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ANOTACE

Mikrosporidie jsou obligatni jednobunééni intraceluldrni paraziti, jez maji
unikatni zptisob vstupu do hostitelskych bunék. Prvni mikrosporidii, kterd byla
nalezena u savcl, byl Encephalitozoon cuniculi, ktery ma Siroké hostitelské
spektrum, infikuje celou fadu hostitelskych bunék a je tak nalézan ve vétsSing tkani.
Pomoci experimentalni infekce riznych kmenti imunokompetentnich a
imunodeficitnich my$i byl sledovan pribéh akutni a chronické infekce zplisobené
riznymi genotypy mikrosporidie Encephalitozoon cuniculi s cilem osvétlit vznik
dosud opomijené latentni mikrosporidiézy u imunokompetentnich hostitela a jeji
rozsah. Déle byla pomoci experimentii s CD4 a CD8 knockout mySmi pfezkouména
role jednotlivych subpopulaci lymfocyti (CD4+ a CD8+) v protektivni imunité proti
E. cuniculi a zaroven u nich byla zjisténa uc¢innost 1é¢by albendazolem. Ziskana data
pfispéla k objasnéni potencidlniho nebezpeci latentnich mikrosporidiéz vyvolanych
E. cuniculi, ktera miize ptredstavovat riziko pro piijemce organi pochazejicich od
infikovanych darct.

Nedilnou soucéasti prace bylo studium transplacentarniho pfenosu
mikrosporidii z matky na plod, které pfineslo odpovédi na otazku rizik spojenych s

prenatalnimi infekcemi plodi u chronicky infikovanych matek.



ANNOTATION

Microsporidia are obligate, unicellular intracellular parasites that have a
unique way of entering the host cells. Encephalitozoon cuniculi was the first
microsporidia found in mammals. This parasite has a broad host spectrum, infects a
variety of host‘s cells and is found in most tissues of an infected individual. The
course of acute and chronic infections caused by various genotypes of
Encephalitozoon cuniculi was investigated by using different strains of mice. The
aim of this study was to clarify the origin and extent of neglected latent
microsporidiosis in immunocompetent hosts. Furthermore, the role of individual
lymphocyte subpopulations (CD4+ and CD8+) in protective immunity against
microsporidia was examined using CD4 and CD8 knockout mice experiments, and
also the efficacy of treatment with albendazole was studied. The obtained data help
to elucidate the potential danger of latent microsporidiosis, which may pose a risk to
recipients of organs from infected donors in human medicine.

A considerable part of this thesis was the study of transplacental transmission
of microsporidia from mother to a fetus, which answered the question about the risks

associated with prenatal infections of fetuses in chronically infected mothers.
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I. UVODNI LITERARNi PREHLED

1.1. Uvod

Mikrosporidie jsou obligatni vnitrobunécni paraziti schopni infikovat rizné
skupiny zivoc¢ichl. Jsou charakterizovany vytvaienim malych a ve vnéjSim prostiedi
odolnych spor, které obsahuji polovou trubici pomoci niz je infekéni sporoplazma
spory injikovana do hostitelské buiiky, ¢imz zacina zivotni cyklus téchto organizmil

Mikrosporidie to eukaryota majici jadro, déleni chromosomi a wvnitini
cytoplazmaticky membranovy systém. Naproti tomu postradaji Golgiho aparat,
centrioly, peroxizomy a mitochondrie, kter¢ jsou nahrazeny organelou
mitochondriim podobnou, zvanou mitozom (Williams a kol., 2002; Vavra, 2005).
Nicméné jejich zjevna jednoduchost je pouze sekundarni znak odvozeny od adaptace
na vnitrobunéény parazitizmus. Fylogenetické studie ukazaly, Zze mikrosporidie se
vyvinuly z pfedka, ktery mél mitochondrie, a jsou blizce ptibuzné houbam (James a
kol., 2006; Liu a kol., 2006; Corradi a Keeling, 2009).

Mikrosporidie byly poprvé popsany zhruba pied 150 lety, kdy byl
identifikovan organizmus, Nosema bombycis, ktery byl zodpovédny za zhoubné
onemocnéni housenek bource morusového (Nédgeli, 1857). Novodobé vyzkumy
ukazuji, ze mikrosporidie jsou vSudypfitomné a jsou nalézany v obratlovcich i
bezobratlych, stejn¢ jako u nékterych protist (Weiss a Becnell, 2014). Prvni popis
mikrosporidiové infekce u savcli byl v roce 1922 (Wright a Craighead, 1922) u
laboratornich kralikli s encefalitidou. Pivodce tohoto onemocnéni byl studovéan,
popsan a nasledné pojmenovan Encephalitozoon cuniculi (Levaditi a kol., 1923).
Tento nazev védci uzivali po fadu let. Vroce 1964 bylo navrzeno, aby se rod
Encephalitizoon ptejmenoval na Nosema, a to kvuli podobnosti s organizmy
nalezenymi v ¢lenovcich (Lianson a kol., 1964). Oznaceni Nosema cuniculi se
udrzelo az do roku 1971, kdy Shadduck a Pakes navrhli navraceni k pivodni
nomenklatufe (Shadduck a Pakes, 1971). Mikrosporidie rodu Encephalitozoon byly
nalézdny jako patogenni agens u Sirokého spektra laboratornich, domacich a
divokych zvirat, av§ak prvni nalez této mikrosporidie u ¢loveéka byl popsan az v roce
1959 (Matsubayashi a kol., 1959). V roce 1985 byl popsan ptipad pacienta s AIDS,
jez trpél profiznim prijmem. Plvodcem téchto potizi byla mikrosporidie rodu
Enterocytozoon, Enterocytozoon bieneusi (Desportes a kol., 1985). Se Sitenim viru

HIV (Human Immunodeficiency Virus) zpisobujici syndrom ziskané imunitni
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nedostate¢nosti (Acquired Immune Deficiency Syndrome, AIDS) v devadesatych
letech minulého stoleti se zvySoval i1 pocet zaznamenanych mikrosporidiovych
infekci zpiisobenych jak rodem Encephalitozoon, tak rodem Enterocytozoon. Mnoho
AIDS pacienti trpélo krom jiného 1 onemocnénim zplsobenym témito
mikrosporidiemi. Pozdéji byly nékteré druhy mikrosporidii zafazeny mezi oportunni
patogeny infikujici jedince se snizenou funkci imunitniho systému, zejména HIV-
infikované pacienty ¢i pacienty imunosuprimované potransplantatni nebo

protinddorovou terapii (Canning a Hollister, 1992).

1.2. Charakteristika mikrosporidii
1.2.1. Taxonomie

Kdyz Négeli popsal mikrosporidii N. bombycis, charakterizoval ji jako
kvasinkam-podobnou houbu a zatadil ji mezi Schizomycety (Néageli, 1857). OvSem
toto zafazeni bylo nasledujicich letech vyvraceno. Roku 1882, Edouard-Gérard
Balbiani zatadil Nosemu do nové vytvofené skupiny, kterou pojmenoval
Microsporidia, a zaclenil je do skupiny prvokili zvanych Sporozoa (Balbiani, 1882).
Tato skupina zahrnovala parazity, v jejichz Zivotnim cyklu bylo stddium spory; byly
zde napiiklad nektefi zastupci tfidy Apicomplexa (Alveolata), Haplosporidia
(Rhizaria) a ¢lenové podskupiny zndmé jako Cnidosporidie, do které pravé spadaly
mikrosporidie (Kudo, 1947). V éfe vyzkumu morfologie paraziti pomoci
elektronové mikroskopie bylo odhaleno, ze mikroskporidie nemaji spoustu znakd,
které jsou jinak bézné u eukaryotickych bun¢k. Jednalo se o absenci mitochondrii,
Golgiho aparatu, peroxizomu nebo bic¢iku a dalSich 9+2 mikrotubularnich struktur
(Vavra a Larsson, 1999). Navic bylo zjisténo, Ze ribozomy mikrosporidii sedimentuji
jako prokaryotické 70S, nikoli jako eukaryotické 80S (Curgy a kol., 1980). Jelikoz
absence mitochondrii byla shleddna u dalSich jinych eukaryot, zacalo se uvazovat o
tom, ze mikrosporidie jsou velmi starobylé eukaryotické organizmy, Archezoa
(Cavalier-Smith, 1983). Tato hypotéza méla zaklad v tvrzeni, Ze nckteré linie
eukaryotickych organizm se pii vyvoji oddélily jest¢ pied endosymbidzou
mitochondrii. Do podiiSe Archezoa byly zatfazeny Archamoeby, Metamonady,
Parabasalia a Mikrosporidie (Cavalier-Smith, 1987). Popsani genu malé¢ a velké
podjednotky rRNA (SSU a LSU rRNA) u mikrosporidie Variamorpha necatrix
poskytlo oporu hypotéze, ze mikrosporidie jsou starobylé eukaryotické organizmy

(Vossbrinck a kol., 1987). Analyzy isoleucyl aminoacyl-tRNA syntetazy,
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elongac¢niho faktoru la a elongacniho faktoru 2 podporovaly pozici mikrosporidii
uvniti eukaryot (Brown a Doolittle, 1995, 1999).

Prvni novy piistup k fazeni mikrosporidii ve fylogenetickém stromé piisel
s re-analyzou meiosy mikrosporidii, kdy se ukdzalo, ze ma vice podobnych znakt
s meidzou u hub (Flegel a Pasharawipas, 1995). Molekularné-fylogeneticka data
poskytly fadu silnych ditkazi o tom, Ze mikrosporidie jsou opravdu spisSe piibuzné
s houbami, a to bud’ jako bazalni vétev fiSe Fungi nebo jako sesterské skupina (Weiss
a kol., 1999; Keeling a kol., 2000; Capella-Gutierrez a kol., 2012). Analyza o-
tubulinu, B-tubulinu, glutamyl-tRNA syntetdzy, seryl-tRNA syntetazy, vakuolarni
podjednotky A vakuolarni ATPazy, proteinu vazajiciho guanosin trifosfat, genu heat
shock proteinu (HSP70), nejvétsi podjednotky RNA polymerazy II (RPB1) a
transkripéniho faktoru IIB demonstruje, Ze mikrosporidie nejsou primitivni
eukaryota, ale jsou ptibuzné s houbami (Edlind a kol., 1996; Keeling a Doolittle,
1996; Hirt a kol., 1997, 1999; Fast a kol., 1999; Keeling a kol., 2000; Arisue a kol.,
2002). Navic mikrosporididlni geny malé podjednotky rRNA postradaji vazebné
misto pro paromomycin, coz je opé podobnost s houbami (Edlind, 1998). Dale
mikrosporidiovy gen EF-1a m4 inserci, kterd se nachazi pouze u hub a zvitat, nikoliv
u prvokt (Edlind, 1998; Weiss a Vossbrinck, 1999; Weiss a kol., 1999).
V neposledni tad¢€, chitin obsazeny ve sténé spdry a zdsoba trehaldzy, jako hlavni
cukerné rezervy, potvrzuje ptibuznost s houbami a upeviiuje tak pozici mikrosporidii
(Undeen a Vander Meer, 1999; Weiss a Becnel, 2014).

Nyni jsou mikrosporidie pevné zakotveny uvnitf nadiiSe Opisthokonta a
specificky mezi houby - Fungi (Adl a kol., 2005, 2012). Podle poslednich poznatkt
jsou za nejbliz§i znadmé piibuzné mikrosporidii pokladani zastupci oddéleni
Cryptomycota (pfikladem je Rozella allomycis parazitujici chytridni houbu
Allomyces arbuscula), a paraziti zelenych fas a rozsivek znami jako Aphelidea
(James a kol., 2006). Ob¢ tyto skupiny spojuje s mikrosporidiemi jeden diilezity znak
— jsou to vnitrobunééni paraziti a vstupuji do buiiky hostitele pomoci takzvané

»injekéni trubice®.

1.2.2. Morfologie
Infekénim stddiem mikrosporidii je spora, jejiz velikost se pohybuje od 1 do

20 pm na délku. Jsou Gram pozitivni a velmi rezistentni vi¢i podminkdm vnéjsiho
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prostiedi. Jejich silna bunécnd sténa se sklada ze tii vrstev; vnéjsi proteinové vrstvy
zvané exospora, vnitini chitinové vrstvy zvané endospora a plazmatické membrany
uzavirajici infek¢ni sporoplazmu a ostatni organely (Canning a kol., 1986).

Spory mikrosporidii maji strukturu, kterd je v pfirod¢ zcela unikatni. Je jim
vystfelovaci aparat, pomoci kterého invaduji hostitelskou buitku. Tento aparat se
sklada ze ti1 Casti; polaroplastu, zadni vakuoly a dlouhé vldknité pdlové trubice).
Polaroplast je systém membranovych utvard, jez vytvaii lamely, vacky nebo tubuly
v pfedni ¢asti spory. Zadni vakuola leZi na opacné strané¢ nez polaroplast a je
produktem Golgiho vacki. Polova trubice je dutd a na prednim konci spory je
pfipevnénad zevnitf k endospofe pomoci kotvicitho disku v misté jejiho ztenceni.
Odtud poté trubice sestupuje sttedem spory a staci se v zavitech v jeji stfedni a zadni
¢asti. Délka polové trubice se pohybuje v rozmezi od 50-500 um a jeji usporadani a
pocet zaviti je druhové specifické (Vavra, 1976). Struktura trubice se sklada
z n€kolika vrstev, jejichz vyznam je dosud nejasny.

Infekce zacina kli¢enim spory, kdy zménou pH, osmotického tlaku nebo
iontovych pomért dojde k bobtnani polaroplastu a zadni vakuoly a tim k nartstu
tlaku uvnitt spory (Vavra, 1963; Keohane a Weiss, 1998). Tomuto kroku ovSem jesté
predchazi dekompartmentace organel, $tépeni disacharadidu trehalosy na glukézu
pomoci enzymu trehaldza, a nasledné vniknuti vody dovniti spory pies aquaporiny
¢imz dojde ke zvySeni tlaku uvnitt spory (Undeen a kol., 1987). N&kdy zadni
vakuola slouZzi jako peroxisom obsahujici katalazu a acetyl-CoA oxiddzu a oxidaci
mastnych kyselin v zadni vakuole se vytvoii potfebna energie pro kliceni (Findley a
kol., 2005). Polova trubice vystieli z pfedni Casti spory a piitom se pfevraci naruby.
Po rozvinuti v plné délce se za¢ne zvétSovat zadni vakuola, a ta vytla¢i vystielenou
polovou trubici obsah spory ven, potazmo do hostitelské buiiky. Material
polaroplastu, ktery je rovnéz vytlaten ze spory, se nejspiSe podili na vytvoreni
plasmatické membrany sporoplasmy. Cely tento proces trva piiblizné¢ pouhé 2
sekundy. Smér vystieleni je vSak vice méné ndhodny a Casto tak sviij cil mine.
Mikrosporidie tak kvalitu pfenosu nahrazuji kvantitou spor.

Ackoli mikrosporidie maji mnoho znakii prokaryot, jejich jadro je typicky
eukaryotické; je ohrani¢eno dvojitou membranou s pory. Jadérko je vidét ziidka,
pouze je-li mikrosporidie ve stddiu tvorby spory (Vavra, 1976). Nékdy se jadro
mikrosporidii vyskytuje jako diplokaryon, tzn., Ze dvé jadra jsou v tésném kontaktu.

Ob¢ jadra diplokaryonu jsou strukturné identickd a béhem bunécného cyklu se
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chovaji synchronné. Kazdé jadro ma svou vlastni membranu a v misté styku jsou
zplostéla a bez porta (Vavra, 1976). Nekteré druhy mikrosporidii jsou diplokaryotické
pouze v urité¢ fazi vyvoje (meronti u rodu Enterocytozoon), jiné maji diplokaryon
v pribéhu celého vyvojového cyklu (Nosema spp.), jiné zase obsahuji pouze
monokaryont ve vsech fazich vyvojového cyklu (rod Encephalitozoon) (Canning,
1988).

Naproti tomu mikrosporidialni ribozomy jsou prokaryotniho typu (70S)
s podjednotkami 50S a 30S. Zaroveil postradaji 5.8S rRNA a stejné jako prokaryota
maji oblast korespondujici s ¢asti 5.8S rRNA ve velké podjednotce (Vavra a Lukes,
2013). V casnych vyvojovych fazich jsou ribozomy volné roztrousené v cytoplasmé,
ale s pokracujici merogonialni a sporogonialni fazi se ribozomy ptipojuji k lamelam
endoplasmatického retikula. V mladych sporach je jiz vétSina ribozomi pfipojena
k endoplasmatickému retikulu a tvofi tzv. polyribozomy.

Chyb¢jici mitochondrie jsou u mikrosporidii nahrazeny mitosomy, coz jsou
vlastné redukované mitochondridlni zbytky, jez vypadaji jako malé vacky s dvojitou
membranou tvotici malé shluky o 3 az 6 jednotkach (Williams a kol., 2002).

Mikrosporidie jsou metabolicky zcela zavislé na hostiteli. Maji ptiblizn€ 2000
genu, ale ztratily geny pro syntézu primarnich metabolit a tak vétSinu ATP Cerpaji
z hostitelské bunky. Naproti tomu geny, které vytvareji transportni proteiny, jsou
vice nez nadpocetné. Kompaktnost genomu je déna ztratou nebo zkrdcenim genil a
genovych spacerti. Nekteré mikrosporidie dosly v této redukci az tak daleko, ze
jejich  genom je povazovan za minimalni eukaryoticky genom. Napf.
Encephalitozoon cuniculi ma genom o velikosti 2,9 Mbp (Mega base pairs — mega
part bazi) v 11 chromosomech (pojmenovany I az XI), coz je dokonce mensi nez

bézné genomy bakterii (Escherichia coli ma 4,6 Mbp; Katinka a kol., 2001).

1.2.3. Zivotni cyklus

Jakmile se sporoplazma dostane do cytoplazmy hostitelské bunky, zapocne
proces proliferace (merogonie) uvniti parazitoforni vakuoly, jako v pfipadé
mikrosporidii rodu Encephalitozoon, nebo v pfimém kontaktu s cytoplasmou
hostitelsk¢ bunky (naptiklad u rodu Enterocytozoon). Uvniti hostitelské bunky
sporoplasma prochazi rozsdhlym dé¢lenim bud® merogonii (bindrni dé€leni, rod
Encephalitozoon), nebo schizogonii (mnohonasobny déleni, rod Amblyospora). Jak

sporoplasma roste, méni se ve stadium zvané meront.
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Merogonii nebo schizogonii vznikaji meronty, coz jsou kulaté bunky
obklopené jednoduchou membrédnou. Obsahuji velké jadro, madalo vyvinuté
endoplasmatické retikulum a spoustu ribozoml pfipojenych k vezikulim
endoplasmatického retikula nebo k jaderné membrané (Canning a kol.,, 1986).
Meronty prodé€lavaji opakované déleni, pfi¢emz jaderné déleni se déje bez déleni
bunééného, z ¢ehoZz vzniknou mnohojaderné plasmodidlni formy bunck a postupné
tak zaplnuji hostitelskou burku.

Z merontl se postupné vyvinou sporonty, jez jsou charakterizované elektron-
denzni sténou na povrchu, zvySenym mnozstvim ribozoml a endoplazmatického
retikula a jejich reorganizaci; endoplasmatické retikulum je vice usporadané a cetné
ribozomy pifipojené na endoplasmatické retikulum vytvaii ttvary zvané
polyribozomy (Vavra a Larsson, 1999). Tyto organely rovnéZ projdou binarnim nebo
mnohonasobnym délenim a rozdéli se do sporoblastl, ze kterych se v kone¢né fazi
vyvinou jednotlivé zralé spory.

Na konci proliferativni faze je cytoplazma hostitelské bunky zcela vyplnéna
sporami, které jsou po prasknuti bunééné membrany uvolnény do okolniho prostiedi
hostitelské buiiky a mohou tak infikovat dal$i buiiky a zivotni cyklus se opakuje.

Takto popsany zivotni cyklus se cely odehrava v jednom hostiteli — to se tyka
predev§im savCich mikrosporidii napiiklad rodu FEncephalitozoon. Neékteré
zahrnujici vice neZ jednu generaci parazita majici rozdilnou morfologii. VétSinou se
jednéd o druhy napadajici planktonni koryse (buchanky a perloocky). Experimenty
bylo zjisténo, Ze tyto korySe nelze nakazit sporami pro né specifickych mikrosporidii,
coz naznaCuje, ze zde musi byt néjaky dalsi hostitel ¢i mezihostitel,

nejpravdépodobnéji 1étajici hmyz (Vavra, 2005).

1.3. Encephalitozoon cuniculi

Encephalitozoon cuniculi se typicky vyviji uvnitf parazitoforni vakuoly
vytvotrené z endoplazmatického retikula hostitelské buiiky (Bohne a kol., 2011). Jak
parazit roste a dé€li se, parazitoforni vakuola postupné zaplni vétSinu prostoru
v bunice. VSechna vyvojova stadia maji béhem celého vyvojového cyklu jednoduché
jadro. Meronti jsou obvykle adherovani k membrané vakuoly a déli se opakovanym
bindrnim délenim. Vzhledem k tomu, Ze cytokineze nenastava okamzité¢ po kazdém

déleni cytoplazmy merontu, vznikaji malé fetizky merontd (Weidner, 1976).
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Sporonti se nachézeji v centru vakuoly a maji vyvinutou silnou povrchovou vrstvu
zvanou plasmalema, z niz se poté vytvoii exospora spor. Délenim sporontli vznikaji
sporoblasty, které se poté vyvinou ve spory. Zralé spory obsahuji jedno jadro a jejich
velikost se pohybuje od 2,0 do 2,5 pm na délku a 1,0 az 1,5 um na Sitku. Pdélova
trubice uvnitf spory ma pét az sedm otacek vjedné fadé (pocet otacek
pravdépodobné koresponduje s vyzralosti spory), a obsahuji jedno jadro (Sprague a
Vernick, 1971; Canning, 1993). Ne¢které spory pii uvolilovani z parazitoforni
vakuoly ihned vystteli polovou trubici, takZze dochazi k efektivnimu pienosu parazita
uvniti tkdné (Wittner a Weiss, 1999).

Pied zjisténim, ze mikrosporidie jsou puvodci oportunnich infekci béhem
prvnich let pandemie AIDS v 80. letech, byly infekce zplisobené E. cuniculi nalézany
predev§im u zvitat (Snowden a kol., 1998; Didier a kol., 2000). Jak jiZ bylo fe¢eno
vyse, E. cuniculi byl prvné identifikovand v mozku, mise a ledvinach krélika
s motorickou paralyzou (Wright a Craighead, 1922). Poté byl E. cuniculi nalézan
u Sirokého spektra savcil véetné ¢lovéka (Canning a kol., 1986; Canning a Hollister,
1992). Encephalitozoon cuniculi je také prvni mikrosporidii tispé$né pfevedenou ze
savce do bunécné kultury (Shadduck, 1969), coz umoznilo dal$i vyzkum tohoto
parazita jak in vitro, tak in vivo. Dal§imi izolaty E. cuniculi, které byly tspé$né
pirevedeny do bunécné kultury, byly ze psa (Shadduck a kol.,1978; Botha a kol.,
1979), laboratorni mysi (Vavra a kol., 1972) a kralika (Cox a Pye, 1975). Na zéklad¢
ultrastrukturdlnich a barvicich metod se predpokladalo, ze rGzné izolaty E. cuniculi
jsou identické (Montrey a kol., 1973; Pakes a kol., 1975; Shadduck a kol., 1979).
Nicméné¢ Weiser se domnival, ze musi existovat nékolik genotypl E. cuniculi.
Zékladem této domnénky byly rozdilné 1éze a distribuce parazita v téle hostitele u
ptirozenych infekei pst, kralikti a mysi (Weiser, 1964, 1965).

Teprve na zaklad¢ molekularnich rozdilti zalozenych na poctu opakovani 5°-
GTTT-3° sekvence ve vnitinim piepisovatelném mezerniku (Internal Transcribed
Spacer, ITS) rRNA byly popsany ctyti genotypy E. cuniculi (Didier a kol., 1995b).
Genotyp izolovany zkralika byl oznaCen I a mé 3 opakovani dané sekvence.
Genotyp II majici dvé opakovani pochazi z mysi a pozd¢ji byl nalezen v norskych
polarnich liskach (Alopes lagopus) (Mathis a kol., 1996; Akerstedt a kol., 2002).
Genotyp III obsahuje Ctyii opakovani, byl plvodné popsdn u domacich pst
(Shadduck a kol., 1978) a brzy poté u lidi a u primat (Didier a kol., 1995b; Juan-
Salles a kol., 2006). A genotyp IV, ktery byl detekovan u pacienta po transplantaci
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ledviny ma pét opakovani GTTT sekvecne v ITS regionu (Talabani a kol., 2010).
Tyto genotypy nejsou ptisné hostitelsky specifické. Prvni tfi uvedené genotypy E.
cuniculi byly nalezeny jak u zvirat, tak i u lidi, coz ukazuje na potencialni zoonoticky
a antroponoticky pfenos téchto mikrosporidii (Didier a kol., 2000).

Vétsina z toho, co je zndmo o biologii savéi mikrosporididzy je primarné
zaloZeno nastudiu mikrosporidie E. cuniculi genotyp II, ktera je hojn€ vyuZzivana pro
experimentalni infekce, a vysSe uvedené charakteristiky vyplyvaji pfedevsim ze studia
tohoto genotypu. Encephalitozoon cuniculi genotype III je relativné nedavno
“objeveny” genotyp této mikrosporidie a od E. cuniculi 11 se 1i§i predevsim
hostitelskou specifitou, parazitarni distribuci a zatézi, a pribéhem infekce.
Nasledujici kapitola je vénovana vyctu a kratkému popisu infekei zptusobenych E.

cuniculi 111

1.3.1. Encephalitozoon cuniculi 111

Jak jiz bylo feceno vySe, Encephalitozoon cuniculi genotyp I1I, oznaCovany
téz jako ,,psi“ genotyp, byl pivodné izolovan z domacich psii (Shadduck a kol.,
1978). Typické pro n€ho jsou 4 opakovani sekvence 5’-GTTT-3’ v oblasti ITS rRNA
(Didier a kol., 1995b; Xiao a kol., 2001).

Na rozdil od E. cuniculi genotyp II, ktery byl diagnostikovan u mnoha druht
hostiteltl, E. cuniculi genotyp III byl identifikovan pouze u pestrusky pisecné,
kralikt, ptakd, prasat, pst, polarnich lisek, snézného leoparda, tamarind a kotuld, a
v neposledni fadé také u Cloveka (Cutlip a Beall, 1989; Reetz a kol., 2004, 2009;
Asakura a kol., 2006; Juan-Sallés a kol., 2006; Kasickova a kol., 2009; Snowden a
kol., 2009; Valencakova a kol., 2011; Hocevar a kol., 2014; Hofmannova a kol.,
2014; Meng a kol., 2014; Scurrell a kol., 2015). Zatimco prasata a ptaci nevykazovali
klinické ptiznaky infekce, u pst bylo popsano mnozstvi klinickych symptomu vcetné
slepoty, nefritidy a neurologickych poruch (Botha a kol., 1986; Snowden a kol.,
2009). Také v koloniich tamarin z evropskych Zoo byly hlaSeny vysoké cetnosti
umrti mlad’at zpsobené infekci E. cumiculi genotypu III (Guscetti a kol., 2003;
Reetz a kol., 2004). Stejné tak byla popsdna letdlni encephalitozoon6za u skupiny
hlodavct, pestrusky pisecné (Lagurus lagurus). V tomto piipadé vSak byly postizeni
dospélci stejné tak jako juvenilni jedinci (Hofmannova a kol., 2014). Naproti tomu,
experimentalni infekce opic isolatem E. cuniculi genotyp III, jez byl ziskdn ze pst

nebo kraliki, nevyvolala akutni infekci, nybrz chronickou asymptomatickou infekci
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(van Dellen a kol., 1989; Didier a kol., 1994). Tento fakt ukazuje na to, ze rozdily
v prib¢hu infekce zpisobené genotypem III nezalezi pouze na imunologickém stavu
hostitele, jak bylo také uspésné dokdzano na mysim modelu (Kotkova a kol., 2013,
2017). Mnoho dalsich faktorG jako je genotyp mikrosporidie, v€k hostitele nebo

zpisob infekce miize ovlivnit pribéh a dopad infekce na hostitelsky organizmus.

1.4. Diagnostika mikrosporidii

Diagnostika mikrosporidii je bud’ pifim4, =zaloZend na demonstraci
mikrosporidiadlnich spor nebo mikrosporididlni DNA v biologickych vzorcich
(stolice, moc, histologické preparaty, apod.), nebo nepiima, zaloZzena na stanoveni

specifickych protilatek v krvi.

1.4.1. Transmisni elektronova mikroskopie

Jak znamo, vSechny mikrosporidie vytvareji spory odolné vnéjSimu prostredi.
Zlatym standardem pro diagnézu mikrosporidiozy, respektive mikrosporidialnich
spor, zustava transmisni elektronova mikroskopie (TEM), pomoci které muzeme
vizualizovat po6lovou trubici a dal§$i kmenov€ nebo druhové specifické
ultrastrukturdlni charakteristiky (Orenstein a kol., 1992). Avsak z divodu casové
naro¢nosti a nutnosti drahého vybaveni a kvalifikace pracovnikii laboratoie pro
zpracovani vysetfovaného materidlu nebyva TEM prvni volbou pfi vySetfovani piicin

onemocnéni (Franzen a Miiller, 1999; Weber a kol., 2000).

1.4.2. Barvici metody

Nejvice rozSifenou a nejlépe pouzitelnou metodou pro stanoveni spor
mikrosporidii je pouziti svételného mikroskopu. OvSem spory meii od 1 do 20 pm a
nejsou dostateéné barveny béznymi barvicimi technikami (Giemsa, Gramovo barveni
nebo hematoxylin-eosin) pouZivanymi v parazitologickych a patologickych
laboratofich. Pti nizkém poctu paraziti ve vzorku nemusi vibec dojit k jejich
zachyceni. Proto mikroskopickd vizualizace tohoto parazita vyZzaduje specialni
barvici metody a adekvatni mikroskopickou techniku (ptfedevsim fluorescencni
mikroskop). Tyto metody zahrnuji barveni histologickych preparatii, vzorki stolice,

moci €i jinych télnich tekutin.
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Modifikované metody barveni trichromem (Weber-Green nebo Ryan-Blue)
jsou zaloZeny na skuteCnosti, Ze barva prochazi do spory velmi obtizné. Proto se
pouziva vétsi koncentrace chromotropu 2R a doba barveni je mnohem del$i nez u
béZznych barvicich metod (Garcia, 2002). Sténa spor ziskd barvu od rtzové po
fialovou, ale wvnitftek spory zlstavd neobarveny, piipadné se miize objevit
horizontalni nebo diagonalni pruh, ktery pfedstavuje pdlovou trubici (Garcia, 2002).

Chemofluorescentni barviva Calcofluoru White M2R, Uvitex 2B nebo
Fungifluour (Franzen a Miiller, 1999, 2001), se vazi na chitin, jeZ je soucasti stény
spory, a spory se poté ve fluorescencnim mikroskopu jevi jako bilé nebo tyrkysové
pti pouziti excitacniho filtru 350-440 nm. OvSem kvasinky také obsahuji chitin a
barveni s chemofluorescentnimi barvickami mize vést k faleSné pozitivnim
vysledklim, ptfedevS§im ve vzorcich trusu a stolice. Proto se doporucuje pouZivat
chemofluorescentni barveni spolu s tradi¢nimi histologickymi barvenimi (barveni
modifikovanym trichromem) pro ziskani lepsi senzitivity a specificity vySetfeni
(Weber a kol., 1992). Spory mikrosporidii se tak barvi rizové proti modrému nebo
zelenému pozadi a lze v nich pozorovat zadni vakuolu, jez se barvi svétlejSim
odstinem rtzové a centralni ¢ast odpovidajici polové trubici je naopak tmavsi, coz je
jasny ukazatel pro odliSeni mikrosporidii od kvasinek.

Ackoli jsou tyto metody mnohem vhodnéj$i pro detekci mikrosporidii ze
vzorku té€lnich tekutin a tkani nez TEM, rozliSeni rodu nebo druhu neni timto

vySetfenim mozZné.

1.4.3. Stanoveni antigenu

Dalsim zplisobem diagnostiky spor a zarovenn druhové urceni mikrosporidii
muze byt rovné€z provedeno pomoci nepiimé imunofluorescence (Accoceberry a kol.,
1999; Sheoran a kol., 2005). Principem metody je navdzani monoklondlnich nebo
polyklonalnich protilatek na antigen (povrchové struktury mikrosporidii). Jejich
vizualizace je provedena dalsi inkubaci se sekundarnimi protilatkami znaCenymi
fluorochromy. Monoklonélni protilatky (protilatky ziskané z bunééné kultury) jsou
druhové specifické proti proteinlim ve stén¢ spor a proteinim poélova trubice parazita
(Beckers a kol., 1996), a v soucasné dob¢ jsou dodavané ve forme laboratornich kitt.
Naproti tomu polyklonalni protilatky (protilatky izolované ze séra imunizovaného
zvitete, jsou zacilené proti riznym epitoplim, a pravdépodobné obsahuji dalsi,

nespecifické protilatky, a proti E. hellem, E. cuniculi a E. intestinalis vykazuji
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imunologicky zkiizenou reaktivitu (Aldras a kol., 1994; Ombrouck a kol., 1995).
Navic, tato technika zobrazovani spor v biologickém materialu je ze vSech nejméné
citlivad. Didierova a kol. (1995a) srovnavala chromotropni barveni, barveni pomoci
Calcofluoru a detekci polyklondlnimi  protilatkami. Metoda stanoveni
mikrosporidialnich spor ve vzorcich stolice, mo¢i a duodendlni tekutiny pomoci

nepfimé imunofluorescence byla nejméné senzitivni.

1.4.4. Molekulirni metody

Molekularni diagnostika je stile vice vyuzivana, protoze dovoluje detekci
velmi malého mnoZstvi spor (prahova hodnota je 10? spor/g fekalniho materialu)
nebo jiného stadia parazita, které by nebylo mozné stanovit pomoci mikroskopu (cut
off pro mikroskopii je 10* az 10° spor na gram vzorku).

V PCR se cilovd DNA patogena vaze specidlné navrzenym setem primerQ a
opakované se kopiruje v pfitomnosti nukleotidii a termostabilniho polymerazového
enzymu. Vysledkem je obrovské mnozstvi kopii pivodni sekvence DNA
(amplikony). Téchto amplikont se dale vyuziva pro stanoveni potfadi nukleotidl v
konkrétnim tUseku DNA, vytvareni fylogenetickych stromid nebo k analyze
jednotlivych genti.

Pro detekci a druhové urCeni mikrosporidii se nejCastéji pouzivaji
fylogeneticky konzervované primery amplifikujicich malou podjednotku rRNA,
velkou podjednotku rRNA a ITS region. Tyto lokusy pfedstavuji nejcastéji
pouzivany cil PCR, ponévadz na rozdilech v jejich sekvenci je zalozeno rozliSeni
jednotlivych genotypl v ramci rodu Encephalitozoon (Weiss a Vossbrinck, 1999).
Nekteré publikace popisuji detekci mikrosporidii pomoci real-time PCR (RT-PCR)
(Wolk a kol., 2002; Menotti a kol., 2003a,b; Verweij a kol., 2007). RT-PCR detekuje
zvySovani poctu amplikond v redlném case bud’ pomoci interakce s fluorescentni
barvickou nebo fluorescencné znacenou probou. RT-PCR je jednokorova analyza,
jez nevyzaduje dalsi postamplifikacni procesy, coz snizuje riziko kontaminace, které

je mnohem vyssi u nested PCR (Monis a Giglio, 2006).
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1.4.5. Stanoveni protilatek

Serologické testy jako jsou ELISA (enzyme-linked immunosorbent assay),
Western Blot nebo IFA (indirect immunofluorescence assay) umoznuji detekovat
cirkulujici protilatky v téle hostitele a patii mezi tzv. testy nepiimé (nestanovuje se
patogen jako takovy, ale imunitni odpovéd hostitelského organizmu). V soucasné
dobé se tato metoda nedoporuCuje pouzivat pro diagnostiku mikrosporidiovych
infekci z divodu variabilni exprese protilatek u imunokompetentnich jedinci,
neschopnosti rozli§it mezi akutni (IgM protilatky) a prodélanou infekci (IgG
protilatky) (Bergquist a kol., 1984), vysoké prevalence anti-mikrosporididlnich
protilatek ve zjevné zdravé, imunokompetentni populaci (van Gool a kol., 1997; Sak
a kol., 2010), a kvali zkfizené reaktivité protilatek mezi riznymi druhy mikrosporidii
(Aldras a kol., 1994; Didier a kol., 1995a). Nicméné, tyto serologické analyzy mohou
byt uzitetné pro diagnézu subklinickych infekci potencidlnich darci orgénd nebo
pacientd, ktefi mohou byt vystaveni riziku reaktivace infekce po imunosupresi. Tato
metoda také neni vhodnad pro vySetfovani imunodeficitnich jedincl, protoze maji
sniZzenou nebo nespecifickou protilatkovou odpovéd (Weber a kol., 2000; Garcia,

2002).

1.5. Pfenos mikrosporidii

Mikrosporidie maji celosvétové rozsifeni a mohou byt nalezeny u téméf
kazdého zivocisného druhu. Z celkového poctu ptes 1300 druhtt mikrosporidii
klasifikovanych v kmenu Microsporidia, jsou mikrosporidie nejcastéji popisovany
jako ptivodci onemocnéni u hmyzu, ptaki a ryb. U 17 druhii je znamo, ze zptsobuji
infekce Cloveka (Franzen a Miiller, 2001; Didier, 2005; Fayer a Santin-Duran, 2014).

Diivéjsi znalosti o lidské mikrosporididze a jeji epidemiologii byly omezené
z divodu obtizné identifikace malych spor svételnou mikroskopii. Prvni lidské
infekce zacaly byt popisovany jako sporadické reporty ve dvacatych letech
dvacatého minulého stoleti. Pravdépodobné uplné prvnim zaznamenanym piipadem
lidské mikrosporidiové infece bylo nalez agens oznaceného jako Encephalitozoon
chagasi u novorozenéte (Torres, 1927). VétSina autorti jako prvni piipad lidské
mikrosporididzy cituji ptipad chlapce, ktery trpél kfecemi a byl u néj diagnostikovan
Encephalitozoon sp. (Matsubayashi a kol., 1959). Sporadické ptipady vyskytu
lidskych mikrosporidiéz byly detekovany az do vypuknuti pandemie AIDS. Zajem o
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mikrosporidie vzrostl, kdyz byl v enterocytech AIDS pacienta nalezen do té doby
nepopsany Enterocytozoon bieneusi (Desportes a kol., 1985) a v kosternim svalstvu
dalSiho pacienta s AIDS byl nalezen neznamy druh mikrosporidie (Ledford a kol.,
1985). Studium téchto a jim podobnych piipadi pomohlo ziskat informace o
epidemiologii mikrosporidii, coz se dale odrazelo v 1écebnych postupech a politice
vefejného zdravi.

VétsSina mikrosporidiovych infekci je disledkem fekalné-oralniho ptenosu
spor, VvétSinou zpisobeny pozienim kontaminovaného jidla nebo vody od
infikovanych zvitat nebo lidi (Didier a Weiss, 2011). Lidské patogenni mikrosporidie
jako E. bieneusi, E. intestinalis, E. cuniculi, E. hellem a Vittaforma corneae byly
detekovany v odpadnich vodach, zavlazovaci i pitné vodé (Dowd a kol., 1998;
Thurston-Enriquez a kol., 2002; Coupe a kol., 2006). Relativné¢ malo studii bylo
provedeno na piitomnost mikrosporidii v jidle (Calvo a kol., 2004; Jedrzejewski a
kol., 2007; Kvac a kol., 2016; Sak a kol., 2019). Byl popsan jeden ptipad propuknuti
mikrosporidiézy zplsobené E. bieneusi spojené s kontaminovanym jidlem
servirovanym na konferenci (Decraene a kol., 2012). Neddvné studie také poskytly
dikazy o pfitomnosti spor mikrosporidii E. cuniculi v Cerstvém kravském mléce
(Kvac¢ a kol., 2016) a ve vepfovém mase (Sak a kol., 2019), a zaroven tyto studie
upozoriiuji na neucinnost pasterizace mléka, respektive fermentace uzenin podle
tradi¢nich postupd.

Pfenos mikrosporidii miize byt uskutecnén také pfimym kontaktem ptes
poranénou kuzi, okem, inhalaci spor, sexudlnim pfenosem nebo transplantaci organu
od infikovaného darce (Bryan a Schwartz, 1999; Didier a Weiss, 2011; Ditrich a kol.,
2011; Hocevar a kol., 2014). Nezanedbatelnd cesta pfenosu je vertikalni
(kongenitélni, transplacentdlni) ptenos. Tento zplisob pfenosu mikrosporidii nebyl

dosud pozorovan u ¢loveéka, ale byl popsan u primata a dalsich jinych savct.

1.5.1. Transplacentalni pirenos

Transplacentalni pienos mikrosporidie E. cuniculi z matky na potomky byl
doposud popsan u hlodavcl, masozravcei (liSky a psi), koni a primati. Mnoho
publikaci popisujici mozny pifenos parazita pies placentu se opird o nepiimé ditkazy,
jako je priuikaz protilatek u mlad’at, nebo bylo vyuzito histologickych preparati
(Anver a kol., 1972; Owen and Gannon, 1980; van Rensburg a kol., 1991). Podle

Owena a Gannona (1980) monitorovani hladin protilatek u mlad’at nepfinasi zadny
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dikaz o tom, Ze se jedna o kongenitalni pfenos. ZvysSené titry protildtek u mlad’at
jsou podle nich spise diisledkem prenosu protilatek matetskym mlékem.

Mnoho studii pfi vySetfovani mikrosporididozy u mlad’at také nebere v uvahu
moznou kontaminaci prostfedi a tedy horizontdlni ptfenos infekce po narozeni
(Perrin, 1943; Innes a kol., 1962). Je znamo, Ze nejCastéjsi cesta prenosu infekce je
fekalné-oralni, tedy infekce sporami, jez nakazeny jedinec vylu¢uje moci nebo
vykaly. Pouze tfi publikace zabyvajici se transplacentalnim pienosem mikrosporidii
popisuji piisné aseptické prostiedi a postup ziskani vySetfovanych mlad’at pomoci
cisafského fezu. Nalezy encephalitozoondzy u téchto gnotobiotickych zvitat silné
podporuje teorii kongenitalniho ptfenosu parazita (Hunt a kol., 1972; Boot a kol.,
1988; Kotkova a kol., 2018).

Mnoho dalSich publikaci popisovalo experimentdlni nebo pfirozeny
transplacentalni pfenos u Sirokého spektra savcl. V nékterych ptipadech byly
popisovany neurologické poruchy u neonatalnich mlad’at, u jinych naopak nebyly
pozorovany zadné piiznaky, ale histopatologické vySetfeni potvrdilo infekci
zpisobenou E. cuniculi. Struény popis pifipadd u nékterych skupin vysSich
obratlovct nasleduje:

Mysi

Vertikalni ptfenos mikrosporidie E. cuniculi u mysi neni ptili§ casto zkouman,
o ¢emz sveédci 1 malé mnozstvi publikaci (Perrin, 1943; Innes a kol., 1962; Wilson,
1986). Navic vysledky jednotlivych experimentii se mezi sebou li§i v ndzoru, zda E.
cuniculi prochazi mysi placentou ¢i nikoli. Nékteré znich vyvratily tvrzeni o
vertikalnim pfenosu a ptiklan€ély se k mozné infekci z kontaminovaného prostredi
(Owen a Gannon, 1980; Wilson, 1986), jiné¢ predpokladaji, ze zvifata mohla byt
nakaZena pouze ptes placentu (Perrin, 1943; Innes a kol., 1962).

Kralici

Prvni zpravy o mozZzném vertikdlnim pfenosu mikrosporidii u kraliki mély
protichiidné vysledky. Pfedevsim Owen a Gannon (1980) tvrdili, Ze zvySené titry
protilatek proti mikrosporidii rodu Encephalitozoon u mlad’at kralikt jsou zplisobené
pfenosem protilatek z matky ptfes matetské mléko. Dikazem byl fakt, Ze protilatky

z krve mlad’at vymizely, jakmile byla odstavena. Cox a kol. (1977) a Hunt a kol.

(1972) nalezli u mlad’at kraliki 1éze na mozku zptisobené mikrosporidiovou infekci,
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ovSem Owen a Gannon (1980) se domnivaji, ze jde o infekce z kontaminace
prostiedi. Jiné publikace popisuji pienos parazita in utero u kralikll, jez byly ziskany
cisafskym fezem (Innes a kol., 1962; Hunt a kol., 1972; Baneux a Pognan, 2003).
V ptipadé, ze pfipustime mozny piestup parazita pres placentu, neni stale ovéteno,

jak Casty a dulezity je tento zplisob pfenosu parazita u ptirozenych infekei kraliki.
Psi

Experimentalné byl prokdzan transplacentalni ptenos mikrosporidie E. cuniculi
z asymptomatickych fen na Sténata, a je celkem moZzné, Ze se jedna o béZny zplsob
nakazy Sténat (Plowright, 1952; Stewart a Botha, 1989; Mclnnes a Stewart, 1991;
Snowden a kol., 2009). V roce 1952, Plowright popsal syndrom granulomat6zni
encefalitidy a nefritidy u dvou vrhii $ténat, a na zédklad¢ histopatologického vySetieni
identifikoval mikrosporidii E. cuniculi (Plowright, 1952; Plowright a Yeoman,
1952). Ve zpravé zroku 1966 z Jihoafrické republiky Basson a kol. (1966)
popisovali podobné histopatologické nalezy u jednoho vrhu Sténat, ovSem
v publikaci pouzili star§i oznaceni pro E. cuniculi, Nosema cuniculi (Basson a kol.,
1966). V roce 1978 byla zdokumentovdna prvni spontdnni infekce zplisobena E.
cuniculi u §ténat beagla ve Spojenych Statech (Shadduck a kol., 1978). Neurologické
znaky onemocnéni zahrnovaly anorexii, tfes prechazejici v kiece, slabost a bolestivé
vyti. Nasledna pitva uhynulych S$ténat odhalila encefalitidu a nefritidu. V lézich
postizenych organt byly pozorovany protozodlni organizmy a v séru infikovanych
Sténat a jejich rodic¢i byly pomoci nepfimé imunofluorescence nalezeny protilatky
proti E. cuniculi. Snowden a kol. (2009) popsal sérii 19 ptipadi mikrosporididzy u
Sténat s fatalnimi dasledky. Tato Sténata trpéla nechutenstvim a méla progresivni
neurologické piiznaky. Histopatologické vysetfeni ukazalo mozkové a renalni 1éze.
Naslednou molekularni analyzou byla u 13 z nich potvrzena identita patogent jako

Encephalitozoon cuniculi genotyp I11.
Polarni liSky

U polarnich lisek bylo provedeno nékolik experimentt, pii kterych byla zvirata
ordln€ nebo intrauterinn€ infikovana mikrosporidii E. cuniculi (Nordstoga a kol.,
1978; Mohn a kol., 1982; Mohn a Nordstoga, 1982; Akerstedt, 2003). U samic se
zfidka rozvinuly klinické pfiznaky, pfesto u nich infekce zlstala v subklinickém

stavu, coz mohlo byt zdrojem infekce, ktera byla poté transplacentalné pfenesena na
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mlad’ata i n¢kolik let po prvotni infekci (Mohn a kol., 1974; Nordstoga a kol., 1978).
Zda se proto, Ze hlavni cesta infekce mladych zvitat, u kterych byly zaznamenany
jasné projevy infekce, je pies placentu. Typické pro tyto ptipady je, Ze vétSina nebo
vSechna liS¢ata zvrhu onemocnéla a uhynula, pfestoze matka zistala
asymptomatickd (Arnesen a Nordstoga, 1977). U piirozenych infekci dochazi
k serokonverzi klinicky nemocnych lis¢at v ptipadé, Ze ziji dostatecné dlouho, a
asymptomatickd mlad’ata se mohou (ovSem nemusi) stat seropozitivnimi (Mohn a

Nordstoga, 1982).
Domaci kocky

Pouze nékolik kazuistik dokumentuje mikrosporidiové infekce u domacich
kocek. Van Rensburg a du Plessis (1971) popisovali neurologické onemocnéni u tii
kotat zjednoho vrhu Siamské kocky. Kotata trpéla kieCemi a zaSkuby svald.
Histopatologické vySetieni jednoho znemocnych kotat odhalilo pfedev§im na
mozku a v ledvinach diseminovanou infekci E. cuniculi (v ¢lanku oznacenou jako
Nosema cuniculi). Dal$i mensi 1éze byly pozorovany na slezin€¢ a v lymfatickych
uzlinach. Tyto nalezy encefalitidy a nefritidy jsou podobné tém, které byly popsany u
sténat (Plowright 1952). Relativné neddvnd zprava zase popisovala ptipad kotéte
s mozkovou hyperplasii a generalizovanou encephalitozoonézou. Diagnostika byla
provedena pomoci histopatologie, a nasledn¢ potvrzena molekularni analyzou. Obé&
metody potvrdily, Ze E. cuniculi je pivodce onemocnéni (Rebel-Bauder a kol.,

2001).
Koné a mali pirezvykavci

Doposud byly popsény tii pfipady potratu a thynu plodu u koni, jez byly
pripisovany infekci E. cuniculi (van Rensburg a kol., 1991; Patterson-Kane a kol.,
2003; Szeredi a kol., 2007). Ve dvou piipadech doslo k potratu, jez byl zplisoben
placentitidou. Histologické vysetfeni placenty ukézalo rozsadhly zanét obsahujici
buiiky s intracelularnimi parazity uvnitt (Patterson-Kane a kol., 2003; Szeredi a kol.,
2007). Ovsem ve tkani plodu nebyl nalezen zadny diikaz mikrosporidiové infekce
Naproti tomu v pfipad¢ zroku 1991 byla placenta histologicky normalni, ale plod
vykazoval lymfoplasmatickou intersticialni nefritidu (van Rensburg a kol., 1991).
V postizenych ledvinach bylo pfitomno mnoho organizml pfipominajicich E.

cuniculi. Tyto organizmy se vyskytovaly v oblastech zanétu, v renalnich glomerulech
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a intracelularnich cystach epitelidlnich bun¢k renalniho tubulu. Barvily se Gramovo
barvenim a nékteré¢ ultrastruktury jako polarni vakuola a spirdlovité¢ pélové vldkno
bylo mikrskopicky rozlisitelné.

Pouze jediny pfipad poptratu zplUsobeny mikrosporidii E. cuniculi byl
zaznamenan u alpaky (Lama pacos). Placentitida, predCasny porod a perinatalni
umrti byly disledkem mikrosporididézy stejné jako v ptipad€ potratli popsanych u
koni (Webster a kol., 2008). OvSem mikroskopické vySetfeni neodhalilo Zadné
mikroorganizmy v Zadném vySetfovaném vzorku tkang, kromé placenty.

Primati

Velky mnozstvi zprav o ndlezu mikrosporidii u mlad’at primat indikuje, ze
mikrosporidiové infekce nejsou u opl vzéacnosti. Napiiklad ve Spojenych statech
byla popsana diseminovana piirozena infekce, ktera vyustila ve vysokou morbiditu a
vaznou encefalitidu u mrtvé narozenych mlad’at nebo velmi mladych jedinct kotula
veverovitého (Saimiri sciureus). Tato infekce byla zplsobena mikrosporidii rodu
Encephalitozoon (Brown a kol., 1973; Zeman a Baskin, 1985). Neuropatologické
symptomy podporovaly domnénku, Ze jde o infekci E. cuniculi, coz bylo potvrzeno
identifikovanim parazita pomoci elektronové mikroskopie. Relativné¢ nedavno byl
identifikovan E. cuniculi genotyp III jako pfi¢ina vazné diseminované infekce, ktera
vyustila ve smrt mladd’at v kolonii tamarinti vousatych (Saguinus imperator),
tamarintt pinich (Saguinus oedipus) a lvicka zlatého (Leontopithecus rosalia
rosalia) ve dvou evropskych Zoo (Guscetti a kol., 2003; Reetz a kol., 2004). Daéle
byla diagnostikovana diseminovand encephalitozoon6za u 2 mladych sourozencii
tamarini pincich (Saguinus oedipus), 3 neonatidlnich tamarini vousatych (S.
imperator) a mladéte kotula veverovitého (Saimiri sciureus), ktery byl stary necelych
24 hodin (Anver a kol., 1972; Juan-Sallés a kol., 2006). U tamarini pincich a
mladéte kotula byly nalezeny 1éze pievdzné v centralni nervové soustavé. Pomoci
histologickych preparati, svételné a elektronové mikroskopie byl parazit
diagnostikovan jako mikrosporidie rodu Encephalitozoon U tamarinii byly nalezy
potvrzeny pomoci PCR a sekvenaci dourceny jako E. cuniculi genotyp III. Navic,
matky tamarind vousatych byla seropozitivni na E. cuniculi.

Van Dellen a kol. (1989) provedli experimentalni infekce u kockodanti
(Cercopithecus pygerythrus) pomoci mikrosporidie E. cuniculi genotyp III, jez byla

izolovéna z ledvin psa s pfirozenou fatalni infekei timto parazitem. Zaroven byl také
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zkouman pienos infekce E. cuniculi 111 z infikovanych mlad’at na jejich matky a také
zmatek na potomky pifes placentu. Nasledné pitvy prokazaly infekce u vSech
testovanych opic. Granulomatozni 1éze razné velikosti byly nalézany v jatrech,
v ledvinach a na mozku, a byly podobné tém, jez byly u psa. Pro potvrzeni
patogenniho agens byly experimentalné navozené infekce reizolovany a prevedy do
bunééné kultury, nebo byly v tkdnovych preparatech sledovany spory. Obé metody
byly podpoteny vysledky serologickch vySetfeni.

1.6. Mikrosporidiové infekce vs. imunita

Mikrosporidie patii mezi parazity, u kterych se Casto setkdvame s rovnovahou
ve vztahu parazit-hostitel u imunokompetentniho hostitele, coz vede k tomu, ze se
onemocnéni jevi jako bezptiznakové, piestoze parazit v té€le hostitele perzistuje
(Didier a kol., 2000; Vavra a Lukes, 2013). Pokud dojde k posunu rovnovahy
smérem k imunitni nedostate¢nosti nebo naopak k hyperimunitni odpovédi, projevi
se krom jin¢ho 1 klinické ptiznaky onemocnéni zplisobené mikrosporidiemi, jez
mohou vést az k smrti hostitele (Franzen a kol., 1995; Franzen, 2008).

VétSina faktl, jeZ je zndma o imunitni odpovédi proti mikrosporidioze, byla
ziskana diky experimentim na riznych kmenech mysi, pfedevsim na BALB/c,
C57Bl/6 a kmenech mysi od nich odvozenych. U imunokompetentnich kmenit mysi
se po infekci E. cuniculi vyvine ascites, ktery posléze vymizi (Canning a kol., 1986),
ale vytvofi se latentni persistence mikrosporidii v téle hostitele (Kotkova a kol.,
2013). U imunodeficitnich kmenii mysi (SCID a athymické mySi) se po
experimentalni infekci vytvofi letalni onemocnéni, které je obvykle manifestovano
ascitem s rozsevem spor v té¢le hostitele (Gannon, 1980b; Schmidt a Shadduck, 1983,
Kotkova a kol., 2103).

Intracelularni parasitizmus mikrosporidii je dan zejména jejich schopnosti
uniknout nitrobunéénym mechanizmim zabijeni fagocytujicimi buitkami. Pohlcenim
mikrosporidii makrofagy vede k produkci IL-12, ktery sméfuje k diferenciaci
prekurzort Ty lymfocytd na podtyp Tyl, produkujici IFN-y. Tento cytokin aktivuje
makrofagy a mimojiné v nich indukuji enzym iNOS (indukovatelna syntetaza oxidu
dusnatého). Tento enzym produkuje z argininu vysoce baktericidni oxid dusnaty
(NO). K aktivaci makrofagt piispivaji 1 protilatky tridy IgG, které jsou pod vlivem
IFN-y syntetizovany plasmatickymi bufikami. Imunokomplexy obsahujici tyto

protilatky se dobfe vazi na Fc-receptory makrofagl, a tim je stimuluji. V pfipadé,
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kdy mikrosporidie uniknou z fagolysozomu do cytoplasmy, se uplatiuji i cytotoxické
CD8+ T lymfocyty, které rozeznavaji komplexy peptidovych fragmentii patogena
s MHC gp I na povrchu infikované buiikky. CD4+ T lymfocyty zase pomahaji
v aktivaci CD8+ T lymfocytt (Valencdkova a Halanova, 2012).

1.6.1. Vrozena imunitni odpovéd’

Vrozena imunitni odpovéd nastupuje vzdy vprvni linii v boji proti
patogentim, je nespecifickd a Casto vyvolava zanét. Makrofagy, dendritické bunky,
slozky komplementu a NK builky jsou indukovany béhem cCasné faze
mikrosporidiové infekce a pomahaji k prechodu od vrozené k adaptivni imunitni

odpovédi (Hotejsi a Barttinkova, 2005).

1.6.1.1. Makrofagy

Makrofagy jsou soucasti ¢asné vrozené¢ imunitni odpoveédi. Dokazi rychle
rozpoznat ,vetfelce pomoci nckolika tiid receptorti, vcéetné PRR (Pattern
recognition receptor, v piekladu receptory rozeznéavajici molekulové vzory), na jejich
povrchu. Disledkem toho dochazi k produkci hostitelskych obrannych mediatori
véetné¢ chemokind, cytokin, oxidu dusnatétho (NO) a NO-syntazy. IFN-y
produkovany aktivovanymi T lymfocyty dava makrofagim signdl k zabiti
intracelularnich patogeni pomoci oxida¢niho vzplanuti. Pokud se mikrosporidiim
podaii vyhnout se v§em témto protektivnim mechanizmiim, poslouzi makrofag jako
tzv. Trojsky kln a roznese mikrosporidie v téle hostitele (Mathews a kol., 2009).

Ackoli se mikrosporidie dostdvaji do hostitelskych bunék piedevSim
penetraci bunééné membrany pomoci pdlové trubice, fagocytoéza je dalsi moznosti
vstupu do buiiky (Franzen, 2004). OvSem procesy nasledujici po fagocytéze mohou
mikrosporidie jsou schopné inhibovat fizi fagozomu s lysozomem (Couzinet a kol.,
2000), ale nov¢jsi studie ukazaly, ze spory jsou nalézany ve fagolysozomu u
profesionalnich i neprofesiondlnich fagocytli (Franzen a kol., 2005). Nicméné& po
dalsim zkoumani procest nésledujicich bezprostiedné po fagocytoze se ukazalo, ze
spory, které zlistanou ve fagolysozomu jsou zabity. Pouze ty, které uniknou
z endozomu do cytoplasmy pomoci polové trubice jsou schopné prezit a dokoncit

svij vyvojovy cyklus uvnitt makrofagu (Franzen a kol., 2005).
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Aby makrofag dokazal u¢inn€ nicit intracelularni parazity, je potieba, aby se
zménil v aktivovany makrofadg. Pro tuto pfeménu jsou nezbytné cytokiny
produkované Tyl-bunkami (predevSim IFN-y), a naopak pro vznik a pomnozeni
zralych Tyl-bunék je nezbytny styk sinfikovanymi nebo jinak aktivovanymi

makrofagy (Hoftejsi a Bartitkova, 2005).

1.6.1.2. [FN-y

Jak jiz bylo vyse feCeno, IFN-y je dulezity aktivator makrofagii a ma zasadni
vyznam pro pfirozenou i ziskanou imunitu proti intracelularnim patogenim. Jeho
nedostate¢na tvorba vede k celé fadé zanétlivych onemocnéni (Schoenborn a Wilson,
2007). Tento cytokin je produkovan predevSsim NK bunkami a NKT bunkami, jez
jsou soucdsti vrozené imunitni odpovédi, a v pozdé&jsi fazi imunitni odpovédi CD4+ a
cytotoxickymi CD8+ T lymfocyty (Salat a kol., 2001).

Vyznamnym dusledkem aktivace makrofagii IFN-y je produkce oxidu
dusného (NO), jakozto mikrobicidniho prostiedku fagocytli. Zaroven vSak byla
popsana IFN-y zprostiedkovand ochrana pted infekci E. cuniculi nezavisla na
produkci NO. V ramci tohoto pokusu byly pouzity mysi s defektnim genem pro NO
syntetazu, které prezivaly infekci E. cuniculi stejné jako mysi s funkénim genem.
Pokud vSak byla imunokompetentnim mySim aplikovana protilatka k neutralizaci
IFN-y, mysi infekcei podlehly (Khan a Moretto, 1999).

Sérii experimentt byl dale prokazan protektivni G¢inek IFN-y. Jestlize SCID
mysim, jez byly per oraln¢ infikovany sporami E. cuniculi, byl podan IFN-y nebo
CD4+ T lymfocyty z imunokompetentnich mysi, jejich doba pteziti se prodlouzila.
Pokud ovSem tyto mysi dostaly CD4+ T lymfocyty z IFN-y-deficitnich mysi, nemé¢lo
to zadny efekt (Salat a kol., 2008).

1.6.2. Adaptivni imunitni odpovéd’

Adaptivni imunita vstupuje do hry v pozd¢jsi fazi mikrosporidiové infekce,
kdy pritomnost molekul z patogennich mikroorganizmii aktivuje ptes specifické
antigenni imunoreceptory piislusné klony T a B lymfocyti. Jedna se bud’ o nativni
soubor molekul patogena pro B lymfocyty, nebo kratky nastépeny antigenni material
prezentovany pro T lymfocyty pomoci MHC komplexu na antigen prezentujicich

bunkach. Po této aktivaci lymfocyti dochazi k jejich klondlni expanzi. T
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lymfocyty pfedstavuji v rdmci adaptivni imunity slozku bunééné imunity, zatimco B
lymfocyty produkujici protilatky jsou 0¢inné ndastroje humordlni imunity

(Sompayrac, 2015).

1.6.2.1. Bunécna imunita

Bunéénd imunita pfedstavuje dilezitou roli vboji proti letdlni
encephalitozoonoze. Tato odpovéd’ je aktivovana Ty lymfocyty nesoucimi receptor
CD4+ (charakteristické zejména produkci fady cytokinii regulujicich jiné bunky) a
Tc lymfocyty sreceptorem CD8+ (zvané téz CTL; charakteristické hlavné
schopnosti cytotoxicky zabijet jiné bunky). Bylo pozorovano, Ze adoptivni pienos T
lymfocyti ze splenocytli imunokompetentnich mysi ochranilo athymické BALB/c
(nu/nu) mysi nebo SCID mysi infikované mikrosporidiemi rodu Encephalitozoon
pred smrti (Schmidt a Shadduck 1984; Hefmanek a kol., 1993).

Ochrannou funkci proti mikrosporidiovym infekcim u mysi maji predevsim
CD8+ T lymfocyty, CD4+ hrajou v protektivni imunit¢ mnohem mensi roli (Moretto
a kol.,, 2000; Salat a kol., 2002; Ghosh a Weiss, 2012). To bylo potvrzeno
experimenty na laboratornich mySich, kdy u imunitné suprimovanych zvifat (na
genetickém zdkladu — SCID mysi, nebo farmakologicky) se vyvinula fatalni
diseminovana infekce (Koudela a kol., 1993; Kotkova a kol., 2013). Naslednymi
experimenty bylo zjiSténo, Ze SCID mysi je mozno ochrénit pied vznikem letalni
infekce adoptivnim pfenosem naivnich splenocytli obsahujicich funkéni CD8+ T
lymfocyty (Braunfuchsové a kol., 2001; Khan a kol., 1999).

Jak jiz bylo fteceno, zejména CD8+ T lymfocyty jsou rozhodujici pfii
protektivni ochrané proti encephalitozoondze, jak bylo demonstrovano na CDS
knockout mysich, které infekci podlehly (Sak a kol., 2017; Khan a kol., 1999).
Cytokiny sekretovany timto subtypem T lymfocytd jsou také soucasti obranného
mechanizmu proti infekci, ovS§em mnohem pravdépodobnéji je to jejich piima
cytotixicita, jeZ je rozhodujici. Dikazem toho byla infekce mysi, jez mély deficit
tvorby perforinu, jehoz funkce je v cytolytické aktivit¢ T lymfocytd. Tyto mysi
mikrosporidiové infekci podlehly (Khan a kol., 1999).

Ve vétsiné piipadii jsou CD8+ T lymfocyty inicializovany pomoci IL-2, ktery
produkuji CD4+ T lymfocyty (Smith, 1988). Nicméné, 1 v nepfitomnosti CD4+ T
lymfocytii jsou CD8+ T lymfocyty schopny se béhem infekce aktivovat (Binder a
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Kundig, 1991). V takovém ptipad¢ piejaly jejich roli vy T lymfocyty (Moretto a kol.,
2001; Moretto a kol., 2004).

Jak jiz bylo fecCeno, absence CD4+ T lymfocytii u knockout mysi nevede ke
smrti zvifat infikovanych mikrosporidiemi E. cuniculi. OvSem je zajimavé, Ze pokud
klesne po¢et CD4+ T lymfocytl u pacienta s HIV pod hranici 100 bunék/mm? krve,
propuknou klinické ptiznaky mikrosporidiozy (Valencdkova a Halanova, 2012).
Nicméné, experimentdlni studie provedenych na mySich ukézaly, ze CD4+ T
lymfocyty nejsou krucidlni pro pteziti mysi infikovanych E. cuniculi (Moretto a kol.,

2001; Salat a kol., 2006).

1.6.2.2. Humordlni imunita

Predstaviteli humoralni imunity jsou B lymfocyty a jimi produkované
protilatky. Protilatky jsou produkty plasmatickych buné¢k, které se diferencuji z B
lymfocyth po setkani s antigenem. Protilatky jsou glykoproteiny zvané
imunoglobuliny. Maji strukturu molekuly uspotadané do tvaru Y. Rozvétvena Cast se
nazyva variabilni a na ni se vaZe antigen. Variabilni ¢ast urcuje specifitu protilatky,
tj. proti jakému antigenu je namifena. Druhd ¢ast protilatky se nazyva konstantni (Fc
fragment) a podle ni se rozliSuje pét tfid (izotyptl) imunoglobulint: G, M, A, D a E.
Casti Fc se protilatka vaze na buiiky, které maji pro ni receptor (granulocyty, buiiky
NK a makrofagy), a pomaha tak odstrafiovat navazané cizorodé latky (Sterzl, 1993).

Jako prvni se v imunitni reakci tvoii izotyp IgM. K produkci tohoto izotypu
nepotiebuji lymfocyty B pomoc od lymfocytt T. V dal$i fazi imunitni reakce se tvori
IgG po kontaktu B lymfocytu s pfisluSnym T lymfocytem. Protilatky IgG maji vyssi
schopnost vazat antigen a pietrvavaji v organizmu dlouhou dobu jako produkt
pamét'ové imunitni reakce.

Imunoglobuliny obsazené v séru predstavuji sumu riznych protilatek proti
nejriznéjSim antigentim, se kterymi se jedinec v pribéhu zivota setkd. V séru je
nejvice zastoupen izotyp IgG. Prestupuje i do intersticidlniho prostoru a také
placentou do plodu, kde chrdni novorozence do doby, nez zacne tvofit vlastni
protilatky. Hlavni uloha imunoglobulinu A neni v séru, ale na sliznicich a v té€lnich
sekretech (matefské mléko, sliny, sekrety dychacich cest a dalSich sliznic). Tento
imunoglobulin ma za ukol neutralizovat antigeny, které se dostanou na sliznice.
Imunoglobulin M se v séru objevuje pii akutnich infekcich. Imunoglobulinu E je za

fyziologickych okolnosti jen nepatrném mnozstvi a jeho koncentrace se zvySuje pii
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parazitarnich chorobach a alergiich. Uloha imunoglobulinu D je vazana zejména na
lymfocytech B, kde je zakotven v membrané¢ a tvofi receptor pro antigen (Hofejsi a
Bartankova, 2005; Sompayrac, 2015).

Humoralni imunita se uplatiiuje pfedevSim v obrané proti extracelularnim
patogentim. Slozky humoralni imunity pisobi jako opsoniny, tj. latky, které vazbou
na mikroba usnadiiuji jeho pohlceni fagocytujicimi bunkami. Dale maji protilatky
schopnost vazat komplement, ktery se timto aktivuje a zpusobi rozpad
mikroorganizmu, na n¢jZ se komplex protilaitky a komplementu navaze.
Mikroorganizmus muze byt také znien cytotoxickym lymfocytem nebo
makrofagem. Protilatka zprostiedkuje kontakt mezi témito dvéma bunkami (tzv.
reakce ADCC, bunéfna cytotoxicita zprostifedkovand protilatkami) (Hofejsi a
Bartiinkova, 2005).

Bylo zjisténo, ze adoptivni pfenos B lymfocytl nebo hyperimunniho séra do
athymickych BALB/c (nu/nu) mysi nebo do SCID mysi neochranilo tato zvifata pred
rozvojem letalni encephalitozoondzy. Nicméné byla sledovéna silnd protilatkova
odpovéd’ proti riznym antigenim mikrosporidii a mnoho téchto protilaitek mélo
zktizenou reaktivitu s jinymi druhy mikrosporidii (Cox a kol., 1979; Schmidt a
Shadduck, 1983). U 5 az 50 % lidi z vySetfované populace byly nalezeny protilatky
proti riznym druhiim mikrosporidii (van Gool a kol., 1997; Kucerova-Pospisilova a
Ditrich, 1998; Sak a kol., 2011). Také bylo pozorovdno, zZe novorozena mlad’ata
kraliki jsou proti infekei E. cuniculi chrdnéna po dobu dvou tydnii matefskymi
protilatkami (Bywater a Kellett, 1979). Experimenty in vitro prokazaly, ze infectivita
mikrosporidii klesa po oSetfeni imunnim sérem a komplementem (Schmidt a
Shadduck, 1984; Sak a kol., 2004), monoklonalnimi protilatkami proti povrchu spor
mikrosporidii (mAb 3B6) nebo po inkubaci s monoklondlnima a polyklondlnimi
protilatkami proti proteinim po6lové trubice (PTP1). Je tedy vysoce pravdépodobné,
ze protilatky hraji roli pi1 eliminaci infekce, avSak samy nejsou schopny piedejit

mortalité nebo vylécit infekci (Sak a kol., 2006).

1.7. Modelové organizmy pro studium imunitni odpovédi in vivo

Jak jiz bylo vySe feceno, rozdiné prubehy infekce zplisobené E. cuniculi
zavisi predev§im na imunologickém statusu hostitele. Tato skutecnost byla
mnohokrat potvrzena studiemi, kde byly myS$i pouzity jako modelové organizmy

(Koudela a kol., 1993; Khan a kol., 2001; Kotkova s kol., 2013). Jako nejcastéji
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pouzivanym kmenem jsou inbredni geneticky imunokomprimované mysi (SCID a
athymické mysi). Tyto kmeny myS$i vznikaji z imunokompetentniho kmenu mysi
BALB/c, které tak pii experimentalnich infekcich slouzi jako pozadi. Dale bylo
zjiSté€no, Ze adoptivnim pfenosem aktivovanych T bun¢k ziskanych z BALB/c mysi
mohou byt imunokomprimované SCID mysi zachrdnény pred letdlni infekci
zpusobenou E. cuniculi (Braunfuchsové a kol., 2001). Studie s knockout mySmi zase
ukazaly, ze cytotoxické CD8 T Ilymfocyty jsou dulezit¢ v ochrané proti
mikrosporidiim, a Ze jejich aktivace neni zavisla na CD4 T lymfocytech (Khan a
kol., 1999; Moretto a kol., 2000; Sak a kol., 2017).

Podrobnéjsi popis kmenti mys$i nejcastéji pouzivanych pti studiu priabéhu

infekce zptuisobené E. cuniculi nasleduje.

1.7.1. Imunokompetentni mysi BALB/c a C57BL/6

Jako modelovy organizmus s neporusenou funkci imunitniho systému byvaji
nejcastéji voleny mysSi kmene BALB/c a C57BL/6. Tyto dva kmeny jsou cCasto
pouzivany v biologickém vyzkumu zahrnujicim imunologii, vyvojovou biologii,
genetiku, neurobiologii a mnohé dalsi.

BALB/c mysi jsou albinotické, laboratorné chované mysi, ze kterych byly
vyvinuty dals$i podkmeny. Zakladajici zvifata kmene byla ziskdna Halseyem J.
Baggem z Memorial Hospital v New Yorku od dealera mysi v Ohiu v roce 1913.
Jméno BALB je zfetézeni Bagg a Albino. Od rokun1920 bylo potomstvo piivodni
kolonie systematicky kfizeno, sourozenec se sourozencem, po 26 generaci pies 15 let
(Les, 1990). Tento kmen je predev§im dobfe znam pro produkci plasmacytomi po
injekci minerdlnim olejem tvoficim zaklad pro produkci monoklonalnich protilatek.
Byla u nich pozorovéana nizké incidence rakoviny mlécéné Zlazy, ale jiné typy rakovin
(pfedevsim retikuldrni neoplazmy, plicni a ledvinové nadory) se mohou u nich
béhem Zivota rozvinout. BALB/c mySi maji dlouhou reprodukéni Zivotnost, vykazuji
vysokou hladinu uzkosti a jsou relativné odolné vii¢i aterosklerdéze vyvolané dietou
(Jax mice database, 2018).

Inbredni kmen mys$i C57BI byl vytvofen C.C.Littlem v Bussey institutu pro
vyzkum aplikované biologie roku 1921. Z tohoto kmene byly odvozeny nékteré
subtypy nesouci spontanni nebo indukované mutace. C57Bl/6 mysSi jsou

nejznaméj$im inbrednim kmenem odvozenym od C57BI kmene. Mezi jednotlivymi
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podkmeny C57Bl/6 byly pozorovany rozdily v chovéni, toleranci pro glukozu,
alkohol nebo 1¢ky (Mekada a kol., 2009).

Tyto dva kmeny imunokompetentnich mySi se pouzivaji jako negativni
kontroly z ditvodu porovnani imunitnich mechanizmt s imunodeficientnimi kmeny

mys$i vyvinutych na jejich zakladé.

1.7.2. MySi s defektnim genem pro tvorbu CD4+ T lymfocyti

Mysi homozygotni pro cilenou mutaci genu Cd4"™Mak maji signifikantni blok
pro tvorbu CD4+ T lymfocytd; 90 % jejich cirkulujicich T-bunék jsou CD8+. U takto
geneticky upravenych homozygotnich mysi neni detekovan na bunkach thymu a
lymfatickych uzlin povrchovy protein CD4 (Jax mice database, 2018). Navic,
pfitomné CD8+ T lymfocyty vyznamné reaguji s nékolika epitopy hlavniho
histokompatibilniho komplexu (MHC) tfidy II, kromé ocekdvanych reakci s epitopy
MHC ttidy I (Tyznik a kol., 2004).

Pomoci téchto mysi lze UspéSné studovat vyvoj CD4+ T lymfocyti a
nachylnost hostitele k virové infekei a zanétu. Z hlediska naSeho vyzkumu jsme tyto
mys$i pouzili pro sledovani pribéhu mikrosporididzy a G¢inkll imunitniho systému

v boji proti témto parazitim.

1.7.3. MySi s defektnim genem pro tvorbu CD8+ T lymfocyti

Tento kmen mySi byl vyvinut cilenou mutaci genu pro CDS8 receptor
(Cd8a™!Maky na chromosomu 6 u C57BL/6 myS$i. Mutace v tomto genu zpisobuje
neschopnost vyvoje CD8+ cytotoxickych lymfocytid. Naproti tomu, vyvoj a funkce
pomocnych CD4+ T bun€k jsou nezménény. Mutaci tohoto genu bylo dosazeno tak,
ze do exonu 1 byl vlozen gen rezistence na neomycin. Pomoci analyzy bunék thymu
a lymfatickych uzlin homozygotnich CD8 knockout mysi pratokovou cytometrii bylo
potvrzeno, Ze na povrchu T bunék nebyl exprimovan zadny detekovatelny kodovany
protein. Absence cytotoxickych lymfocyti ma pak za nasledek zvysSenou citlivost k
vnitrobunéénym infekcim (Jax mice database, 2018).

Vyuziti téchto mysi jako modelovych organizml pro sledovani prubéhu
infekce zpiisobené E. cunmiculi bylo dlleZit¢ rovnéz z hlediska ovéfeni dlleZitosti

cytotoxickych CD8 T lymfocytl v boji proti t¢émto patogentim.
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1.7.4. MySi s téZkou kombinovanou imunodeficienci (SCID)

Vhodnym modelem pro sledovani riiznych aspektii oportunnich infekci u
zvitat i u clovéka jsou imunodeficientni mysi (SCID). Mysi s tézkou kombinovanou
imunodeficienci (severe combined immunodeficiency - SCID) kmene C.B-17 byly
vyvinuty na zédklad¢ BALB/c mysi genetickou autozomalni recesivni mutaci (scid
gen) na 16. chromozomu. V homozygotnim stavu tato mutace zptisobuje defekt VDJ
rekombinantniho systému, ktery je vyuzivan pfi pfestavbé genli pro antigen-
specifické receptory B a T lymfocytil. Z toho diivodu nemaji SCID mysi funkéni B a
T lymfocyty. Sérum SCID mysi obsahuje velmi malo imunoglobulinti, nebo nejsou
vibec detekovatelné. Nespecificka imunita stejn¢ tak jako diferenciace granulocytd,
erytrocytli, monocyti, makrofagh a NK bun€¢k neni timto defektem postizena
(Bosma, 1983).

Pouziti SCID mysi pro studium mikrosporidiézy charakterizovali Koudela a
kol. (1993). V experimentech mohou pfedstavovat jedince po imunosupresi, ptipadné
pacienty s HIV. Tyto mysi jsou rovnéz vhodnym modelovym organizmem pro

experimenty s adaptivnimi pfenosy bunck imunitniho systému.
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II. CILE PRACE

Cilem prace bylo komplexni studium infekci vyvolanych mikrosporidiemi
Encephalitozoon cuniculi genotyp Il a genotyp III u imunokompetentnich a
imunodeficitnich hostitell (hlodavctl) a déale studium mozného kongenitalniho
pienosu mikrosporidii z matky na plod.

Dil¢i cile:
1) charakterizace pribéhu infekci zplisobenych E. cumiculi genotypem II a
genotypem III u experimentalné¢ infikovanych hostiteld;
2) zjiSténi Gcinnosti 1éCby albendazolem u SCID a BALB/c mysi infikovanych

E. cuniculi genotypem III;

3) zjisténi GCinnosti 1écby albendazolem u C57B1/6 mysi, CD4 a CD8 knockout

mysi infikovanych E. cuniculi genotypem I,

4) pomoci metody RT-PCR zjistit skute€nou parazitdrni zatéZz hostitelského
organizmu,
5) studium transplacentdrniho pfenosu E. cuniculi genotyp II u

imunokompetentnich i imunodeficitnich hostiteli.
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III. SHRNUTI VYSLEDKU A DISKUZE

Vsechny dosazené vysledky (obrazky, grafy a tabulky), pouzity materidl a
metody je mozno nalézt v nize pfilozenych publikacich. Clanky “The course of
infection caused by Encephalitozoon cuniculi genotype 11l in immunocompetent and
immunodeficient mice” “Limited effect of adaptive immune response to control
encephalitozoonosis”, “Differences in the intensity of infection caused by
Encephalitozoon cuniculi genotype Il and III - comparison using quantitative real-
time PCR” a “Evidence of transplacental transmission of Encephalitozoon cuniculi
genotype II in murine model”, které vznikly v dob& doktorského studia, jsou hlavnim
predmétem této disertacni prace.

Publikace “Latent microsporidiosis caused by Encephalitozoon cuniculi in
immunocompetent hosts: a murine model demonstrating the ineffectiveness of the
immune system and treatment with albendazole”, je uvedena jako dodatek, jelikoz
vysledky, které jsou v ni uvedeny, byly ziskany v dobé mého magisterského studia a
byly soucasti mé magisterské prace. Tato publikace je vSak Uzce spojend s vysledky
prezentovanymi v disertacni praci a proto je pfilozena k nahlédnuti.

Mikrosporidie jsou pozoruhodné parazitujici mikroorganizmy, které fascinuji
védce jiz témét dve stoleti. Mikrosporidie mohou infikovat jak bezobratlé, tak
obratlovee, u kterych zplsobuji celou fadu onemocnéni od skrytych benignich
infekei aZ po masivni poskozeni hostitelského organizmu, které ¢asto kon¢i smrti.

Od roku 1959, kdy byla diagnostikovana prvni mikrosporidie u ¢lovéka, bylo
popsano 17 druht infikujicich ¢loveka, které u imunodeficitnich jedinct zptsobuji
mnohem vaznéj§i zdravotni problémy ve srovndni s imunokompetentnimi jedinci
(Didier a kol.,, 2004). Encephalitozoon cuniculi, jako prvni mikrosporidie
identifikovana u savce a zaroven prvni mikrosporidie, ktera byla uspésné izolovana a
dlouhodobé¢ kultivovana v bunécéné kultute, patii mezi nejlépe prostudovany druh
mikrosporidie. Podle poctu kratkych opakovani v ITS rRNA regionu jsou ur€ovany
Ctyfi rizné (ne vSak ptisné hostitelsky specifické) genotypy E. cuniculi (Didier a kol.,
1995b; Talabani a kol., 2010).

VétSina z toho, co je zndmo o biologii sav¢éi mikrosporididzy je primarné
zaloZeno na studiu mikrosporidie E. cuniculi genotyp II, ktera je hojn€ vyuzivana pro
experimentalni infekce. Pribéh infekce zplisobené E. cuniculi genotyp II zavisi

A

predevsim na imunologickém stavu hostitele, coz bylo uspésné dokazano na mysich
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modelech (Sak a Ditrich, 2005; Sak a kol., 2006; Kotkova a kol., 2013). Zatimco u
imunokompetentnich mysi infikovanych E. cuniculi genotyp Il se rozvinula latentni
infekce, kterda ziistala asymptomatickd dokud bylo mnoZeni parazita a imunitni
odpovéd hostitele v rovnovaze (Gannon, 1980b; Niederkorn a kol., 1981; Kotkova a
kol., 2013), u imunokomprimovanych mysi, jako jsou SCID nebo athymické nu/nu
mysi, se po infekei rozvinula akutni a vétSinou letalni mikrosporidiéza (Schmidt a
Shadduck, 1984; Koudela a kol., 1993; Kotkova a kol., 2013).

Na zaklad¢ literarnich dat a naSich experimentl se ukézalo, Ze jednotlivé
genotypy E. cuniculi se vyznamn¢ li§i v prub¢hu infekce, v odpovédi na lécbu
albendazolem, ale také v rtizné toleranci hostitele na parazitarni zatéz (Hofmannova
a kol., 2014; Kotkova a kol., 2017). OvSem mechanizmus této tolerance zatim

zUstava neznamy.

3.1. Pribéh infekce zptsobené mikrosporidii Encephalitozoon cuniculi genotyp
IIT u imunokompetentnich BALB/c a imunodeficitnich SCID mysi

Zatimco E. cuniculi genotyp Il miZzeme nalézt u Sirokého spektra hostitelt a
ve vetsSin€ pripadl zplisobuje asymptomatickou latentni formu infekce (Kasickova a
kol., 2009; Neumayerova a kol., 2014), E. cuniculi genotyp III se zd4d byt mnohem
agresivnéjs$i a infekce zplsobené timto genotypem casto vedou ke smrti i
imunokompetentniho hostitele (Juan-Sallés a kol., 2006; Hofmannova a kol., 2014;
Meng a kol., 2014). Vysledky naSich experimentli uk4zaly, Zze infekce vyvoland E.
cuniculi genotyp III mé rychly néstup (t¢éméf vSechny organy byly pozitivni jiz tyden
po infekci), ale hostitel pfezival a mél jen velmi mirné klinické ptiznaky
onemocnéni. Zajimavé jsou vysledky u imunodeficitnich SCID mysi; zatimco
infekce zplisobend E. cuniculi genotyp Il byla charakterizované postupnym naristem
poctu infikovanych orgdni a smrti hostitele v dobé, kdy vSechny organy byly
pozitivni na pfitomnost mikrosporidii (cca 33. den po infekci) (Kotkova a kol.,
2013), infekce zpusobena E. cuniculi genotypem III se jiz tyden po infekci rozsitila
do vSech orgéni a tento stav zlstal az do smrti hostitele, cca 39. den po infekci.
Ptekvapivé je, ze pies enormé rychlou expanzi E. cuniculi genotypu Il a postizeni
vice organli, se mySi doZzivaly déle nez mysi s infekci zplsobenou E. cuniculi
genotypem II. Zda se, ze preziti mysi neni zavislé na parazitarni zatézi, ale mnohem
pravdépodobnéji bude zaviset na genotypu E. cuniculi. Ptedpokladame, ze E.

cuniculi genotyp III aktivuje odliSnou ¢ast imunitniho systému nez E. cuniculi
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genotyp II. MiiZze to byt zpiisobeno adaptaci parazita, ktery tak transformuje imunitu
k méné efektivni odpovédi, coZ nasledné¢ mlZe mit vliv na prodlouZeni Zivota
mysi jsou NK buniky, ale to je otazka dalSich vyzkum?.

Chemoterapie mikrosporididz je omezena pouze na nékolik 1é¢iv zahrnujicich
albendazol a fumagilin, které jsou alespon ¢astecné Gcinné a redukuji pocet parazit
(Didier, 2005). Albendazol a jeho derivaty se vazou k tubulinu v téle parazitii, brani
jeho polymeraci a to nasledn¢ vede k rozvratu metabolizmu a smrti parazita. Lécba
lidskych mikrosporidialnich infekci zplisobenych rodem FEncephalitozoon pomoci
albendazolu ukazala vyrazné zlepSeni ptiznakdi onemocnéni a postupnou likvidaci
parazita ve vSech organech (Molina a kol., 1995, Ditrich a kol., 2011). OvSem
recentni vysledky zpochybnuji 100% ucinnost albendazolu (Kotkova a kol., 2013),
kdy experimentalni imunosupresi BALB/c mysi, které byly po 1é€bé albendazolem
negativni na pfitomnost mikrosporidii, vyvovala opétovné rozsifeni parazita do
nekolika orgdnti. Mikrosporidie rodu Enterocytozoon jsou na albendazol malo citlivé,
proto jako lékem prvni volby je vtomto pfipadé fumagilin. Je to antibiotikum z
houby Aspergillus fumigatus, které pouzivaji predevSim vcelafi pro 1écbu vceli
nosematdzy. Pro lidsky organizmus je vsSak toxicky a mize zpisobovat
trompocytopenii a neutropenii.

Encephalitozoon cuniculi genotyp III vykazuje zvySenou rezistenci proti
principidlnimu ptsobeni albendazolu. Nejenom Ze 1écba pomoci albendazolu nevedla
k eliminaci parazita ze vSech organtl, jako tomu bylo v ptipadé E. cuniculi genotyp
I1, ale navic pocet pozitivnich organti opét vzrostl okamzit€¢ po ukonceni 1€c¢by. U
imunokompetentnich SCID mysi vedla 1é¢ba k prodlouzeni Zivota o cca 37 dni,
v pfipadé Ze 1écba byla zapocata 14. den po infekci. Lécba infekce u SCID mysi od
28. DPI zptisobila pouze vymizeni parazita z zaludku a z krve. Zaroven prodlouzila

dobu preziti mysi o 17 dni.

3.2. Porovnani parazitarni zatéZe organizmu pouZitim metody qRT-PCR
Mikrosporidie byvaji popisovany jako pomalu piisobici patogeny, a tedy

méné virulentni nez jiné skupiny patogeni. Nicméné, jak je uvedeno vySe, jsou

schopny se uspéSné¢ mnozit ve vhodném hostiteli na enormni mnozstvi bez

jakychkoliv zjevnych znamek infekce u imunokompetentnich hostitelli, coz ukazuje,
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ze vysoka infekcnost, vysoka patogenita nebo oboji nemusi nutné odpovidat Grovni
dopadu mikrosporidii na hostitelsky organizmus.

Vétsina z drivéjSich experimentalnich studii je omezena na hodnoceni doby
preziti hostitele (Braunfuchsovd a kol., 2001; Saldt a kol., 2006) a skute¢na
parazitarni zat€¢z nebyla doposud zkoumana. Na zakladé naSich vysledki
kvantifikace mnozstvi spor v jednotlivych organech bcéhem infekce byl u
imunokompetentnich BALB/c mysi zjiStén progresivni pribéh charakterizovany
Sifenim mikrosporidii do téméf vSech organli s maximalnim dosazenym poctem 3,8 x
108 spor na 1 g tkdné v ptipadé E. cuniculi genotypu II, a 3,6 x 10° spor na 1 g tkané
v piipade E. cuniculi genotypu III. Kromé toho, hodnoceni vzorkli pomoci RT-PCR
potvrdilo omezenou uc¢innost albendazolu. Tato metoda odhalila pfitomnost
mikrosporidii v 5 ze 17 vySetfenych tkani a télnich tekutin (nepublikovana data) u
lécenych BALB/c mysSi, jez se zdaly byt zcela negativni po vySetfeni pomoci
konvencni PCR.

Nase vysledky zaméiené na experimentalni infekce imunodeficitnich SCID
mysi E. cuniculi genotypem II nebo III ukazaly rozdilny pribéh infekce a riznou
toleranci k parazitarni zatézi. Ackoli E. cuniculi genotyp Il zpasobil akutni infekci
s masivni diseminaci parazita do mnoha organti s maximem 2,9 x 10'° spor na gram
tkdn¢ (28. den po infekci), hodnoceni SCID mysi infikovanych E. cuniculi
hostitele s maximem pozitivnich organt jiz tyden po infekci. Navic absolutni pocet
spor ve tkanich byl 10x vétsi ve srovnani E. cuniculi genotyp 11, tj. 4,9 x 10! spor na
gram tkané¢ (35. den po infekci). Navzdory tomuto faktu, mysi infikované E. cuniculi

genotypem III piezivaly mnohem déle.

3.3. Priibéh infekce zptisobené Encephalitozoon cuniculi genotyp 11 u
imunokompetentnich C57Bl/6 mysi a z nich odvozenych CD4 a CD8 knockout
mySi

Studium imunitni odpovédi proti mikrosporidiim je zaloZeno pfedevSim na
experimentalnich infekcich rGznych kmend mysSi. Zpocatku byly vyuzivany
imunokompetentni kmeny mys$i BALB/c, C57BL/6, C57BL/10, DBA/1, DBA/2,
129/] a AKR (Niederkorn a kol.,, 1981). Dalsim milnikem v ramci
imunoparazitologie bylo vyuziti hostitelli s riznymi defekty imunitniho systému -

athymické mys$i (Schmidt a Shadduck 1983, 1984; Didier a kol., 1994) a mysi
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s tézkou kombinovanou imunodeficienci SCID (Koudela a kol., 1993, Salat a kol.,
2001) a nasledovaly experimenty s kmeny mysi, jez mély defektni geny pro syntézu
konkrétnich cytokini (IFN-y, IL-12) nebo defekty funkéné vyznamnych
povrchovych molekul lymfocyti (receptor pro IFN-y, CD4 a CD8 povrchové
molekuly) (Achbarou a kol., 1996, Khan a Moretto, 1999, Khan a kol.,1999, Salat a
kol., 2002). Druhym zpiisobem, kterym je posuzovan vyznam konkrétniho
imunitniho mechanizmu, jsou adoptivni pienosy piesné¢ definovanych populaci
lymfocytlh do SCID mysi pied néslednou infekci mikrosporidiemi. Pocate¢ni studie
tak ukazaly, Zze chemicky imunosuprimované nebo geneticky imunokomprimované
(SCID a nu/nu) mysi mohou byt zachranény adoptivnim pienosem aktivovanych T
bunék (Hefmanek a kol., 1993; Khan a kol., 1999; Braunfuchsova a kol., 2001). Data
ziskana z experimenti CD4 a CD8 knockout mySmi také ukazala, Ze cytotoxické
CD8+ T lymfocyty jsou zasadni pro ochranu hostitelského organizmu pred
mikrosporidiemi, a ze jejich aktivace nemusi byt zavisla na CD4+ T lymfocytech
(Khan a kol., 1999; Moretto a kol., 2000).

Protoze CD4 a CD8 knockout mysi jsou vyvinuty z C57B1/6 mysi, pozorovali
jsme u vSech kmeni stejny pocatecni priubéh infekce, kdy doslo jiz béhem nékolika
malo tydnti po infekci k diseminaci parazita do vétSiny organi hostitele. U CD4
knockout mysi a C57Bl/6 byla tato pocatecni faze vystfiddna chronickou fazi
charakterizovanou persistenci mikrosporidii v nékterych organech, u CD4 knockout
mys$i byla vétSina zasaZzenych orgdni mimo gastrointestinalni trakt. U CD8 knockout
mys$i se vyvinula letdlni mikrosporididza koncici smrti hostitele cca 57. den po
infekci, coz je podstatné déle nez tomu bylo u imunodeficitnich SCID mysi. Tyto
vysledky ukazuji na roli dalSich imunitnich mechanizmii jako jsou CD4+ T
lymfocyty, B lymfocyty a cytokiny. Parazitarni zatéz u CD8 knockout mysi byla 5,27
x 10° spor na gram tkané 35. den po infekci a u CD4 knockout mysi 1,19 x 108 spor
na gram tkané 28. den po infekci, coz naznacuje, Ze preziti hostitele neni zavislé
pouze na snizeni mnozstvi spor. Tento vysledek podporuje zakladni koncepci o
ucinnosti  bunééné imunity (pfedev§sim CD8+ T lymfocytl) v obrané proti
mikrosporididze.

Aplikace albendazolu vedla u C57Bl/6 a CD4 knockout mysi k vymizeni
parazita ze vSech organi tyden, respektive 3 tydny po ukonceni 1écby. Aplikace
albendazolu infikovanym CD8 knockout my$im vyustilo ve vymizeni mikrosporidii

zmnoha organti jeden tyden po ukonceni 1é¢by a v prodlouzeni doby preziti.
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Nicméné, po tomto doc¢asném ozdraveni diky 1é¢be albendazolem se mikrosporidie
op¢t rozsitily do témet vSech organti. AvSak v dobé ukonceni experimentu (91. den

po infekci) mysi stale prezivaly i1 pfes masivné rozsifenou infekci v téle hostitele.

3.4. Transplacentilni pienos

Encephalitozoon cuniculi infikuje Siroké spektrum hostitelskych bunck
zahrnujici makrofagy, epitélie, cévni endotélie, buiiky ledvinnych kanalkl a ostatni
typy bunék. Je tak nalézan ve vétSiné tkani s predilekci v mozku, plicich a ledvinach
(Gannon, 1980a; Kotkova a kol., 2013, 2017; Sak a kol., 2017). Diseminace infekce
do riznych Casti téla hostitele je umoznéna schopnosti tohoto druhu mikrosporidie
infikovat a mnozit se uvnitf makrofagli, které¢ jim zéaroven slouzi jako dopravni
prostiedek v téle hostitele (Cotte a kol., 1999). PrestoZze se jedinec mizZe infikovat
celou fadou zplsobl, pozieni kontaminované potravy a vody, nebo inhalace spor
predstavuje nejvyznamnéjsi z nich (Cotte a kol., 1999; Thurston-Enriquez, 2002;
Didier a kol., 2004).

Nejméné prozkoumand, ovSem neméné dulezitd cesta pienosu mikrosporidii
rodu Encephalitozoon je transplacentalni ptenos. Pienos infekce z matky na potomka
ptes placentu byl popsan u hlodavct, kralikii, koni, masozravci (u pst a lisek) a
primatl vyjma clovéka (Snowden a kol., 1998; Snowden a Shadduck, 1999). U vsech
téchto skupin zvifat byla pfitomnost mikrosporidii u mlad’at, jez se narodila
pfirozen¢ nebo experimentdlné infikovanym matkam, zjiStovana predevSim
serologicky a/nebo histopatologicky. Rozsahlé 1éze predevSim na mozku, ale i
narodila jiz mrtva nebo zemiela béhem né¢kolika malo dni po porodu (Innes a kol.,
1962; Owen a Gannon, 1980; Baneux a Pognan, 2003; Mathis a kol, 2005).

Vysledky nasich experimentti, kdy jsme perordln¢ infikovali SCID a BALB/c
mySi a poté je piipustili v akutni nebo chronické fazi infekce, nebo kdy jsme
intraperitonealné¢ injikovali spory mikrosporidii jiz zabiezlym mySim, zprvu
neprokazaly ptenos mikrosporidii ptes placentu. Vysetieni byly podrobeny jak plody
vyjmuté pomoci cisaiského fezu, tak mlad’ata ihned po narozeni. Prestoze matky
vykazovaly systémovou mikrosporidiézu, molekularni testy nepotvrdily pfitomnost
mikrosporidii v tkanich mlad’at.

Nasledujici experimenty, ve kterych jsme mlad’ata ptenesli ihned po porodu

k ndhradni neinfikované matce, jiz prenos mikrosporidii pies placentu prokazaly.
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Vysetiované organy SCID mlad’at, jez byla usmrcena az 3. tyden zivota, byly
pozitivni na ptitomnost specifické mikrosporidialni DNA. OvSem u 6 tydn starych
mlad’at BALB/c mysi, jez také byla pfenesena k ndhradni neinfikované matce,
nebyla pfitomnost mikrosporidii potvrzena. Teprve po aplikaci imunosupresiva
Depo-medrolu BALB/c mlad’atim (28. a 38. den po porodu) doslo k vytvofeni
pfiznivych podminek pro pomnoZeni parazita a tim byly v dob& pitvy pozitivni
vSechny vysSetfované orgdny. Je tedy ziejmé, Ze velmi malé mnozstvi spor, které
ovSem neni detekovatelné ani molekularnimi metodami, prochazi ptes placentu a
potfebuji ¢as a podminky pro pomnozeni. Je zde také moznost ochrany mladat
matefskymi protilatkami (Owen a Gannon, 1980). OvSem po jejich vymizeni maji

mikrosporide Sanci se prosadit.
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IV. ZAVERY

e prubéh infekce zavisi nejenom na imunologickém stavu hostitele, ale také na
genotypu mikrosporidie Encephalitozoon cuniculi,

e Encephalitozoon cuniculi genotyp III ma rychlej$i nastup infekce nez
v ptipad¢ E. cuniculi genotyp II; jiz prvni tyden po infekci jsou vSechny nebo
témet vSechny organy pozitivni na pfitomnost parazita;

e pocet pozitivnich orgdnt je vzdy vyssi u infekcich zplsobenych E. cuniculi
genotypem III, pfesto se imunodeficitni SCID mysi dozivaji déle nez
s infekci E. cuniculi genotyp II;

e zatiZzeni jednotlivych organiti mikrosporidii E. cuniculi genotyp III je o fad
vys$si nez v pripad¢ infekce E. cuniculi genotyp 1I;

e |écba albendazolem u imunokompetentnich mysi zplisobi snizeni poctu
parazitli pod hranici detekce pomoci konvenéni PCR (jsou-li infikovany E.
cuniculi genotypem II), u imunodeficitnich mysi dojde pouze k prodlouzeni
Zivota hostitele o nékolik tydn;

e lécba albendazolem imunokompetentnich BALB/c mysi infikovanych E.
cuniculi genotypem III vedla ke snizeni poctu infikovanych orgdnii pouze
docasn¢; dva tydny po ukonceni 1é¢by dochézi opét k diseminaci parazita
v té€le hostitele;

e 7z experimentl sknockout mySmi vyplyva dulezitost bunécné imunity,
piedevs§im CD8 T lymfocytl, v boji proti mikrosporididze;

e transplacentalni pfenos parazita byl prokazéan az nékolik tydnti po narozeni (u
mlad’at SCID mysi) nebo po aplikaci imunosupresiva Depo-medrolu (u
mlad’at imunokompetentnich BALB/c mysi); z toho vyplyva, ze k pfenosu

mikrosporidii ptes placentu dochazi.
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Microsporidia are obligate intracellurar unicellular parasite of wide range of vertebrates. Although ingestion or
inhalation of microsporidian spores is the main route of infection, assumed vertical transmission was described
in some mammals. The present study was focused on proof of vertical transmission in mice under experimental
conditions. Mice were infected with E. cuniculi genotype II intraperitoneally after mating, or perorally followed
by mating in acute or chronic phase of infection. Fetuses were delivered by Caesarean section or mice were kept
up to the parturition. Some of cubs were immediately after birth transferred to uninfected surrogate mothers.
Group of cubs was immunosuppressed. All cubs were examined using polymerase chain reaction for the presence
of Encephalitozoon after birth or in their age of 3 or 6 weeks, respectively. All fetuses delivered by Caesarean
section, which were intraperitoneally or perorally infected were negative as well as all neonatal mice and
youngsters tested in age of 6 weeks. Only immunosuppressed cubs and cubs of immunodeficient mice in age of
21 days were positive for Encephalitozoon cuniculi genotype Il Present results provided the evidence that
transplacental transmission of Encephalitozoon cuniculi in mice occurs, but the mechanism of these transport is

still unknown.

1. Introduction

Microsporidia are obligate intracellular parasites that infect a large
number of vertebrate and invertebrate animals, including humans
(Canning et al., 1986). Microsporidian spores are released into the
environment by infected hosts and are ubiquitous, being found in sur-
face waters, sediments, soil, and foods (Cotte et al., 1999; Dowd et al.,
1998; Fournier et al., 2000; Siniski, 2003). The natural route of entry of
the parasite into the host is by ingestion or inhalation of infectious
spores, or via wounds and transplacentally (Bryan and Schwartz, 1999;
Deplazes et al., 2000).

Most of what is known about microsporidia is based on E. cuniculi,
as this is the best-studied microsporidian species of mammals.
Encephalitozoon cuniculi, the first microsporidia identified in mammals,
was detected by Wright and Craighead (1922) and was named in 1923
by Levaditi et al. (1923). Encephalitozoon cuniculi infects wide spectrum
of host cells including macrophages, epithelial cells, vascular en-
dothelial cells, kidney tubule cells and possibly other cell types and can
be found in most tissues, with a predilection for the brain and kidney
(Gannon, 1980). It is responsible for various pathologies, affecting the
nervous system as well as the respiratory and digestive tracts causing

hepatitis, peritonitis, pneumonitis, cystitis, nephritis and encephalitis
(De Groote et al., 1995; Mertens et al., 1997; Weber et al., 1994).
Vertical transmission of Encephalitozoon cuniculi from mother to
offspring has been described in rodents, rabbits, carnivores, horses and
non-human primates so far (Baneux and Pognan, 2003; Didier et al.,
1998; Snowden et al., 1998; Snowden and Shadduck, 1999; van
Rensburg et al., 1991). Many reports of suspected transplacental
transmission of E. cuniculi which have been published are based on
circumstantial evidence such as the serological diagnosis, or histolo-
gical diagnosis (Anver et al., 1972; Owen and Gannon, 1980; van
Rensburg et al., 1991). According to Owen and Gannon (1980) the
monitoring levels of antibody titers in nurslings gives no evidence that
there was a placental transfer. Increased titers can only be attributed to
maternal antibodies passed on to the young in the milk of their mothers.
Many reports didn't take in account the possibility of a postnatal
(horizontal) contamination. It is generally accepted that the most
common route of transmission is the oral one, since the spores are
passed profusely in the urine or feces of infected individuals and thus
the environment becomes contaminated. And the nurslings could get
infected from their mothers by this way. Only two publications suffi-
ciently described the strict aseptic environment in which the Caesarean
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Fig. 1. Design of experiments. a) Intraperitoneal infection of mother and presence of E. cuniculi genotype II in fetuses, b) peroral infection of mother and presence of
E. cuniculi in fetuses, c¢) peroral infection of mother and presence of E. cuniculi in cubs after birth, d) peroral infection of mother, transfer of cubs to the uninfected
surrogate mothers and presence of E. cuniculi in cubs. * infection with 107 E. cuniculi spores in 0.2 ml of sterile deionized water; # depo-medrol immunosuppression
(dose 0.3 mg of methylprednisolone in 100 ul of sterile deionized water); dark gray line represents chronic infection caused by E. cuniculi as reported by Kotkova
et al., (2013), light gray line represents acute infection caused by E. cuniculi as reported by Kotkova et al., (2013).

section-derived offspring were kept to withstand scientific scrutiny. The
findings of encephalitozoonosis in these gnotobiotic animals strongly
support vertical transmission (Boot et al., 1988; Hunt et al., 1972).
Many other reports about experimental or natural vertical (trans-
placental) transmission have been documented in a wide range of
mammals (Hunt et al., 1972; Juan-Sallés et al., 2006; Mohn et al., 1974;
Mohn and Nordstoga, 1982; Patterson-Kane et al., 2003; Plowright,
1952; Reetz et al.,, 2004; Szabo and Shadduck, 1987; Szeredi et al.,
2007; Zeman and Baskin, 1985; Webster et al., 2008; Wilson, 1986).
Many cases described the neurological disorders in infected neonatals
(Plowright, 1952; Reetz et al., 2004; Zeman and Baskin, 1985) or they
were without clinical symptoms (Juan-Sallés et al., 2006), but the
histopathological findings confirmed the infection caused by E. cuniculi.
The possibility of vertical transmission and the severity of congenital
infection of E. cuniculi in murine model is described in present study.
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2. Material and methods
2.1. Ethics statement

All of the experimental procedures were conducted in accordance
with the law of the Czech Republic on the use of experimental animals,
safety and use of pathogenic agents. The study was approved by the
Institute of Parasitology, Biology Centre of the Czech Academy of
Sciences and Institutional and National Committees (protocol no. 085/
2013).

2.2, Experimental animals

Both adult immunodeficient SCID mice (strain C.B-17) of the BALB/
¢ background and immunocompetent BALB/c mice were originally
obtained from Charles River, Sulzfeld, Germany. Mice were housed in
plastic cages with sterilized wood-chip bedding situated in IVC Air
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Handling Solutions (Techniplast, Italy) with high-efficiency particulate
air (HEPA) filters. The mice were supplied sterilized diet (TOP — VELAZ
Praha, Czech Republic) and sterilized water ad libitum. Animal care
takers wore sterile disposable coveralls, shoe covers, and gloves every
time they entered the experimental room. All wood-chip bedding, feces,
and disposable protective clothing were sealed in plastic bags, removed
from the experimental room, and incinerated.

2.3. Parasite

The spores of E. cuniculi genotype II were originally isolated from a
dexamethasone-treated laboratory mouse (Koudela et al., 1994). Mi-
crosporidia were grown in vitro in Green monkey kidney cells (VERO
E6) maintained in RPMI-1640 medium (SIGMA) supplemented with
2.5% heat inactivated fetal bovine serum (FBS). Spores were isolated
and purified from cells by centrifugation over 50% Percoll (SIGMA) at
1100 g for 30 min, washed three times in deionized water before storing
in deionized water supplemented with antibiotics (SIGMA, 100 U/ml
penicilline, 100 ug/ml streptomycine, 2.5 ug/ml amphotericine B) at
4°C. The spores were washed in either in the PBS (for the in-
traperitoneal infection) or the deionized water (for peroral infection)
before use.

2.4. Drugs

Depo-medrol (Pfizer Manufacturing Belgium N.V., Puurs, Belgium)
containing 40 mg of methylprednisolone in 1 ml, was dosed for sup-
pressing of the mouse immunity and for developing microsporidiosis as
follows: a total 0.3mg of methylprednisolone dissolved in 100 pl
deionized water was intramuscularly applied by the insulin syringe.

2.5. Experimental protocols

A week prior experimental infections/matting, all maternal and
surrogate mice used in the experiments have been daily tested for
presence of specific E. cuniculi genotype II DNA in the fecal and urinal
samples. The presence of specific DNA of E. cuniculi genotype II has
been tested by nested PCR in spleen, liver, kidney and brain in cubs,
maternal and surrogate mice after the dissection. Additionally, placenta
and uterus have been tested in maternal mice. Three litters of each
mouse strain were used for each experiment. Each maternal mouse was
infected with a dose 1 x 10 spores of E. cuniculi genotype I1.

2.5.1. Experiment a)

Females of SCID and BALB/c mice were intraperitoneally infected
with E. cuniculi genotype II three days after the mating. Mice were
euthanized 16 days post infection and fetuses were delivered by
Caesarean section (Fig. 1).

2.5.2, Experiment b)

Females of BALB/c and SCID mice were orally infected with E. cu-
niculi genotype II and then they were mated in the acute stage of in-
fection (SCID mice 7 days post infection - DPI, BALB/c mice 24 DPI) or
in the chronic stage (BALB/c 50 DPI). Females were euthanized 19 days
of their pregnancy, namely 26. DPI in SCID mice and 43. or 69. DPI in
BALB/c mice. The placental tissue and fetuses were obtained by the
Caesarean section and examined for the presence of E. cuniculi genotype
1L

2.5.3. Experiment c)

Females of BALB/c and SCID mice were orally infected with E. cu-
niculi genotype II and then they were mated at the onset of the acute
phase of infection; 7 DPI in SCID mice and 24 DPI in BALB/c mice. Mice
were kept to the parturition and the presence of the parasite was de-
tected in organs of neonatal mice.
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2.5.4. Experiment d)

Females of BALB/c and SCID mice were orally infected with E. cu-
niculi genotype IT at a dose 1 x 107 spores, and then they were mated at
the onset of the acute phase of infection; 7 DPI in SCID mice, 24 DPI in
BALB/c mice. Mice were kept to the parturition. The neonatal cubs
were immediately after birth transferred to the uninfected surrogate
mothers into a sterile box. Three litters of BALB/c cubs were im-
munosuppressed with depo-medrol (28 and 38 day post birth). The
youngsters of SCID and BALB/c mice were euthanized in their age of 3
or 6 weeks, respectively, and their organs were examined for the mi-
crosporidia.

2.6. DNA isolation

Organ samples were homogenized by bead disruption using a
FastPrep'—24 Instrument (MP Biomedicals, CA, USA) and 0.5 mm glass
beads (Biospec Products, Inc., Bartlesville, OK, USA) at the speed of
5.5m/s for 1 min. Total DNA was extracted using commercial column
based isolation kit DNeasy Blood & Tissue Kit (QIAGEN, Hilden,
Germany). Acquired DNA was stored at —20 °C.

2.7. PCR amplification

Nested PCR protocol was used for amplification of a complete se-
quence of internal transcribed spacer (ITS) using microsporidia-specific
primers described by De Bosscuere et al. (2007) and Katzwinkel-
Wladarsch et al. (1996). The upstream primers M2F (CGG AGA GGA
AGC CTT AGA GA) and MFNest (GAG AGA TGG CTA CTA CGT CCA
AGG) were targeted to the 3’region of the small subunit rRNA gene
(SSU) of E. cuniculi. The downstream primers M2R (ATA GTG ACG GGC
GGT GTG T) and MSP1R (ACA GGG ACM CAT TCA) were targeted to
the 5’ region of the large-subunit rRNA gene (LSU) of E. cuniculi. The
primary PCR mixture contained 2pl of template DNA, 10pul of
2 x AmpONE™ HS-Tag premix (GeneAll Biotechnology Co. Ltd),
200 nM each primer and molecular grade water up to a volume of 20 pl.
The reaction conditions for secondary PCR were similar to those de-
scribed above for the primary PCR, with the exception that 2 pl of the
primary PCR product was used as the template. Molecular grade water
(negative control) and DNA obtained from spores of E. intestinalis grown
in vitro in VERO E6 (positive control) were included to each PCR run.
For both PCR steps a total of 35 cycles, each consisting of 94 °C for 455,
58 °C for 45, and 72 °C for 60 s, were performed. Initial incubation at
94 °C for 3 min, final extension at 72 °C for 7 min, and final soak at 4 °C
were included. PCR products were visualized on a 1% agarose gel
containing 0.2 ug/ml ethidium bromide. A total 3 randomly selected
positive samples from each animal were sequenced to verify the iden-
tity with the inoculum.

3. Results

Fecal and urine samples of all maternal and surrogate mice used in
the experiment were negative for E. cuniculi prior infection with E.
cuniculi genotype II or matting or transfer of cubs (whichever came the
first). All fetuses delivered by Caesarean section of BALB/c and SCID
mice, which where intraperitoneally infected three days after mating
were negative for the presence of specific DNA of E. cuniculi genotype II.
Similarly, fetuses delivered by Caesarean section from both BALB/c and
SCID mice which were perorally infected and then mated 7, 24 or 50
day post infection were negative for the presence of E. cuniculi genotype
1. Encephalitozoon cuniculi DNA was found in the brain, liver, placenta
or uterus of maternal BALB/c mice, whereas all tested organs of SCID
mice were positive (Fig. 2 a,b).

Although E. cuniculi genotype I1 DNA was found in most organs of
BALB/c and all of organs of SCID mothers infected per orally at 24 day,
respectively 7 day prior matting, cubs born to these mothers were ne-
gative for presence of E. cuniculi genotype Il DNA (Fig. 2c).
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Fig. 2. Presence of specific Encephalitozoon cuniculi genotype Il DNA in organs of the mice and their cubs. a) intraperitoneal infection of mothers 3 days post mating
and presence of E. cuniculi in fetuses after Caesarean section at 19 day post matting, b) peroral infection of mothers and presence of E. cuniculi in fetuses after
Caesarean section at 19 day post matting, c¢) peroral infection of mothers and presence of E. cuniculi in cubs after birth, d) peroral infection of mothers, transfer of cubs
to the uninfected surrogate mothers and presence of E. cuniculi in cubs 3 weeks of age (SCID) and 6 weeks of age (BALB/c). n. - number of cubs in the litter; ! peroral
infection 50 days prior mating; ? peroral infection 24 days prior matting; * peroral infection 7 days prior matting; * immunosuppression by depo-medrol; grey color
represents PCR positivity of particular organ; number in circle represents number of positive cubs in the litter.

While BALB/c cubs, which were immediately after birth replaced to
an uninfected mouse mothers and kept there until 6 weeks of their age,
were negative for presence of E. cuniculi genotype II DNA, the micro-
sporidial DNA was detected in each examined organ in the similar
groups of cubs which were immunosuppressed with depo-medrol
(Fig. 2d). Surprisingly, parasite was also detected in spleen and/or in
brain of foster-mothers whose cubs were treated with depo-medrol.
Other BALB/c foster-mothers were negative. (Fig. 2d). All 21 day old
cubs of SCID mice infected 7 day before matting were E. cuniculi gen-
otype II positive in all organs (Fig. 2d). Positive organs of foster-mo-
thers of SCID mice were liver, kidney, lungs and in one case also a
brain. However, no animal suffered clinical microsporidiosis during the
experiments.

4. Discussion

Encephalitozoon cuniculi is the best studied species of microsporidia,
and the majority what is known about the pathogenesis of micro-
sporidial disease is derived from studies of this organism. Infectious
spores get into the environment with excrements of infectious in-
dividuals - urine and feces. Therefore they become ubiquitous and due
to lack of host specificity they can be transmitted between different
animal species. The transmission of parasite occurs most probably
through ingestion or inhalation of spores (Bryan and Schwartz, 1999;
Deplazes et al., 2000; Mota et al., 2000). Primary infection develops in
small intestine epithelial cells or of the respiratory tract. Besides hor-
izontal transmission, transplacental (vertical) transmission has also
been reported in various mammalian species (Baneux and Pognan,
2003; Hunt et al., 1972; Juan-Sallés et al., 2006; Mohn et al., 1974;
Mohn and Nordstoga, 1982; Owen and Gannon, 1980; Patterson-Kane
et al., 2003; Plowright, 1952; Reetz et al., 2004; Szabo and Shadduck,
1987; Szeredi et al., 2007; Zeman and Baskin, 1985; Webster et al.,
2008; Wilson, 1986).

Transplacental transmission of Encephalitozoon cuniculi was de-
scribed in many animal species. But the consequences of the transfer
were different. Placentitis, premature birth and perinatal death were
associated with Encephalitozoon cuniculi infection in an alpaca (Webster
et al., 2008). Abortion was a frequent consequence of microsporidiosis
in horses. Interestingly, the parasite was detected in the chorionic
epithelial layer, but no Encephalitozoon organisms were detected in any
of fetal organs (Patterson-Kane et al., 2003; Szeredi et al., 2007). In
carnivores, encephalitozoonosis is a sporadic disease, seen typically in
neonates, that affects the brain, kidney, liver and lungs (Akerstedt et al.,
2002; Mohn and Nordstoga, 1982; Szabo and Shadduck, 1987). In dog,
the transplacental transmission of microsporidia from infected, but
asymptomatic bitches to puppies has also been shown experimentally
and is probably a common route of transmission to puppies in natural
infections (Plowright, 1952; Snowden et al., 2009). The situation is
similar in the case of foxes. Vixens rarely suffer from clinical disease,
but they are a major source of infection that may be passed transpla-
centally to offspring (Mohn et al., 1974; Mohn and Nordstoga, 1982;
Nordstoga et al., 1978).

An expanding collection of case reports indicates that vertical
transmissions of infection also in small primates is not rare.
Disseminated encephalitozoonosis was diagnosed in 2 sibling juvenile
cotton-top tamarins (Saguinus oedipus), 3 sibling neonatal emperor ta-
marins (S. imperator) and in a squirrel monkey (Saimiri sciureus) less
than 24h old (Anver et al., 1972; Juan-Sallés et al., 2006) so far.
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Central nervous system lesions were the most prominent findings in
cotton-top tamarins and squirrel monkey.

Vertical transmission of Encephalitozoon cuniculi in mice is not often
published (Innes et al., 1962; Perrin, 1943). Moreover, the results of
existing experiments on whether the E. cuniculi can pass through a
mouse placenta, are diverging (Innes et al., 1962; Wilson, 1986). Some
of them have documented the failure to confirm transplacental infec-
tion in mice and rabbits (Owen and Gannon, 1980; Wilson, 1986) and
they concluded that infections are due to horizontal contamination. On
the other hand, there are another studies which provide the congenital
transmission of the E. cuniculi in rabbits (Baneux and Pognan, 2003; Cox
et al.,, 1977; Hunt et al., 1972). But most of these earlier studies have
been focused only on detecting the antibody titer or histological find-
ings, eventually they emulsified and inoculated affected tissue into
susceptible mice. We used the molecular methods to find out micro-
sporidial DNA and to reveal the truth about vertical transmission in
mice.

We used susceptible and encephalitozoon-free mice, which were
intraperitoneally infected at early stages of gestation to determine
whether the vertical transmission of microsporidia actually occurs.
SCID mice were used for this purpose, because they do not have a
functional immune system, so microsporidia can rapidly expand into
the host organs, including placenta. These experiments were paralleled
by study, where the mice were first perorally infected and then mated
in various stages of infection. Molecular analysis of fetuses showed no
presence of pathogen in any of these cases. Nevertheless, the findings of
parasite in organs of the mother mice corresponded to the course of the
infection, which was described previously (Kotkovi et al., 2013).

Although the nested-PCR is sensitive method, it did not reveal the
presence of a parasite in offsprings of immunocompetent mice. It is
stated that the PCR detection threshold for microsporidia is 10* spores/
g fecal matters (Franzen and Miiller, 1999; Rinder et al., 1998). The
specific number for detecting the minimum number of spores in the
tissue is not reported, but certainly it will be quite similar to the number
of spores in the faeces. Evidence that the transmission actually occurred
we obtained after repeated applications of depo-medrol administered to
neonatal mice. This chemotherapeutics reduced the function of the
immune system of the youngster and enabled microsporidia to mul-
tiply. Similarly, the parasite was detected in juvenile SCID mice up to
several weeks after birth. It seems that very small undetectable amount
of microsporidia passes through the placenta and need time for their
multiplication. There is also the possibility that the young are protected
for some time by maternal antibodies (Owen and Gannon, 1980). But
they gradually disappear and then the parasite has a chance to enforce.
It was also interesting that pregnant infected SCID mice were still alive
33 day after infection, which is about five days longer than was de-
monstrated in the experiments focused on course of infection caused by
E. cuniculi (Kotkova et al., 2013). The fact, that we found the pathogens
in spleen and/or in brain of mouse substitute mothers suggests the
contamination of the environment via cubs excretion and the horizontal
transmission.

There is possibility, that different manifestations of congenital en-
cephalitozoonosis may be related to the different of placental mor-
phology of individual mammalian species. These vary according to the
number of tissue layers separating fetal and maternal circulation. Also
the extent of transfer of antibodies from mother to fetus is related to the
number of placental barrier layers (Chucri et al., 2010). The largest
number of layers, namely six, has a horse. This type of placenta



M. Kotkovd et al.

(epitheliochorial placentation) forms a barrier between maternal and
fetal circulation systems and impedes the transfer of antibodies and
immune cells to the fetus during gestation (Grandcollot, 1976). On the
contrary, the smallest number of placental barriers is typical for the
hemochorid placenta, where the maternal tissue is completely absent
and the maternal blood directly washed the trophoblast. The transfer of
substances including antibodies, via the placenta in this species is fa-
cilitated, when compared to other types of placentation. This type of
placentation includes mice, rabbits, monkeys and humans (Chucri et al.,
2010; Leiser and Kaufmann, 1994). On the basis of this information, it
can be assumed that the experiments in which the antibody titer was
monitored in the offspring of mice or rabbits were distorted by the fact
that the antibody originated in mothers (Liu et al., 1988; Owen and
Gannon, 1980; Wilson, 1986). Therefore it cannot be as a evidence of
transplacental transmission of microsporidia.

Another theory could be that the number of tissue layers of placenta
could have an influence on the transfer of Encephalitozoon organism. As
mentioned above, no microsporidia were found equine foetus, but
chorionic epithelial layer were positive for the parasite (Patterson-Kane
et al., 2003; Szeredi et al., 2007). It could be due to the large number of
placental layers that the parasite isn't able to get to foetus. Our ex-
periments provided the evidence of transplacental transmission of En-
cephalitozoon cuniculi in mice, but the mechanism of transfer is subject
to further investigation.

5. Conclusion

No microsporidial DNA were found in fetuses obtained by Caesarean
section of mice which were intraperitoneally infected after mating.

All fetuses and cubs from mice which were mated either in acute or
chronic phase of infection were negative.

However, cubs immunosuppressed after birth, and cubs of im-
munodeficient SCID mice in age of 21 days were positive on micro-
sporidia.
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ARTICLE INFO ABSTRACT

Microsporidia are a group of obligate intracellular eukaryotic parasites, which are able to infect a wide range of
animals, including humans. Four genotypes of Encephalitozoon cuniculi have been found to date. The different
courses of microsporidiosis described in humans, which are dependent on immunological status of the host and

Keywords:
Encephalitezoon cuniculi genotypes II and I1I
Microsporidiosis

SB(;:.IE; c genotype of E. cuniculi, have been successfully imitated in murine models. In the present study, we quantified the
qRT-P/CR microsporidial burden in individual organs of a murine experimental model, using qPCR and we compared the

parasitic load of two genotypes of E. cuniculi, namely genotype II and III (EC II and EC III).

While the extent of microsporidiosis caused by EC II gradually increased over 35 days post infection (DPI) in
both immunocompetent and immunodeficient mice and caused death in the latter at 28 DPI, EC III had spread
into all host organs by seven DPI and was not lethal for either mouse strain during the experimental time period.
Moreover, EC III persisted in many organs until termination of the experiment. The number of microsporidial
spores in individual organs was ten times higher in EC IlI-infected animals compared to those infected with EC I
EC 1I infection also progressively shifted towards organs outside the gastrointestinal tract (GIT) in both mon-
itored mouse strains; whereas, EC III infection equally remained in both the GIT and organs outside the GIT.

With the increasing use of molecular methods in diagnostics, it is important to better understand the pa-
thophysiology of microsporidia, including its ability to escape from the immune system and persist in host
organisms. Our results indicate that pathogenicity is not directly connected to spore burden, as infection caused
by E. cuniculi genotype II is less extensive and spreads more slowly within the host organism than infection
caused by E. cuniculi genotype III, but which caused the earlier death of immunodeficient mice.

1. Introduction

Microsporidia are heterotrophic, unicellular microorganisms clas-
sified as a single phylum (Redhead et al., 2009) that are ubiquitous in
the environment and capable of infecting all groups of animals, in-
cluding humans. As the first microsporidian identified in mammals and
the first microsporidian successfully isolated for long-term culture,
Encephalitozoon cuniculi is among the best-studied microsporidian spe-
cies (Levaditi et al.,, 1923; Shadduck, 1969; Wright and Craighead,
1922). This microsporidian is not host-specific and has been reported to
induce multi-organ pathogenesis including encephalitis, kerato-
conjunctivitis, nephritis, and hepatitis in immunocompromised patients
(Abu-Akkada et al., 2015; Hocevar et al., 2014; Kicia et al., 2016) and
animals (Desoubeaux et al., 2017a; b).

Based on molecular data of ITS rRNA sequences, four E. cuniculi
genotypes have been identified so far: genotype 1 (“rabbit”), genotype II

(“mouse”), genotype III (“dog™), and genotype IV (“human”) (Didier
et al., 1995; Talabani et al., 2010; Xiao et al., 2001). To date, the course
of infection for genotypes II and III have been described in detail using
nested PCR. Infections caused by either E. cuniculi genotype resulted in
death of immunodeficient SCID mice. During the course of infection
caused by E. cuniculi genotype II in immunocompetent BALB/¢ mice,
the number of infected organs increased until 35 days post infection
(DPI). After this peak of infection, the parasite gradually disappeared
from most host organs, except the spleen. In contrast, infection caused
by E. cuniculi genotype III had an acute phase by 7 DPI and, during the
chronic stage of infection, many organs were still positive for micro-
sporidia. Common for both genotypes is the pattern of spreading in-
fection — after oral application, the parasite first infected the gastro-
intestinal tract, then spread to the abdominal organs, followed by
organs of the thoracic cavity, and finally the brain was infected. Mi-
crosporidia were only found in the blood in SCID mice just prior to their
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Table 1
Maximal spore burden in individual tissue samples of E. cuniculi genotype II and E. cuniculi genotype Ill-infected immunocompetent BALB/c and immunodeficient
SCID mice.
Organ 7. DPI 14. DPI 21. DPI 28. DPI 35. DPI
number of spores per 1g of tissue x 107 (BALB/c vs SCID)
Gastrointestinal tract
stomach E. cuniculi 11 <01 / 0 < 0.1 / 0 0.4 o 49.1 0.8 / 95.8 1.4 o NA
E. cuniculi 111 401.3 / 44,2 220.1 Fi 49.1 275.1 / 767.6 240.7 / 2029.1 180.2 / 8518.3
duodenum E. cuniculi 11 0 / 1.9 0 / 89 0.3 / 26.0 0.7 e 50.2 2.0 / NA
E. cuniculi 111 392.88 4 29.3 249.93 / 70.8 292.7 / 529.3 104.45 £ 1389.2 181.12 / 9808.7
jejunum E. cuniculi 11 0 ¥ 0 <0.1 / 22,6 <0.1 ¥ 39.4 0.2 / 76.8 0.5 / NA
E. cuniculi 111 70.3 / 61.5 110.7 / 64.7 181.6 / 162.3 222.7 / 854.2 161.7 / 4007.1
ileum E. cuniculi 11 0 / 0 0 / 8.2 0.1 / 27.3 0.2 / 39.3 0.9 / NA
E. cuniculi 111 91.0 / 79.1 144.4 ! 717.4 216.0 / 1631.1 180.4 / 5152.8 116.9 ! 7335.7
caecum E. cuniculi 11 0.4 ! 228.3 0.7 i 868.6 4.7 74 906.0 7.1 / 2478.2 9.6 4 NA
E. cuniculi 111 381.1 / 119.2 173.8 / 398.4 210.7 e 1805.8 319.9 / 11831.8 352.2 o 46655.3
colon E. cuniculi 11 <0.1 / 12.2 <0.1 / 83.5 0.2 / 763.7 0.9 / 1325.9 1.8 4 NA
E. cuniculi 111 189.6 / 18.2 225.5 / 361.2 175.9 / 1130.8 177.4 4 5949.5 205.3 / 11173.2
MEAN E. cuniculi 11 = 0.1 / 40.4 0.1 L 165.3 0.9 s 301.9 1.7 !/ 677.7 2.7 S/ NA
E. cuniculi 111 254.4 / 58.6 187.4 / 276.9 225.3 / 1004.5 207.6 !/ 4534.4 201.4 / 14583.1
Organs outside gastrointestinal tract
spleen E. cuniculi 11 < 0.1 / 0 0.4 i 51.0 2.6 / 336.6 15.7 / 2318.8 38.0 s NA
E. cuniculi 111 382.3 / 12.4 206.7 / 618.3 179.3 v 1274.5 210.9 / 2258.4 361.1 ! 47242.1
liver E. cuniculi 11 0 / 0 0.1 ! 76.4 37 / 1469.4 18.3 ! 2900.4 223 i NA
E. cuniculi 111 75.6 7 162.2 159.4 / 258.5 179.9 / 1814.3 200.3 o 23128 355.8 / 25039.1
kidney E. cuniculi 11 0 / 5.9 <01 / 731 0.1 / 165.7 3.5 / 1127.5 7.4 / NA
E. cuniculi 111 94.5 / 31.3 170.1 i 341.2 241.5 / 913.8 202.1 / 2350.9 306.3 S/ 48606.2
bladder E. cuniculi 11 0 i 2.3 0 / 89.8 0.1 i 126.7 0.2 / 240.8 0.4 e NA
E. cuniculi 111 102.3 / 5.9 116.6 £ 245 85.4 / 320.1 106.2 / 831.3 178.1 / 2862.7
heart E. cuniculi 11 0 / 129 <01 / 329.9 0.1 Vi 610.4 0.2 !/ 2726.6 3.6 ! NA
E. cuniculi 111 77.1 7 639.0 158.3 i 884.2 123.3 / 1055.7 156.4 / 10311.3 164.1 / 48798.2
lung E. cuniculi Il 0 / 3.0 <01 / 10.4 <01 ¥ 824.6 0.1 / 1687.9 3.4 / NA
E. cuniculi 111 104.6 / 16.4 173.5 / 99.3 224.1 / 558.3 106.7 / 1977.1 238.2 S 13480.2
brain E. cuniculi 11 <0.1 / 15.4 0.7 i 46.7 6.2 # 78.7 10.9 / 167.9 24.8 i NA
E. cuniculi 111 48.5 / 171 106.6 / 25.3 307.1 v 174.9 209.2 / 1115.3 2122 ! 3220.7
MEAN E. cuniculi 11 <01 7 5.7 0.2 / 96.8 1.8 / 516.0 6.9 / 1595.7 14.3 / NA
E. cuniculi 111 126.4 ! 126.3 155.9 / 321.6 191.5 / 874.4 178.8 / 3022.4 259.4 / 27035.6
TOTAL MEAN E. cuniculi 11 <01 / 23.1 0.2 ! 131.1 1.4 3 409.0 4.3 / 1136.7 8.5 ! NA
E. cuniculi 111 190.4 7 92.5 171.7 / 299.3 208.4 7 939.5 193.2 o 3778.4 230.4 i 20809.4

death and in BALB/c mice during the acute phase of E. cuniculi genotype
III infection (at 7 DPI) (Kotkova et al., 2013, 2017).

Although the traditional polymerase chain reaction (PCR) is a sen-
sitive method, false negative results can occur when the minimum or-
ganism concentration is below the lower limit of detection. In addition,
this method does not provide any information about the number of
spores in a sample and, therefore, says nothing about the total burden
of the parasite on the host organism.

In this study, we quantified the spore load of individual organs in a
murine host using qPCR, comparing both genotypes of E. cuniculi. We
describe, in detail, the different courses of microsporidiosis depending
on E. cuniculi genotype and immunological status of the host.

2. Materials and methods
2.1. Parasite

Spores of Encephalitozoon cuniculi genotype EC II were originally
isolated from a dexamethasone-treated laboratory mouse (Koudela
et al., 1994) and spores of E. cuniculi genotype EC III were originally
isolated from pet rodents, Steppe lemmings (Lagurus lagurus)
(Hofmannovd et al., 2014). Both genotypes were grown in vitro in Green
monkey kidney cells (VERO, line E6) maintained in RPMI-1640
medium (SIGMA) supplemented with 2.5% heat-inactivated fetal
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bovine serum. Spores were harvested and purified from cells by cen-
trifugation over 50% Percoll (SIGMA) at 1100 x g for 30 min and wa-
shed three times in deionized water before storing in deionized water
supplemented with antibioties (SIGMA; 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2.5 ug/ml amphotericin B) at 4 “C. Spores were wa-
shed with deionized water before use.

2.2. Specimens studied

To quantify E. cuniculi spores by qPCR in organs of the gastro-
intestinal tract (stomach, duodenum, jejunum, ileum, caecum, and
colon) and organs outside of the gastrointestinal tract (spleen, liver,
kidney, bladder, heart, lung, and brain), samples obtained from pre-
vious experiments were used (Kotkova et al., 2013, 2017). Briefly,
eight-week-old immunocompetent BALB/c mice and immunodeficient
SCID mice were perorally (p.o.) infected with a dose of 107 spores either
of E. cuniculi genotype II or IIl in 0.2ml of deionized water by in-
tragastric gavage. Three mice from each group were euthanized by
cervical dislocation every seventh day post infection and sterile samples
of the above mentioned tissues were collected. Each organ was removed
using a different pair of sterile dissection tools.
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2.3. Molecular study

All DNA samples, obtained within previous studies (Kotkova et al.,
2013, 2017), were processed using a quantitative polymerase chain
reaction (QPCR) protocol amplifying a 268-bp region of the 16S rRNA
gene of E. cuniculi (Wolk et al., 2002) and a 137-bp region of murine 3-
actin as a housekeeping gene (Dai et al., 2009). Primers and hy-
bridization probe labeled with fluorescein reporter and FastStart Uni-
versal Probe Master were purchased from Generi Biotech (Hradec
Krélové, Czech Republic) and Roche (Praha, Czech Republic). Each run
included negative controls consisting of unspiked tissue specimens of a
known f(-actin concentration, diluent blanks, and a positive control
with a known concentration of E. cuniculi DNA. Positive results were
determined using mathematical algorithms included with the Light-
Cycler system. Results were determined to be positive when the fluor-
escence signal crossed the baseline at = 43 cycles. Total amount of
spores in 1g of individual tissue samples was calculated based on a
standard curve derived from serial dilutions of spores in water and
recalculated based on the number of B-actin copies in the tissue sample
according to Sak et al. (2017).

For the purpose of qPCR analyses, DNA of E. cuniculi genotype II
isolated from serial dilutions of spores containing 10° to 10° spores per
ml in distilled water was used to create a standard curve.

3. Results
3.1. BALB/c mice

qPCR revealed a continuous shift in tissue tropism during the course
of infection with E. cuniculi genotype II. In the first week post infection,
the highest number of microsporidial spores were detected in the gas-
trointestinal tract (6.7 x 10° spores per 1g of tissue); whereas, organs
outside the gastrointestinal tract were gradually more affected,
reaching a maximum of 14.3 x 107 spores per 1g of tissue at 35 DPI
(Table 1). The most highly infected organs were liver, brain, and spleen.
Infection in immunocompetent mice increased gradually until the end
of the experiment at 35 DPI.

In contrast, a significantly elevated amount of spores per 1g of
tissue was found as early as seven DPI in hosts infected by EC III,
reaching a maximum of 4.0 x 10° (Table 1). Moreover, compared to EC
11, the infection remained predominantly in the gastrointestinal tract
until 28 DPI (2.1 x 10? spores per 1 g of tissue), with stomach, jejunum
and caecum being the most affected organs (Fig. 1). The infection
burden did not shift towards organs outside the gastrointestinal tract
until 35 DPI, with a mean spore burden reaching 2.6 x 10” spores per
1 g of tissue. Outside the gastrointestinal tract, spleen and liver were the
most affected organs.

3.2. SCID mice

The amount of EC II spores in immunodeficient SCID mice increased
gradually until host death at 28 DPI. Similar to immunocompetent
BALB/c mice, the infection was located mainly in the gastrointestinal
tract during the first two weeks, predominantly in the caecum
(8.7 x 10° spores per 1g of tissue). With ongoing infection, spore
burden was observed to increase in organs outside of the gastro-
intestinal tract, namely in spleen and liver (|Fig. 1, Table 1).

Contrary to EC II infection in SCID mice as well as EC III infection in
BALB/c mice, the infection with E. cuniculi genotype III in SCID mice
was predominantly in organs outside the gastrointestinal tract from the
beginning of the experiment (Fig. 1). Surprisingly, the infection in-
tensity in all organs increased dramatically after the third week of in-
fection. However, despite an enormous burden in almost all organs,
reaching up to 4.9 x 10" spores per 1 g of tissue, the immunodeficient
mice survived the infection without any clinical signs of infection until
the end of the experiment at 35 DPL.
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4. Discussion

Nested PCR is considered to be a sensitive and reliable method for
the diagnosis of microsporidiosis (Liguory et al., 1997). However, this
method has a considerable risk of contamination and does not allow
quantification of parasitic burden. In this study, we used qPCR for
quantitative identification of E. cuniculi in a murine experimental host,
because it is largely more advantageous in many other aspects: it re-
moves the requirement for separate amplification and analysis of am-
plicons, it also decreases the possibility of contamination, as well as it
deletes the need for the teratogenic substance, ethidium bromide, used
in gel electrophoresis for visualizing DNA. Using qPCR allowed us to
determine the level of infection in individual organs. Our results, in
accordance with results of previous studies, confirm that E. cuniculi
infections mainly involve the spleen, heart, kidney, and brain (Kotkova
et al.,, 2013, 2017). Moreover, using the qPCR technique revealed the
presence of microsporidial DNA in organs that were previously in-
dicated as negative using nested PCR (e.g. brain in EC Il-infected BALB/
c mice at 7 DPI; Kotkova et al., 2013).

Tt is well known that the pathology of encephalitozoonosis depends
on the mode of infection, microsporidium genotype, and immune re-
sponse of the host (Salat et al.,, 2001; Valené¢akovd and Halanova,
2012). Pathogenesis has not been evaluated in immunocompetent and
other healthy people, although observations in animal models demon-
strate that the presence of clinical signs in the acute stage of infection
disappear despite persistent infection (Didier and Weiss, 2011). Most of
the previous experimental studies examined only the prolongation of
host survival time; therefore, the persistence of microsporidia in
asymptomatic model hosts has generally not been investigated (Khan
et al., 1999; Moretto et al., 2000; Salét et al., 2001). In this case, using
qPCR, we were able to detect parasitic DNA at amounts as low as
8 x 10*. Using traditional PCR could have resulted in a false negative
result for such low amounts of the parasite and, because there are no
clinical signs, the animal could have been considered healthy. Results of
our previous study, which was focused on experimental infection of
immunocompetent BALB/c mice with E. cuniculi genotype I, revealed a
pattern of infection that in early acute stages involved massive dis-
semination to multiple organs followed by late stage chronic infection,
characterized by latent survival of microsporidia only in the spleen
(Kotkovd et al., 2013). qPCR results of this study demonstrate that the
spleen, of all examined organs, contained the highest amount of mi-
crosporidial spores. It is obvious that even otherwise healthy in-
dividuals cannot fully cope with microsporidial infection, despite a
functional immune system. Therefore, this latent infection could serve
as a reservoir for further spread of infection if the immune system is
later suppressed for any reason.

For immunocompetent mouse hosts, the course of infection caused
by E. cuniculi genotype 111 had a massive onset, which was characterized
by the presence of this parasite in all organs within one week post in-
fection. Although there was a disappearance of microsporidia from
many organs over the next several weeks, the number of positive organs
in the chronic stage of infection was much higher than during chronic
infection caused by E. cuniculi genotype II (Kotkova et al., 2017).
Moreover, we found that, in comparison to EC II, the amount of mi-
crosporidial DNA in the organs is about one order of magnitude higher.
A reduction in the amount of microsporidia in the organs over the
following weeks suggests a partially successful host immune response to
the parasite. But, as our results have shown, the success rate is much
smaller than in the case of EC II, which may be due to the faster mul-
tiplication of EC IIL

For immunocompetent mice infected with E. cuniculi, latent infec-
tion likely remains asymptomatic as long as parasite multiplication and
host immune response are balanced (Gannon, 1980; Niederkorn et al.,
1981); however, for immunocompromised hosts such as SCID or
athymic mice, acute and potentially fatal disease develops after infec-
tion (Koudela et al., 1993; Schmidt and Shadduck, 1984). We found
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that immunodeficient mice infected with E. cuniculi genotype III sur-
vived surprisingly longer than mice infected with E. cuniculi genotype 11
despite having a higher parasitic burden. Although the infection caused
by E. cuniculi genotype III had more extensive spreading (into all or-
gans) within the first week post inoculation and the amount of micro-
sporidial spores in individual organs was ten times higher than in the
case of EC II infection, the median survival time for hosts with EC III
infection was significantly longer. This may reflect differences based on
E. cuniculi genotype in the activation of various parts of the immune
system. In the case of immunodeficient SCID mice, lacking either T or B
lymphocytes, NK cells and cells of the mononuclear phagocytic system
seem to be front line fighters against microsporidia. NK cells produce
IFN-y, which stimulates macrophage activity. It has been shown that
mice with a defective gene for the synthesis of IFN- y succumb to in-
fection caused by E. cuniculi genotype II earlier than SCID mice (Salat
et al., 2004). It is therefore likely that IFN-y produced by NK cells in
SCID mice is responsible for their prolonged survival associated with
activation of macrophages. This mechanism apparently applies in the
early stages of infection in immunocompetent mice and thus con-
tributes to their protection. On the other hand, it should be noted that
IFN-y derived from NK cells alone cannot protect the immunodeficient
host from the development of lethal microsporidiosis. NK cells are not
the only defense mechanism in immunocompetent hosts. For example,
CD8* T lymphocytes and antibodies help reduce the number of para-
sites (Valencakova and Halanovd, 2012) to help the host cope with the
infection. However, exactly how EC III evades the host's immune system
to spread its infection more rapidly than EC II remains an unanswered
question.

Another surprising finding is a disappearance of the parasite from
the gastrointestinal tract after reaching the acute phase of infection. In
past studies, this was observed for both genotypes of E. cuniculi, with
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the only exception being intermittent presence of microsporidia in the
caecum of EC III infected mice (Kotkova et al., 2013, 2017). Present
qPCR results, however, revealed that microsporidia did not completely
disappear from the gastrointestinal tract in the chronic stage of infec-
tion; rather, it was present in such a small amount that it was not de-
tectable by common nested PCR. Together with this decreased load in
the gastrointestinal system, the number of microsporidial spores in-
creased in organs outside the gastrointestinal tract. It has been observed
that the application of anti-microsporidial drugs or potentially effective
selected plant extracts leads to a considerable shift of the infection to-
wards organs outside the gastrointestinal tract and to a significant re-
duction in the infection intensity (Kotkova et al., 2013, 2017; Lallo
etal., 2013; Sak et al., 2017). Furthermore, immune reconstitution with
antiretroviral therapies has greatly reduced the occurrence of micro-
sporidiosis-associated clinical symptoms in persons with HIV infection
(Didier et al., 2004; Seddon and Bhagani, 2011), but there has been no
reports about the shifting of microsporidia burden between the gas-
trointestinal tract and visceral organs.

Based on our results, we can conclude that the spore burden does
not reliable reflect pathogenicity and that survival of infected im-
munodeficient hosts is more likely dependent on the microsporidian
genotype present. Whereas E. cuniculi genotype I1I more rapidly spreads
within the host organism, E. cuniculi genotype II causes earlier death of
immunodeficient mice. This study provides important information
sorely lacking in the literature concerning latent microsporidiosis and
helps to better understand the course of infection of these pathogens.
We believe that evaluation and comparison of microsporidia infections
in immunocompetent and immunodeficient individuals will reveal the
actual extent of microsporidiosis during various phases of infection and
could help address the actual role of previously considered protective
parts of immune response against microsporidiosis.
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Summary

This study revises our understanding of the effectiveness of cell-mediated adaptive
immunity and treatment against microsporidia using molecular detection and quantifi-
cation of microsporidia in immunocompetent C57BI/6 and immunodeficient CD4 ™/~
and CD8”" mice for the first time. We demonstrate an intense dissemination of
microsporidia into most organs within the first weeks post-infection in all strains of
mice, followed by a chronic infection characterized by microsporidia persistence in
CD4 ™~ and C57BlI/6 mice and a lethal outcome for CD8™~ mice. Albendazole applica-
tion reduces microsporidia burden in C57BI/6 and CD4 /" mice, whereas CD8™/~ mice
experience only a temporary effect of the treatment. Surprisingly, treated CD8™~ mice
survived the entire experimental duration despite enormous microsporidia burden. On
the basis of our results, we conclude that microsporidia survive despite the presence
of immune mechanisms and treatments that are currently considered to be effective
and therefore that CD8 T lymphocytes represent a major, but not sole effector mecha-
nism controlling microsporidiosis. Furthermore, the survival of mice does not corre-
spond to spore burden, which provides new insight into latent microsporidiosis from

KEYWORDS

1 | INTRODUCTION

Microsporidia are intracellular spore-forming unicellular parasites that
infect a wide range of vertebrate and invertebrate hosts, including hu-
mans.! The natural route of entry for the parasite into the host is by
ingestion or inhalation of infectious spores.2 Microsporidia have been
recognized as the causative agents of opportunistic infections in in-
dividuals with deficient immunity, particularly in patients with AIDS.*

Most of what is known about microsporidia is based on
Encephalitozoon cuniculi,* which infects a variety of host cells causing
various pathologies affecting the nervous system, respiratory and di-
gestive tracts, liver, peritoneum, lung, bladder and kidney.>®

Studies of the immune response against microsporidia are based
on experimental infections of various strains of mice. Initial studies
showed that the course of infection is dependent on the immune
status of the host—for immunocompetent mice, latent infection

an epidemiological point of view.

CD4 T lymphocytes, Cell, CD8+ T lymphocytes, Cell, Encephalitozoon cuniculi, Parasite

remained asymptomaticfﬂ whereas, in immunocompromised hosts
acute, potentially fatal disease developed after experimental infec-
tion.”'° In subsequent studies, host immunity against microsporidia
has been examined intensively and the potential protective role of
both humoral and cellular immunity was established. The central role
of cell-mediated immunity, IFN-y and IL-12 in the defence against
microsporidial infection has been demonstrated in adoptive transfer
experiments using SCID or athymic mice.**** Furthermore, the signif-
icance of individual T-cell subsets in immunity against E. cuniculi has
been shown using gene knock-out mice, highlighting the role of CD8
cytotoxic T lymphocytes.*> 17

However, all of the above-mentioned studies were focused only
on extending the hosts’ survival time regardless of the possible per-
sistence of microsporidia and the development of latent infection.
With the recent introduction of a method for molecular detection
of microsporidia in hosts, it appears that microsporidia successfully

Parasite Immunology. 2017;39:€12496.
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blnfection with 107 Encephalitozoon cuniculi spores in 0.2 mL of sterilized deionised water.

survive in immunocompetent hosts or in albendazole-treated individ-
uals and, moreover, that they are able to reactivate from undetectable
levels and spread within these hosts after the induction of immuno-
suppression or albendazole treatment termination.!®

Thus, this study was designed to determine the effectiveness of
individual components of cell-mediated immunity against infection
caused by E. cuniculi using CD4™'~ and CD8/~ knock-out mice with
molecular detection and quantification of microsporidia infection.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

All experimental procedures complied with the law of Czech Republic
(Act No. 246/1992 Coll., on the protection of animals against cru-
elty). The study design was approved by ethical committees at the
Biology Centre of CAS, the State Veterinary Administration, and
the Central Commission for Animal Welfare under Protocol No.
085/2013.

2.2 | Mice

Eight-week-old immunodeficient (CD4™" and CD8") and immuno-
competent (C57BI/6) mice (Charles River, Sulzfeld, Germany) were
housed in plastic cages with sterilized wood-chip bedding situated in
flexible film isolators (BEM Znojmo, Czech Republic) with HEPA fil-
ters. All mice were supplied a sterilized diet (TOP-VELAZ Praha, Czech

Republic) and sterilized water ad libitum.

2.3 | Parasites

The spores of E. cuniculi strain EC2'7 were grown in vitro in Green
monkey kidney cells (VERO E6) maintained in RPMI-1640 medium
(SIGMA) supplemented with 2.5% foetal bovine serum. Spores
were purified by centrifugation over 50% Percoll (SIGMA) and
stored in sterilized deionised water supplemented with antibiotics
(SIGMA).

2.4 | Experimental protocol

Groups of mice were per orally (p.o.) infected with 107 E. cuniculi
spores in 0.2 mL of deionised water by intragastric gavage. Design
of experiments is shown in Table 1. Selected groups were daily p.o.
treated by intragastric gavage with albendazole (Aldifal, MEVAK
NITRA, SR; 0.2 mg/animal) for a period of 14 days starting on the 28th
day post-infection (DPI). Noninfected mice of each strain were used
as negative controls. Faecal samples were obtained daily from each
mouse separately and stored at —~20°C for further molecular analyses.
The animals’ health, mortality and morbidity were recorded at twelve-
hour intervals.

Three mice from each group were euthanized by cervical disloca-
tion every seventh DPI, and sterile specimens were obtained using a
different pair of sterile dissection tools.
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2.5 | DNAisolation

Faecal, organ and body fluid samples were homogenized by bead
disruption using a FastPrep®-24 Instrument (MP Biomedicals, CA,
USA) and 0.5 mm glass beads (Biospec Products, Inc., Bartlesville, OK,
USA) at a speed of 5.5 m/s for 1 min. Total DNA was extracted using
the commercial column-based isolation kits QIAamp® DNA Stool
Mini Kit and DNeasy Blood & Tissue Kit (both from Qiagen, Hilden,
Germany). Acquired DNA was stored at -20°C.

2.6 | PCRamplification

Nested PCR protocols were used for the amplification of a partial se-
quence of 165 rRNA, using microsporidia-specific primers.2%?* DNA
obtained from spores of E. intestinalis was used as a positive control.
Ultrapure water was used as a negative control. A total of 3 randomly
selected positive samples from each animal were sequenced to verify
the identity with the inoculum. If one of the samples originating from
triplicate mice was found positive, the organ was considered positive.

2.7 | gRT-PCR

Selected DNA samples from the peak of infection were processed
using a quantitative RT-PCR protocol amplifying a 268 bp region of
the 165 rRNA gene of E. cuniculi 2 and a 137 bp region of murine
p-actin as a housekeeping gene.23 Each run included negative con-
trols consisting of unspiked specimens and diluent blanks. The total
amount of spores in 1 g of individual faecal or tissue samples was cal-
culated based on the standard curve derived from serial dilutions of
spores in water and faeces and the known weight of faecal samples
or recalculated based on the number of p-actin copies in the tissue
sample, respectively.

2.8 | Statistical analysis

Differences in survival time between groups of mice and differences in
the numbers of affected organs within individual groups of mice were
analysed by nonparametric Mann-Whitney U tests using Statistica 6.0
software (StatSoft CR, Praha, Czech Republic).

3 | RESULTS

The course of microsporidiosis in control C57BI/6 mice was charac-
terized by the progressive dissemination of spores into multiple or-
gans within 21 DPI (Figure 1A). After this acute stage, microsporidia
disappeared from half of the positive organs; however, spleen, lung,
jejunum and peritoneum were repeatedly positive during the chronic
stage of infection until experiment termination at the 91st DPI. Other
examined organ and body fluid specimens were positive at irregular
intervals. The maximum spore burden of 6.59 x 107 per gram of tissue
was reported on the 28th DPI. Microsporidial DNA was detected in
faecal samples from the 4th DPI, but shedding was intermittent over
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the course of infection and became less frequent towards the end of
the sampling period (Figure 1A).

Application of albendazole in C57BI/6 mice led to a noticeable re-
duction in the number of affected organs. Starting from the 49th DPI
(1 week after treatment termination), no microsporidia were detected
in any tested organ or body fluid (Figure 1B). Additionally, faecal sam-
ples examined during and after treatment were negative for the pres-
ence of parasite’s DNA except on the 31st and 37th DPI (Figure 1B).

A comparable onset of infection was recorded for CD4™~ mice,
reaching a maximum of 1.19 x 10® spores per gram of tissue on the
28th DPI; however, during the chronic infection period microspo-
ridia remained extensively spread throughout the mouse body, pre-
dominantly in organs outside the gastrointestinal tract (Figure 1C).
Shedding of microsporidia in faeces began on the 5th DPI, and a de-
tectable amount was reported on numerous days until the end of the

’~ mice shed

experiment. Compared with control C57BI/6 mice, CD4~
spores more frequently (Figure 1C).

Albendazole treatment in CD4™~ mice had the same effect as in
the control group, except that the period until total disappearance of
microsporidia lasted longer, namely 63 DPI (3 weeks post-treatment
termination). Also, faecal samples were more frequently positive for
microsporidial DNA than in the case of control albendazole-treated
C57BI/6 mice and a positive reaction was reported as late as 41 DPI
(Figure 1D).

In contrast, inoculation of E. cuniculi caused a severe, fatal disease
in CD8™"" mice, which was characterized by aggressive dissemination
of microsporidia throughout the host within 5 weeks post-infection,
with a maximum spore burden of 5.27 x 107 per gram of tissue on the
35th DPL. In the following weeks, a temporary disappearance of the
parasite from several organs, including the liver and bladder, was ob-
served; however, these mice succumbed to the infection on the 58th
DPI. Faecal samples were positive for microsporidia almost every day
beginning on the 5th DPI (Figure 1E).

Treatment of infected CD8 ™/~ mice with albendazole from the 28th
to 42nd DPI resulted in survival prolongation and the disappearance
of microsporidia from several organs 1 week after treatment termina-
tion. Subsequently, however, the parasite re-disseminated to almost
all organs. Microsporidial DNA was detected in faecal samples almost
every day from the 4th DPI until albendazole treatment began. A re-
duced frequency of spore shedding was recorded during and after
treatment between the 28th and 65th DPI; however, spores were
again detected in faeces almost every day from the 65th DPI through
to experiment termination (Figure 1F). The mice survived until the end
of the experiment on the 91st DPI without any signs indicating possi-
ble oncoming death.

4 | DISCUSSION

Microsporidiosis is an emerging infectious disease with a rap-
idly broadening clinical spectrum including gastrointestinal, pul-
monary, nasal, ocular, muscular, cerebral and systemic infections.
Microsporidiosis should be considered not only in the differential
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FIGURE 1 Course of Encephalitozoon cuniculi genotype Il infection, including pattern of spore shedding and dissemination of infection
to selected organs and tissues. (A) C57BI/6 mice, (B) C57BI/6 mice treated with albendazole, (C) CD4™'" mice, (D) CD4™/~ mice treated with
Albendazole, (E) CD8/~ mice, (F) CD8 ™/~ treated with albendazole. Grey field—albendazole treatment; black line—course of E. cuniculi infection;

dot—E. cuniculi positive organ; black square—shedding of spores

diagnosis of HIV-related symptomatic disease of virtually all organ

d24

systems affecte but also in immunocompetent individuals as caus-

ative agents of diseases with unknown aetiology.?>%¢

In recent decades, intense study of host immunity against microspo-
ridia has been enabled by the establishment of murine models that suc-
cessfully reproduce the different courses of infection observed in hosts
of varying immunological status. Although the roles of both humoral

and cellular immunity were previously demonstrated, the central role of

67

cell-mediated immunity, especially that of CD8 + cytotoxic T lympho-
cytes, in the defence against microsporidial infection has been recently
confirmed with adoptive transfer experiments.” 1122728 Fyrthermore,
the partial role of CD4 + T lymphocytes and the significance of both
interferon gamma (IFN-y) and interleukin 12 among studied cytokines
have been re;:nc'rted.u’”'29 More recently, partial roles for professional
or nonprofessional phagocytes, natural killer and dendritic cells, and

antimicrobial molecules have also been proposed.®®3!
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Similarly, studies in humans have demonstrated that the recovery
of T-cell levels via protease inhibitor (antiretroviral) therapy leads to
the resolution of microsporidiosis in patients infected with HIv32:32
However, with the establishment of molecular methods for routine
diagnostics, microsporidia have become more frequently reported,
including in immunocompetent individuals without any manifestation
of the infection.®* 8 This implies that even the otherwise healthy indi-
viduals cannot fully cope with microsporidial infection despite having
a functional immune system.

This hypothesis was first supported experimentally by Kotkova
1,18 who demonstrated that spores of E. cuniculi remain in some
organs of immunocompetent BALB/c mice and can serve as constant

eta

sources of infection. Likewise, results of the present study showed a
massive onset of infection in immunocompetent C57BI/6 mice with a
disappearance of microsporidia from many organs during the next sev-
eral weeks. However, the extent of chronic infection was much higher
than that previously reported in BALB/c mice.'®

On the other hand, a variety of outcomes have been reported for
different strains of severely immunodeficient mice. While encephalito-
zoonosis in SCID mice was characterized by a gradual dispersal leading
to death within 5 weeks post-infection,*® CD8™/~ mice survived signifi-
cantly longer (8 weeks post-infection) in the present study, supporting
a role for other immune mechanisms such as CD4 + T lymphocytes, B
lymphocytes and cytokines, as previously suggested in survival exper-
/" mice reached a comparable level
of spore dissemination during the acute phase of infection to that re-

iments.'>"%? Surprisingly, CD8~

ported in SCID mice 8 and the spore burden reached a maximum of
5.27 x 107 per gram of tissue on the 35th DPI, indicating that the ob-
served survival prolongation is not solely dependent on spore quantity
reduction, Moreover, the CD4™"~ mice that successfully survived the
3 month-long experiment were intensively parasitized by microspo-
ridia reaching a maximum of 1.19 x 10° per gram of tissue on the 28th
DPI. This result strongly opposes the generally accepted conception of
the essential role and effectiveness of cell-mediated immunity (mostly
CD8 + T lymphocytes) in protection against microsporidiosis as origi-
nally proposet‘.l.ﬁ'”'28

Chemotherapy of microsporidiosis is limited to a few drugs in-
cluding albendazole, Fumagillin and protease inhibitors used in an-
tiretroviral therapy. The efficacy of a treatment in the elimination
of microsporidia was originally evaluated by extension of hosts’ sur-
vival time using in vivo experimental infections. However, recently
published studies showed that treatment with albendazole caused
ostensible disappearance of E. cuniculi from all organs and tissues in
immunocompetent murine hosts and that microsporidia can spread
again from hidden foci after treatment termination or immunosup-
pression of the host.'®® In the present study, immunocompetent
C57BI/6 mice and CD4™/~ mice were both successfully treated with
albendazole; however, only a temporary remission was observed in
CD8™'" mice, with the number of affected organs by the end of the ex-
periment being comparable to that of untreated mice during the acute
phase of infection. Our results highlight the importance of determining
the mechanisms by which hosts survive an extensive spore load (as in
CD4”’" mice) and how microsporidia escape from both the immune
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response and current treatments. We propose that host survival is
prolonged despite considerable spreading of microsporidia due to the
activation of different immune system effectors. For example, natural
killer (NK) cells seem to be an important factor in cases of micrasporid-
iosis in immunodeficient hosts, but this remains a question for future
research. Understanding both how microsporidia survive in their hosts
despite a competent immune system and how infected hosts survive
despite an enormous spore burden in their tissues without any clinical
signs of infection could significantly contribute to research related to
the epidemiology of microsporidiosis.
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Encephalitozoon cuniculi is probably the most common microsporidia which infects a wide range of
vertebrates, including human. So far, four genotypes of this parasite have been identified based on the
rRNA internal transcribed spacer variations.

The course of infection caused by E. cuniculi Ill had very massive onset in immunocompetent host
characterized by the presence of this parasite in all organs and tissues within one week after peroral
infection. Encephalitozoonosis caused by E. cuniculi 1ll had very progressive spreading into all organs
within first week post inoculation in immunocompromised SCID mice and led to the death of the host.
The experimental treatment with albendazole of immunocompetent BALB/c mice infected with
E. cuniculi 11l have shown very weak effect.

Our findings clearly showed that the different course of infection and response to treatment depends
not only on the immunological status of the host, but also on the genotype of microsporidia. It could be
very important especially for individuals under chemotherapy and transplant recipients of organs
originating from infected donors.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Microsporidia are unicellular

intracellular spore-forming

parasites belonging to the phylum Microsporidia. The best
described microsporidian is Encephalitozoon cuniculi, which infect a
wide range of vertebrates and invertebrates (Canning et al., 1986).
This species was first recognized by Wright and Craighead (1922)in
rabbit with motor paralysis, and subsequently described by Levaditi
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Ceské Budejovice, Czech Republic.
E-mail address: casio@paru.cas.cz (B. Sak).
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et al., in 1923. Currently, four genotypes of E. cuniculi have been
determined according to the number of 5'-GTTT-3’ repeats in the
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ribosomal internal transcribed spacer (ITS) region of the rDNA
gene; “rabbit” genotype [ with three repeats, “mouse” genotype I
with two repeats, “dog” genotype Il with four repeats and “human”
genotype IV with five repeats (Didier et al., 1995; Talabani et al.,
2010; Xiao et al., 2001).

While E. cuniculi genotype II has been found in many different
species of hosts, E. cuniculi genotype Ill has been identified only in
lemmings, rabbits, birds, swine, dogs, blue foxes, snow leopard,
tamarins and squirrel monkeys, and also in humans so far (Asakura
et al, 2006; Cutlip and Beall, 1989; Hocevar et al, 2014;
Hofmannova et al., 2014; Juan-Sallés et al., 2006; Kasickova et al.,
2009; Meng et al. 2014; Reetz et al., 2004, 2009; Scurrell et al.,
2015; Snowden et al., 2009; Valencakova et al., 2011). While birds
and swine didn't suffer from any symptoms of the disease, clinical
signs in canine hosts included blindness, nephritis and neurological
disorders (Botha et al., 1986; Mathis et al.,, 2005; Snowden et al.,
2009). Also in tamarin colonies in zoos in Europe was observed
high mortality in infants due to infection of E. cuniculi strain III
(Guscetti et al., 2003; Reetz et al., 2004). Likewise, the fatal ence-
phalitozoonosis was described in a group of pet rodents, Steppe
lemmings, where not only juveniles were affected, but also adults
(Hofmannova et al,, 2014). On the other hand, experimental in-
fections of monkeys with dog- or rabbit-derived isolates of
E. cuniculi resulted in asymptomatic chronic infections (Didier et al.,
1994; van Dellen et al., 1989). This implies that the different course
of infection depends not only on the immunological status of the
host, which has been successfully imitated in murine model hosts
(Gannon, 1980; Kotkova et al., 2013). Many other factors as
microsporidia genotype, host age and mode of infection may in-
fluence the outcome of infection.

Thus, this study is aimed to describe the course of acute and
latent microsporidiosis using Encephalitozoon cuniculi strain Il —
murine model and to determine the effect of treatment with
albendazole. The results of this study could help to compare the
course of infection between two genotypes of Encephalitozoon
cuniculi.

2. Material and methods
2.1. Ethics statement

All of the experimental procedures were conducted in accor-
dance with the law of the Czech Republic on the use of experi-
mental animals, safety and use of pathogenic agents (Act No 246/
1992 Coll., on the protection of animals against cruelty). The study
design including number of used animals and the possibility of
animal death without euthanasia due to experimental intervention,
was approved by the Ethical committee at Institute of Parasitology,
Biology Centre of the Czech Academy of Sciences, State Veterinary
Administration and Central Commission for Animal Welfare under
protocol no. 085/2013.

2.2. Mice

Both adult immunodeficient SCID mice (strain C.B-17) of the
BALB/c background and immunocompetent BALB/c mice were
originally obtained from Charles River, Sulzfeld, Germany and bred
in plastic cages with sterilized wood-chip bedding situated in IVC
Air Handling Solutions (Techniplast, Italy) with high-efficiency
particulate air (HEPA) filters. The experimental 8-week-old ani-
mals were housed in plastic cages with sterilized wood-chip
bedding situated in flexible film isolators (BEM Znojmo, Czech
Republic) with HEPA filters. All mice were supplied sterilized diet
(TOP-VELAZ Praha, Czech Republic) and sterilized water ad libitum.
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2.3. Parasite

The spores of E. cuniculi strain EC Il were originally isolated
from pet rodents Steppe lemmings (Lagurus lagurus) (Hofmannova
et al, 2014) and were grown in vitro in Green monkey kidney cells
(VERO, line E6) maintained in RPMI-1640 medium (SIGMA) sup-
plemented with 2.5% heat-inactivated foetal bovine serum. Spores
were isolated and purified from cells by centrifugation over 50%
Percoll (SIGMA) at 1100xg for 30 min and washed three times in
deionised water before storing in deionised water supplemented
with antibiotics (SIGMA, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 2.5 pg/ml amphotericin B) at 4 °C. The spores were
washed in deionised water before use.

2.4. Drugs

Aldifal (MEVAK NITRA, SR) containing 100 g of albendazole in
1000 ml, was dosed for treatment of microsporidiosis as follows: a
total 0.2 mg of albendazole dissolved in 200 ul deionised water was
p.o. (per orally) administrated by intragastric gavage per mouse. To
avoid distortion of results we did not use any pain relievers or
anesthesia during whole experiment.

2.5. Experimental protocol

Four groups of SCID mice and three groups of BALB/c mice were
p.0. infected with a dose of 107 E. cuniculi strain Il spores in 0.2 ml
of deionised water by intragastric gavage. One group of BALB/c mice
and one group of SCID mice were treated daily with albendazole
within a period of 14 days starting 28. day post infection (DPI). The
second group of SCID and BALB/c mice served for monitoring the
course of infection in untreated hosts. The third group of BALB/c
and SCID mice were used for precise recording of dissemination of
infection in the first seven days after inoculation. The fourth group
of SCID mice was p.o. treated with albendazole within 14.—28. DPI.
Moreover, mice of both noninfected SCID and BALB/c were used as
negative controls (Table 1). The fecal samples were obtained daily
from each mouse separately and stored at —20 °C for further mo-
lecular analyses and microscopical screening. The animals' health,
mortality and morbidity were recorded twice a day. Since the mean
survival time (MST) of individual experimental groups of animals
was determined, the animals were allowed to die without eutha-
nasia to minimalize the result distortion due to variability of sur-
vival time of mice in the last phase of the infection.

Three mice from each group were euthanized by cervical
dislocation every seventh day post infection (or every day in case of
the third group of BALB/c and SCID mice) and sterile samples were
obtained as follows: urine by bladder catheterization, blood from
retro-orbital sinus, peritoneal lavage with cold sterile PBS, and or-
gan samples (stomach, duodenum, ileum, jejunum, caecum, colon,
liver, spleen, kidney, bladder, lung, heart and brain). Each organ was
removed using a different pair of sterile dissection tools.

2.6. DNA isolation

Fecal and organ samples were homogenized by bead disruption
using a FastPrep®—24 Instrument (MP Biomedicals, CA, USA) and
0.5 mm glass beads (Biospec Products, Inc., Bartlesville, OK, USA) at
the speed of 5.5 m/s for 1 min. Total DNA was extracted using
commercial column based isolation kits QlAamp"" DNA Stool Mini
Kit and DNeasy Blood & Tissue Kit, respectively (both QIAGEN,
Hilden, Germany). Acquired DNA was stored at —20 °C.
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Table 1

Design of experiments.

Groups nl n2 Day post infection Figure
012 3 456 7 14 21 28 35 42 49 56 63 70 77 84 91

(number of sacrificed mice per appropriate day post infection)

Control” SCID 60 60 3
BALB/c 60 60 3
Experimental” SCID Infection (daily period screening) 21 75 0
Infection (weekly period screening) 39 0

Infection + treatment (28.-42. DPI) 30

Infection + treatment (14.-28. DPI) 36

BALB/c Infection (daily period screening) 21 90 0 3 3 3 3 3 3 3
0

Infection (weekly period screening) 39
Infection + treatment (28.-42. DPI) 30

33333333 3 3 3 3 3 3 3 3 3 3 3 NS
33333333 3 3 3 3 3 3 3 3 3 3 3 NS
333333

3 1A
33 3 x x x x x x x 1A
3 ®x x x x x x NS

¢ Inoculation with 200 ml sterilized deionised water.

b Infection with 107 E. cuniculi spores in 0.2 ml of sterilized deionised water; n1 — number of infected animals; n2 — number of dissected animals NS — not shown; x — not
observed due to animals' death; DPI — day post infection; light-gray field — albendazole treatment.

2.7. PCR amplification

Nested PCR protocols were used for amplification of partial
sequence of SSU rRNA using microsporidia-specific primers
described by De Bosscuere et al. (2007) and Katzwinkel-Wladarsch
et al. (1996). The upstream primers M2F (CGG AGA GGA AGC CTT
AGA GA) and MFNest (GAG AGA TGG CTA CTA CGT CCA AGG) were
targeted to the 3’ region of the SSU coding segment of E. cuniculi.
The downstream primers M2R (ATA GTG ACG GGC GGT GTG T) and
MSP1R (ACA GGG ACM CAT TCA) were targeted to the 5' region of
the coding segment of E. cuniculi. DNA obtained from spores of
E. cuniculi strain Il grown in vitro in VERO E6, as mentioned above,
was used as a positive control. Ultrapure water was used as a
negative control. For both PCR steps a total of 35 cycles, each con-
sisting of 94 °C for 45 s, 58 °C for 45 s, and 72 °C for 6O s, were
performed. Initial incubation at 94 °C for 3 min, final extension at
72 °C for 7 min, and final soak at 4 °C were included. PCR products
were visualized on a 1% agarose gel containing 0.2 pg/ml ethidium
bromide. A total 1-3 randomly selected positive samples from each
animal were sequenced to verify the identity with the inoculum. If
one of the samples originating from triplicate mice was found
positive, the organ was considered positive.

2.8. Microscopical examination

Standard Calcofluor M2R staining (Vavra and Chalupsky, 1982)
was used for the detection of microsporidian spores in selected
fecal smears. Stained slides were examined by fluorescence mi-
croscopy using UV light with a wavelength of 490 nm and at a
magnification of 1000 x .

2.9. Statistical analysis

The statistically significant differences in survival time of
albendazole-treated and non-treated SCID mice, and the differ-
ences between the numbers of affected organs in individual groups
of mice were analyzed by non-parametric Mann-Whitney U test
using Statistica 6.0 software (StatSoft CR, Praha, Czech Republic).

3. Results

The experimental p.o. inoculation of E. cuniculi strain Ill caused a
severe, fatal disease in SCID mice, which was characterized by the
aggressive dissemination of microsporidia into all organs and tis-
sues within the first week post infection. During this short period,
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the microsporidial spores, which were initially localized only in
cells of the intestine, spread into the abdominal and thoracic organs
and brain, respectively. Following weeks, temporary disappearance
of the parasite from the blood was observed, but DNA of EC Ill was
revealed again in blood in the last week of examination (35 DPI).
Coprological examination of mice revealed microsporidia almost
every day from 3. DPI (Fig. 1A, Fig. 2). The mean survival time (MST)
of infected SCID mice was 39 + 0.5 days.

The treatment of infected SCID mice with albendazole from 14.
to 28. DPI led to survival prolongation and significant disappear-
ance of microsporidia from several organs two weeks after treat-
ment introduction (p < 0.05). However, the parasite re-
disseminated after termination of treatment and SCID mice died
6 weeks later (MST = 76 + 1.4 days). While parasite was detected in
fecal samples every day from the 4. DPI, intermittent shedding of
spores in feces was recorded between 17.—36. DPI. The spores were
detected again every day (except 45. DPI) in feces up to the death of
mice (Fig. 1B).

The course of microsporidiosis in BALB/c mice was characterized
by the progressive dissemination of spores into almost all organs
within 7 DPI. As shown in Fig. 1C, the number of infected organs by
E. cuniculi lll increased rapidly during first week and all organs and
tissues except jejunum and ileum were positive for this parasite 7.
DPIL. After this acute stage, microsporidia disappeared from multi-
ple organs except the spleen, liver, kidney, lungs, heart and brain.
Spleen and brain were continuously positive up to the end of
experiment. The other examined specimens including peritoneal
lavage were positive at irregular intervals. Microsporidial DNA was
detected in fecal samples from 5. DPI up to the 91. DPI, but the
shedding was intermittent and less frequent than in case of
immunodeficient SCID mice.

The effect of albendazole treatment in BALB/c mice, which was
per orally administrated from 28. DPI to 42. DPI, had been already
noticeable after the first week of application (p < 0.05). The
disappearance of the parasite from almost all organs is shown in
Fig. 1D. But the termination of application of albendazole caused
significant re-expansion of parasite into many host's organs after
few weeks (p < 0.05). Fecal samples examined during and after
treatment were negative for the presence of parasite except 41., 76.
and 84. days post infection.

In the contrary, the application of the drug to infected SCID mice
from 28. DPI had a negligible effect; there was a temporary disap-
pearance of the parasite from the stomach and blood and the
prolongation of life of mice for about 17 days (S1 Table).

All mice infected with EC Il appeared only slight sings of illness



M. Kotkova et al. / Experimental Parasitology 182 (2017) 1621

A) SCID mice

B) SCID mice treated with albendazole

16 ® -——e *——o—=o urine
151 2 /—/; s ] | ol blood
w 141 e e e e ¥e s oz E L g o o |2 lavage "
c 13 4 e e o & AP 1 : G S S brain ]
% 12 4 o0 00 00 g 1 o o\ o o o * o o E lung 2
o 11 / L e B B 1 Jeo e\ e . L L S heart -
2 10 4 e o0 0000 { ] o o o fo o o o o bladder 2
2 9 ofe 00 00 00900 1+ je e \e o ofe o o o o kidney -
§ 8 - e s 00 0000 1]e e e o o o o liver %
= 14 s 00 s 0 0 0 11 —e 94— —9—9—0—o spleen
S g1 efoe o000 0000 ] \— e ¢ o o o cglon g
g 5{ [ eeese s et ¢ caecum 4
€ 4 00 000 00 0 0 1] ® e e o o o o o ileum E=
3 3 e e 0 s 00 00 00 i ©« o o @ ¢ o o o o jejunum 8
2{fo 0 00000 0000 4 o o o o e o o o o duodenum &
14 ®0 0000 00 00 {1 o e e e @ stomach
0 " ~ X
feces ! + [ T i S \ | | = feces
01234567 142128354249566370778491 0 7 14 21 28 35 42 49 56 63 70 77 84 91
C) BALB/c mice D) BALB/c mice treated with albendazole
16 +—+—o * * * - - *— urine
15 - i e f | - blood
o 141 . 1 . 1 —® & & & & & lavage P
£ 131 1 * o o o ® @& & & ¢ brain 3
o 12 1 * & & ¢ ¢ ¢ ¢ ¢ ¢lung 2
o 11 1 * ® o & & heart =
2 10 1 e . ! | e & ¢ bladder B
E 9 1 e e o t - kidney i
6 8 1 ]e o e . + liver c
2 71 1fe oo s /oo ¢ spleen &
S 6 ! 1] e s t - colon o
3 5 1 e o o - caecum 2
E 41 e 1 * ¢ ileum =
£ 31 E L - jejunum 3
2 i e *—— N1 - duodenum &
14 1 — Q=i 1 - stomach
0 I
feces ‘ ‘ {1 .+.. sla bak b 4 | s ‘ 4 |. | +oerem af w| . s feces
01234567 142128354249566370778491 0 7 14 21 28 35 42 49 56 63 70 77 84 9

Days post infection

Fig. 1. Course of Encepahlitozoon cuniculi genotype Ill infection, including pattern of spore

Days post infection

and di ination of infection to selected organs and tissues. A) SCID

mice, B) SCID mice treated with albendazole, C) BALB/c mice, D) BALB/c mice treated with albendazole. Gray field — albendazole treatment; black line — course of E. cuniculi

infection; dot — E. cuniculi positive organ; black square — spores shedding.

»

5 uym

Fig. 2. Encephalitozoon cuniculi genotype Il spore (arrowhead) in feces of infected
SCID mouse stained with Calcofluor White M2R.

just presented with softened feces. No macroscopical changes were
observed at necropsy. During our experiments, a total of 51 SCID
mice succumb to the infection (S1 Table).
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4, Discussion

Encephalitozoon cuniculi is probably the most common micro-
sporidia which infects a wide range of vertebrates, including hu-
man. So far, four genotypes of this parasite have been identified
based on variable repeats in the rRNA internal transcribed spacer
(ITS).

While E. cuniculi strain Il is considered to be a parasite occurring
in many host species in latent asymptomatic form (Kasickova et al.,
2009; Neumayerova et al., 2014), E. cuniculi Ill seems to be more
aggressive and infections caused by this strain can lead to the death
of immunocompetent host (Hofmannova et al., 2014; Juan-Sallés
et al., 2006; Meng et al., 2014). However, as the results of present
study showed, the course of infection caused by E. cuniculi lll had a
massive onset in immunocompetent host, which was characterized
by the presence of this parasite in all organs and tissues within one
week after peroral infection, but the hosts survived. Although there
has been a disappearance of microsporidia from many organs
during the next several weeks, the number of positive organs in
chronic stage of infection was much higher than in case of chronic
infection caused by EC II (Kotkova et al.,, 2013). Despite this fact, the
mice infected with EC Il appeared only slight sings of illness just
presented with softened feces.

On the other hand, although encephalitozoonosis caused by
both EC Il and EC IIl led to the death of immunocompromised SCID
mice, significant differences between these two strains were
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observed. While infection caused by EC Il was characterized by a
gradual increase of number of positive organs within four weeks
post infection and SCID mice succumb the infection when micro-
sporidia invaded all organs and tissues, i.e. 33. DPI (Kotkova et al.,
2013), the infection caused by EC Il had more progressive
spreading into all organs within first week post inoculation and this
state lasted till the death of the host which was, however, as late as
39. DPI. Surprisingly, despite the enormously rapid rate of the
expansion of the EC IIl and involvement of a higher number of
struck organs at an early stage of infection, the median survival
time was significantly longer than in case of EC II infection
(p < 0.05). Moreover, these mice showed clinical signs including
weakness and lethargy from 33. DPI and 29. DPI, respectively.

The first case of infection caused by E. cuniculi genotype Il in
rodents was determined in Steppe lemmings (Lagurus lagurus)
(Hofmannova et al, 2014). Although they were adult immuno-
competent animals, they suffered from severe symptoms, such as
progressive weight loss, purulent conjunctivitis and hind limb
paresis and finally infection resulted in death. These symptoms are
similar to course of E. cuniculi genotype Il infections observed in
other hosts. Natural infections in dogs varied from asymptomatic to
serious canine microsporidiosis with renal and neurological disor-
ders (Botha et al., 1979, 1986; Snowden et al., 2009). Disseminated
spontaneous infections resulting in high morbidity and mortality in
stillborn and young squirrel monkeys have been also reported
Asakura et al., 2006; Juan-Sallés et al., 2006; Reetz et al. 2004). On
the contrary, asymptomatic infections with E. cuniculi strain III
were found in swine and birds (Kasickova et al., 2009; Reetz et al.,
2009). Nevertheless, information about distribution and genotype
diversity of microsporidia in wild rodents is still rare and in case of
infection was detected Encephalitozoon cuniculi strain 1 or II
(Miiller-Doblies et al., 2002; Sak et al., 2011a,b; Xiao et al., 2001).
Several species of microsporidia including Encephalitozoon cuniculi
can cause disease in humans, which are mostly affected with strain
I and II (Didier and Weiss, 2011; Ditrich et al., 2011; Sak et al.,
2011a). Most cases have been described to occur in HIV-infected
patients (Tosoni et al., 2002; Torres et al., 2013; Zender et al,
1989), and microsporidia is being considered an emerging path-
ogen in transplant recipients (Hocevar et al., 2014; Kicia et al., 2014;
Ladapo et al., 2014; Talabani et al., 2010). A recent case of acquired
microsporidiosis through solid organ transplantation shows the
severity of infection caused by EC III. Two of the three recipients
died of microsporidiosis, one of them in spite of treatment with
albendazole (Hocevar et al., 2014).

Therapy for microsporidiosis is species-dependent. Albendazole
is suitable for treatment of Encephalitozoon species, including
Encephalitozoon cuniculi. It inhibits microtubule assembly in para-
site which leads to disruption of metabolism and subsequently to
the death of the parasite. However, this agent is not effective
against Enterocytozoon bieneusi. Another possible treatment of
microsporidiosis is the use of fumagillin. It is an antibiotic and
antiangiogenic compound produced by Aspergillus fumigatus and
its mechanism involves the inhibition of methioninaminopetidases,
proteases that remove N-terminal methionine from newly syn-
thesized proteins. Fumagillin is more broadly effective against
Encephalitozoon spp. and E. bieneusi, however, is toxic when is
administered systemically to mammals.

The appropriate duration of therapy required to eradicate
infection with E. cuniculi not only in immunodeficient host is un-
known. The relapse of infection can be as long as 1 year after
termination of albendazole therapy and positive urine samples af-
ter more than 5 months of therapy have been described (Hocevar
et al., 2014). Moreover, albendazole cannot be used in a long term
because of its adverse effects including gastrointestinal upset or
variable degrees of bone marrow suppression.
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Recently published study showed that the treatment by alben-
dazole caused the disappearance of Encephalitozoon cuniculi 11 from
all organs and tissues in immunocompetent murine host. But this
healing was only ostensibly because the microsporidia re-appeared
after immunosuppression of the host (Kotkova et al., 2013). Using
albendazole for the treatment of microsporidiosis caused by EC 11l
didn't lead to elimination of parasite from all organs and moreover,
the amount of positive organs grew up again immediately after
interruption of treatment.

Many studies have described latent disease among otherwise-
healthy non-treated individuals with intermittent spore shedding
from fecal and urine samples. Detection of microsporidial DNA in
feces and urine propose that this parasite is able to disseminate
despite the protective effect of an immune system (Sak et al,
2011b). Latent and asymptomatic infection depends on the activ-
ity of parasite. This status is valid for as long as the multiplication of
the parasite and the host immune system are in balance. However,
microsporidia were, and still are often overlooked and under-
diagnosed, because they are not specifically searched for in most
diagnostic laboratories, they are rather small, and their staining
with routine techniques is not sufficient. Many specific detection
methods including light microspcopy, electron microscopy and PCR
based methods have been established with the latter considered as
the most specific, sensitive and feasible (Garcia, 2002; Green et al.,
2000; Vavra and Chalupsky, 1982; Weber et al., 1992). The qPCR
method seems to be the most valuable for microsporidia burden
quantification (Menotti et al., 2003; Polley et al., 2011; Procop,
2007; Verweij et al., 2007; Wolk et al., 2002; Xu et al., 2006).

As our results showed, the administration of medication to
immunodeficient hosts at the time when the microsporidiosis is
already fully developed had no effect and the mice died during the
treatment (data not shown). In the case where albendazole was
administered from the second week after inoculation caused the
partial elimination of microsporidial spores from host's organs and
tissues, but the number of positive organs two weeks after inter-
ruption of the therapy increased with the same power as in the
onset of infection, and the host died within a couple of weeks.
These results are comparable with those obtained in study of the
course of infection caused by Encephalitozoon cuniculi strain 11
(Kotkova et al., 2013). The main difference is the longer survival of
the host with EC IIl infection despite a faster spreading of parasite
after termination of treatment.

Our results demonstrated that although the infection caused by
E. cuniculi 1l had much more progressive course than infection
caused by E. cuniculi 11, these mice survived significantly longer,
implying that the survival of mice does not correspond to spore
burden but more likely depends on strain of microsporidia
employed. On the basis of our results, we presuppose the activation
of different parts of immune system during infection with various
genotypes. This could be due to parasite adaptation, which could
transform host immune response towards a less effective pathway,
and subsequently could prolong host survival. Natural killer (NK)
cells seems to be the most important in the case of microsporidiosis
in immunodeficient host, but this is a question for further research.
Determining which part of immune system is responsible for
suppressing microsporidial infection and what is Encephalitozoon
cuniculi's effect on the immune response is essential for clarifica-
tion of different virulence of E. cuniculi genotypes. Answers to these
questions could significantly contribute in research related to hu-
man health.
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5.5. Dodatek: Latent microsporidiosis caused by Encephalitozoon cuniculi in
immunocompetent hosts: a murine model demonstrating the ineffectiveness of
the immune system and treatment with albendazole.
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Abstract

Background: Microsporidia are obligate intracellular parasites causing severe infections with lethal outcome in
immunocompromised hosts. However, these pathogens are more frequently reported as latent infections in
immunocompetent individuals and raises questions about the potential risk of reactivation following induced
immunosuppression.

Aims: To evaluate the possibility latent microsporidiosis, efficacy or albendazole, and reactivation, the authors monitored
the course of E. cuniculi infection in immunocompetent BALB/c mice and immunodeficient SCID mice using molecular
methods.

Methods: Mice were per orally infected with 107 spores of E. cuniculi. Selected groups were treated with albendazole, re-
infected or chemically immunosuppressed by dexamethasone. The presence of microsperidia in the host's organs and feces
were determined using PCR methods. Changes in numbers of lymphocytes in blood and in spleen after induction of
immunosuppression were confirmed using flow cytometry analysis.

Results: Whereas E. cuniculi caused lethal microsporidiosis in SCID mice, the infection in BABL/c mice remained
asymptomatic despite parasite dissemination into many organs during the acute infection phase. Albendazole treatment
led to microsporidia elimination from organs in BALB/c mice. In SCID mice, however, only a temporary reduction in number
of affected organs was observed and infection re-established post-treatment. Dexamethasone treatment resulted in
a chronic microsporidia infection disseminating into most organs in BALB/c mice. Although the presence of E. cuniculi in
organs of albendazole- treated mice was undetectable by PCR, it was striking that infection was reactivated by
immunosuppression treatment.

Conclusion: Our results demonstrated that microsporidia can successfully survive in organs of immunocompetent hosts and
are able to reactivate from undetectable levels and spread within these hosts after induction of immunosuppression. These
findings stress the danger of latent microsporidiosis as a life-threatening risk factor especially for individuals undergoing
chemotherapy and in transplant recipients of organs originating from infected donors.
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Introduction is by ingestion or inhalation of infectious spores, or via wounds and
transplacentally [6,7].

Although microsporidia have been known as pathogenic agents
i a wide range of wild, laboratory, and domestic animals for
several decades, the first case of human microsporidiosis induced
by an Encephalitozoon spp. was recorded in 1959 [8]. Since then
another 13 human-pathogenic species have been deseribed.
Among them, FEnterocytozoon bieneusi, Encephalitozoon cunicul, FE.
wnlestinalis, and . hellem, are the most common human pathogenic

Microsporidia are obligate intracellular parasites that infect
a wide range of vertebrate and invertebrate hosts, including
humans [1]. Microscopic resistant microsporidian spores are
released into the environment by infected hosts and are
ubiquitous, being found in surface waters, sediments, soil, and
foods [2-5]. The natural route of entry of the parasite into the host
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microsporidia most frequently reported among immunocompro-
mised individuals including those with acquired immune de-
ficiency syndrome (AIDS) and transplant recipients [9].

Most of what is known about microsporidia is based on £
cunteult, which commonly infects rodents in addition to humans
[10]. This species was first observed in brain, spinal cord, and
kidney of a rabbit with motor paralysis in 1922 [11], and
subsequently described by Levaditi in 1923 [12]. Encephalitozoon
cuniculi was also the first mammalian microsporidium that was
isolated and cultured ir vitro [13] and was reported to infect a wide
range of host cells including epithelial cells, vascular endothelial
cells and renal tubule cells. Spores can survive in macrophages and
spread throughout the host [14] where they cause various lesions
affecting the nervous system, respiratory and digestive tract, liver,
peritoneum, lung, bladder, and kidney [15-17]. Chemotherapy of
microsporidiosis is limited to only a few drugs. Albendazole
inhibits microtubule assembly and is effective against several
microsporidia including the Encephafitozoon species. Fumagilin,
which 1s produced by Aspergillus fumigatus, is more broadly effective
against Encephalitozoon spp. and E. bieneusi [18]. Similarly, protease
imhibitor (antiretroviral) therapy indirectly leads to resolution of
microsporidiosis in HIV patients through restoration of immune
competence [19].

Immunobiology of microsporidial infections is primarily studied
in immunocompetent BALB/c¢ mice and immunodeficient SCID
mice [20-22]. In immunocompetent BALB/c mice, the E. cunieuli
infection remains asymptomatic as long as parasite multiplication
and the host immune response are balanced [20]. On the contrary,
in athymic or SCID mice, microsporidia infect various internal
organs with probable lethal outcome [21,22]. In immunocompe-
tent humans, a short acute diarrheal phase is probably followed by
asymptomatic infection. However, chronic malabsorbtive diarrhea
and systemic disease can develop in immunocompromised
individuals [23].

Chronic microsporidia infections caused by E. cuniculi in
immunocompetent individuals are generally asymptomatic, prob-
ably reflecting a balanced parasite-host relationship. It appears
that elimination of microsporidia requires chemotherapeutic
intervention. The eflicacy of albendazole in eliminating micro-
sporidia from immunocompetent hosts has not been addressed
using i vivo experimental infections. All previous studies were
focused only on extending the survival time of hosts [24-26]. This
approach ignored the possible survival of microsporidia in
albendazole-treated individuals and the development of latent
infection. Latent microsporidiosis in immunocompetent  hosts
could lead to infection relapse following immunosuppression.
Thus, the present study was designed to determine the effective-
ness of treatment against the infection caused by F. cuniculi and the
potential re-activation and re-dissemination of infection after
artificial immunosuppression. Our findings bring a new perspec-
tive to neglected, latent microsporidiosis and enhance our
understanding of the epidemiology and natural history of
microsporidiosis.

Materials and Methods

Ethics Statement

All of the experimental procedures were conducted in
accordance with the law of the Czech Republic on the use of
experimental animals, safety and use of pathogenic agents. The
study was approved by the Institute of Parasitology, Biology
Centre of the Academy of Sciences of the Czech Republic and
Institutional and National Committees (protocols no. 070/2010).
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Experimental Animals

Adult SCID mice (strain C.B-17) of the BALB/c¢ background
and BALB/c mice were originally obtained from Charles River,
Sulzfeld, Germany and bred in plastic cages with sterilized wood-
chip bedding situated in IVC Air Handling Solutions (Techniplast,
Ttaly) with high-efficiency particulate air (HEPA) filters. The
experimental 8-week-old animals were housed in plastic cages with
sterilized wood-chip bedding situated in flexible film isolators
(BEM Znojmo, Czech Republic) with HEPA filters. All mice were
supplied with a sterilized diet (TOP-VELAZ Praha, Czech
Republic) and sterilized water ad libitum.

Parasite

The spores of E. cuniculi strain EC2 were originally isolated from
a dexamethasone-treated laboratory mouse [26] and were grown
in vitro in Green monkey kidney cells (VERO, line E6) maintained
in RPMI-1640 medium (SIGMA) supplemented with 2.5% heat-
inactivated fetal bovine serum. Spores were isolated and purified
from cells by centrifugation over 50% Percoll (SIGMA) at 1,100 xg
for 30 min and washed three times in sterilized deionised water
before storing in sterilized deionised water supplemented with
antibiotics (SIGMA, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 2.5 pg/ml amphotericin B) at 4°C. The spores were
washed in sterilized deionised water before use.

Drugs Application

Aldifal MEVAK NITRA, SR) containing 100 g of albendazole
in 1000 ml, was dosed for treatment of microsporidiosis as follows:
a total 0.2 mg of albendazole dissolved in 200 pl deionised
sterilized water was applied daily per orally (p.o.) by intragastric
gavage per animal. Dexamethasone (0.85 mg/ml) (Intervet) was
used for immunosuppression. Dexamethasone (35 g dissolved in
160 ul PBS) was applied daily 1.p (intraperitonealy) per animal.

Experimental Protocols

Experiment no. 1. Course of infection caused by E. cuniculi
in BALB/¢ and SCID mice. Groups of 69 BALB/c and 69 SCID
mice were infected p.o. with 107 E. cuniculi spores in 0.2 ml of
sterilized deionised water by intragastric gavage. Thirty BALB/c¢
mice and 30 SCID mice were treated daily p.o. with albendazole
from 28 to 42 days post infection. Moreover, 42 mice of both non-
infected SCID and BALB/c¢ were used as negative controls.

Experiment no. 2. Simulation of re-infection and determi-
nation of the albendazole efficacy after dexamethasone-induced
immunosuppression;

Groups of 141 BALB/c and 75 SCID mice were mfected p.o.
with 10" E. cuniculi spores in 0.2 ml of deionised water by
intragastric gavage. Thirty-six SCID mice were treated daily
p-o. with albendazole from 14 to 28 days post infection (DPI).
Thirty BALB/c mice were treated with daily with albendazole
28-42 DPI Eighteen albendazole-treated BALB/c¢ mice and 18
BALB/c¢ mice in the chronic stage of infection (without
albendazole treatment) were re-infected p.o. with the same
dose of spores of E. cuniculi 56 days after the first infection.
LEighteen albendazole-treated BALB/c¢ mice and 18 BALB/c
mice in chronic stage of infection were immunosuppressed by
daily dexamethasone treatment from 56 to 91 DPIL Thirty-nine
BALB/c mice in the chronic stage of infection were used as
positive controls for monitoring the course of infection. Forty-
two non-infected SCID and 42 BALB/c mice served as negative
controls in each type of experiment. The study design of all
experiments is presented in the Fig. 1.
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Day postinfection

Groups nl  n2 0 7 14 21 28 35 42 49 56 63 70 77 84 91  Figure
{number of sacrificedmice per appropriate day post 'nfedion)
:'E BALB/c 42 42 3 9 FE 3 38 43 3 33 3 NS
3 SCID 42 42 3 8 @49 3 3 3PP 9 ST I NS
INF 39 d 3 333 3 1c
INF + REINF (56 DP1) 18 3 3 33 |3 3 37 9% 3 3 1c
; INF + IMSUP (56-91 DPI1) 18 ...... 1e
o o 14 0 3 33
E § INF + TREAT (28-42 DPI) 30 3 4 &3 3 1d
g
£ INF + TREAT (28-42 DPI) + REINF (56 DPI) 18 al g k3 i3 I 3 3 338 3 1d
3
£ INF+ TREAT (2842 DP) + IMSUP 5691 DP) 18 m
INF 39 3 X X X X o X X 1a
a 3t 3
E INF + TREAT (28-42 DPI) 30 33 0 3 Sl X X X X X X X X X NS
INF + TREAT (14-258 DPI) 36 SHEE 3 3 3 x x x x x x 1b

Figure 1. Design of experiments. ®inoculation with 200 ul sterilized deionised water; binfection with 107 E. cuniculi spores in 0.2 m| of sterilized
deionised water; INF - infection; REINF - reinfection (black column); IMSUP — dexamethasone immunosuppression (highlighted in dark grey); TREAT —
albendazole treatment (highlighted in light grey); n1- number of used animals; n2- number of dissected animals; NS - not shown; x — not observed

due to mouse death; DPI - day post infection;
doi:10.1371/journal.pone.0060941.g001

Assessment of Infections

Fecal samples were obtained daily from each mouse and stored
at —20°C prior to DNA isolation. Mortality and morbidity were
recorded daily. Three mice from each group were euthanized
every seventh day post infection (see Fig. 1). Sterile samples were
obtained as follows: urine by bladder catheterization, blood from
retroorbital sinus, peritoneal lavage with cold sterile PBS, and
organ samples (stomach, duodenum, ileum, jejunum, caecum,
colon, liver, spleen, kidney, bladder, lung, heart, and brain). Each
organ was removed using a different pair of sterile dissection tools
and stored at —20°C prior to DNA isolation. In addition, half of
the spleen and 75 Wl of the blood from immunosuppressed BALB/
¢ mice, BALB/¢ mice without infection, and BALB/c¢ mice after
albendazole treatment were used for lymphocytes enumeration by
flow cytometry. All samples were used for molecular analysis (see
below).

DNA Isolation

Fecal and organ samples were homogenized by bead disruption
using a FastPrep®-24 Instrument (MP Biomedicals, CA, USA)
and 0.5 mm glass beads (Biospec Products, Inc., Bartlesville, OK,
USA at the speed of 5.5 m/s for 1 min. Total DNA was extracted
using commercial column-based isolation kits, QIAamp® DNA
Stool Mini Kit and DNeasy Blood & Tissue Kit, respectively (both
QIAGEN, Hilden, Germany). Acquired DNA was stored at
—20°C.

PCR Amplification

We used a nested PCR protocol to amplify a partial sequence of
SSU rRNA using microsporidia-specific primers previously de-
scribed by De Bosscuere et al. [27] and Katzwinkel-Wladarsch
et al. [28]. The upstream primers M2F (CGG AGA GGA AGC
CTT AGA GA) and MFNest (GAG AGA TGG CTA CTA CGT
CCA AGG) were targeted to the 3’ region of the SSU coding
segment of E. cunienli. 'The downstream primers M2R (ATA GTG
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ACG GGC GGT GTG T) and MSPIR (ACA GGG ACM CAT
TCA) were targeted to the 5" region of the coding segment of E.
cuniculi. For the primary PCR step, the PCR mixture contained 1 x
PCR buffer, 3 mM MgCly, 0.2 mM each dNTP’s, 1 U Tag, 1 pl
BSA (10 mg/ml), and 200 nM each primer. For the secondary
PCR step, the PCR mixture was identical except that BSA was
excluded. DNA obtained from spores of E. cuniculi grown in vitio in
VERO E6 was used as a positive control. Water was used instead
of template as the negative control. For both PCR steps a total of
35 cycles, each consisting of 94°C! for 45 s, 58°C for 45 s, and
72°C for 60 s, were performed. Initial incubation at 94°C for
3 min., final extension at 72°C for 7 min., and final soak at 4°C
were included. PCR products were visualized on a 1% agarose gel
containing 0.2 pg/ml ethidium bromide. One to three randomly
selected positive samples from each animal were sequenced and
compared to the sequence of the isolate in the inoculum. If one of
the samples originating from triplicate mice was found positive, the
organ was considered positive.

Flow Cytometry Analysis

Halves of each spleen and 75 pl of blood from immunosup-
pressed BALB/c mice after albendazole treatment and immuno-
suppressed BALB/c¢ mice in chronic stage of infection were used
for flow cytometry analysis. Halves of each spleen and 75 pul of
blood of BALB/c¢ mice after albendazole treatment, and BALB/¢
mice in chronic stages of infection were also used for flow
cytometry analysis as controls.

Whole splenocyte suspensions were prepared by gentle extru-
sion through plastic sieves into cold RPMI 1640 medium. Cell
suspensions were washed three times in RPMI 1640 medium by
centrifugation at 160 xg for 10 min at 4°C. The viability of spleen
cells was assessed by Trypan blue exclusion immediately after their
recovery [29].

A total of 75 pl of blood was collected into 1 ml PBS containing
5 uM EDTA and mixed immediately to prevent clotting. Red
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blood cells were lysed using a buffered 0.84% ammonium chloride
solution and incubated in a water bath at 37°C for 3 min. Cells
were washed three times by centrifugation at 160 xg for 10 min at
4°C with FACS buffer (PBS supplemented with 0.2% gelatine and
0.01% sodium azide). The pellet from the final wash was
resuspended in 100 pl FACS buffer.

The levels of leukocytes in cell preparations from blood and
spleens were analysed by flow cytometry. Samples (0.5 x10° spleen
cells and all obtained blood cells) were incubated for 30 min at
4°C with specific monoclonal antibodies (all obtained from
PharMingen, San Diego, CA, USA) against surface antigens
diluted in FACS buffer. The following monoclonal anti-mouse
antibodies (MAbs) were used: anti-CD45 MADb, anti-CD3 MADb,
anti-CD4 MAb, anti-CD8 MAb and anti-CD19 MAb. Labeled
cell samples were analyzed on a BD FACSCanto II flow cytometer
(BD Biosciences, USA) equipped with two lasers with excitation
wavelengths of 488 and 633 nm. The labeled cell populations were
analyzed using DIVA software.

Statistical Analysis

The statstically significant differences in survival time of
albendazole-treated and non-treated SCID mice, and the differ-
ences between the decline in lymphocytes in groups of immuno-
suppressed mice were analyzed by non-parametric Mann-Whitney
U test. Both tests were performed using Statistica 6.0 software
(StatSoft CR, Praha, Czech Republic).

Results

The experimental p.o. inoculation of E. cumenli caused a severe,
fatal disease in SCID mice, which was characterized by the
dissemination of microsporidia into all organs and tissues within 4
weeks. Coprological examination of mice revealed microsporidia
almost every day from day 4 post-infection (Fig. 2a). The mean
survival time (MST) of infected SCID mice was 3370.5 days.

The treatment of infected SCID mice with albendazole from 14
to 28 DPI extended survival and resulted in the disappearance of
microsporidia from numerous organs immediately after treatment
introduction (Fig. 2b). While microsporidia were detected in fecal
samples every day from 4 DPI, no spores were found in feces
during the second week of treatment. After discontinuation of
albendazole treatment, however, the parasite re-disseminated and
mice died within 3 weeks (MST =51.5%1.3 days). In addition, one
week after interruption of albendazole treatment spores were
present again almost every day in feces.

In contrast, treatment of infected SCID mice in acute phase
with albendazole from day 28 post-infection had no effect and did
not prevent mortality. The mean survival time was 32.1+1.0 days
(data not shown).

Microsporidiosis caused by F. cuniculi in BALB/c¢ mice has
a progressive course characterized by the dissemination of
microsporidia into almost all organs within 35 days p.i. After this
acute stage, microsporidia disappeared from most organs with the
exception of the spleen, which was positive up to 91 DPI when the
experiment was terminated (Fig. 2¢). Fecal samples were positive 5
to 7 DPT and 20 DPL

Albendazole treatment of BALB/c¢ mice, which was carried out
28 to 42 DPI, had a noticeable effect after one week of treatment.
The disappearance of the parasite from the organs is shown in
Fig. 2d. All organs and tissues were negative for microsporidia two
weceks after the termination of albendazole therapy. Fecal samples
examined for the presence of microsporidia were positive only 3 to
7 DPL
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Re-infection of BALB/c mice in chronic stage of infection led to
reappearance of the parasite in many organs including the brain,
lungs, spleen, and liver. Of these, only the spleen remained positive
till 91 DPT as shown in Fig. 2c. Microsporidial DNA was detected
in fecal samples after re-infection at irregular intervals. In contrast
to re-infected BALB/c¢ mice, re-infection of albendazole-treated
BALB/¢ mice did not lead to extensive dissemination of
microsporidia (Fig. 2d). F. cuniculi was detected only in peritoneal
lavage one week after re-infection (63 DPI), and in the spleen 14
days after re-infection (70 DPI). No other organs or tissue were
found positive for the parasite following re-infection. F. cunieuli
spores were presented in feces 3 to 5 days after re-infection.

After one weck of daily dexamethasone applications to two
groups of BALB/c mice, the levels of lymphocytes had decreased
by as much as 96% in the blood and by 78% in spleen compared
to negative controls (data not shown). The mean (=SD) decrease
of CD&+ T-cells detected in the spleen was 69.4% (£1.25%),
CD4+ T-cells 62.6% (£1.08%), CD3+ T-cells 66.1% (*1.42%),
CDI19+ T-cells 77.24% (*3.08%) and 75.81% (*£1.55%) in case
of CD45+ T-cells (P<<0.05). The mean (£SD) decrease of CD8+
T-cells detected in the blood was 91.88% (*1.44%), CD4+ T-cells
88.75% (+0.5%), CD3+ T-cells 90.02% (+0.83%), CD19+ T-
cells 96.1% (£0.23%), and 81.36% (*1.46%) in the case of
CD45+ T-cells (P<0.05). The counts of lymphocytes after
immunosuppression in BALB/c mice after albendazole treatment
and BALB/c¢ mice in chronic stage of infection were almost equal.
Lymphocyte levels remamed low during the remainder of the
immunosuppression period.

Application of dexamethasone in BALB/c mice in the chronic
stage of infection caused expansion of the parasite into many
organs after one week that continued for several weeks (Fig. 2e).
Microsporidia were found in all organs by week 5 post
immunosuppression (91 DPI). Moreover, microsporidia were
again alternately detected in feces from day 14 post immunosup-
pression.

Application of dexamethasone in BALB/c¢ mice following
treatment with albendazole resulted in parasite dissemination to
many organs, as well (Fig. 2f). In particular, the brain and lungs
were positive for microsporidia at each time point tested after
immunosuppression. However, the extent of parasite dissemina-
tion in albendazole-treated, immunosuppressed BALB/c mice was
lower than that observed in immunosupressed BALB/c mice
without albendazole treatment.

Discussion

Encephalitozoon cuniculi is the most-studied species of microspor-
idia and the majority of information about the pathogenesis of
microsporidiosis is derived from studies of this organism. Because
E. cumculi has a low host specificity and its spores are resistant to
adverse environmental conditions, man can easily get infected with
this parasite, for example, through water and food contaminated
by feces or urine of infected animals (zoonotic transmission)
[6,7,30].

Microsporidia in humans are considered opportunistic patho-
gens, because they primarily cause disease when the host’s
immunity is reduced and so the parasite can easily overspread.
The first case of human microsporidiosis was recorded in 1959 [8].
The number of cases increased during the 1990s coincident with
the rising HIV/AIDS pandemic. Most microsporidial infections
caused by £. cunicufi are in immunocompromised patients (HIV
positive individuals, patients undergoing organ transplantation or
patients with idiopathic CD4+ T" lymphocytopenia) [31]. When
the T-cell count falls below 100/pl blood, infection manifests itsell”
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Figure 2. Course of Encepahlitozoon cuniculi genotype Il infection, including pattern of spore shedding and dissemination of
infection to selected organs and tissues. a) SCID mice, b) SCID mice treated with albendazole, €) BALB/c mice and BALB/c mice re-infected in
chronic stage of infection, d) BALB/c mice treated with albendazole and BALB/c mice treated with albendazole with following re-infection, e) BALB/c
mice immunosuppressed in chronic stage of infection, f) BALB/c mice immunosuppressed after albendazole treatment. Light-gray field -
albendazole treatment; dark-gray field — dexamethasone immunosuppression; black line - course of E. cuniculi infection; black dash line -
course of E. cuniculi re-infection; cross - E. cuniculi positive organ during primarily infection; ring - E. cuniculi positive organ during re-infection;

black square - spores shedding during primarily infection; black circle - spores shedding during re-infection.

doi:10.1371/journal.pone.0060941.9002

as acute microsporidiosis, often with systemic involvement [17,32].
Over the decades, several reviews on non-specific and adaptive
immune responses involved in the fight against microsporidial
infection have been published [33-35]. It is generally accepted
that a protective immune response against this parasite is mediated
by cytotoxic CD8+ T-lymphocytes [36] and their activation does
not appear to be dependent upon CD4+ T-cells [37,38]. It was
found that IFN-y is the primary mechanism that mediates partial
protection of SCID mice in the absence of CD4+ and CD8+ T-
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lymphocytes [34]. This cytokine can enhance the cytotoxic activity
of natural killer cells and activate macrophages to effectively kill
phagocyted microsporidial spores [39]. Moreover, activated
macrophages also produce IFN-y, which amplifies macrophage
activation. Furthermore, T-cell-dependent B-cell activation for
antibody production is also important in protection against
microsporidia [40,41]. Recent results of Sak et al. [42] showed
that E. cuniculi represents the vast majority of the microsporidial
species found in the healthy population in the Czech Republic.
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Moreover, the majority of examined individuals were without any
clinical symptoms. Our results imply that a competent immune
response is unable to fully eliminate the infection even if there are
no clinical signs. The question remains how microsporidia are able
to survive in sufficient quantities in the host for a long time despite
an activated immune system.

The course of infection caused by E. cuniculi in an immuno-
competent host can be e
as in BALB/c mice. Furthermore, the SCID mouse is a suitable
model for studying the pathogenesis and potential chemother-
apeutics with anti-microsporidial effects [21]. As the present and
previous reports show, microsporidiosis in hosts without a func-
tional immune system has a rapid course with fatal consequence
[36,40,41]. In contrast with general assumptions (see above), our
results conclusively demonstrate that F. cuniculi remain in some
organs of immunocompetent hosts (BALB/¢ mouse) for a long
time. In such cases, these organs can serve as constant sources of
microsporidial spores.

The presented data highlight the potential dangers of latent
microsporidiosis. During the last decade, microsporidia have been
more frequently reported in immunocompetent individuals, pro-
ducing asymptomatic infections [42,43]. As proven by our
experiments, these latent infections may be reactivated during
immunosuppression and the carrier can be a source of infection
for at-risk groups. A recent case report described microsporidial
keratoconjunctivitis that was transmitted by the donor corneal
graft [44]. Latent microsporidiosis also can be dangerous for the
carrier himsell if undergoing chemotherapy for cancer or other
immunosuppressive therapies. In addition, microsporidia can also
cause serious disease in immunocompetent hosts [45].

Albendazole or its other derivates are commonly used for
treatment of microsporidiosis caused by Encephalitozoon spp. [18].
The efficacy of this therapy was studied here using sensitive
molecular detection of parasites for the first time. Treatment
extended the survival of SCID mice and appeared to eliminate £,
cuniculi from BALB/c mice. However, microsporidiosis was
surprisingly re-activated in albendazole treated BALB/c mice
after dexamethasone-induced immunosuppression. This implies
that the population of E. cuniculi organisms that was not detectable
by PCR remained intact after albendazole treatment and this
population expanded and disseminated following subsequent
immunosupression. Although the number of affected organs was
not as high as that in infected SCID mice, the evidence that an
undetectable infection can be reactivated is of major significance
for public health. It is perhaps unsurprising that £. cuniculi spread
rapidly following immunosuppression and the number of affected
organs was similar to that observed i SCID mice. Lallo et al. [46]
reached similar conclusions, when cyclophosphamide-immuno-
suppressed mice with E. cmiculi infection showed clinical
symptoms of acute, lethal and widespread microporidiosis

y demonstrated in murine models such
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In conclusion, our study shows the induction of acute and
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dissemination of the infection after artificial immunosuppression.
Understanding how microsporidia survive in their hosts despite
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latent microsporidiosis. This would also answer questions con-
cerning the possibility of repeated re-infections, relapse after
immunosuppression, efficacy of immune system and use of anti-
microsporidial treatment and may lead to introduction of reliable
methods for testing the presence of microsporidia infections.

Author Contributions

Conceived and designed the experiments: M. Kotkova BS. Performed the
experiments: M. Kotkova BS DK. Analyzed the data: M. Kotkova M.
Kvac BS. Contributed reagents/materials/analysis tools: M. Kotkova DK.
Wrote the paper: M. Kotkova BS M. Kvac.

o

Bryan R'T, Schwartz DA (1999) Epidemiology of microsporidiosis. fi: Witiner
M, Weiss LM (eds.) The microsporidia and microsporidiosis. ASM, Washington
DC, 502 516.

Deplazes P, Mathis A, Weber R (2000) Epidemiology and zoonotic aspects of

microsporidia of mammals and birds. Contrib Microbiol 6: 236-260.

8. Matsubayashi H, Koike I, Mikata I, Takei H, Higiwara S (1959) A case of
Encephalitozoon-like infection in man. Arch Pathol 67: 181-187.
9. Canning EU, Hollister WS (1992) Human infections with microsporidia. Rev

Med Microbiol 2: 35-42,

10. Weber R, Deplazes P, Flepp M, Mathis A, Baumann R, et al. (1997) Cercebral
microsporidiosis due to Encephalitozoon cunicufi in a patient with human
immunodeficient virus infection. New Eng J Med 336: 474 478,

11. Wright JH, Craighcad EM (1922) Infectious motor paralysis in young rabbits.
J Exp Med 140.

April 2013 | Volume 8 | Issue 4 | 60941



27.

28.

29.

30.

. Didier ES (2005) Microsporidic

. Levaditi C, Nicolau S, Schoen R (1923) Etiology of epizootic rabbit encephalitis

in reports with experimental studies of encephalitis lethargica. Encephalitozoon
cuntculi (nov spec). Ann Inst Pasteur (Paris) 38: 675711,

. Shadduck JA (1969) Nosema cuniculi: in vitro isolation. Science 166: 516-517.
. Didier ES (1995) Reactive nitrogen intermediates implicated in the inhibition of

Encephalitozoon cuniculi veplication in murine peritoneal macrophages. Parasite

Immunol 17: 405 412.

. Didier ES, Snowden KF, Shadduck JA (1998) Biology of microsporidian species

infecting mammals. Adv Parasitol 40: 283-320.

. Mertens RB, Didier ES, Fishbein MG, Bertueei DC, Rogers LB, et al. (1997)

Encephalitozoon cuntculi microsporidiosis: infection of the brain, heart, kidneys,
trachea, adrenal glands, and urinary bladder in a patient with AIDS. Mod
Pathol 10: 68-77.

. Weber R, Bryan RT, Schwartz DA, Owen R1L (1994) Human microsporidial

426161,
an emerging and opportunistic infection in
humans and animals. Acta Trop 94: 61-76.

infections. Clin Microbiol Rev 7

. Pozio E, Morales MA (2005) The impact of HIV-protease inhibitors on

opportunistic parasites. Trends Parasitol 21: 58 63.
Gannon J (1980) The course of infection of Ewcephalitozoon cunicult in
immunodeficient and immunocompetent mice. Lab Anim 14: 189-192.

. Koudela B, Vitovee J, Kucerova 7, Ditrich O, Travnicek ] (1993) The severe

combined immunodeficient mouse as model for Encephalitozoon cuniculi micro-
sporidiosis. Folia Parasitol 40: 279-286.

. Schmidt EC, Shadduck JA (1983) Murine encephalitozoonosis model for

studying the host-parasite relationship of chronic infection. Infect Immun 40:
936942,

. Waywa D, Kongkriengdaj S, Chaidatch S, Tiengrim S, Kowadisaiburana B, et

al. (2001) Protozoan enteric infection in AIDS-related diarrhea in Thailand.
Southeast Asian | Trop Med Public Health 32: 151-155.

. Canning EU, Hollister WS (1991) In witio and in nivo investigations of human

microsporidia. ] Protozool 38: 631-635.

. De Groote MA, Visvesvara G, Wilson ML, Pieniazek NJ, Slemenda SB, et al.

(1995) Polymerase chain reaction and culture confirmation of disseminated
Encephalitozoon cuniculi in a patient with AIDS: successful therapy with
albendazole. J Infect Dis 171: 13751378,

5. Koudela B, Lom ], Vitovec J, Kucerova 7, Ditrich O, et al. (1994) In vivo

efficacy of albendazole against Encephalitozoon cuniculi in SCID mice. ] Eukaryot
Microbiol 41: 49-50.

De Bosscuere H, Wang Z, Orlandi PA (2007) First diagnosis of Encephalitozoon
intestnatzs and E. hellem in a European brown hare (Lepus europaeus) with kidney
lesions. Zoonoses Public Health 54: 131-134.

Katzwinkel-Wladarsch S, Licb M, Helse W, Léscher T, Rinder H (1996) Direct
amplification and species determination of microsporidian DNA from stool
specimens. Trop Med Int Health 1: 373-378.

Jalovecka M, Sak B, Kvac M, Kvétonova D, Kucerova Z, et al. (2010) Activation

of protective cell-mediated immune response in gastric mucosa during
Cryplosporidium muris infection and re-infection in immunocompetent mice,
Parasitol Res 106: 1159-1166.

Didier ES, Stovall ME, Green LC, Brindley PJ, Sestak K, et al. (2004)
Epidemiology of microsporidiosis: sources and modes of transmission. Vet Par
126: 145 166.

PLOS ONE | www.plosone.org

84

38.

39.

40.

41.

44

45,

46.

48.

49,

Latent Microsporidiosis in Mice

Mathis A, Weber R, Deplazes P (2005) Zoonotic potential of the microsporidia.
Clin Microbiol Rev 18: 423—445.

Orenstein JM (1991) Microsporidiosis in the acquired immunodeficiency
syndrome. J Parasitol 77: 843-864.

Franzen C, Hartmann P, Salzberger B (2005) Cytokine and nitric oxide
responses of monocyte-derived human macrophages to microsporidian spores.
Exp Parasitol 109: 1-6.

Khan IA, Moretto M, Weiss LM (2001) Immune response to FEncephalitozoon
cuniculi infection. Microbes Infect 3: 401-405.
Valencakova A, Halanova M (2012) Immune response to Encephalitozoon
infection review. Comp Immunol Microbiol Infect Dis 35: 1-7.
Braunfuchsova P, Salat ], Kopecky J (2001) CD8+ T-lymphocytes protect SCID
mice against Encephalitozoon cuniculi infection. Int J Parasitol 15: 681-686.
Khan IA, Schwartzman JD, Kasper LH, Moretto M (1999) CD8+ CTLs are
essential for protective immunity against Freephalitozoon ecuntculi fection.

J Immunol 162: 6086-6091.

Moretto M, Casciotti L, Durell B, Khan IA {2000) Lack of CD4(+) T-cells does
not affect mduction of CD8(+) T-cell against Encephalitozoon cuniculi
infection. Infect Tmmun 68: 6223-6232.

Didier ES and Shadduck JA (1994) IFN-y and LPS induce murine macrophages
to kill Encephatiiozoon cuniculi in vitro. J Eukaryot Microbiol 41: 43,

Sak B, Salat J, Horkd H, Sakova K, Ditrich O (2006) Antibodies enhance the
protective cffect of CD4+ T-lymphocytes in SCID mice p.o. infected with
Encephalitozoon cuniculi. Parasite Immunol 28: 95-99.

Salat J, Horka H, Sak B, Kopecky J (2006) Pure CD4+ T-lymphocytes fail to
protect perorally infected SCID mice from lethal microsporidiosis caused by
Encephalitozoon cuniculi. Parasitol Res 99: 682 686.

Sak B, Brady D, Pelikinova M, Kvétoriova D, Rost M, et al. (2011) Unapparent
microsporidial infection among immunocompetent humans in the Czech
Republic. ] Clin Microbiol 49: 1064-1070.

Sak B, Kvac M, Kucerova 7, Kvétonova D, Sakova K (2011) Latent
microsporidial infection in immunocompetent individuals - a longitudinal study.
PLoS Negl Trop Dis 5: el 162,

Kakrania R, Joseph ], Vaddavalli PK, Gangopadhyay N, Sharma S (2006)
Microsporidia keratoconjunctivitis in a corneal graft. Eye (Lond) 20: 1314-1315.
Ditrich O, Chrdle A, Sak B, Chmelik V, Kubale ], et al. (2011) Encephalitozoon
cuniculi genotype [ as a causative agent of brain abscess in an immunocompetent
patien. J Clin Microbiol 49: 2769-2771.

Ancte Lallo M, Porta Miche Hirschfeld M (2012) Encephalitozoonosis in
pharmacologically immunosuppressed mice. Exp Parasitol 131: 339343,

. Hollister WS, Canning EU, Willcox A (1991) Evidence for widespread

occurrence of antibodies w Encephalitozoon cunieuli (Microspora) in man provided
by ELISA and other serological tests. Parasitology 102: 33-43.

an Gool T, Vetter JCM, Weinmayr B, Van Dam A, Derouin F, et al. (1997)
High seroprevalence of Encephalitozoon species in immunocompetent subjects.

J Infect Dis 175: 1020-1024.

Breitenmoser A, Mathis A, Biirgi E, Weber R, Deplazes P (1999) High
prevalence of Enterocyiozoon bieneusi in swine with four genotypes that differ from
those identified in humans. Parasitology 118: 447-453.

Sak B, Kasickova D, Kva¢ M, Kvétoriova D, Ditrich O (2010) Microsporidia in
exotic birds: intermittent spore excretion of Encephalitozoon spp. in naturally
infected budgerigars (Melopsittacus undulatus). Vet Parasitol 168: 196-200

April 2013 | Volume 8 | Issue 4 | 60941



VI. CITOVANA LITERATURA

Accoceberry, 1., Thellier, M., Desportes-Livage, 1., Achbarou, A., Biligui, S.,
Danis, M., Datry, A., 1999. Production of monoclonal antibodies directed
against the microsporidium Enterocytozoon bieneusi. J Clin Microbiol 37:

4107-4112.

Achbarou, A.C., Ombrouck, T., Gneragbe, T., 1996. Experimental model for
human intestinal microsporidiosis in interferron gamma receptor knockout mice

infected by Encephalitozoon intestinalis. Parasite Immunol 18: 387-392.

Adl, S.M., Simpson, A.G., Farmer, M.A., Andersen, R.A., Anderson, O.R.,
Barta, J.R., Bowser, S.S., Brugerolle, G., Fensome, R.A., Fredericq, S.,
James, T.Y., Karpov, S., Kugrens, P., Krug, J., Lane, C.E., Lewis, L.A.,
Lodge, J., Lynn, D.H., Mann, D.G., McCourt, R.M., Mendoza, L.,
Moestrup, O., Mozley-Standridge, S.E., Nerad, T.A., Shearer, C,A.,
Smirnov, A.V., Spiegel, F.W., Taylor, M.F., 2005. The new higher level
classification of eukaryotes with emphasis on the taxonomy of protists. J

Eukaryot Microbiol 52: 399—451.

Adl, S.M., Simpson, A.G., Lane, C.E., Lukes, J., Bass, D., Bowser, S.S., Brown,
M.W., Burki, F., Dunthorn, M., Hampl, V., Heiss, A., Hoppenrath, M.,
Lara, E., Le Gall, L., Lynn, D.H., McManus, H., Mitchell, E.A., Mozley-
Stanridge, S.E., Parfrey, L.W., Pawlowski, J., Rueckert, S., Shadwick, L.,
Schoch, C.L., Smirnov, A., Spiegel, F.W., 2012. The revised classification of
eukaryotes. J Eukaryot Microbiol 59: 429-493.

Akerstedt, J., 2003. Humoral immune response in adult blue foxes (Alopex lagopus)
after oral infection with Encephalitozoon cuniculi spores. Vet Parasitol 113:

203-210.

Akerstedt, J., Nordstoga, K., Mathis, A., Smeds, E., Deplazes, P., 2002. Fox
encephalitozoonosis: isolation of the agent from an outbreak in farmed blue
foxes (Alopex lagopus) in Finland and some hitherto unreported pathologic
lesions. J Vet Med B Infect Dis Vet Public Health 49: 400—405.

85


https://www.ncbi.nlm.nih.gov/pubmed/10565939
https://www.ncbi.nlm.nih.gov/pubmed/16248873
https://www.ncbi.nlm.nih.gov/pubmed/16248873
https://www.ncbi.nlm.nih.gov/pubmed/23020233
https://www.ncbi.nlm.nih.gov/pubmed/23020233
https://www.ncbi.nlm.nih.gov/pubmed/12449250
https://www.ncbi.nlm.nih.gov/pubmed/12449250
https://www.ncbi.nlm.nih.gov/pubmed/12449250
https://www.ncbi.nlm.nih.gov/pubmed/12449250

Aldras, A.M., Orenstein, J.M., Kotler, D.P., Shadduck, J.A., Didier, E.S., 1994.
Detection of microsporidia by indirect immunofluorescence antibody test using

polyclonal and monoclonal antibodies. J Clin Microbiol 32: 608—612.

Anver, M.R., King, N.-W., Hunt, R.D., 1972. Congenital encephalitozoonosis in a
squirrel monkey (Saimiri sciureus). Vet Pathol 9: 475-480.

Arisue, N., Sanchez, L.B., Weiss, L.M., Muller, M., Hashimoto, T., 2002.
Mitochondrial-type Hsp70 genes of the amitochondriate protists, Giardia

intestinalis, Entamoeba histolytica and two microsporidians. Parasitol Int 51: 9—

16.

Arnesen, K., Nordstoga, K., 1977. Ocular encephalitozoonosis (nosematosis) in

blue foxes. Acta Ophthalmol 55: 641-651.

Asakura, T., Nakamura, S., Ohta, M., Une, Y., Furuya, K., 2006. Genetically
unique microsporidian Encephalitozoon cuniculi strain type III isolated from

squirrel monkeys. Parasitol Int 55: 159-162.

Balbiani G., 1882. Sur les microsporidies ou psoro spermies des articules. CR Acad

Sci 95: 1168-1171.

Baneux, P.J., Pognan, F., 2003. In utero transmission of Encephalitozoon cuniculi

strain type I in rabbits. Lab Anim 37: 132—-138.

Basson, P.A., McCully, R.M., Warnes, W.E.J., 1966. Nosematosis: report of a
canine case in the Republic of South Africa. J S Afr Vet Med Assoc 37: 3-9.

Beckers, P.J., Derks, G.J., Gool, T., Rietveld, F.J., Sauerwein, R.W., 1996.
Encephalocytozoon intestinalis-specific monoclonal antibodies for laboratory

diagnosis of microsporidiosis. J Clin Microbiol 34: 282—-285.

Bergquist, N.R., Stintzing, G., Smedman, L., Waller, T., Andersson, T., 1984.
Diagnosis of encephalitozoonosis in man by serological tests. Br Med J 288:

902.

Binder, B., Kundig, T.M., 1991. Antiviral protection by CD8+ versus CD4+ T

cells. CD8+ T cells correlating with cytotoxic activity in vitro are more efficient

86


https://www.ncbi.nlm.nih.gov/pubmed/8195366
https://www.ncbi.nlm.nih.gov/pubmed/8195366
https://www.ncbi.nlm.nih.gov/pubmed/?term=Beckers%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=8789001
https://www.ncbi.nlm.nih.gov/pubmed/?term=Derks%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=8789001
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gool%20T%5BAuthor%5D&cauthor=true&cauthor_uid=8789001
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rietveld%20FJ%5BAuthor%5D&cauthor=true&cauthor_uid=8789001
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sauerwein%20RW%5BAuthor%5D&cauthor=true&cauthor_uid=8789001
https://www.ncbi.nlm.nih.gov/pubmed/?term=beckers+1996+microsporidiosis

in antivaccinia virus protection than CD4-dependent IL. J Immunol 146:

4301-4307.

Bohne, W., Bittcher, K., Grofs, U., 2011. The parasitophorous vacuole of
Encephalitozoon cuniculi: biogenesis and characteristics of the host cell-

pathogen interface. Int J Med Microbiol 301: 395-399.

Boot, R., van Knapen, F., Kruijt, B.C., Walvoort, H.C., 1988. Serological
evidence for Encephalitozoon cuniculi infection (nosemiasis) in gnotobiotic

guineapigs. Lab Anim 22: 337-342.

Bosma, G.C., Custer, R.P., Bosma, M.J., 1983. A severe combined

immunodeficiency mutant in the mouse. Nature 301: 527-530.

Botha, W.S., van Dellen, A.F., Stewart, C.G., 1979. Canine encephalitozoonosis in
South Africa. J S Afr Vet Assoc 50: 135-144.

Botha, W.S., Dormehl, I.C., Goosen, D.J., 1986. Evaluation of kidney function in
dogs suffering from canine encephalitozoonosis by standard clinical pathological

and radiopharmaceutical techniques. J S Afr Vet Assoc 57: 79-86.

Braunfuchsova, P., Salat, J., Kopecky, J., 2001. CD8+ T Lymphocytes protect
SCID mice against Encephalitozoon cuniculi infection. Int J Parasitol 15: 681—

686.

Brown, J.R., Doolittle, W.F., 1995. Root of the universal tree of life based on
ancient aminoacyl-tRNA synthetase gene duplications. Proc Natl Acad Sci USA
92: 2441-2445.

Brown, J.R., Doolittle, W.F., 1999. Gene descent, duplication, and horizontal
transfer in the evolution of glutamyl- and glutaminyl-tRNA synthetases. J Mol
Evol 49: 485-495.

Brown, R.J., Hinkle, D.K., Trevethan, W.P., Kupper, J.L., McKee, A.E., 1973.

Nosematosis in a squirrel monkey (Saimiri sciureus). Med Primatol 2: 114-123.

Bryan, R.T., Schwartz, D.A., 1999. Epidemiology of microsporidiosis. In: Wittner,
M., Weiss, L.M. (eds). The Microsporidia and Microsporidiosis. ASM Press,
Washington DC, pp. 502-516.

87


https://www.ncbi.nlm.nih.gov/pubmed/7708661
https://www.ncbi.nlm.nih.gov/pubmed/7708661
https://www.ncbi.nlm.nih.gov/pubmed/10486006
https://www.ncbi.nlm.nih.gov/pubmed/10486006
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=4201081
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hinkle%20DK%5BAuthor%5D&cauthor=true&cauthor_uid=4201081
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trevethan%20WP%5BAuthor%5D&cauthor=true&cauthor_uid=4201081
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kupper%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=4201081
https://www.ncbi.nlm.nih.gov/pubmed/?term=McKee%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=4201081
https://www.ncbi.nlm.nih.gov/pubmed/?term=nosematosis+insquirrel+monkey

Bywater, J.E., Kellett, B.S., 1979. Humoral immune respomse to natural infection

with Encephalitozoon cuniculi in rabbits. Lab Anim 13: 293-297.

Calvo, M., Carazo, M., Arias, M.L., Chaves, C., Monge, R., Chinchilla, M.,
2004. Prevalence of Cyclospora sp., Cryptosporidium sp, microsporidia and
fecal coliform determination in fresh fruit and vegetables consumed in Costa

Rica. Arch Latinoam Nutr 54: 428—432. Spanish.

Canning, E.U., 1988. Nuclear division and chromosome cycle in microsporidia.

BioSystems 21: 333-340.

Canning, E.U., Hollister, W.S., 1992. Human infections with microsporidia. Rev

Med Microbiol 2: 35-42.

Canning, E.U., Lom, J., Dykova, 1., 1986. The microsporidia of vertebrates.
Academic Press, London, United Kingdom, 289 s.

Canning, E.U., 1993. Microsporidia, In: Kreier, J.P. and Baker, J.R. (eds). Parasitic

protozoa, 2" edition, vol. 6. Academic Press, Inc., New York, 323 s.

Capella-Gutierrez S, Marcet-Houben M, Gabaldon T., 2012. Phylogenomics
supports microsporidia as the earliest diverging clade of sequenced fungi. BMC

Biol 10: 47.

Cavalier-Smith, T., 1983. A 6-kingdom classification and a unified phylogeny. In:
Shenck, H.E.A., Schwemmler, W.S. (eds). Endocytobiology. II. Intracellular
Space as Oligogenetic. Walter de Gruyter, Berlin, 1071 s.

Cavalier-Smith, T., 1983. Eukaryotes with no mitochondria. Nature 326: 332-333.

Corradi, N., Keeling, P.J., 2009. Microsporidia: a jorney through radical

taxonomical revisions. Fungal Biol Rev 23: 1-8.

Cotte, L., Rabodonirina, M., Chapuis, F., Bailly, F., Bissuel, F., Raynal, C.,
Gelas, P., Persat, F., Piens, M.A., Trepo, C., 1999. Waterborne outbreak of
intestinal ~ microsporidiosis in  persons with and without human

immunodeficiency virus infection. J Infect Dis 180, 2003—2008.

Coupe, S., Delabre, K., Pouillot, R., Houdart, S., Santillana-Hayat, M., Derouin,

F., 2006. Detection of Cryptosporidium, Giardia and Enterocytozoon bieneusi in

88


https://www.ncbi.nlm.nih.gov/pubmed/15969268
https://www.ncbi.nlm.nih.gov/pubmed/15969268
https://www.ncbi.nlm.nih.gov/pubmed/15969268
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cotte%20L%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rabodonirina%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chapuis%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bailly%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bissuel%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Raynal%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gelas%20P%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Persat%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Piens%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trepo%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10558958
https://www.ncbi.nlm.nih.gov/pubmed/?term=Coupe%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16872371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Delabre%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16872371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pouillot%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16872371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Houdart%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16872371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Santillana-Hayat%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16872371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Derouin%20F%5BAuthor%5D&cauthor=true&cauthor_uid=16872371
https://www.ncbi.nlm.nih.gov/pubmed/?term=Derouin%20F%5BAuthor%5D&cauthor=true&cauthor_uid=16872371

surface water, including recreational areas: a one-year prospective study. FEMS

Immunol Med Microbiol 47: 351-359.

Couzinet, S., Cejas, E., Schittny, J., Deplazes, P., Weber, R., Zimmerli, S., 2000.
Phagocytic uptake of Encephalitozoon cuniculi by nonprofessional phagocytes.

Infect Immun 68: 6939-6945.

Cox, J.C., Gallichio, H.A., Pye, D., Walden, N.B., 1977. Application of the
immunofluorescence to the establishment of an Encephalitozoon cuniculi free

rabbit colony. Labor Anim Sci 27: 204-2009.

Cox, J.C., Hamilton, R.C., Attwood, H.D., 1979. An investigation of the route and
progression of Encephalitozoon cuniculi infection in adult rabbits. J Protozool

26: 260-265.

Cox, J.C., Pye, D. 1975. Serodiagnosis of nosematosis by immunofluorescence

using cell culture grown organism. Lab Anim 9: 297-304.

Curgy, J.J., Vavra, J., Vivarés, C.P., 1980. Presence of ribosomal RNAs with
prokaryotic properties in Microsporidia, eukaryotic organism. Biol Cell 38:

49-51.

Cutlip, R.C., Beall, C.W., 1989. Encephalitozoonosis in arctic lemmings. Lab Anim
Sci 39: 331-333.

Decraene, V., Lebbad, M., Botero-Kleiven, S., Gustavsson, A.M., Lofdahl, M.,
2012. First reported foodborne outbreak associated with microsporidia, Sweden,

October 2009. Epidemiol Infect 140: 519-527.

Desportes, 1., Le Charpentier, Y., Galian, A., Bernard, F., Cochand-Priollet, B.,
Lavergne, A., Ravisse, P., Modigliani, R., 1985. Occurrence of a new
microsporidan: Enterocytozoon bieneusin. g., n. sp., in the enterocytes of a

human patient with AIDS. J Protozool 32: 250-254.

Didier, E.S., 2005. Microsporidiosis: an emerging and opportunistic infection in

humans and animals. Acta Trop 94: 61-76.

Didier, E.S., Didier, P.J., Snowden, K.F., Shadduck, J.A., 2000. Microsporidiosis

in mammals. Microbes and Infection/ Institut Pasteur, 2: 709-720.

89


https://www.ncbi.nlm.nih.gov/pubmed/?term=coupe+s+delabre+2006
https://www.ncbi.nlm.nih.gov/pubmed/?term=coupe+s+delabre+2006
https://www.ncbi.nlm.nih.gov/pubmed/21733266
https://www.ncbi.nlm.nih.gov/pubmed/21733266
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Desportes,+I
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Charpentier,+Y+le
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Galian,+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bernard,+F
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cochand-Priollet,+B
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lavergne,+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ravisse,+P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Modigliani,+R
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Didier%20ES%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

Didier, E.S., Orenstein, J.M., Aldras, A., Bertucci, D., Rogers, L.B., Janney,
F.A., 1995a. Comparison of three staining methods for detecting microsporidia

in fluids. J Clin Microbiol 33: 3138-3145.

Didier, E.S., Stovall, M.E., Green, L.C., Brindley, P.J., Sestak, K., Didier, P.J.,
2004. Epidemiology of microsporidiosis: sources and modes of transmission. Vet

Parasitol 126: 145-166.

Didier, E.S., Varner, P.W., Didier, P.J., Aldras, A.M., Millichamp, N.J.,
Murphey-Corb, M., Bohm, R., Shadduck, J.A., 1994. Experimental
microsporidiosis in immunocompetent and immunodeficient mice and monkeys.

Folia Parasitol 41: 1-11.

Didier, E.S., Vossbrinck, C.R., Baker, M.D., Rogers, L.B., Bertucci, D.C.,
Shadduck, J.A., 1995b. Identification and characterization of three

Encephalitozoon cuniculi strains. Parasitology 111: 411-421.

Didier, E.S., Weiss, L.M., 2011. Microsporidiosis: not just in AIDS patients. Curr
Opin Infect Dis 24: 490-495.

Ditrich, O., Chrdle, A., Sak, B., Chmelik, V., Kubale, J., Dykova, 1., Kvaé¢, M.,
2011. Encephalitozoon cuniculi genotype I as a causative agent of brain abscess

in an immunocompetent patient. J Clin Microbiol 49: 2769-2771.

Dowd, S.E., Gerba, C.P., Pepper, LL., 1998. Confirmation of the human-
pathogenic microsporidia Enterocytozoon bieneusi, Encephalitozoon intestinalis,

and Vittaforma corneae in water. Appl Environ Microbiol 64: 3332-3335.

Edlind, T., 1998. Phylogenetics of protozoan tubulin with reference to the
amitochondriate eukaryotes. In: Coombs, G.H., Vickerman, K., Sleigh, M.A.,
Warren, A. (eds). Evolutionary Relationships Among Protozoa. Chapman &
Hall, London, 464 s.

Edlind, T., Katiyar, S., Visvesvara, G., Li, J., 1996. Evolutionary origins of
Microsporidia and basis for benzimidazole sensitivity: an update. J Eukaryot

Microbiol 43: 109S.

Fast, N.M., Logsdon, J.M., Jr., Doolittle, W.F., 1999. Phylogenetic analysis of the

TATA box binding protein (TBP) gene from Nosema locustae: evidence for a

90


http://www.ncbi.nlm.nih.gov/pubmed/15567583?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bohm%20R%5BAuthor%5D&cauthor=true&cauthor_uid=8050748
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shadduck%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=8050748
https://www.ncbi.nlm.nih.gov/pubmed/21593268
https://www.ncbi.nlm.nih.gov/pubmed/9726879

microsporidia-fungi relationship and spliceosomal intron loss. Mol Biol Evol 16:

1415-1419.

Fayer, R., Santin-Duran, M., 2014. Epidemiology of microsporidia in human
infections. In: Weiss, L.M. and Becnel, J.J. (eds). Microsporidia: Pathogens of
Opportunity. Willey Blackwell, Oxford, 728 s.

Findley, A.M., Weidner, E.H., Carman, K.R., Xu, Z., Godbar, J.S., 2005. Role of
the posterior vacuole in Spraguea lophii (Microsporidia) spore hatching. Folia

Parasitol 52: 111-117.

Flegel, T.W., Pasharawipas, T., 1995. A proposal for typical eukaryotic meiosis in

microsporidians. Can J Microbiol 41: 1-11.

Franzen, C., 2004. Microsporidia: how can they invade other cells. Trends Patasitol

20: 275-279.

Franzen, C., 2008. Microsporidia: a review of 150 years of research. Open Parasitol

J2:1-34.

Franzen, C., Miiller, A., 1999. Molecular techniques for detection, species
differentiation, and phylogenetic analysis of microsporidia. Clin Microbiol Rev

12: 243-285.

Franzen, C., Miiller, A., 2001. Microsporidiosis: human diseases and diagnosis.

Microbes Infect 3: 389—400.

Franzen, C., Muller, A., Hartmann, P., Salzberger, B., 2005. Cell invasion and
intracellular fate of Encephalitozoon cuniculi (Microsporidia). Parasitology 130:

285-292.

Franzen, C., Schwartz, D.A., Visvesvara, G.S., Miiller, A., Schwenk, A.,
Salzberger, B., Fitkenheuer, G., Hartmann, P., Mahrle, G., Diehl, V.,
Schrappe, M., 1995. Immunologically confirmed disseminated, asymptomatic

Encephalitozoon cuniculi infection of the gastrointestinal tract in a patient with

AIDS. Clin infect Dis 21: 1480-1484.

Gannon, J., 1980a. A survey of Encephalitozoon cuniculi in laboratory animal

colonies in the United Kingdom. Lab Anim 14: 91-94.

91


https://www.ncbi.nlm.nih.gov/pubmed/?term=Findley%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=16004370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weidner%20EH%5BAuthor%5D&cauthor=true&cauthor_uid=16004370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carman%20KR%5BAuthor%5D&cauthor=true&cauthor_uid=16004370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=16004370
https://www.ncbi.nlm.nih.gov/pubmed/?term=Godbar%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=16004370
https://www.ncbi.nlm.nih.gov/pubmed/16004370
https://www.ncbi.nlm.nih.gov/pubmed/16004370
https://www.ncbi.nlm.nih.gov/pubmed/10194459
http://www.ncbi.nlm.nih.gov/pubmed/6776345?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=124
http://www.ncbi.nlm.nih.gov/pubmed/6776345?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=124

Gannon, J., 1980b. The course of infection of Encephalitozoon cuniculi in

immunodeficient and immunocompetent mice. Lab Anim 14: 189-192.

Garecia, L.S., 2002. Laboratory identification of the microsporidia. J Clin Microbiol
40: 1892-1901.

Ghosh, K., Weiss, L.M., 2012. T cell response and persistence of the microsporidia.
FEMS Microbiol Reviews 36: 748—760.

Guscetti, F., Mathis, A., Hatt, J.M., Deplazes, P., 2003. Overt fatal and chronic
subclinical Encephalitozoon cuniculi microsporidiosis in a colony of captive

emperor tamarins (Saguinus imperator). J Med Primatol 32: 111-119.

Heirmanek, J., Koudela, B., Kucerova, A., Ditrich, O., Tranvicek, J., 1993.
Prophylactic and therapeutic immune reconstitution of SCID mice infected with

Encephalitozoon cuniculi. Folia Parasitol 40: 287-291.

Hirt, R.P., Healy, B., Vossbrinck, C.R., Canning, E.U., Embley, T.M., 1997. A
mitochondrial Hsp70 orthologue in Vairimorpha necatrix: molecular evidence

that microsporidia once contained mitochondria. Curr Biol 7: 995-998.

Hirt, R.P., Logsdon, J.M., Jr., Healy, B., Dorey, M.W., Doolittle, W.F., Embley,
T.M., 1999. Microsporidia are related to Fungi: evidence from the largest
subunit of RNA polymerase II and other proteins. Proc Natl Acad Sci U S A 96:
580-585.

Hocevar, S.N., Paddock, C.D., Spak, C.W., Rosenblatt, R., Diaz-Luna, H.,
Castillo, 1., Luna, S., Friedman, G.C., Antony, S., Stoddard, R.A., Tiller,
R.V., Peterson, T., Blau, D.M., Sriram, R.R., da Silva, A., de Almeida, M.,
Benedict, T., Goldsmith, C.S., Zaki, S.R., Visvesvara, G.S., Kuehnert, M.J.;
Microsporidia Transplant Transmission Investigation Team, 2014.
Microsporidiosis acquired through solid organ transplantation: a public health

investigation. Ann Intern Med 160: 213-220.

Hofmannova, L., Sak, B., Jekl, V., Minarikova, A., Skori¢, M., Kva¢, M., 2014.
Lethal Encephalitozoon cuniculi genotype III infection in Steppe lemmings

(Lagurus lagurus). Vet Parasitol 205: 357-360.

Hofrejsi, V., Bartinkova, J., 2005. Zaklady imunologie. TRITON, Praha, 240 s.

92



Hunt, R.D., King, N.W., Foster, H.L., 1972. Encephalitozoonosis: evidence for
vertical transmission. J Infect Dis 126: 212-214.

Innes, J.R., Zeman, W., Frenkel, J.K., Borner, G., 1962. Occult Endemic
Encephalitozodnosis of the central nervous system of mice (Swiss-Bagg-

O’Grady strain). J Neuropathol Exp Neurol 21: 519-533.

James, T.Y., Kauff, F., Schoch, C.L., Matheny, P.B., Hofstetter, V., Cox, C.J.,
Celio, G., Gueidan, C., Fraker, E., Miadlikowska, J., Lumbsch, H.T.,
Rauhut, A., Reeb, V., Arnold, A.E., Amtoft, A., Stajich, J.E., Hosaka, K.,
Sung, G.H., Johnson, D., O’Rourke, B., Crockett, M., Binder, M., Curtis,
J.M., Slot, J.C., Wang, Z., Wilson, A.W., Schussler, A., Longcore, J.E.,
O’Donnell, K., Mozley-Standridge, S., Porter, D., Letcher, P.M., Powell,
M.J., Taylor, J.W., White, M.M., Griffith, G.W., Davies, D.R., Humber,
R.A., Morton, J.B., Sugiyama, J., Rossman, A.Y., Rogers, J.D., Pfister, D.H.,
Hewitt, D., Hansen, K., Hambleton, S., Shoemaker, R.A., Kohlmeyer, J.,
Volkmann-Kohlmeyer, B., Spotts, R.A., Serdani, M., Crous, P.W., Hughes,
K.W., Matsuura, K., Langer, E., Langer, G., Untereiner, W.A., Lucking, R.,
Budel, B., Geiser, D.M., Aptroot, A., Diederich, P., Schmitt, 1., Schultz, M.,
Yahr, R., Hibbett, D.S., Lutzoni, F., McLaughlin, D.J., Spatafora, J.W.,
Vilgalys, R., 2006. Reconstructing the early evolution of Fungi using a six-gene

phylogeny. Nature 443: 8§18—-822.
Jax Mice Database, 2018. The Jackson laboratory; https://www.jax.org.

Jedrzejewski, S., Graczyk, T.K., Slodkowicz-Kowalska, A., Tamang, L.,
Majewska, A.C., 2007. Quantitative assessment of contamination of fresh food
produce of various retail types by human-virulent microsporidian spores. Appl

Environ Microbiol 73: 4071-4073.

Juan-Sallés, C., Garner, M.M., Didier, E.S., Serrato, S., Acevedo, L.D., Ramos-
Vara, J.A., Nordhausen, R.-W., Bowers, L.C., Paras, A., 2006. Disseminated
encephalitozoonosis in captive, juvenile, cotton-top (Saguinus oedipus) and
neonatal emperor (Saguinus imperator) tamarins in North America. Vet Pathol

43: 438-446.

93


https://www.jax.org/
https://www.ncbi.nlm.nih.gov/pubmed/17449682
https://www.ncbi.nlm.nih.gov/pubmed/17449682
https://www.ncbi.nlm.nih.gov/pubmed/16846985
https://www.ncbi.nlm.nih.gov/pubmed/16846985
https://www.ncbi.nlm.nih.gov/pubmed/16846985

Katinka, M.D., Duprat, S., Cornillot, E., Méténier, G., Thomarat, F., Prensier,
G., Barbe, V., Peyretaillade, E., Brottier, P., Wincker, P., Delbac, F., El
Alaoui, H., Peyret, P., Saurin, W., Gouy, M., Weissenbach, J., Vivares, C.P.,
2001. Genome sequence and gene compaction of eukaryote parasite

Encephalitozoon cuniculi. Nature 414: 450-453.

Kasi¢kova, D., Sak, B., Kva¢, M., Ditrich, O., 2009. Sources of potentially
infectious human microsporidia: molecular characterisation of microsporidia
isolates from exotic birds in the Czech Republic, prevalence study and
importance of birds in epidemiology of the human microsporidial infections. Vet

Parasitol 165: 125-130.

Keeling, P.J., Doolittle, W.F., 1996. Alpha-tubulin from early-diverging eukaryotic
lineages and the evolution of the tubulin family. Mol Biol Evol 13: 1297-1305.

Keeling, P.J., Luker, M.A., Palmer, J.D., 2000. Evidence from beta-tubulin
phylogeny that microsporidia evolved from within the fungi. Mol Biol Evol 17:
23-31.

Keohane, E.M., Weiss, L.M., 1998. Characterisation and function of the

microsporidian polar tube: a review. Folia Parasitol 45: 117-127.

Khan, L.A., Moretto, M., 1999. Role of gamma interferon in cellular immune
response against murine Encephalitozoon cuniculi infection. Infect Immun 67:

1887-1893.

Khan, I.A., Moretto, M., Weiss, L.M., 2001. Immune response to Encephalitozoon
cuniculi infection. Microbes Infect 3: 401-405.

Khan, I.A., Schwartzman, J.D., Kasper, L.H., Moretto, M., 1999. CD8+ CTLs
are essential for protective immunity against Encephalitozoon cuniculi infection.

J Immunol 162: 6086—6091.

Kotkova, M., Sak, B., Hlaskova, L., Kvétonova, D., Kvac, M., 2018. Evidence of
transplacental transmission of Encephalitozoon cuniculi genotype Il in murine

model. Exp Parasitol 193: 51-57.

Kotkova, M., Sak, B., Kvétoniova, D., Kva¢, M., 2013. Latent microsporidiosis

caused by Encephalitozoon cuniculi in immunocompetent hosts: a murine model

94


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kotkova%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23593356
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sak%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23593356
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kvetonova%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23593356
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kvac%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23593356

demonstrating the ineffectiveness of the immune system and treatment with

albendazole. PloS One 8: €60941.

Kotkova, M., Sak, B., Hlaskova, L., Kva¢, M., 2017. The course of infection
caused by Encephalitozoon cuniculi genotype IIl in immunocompetent and

immunodeficient mice. Exp Parasitol 182: 16-21.

Koudela, B., Vitovec, J., Kucerova, Z., Ditrich, O., Travnicek, J., 1993. The
severe combined immunodeficient mouse as model for Encephalitozoon cuniculi

microsporidiosis. Folia Parasitol 40: 279-286.

Kucerova-Pospisilova, Z., Ditrich, O., 1998. The serological surveillance of several
groups of patients using antigens of Encephalitozoon hellem and E. cuniculi

antibodies to microsporidia in patients. Folia Parasitol 45: 108—112.

Kudo, R.R., 1966. In: Thomas, Ch.C. (ed). Protozoology. 5 edition. Springfield,

Illinois.

Kvac, M., Tomanova, V., Samkova, E., Koubova, J., Kotkova, M., Hlaskova, L.,
McEvoy, J., Sak, B., 2016. Encephalitozoon cuniculi in raw cow's milk remains

infectious after pasteurization. Foodborne Pathog Dis 13: 77-79.

Ledford, D.K., Overman, M.D., Gonzalvo, A., Cali, A., Mester, S.W., Lockey,
R.F., 1985. Microsporidiosis myositis in a patient with the acquired

immunodeficiency syndrome. Ann Intern Med 102: 628—630.

Les, E.P., 1990. A brief history of the two substrains of Balb/c, Balb/cJ, and
Balb/cBylJ. Available from animal resources. Jax Notes Issue 443, The Jackson

laboratory; https://www .jax.org.

Levaditi, C., Nicolau, S., Schoen, R., 1923. Etiology of epizootic rabbit encephalitis
in reports with experimental studies of encephalitis lethargica. Encephalitozoon

cuniculi (nov spec). Ann Inst Pasteur (Paris) 38: 675-711.

Lianson, R., Garnham, P.C.C., Killick-Kendrick, R., Bird, R.G., 1964.
Nosematosis, a microsporidial infection of rodents and other animals, including

man. Br Med J 2: 470-472.

95


https://www.ncbi.nlm.nih.gov/pubmed/26650923
https://www.ncbi.nlm.nih.gov/pubmed/26650923
https://www.jax.org/

Liu, Y.J., Hodson, M.C., Hall, B.D., 2006. Loss of the flagellum happened only
once in the fungal lineage: phylogenetic structure of kingdom Fungi inferred

from RNA polymerase II subunit genes. BMC Evol Biol 6: 74.

Mathews, A., Hotard, A., Hale-Donze, H., 2009. Innate immune responses to

Encephalitozoon species infections. Microbes Infect 11: 905-911.

Mathis, A., Akerstedt, J., Tharaldsen, J., Odegaard, O., Deplazes, P., 1996.
Isolates of Encephalitozoon cuniculi from farmed blue foxes (4lopex lagopus)
from Norway differ from isolates from Swiss domestic rabbits (Oryctolagus

cuniculus). Parasitol Res 82: 727-730.

Mathis, A., Weber, R., Deplazes, P., 2005. Zoonotic potential of the microsporidia.
Clin Microbiol Rev 18: 423-445.

Matsubayashi, H., Koike, 1., Mikata, 1., Takei, H., Higiwara, S., 1959. A case of
Encephalitozoon-like infection in man. Arch Pathol 67: 181-187.

MclInnes, E.F., Stewart, C.G., 1991. The pathology of subclinical infection of
Encephalitozoon cuniculi in canine dams producing pups with overt

encephalitozoonosis. J S Afr Vet Assoc 62: 51-54.

Mekada, K., Abe, K., Murakami, A., Nakamura, S., Nakata, H., Moriwaki,
K., Obata, Y., Yoshiki, A., 2009. Genetic differences among C57BL/6
substrains. Exp Anim 58: 141-149.

Meng, X., Zheng, J., He, X., Jia, H., Zhang, Y., 2014. First characterization in
China of Encephalitozoon cuniculi in the blue fox (Alopex lagopus). J Eukaryot
Microbiol 61: 580—-585.

Menotti, J., Cassinat, B., Porcher, R., Sarfati, C., Derouin, F., Molina, J.M.,
2003a. Development of a real-time polymerase-chain-reaction assay for
quantitative detection of Enterocytozoon bieneusi DNA in stool specimens from

immunocompromised patients with intestinal microsporidiosis. J Infect Dis 187:

1469-1474.

Menotti, J., Cassinat, B., Sarfati, C., Liguory, O., Derouin, F., Molina, J.M.,
2003b. Development of a real-time PCR assay for quantitative detection of

Encephalitozoon intestinalis DNA. J Clin Microbiol 41: 1410-1413.

96


https://www.ncbi.nlm.nih.gov/pubmed/17010206
https://www.ncbi.nlm.nih.gov/pubmed/17010206
https://www.ncbi.nlm.nih.gov/pubmed/17010206
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mathis%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16020683
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weber%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16020683
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deplazes%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16020683
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mekada%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abe%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murakami%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakamura%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nakata%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moriwaki%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moriwaki%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Obata%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoshiki%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19448337
https://www.ncbi.nlm.nih.gov/pubmed/12717629

Mohn, S.F., Nordstoga, K., 1982. Experimental encephalitozoonosis in the blue fox.
Neonatal exposure to the parasite. Acta Vet Scan 23: 344-360.

Mohn, S.F., Nordstoga, K., Dishington, LW., 1982. Experimental
encephalitozoonosis in the blue fox: clinical, serological and pathological
examinations of vixens after oral and intrauterine inoculation. Acta Vet Scand

23:490-502.

Mohn, S.F., Nordstoga, K., Krogsrud, J., Helgebostad, A., 1974. Transplacental
transmission of Nosema cuniculi in the blue fox (Alopex lagopus). Acta Pathol

Microbiol Scand B Microbiol Immunol 82: 299-300.

Molina, J.M., Oksenhendler, E., Beauvais, B., Sarfati, C., Jaccard, A., Derouin,
F., Modai, J., 1995. Disseminated microsporidiosis due to Septata intestinalis in

patients with AIDS: clinical features and response to albendazole therapy. J

Infect Dis 171: 245-249.

Monis, P.T., Giglio, S., 2006. Nucleic acid amplification-based techniques for

pathogen detection and identification. Infect Genet Evol 6: 2—12.

Montrey, R.D., Shadduck, J.A., Pakes, S.P., 1973. In-vitro host range of three
isolates of Encephalitozoon (Nosema). J Infect Dis 127: 450—454.

Moretto, M.M., Casciotti, L., Durell, B., Khan, I.A., 2000. Lack of CD4(+) T cells
does not affect induction of CD8(+) T-cell immunity against Encephalitozoon

cuniculi infection. Infect Immun 68: 6223—-6232.

Moretto, M., Durell, B., Schwartzman, J.D., Khan, L.A., 2001. Gamma delta T
cell-deficient mice have a down-regulated CD8+ T cell immune response against

Encephalitozoon cuniculi infection. J Immunol 166: 7389—7397.

Moretto, M., Weiss, L.M., Khan, 1.A., 2004. Induction of a rapid and strong
antigen-specific intraepithelial lymphocyte response during oral Encephalitozoon

cuniculi infection. J Immunol 172: 4402—4409.

Nigeli, C., 1857. Uber die neue Krankheit der Seidenraupe und verwandte
Organismem. Bot Zeitung 15: 760-761.

Neumayerova, H., Jurankova, J., Jeklova, E., Kudlackova, H., Faldyna, M.,

Kovarcik, K., Janova, E., Koudela, B., 2014. Seroprevalence of Toxoplasma

97


https://www.ncbi.nlm.nih.gov/pubmed/?term=Molina%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oksenhendler%20E%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Beauvais%20B%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sarfati%20C%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jaccard%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Derouin%20F%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Derouin%20F%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moda%C3%AF%20J%5BAuthor%5D&cauthor=true&cauthor_uid=7798674
https://www.ncbi.nlm.nih.gov/pubmed/11390490
https://www.ncbi.nlm.nih.gov/pubmed/11390490
https://www.ncbi.nlm.nih.gov/pubmed/11390490
https://www.ncbi.nlm.nih.gov/pubmed/15034055
https://www.ncbi.nlm.nih.gov/pubmed/15034055
https://www.ncbi.nlm.nih.gov/pubmed/15034055

gondii and Encephalitozoon cuniculi in rabbits from different farming systems.

Vet Parasitol 204: 184—190.

Niederkorn, J.Y., Shadduck, J.A., Schmidt, E.C., 1981. Susceptibility of selected

inbred strains of mice to Encephalitozoon cuniculi. J Infect Dis 144: 246-253.

Nordstoga, K., Mohn, S.F., Aamdal, J., Helgebostad, A., 1978. Nosematosis
(Encephalitozoonosis) in a litter of blue foxes after intrauterine injection of

Nosema spores. Acta Vet Scand 19: 150-152.

Ombrouck, C., Romestand, B.,da Costa, J.M., Desportes-Livage, 1., Datry,
A., Coste, F., Bouix, G., Gentilini, M., 1995. Use of cross-reactive antigens of
the microsporidian Glugea atherinae for the possible detection of

Enterocytozoon bieneusi by western blot. Am J Trop Med Hyg 52: 89-93.

Orenstein, J.M., Tenner, M., Cali, A., Kotler, D.P., 1992. A microsporidian
previously undescribed in humans, infecting enterocytes and macrophages, and
associated with diarrhea in an acquired immunodeficiency syndrome patient.

Hum Pathol 23: 722-728.

Owen, D.G., Gannon, J., 1980. Investigation into the transplacental transmission of

Encephalitozoon cuniculi in rabbits. Lab Anim 14: 35-38.

Patterson-Kane, J.C., Caplaz, P., Rurangirwa, F., Tramontin, R.R., Wolfsdorf,
K., 2003. Encephalitozoon cuniculi placentitis and abortion in a Quarterhorse

mare. J Vet Diagn Invest 15: 57-59.

Pakes, S.P., Shadduck, J.A., Cali, A., 1975. Fine structure of Encephalitozoon

cuniculi from rabbits, mice, and hamsters. J Protozool 22: 481-488.

Perrin, T.L., 1943. Spontaneous and experimental Encephalitozoon infection in

laboratory animals. Arch Pathol 36: 559-567.

Plowright, W., 1952. An encephalitis-nephritis syndrome in the dog probably due to

congenital encephalitozoon infection. ] Comp Pathol 62: 83-92.

Plowright, W., Yeoman, G., 1952. Probable Encephalitozoon infection of the dog.
Vet Rec 64: 381-383.

98


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ombrouck%20C%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Romestand%20B%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=da%20Costa%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Desportes-Livage%20I%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Datry%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Datry%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Coste%20F%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bouix%20G%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gentilini%20M%5BAuthor%5D&cauthor=true&cauthor_uid=7856832
https://www.ncbi.nlm.nih.gov/pubmed/?term=ombrouck+1995+microsporidia
https://www.ncbi.nlm.nih.gov/pubmed/1612573

Rebel-Bauder, B., Leschnik, M., Maderner, A., Url, A., 2011. Generalized
encephalitozoonosis in a young kitten with cerebellar hypoplasia. ] Comp Pathol

145: 126-131.

Reetz, J., N€ockler, K., Reckinger, S., Vargas, M.M., Weiske, W., Broglia, A.,
2009. Identification of Encephalitozoon cuniculi genotype III and two novel

genotypes of Enterocytozoon bieneusi in swine. Parasitol Int 58: 285-292.

Reetz, J., Wiedemann, M., Aue, A., Wittstatt, U., Ochs, A., Thomschke, A.,
Manke, H., Schwebs, M., Rinder, H., 2004. Disseminated lethal
Encephalitozoon cuniculi (genotype III) infections in cotton-top tamarins

(Oedipomidas oedipus) - a case report. Parasitol Int 53: 29-34.

Salat, J., Braunfuchsova, P., Kopecky, J., 2001. Experimental infection of
immunocompetent and immunodeficient mice with Encephalitozoon cuniculi.

Folia Parasitol 48: 249-254.

Salat, J., Braunfuchsova, P., Kopecky, J., Ditrich, O., 2002. Role of CD4+ and
CD8+ T lymphocytes in the protection of mice against Encephalitozoon

intestinalis infection. Parasitol Res 88: 603—608.

Salat, J., Horka, H., Sak, B., Kopecky, J., 2006. Pure CD4+ T lymphocytes fail to
protect perorally infected SCID mice from lethal microsporidiosis caused by

Encephalitozoon cuniculi. Parasitol Res 99: 682—686.

Salat, J., Jelinek, J., Chmelar, J., Kopecky, J., 2008. Efficacy of gamma interferon
and specific antibody for treatment of microsporidiosis caused by
Encephalitozoon cuniculi in SCID mice. Antimicrob Agents Chemother 52:

2169-2174.

Sak, B., Ditrich, O., 2005. Humoral intestinal immunity against Encephalitozoon

cuniculi (Microsporidia) infection in mice. Folia Parasitol 52: 158—162.

Sak, B., Sakova, K., Ditrich, O., 2004. Effects of a novel anti-exospore monoclonal

antibody on microsporidial development in vitro. Parasitol Res 92: 74-80.

Sak, B., Salat, J., Horka, H., Sakova, K., Ditrich, O., 2006. Antobodies enhance
the protective effect of CD4+ T lymphocytes in SCID mice perorally infected

with Encephalitozoon cuniculi. Parasite Immunol 28: 95-99.

99


https://www.ncbi.nlm.nih.gov/pubmed/?term=Manke%20H%5BAuthor%5D&cauthor=true&cauthor_uid=14984833
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwebs%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14984833
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rinder%20H%5BAuthor%5D&cauthor=true&cauthor_uid=14984833
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sal%C3%A1t%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18347109
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jel%C3%ADnek%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18347109
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chmelar%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18347109
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kopecky%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18347109
https://www.ncbi.nlm.nih.gov/pubmed/18347109

Sak, B., Kotkova, M., Hlaskova, L., Kva¢, M., 2017. Limited effect of adaptive

immune response to control encephalitozoonosis. Parasite Immunol 39: €12496.

Sak, B., Kuderova, Z., Kva¢, M., Kvétonova, D., Rost, M., Secor, E.W., 2010.
Seropositivity for Enterocytozoon bieneusi, Czech Republic. Emerg Infect Dis

16: 335-337.

Sak, B., Kvaé, M., Kucderova, Z., Kvétonova, D., Sakova, K., 2011. Latent
microsporidial infection in immunocompetent individuals - a longitudinal study.

PLoS Negl Trop Dis 5: el 162.

Sak, B., Veckova, T., Brdickova, K., Smetana, P., Hlaskova, L., Kicia, M.,
Holubova, N., McEvoy, J., Kva¢, M., 2019. Experimental Encephalitozoon
cuniculi infection acquired from fermented meat products. Foodborne Pathog

Dis 16: 394-398.

Schmidt, E.C., Shadduck, J.A., 1983. Murine encephalitozoonosis model for
studying the host-parasite relationship of a chronic infection. Infect Immun 40:

936-942.

Schmidt, E.C., Shadduck, J.A., 1984. Mechanism of resistence to the intracellular

protozoan Encephalitozoon cuniculi in mice. J Imunol 133: 2712-2719.

Schoenborn, J.R., Wilson, C.B., 2007. Regulation of interferon-gamma during

innate and adaptive immune responses. Adv Immunol 96: 41-101.

Scurrell, E.J., Holding, E., Hopper, J., Denk, D., Fuchs-Baumgartinger, A.,
Silbermayr, K., Nell, B., 2015. Bilateral lenticular Encephalitozoon cuniculi
infection in a snow leopard (Panthera uncia). Vet Ophthalmol 1: 143—-147.

Shadduck, J.A., 1969. Nosema cuiculi: in vitro isolation. Science. 166: 516-517.

Shadduck, J.A., Bendele, R., Robinson, G.R., 1978. Isolation of the causative

organism of canine encephalitozoonosis. Vet Pathol 15: 449-460.

Shadduck, J.A., Pakes, S.P., 1971. Spontaneous diseases of laboratory animals
which interfere with biomedical research: encephalitozoonosis and

toxoplasmosis. Am J Pathol 64: 657-674.

100


https://www.ncbi.nlm.nih.gov/pubmed/20113575
https://www.ncbi.nlm.nih.gov/pubmed/21629721
https://www.ncbi.nlm.nih.gov/pubmed/21629721
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shadduck%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=4980617
https://www.ncbi.nlm.nih.gov/pubmed/4980617

Shadduck, J.A., Watson, W.T., Pakes, S.P., Cali, A., 1979. Animal infectivity of
Encephalitozoon cuniculi. ] Parasitol 65: 123—129.

Sheoran, A.S., Feng, X., Singh, I., Chapman-Bonofiglio, S., Kitaka,
S., Hanawalt, J., Nunnari, J., Mansfield, K., Tumwine, J.K., Tzipori, S.,
2005. Monoclonal antibodies against Enterocytozoon bieneusi of human origin.

Clin Diagn Lab Immunol 12: 1109-1113.

Smith, K.A., 1988. Interleukin-2: inception, impact, and implications, Science 240:

1169-1176.

Snowden, K.F., Didier, E.S., Orenstein, J.M., Shadduck, J.A., 1998. Animal

models of human microsporidial infections. Lab Anim Sci 48: 589-592.

Snowden, K.F., Lewis, B.C., Hoffman, J., Mansell, J., 2009. Encephalitozoon

cuniculi infections in dogs: a case series. J] Am Anim Hosp Assoc 45: 225-231.

Snowden, K.F., Shadduck, J.A., 1999. Microsporidia of higher vertebrates. In:
Wittner M., Weiss L.M. (eds). The Microsporidia and Microsporidiosis. ASM
Press, Washington DC, pp. 393—419.

Sompayrac, L.M., 2015. How the immune system works, 5" edition. John Wiley &
Sons Inc, United States, 168 s.

Sprague, V., Vernick, S.H., 1971. The ultrastructure of Encehalitozoon cuniculi
(Microsporidia, Nosematidae) and its taxonomic significance. J Protozool 18:

560-569.

Stewart, C.G., Botha, W.S., 1989. Canine encephalitozoonosis. Zimb Vet J 20: 89—
93.

Szeredi, L., Pospischil, A., Dencso, L., Mathis, A., Dobos-Kovacs, M., 2007. A
case of equine abortion caused by Encephalitozoon sp. Acta Vet Hung 55: 525—
532.

Sterzl J, 1993. Imunitn, 1993onne abortion caused by J 20, 1. vyd. Praha: Ceska

imunologicka spole¢nost, 480 s.

101


https://www.ncbi.nlm.nih.gov/pubmed/?term=Sheoran%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Feng%20X%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20I%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chapman-Bonofiglio%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kitaka%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kitaka%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hanawalt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nunnari%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mansfield%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tumwine%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tzipori%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16148179
https://www.ncbi.nlm.nih.gov/pubmed/16148179
https://www.ncbi.nlm.nih.gov/pubmed/10090081
https://www.ncbi.nlm.nih.gov/pubmed/10090081

Talabani, H., Sarfati, C., Pillebout, E., van Gool, T., Derouin, F., Menotti, J.,
2010. Disseminated infection with a new genovar of Encephalitozoon cuniculi in

a renal transplant recipient. J Clin Microbiol 48: 2651-2653.

Thurston-Enriquez, J.A., Watt, P., Dowd, S.E., Enriquez, R., Pepper,
L.L., Gerba, C.P., 2002. Detection of protozoan parasites and microsporidia in

irrigation waters used for crop production. J Food Prot 65: 378-382.

Torres, C.M., 1927. Sur uns nouvelle maladie de 1'homme, caracterisée par la
presence dun parasite intracellulaire, trés proche du Toxoplasme et de
Iéncephalitozoon dans le tissu musculaire cardiaque, les muscles du squelette, le

tissu sous-cutané et le tissu nerveux. C R Soc Biol 97: 1778-1779.

Tyznik, A.J., Sun, J.C., Bevan, M.J., 2004. The CDS8 population in CD4-deficient
mice is heavily contaminated with MHC class Il-restricted T cells. J Exp Med
199: 559-565.

Undeen, A.H., El Gazzar, L.M., Vander Meer, R.K., Narang, S., 1987. Trehalose
levels and trehalase activity in germinated and ungerminated spores of Nosema

algerae (Microspora: Nosematidae). J Invertebr Pathol 50: 230-237.

Undeen, A.H., van der Meer, R.K., 1999. Microsporidian intrasporal sugars and
their role in germination. J Invertebr Pathol 73: 294-302.

Valencakova, A., Balent, P., Ravaszova, P., Horak, A., Obornik, M., Halanova,
M., Maléekova, B., Novotny, F., Goldova, M., 2011. Molecular identification
and genotyping of Microsporidia in selected hosts. Parasitol Res 110: 689—693.

Valenéakova, A., Halanova, M., 2012. Immune reponse to Encephalitozoon

infection review. Comp Immunol Microbiol Infect Dis 35: 1-7.

van Dellen, A.F., Stewart, C.G., Botha, W.S., 1989. Studies of encephalitozoonosis
in vervet monkeys (Cercopithecus pygerythrus) orrally inoculated with spores of

Encephalitozoon cuniculi 1solated from dogs (Canis familiaris). Onderstepoort J

Vet Res 56: 1-22.

van Rensburg, I.B.J., du Plessis, J.L., 1971. Nosematosis in a cat: a case report. J S

Afr Vet Med Assoc 42: 327-331.

102


https://www.ncbi.nlm.nih.gov/pubmed/20463169
https://www.ncbi.nlm.nih.gov/pubmed/20463169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thurston-Enriquez%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Watt%20P%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dowd%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Enriquez%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pepper%20IL%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pepper%20IL%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gerba%20CP%5BAuthor%5D&cauthor=true&cauthor_uid=11848571
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thurston-enriquez+2002
https://www.ncbi.nlm.nih.gov/pubmed/14769854

van Rensburg [.B., Volkmann, D.H., Soley, J.T., Stewart, C.G., 1991.
Encephalitozoon infection in a still-born foal. J S Afr Vet Assoc 62: 130-132.

van Gool, T., Vetter, J.C., Weinmayr, B., Van Dam, A., Derouin, F., Dankert, J.,
1997. High seroprevalence of Encephalitozoon species in immunocompetent

subjects. J Infect Dis 175: 1020-1024.
Vavra, J., 1963. Spore projection in microsporidia. Acta Protozool 1: 153—155.

Vavra, J., 1976. Structure of microsporidia. In: Bulla Jr., L.A., Chen, T.C. (eds).
Comparative Pathobiology, vol. 1. Biology of the microsporidia. New York:

Plenum Press, 517 s.

Vavra, J., 2005. ,Polar vesicles“ of microsporidia are mitochondrial remnants

(,,mitosomes*‘)? Folia Parasitol 52: 193195

Vavra, J., Bedrnik, P., Cinatl, J., 1972. Isolation and in vitro cultivation of the

mammalian microsporidian Encephalitozoon cuniculi. Folia Parasitol 19: 349—

354.

Vavra, J., Larsson, J.I.R., 1999. Structure of microsporidia. In: Wittner, M., Weiss,
L.M. (eds). The Microsporidia and Microsporidiosis. ASM Press, Washington
DC, 579 s.

Vavra, J., Hyli§, M., Obornik, M., Vossbrinck C.R., 2005. Microsporidia in
aquatic microcrustacea: the copepod microsporidium Marssoniella elegans

Lemmermann, 1900 revisited. Folia Parasitol 52: 163—-172.

Vavra, J., LukeS, J., 2013. Microsporidia and “the art of living together”. In:
Rollinson, D. (ed). Advances in Parasitology, vol. 82. Academic Press, New

York, 400 s.

Verweij, J.J., Ten Hove, R., Brienen, E.A., van Lieshout, L., 2007. Multiplex
detection of Enterocytozoon bieneusi and Encephalitozoon spp. in fecal samples

using real-time PCR. Diagn Microbiol Infect Dis 57: 163—-167.

Vossbrinck, C.R., Maddox, J.V., Friedman, S., Debrunner-Vossbrinck, B.A.,
Woese, C.R., 1987. Ribosomal RNA sequence suggests microsporidia are

extremely ancient eukaryotes. Nature 326: 411-414.

103


https://www.ncbi.nlm.nih.gov/pubmed/3550472
https://www.ncbi.nlm.nih.gov/pubmed/3550472

Weber, R., Bryan, R.T., Owen, R.L., Wilcox, C.M., Gorelkin, L., Visvesvara,
G.S., 1992. Improved light-microscopical detection of microsporidia spores in

stool and duodenal aspirates. N Engl J Med 326: 161-166.

Weber, R., Deplazes, P., Schwartz, D., 2000. Diagnosis and clinical aspects of

human microsporidiosis. Contrib Micrbiol 6: 166—192.

Webster, J.D., Miller, M.A., Vemulapalli, R., 2008. Encephalitozoon cuniculi-
associated placentitis and perinatal death in an Alpaca (Lama pacos). Vet Pathol

45: 255-258.

Weidner, E., 1976. Some aspects of microsporidian physiology. In: Bulla Jr., L.A.,
Chen, T.C. (eds). Comparative Pathobiology, vol. 1. Biology of the

microsporidia. New York: Plenum Press, 517 s.

Weiser, J., 1964. On the taxonomic position of the genus Encephalitozoon Levaditi,

Nicolau and Schoen, 1923 (Protozoa: Microsporidia). Parasitology 54: 749-751.

Weiser, J., 1965. Microsporidian infections of mammals and the genus

Encephalitozoon. Intern Congr Parasitol 1: 445-446.

Weiss, L.M., Vossbrinck, C.R., 1999. Molecular biology, molecular phylogeny, and
molecular diagnostic approaches to the microsporidia. In: Wittner, M., Weiss,
L.M., (eds). The Microsporidia and Microsporidiosis. ASM Press, Washington
DC, 579 s.

Weiss, L.M., Edlind, T.D., Veossbrinck, C.R., Hashimoto, T., 1999.
Microsporidian molecular phylogeny: the fungal connection. J Eukaryot

Microbiol 46: 17-18.

Williams, B.A.P., Hirt, R.P., Lucocq, J.M., Embley, T.M., 2002. A mitochondrial
remnant in the microsporidian Trachipleistophora hominis. Nature 418: 865—

869.

Wilson, J.M., 1986. Can Encephalitozoon cuniculi cross the placenta? Research in

Veterinary Science 40: 138.

Wittner, M., Weiss, L.M. (eds) 1999. The Microsporidia and Microsporidiosis.
ASM Press, Washington DC, 579 s.

104


https://www.ncbi.nlm.nih.gov/pubmed/?term=Weber%20R%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bryan%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Owen%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wilcox%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gorelkin%20L%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Visvesvara%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Visvesvara%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=1370122
https://www.ncbi.nlm.nih.gov/pubmed/?term=improved+light-microscopical+detection+of+microsporidia

Wolk, D.M., Schneider, S.K., Wengenack, N.L., Sloan, L.M., Rosenblatt, J.E.,
2002. Real-time PCR method for detection of Encephalitozoon intestinalis from

stool specimens. J Clin Microbiol 40: 3922—-3928.

Wright, J.H., Craighead, E.M., 1922. Infectious motor paralysis in young rabbits. J
Exp Med 36: 135-140.

Xiao, L., Li, L., Visvesvara, G.S., Moura, H., Didier, E.S., Lal, A.A., 2001.
Genotyping Encephalitozoon cuniculi by multilocus analyses of genes with

repetitive sequences. J Clin Microbiol 39: 2248-2253.

Zeman, D.H., Baskin, G.B., 1985. Encephalitozoonosis in squirrel monkeys

(Saimiri sciureus). Vet Pathol 22: 24-31.

105



