..ooiiiiiieiie ettt e e s 92

Y 7.N% 0] L S 93
SEZNAM ZKRATEK ... 95
POUZITA LITERATURA 99
PRILOHY ..covucrnnncrnnnisnnees 119
L2 T 1) 11 T R 119
0.2 PUDLIKACE €. 2 wuuceereerreininensueceisensuessscssesssnsssisssssssssssssssssssssssssssssssssssssssssssssssssssssans 128

0.3 PUDLKACE €. 3 ceeeererereeeeeeeeeeeeereeereseeeeeeesesesesesesssssessssssssssssssssssssssssssssssssssssssssssssssssssssass 137







1. UVOD

Toxocara canis (Skrkavka psi) je primarn¢ stfevni parazit pst. Psi, jakozto definitivni
hostitelé, jsou hlavnim zdrojem infekce pro paratenické a ndhodné hostitele, kdy vylucuji do
prostiedi spole¢né se stolici vajitka Skrkavek. Clovék se nejéastéji nakazi pozienim vajic¢ek
s infek¢ni larvou konzumaci neomyté zeleniny, ovoce nebo vody obsahujici kontaminované
zbytky zeminy. Larvy se nasledn¢ uvoliuji z vajicka ve stfevech hostitele a migruji skrze
krevni teciSt€¢ do riznych tkani a organti, kde zplsobuji vdzna a nendvratnd poskozeni
vnittnich organti. Toto onemocnéni se u ¢lovéka nazyva larvalni toxokar6za a celosvétove ji

trpi cca 19 % populace (Rostami et al. 2019b).

Pro ucely rutinni diagnostiky larvalni toxokardzy jsou nejcastéji vyuzivanymi metodami
ELISA a Western blot pro prukaz reakce specifickych protilatek tiidy IgG s 7. canis
exkrecné-sekrecnim antigenem, ktery je ziskdvan kultivaci larev v zivném médiu a jeho
sbérem. Pfiprava takové antigenni smeési je velmi pracnd a je omezena predev§im z hlediska
standardizace; mnohé komer¢ni laboratotfe jsou zavislé na neustalém piisunu samic dospélych
Skrkavek, nasledné kultivaci larev a produkci vlastnich antigenti. Jako problematické se jevi
také neznalost pfesného proteinového slozeni smési ziskanych antigend, které se s ohledem na
podminky zpracovani mize zna¢né liSit. Dalsi velkou nevyhodou je nizka specificita v
oblastech, kde jsou zaznamenavany infekce jinymi parazity, a dochazi zde ke zkiiZenym

reakcim a tim 1 zaznamenani faleSnych vysledki.

Soucasny vyzkum souvisejici se zkvalitnénim sérodiagnostickych postupit by mél byt
orientovan predev§im na identifikaci jednotlivych specifickych antigenll. PrestoZze mezi
vyznamnymi antigeny byly charakterizovany 1 rtizné molekuly proteinti, tak komplexni
zhodnoceni proteinového slozeni exkrecné-sekre¢nich produktli s vyuzitim hmotnostné-

spektrometrickych metod je prozatim na pocatku vyzkumu.
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Hlavni naplni této disertani prace je proto rozsifit dosavadni poznatky a pfinést nové
informace ohledné proteinového slozeni exkrecné-sekre¢nich produkti infek¢nich larev
T. canis a jejich mozné aplikace v sérodiagnostice larvalni toxokar6zy. Tato prace se dale
zabyva aktualni séroprevalenci larvalni toxokarozy v Ceské republice, piedklada dlouho
potfebna aktualni data, ktera mohou pfispét ke zlepSovani mechanismli prevence nakazy.
Prace se také vénuje zhodnoceni infekce larvami 7. canis u mysi s
indukovanou experimentalni autoimunitni encefalomyelitidou a mozného vlivu infekce na
neurodegenerativni onemocnéni u ¢lovéka. Predkladand disertacni prace je vysledkem geneze
vyzkumu v ramci studia larvalni toxokardzy a zdroven snahou o propojeni riznorodych témat;
pravé timto prispiva ke komplexnimu pohledu na problematiku onemocnéni larvalni

toxokarozy.
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2. LITERARNIi PREHLED

2.1 Skrkavka Toxocara canis
Parazitické Skrkavky rodu Toxocara Stiles, 1905 jsou tradicné taxonomicky fazeny do celedi
Ascarididae Blanchard, 1849, tfidy Secernentea a kmene Nematoda Rudolphi, 1808. Rod

v soucasnosti zahrnuje celkem 19 druhtt (Bowman, 2020).

Toxocara canis Werner, 1782 (Skrkavka psi) je gastrointestindlni parazit psit a psovitych
Selem. Dospélé hlistice jsou odd€leného pohlavi, samice méti 6-18 cm a jsou del$i nez samci
(4-10 cm). T¢lo dospélch ma kruhovy prifez a je kryto nckolikavrstevnou kutikulou
s cervikalnimi eliptickymi kfidélky (alae). Samci maji na kaudalnim konci kutikularni
prstovity piivések (digitiform appendage) a ocasni kiidélka (Schacher 1957; Glickman &

Schantz 1981; Okulewicz et al. 2012).

Obr. 1. Vyvoj vajicka T. canis do stadia infekéni L3 larvy. A) jednobunécné stadium,
B) dvoubunééné stadium, C) rand morula, D) vajicko obsahujici L3 larvu, E) vylihnuti L3

larvy, F) infek¢ni L3 larva. Métitko 20 um. Pfevzato z Waindok et al. (2021).
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Vyvoj dospélcii probiha z nerozryhovaného vajicka pies 4 larvalni stadia (L1-L4), ktera jsou

odd¢lena svlékanim staré a tvorbou nové kutikuly. Stadium L3 je infek¢ni.

2.1.1 Zivotni cyklus

Zivotni cyklus Toxocara canis je komplikovany, mize byt monoxenni, piimy (nezahrnuje

mezihostitele) nebo heteroxenni, nepiimy (zahrnuje paratenického hostitele) (Obr. 2).

dospélci (4)
v tenkém
stievé

(7) L3 larvy
“ve tkani
x’—rj. i ‘II/_‘\\
' migrace
L3 larev

do tkani
a organu

] / nerozryhovana

vajicka

L3 larva ve vajicku F

- infekéni stadium

Obr. 2. Schéma zivotniho cyklu 7. canis. Nerozryhovand vajicka se vylucuji trusem

definitivniho hostitele (1). Vajicka se béhem 1-4 tydnl ryhuji v prostiedi a stivaji se
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infek¢énimi — obsahuji larvu tfetiho stadia (L3) (2). Po poziti vaji¢ek definitivnim hostitelem,
se vylihnou larvy, které proniknou sténou stfeva (3). U mladsich psi larvy migruji plicemi,
bronchidlnim stromem a jicnem, kde jsou vykaSlany a spolknuty — pfenos do
gastrointestinalniho traktu; dosp€li Cervi se vyvijeji a produkuji vajicka v tenkém stievé (4). U
starSich pst se také miize objevit infekce jako u mladsich pst, ale larvy Castéji migruji pres
sttevo do tkani, kde zlistanou v dormantnim stadiu. U bfezich fen jsou tyto larvy reaktivovany
a mohou infikovat mlad’ata transplacentarni a transmammarni cestou. U Sténat se nasledné
vyviji dospélci s naslednou produkci vajicek (5). Larvy 7. canis mohou byt pozieny
nahodnymi/paratenickych hostiteli (6). Larvy pronikaji sténou stieva a migruji do riiznych
tkani, kde zistanou v dormantnim stadiu (7). Zivotni cyklus je dokonéen, kdyZ definitivni
hostitel zkonzumuje larvy v hostitelské tkdni a z larev se v tenkém stfevé vyvinou dospéli
cervi (9). Lidé se mohou nakazit pozitim infek¢énich vajicek (6) nebo nedostatecné tepelné
upravenym masem/vnitinostmi infikovanych paratenickych hostiteld (7). Po poziti se larvy
vylihnou a larvy pronikaji sttevni sténou. Ob¢hem jsou pienaSeny do rtiznych tkani (8). Larvy
v téchto mistech neprochazeji Zddnym dal§im vyvojem, mohou vSak zptlisobit lokalni reakce a
mechanické poSkozeni, které zplsobi larvalni toxokarézu. Upraveno dle Waindok et

al. (2021).

Nerozryhovand vajicka o velikosti 80—85 pm jsou vyluCovdna do prostiedi se stolici
definitivnimi hostiteli, pfedev§im mladymi psy. Ve vnéjSim prostiedi probihd ryhovani
vajicek, tvofi se larva, ktera se dvakrat svléka a vyviji se do stadia L3 — infekéni larvy
(Schnieder et al. 2011). Doba ryhovani je zavisla na teploté a vlhkosti prostiedi, v idedlnim
ptipadé trva 3—6 tydnd, mize vSak trvat 1 nékolik mésict az rok (Overgaauw & Nederland

1997).
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Po pozieni vajicek hostitelem se larvy lihnou do 2—4 hodin v duodenu. Uvolnéné L3 larvy
pronikaji sliznici stfeva a po proniknuti do stievni stény vstupuji, tzv. hepato-pulmonarni
migraci, do lymfatického systému a migruji do mezenterickych lymfatickych uzlin, kde
vstupuji do zilnich kapilar. Pfes portalni ob€h jsou zaneseny do jater, kde ¢ast larev zlistava
v jaternich kapilarach. Zbylé larvy jatra opoustéji a piesouvaji se do plic. Z plic se larvy
mohou vydat dvéma rtiznymi cestami v zavislosti na infek¢ni davce, véku a imunitnim stavu

infikovanych psii (Schnieder et al. 2011) .

U sténat/mladych psia larvy vstupuji do alveol, pfes bronchioly jsou zaneseny do hltanu, kde
jsou spolknuty a v malém stfevé dokoncuji vyvoj, resp. vyviji se dospéli jedinci. Pohlavni
zralosti dosahuji za 4-5 tydnd, kdy zacinaji produkovat vajicka. Dospélé skrkavky ziji ve

stieveé cca 4 mésice (Glickman & Schantz 1981; Bowman 2020).

U starSich nebo jiz diive infikovanych pst, probihd tzv. somatickd migrace. V takovém
ptipadé se larvy vraci do ob&hu a jsou roznaSeny krvi do tkani (svaly) a orgdnt (ledviny, jatra,
plice, srdce a tkdné¢ CNS), kde zlstadvaji opouzdieny v dormantnim stadiu (Glickman &

Schantz 1981; Schnieder et al. 2011).

U biezich fen mize dojit k reaktivaci somatickych larev a §ténata se mohou nakazit larvami in
utero, resp. dochéazi k transplacentdrnimu pfenosu (intrauterinni infekce). Mechanismus
reaktivace larev neni plné pochopen, nicméné pravdépodobné se jedna o zménu hormonalniho
profilu feny. Dospélé hlistice poté nalézame u 14dennich §téfiat. Stéfiata mohou byt nakaZena
1 z matefského mléka a kolostra (transmammarni pfenos, laktogenni infekce). Larvy Skrkavek
mohou byt pfitomny v mléku az 38 dni po vrhu (Overgaauw & Nederland 1997; Schnieder et

al. 2011).

Definitivni hostitelé se mohou nakazit 1 nepfimou cestou, a to pies paratenické hostitele, ve

kterych se Skrkavky nevyviji, ale slouzi jako rezervoary infekce. Paratenickymi hostiteli
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mohou byt savci, ptaci, a dokonce 1 bezobratli (Wu & Bowman 2020), ktefi se nakazi
nahodn¢ z prostfedi. U paratenickych hostiteli probiha somaticka migrace, larvy L3 jsou
zivotaschopné v dormantnim stadiu pfitomny ve tkdnich a organech i n€kolik let, pes/psovita

Selma se nakazi pozfenim masa nakazeného zviiete (Strube et al. 2013).

2.1.2 Larvalni toxokaroza

Lidska larvalni toxokar6za je celosvétové rozSifend zoonotickd tkanova helmintdza
vyskytujici se v rozvojovych i rozvinutych zemich svéta. Podle CDC je v soucasné dobé
infikovano témét 2 miliardy lidi nematody rodu Ascaris sp., Trichuris sp. nebo
Ancylostoma/Necator sp., tzv. STH — soil-transmitted helminths (Centers for Disease Control
and Prevention, 2020). Z dalSich zdroji vyplyva, ze do této skupiny nematodid STH jsou
fazeni i zastupci rodu Toxocara sp. (Lynn et al. 2021). Ve svétovém méftitku je vSak larvalni
toxokar6za vétSinou opomijena i z diivodu Casto asymptomatického pritbéhu onemocnéni ¢i

nedostatku statistickych dat (Hotez 2020).

Piivodcem onemocnéni jsou Skrkavky Toxocara spp. primarné gastrointestinalni paraziti psu,
kocek a dalsich savci. Clovek se nakazi alimentarni cestou, tj. nahodnou konzumaci vaji¢ek
obsahujicich larvu L3. Zdrojem nékazy pro ¢lovéka je nejéastéji kontaminovana pida a voda
nebo neomyta syrova zelenina (Overgaauw & van Knapen 2013). Vzacné pak k nakaze
dochazi 1 pozfenim nedostatecné tepelné¢ upravené¢ho masa nebo vnitfnosti paratenickych
hostitelt, napt. krav nebo dribeZe (Choi et al. 2008; Su Park et al. 2010). Vzacné mize dojit

k infekci 1 ze srsti domécich mazlickt (Maurelli et al. 2019).

Clovék je nidhodnym hostitelem, ndkaza u né&j probiha jako u paratenického hostitele, tzn.

somatickou migraci larev. Larva L3 se v tenkém stfeve uvoliiuje z vajicka a pies stfevni sténu
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se dostava do krevniho ob&hu, migruje pres jatra a plice, odkud je dale zanaSena do tkéani a

organi (Obr. 3).

Larva poté miize aktivné¢ migrovat po téle a zapouzdfit se ve tkanich a organech, v dal$im

vyvoji jiz dale nepokracuje.

Obr. 3. Histopatologické zmény ve vnitinich tkanich u paratenického hostitele
(piskomil). Stav 15. den po infekci 7. canis: a) mozek s intaktnimi larvami (Sipky) bez
zanétlivé reakce; b) ledvina s eozinofilnimi infiltraty mezi tubuly (*); c) jatra s granulomy,
eozinofily a makrofagy sousedicimi s larvou (Sipka) a d) 60. den po infekci, plicni tkan s

granulomy a velkym poctem eozinofild. Barveno HE. Pievzato z Flecher et al. (2016).

20



2.1.2.1 Klinické formy

Siroké spektrum klinickych a patologickych zmén u larvélni toxokardzy, stejné jako &etnost
asymptomatickych infekci zplisobuji potize pii identifikaci 1 klasifikaci klinickych piipadi
onemocnéni. Zavaznost a rozsah ndkazy je multifaktorialni, zavisi na typu napadené tkané,

poctu migrujicich larev a v neposledni fad¢ na imunit¢ a celkovém stavu hostitele.

Existuji 4 syndromy larvalni toxokardzy: visceral larva migrans (VLM), ocular larva

migrans (OLM), neurotoxokar6za (NT) a skryta (,,covert®) toxokardza (CT) (Magnaval et al.

2001; Fan et al. 2015) . Symptomy u kazdého z nich se 1isi (Obr. 4).

horeéka, bolest bficha, kasel, sipani, T11 leukocytdza
pruritus, vyrazka, lymfadenopatie, T1T eozinofilie
VLM hepatosplenomegalie, myokarditida, 111 IgE
nefritida + anti-Toxocara IgG
retinitida, uniokularni zrakové postizeni, ) Ieulfocyff_tlpza
OLM posterio/periferni granulom, uveitida, ) ;aoEzmo e
endoftalmitida, slepota - 19k
+ anti-Toxocara IgG
horecka, bolest hlavy, meningitida, 71 leukocytéza
NEURO; encefalitida, cerebralni vaskulitida, myelitida, | | 111 eozinofilie
TOXOKAROZA epilepsie, neurodegenerativni onemocnéni, 11 IgE
kognitivni a vyvojové opozdéni + anti-Toxocara IgG
. nespecifické pfiznaky, kozni pfiznaky +/- leukocyto6za
SKRYTA . A& PR +/- eozinofilie
TOXOKAROZA :g:;z:)y, svédéni), respiraéni pfiznaky +- IgE
+ anti-Toxocara IgG

Obr. 4. Klinické formy larvalni toxokarozy. Piehled nejcastéjSich pfiznakl a laboratornich
nalezil v séru. (1) zvySeni parametru, (+) pfitomnost parametru, (-) nepfitomnost parametru,
(+/-) parametr miize a nemusi byt pfitomen. Reference k tabulce v textu. Upraveno dle

Rostami et al. (2019a).
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VLM

Prvni ptipad VLM byl popsan u dvouletého chlapce s eozinofilii v roce 1947 (Perlingiero &
Gyorgy 1947). Syndromem VLM Ccastéji trpi déti ve véku 2-7 let s potvrzenou geofagii a
kontaktem s rizikovymi domacimi mazlicky (Glickman & Schantz 1981). Jatra jsou nejcastéji
postizenym orgdnem a jsou spojovana s tvorbou granulomatéznich 1ézi obsahujicich larvu
v dormantnim stavu. Dal$imi napadenymi organy byvaji ledviny, svaly, plice a srdce (Obr. 3).
Akutni pfiznaky VLM jsou obvykle spojené s hepato-pulmondrni migraci larev. Symptomy
Casto zahrnuji bolest bficha, sniZzenou chut’ k jidlu, neklid, horecku, respira¢ni pfiznaky (kasel,
sipani, duSnost, bronchospasmus, astma aj.), kozni ptfiznaky (prurigo, urtikérie, ekzém a;j.),
hepatomegalii a inavu (Obr. 5). V laboratorni ndlezu byva ptitomna leukocytoza, eozinofilie

a hypergammaglobulinémie (Gavignet et al. 2008; Chen et al. 2018; Auer &

Walochnik 2020).

Obr. 5. KozZni priznaky spojené se syndromem VLM larvialni toxokaroézy. a) kopfivka, b)

chronické prurigo, c¢) diseminovany ekzém. Upraveno z Gavignet et al. (2008).
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OLM

Syndrom OLM se vyskytuje v 80 % u starSich déti mladSich 16 let, ale je popisovan také u
dospélych. Byva postizeno pouze jedno oko (Taylor 2001; Rubinsky-Elefant et al. 2010).
Infekce OLM je spojovana s nizkou infekéni davkou larev, tzv. larvalni nalozi (Glickman &
Schantz 1981). Larva T. canis v oku nebo o¢nim nervu zpocatku vyvolava eozinofilni
odpovéd’ — je obklopena eozinofily produkujicimi eozinofilni absces/l€ézi (Obr. 6). Velikost
zanétlivé reakce znacné prevysuje velikost larvy, ktera ji obaluje. V dlouhodobych 1ézich
nemusi byt pfitomny zaddné zbytky larev, bud’ dojde ke zniceni larvy, nebo larva migruje na
Jjiné misto a v disledku zbylych rezidui TES antigenu na piivodnim misté dochéazi k dalSimu
rozvoji zénétu (Taylor 2006). NejcastéjSim ptiznakem je postupné zhorSovani zraku s
nastupem v dnd az tydnl, dal$imi znaky muaze byt strabismus, uveitida, leukokorie nebo
zvIasté u déti retinoblastom (Taylor 2006; Rubinsky-Elefant et al. 2010). O¢ni infekce miize
byt také subklinickd a detekovand pouze pfi rutinnim ocnim vySetieni (Auer &
Walochnik 2020). U infekce miZe byt zvySené celkové IgE, nicméné specifické anti-
Toxocara protilatky a eozinofily nebyvaji v séru zvySeny, pravdépodobné z diivodu nizké
larvalni naloZe pii infekci, ktera nedokaze vyvolat dostate¢nou imunitni reakci (Glickman &

Schantz 1981; Fillaux & Magnaval 2013; Ahn et al. 2014).
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Obr. 6. Fundoskopické a ultrasonografické nalezy spojené se syndromem OLM.

a) periferni 1éze sitnice a sklivce s lokalizovanou masou bélavé tkané zahrnujici sitnici a
periferni sklivec a fibrocelularni pas probihajici z periferie smérem k optickému nervu nebo
zadni sitnici, b) sklivcovy pds nebo membréana (Sipka) tahnouci se mezi zadnim polem a

vysoce reflexni periferni hmotou. Pievzato z Rubinsky-Elefant et al. (2010).

NT

Invaze larev L3 do CNS, ptipadné do michy a perifernich nervi, se nazyva neurotoxokaroza.
Onemocnéni je u lidi pomémé vzacné, od roku 1950 az dodnes byly zaznamenany nizsi
stovky potvrzenych ptipadii, nicméné toto ¢islo miize byt znacné podhodnocené, protoze u
experimentalnich zvifat (napf. u mysi kmeni BALB/c and C57BL/6J) je afinita larev k CNS
dobfe zmapovana (Fan et al. 2015; Auer & Walochnik 2020; Strube et al. 2020). Klinické
piiznaky NT u lidi jsou spojeny s encefalitidou, myelitidou, cerebralni vaskulitidou,
eozinofilni meningoencefalitidou a dalSimi neurologickymi zanétlivymi onemocnénimi
(Obr. 7). Postizeni pacienti mohou trpét bolestmi hlavy, ptecitlivélosti na svétlo, slabosti, ale

také epilepsii nebo poruchami chovani (Quattrocchi et al. 2012; Fan et al. 2015; Strube et
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al. 2020). Diagnostika NT je zaloZena na pfitomnosti vysokého titru anti-7oxocara protilatek

v séru nebo CSF, eozinofilie v séru nebo CSF a zobrazovacich technikach (Fan et al. 2015).

Obr. 7. Encefalomyelitida spojena s NT zobrazena pomoci magnetické rezonance. a) T2-
vazeny sagitalni obraz patefe ukazujici hyperintenzni 1ézi (Sipka) s rozsahlym perilezionalnim
edémem v horni Casti kréni patefe, b) T1-vaZeny axidlni postkontrastni snimek mozku ukazuje
mnohocetné prstencové léze (Sipka) v bilateralni frontoparietalni bilé hmot€ s noduldrnim

zesilenim stény pozorovanym v levé frontalni 1ézi. Pfevzato z Sdnchez et al. (2018).

cT

Skrytéa toxokardza je Casto doprovazena nespecifickymi ptiznaky, napf. bolest bicha a hlavy,
nevolnost, zvySena teplota, ptiznaky nachlazeni, koZni obtiZe apod. (Taylor et al. 1987; Fan et
al. 2015). Tyto ptiznaky se lis§i u déti i dospélych, proto tyto symptomy casto nejsou

piisuzovany parazitarnimu onemocnéni. U pacientii jsou po nékolika tydnech pfitomny titry
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anti-Toxocara protilatek, miize byt pfitomna eozinofilie a zvySené hladiny celkového IgE

(Chen et al. 2018; Ma et al. 2018).

Klinické formy larvalni toxokardzy slouzi ptredevsim k orientaci v rozdilnych symptomech
pacientli, nicmén¢ je vhodné podotknout, ze v mnoha ptipadech nakaza probiha inaparentné,

asymptomaticky (Pawlowski 2001; Lee et al. 2015; Bass et al. 2016).

2.1.2.2 Terapie

Léky prvni volby pro 1écbu larvalni toxokardzy jsou benzimidazoly (albendazol, mebendazol,
thiabendazol). Diethylkarbamazin Ize také pouzit, ale tato 1éCba je vhodna pouze pro akutni
fazi infekce nebo k zabranéni vstupu larev do nervového systému nebo o¢i. Lécba by méla byt
doplnéna kortikosteroidy (obvykle v piipadech ocni toxokar6zy), protoze rozkladajici se
granulomy obsahujici larvy mohou zplsobit zanétlivou reakci imunitniho systému.
Asymptomaticka toxokardza se obvykle neléci a nespecifické symptomy, pokud jsou

pritomny, odezni bez nutnosti medikamentdzni 1€cby (Stejskal 2005; Kolatova 2006).

2.1.2.3 Séroprevalence larvalni toxokarozy

Riziko infekce Toxocara spp. je multifaktoridlni. Mimo globalni klimatické a ekologické
faktory, souvisi riziko nakazy také se socioekonomickou strukturou populace, bydlistém v
ruralnich oblastech, kontakt se zvifaty, hygienickou politikou statl, zdravotnim stavem

jednotlivcl apod. (Rubinsky-Elefant et al. 2010).

V celosvétovém meéftitku se séroprevalence larvalni toxokardzy odhaduje na 19 % (Rostami et

al. 2019b), nicméné séroprevalence larvalni toxokardzy se mezi jednotlivymi zemémi zna¢né
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1181 (Obr. 8). Nejvyssi primérnd séroprevalence byla pozorovana v Africe (37,7 %) a Jizni
Americe (34,1 %), na kontinentech steplym a vlhkym klimatem a vysokou hustotou
zalidnéni, napt. v Brazilii dosahuje séroprevalence 46,3 % (Dattoli et al. 2011; Rostami et al.
2019b). Nicméné v zemich Jihovychodni Asie dosahuje séroprevalence jedny z nejvysSich
poctil nakazenych, napi. v Indonésii dosahuje séroprevalence az 84,6 % (Hayashi et al. 2005).

Extrémnim ptikladem je ostrov Réunion se séroprevalenci 92,8 % (Magnaval et al. 1994).

[] o0-5
] 6-15
16-25
[ 26-40
B 41-60
Il >60
[ nepublikovana data
(uvedeno v %)

Obr. 8. Celosvétova séroprevalence larvalni toxokarézy. Mira séroprevalence lidské
toxokarozy byla odhadnuta pro vSechny kontinenty — Afrika (38 %), jihovychodni Asie
(34 %), Jizni Amerika (28 %), Severni Amerika (13 %) a Evropa (11 %). Upraveno z Ma et

al. (2020).

Naopak nejnizsi primérnd séroprevalence 10,5 % byla pozorovana v Evropé (Rostami et al.
2019b). V chladnych oblastech Evropy, napi. Déansko 2,4 %, je séroprevalence nizka
(Stensvold et al. 2009). Nizka séroprevalence byla pozorovéna i v Rakousku (1,4-3,7 %) nebo

Svycarku (2,7-6,5 %) (Deutz et al. 2005; Sager et al. 2006). Naopak v Rumunsku nebo
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Spanélsku dosahuje primérna séroprevalence az 30 % (Gonzalez-Quintela et al. 2006;
Neghina et al. 2011). Obecné Ize shrnout, ze nizka séroprevalence v evropskych zemich
souvisi spiSe se socioekonomickymi faktory, hygienickou a epidemiologickou osvétou a

pravné danymi piedpisy.

V Ceské republice larvalni toxokardza patii mezi autochtonni, ale i neziidka importované
nakazy a dle souCasnych zaznami je nejCastéji diagnostikovanou tkanovou helmintézou
(Kolatova 2006). Séroprevalence larvalni toxokardzy v Ceské populaci byla relevantné
zmonitorovana v roce 1998 a to s vyskytem anti-7Toxocara 1gG protilatek ve vysi 18-20 %
(Uhlikovd & Hiibner 1998). Posledni aktudlni data vSak uvadéji séroprevalenci 3,6 %

(Skulinova et al. 2020).

V ramci sociologickych faktori je nejvyssi riziko nakazy u déti (Ma et al. 2020). To potvrzuje
1 metaanalyza kolektivu Rostami et al. (2019b), kde nizky vék ziskal nejvyssi skore rizika
v rdmci sociodemografickych faktord. To lze interpretovat tak, ze déti maji Castéjsi kontakt s

ptdou a domacimi zvifaty, a zaroven maji niz$i miru osobni hygieny (Rostami et al. 2019b).

Faktory, jako prace se zvifaty nebo ¢asty kontakt s kontaminovanou piidou, byly n¢kolikrat
potvrzeny jako vyznamné faktory rizika infekce (Deutz et al. 2005; Won et al. 2008; Jarosz et
al. 2010; Lassen et al. 2016). Ve studii Deutz et al. (2005) z Rakouska zaznamenali autofi
nejvyssi séroprevalenci u farmait (44 %), nasledné u veterinaiti (27 %), pracovnikl jatek
(25 %) a lovct/myslivet (17 %). V kontrolni skupiné byla séroprevalence pouha 2 %. To
mize souviset i1 se zjiSténim, ze muzské pohlavi je asociovdno s vysSim rizikem infekce

(Rostami et al. 2019b).

I ptesto, ze vyzkumu séroprevalence larvalni toxokardzy (7. canis) je vénovéana znacnd
pozornost, tak stale existuji mezi jednotlivymi studiemi urcité rozdily, které je dulezité brat na

védomi pii srovnavani dostupnych dat a informaci. Ziskana data pro odhady jednotlivych
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séroprevalenci nikdy nejsou porovnatelnd — mohou obsahovat riizné vékové kohorty,
konkrétni oblast/region s urCitymi specifiky ve srovnani se zbytkem zemé¢, zaméfeni na
urcitou sociodemografickou skupinu, pocet vzorka ve studii, pouzit¢ metody pro stanoveni
hladiny protilatek apod. (Ma et al. 2020). S poslednim jmenovanym souvisi, ze 1 pies
veSkerou snahu a sou€asny stav poznani, nelze spolehlivé rozlisit akutni a chronickou infekci.
Existuje mnoho studii, kde se autoii pokousi tuto situaci rozlisit na zakladé stanoveni riiznych
tfid imunoglobulinti, avidity, monitoringem biochemickych a hematologickych parametri,
pouzitim kombinace riznych metod (Hiibner et al. 2001; Fillaux & Magnaval 2013; Noordin
et al. 2020). V navaznosti na tuto problematiku se stale nedaii spolehlivé rozlisit na zaklad¢
detekce protilatek infekci larvami 7. canis od ostatnich druhti rodu Toxocara (T. cati,
T. malayensis atd.) (Poulsen et al. 2015; Holland 2017). Vysledky jednotlivych
séroepidemiologickych studii mohou byt zkreslené nejen ndkazou riznymi druhy rodu
Toxocara, ale také jinymi druhy parazit, které pozitivné/nespecificky reaguji v uzitych
diagnostickych metodach (Romasanta et al. 2003; Jin et al. 2015). Tyto zktizené reaktivity
nemusi byt nutn¢ zpisobeny nakazou jinymi organismy, ale také autoimunitnimi chorobami,

jako je napf. astma (Mufoz-Guzman et al. 2010).

2.1.2.4 Regulace imunitni odpovédi u ¢lovéka

Interakce mezi larvami 7. canis a imunitnim systémem hostitele byly zkoumany v Cetnych
studiich pfedevs§im za pouziti hlodavct jako modelovych organismi pro paratenické hostitele
(Kusama et al. 1995; Pinelli et al. 2008; Resende et al. 2015). Larvy T. canis vyuzivaji ¢etné
strategie k regulaci imunitnitho systému hostitele a zajisténi preziti larev v

paratenickém hostiteli 1 po dobu nékolika let.

Ve chvili, kdy se larvy vylihnou zvajeénych oball, aktivuji vrozenou imunologickou

odpovéd’ charakterizovanou leukocytézou, zejména neutrofild, lymfocytl, bazofild a
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monocytl v krvi (Glickman & Summers 1983; Alba-Hurtado et al. 2014). V soucasnosti neni
znam presny mechanismus rozpoznani larev 7. canis systémem vrozené imunity, pro hlistice
bylo definovano jen malo patogenem asociovanych molekularnich struktur (PAMP), ale jejich
existenci v lze predpokladat na zaklad¢ silné¢ adaptivni imunitni reakce, ktera se u infekce
larvami 7. canis vyskytuje (Maizels 2013). Vazba PAMP a exkrecné-sekrecnich produkti
larev T. canis (TES) na receptory rozpoznavajici patogeny dendritickych bun¢k a dalSich
bun¢k prezentujicich antigen generuji signaly nezbytné pro iniciaci adaptivni imunitni

odpovédi (Abou-El-Naga & Mogahed 2023).

Hlavnim rysem adaptivni imunitni odpovédi je imunitni reakce 2. typu, tzv. Th2 odpovéd
(Obr. 10) (Del Prete et al. 1991). Th2 odpovéd’ je charakterizovana tvorbou cytokind IL-4,
IL-5, IL-10 a IL-13 produkovanymi Th2 lymfocyty (CD4+ T-lymfocyty) a fadou imunitnich
bunék vcetné eozinofill, bazofill, mastocyti a pfirozenych lymfoidnich bunék aj.
(Allen & Maizels 2011; Maizels 2013). Nasledné dochazi k aktivaci humoralni imunity
zalozené¢ na protilatkach, IL-4 podporuje diferenciaci B-lymfocytl, dochézi k jejich
proliferaci a indukuje izotypovy piesmyk ttidy protilatek a jejich produkci (celkovych IgE i
specifickych anti-Toxocara). Zatimco IL-5 je hlavnim diferenciatnim faktorem pro
eozinofily, které¢ indukuji pfesun z kostni diené€ do infikovanych tkani, coz je typicka vlastnost
huméanni infekce larvami 7. canis (Beaver et al. 1952; Takamoto et al. 1997; Maizels 2013).
I kdyZ je eozinofilie pro larvalni toxokardzu typicka, jsou larvy vii¢i napadeni eozinofily
odolné, jak wukdzaly pokusy na mySich nadmémé exprimujicich IL-5 s naslednou
hypereozinofilii (Dent et al. 1999). To pravdépodobné souvisi s tim, ze larvy jsou schopny
odvrhnout sviij antigenni povrch — eozinofily rychle pfilnou k povrchu parazita a zatimco je
larva béhem 24 h schopna uniknout z postiZzeného mista, eozinofily zlstdvaji pfipojeny k
materidlu, ktery se jasn¢ odd¢lil od povrchu (Fattah et al. 1986; Badley et al. 1987). Tento jev

byl pozorovan taktéz u neutrofili a makrofagti (Lombardi et al. 1990).
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Diilezitou roli hraji kromé eozinofili také makrofagy. V zavislosti na svém okolnim prostiedi
se makrofagy aktivuji klasickou nebo alternativni cestou. Alternativné aktivované makrofagy,
které jsou charakteristickym rysem polarizované¢ Th2 odpovédi, maji protizanétlivé funkce pii
helmintarni infekci, a jsou zprostiedkovany sekreci IL-4, IL-10, IL-13, TGF- (Jenkins &

Allen 2010).

i e -
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Obr. 10. Schéma imunitni Th2 reakce paratenického hostitele proti larvam 7. canis.
Antigeny parazitl jsou rozpoznavany dendritickymi bunikami, které plsobi jako buiky
prezentujici antigen pro T-lymfocyty. Uvolnéni cytokinii IL-5, ktery spousti eozinofilii, a
IL-4, IL-9, IL-13, vede k aktivaci bazofilli a mastocytil, které zptisobuji sekreci zanétlivych
mediatord. IL-4 a IL-13 zvySuji motilitu bunck hladkého svalstva, stimuluji stfevni

propustnost a zvySuji sekreci hlenu poharkovymi buiikami. Tyto cytokiny déle podporuji
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diferenciaci alternativné aktivovanych makrofagti, které mohou inaktivovat produkci bunék
Thl, Th2 nebo Th17 a v nékterych piipadech indukovat fibrézu ve tkénich. Upraveno z

Montaner-Tarbes et al. (2014).

Ve chvili, kdy se infekce dostdva do chronické faze, dochazi ke zmirnéni vyse uvedenych
procest, tzn. dochazi ke zmirnéni poskozeni hostitele. Na tomto procesu se podili i samotné
larvy T. canis, které uvoliiuji TES. Ten zahrnuje bohatou smés rtiznych molekul, které se
podili nejen na invazi a Gniku imunitnimu systému hostitele, ale také na jeho modulaci ve
vSech fazich infekce. TES je zodpovédny za imunitni regulaci hostitele tim, ze indukuje
regulacni T-lymfocyty (Treg) produkujici regulacni cytokiny, napt. IL-10 (Maizels 2013;

Nutman 2015).

Pochopeni molekularni podstaty interakce 7. canmis, ¢i partikularné TES, s imunitnim
systtmem hostitele a hostitelskymi proteiny, mlize vyznamné rozSifit naSe porozuméni
celému komplexnimu procesu infekce ve vSech jejich fazich a timto pfispét 1 ke zpfesnéni

diagnostickych metod.

2.1.2.5 Laboratorni diagnostika
Diagnoza larvalni toxokardzy je zaloZena na klinickém obrazu, anamnéze, laboratornich

testech a diagnostickych technikach.

Biochemické, hematologické a imunologické parametry infekce
Nejvyraznéjsi odezvu imunitniho systému pozorujeme u VLM a NT syndromu pii akutni fazi
infekce, kdy larva aktivné migruje tkdnémi. V krevnim obraze je pfitomna leukocytdza

(30-60 x 10°/1), v diferencidlnim rozpoétu je pozorovan vyrazny nariist eozinofil. U VLM
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byl zaznamenan pocet eozinofild az 10 x 10%1, u CT elevace dosahuje nizsich hodnot
(1,5 x 10°/1), u OLM je eozinofilie raritni (Fillaux & Magnaval 2013; Mazur-Melewska et
al. 2020). Typickym znakem helmintarni infekce je zvySeni hladiny celkového IgE
(Johansson et al. 1968; Hogarth-Scott et al. 1969). Nicmén¢ mechanismus regulace neni zcela
objasnén, spekuluje se, ze celkové IgE ma protektivni charakter proti infekci nematody
(Mazur-Melewska et al. 2020). Hladinu celkového IgE lze vyuzit k hodnoceni ucinnosti

1é¢by, protoze koreluje s aktivitou infekce (Obwaller et al. 1998).

Larvalni toxokaréza indukuje Th2 imunitni odpoveéd’, kterd spousti sekreci cytokint IL-4,
IL-5 a IL-13 (Mazur-Melewska et al. 2020). Ty se podileji na aktivaci mastocytl, eozinofill a
makrofagl a na sekreci vysokych hladin IgE. U VLM syndromu byly reportovany zvysené
markery zanétu, zejména CRP a sedimentace erytrocytii. Je popisovana i mirna anémie. U
OLM a CT jsou extrémni hodnoty vzacné (Magnaval et al. 2001). Zakladni piehled

nejcastéjSich parametrt je uveden u Obr. 4.

Piima diagnostika

Potvrzeni kterékoliv z klinickych forem umoziuje jediné piimy prikaz larvy v misté
postizeni. V télnich tekutinach jako je likvor nebo nitroo¢ni tekutina lze pozorovat motilni
larvu (Watthanakulpanich 2010; Fillaux & Magnaval 2013). Ve tkanich lze identifikovat
larvu mikroskopicky na histopatologickém fezu zkuSenym patologem (Kirchner &
Altmann 1987). Kromé toho mohou byt k vizualizaci granulomti v riznych tkanich uzitecné
zobrazovaci techniky, jako je ultrasonografie, pocitatova tomografie a magneticka rezonance
(Waindok et al. 2021). V soucasnosti je mozné identifikovat larvu ze vzorku biopsie pomoci
metody PCR (Smith & Noordin 2006). VSechny typy pfimé diagnostiky souvisi s mirou
nahody pii1 odbéru vzorku, zda je larva pfitomna ¢i nikoliv, proto se pfiméa diagnostika pro

svou invazivni povahu, naro¢nost a nespolehlivost u lidi nepouziva (Mazur-Melewska et
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al. 2020). Nicmén¢ v potravinaistvi se PCR uplatnuje jako screeningova metoda tkanovych
helmint6z u vzorka tkani zvirat ur¢enych ke konzumaci, a to zejména v asijskych zemich, kde

se maso a vnitinosti tradi¢né konzumuji syrové (Wang et al. 2018).

Sérologicka diagnostika
Pro tucely rutinni diagnostiky larvalni toxokardzy se nejCastéji vyuziva nepiimych

sérologickych vysetieni, a to zejména metod ELISA a Western blot (WB).

Zlatym standardem je nepiima ELISA, kde se jako antigen pouZivaji exkre¢né-sekrecni
produkty L3 larev 7. canis (TES) a detekuji se protilatky typu IgG. Tato ELISA se
vyznacuje vysokou mirou senzitivity, proto se pro potvrzeni pouziva WB k vylouceni falesné

pozitivnich vysledkt a ptipadnych zkiizenych reakci.

V zahrani¢i existuje nékolik vyrobct komerénich diagnostickych souprav (napt. Cypress
Diagnostics, Belgie; Abcam, Velkd Britanie), v tuzemsku existuje pouze jedind firma
(TestLine Clinical Diagnostics, Ceska republika), kterd vyrabi imunoenzymatické soupravy
urcené k diagnostice larvalni toxokardzy v lidském séru a plazmé. VSechny jsou postaveny na
principu detekce specifickych protilatek zejména ttidy IgG, kde jako antigen slouzi nativni

TES.

Nativni exkrecné-sekre¢ni produkty larev L3 7. canis urcené pro sérodiagnostické aplikace
jsou nejcastéji ziskdvany kombinaci in vivo/in vitro kultivace larev L3 v Zivném médiu
(de Savigny et al. 1979). Ptiprava takové antigenni smési je pomérné pracha a je omezena
pfedev§im z hlediska standardizace; mnohé komer¢ni laboratofe jsou zavislé na kultivaci
vlastnich Skrkavek 7. canmis, produkci vlastnich TES antigeni a vlastnich kulturach larev
Skrkavek. Jako problematickd se jevi také neznalost piesného proteinového slozeni smeési

ziskanych TES, které se s ohledem na podminky chovu a zpracovani mtize znac¢né¢ lisit. Dalsi

34



velkou nevyhodou vyuzivani TES jako sérodiagnostického antigenu je nizka specificita v
oblastech, kde jsou zaznamenavany casté infekce jinymi nematody a kde miize dochazet ke
zkiizenym reakcim a tim i zaznamenani faleSné pozitivnich vysledka (Ishida et al. 2003;

Romasanta et al. 2003).

Budoucnost laboratorni diagnostiky

V soucasnosti je vyzkum zaméien na optimalizaci téchto dvou metod — ELISA a WB,
respektive na zvySeni senzitivity a specificity. Kromé nativniho TES Ize jako antigen pouZit
homogenat L3 larev i dospélcl, rekombinantni proteiny vyrobené in vitro v bakteriich ¢i
kvasinkach nebo dokonce samostatné sacharidové zbytky, glykany, synteticky oddélenych od
proteind, na kterych byly navéSeny (Mohamad et al. 2009; Peixoto et al. 2011; Jin et al. 2013,
2015; Elefant et al. 2016; Dos Santos et al. 2018, Dos Santos et al. 2019; Raulf et al. 2020).
Kromé celkového specifického IgG, lze pouzit i jednotlivé podtiidy (IgGl, 1gG2, 1gG3, 1gG4)
(Noordin et al. 2005; Boldis$ et al. 2015; Novék et al. 2017), ptipadné protilatky tfidy IgM
(Peixoto et al. 2011), IgA (Elefant-Rubinsky et al. 2006) a IgE (Magnaval et al. 1992).
Vsechny zminéné moZnosti je mozné kombinovat, nicméné dal$im stupném je multiplexova
analyza, kdy se na umélé mikropartikule navaZou jednotlivé solubilni faktory, které jsou
nasledné analyzovany (Anderson et al. 2015). NejnovéjSim piistupem je uziti nanoprotilatek,
malych molekul sloZzenych pouze z variabilnich domén té€zkych fetézcti protilatek se
schopnosti vazani antigenl, objevenych v krvi velbloudovitych. Maji vysokou afinitu i
specificitu k antigenu, jsou stabilni a je mozné je relativné jednoduse synteticky zkonstruovat
a vzijemné propojovat (Muyldermans 2013). Neddvno probehla studie o pouziti
nanoprotilatek k detekci TES antigenu. Studie autortt Morales-Yanez (2019) prokazala pouziti
tii nanoprotilatek, které byly specifické vici TES slozkam 7. canis pomoci imunoblotl

v sendvic¢ové ELISE.
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Zdokonalovani diagnostiky larvalni toxokardzy souvisi také se znalosti pfesné¢ho slozeni TES,
poznani antigennich, Casto proteinovych, molekul a jejich standardizovanou produkci, napf.
ve form¢ rekombinantnich proteini. Poznatky v oblasti proteinového slozeni TES jsou
prozatim stale spiSe limitované (Mohamad et al. 2009; Zahabiun et al. 2015; Yunus et al.

2017).

Vyuziti rekombinantnich antigeni by umoznilo standardizovanou neomezenou produkci
diagnostického markeru, ktery by mél teoreticky zvysit i senzitivitu a specificitu reakce.
Rekombinantni antigeny nabizi také vyznamny robustni diagnosticky nastroj pro detekci

protilatek proti larvalni toxokaroze.

2.2 Funkéni molekuly exkreéné-sekreénich produktii larev 7. canis

Pii migraci télem hostitele infekéni larva 7. canis produkuje kutikulou a slinnymi zldzami
rizné typy molekul do okolniho prostiedi. Soubor téchto riznorodych molekul je nazyvan
Toxocara exkrecné-sekre¢ni produkt (TES). Tyto biomolekuly jsou odpovédné za specifické
biologické funkce a mohou mit odli$né role v signalizaci, zanétu, invazi do tkan¢ a potlaceni
imunity. Mimo degradacni aktivitu pii pruniku tkani produkuje larva molekuly, které se
ucastni interakci mezi parazitem a hostitelem, mohou modulovat nebo zcela vyradit Casti
imunitniho systému hostitele (Maizels et al. 2006). Téchto vlastnosti vyuZili de Savigny et al.
(1979), ktery jako prvni pouzil nativni TES jako antigen v imunoenzymatické analyze, ¢imz

polozil zakladni kdmen ve vyzkumu diagnostiky larvalni toxokarézy.

Zatimco proteinové slozky TES z infekénich larvéalnich stadii, ale 1 dospélcti 7. canis, jsou
primarnim pfedmétem vyzkumi, existuje zde zasadni nedostatek ve znalostech TES
biomolekul neproteinové povahy. V tomto sméru byla v TES larev potvrzena pouze

pritomnost moznych antigennich glykani (Schabussova et al. 2007) a jedina dalSi prace
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zminuje kromé proteint také dalsi latky pritomné v ES, ale pouze u dospélct 7. canis, napf.
kyseliny mlécna a jable¢na nebo ribitol (Wangchuk et al. 2020). V soucasné dobé¢ vice praci

na téma neproteinovych biomolekul larvalniho TES neexistuje.

2.2.1 Proteinové molekuly exkreéné-sekrecnich produktii larev 7. canis

Soucasny vyzkum je zaméfen predevsim na proteom TES infekénich larev 7. canis, ale
znalosti o jeho komplexnim slozeni jsou stale omezené. Analyza TES pomoci SDS-PAGE
ukazala, Ze nejabudantnéjsi proteiny migruji pii 26, 32, 45, 55, 70, 120 a 400 kDa (Maizels et
al. 1984; Gems & Maizels 1996). Dosud bylo pozorovano, ze proteom larev obsahuje funkéné
odlisné tfidy molekul, které pochazeji bud’ z jicnové zlazy, z niz je uvoliiovan sekret Gstnim
otvorem, zlaznaté exkre¢ni bunky, kterd usti do kutikuly exkre¢nim porem anebo z
povrchového plasté, ktery je volné ptfipojen ke kutikule larev (Page et al. 1992b; Abou-El-
Naga & Mogahed 2023). Vzhledem k migraci larev tkanémi hostitelského organismu a jejich
schopnosti tvofit dormantni stadia, kterd mohou ptezivat ve tkanich po dlouhou dobu, je spise
pravdépodobné, Ze se nekteré z téchto molekul podileji 1 na uniku pred imunitnim systémem
hostitele (Zhu et al. 2015). Pomoci hmotnostné-spektrometrickych metod Sperotto et al.
(2017) a da Silva et al. (2018) poprvé nastinili komplexni proteinové slozeni TES vcetné
moznych funkcich jednotlivych proteind, které mohou byt uZite¢né pro zlepSeni diagnostiky

¢i vyvoj vakein (Tab. 1 a Tab. 2).
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Sample Locus Tag Uniprot Protein

1 Tcan_ 00022 ADADB2ZVXO5 Collectin—122.0

1 Tcan 02769  ADADBZVPWA4 26 kDa secreted antigen *

1 Tcan 02129  ADADBZUQEZY 26 kDa secreted antigen *

1 Tcan 12345  ADADBZUWTS 26 kDa secreted antigen *

2 Tcan_16685 ADADBZVMA1 Heat shock protein 70 B2

2 Tcan_18436  ADADBZVPD7 Actin-like protein 6A

3 Tcan_11699 ADADB2ZV263 Exonuclease

3 Tcan_ 02977 ADADBZVVST Cathepsin D

3 Tcan_13099 ADADBZUU74 Uncharacterized protein

3 Tcan_12159 ADADBZUSX2 Troponin T

3 Tean 03471 ADADBZV]PG XRP2

3 Tcan_ 00870 ADADBZURST Uncharacterized protein

3 Tcan_ 08941 ADADBZWOJ9 Vesicle transport protein SFT2B

3 Tcan_ 12472 ADAOB2ZV7U2 Rab GTPase-binding effector protein 1

4 Tcan_ 17880  ADAOB2V229 Deoxynucleotidyltransferase
terminal-interacting protein

] Tcan 00005  ADAOBZVZZO 26 kDa secreted antigen *

6 Tcan 06008 ADAOBZVLES Son of sevenless-like protein 1

] Tcan 00004  ADAOBZVYS0 26 kDa secreted antigen *

] Tcan 15190  ADAOBZUVS3 26 kDa secreted antigen *°

1 Secreted proteins.

b TES32

© TES120

Tab. 1. Proteiny 7. canis identifikované ve vzorcich TES pomoci LC-MS/MS. Upraveno z

Sperotto et al. (2017).

Drescription Accession MW (kDa) SP Molecular function Biological Process
Heat shock 70kDa ADADB2VSY2 101 Mo ATP binding Unknown function
Myaosin ADADBIWIED 3 Mo ATP hinding and mator activity Unknown function
Filamin-A ADADBIVIWZ 23R Mo ATP binding and traremembrane receptor protein serine  Unknown function
threonine kinase activity
Myosin, essential light chain ADADBZUSPD n Mo Caleium ion binding Unknown function
Galectin ADADBIVOS4 30 Mo Carbohydrate binding Galactos metabolic process
Excretory,/secretory C-type lectin TES-32 44027 3 Yes Carbohydrate binding Unknown function
Histone H4 ADADBIVIG 11 Mo Dna bindin MNucleosome assembly
Histone HZB ADADBZUPHSE 13 Mo Dma hinding Unknown function
Hizstone H2A ADADBZUQDEG 13 Mo Dma binding Unknown function
Histone H3 ADADBIVID 15 Mo Dma binding Unknown function
Glucose-6-phosphate izsomeraze ADADBIWSED a7 Mo Glucose-6 phosphate izsomerase activity Gluconengenesds and
glycolytic process
Phosphoenalpyruvate carboxykinase [GTP]  ADADBIV2E6G 72 Mo Gip bhinding, kinase activity and phosphoenalpyruvate Gluconeageneds
carboorykinasze (grp) activity
Elongation factor 1-alpha ADADBIWSOT 50 Mo Gtpase activity, gip binding and translation elongation Unknown function
factor activity
Apaolipopharin ADADBZVHMO 340 Mo Lipid transporter activity Unknown function
26 kDa secreted antigen ADADBIUWTS 28 Yez Lipid binding Transport
Collectin-12 ADADBIVEDS 7 Yes Lipid binding Tranzport
Enolase ADADBIVEAG 47 Mo Magnesium ion binding and phosphopymuvate hydmtase  Glycolytic process
activity
Superoxide dismutase [Cu-Zn] ADADB2VIED 21 Yes Meial ion binding and supercxide dismutaze activity Unknown function
Phosphoethanolamine N-methylransferase  ADADBIVTWO 30 Mo Methybransferase activity Unknown function
1
Pamam yosin ADADBIVEDE 101 Mo Maotor activity Unknown function
Tropomyasin ADADBIVDER 3l No  Maotor activity Unknown function
Aspartyl protease inhibitor ADADBIVTFO 16 Mo Peptdase activity Unknown function
Phosphoglycerate kinase ADADBIVA0R &h Mo Phosphoglycerate kinase activity Glycolytic process
Protein disulfide-isomerase ADADB2UIM4 55 Yoz Protein disulfide isomerase activity Cell redox homenstasis
Tramsthyretin-like protein 46 ADADBIZWO = 7 19 Yez Tramsthyretin-like family protein Transport
Ancylostoma secreted protein ADADB2UP2O 46 Mo  Unknown function Unknown function
Ancylostoma secreted protein ADADBIVNWT 7 Mo  Unknown function Unknown function
Major antigen ADADBIVVE] 24 Mo Unknown function Unknown function
Macrophage migration inhibitory factor- ADADBIVELS 20 Mo  Unknown function Unknown function
like protein
Proteoglycan core protein 076131 24 Yez: Unknown function Unknown function

Tab. 2. Seznam nejabudantnéjSich proteinti identifikovanych v TES z 7. canis pomoci LC-

MS/MS. Identifikované proteiny byly kategorizovany podle jejich molekularni funkce a
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biologického procesu z informaci ziskanych z databaze Gene Ontology (UniProt). Upraveno z

da Silva et al. (2018).

Krom¢ proteint, které hraji dilezitou roli v pieziti paraziti v hostiteli, napt. proteazy, nebo jiz
znamé a uzivané antigeny, napt. TES-26 — homolog podobny sav¢imu fosfatidyletanolamin
vazajicimu proteinu, byly objeveny i proteiny bez doposud znamé funkce, které by mohly
slouzit jako potencidlni antigeny (Sperotto et al. 2017; da Silva et al. 2018). Soucasny vyzkum
tedy souvisi s identifikaci jednotlivych molekul TES a zkvalitnénim sérodiagnostickych

postupi.

2.2.1.1 Proteinové antigeny

Tradicni néazvoslovi jednotlivych antigennich proteinti souvisi s jejich velikosti pfi
elektroforetické separaci v polyakrylamidovém gelu — SDS-PAGE (velikost je udavéana
v kDa). U nékterych bylo néslednymi analyzami prokézano, Ze mohou obsahovat i smés

proteini migrujicich do stejné oblasti. Nejprobadangjsimi jsou TES-120, TES-32 a TES-26.

TES-120

TES-120 je produkovan kutikulou a patfi mezi bohaté sekretované povrchové proteiny L3
larev (Page et al. 1992b). Je syntetizovan v jicnu a sekrecnich zlazach (Page et al. 1992a).
Sklada se ze skupiny silné glykosylovanych proteinii nazyvanych muciny. Hlavni ulohou
mucind je tvorba povrchového plasté larvy. Tato vrstva je neustale obnovovana, svlékana a
navazanim protildtek a eozinofilii se larva chrani pfed imunitnim systémem (Page et al.
1992b). Muciny jsou glykoproteiny tvofené mnoha tandemovymi repeticemi bohatymi na
serinové a threoninové zbytky, na kterych jsou O-vazané oligosacharidy. Neglykosylovanou
cast tvoii domény bohaté na cystein. Pro muciny 1 jiné proteiny toxokar je typickd tzv. six-
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cysteine doména (SXC nebo NC6), ktera obsahuje 36 aminokyselin, z toho 6 cysteinovych

zbytktl a opakuje se ve 2—4 repeticich v zavislosti na typu mucinu. (Loukas et al. 2000b).

Pee.1  [H{NCEXC | [NCESKC

MUC-1 B—| mucinova doména |- NC6/SXC H NC6/SXC |
MUC-2 B} [ mucinova doména |-{NC6/SXC | NC6/SXC |
MUC-3 ENCGISXC H NC6/SXC H mucinova doména [—{NC6/SXC H NC6/SXC |
MUC-4 E—l mucinova doména HNCE}SIC b NCBJSKCJ
MUC-5 E—l mucinova doména |— NC6/SXC H NC6/SXC |

Obr. 11. Schematické znazornéni SXC domén vybranych proteini 7. canis. PEB-1 —
protein vézajici fosfatidyletanolamin (TES-26) a MUC-1-5 — muciny ze skupiny proteind
TES-120. VSechny proteiny obsahuji signalni sekvenci (¢erny box s velkym S), domény SXC
jsou ve stinovanych boxech, mucinové domény jsou v bilych boxech. Upraveno z Maizels et

al. (2000).

Povrchové muciny L3 larev toxokar jsou pii expozici imunitnimu systému pravidelné
svlékany/odvrhovany, ¢imz larvy zabraiuji adherenci protilatek a dalSich soucasti hostitelova
imunitniho systému. Tento mechanismus funguje jako UCinny ndstroj obrany (Badley et al.
1987; Doedens et al. 2001). Zaroven existuje predpoklad, Ze muciny toxokar, resp. pfitomné
glykany, kompetuji s hostitelskymi sacharidy, aby zablokovaly infilitraci leukocyti do tkané

hostitele (Khoo et al. 1991; Doedens et al. 2001).

TES-120 se sklada minimaln€ ze 4 tésné migrujicich mucint, ktery je kazdy kédovan svou
mRNA (Tc-muc-1-4). Prvni objevenou slozkou byl Tc-MUC-1 bohaty na serinové zbytky a
obsahujici 2 SXC repetice na C-termindlnim konci glykoproteinu (Gems & Maizels 1996).
Tc-MUC-1 obsahuje signalni peptid, ale neobsahuje transmembranovou doménu, coZ
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naznacuje, ze je sekretovan do prostiedi. Povrchové znaceni monoklonalnimi protilatkami L3
larev odhalilo, ze Tc-MUC-1 je pfitomen i na jejich povrchu (Page et al. 1992a; Page et al.
1992b; Loukas et al. 2000b). Ovliviiuje pienos signalu v makrofazich a podili se na uniku

imunitni odpoveédi prostfednictvim ucinku na makrofagy (Zhou et al. 2022).

DalSimi popsanymi muciny v ramci TES-120 byly Tc-MUC-2—4 (Loukas et al. 2000b). U Tc-
MUC-3 se predpoklada participace na spusténi/aktivaci vrozené imunitni reakce a podili se na
uniku imunitni odpovédi hostitele prostfednictvim interference tvorby granuli v neutrofilech
(Dlugosz et al. 2021). U Tc-MUC-4 se mimo nizké miry exprese v laboratornich podminkach

prepoklada proteolytickd aktivita (Loukas et al. 2000b; Gonzélez-Péaez et al. 2014).

Poslednim identifikovanym mucinem je Tc-MUC-5, ktery je vé&tsi a ma divergentn&jsi
sekvenci nez ostatni muciny 7. canis (Doedens et al. 2001). Aminokyselinové slozeni Tc-
MUC-5 se lisi od Te-MUC-14 v mnoZzstvi lysinQ, resp. Tc-MUC-1-4 neobsahuji Zadny
lysinovy zbytek. Na zaklad¢ této skutecnosti Doedens et al. (2001) naznacuji, ze tento protein
nemusi byt soucasti povrchovych mucind, tj. TES-120. Autofi dale zminuji, Ze mucin Tc-
MUC-5 nebyl diive identifikovan, protoZze muize byt pouze marginalni soucasti TES-120 nebo

je sekretovan pouze ve chvili, kdy larva unikd imunitnimu systému.

TES-32

Poprvé popsén v roce 1984 metodou radiojodizace na povrchu larev a v TES (Maizels et al.
1984). Je exprimovan v kutikule parazita a je jednim z hlavnich povrchovych proteinti L3
larev (Page et al. 1992a). Protein zahrnuje 219 aminokyselinovych zbytk; jeho struktura je
vice podobna lektinlm C-typu imunitniho systému savcii neZ homologu Caenorhabditis
elegans (Loukas et al. 1999). Lektiny typu C (CTL) jsou skupinou proteintl, které se vazou na

sacharidové epitopy v ptitomnosti Ca*",

41



Prvnim popsanym lektinem ze skupiny TES-32 je Tc-CTL-1 ktery je zaroven prvnim
popsanym lektinem C-typu u parazitického organismu (Loukas et al. 1999; Tetteh et al.
1999). Rozpoznavaci doména sacharidu (CRD) Tc-CTL-1 obsahuje mnozstvi cysteinovych
aminokyselinovych zbytka, ktera v prediktivnich analyzach umoziuje $irsi rozsah ligandii nez
smycky typické pro savei lektiny, napf. mandzu-vézajici receptor makrofagii nebo nizce
afinitni receptor CD23 na povrchu eozinofill, lymfocyti a monocytt (Loukas et al. 1999;
Tetteh et al. 1999). CRD doména proteinu Tc-CTL-1 vykazuje afinitu ke dvéma
monosacharidiim (N-acetylgalaktosamin a D-mané6za) a je pravdépodobné bispecifickym
lektinem (Loukas et al. 1999). Analyzou cDNA byly popsany ¢astecné sekvence Tc-CTL-2 a
Tc-CTL-3, které jsou variantami Tc-CTL-1 (Tetteh et al. 1999; Zhan et al. 2015). Ctvrtym
popsanym lektinem je Tc-CTL-4, ktery se vyznacuje strukturadlni podobnosti s Tc-CTL-1.
Vyznacuje se dvéma doménami obsahujicimi primarné cysteinové aminokyselinové zbytky na
N-termindlnim konci a migruje ve velikosti kolem 70 kDa, proto je také nazyvan TES-70

(Loukas et al. 2000a).

CTL-1 | CRD lektinova doména

CRD —n— lektinova domeéna

CTL-4 | CRD

-l
HilH

Obr. 12. Schematické znazornéni srovnavajici lektiny Tc-CTL-1 a Te-CTL-4.
CRD - doména rozpoznavajici sacharid bohaté na cystein, T — doména bohata na threonin,

lektinova doména C-typu v bilém boxu. Upraveno z (Maizels et al. 2001).

Funkce TES-32 a TES-70 jsou diky své podobnosti s receptory imunitnich bun¢k hostitele

pravdépodobné spojeny s Unikem rozpoznavaciho mechanismu imunitniho systému hostitele,
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tzn. plni vyznamnou roli pro dlouhodobé pieziti parazitii v hostitelské tkani (Loukas et al.
1999; Maizels et al. 2000). Specificky Tc-CTL-1 interaguje s regulacnimi mechanismy
imunitni reakce, konkrétn¢ pomoci stimulace produkce cytokinu Il1-10. Také se ucastni

inhibice prozanétlivych cytokinti (Dtugosz et al. 2021; Shahbakhsh et al. 2022).

TES-26

Poprvé popsan v roce 1995 a je homologem savéiho fosfatidyletanolamin vazajiciho proteinu
(PEBP — phosphatidylethanolamin binding-like protein) s N-termindlni parovou doménou

SXC (Gems et al. 1995; Maizels et al. 2000).

Jedné se protein, ktery se vyskytuje pouze u L3 larev 7. canis, u dospélych Cervii nebyla
mRNA pro tento protein nalezena (Gems et al. 1995). Navzdory podobnostem v ramci PEBP
skupiny proteinli s jinymi organismy mad TES-26 cetné odliSnosti. TES-26 ma parovou
doménu SXC, coZ naznacuje, Ze jde o hybridni gen sloZzeny z domén riizného pivodu (Gems
et al. 1995). Protein m4 déle hydrofobni doménu s 20 aminokyselinovymi zbytky, ktera
odd€luje parové SXC domény od oblasti homologie PEBP. To by mohlo naznacit, Ze se jedna
o membranovy protein, nicméné pritomnost signalniho peptidu dale naznacuje, ze miize
slouzit k nasmérovani PEBP na povrch larev, a tak moznosti jeho sekrece do wvnéjSiho

prostredi parazita, kde miZe mit imunomodulaéni funkci (Gems et al. 1995).

Funkce TES-26 jsou stale pfedmétem vyzkumu. Jednou z funkci by mohla byt participace na
pfijmu lipidli, protoze paraziticti helminti obecné¢ maji omezenou schopnost syntetizovat
mastné kyseliny s dlouhym fetézcem a cholesterol de novo (Gems et al. 1995). Déle by mohl
byt protein asociovan s transportem/vazbou lipidi do rtiznych kompartmentd; tuto teorii
podporuje fakt, Ze povrch larev T. canis je tvofen nedifuznimi, nespojitymi lipidovymi
doménami (Gems et al. 1995). Mohl by pomoci pifi imunitnim Uniku svym uU¢inkem na

adaptivni imunitni odpovéd’ sniZzenim pienosu lytickych granuli v cytotoxickych T-
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lymfocytech (Dhugosz et al. 2021). TES-26 ma podobnou konformaci jako serinova proteaza

a byla u néj popsana proteolyticka aktivita proti lamininu (Gonzélez-Paez et al. 2014).

2.2.1.2 Dalsi potencialni proteinové antigeny

Jak jiz bylo feCeno, antigenni komponenty TES jsou zkoumény omezenym zplsobem a
znalosti slozeni TES 7. canis jsou stale limitované. Mezi molekuly, které maji zasadni
vyznam vV biologickych procesech parazita, z nichz mnohé se mohou vyznacovat svou
antigenicitou, jsou fazeny také protedzy, o jejichz vyznamu pro 7. canis toho neni doposud
mnoho znamo. Kromé& aktivni role proteolytickych enzymil pii lihnuti larev z vaji¢ek jsou
protedzy povazovany za rozhodujici faktor pro tkanovou invazi, extracelularni traveni
hostitelskych proteinli pfi migraci larev orgdny a pravdépodobné i modulaci imunitniho
systému hostitele. Z dosavadnich zjisténi vyplyva, Ze 1 nékteré antigenni proteiny mohou mit

proteolytickou aktivitu (Gonzéalez-Péez et al. 2014).

Serinové protedzy

Bylo zjisténo, Zze v TES larev 7. canis jsou zastoupeny piedevSim serinové proteazy (Abou-
El-Naga et al. 2022). Kolektiv Robertson et al. (1989) na zaklad¢ in vitro inkubace L3 larev s
extracelularni matrix bunécné linie hladkého svalstva potkana objevili dvé serinové protedzy,
které proteolyticky Stépi elastiny, kolageny a fibronektin. Na tento vyzkum navazali
Gonzélez-Paez et al. (2014), kteti po gelové elektroforéze TES popsali proteolytickou aktivitu
ve velikostech 400, 120 a 32 kDa vici albuminu a IgG, které reprezentovaly slozky krve, a
fibronektinu a lamininu, reprezentujicich extracelularni matrix, ¢imz rozsifili predchozi

pozorovani. Ze zjiSténi obou studii vyplyvd, ze maximalni aktivita protedz v TES je pfi
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alkalickém pH a je v souladu se schopnosti larev migrovat krvi a riznymi tkdnémi jejich

hostiteld (Abou-El-Naga et al. 2022).

Cysteinové protedzy

Ze skupiny cysteinovych proteaz byla poprvé identifikovana Tc-CPL-1, proteaza se sekvencni
podobnosti ke katepsinu L filarie Brugia pahangi. Homolog katepsinu L 7. canis je
neobvykly v tom, Ze ma substratovou specificitu vice pfipominajici aktivitu katepsinu B,
ackoli jeho sekvence mimo aktivni misto je mnohem piibuznéjsi podskupiné katepsinit L
(Loukas et al. 1998). Druha popsana cysteinova protedza — Tc-CPZ-1 — ma vysokou troven
podobnosti s lidskym katepsinem Z. Podskupina katepsini Z ptedstavuje relativné novou
skupinu v rdmci C1 cysteinovych protedz (Falcone et al. 2000). Funkce nejsou zatim zcela
znamé a tyto katepsiny byly prokdzany u jinych hlistic, kde byla popsana jejich klicova role v
modulaci imunitni odpovédi hostitele, v€etné proteolytické degradace invariantniho fetézce
MHC-II a regulace intracelularniho pienosu této molekuly (Williamson et al. 2003).

Analyzou genomu larev 7. canis byl objeven také gen pro asparaginovou endopeptidazu (Tc-

aep-1), nicméné samotny protein identifikovan v TES prozatim nebyl (Maizels 2013).
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3 CILE PRACE

Cilem predlozené disertacni prace je rozsifit dosavadni poznatky a pfinést nové informace
ohledné proteinového slozeni exkreéné-sekrecnich produktt infek¢nich larev 7. canis a jejich

mozné aplikace v sérodiagnostice larvalni toxokarozy.

Hlavni cile:

o Bude vypracovana reserse souvisejici s problematikou sérodiagnostiky 7. canis.

. S vyuzitim extraktG 7. canis bude provéfena protilatkovd odpoveéd infikovanych
hostitell (ELISA a Western blot).

o Budou identifikovany dominantni proteinové antigeny v extraktech 7. canis
(hmotnostni spektrometrie).

. Nékteré z proteinovych antigent budou pfipraveny v rekombinantni formé a testovany

jako potencialni sérodiagnostické markery.
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4 MATERIAL A METODIKA

Tato kapitola poddva obecny piehled o zakladni aplikované experimentdlni metodice,

vybaveni a pouzitém materialu.

Skrkavky T. canis z infikovanych psii byly ziskany ve spolupraci s Gtulky z okoli Prahy a

Ostravy.

Vsechny postupy provedené v predkladanych studiich byly v souladu s Helsinskou deklaraci
WMA - Etické zasady pro lékaisky vyzkum zahrnujici lidské subjekty (World Medical
Association Declaration of Helsinki, 2013). Experimenty byly provedeny v pfisném souladu s
institucionalnimi smérnicemi a ndrodnimi/EU zakony a smérnicemi o kvalitnich Zivotnich

podminkach zvirat.

Vsechny analyzy v predkladané praci byly zpracovany v laboratotich Ustavu imunologie a
mikrobiologie 1. LF UK (Praha), Narodni referen¢ni laboratoie pro tkanové helmintézy VFN
a 1. LF UK (Praha), Katedry parazitologie PfF UK (Praha) a Ustavu organické chemie a
biochemie Akademie véd CR (Praha). Hmotnostné-spektrometrické analyzy byly zpracovany

laboratoti CEITEC Proteomics Core Facility (Brno).

4.1 Publikace & 1 — Séroprevalence larvalni toxokarézy v Ceské republice

4.1.1 Kultivace larev T. canis a ptiprava TES

Dospélé skrkavky byly izolovany z vykall pfirozené infikovanych psti pomoci antiparazitika
Drontal. Z omytych samic Skrkavek byla vyextrahovana vaji¢ka, kterd byla nasledné
prefiltrovana pfes sitko a monofil do roztoku 2M H>SO4. Vajicka takto zrala pfi laboratorni

teploté cca 4-6 tydni v erlenach s vatovym uzavérem. Rozryhovana vajicka s larvou byla
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zcentrifugovana (500 g, 8 min) a supernatant odstranén. Do sedimentu s vajicky byl pfidan
5% roztok NaClO-5H;0 (inkubace 5 min) z diivodu odstranéni vnéj$i membrany a necistot.
Smés byla promyta 2x PBS (pH 7,3). Po poslednim promyti byla vajicka pienesena do
kultivacniho media RPMI 1640 s 100 IU/ml penicilinu a 250 pg/ml streptomycinu. Do smési
byly pifidany sterilni sklenéné kulicky, erleny byly umistény na tiepacku 2—5 minut, aby doslo
k rozruseni obalii vajicek a vylihnuti larev. Larvalni suspenze byla pfes noc umisténa do
Baermannova aparatu se sitkem pro tkanové kultury (Corning, VWR). Larvy aktivné
migrovaly pfes sitko do sbérné hadice, zatimco mrtvé larvy a vajicka zlstaly na sitku. Druhy
den byly larvy vypuStény z hadice a nechaly se cca 60 min pfirozené sedimentovat.
Supernatant byl odsan a nahrazen RPMI 1640 s antibiotiky. Larvy byly takto inkubovany
v 37 °C v 5% COz po dobu tydnli az mésicl. Po¢inaje dnem, kdy byly larvy extrahovany do
média, byl TES sbiran denné¢ po dobu nasledujicich 14 dnl a poté jednou tydné po dobu
n¢kolika mésicl. Po kazdém odbéru byly produkty okamzité koncentrovany (3 kDa Amicon
Ultra-15 Centrifugal Filter Unit, Merck) a purifikovany do PBS (pH 7,3). V kazdém vzorku
byla méfena koncentrace proteinu (Quant-iT Protein Assay Kit, Thermo Fisher Scientific).

Poté byly vzorky TES skladovany pfti -80 °C. Schéma pracovniho postupu viz Obr. 13.

Shér dospélych skrkavek Extrakce vaji¢ek Ryhovéni Potet vajitek s larvou Odstrané&ni vnéjsi membrany

30-35 dni

~ . 2MH;s0,

i =2 celkem 60 dni
)| : ‘t / &
,f," i | Méfeni koncentrace
2 .‘,_ } proteind v TES
B a dalsi analyzy

Lihnuti Separace larev Kultura Koncentrace a purifikace

Obr. 13. Schéma pripravy TES. Upraveno dle Moreira et al. 2014.
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4.1.2 Lidska séra

Celkem bylo analyzovéano 4 428 vzorkl sér pacientll ziskanych v prubéhu let 2012-2016.
Vzorky sér byly piijaty k rutinnimu vySetfeni do NRL pro tkénové helmintdzy s podezienim

na piitomnost tkanovych helmintdz od 1ékatt riznych specializaci z celé CR.

4.1.3 Imunologické metody

Sérologické vysetteni bylo provedeno in-house metodou IgG ELISA s pouzitim TES antigenu
larev 7. canis dle protokolu NRL pro tkanové helmintézy. Nunc Maxisorp 96jamkové
mikrodesticky (Thermo Fisher Scientific) byly potaZzeny 100 pl antigenu zifedéného v
bikarbonatovém pufru (pH 9,6) a inkubovany ptes noc pii 4 °C. Desticky byly 3x promyty
PBS (pH 7,2) s 0,05 % Tween 20 (PBST) a bylo ptidano 100 pl vzorki séra zfedénych 1:200
(v PBST). Po 1 hodin€ inkubace pifi 37 °C byly desticky 3x promyty PBST, pfidany
sekundéarni kozi protilatky anti-lidského IgG znaceného kienovou peroxidazou (Calbiochem)
zfedéného v poméru 1:60 000 (100 ul/jamka). Po 1 hodin€ inkubace pti 37 °C byly desticky
3x promyty PBST. Reakce byla vizualizovana pfidanim 100 pl substratu (O-fenylendiamin) s
0,05 % H20: v citratovém pufru (pH 5,0). Reakce byla zastavena po 15 minutach inkubace ve
tmé¢ pii laboratorni teploté¢ pfidanim 50 pul 2M H2SO4 a optickd denzita byla méfena

spektrofotometricky pii 490 nm (MR5000, Dynatech).

Vzorky identifikované jako Toxocara sp. pozitivni byly znovu testovany pomoci komercni

soupravy ELISA a WB (TestLine Clinical Diagnostics) podle pokynii vyrobce.
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4.1.4 Statisticka analyza

Do naslednych statistickych analyz byly jako séropozitivni osoby zafazeny pouze vzorky

pacientl pozitivnich ve vSech testech.

Pro ziskani anamnestickych udaji pacientl, tj. jejich pohlavi, véku, bydlisté, vysledki
laboratornich nalezt a klinického stavu v dobé podezieni na diagnozu larvalni toxokarozy, byl
do této studie zarazen dotaznik, zaprotokolovan a analyzovan (Excel, MS Office 2010,

Microsoft).

Pro analyzu rozdilli mezi muzi a zenami na zakladé véku analyzovan pomoci oboustranného
Mann-Whitneyho neparametrického testu. Chi-kvadrat/Fishertiv test byl pouzit k posouzeni
statistickych rozdili mezi muzi a Zenami v jednotlivych vékovych skupinach. Hladina

statistické vyznamnosti pro testy byla stanovena na P <0,05.

Vsechny testy byly provedeny pomoci GraphPad Prism verze 9.3.1 (GraphPad Software, San

Diego, Kalifornie, USA).

4.2 Publikace €. 2 — Antigenni proteiny exkre¢né-sekre¢nich produktii larev
Toxocara canis a hodnoceni jejich potencialu pro imunodiagnostiku larvalni

toxokarozy

Kultivace larev 7. canis, ptiprava TES a méfeni koncentrace proteinii ve smési byla
provedena totoznym zpusobem jako v kapitole 3.1.1. Pro experimenty k piedklddané
publikaci byly pouzity TES, které byly sbirdny denné¢ od vylihnuti po dobu nésledujicich

14 dna.
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4.2.1 MysSi a lidska séra
MpySsi séra

Celkem 10 mysi (BALB/cAnNCrw) bylo experimentalné infikovano rtiznymi infekénimi
davkami larev L3 T. canis. Od mys$i bylo ziskano 10 individualnich sér a 3 vzorky

poolovanych sér.

Vzorky zahrnovaly 3 negativni/kontrolni séra mysi, které nebyly infikovany (skupina L0), 3
pozitivni séra od jedinci infikovanych denné (po dobu 22 tydnti krom¢ vikendil) deseti
larvami (skupina L10), 3 pozitivni séra od jedinct infikovanych tydné€ (po dobu 22 tydnt
kromé vikendt) 100 larvami (skupina L100) a 1 pozitivni sérum od mysi infikované dvakrat
(primoinfekce v den 1 a reinfekce v den 14) 1000 larvami (skupina L.1000). Poolovana séra
reprezentovala skupinu negativnich mysi, skupinu L10 a L100. Séra byla odebrana 86. den po

prvni infekei.

Poolovana séra byla pouzita pro primarni screeningové analyzy k testovani reaktivity

antigend.

Vsechna mysi séra byla ziskana z Ustavu imunologie a mikrobiologie (1. LF UK). S

pokusnymi zvifaty bylo nakladano v souladu s pfisluSnou evropskou a ceskou legislativou.

Lidska séra

Pro analyzy bylo vybrano 10 vzorkll vySetfenych na pfitomnost protilatek IgG proti TES
antigenu NRL pro tkanové helmintdzy. Tyto vzorky byly testovany pomoci in-house ELISA
s naslednou konfirmaci ELISA a WB pomoci komerénich IVD validovanych souprav.

Celkem byla pouzita tfi negativni a sedm pozitivnich sér.

VSechna lidské séra byla ziskana z NRL pro tkanové helmintézy 1 LF UK a VFN.

53



4.2.2 Separace proteint
Elektroforeticka separace

TES produkty byly separovany pomoci SDS-PAGE (10% gel) a pfeneseny metodou WB na
PVDF membranu (Bio-Rad). Gely byly obarveny Commassie Brilliant Blue a Silver Stain

Plus (Bio-Rad). Jako marker byl pouzit Precision Plus All Blue Protein Standard (Bio-Rad).

Gel SDS-PAGE se separovanymi vzorky TES (odebranymi vden 1,2, 3,4,5,6,7,9 a 14 od
vylihnuti larev) a prouzky WB inkubované s poolovanymi mysimi negativnimi a pozitivnimi
séry byly dokumentovany s vyuzitim skeneru s vysokym rozliSenim GS-800 Calibrated
Densitometer (Bio-Rad). Gely byly porovnany s vyslednym WB za ucelem identifikace
imunogenni reakce proteinti distribuovanych v kazdém vzorku/dni. Na zakladé imunitni

odpovédi na WB byly pro dalsi analyzy vybrany proteinové pruhy s reakei.

Kapalinova chromatografie kombinovanda s tandemovou hmotnostni spektrometrii

Cilové proteiny s definovanou velikosti na gelu byly ru¢né vytiznuty, odbarveny, promyty a
kazdy byl inkubovan se 125 ng trypsinu (Promega) po dobu 2 hodin pii 40 °C. Tryptické
peptidové $tépy byly extrahovany z gelt 2,5% kyselinou mravenci (FA) v 50% acetonitrilu

(ACN) a nasledn¢ zakoncentrovany ve vakuovém koncentratoru SpeedVac (Thermo Fisher).

Kapalinova chromatografie kombinovand s tandemovou hmotnostni spektrometrii (LC-
MS/MS) byla pouzita k analyze smési peptidi pomoci systému RSLCnano (Thermo Fisher
Scientific) online pfipojeného k hmotnostnimu spektrometru Impact II Ultra-High Resolution
Qg-Time-Of-Flight s CaptiveSpray nanoBooster iontovy zdroj (Bruker). Prohledavani iont
MS/MS bylo provedeno proti internim databazim: 7. canis (Uniprot, 18 499 sekvenci, verze z

27.11.2017) a kontaminanty cRAP (na zéklad¢ http://www.thegpm.org/crap).
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Vytipované proteiny vybrané pro ndsledné analyzy

Navazujici analyzy probihaly se 4 vybranymi proteiny — Tc-TES-26 (UniProt, acc. No.
AOAOB2UIKS8), Tc-ASA (UniProt, acc. No. AOAOB2VYF0), Tc-PDP (UniProt, acc. No.
AOAOB2UUN4) a Tc-ASP (UniProt, acc. No. AOAOB2VNW?7). Tyto proteiny byly vybrany
na zaklad¢ silné reaktivity s pozitivnimi mysSimi séry, nizké molekulové hmotnosti (24—
32 kDa), zvySeni abundance béhem obdobi sbéru a dostatecného mnozstvi v nativnim TES
produktu. Varianta Tc-TES-26 (AOAOB2UIKS) byla testovana ve studii Mohamad et al.

(2009).

4.2.3 Bioinformatické analyzy

Pomoci bioinformatickych postupi byla ziskana data 4 proteinli porovndna s genomem
T. canis ve svétovych databazich UniProt a National Library of Medicine (BLAST). Ziskané
nukleotidové a aminokyselinové sekvence funkénich molekul byly analyzovdny pomoci
datovych néastroji, mj. Clustal Omega Multiple Sequence Alignment (Chojnacki, Cowley,
Lee, Foix, & Lopez, 2017). Pfitomnost signalniho peptidu v aminokyselinovych sekvencich
byla ptedpovézena pomoci programu Signal IP 4.1 (Petersen, Brunak, Von Heijne, & Nielsen,
2011). Molekulova hmotnost a teoreticky pl (izoelektricky bod) odvozenych proteinii byly
stanoveny softwarem Compute pI/Mw dostupnym na webovém portalu ExPASy (Artimo et
al., 2012). Nasledn¢ byly navrZzeny primery pro nukleotidové sekvence vybranych proteinti

bez casti kodujici signalni peptid pomoci webového nastroje OligoAnalyzer™ Tool.

Funkce a vyznam jednotlivych proteinti byl predikovan pomoci databdze UniProt a GO (gene

ontology).
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4.2.4 Molekularné-biochemické analyzy
Izolace RNA 7 larev T. canis

Larvy byly zcentrifugovany (50 g, 3 min, 25 °C) a 2x promyty PBS (pH 7,3). Nasledn¢ byl
piidan stabiliza¢ni roztok RNA — TRIzol (Thermo Scientific) a provedena mechanicka
homogenizace pomoci pistu, inkubace (5 min) pfi laboratorni teploté, aby doslo k rozpusténi
nukleoproteinovych komplexti. Homogenat byl zcentrifugovan (12,000 g, 10 min, 4 °C) a k
supernatantu obsahujicimu larvalni RNA byl pfidan chloroform (20 pul chloroformu na 100 pl
trizolu), smés byla intenzivné protiepana (20 s) a inkubovéna (3 min). Po zcentrifugovani byla
smes rozd€lena na spodni ¢ervenou fenol-chloroformovou fazi, mezifazi a bezbarvou horni
vodnou fazi, ve které se nachdzela RNA. RNA byla precipitovana pomoci izopropanolu
(50 pl na 100 pl trizolu), inkubovana a zcentrifugovana (12,000 g, 10 min, 4 °C). Aby doslo
k promyti RNA, byl pfidan k peletu 75% etanol (100 pl na 100 pl trizolu), pelet byl
zvortexovan (10 s) a zcentrifugovan (7,500 g 5 min, 4 °C). Supernatant byl odsdn a zbytek
etanolu byl samovolné¢ odpafen z peletu ve sterilnim prostfedi. Nasledné¢ byla RNA
rozpuiténa v RNase-Free vodé (Qiagen). Cistota RNA byla zkontrolovdna na piistroji
NanoDrop (Thermo Scientific). Vzorky byly nasledné piecistény pomoci Turbo DNA-free kit

(Thermo Scientific) a uchovany k dal$imu pouziti v —80 °C.

4.2.4.1 Schéma experimentu ¢. 1

Syntéza cDNA, PCR a navrZeni primeri

Komplementarni DNA (cDNA) byla z celkové RNA ziskdna reverzni transkripci (pouziti
RNA-dependentni DNA polymerazy) pomoci Transcriptor First Strand cDNA Synthesis kitu

(Roche) dle pokynti vyrobce. cDNA byla v dal$ich analyzach vyuzivéana jako templat.
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Pomoci navrzenych primérnich primert (Tab. 3) pro jednotlivé protein-kédujici geny
vyrobenych firmou GeneScript a templatové cDNA byla provedena klasickd PCR (primarni
denaturace 95 °C 5 min, 35 cykli — 94 °C denaturace 60 s, 55 °C anealling 60 s, 72 °C

extenze 60 s, finalni extenze 72 °C 10 min) k potvrzeni piitomnosti sekvenci vybranych

molekul.

Ndzev proteinu Ndzev primeru  Sekvence BP (par( bazi) Teplota annealingu (°C)

Te-TES-26 TES26F 5 - ATGTCAGTTGTACACAAAGCTTGC 24 56,2
TES26R 3" - TTAGGCCTGCGATCGATAGAAATT 24 56,2

Tc-ASA UP3VYFOF 5 - ATGAGCCAAATCGCCATC 18 53,1
UP3VYFOR 3’ - TTATATCTGAGGAACCATACAGCCT 25 55,1

Tc-PDP UP4UUNA4F 5’ - ATGGATCAAAAGACGGTGACG 22 55,2
UP4UUN4R 3" - CTAATTACACAGTTTCGGGCCTT 23 55,2

Tc-ASP ASPVNW7F 5 - ATGAAGAGAATTGTATCGGTTGTAC 25 52,9
ASPVNW7R 3" - TTACGGTGTCAGGCAAAG 18 52,5

Tab. 3. Sekvence primerti pro 4 vybrané proteiny ke konfirmaci pfitomnosti sekvenci

v ¢cDNA izolované z larev T. canis.

Klonovani inzertu a transformace plazmidu

Nasledné byly k jiz navrzenym primerim (Tab. 3) navrzeny sekundarni ,.klonovaci primery,
které obsahovaly sekvence restrikénich endonukleaz Ncol a Xhol komplementarni ke konclim
bakteridlniho plazmidu pET28b (Obr. 14). Tyto extenze byly pouzity pro klonovani inzertu do

expresniho vektorového plazmidu pomoci soupravy In-Fusion Cloning Kit (Clontech).
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Obr. 14. Technologie In-Fusion. Schéma vloZeni inzertu do plazmidu pomoci technologie

In-Fusion. Upraveno dle vyrobce.

Sekvence konstruktu byla ovéfena pomoci DNA Sangerova sekvenovani. Vysledné plazmidy
byly poté transformovany do expresnich kompetentnich bakteridlnich bun¢k E. coli BL21
(Thermo Fisher) a ockovany na plotny s LB agarem (1 % trypton, 0,5 % kvasnicovy extrakt, 1
% NaCl, 1,5 % agar, dH20) obsahujicim selektivni antibiotikum kanamycin zamezujici ristu

bunék neobsahujici vektor s inzertem (koncentrace 50 pg/ml).

Kultivace bakterii E. coli a indukce exprese

Odbéry zkolonii bakterii E. coli BL21 obsahujici expresni vektor s vybranymi protein-
kodujicimi inserty byly ockovany do tekut¢ého LB média opét s 50 ug/ml kanamycinem.
Buiiky byly tfepany pii 37 °C, 180 rpm do ziskani pozadované optické denzity (ODeoo),
meéfeno pomoci piistroje Biochrom WPA S800+ Visible Spectrophotometer (Biochrom). Do
LB bylo pfiddno 0,5 mM IPTG (izopropyl B-D-1-tiogalaktopyranozid) k indukci exprese.
Bakterialni kultura byla tfepana ptes noc (22 °C, 180 rpm) do druhého dne. Bakterie byly
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zcentrifugovany (3000 rpm, 22 °C, 15 min) a vysledny pelet byl smichan s lyza¢nim pufrem
(10 mM Trise-Base, 200 mM NaCl, pH 8), pelet byl 20 minut v —80 °C, sonikovan za
nepietrzitého chlazeni ledem po dobu 1 min (Vibra-Cell™ 72405) pro rozruseni bakterialnich
bun¢k a centrifugovan 1 h pti 11 000 g. Pro ovéfeni pfitomnosti proteinu v supernatantu nebo

peletu bylo provedeno SDS-PAGE.

Purifikace rekombinantnich proteini

Rekombinantni proteiny obsahujici His-Tag byly nasledné ptecistény na purifikacni koloné
obsahujici Ni*+ ionty (GE Healthcare Life Sciences). Rekombinanty byly purifikovany
pomoci afinitni chromatografie na koloné, ktera byla ekvilibrovana v 50 mM 8 M urea,
fosfatovy pufr, 300 mM NaCl, pH 8,0. Eluce byla provedena pufrem 8 M urea, 50 mM fosfat,
300 mM NaCl, 500 mM imidazol, pH 8,0. Eluované rekombinatni proteiny byly
zakoncentrovany, prevedeny do fosfatového pufru, pH 7,6 na koncentratoru Amicon Ultracel-
10K (Millipore) a skladovany pii —80 °C. Pro ovéfeni pfitomnosti rekombinantnich proteint
ve vzorcich bylo provedeno SDS-PAGE a vysledné proteinové pruhy byly analyzovany

pomoci LC-MS/MS.

Vzhledem k nizké koncentraci ziskanych proteini byl navrzen také alternativni postup celého

experimentu, viz nasledujici kapitola.

4.2.4.2 Schéma experimentu ¢. 2
Za UCelem ziskani optimalniho mnoZstvi rekombinantnich proteinti jsme piikrocili ke
spolupraci s komer¢ni laboratofi EZBiolab a antigenni rTc-TES-26, rTc-ASA, rTc-PDP, rTc-

ASP byly pfipraveny niZe uvedenym zptisobem.
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Klonovani inzertu, transformace plazmidu a exprese proteinii

Nukleotidové sekvence byly inzertovany do vektoru pET22b+ za pouziti restrik¢nich
endonukledz Ndel-Xhol, 6x His-tag byl inkorporovan na C-konec kazdého proteinu.
Konstrukty byly transformovany do E. coli BL21 (DE3) (General Biol). Pfitomnost inzertl
byla ovétena pomoci DNA Sangerova sekvenovani. Exprese proteinu byla poté indukovana

pridanim 0,5 mM IPTG (VWR) a naslednou inkubaci pti 37 °C po dobu 4 hodin.

Purifikace rekombinantnich proteinii

Bakterie byly resuspendovany v pufru Tris-NaCl-8M Urea (pH 8,0). Roztok byl sonikovan na
ledu (@3, 3 s zapnuto/6 s vypnuto, 5 min), centrifugovan pii 10 000 g po dobu 10 min pfi
4 °C a prefiltrovan pies 0,22 um filtr. Rekombinantni proteiny byly purifikovany pomoci
afinitni chromatografie na Ni-NTA matrici (Bio-Rad), promyty pufrem PBS-8M Urea
(pH 7,4) se zvysujicimi se koncentracemi imidazolu (20 mM—60 mM) a eluovany z kolony
pomoci PBS — 8M mocovinovy pufr, 500mM imidazol (pH 7,4). Koncentrace proteinu byla
stanovena pomoci Enhanced BCA Protein Assay Kit (Beyotime). Odhadovana cCistota

byla >80 %.

Vsechny proteinové antigeny (rTc-TES-26, rTc-ASA, rTc-PDP, rTc-ASP). Byly pfipraveny

v dostateCném mnozstvi a ¢istote.
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4.2.5 Imunologické metody
Nepiima ELISA

Byl proveden Sachovnicovy test za ucelem stanoveni optimalnich koncentraci pro potazeni
jamek rekombinantnimi proteinovymi antigeny a TES, fedéni mySiho/lidského séra a

sekundarnich protilatek pomoci metody ELISA. Kazdy vzorek byl analyzovan v duplikatech.

TES (byl pouzit jako kontrola) a rekombinantni proteiny (rTc-TES-26, rTc-ASA, rTc-PDP a
rTc-ASP) byly pouzity v koncentraci 0,5 pg/jamku. Jako primarni protilatky byla pouzita

mysi a lidska pozitivni/negativni séra.

Dna 96jamkové mikrotitracni desticky MaxiSorp Nunc (Thermo Fisher Scientific) byly
potazeny vybranymi rekombinantnimi proteiny a TES rozpusttnym v 0,2M
hydrogenuhli¢itanovém pufru (pH 9,6) a inkubovany ptes noc pii 4 °C. Jamky byly v kazdém
kroku 3x promyty PBST. Nasledovala blokace 1% BSA (1 h pti 37 °C). Byla pfidana mysi
(fedéni 1:800 v PBST) nebo lidska (fedéni 1:100 v PBST) séra (100 pl/jamku) a desticky byly
inkubovany po dobu 1 hodiny pti 37 °C. Po 3x promyti byly do jamek pfidany sekundéarni
protilatky — monoklonalni anti-mysi IgG znacené kienovou peroxidazou ziedéné 1:10 000
(Thermo Fisher Scientific) nebo anti-lidskd IgG znacené kienovou peroxiddzou ziedéné
1:5000 (Thermo Fisher Scientific). Nasledovala inkubace po dobu 1 hodiny pii 37° C.
Substrat byl pouzit TMB Slow Kinetic Form (Sigma-Aldrich). Reakce byla zastavena
piidanim 50 pul 1M HCIL. Opticka denzita byla odectena pii 450 nm proti 630 nm jako

referen¢ni. Nasledn¢ byla vypocitana primérna absorbance kazdého paru duplicitnich sér.

Mezni hodnoty (cut-off) pro kazdy antigen byly vypocteny z kontrolniho/negativniho mysiho

a lidského séra (Frey et al. 1998).
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SDS-PAGE a Western blot

Pomoci metody SDS-PAGE nasledované WB byly analyzovany dva typy primdrnich

protilatek:

1) TES odebrany denn¢ po dobu 14 dnt — identifikace imunitni reakce separovanych proteinti
pritomnych v TES s poolovanym mySim sérem. Koncentrace kazdého sbéru TES byla

3 ug/prouzek.

2) rekombinantni antigeny — analyza antigenicity vybranych proteint s individualnimi my$imi

a lidskymi séry. Koncentrace kazdého rekombinantniho antigenu byla 200 ng/prouzek.

TES a rekombinantni proteiny byly separovany pomoci SDS-PAGE (10% gel) a pfeneseny na
PVDF membranu (Bio-Rad). Gely byly obarveny sadou Commassie Brilliant Blue a Silver
Stain Plus (Bio-Rad). Jako velikostni standard byl pouzit Precision Plus All Blue Protein

Standard (Bio-Rad).

Membrana byla nafezdna na prouzky a blokovana 5% BSA (Sigma-Aldrich) pfes noc na
ttepacce v laboratorni teploté. Prouzky byly inkubovéany s mySim sérem zfedénym 1:500 nebo
lidskym sérem ztedénym 1:100 v PBST po dobu 90 minut. V kazdém kroku byly membrany
3x promyty PBST po dobu 15 minut. Sekundarni protilatky (byly pouZzity stejné jako u
metody ELISA uvedeny v této kapitole) zfedéné 1:5 000 a inkubovéany 1 hodinu v laboratorni
teploté. Vyvolani membran bylo provedeno pomoci Opti-4CN (Bio-Rad), reakce byla

zastavena ddH20.
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4.3 Publikace ¢. 3 — Infekce Toxocara canis zhorSuje prubéh experimentalni

autoimunitni encefalomyelitidy u mysi

4.3.1 Experimentalni infekce mySich hostiteli

Samice my$i C57BL/6J (Charles River) staré 5 tydnt byly umistény ve 12hodinovém cyklu
svétlo/tma ve zvifetniku UIM 1. LF UK. Pied experimentem byly mysi aklimatizovany

2 tydny. Mysi byly rozdéleny do 4 skupin, kazda po 12 zvitatech (4 mysi/klec).

Prvni skupinu tvofily kontrolni neinfikované mysi (kontrolni), druhou skupinu (Tc) tvoftila
zvitata, kterd byla oraln€ infikovdna 2x100 larvami 7. canis L3 ve dnech 0 a 7 po prvni
infekci, ve treti skupiné (EAE) byla indukovéna pouze EAE a ve c¢tvrté skupiné (Tc+EAE)
byly mysi infikovany stejné jako ve skupin€ Tc a EAE byla indukovéana jako ve skupiné EAE.

Mysi byly pozorovany 50 dni po indukci EAE.

4.3.2 Kultivace a infekce larvami 7. canis

Sbér dospélych Skrkavek a kultivace L3 larev probé&hla totoZznym zplsobem jako v kapitole

"3.1.1 Kultivace larev T. canis a ptiprava TES" viz vySse.

Pted infekci byly larvy L3 centrifugovany pii 600 g pti 20 °C po dobu 5 minut, promyty 3x
sterilnim PBS (pH 7,6) a poCitany v 10 alikvotech po 50 ul. Suspenze larev byla poté zfedéna
PBS na koncentraci 200 larev/ml a mysi byly infikovany oralné - 100 larev resuspendovanych
v 0,5 ml PBS; reinfekce byla provedena po 7 dnech. Zivotaschopnost larev byla kontrolovana

vizualn€ pod mikroskopem.

Uspé&snost infekce byla potvrzena stanovenim specifickych sérovych IgG protilatek proti

T. canis (TES) metodou ELISA. Popsano v kapitole "4.2.5 Imunologické metody” viz vyse.
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4.3.3 Indukce experimentalni autoimunitni encefalomyelitidy

EAE byla indukovana podle Bittner et al. (2014) 35. den po prvni infekci 7. canis za pouziti
myelinového  oligodendrocytového  glykoproteinu  (MOG), Freundovo adjuvans

s Mycobacterium tubercolosis a pertusovym toxinem.

Méieni skore klinickych symptomti a ztraty hmotnosti zacalo dnem indukce EAE (d.e.i.).
Mysi byly denné vazeny a byly hodnoceny klinické ptiznaky EAE podle Radovic et al.
(2015): 0 = zadné klinické ptiznaky; 1 = ochably ocas; 2 = paréza zadnich koncetin; 3 = tplna
bilateralni paralyza zadnich koncetin Casto spojend s inkontinenci; 4 = umirajici stav nebo
smrt. Klinickd skére a normalizované procentudlni zmény hmotnosti byly porovndny pro

vSechny skupiny. Tato data byla shromdzdéna ze 2 nezdvislych experimentt.

4.3.4 Odbér séra a izolace leukocytii z vybranych organi

Sérum a leukocyty ze sleziny, mezenterickych lymfatickych uzlin (MLN), mozku a michy
(CNS) byly odebirany od 14. do 50. d.e.i. v tydennich intervalech od 2 zvitat z kazdé skupiny.
Mysi byly narkotizovany, vzorky krve byly odebrany punkci obli¢ejové Zily, sérum bylo
odebrano a zmrazeno pii -80 °C. MySi byly perfundovany ptes levou srde¢ni komoru
sterilnim ledové vychlazenym PBS a byla extrahovéna slezina, MLN, mozek a micha. Slezina
byla homogenizovdna a scezena pies bunécéné sito (Sigma), erytrocyty byly lyzovany
lyzaénim pufrem (BD Pharm Lyse) a vzorky byly dvakrat promyty PBS s néslednou
centrifugaci pfi 200 g pti 4 °C po dobu 10 minut, a nakonec promyty pomoci barviciho pufru
(eBioscience Flow Cytometry Sifying Buffer). MLN lymfocyty byly oSetfeny stejnym

zpusobem s vyjimkou lyzy erytrocytil.

Mozek a micha byly promyty sterilnim PBS a déle zpracovany podle (Pino & Cardona 2011).

Populace bun¢k Treg byla oznacena specifickymi protildtkami proti markerim Treg bunék
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(CD4+, CD25+, FoxP3+, Heliost) a stanovena pomoci systému pratokové cytometrie BD

FACS Canto II (BD).

4.3.5 Stanoveni cytokini

Sérové koncentrace cytokint IL-4, IL-10, IL-6, TNF-a, IFN-y, IL-2 a IL-17 byly méteny
pomoci multiplexové analyzy Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 Cytokine

Kit (BD). IL-1a byl méten pomoci CBA Mouse IL-1a Flex Set (BD) s drobnou tipravou.

Pfed méfenim byly kuli¢ky pro detekcei IL-1a testovany spolu s kulickami pro jiné cytokiny v
soupravé Th1/Th2/Th17 a bylo stanoveno optimalni fedéni séra na zaklad¢ protokolu
vyrobce, ptredchozich experimentii a konzultace s aplikaénim specialistou BD. Kalibra¢ni

ktivka byla vytvotena pro kazdy cytokin pomoci standardti soupravy.

Fluorescence byla méfena pomoci systému BD FACS Canto II (BD) a koncentrace cytokint
byly stanoveny srovndnim s kalibracni kifivkou pro kazdy cytokin pomoci softwarového

baliku BD CBA (BD).

4.3.6 Statisticka analyza

Klinické skore a normalizované télesné hmotnosti byly zkoumény dvoufaktorovou analyzou
rozptylu (ANOVA) pro opakovand méfeni a naslednd Sidaktv test. Hladiny protilatek a
cytokinti byly hodnoceny Kruskal-Wallisovym testem nasledovanym Dunnovym testem. Data
z pritokové cytometrie byla vyhodnocena jednofaktorovym ANOVA testem a nasledné
Sidakovym testem. Normalita rezidui byla kontrolovana pomoci Q-Q grafii. Srovnavaci testy
(Sidakav nebo Dunniiv test) byly pouzity k analyze nasledujicich skupin: kontrolni x T,

kontrolni x EAE, Tc x EAE, Tc x Tc+tEAE a EAE x Tct+EAE.
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Vsechny testy byly provedeny pomoci GraphPad Prism verze 9.3.1 (GraphPad Software, San

Diego, Kalifornie, USA).
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5 VYSLEDKY A DISKUZE

Pro lepsi piehlednost a orientaci v disertaéni praci byly propojeny kapitoly Vysledky

a Diskuze.

5.1 Publikace &. 1 — Séroprevalence larvalni toxokarézy v Ceské republice

Skulinova, K., Novak, J., Kasny, M., & Kolarova, L. (2020). Seroprevalence of larval

toxocarosis in the Czech Republic. Acta Parasitologica, 65(1), 68-76. 1F2020= 1,44.

5.1.1 VySetreni pacienti

V ramci zji§tovani aktualni séroprevalence larvélni toxokarézy v Ceské republice bylo NRL
pro tkanové helmintézy shromazdéno a vysetieno celkem 4 428 vzorkli v obdobi let 2012—
2016. Podobné jako v jinych studiich (Hogarth-Scott et al. 1969; Dattoli et al. 2011; Boldis et
al. 2015) byla vétSina pacientl vySetfena kvili podezieni na tkanovou helmintozu, ale ¢asto 1
z divodu ptitomnosti eozinofilie, zvySené hladiny celkového IgE, horecky nebo jaternich
obtizi. Co se tyCe pohlavi vySetfenych, mirn¢ ptevazovaly Zeny nad muzi s 52,4 %
vySetfenych Zen. VySetfeni pacienti zfad déti a teenagerti (0—19 let) zaujimali ve vzorku

9,3 %.

5.1.2 Celkova séroprevalence a srovnani Zeny vs. muZzi

Specifické protilatky IgG byly detekovany u 3,6 % vySetfovanych vzorkt, tzn. 160 pacientt.
Ve srovnani s udaji z let 2006 (Kolafova 2006) a 1998 (Uhlikova & Hiibner 1998), kdy se

celkova séroprevalence larvalni toxokarézy v CR pohybovala mezi 18-20 %, zjiiténé udaje
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ukazuji razantni pokles na 3,6 %. Ve srovnani se zminénymi studiemi, piedkladana prace je
zalozena na vysetteni lidi, prevazné odeslanymi specializovanymi Iékaiskymi pracovisti, tedy
pacientl se symptomy ¢i elevovanymi laboratornimi ndlezy. Je tfeba poznamenat, ze

séropozitivita celé ¢eské populace by se pravdépodobné lisila.

Mezi pozitivnimi ptipady bylo 74 Zen (3,4 %) a 86 muza (3,8 %). Podobn¢ jako v jinych
studiich (Jimenez et al. 1997; Stensvold et al. 2009) jsme nenasli zadné statisticky vyznamné
rozdily v séropozitivité mezi détmi/teenagery a dospélymi (P = 0,781), nebo mezi muzi a
zenami (P = 0,126), ackoli muzi ve vSech vékovych skupinach byli vzdy séropozitivnéjsi nez
zeny, coz je v souladu s metaanalyzou kolektivu Rostami et al. (2019b). Viditelné rozdily v
procentech mezi pohlavimi byly nalezeny ve vékovych kategoriich 10-19 let (5,3 % muzl a
1,5 % zZen) a 70-79 let (8,5 % muzt a 4,9 % zen). Nicméné ani u jedné kategorie rozdily mezi

muzi a zenami nebyly statisticky vyznamné (P = 0,15 a P = 0,29).
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Obr. 15. Graf s ptehledem séroprevalenci pro rizné vékové kategorie s rozdélenim na muze,

Zeny a bez zohlednéni pohlavi.
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5.1.3 Séroprevalence podle vékovych kategorii

Ve vékové kategorii 0—-19 let byly protilatky zjiStény u 16 déti a teenagert (3,9 %), u
zaznamenana ve veékové kategorii 20-29 let, tj. 1,7 %, kterd v porovnani s ostatnimi
kategoriemi s vyjimkou (10-19 let a 30-39 let) vysel rozdil vzdy statisticky vyznamny (20-29
a 0-9 let, P = 0,037; 20-29 a 4049 let, P = 0,016; 20-29 a 50-59 let, P = 0,005; 20-29 a 60—
69 let, P < 0,0001; 20-29 a 70-79 let, P = 0,0008). Nejvyssi zastoupeni séropozitivnich
pacientii bylo zjisténo ve vékové kategorii 70-79 let, tj. 6,6 %, kde statisticky vyznamny
rozdil byl zaznamendn u kategorii 20-29 let (P = 0,0008) a 30-39 let (P = 0,0004).
Nejmladsimu pacientovi byly 4 roky, nejstar§imu 75 let. Median na zakladé véku bez ohledu
na pohlavi byl 51 (muzi median 49, Zeny median 51). To miize naznacovat, ze riziko infekce
je vyssi u starSich lidi, kteti jsou del$i dobu exponovani zdroji infekce vice nez mladsi ro¢niky
(Mughini-Gras et al. 2016). Vysledky mohou odrazet skute¢nost, Zze soucasna generace
seniorl vyrustala ¢astéji na venkové, kde bylo riziko kontaktu se zdroji infekce vyssi nebo
naopak tim, ze mezi konic¢ky seniorti miize patfit i napt. zahradniceni, pii kterém ptijdou do

uzkého kontaktu s kontaminovanou ptidou, coz je hlavni zdroj infekce u lidi (Holland 2017).

Ve srovnani se séropozitivitou u déti ve véku 1-14 let, ktera v CR v roce 1998 dosahovala
13,8 %, je nove zjisténa séropozitivita niz§i — v kategorii 0-9 let 4,7 % a v kategorii 10—19 let
3,3 % bez zohlednéni pohlavi (Uhlikova & Hiibner 1998). Niz§i hodnoty mohou odrazet
plosné ruseni détskych piskovist nespliujicich pozadavky EU v souvislosti se vstupem CR do
EU a nasledna piisnéjsi pravidla pro provoz détskych hiist (zakryvéani piskovist, oploceni
détskych hiist, zdkaz vstupu pstt apod.), coz bylo vyhodnoceno jako efektivni ndstroj

prevence pred ndkazou (Avcioglu & Balkaya 2011).
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5.1.4 Séroprevalence v krajich CR

Na zaklad¢ zjisténi predkladané prace, doséhla séroprevalence larvalni toxokardzy v letech
2012-2016 v CR 3,6 %, ale mezi jednotlivymi regiony se séroprevalence lisila, pohybovala se
v rozmezi 1,4-7,5 % (Obr. 16). Co se ty¢e nejbliziich sousedicich zemi s CR, takto nizké
hodnoty séroprevalence byly pozorovany v Rakousku, kde se hodnoty pohybovaly od
1,4-3,7 % v bézné populaci (Deutz et al. 2005). Na Slovensku se séroprevalence odhaduje na
5,5-15,3 % (Pavlinova et al. 2011; Boldis et al. 2015). V Polsku se séroprevalence odhaduje
na 6,1-29,6 % (Rudzinska et al. 2017), ale tento odhad je zaloZen na analyzach udaja ze Ctyt
geograficky vzdalenych casti zemé a rtuznych vékovych skupin, proto je data obtizné
srovnavat. Podobné¢ jako v jinych evropskych zemich i ¢eska data potvrzuji, ze zvySené riziko
infekce Toxocara spp. je spojena s fadou faktor spojenych s vlivem podnebi, strukturou
populace, bydlisttm ve venkovskych oblastech apod. (Rubinsky-Elefant et al. 2010).
V predkladané praci byla nejvy$si séroprevalence zaznamenana v Usteckém (7,5 %) a
Libereckém kraji (7,1 %), tedy v oblastech s vy$§im vyskytem sociadlné vylouceného
obyvatelstva a vy$§i mirou nezaméstnanosti. Relativné vysokd mira séroprevalence na jizni
Moraveé (7,0 %) muze byt zpusobena klimatickymi a sociodemografickymi faktory tohoto
regionu; ma nejvyssi pramérnou roéni teplotu v CR a zarovei se zde rozkladd tirodna
venkovska nizina, kde se relativné mnoho lidi zabyva zemédélstvim, coz mize souviset s

vys$i pravdépodobnosti ndkazy (Deutz et al. 2005).
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Obr. 16. Mapa séroprevalenci pro jednotlivé kraje CR. Telkou (e) jsou oznatena

zdravotni zafizeni, ktera vySetfeni do NRL indikovala.

Nejnizsi séroprevalence (1,4 %) byla zaznamendna ve Zlinském kraji a tieti nejnizsi
séroprevalence v kraji Olomouckém. Pacienti z Moravy a Slezska jsou na pfitomnost
protilatek proti larvalni toxokardze tradi¢né vysetfovani v nemocnicich krajskych mést, tedy v
Ostrave, Olomouci a Zlin€, coz by mohlo mit za nésledek zkresleni celorepublikovych dat.
V navaznosti na tento fakt je nutno podotknout, Ze poéet vysetienych vzorki z CR se v ramci
krajii diametralné liSily (napt. 2059 vzorkl z Prahy versus 42 vzorki z Karlovarského kraje),

tzn. Ze ziskana data je nutné brat s védomim mozného zkresleni.

5.1.5 Zavéry publikace ¢. 1

. Séroprevalence larvalni toxokarézy v Ceské republice dosahovala v letech 2012-2016

3,6 %.
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Ziskana data naznacuji vyrazny pokles séroprevalence larvalni toxokardzy ve srovnani
s pfedchozimi lety (Uhlikova & Hiibner 1998; Kolafova 2006).

Nebyly zaznamenany statistiky vyznamné rozdily mezi pohlavimi ¢i seniory a détmi.

V porovnani s udaji ze sousednich zemi séroprevalence relativné nizka a srovnatelnd se
situaci v Rakousku.

Zaznamenany pokles rizika infekce larvalni toxokardzy muze souviset se zvysujici se
moralkou majiteld psti a ko¢ek — od¢ervovani a sbér exkrementi, ale také se zptisnénim

méstskych vyhlasek stran hygieny vetejnych détskych hiist.
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5.2 Publikace ¢. 2 — Antigenni proteiny exkreéné-sekreénich produktii larev
Toxocara canis a hodnoceni jejich potencialu pro imunodiagnostiku

larvalni toxokarozy

Skulinova, K., Novak, J., Kolarova, L., & Kasny, M. (2022). Antigenic Proteins from the

Excretory—Secretory Products of Toxocara canis Larvae and Evaluation of Their Potential for

Immunodiagnostics of Larval Toxocarosis. Acta Parasitologica, 67(2), 705-713. IF2021 = 1,53.

5.2.1 Vysledky hmotnostné-spektrometrické analyzy

Z TES produktd, které byly sbirany po dobu 14 dni, bylo pomoci hmotnostné-
spektrometrickych postupi analyzovano celkem 9 vzorkl reprezentujicich konkrétni dny
sbéru (1.-7., 9. a 14. den od vylihnuti larev) (Obr. 17). V téchto vzorcich bylo nalezeno 718
proteini a jejich fragmentli v 653 proteinovych skupinach. Proteinové slozeni a relativni

abundance se v jednotlivych dnech lisila (Tab. 4).

Diive publikované proteomické studie identifikovaly celkem 19 a 64 proteini v TES
(Sperotto et al. 2017; da Silva et al. 2018). Vysledek ptfedkladany v nasi studii —
718 identifikovanych proteini — muize byt ovlivnén mnoZstvim variant analyzovanych
vzorkl/dni (n = 9), kdy byl napf. ,,uncharacterized protein (AOAOB2VYFO) pfitomen ve
vSech dnech sbéru kromé prvniho dne (Tab. 4). Pokud by byly proteiny selektovany na
zéklad¢ parametru, Ze protein musi byt piitomen zaroven ve vSech deviti vzorcich, ¢inila by
celkova suma 52 proteinii — pocet srovnatelny se studii autort da Silva et al. (2018), ktefi
nalezli v TES 64 proteinti. Spektrum identifikovanych proteint je ve vSech studiich odlisné,
nicmén¢ napft. antigenni protein TES-26 (AOAOB2UWTS) byl ptfitomny v této 1 srovnavanych

studiich.
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Poradi Acc. No. Nazev proteinu l.den 2.den 3.den 4.den 5.den 6.den 7.den 9.den 14dnd

1 AOAOB2W6C1 Vitellogenin-6 (Fragment)

2 AOAOB2UUN4 Uncharacterized protein

3 AOAOB2UP29 Ancylostoma secreted protein

4 AOAOB2VZX5 Endochitinase 1

5 AOAOB2VNW?7 Ancylostoma secreted protein

6 AOAOB2VLX9 Uncharacterized protein

7 AOAOB2UWH6 Metalloendopeptidase

8 AOAOB2VMP2 Collectin-12 (Fragment)

9 AOAOB2VEA6 Enolase

10 AOAOB2V7F9  Aspartyl protease inhibitor

11 AOAOB2VT33 Uncharacterized protein

12 AOAOB2V6I9  Fructose-bisphosphate aldolase

13 ADAOB2V5Y2  Heat shock 70 kDa protein A

14 AOAOB2UPS1  Superoxide dismutase [Cu-Zn]

15 AOAOB2V9D8 Uncharacterized protein

16 AOAOB2UIK8 26 kDa secreted antigen

17 AOAOB2UWTS5S 26 kDa secreted antigen

18 AOAOB2VZ15 26 kDa secreted antigen (Fragment)
19 AOAOB2UR82  Polyprotein ABA-1 (Fragment)

20 AOAOB2VYFO  Uncharacterized protein

21 AOAOB2VFZO Triosephosphate isomerase

22 AOAOB2UYV4  Glutathione S-transferase 1

23 AOAOB2VC49  Protein disulfide-isomerase

24 AOAOB2W097 Uncharacterized protein

25 AOAOB2UVS3 26 kDa secreted antigen

26 AOAOB2W2R7 14-3-3-like protein 2

27 AOAOB2V2R3 Uncharacterized protein F32A5.4
28 AOAOB2VGU3 Uncharacterized protein

29 AOAOB2UZW6 Fatty acid-binding-like protein 4,78 -
30 AOAOB2W3P6 Nucleoside diphosphate kinase 5,43 _

Tab. 4. Zastoupeni nejvice abundantnich proteini z deviti vzorkd TES reprezentujicich
dny sbéru. Pro ptehlednost uvedeno pouze prvnich nejpocetnéjsich 30 proteinii. Abundance
proteinl je vyjadiena pomoci LFQ kvantifikace, data jsou zlogaritmovana (logl0). Zelena
cast spektra — abundance vysokd, Cervend ¢ast spektra — abundance nizk4, (-) — nepfitomnost

proteinu ve vzorku/dni.

5.2.2 Vybrané identifikované proteiny a proteinové skupiny

Vzorky TES z 9 sbéri byly nasledné separovany (SDS-PAGE) a peclivé hodnoceny za
ucelem piedvybéru unikétnich kandidatnich proteint pro nasledné analyzy. Vysledkem byly

ruzné proteinové profily v jednotlivych dnech (Obr. 17).

74



kbaM 1d 2d 3d 4d 5d 6d 7d 9d 14d

Obr. 17. Proteinové profily v jednotlivych dnech sbéru. Vizualizovano pomoci SDS-
PAGE ELFO snaslednym stiibfenim. Zluté zvyraznéné obdélniky ohrani¢uji oblasti s
proteiny, které byly podrobeny MS analyze. Informace ke konkrétnim pruhim jsou uvedeny

v textu.

Ve vzorku TES extrahovaném 1. den od vylihnuti byl dominantnim proteinem (1A)
endochitinaza-1 (AOAOB2VZXS), dale fragment vitellogeninu-6 (1B) (AOAOB2W6CI),

metaloendopeptiddza (AOAOB2UWHSO).

Endochitinaza-1
Vajecné obaly vajicek T. canis se skladaji z péti vrstev, z nichz nejsilnéjsi je prostredni vrstva
slozena prevazné z chitinu (Bouchet et al. 1986). Degrada¢ni protein endochitinaza je

pravdépodobné ptitomen z divodu umélé indukce lihnuti larev 7. canis ze svych vajecnych

oball vlivem extrémni zmény vné&jSiho prostiedi (zména pH prostfedi po ptidani bélidla), na
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které larvy reaguji zvySenou expresi tohoto proteinu. Tuto teorii podporuje i klesajici
abundance proteinu v Case pravdépodobné jak vlivem aktivity produkce, tak postupnym

promyvanim larvalni kultury (Tab. 4).

Vitellogenin-6

Vitellogenin je zdroj aminokyselin a lipidii ve vajiccich, mé dilezitou roli ve vyvoji embryi
celé fady organisml napfi¢ riznymi zivo¢iSnymi druhy. U hlistice C. elegans byly popsany
geny vit-1-6, u parazitickych hlistic (H. contortus nebo O. dentatum) byly popsany geny
pouze pro vit-5 a 6 (Nakamura et al. 1999; Zhu et al. 2017). V genomu 7. canis byly popsany
zatim dva geny pro expresi vitellogeninu (Zhu et al. 2015), exprese jednoho znich byla
potvrzena i v predkladané praci. V proteomu 7. canis byl potvrzen vitellogenin-6 u samcu,
samic 1 larev. Exprese u samcl i samic probiha ve stfevé, u samic navic v reprodukéni
soustaveé (Zhu et al. 2017; da Silva et al. 2018). Vzhledem k pfitomnosti vitellogeninu-6 po
monitorovanou dobu sbéru (Tab. 4) je zfejmé, Ze vitellogenin hraje roli nejen v reprodukci
cervu, ale také participuje v dalSich, dosud nepopsanych biologickych procesech larev

T. canis.

Metaloproteazy

Pfi interpretaci vysledkii ze sbéru z prvniho, ptipadné druhého dne, je dilezité podotknout, ze
pfi manipulaci s TES muize dochazet také k destrukci urcitého poctu larev, ktery (i pfi
zachovani co nejSetrnéjsi extrakce TES) neni mozné ovlivnit. Tim mohou byt zkresleny 1
vysledky, tj. pfitomnost somatickych proteinii. Jednim z téchto ptikladli by hypoteticky mohla
byt napt. pfitomnost pravé metaloendopeptidazy (AOAOB2UWHS6). Pfitomnost raznych
metaloprotedz byla jiz diive potvrzena u extrakti larev 7. canis, nicméné v TES Zadna

potvrzena nebyla. Funkci metaloendopeptiddzy (AOAOB2UWH6) by mohlo byt pravidelné
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odvrhovani casti nebo celé kutikuly na bazi kolagenu a kutikulinu larev, ktera je pak
nahrazena novou kutikulou. Je tudiz sporné tento protein zaradit mezi proteiny piitomné
v TES. Vzhledem ke klesajici abundanci tohoto proteinu, jeho hypotetické funkci a faktu, ze
larvy jiz po extrakci z vaje¢nych oball neprod€lavaji in vitro zadny dalsi vyvoj (pfechod z L3
stadia do L4) se pfiklanim k varianté, ze tento protein neni larvami do TES aktivné

exprimovan.

Enolaza

V prvnim dni sbéru TES byla potvrzena i pfitomnost proteinti, které jsou krucialni pro
zakladni biochemické pochody v zivych organismech, napf. proteiny participujici
v metabolismu sacharidi jako je enoldza (AOAOB2VEAG6) nebo aldolaza (AOAOB2V6I19),
které byly pfitomny ve vysokych koncentracich po monitorovanou dobu sbéru (Tab. 4).
Enolazy jsou vysoce konzervované proteiny u riznych skupin nematodii; mohou byt pfitomny
v povrchovém plasti kutikuly, proto mohou byt potencialnimi cili vyvoje vakcin, jak bylo jiz

experimentalné potvrzeno u Ascaris suum (Liu et al. 2012; Chen et al. 2012).

Heat-shock proteiny (HSP)

V predkladané studii byly identifikovany celkem tf1i HSP — heat shock protein 70 kDa, heat
shock protein HSP 90-alpha a heat shock protein Hsp-12.2. V prvni proteomické studii byl
z této skupiny identifikovan pouze heat shock protein 70 kDa (Sperotto et al. 2017), zatimco
da Silva et al. (2018) identifikovali pét HSP. HSP u parazith mohou fungovat jako
imunomodulacni molekuly, ale také jako chaperony, usnadiiujici skladani a zabranujici
agregaci proteinit (Pérez-Morales & Espinoza 2015). U schistosom HSP mohou indukovat

regulacni CD4+CD25+ Tregs a produkci cytokint (IL-10 a TGF) (Wang et al. 2009).
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Dalsi proteiny TES

Od tfetiho dne se jiz proteinovy profil zacal ménit a poprvé se objevily proteiny (3A)
collectin-12 (AOAOB2UY X7) a phosphatidylethanolamine-binding-like protein (3B, SB, 9D)
(AOAOB2UIKS), resp. TES-32 a TES-26, vyznamné antigeny, které byly nadale v TES

pritomny po zbytek doby sbéru (Obr. 17).

Devaty den proteinovy profil obsahoval nejvétsi spektrum proteintl; vyraznym abundantnim
proteinem (9A) byl ancylostoma secreted protein (AOAOB2VNW?7), jehoz Stépy byly
nalezeny i v oblastech sniz$i molekulovou hmotnosti (9B, 9C) — tento protein byl
pravdépodobné fragmentovan. Jedna se homolog, ktery byl poprvé popsan u L3 larev
Skrkavek rodu Ancylostoma. Jedna se o sekretované proteiny bohaté na cystein a patii do
skupiny proteini souvisejicich s patogenezi ¢i prezitim v hostitelském organismu, jejich
konkrétni funkce jsou vSak neznamé (Zhan et al. 2003). V této praci uvedeny protein je dle

dostupnych dat specificky pouze pro 7. canis.

V poslednim vzorku, 14. dni od vylihnuti, jiz bylo naro¢né jednotlivé proteinové pruhy
rozeznat, protoZe se jednalo o naakumulované proteiny a jejich degradované Casti. Vyskyt
novych proteini v tomto profilu nemusi nutné¢ znamenat, Ze se n&ktery protein zacal
exprimovat az 14. den, ale také mohlo dojit k jejich akumulaci ve vzorku, tzn. Ze byly jiz
natolik koncentrované, aby byly viditelné pii elektroforetické separaci s naslednou
vizualizaci. Hmotnostné-spektrometrickou analyzou nejvyraznéjSich proteina byla potvrzena
pritomnost jiz vySe popsanych proteint, ale vyskytl se zde i vyrazny pruh (14A), ktery byl
MS analyzou oznaCen jako necharakterizovany protein (AOAOB2VYFO0) obsahujici SXC
neboli NC6 doménu. Druhym nové vyskytujicim se proteinem byl dal$i necharakterizovany
protein obsahujici pepsin-I3 doménu (AOAOB2UUN4). Homolog tohoto proteinu byl popsan

v sekretomu larev Anisakis simplex, jeho funkce nebyla popséna (Kochanowski et al. 2022).
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5.2.3 Vybér potencidlnich antigennich proteinu

Na zéklad¢ predchozich vysledkl byly separované TES pienesené na membranu z 9 sbérti
inkubovany s pozitivnimi a negativnimi poolovanymi mysimi séry, ¢imz byly vizualizovany
protilatkové reakce s proteiny TES (Obr. 18). Antigenni proteiny byly pozorovany v rozmezi

20-100 kDa; intenzita reakce se liSila Case.

I |
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Obr. 18. Porovnani TES produkti odebranych béhem 14 dni kultivace. (I) SDS-PAGE
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gel a (II) WB, kde je vizualizovana reaktivita separovanych TES a poolovanymi séry mys$i
infikovanymi riznym mnozstvim larev 7. canis a) L10, b) L100, c) L1000 d) negativni séra.
M — marker; 1d—14d — den odbéru; vybrané antigenni proteiny pro ptipravu v rekombinantni
formé (I) a jejich reaktivitu na WB (II) oznac¢eno Cernymi Sipkami s pismeny: A — Tc-TES-
26; B — Tc-ASA; C — Tc- PDP; D — Tc-ASP. E — Tc-TES-32. (Tc-TES-32 nebyl pro dalsi

testovani v rekombinantni podobé& vybran).

Celkem byly vybrany cCtyfi proteiny pro piipravu v rekombinantni formé — Tc-TES-26,
Tc-ASA, Tc-PDP a Tc-ASP (Tab. 5). Ty byly vybrany na zaklad¢ vysledkt screeningového
testovani sbérd za 1-14 dnti s pozitivnimi mysimi séry (Obr. 18), abundance proteinl v ¢ase

(Tab. 4), sekvenéni unikatnosti proteinti pro 7. canis po srovnani se svétovymi databazemi,
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ale také na zdklad¢ jejich nizké molekulové hmotnosti, kterda ziejmé souvisi s vyssi
specificitou (Smith et al., 2009). Protein Tc-TES-26 (AOAOB2UIKS8) byl vybran jako
zastupce jiz diive publikovaného a zaroven uspésné testovaného rekombinantniho proteinu
slouziciho k rozpoznani infekce larvami toxokar (Mohamad et al. 2009). Zaroven Tc-TES-26
v predkladaném vyzkumu slouzi i jako pomocny/srovndvaci parametr k nové testovanym
antigenim. Dal§i 3 proteiny — Tc-ASA (AOAOB2VYFO0), Tc-PDP (AOAOB2UUN4) a

Tc-ASP (AOAOB2VNW?7) byly vybrany jako mozné nové potencialni antigeny (Tab. 5).

Nazev UniProt Acc. No.  Popis Pocet AMK Vypocitana Mw Realnda Mw
Tc-TES-26  AOAOB2UIK8 protein podobny fosfatidyletanolamin vézajicimu proteinu 262 28.2 kDa 25-30 kDa
Tc-ASA AOAOB2VYFO Anisakis simplex alergen 414 45.4 kDa 45-50 kDa
Tc-PDP AOAOB2UUN4 protein obsahujici pepsin-I3 doménu 207 23.5 kDa 25-30 kDa
Tc-ASP AOAOB2VNW7 protein vylu¢ovany hlistici Ancylostoma sp. 247 27.8 kDa 25-30 kDa

Tab. 5. Vybrané proteiny pro pripravu v rekombinantni formé a jejich charakteristika.
UniProt Acc. No. — pfistupové &islo v databdzi UniProt, AMK — aminokyseliny, Mw —

molekularni hmotnost, kDa — kilodalton.

5.2.4 Sérologické testovani vybranych rekombinantnich antigeni

Testovani rekombinantnich proteinii pomoci metody ELISA odhalilo specifickou reaktivitu s
testovanymi poolovanymi mysSimi a lidskymi séry pouze u tfi (tTc-TES-26, rTc-PDP a
rTc-ASP) ze ctyf vybranych rekombinantnich proteind. U rTc-ASA byla pozorovana
nespecificka reakce s lidskymi séry (Tab. 6). Zatimco u mySich poolovanych sér byla
reaktivita antigen-protilatka v korelaci s ostatnimi testovanymi antigeny i TES, u lidskych sér
byla pozorovana nespecifickd reakce. Molekulova hmotnost rekombinantni formy tohoto
proteinu je vyss$i nez u ostatnich testovanych (45-50 kDa). Primérni vybér imunoreaktivnich
proteini (Tab. 6) probéhl pouze za pouziti mySich sér, coz by mohlo vysvétlovat

nespecifickou reakci se séry lidskymi, tzn. rTc-ASA je sice vhodnym antigenem pro
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rozpoznani infekce u mysi, u lidskych vzorki vSak tento antigen neni specifickymi
protilatkami IgG rozpoznavan. Na zakladé téchto predbéznych/prvotnich vysledki byl pro

dalsi analyzy rTc-ASA vytazen z dalSich experimenti.

pocet vzorku klasifikace rTc-TES-26  rTc-ASA rTc-PDP  rTc-ASP TES
. . pozitivni 7 7 7 7 7
Mysi séra 10 L,
negativni 3 3 3 3 3
Lidska séra 10 seropozitivni 7 5 7 7 7
seronegativni 3 5 3 3 3

Tab. 6. Souhrnné vysledky ELISA pilotnich experimentii s poolovanymi mySimi séry a
lidskymi séry. Testovand mysi séra vykazovala vzijemnou korelaci, zdroven vysledky
korelovaly 1 sredlnou nakazou u mySi. U lidskych sér je pozorovana diskrepance v
rekombinantu rTc-ASA; pii testech s timto antigenem nebylo mozZzné oddélit séronegativni

pacienty od séropozitivnich.

Nasledna ELISA analyza tii rekombinantnich antigendi — rTc-TES-26, rTc-PDP a rTc-ASP —a
TES s individualnimi/nepoolovanymi mySimi séry a lidskymi séry je zobrazena v Tab. 7. Do

tabulky jsou zahrnuty i nasledna testovani pomoci metody WB.
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., ITc-TES-26 rTc-PDP  rTc-ASP TES

sérum ¢.
(ELISA/WB)  (ELISA/WB)  (ELISA/WB) (ELISA)
negativni ! /- /- /- )
. 2 /- /- /- :
(skupina LO)
3 /- /- /- :
pozitivni 4 * ++ ++ +
. 5 +/+ +/+ +/+ +
o (skupina L10)
Mysi séra 6 +/+ +/+ +/+ +
7
pozitivni ' + ++ *
. 8 +/+ +/+ +/+ +
(skupina L100)
9 +/+ +/+ +/+ +
pozitivni
(skupina L1000) 10 + ++ ++ *
1 /- /- /- :
séronegativni 2 -/- -/- -/- -
3 /- /- /- :
4 +/- +/- +/- +
Lidska séra > +/- +/- +/- +
6 +/- +/- +/- +
séropozitivni 7 +/- +/- +/- +
8 +/+ +/- +/+ +
9 +/+ +/- +/+ +
10 +/- +/- +/- +

Tab. 7. Reaktivita rTc-TES-26, rTc-PDP a rTc-ASP s mysSimi a lidskymi séry v ELISA a
WB. Vysledky kazdého rekombinantniho antigenu s konkrétnim vzorkem séra jsou oznaceny

T (pozitivni reakce) nebo ,,- (negativni reakce).

Zatimco u experimentl s jednotlivymi mySimi séry lze pozorovat stoprocentni korelaci mezi
testovanymi rekombinantnimi antigeny s TES a redlnou pozitivitou/negativitou mysi v obou
metodach (ELISA 1 WB), u lidskych sér je interpretace vysledki komplikovangjsi. U lidskych
sér je  pomoci metody ELISA  testovanymi  rekombinanty = rozpoznana
séropozitivita/séronegativita u vSech subjektii, pomoci metody WB byla potvrzena reakce u

vzorkl €. 8 a9, a to pouze u antigenti rTc-TES-26 a rTc-ASP (Tab. 7).
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Obr. 19. Reaktivita mySich (I) a lidskych (II) sér s rekombinantnimi antigeny (rTc-TES-
26, rTc-PDP a rTc-ASP) pomoci metody WB. Mysi séra jsou oznacena pismeny a—d podle
skupiny, resp. poctu larev, kterymi mysi byly infikovany: a) negativni, b) L10, ¢) L100 nebo
d) L1000. Lidské séra jsou oznacena pismeny nasledovné: e) negativni sérum ¢. 1, f) pozitivni
sérum ¢. 8 s potvrzenou reakci v ELISA a g) pozitivni sérum ¢. 9. s potvrzenou reakci

v ELISA.

Srovnani vysledki WB u mysi infikovanych v nékolikrat pfedem definovanych intervalech

ukdzalo, Ze reakce séra z mysSi infikované pouze dvakrat 1000 larvami (L1000) se 3

Cvwr

cvwr

L100), je imunitni systém subjektu postupné stimulovdn a néslednd imunitni odezva je
vreakci na antigen intenzivnéj$i; jde o vyvoj podobny tomu, ktery popisuji

Noviék et al. (2017). Vysledky testovani mysich sér piesné korelovaly s redlnou nékazou, u
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kontrolni skupiny sér se nevyskytla zadnd nespecifickd reakce, vSechna pozitivni séra

reagovala se 3 testovanymi rekombinantnimi antigeny (rTc-TES-26, rTc-PDP a rTc-ASP).

U analyzy WB s lidskymi séry byly (i pies pozitivitu v ELISA u vSech pozitivnich sér
s testovanymi rekombinanty) specifické protilatky potvrzeny pouze u 2 sér ze 7
séropozitivnich pacientll, a to u antigenti rTc-TES-26 a rTc-ASP. Antigen rTc-PDP nevazal
zadné specifické protilatky u zadného z testovanych sér. Obé metody byly u lidskych sér

optimalizovany se vzdy stejnymi vysledky.

V rutinni diagnostice larvalni toxokar6zy slouzi metoda ELISA k zachyceni pozitivnich
pacientil s pfipadnou konfirmaci pomoci WB. I s pouZitim riznych variant téchto metod a
s pouzitim ruznych typl antigentl tyto nepiimé testy vSak nezarucuji stoprocentni senzitivitu a
specificitu (Noordin et al. 2020). Nesoulad mezi vysledky ELISA a WB byl oc¢ekavan,
protoze ELISA je senzitivni test, ktery je cilen na zachyt pozitivniho vzorku na zékladé
arbitrarniho ¢isla (cut-off), zatimco test WB spoléha na specifickou reakci s konkrétnim
antigenem na membrang. ELISA je dle souasného stavu poznani stdle metodou prvni volby,
protoZe je relativné levnd, ale jako konfirmaéni metoda by mél byt pouzit test WB (Maraghi
et al. 2012; Dos Santos et al. 2018). Konfirmace pomoci metody WB je taktéz spjato
s vylou¢enim jinych infekénich 1 neinfekénich pticin falesné ELISA pozitivity, mj. 1 pacientli
s oslabenou imunitou anebo oportunnimi infekcemi (Zibaei et al. 2013; Noormahomed et al.

2014; Dos Santos et al. 2018).

Na rozdil od mysi, které byly pravidelné infikovany vysokym poctem larev v jedné nebo
nékolika davkach, u dospélych lidi, ktefi jsou ndhodnymi hostiteli, miize byt redlna infek¢ni
analyza (Glickman & Schantz 1981; Smith & Noordin 2006; Smith et al. 2009). U uméle
indukované infekce je ziejmé, ze u hostitele aktivné probihd infekce, tzn. larva aktivné

migruje tkdnémi a imunitni systém na to reaguje. U lidi v dobé testovani nelze jednoznacné
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zjistit v jaké fazi se subjekt nachazi a testovanéa osoba je ve vétSiné piipadil v tzv. chronické
fazi infekce, kdy jsou v séru pfitomny protilatky bez aktivni migrace larev. Interpretace
vysledku sérologickych metod musi byt tedy vzdy posuzovana na zakladé anamnézy,
klinického obrazu a dalSich laboratornich nalezii, které v pfedkladané praci nejsou znamy

(Noordin et al. 2020).

5.2.5 Zavéry publikace ¢. 2

o Jedna se o prvni studii, kdy byla sledovana geneze zmény proteinového slozeni TES po
dobu dvou tydnl kultivace larev a zarovenn zména spektra imunoreaktivnich proteinti
s vyuzitim pozitivnich/negativnich sér

. Studie ukazuje, Ze aplikace separacnich a imunochemickych metod v kombinaci
s hmotnostné-spektrometrickymi analyzami, jsou U¢innym ndastrojem pii efektivni
identifikaci novych proteinovych antigenti Toxocara sp.

. Nové€ objevené rekombinantni antigeny rTc-TES-26 a rTc-ASP mohou byt vhodnymi
kandidaty v rozvoji diagnostiky larvalni toxokardzy.

o Pouziti rekombinantnich antigend, idedlné¢ v multiplexové diagnostice larvalni
toxokarézy by mélo vyrazné redukovat piipadnou zkiizenou reaktivitu s ostatnimi

parazitdrnimi infekcemi.
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5.3 Publikace ¢. 3 — Infekce Toxocara canis zhorSuje pribéh experimentalni

autoimunitni encefalomyelitidy u mysi

Novak, J., Machacek, T., Majer, M., Kostelanska, M., Skulinova, K., Cemy, V., Kolarova, L.,

Hrdy, J. & Horak, P. (2022). Toxocara canis infection worsens the course of experimental

autoimmune encephalomyelitis in mice. Parasitology, 149(13), 1720-1728. 1F2021 = 3,24.

V predkladané praci byl zkouman vliv infekce 7. canis na pribéh experimentalni autoimunitni

encefalomyelitidy (EAE) u mysi, zvifeciho modelu roztrousené sklerdzy.

5.3.1 Infekce T. canis a klinické priznaky EAE

V obou infikovanych skupinach (Tc a Tc+EAE) vyvolala infekce larvami L3 7. canis
vyznamnou TES-specifickou IgG protilaitkovou odpovéd ve srovndni s obéma
neinfikovanymi skupinami (kontrolni a EAE). Ukazalo se, ze infekce 7. canis 5 tydnl pied
indukci EAE vedla ke zhorSeni skore klinickych ptiznakd a vyznamnému Ubytku vahy ve
srovnani s EAE mySmi bez infekce (Obr. 20). Toto pozorovani neni v souladu s mnoha
studiemi provedenymi s riznymi druhy helminti uvedenych v review Charabati et al. (2020),
kdy predchozi helmintarni infekce méla pozitivni efekt (remisi) na indukovanou nakazu.
Naopak podobné vysledky s ptedklddanymi daty publikovali Bing et al. (2015) na
experimentech Toxascaris leonina s rekombinantnim galektinem (rTl-gal). Podavani
galektinu vedlo ke zhorSeni symptoml EAE, vétSi demyelinizaci a zvySené zanétlivé

infiltraci.
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Obr. 20. Infekce larvami 7. canis. Klinické skore EAE (A) a nésledné snizeni télesné

hmotnosti (B) infikovanych mysi s EAE (Tc+EAE) ve srovnani se skupinou s pouze

indukovanou EAE (EAE). Rozdily mezi témito skupinami (oznaceno Sedou oblasti) byly

vyznamné od 27. dne (klinické skore) a od 26. dne (normalizovana procenta télesné

hmotnosti) po indukci EAE. Data jsou prezentovana jako priméry + standardni odchylky

(absence v kontrolni skupiné¢ a EAE) ze 2 nezavislych experimentli (12 mysi na skupinu v

kazdém experimentu, tj. zobrazena data pro 24 zvifat v experimentu na skupinu). Udaje pro

klinické skore EAE (A) pro skupinu Tc nejsou zobrazeny, tato skupina neméla zadné

ptiznaky.
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5.3.2 Vysledky méreni sérovych cytokint

K pochopeni mechanismti zhorSujicich se symptomi EAE a ztraty hmotnosti byly zméfeny
koncentrace cytokinll v séru — koncentrace vSech méienych cytokint (IL-4, IL-10, IL-1a, IL-
6, TNF-a, IFN-y, IL-2 a IL-17) byly vyznamné zvysSeny u Tc+EAE mysi ve srovnani s EAE
mySmi (Obr. 21). Pro cytokiny spojené s Th2 (IL-4) a s Treg (IL-10) byly namétené hodnoty
sérové koncentrace u mysi Tc+EAE ve srovnani s mySmi EAE statisticky vyznamné, coz je v
souladu s predchozimi studiemi (Sewell et al. 2003; Pedon et al. 2017). Pozitivni
imunomodulacni ucinek IL-4 a IL-10 u infekci 7. canis je vSak pravdépodobné potlacen
pusobenim Thl (TNF-a, IFN-y) a Th17 (IL-17, IL- 6) cytokiny, které byly produkovany také
ve zvySeném mnozstvi (Reyes et al. 2011). ZhorSeni klinickych pfiznakd a ztrata hmotnosti
by mohly byt dasledkem infekce 7. canis a jeji neuroinvaze spolu s pfitomnosti
antimyelinovych patogennich autoprotilatek a zvySenymi koncentracemi cytokind spojenych s

Thl a Th17.

Soucasné byly zjistény vyssi hladiny vSech cytokinli u mysi s infekci 7. canis ve srovnani
s kontrolni skupinou, ale ve srovnani Tc mySi s EAE mySmi byl zjistén vyznamny narlst
pouze u IL-10, IL-1a, IL-6, IFN-y a IL-17 (Obr. 21). Detekované koncentrace cytokind u
mys$i s infekci 7. canis byly niz§i nez u Tc+EAE mysi, ale tento rozdil nebyl statisticky
vyznamny. To mlzZe naznacovat, Ze infekce 7. canis s ndslednou EAE vede k dalSimu zvySeni

hladin cytokint, coZ odpovidéa zhorSeni symptomt a ztratdm hmotnosti u Tc+EAE mysi.
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Obr. 21. Sérové koncentrace cytokini. A) IL-10, B) IL-6, C) TNF-a, D) IFN-y, E) IL-2,
F) IL-17, G) IL-4 a H) IL-10. Jednotliva data jsou zobrazena spolu s medidnem skupiny,
Kruskaltiv—Wallistv test nasledovany Dunnovym testem byly pouzity k vyhodnoceni rozdili
mezi predem vybranymi skupinami (kontrola vs. Tc, kontrola vs. EAE, Tc vs. EAE, Tc vs.
Tc+EAE a EAE vs. Tc+ EAE). Skupina kontrolni a Tc: n = 12, skupina EAE: n = 9, skupina
Tc+EAE: n = 6. Statisticky vyznamné rozdily jsou oznac¢eny hvézdi¢kami (* P < 0,05; ** P <

0,01; *** P <0,001) nebo jsou uvedeny hodnoty P.

5.3.3 Vysledky méieni CD4+ T-lymfocyti a Tregs

Mg¢teni populaci CD4+ T-lymfocyti a CD4+FoxP3+Helios+ Tregs ve slezing, MLN a CNS
slouzilo ke zjiSténi dalSich informaci souvisejicich se zhorSujici se symptomatologii u
Tc+EAE mysi a jejich roli v rozvoji onemocnéni. V CNS byl nalezen vyssi pocet CD4+
bun¢k u Tc+tEAE mysi ve srovndni s EAE mySmi a také ve srovnani s Tc mySmi, coZ by

naznacovalo, Ze neuroinvaze 7. canis a nasledna EAE vedly k infiltraci CD4+ bunék do CNS.
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Zatimco pocet Tregs byl podobny jako u EAE mysi, jejich frekvence byla vyznamné nizsi

(Obr. 22).
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Obr. 22. CD4+ T-lymfocyty a Treg (CD4+FoxP3+Helios+) byly analyzovany priatokovou
cytometrii. A) slezina, B) mezenterickd lymfatickd uzlina (MLN) a C) centralni nervovy
systétm (CNS). Jednotlivd data jsou zobrazena spolu s medidnem skupiny, Kruskaltiv—
Wallistiv test nasledovany Dunnovym testem byly pouzity k vyhodnoceni rozdili mezi
pfedem vybranymi skupinami (kontrola vs. Tec, kontrola vs. EAE, Tc vs. EAE, Tc
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vs. Tc+tEAE a EAE vs. Tc+ EAE). Skupina kontrolni: n = 6, skupina Tc: n = 7, skupina
EAE:n = 8, skupina Tc+EAE: n = 7. Statisticky vyznamné rozdily jsou oznaceny

hvézdi¢kami (* P <0,05; ** P <0,01; *** P <0,001).

To naznacuje pritomnost non-Treg CD4+ bunécnych populaci u Tc+EAE mysi, jako jsou Thl
a Th17, jejichz prozanétlivé uc€inky mohou piispivat k poskozeni CNS a naslednému zhorSeni

prubéhu EAE, coz je v souladu se zhorSenym klinickym skére (Obr. 23).

C57BL/6) T. canis EAE |VYSLEDEK
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Obr. 23. Schematicky ptehled vystupl experimentt.

Mirnéjsi symptomatologie u EAE mysi mtize byt zptisobena vyssim podilem Tregs v populaci
CD4+ T-lymfocytt v CNS, coz lze vysvétlit proliferaci Tregs v reakci na ptitomnost MOG, to

muze nasledné snizit probihajici autoimunitni procesy.

Vyssi mnozstvi CD4+ T-lymfocyti a Tregs nalezenych ve vzorcich sleziny a MLN u

kontrolnich a Tc mys$i ve srovnani s EAE a Tc+EAE mySmi lze vysvétlit downregulaci CD4+
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T-lymfocytii a Tregs v disledku podavani pertusového toxinu béhem indukce EAE. To by
mohlo znamenat, Ze potencidlni imunomodulac¢ni kapacita 7. canis u mysi Tc+EAE je
pravdépodobné snizena a premoZzena dusledky neuroinvaze larev L3 a béhem nésledné
indukce EAE tato kombinace zptisobuje zhorSeni symptomatologie se zvySenymi hladinami
cytokinii a infiltraci prozanétlivych CD4+ T-lymfocyti. Tuto hypotézu je vSak potifeba

experimentalné overit.

5.3.4 Zavéry publikace ¢. 3

o Predkladana data prokazuji negativni vliv infekce 7. canis na prubéh EAE.

. Bylo pozorovano zhorSeni klinického skore a ztraty hmotnosti testovanych mysi.

o Byly pozorovany néapadné zvySené sérové hladiny riznych cytokinli, coz naznacuje
dysfunkci imunitni regulace u Tc+EAE mysi.

. Vysledky studie mohou piispét k poznani hypotetického vlivu infekce larvami 7. canis

na neurodegenerativni onemocnéni (napft. roztrousenou sklerdzu) u ¢loveka.
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6 ZAVER

Dizertacni prace byla zaméfena na rozsiteni dosavadnich znalosti tykajicich se proteinového
slozeni exkre¢né-sekreCnich produkti infekénich larev 7. canis a jejich mozné aplikace v

sérodiagnostice larvalni toxokardzy.

V ramci prace byla zmapovéna aktuélni séroprevalence larvalni toxokarézy v Ceské republice
— 3,6 %, pricemz situace se liSila mezi jednotlivymi kraji, ale také v kontextu evropskych

zemi, kde Ceska republika patii k tém s nizkou séroprevalenci onemocnéni (Publikace &. 1).

Hlavnim vystupem préce je identifikace proteinového spektra exkre¢né-sekrecnich produkti
infek¢énich larev T. canis zasazeném do ¢asového ramce 14 dnii. Odebrané vzorky TES byly
analyzovany za uc¢elem odhaleni imunoreaktivniho potencialu jednotlivych proteinti. Vybrané
kandidétni proteinové antigeny byly pfipraveny v rekombinantni formeé a testovany s mySimi
a lidskymi séry. Konkrétné rTc-TES-26 a rTc-ASP byly definovany jako mozné vhodné

markery larvalni toxokardzy (Publikace €. 2).

V neposledni fad¢ bylo nad rdmec cilli prace zahrnuto zhodnoceni infekce larvami 7. canis u
myS$i s indukovanou experimentalni autoimunitni encefalomyelitidou s pfedpokladanym
pfiznivym vlivem infekce na toto neurodegenerativni onemocnéni. U nakaZenych mysi
larvami T. canis doSlo oproti predeSlym vyzkumim k celkovému zhorSeni klinickych

pfiznakli onemocnéni (Publikace €. 3).

Predkladana disertacni préace ptispiva ke komplexnimu pohledu na problematiku onemocnéni
larvalni toxokar6zy a muze byt pouzita k dalSimu vyvoji efektivngjSich a ptesnéjSich

sérodiagnostickych aplikaci.
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7 SEZNAM ZKRATEK

1. LF UK
AMK
BSA

CBA

CD4+
CDC
cDNA
CNS

CRD

CRP
CSF
CT
CTL
d.e.i.
EAE
ELISA
ES

HE

His-Tag

1. 1ékarska fakulta Univerzity Karlovy
aminokyselina

hovézi sérovy albumin

cytometric bead array

multiplexova detekce solubilnich mediatori vazbou na castice s naslednou

analyzou prutokovou cytometrii

skupina povrchovych proteinii na pomocnych T-lymfocytech
Centers for Disease Control and Prevention
komplementarni DNA

centralni nervova soustava

carbohydrate recognition domain

rozpoznavaci doména sacharidu, sacharid-vazajici doména
C-reaktivni protein, reaktant akutni faze

cerebrospinalni tekutina, likvor

covert toxocarosis — skrytd toxokar6za

lektin typu C

ode dne indukce

experimentalni autoimunitni encefalomyelitida
enzyme-linked immunosorbent assay

exkrecné-sekrecni produkty

hematoxylin-eosin

6 histidinovych aminokyselinovych zbytki, slouZicich ke znaceni

rekombinantniho proteinu a vychytavani na purifikaéni koloné s Ni*+ ionty
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HSP
IFN
IgG

IL

kDa
L1-L4
L3
LC-MS
LC-MS/MS
LFQ
MLN
MOG
MS

MUC

Ni-NTA

NC6
NRL
NT
OLM

PAMP

PBS

heat-shock protein

interferon

imunoglobulin tfidy G, dalsi imunoglobuliny dle stejného klice — A, M, E
interleukin

kilodalton

larvy 1.—4. stadia vyvoje oddélena svlékanim kutikuly

larva tfetiho stadia, infek¢ni larva

kapalinova chromatografie s hmotnostni spektrometrii

kapalinova chromatografie kombinovana s tandemovou hmotnostni detekci
label-free quantification, kvantifikace proteinii pomoci MS analyz
mezenterické lymfatické uzliny

myelin oligodendrocyte glycoprotein

hmotnostni spektrometrie

mucin

molekularni hmotnost

nitriloctova kyselina saturovand Ni** ionty

soucast kolony, ktera slouzi k purifikaci rekombinantnich proteinti
six-cysteine domain

narodni referen¢ni laboratof

neurotoxokardza

ocular larva migrans

patogen asociovany molekularni vzor

vysoce konzervativni struktury pfitomné na povrchu patogenii rozpoznavané

vrozenou imunitou

fosfatem pufrovany fyziologicky roztok

96



PCR polymerdzova fetézova reakce

PEBP fosfatidyletanolamin vazajici protein
PiF UK Ptirodovédecka fakulta Univerzity Karlovy
PVDF polyvinylidenfluorid

SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis

STH soil-transmitted helminth infections

SXC six-cystein domain

Tc Toxocara canis

TES Toxocara excretory-secretory antigen, 7oxocara exkreéné-sekre¢ni produkty
TGF-p transforming growth factor-beta

Th2 imunitni odpovéd’ zaloZena na Th2 pomocnych lymfocytech
TNF tumor necrosis factor

Tregs regulacni T-lymfocyty

UIM Ustav imunologie a mikrobiologie

VFN Vseobecna fakultni nemocnice v Praze

VLM visceral larva migrans

WB western blot

WMA Svétova zdravotnicka asociace
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Abstract

Background Larval toxocarosis (LT), a zoonotic disease transmitted by dogs, cats, and other carnivores, is caused by round-
worms of the genus Toxecara. Humans become infected by ingesting embryonated eggs of this parasite. In this study, we
present data on the seroprevalence of LT in the Czech Republic collected by the National Reference Laboratory for Tissue
Helminthoses in 2012-2016.

Methods Using enzyme-linked immunosorbent assay, a total of 4428 adults and children with or without clinical symptoms
were examined for the presence of IgG antibodies against Toxecara canis excretory—secretory antigens.

Results Of all the persons examined, specific Toxecara antibodies were detected in 160 (3.6%) individuals. There were,
however, significant differences between various regions, with seropositivity rates ranging from 1.4 to 7.5%.

Conclusion In comparison to studies from 1998 and 2004, our results suggest a decrease in overall Toxocara seroprevalence
in the Czech population, whereby the rates are similar to or even lower than rates in some other Central European countries.

Keywords Seroprevalence - Toxocara canis - Toxocara cati - Toxocarosis - Zoonosis - Czech Republic

Introduction

Larval toxocarosis (LT) is a cosmopolitan zoonotic disease
caused by Toxecara canis or T. cati. Infection is acquired
by ingesting eggs that contain infective third-stage larvae
(L3) [1]. Parasite eggs are released with the feces of various
definitive carnivore hosts (dogs, cats, foxes, etc.) as imma-
ture ova, which then mature within several weeks. In the
lifecycle of roundworms, humans—as well as some other
animals, such as rodents, pigs or poultry—represent acciden-
tal (paratenic) hosts [2], in whose bodies the parasites do not
mature into the adult stage. After the ingestion of infective
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eggs, larvae hatch in the host’s small intestine, penetrate the
mucosa, and migrate further to various organs. The initial
phase of infection corresponds to the early phase of infec-
tion in the definitive hosts, in that the most affected organs
are the liver and the lungs, where tissue injuries develop.
Under certain circumstances, which depend mainly on
host’s immune status, the larvae encapsulate and remain in
an arrested stage of development (dormant stadia) [1]. Even
so, however, they induce an inflammatory response in the
surrounding tissue.

LT usually develops after consumption of contaminated
food. water, or soil. but ingestion of infective eggs present
on the fur of pets is also possible. Last but not least, con-
sumption of undercooked meat from paratenic hosts which
contains encapsulated larvae can also result in LT [3].

A broad range of clinical manifestations can develop
after the ingestion of parasite eggs, spanning from asymp-
tomatic infection to severe multiorgan failure [1. 4-7].
The clinical course of the disease depends on the intensity
of infection, type of affected tissue. and immune status
of the exposed individual [2]. In humans, heavy infection
can result in a visceral larva migrans syndrome, which
can lead to serious and irreversible damage of the internal
organs. Infections with a lower number of larvae can lead
to a rare ocular toxocarosis, an eye injury which usually
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appears later in life. The disease can also manifest itself
as neurotoxocarosis, which involves various neurological
disorders, or as a covert toxocarosis with non-specific
clinical signs but Toxocara seropositive results [1, 4, 6].

The most typical laboratory findings. especially in the
acute phase of visceral larva migrans syndrome, are leu-
kocytosis with predominance of eosinophils, decreased
albumin/globulin ratio, IgM, IgG. and IgE hypergamma-
globulinemia, and increased anti-A or anti-B isohemag-
glutinin titers [1].

The most frequently used diagnostic tool for LT are
immunological tests. especially enzyme-linked immuno-
sorbent assay (ELISA) based on the detection of anti-
T. canis-specific 1gG antibodies, where larval parasite
excretory—secretory products (TES) are used as a pooled
antigen [8]. Sensitivity and specificity of these methods
are approximately 91% and 86%. respectively. Alterna-
tively, a soluble fraction of larval somatic homogenate
can be used as an antigen of comparable efficacy [9].
Although ELISA tools are sensitive, it is recommended
that obtained results should be confirmed by additional
immunochemical methods. such as Western Blot [10].
Due to possible cross-reactivity of antibodies with anti-
gens of different helminths, reconfirmation of positive
results is necessary especially in cases where polyparasit-
ism is a relevant possibility [11]. Recently, recombinant
forms of several particular protein antigens have also been
tested. Their specificity and potential for implementa-
tion as relevant markers in commercial kits are promising
[12, 13]. but native TES antigens are still the dominant
method in routine detection of Toxocara-specific antibod-
ies. Direct diagnostical methods of LT include a histo-
pathological examination of tissue biopsies for presence
of Toxocara spp. larvae, but this is used only in specific
cases [5].

Benzimidazoles (albendazole, mebendazole, thiaben-
dazole) are the drugs of choice for LT treatment. Diethyl-
carbamazine can also be used but this treatment is suit-
able only for acute LT or to prevent larvae from entering
the central nervous system or eyes. Treatment should
be supplemented by corticosteroids (usually in cases of
ocular toxocarosis) because decaying granulomas con-
taining larvae may cause immune system’s inflammatory
response to Toxocara antigens. Covert toxocarosis is usu-
ally left untreated and non-specific symptoms, if present,
fade away with no need of drug treatment [14. 15].

The study aims to map the current seroprevalence of
larval toxocarosis in the Czech Republic (2012-2016).
We had the intention to present complex data which are
discussed not only in relation to local trends and ten-
dencies in the seroprevalence of larval toxocarosis but
also in the context of published data from other European
countries.

a Springer

Methods

In 2012-2016, a total of 4428 human blood or serum sam-
ples with various diagnoses were provided by physicians of
different specializations. The samples were obtained on a
routine basis. All analyses were performed in the National
Reference Laboratory for Tissue Helminthoses. All samples
were tested for the presence of IgG specific antibodies to 7.
canis TES antigens.

Serological examination was performed by in-house IgG
ELISA method using larval T. canis TES antigen prepared
as described by de Savigny [8]. Nunc Maxisorp 96-well
microplates (Thermo-Fisher Scientific, USA) were coated
with 100-pl antigen diluted in a bicarbonate bufter (50 mM.,
pH 9.6) and incubated overnight at 4 °C. The plates were
washed three times with 0.05% Tween 20 in PBS (100 mM,
pH 7.2) and 100 pl of serum samples diluted at 1:200 (PBS
with Tween 20) were added. After 1-h incubation at 37 °C,
the plates were washed three times and bound antibodies
were detected using horseradish peroxidase-labeled goat
anti-human IgG conjugate (Calbiochem, USA) diluted
at 1:60,000 (100 pl per well). After incubation for 1 h at
37 °C, the plates were washed three times with 0.05% Tween
20 in PBS. The reaction was visualized by adding 100 pl
of substrate (O-phenylenediamine) with 0.05% H,0, in a
citrate buffer (50 mM, pH 5.0). The reaction was stopped
after 15 min of incubation in the dark at laboratory tempera-
ture by addition of 50 pl of 2 M H,S80,. and optical density
was measured spectrophotometrically at 490 nm (MR5000.
Dynatech).

Samples recognized as Toxocara spp. positive were
retested using a commercial ELISA kit (TestLine Clinical
Diagnostics. Czech Republic) according to manufacturer’s
instructions. Only samples of patients seropositive in both
tests were included as infected persons in subsequent statisti-
cal analyses.

To obtain anamnestic data of patients, i.e., their gen-
der. age. place of residence, results of serological findings.
and clinical status at the time of LT diagnosis, a question-
naire was included in the present study. logged. and ana-
lyzed (Excel, MS Office 2010, Microsoft. Redmont. WA,
USA). Chi-squared test (Graph Pad, San Diego, CA) was
used to assess statistical differences between the categori-
cal variables in case of two categories—males and females
in particular age groups and age groups regardless of sex
(P <0.05).

All procedures performed in this study were in accord-
ance with WMA Declaration of Helsinki—Ethical Principles
for Medical Research Involving Human Subjects [16].
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Results

Of the total of 4428 patients examined (2320 females and
2108 males). 412 were children, teenagers or young adults
(0-19 years old), and 4016 were adults (>20 years old).
Specific antibodies were detected in 160 (3.6%) patients
(Table 1): 74 females (3.4%) and 86 males (3.8%). Among
children and teenagers, antibodies were detected in 16 indi-
viduals (3.9%). among adults in 144 persons (3.6%). All
cases were classified as LT.

The youngest and the oldest patient was 4 and 75 years
old, respectively (Table 1). The mean age and median age
of seropositive patients was 48.1 and 51. respectively. These
values were lower in males (mean 47.2; median 49) than
in females (mean 49.1; median 51). Differences between
the children and adults (P=0.781) and ratios of males and
females regardless of age groups (P=0.126) were, however,
not statistically significant.

Highest seropositivity rates were detected in adults of
both sexes in age groups 70-79 and 60-69 years (Fig. 1),
while the lowest number of seropositive individuals was
found in females and males in age groups 20-29 and
30-39 years, respectively. Differences between ratios of
males and females in each age group were not statistically
significant (P> 0.05). There was significant difference
between age groups 0-9 and 20-29 (P =0.037), 0-9 and
30-39 (P =0.046), 20-29 and 40-49 (P=0.016), 20-29
and 50-59 (P=0.005), 20-29 and 60-69 (P <0.0001),
20-29 and 70-79 (P=0.0008), 30-39 and 40-49

(P=0.014), 30-39 and 50-59 (P=0.004). 30-39 and 60-69
(P <0.0001), 30-39 and 70-79 (P =0.004) regardless of sex.

In 2012-2016. overall seroprevalence of LT in the Czech
Republic reached 3.6% (Table 2), but there were notable dif-
ferences between various Czech and Moravian regions (Fig. 2).
The origin of seropositive patients varied between regions, but
most came from Prague and Southern Moravia (Table 2, Fig. 2).

By place of residence. the highest number of seropositive
patients came from Usti nad Labem (7.5%), Liberec (7.1%).
and South Moravian (7.0%) regions, while the lowest sero-
prevalence (1.4%) was recorded in Zlin region.

Serological examination was mostly requested by infec-
tologists, followed by allergologists and immunologists.
internists, and pediatricians (Table 3).

As mentioned above, according to the International Statis-
tical Classification of Diseases and Related Health Problems
10th Revision (ICD-10) [17], final diagnoses were classified
as visceral larva migrans syndrome (B830). On the other hand.
analysis of initial diagnoses made by physicians during the
initial physical examinations of patients had shown that only
in 21 seropositive patients (13%) was visceral larva migrans
syndrome noted as the main complaint. In the remaining 139
patients (87%), requests for serological examination were
made because of unspecified fever (R509), need for special
screening for other infectious and parasitic diseases (Z118),
special screening for unspecified infectious and parasitic dis-
eases (Z119), observation of unspecified suspected disease
or condition (Z039), unspecified immunodeficiency (B849).
unspecified liver disease (K769). or eosinophilia (D721).

Table 1 Gender and age of

B Sex Year No. 0-9 10-19 2029 Age groups (Years) 50-59 60-69
Toxocara spp. seropositive
patients during the period of 30-39 4049
20122016
Male 2012 28 1 2 3 4 4 5 7
2013 18 0 2 1 3 6 3 4
2014 17 | 1 1 3 3 3 4
2015 6 0 1 0 0 1 1 3
2016 17 2 0 1 1 2 5 1
Total 86 4 6 6 11 16 15 19
Female 2012 31 3 2 0 5 5 5 9
2013 22 1 0 0 2 6 4 4
2014 8 0 0 0 2 2 1 3
2015 5 0 0 1 0 1 1 2
2016 8 0 0 3 0 1 1 2
Total 74 4 2 + 9 15 14 20
Total male 2012 59 4 4 3 9 9 10 16
and female 2013 0 1 2 1 5 12 7 8
2014 25 1 1 1 5 S 4 7
2015 11 0 1 1 0 2 2 5
2016 25 2 0 4 1 3 6 3
Total 160 8 3 10 20 31 29 39
a Springer
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Fig. 1 Toxocara spp. scropositive patients according to the sex and age in 2012-2016

Table2 The number of patients from various regions of the Czech
Republic who were examined by the National Reference Laboratory
for Tissue Helminthoses for the presence of Toxocara spp. antibodies
in 20122016

Region Number of  Seropositive  Seropreva-
patients patients lence (%)

Prague 2059 54 26
Central Bohemian region 176 9 = |

South Bohemian region 292 11 3.7

Plzen region 154 6 36
Karlovy Vary region 42 2 4.7

Usti nad Labem region 53 4 .5
Liberec region 70 5 7.1
Hradec Kralove region 153 5 32
Pardubice region 289 11 38
Vysocina region 184 11 3.9
South Moravian region 413 29 7.0
Olomouc region 102 3 29
Moravian-Silesian region 243 8 33

Zlin region 70 1 1.4

Not available 118 1 0.8

Total 4428 160 36
Discussion

QOur study presents serological data on the occurrence of
LT in various parts of the Czech Republic in 2012-2016.
Similar to other comparable studies [18-20], most patients

a Springer

were examined due to suspected visceral larva migrans
syndrome, but in some cases, special screening was also
requested only due to eosinophilia or elevated total-IgE lev-
els detected earlier.

Among the Czech regions. mean seroprevalence rates var-
ied from 1.4 to 7.5%, with the overall mean at 3.6%. Such
generally low seroprevalence rates were observed also in the
neighboring Austria [21], but not in western Slovakia [22] or
Poland [10]. In Austria, a country with similar demographic
profile as the Czech Republic, the values ranged from 1.4
to 3.7% in the general population, but in persons engaged
in high-risk occupations, such as farmers, it reached 44.0%
[21]. In Slovakia, overall seroprevalence rate is estimated to
be between 5.5 and 15.3%, but in socioeconomically disad-
vantaged minorities, often those with lower hygiene stand-
ards, the value reaches 22.1% [22, 23] (Table 4). In Poland.
overall seroprevalence is estimated to range between 6.1 and
29.6% [10], but this estimate is based on analyses of data
from four geographically distant parts of the country and
different age groups. In Germany, the last country neighbor-
ing the Czech Republic. recent data on LT seroprevalence
are missing.

Numbers of patients examined by the National Refer-
ence Laboratory for Tissue Helminthoses differed among
the regions of the Czech Republic (Table 2) because LT
serology can also be performed in another 36 Czech labora-
tories. Nevertheless, communication with these laboratories
revealed analogous results in different regions. Similarly as
in other European countries, Czech data (Fig. 2) confirm
that elevated risk of infection by Toxocara spp. is linked
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Table3 The number of examinations for LT requested by various
medical specialists in 2012-2016

Medical department Num- Number of Seroposi-
ber of seropositive tivity ratio
patients  patients (%)

Infectology 2863 97 34

Allergology and Immu- 394 9 23

nology

Internal medicine 217 10 4.6

Pediatrics 176 14 8.0

Self-paying patients 111 1 0.9

General practitioners 86 3 35

Pulmonary department 75 3 4.0

Ophthalmology 75 &1 6.7

Hematology department 74 7 9.5

Gastroenterology 67 1 1.5

Others 290 10 35

Total 4428 160 3.6

to a number of geographic, socioeconomic, ecological,
and genetic factors as well as population structure, resi-
dence in rural areas, etc. [24]. In our country. the highest
seroprevalence was noted in Usti nad Labem (7.5%) and
Liberec (7.1%) regions, i.e., in areas with a higher incidence
of socially excluded population and higher unemployment
rates (according to 2016 data of the Ministry of Labor and

Social Affairs) [25]. In areas with similar characteristics, i.e..
in the Moravian-Silesian (3.3%), Olomouc (2.9%), and Zlin
(1.4%) regions, figures did not, however. follow this pattern:
this may be due to a lower number of patients which were
screened by us (Table 2). In eastern Moravia, Silesia, and
Zlin, patients are usually examined for LT in hospitals of the
regional capitals, that is, in Ostrava, Olomouc and Zlin, and
these data were not available in detail.

Among the factors which influence the occurrence of LT,
environmental conditions play an important role. Although
in Europe, seroprevalence is rather high in some countries
with warm and humid climate, such as Bulgaria, low sero-
prevalence in general tends to be associated with colder
regions and countries, such as Denmark (Table 4) [26, 27].
The relatively high seroprevalence rate in southern Moravia
(7.0%) is probably due to specific climatic and other factors
of the area: according to data of the Czech Meteorological
Institute, the region has the highest average annual tempera-
ture in the Czech Republic and it is a fertile rural lowland.
where relatively many people are engaged in agriculture.
including wine production, similarly as noted Deutz et al.
[21]. On the other hand, a German study [28] revealed that
in sandpits, highest numbers of infective eggs were present
during the cold months, which may suggest that lower tem-
peratures positively influence the viability (i.e., infectiv-
ity) of Toxocara spp. eggs. Our study does not support this
hypothesis. because our unpublished observations show a

a Springer
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Table4 Seroprevalence of LT in Europe in 2000-2018

Country Seroprevalence (%) Region Studied References
popula-
tion

Austria 1.4-3.7 *Deuz et al. (2005) [21]
Bulgaria 19.3 wC WP Rainova et al. (2018) [27]
Croatia 31.0 Zagreb city CH Sviben et al. (2009) [50]
Oenmgrk 24 wcC WP Stensvold et al. (2009) [26]
Estonia 7.9-13.3 wC A/CH Lassen et al. (2016) [51]
Greece 125 Northern Greece and Macedonia CH Theodoridis et al. (2001) [52]
Italy 1.6 Marche region A Habluetzel et al. (2003) [53]

43 Ancona city WP Giacometti et al. (2000) [54]

6.6-11.8 Catania, Sicily A Nicoletti et al. (2008) [19]
Netherlands 8.0 wC WP Mughini-Gras et al. (2016) [35]
Norway 11.7 wC A Jogi et al. (2018) [55]
Poland 6.1-29.6 *Rudzinska et al. (2017) [10]

6.1 Trl-City area CH Kotlowski et al. (2011) [56]

73 Poznari city CH Luzna-Lyskov (2000) [57]

129 East and Southeastern Poland AF Zukiewicz-Sobczak et al. (2014) [58]

14.5 Poznani city CH Jarosz et al. (2010) [59]

20.7 North Eastern Poland WP Hermanowska-Szpakowicz etal. (2001) [60]
Romania 30.0 *Neghina et al. (2011) [61]
Russia (European part) 5.4-7.4 *Moskvina and Ermolenko (2016) [62]
Serbia 13.0 North, East and Southeastern Serbia WP Gabrielli et al. (2017) [63]

264 Belgrade city WP Colovic-Calovski et al. (2014) [64]
Slovakia 5.5 Eastern Slovakia AW Pavlinova et al. (2011) [65]

15.3 Western Slovakia (4 regions) WP Boldis etal. (2015) [22]
Slovenia 28.0 wC WP Logar et al. (2004) [66]
Spain 28.6 A Estrada region A Gonzalez-Quintela et al. (2006) [67]
Switzerland 2765 *Sager et al. (2006) [68]

WC whole country. WP whole population, CH children. A adults, A/CH adults and children. AW adult women, AF adult foresters

*Review

higher number of patients with confirmed seropositivity in
early spring and autumn, that is, during the moderately warm
months when people engage in outdoor activities including
gardening, harvesting, etc.

In comparison to data from 2006 [29] and 1998 [30],
when overall LT seroprevalence in the Czech Republic
ranged between 18 and 20% [29] and 18.4% (minimum 5.8%,
maximum 36% in particular regions) [30], our recent data
show a general decrease to 3.6%. In part, this finding could
be explained by different cohorts of patients in mentioned
studies. Uhlikova and Hiibner (1998) [30] and Kolafovi [29]
based their data on the examination of individuals some of
whom were asymptomatic. Our results are based on a cohort
of mostly symptomatic patients referred by specialized med-
ical departments, i.e., a pre-selected group of people suffer-
ing from various health disorders. It should be noted that the
seropositivity of healthy Czech population could be lower.

a Springer

Not surprisingly, specialized examination was recom-
mended mostly by infectologists (Table 3): the number of
requests for LT examination from other medical specialists,
such as allergologists, immunologists, internists, and pedia-
tricians, was relatively much lower. Even so, this seems to
suggest good awareness of LT symptoms and related labora-
tory findings across various medical specializations. It also
reflects a functioning system of screening where patients go
through a checklist, step by step, first for a basic check-up.
then to specialists, mostly infectologists, and finally their
samples are sent for a specialized examination to parasito-
logical laboratories.

Similar to other studies [22, 26, 31-34], we found no
statistically significant differences in seroprevalence rates
between children/teenagers and adults or between men
and women, although men in all age groups had higher
seropositivity rates than women. While in young children
(0-9 years), overall seropositivity in males (4.9%) was
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slightly higher than in females (4.6%): in older children and
teenagers (10-19 years), the difference between the sexes
was more pronounced, reaching seropositivity rates of 5.3%
and 1.5% in males and females, respectively. However, this
difference was not significant (P=0.15).

The highest seroprevalence in men (8.5%) was noted
in the 70-79 age group, whereas in women it was in the
60-69 age group (5.6%). For both sexes jointly, the lowest
values were found in age groups 20-29 years (1.7%) and
30-39 years (1.9%). The seroprevalence rates were signifi-
cantly lower compared to most age groups. Mean seroposi-
tivity, again for both sexes jointly. for children of 0-9 years
of age and teenagers of 10-19 years was only 4.7% and
3.3%. respectively. which contrasts with the age group of
70-79 years, where the value reached 6.6% with no statisti-
cal significance.

The median age of all our positive patients was 51 years,
which may suggest that the risk of infection is higher in
older people who have been continuously exposed to Toxo-
cara spp. eggs over a long period of time [35, 36]. Moreo-
ver, our results reflect the fact that the current generation
of seniors grew up mostly in rural areas where they often
engaged in an ‘agricultural lifestyle’, including gardening as
a hobby. and close contact with contaminated soil seems to
be the primary route of transmission of Toxocara spp. eggs
to humans [7]. And last but not least, our results also confirm
long-lasting IgG seropositivity in patients even 10 years post
infection [30, 37].

In children, the noted lower seroprevalence contrasts
with their vulnerability to infections due to deficient
hygienic habits and activities such as playing in sandpits
[38-40]. Approximately 20 years ago, Uhlikové and Hiib-
ner [30] reported a 13.8% LT seroprevalence in children
aged 1-14 years. Our lower values may reflect a higher
level of sand quality control in sandpits in recent years.
On the other hand, however, despite the decrease of infec-
tion risk by Toxocara spp. eggs by more intensive controls
(Act No. 258/2000 Coll. on protection of public health and
Decree 97/2014 Coll.), prevalence of Toxocara spp. eggs in
some Prague sandpits in 20002013 reached 11.9%, which
is almost the same as estimated 40 years ago (12.1%) [41,
42]. Nevertheless, it seems that intensive application of pre-
cautions against infection, including a strict ban on animal
access to children’s playgrounds (fencing of the sandpits and
use of covers), led to a decrease of infection risk by parasite
eggs similarly as reported. for instance, in Turkey [43].

Toxocara canis is considered to be the main source of
LT. In some cases. however, T. cati eggs discharged by cats
can also spread the infection. The importance of T. cari is
often overlooked because many studies on Toxocara spp.
soil contamination do not differentiate between the species
of the eggs. In The Netherlands, the prevalence of dogs

shedding eggs was 4.6%; while for cats, the figure was 7.2%
[44, 45]. Moreover, a stochastic model estimated that Dutch
stray and household cats contribute to soil contamination by
46%, while dogs and foxes are responsible for 39% and 15%,
respectively [46]. The presence of rodents in urban areas and
increasing synantrophy make red foxes a potential reservoir
of LT that should not be underestimated [47, 48]. In Poland,
the situation is even worse: 27.9% of examined fecal sam-
ples positive for Toxocara spp. eggs originated from stray
cats, which is significantly more than the 16.8% deposited
by stray dogs [49]. In the Czech Republic, no study focused
specifically on T. cati prevalence in the past 50 years. but it
can be expected, according to similar socioeconomic and
geographic factors, that the situation could be analogical
to that of our Polish neighbors. Despite the presented data,
the seroprevalence in the Czech Republic is rather low in
relation to the increasing number of dogs and cats all over
Europe. And while stray dogs are relatively rare in the Czech
Republic. there are many stray cats, both in urban and rural
areas, which possibly could be overlooked reservoir of infec-
tion in the future.

Conclusion

For the period of 2012-2016. overall LT seroprevalence in
the Czech Republic is estimated at 3.6%, which is a lower
value than in the past. Studies performed 21 and 13 years ago
reported rates of 5.8%—36.0% [30] and 18%-20%, respec-
tively [29]. Our data, therefore, clearly suggest a current
decrease in seroprevalence of larval toxocarosis. In compari-
son to data from neighboring countries, Czech seropositivity
rates are relatively low and comparable to the situation in
Austria. Recorded decrease in the risk of LT infection in
humans may be linked to an increased percentage of dogs
and cats which are regularly dewormed as recommended by
the Czech authorities, and in part also attributed to improved
habits of pet owners, who more frequently collect their pet’s
excrements. Nevertheless, it seems that the most important
source of infection is soil contaminated with Toxecara spp.
eggs via the feces of dogs and cats.
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Abstract

Background Larval toxocarosis is a zoonosis caused by larvae of Toxocara canis and T. cari. a gastrointestinal nematode of
canids and felids, respectively. Diagnosis is usually performed by ELISA IgG using Toxocara excretory—secretory products
as an antigen. Due to laboriousness of isolation of the products and subsequent process of standardization of antigenic com-
pounds, routine use of this method is limited and can produce inaccurate diagnostical results. The purpose of this study was
to discover new specific antigenic proteins that could be used in routine serological methods of larval toxocarosis.
Materials and Methods Toxocara excretory—secretory products were collected and separated by SDS-PAGE. Proteins from
the gel were electro-transferred to a membrane and incubated with mouse sera. Antigenic proleins were analyzed using the
liquid chromatography—tandem mass spectrometry approach. Selected proteins were prepared in recombinant form and tested
with mice and human sera by ELISA and Western blot.

Results A total of four recombinant protein antigens were prepared (rTc-TES-26, rTc-ASA, rTc-PDP, and rTc-ASP). They
were analyzed by ELISA and Western blot using mice and human sera. For all sera. three of the four recombinant antigens
correlated with Toxocara excretory—secretory products in ELISA analysis. By Western blot, the infection was confirmed in
all experimentally infected mice and two out of seven human patients.

Conclusion Combination of the presented methods and analyses represents a possible method of effective identification of
Toxocara protein antigens for the purpose of routine serodiagnosis.

Keywords Toxocara canis - Toxocariasis - Toxocarosis - Recombinant protein - Antigen - Diagnostics

Introduction Depending on the climate, humidity. socioeconomic situ-

ation of human population, etc., seroprevalence of larval

Larval toxocarosis (LT) is a widespread zoonotic disease
caused by L3 (third stage) infectious larvae of Toxocara
spp. roundworms, which mature only in canids and felids.
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toxocarosis in particular populations varies. Still. it is esti-
mated that currently its value stands globally at about 19%,
in other words, that larval toxocarosis affects over 1.4 billion
people worldwide [1].

Humans are accidental hosts of the parasites, but the
course of the infection is the same as in other paratenic
hosts. The disease develops after ingestion of food or water
contaminated with the infectious parasite eggs. i.e.. with
developed L3 larvae. After ingestion, the larvae hatch in
the small intestine and migrate via blood to various organs,
mainly to the liver and lungs but other tissues (muscular,
nervous, etc.) can be affected as well. The infection can also
be acquired by consumption of undercooked meat contain-
ing encapsulated larvae, which after release from the meat
tissue go on migrate through the body as described above.
Settlement in host tissues is accompanied by encapsulation
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of larvae, whereby encapsulated larvae can survive in this
dormant stage for many years [2].

Depending on location of the larvae, infected hosts
develop various symptoms and signs of larval toxocaro-
sis. The most common form of the disease is visceral larva
migrans (VLM) but ocular (OLM) or neural larva migrans
can develop as well. Severity of the disease varies but most
infections are asymptomatic, i.e., take a covert form. Severe
forms of larval toxocarosis are linked to tissue damage and
inflammation caused by migration and encapsulation of the
larvae. Clinical signs are mostly nonspecific and may include
pyrexia, myalgia, cutaneous manifestation. and hepatosple-
nomegaly: laboratory examination can reveal eosinophilia
and, naturally, positive serology [3].

Serology is the gold standard in diagnosing larval toxoca-
rosis. Most commonly used is the ELISA test with detection
of specific IgG and avidity, followed by a Western blot (WB)
confirmation. Relatively sufficient sensitivity and specificity
of reactions has been achieved by a mixture of antigens (pro-
teins) prepared from Toxocara excretory-secretory products
(TES) produced by L3 larvae cultivated in vitro. Increased
sensitivity (97%) and specificity (36%) of IgG-TES ELISA
can be achieved with IgG subclasses [4]. Preparation of an
effective antigenic compound is, however, laborious. First
of all, it depends on a successful cultivation of Toxocara
canis/T. cati larvae and subsequent long-term sampling
of the TES. Depending on the processing conditions, the
obtained isolates may vary in the relative representation
of particular antigens, which makes standardization of the
final suspension problematic. Despite relatively high sensi-
tivity and specificity of TES antigens, one can notice cross-
reactions with antibodies that develop during other types of
helminthic infections, which can lead to unintended false
results [5]. According to Smith et al. [6], however, possible
cross-reactions can be at least partly eliminated by use of
low molecular weight (24-32 kDa) antigens, which seem
to act more specifically. Most recent serological research
therefore focuses on identification of novel specific TES
antigens. Some have already been described but data on
characterization of most antigenic TES components are still
limited. It has been observed, though. that the proteome of
Toxocara canis larvae contains functionally different classes
of molecules which originate either from larval surface or its
excretory-secretory products. Due to the migratory ability
of the larvae and their ability to form dormant stages that
can survive in tissues for a long time. it is rather likely that
some of these molecules are also involved in evasion of the
host immune system [7].

Using mass spectrometric (MS) methods, Sperotto et
al. [8] and da Silva er al. [9] for the first time outlined
the complex protein composition of the TES and pro-
vided information about TES components and possible

a Springer

functions and localizations of molecules, which can be
useful for improvement of diagnostics. Among the most
abundant proteins identified in the TES are heat-shock
proteins or superoxide dismutase, which play an impor-
tant role in parasite survival within the host [8, 9]. The
composition of larval products identified by the above-
mentioned studies included some of the main TES com-
pounds (namely Tc-TES-120, Tc-TES-32, and Tc-TES-26)
which had been known previously [10, 11].

The Tc-TES-120 consists of secreted mucins, which are
heavily glycosylated proteins covering the surface of L3
larvae. It is encoded by at least five genes (Tc-muc-1-3).
which include several copies of a conserved six-cysteine
domain (SXC) [12, 13]. It has been observed that this gly-
coprotein coat is shed when host’s immune system attacks
the migrating larvae [10, 14].

Calcium-dependent lectin Tc-TES-32 (Tc-CTL-1) is
a carbohydrate-binding protein which shows affinity to
two monosaccharides, namely N-acetylgalactosamine
and p-mannose. It is abundant in the larval TES as well
as in the cuticular matrix [15]. Due to its similarity to
mammalian immune cells receptors, this lectin is prob-
ably associated with parasite’s evasion of host’s immune
system [16, 17]. A variant of this lectin (Tc-CTL-1) has
also been described (and named Tc-CTL-2) and a partial
gene sequence Tc-ctl-3 suggests the existence of Te-CTL-3
[18. 19]. The Tc-TES-26 protein is homologous to mam-
malian phosphatidylethanolamine-binding protein (PEBP)
with N-terminal SXC domain [17]. It is a membrane com-
ponent probably involved in lipid transport [11].

All three protein antigens have been previously pre-
pared in recombinant forms and evaluated regarding their
potential for detection of T. canis antibodies with con-
vincing sensitivity and specificity [20-22]. Other proteins.
such as arginine kinase and cathepsin L-1. were analyzed
as well but turned out to have low specificity [23].

In conclusion, to increase specificity, that is, to avoid
cross-reactivity in serological reactions, one should focus
on designing novel synthetic proteins consisting of mul-
tiple epitopes along the lines reported by Ebrahimi et al.
[24]. The authors charted in silico the antigenic regions
of Te-TES-120, Tc-TES-30, and Tc-TES-26 and designed
a multiepitope fusion protein that can serve as a useful
instrument in diagnostics of larval toxocarosis. Using
bioinformatic tools in conjunction with newest molecular
technologies, one should thus be able to create a single
molecule with multiple epitopes whose production would
eliminate the need for cultivation of larvae.

The aim of this study was thus to discover new possible
protein antigens from the TES. prepare them in recombi-
nant forms, and test their antigenicity.
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Materials and Methods
Larvae Cultivation and TES Preparation

Adult parasites were isolated from feces of naturally
infected dogs from animal shelters in the Czech Repub-
lic. Hatching and isolation of L3 larvae was carried out
according to De Savigny [25]. The larvae were further cul-
tivated in RPMI 1640 medium containing 100 IU/ml peni-
cillin and 250 pg/ml streptomycin at 37 °C in 5% CO, con-
ditions for several months. Starting on the day when the
larvae were immersed in the medium, TES was collected
daily for the following 14 days and then once a week for
several months. After each collection, the products were
immediately concentrated (3 kDa Amicon Ultra-15 Cen-
trifugal Filter Unit, Merck) and purified into phosphate-
buffered saline (PBS), pH 7.3; protein concentration was
determined by the Quant-iT Protein Assay Kit (Thermo
Fisher Scientific). Then the TES were stored in — 80 °C.

Sera

Mouse sera were obtained as follows: ten animals (BALB/
cAnNCrw specific pathogen free) were experimentally
infected by different infectious doses (ID) of L3 larvae.
From the mice. we thus obtained a total of ten individual
sera and four pooled sera.

The samples included three negative sera (group LO),
three positive sera from individuals infected daily (for
22 weeks except weekends) by ten larvae (group L10),
three positive sera from individuals infected 22 times
once a week by 100 larvae (group L100), and one positive
serum from a mouse infected twice (primoinfection on
day 1 and reinfection on day 14) by 1000 larvae (group
L1000). The sera of each group were pooled. Sera were
taken on day 86 after the first infection.

All mouse sera were obtained from the Institute of
Immunology and Microbiology (First Faculty of Medi-
cine, Charles University). Experimental animals were han-
dled in accordance with the relevant European and Czech
legislation.

Human sera were obtained as follows: a total of ten
samples previously examined for the presence of anti-TES
IgG antibodies by the National Reference Laboratory for
Tissue Helminthoses. We investigated three negative and
seven positive sera. All procedures performed in this study
were in accordance with ethical standards of the institu-
tional research committee and WMA Declaration of Hel-
sinki—Ethical Principles for Medical Research Involving
Human Subjects.

Indirect ELISA

A checkerboard assay was performed to determine optimal
amounts for well-coating by the recombinant form of protein
antigens and TES, as well as dilutions of mouse/human sera
and secondary antibodies in the ELISA. Each sample was
analyzed in duplicate. TES as a control plus the recombinant
form of protein antigens (Tc-TES-26, Tc-ASA, Tc-PDP, and
Tc-ASP) were used in concentration of 0.5 pg/well. As pri-
mary antibodies. we used mouse and human positive/nega-
tive sera.

MaxiSorp Nunc 96-well microtiter plates (Thermo Fisher
Scientific) were coated overnight at 4 °C with 0.5 pg/well
TES antigen solubilized in a 0.2 M bicarbonate buffer
(pH 9.6). The wells were washed three times in each step
with PBS-Tween (PBST) and blocked with 1% BSA (1 h
at 37 °C). Mouse (diluted to 1:800 in PBST) or human
(diluted to 1:100 in PBST) sera were added (100 pl/well) and
plates incubated for 1 h at 37 °C. After washing. we added
to the wells a monoclonal anti-mouse IgG HRP secondary
antibody diluted to 1:10,000 (Thermo Fisher Scientific) or
anti-human IgG HRP secondary antibody diluted to 1:5.000
(Thermo Fisher Scientific) for 1 h at 37 °C. As a substrate,
we used a TMB Slow Kinetic Form (Sigma-Aldrich). The
reaction was stopped by addition of 50 pul of 1 M HCI. Opti-
cal density (OD) was read at 450 nm versus 630 nm as refer-
ence. Subsequently. we calculated the mean absorbance of
each pair of duplicate sera.

Cut-off values for each antigen were calculated from
control/negative mouse and human sera as described before
[26].

SDS-Page and Western Blot

We performed both types of the Western blot (WB): (1)
TES collected daily for 14 days were used to identify the
immune reaction of separated proteins present in the TES
with pooled mouse sera. The concentration of each TES was
3 pg/strip: (2) the recombinant antigens were used for recon-
firmation of their antigenicity with individual mouse and
human sera. The concentration of each recombinant antigen
was 200 ng/strip.

The TES and recombinant proteins were separated by
SDS-PAGE (10% gel) and transferred onto a PVDF mem-
brane (Bio-Rad). The gels were stained with Commassie
Brilliant Blue and Silver Stain Plus kit (Bio-Rad). As a lad-
der. we used the Precision Plus All Blue Protein Standard
(Bio-Rad).

The membrane was cut into strips and blocked with 5%
BSA (Sigma-Aldrich) overnight on shaker. The strips were
incubated with mouse sera diluted to 1:500 or human sera
diluted to 1:100 in PBS containing 0.05% Tween 20 (PBST)
for 90 min. In each step, the membranes were washed with
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PBST three times for 15 min. As a secondary antibody, we
used a monoclonal anti-mouse IgG HRP (Thermo Fisher
Scientific) or anti-human IgG HRP (Thermo Fisher Scien-
tific) diluted to 1:5000 for 1 h. The development of blots was
performed using Opti-4CN (Bio-Rad), reaction was stopped
by ddH,0.

Mass Spectrometric Analysis

The SDS-PAGE gel with TES collected daily for 14 days
and WB strips incubated with pooled mouse sera from each
group were captured on a high-resolution scanner GS-800
Calibrated Densitometer (Bio-Rad) (Fig. 1). The overlays
were compared to identify the immunogenic reaction of pro-
teins distributed in bands. Based on the immune response
on the WB (Typel). protein bands with significant reaction
were chosen for further analyses.

Protein bands related to the position of reaction (kDa)
on WB (Fig. 1) were manually excised. destained, washed,
and each incubated with 125 ng of trypsin (Promega) for
2 h at 40 °C. Tryptic peptides were extracted from gels by
2.5% formic acid (FA) in 50% acetonitrile (ACN) and sub-
sequently concentrated in a Speed Vac concentrator (Thermo
Fisher Scientific).

Liquid chromatography with tandem mass spectrom-
etry (LC-MS/MS) analyses of peptide mixture was
conducted using the RSLCnano system (Thermo Fisher
Scientific) online connected to an Impact IT Ultra-High
Resolution Qq-Time-Of-Flight mass spectrometer with
CaptiveSpray nanoBooster ion source (Bruker). Prior to
liquid chromatography separation, tryptic digests were
online concentrated and desalted using a trapping column
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Fig.1 Comparison of TES collected daily during the first 14 days of
cultivation on (I) SDS-PAGE gel and (II) reactivity of pooled sera
from a group of mice infected by different amounts of L3 T. canis lar-
vae: a) L10, b) L100, ¢) L100 and d) negative controls. M molecular
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(100 pm x 30 mm) filled with a 3.5-pm X-Bridge BEH 130
C18 sorbent (Waters). After washing the trapping column
with a 0.1% FA. the peptides were eluted (300 nl/min)
from the trapping column onto a Acclaim Pepmap100 C18
column (3 pm particles, 75 pm X 500 mm; Thermo Fisher
Scientific) by the following gradient program: mobile
phase A—0.1% FA in water, mobile phase B—0.1% FA
in 80% ACN. The gradient elution started at 1% of mobile
phase B and increased from 1 to 13% during the first
55 min (13% in minute 15 and 27% in minute 25), then
increased linearly to 85% of mobile phase B over the next
5 min and remaining at this state for the final 5 min.

MS data were acquired in a data-dependent strat-
egy with 3 s-long cycle time. Mass range was set to
150-2200 m/z and precursors were selected from 300 to
2000 m/z. Acquisition speed of MS and MS/MS scans was
5 Hz and 4-16 Hz, respectively. Speed of MS/MS spectra
acquisition was based on precursor intensity (with low and
high absolute thresholds at 650 and 50.000 cts, respec-
tively). Preprocessing of the mass spectrometric data was
carried out in DataAnalysis software (4.2 SR1; Bruker).
Exported MS/MS spectra were analyzed in the Proteome
Discoverer software (Thermo Fisher Scientific, version
1.4) using the in-house Mascot (Maltrixscience, version
2.6.1) search engine. Mascot MS/MS ion searches were
done against in-house databases: 7. canis (Uniprot. 18.499
sequences, version from 27.11.2017) and cRAP contami-
nants (based on http://www.thegpm.org/crap). Oxidation
of methionine, deamidation (N. Q). and propionamide (C)
as variable modifications, and two allowed enzyme mis-
cleavages were set for all searches.

14d

'™ eal m 9 0 .
abcd abcd abcd abcd abcd abcd abecd abed abced
weight marker; /d—/4d day of collection: antigenic proteins selected
for preparation in recombinant form (I) and their reactivity on WB
(1) marked with black arrows: A, Te-TES-26; B, Tc-ASA; C, Te-
PDP: D, Tc-ASP. E, Te-TES-32
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Preparation of Recombinant Proteins-Antigens

Of all the amino acid sequences related to proteins identified
by the MS analysis, we selected four proteins for prepara-
tion in their recombinant form: Tc-TES-26 (Uniprot, Acc.
No. AOAOB2UIKS), Tc-ASA (Uniprot, Acc. No. AOAOB-
2VYFO), Tc-PDP (Uniprot, Acc. No. AOAOB2UUNS4), and
Tc-ASP (Uniprot, Acc. No. ADAOB2VNW7). We selected
them based on strong reactivity with the mouse sera, low
molecular weight (24-32 kDa) to prevent nonspecific reac-
tions, increasing abundance during the collection period, and
sufficient amounts in the TES.

Presence of a signal peptide in amino acid sequences was
predicted by SignalP 4.1 [27]. Molecular mass and theoreti-
cal pl (isoelectric point) of the deduced proteins were deter-
mined by Compute pl/Mw software available at the EXPASy
web portal [28].

Nucleotide sequences of the selected proteins without
the part coding the signal peptide were codon-optimized in
silico for expression in a bacterial system. The gene was
inserted by digestion into the vector pET22b + using restric-
tion sites for Ndel-Xhol enzymes. A 6 x His-tag was incor-
porated on the C-terminus of each protein. The constructs
were transformed into Escherichia coli BL21 (DE3) (Gen-
eral Biol) and verified by DNA sequencing. Protein expres-
sion was then triggered by addition 0.5 mM IPTG (VWR)
and confirmed by incubation at 37 °C for 4 h.

Harvested cells were resuspended in Tris-NaCl-8 M Urea
buffer (pH 8.0). The solution was sonicated on ice (93, 3 s
on/6 s off, 5 min), centrifuged at 10,000 x g for 10 min at
4 °C, and filtered through a 0.22 pm filter. Recombinant
proteins were purified by Ni-chelating chromatography
(Ni-NTA beads 6FF, Bio-Rad), washed with PBS-8 M Urea
buffer (pH 7.4) by increasing concentrations of imidazole
(2060 mM), and eluted from the column by PBS-8 M Urea
buffer, 500 mM Imidazole (pH 7.4). Protein concentration
was determined by Enhanced BCA Protein Assay Kit (Beyo-
time). Estimated purity was > 80%. All recombinant proteins
(rTc-TES-26, rTc-ASA, rTc-PDP, rTc-ASP) were prepared
commercially (EZBiolab).

Results

In samples collected during the first 14 days. we recorded
different protein profiles of TES and. using pooled mouse
sera, investigated the ditferent profiles of antibody reac-
tions with particular TES proteins (Fig. 1). Antigenic
proteins were observed in the range of 20-100 kDa: band
intensity varied depending on the day of TES collection
(Fig. 1).

Analysis of all recombinant proteins (Table 1) revealed a
specific reactivity with the tested mouse and human sera in
only three (rTc-TES-26, rTc-PDP, and rTc-ASP) of the four
recombinant proteins (Fig. 2). TES-32 was detected but the
protein was not produced in a recombinant form.

Reactivity of all positive and negative mouse sera with
the three recombinant antigens (rTc-TES-26, rTc-PDP, rTc-
ASP) correlated precisely with results obtained by TES-
ELISA (Table 2). In contrast with the anti-Toxocara IgG of
all positive mice recognizing antigens of 25-30 kDa in the
WB, in control sera this reaction was not observed (Fig. 3).

Examination of human sera by TES-ELISA confirmed
positive and negative results in all positive and negative sera,
respectively. The same sera were further used in ELISA with
recombinant rTc-TES-26, rTe-PDP, and rTc-ASP antigens.
The results correlated precisely with the TES. Analysis of
rTc-PDP by WB did not, however. reveal any anti-Toxo-
cara immune reaction. In WB assay with rTe-TES-26 and
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Fig.2 SDS-PAGE: Molecular weight of recombinant antigens of
rTe-TES-26, rTc-ASA, rTe-PDP, and rTc-ASP after purification. M,
molecular weight marker

Table 1 Characteristics of the four immunogenic proteins selected for preparation in recombinant form

Name UniProt acc. no.  Description Length Calculated Mw  Real Mw Localization
Te-TES-26  ADAOB2UIKS  Phosphatidylethanolamine-binding protein 262 28.2kDa 25-30kDa Membrane

Tc-ASA ADAOB2VYFO  Anisakis simplex allergen 414 45.4 kDa 45-50kDa Unknown

Te-PDP AOAOB2ZUUN4  Pepsin-I3 domain-containing protein 207 23.5kDa 25-30kDa  Extracellular or secreted
Te-ASP ADAOB2VNW7T  Ancylostoma secreted protein 247 27.8 kDa 25-30kDa  Extracellular or secreted
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Table2 Reactivity of rTc-
TES-26. rTc-PDP, and rTc-ASP
with mouse and human sera

in ELISA and WB. Results of
each individual recombinant
antigen with a particular serum
sample is indicated by either a
‘4" (positive reaction) or a *—*
(negative reaction)

Fig.3 Reactivity of mouse

(I) and human (IT) sera with
particular recombinant antigens
(rTc-TES-26. rTe-PDP. and rTe-
ASP) in WB. Mouse scra refers
to samples of mice infected

by different number of larvae:
a) negative, b) by 10, ¢) 100,
or d) by 1.000 larvae. Human
sera refer to samples of human
individuals: e) negative, f) and
£) positive for anti-Toxocara
antibodies

2] Springer

Serum no.  Tc-TES-26 Te-PDP Tc-ASP TES
(ELISA/WB)  (ELISA/WB) (ELISA/WB) (ELISA)
Mouse
Negative/Control (Group L0) 1 —— —- e -
2 —— —— - -
3 - 9. ' _
Positive (Group L10) 4 +/+ +/+ +/+ +
5 +/+ +i+ +i+ +
6 +/+ +i+ +i+ +
Positive (Group L100) 7 +/+ +i+ +/+ +
8 +i+ +i+ +i+ +
9 +i+ +i+ +i+ +
Positive (Group L1000) 10 +/+ +/+ I+ g
Cut-off value 0.178 0.085 0.069 0.262
Human
Seronegative 1 —— o =N s
2 - - - -
3 —/- —— e
Seropositive 4 +/— +— +/— +
5 +- +— +- +
6 +- +H- +H- 4
7 +— +H- +H- +
8 ++ +- +i+ +
9 +H+ +— +H+ +
10 +/- +— +/- +
Cut-off value 0497 0.384 0.259 0.703
| ]
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rTe-ASP, specific antibodies were present only in two patient
samples only. which corresponded with the ELISA results
(Table 2).

Discussion

To increase the sensitivity and specificity of serological
methods for diagnosis of larval toxocarosis, we prepared four
antigenic proteins (Tc-TES-26, Tc-ASA., Te-PDP, and Te-
ASP) in a recombinant form using the LC-MS/MS approach
and then evaluated them by ELISA and Western blot.

While the biology and ecology of the genus Toxocara
have been thoroughly researched, existing knowledge of
their molecular/immunological characteristics of particu-
lar Toxocara proteins/antigens is limited. Nevertheless,
sequencing of the T. canis genome [7, 29] opened up pos-
sibilities of studying this parasite from various molecular
perspectives. In conjunction with the mass spectrometry
approach performed by Sperotto ez al. [8] in their analyses
of Toxocara sp. proteome, this created a broad base for
further studies. The main goal of protein identification in
the TES (or L3 larvae) is to reveal the specific function of
each molecule [8. 9].

The pioneering mass spectrometry study detected in
the TES proteome a total of 19 proteins [8] and 64 pro-
teins were identified in a subsequent study [9]. It has been
observed that these molecules, though rather diverse, were
involved mainly in modulation of hosts’ immune response
and evasion mechanisms, e.g., cytokine homologues or
cathepsins, respectively [8, 9]. In contrast to these studies,
whose authors aimed at identifying the full spectrum of
proteins in the TES, our goal was to use the mass spec-
trometry to identify only those molecules which elicit a
specific immune response and could thus serve as potential
recombinant antigens for improved routine serodiagnos-
tics. In line with previous studies [8. 9], we also identi-
fied protein Tc-TES-26. And, similar to Mohamad et al.
[20]. our study confirmed that this antigen prepared in a
recombinant form seems promising for serological diag-
nosis. Our results on immune response to the Tc-PDP and
Te-ASP proteins are not published yet: the latter (Tc-ASP)
was identified in the TES proteome by da Silva et al. [9]
but with no further characterization.

In short, similar to other studies [30-32], our data sug-
gest that the LC-MS/MS technology is a suitable instrument
for searching for antigen candidates. We selected proteins
as potential antigens not only for their antigenicity (Fig. 1),
but also for their low molecular weight (24-32 kDa) which
seem related to higher specificity [6]. Except for one selected
protein, this assumption was borne out by our results. In the
study, we observed a nonspecific reaction with human sera
in ELISA and WB only in the case of rTc-ASA (45-50 kDa).

We used pooled mouse sera to select potential antigens for
diagnosis of human patients. Our results indicate that the
Tc-ASA protein reacted more specifically with mouse sera
than with the human ones.

Three of the selected recombinant proteins (rTc-
TES-26. rTc-PDP, rTc-ASP) reacted specifically in WB
with the positive mouse sera (Fig. 3) and these results
correlated with TES data obtained by ELISA (Table 2).
Comparison of mice infected several times in predefined
intervals (L10 and L100) showed that serum from a mouse
infected only twice with 1,000 larvae (group L1000) had
a weaker immunological response on the blot (Fig. 3).
Although only one mouse serum from the L1000 group
was tested in our study. one could speculate in animals
which are repeatedly infected at regular intervals (groups
L10 and L100) over a long period of time, the immune
response is gradually stimulated and becomes more sig-
nificant; this is a development similar to what is described
in Novik et al. in their study [33].

The TES is broadly used in ELISA (with a possible sub-
sequent confirmation by WB) in serological tests aimed
at identification of seropositive and seronegative patients
in clinical diagnostics. Despite certain limitations, this
approach is also widely used as a routine screening method
[34]. Our results thus support the claim that the use of
recombinant antigens is important not only for standardiza-
tion of routine diagnostics but also for increasing its sensitiv-
ity and specificity [4, 6].

Similar as for the TES, antibodies from human LT-pos-
itive sera recognized rTc-TES-26, rTc-PDP and rTc-ASP
recombinant antigens in ELISA IgG (Table 2). WB analy-
ses were used as a confirmatory examination for all human
samples. Still, while in the mouse sera where the recombi-
nant antigens and TES correlated with the infected/control
groups in WB, human sera did not recognize the rTc-PDP
antigen at all. On the other hand, for the rTc-TES-26 and
rTc-ASP antigens we observed in the WB a positive reac-
tion in two out of seven seropositive sera (Fig. 3). This result
indicates confirmed positivity for both patients because the
WB tends to be more specific than ELISA. Compared to
the WB with mouse sera, we must bear in mind that the
mice were infected regularly with a high number of larvae
in one or several doses. In humans, who are accidental hosts,
one can assume that the infectious dose and larval burden is
significantly lower, which may result in a weaker or absent
reaction on the WB [34].

In mouse sera, the cutoff values helped us separate
the control or negative from the positive sera, whereas in
humans in general. seropositivity does not necessarily indi-
cate an infection. Because the TES are a complex of anti-
gens, many people may be falsely positive because patient
sera may react with antigens which are not specific only to 7.
canis but also other species of parasites [35]. In our climatic
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conditions and prevalent lifestyle. we believe that what we
observed was a nonspecific reaction of various antibodies
in patients’ serum caused by unknown diseases rather than
polyparasitism. Moreover, the only way to verify the infec-
tion directly is to find larvae in the tissue, which is obviously
unfeasible.

Last but not least, in connection with recent decline of
human parasitic diseases worldwide. including Central
Europe [36, 37]. it has been predicted that the number of
people suffering from larval toxocarosis will increase, espe-
cially in Europe and North America [38]. It is necessary
to work towards the discovery of new diagnostic markers
and their recognition. The aim of the present study was to
look for and test possible new antigens which would be
more specific in diagnostics of larval toxocarosis. Although
only mouse sera were used for the initial experiments, the
study shows that the selected antigens could be analogously
applicable in human serodiagnosis. In conclusion, our study
shows that the combination of methods and analyses we used
is a robust tool that can help in effective identification of new
Toxocara protein antigens.
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Abstract

Toxocara canis, a gastrointestinal parasite of canids, is also highly prevalent in many paratenic
hosts, such as mice and humans. As with many other helminths, the infection is associated
with immunomodulatory effects, which could affect other inflammatory conditions including
autoimmune and allergic diseases. Here, we investigated the effect of T, canis infection on the
course of experimental autoimmune encephalomyelitis (EAE), an animal model of multiple
sclerosis. Mice infected with 2 doses of 100 T. canis L3 larvae 5 weeks prior to EAE induction
(the Tc+EAE group) showed higher EAE clinical scores and greater weight loss compared to
the non-infected group with induced EAE (the EAE group). Elevated concentrations of all
measured serum cytokines (IL-1a, IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-y and TNF-a) were
observed in the Tc+EAE group compared to the EAE group. In the CNS, the similar number
of regulatory T cells (Tregs; CD4+FoxP3+Helios+) but their decreased proportion from total
CD4+ cells was found in the Tc+EAE group compared to the EAE group. This could indicate
that the group Tc+EAE harboured significantly more CD4+ T cells of non-Treg phenotype
within the affected CNS. Altogether, our results demonstrate that infection of mice with T.
canis worsens the course of subsequently induced EAE. Further studies are, therefore, urgently
needed to reveal the underlying pathological mechanisms and to investigate possible risks for
the human population, in which exposure to T. canis is frequent.

Introduction

Toxocara canis is a widespread parasite of canids and many paratenic hosts including humans
(Holland, 2017; Ma et al., 2018, 2020). These paratenic hosts become infected by accidental
ingestion of embryonated eggs containing infective third-stage larvae (L3) or by ingestion of
raw meat from infected hosts (Strube ef al., 2013). After infection of a paratenic host, L3 larvae
penetrate the small intestine mucosa and migrate through various tissues to the central ner-
vous system (CNS). Depending on the immune status of the paratenic host and the infection
dose, L3 larvae can damage the affected tissue, persist in them as arrested dormant stages
(Glickman and Schantz, 1981; Rubinsky-Elefant et al., 2010) and elicit host immune response.
In a mouse model of neural larva migrans (NLM, neurotoxocarosis) (Fan et al., 2015), somatic
migration of T. canis L3 larvae can be divided into 3 phases (Strube et al., 2020a) - acute, sub-
acute and chronic — and occurs in a biphasic pattern, with the first peak of brain migration
described at day 7 post infection (p.i.) and the second peak beginning at day 35 p.i.
(Janecek et al., 2014). The general trend is a continuous accumulation of L3 larvae in the
brain during infection (Strube et al, 2020a).

As with many other helminths, T. canis L3 larval infection has been associated with immu-
nomodulatory effects (Maizels and McSorley, 2016; Waindok and Strube, 2019; Loukas ef al.,
2021), which could possibly influence a number of inflammatory conditions, including auto-
immune and allergic diseases (Maizels, 2020; Loukas et al., 2021).

The immunomodulation induced by helminth antigens is often associated with Th2 polar-
ization, differentiation of macrophages towards the M2 phenotype or induction of regulatory T
cells (Tregs). All these pathways result in downregulation of Thl and Thi7 response and
decreased production of pro-inflammatory cytokines, establishing an anti-inflammatory/regu-
latory milieu. This state minimizes pathological sequelae and allows long-term survival of hel-
minths in the host (Maizels and McSorley, 2016; Smallwood et al., 2017; Maizels, 2020).

Due to their immunomodulatory potential, a number of helminths or their products have
been studied as a possible alternative to ameliorate the course of experimental autoimmune
encephalomyelitis (EAE), the rodent model of multiple sclerosis (MS) (Charabati et al.,
2020). Such helminth immunotherapy (HIT) could represent an experimental approach to
current immunomodulatory and immunosuppressive treatments (Dargahi et al, 2017;
Hauser et al.,, 2021) of human MS. Indeed, a wide variety of helminths and their products
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have been tested (Charabati et al., 2020). The vast majority of
studies reported a positive effect of HIT (remission of EAE), espe-
cially when infection or administration of the products was
prophylactic (ie. preceding EAE induction). There is a wide
range of the helminths and their products with positive effects,
e.g. Heligmosomoides polygyrus (Wilson et al, 2010;
Donskow-Lysoniewska et al., 2012, 2018; White et al, 2020),
Trichinella spiralis (Gruden-Movsesijan et al., 2010; Kuijk et al.,
2012; Sofronic-Milosavljevic et al., 2013; Radovic et al, 2015),
Trichinella pseudospiralis (Wu et al., 2010), Trichuris suis (Kuijk
et al., 2012), Schistosoma mansoni (La Flamme et al, 2003;
Sewell et al, 2003; Zhu et al, 2012), Schistosoma japonicum
(Zheng et al., 2008), Taenia crassiceps (Reyes et al., 2011; Peon
et al, 2017; Terrazas et al., 2017), Fasciola hepatica (Walsh
et al, 2009; Finlay et al, 2016; Lund et al, 2016),
Nippostrongylus brasiliensis (Tran et al., 2017). However, there
are also studies that show zero effect of HIT on the treatment
of EAE, e.g. the infection with the larvae of Strongyloides venezue-
lensis (Chiuso-Minicucci et al, 2011) or administration of
Acanthocheilonema  viteae-derived excretory-secretory protein
62 (Doonan et al., 2018). The only exception with a negative effect
on the course of EAE was the administration of recombinant
galectin 9 (rTl-gal) derived from Toxascaris leonina, which after
administration inhibits EAE remission (Bing et al., 2015).

Although it has been shown that the larvae of the worldwide
distributed T. canis can exhibit neurotropic activity in an abnor-
mal host, the significance of such parasite behaviour for the devel-
opment of various neuropathologies has not yet been elucidated
in detail. Therefore, we took the opportunity to study the issue
in a laboratory-standardized animal model of MS - in mice
with EAE - to investigate the effect of parasitic infection on the
development of neuropathological changes. This is of particular
interest as T. canis is a worldwide distributed neurotropic round-
worm affecting millions of people, but its impact on MS is
unknown.

Materials and methods
Animals

Female C57BL/6] (Charles River) mice, 5 weeks old, were housed
in a 12 hours light/dark cycle in the animal facility of the First
Faculty of Medicine, Charles University (Prague, Czechia). Prior
to the experiment, mice were left to acclimate for 2 weeks, Mice
were divided into 4 groups, each consisting of 12 animals (4
mice per cage). The first group consisted of control non-infected
mice (naive), the second group (T¢) consisted of animals that were
orally infected with 2x100 T canis L3 larvae on days 0 and 7 post
the first infection, in the third group (EAE) only EAE was
induced, and in the fourth group (Tc+EAE), mice were infected
similarly as the group Tc and EAE was induced in the same
way as in the group EAE (Fig. 1). The experimental design and
procedures were approved by the Ethical Committee of the First
Faculty of Medicine, Charles University and the Ministry of
Education, Youth and Sports (ID: MSMT-21527/2017-10, 10
August 2017). The experiments were performed in strict accord-
ance with institutional guidelines and national/EU animal welfare
laws and directives.

Toxocara canis infections

Adult females of T. canis were isolated from the feces of naturally
infected dogs in the dog shelters after antihelminthic treatment.
Egg isolation, embryonation, hatching and isolation of L3 larvae
were performed according to established protocols (Bowman
et al, 1987; Desavigny et al, 1979). Isolated L3 larvae were
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cultivated in vitro in RPMI 1640 medium (Biosera, NUAILLE,
France, cat. no. LM-R1639) containing 100 IU mL ™" penicillin and
100 ngmL ™" streptomycin (Sigma-Aldrich, Darmstadt, Germany,
cat. no. P4333) at 37°C and 5% CQO.. Prior to infections, L3 larvae
were centrifuged in 50 mL tubes at 600 g at 20°C for 5min,
washed 3 times with sterile phosphate-buffered saline (PBS) and
counted in 10 aliquots of 50uL. The L3 larval suspension was
then diluted with PBS to a concentration of 200 L3 larvae per mL
and mice were infected orally by drinking 100 L3 larvae resuspended
in 0.5 mL PBS; the reinfection was performed after 7 days., The
viability of L3 larvae was controlled visually under the microscope.
The success of the infection was confirmed by the determination of
specific serum IgG antibodies against T. canis excretory-secretory
antigens (TES) by ELISA according to Novék et al. (2017).

EAE induction

EAE was induced according to Bittner et al. (2014) on day 35 post
the first T. canis infection. Briefly, 200 ug myelin oligodendrocyte
glycoprotein-derived 35-55 amino acid peptide (MOG) in 200 L
in PBS and complete Freund’s adjuvant containing 1 mgmL™"
Mycobacterium  tuberculosis ~ (Sigma-Aldrich, — Darmstadt,
Germany, cat. no. F5881) were injected subcutaneously into 2 dif-
ferent sites on each hind flank, being followed by intraperitoneal
injection of 500 ng pertussis toxin (PT) in 200 uL PBS. After 48
hours, intraperitoneal injection of the same amount of PT was
repeated. The MOG was synthesized by solid-phase synthesis
(purity >96%) and was kindly donated by Dr. Ladislav Droz
and Dr. Véra Cernd (APIGENEX). The PT was kindly donated
by Professor Peter Sebo (Institute of Microbiology, Czech
Academy of Sciences).

Measurement of clinical symptom scores and weight loss

Starting on the day of EAE induction (d.e.i.), mice were weighed
daily and scored for clinical signs (CS) of EAE according to
Radovic et al. (2015): 0 = no CS; 1 = flaccid tail; 2 = hind limb par-
esis; 3 =complete bilateral hind limb paralysis often associated
with incontinence; and 4 =moribund state or death. Clinical
scores and normalized percentage weight changes were compared
for all groups. These data were pooled from 2 independent experi-
ments. Mice were observed 50 days after induction of EAE.

Serum sampling and leucocyte isolation from spleen,
mesenteric lymph nodes, brain and spinal cord

Serum and leucocytes from spleen, mesenteric lymph nodes
(MLN), brain and spinal cord (CNS) were taken from 14 to 50
d.e.i. in weekly intervals from 2 animals of each group. Because
all mice were already in the chronic phase of infection (ie. a
large proportion of larvae was already in the CNS), and because
no large differences or patterns were observed in the quantifica-
tion of individual cytokines, antibodies and cell populations, all
these data were treated as a single set for statistical processing
regardless of the date of collection.

Mice were narcotized, blood samples were taken by puncture
of the facial vein and serum was collected and kept frozen at
—80°C. The mice were perfused through the left heart ventricle
with sterile ice-cold PBS, and the spleen, MLN, brain and spinal
cord were extracted. The spleen was homogenized and strained
through a 70 um cell strainer (Sigma, Corning Cell Strainer 70
pm Nylon, cat. no. 431751), erythrocytes were lysed with lysis
buffer (BD Pharm Lyse, cat. no. 555899) and the samples were
washed twice with PBS followed by centrifugation at 200 g at
4°C for 10 min, and finally washed using the staining buffer
(eBioscience Flow Cytometry Staining Buffer, Massachusetts,
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Fig. 1. Experimental design: 48 mice were divided into 4 separate groups of 12: (i)

Naive - control non-infected mice; (i) 7c - animals that were infected with

100 T. canis L3 larvae on day 0 and reinfected on day 7; (iii) EAE - experimental autoimmune encephalomyelitis (EAE) was induced on day 35 post the first infection;
(iv) Tc+EAE - mice were infected in the same way as in group Tc and EAE was induced in the same way as in group EAE. Time data (days) showing when infections

and reinfections, EAE inductions and sampling were performed. EAE was induced by

subcutaneous injection MOG peptide in phosphate-buffered saline (PBS) and

complete Freund's adjuvant, followed by 2 intraperitoneal injections of pertussis toxin (PT). After EAE induction, clinical symptom scores were monitored and mice
were weighed. From day 14 after EAE induction, mice were sacrificed at weekly intervals and serum, spleen, mesenteric nodes, brain and spinal cord were collected
and used to (1) determine TES IgG-specific antibodies, (2) determine serum cytokine concentrations and (3) determine Tregs populations.

USA, cat. no. 00-4222-26). MLN lymphocytes were treated in the
same manner with the exception of erythrocyte lysis.

Brain and spinal cord were washed with sterile PBS and further
processed according to Pino and Cardona (2011). Briefly, the
brain and spinal cord were washed in PBS, homogenized, strained,
centrifuged and then mixed with isotonic Percoll solution (Percoll
Plus, Sigma Aldrich, cat. no. E0414) in Hank’s balanced salt solu-
tion (HBSS) (HBSS 10x, Biosera, NUAILLE, France, cat. no.
XC-52064/500) to give a Percoll concentration of 30%. This
material was carefully layered on top of Percoll 70% in HBSS in
the 50 mL Falcon tube and centrifuged at 500 g at 18°C for 30
min. After centrifugation, the myelin floating on the top was
removed, and the cells of interest floating in 30/70 interphase
were collected, washed twice with HBSS and finally in the staining
buffer. Identification of the Tregs population was performed using
eBioscience™ Mouse Regulatory T Cell Staining Kit #2
(eBioscience, Massachusetts, USA, cat. no. 88-8118-40) and
Helios staining using a PE-Cy7 labelled monoclonal antibody
[Exbio, Czech Republic, Mab to Helios (22F6) PE-Cy7, Cat. No.
T7-771-T100] according to the manufacturer’s instructions. The
labelled antibodies were used at the following quantities per 1 mil-
lion cells: CD4-FITC 0.25uL per test, CD25-PE 0.3 uL per test,
FoxP3-APC 2.5uL per test and Helios-PE-Cy7 2uL per test.
The final volume during staining was less than 50 uL. The samples
were acquired by BD FACS Canto II and analysed in FlowJo
(v. 10.7.1). A representative gating strategy is shown in
Supplementary Fig. 1.

Cytokine cytometric bead array

Serum concentrations of interleukin (IL)-4, 1L-10, IL-6, tumour
necrosis factor (TNF)-a, interferon (IFN)-y, IL-2 and IL-17A

https://doi.org/10.1017/50031182022001238 Published online by Cambridge University Press

were measured using the BD Cytometric Bead Array (CBA)
Mouse Th1/Th2/Th17 Cytokine Kit (BD, New Jersey, USA, cat.
no. 560485) and IL-1a using the CBA Mouse IL-1a Flex Set (BD,
New Jersey, USA, cat. no. 560157) with slight modification. The
lower CBA detection limits for the cytokines are as follows: IL-2:
0.1 pgmL™", IL-4: 0.03 pg mL™", IL-6: 1.4pgmL~", IFN-y: 0.5pg
mL™, TNF-az 09 pgmL™', TL-17A: 0.8 pgmL~", IL-10: 16.8pg
mL7, -l lpg mL~%, The upper limit of the calibration curve
is 5000 pg mL™" for all cytokines mentioned, except IL-1a, where
the upper limit is 2500 pg mL™". Prior to measurement, the beads
for IL-1ax detection were tested along with those for other cytokines
in the Th1/Th2/Th17 kit and the optimal serum dilution was deter-
mined based on the manufacturer’s protocol, previous experiments
and consultation with a BD application specialist. Briefly, the bead
mixture from both kits was prepared and distributed into tubes,
then diluted (1:9) serum samples were added and vortexed. The
detection reagent was then added, samples were vortexed and incu-
bated for 2 h at room temperature, protected from light. After incu-
bation, 1 mL wash buffer was added and tubes were centrifuged at
200 g for 5min. The supernatants were discarded and the pellets
were resuspended in 300uL of wash buffer. A calibration curve
was generated for each cytokine using the kit standards.
Fluorescence was measured using BD FACS Canto II (BD) and cyto-
kine concentrations were determined by comparison with the cali-
bration curve for each cytokine using the BD CBA software package.

Statistical analysis

Clinical scores and normalized body weights were examined by
2-way analysis of variance (ANOVA) for repeated measures
(mixed-effects model analysis) followed by Sidak’s  test.
Antibody and cytokine levels were assessed by the Kruskal-
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Wallis test followed by Dunn’s test. Flow cytometry data were
evaluated by ordinary 1-way ANOVA followed by Siddk’s test.
The normality of the residuals was checked by inspection of
Q-Q plots. Multiple comparison tests (Sidak’s or Dunn’s test)
were used to analyse the following group pairs: naive vs Tc,
naive vs EAE, Tc vs EAE, Tc vs Tc+EAE and EAE vs Tc+EAE.
All tests were performed by GraphPad Prism version 9.3.1
(GraphPad Software, San Diego, California, USA).

Results

Toxocara canis infection was confirmed by the presence of
TES-specific 1gG by ELISA

In both infected groups (Tc and Tc+EAE), infection with T. canis
13 larvae elicited a significant TES-specific IgG antibody response
(Fig. 2) compared to both non-infected groups (naive and EAE).
Although there were small differences between group T¢ and
group Tc+EAE, these differences were not statistically significant.

Toxocara canis infection worsened clinical symptoms of EAE
mice and exacerbated their weight loss

Occurrence of EAE symptoms was detected from 7 d.ei in
Tc+EAE and also in EAE; however, the main increase in scores
was observed from 14 d.ei. From 27 d.e.i. until the end of the
experiment, Te+EAE mice exhibited a significantly higher
(worse) clinical score compared to EAE mice (Fig. 3A). Of
note, 4 Te+EAE and 2 EAE mice died during the experiment
(Tc+EAE 20, 23, 24, 27 d.ei.,, EAE 29, 36 d.e.i). No symptoms
or mortality were recorded in naive and Tc mice.

Considerable weight loss was noticed in Te+EAE and EAE
mice starting 15 d.e.i. While the weight loss ceased in EAE
mice within 2 weeks, in Tc+EAE mice it remained decreased
until the end of the experiment, being significantly different

IgG TES

3.5+ kkk k% %k
[ 11 11 1
3.04
. 2.5
E ™ “
= 2.0 [°]
=
~ 1.5+ =]
S
1.0+
0.5
0.0- T
Naive Tc EAE Tc+
EAE

Fig. 2. Specific IgG antibodies against T. canis excretory-secretory antigen (IgG TES)
in mouse sera were measured by ELISA at optical density 450 nm. Individual data are
shown along with the group median, Kruskal-Wallis test followed by Dunn's test were
used to evaluate the differences between pre-selected groups (naive vs Tc, naive vs
EAE, Tc vs EAE, Tc vs Tc+EAE and EAE vs Te+EAE) (n =12 mice in naive and Tc groups,
n=10 mice in EAE group and n=8 mice in Tc+EAE group: 2 and 4 mice died during
the experiment in EAE and Tc+EAE groups, respectively). Significant differences are
indicated by asterisks (**P=0.01, "**P<0.001). Tc, Toxocara canis, EAE, experimental
autoimmune encephalomyelitis.
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from EAE mice from 26 d.ei. (Fig. 3B). No weight loss was
found in both control groups (naive and Tt).

Increased concentrations of all measured serum cytokines
were found in Tc+EAE mice

To determine the concentration of cytokines in serum, the CBA
method was used, which allows determining the concentration
of all cytokines in 1 sample at the same time. The concentrations
of all measured cytokines (IL-4, IL-10, IL-1a, IL-6, TNF-¢, IFN-y,
IL-2 and TL-17A) were significantly elevated in Tc+EAE mice
compared to EAE mice (Fig. 4). Tc mice had higher concentra-
tions of all measured cytokines than naive mice, but when com-
pared to EAE mice, a significant increase was found only for
IL-10, IL-1@, IL-6, IFN-y and IL-17A. Moreover, except for
IL-17A, Tc+EAE mice tended to show higher levels of all cyto-
kines compared with Tc mice (Fig. 4).

Tc+EAE mice exhibited increased infiltration of the CNS by CD4
+ T cells along with the reduced frequency of Tregs

The flow cytometry analysis revealed a decrease in the amount of
CD4+ T cells and CD4+FoxP3+Helios+ Tregs in the spleen and
MLN of EAE and Tc+EAE mice, but the frequency of Tregs
was not strikingly affected in the organs (Fig. 5A and B). On
the contrary, significantly more CD4+ T cells were recruited
into the CNS of Tc+EAE mice. While the amount of Tregs was
similar to EAE mice, their frequency was significantly lower
(Fig. 5C) suggesting that other CD4+ T cell subpopulations
were enriched in the CNS.

Discussion

Toxocara canis is a socioeconomically important zoonotic human
pathogen. A large percentage of the population has been infected
with T. canis (Strube et al., 2020b), which can have in some cases
serious health consequences. These include, e.g. granulomatous
hepatitis, myocarditis, nephritis, asthma, retinitis and vitritis,
which can result in blindness and other pathologies.
Neurodegenerative disorders associated with neurotoxocarosis
are also studied (e.g. seizure, schizophrenia, dementia and cogni-
tive deficits) (Ma et al., 2018). However, T. canis, like other hel-
minths, also possesses mechanisms that allow long-term
survival in the host, preventing pathological manifestations by
altering the immune reaction. This could result in concomitant
recovery from other pathologies associated with inflammation
(Ditgen et al., 2014; Maizels and McSorley, 2016; Loukas et al.,
2021). This study focused on the impact of a low T. canis larvae
infection dose on the course of EAE, and, in the discussion, on
the possible (positive) immunomodulatory potential of other
helminths.

Our results showed that T. canis infection 5 weeks before EAE
induction led to worsening of the clinical symptom score com-
pared to EAE mice without infection. Two doses of 100 L3 larvae
each were used for infection to minimize behavioural changes that
may be observed when infection with a high dose of larvae or eggs
is used (Holland and Cox, 2001; Hamilton et al., 2006; Janecek
et al., 2017; Strube et al., 2020a). The immune response to infec-
tion with 100 larvae was confirmed by detection of TES-specific
IgG according to a previous study (Novik et al, 2017). Even
with the infection by 2 small doses of 100 larvae each, we can
assume that in the chronic phase of the infection a part of the lar-
vae is already located in the CNS (Ollero et al., 2008; Fonseca
et al., 2017). Our data showed that the first symptoms of the dis-
ease appeared from day 7 after EAE induction, however, the onset
of the majority of symptoms was observed in EAE and Tc+EAE
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compared to the group with only induced EAE (group EAE). The differences between these groups were significant fram day 27 (clinical score) and from day 26
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IL-1a IL-6 TNF-a IFN-y
A 0 - - B e % we c 800 ese 006 e D 600 s & e
]
150 600 600 =
" H] 400
L
E E s E E .
100 o 400 400
2 2 . 2 ° 2
.
50 N 200+ 200
L &
© H
ol & oL A 0- m—g—éﬁ:\—
Naive Tc Mawe Tc EAE Tes Nave Tc EAE To+ Maive Tc EAE To+
EAE EAE EAE
IL-2 L7 IL-4 IL-10
E 120- wee 010 we G 600 eee 008 we H 6000 e e
e | /i i
. | .
80~ 4004
; : S
40 e |
|
|
[ . - - ol
Naive Tc EAE Ter Nave Tc EAE Tor Nave Tc EAE To+ Naive Tc EAE To+
EAE EAE EAE EAE

Fig. 4. Serum concentrations of IL-1a (A), IL-6 (B), TNF- (C), IFN-y (D), IL-2 (E), IL-17A (F), L4 (G) and IL-10 (H) as measured using the BD cytometric bead array
(CBA). Individual data are shown along with the group median, Kruskal-Wallis test followed by Dunn’s test were used to evaluate the differences between pre-
selected groups (naive vs Tc, naive vs EAE, Tc vs EAE, Tc vs Tc+EAE and EAE vs Tc+EAE). Group naive and Tc: n=12, group EAE: n=9, group TC+EAE: n=F6.
Significant differences are indicated by asterisks (*P<0.05, **P<0.01, **"P<0.001) or P values are shown. Tc, Toxocara canis, EAE, experimental autoimmune

encephalomyelitis.

https://doi.org/10.1017/500311

2022001238 Published online by Cambridge University Press

141



Farasitology

1725

CD4+ CD4+ FoxP3+ Helios+
500,000~ 50,000 100+
b d
1
400,000 i 40,000 80
o
4 +
W 2 300000 * 2 30,000 S 60+
w3 — 8 8
% < 200,000 03 3 20000 3 4 *
Q o = alm
100,000 10,000 20+ E q
0- 0 @ h ? T
Naive Tc EAE Tc+ MNaive Tc EAE To+
EAE EAE
B 400,000 30,000 100+
80+
300,000 * o
— 20,000~
z % ° £ g
200,000 3]
= 6 8 e 5 5 .
at ! " £
o T T T T
MNaive Tc EAE Tc+
EAE
C -
30,000 6000 100
*
% 80
20,000 L 4000 +
wn & a o 3 60
4 8 (] 8 [+
O 3 s 5 s
% - L] 40~
10,000 2000~ - #
o .
a ntp ® 20
3 fu
0 n— 0

Naive Tc EAE Tc+
EAE

Naive Tc

EAE Tc+
EAE

Fig. 5. CD4+ T cells and Treg cells (CD4+FoxP3+Helios+) were analysed by flow cytometry in spleen (A), mesenteric lymph node (MLN; B) and central nervous system
(CNS; C). Individual data are shown along with the group median, Kruskal-Wallis test followed by Dunn'’s test were used to evaluate the differences between pre-
selected groups (naive vs T, naive vs EAE, Tc vs EAE, Tc vs Tc+EAE and EAE vs Tc+EAE). Group naive: =6, group Tc: n=7, group EAE: n=8, group TC+EAE: n=T.
Significant differences are indicated by asterisks (*P<0.05, **P<0.01, ***P<0.001). Tc, Toxocara canis, EAE, experimental autoimmune encephalomyelitis.

mice from day 14. This is consistent with the previous studies
(Wu et al, 2010; Bittner et al, 2014; Bing et al, 2015;
Donskow-Lysoniewska ef al., 2018). Similarly, the first weight
reduction was noticed in Tc+EAE and EAE mice from day 17.
Higher clinical symptom scores and greater weight losses in
Tc+EAE compared to EAE mice were visible from day 23 after
induction of EAE, and from day 27 (symptom scores) and 26
(weight losses) were statistically significant until the end of the
experiment. Our data show that a negative effect of previous
infection on the course of EAE was recorded for both parameters
studied. This observation markedly contradicts most studies con-
ducted with various helminths or their products (reviewed by
Charabati et al., 2020). In this respect, our data are similar to
the results with rTl-gal derived from Toxascaris leonina (Bing
et al., 2015). Administration of the galectin resulted in worsening
of EAE symptoms, greater demyelination and increased inflam-
matory infiltration. Surprisingly, the same galectin attenuated

https://doi.org/10.1017/50031182022001238 Published online by Cambridge University Press

clinical symptoms of inflammatory bowel disease in mice (Kim
et al., 2010). The mechanism by which rTl-gal exacerbates EAE
has not yet been explained in detail. A possible explanation is
that treatment with rTl-gal leads to a strong, combined (Thl,
Th17, Th2, inflammatory and humoral) immune response to
MOG peptide, which may exacerbate the autoimmunity by
increasing the production of potentially pathogenic autoanti-
bodies against myelin (Genain et al, 1996; Ohtani et al, 2011;
Bing et al.,, 2015).

To better understand the mechanisms of worsening symptoms
and weight losses, we measured serum cytokine concentrations
using the CBA method. For all cytokines determined, significantly
increased levels were measured in Tc+EAE mice compared to
EAE mice. For Th2-associated (IL-4) and Treg-associated
(TL-10) cytokines, we measured significantly increased serum
concentrations in Tc+EAE mice compared to the EAE mice,
which is consistent with previous studies (Sewell et al, 2003;
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Gruden-Movsesijan et al, 2010; Wu et al, 2010
Donskow-Lysoniewska et al, 2012; Zhu ef al, 2012
Sofronic-Milosavljevic et al., 2013; Peon et al., 2017). However,
the positive immunomodulatory effect of IL-4 and IL-10 in
T. canis infections in our study is likely to be suppressed by the
action of Thl (TNF-a, IFN-y) and Th17 (IL-17, IL-6) cytokines
produced at elevated amounts as well. Our data showed that the
levels of all these cytokines were also significantly increased in
Te+EAE mice compared to the EAE mice. Increased concentra-
tions of Thl7-associated cytokines were similarly described in
EAE with subsequent infection with T. crassiceps (IL-17) (Reyes
et al, 2011) and H. polygyrus (IL-17, IL-6) (Donskow-
Lysoniewska et al., 2012). In contrast, infection or administration
of products of T. spiralis and T. crassiceps resulted in decreased
levels of IL-17 (Sofronic-Milosavljevic ef al, 2013; Radovic
et al, 2015; Peon et al, 2017) and IL-6 (Gruden-Movsesijan
et al, 2010). Our measurements of increased concentrations of
Thl-associated cytokines (TNF-& and IFN-y) also contrast with
the decreased concentrations of these cytokines after administra-
tion of T. crassiceps products (Reyes et al., 2011; Peon et al,, 2017)
or infection with S. mansoni (La Flamme et al., 2003). Thus, the
worsening of clinical symptoms and weight losses may be the
result of T. canis infection and its neuroinvasion, together with
the presence of anti-myelin pathogenic autoantibodies, and
increased concentrations of Thl- and Th17-associated cytokines.

Not surprisingly, we found low levels of serum cytokines in
naive mice and EAE mice. Some studies that have measured
serum cytokine levels have also measured low levels of cytokines
in the uninfected group with EAE (Donskow-Lysoniewska et al.,
2012) and low level of IL-4 and IFN-y (Zheng et al., 2008). On
the other hand, there are studies showing significantly increased
levels of all cytokines in EAE mice compared to the control
naive mice (Jahan-Abad et al., 2020). It was also not surprising
that we found higher levels of all cytokines in Tc mice compared
to naive and EAE mice. The detected cytokine concentrations in
Te mice were lower than in Tc+EAE mice; however, these differ-
ences were not statistically significant. This may suggest that the
infection with subsequent EAE leads to a further increase in cyto-
kine levels, corresponding to worsening of symptoms and weight
losses in Tc+EAE mice.

To further elucidate what is behind the worsening symptomatol-
ogy in Tc+EAE mice, we focused on the population of CD4+
and Treg cells in the spleen, MLN and CNS, and their role in
disease development. In the CNS, a significantly higher number
of CD4+ cells was found in Tc+EAE mice compared to the EAE
mice, and also compared to Tc mice. This would suggest that the
‘double hit' caused by T. canis neuroinvasion and subsequent
EAE led to infiltration of CD4+ cells into the CNS. However, a sur-
prise was the lower percentage of Tregs in the CD4+ cell population
in Te+EAE mice, suggesting the presence of non-Treg CD4+ cell
populations, such as Thl and Thl7, whose pro-inflammatory
effects may contribute to CNS damage and subsequent worsening
of the EAE course, consistent with the described symptomatology
in this group. Similarly, the milder symptomatology in EAE mice
may be due to a significantly higher proportion of Tregs in the
CD4+ cell population in the CNS, which may be explained by pro-
liferation of Tregs in response to the presence of autoantigen
(MOG peptide), which may subsequently reduce the ongoing auto-
immune processes. Higher quantity of CD4+ cells (and Tregs)
found in the spleen and MLN samples in naive and Tt mice com-
pared to both EAE and Tc+EAE mice could be explained by down-
regulation of CD4+ T cells and Tregs due to administration of PT
during EAE induction. These results suggest that the potential
immunomodulatory capacity of T. canis in Te+EAE mice is likely
reduced and overwhelmed by the consequences of neuroinvasion
of L3 larvae, and during subsequent induction of EAE, this
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combination causes worsening of symptomatology with increased
cytokine levels and infiltration of pro-inflammatory CD4+ cells.
However, this hypothesis needs to be experimentally tested.

Conclusion

The data presented here show a negative effect of T. canis
infection on the course of EAE, the mouse model of MS.
Specifically, we observed exacerbation of the clinical scores, pro-
longed weight losses and strikingly elevated serum levels of mul-
tiple cytokines, suggesting dysfunction of the immune regulation
in Tc+EAE mice. Additionally, these mice harboured significantly
more CD4+ T cells of non-Treg phenotype within the affected
CNS. Altogether, our results demonstrate that the infection of
mice with T. canis worsens the course of subsequently induced
EAE. Further studies are urgently needed to reveal the underlying
pathological mechanisms and to investigate possible risks for the
human population, in which the exposure to T. canis is frequent.
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