Szkota Gtéwna Gospodarstwa Wiejskiego w Warszawie

Instytut Medycyny Weterynaryjnej

lek. wet. Magdalena Elzbieta Wysmotek

156879

Badanie odpowiedzi immunologicznej
W przebiegu zarazenia Dirofilaria repens u psa
(Canis familiaris)

Immune response during Dirofilaria repens infection in dogs (Canis

familiaris)
Praca doktorska

Doctoral thesis
Rozprawa doktorska pod kierunkiem
ks. dr. hab. inz. Marcina Wi$niewskiego
Promotor pomocniczy: dr inz. Ewa Diugosz

Instytut Medycyny Weterynaryjnej
Katedra Nauk Przedklinicznych
Zaktad Parazytologii i Chorob Inwazyjnych

Warszawa, 2022






Os$wiadczenie promotora pracy

Oéwiadczam, ze niniejsza praca zostala przygotowana pod moim kierunkiem
i stwierdzam, ze spemia ona warunki do przedstawienia tej pracy w postgpowaniu
o nadanie stopnia naukowego.

YAV . e
Data. ¥4:19..20.07 Podpis promotora pracy 4\.3\\'3#\/‘/\"‘\#‘/\5"“(/"\ 1

Oswiadczenie autora pracy

Swiadom odpowiedzialnogci prawnej, w tym odpowiedzialnosci karnej za zloZenie
falszywego oswiadczenia, oswiadczam, ze niniejsza praca doktorska zostala napisana przeze
mnie samodzielnie 1 nie zawiera tresei uzyskanych
W sposéb niezgodny z obowigzujacymi przepisami prawa.

Oswiadczam, ze przedstawiona praca nie byla wczesniej podstawa zadnej procedury
zwigzanej z uzyskaniem stopnia naukowego w wyzszej uczelni.

Oswiadczam, Ze niniejsza wersja pracy jest identyczna z zalaczong wersjg elektroniczng.

f =

o . 0l fi st L0
Data ...4= 2000 s Podpis autora pracy ... s e a






Szczegolne podzigkowania sktadam

Ks. dr. hab. inz. Marcinowi Wisniewskiemu oraz dr. inz. Ewie Dlugosz

za przekazang wiedze, inspiracje, nieopisang troske i przyjazn

Dr. n. wet. Maciejowi Klockiewiczowi

za hojne i nieustanne dzielenie si¢ ze mng Swojg ogromng wiedzq parazytologiczng i kawg
Catemu Zespotowi Zaktadu Parazytologii i Chor6b Inwazyjnych

za wspanialg atmosfere pracy

Przyjaciotom rozumiejacym przygode robienia doktoratu

Uli Latek, Irenie Pruszynskiej, Ani Niwinskiej, Mateuszowi Pekaczowi i Justynie Karabowicz
za poczucie humoru i Wsparcie w chwilach wqtpliwosci

Moim Niezwyktym Rodzicom

za poswigcenie zZycia Nauce i Edukacji i przekazanie mi ich wartosci

Moim niesamowicie utalentowanym siostrom Pauli, Marcie, Justynie i Agnieszce

za smiech, rozmowy, rados¢, przezyte przygody i za to, Ze sq najlepsze na swiecie

Mojemu Narzeczonemu

za nieocenione wsparcie merytoryczne i emocjonalne doktoratu

Babci Heni, Przyjaciotom, calej Rodzinie

za wszystko.






Streszczenie

Badanie odpowiedzi immunologicznej w przebiegu zarazenia Dirofilaria repens u psa

(Canis familiaris)

Dirofilaria repens jest czynnikiem etiologicznym choroby pasozytniczej pséw, zwanej
dirofilarioza podskorna. Mimo wysokiej ekstensywnosci inwazji D. repens w Europie istnieje
szczatkowa wiedza na temat jego wplywu na organizm zywiciela ostatecznego. Celem
niniejszej rozprawy bylo zbadanie odpowiedzi immunologicznej psa w przebiegu zarazenia
D. repens. Pierwszy zataczony artykut stanowi opis zmian morfologicznych i biochemicznych
wystepujacych u pséw zarazonych D. repens i niewykazujacych uchwytnych objawow
klinicznych inwazji. Drugi zalaczony artykut stanowi opis zjawiska wysokiej mikrofilaremii
w kontek$cie wspotistnienia inwazji D. repens z innymi chorobami. Trzeci artykul zawiera
analize odpowiedzi humoralnej w przebiegu dirofilariozy podskérnej u pséw

mikrofilaremicznych i amikrofilaremicznych.

Kolejnym zagadnieniem opisywanym w pracy bylo poznanie przebiegu komoérkowej
odpowiedzi immunologicznej podczas zarazenia D. repens oraz mechanizmu umozliwiajacego
pasozytom przezycie w organizmie zywiciela. W tym celu wyizolowano jednojadrzaste
komorki krwi obwodowej (PBMC) od psOw zarazonych i niezarazonych. Wérod izolowanych
PBMC okreslano odsetek komorek charakteryzujacych sie obecnoscig powierzchniowego
antygenu réznicowania komoérkowego CD4 / CD8 / CD21. Zbadano odsetek okreslonych
populacji o immunofenotypach limfocytéw T regulatorowych. Wykorzystano linie komérkowe
HEK293 transfekowane CcDNA receptorOw rozpoznajacych wzorce molekularne
| zaobserwowano, ze antygeny somatyczne D. repens indukuja szlaki sygnatowe zalezne od
NLRC1, NLRC2 i TLR2. Uzyto rowniez komoérek dendrytycznych pochodzacych ze szpiku
kostnego myszy, aby oceni¢ wpltyw antygenow D.repens na polaryzacje odpowiedzi
immunologicznej. Zaobserwowano, ze IL-1B odgrywa kluczowa role w rozwoju odpowiedzi
immunologicznej przeciwko D. repens oraz, ze inwazja D. repens powigzana jest ze wzrostem
populacji Treg o immunofenotypie T CD4*Foxp3*. Ostatecznie, stan przewleklego stresu, jak
rowniez korelacja pomiedzy wysoka mikrofilaremig, a obecnoscig chordb towarzyszacych

przecza powszechnemu przekonaniu o niechorobotwodrczosci D. repens.

Stowa Klucze: dirofilarioza podskoérna; pies; limfocyty T CD4*Foxp3*; mikrofilaremia;

naturalne zarazenie Dirofilaria repens, IL-1p






Summary

Immune response during Dirofilaria repens infection in dogs (Canis familiaris)

Dirofilaria repens is the causative agent of the canine skin condition called subcutane-
ous dirofilariosis. Despite its increasing prevalence in Europe, there is a large gap in knowledge
of the impact of the parasite on the canine host. The aim of this thesis was to determine if natural
canine D. repens infection leads to biological changes in the host, with a focus on the immune
response. The first attached article is a description of hematological and biochemical changes
occurring in dogs infected with D. repens and showing no overt clinical signs of infection. The
second attached article is a description of the phenomenon of high microfilaremia in the context
of coexistence of D. repens infection and other diseases. The third article analyzes the humoral

response to subcutaneous dirofilariosis in microfilaremic and occult dogs.

Next, experiments enabling a better understanding of the course of the cellular immune
response in D. repens infection, and of the mechanisms that allow the parasites to survive have
been conducted. Canine peripheral blood mononuclear cells (PBMC) from uninfected and in-
fected individuals were isolated. The participation of CD4 / CD8 / CD21 expressing cells in the
lymphocyte population and the presence of Treg immunophenotype populations within the ca-
nine PBMCs from D. repens infected individuals were studied. It has been observed, that T
cells expressing CD4"Foxp3* were more prevalent in infected animals. Finally, we used
HEK?293 cell lines transfected with cDNA of different pattern recognition receptors and ob-
served that D. repens somatic antigens induce signaling pathways dependent on NLRC1,
NLRC2 and TLR2. Bone marrow derived dendritic cells were used to evaluate the effect
of D. repens antigens on the polarization of the immune response. It has been observed that IL-
1B plays a crucial role in the development of the immune response against D. repens. It has
been also observed that D. repens infection is associated with an increase in the Treg population
characterized by CD4*Foxp3* immunophenotype. Finally, the state of chronic stress as well as
the correlation between high microfilaremia and the presence of concomitant diseases contra-

dict the common belief, as subcutaneous dirofilariosis is non-pathogenic.

Keywords: subcutaneous dirofilariosis; dog; T CD4"Foxp3* cells; microfilaremia; natural

Dirofilaria repens infection, IL-1
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Wykaz stosowanych skrotow

APC — (z ang. antigen presenting cells) komorki prezentujace antygen

BMDC - (z ang. bone marrow-dendritic cells) komérki dendrytyczne uzyskane ze szpiku

kostnego

DMEM — (z ang. Dulbecco’s modified Eagle’s medium) modyfikowana pozywka Eagle'a

Dulbecco

DrSA — (Dirofilaria repens somatic antigens) antygeny somatyczne dorostych osobnikow

D. repens
FBS — (z ang. fetal bovine serum) ptodowa surowica bydleca
Foxp3 — (z ang. forkhead box P3) czynnik transkrypcyjny Foxp3

GM-CSF — (z ang. granulocyte-macrophage colony-stimulating factor) czynnik stymulujacy

tworzenie kolonii granulocytéw i makrofagow
HEK293 — (z ang. Human embryonic kidney 293 cells) ludzkie embrionalne komorki nerki

IL-10 — (z ang. interleukin 10) interleukina 10

IL-12p40 — (z ang. interleukin 12 subunit p40) podjednostka 40 interleukiny 12
IL-12p70 — (z ang. interleukin 12 subunit p70) podjednostka 70 interleukiny 12
IL-1PB — (z ang. interleukin 1 beta) interleukina 1 beta

IL-23 — (z ang. interleukin 23) interleukina 23

IL-6 — (z ang. interleukin 6) interleukina 6

Mf — (z ang. microfilariae) mikrofilarie
MHC — (z ang. major histocompatibility complex) gtowny uktad zgodnosci tkankowej

NLR — (z ang. NOD-like receptors) receptory NOD-podobne
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PBMC — (z ang. peripheral blood mononuclear cells) jednojadrzaste komorki krwi obwodowej
PBS — (z ang. phosphate buffered saline) buforowana fosforanem sol fizjologiczna
PRR — (z ang. pattern recognition receptor) receptory rozpoznajace wzorce

R10 — pozywka RPMI z dodatkiem 10% inaktywowanej termicznie ptodowej surowicy
bydlecej (FBS), wzbogacona penicyling i streptomycyna (100 pg/ml kazda), 2 mM L-glutaming
oraz 20 ng/mL GM-CSF

RT — (z ang. room temperature) temperatura pokojowa

TGF-B — (z ang. transforming growth factor beta) transformujacy czynnik wzrostu beta
TLR — (z ang. Toll-like receptors) receptory Toll-podobne

TNF-a — (z ang. tumor necrosis factor o) czynnik martwicy nowotworu o

WT — (z ang. wild type) szczep typu dzikiego
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1. Wstep

Przebieg inwazji Dirofilaria repens, ze wzgledu na wiele niepoznanych do tej pory
mechanizmow interakcji pasozyt — zywiciel, stanowi dla badaczy niewatpliwie, z punktu
widzenia medycyny ludzkiej i weterynaryjnej, uzasadniony obszar badawczy. Zywiciel
ostateczny, a zarazem rezerwuar pasozyta, czyli zarazony pies, zwykle nie wykazuje
uchwytnych dla lekarza weterynarii objawdw. Z kolei bezobjawowo$¢ inwazji sprawia, ze
zwalczanie dirofilariozy podskdrnej wigkszos¢ lekarzy weterynarii traktuje jako istotne tylko
dlatego, ze jest to zoonoza. Obecno$¢ nicienia D. repens zostata stwierdzona w Polsce
kilkanascie lat temu. Wraz z pokrewnym gatunkiem, Dirofilaria immitis (bgdacym
czynnikiem etiologicznym dirofilariozy sercowo-ptucnej), D. repens rozprzestrzenit si¢
w Europie i w niedlugim czasie wiele krajow europejskich stato si¢ obszarami endemicznego

wystepowania obydwu pasozytow (Capelli i wsp., 2018; Genchi & Kramer, 2020).

1.1. Cykl zyciowy

Pasozyty Dirofilaria repens sa przenoszone przez komary nalezace do rodzaju Aedes,
Anopheles, i Culex, ktore petnig role zarowno wektora, jak i zywiciela posredniego. Whikanie
inwazyjnych larw L3 do rany zywiciela ostatecznego nastepuje w trakcie odzywiania si¢
zarazonego komara. Po 6-9 miesigcach nastepuje dojrzewanie pasozytow do postaci dorostej
w tkance podskornej i ich kopulacja. Zaptodnione samice rodza mikrofilarie, ktore
przedostaja si¢ do krazenia obwodowego, skad tez pobierane sa przez komary. Po pobraniu
mikrofilarii w organizmie komara nast¢puje dojrzewanie postaci larwalnych do stadium
inwazyjnego L3, gotowego do zarazenia kolejnych zywicieli,

co zamyka cykl zyciowy D. repens (ryc. 1).
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Ryc. 1. Cykl zyciowy Dirofilaria repens. Opracowanie wlasne, sporzgdzone przy pomocy
BioRender.com.

1.2. Inwazje mikrofilaremiczne i amikrofilaremiczne

Powyzej oméwiono pelny cykl rozwojowy pasozyta skutkujacy pojawieniem si¢
embrionalnego stadium mikrofilarii we krwi zywiciela ostatecznego. W trakcie
przeprowadzonych badan, w ramach tej pracy doktorskiej, stwierdzono wystepowanie
zjawiska inwazji amikrofilaremicznych, cechujacych si¢ brakiem krazacych we krwi
mikrofilarii przy obecnosci dorostych pasozytow. Takie inwazje zostalty wczesniej opisane
w przebiegu zarazen innymi filariami (Kwarteng & Ahuno, 2017). Inwazje
amikrofilaremiczne mogg wystepowaé w przypadku zarazen jednoptciowych, moga byc
réwniez zwigzane z niedojrzaloscia plciowa dorostych osobnikéw albo jako konsekwencja
jednorazowego zastosowania chemioterapeutykow nicieniobojczych, takich
jak makrocykliczne laktony. Ze wzglgdu na to, ze w przebiegu dirofilariozy skornej
zaobserwowano istotne zmiany profilu przeciwciat w badanych surowicach osobnikow

mikrofilaremicznych i amikrofilaremicznych, mikrofilaremia lub jej brak sa

18



najprawdopodobniej zwigzane z cechami osobniczymi zywiciela, co opisano w trzecim
artykule tej dysertacji (Canine antibody response against Dirofilaria repens in natural occult

and microfilaremic infections).

1.3. Patogeneza inwazji

Pierwsze przypadki dirofilariozy podskdrnej stanowily zaskoczenie dla lekarzy
Klinicystow, ktérzy znajdowali doroste nicienie w formujgcych sie guzkach podskérnych.
Po kilkuletnich badaniach po$§wigconych D. repens okazalo si¢, ze wystepowanie guzoéw
podskornych, mimo ze jest klasyczng formg choroby, czgsto opisywang u pacjentow
we Wioszech, rzadko wystepuje u psow w Polsce. Oprocz znalezienia dorostych pasozytow
w opisywanych juz wczesniej lokalizacjach, takich jak powrdzek nasienny, moszna czy
gruczot mlekowy, pracownicy Zaktadu Parazytologii i Chor6b Inwazyjnych Szkoty Gloéwne;j
Gospodarstwa Wiejskiego stwierdzali obecnos¢ dorostych D. repens w nietypowych
lokalizacjach takich jak sciggno kolana czy prawa komora serca. Sugeruje to, ze nicienie
D. repens moga swobodnie migrowa¢ w organizmie zywiciela ostatecznego, zmieniajac
miejsce bytowania, zapewne niejednokrotnie w ciggu zycia zywiciela. To z kolei ttumaczy
dlaczego u wigkszosci mikrofilaremicznych pacjentéw nigdy nie zidentyfikowano dorostych
pasozytow, a po serii leczenia, zgodnego z zaleceniami European Society of Dirofilariosis
and Angiostrongylosis — ESDA, opartego o comiesi¢gczne podawanie milbemycyny przez
okres szeSciu miesigcy, u zadnego z pacjentdow po roku nie Stwierdzono obecnosSci
mikrofilarii. Zalozono woOwczas, ze doszto do =zabicia dojrzalych D. repens,

jako ze moksydektyna wykazuje dziatanie bojcze w stosunku do dorostych nicieni.

1.4. Odpowiedz immunologiczna w przebiegu inwazji nicieni

OdpowiedZz immunologiczna przeciwko filariom zostala doktadniej opisana
w przebiegu inwazji innych filarioidalnych nicieni (Kurniawan i wsp., 1993; Kwarteng &
Ahuno, 2017; Madeleine P. J. White, 2020; Maizels i wsp., 2004; McSorley i wsp., 2013;
Wammes i wsp., 2012). Nadal jednak niewiele wiadomo na temat odpowiedzi
immunologicznej psa, ani w przebiegu dirofilariozy podskérnej, ani innych inwazji
filaroidalnych. Wigkszo$¢ dostepnych artykuldow naukowych na temat mechanizméw
odpowiedzi immunologicznej w przebiegu dirofilariozy dotyczy D. immitis. Mimo wielu

podobienstw obydwu gatunkow, w przypadku D. immitis doroste pasozyty lokalizujg si¢
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W sercu oraz naczyniach ptucnych, za to D. repens stale migruja w tkance podskornej
I jamach ciata zywiciela. Réznice w rozmieszczeniu pasozytow, W przypadku obydwu
inwazji, najprawdopodobniej skutkujg roznicami w pobudzaniu mechanizméw odpowiedzi
immunologicznej zywiciela.

Helminty styng ze swoich zdolnosci modulowania odpowiedzi immunologicznej
zywiciela. W wielu badaniach naukowych zauwazono, ze nicienie strategicznie promuja
rozwdj odpowiedzi immunologicznej w Kierunku odpowiedzi zaleznej od limfocytow Th2,
ktora zapewnia im dojrzewanie i przetrwanie w organizmie zywiciela (Maizels i wsp., 2004).
Juz w 1968 roku Greenwood zaobserwowal niska czesto§¢ wystgpowania reumatoidalnego
zapalenia stawow 1 innych zaburzen autoimmunologicznych w krajach afrykanskich
0 wysokiej czestosci wystepowania pasozytow (Greenwood, 1968). Ponadto zauwazono,
ze spadek czgstosci wystepowania inwazji pasozytniczych jest skorelowany ze zwigkszong
czestoscig wystepowania zaburzen alergicznych i autoimmunologicznych. Na podstawie
tych obserwacji sformutowano tak zwang hipoteze higieny, ktora opisuje odwrotng zalezno$¢
pomiedzy warunkami sanitarnymi, a wystgpowaniem alergii. W oparciu o t¢ hipoteze,
poprawa warunkow sanitarnych spoteczenstwa prowadzi do zmniejszenia czestosci
wystepowania i intensywnos$ci zarazen pasozytniczych, co z Kkolei skutkuje statystycznie
zwiekszonym wystepowaniem alergii i zaburzen autoimmunologicznych wsréd populacji
(Greenwood, 1968).

Mimo ze cigzkie zarazenia pasozytnicze moga prowadzi¢c do znacznych,
dhlugoterminowych probleméw zdrowotnych, w tym $mierci zywiciela, coraz wigcej badan
wskazuje, ze mate obcigzenia robakami mogg mie¢ charakter komensalny (Navarro i wsp.,
2013). Zaobserwowano, ze w przeciwienstwie do okresowych i lekkich inwazji, ktére moga
nawet sprzyja¢ rozwojowi alergii, przewlekte i cigzkie obcigzenia pasozytnicze czasami
wykazuja korzystne dziatanie ochronne przed alergia (Pinelli & Aranzamendi, 2012).

Jednym z gtownych mechanizméw umozliwiajagcych helmintom wywotywanie
przewlektych inwazji i promowanie ich przetrwania jest modulowanie aktywacji receptoréw
rozpoznawania wzorca (PRR) zywiciela, takich jak receptory Toll-podobne (TLR)
oraz receptory NOD-podobne (NLR) (Jackson i wsp., 2009; Zakeri i wsp., 2016). Odgrywaja
one kluczowg role zarbwno w nieswoistej, jak i swoistej odpornosci oraz w eliminacji
pasozytow. PRR rozpoznaja wzorce molekularne zwigzane z patogenami (PAMP),
co uruchamia kaskade¢ sygnatow prowadzacg do aktywacji komoérek prezentujacych antygen

(APC). Dojrzate APC wydzielaja nastgpnie cytokiny polaryzujac  odpowiedz
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immunologiczng zywiciela dostosowang do zwalczania konkretnego patogenu (Gutcher &
Becher, 2007).

Negatywna regulacja sygnalizacji TLR prowadzi do spadku syntezy cytokin
prozapalnych, co moze stanowi¢  dziatanie  ochronne przed chorobami
autoimmunologicznymi (Sun i wsp., 2011). Na przyktad, mikrofilarie B. malayi znaczaco
wplywaja na obnizenie ekspresji mMRNA kodujacych TLR3, TLR4, TLR5 i TLR7
w komorkach dendrytycznych zywiciela. Ponadto u oséb zarazonych B. malayi opisano
obnizong ekspresje genow kodujgcych biatka TLR1, TLR2, TLR4 i TLR9 w limfocytach B,
zarowno na poziomie mRNA, jak i samego biatka (Anwar i wsp., 2019).

Kontakt z antygenem prowadzi do dojrzewania APC, ktore z kolei polaryzuja
odpowiedZ immunologiczng, pobudzajac réznicowanie limfocytow T. Czasami na drodze
tej stymulacji, dochodzi do polaryzacji limfocytow T pomocniczych w kierunku
immunofenotypu regulatorowego (Treg). Limfocyty Treg to subpopulacja limfocytow T
wykazujacych zdolnos¢ do supresji innych komoérek immunokompetentnych, co skutkuje
efektywnym wyciszaniem odpowiedzi immunologicznej. Limfocyty T regulatorowe
stanowig jeden z kluczowych elementéw uktadu odporno$ciowego zabezpieczajacy
organizm przed autoagresjg. Dzielg si¢ na powstajace w grasicy w odpowiedzi na antygeny
wlasne, naturalne limfocyty T regulatorowe (nTreg) majace najwigcksze znaczenie
dla utrzymania tolerancji immunologicznej, stanowigce dominujaca populacj¢ limfocytow T
regulatorowych oraz na limfocyty T regulatorowe indukowane (iTreg), czyli naiwne
obwodowe limfocyty T ulegajace przeksztatceniu w limfocyty Treg pod wptywem TGF-p.
Klasycznie nTreg charakteryzuje obecnos¢ powierzchniowych czasteczek roznicujgcych
CD4 oraz CD25 (tancuch a receptora dla IL-2) (Fehérvari & Sakaguchi, 2004) i czynnika
transkrypcyjnego Foxp3 (forkhead box P3), dziatajacego jako represor transkrypcji
interleukiny 2 (IL-2). Obecnie uwaza sie, ze to aktywacja Foxp3, a niekoniecznie obecnos¢
czasteczki roznicujacej CD25, bezposrednio koreluje z wlasciwosciami supresyjnymi Treg,
a komorki CD4*CD25Foxp3* wykazuja podobne zdolnosci supresyjne
do CD4*CD25"Foxp3* (Fontenot i wsp., 2005). W PBMC ludzi zarazonych nicieniami
filaroidalnymi obserwuje si¢ wyzszy odsetek wiasciwie kazdej subpopulacji limfocytow T
regulatorowych (Metenou & Nutman, 2013).

W przypadku dirofilariozy podskornej wigkszo$¢ pacjentow stanowig psy
bezobjawowe, u ktorych mikrofilaremia lub obecnos¢ dorostych pasozytow stwierdzana jest

przypadkowo, co sugeruje, ze nicienie D. repens roéwniez wykazuja zdolnosci
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immunomodulujace, pozwalajace na dlugoletnie przezycie w organizmie zywiciela
ostatecznego.

Wysoka intensywno$¢ mikrofilaremii (definiowana jako liczba Mf/iml we krwi
obwodowej zywiciela) wynoszgca czasem powyzej 10000 Mf/ml, w potaczeniu z brakiem
objawdw inwazji u wigkszosci osobnikow, wskazuje nie tylko na potencjalng
immunosupresyjng aktywnos$¢ D. repens, ale najprawdopodobniej rowniez na zaburzenia
immunologiczne w organizmie zZywiciela ostatecznego.

Na niniejszg dysertacje sktada si¢ cykl monotematycznych publikacji oraz omowienie
najwazniejszych wynikéw, ktore jeszcze nie zostaly opublikowane. Nalezy doprecyzowac,
ze pierwsza prezentowana publikacja (Hematological and biochemical changes in dogs
naturally infected with Dirofilaria repens) sklada si¢ z dwoch czesci. Pierwsza opisuje
analize, ktora nie zostaje tutaj szczegdtowo opisana i stanowi istotng czes¢ pracy doktorskiej
dr. Artura Dobrzynskiego. Dotyczy Kklinicznie istotnego algorytmu diagnostycznego
dirofilariozy podskdrnej (Dobrzynski, 2016). Druga czgs¢ pracy, bedaca czgscia
tej dysertacji, oparta zostata o druga analiz¢, wykonang w oparciu o wyniki badan pséw
klinicznie zdrowych i jednocze$nie zarazonych D. repens, u ktérych pomimo braku
uchwytnych objawow klinicznych, zaobserwowano pewne zaleznosci $wiadczace
0 polaryzacji odpowiedzi komodrkowej psoéw zarazonych w kierunku odpowiedzi
immunologicznej zaleznej od limfocytow typu Th2 oraz wystapienia reakcji przewlektego

stresu u zarazonych osobnikow.
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2. Cele pracy doktorskiej

. Poréwnanie wskaznikow hematologicznych i biochemicznych psow klinicznie zdrowych
w kontekscie zrozumienia ogdlnego wplywu obecnosci D. repens na organizm psa.

. Analiza wystepowania zjawiska wysokiej mikrofilaremii wyst¢pujgcej u psOw
zarazonych D. repens w konteks$cie konkretnych przypadkow klinicznych.

. Analiza profilu przeciwcial wytwarzanych przeciwko D. repens u psow
mikrofilaremicznych i amikrofilaremicznych.

. Ocena wystepowania populacji limfocytow T CD4*, T CD8', B CD21" wsrod
jednojadrzastych komoérek krwi obwodowej psa (PBMC) izolowanych z krwi osobnikdéw
zarazonych D. repens i zdrowych oraz ocena wpltywu antygenéw somatycznych
D. repens (DrSA) na PBMC.

. Analiza $ciezek sygnalowych zaleznych od receptoréw rozpoznajacych wzorce

oraz dojrzewania komdrek dendrytycznych, w odpowiedzi na DrSA.
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3. Materiaty 1 metody

3.1. Materiaty i metody opublikowane

Pierwszym celem bylo porownanie wskaznikow morfologicznych i biochemicznych
klinicznie zdrowych pséw zarazonych D. repens (grupy reprezentujacej naturalnie
wystepujgce osobniki bezobjawowe) w porownaniu do zdrowych, niezarazonych psow.
W tym celu od 415 pacjentow, z ktorymi wiasciciele zglosili si¢ do lecznicy weterynaryjnej,
pobrano probke krwi i wykonano badanie kliniczne. Psy, u ktérych wykryto mikrofilarie
we krwi obwodowej (za pomoca rozmazu manualnego lub multipleks PCR), badz od ktérych
wyizolowano doroste nicienie zakwalifikowano do grupy zarazonych D. repens. Wsrod tej
grupy osobniki, ktore byty klinicznie zdrowe i ktorych wszystkie wskazniki morfologiczne
I biochemiczne miescity si¢ w zakresach referencyjnych, zostaty zakwalifikowane jako grupa
pséw zarazonych bezobjawowych, reprezentujacych najczesciej wystgpujaca odmiane
dirofilariozy podskérnej. Badania morfologiczne i biochemiczne krwi wykonane zostaty
w komercyjnym laboratorium weterynaryjnym. Szczegdlowy opis metodyki oraz analizy
statystycznej zawarto w sekcji ,,Materials and Methods” pierwszego zalgczonego artykutu

(Hematological and biochemical changes in dogs naturally infected with Dirofilaria repens).

W drugim zataczonym artykule (Case studies of severe microfilaremia in four dogs
naturally infected with Dirofilaria repens as the primary disease or a disease complicating
factor) przeanalizowane zostaty przypadki kliniczne psow, u ktorych stwierdzono bardzo
wysoka mikrofilaremi¢ (WMT; definiowang jako intensywnos$¢ powyzej 10000 Mf/ml krwi
pelnej). Wyniki badan klinicznych oraz parametrow biochemicznych 1 morfologicznych
przeanalizowano pod katem powigzania wystapienia u pacjentow mikrofilaremii o wysokiej
intensywno$ci z chorobami towarzyszacymi tych pacjentow. U pacjentow wykonano
podstawowe badanie kliniczne obejmujace pomiar temperatury, ostuchanie klatki piersiowej
(serca oraz phuc) i jamy brzusznej, zmierzenie czasu kapilarnego, obejrzenie sluzowek jamy
ustnej oraz spojowek, badanie palpacyjne jamy brzusznej oraz dostepnych weztoéw chtonnych.
Ponadto, wykonano biochemiczne i morfologiczne badanie krwi w komercyjnym
laboratorium diagnostycznym, a z wykorzystaniem testu Knott’a okre$lono intensywno$¢
mikrofilaremii. Szczegoétowy opis metodyki oraz analizy statystycznej zawarto w Sekcji

,Materials and Methods” drugiego zalaczonego artykutu.
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W ostatnim zatgczonym artykule oprocz powyzej opisanych metod, wykorzystano test
immunoenzymatyczny (ELISA) do oznaczenia przeciwcial rozpoznajacych antygeny
somatyczne dorostych D. repens (DrSA). Schemat opisanego postepowania przedstawia
Ryc. 2.

4.
4
Ay

!

Antygeny somatyczne D. repens

Ryc. 2. Schemat metodyki badan opisanych w trzeciej zatagczonej publikacji. Opracowanie

wlasne, sporzadzono przy pomocy BioRender.com.

Probki krwi od psow podejrzanych o dirofilarioze¢ podskorng oraz zdrowych pobrano

i przeanalizowano w komercyjnym laboratorium diagnostycznym. W tym celu wykonano
multipleks PCR (r6znicujacy D. immitis i D. repens) oraz rozmaz krwi. Za pomoca ELISA
zbadano obecnos¢ swoistych przeciwciat klasy IgM, IgE oraz IgG oraz podklas 19G1 i 1gG2
skierowanych przeciwko DrSA w zebranych surowicach.

DrSA zostaty pozyskane z dorostych pasozytdw D. repens otrzymanych od naturalnie
zarazonych pséw W trakcie rutynowych lub innych planowych zabiegéw chirurgicznych.
Nicienie homogenizowano w jalowym buforze PBS przy uzyciu mechanicznego
homogenizatora Glas-Col. Ekstrakt odwirowywano, a stezenie bialek w nadsgczu

hodowlanym oznaczono przy uzyciu zestawu BCA Protein Assay Kit (Thermo Scientific)
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zgodnie z protokotem producenta. Szczegotowy opis metodyki oraz analizy statystycznej

zawarto w sekcji ,,Materials and Methods” trzeciego zalaczonego artykutu.

3.2. Materiaty i metody nieopublikowane

3.2.1. Oznaczanie immunofenotypu jednojadrzastych komorek krwi obwodowej psow
zarazonych D. repens

W kolejnych etapach badan poréwnano udzial procentowy limfocytow T CD4", T
CD8", B CD21" oraz stosunek limfocytow T CD4 do T CD8 w populacji wszystkich
limfocytow izolowanych od osobnikow zarazonych i zdrowych. W tym celu wyizolowano
jednojadrzaste komorki krwi obwodowej (PBMC) pséw. W sumie przebadano PBMC
0od 9 psow niezarazonych i 9 zarazonych przydzielonych do obydwu grup na podstawie

zmodyfikowanego testu Knott’a.

PBMC uzyskiwano poprzez odwirowanie (800 x g, 30 min, 22°C) krwi pelnej
antykoagulowanej EDTA irozcienczonej w stosunku 1:2 w jalowym roztworze soli
fizjologicznej buforowanej fosforanami (PBS) w gradiencie st¢zen roztworu separujacego
(Histopaque®-1077, Sigma-Aldrich, Taufkirchen, Niemcy). Po odwirowaniu otrzymywano
nastepujace warstwy (od gory): osocze, kozuszek leukocytarny zawierajacy PBMC (interfaza),
warstwe roztworu rozdzielajacego i osad krwinek czerwonych. Ostroznie zbierano kozuszek do
nowej probowki, do zawiesiny komdrek dodawano 10 ml PBS z 2% dodatkiem FBS (Biowest,
Francja), a nastgpnie odwirowano (250 x g, 10 min, 22°C). Plukanie powtarzano dwukrotnie.
Osad komorek zawieszano w PBS z 2% FBS. Wyizolowane komorki liczone byty przy uzyciu
automatycznego licznika komorek za pomoca testu wychwytu bigkitu trypanu (Countess 11
Automated Cell Counter, Thermo Fisher Scientific, Waltham, USA). Komorki zostaly
zawieszone w pozywce RPMI-1640 z dodatkiem 10% FBS oraz 1% penicyliny i streptomycyny

(Biowest, Cytogen, Francja). Schemat do§wiadczenia przedstawiono na rycinie 3.

3.2.2. Przygotowywanie komorek do analizy cytometrycznej

1 x 10° PBMC wyznakowano przeciwcialami monoklonalnymi skierowanymi
przeciwko antygenom powierzchniowym CD4, CD8, CD21 (eBioScience, ThermoFisher
Scientific, USA). Kolejne 1 x 10° komérek wyznakowano przeciwciatami monoklonalnymi
anty-CD4, anty-CD8, anty-CD25 oraz anty-Foxp3 (wszystkie eBioscience, ThermoFisher
Scientific, USA). Charakterystyke obu paneli przeciwcial przedstawiono w tabelach 1 i 2.
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Po przeptukaniu komoérek PBS z 2% FBS, PBMC inkubowano z wyzej wymienionym
koktajlem przeciwciat przez 30 minut bez dostepu $wiatta w temperaturze pokojowej. Komorki
trzykrotnie ptukano PBS z 2% FBS. Komorki znakowane przeciwciatami nalezacymi
do drugiego koktajlu (zawierajace anty-Foxp3) utrwalono i permeabilizowano za pomoca
komercyjnego zestawu FOXP3 Transcription Factor Fix/Perm buffer (ThermoFisher Scientific,
USA). Po zakonczeniu permeabilizacji dodano roztwor przeciwcial anty-Foxp3, komorki
inkubowano przez 30 minut w temperaturze pokojowej, ptukano trzykrotnie. Pomiedzy kazdym
ptukaniem komorki odwirowywano (5 min, 250 x g, RT). Tak przygotowany osad komorek
ostatecznie zawieszono w 200 uL. PBS z 2% FBS i poddano badaniu cytometrii przeptywowe;j.
Do badan uzyto cytometru przeptywowego BD FACS Aria II (Becton Dickinson, Heidelberg,
Niemcy). W kazdej probce zapisano 5 x 10* obiektow, ktére nastepnie przeanalizowano
przy uzyciu programu FlowJo (TreeStar Inc., Ashland, USA). Populacj¢ limfocytéw
wydzielono na podstawie wielkosci (FSC) i ziarnistosci (SSC), a przed analizg odrzucono

dublety komérkowe oraz komérki martwe.

Tabela 1. Charakterystyka przeciwciat uzytych do oceny cytometrycznej limfocytow. Panel A.

Symbol przeciwciala Fluorochrom Klon Zrédlo

CD4 APC YKIX302.9 eBioscience™,
ThermoFisher  Sci-
entific

CD8a eFluor™ 450 YCATEDS5.9 eBioscience™,
ThermoFisher  Sci-
entific

CD21 PE CA2.1D6 BioRad

Tabela 2. Charakterystyka przeciwciat uzytych do oceny cytometrycznej limfocytow. Panel B.

Symbol przeciwciala Fluorochrom Klon Zrédlo

CD4 PE-Cy7 YKI1X302.9 eBioscience™,
ThermoFisher  Sci-
entific

CD8 APC YCATEDS5.9 eBioscience™,
ThermoFisher  Sci-
entific

CD25 FITC P4A10 eBioscience™,
ThermoFisher  Sci-
entific

Foxp3 PE FIK-16s eBioscience™,
ThermoFisher  Sci-
entific
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3.2.3. Wplyw antygenéw somatycznych D. repens na synteze cytokin przez komorki
jednojadrzaste krwi izolowane od psow zarazonych i niezarazonych

Pozostate PBMC hodowano in vitro. Aby oczysci¢c PBMC z monocytow wykorzystano
ich wlasciwosci przylegania. W tym celu zawiesing komoérek naniesiono na 24-dotkowe
ptaskodenne ptytki do hodowli komoérkowej (Corning, New York, USA) i hodowano
w pozywce RPMI z 2% FBS i 1% penicyling ze streptomycyng W temperaturze 37°C
i obecnosci 5% CO,. Komorki wysiewano w liczbie 2 x 10° komdrek/ml i inkubowano przez
minimum 18 h. Komorki nieprzylegajace pobierano, liczono i wysiewano na nowe 96-dotkowe
ptaskodenne ptytki do hodowli komorkowej (Corning, New York, USA). Komoérki hodowano
przez nastepne 72 h w $wiezej pozywce bez dodatkow / z dodatkiem 5 ug/ml konkanawaliny A
(Con A) / 10 ug/ml DrSA / 10 ug/ml DrSA albo 5 ug/ml ConA. Po tym czasie komorki
odwirowywano (250 x g, 5 min, RT) i nadsacz hodowlany zamrazano w —20°C do czasu

przeprowadzenia ELISA w celu analizy profilu wydzielanych cytokin.
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Ryc. 3. Schemat izolacji PBMC z krwi obwodowej psow oraz ich wykorzystanie w dalszych

etapach badan, do hodowli, FACS oraz ELISA. Opracowanie wlasne przy pomocy BioRender.com.

3.2.4. Aktywacja szlakow sygnatowych przez antygeny D. repens

W celu ustalenia czy DrSA aktywuje szlaki sygnatlowe zwigzane z PRR NLRC1,
NLRC2, TLR2 i TLR4 przeprowadzono hodowle Iudzkich komoérek HEK-293
transfekowanych cDNA receptorow NLRC1, NLRC2, TLR2, TLR4 (Invivogen, Germany).
Komorki HEK 293 hodowane byty w pozywce DMEM z dodatkiem: 4,5 g/l glukozy, 4 mM L-
glutaminy, 10% (v/v) FBS, 100 pg/ml normocyny (wykazujacej dziatanie bdjcze w stosunku
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do grzybdéw oraz bakterii, w tym Mycoplasma), az do trzeciego pasazu, gdy do hodowli HEK-
293/ NLRC1 i NLRC2 dodano 10 pg/ml blastycydyny (Invivogen, Francja), do HEK-
293/TLR2 1 pg/ml puromycyny (Invivogen, Francja), i 40 pg/ml gentamycyny (Sigma,
Niemcy), a do komérek HEK-293/TLR4 dodano 10 pg/ml blastycydyny (Invivogen, Francja)
oraz 5 pg/ml hygromycyny B (Invivogen, Francja). Blastycydna / puromycyna / hygromycyna
B stanowig czynnik selekcyjny dla wzrostu jedynie stranformowanych komorek. Marker
oporno$ci stanowi gen kodujacy opornos¢ zakodowany w DNA odpowiednio uzytego

plazmidu.

Komérki hodowano do osiggnigcia 75% pokrycia powierzchni w butelkach do hodowli
komorkowej 25 cm? (Falcon, Francja). Nastepnie, wysiewano je w objetosci 100 pl/dotek
w gestosci 4 X 10° komdrek/ml na 96-dotkowa ptaskodenng ptytke do hodowli komdrkowej
(Falcon, Francja). Po 24 h inkubacji (37°C, 5% CO.) komdrki odwirowywano (300 x g, 7 min,
RT), odrzucano nadsgcz i dodawano $wiezg pozywke w objetosci 100 pl/dotek bez dodatkow /
z dodatkiem 5 lub 10 pg/ml DrSA / z ligandem (kontrole pozytywne przedstawiono w Tab. 3).

Tabela 3. Ligandy wykorzystane jako kontrole pozytywne do stymulacji poszczeg6lnych linii komérek
HEK-293 eksprymujacych receptory TLR2, TLR4, NLRC1, NLRC2.

Receptor Ligand / Aktywator Zrédlo

TLR2 1 pg/ml PAM3C Invivogen, San Diego, USA
TLR4 1 pg/ml LPS Invivogen, San Diego, USA
NLRC1 1 pg/ml TriDap Invivogen, San Diego, USA
NLRC2 1 pug/ml MDP Invivogen, San Diego, USA

3.2.5. Wptyw antygendw D. repens na dojrzewanie komoérek prezentujgcych antygen

W ostatnim etapie pracy, analizowano dojrzewanie komorek prezentujacych antygen
w odpowiedzi na stymulacje DrSA. W tym celu wykorzystano mysie komorki dendrytyczne
pochodzenia szpikowego (BMDC), ktére sg dogodnym modelem laboratoryjnym stuzgcym do
badania réznych aspektow funkcjonowania komodrek dendrytycznych. Schemat

doswiadczenia przedstawiono na rycinie 4.
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3.2.6. lzolacja szpiku kostnego

Szpik kostny zostat wyizolowany z kos$ci udowych i1 piszczelowych pobranych
posmiertnie od 20 tygodniowych samcow myszy C57BL/6]J — dwoch myszy typu dzikiego
(WT), dwoch myszy znokautowanych z mutacjag w obrebie genu il-/f kodujacego IL-1p (IL-
1B7") oraz dwéch z mutacja w obrebie genu tlr4 kodujacego biatko TLR4 (TLR4™). Wszystkie
myszy zostaly zakupione w Charles River Wiga (Sulzfeld, Niemcy). Po pobraniu, ko$ci zostaly
starannie oczyszczone z otaczajacej tkanki mig$niowej. Kosci umieszczono na minute w 70%
etanolu, po czym przeptukano je buforowang fosforanem solg fizjologiczng PBS (Gibco, nr
katalogowy, 14040117). Kosci przeniesiono na plastikowe szalki Petriego (Greiner, nr
katalogowy 633180), w sposob jatlowy odci¢to nasady nozyczkami, szpik kostny wyptukano
uzywajac iglty 25G ze strzykawka wypelniong swieza pozywka. Po doktadnym wyptukaniu jam
szpikowych, zebrang zawiesing przefiltrowano i odwirowano (7 min, 300 x g). Osad
komadrkowy zawieszono w pozywce R10 zawierajacej RPMI (Gibco) z 10% dodatkiem FBS
(Gibco), 100 pg/ml penicyliny i streptomycyny (Biochrom), 2 mM L-glutaminy (Sigma) oraz
20 ng/mL GM-CSF (Peprotech). Komorki policzono przy uzyciu komory zliczeniowej

Neubauera, a zywotno$¢ komorek okreslono przy uzyciu testu wychwytu biekitu trypanu.

Przed przeprowadzeniem stymulacji komdrek zbadano poziom endotoksyn w ekstrakcie
DrSA za pomocg zestawu PyroGene™ Recombinant Factor C Endpoint Fluorescent Assay
(Lonza) zgodnie z zaleceniem producenta. Stgzenie 10 pg/ml DrSA zawierato 0,3 EU/mI (0,03
ng/mL) LPS.

3.2.6.1. Hodowla i roznicowanie komérek pochodzenia szpikowego

Komorki hodowane byty przez 10 dni zgodnie z protokotem opisanym przez Lutz i wsp.
(1999). W skrdcie, wyizolowane komdrki hodowano w pozywce R10. Pierwszego dnia
leukocyty w gestosci 2 x 10°/ml wysiano w objetosci 10 ml na plastikowa szalke Petriego. Po
trzech dniach dodano do kazdej szalki Petriego 10 ml $wiezej pozywki R10, a nastepnie co dwa
dni przez kolejnych sze§¢ dni wymieniano polowe pozywki na §wiezg. Ostatecznie, dziesigtego
dnia hodowlg¢ zakonczono i pozyskano komorki nieprzylegajace do plastiku, ktére odwirowano
(5 minut, 300 x g) i wysiano w gestosci 1 x 10%/ml na jatowa ptytke 48 dotkowa (Costar®,

Primaria™, Falcon).

Hodowle kontynuowano na ptytce 48-dotkowej w standardowych warunkach (21%

stezenie tlenu, 5% CO2, wilgotnos¢ 95%, 37°C) w pozywce R10 bez dodatku GM-CSF.
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Komorki hodowano w trzech powtorzeniach, w czystej pozywce lub stymulowano dodajac
do pozywki 1 ug/ml lipopolisacharydu (LPS) / 10 pg/ml DrSA / 10 pg/ml DrSA z dodatkiem
1 pg/ml lipopolisacharydu (LPS) (eBioScience) w szostej godzinie stymulacji. Stymulacja
trwala w sumie 24 godziny. Po tym czasie ptyn hodowlany zebrano i zamrozono w —-80°C

do czasu wykonania ELISA, komorki za$§ wykorzystano do analizy w cytometrze

przeplywowym.

3.2.7. Pozyskiwanie produktéw wydalniczo-wydzielniczych D. repens

Planowano rowniez pobudzanie komorek produktami wydalniczo-wydzielniczymi (ES)
dorostych pasozytow. Cztery samice i dwa samce D. repens hodowane byly w osobnych
dotkach w 24-dotkowej ptytce (Corning® Primaria™, Falcon) w pozywce Minimum Essential
Medium (MEM), ktdrej potowa objetosci wymieniana byta co 24 h. W trakcie hodowli samice
rodzity mikrofilarie, z ktorych przed zamrozeniem pozywka byta oczyszczana za pomocg filtru
0 $rednicy porow 0,22 um. W piatej dobie, gdy doroste osobniki wykazywaty bardzo obnizona
motoryke, hodowla zostata zatrzymana. Uzyskano 133 pg biatka z pozywki, w ktorej hodowano
samice i 86 pg biatka z pozywki, w ktorej hodowane bylty samce. Ze wzgledu na brak dostepu
do wigkszej liczby zywych pasozytow oraz krotki czas aktywnosci pasozytow hodowanych
in vitro w pozywce MEM oraz otrzymanie zbyt matej ilosci biatka, nie udato si¢ przeprowadzié

eksperymentéw z uzyciem ES.

3.2.8. Oznaczanie markeréw komorkowych z wykorzystaniem cytometrii przeptywowej

3.2.8.1. Procedura znakowania komorek

Analizg zywotnosci komorek sprawdzono przy uzyciu testu wychwytu biekitu trypanu,
a nastepnie wykonano barwienie amino-reaktywnym barwnikiem nieprzepuszczalnym dla blon
komorkowych (Invitrogen™, LIVE/DEAD™, Thermofisher Scientific). Komdrki oznakowano
przeciwciatami monoklonalnymi skierowanymi przeciwko antygenom powierzchniowym
CD11b, CDl1lc, F4/80, MHCII, CD40, CD80, CD86 w stezeniu zgodnym z procedurg firmowa
(BD Bioscience lub Invitrogen eBioscience). Do przeprowadzenia doswiadczenia uzyto
cytometru przeptywowego BD FACS CANTO II.

Do ustawienia napi¢¢ detektorow cytometru wykorzystano BD Cytometer Setup
and Tracking Beads (BD Bioscience). Kompensacje dla wszystkich fluorochromow wykonano,

uzywajac pojedynczo wybarwionej probki, dla kazdego fluorochromu z panelu uzytych
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przeciwcial. Dodatkowo, dla oznaczanych antygendéw, wykonano prébki kontrolne (FMO,
fluorescence minus one), ustawiajagc bramki na wykresach tak, by wszystkie komorki probki
kontrolnej zostaly uznane za ujemne. Analizy poziomu poszczegélnych antygenéw dokonano

przy uzyciu oprogramowania FlowJo™ wersja 10.7.
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3.2.9. Oznaczenie cytokin wydzielanych przez BMDC stymulowanych antygenami D. repens

Pomiar st¢zenia wybranych cytokin (TNF-a, IL-18, IL-23, IL-6, IL-12p40, IL-12p70,
TGF-pB, 1L-10) dokonano za pomocg ELISA uzywajac komercyjnie dostepnych zestawow
(Invitrogen eBioscience, ThermoFisher Scientific). W tym celu pobrano szpik kostny z kosci
udowych 1 piszczelowych myszy. Komoérki réznicowano do komorek dendrytycznych.
Ostatecznie, po roznicowaniu uzyskane BMDC stymulowano DrSA i po 24 h komérki poddano
analizie za pomocg cytometrii przeptywowej, a ptyn hodowlany wykorzystano do pomiaru

wydzielania wybranych cytokin.

Antygeny somatyczne D. repens (DWE)

Ryc. 4. Schemat metodyki badan opisanych w materiatach nieopublikowanych. Opracowanie

wlasne, sporzadzano przy pomocy programu BioRender.com.

Eksperymenty z wykorzystaniem myszy zostaly zatwierdzone przez Komisjg
ds. Doswiadczen na Zwierzetach Uniwersytetu Medycznego w Wiedniu oraz Austriackie
Federalne Ministerstwo Edukacji, Nauki i Kultury (BMWFW-66.009/0358-WF/V/3b/2015).
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4. Wyniki

W pierwszym artykule wyodrebniono 214 psow (98 zarazonych D. repens i112
niezarazonych), ktorych wyniki wszystkich parametrow morfologii i biochemii miescity si¢
W granicach warto$ci referencyjnych. Zatozono, ze wiasnie ta grupa psOw reprezentuje
bezobjawowych pacjentow, u ktorych inwazja D. repens zostaje zdiagnozowana przypadkowo,

co stanowi najwyzszy odsetek przypadkow dirofilariozy podskdrnej.

Analiza porownawcza wynikow morfologii i biochemii krwi psow klinicznie zdrowych,
ale zarazonych D. repens w poréwnaniu z osobnikami niezarazonymi (Opisana w pierwszym
z zamieszczonych artykulow) wykazata, ze bezobjawowa dirofilarioza podskorna byta
powigzana z istotnie nizsza liczbg erytrocytdw (p =0,025), nizszym hematokrytem (Ht)
(p =0,002) i nizszg liczbg limfocytéw (p = 0,031) oraz istotnie wyzszym stezeniem glukozy
(p = 0,023). Co wigcej, aktywnos$¢ fosfatazy alkalicznej (ALP) byta u nich réwniez wyzsza, ale
w przypadku tej analizy, warto$¢ byta na granicy istotno$ci statystycznej (p = 0,054) (Tabela 3
artykutu). Mimo ze psy ocenione byly jako klinicznie zdrowe, zmiany te wskazuja, ze zarazenie
D. repens ma wptyw na funkcjonowanie organizmu zywiciela. Zarazenie D. repens wydaje si¢
promowa¢ przewlekta reakcje stresowa i uwalnianie glikokortykosteroidow charakteryzujace
si¢ obnizeniem liczby erytrocytow 1 limfocytow, wzrostem poziomu glukozy i aktywnosci
ALP. Wyniki te sugeruja, ze dirofilarioza jest powigzana z przewleklg reakcjg stresowg i moze

predysponowac lub przyczynia¢ si¢ do zaostrzenia chordéb wspotistniejacych.

Kolejny artykut przedstawia analiz¢ i opis czterech przypadkow klinicznych psow
zarazonych D. repens z wysokg mikrofilaremia (powyzej 10000 Mf/ml), u ktérych dirofilarioza
podskoérna w polaczeniu z chorobg wspotistniejacg doprowadzity do $mierci. Na podstawie
wynikow zmodyfikowanego testu Knott’a, w 62 probkach pobranych od mikrofilaremicznych
osobnikow, stwierdzono, ze mediana mikrofilaremii D. repens we krwi obwodowej u psow
wynosi 675 Mf/ml. Opisane przypadki dotyczyly zatem sytuacji, w ktérych mikrofilaremia
wielokrotnie przekraczata warto$¢ najczesciej obserwowang u psow. Zaobserwowano roéwniez,
ze u psOw o wysokiej mikrofilarmeii leczenie standardowa dawka moksydektyny (wedtug
wytycznych ESDA) bylo wystarczajace do catkowitego zabicia Mf lub zmniejszenia ich liczby
ponizej poziomu wykrywalnosci, tak samo jak w przypadkach mniej licznych inwazji, po 6

dniach od zastosowania leku.

35



U jednego z pacjentow, u ktorego wystapito wodobrzusze, w pobranym ptynie z jamy
otrzewnej stwierdzono Mf, granulocyty i atypowe komorki dwujadrzaste z licznymi figurami
mitotycznymi sugerujagcymi proces nowotworowy. Wryniki badan hematologicznych
i biochemicznych u psow wysoko filaremicznych byly zroéznicowane i obejmowaly
niedokrwisto$¢, trombocytopeni¢, leukocytoze, neutrofilie, eozynofilie, monocytoze
oraz podwyzszone wartosci ALP, transaminazy asparaginianowej, aminotransferazy
alaninowej, azotu mocznikowego, kreatyniny, bilirubiny, a takze hipoalbuminemi¢. Z danych
literaturowych wynika, ze intensywnos$¢ mikrofilaremii nie jest bezposrednio zwigzana z liczba
dorostych osobnikow w organizmie zywiciela. Opisywano przypadki psow, u ktorych pomimo
obecnosci wysokiej liczby dorostych pasozytow (ponad 300) (Mircean i wsp., 2017),
mikrofilaremia wyniosta jedynie okoto 7000 Mf/ml, podczas gdy u jednego z naszych
pacjentow, od ktorego wyizolowano 26 robakow, mikrofilaremia wynosita powyzej 14 000
Mf/ml. Rozwoj wysoko filaremicznych inwazji jest zatem najprawdopodobniej mozliwy

u zywicieli, u ktorych wystepuja zaburzenia immunologiczne.

W ostatnim zatgczonym artykule wykazano, ze miana przeciwciat klasy IgG i IgE, ale nie
IgM swoistych dla antygendéw somatycznych D. repens byly znaczgco podwyzszone
u zarazonych psow i niezalezne od plci osobnika (Ryc. 1, 2 oraz 3 Artykutu). Ponadto, psy
mikrofilaremiczne cechowaty si¢ wyzszym poziomem swoistych IgGl niz IgG2, podczas
gdy inwazje amikrofilaremiczne wigzaly si¢ z wyzszym poziomem IgG2 niz I1gG1 (Ryc. 4
Artykuhu). Stwierdzono rowniez, ze wiek zarazonych zwierzat nie wptynat na profil wykrytych
przeciwcial. Wykazano roéwniez, ze samce byly predysponowane do inwazji
mikrofilaremicznej, podczas gdy inwazje amikrofilaremiczne znaczaco przewazaty u samic
(Ryc. 5 Artykutu).

4.1. Badanie obecnosci fenotypu limfocytow T CD4'CD25"Foxp3", T CD8"
oraz limfocytow B CD21"

Nie stwierdzono réznic w stosunku T CD4" do T CD8" (Ryc. 5A i 5B) ani limfocytéw
T do limfocytéw B (Ryc. 5C), ani ogdlnego procentowego udzialu limfocytow T CD4*, T
CD8", B CD21" wpuli limfocytbw miedzy psami niezarazonymi i zarazonymi.
Zaobserwowano zato korelacje (R®=0,6654) miedzy stosunkiem T CD4": T CD8"
I intensywnos$cig mikrofilaremii (Ryc. 5D). Im intensywniejsza mikrofilaremia, tym bardziej
wzrastat odsetek limfocytéw T pomocnicznych (CD4*), amalal odsetek limfocytow T
cytotoksycznych (CD8").
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Ryc. 5. Graficzne przedstawienie: (A) - sredniego odsetka procentowego limfocytow T CD4*, CD8*
oraz limfocytow B CD21" w ogolnej populacji limfocytow ($rednia + odchylenie standardowe), (B) -
stosunku limfocytow T do limfocytéw B, (C) - stosunku limfocytow T CD4*: TCD8*, u psow
niezarazonych i zarazonych, (D) - korelacji miedzy stosunkiem limfocytow T CD4": T CD8",

a intensywnoscig Mf (zakres 20 — 11560 Mf/ml przedstawiono w skali logarytmicznej).

Nie zaobserwowano zmian w odsetku regulatorowych limfocytow T CD4*CD25*Foxp3*
miedzy osobnikami zarazonymi i niezarazonymi, ale psy zarazone mialy wyzszy odsetek innej
populacji T regulatorowej o fenotypie T CD4*CD25Foxp3* (Ryc. 6) 0 znanych wiasciwos$ciach
immunosupresyjnych. Limfocyty regulatorowe T CD4"CD25"Foxp3* s powigzane z atopig
(Lee i wsp., 2020; Majewska i wsp., 2016), a ich nizszy odsetek jest charakterystyczny

dla nieswoistego zapalenia jelit.
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Ryc. 6. Procentowy udzial aktywowanych limfocytow T CD4*Foxp3* w populacji wszystkich
limfocytéw u klinicznie bezobjawowych ps6w niezarazonych (czarny podpis) i zarazonych (czerwony
podpis) w postaci indywidualnych dot plotow (A, oznaczenie bramki wykonane zostato przy uzyciu
komorek niebarwionych oraz z uzyciem negatywnej kontroli izotypowej, na rycinie widoczne sg trzy
reprezentacyjne dot ploty populacji komorek psow zarazonych i niezarazonych). B — pSy zarazone miaty
istotnie wyzszy odsetek limfocytow T CD4"Foxp3* w puli wszystkich limfocytéw niz psy niezarazone
(kazda kropka reprezentuje wynik jednego psa, wykres przedstawia $rednia wynikow wszystkich

osobnikéw z odchyleniem standardowym).

Ostatecznie, po 72 h stymulacji PBMC psow D. repens (+) wydzielaty mniejsze ilo$ci

IL-10, a wigksze IFN-y pod wplywem stymulacji DrSA. Szczegétowe wyniki steZenia cytokin
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wydzielanych przez PBMC pochodzacych od trzech zarazonych i jednego niezarazonego
osobnika po stymulacji LPS lub DrSA z LPS widoczne sa na Ryc. 7, a po stymulacji DrSA

widoczne sg na Ryc. 8.

Cytokiny wydzielane przez PBMC pod wptywem stymulacji
10000

"E 8000

pg/

£'6000

Zzenie

4000

"k || || I II ||

(1 @QDWE (1) (2) (DWE (2) 3 @)DWE (3 4 @DWE (4
ConA +ConA RPMI ConA +ConA RPMI ConA +ConA RPMI ConA +ConA RPMI

Ste

®IFN-y ®IL-4 ®IL-10

Ryc. 7. Rozktad stezenia IFN-y, IL-4 oraz IL-10 w supernatancie po 72 h hodowli PBMC ps6w,
niestymulowanych (RPMI) lub stymulowanych konkanawaling (ConA) badz DrSA z ConA
(DrSA+ConA). Na wykresie przedstawiono wyniki reprezentatywnych osobnikdw: 1 — oznacza psa

niezarazonego; 2, 3, 4 reprezentujg psy zarazone D. repens.
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Ryc. 8. Stezenie wybranych cytokin w pozywkach po 72 h hodowli PBMC pséw, w czystych pozywkach

oraz stymulowanych DrSA.
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Poza analiza fenotypu komorek, zbadano réwniez stgzenie cytokin w surowicach psow
niezarazonych i zarazonych, ale nie zaobserwowano roéznic mi¢dzy nimi (Ryc. 9), a zakres

stezenia cytokin zaré6wno U zarazonych, jak i niezarazonych pso6w byt bardzo zréznicowany.
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Ryc. 9. Stezenia wybranych cytokin w surowicy pséw niezarazonych i zarazonych.

4.2. Wptyw antygenow D. repens na aktywacj¢ szlakow sygnatowych zaleznych od NLRC1,
NLRC2, TLR2, TLR4

W celu zbadania, z ktérymi receptorami lacza si¢ biatka pasozytnicze D. repens,
komorki HEK293 transfekowane cDNA NLRC1 lub NLRC2 lub TLR2 lub TLR4 pobudzano
DrSA. Aktywacje receptora sprawdzono poprzez pomiar stezenia interleukiny 8 (CxCL8)
wydzielanej przez komérki nabtonkowe w odpowiedzi na r6zne stymulanty. DrSA pobudzato
wydzielanie zwigkszonej ilosci CxCL8 przez komorki HEK293 prezentujgce receptory
NLRC1, NLRC2 oraz TLR2, ale nie TLR4. Stg¢zenie CXCL8 w tych trzech hodowlach byto
poréwnywalne lub wicksze od wartosci uzyskanej podczas stymulacji ligandami kontrolnymi
(Ryc.10). Sugeruje to, ze biatka somatyczne D. repens prawdopodobnie aktywuja szlaki
sygnatowe zwigzane z receptorami NLRC1, NLRC2 oraz TLR2, ale nie TLR4.
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Ryc.10. Stezenie wydzielanej CXCL8 (pg/ml) przez komérki HEK-293 NLRC1 lub NLRC2
lub TLR2 lub TLR4 w odpowiedzi na DrSA.

4.3. Wptyw antygenow D. repens na dojrzewanie i aktywno$¢ komorek dendrytycznych
pochodzenia szpikowego

W kolejnym etapie badan zbadano sekrecje cytokin oraz poziom markerow
powierzchniowych komorek dendrytycznych traktowanych DrSA. Komorki dendrytyczne
izolowane byty ze szpiku kostnego myszy WT, il-1 KO oraz TLR4 KO. Po pobudzeniu DrSA
komérki wydzielaty zwigkszone ilosci IL-1p, IL-23, IL-6, IL-12p40 oraz TNFa (Ryc. 11 A-E).
Z drugiej strony, DrSA nie stymulowaly wydzielania IL12p70 oraz TGF-B, a tylko
w niewielkim stopniu stymulowaly wydzielanie 1L-10 przez BMDC WT. Pre-inkubacja
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z DrSA nie wptyneta na zmiane w profilu wydzielanych cytokin po pobudzeniu LPS przez
komorki WT. Ponadto, DrSA wzmagato efekt LPS i skutkowalo wzrostem stezenia
wydzielanych cytokin (Ryc. 11 A-F). Co ciekawe, komorki dendrytyczne il-187"
W przeciwienstwie do komoérek dendrytycznych WT oraz TLR4” nie wydzielaty I1L-23 pod
wplywem DrSA. Ponadto, preinkubacja nizsza dawka DrSA zlagodzita efekt zapalny LPS,
zmniejszajac ilos¢ wydzielanej IL-23 (Ryc. 11D) iznaczaco zlagodzita LPS-zalezne
wydzielanie IL-10 przez komorki il-18" (Ryc. 11F).

Sam ekstrakt DrSA nie stymulowal wydzielania przez komoérki IL-12p70,

ale preinkubacja DrSA zwickszyla synteze tej cytokiny po stymulacji LPS ($rednio 20 pg/ml
w grupie LPS WT oraz il-14", oraz 35 pg/mL po preinkubaciji z DrSA).
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Ryc. 11. Wykresy przedstawiajace stgzenie cytokin (A) IL-6, (B) IL-1B, (C) IL-12 p.40, (D) IL-23, (E)
TNF-a, (F) IL-10 wydzielonych do pozywki hodowlanej przez BMDC w wyniku stymulacji DrSA, LPS
oraz DrSA z LPS.

Oprécz profilu wydzielanych cytokin, sprawdzono wplyw DrSA na dojrzewanie
i r6znicowanie BMDC w warunkach in vitro. 24-godzinna stymulacja komorek
dendrytycznych WT zaréwno LPS, jak i DrSA nie wptyngta znaczaco na poziom czasteczek
MHC klasy I, ale zwigkszyta poziom markerow powierzchniowych CD80/86 i CD40 (Ryc. 12
B i C), niezbednych do dalszej kostymulacji komorek odpowiedzi immunologiczne;.
Co ciekawe, zarowno stymulacja czystym DrSA, jak i preinkubacja z DrSA przed stymulacja
LPS obnizyta poziom markerow MHC klasy Il, CD40 oraz CD80/CD86 na powierzchni
komorek dendrytycznych IL-1B” (Ryc. 12 D-F). W przypadku BMDC TLR4"
nie zaobserwowano zmian w poziomie receptorow ani pod wptywem LPS czy DrSA (Ryc. 12
G-1). W $wietle przedstawionych wynikéw, IL-187 petni niezbedna role w dojrzewaniu BMDC

I w rozwoju odpowiedzi immunologicznej w odpowiedzi na inwazj¢ D. repens.
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Ryc. 12. Odsetek populacji komorek CD11c* wykazujacych obecnos¢ markerow powierzchniowych
CD40, CD80/CD86 wsrod BMDC pod wptywem DrSA, LPS lub preinkubowanych DrSA 6 h przed
stymulacja LPS.
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5. Dyskusja

Nicienie znane sa z wydzielania czynnikow immunomodulujgcych, ktore ulatwiajg
im przezycie w organizmie zywiciela (Madeleine P. J. White, 2020; Maizels i wsp., 2004;
Maizels & Yazdanbakhsh, 2003; McSorley i wsp., 2013; Wammes i wsp., 2012). W przypadku
dirofilariozy podskornej, nawet jesli przebiega ona pozornie bezobjawowo, u zywiciela
réwniez dochodzi do zmian morfologicznych i biochemicznych, ktére sugeruja przewlekla
reakcj¢ stresowa. Z kolei reakcja stresowa najprawdopodobniej prowadzi do polaryzacji
odpowiedzi odpornosciowej w kierunku odpowiedzi immunologicznej zaleznej od limfocytow
Th2 oraz wyciszenia odpowiedzi zaleznej od limfocytow Thl (Assaf i wsp., 2017). Jest
to charakterystyczne dziatanie strategiczne pasozytow (Maizels i wsp., 2004), ktére umozliwia

ich dlugoletnie przezywanie w organizmie zywiciela ostatecznego.

Analiza przypadkOw naturalnie zarazonych psow sugeruje, ze inwazja D. repens nie jest
obojetna dla organizmu zywiciela i ze wysoko intensywna mikrofilaremia towarzyszy innym
schorzeniom powigzanym z niedoborami odpornosci zarazonych osobnikow. Przez okres
badan stanowigcych temat tej pracy, skupiajacych si¢ na naturalnie zarazonych pacjentach
na terenie Polski, opisano przypadki pacjentow, u ktoérych stwierdzona zostata intrygujaco
wysoka mikrofilaremia (wczesniej nieraportowana, o wartosci ponad 10000 mikrofilarii w 1 ml
Krwi, z najwyzszym wynikiem 178000 Mf/ml) (Wysmotek i wsp., 2020) . Wydaje sig,
ze dirofilarioza podskorna moze potencjalnie chroni¢ psy przed rozwojem chordb
autoimmunologicznych, ale z drugiej strony, prawdopodobnie predysponuje do rozwoju choréb
towarzyszacych ze wzgledu na wywolywanie stanu przewlektego stresu charakteryzujacego

si¢ wysokim poziomem glikokortykosteroidow.

Zauwazono roéwniez, ze odpowiedz immunologiczna przeciwko D. repens przebiega
inaczej u samcOw i samic. Samice sg czgsciej predysponowane do amikrofilaremicznych
inwazji, podczas gdy samce znacznie czgsciej przechodzg inwazje mikrofilaremiczna.
Co wigcej, inwazje mikrofilaremiczne sg zwigzane z wyzszym poziomem IgGl niz IgG2,
podczas gdy w inwazjach amikrofilaremicznych ta tendencja jest odwrotna. Prawdopodobnie
promowanie odmiany mikrofilaremicznej lub amikrofilaremicznej inwazji jest zwigzane
Zroznicami migdzyosobniczymi 1 polaryzacja uktadu immunologicznego w kierunku
odpowiedzi immunologicznej zaleznej od limfocytow Thl lub Th2. Na tym etapie badan nie

zauwazono korelacji miedzy stezeniem cytokin IL-4, IL-10 oraz IFN-y w surowicach,
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azarazeniem D. repens. Zakres stezen badanych cytokin zaré6wno u zarazonych
jak i niezarazonych pséw byt bardzo zroznicowany.  Podobnie duze zrdéznicowanie
zaobserwowat Calvalido i wsp. (2016), gdy porownywali stezenia gamy cytokin w surowicach
psOw z biataczka i zdrowych. Jest to najprawdopodobniej zwigzane z fizjologicznym
zjawiskiem zmian w wydzielaniu cytokin zgodnie z rytmem dobowym (Cermakian i wsp.,
2013; Logan & Sarkar, 2012).

W badaniach poswieconych innym filariom, zaobserwowano, ze preinkubacja
antygenami Mf Brugia malayi znaczaco hamuje dojrzewanie komodrek dendrytycznych
(Semnani i wsp., 2001), a bezposrednia stymulacja Mf indukuje apoptozg ludzkich APC
poprzez hamowanie ich zdolnosci do wytwarzania IL-12 i 1L-10 oraz do aktywacji limfocytow
T CD4+ (Semnani i wsp., 2003). Zaktadano zatem, ze preinkubacja ekstraktem D. repens moze
przyczynia¢ si¢ do zahamowania dojrzewania komorek dendrytycznych pobudzanych LPS
oraz do wydzielania cytokin swiadczacych o polaryzacji w kierunku odpowiedzi regulatorowej.
Zastosowanie ekstraktu z dorostych pasozytow zamiast produktow wydalniczo-wydzielniczych
pozwolilo na zaobserwowanie aktywacji BMDC w warunkach $mierci dorostych pasozytow
W organizmie zywiciela. Najprawdopodobniej DrSA prowadzi do dojrzewania komorek
dendrytycznych oraz wzrostu liczby czgsteczek kostymulujacych CD80/CD86 oraz CD40 na
powierzchni BMDC oraz stymuluje wydzielanie cytokin pro-zapalanych takich jak IL-1p, IL-
23, IL-6 oraz IL-12p40. Wstepne wyniki pozwolity rowniez na zaobserwowanie, iz komorki
dendrytyczne pochodzace od myszy IL-1p”- mimo wydzielania IL-23 pod wptywem LPS, nie
wydzielaty IL-23 pod wptywem DrSA.

Co wigcej, preinkubacja niska dawka, tj. 1 pg/mL DrSA blokowata w znacznym stopniu
wydzielanie I1L-23 pod wptywem LPS. Wyniki wskazuja, ze IL-1p jest niezbgdna
do pobudzenia lub utrzymania okreslonego poziomu CD40, CD80/CD86 na powierzchni
komorek CD1lc+ oraz wydzielania IL-23 w odpowiedzi na DrSA. Preinkubacja DrSA
komérek pochodzacych od myszy IL-1B7" prowadzita do znaczacego obnizenia poziomu
czasteczek kostymulujgcych CD40, CD80/CD86 na powierzchni komorek CDllc+
stymulowanych LPS. W przypadku inwazji Heligmosomoides polygyrus bakeri IL-1p jest
konieczna do dostosowania przez pasozyty Srodowiska §luzowki jelit do utrzymania stanu
przewlektej inwazji (Zaiss i wsp., 2013). Natomiast w przypadku w inwazji D. repens
zaobserwowano, ze IL-1B jest niezbedna do aktywacji mechanizmow odpowiedzi

immunologicznej prawdopodobnie prowadzacych do eliminacji pasozytow.
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NLR naleza do rodziny PRR, ktére rozpoznaja PAMP w cytoplazmie wigkszo$ci
komdrek, co inicjuje odpowiedZ zapalng poprzez formowanie inflamosomoéw. Z kolei
rozpoznanie przez NLR cytoplazmatycznych PAMP i DAMP aktywuje szereg szlakow
transdukcji sygnalu, co prowadzi do syntezy cytokin prozapalnych. Otrzymane wyniki
sugerujg, ze IL-1pB jest niezbedna do dojrzewania komorek dendrytycznych pod wptywem
DrSA. Wyniki naszych eksperymentow in vitro wskazujg rowniez, ze biatka D. repens
aktywuja szlaki sygnatlowe zwigzane z receptorami NLR. Z kolei, receptory NLR tworza
inflamasomy, czyli kompleksy wielobiatkowe, uczestniczgce w uruchamianiu uktadu kaspaz
i uwalnianiu IL-1B. Dzieje si¢ to dzigki domenie pirynowej 3 (NLRP3), ktora promuje
aktywacje pro-IL-1P, a nastgpnie uwalnianie dojrzatej IL-1B (Jakubzick i1 wsp., 2022;
Kang i wsp., 2017; Lopez-Castejon & Brough, 2011). Wyciszanie odpowiedzi zaleznej od
limfocytow Th2 poprzez oddziatywanie na NLRP3 przez helminty zostalo szczegoétowo
opisane (Celias i wsp., 2020). Jest wysoce prawdopodobne, ze opisany mechanizm dziatania
inflamosomu oraz aktywacji pro-1L-1p petni kluczowa rolg w odpowiedzi immunologicznej
przeciwko D. repens. Co ciekawe, przeciwnie niz biatko ES-62 wydzielane przez inny gatunek
pasozytniczych filarii Acanthocheilonema viteae, DrSA nie wydaje si¢ aktywowac $ciezki

sygnatowej zwigzanej z TLR4 (Goodridge i wsp., 2005).

Obecnos¢ zwigkszonej liczby limfocytdw Treg u psow ma zwigzek z zaburzeniami
uktadu odpornosciowego (Lee iwsp., 2020; Majewska i wsp., 2016). Te i inne doniesienia
opisane szerzej w pracy przegladowej przypisujg niektorym subpopulacjom Treg role
w rozwoju choréb autoimmunologicznych i nowotworowych (Zohouri i wsp., 2021). W innej
pracy opisano, ze nieswoistemu zapaleniu jelit u psow (IBD, z ang. inflammatory bowel
disease) towarzyszy nizszy odsetek populacji regulatorowej na terenie jelit niz u pséw
zdrowych (Junginger i wsp., 2012). Junginger w tym samym artykule zasugerowat,
ze obecnos¢, w tym przypadku korzystnej populacji Treg moze by¢ zwigzana z inwazjg nicieni
jelitowych u osobnikow wolnych od IBD. W kolejnej pracy, wykazat, ze biatka wydalniczo-
wydzielnicze Toxocara canis polaryzuja limfocyty pséw w kierunku fenotypu regulatorowego
T CD8'Foxp*IL10" (Junginger i wsp., 2017). W innej pracy zaobserwowano obecno$¢
zwiekszonego odsetka limfocytow T CD4*Foxp3* w §ledzionie zarazonych psoéw z otrzewnowa

postacig leishmaniozy. Ich udziat w puli limfocytow wzrastat wraz z intensywno$cia inwazji.

Ponadto stwierdzono, ze limfocyty T CD4"Foxp3* sg gtéwnym zrodlem IL-10 (Silva
i wsp., 2014). PBMC psow zarazonych i niezarazonych po stymulacji DrSA wydzielaty IL-10,

w niektorych przypadkach obserwowano nawet spontaniczne wydzielanie IL-10 u pséw
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zarazonych D. repens. W polaczeniu z obecnoscia zwigkszonego odsetka limfocytow
o immunofenotypie T CD4"Foxp3* mozna przypuszczad, ze jest to populacja odpowiedzialna
za regulacje odpowiedzi immunologicznej i prowadzaca do rozwoju tolerancji, ktora z kolei
moglaby tlumaczy¢ brak obecnosci uchwytnych objawéw klinicznych u psoéw zarazonych.
Na podstawie powyzszych wynikéw nie da si¢ jednoznacznie oceni¢ prawdziwosci
tej hipotezy. W przysztych badaniach konieczne jest zbadanie wptywu biatek wydalniczo-
wydzielniczych na dojrzewanie psich komoérek dendrytycznych pochodzacych od pséw
zarazonych, jak i kostymulacje limfocytow T z wcze$niej wyszkolonymi w rozpoznawaniu
biatek D. repens komdrkami dendrytycznymi psow niezarazonych i zarazonych. Z drugiej
strony, ze wzgledu na to, ze inwazja D. repens powigzana jest ze stanem przewlekltego stresu
W organizmie psa, badania epidemiologiczne taczace pomiar poziomu Kortyzolu
oraz wspotistnienie cukrzycy czy niedoczynnosci tarczycy w przebiegu dirofilariozy

podskornej moglyby stanowi¢ cenne zrodto informacji.
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6. Whnioski

Klinicznie zdrowe, bezobjawowe psy zarazone D. repens wykazujg nizszy poziom
erytrocytow, hematokrytu, limfocytow oraz wyzszy poziom glukozy i ALP $wiadczace
0 stanie przewlektego stresu, charakterystycznego roéwniez dla polaryzacji odpowiedzi
immunologicznej w kierunku odpowiedzi immunologicznej zaleznej od limfocytow
Th2.

Intensywnos$¢ mikrofilaremii koreluje z wyzszym stosunkiem limfocytow T CD4+
do T CD8+.

Intensywna mikrofilaremia moze by¢ oznaka wystgpowania, jednoczes$nie
z dirofilariozg podskérng, innej choroby wspottowarzyszacej oraz niedoborow
immunologicznych.

. Amikrofilaremiczne inwazje czg¢$ciej wystepuja u samic i s3 zwigzane z wyzszym
stosunkiem 1gG2:1gG1 (charakterystycznym dla odpowiedzi immunologicznej zaleznej
od limfocytow Th1l), za to mikrofilaremiczne inwazje wystepuja czesciej u samcOw
I charakteryzuje je wyzszy stosunek IgG1:IgG2 (charakterystyczny dla odpowiedzi
immunologicznej zaleznej od limfocytow Th2).

. Wyspecjalizowane komorki prezentujace antygeny w odpowiedzi na DrSA wydzielaja
zwiekszone ilosci zarowno prozapalnych jak i regulatorowych cytokin.

IL-1B pelni istotng rolg w dojrzewaniu i / lub pobudzeniu komorek dendrytycznych
w odpowiedzi na antygeny somatyczne D. repens.

. Receptory rozpoznajace wzorce molekularne NLRC1, NLRC2, oraz TLRZ2,
ale nie TLR4 s aktywowane przez biatka pasozytnicze D. repens.

Mechanizmy, ktore pozwalaja D. repens na przezycie w organizmie zywiciela
ostatecznego pozostajg nieznane, ale moga by¢ zwigzane z dziataniem populacji

T CD4"Foxp3™.
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Subcutaneous dirofilariosis is a zoonotic disease emerging throughout Europe caused
by the filarial nematode Dirofilaria repens. Despite its increasing prevalence, there is a
large gap in knowledge of the impact of the parasite on the host. Currently classified
as being non-pathogenic, recent evidence suggests that skin dirofilariosis is associated
with dermatological conditions including concomitant pruritus, neoplastic processes,
inflammation, and even blindness in dogs and humans. The aim of this study was to
determine if natural canine D. repens infection leads to biological changes in the canine
host. In a real-life veterinary clinic setting, animals are often presented to clinicians for
unrelated issues, and D. repens is incidentally identified during inspection. As such,
we compared hematological and biochemical parameters of 218 uninfected and 197
dogs naturally infected with D. repens. Interestingly, animals infected with D. repens
had lower numbers of lymphocytes (o < 0.001), red blood cells (p < 0.001), and
thrombocytes (p = 0.025), decreased hematocrit (p < 0.001), and increased alkaline
phosphatase (p = 0.016) and creatinine activity (o = 0.023) compared to uninfected
dogs. We further selected a subpopulation of 214 dogs having prima facie hematological
and biochemical results within normal reference ranges to evaluate the effect of D. repens
infections in seemingly healthy dogs. Among these patients, 93 dogs infected with
D. repens had lower numbers of lymphocytes (p = 0.031), red blood cells (p = 0.025),
and hematocrit (o = 0.002), higher glucose levels (p = 0.023), and border line elevated
alkaline phosphatase levels (p = 0.054) compared to 121 uninfected animals. Despite
being categorized as asymptomatic, we have observed hematological and biochemical
changes associated with D. repens infections in dogs, and our data suggest that
dirofilariosis may induce a state of chronic stress. These results link the presence of
skin dirofilariosis to biological changes in the canine host, suggesting a mechanism for
pathogenicity and shedding new light on the host—parasite relationship.
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INTRODUCTION

Dirofilaria immitis and Dirofilaria repens are both filarial
nematodes that have zoonotic potential and cause canine
heartworm disease and skin dirofilariosis in dogs, respectively.
Despite its predominance throughout Europe and being the
primary causative agent of human dirofilariasis, D. repens has
received much less attention and study than D. immitis (1).

Briefly, dirofilariosis is a vector-borne disease transmitted by
mosquitos. Mosquitos uptake microfilariae (Mf) circulating in
the bloodstream of a definitive host during blood meals. After
2 weeks, Mf develop into infective larvae and are injected into
a new host when the mosquito takes another blood meal. In the
new host, the L3 larvae penetrate into subcutaneous tissue where
they mature into adult skin filarial worms, copulate, and release
Mf into the circulating bloodstream. Adult D. repens can survive
and reproduce in a host for as long as 5-10 years (2) and may
actively migrate within the host tissues during this period what
considerably hampers their detection (3).

Dirofilaria spp. infections can be divided into microfilaremic
and amicrofilaremic (occult). Microfilaremic infections are
diagnosed using a modified Knott’s test or by examining blood
smears; Mf can be differentiated between species by morphology
or using multiplex PCR. Although D. immitis amicrofilaremic
infection may be diagnosed using a standard commercial test for
adult female parasite antigens, there is no such rapid test available
for the detection of D. repens occult infection in dogs (1).

In humans, the adult worms can migrate to subcutaneous
tissue of different parts of the body (commonly in the head,
mainly the periorbital region and neck), but they can also localize
in the epididymis, the spermatic cords, the lungs, the breasts,
the visceral cavity, or under the conjunctive tissue, lymph nodes,
and muscles (4). In dogs, they are usually incidentally found
in the scrotum during castration, but they can reach other
locations including the periorbital or ectopic regions, such as
mesenteric tissue and pelvic cavity (1). Infection with D. repens
is usually considered asymptomatic, but a growing body of
evidence suggest that it can cause significant morbidity, and
increasing cases have been reported of severe disease leading
to liver or kidney failure (5). Dirofilaria repens infections were
also connected to neoplastic, sometimes malignant, processes
in dogs (6, 7) and humans (8). Furthermore, the presence of
adult D. repens and circulating Mf in blood or parenchymal
organs can influence the course of coexisting diseases in infected
animals (5, 9). General emaciation has been observed during
massive D. repens infections associated with peritonitis, jaundice,
degeneration of the liver, and renal failure (5, 10). In such
conditions, numerous Mf were found in histopathology of
internal organs (5-7). Microfilariae remaining in capillaries or
disseminated into parenchymal tissues may be involved in the

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,
aspartate transaminase; EDTA, ethylene diamine tetraacetic acid; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration;
MCYV, mean corpuscular volume; PCR, polymerase chain reaction; RBC, red blood
cell; PMN, polymorphonuclear leukocytes; WBC, white blood cells: leukocytes; Mf,
microfilariae.

pathogenesis of tissue lesions and progress of the ongoing
disease (5).

Infections presenting with conspicuous clinical signs and
a severe course of disease progression are clear indicators to
employ anthelmintic intervention for the welfare of infected
host, but those that are asymptomatic should not be neglected.
Untreated infection increases the zoonotic risk (1), can lead
to the development of predisposition to other diseases, and
may cause silent undiagnosed morbidity. Unfortunately, there
are currently no biochemical markers to assess the impact of
D. repens infections.

The aim of this study was to determine if natural D. repens
infection leads to biological changes, which may be detected
in a real-life clinical situation, where animals are presented to
clinicians for unrelated issues, and D. repens comorbidity is
incidentally identified during inspection.

MATERIALS AND METHODS
Study Design

The flow chart of the study design is shown in Figure 1.

Animals

A total of 415 dogs of different breeds, sexes, body weights,
health, and breeding status, aged 1-17 years were admitted to
the study. Those patients were presented to veterinary clinics for
regular health issues and/or because they used to live with dogs
previously infected with D. repens. All examined dogs lived in
Poland and had never left the country before the study.

Sampling

Patients underwent routine physical examination and blood test.
Dirofilaria repens infection was diagnosed by direct analysis of
blood smears, stained blood smears, adult worm examination (if
obtained surgically, n = 24), and multiplex PCR.

Five dogs with confirmed Babesia canis infections were
excluded from the data analysis to obtain the pattern
characteristic for only one vector-borne disease.

Dogs were assigned to the infected group if at least one of
the three parasitological examinations was positive for D. repens,
and the rest of animals with negative results were qualified to the
uninfected group.

We initially compared the parameters within all 415 dogs;
197 were infected, and 218 were uninfected with D. repens.
Then, within the entire study population, we selected a
subpopulation of 214 (98 infected and 112 uninfected) dogs
having hematological and biochemical blood parameters within
normal reference ranges. We believe that this group represents
the asymptomatic patients diagnosed with D. repens incidentally.

Laboratory Analysis

Parasitological Examination

Adult worms isolated during surgical procedures were examined
under a light microscope and, based on their morphology,
were identified as D. repens. Microfilariae were detected by
microscopic examination of blood smear. Subsequently, genomic
DNA was isolated from blood samples using the Blood Mini kit
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Animals

Microfilariae or adult D.
repens worms dectection

Infected group Uninfected group

:

Hematological and biochemical
blood test

1st statistical analysis  2nd statistical analysis

o ™

Comparison within all Comparison within
infected vs. uninfected seemingly healthy infected
groups vs. uninfected subpopulation

FIGURE 1 | Study design: The examined dogs were classified into the infected group based on the presence of Mf in blood smear/positive result of multiplex
PCR/adult D. repens parasites found during surgery. Then, blood tests were performed on all individuals. The first statistical analysis included all patients, while the
second analysis was performed on a seemingly clinically healthy subpopulation of dogs having blood check-up results within normal reference ranges.

(AA Biotechnology, Poland) and used as a template for multiplex TABLE 1 | Normal reference values of investigated hematological and biochemical
PCR in order to discriminate between D. immitis and D. repens ~ Parameters.
species according to Gioia et al. (11). PCR results were analyzed

Unit Reference intervals

by electrophoresis on 2% agarose gels. All infected dogs tested
positive for D. repens and none for D. immitis. RBC L 5-8

HCT % 35-60
Hematological and Biochemical Analysis MCV fL 55-80
Hematological and biochemical analysis were performed in  PLT G/L 100-500
commercial veterinary diagnostic laboratories. The following  WBC G/L 5-16
standard blood check-up parameters were determined and  AST UL <100
evaluated according to reference ranges (Tablel): white AT u/L <100
blood cell count (WBC), neutrophil count, lymphocyte count,  ALP UL <200
eosinophil count, red blood cell count (RBC), packed cell volume TP g/L 50-80
(hematocrit, HCT), mean corpuscular volume (MCV), platelet  Glucose mmol/L 3.8-6.7
count (PLT), enzyme activity [alanine aminotransferase (ALT),  Urea mmol/L 3-12
aspartate aminotransferase (AST), alkaline phosphatase (ALP)],  Creatinine pmol/L <150

and metabolite concentration [total protein (TP), glucose, urea,
and creatinine].

Data were presented as a mean =+ standard deviation (SD) or
Statistical Analysis a median and interquartile range (IQR) and compared between
The number of dogs included in both statistical analyses with ~ groups using the unpaired-sample Students ¢-test or Mann-
respect to their hematological and biochemical blood parameters ~ Whitney U-test depending on the asymmetry of a variable
differed due to missing data of some individuals. distribution assessed on the basis of histograms. The range was
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always presented. Categorical variables were presented as the
number and proportion of dogs in a given group and compared
between groups using the Pearson’s chi-square test. Ninety-
five percent confidence intervals (95% CI) for proportions were
calculated with the Wilson score method (12). A two-tailed
significance level (o) was set at 0.05. Total study population
analysis was performed in Statistica 12 (StatSoft Inc., Tulsa, OK).
The analysis of the subpopulation of dog parameters within
normal reference range was performed in TIBCO Statistica 13.3.0
(TIBCO StatSoft Inc., Palo Alto, CA).

The Analysis of Check-Up Parameters Within the
Total Study Population

This included 415 dogs: 225 males (54.2%) and 190 females
(35.8%). Their age ranged from 8 months to 17 years with the
median of 7 years (IQR from 4 to 10 years) and did not differ
between sexes (p = 0.655). There were 56 castrated dogs (13.5%)
and 112 (27.0%) pedigree dogs. Their body weight varied from 1
to 75 kg with the median of 16 kg (IQR from 10 to 25 kg).

Two hundred eighteen dogs (52.5%) were allocated to the
infected group and 197 (47.5%) to the uninfected group,
respectively. Infected dogs were significantly heavier (p = 0.041)
and more often belonged to a particular breed (p < 0.001).

The Analysis of Parameters Within the Subpopulation
Having Results Within Normal Range Values

This included 214 out of 415 dogs with blood check-up within
or only slightly (by not more than 25% of the upper limit)
deviated from the reference intervals. There were 121 males
(56.5%) and 93 females (43.5%). Their age ranged from 1 to 14
years with the arithmetic mean (SD) of 6.8 (3.2) years and did
not differ significantly between males and females (p = 0.190).
There were 171 cross-breed dogs (79.9%) and 43 pedigree dogs
(20.1%) belonging to the following breeds: German shepherd (n
=9), Yorkshire terrier (n = 5), Border collie (n = 4), Labrador
retriever (n = 3), French bulldog (n = 3), Chesapeake retriever
(n = 2), Boxer (n = 2), Bavarian mountain dog (n = 2), Belgian
shepherd (n = 2), and Alaskan malamute, Amstaff, Polish hound,
Black Russia terrier, Akita Inu, Dachshund, Chinese Crested
dog, Bernese Mountain dog, Pug, Poodle, and Welsh terrier
(n =1 each).

RESULTS

We first compared blood hematology and biochemistry results
within the entire study population. Dogs infected with D. repens
compared to uninfected individuals had significantly lower
lymphocyte count (p < 0.001), RBC (p < 0.001), Ht (p = 0.001),
and thrombocyte count (p = 0.025) and higher ALP (p = 0.016)
and creatinine (p = 0.023) activity (Table 2).

In order to determine if observed changes were present only
in patients with abnormal blood test results, we decided to
select a subpopulation of dogs having parameters within normal
values, which we believe mainly represents the undiagnosed
dogs infected with skin dirofilariosis in real-clinical practice.
Interestingly, in clinically healthy dogs, animals infected with
D. repens had significantly reduced RBC (p = 0.025), Ht (p

= 0.002), and lymphocyte (p = 0.031) count and significantly
elevated glucose concentration (p = 0.023). ALP activity was
boarder line elevated (p = 0.054) (Table 3).

DISCUSSION

D. repens is by far the most prevalent causative agent of human
and canine dirofilariosis in Europe (1). It is generally believed
that D. repens infections in dogs are asymptomatic, but several
case reports (5-7) and the results of blood parameters in our
study suggest that the illness is not non-pathogenic but goes
rather undetected.

Underdiagnosis of skin dirofilariosis is mainly due to the lack
of diagnostic tools to detect occult infections. Amicrofilaremic
infections can occur after previous antiparasitic treatment based
on macrocyclic lactones, long prepatent time of the infection or
monosex infection. Microfilariae periodicity and low intensity
of microfilaremia also contribute to obtaining false negative
results while investigating a dog for skin dirofilariosis. In
contrast, clinicians are left to their own devices for diagnosing
and interpreting importance of D. repens infections. Thus,
having hematological and biochemical biomarker to suggest
the presence and severity of infection might be a supportive
tool for managing the disease progression, especially in
asymptomatic patients.

Our first analysis of all dogs admitted to the study mirrored
the real-clinical scenario of dogs brought for different reasons
and showed that dogs additionally infected with D. repens
compared to those uninfected had significantly lower RBC,
thrombocyte, and lymphocyte counts, decreased Ht, and
increased ALP activity.

The second analysis included a subpopulation of dogs having
parameters within normal reference ranges, and in this group,
differences were observed in infected animals, such as lower
RBC, Ht, lymphocytes, and higher glucose and elevated boarder
line ALP activity comparing to the uninfected group. Despite
presenting as clinically healthy dogs, these alterations indicate
that D. repens infection influenced the functioning of their body.

Statistically significant hematological alterations and ALP
increase in dogs infected with D. repens are similar to those
observed in other filarial disease, especially D. immitis infections
(13), so the pathogenicity, as claimed by other authors (5, 14), is
rather correlated with Mf than the presence of adult parasites.

The lower RBC, hematocrit, and hemoglobin characterize
anemia in dogs and may be a result of destructive capability of
Mf associated with severe intravascular hemolysis as reported in
dogs infected with Diptelonema reconditum (15). It also might
be connected to inflammation-associated production of pro-
inflammatory cytokines resulting in suppression of erythrocytes
production and inhibition of iron absorption and utilization (16).
Lower thrombocyte count may be due to platelet consumption
or presence of antiplatelet antibodies observed in dogs infected
with other vector-borne diseases (17) or might be assigned
to immune-mediated platelet destruction as reported in dogs
infected with D. immitis (13). Lymphopenia was not only
observed in infected patients in this study but also reported
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TABLE 2 | Hematological and biochemical parameters in the total study population.

Parameter Infected Uninfected

Hematology n Mean =+ SD (range) n Mean = SD (range) t-test p-value

WBC (G/L) 206 14.9 £ 9.2 (4.7-84.7) 192 14.5 £ 6.2 (3.5-50.4) 0.640

Neutrophils (G/L) 177 10.4 £ 6.5 (1.6-63.8) 189 10.1 £ 5.4 (1.4-39.8) 0.636

Lymphocytes (G/L) 177 2.44+1.5(0-9.0 189 3.1+1.6(0-9.4 <0.001

Eosinophils (G/L) 177 0.9+ 0.9 (0-5.1) 189 09+1.0(0-6.2) 0.904

Erythrocytes (T/L) 206 6.7 +1.1(3.6-10.0) 191 7.1 +£1.03.7-9.9) <0.001

Haematocrit (%) 206 43.2 + 6.8 (22-60) 192 45.5 + 6.3 (22-65) 0.001

MCV (fl) 206 64.8 + 4.5 (36-77) 192 64.5 &+ 3.5 (53-79) 0.404

PLT (G/L) 206 316 £ 160 (13-1000) 192 351 £ 169 (33-1000) 0.025

Biochemistry n Median, IQR (range) n Median, IQR (range) Mann-Whitey

U-test p-value

AST (U/L) 178 32.1, 25.7-43.1 167 33.1, 27.5-40.7 0.604
(2.0-689) (10.5-178)

ALT (UL) 182 41.4,30.0-73.4 167 41.5, 31.2-56.0 0.476
(1.3-3026) (6.9-765)

ALP (U/L) 168 48.3, 32.3-84.4 167 42.0, 31.3-59.6 0.016
(1.0-2015) (15.0-1302)

Total protein (g/L) 143 60, 56-64 166 59, 55-63 0.263

(40-99) (38-88)

Glucose (mmol/L)? 152 4.6,3.85.4 164 4.5,3.6-5.3 0.320
(1.1-19.3) (1.3-17.2)

Urea (mmol/L)° 184 5.4,4.2-6.9 165 5.2,4.3-6.5 0.663
(1.2-44.6) (2.0-39.0)

Creatinine (jumol/L)° 184 88.4, 70.7-106.1 166 79.6, 70.7-97.2 0.023

(26.5-539.2) (44.2-592.3)

aTo convert into mg/dL multiply by 18.
bTo convert into mg/dl. multiply by 6.03.
¢To convert into mg/dL multiply by 0.011.

in another dog infected with D. repens (5) and during other
canine-borne vector diseases. The mechanism of lymphopenia
might be associated to endogenous glucocorticoids release that
occurs in response to infectious stimuli or stress, which leads
to lymphocyte apoptosis or sequestration of lymphocytes in
lymphoid organs (18).

The increase in creatinine was observed in the first analysis in
the infected group compared to the uninfected group in our study
but was not shown to be statistically significant in dogs infected
with D. immitis. On the contrary, another parameter suggesting
renal damage (urea) was increased in D. immitis-infected patients
but not in our D. repens-infected group (13). A case report
describing the most severe course of skin dirofilariosis of a dog
coinfected with D. immitis suggested that only D. repens Mf were
involved in kidney damage. However, other reports suggest that
microfilaremic (not occult) dogs infected with D. immitis show
marked signs of kidney damage (14, 19, 20).

ALP was significantly higher in infected dogs. Although not
being highly liver specific (21), ALP is a marker having a good
sensitivity for liver diseases in dogs, suggesting cholestasic disease
or chronic hepatitis/cirrhosis. Other parameters suggesting liver

injuries, as ALT and AST were reported to be increased in case
reports of dogs infected with D. repens (5, 22) and in some
dogs in our study. This difference, however, was not statistically
significant while comparing the infected and uninfected group,
suggesting a rather big variability between infected individuals.
Interestingly, the ALP increase was also the only liver parameter
changed in D. immitis-infected dogs (13). The increase in ALP
activity, with AST and ALT activity within normal values,
makes a hepatocellular damage unlikely and might be rather
due to chronic stress associated with increase in endogenous
glucocorticoids (23), although, in patients having elevated AST,
ALT, and ALP activity, an injury of the liver was very likely.

A higher level of glucose was observed in dogs infected
with D. repens having all blood parameters within normal
ranges. This also may be the result of higher glucocorticoids
levels in these animals, which again suggests a correlation
between D. repens and development of chronic stress response.
Interestingly, glucose level was not significantly changed while
the whole population was analyzed, which might suggest that,
after development of concomitant disease, the host's body
reaction to the infection changes.
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TABLE 3 | Hematological and biochemical parameters in clinically healthy dogs with blood check-up results within normal reference ranges.

Parameter Infected Uninfected
n mean =+ SD (range) n mean =+ SD (range) t-testp-value

Hematology
WBC (G/L) 93 11.89 + 3.39 (5.1-18.4) 121 12.67 + 3.65 (5.3-19.6) 0.110
Neutrophils (G/L) 93 8.33 +2.98 (1.6-16.2) 121 8.74 + 3.23 (2.7-16.9) 0.343
Lymphocytes (G/L) 93 2.65 + 1.46 (0.1-6.4) 121 3.07 + 1.33 (0.6-7.0) 0.031

2.3 (1.6-3.4 2.8 (2.1-4.012 0.007°
Eosinophils (G/L) 93 0.93 + 0.87 (0-3.5) 121 0.86 + 0.85 (0-5.6) 0.580

0.7 (0.3-1.2 0.7 (0.3-1.1)2 0.645°
RBC (T/L) 93 7.03+0.78 (5.2-8.9) 121 7.25 4+ 0.69 (5.6-9.5) 0.025
Ht (%) 93 45.1 £+ 4.5 (35-55) 121 47.0 + 4.3 (36-56) 0.002
MCV (fl) 93 64.4 + 3.8 (53-74) 121 65.1 + 3.3 (58-79) 0.173
PLT (G/L) 93 320 + 103 (110-598) 121 300 + 98 (99-565) 0.136
Biochemistry
AST (U/L) 84 31.9 +10.3 (13-66) 101 34.4+ 10.1 (11-66) 0.095
ALT (UL) 84 42,1 +£19.2 (1-99) 101 42.4 +17.2 (14-94) 0.900
ALP (U/L) 82 54.3 + 35.7 (1-163) 101 45.3 + 23.5 (15-167) 0.054

43 (30-63) 40 (31-53)2 0.258°

Total Protein (g/L) 75 60.3 + 5.8 (50-76) 100 60.2 + 6.2 (50-77) 0.902
Glucose (mmol/L)® 80 4.76 +1.08 (1.6-7.6) 100 4.39 +1.07 (2.1-7.6) 0.023
Urea (mmol/L)® 85 5.29 + 1.49 (3.0-12.0) 99 5.42 + 1.46 (2.1-9.0) 0.537
Creatinine (umol/L)® 85 83.83 £+ 19.81 (23.9-130.0) 100 84.33 + 20.84 (43.3-138.8) 0.868

aMedian (IQR).

bp\ann-Whitney U-test.

©To convert into mg/dL multiply by 18.
9To convert into mg/dl. multiply by 6.03.
€To convert into mg/dL multiply by 0.011.

Sometimes parasitological coinfection might positively
influence the course of the main disease. For example, it has
been reported that coinfection of malaria and hookworms
seems to increase malaria incidence but at the same time might
protect from malaria severe manifestations in humans (24).
Moreover, dogs infected solely with Babesia canis compared to
those coinfected with D. repens displayed more pronounced
biochemical changes, implying coinfection with D. repens was
somehow beneficially counteracting against renal and liver
damage characteristic for the course of babesiosis in dogs
(9), although in the same study, the authors reported that
thrombocytopenia and anemia concomitant with babesiosis in
dogs were aggravated in individuals coinfected with D. repens.
Our results show differences in blood parameters between
seemingly asymptomatic D. repens patients and uninfected
dogs. D. repens infection seems to promote glucocorticoids
release as chronic stress response associated with lymphopenia,
glucose level, and ALP activity increase that may predispose
infected individuals to develop other infectious, metabolic, or
hormonal diseases in the future. This in turn might explain
why dogs presented with different diseases and at the same
time coinfected with D. repens had more serious alternations
in blood parameters than uninfected dogs. We suspect that the
chronic stress response observed in seemingly healthy dogs may
lead to more deepened alternations of concomitant diseases
in the future.

There are several limitations in the presented study, such
as no checkups or no final diagnosis of concomitant disease
available for all admitted dogs. However, we aimed to show a
trend in blood parameter changes related to D. repens infection.
In dogs with different ailments as well as in asymptomatic dogs,
significant differences in blood parameters were noted. Our data
suggest that D. repens infection indeed induces some biological
changes in the host. The length of the infection is not known
either, but in naturally infected dogs, it cannot be evaluated.
However, this mirrors more adequately the real clinical approach
to the problem of increasing spread of D. repens parasite.

Our results indicate that D. repens infection complicates
concomitant diseases, and animals develop more serious and
detectable changes such as lower numbers of erythrocytes,
lymphocytes, and thrombocytes and higher activity of ALP
and creatinine. Even among dogs with blood results within
normal reference ranges, individuals infected with D. repens
showed detectable differences compared to uninfected ones,
suggesting that seemingly healthy animals may still have altered
biological processes or early indications of disease. The analysis
of parameters within dogs having results within normal reference
ranges, where the differences between groups are indeed within
normal values, suggests a trend and perhaps a predisposition
of development of other diseases in the future. Further studies
with cortisol level evaluation, the measurements of total but also
differentiation between liver ALP (L-ALP) and corticosteroid
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ALP (C-ALP) isoforms in infected dogs with full follow-ups
could be valuable.

CONCLUSIONS

Our paper describes hematological and biochemical changes
in dogs naturally infected with D. repens. Alterations such as
a decrease in RBC, lymphocytes, thrombocytes, hematocrit, as
well as increases in ALP and creatinine could be indicators
of coinfection with D. repens, especially in endemic regions.
Furthermore, the results in clinically healthy dogs suggest
that the presence of D. repens might lead to development of
anemia and a state of chronic stress response, characterized
by the combination of lymphopenia and increase in glucose
level and ALP activity and, as such, predispose infected dogs
to other ailments. This could explain the existence of more
serious statistically significant blood parameters alternations
in dogs with different ailments simultaneously coinfected
with D. repens.

Our results strongly indicate that D. repens infection has a
pejorative influence on the health of the canine host independent
of their clinical condition. Finally, the pathogenicity of D. repens
remains a mystery but needs further investigation in order
to comprehend its association with chronic stress response in
infected individuals.
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Subcutaneous dirofilariosis in dogs, caused by Dirofilaria repens, is an underdiagnosed
disease, now recognized for its zoonotic potential, and growing distribution and
prevalence across Europe and Asia. Our understanding of the pathogenicity in human
and canine host remains unclear, but case reports suggest that microfilariae (Mf)
as well as adult D. repens may directly cause internal organs damage or may be
a factor complicating the course of other ailments. The purpose of the study was
to report high Mf in dogs and to discuss potential relevance with co-morbidity.
Our data from a modified Knott's test performed on 62 infected dogs indicate
that the median Mf count in D. repens infections is 675 Mf/ml and we consider
microfilaremia above 10,000 Mf/ml as high intensity. This collection of case reports
discusses 4 cases of high intensity D. repens microfilaremia in companion dogs; one
presenting pathology from a very high intensity of adult D. repens with post-treatment
complications, and 3 dogs in which high microfilaremia was detected incidentally during
the management of other primary illnesses. To our knowledge this report describes the
highest D. repens microfilaremia ever detected in a dog, at 178,000 Mf/ml. The issue
of high microfilaremic infections in dogs is poorly studied and there is growing need to
identify the presentation and understand the mechanisms of associated pathogenesis in
the host-parasite relationship.

Keywords: dog, dirofilariosis, microfilaremia, immunology, natural Dirofilaria repens infection

INTRODUCTION

Dirofilaria repens is a zoonotic filarial nematode transmitted to dogs by a mosquito vector and
is the principal agent of human dirofilariosis in the Old World (1). Humans are considered a
dead-end, accidental host for D. repens, but a growing body of case reports suggests that humans
may instead be a dual facultative host in which the parasite can achieve maturity and release
microfilariae (Mf) into the bloodstream (2, 3). Recently, there has been documentation in Poland of
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a human patient having microfilaremia (360 Mf/ml) (4).
Furthermore, an ocular mucosa associated lymphoid tissue
lymphoma (MALT) has been reported in a human patient
in Poland as a possible consequence of dirofilariosis (5). The
number of human subcutaneous dirofilariosis cases in Europe has
increased in recent years and current estimations in some areas is
roughly 10 infected out of 100,000 inhabitants (6). True infection
prevalence is likely underestimated because of misdiagnosis and
under sampling. Additionally, with increasing globalization and
climate change (1, 7), these numbers are expected to continue to
grow and, therefore, proper diagnosis and treatment in dogs and
humans will be increasingly important for managing the spread
and disease burden of D. repens infections.

Currently, the treatment recommended by the European
Society for Dirofilariosis and Angiostrongylosis (ESDA) for
D. repens infections consists of 2.5 mg/kg moxidectin (in a spot-
on formulation containing also 10 mg/kg imidacloprid) given
monthly!. However, because so few cases of high intensity
D. repens microfilaremia have been reported (8), there are no
guidelines for its management (1), or rationale for its cause.

The gold standard for diagnosis of subcutaneous dirofilariosis
is the modified Knott’s test which allows visual detection and
morphological identification of Mf (9), and was used to evaluate
the Mf burden in all cases described in this article. Our data from
a modified Knott’s tests performed on 62 infected dogs indicate
that the median Mf count in D. repens infections is 675 Mf/ml
(unpublished data), and the authors consider microfilaremia
above 10,000 Mf/ml as being high. Dogs presented in this report
all tested positive for having high microfilaremia with the highest
level ever reported in D. repens infection at 178,000 Mf/ml.
Helminths are known to suppress the host immune response in
order to establish infection. It is therefore possible that patients
presenting with high Mf counts may represent a population
with pre-existing immunosuppression and are thus, unable to
naturally control or respond to infection (9). All dogs in this
study were diagnosed with terminal conditions which might be
correlated with an underlying immunodeficiency.

CASE #1

Clinical Presentation

A 9-year-old entire male Shepherd dog was admitted to a
veterinary clinic on 27/05/2016 due to severe weight loss and two
infected purulent wounds in the scrotum area, associated with
intensive licking. Physical examination revealed the presence of
a chronic bilateral otitis externa and an inflammation of the
interdigital spaces. Swabs from both ears and interdigital spaces
were taken.

Diagnosis

During a blood examination on 03/09/2016 we detected severe
leucocytosis [33,64 G/1 (reference value 6-12 G/I)] related to the
increase in band neutrophils [10% (reference value 0-6%)] with

Uhttps://www.esda.vet/wp-content/uploads/2017/11/GUIDELINES-FOR-
CLINICAL-MANAGEMENT-OF-SUBCUTANEOUS-DIROFILARIOSIS-
IN-DOGS- AND-CATS.pdf.

a mild increase in aspartate aminotransferase [91 U/l (reference
value 0-45 U/1)], moderate increase in phosphatase kinase [1,160
U/l (reference value 25-467 U/l)], decrease in albumin [1,8
g/dl (reference value 3,3-5,6 g/dl) and the presence of Mf was
observed in the blood smear. Identification of D. repens was
obtained using multiplex PCR performed using primers designed
by Genchi et al. (10). The intensity of microfilaremia was
evaluated using a modified Knott’s test and revealed 14,512 Mf/ml
of blood. The ear swab sample tested positive for Malassezia
pachydermatis, and the swab from interdigital space was positive
for Pseudomonas aeruginosa.

Treatment

During surgical castration on 7/09/2016, 26 adult D. repens
worms were found in the spermatic cord, testicles and scrotum
tissue. The external canals were treated with nystatin according
to the antifungal susceptibility test, and a general antibiotic was
administered for the dermatitis of interdigital space according to
the antibiogram.

After castration and wound excision, the dog started to gain
weight. Otitis externa as well as the dermatitis were ameliorating
after appropriate treatment. Beginning on 24/10/2016, 6 monthly
treatments of topical moxidectin with imidacloprid were
administered as efficacious treatment against adult D. repens
in dogs (11). One week after the first application no Mf
were detected in the peripheral blood. The body condition
of the dog changed from very thin to normal within 4
months. Despite amelioration of the general condition, a
necrosis and pyogranuloma of interdigital spaces associated with
severe dermatitis of the abdomen and limbs developed with
episodes of amelioration and deteriorations between 10/11/2016
and 28/08/2018. A course of antibiotics was administered
according to the antibiogram but no improvement was observed.
A generalized demodicosis, caused by Demodex canis, was
diagnosed and, as the declining clinical state of the dog was
progressing and no amelioration could be established, the
owner did not wish to pursue further treatment. Finally, the
patient became anorexic and expired on 15/09/2018. The cause
of death reported after necropsy was a perforated stomach
ulcer. Moreover, the histopathological examination of internal
organs revealed a chronic cardiac insufficiency and pathological
changes indicating a chronic inflammation in the kidneys, liver
and spleen.

Discussion

The presence of 26 adult D. repens likely caused severe pain and
pruritus. It is noteworthy that there were no noticeable behaviors
to indicate the extremely high number of Mf circulating in
the blood stream. The only obvious clinical and hematological
signs were likely associated with presence of a large number of
adult worms in the scrotum area. We suspect that the severe
dermatitis which appeared post-treatment might have been
associated with Wolbachia release after Dirofilaria spp. adulticide
treatment as reported by previous studies in D. immitis infections
(12-15). Furthermore, German Shepherds are predisposed to
primary immunodeficiency (16) and it has been postulated
that high microfilaremia might be associated with a state of
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immunosuppression (17). The chronic yeast infection (usually
secondary to an immune disorder in dogs) as well as the
appearance of generalized demodicosis are possible indicators of
immunodeficiency in this patient (18, 19).

CASE #2

Clinical Presentation

A 7-year-old male entire Yorkshire Terrier was admitted to the
veterinary clinic on 06/08/2019 due to sudden anorexia, apathy
and diarrhea. During the clinical examination the dog presented a
hypotonic-hyporesponsiveness concomitant with exophthalmos,
severe dehydration, hypothermia, bradycardia and pale mucous
membranes. A treatment based on dexamethasone, caffeine,
atropine, ceftriaxone and fluid therapy was initiated and a blood
sample taken for analysis.

Diagnosis

Hematology revealed a severe leukocytosis [58.1 x 10°/mm?
(reference value 6.0-12.0 x 10°/mm?)] resulting from
neutrophilia [54.2 x 10%/mm?> (reference value 3.00-10.00
103/mm?)], and eosinophilia [23.42 x 10°/mm? (reference value
0-0.60 10°/mm?)] with mild anemia [HCT = 39.5% (reference
value 44.0-57.0%)], and a severe increase in alkaline phosphatase
[551 U/I (reference value 20-150 U/1)], alanine aminotransferase
[131 U/l (reference value 10~-118 U/1)] and a decrease in albumin
[1.5 g/dL (reference value 2.5-4.4 g/dL)]. The glucose level
was 99 mg/dl (reference value 80-120 mg/dl) and the modified
Knott’s test revealed 11,560 Mf/ml. After testing and excluding
Canine Coronavirus (CCV), Canine Parvovirus and Giardia spp.
infections, and according to anamnesis, a diagnosis of poisoning
with taxine alkaloid was decided. On 08/08/2019 the state of the
patient continued to deteriorate despite intense care therapy, and
a decision of euthanasia was made.

Discussion

It is hard to evaluate the impact of co-infection with D. repens
in this case, but one can suppose that it may have had a negative
influence on the development of the condition, as taxine alkaloids
(from yew) can cause lethal poisoning, in particular due to the
compound’s toxic effect on the cardiovascular apparatus (20). It
is certainly possible that the severe microfilaremia might create
a blood flow disturbance of capillary circulation by mechanical
obstruction. Additionally, it has been observed in other filarial
parasitic diseases that dead Mf release toxic products that
affect the capillaries (21, 22). Unfortunately, the prognosis in
taxine alkaloid poisoning without immediate stomach flushing is
usually fatal and the presence of subcutaneous dirofilariosis was
not likely influential in the course of the intoxication (20), but
may be of concern for chronic anemia.

CASE #3

Clinical Presentation
A 10-year-old entire male mix breed dog was admitted to the
clinic due to constipation. During the physical examination a

testicular asymmetry, perineal hernia, fecal impaction as well as
an anal sac tumor of 2 x 2 cm were detected.

Diagnosis

The blood test revealed moderate anemia [RBC = 4.98
T/l (reference value 5.5-8.5 T/l), HCT = 32.6% (reference
value 37.0-55.0%), HGB 11,1 g/dl (reference value 12-
18 g/dl)], severe leucocytosis [41.04 G/l (reference value 6.0-
12.0 G/1)] resulted from: neutrophilia [34.06 G/l (reference
value 2.9-13.6 G/1)], monocytosis [2.05 G/l (reference value
0.4-1.6 G/1)], eosinophilia [3.69 G/l (reference value 0-3.1
G/1)], thrombocytopenia [19 G/1 (reference value 150-500 G/1)]
and 40 150 Mf/ml. In addition, a mild increase in alanine
aminotransferase [72 U/l (reference value 0-60.0 U/l)] and a
decrease of albumin [3.2 g/dl (reference value 3.3-5.6 g/dl)]
were detected, and ultrasonography revealed ascites, which
was analyzed. The ascites contained Mf, granulocytes and
atypical binucleated cells with many mitotic figures suggesting
a neoplastic process. The owner did not wish to pursue any
treatment nor euthanize and decided to take the patient home.

Discussion

This is the second report of finding Mf in the body fluid in
a dog, the first of which was by Pazdzior-Czapula et al. (23).
The issue and association between neoplastic processes and
the presence of D. repens Mf or adults has been previously
observed in cancer of the perianal gland, mast cells, epithelial
cells, hemangiopericytoma, and trichoblastoma ribbon in dogs
(20), as well as an ocular lymphoma from which the parasite
was previously removed from a human patient (5). It has also
been reported that parasitic infections or abnormalities of the
immune system are at a high risk for developing cancer (5, 24),
but the exact relationship between subcutaneous dirofilariosis
and neoplastic process is still unknown.

CASE #4

Clinical Presentation

A 10-year-old entire Saint Bernard male was admitted to
the clinic due to intolerance of any physical activity and
permanent dyspnoea. Four months prior, the dog was
pursuing therapy in another clinic and received a treatment
of benazepril, spironolactone, theophylline, and nitroglycerin
with no diagnosis, but anamnesis of increasing fatigue after
physical exercise. During our physical examination, dyspnoea
and cyanosis of tongue and mucous membranes (hypoxia)
were noted.

Diagnosis

After sedation of the patient, additional diagnostics were
performed. Thoracic radiographs revealed a dilation of the
esophagus, computed tomography and electrocardiography
revealed no  alternations. A  moderate leucocytosis
[16.7 x 103/mm? (reference value 6.0-10.00 x 10°/mm?)],
mild neutrophilia [13.90 x 103/mm? (3.0-10.00 x 103/mm?)],
and eosinophilia [1.5 x 103/mm? (reference value 0.0-0.60
x 103/mm?>)] were observed in the hematology, and the

Frontiers in Veterinary Science | www.frontiersin.org

69

September 2020 | Volume 7 | Article 577466


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Wysmotek et al.

High Microfilaremia in Dogs

biochemistry parameters were all in normal reference ranges.
The echocardiographic measurements were within standard
normal age limits. The rapid CANIV-4 commercial test was
positive for D. immitis, but multiplex PCR revealed only the
presence of D. repens. A modified Knotts test was performed
which detected 178,000 Mf/ml and a double morphological
identification of D. repens, not D. immitis was confirmed. As
systolic dysfunction was suspected aspirin was administrated
which resulted in mild improvement of clinical signs. A few
days later echocardiographic examination was performed and
no nematodes were detected in the pulmonary artery. The
echocardiographic measurements were within standard normal
age limits. Only immobilization brought relief to the dog.
A final diagnosis of severe laryngeal paralysis was decided
upon, and pharmacological treatment was performed, but with
no improvement. Before any surgical interventions could be
considered the patient died at home from apparent suffocation.
The owners did not permit a necropsy.

Discussion

Laryngeal paralysis is a respiratory disorder that primarily
affects older (> 9 years of age), large-breed and giant-breed
dogs, such as the Saint Bernard in this case. In many dogs
the etiology remains idiopathic, but one possible cause is
suggested to involve immune-mediated neuromuscular disease
or other immune disorders like systemic lupus erythematosus
(25, 26) In humans, a case of a girl treated for systemic lupus
erythematosus was diagnosed with concomitant non-human
filarial microfilaremic infection. The authors suggested that an
immunity disorder might have led to this filarial infection (27).
Leucocytosis and eosinophilia are both commonly associated
with helminth infections, and neutrophilia can inhibit a Th1 type
response, all of which could be expected to be associated with
an increased Mf count. However, these numbers alone are very
unlikely to facilitate or explain such a high level of microfilaremia.
Although it is not possible to come to any conclusions from
this case, the incredibly high level of microfilaremia and its
co-morbidity with a presentation of symptoms known to be
related to compromised immune system function, is highly
suggestive of a causal relationship.

FINAL CONCLUSIONS

The goal of this article was to report the details of four cases of
high D. repens microfilaremia. Hematological and biochemical
findings in dogs infected with Dirofilaria repens included anemia,
thrombocytopenia, leucocytosis, neutrophilia, eosinophilia,
monocytosis and increased values of alkaline phosphatase,
aspartate transaminase, alanine aminotransferase, blood urea
nitrogen, creatinine, bilirubin as well as hypoalbuminemia,
which is in keeping with results described by other authors
(28, 29).

In the cases presented here, it is difficult to determine how
long the animals were infected for or to evaluate the contribution
of subcutaneous dirofilariosis to the progression of morbidity in
the presence of concomitant conditions. Due to the severity of
the underlying diseases and symptoms, anthelmintic treatment

was only administered to one dog seen in this collection of case
studies. Even in the presence of a high burden of microfilaria,
treatment with a standard dose of moxidectin was sufficient to
reduce Mf count below detection 6 days after application. It
should be noted that there is a 24-h microfilarial periodicity,
which makes the time of sampling a factor influencing the result
of a Knott test (30).

We suspect that the severe dermatitis that appeared
post-treatment might have been associated with Wolbachia
release after Dirofilaria spp. worm death as reported in
Dirofilaria immitis infections (12). Recently, a case report of
D. repens microfilaremic infection in a human showed successful
treatment with only doxycycline targeting the Wolbachia
endosymbiont (31).

All of the D. repens infections reported here were diagnosed
incidentally while investigating concomitant conditions,
suggesting that high intensity microfilaremia per se may go
undiagnosed. This implies that there is a greater reservoir
for human infection than previously suspected, and perhaps
warrants increased monitoring in endemic areas, such as the
regular use of a modified Knotts test. It might be discussed if
high microfilaremic dogs represent an epidemiological risk of
increased transmission, as most mosquitoes die when feeding on
hosts with microfilaremia superior to 7,500 Mf/ml (21). However,
the daily microfilarial periodicity permits the possibility that
some mosquitoes can survive ingesting blood even from high
microfilaremic hosts. Therefore, anthelmintic treatment, even in
the absence of parasitic symptoms, should be administrated.

It remains unclear why in some patients, D. repens infections
appear asymptomatic, and in other cases Mf are suspected to be
responsible for severe renal or liver damage (28). Veterinarians
should consider dirofilariosis as a primary or co-existing disease
that may modify or mask the symptoms or progression of a co-
morbidity. Furthermore, high intensity microfilaremia in a blood
samples should be taken as a potential indictor of the presence of
an underlying serious pathology.

Personal correspondence with veterinary practitioners suggest
a beneficial effect of adding to the moxidectin standard treatment
an anticoagulant, corticosteroids, and doxycycline, depending
on the severity of the clinical state of the patient infected with
D. repens; this is also recommended in high risk thrombosis
development with heartworm disease (12). As reported in
lymphatic filariasis, doxycycline treatment against Wolbachia
provides clinical improvement in patients with lymphedema
(32). It has also been noted in loiasis that high microfilarial
loads (30,000-50,000 Mf/ml) can lead to capillary obstruction
from damaged parasites after anthelmintic treatment, and adding
corticosteroids to the anti-parasitic treatment should be taken
into consideration by ESDA and veterinary practitioners in high
intensity microfilaremia (22).

In human Loa loa infections occurring with microfilaremia
>10,000 Mf/ml of blood, encephalopathy following ivermectin
has been well-documented. Treatment with microfilaricidal
agents such as ivermectin and diethylcarbamazine may provoke
the passage of L. loa Mf into the cerebrospinal fluid and
precipitate an encephalopathy (33, 34). Those reactions were not
yet described in filariosis of dogs, but a case of a human D. repens
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infection concomitant with meningoencephalitis was successfully
treated by initiation of anti-helminth and anti-inflammatory
medicine (35). This could be an interesting issue to follow and
explain in further studies.

Adult parasite burden cannot be determined precisely in
helminth infections (36), especially in D. repens where the worms
may reside in any number of tissue locations. In Case #1 we found
26 adult worms during castration. Most case reports present
findings of just one or few adult worms, however, we cannot
exclude the possibility that these are under representations
of total adult numbers localized in different tissues. It has
been previously documented that a dog infected with over 300
adult D. repens showed a microfilaremia of 7,780 Mf/ml (28).
This suggests that the quantity of adult worms may be only
one of the factor determining Mf in the blood stream, and
it is very likely that the immune system of the host plays a
large role in regulating microfilariae burden, as is observed in
other helminth infections (28, 37). The mechanism regulating
the burden of Mf in the bloodstream is not known. It is
suspected that certain aspects of host-helminth relationship may
be beneficial to the host given the proper balance parasite
load and humoral response in the host (37). This relationship
is beginning to be investigated pertaining to autoimmune
disease, and could be of future interest in the study of D.
repens infections.

Density-dependent processes play a key role in the
transmission dynamics of vector-borne diseases (36). The
relationship between microfilarial density and worm burden in
Onchocerca volvulus infections in humans has been investigated,
yet not fully understood. It has been observed that the
microfilariae burden increases with host age, suggesting a
development of immunological tolerance, while the density of
adult parasites correlating with the microfilariae burden has
not been confirmed. Since a purely age-related decline in host
responsiveness is not shown, it is likely that immunological
responsiveness against Mf diminishes as a consequence of
cumulative parasite experience, pointing to immunological
habituation or tolerance to the parasite (36).

All four cases presented here feature high microfilaremia

animals with severe co-morbidity and suspected
immunodeficiency-related conditions. Helminths are known
to suppress the host immune response in order to establish
infection. For instance, it has been recently reported that D.
repens may influence the host immune response by inducing
a state of chronic in the canine host (29). It is possible that

in
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Dirofilaria repens is the causative agent of the zoonotic canine skin condition called subcutaneous dirofilariosis.
Despite being endemic throughout much of Europe, little is known about host humoral responses to D. repens. To
address this, we analyzed serum immunoglobulin isotypes recognizing D. repens somatic antigens (DrSA) in
naturally infected dogs. Titers of anti-DrSA IgG and IgE, but not IgM were significantly higher in dogs infected
with D. repens compared to those that were negative. Moreover, microfilaremic infections were associated with

higher levels of IgG1 than IgG2, while occult infections occurred with significantly higher levels of IgG2 than
IgG1. Finally, the measurement of anti-DrSA IgG antibodies allowed the detection of occult subcutaneous dir-

ofilariosis in dogs.

1. Introduction

Dirofilaria repens is a zoonotic parasitic filarial nematode that infects
dogs and has become highly prevalent throughout Europe [19]. Dirofi-
laria spp. infection is propagated when mated adult females within an
infected host release microfilariae (Mf) into their bloodstream to be
uptaken by mosquitoes and transmitted to another host during a sub-
sequent blood meal. Dirofilaria repens worms reach maturity within
months and migrate throughout the host’s body, which leads to the skin
condition known as subcutaneous dirofilariosis.

Subcutaneous dirofilariosis can be divided into two phenotypes:
microfilaremic and amicrofilaremic (occult). Microfilaremic infections
are defined by the presence of Mf in the host blood circulation. In
comparison, occult infections are a state in which the host is infected
with the adult parasite, but lacks detectable Mf circulating in their
bloodstream. Occult infections have been previously reported for
different filarial species, including D. immitis, and can be related to
single-sex infections, Mf periodicity, previous anti-parasitic treatment,
long prepatent time [5,32] or a strong inflammatory response leading to
Mf clearance [30]. Infections lacking the presence of Mf are problematic
for diagnostics, reporting prevalence and controlling transmission.
Available tools for detecting D. repens infections such as blood smears,
PCRs or the modified Knott’s test have a high sensitivity (1 Mf/ml for the
modified Knott’s test and 4 Mf/ml for PCR) but are based solely on the
presence of Mf in the host bloodstream. We have previously reported
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that the median Mf count in dogs naturally infected with D. repens is 675
Mf/ml [35] and therefore both methods have been sufficient to monitor
prevalence. Currently, a serological tool based on the recognition of
female antigens of D. immitis, a closely related species to D. repens, is
available to detect heartworm disease in dogs [33], but there is no
equivalent method to detect occult D. repens infection.

Subcutaneous dirofilariosis is usually described as clinically asymp-
tomatic in the canine host, and therefore even microfilaremic infections
often go undiagnosed [28]. This has led to an increased prevalence, as
infected animals act as an uncontrolled reservoir of D. repens for both
dogs and humans [12]. Of relevance for human and canine infections, a
growing body of data suggests that subcutaneous dirofilariosis in dogs
may be associated with vision loss and neoplastic processes [4,17,26,
27]. Recently, we showed an association between D. repens infection and
a chronic stress profile in the infected dogs [34]. As such, the mecha-
nisms that determine symptomatic and non-symptomatic D. repens in-
fections require further investigation. Studying these factors may
expand our knowledge on the immune response to filarial nematode
infection and provide a better understanding of host-parasite
interactions.

Humoral responses against filarial nematodes such as Wuchereria
bancrofti or Brugia malayi, have been well studied and characterized in
humans [21,30,7]. In general, it is believed that protection against adult
worms is mainly based on Th2 polarization, whereas IgG antibodies play
a key role in Mf clearance [18,30].
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Here, we report three clinically confirmed occult D. repens infections,
in which adult D. repens worms were incidentally found during routine
surgical procedures, but Mf were not detected in the peripheral blood.
Occult subcutaneous dirofilariosis were also recently reported by Lai-
doudi et al. in one naturally infected dog (2019) and by Ciuca et al. [8]
in four experimentally infected dogs.

Finally, we evaluated the presence of serum IgM, IgE, IgG, IgG1 and
IgG2 recognizing adult D. repens somatic antigens (DrSA) in naturally
infected dogs presenting microfilaremic and occult phenotypes of sub-
cutaneous dirofilariosis.

2. Materials and methods

A total of 149 dogs of different breeds, sexes, body weights, and
breeding status, aged 1-17 years were included in the study. These pa-
tients were presented to veterinary clinics for regular health issues and /
or because they used to live with dogs previously infected with D. repens.
All dogs participating in this study lived in the Warsaw metropolitan
area, Poland, endemic for subcutaneous dirofilariosis. Firstly, animals
were subjected to a routine physical examination and blood testing.
Blood samples were collected in the presence or absence of 1 mg/ml of
the anticoagulant EDTA. Anticoagulated blood samples were used for
direct parasitological examination or frozen and stored until DNA
isolation. Serum samples were stored in aliquots at —20 °C until use in
ELISA. Veterinarians trained to identify Mf preliminarily examined
blood samples using light microscopy for direct detection of Mf in fresh
or stained blood smears.

Total DNA was isolated from all collected blood samples using a
Blood Mini isolation kit (A&A Biotechnology, Gdansk, Poland) and used
as a template to perform multiplex PCR according to the protocol of
Gioia et al. [13]. This allowed a simultaneous detection of D. repens
(sensitivity = 4 mf/ml) and differentiation from D. immitis. Briefly,
primers were designed against a portion of the small ribosomal subunit
RNA gene of D. repens (12 S rDNA) as follows: 12 S forward primer
(5'-GTTCCAGAATAATCGGCTA-3') / 12 S reverse degenerate primer (5'-
ATTGACGGATG(AG)TTTGTACC-3") / 12SF2B (5'-
TTTTTACTTTTTTGGTAATG-3') / 12SR2 (5-AAAAGCAACACAAATAA
(CA)A- 3)).

Adult worms used in this study were incidentally found in naturally
infected dogs during routine surgical procedures such as castration or
tumor resection. DrSA was prepared by homogenization of mixed
gender adult parasites in sterile PBS buffer using a mechanical Glas-Col
homogenizer. The extract was centrifuged at 12,000 x g for 15 min at
4 °C and the protein concentration in the supernatant was determined
using a BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s protocol to be used for ELISA.

Total IgG, IgM, IgE titers against DrSA were determined using indi-
rect ELISA. An initial concentration range (0.25-5 ug/ml) of DrSA was
tested to determine the optimal protein concentration for coating. Then,
96-well plates were coated with 2.5 pg/ml of DrSA in bicarbonate buffer
(0.015 M NayCOg3, 0.035 M NaHCOsg, pH 9.5) for 16 hrs at 4 °C. After-
wards, plates were washed three times with PBS-0.05% Tween-20 fol-
lowed by blocking with 5% skimmed milk in PBS buffer for 2 hrs at
20 °C. Then, two-fold serial dilutions of dog sera starting from 1:100 up
to 1:204,800 in the case of IgG, from 1:10-1:640 for IgE, and from
1:3200-1:25,600 for IgM were used. Dilutions were added into wells
and incubated for 1.5 hr at 20 °C, followed by 1 hr incubation with HRP
- conjugated rabbit anti-canine IgG (total) (1:30,000) (Jackson Immu-
noResearch Laboratories) or goat anti-canine IgM (1:1000) (AbD Sero-
tec, Kidlington, Oxford, UK) or goat anti-canine IgE (1:1000) (AbD
Serotec, Kidlington, Oxford, UK). Reactions were developed using TMB
substrate (Sigma-Aldrich, Sankt Gallen, Switzerland). After 30 mins,
reactions were stopped using 2 M H2SO4 and absorbance values were
read at 450 nm in a MRX microplate reader (Dynatech Laboratories,
USA).

The same ELISA protocol was applied to measure specific anti-DrSA
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Table 1
Category of dog infection status and corresponding IgG ratios.
PCR+IgG+ PCR-IgG+ PCR-1gG- Total no.
infected infected uninfected of dogs
microfilaremic occult negative
61 (100%) 53 (100%) 35 149
1gG1 >IgG2 34 (55%) 12 (77%)
1gG2 >IgG1 27 (45%) 41 (23%)

serum IgG1 and IgG2 in microfilaremic and occult dogs using goat anti-
canine IgG1:HRP and sheep anti-canine IgG2:HRP, both from Bio-Rad
(Hercules, California), except only 1:1600 serum dilution was used
based on the results of total IgG titers.

Due to the limitations in diagnostics and the fact that Poland is
endemic for D. repens, we could not consider any sera as negative with
certainty using the PCR test only. To separate a true negative group (and
detect occult infections) we compared the OD values of DrSA-specific
serum IgG in PCR negative sera at the lowest examined dilution
(1:100) with serum-free PBS control reactions; thus, we selected sera
from 15 dogs with ODs comparable to the serum-free PBS background.
The cutoff value was taken as the mean OD of the 15 abovementioned
negative samples plus three standard deviations and then applied to
quantify DrSA specific IgG, IgM and IgE titers.

We expressed the ELISA titers as the 1og10 of the reciprocal of the
highest dilution showing the OD value higher than the cutoff. For
example, a value of 2 means that the highest dilution in which the serum
sample was greater than the cutoff was 100, as such log10 of the 100
dilution is equal 2, etc.

Three groups were assigned depending on microfilaremic status and
the anti-DrSA specific IgG titer value:

e PCR (+), ELISA IgG > 3.2 (E + ) — positive / infected, microfilaremic
(PCR(HE(+))

e PCR (-), ELISA IgG > 3.2 (E + ) — positive / infected, occult (PCR(-)E
()

e PCR (-), ELISA IgG < 3.2 (E-) — negative / uninfected (negative)

The titers of anti-DrSA specific IgG, IgM, IgE were compared between
the three groups (PCR(+)E(+), PCR(-)E(+), negative) and the specific
IgG1:IgG2 ratio was compared between PCR(+)E(+) and PCR(-)E(+)
groups (Table 1).

Data were compared between groups using either t-test with Welch’s
correction or Kruskal-Wallis test with Dunn’s post-hoc depending on the
asymmetry of a variable distribution assessed on the basis of histograms.
Statistical analysis for comparison of IgG levels between PCR(+) and
PCR(-) groups and the ratios of IgG1:IgG2 ODs in the microfilaremic and
occult groups was performed using a two-tailed unpaired t-test with
Welch’s correction. Kruskal-Wallis test with Dunn’s post-hoc test was
applied to compare the IgG, IgM and IgE levels within PCR(+)E(+), PCR
(-)E(+) and negative groups. We also analyzed the differences in the
titers of all antibody classes and subclasses within each group (PCR(+)E
(+), PCR(-)E(+) and negative groups). Finally, we compared the
occurrence of occult and microfilaremic infections between male and
female dogs using a Chi-Square test. All analyses were performed using
the GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA)
and all error bars represent the standard deviation (SD). Only p values <
0.05 were considered significant.

3. Results and discussion

A total of 149 dogs were included in this study from which 61 (41%)
blood samples presented Mf in blood smears and were confirmed as
D. repens in the absence of D. immitis by multiplex PCR. The remaining
88 (59%) samples were PCR negative for D. repens and D. immitis.

Serum of blood samples from all 149 animals contained anti-DrSA
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Fig. 1. (A) Comparison of the mean titers (black horizontal bar) + standard deviation (SD) of anti-DrSA IgG antibodies in PCR positive and PCR negative dogs. (B)
Microfilaremic dogs showed titers of specific anti-DrSA IgG antibodies equal or higher than 3.2 and the negative group was below the positivity threshold. Yellow

dots represent the titers of three clinically confirmed occult infections.
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Fig. 2. (A) Comparison of mean titers (black horizontal bar) + SD of anti-DrSA IgM antibodies in PCR(+)E(+) (microfilaremic), PCR(-)E(+) (occult) and negative
dogs. No significance was found between microfilaremic, occult and negative dogs. (B) Comparison of mean titers (black horizontal bar) &+ SD of anti-DrSA IgE
antibodies between microfilaremic, occult and negative dogs. Infected animals had a significantly higher mean titer of IgE antibodies comparing to uninfected

individuals.

antibody titers ranging from 2 to 5.3 for IgG (Figs. 1), 3.5 to 4.4 for IgM
(Fig. 2A) and 1-2.8 for IgE (Fig. 2B). No differences of IgG, IgM and IgE
isotype levels were seen between male and female dogs (Fig. 3).

Because microfilaremic dogs showed IgG titers equal or above 3.2,
we considered the titer of 3.2 as a threshold titer for samples to be
positive. Among dogs with IgG titers equal or above 3.2, 53 (35%) were
PCR negative which indicates that an important proportion of canine
subcutaneous dirofilariosis in our study was occult. In support of this
positivity threshold, the three dogs with clinically confirmed occult in-
fections all had IgG titers above 3.2 (Fig. 1B). Finally, there were 35
(23.4%) PCR negative dogs with IgG titers below 3.2 that we considered
to be uninfected.

Immunoglobulin E titers also significantly differed between the
positive (PCR(+)E(+) and PCR(-)E(+)) and the negative groups
(Fig. 2B). However, despite significant differences between the infected
and uninfected groups there was no clear threshold of IgE titers delin-
eating infection status. Thus, elevated IgE levels may be indicative of
infection, but are not suitable for diagnostic purposes (Fig. 2B). Finally,
serum IgM did not differ between the negative, PCR(-)E(+) or PCR(-+)E
(+) groups (Fig. 2A).

To further determine the profile of anti-DrSA IgG subclasses pro-
duced in microfilaremic versus occult infections, we investigated the
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ratio of IgG1:1gG2 in infected animals (PCR(+)E(+) versus PCR(-)E(+)).
Microfilaremic infections occurred more often with higher levels of IgG1
than IgG2. Conversely, dogs with occult infections presented higher
levels of IgG2 compared to IgGl (Fig. 4). Interestingly, infections in
female dogs were primarily occult (32 of 49 females), and male dogs
were predominantly microfilaremic (37 of 56 males) (Fig. 5). In support
of this trend, a recent field study also found a predisposition of male dogs
presenting microfilaremic D. repens infections [9].

Our study aimed to deepen the knowledge of the antibody immune
response during occult and microfilaremic subcutaneous dirofilariosis in
naturally infected dogs living in a D. repens endemic area. Other studies
have reported that in lymphatic filariasis, the IgG response against Mf
and adult worm antigens plays an important role in Mf clearance [30]. In
light of our IgG findings, it is likely that IgG1 levels increase in response
to the presence of adult worms, similar to lymphatic filariasis [30].
Meanwhile, it has been reported that leishmaniosis in dogs is associated
with a general increase in all subclasses of IgG and that IgG1 may be a
serum marker for active infections, whereas IgG2 could indicate a more
advanced infection [25]. In view of this report, it seems likely that the
same phenomenon takes place in canine hosts infected with D. repens.
Fifty five percent of microfilaremic dogs had higher IgG1 than IgG2
antibodies. The difference between IgG1:1gG2 ratio in infected dogs may
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Fig. 3. Comparison of mean titers (horizontal bar) + SD of anti-DrSA IgG, IgM and IgE isotype levels between male and female dogs between (A) microfilaremic and

(B) occult groups.

be related to the longevity of the infection, which cannot be estimated in
naturally infected hosts, but can vary greatly, as the adult worms can
live 5-10 years within host tissue [10]. It is therefore very likely that the
duration of the disease also influences the host’s antibody response.
Additionally, D. repens carries an obligatory endosymbiont, Wolbachia
pipentis, and it has been previously reported that IgG antibodies are
directed against Wolbachia pipientis antigens in dogs experimentally
infected with D. immitis and D. repens [8,23]. However, the immuno-
proteomic analysis of the DrSA extract used in this study has been pre-
viously published by our group and no Wolbachia proteins were
recognized by serum antibodies from D. repens infected dogs [36]. Thus,
even if the IgG2 subclass is generally specific for bacterial infections, we
ruled out the possibility that the IgG2 antibodies detected in our study
are directed against Wolbachia antigens.

Moreover, the antibody cross reactivity between D. repens and other
filarial nematodes reported by Joekel et al. [15] is unlikely to be a factor
in our study as Angiostrongylus vasorum, Capillaria aerophila, Diptelonema
dracunculoides, Crenosoma vulpis or Acantohelionema reconditum have
never reported, or are extremely rare in Poland [31]. Furthermore,
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Joekel et al. reported that the serum antibodies from dogs infected with
Toxocara canis, Trichuris vulpis and Ancylostoma caninum do not cross
react with Dirofilaria somatic antigens [15]. To conclude, cross-reactions
were not a factor negatively influencing the reliability of obtained data.

Immunoglobulin M antibodies are the earliest class appearing in the
primary antibody response. El. Sadr et al., observed that IgM and not IgG
were responsible for killing D. immitis Mf in vitro. Moreover, they re-
ported that D. immitis Mf clearance occurred when Mf were incubated in
vitro with fresh serum acquired from occult dogs but not in the presence
of normal dog serum or serum of microfilaremic individuals [11].
However, in our study the analysis of IgM levels in the three groups did
not reveal any significant correlation between infected and uninfected,
nor microfilaremic and occult groups. This might be due to the fact that
our dogs were naturally infected and living in an area endemic for
D. repens. Therefore, continuous exposure to D. repens may promote a
constant production of IgM antibodies. Generally, with prolonged in-
fections, B-cell IgM production is followed by class switching into IgE
and IgG. This likely occurs in D. repens infected animals as an increase in
these classes of antibodies has been observed in our study. Moreover, the
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Fig. 4. (A) Comparison of the ratio of IgG1:1gG2 between microfilaremic and occult dogs (p < .0001), suggesting different polarization of immune response in
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Fig. 5. (A) Comparison of the occurrence of occult and microfilaremic infections in male and female dogs. Female dogs were primarily occult and male dogs were
predominantly microfilaremic (Chi-Square, p = .0013). (B) Comparison of IgG1:IgG2 ratio between males and females in occult and microfilaremic dogs.

identified antibodies might be natural IgMs. which are characterized by
low affinities but broad specificities to foreign structures. That makes
them potent in recognizing a variety of antigens and binding to multiple
epitopes, perhaps similar to those of adult D. repens worms [3].

IgM are commonly known to be involved in the immune response in
different infections, yet they are found to be a non-specific biomarker of
the disease [1,20,6] in comparison to the IgG isotype [16]. It is impor-
tant to note however that natural infections occur gradually and likely
result from multiple exposures. Therefore, an experimental infection
may not reflect the pattern of a natural infection dynamic in endemic
regions, where the host is constantly exposed to the pathogen. An
investigation similar to our study has been performed on serum samples
from humans naturally infected with lymphatic filariasis, and the au-
thors also reported that IgM levels did not differ between infected pa-
tients comparing to endemic normals [29].
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In studies concerning lymphatic filariasis, IgE antibodies were found
to be antigen non-specific [2]. Our study shows that anti-DrSA IgE were
detectable in dog sera. In some cases serum-samples assigned to the
negative group, had high anti-DrSA IgE levels. However, infected dogs
(PCR+E + and PCR-E + ) had significantly higher IgE levels than the
negative group (Fig. 2B). It has been reported that memory B cells
producing specific IgE against filarial nematodes may be present many
years after infection in humans [22], but there are no reports on the
persistence of IgE following Dirofilaria spp. infection. In our study, all
sera were collected from dogs living in a region endemic for subcu-
taneous dirofilariosis and as such the high titers of IgE may be against
antigens of an earlier stage of the parasite, perhaps sharing epitopes with
adult worms, that could had been eradicated by the host immune
response.

Other studies on lymphatic filariasis indicate that an increase in
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serum anti-parasite-specific IgE is correlated with the severity of pa-
thology [24]. However, adult worms in lymphatic filariasis locate in the
lymphatic vessels causing their occlusion, while in subcutaneous dir-
ofilariosis they locate in the skin therefore capable of limiting the
infection by granuloma formation in response to pathogens. Thus, the
antibody response during D. repens infection likely differs from the
antibody response in lymphatic filariasis and it may be the main reason
why we did not observe any significant difference in IgE antibodies
between microfilaremic and occult phenotypes of the disease (Fig. 2B).

It is believed that in human filarial infections, the parasite potential
to infect is related to the immune state of the host [14]. On the other
hand, we have recently reported that D. repens infections may lead to a
state of chronic stress in the canine host, which may influence the
outcome of the immune response [34]. This, in accordance to other
studies, suggests that the immunosuppression may contribute to the
development of intense microfilaremic phenotype of the disease [35]. It
seems that the promotion of occult or microfilaremic disease phenotype
depends on inter-individual variations and polarization to Th1l or Th2
phenotype of the immune response.

Our studies were conducted on naturally infected mixed-breed dogs
allowing us to represent a real-life clinical setting of the antibody
response in D. repens infection. Future investigations focusing on the
occult phenotype may elucidate whether the IgG2 isotype plays a role in
Mf clearance in subcutaneous dirofilariosis in dogs. Finally, the detec-
tion of parasite-specific IgG class in dog serum may enable the detection
of occult subcutaneous dirofilariosis in the canine host. Therefore, our
research contributes to a better understanding of the antibody immune
response in D. repens infections and identifies putative biomarkers of
infection status.

Ethical statement: Ethical review and approval were not required
because the blood samples were collected for direct benefit of the pa-
tients and the analysis was performed on leftover samples (Act of 15th
January 2015 on the protection of animals used for scientific purposes).
Adult worms were obtained only during surgical procedures and neither
of the dogs has been euthanized in order to extract the worms. A verbal
consent of the owners’ to voluntarily test their animals for subcutaneous
dirofilariosis was present for all dogs included in the study. All data were
de-indentified before running statistical analysis and the entire ano-
nymity of the owners’ data has been assured. The director of local dog
shelters and the owners of client-owned dogs were informed about the
results of Dirofilaria testing of the dogs under their care. Doctors of
veterinary medicine were provided with all information that could help
them to introduce the best treatment to infected dogs.
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