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1 Oportunni infekce u imunokompromitovanych nemocnych

Oportunni infekce jsou infekce vyvolané patogeny, které u jedincii s plné fungujicim

imunitnim systémem vétSinou nezpisobuji onemocnéni na rozdil od pacient s oslabenym

wewr

Jako imunokompromitované oznacujeme pacienty s poruchou vrozené nebo ziskané
imunitni odpovédi (1). Mezi stavy, které vedou k imunodeficienci, se fadi zejména
protinadorova terapie zhoubnych hematologickych onemocnéni a solidnich nadord,
transplantace hematopoetickych kmenovych bunék, infekce virem HIV, vrozené
imunodeficience a moderni biologicka 1é¢ba monoklonalnimi protilatkami (Tabulka 1) (2-
4). Dalsi skupinou ohrozenou oportunnimi infekcemi jsou také nemocni dlouhodobé
hospitalizovani na jednotkach intenzivni péce. NejcasteéjSimi plvodci téchto infekci jsou

bakterie, nasledovany plisnémi a kvasinkami, nejméné se na etiologii podili viry.

Pricina Funkce v obrané proti infekci Diisledek

Snizeny pocet . . .. .
Bunky imunitniho systému pfimo odpovédné za Vysoké riziko bakterialnich
neutrofilnich
nic¢eni bakterii, kvasinek a vlaknitych hub a mykotickych infekei
granulocytti

) ) Vysoké riziko virovych
Snizeny pocet nebo Bunky zodpovédné za niceni predevsim virt, dale
infekel, pfi snizeni tvorby
porucha funkce pak za tvorbu protilatek a kontrolu imunitniho
protilatek také riziko
lymfocytd systému
bakteridlnich infekci

Snizena tvorba ) L ) . ] )
) Nutné k zabranéni priiniku a eliminaci bakterii Riziko bakterialnich infekci
protilatek

Tabulka 1. Pri¢iny zvySeného rizika infekei u onkologickych nemocnych (5)

S rozSifujicimi se moznostmi V 1écbé zavaznych hematologickych onemocnéni
roste pocet pacienti Vv riziku oportunnich infekci a zvysuji se naroky na jejich vcasnou
diagnostiku (6). Mezi nejrizikovéjsi patii pacienti v indukéni fazi 1é¢by akutni leukémie a

pacienti pro alogenni transplantaci bunék krvetvorné tkané (Tabulka 2).



Riziko vzniku Typ choroby/ 1é¢by Hlavni defekt vedouci ke zvySenému

infek¢énich komplikaci riziku infekénich komplikaci

Alogenni transplantace krvetvorné tkan¢  Deficit neutrofilti, T lymfocyti, protilatek

Vysoké
Akutni leukémie - induk¢éni lécba Deficit neutrofilt
Akutni leukémie - konsolidacni lécba Deficit neutrofilt
Autologni transplantace krvetvorné tkan¢  Deficit neutrofila

Stredni
Chronicka lymfocytarni leukémie Defekt tvorby protilatek
Mnohocetny myelom Defekt tvorby protilatek
Non-Hodgkinské lymfomy

Nizké Hodgkintiv lymfom

Chronicka myeloidni leukémie

Tabulka 2. ZjednoduSené rozdéleni onkologickych nemocnych podle rizika vzniku infekénich

komplikaci (5)

Klinické projevy a management infekci jsou u imunokompromitovanych
nemocnych odlisné od pacientii imunokompetentnich: a) vzhledem k absenci mediatort
imunologické a zanétlivé odpovédi jsou klinické projevy méné prominentni a velmi
nespecifické; b) Casto jsou piitomny pouze febrilie ¢i dokonce subfebrilie; C) pfiznaky
podobné infekci mohou byt zplsobeny také neinfekénimi procesy (reakci Stépu proti
hostiteli, imunitnim rekonstitu¢nim zanétlivym syndromem atd.); d) ke zhor$eni klinického
stavu dochazi Casto velmi rychle, €) pfi podezieni na infekci je neprodlené zahéjena terapie
Sirokospektralnimi antimikrobialnimi latkami; f) 1écba by méla byt co nejdiive zacilena na
konkrétni agens. Z vyse uvedeného vyplyva, ze pro preziti pacienta je zcela zasadni rychla
identifikace pivodce infekce a zahajeni cilené antimikrobidlni terapie (7). Priklad podilu
riznych mikrobidlnich agens na infekcich v riznych obdobich po alogenni transplantaci
bunék krvetvorné tkan¢ (dale HSCT, z angl. Hematopoietic Stem Cell Transplantation) je

Znazornén na Obrazku 1.



Faze 1: Pred prihojenim Faze 2: Po prihojeni Faze 3: Pozdni faze
stépu stépu
o >
Reakce stépu proti hostiteli: utni > Chronicka
Neutropenie, Porusena vrozena Porusena
poruseni bariér a humoralni vrozena a
(mukozitida, imunita; obnoveni humoralni imunita;
centralni vendzni NK bunék, narlst obnoveni B-bunék a
katetr) CD8 T-bunék CD4 T-buné&k
:% | Gramnegativni bakterie | —
E [ Grampozitivni bakterie | Opouzdrené bakterie
NPt T
g [ Gastrointestinalni streptokoky I
1
L A J
Herpes simplex virus P e : )
i Respiracni viry a Cytomegalovirus »  Varicella zostervirus |
o enteroviry |
>  # Jd L JNK J 1 J L Jd L Jd L 1 1 J L J L J L T J
. 1 == ¢ II
Dalsi viry — napf. HHV-6 C ) € ) )
= e EBV PTLD
2 | Aspergillus spec:es; |e=———=  Aspergillus species | >
:i Candida species |
= l Pneumocystis
|| |
I 1 |
Den 0 Den 15 -45 Den 100 Den 365
a dale

|| Castsjsi

) Méné casté

Obrazek 1. Oportunni infekce v riznych fazich po alogenni transplantaci bunék Kkrvetvorné tkané.

Upraveno podle Tomblyn et al. (8)

2 Bakterialni infekce

Bakterie jsou hlavnimi pavodci infekci u pacientd s hematologickou malignitou a to
zejména v obdobi neutropenie, jejiz délka a hloubka jsou podstatné pro urceni stupné
rizika. Ptiblizné 50 % pacienti s febrilni neutropenii ma hore¢ku jako jediny projev
infekce, jen asi u poloviny se podaii infekci lokalizovat a uréit jejiho puvodce (9).
V soucasnosti je zastoupeni grampozitivnich (G+) a gramnegativnich (G-) bakterii jako
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pivodcti bakteriémii piiblizné vyrovnané. G- jsou ale zodpovédné za vétSinu
dokumentovanych infekci letalita infekci jimi zpusobenych je vysoka (10). Zavazny je
narast infekci zptisobenych multirezistentnimi kmeny bakterii (enterobakterie s produkci

Sirokospektrych betalaktamaz a karbapenemaz, vankomycin rezistentni enterokoky atd.).

Management bakterialnich infekci je vzhledem k jejich zavaznosti a fulminantnimu
prubéhu zalozen na inicidlni empirické 1écbé Sirokospektrymi antibiotiky (Casto
v kombinaci), kterd jsou nasazena okamzit¢ pii podezieni na infekci (po provedeni
patfi¢nych odbéru pro mikrobiologickou diagnostiku) (9). Volba antibiotik vychazi ze
znalosti lokalni epidemiologie VvV daném nemocni¢nim zafizeni a u vysoce rizikovych
prvni linii s naslednou deeskalaci na antibiotika s omezené¢jSim spektrem na zékladé

mikrobiologickych vysledka a klinického stavu) (11).

Zlatym standardem v diagnostice bakteridlnich infekci je mikroskopie a kultivace.
Kultivaéni vySetfeni umozni nejen identifikaci ptivodce obtizi pacienta, ale také stanoveni

citlivosti k antibiotikiim, kterd umozni cilenou 1é¢bu dané infekce (12).

Metody molekularni biologie zalozené na prikazu bakterialni DNA v klinickych
vzorcich metodou PCR (pfipadné real-time PCR) mizeme rozdélit na i) cilena vySetieni na
specifické puvodce (nejcastéjsi puvodci meningitidy, ptivodci atypické pneumonie atd.), ii)
tzv. Sirokospektralni metody (broad-range PCR) zalozené na detekci konzervativnich
usekt v genomu bakterii a jejich identifikaci na zakladé sekvenace DNA (13-16).
Molekularn¢ biologické metody mohou mit vyznamny piinos V detekci obtizné
kultivovatelnych mikroorganismi ve sterilnich vzorcich (napf. vySetfeni srdec¢nich chlopni
pro objasnéni plvodce infekéni endokarditidy). Nevyhodou molekuldrné biologické
detekce bakterii je nejasnd intepretace vysledki ziskanych z nesterilnich vzorkt, zejména
pfi zachytu neobvyklych nebo oportunnich patogenti, protoze odliSeni infekce od
kolonizace nebo kontaminace vzorku je ¢asto obtizné (17, 18). Druhou vyznamnou
nevyhodou je, Ze tato vySetfeni vétSinou neposkytuji informaci o citlivosti k antibiotikiim a
nemohou proto slouzit jako podklad pro cilenou antibiotickou lé¢bu. Na trhu jiz ale existuji
komeréni soupravy, které umoziuji soucasné detekovat bakteridlni DNA a nejcastejsi geny
zodpovédné za rezistentni fenotyp. Naklady na tyto testy vSak mnohondsobné pievysSuji

naklady vynaloZzené na kultivacni vySetieni a je tieba zvazit jejich ptinos pro rutinni praxi.
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3 Mykotické infekce

Invazivni mykotické infekce jsou zavaznou infekéni komplikaci nemocnych
imunokompromitovanych nadorovym onemocnénim a jeho 1é¢bou, HIV-pozitivitou a v
posledni dob¢ 1 nemocnych dlouhodobé hospitalizovanych na jednotkach intenzivni péce,
po tézkych chirurgickych zakrocich atd. V porovnani s bakteridlnimi infekcemi je jejich
vyskyt méné Casty, nicméné jejich incidence nardsta a jsou spojeny s vysokou letalitou (19,
20).

Kvasinky a plisn¢ nejsou az na vyjimky (dermatofyty, endemické mykozy) primarné
patogenni, ale mohou kolonizovat napi. kizi nebo gastrointestinalni trakt. Ke vzniku
onemocnéni (invazivniho/neinvazivniho) napomahaji predispozice hostitele - tzv. rizikové
faktory (onkologicka onemocnéni a jejich 1é¢ba, 1é¢ba kortikoidy, diabetes, pobyt na JIP,
lé¢ba antibiotiky atd.). Pro vznik zivot ohrozujicich invazivnich mykotickych infekci
(IMI), je nejvétsim rizikem neutropenie, protoze obrana organismu proti mikroskopickym
houbam zavisi nejvice na bunéfné imunité. Vstupni branou infekce jsou V piipadé
vlaknitych hub vétSinou dychaci cesty, proto se nejcastéji vyskytuje plicni forma téchto
onemocnéni. Nejcastéjsim puvodcem infekci je Aspergillus fumigatus, dale dalsi druhy
rodu Aspergillus (A. terreus, A. flavus a dalsi). Mezi tzv. vzacné ptivodce IMI pak patii
mukormycety (napt. Mucor, Rhizopus), Fusarium, Scedosporium aj. Naopak septické stavy
nejCastéji  zpusobuji zastupci rodu Candida (21-25), ale po =zavedeni profylaxe
flukonazolem nastal rapidni pokles téchto infekci a dominantnimi ptivodei IMI u pacientti

s hematologickymi malignitami se staly vlaknité houby (26).

Vcasna diagnostika IMI a promptni zahajeni adekvatni 1écby je zcela zasadni pro

progndzu pacienta.

V soucasné dobé je rutinni diagnostika IMI zalozena na kombinaci klinickych
pfiznaki, radiologického nélezu a vysledkii mikrobiologickych testl. Dusnost, horecka a
kaSel jsou casné, ale velmi nespecifické piiznaky. Jako velmi pfinosny, zejména pro
diagnostiku invazivni aspergilozy, se ukazal radiologicky nalez na HRCT (pocitacova
tomografie s vysokou rozliSovaci schopnosti, zangl. High Resolution Computed

Tomography) hrudniku (jako nejcastéjsiho mista postizeni). Bohuzel napt. obraz halo-sign,

11



typicky pro aspergilozu, je pfitomen pouze v docasné a air-crescent sign az v pokrocilych
stadiich infekce (27).

Zlatym standardem laboratorni diagnostiky invazivni aspergilozy (1A) a obecné i IMI,
je prikaz mykotickych element v postizené tkani nebo pozitivni kultivace z primarné
sterilnich lokalit (28). Bohuzel u pacienti s hematologickou malignitou jsou tyto dvé
metody jen velmi malo pfinosné. Citlivost kultivace je ¢asto sniZzena z diivodu jiz zahajené
antimykotické 1écby, ziskani vzorkl pro histologické vysetfeni (nejcasteji pomoci biopsie)

je nemozné, zejména pokud se jedna o pacienty s trombocytopenii.

Velkym pokrokem v diagnostice IMI bylo zavedeni sérologickych testd pro detekci
komponent buné¢nych stén kvasinek a plisni. Pro diagnostiku IA je velmi pfinosna detekce
galaktomannanu (GM) v séru, ptipadné likvoru nebo V tekutiné z bronchoalveolarni lavaze
(BAT) (29-31). Dalsim sérologickym markerem je 1,3-beta-D-glukan (BG). Tento
polysacharid je pfitomen v bunééné sténé vétsiny kvasinek a plisni a jedna se tedy o tzv.

panfungalni marker (32-34).

Detekce obou téchto markert je (v kombinaci s pfitomnosti hostitelskych rizikovych
faktori a klinickych ptiznakil) v sou¢asné dobé zahrnuta do kritérii Evropské organizace
pro vyzkum a lé€bu rakoviny (EORTC, European Organization for Research and

Treatment of Cancer) pro stanoveni diagnozy 1A (35).

3.1 Molekularné biologicka diagnostika mykotickych infekci
Molekularné biologické metody jsou zalozené na detekci nukleovych kyselin
mykotickych patogenti v klinickych vzorcich. Nejéastéji je vyuzivana polymerazova
fetézova reakce (PCR) a jeji varianty — nested PCR a (kvantitativni) real-time PCR (36-
38). V soucasné dobé se jako cilové sekvence pro detekci vyuzivaji nejcastéji
mitochondrialni nebo ribozomalni geny (jednd se o vicekopiové geny a je tak dosazeno
niz§iho detekéniho limitu). Tyto geny jsou obecné evoluéné velmi konzervativni a obsahuji
oblasti, které jsou homologni u témét vSech druht hub (tzv. ,,panfungédlni*) a useky, které

jsou rodové specifické.

Pro vysetieni je teoreticky mozné pouzit jakykoliv biologicky material — krev (plnou

krev, plazmu nebo sérum), BAT, sputum, likvor, biopsie tkani a dalsi.
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3.1.1 Diagnostika invazivni aspergilozy

Zavedeni PCR diagnostiky IMI do rutinni diagnostické praxe se ukazalo jako
nesnadny ukol. Na nasem pracovisti jsme se zacali zabyvat PCR detekci mykotickych
patogenti v roce 2005. Zaméfili jsme se na vybeér vhodné metody pro izolaci DNA z
klinickych vzorktu a navrh PCR metody pro diagnostiku IMI, zejména detekci aspergilové
DNA pro diagnostiku IA ve vzorcich krve a tekutiny z BAT. Literarni data a nase vlastni
zkusenosti jsme shrnuli do ¢lanku ,,Detekce invazivni aspergilézy pomoci PCR a real-time
PCR - prednosti a tskali, publikovaného v roce 2007 v ¢asopise Klinick4d mikrobiologie a

infek¢ni 1€karstvi (Ptiloha 1).

Na zéakladé naSich prvnich zkuSenosti, a zejména vzhledem Kk obtizné interpretaci
vysledku ziskanych pii pouziti riznych diive publikovanych metod, jsme se rozhodli
primarn¢ zacilit na metodu, kterd umozni citlivou a specifickou detekci n¢kolika druhi
Aspergillus sp., které jsou nejcastéjs$imi ptuvodci IA. Nami navrzeny postup byl zaloZen na
kvantitativni real-time PCR, protoze pro hodnoceni vysledk pii detekci v nesterilnich
klinickych vzorcich (zejména BAT) je zasadni nejen prikaz DNA patogentl, ale také jejich
naloz. Nami vyvinutou metodu pro specifickou detekci a kvantifikaci DNA A. fumigatus,
A. terreus, A. flavus a A. niger v klinickych vzorcich jsme patentovali vV roce 2011 (Ptiloha
2).

Pro zhodnoceni ptinosu této nasi nové metody V rutinni diagnostice ji bylo tfeba
otestovat na vzorcich ziskanych od pacientd s prokdzanou IA (kromé& hostitelskych faktort
a klinickych piiznakii je vtomto pfipadé vyzadovan prikaz mykotickych elementt
Vv postizenych tkanich nebo pozitivni kultivace z primarné sterilnich vzorkt). Vzhledem
k nizké incidenci IA u pacientt 1é¢enych na IHOK (incidence je v souc¢asné dob¢ do 5 %),
jsme se rozhodli pouzit pro validaci metody a zhodnoceni korelace jejich vysledka
s dalsimi metodami (kultivace, detekce galaktomannanu a detekce 1,3-beta-D-glukanu)
vzorky ziskané ze zvifeciho modelu IA. Jako experimentalni zvitata byla pouzita morcata,
ktera byla infikovana inhala¢ni cestou druhem A. fumigatus na pracovisti The University of
Texas Health Science Center v San Antonio ve Spojenych statech americkych. Popis této
studie a ziskané vysledky byly publikovany v roce 2012 v casopise Journal of Clinical
Microbiology (Ptiloha 3). Zjistili jsme, ze naSe kvantitativni nested real-time PCR

umoziuje ¢asnou detekci A, pticemz vysledky PCR korelovaly s vysledky sérologickych
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metod (detekce GM a BG). Nejlepsi vysledky byly ziskany u vzorkd BAT a tkani, které
vykazovaly vyraznou pozitivitu uz v ¢asnych stadiich infekce. Naopak nekteré vzorky plné
krve a séra zlstaly negativni na vSechny markery i v pokroc€ilych stadiich infekce. Tyto
inter-individualni rozdily mohou byt podobné i u imunokompromitovanych pacienti a

mohou tak komplikovat diagnostiku IA.

3.1.2 Diagnostika invazivni mukormykozy

Paraleln¢ jsme se také zaméfili na zavedeni metody pro detekci nejcastéjsich
puvodci invazivni mukormykoézy (IM). Do rizikové skupiny pro vznik tohoto onemocnéni
patii kromé& pacienti s hematologickymi a jinymi malignitami (24, 39, 40) a po
organovych transplantacich také pacienti s diabetem. Vice nez 90 % piipadt infekci je
zpusobeno Rhizopus sp. (nejcastéji R. oryzae), dale nasleduji rod Mucor, Lichtheimia
(dtive Absidia) corymbifera a Rhizomucor pusillus, vzacnéji pak dalsi (41). Invazivni
mukormykéza (IM) se vyznacuje rychlou progresi a vysokou letalitou. Mezi nejcastéji
postizené organy patii plice, vystelka paranasilnich dutin a mozek. Definitivni diagnéza
IM je nejcastéji stanovena na zdaklad€ histologického prikazu houbovych vlaken
V postiZzené tkani nebo pozitivni kultivace z klinického materidlu (pro mukormycety jsou
typickeé Siroké, tenkosténné, neseptované nebo fidce septované hyty vétvici se v thlu 90°)

(42, 43). Sérologické metody nejsou k dispozici.

Jako zaklad pro nasi metodiku jsme pouzili dfive publikovanou seminested PCR
metodu s primery specifickymi pro rod Mucorales, ktera je zacilena do oblasti 18S rDNA
(44). V originalni metodice byly jednotlivé druhy dale identifikovany metodou sekvenace,
coz je velmi casové a financné naro¢né. Proto jsme pivodni protokol modifikovali tak, ze
k rozliSeni jednotlivych druht byla vyuZita metoda analyzy kiivek tani s vysokym
rozlisenim (HRM, z angl. High Resolution Melt analysis). Nase metoda je zalozena na
PCR amplifikaci konzervativniho tseku genomu mukormycet pomoci specifickych
primerll za pfitomnosti interkala¢niho barviva. Po provedeni PCR jsou ziskané¢ PCR
produkty podrobeny kontrolovanému tani, pfiCemz pii rozvolnéni dvousroubovice DNA
dochdzi k uvolnéni navdzaného fluorescenc¢niho barviva a tim ke zméné fluorescence ve
vzorku. Tato zména je zaznamendna piisluSnym softwarem a zndzornéna jako kiivka tani,
ktera ma jedinecny tvar pro kazdy druh mukormycety. Metoda byla nejprve validovana na

DNA izolované z kultur kvasinek a plisni a publikovali jsme jeji pouziti pro detekci
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mukormycet ve vzorcich tkdn¢ (publikovano v €asopise Journal of Clinical Microbiology
vroce 2010, Priloha 4). Nasledné jsme validovali také jeji pouziti pro testovani vzorkl
BAT. Soucasti této druhé publikace, vydané v roce 2014 v casopise Journal of Clinical
Microbiology, jsou také nové navrzené metody pro kvantitativni real-time PCR, ktera
umoznuje stanoveni fungalni naloze jednotlivych rodd/druhtt mukormycet ve vzorku a tim

zvySuje Sanci na odliSeni kolonizace od aktivné probihajici infekce (Ptiloha 5).

3.1.3 Panfungalni PCR

I ptes tento Siroky diagnosticky zabér stale zbyvd malé procento infekci, které
mohou byt zptsobeny jinymi druhy, nez byly doposud zminény. Pro jejich diagnostiku je
velmi vhodna panfungalni PCR, jejiz hlavni nevyhodou je vSak Castd faleSna pozitivita
(zejména pii testovani nesterilnich vzorki — jako je napf. BAT). Panfungalni PCR je
vétSinou provadéna jako kvalitativni PCR reakce s naslednou sekvenaci ziskanych PCR
produktti. Nevyhodou tohoto tradi¢niho postupu je dlouhd doba do ziskéani vysledku (az 2-
3 dny) a pomérné velké ndklady na vySetfeni (ndkladnd sekvenacni reakce), pficemz
vysledKy jsou Casto obtizné interpretovatelné (napf. pokud ziskame sekvence nalezejici

kolonizujicim, pfipadné kontaminujicim mikroorganismtim).

Vzhledem k nasim dobrym zkus$enostem S vyuzitim HRM analyzy pro identifikaci
mukormycet, jsme navrhli panfungalni PCR metodu, ve které je sekvenace opét nahrazena
analyzou kfivek tani. Jednd se o uzavieny systém s jednokolovou PCR a vysledky je
mozné ziskat cca za 2 hodiny. Nové navrzené primery jsou umistény do konzervativnich
usekt ohranicujicich variabilni Gseky genomu kvasinek a plisni a to po analyze kiivek tani
umoziuje primou identifikaci etiologického agens. Ukazalo se, Ze vysledky vySetfeni
jednozna¢né¢  odlisi  pivodce  infekce  (zejména  Aspergillus  sp.) od
kolonizujici/kontaminujici flory (zejména Candida sp.) a maji velky pfinos zejména v
ptipadé infekci zplUsobenych vzacnymi mykotickymi patogeny (Fusarium sp.,
Scedosporium sp., a dalsi), které vyzaduji specifickou antimykotickou terapii (zejména
kvuli zndmym primarnim rezistencim na néktera antimykotika). Validace této metody na
vzorcich z BAL byla v roce 2016 publikovana v casopise Medical Mycology (Pfiloha 6) a
vzhledem ke svému komerénimu potencialu také piihlasena na Ustavu primyslového

vlastnictvi CR jako uZitny vzor (Pfiloha 7).
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3.1.4 Molekularni detekce mykotickych patogenti ve Fakultni nemocnici Brno

V souasné dobé na naSem pracovisti rutinné testujeme vSechny vzorky z
bronchoalveolarni lavaze od pacientl s podezienim na IMI na pfitomnost nejcastéjSich
zastupcu rodu Aspergillus a soucasné metodou pro detekci mukormycet. Tento postup
umoziuje rychlou diferencidlni diagnostiku invazivni aspergilozy a invazivni
mukormykozy a zahdjeni uc¢inné 1é¢by, ktera je v piipad¢€ téchto dvou infekei zcela odlisna.
Pokud podezieni na IMI trva i pfes negativni vysledek obou jmenovanych vySetfeni,
provadi se panfungalni PCR s HRM analyzou. Pro pacienta ma velky vyznam i negativni
vysledek vSech téchto vySetfeni, ktery v kombinaci s negativnimi vysledky sérologickych

testl muze IMI v podstaté vyloucit.

Kromé vySe uvedenych je nyni mezi mykotické oportunni patogeny fazena také
Pneumocystis jiroveci, puvodce zavazné intersticidlni pneumonie. Onemocnéni se
vyskytuje zejména u HIV pozitivnich nemocnych, ale i u jinych imunokompromitovanych
pacientt. Specifickou skupinu tvofi pacienti s hematologickymi malignitami, u kterych
bylo zjisténo, Ze konvenéné pouzivané mikroskopické metody nejsou dostateéné citlivé. U
téchto pacientd se stala metodou volby PCR (kvatitativni real-time PCR) detekce DNA P.
jiroveci ve vzorcich sputa nebo tekutiny z bronchoalveolarni lavaze. Na nasem pracovisti
pouzivame pro detekci P. jiroveci in-house kvantitativni real-time PCR metodu a nase i
literarni poznatky o PCR diagnostice pneumocystové pneumonie jsme publikovali

v piehledovém ¢lanku v ¢asopise Postgradualni medicina v roce 2013 (Ptiloha 8).
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4 Virové infekce

Virové infekce jsou castou komplikaci 1écby nemocnych s hematologickou

malignitou. I kdyz u zdravych lidi ma vétSina virovych infekci pouze mirné symptomy, u

0sob s oslabenou imunitou mohou pfedstavovat zivot ohrozujici komplikace (45, 46).

Puvodce virovych infekei u imunokompromitovanych nemocnych Ize rozd¢lit na dvé velké

skupiny: infekce zptisobené reaktivaci latentnich virti v organismu (nejcastéji herpetické

viry, pfipadné polyomaviry) a infekce zplisobené viry ziskanymi z komunity (nejcastéji

respirani viry, piipadné viry zpsobujici gastrointestinalni potize) (45, 47).

Obecné je diagnostika virovych infekci u imunokompromitovanych pacientl

zalozena na klinické manifestaci (ktera vsak muze byt u IS odlisna neZ u zdravé populace)

a vysledcich laboratornich vysetfeni. Piehled dostupnych laboratornich metod a jejich

vyhod a nevyhod uvadi Tabulka 3.

Metoda Senzitivita Specificita Cas Virus Poznamka

HSV, CMV, V2V,

_ ) Zlaty standard, ale
Kultivace +++ ++++ + influenza, RSV,
) zdlouhava
PIV, adenoviry
HSV, CMV, VZV,
) ) ) Kratsi nez kultivace, ale i tak
Shell-vial kultivace — ++ +++ ++ influenza, RSV,
) zdlouhava

PIV, adenoviry
Detekce antigentl ++ ++++ ++++  VétSina Rychla, ale nizka senzitivita
PCR ++++ +++ +++ Vsechny Rychla, vysoka senzitivita
Histopatologie/
. ) . NA NA NA Vsechny Pfima detekce virt v tkdni
imunohistochemie
Elektronova Nakladné vybaveni a

. ] ++ NA ++++  VSechny

mikroskopie technicky naro¢na
Sérologie NA NA NA NA Nelze pouzit

svw s

rychlost - (+) — nejpomalejsi, (++++) — nejrychlejsi, NA — nelze aplikovat, HSV — herpes simplex virus,
CMV - cytomegalovirus, VZV — varicella zoster virus, RSV — respira¢né syncitialni virus, PIV —
parainfluenza virus. Upraveno podle Lin et al. (46)
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Stejné jako u ostatnich typt infekci, ma i laboratorni diagnostika virovych infekci u
imunokompromitovanych pacientd sva uskali. Pfi orgdnovém postizeni (pneumonie,
encefalitida, kolitida atd.) je pro definitivni stanoveni diagnozy zasadni specificka detekce
viru v postizenych tkanich, ktera ¢asto neni mozna z divodu komplikaci spojenych se
ziskanim vzorkl pfi invazivnim vykonu. Kultivace viru je zase pro rutinni pouziti ptilis
zdlouhava. Sérologické metody nejsou vhodné pro rychlou diagnostiku, nebot’ je nutné
porovnani akutniho a rekonvalescentniho séra ziskané¢ho alespont 2 tydny po inicidlni
infekci (ale 1épe 3-4 tydny poté). Navic u imunokompromitovanych pacienti je
protilatkova odpovéd’ obvykle opozdéna nebo snizena a je bézné podavani imunoglobulinti
nebo krevnich produktl, které mohou obsahovat specifické protilatky. Detekce antigenti

patii mezi velmi rychlé metody, bohuzel u IS pacientti nema dostate¢nou senzitivitu (46).

V soucasné dobé je diagnostika virovych infekci u imunokompromitovanych
nemocnych zaloZena pievazné na pouziti molekularné biologickych metod, dominantné na
kvantitativni real-time PCR (12, 48, 49). Tato metoda umoziuje nejen velmi citlivou a
specifickou detekci viru, ale také piesné stanoveni virové naloze. U infekci zplisobenych
viry, které jsou v organismu pfitomny v latentnim stavu, je tfeba stanovit hladinu virové
naloze, ktera odlisi bezvyznamnou reaktivaci viru, ke které¢ dochéazi v pritbé¢hu 1écby nebo
napf. béhem jinych probihajicich infekei (Casto bakteridlnich) od zacinajici infekce, ktera
bez véasného zahdjeni terapie povede k dal§imu rozvoji klinickych ptiznakl a nasledné

k moznému organovému postizeni.

ProtoZe antivirotika jsou dostupna pouze pro omezené mnozstvi agens, hraje
vV managementu virovych infekci zasadni roli prevence vzniku téchto infekci a ptipadné
rychld rekonstituce imunitni odpovédi u pacientli. V prevenci vzniku infekei se uplatiiuje
vybér séronegativniho darce pro transplantaci, volba intenzity predtransplantacni piipravy
a prevence vzniku reakce S$tépu proti hostiteli. Po transplantaci pak vakcinace neZivymi
vakcinami (chiipka, Salkova polio vakcina) a profylaktické podani antivirotik (acyklovir
pro prevenci HSV a VZV, nepiimo i CMV). Ke zvladnuti infekci napomaha také snizeni
imunosuprese (pokud je mozné), podani infuze darcovskych leukocyti (DLI) nebo nove ex

vivo Kkultivace virus-specifickych cytotoxickych T-lymfocyti.
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4.1 Molekularné biologicka diagnostika virovych infekci

Doporuceni pro management vétSiny virovych infekei u  pacienti
s hematologickymi malignitami jsou pravidelné zpracovavana Evropskou skupinou pro
transplantace  krvetvornych  bunék (European Bone Marrow Transplantation,
www.ebmt.org), kterd zastfeSuje Evropskou konferenci o infekcich u pacientd s leukémii
(European Conference on Infections in Leukemia) (50-54). U fady virovych infekci ma
zéasadni vyznam tzv. preemptivni pfistup k 1é¢bé. To znamena, Ze je u rizikovych pacientl
provadén screening klinickych vzorki na pfitomnost vird (zejména CMV a EBV) pomoci
molekularné biologickych metod (55) a 1é¢eni jsou pacienti, u kterych byl virus detekovan
(@ jeho naloz ptekrocila stanovenou hranici), i kdyz jesté nedoslo k rozvoji klinickych

priznaki.

Kwvili velké variabilité testovanych klinickych materiala (plna krev, sérum, plazma)
a metod detekce (in-house i komer¢nich) doposud nebyly u screeningovych vysetfeni jasné
stanoveny hladiny virové naloze, pti kterych by méla byt zahajena 1écba. U pacientl
s klinickymi pfiznaky (horecka, pneumonie) pak hladiny, ktera by jednozna¢né urcily dany
virus jako etiologické agens. Stanoveni kritické virové naloze je tedy nutné provést na
zékladé Kkorelace ziskanych laboratornich vysledkti a klinickych udaji na kazdém
pracovisti zvlast. Resenim tohoto problému miize byt standardizace kvantifikace za pouziti
WHO Standardu pro CMV i EBV. Ten mohou laboratofe pouzit pro stanoveni
konverzniho faktoru pro jejich metody izolace DNA a real-time PCR (56). Pouziti
konverzniho faktoru pak umoziuje uvadét vysledky v mezinarodnich jednotkéch na mililitr
plné krve (IU/ml) a to by mélo usnadnit mezilaboratorni srovnani ziskanych vysledkt a

stanoveni hladiny virové naloze pro jednotlivé rizikové skupiny pacientd (57-59).

Dalsim faktorem, ktery je nutno v diagnostice vzit v tvahu, je pfirozena biologicka
variabilita v sekvencich DNA jednotlivych kment virt, kterda mize zpisobit selhani PCR
metod v dasledku nenasednuti primerd na cilovou sekvenci. Piiklad selhani kvantitativni
real-time PCR detekce CMV jsme publikovali v roce 2007 v casopise Journal of Clinical
Microbiology (Piiloha 9). Clanek popisuje nase zkusenosti s pouzitim real-time PCR
metody detekujici ¢ast exonu 4 genu ULI123, ktera byla pievzata z literatury. Pied
zavedenim této metody do rutinni praxe a kompletnim nahrazeni dfive pouzivané
kvalitativni metody (detekujici jinou ¢ast stejného genu) jsme cca 1 rok testovali klinické
vzorky paraleln¢ obéma metodami. Béhem testovani obéma metodami jsme zjistili, Ze asi u

5 % pacientt (18/363) jsou vysledky real-time PCR fale$né negativni. Provedli jsme tedy
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sekvenacni analyzu cilového useku DNA, kterd ukazala, ze v téchto klinickych vzorcich
Jjsou v misté nasedani primerti a TagMan sondy pfitomné ¢etné zamény v sekvenci DNA,
které neumoziiovaly u¢inné nasednuti primerit a znacn¢ snizovaly citlivost PCR reakce.
Ziskané vysledky tak byly falesn¢ negativni nebo byla zjisténa naloz 100 — 1000 x nizsi

nez naloz skute¢na.

4.1.1 Herpesvirové infekce

Spole¢nym charakteristickym znakem vsech herpetickych virti je, ze po prob&hlé
primarni infekci piechazi do stavu tzv. latence (60). Pokud dojde k oslabeni imunitniho
systému (v disledku transplantace nebo protinadorové terapie), ztraci organismus kontrolu

nad timto stavem a dochazi k aktivni replikaci viru a nasledné rozvoji klinickych ptiznaki.

Herpetické viry se na zaklad¢é délky replikacniho cyklu, mist latence a vlastnosti

virovych ¢astic rozd€luji do tiech skupin (Tabulka 4):

Herpes simplex virus — 1 HSV -1

o — herpersviry Herpes simplex virus — 2 HSV -2
Varicella zoster virus \AY)
Lidsky cytomegalovirus CMV

B — herpesviry Lidsky herpes virus 6 HHV-6
Lidsky herpes virus 7 HHV-7
Virus Epstein-Baarové EBV

v — herpesviry
Lidsky herpesvirus 8 HHV-8

Tabulka 4. Rozdéleni herpesvirt

4.1.1.1 CMV

roz§ifen — v dospélosti je séropozitivni az 90 % populace (61). Primarni infekce probiha
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vétSinou v détstvi asymptomaticky, méné Casto u adolescenti pod obrazem infekéni
mononukleézy. Infekce zplsobend lidskym cytomegalovirem (CMV) je jednou
Z nejcastéjsich infek¢nich komplikaci u pacientii s hematologickou malignitou a pacient
po transplantaci krvetvornych buné€k (TKB). U transplantovanych pacienti dochazi
k reaktivaci viru az u 80 % séropozitivnich piijemct, u cca 30 % séronegativnich piijemct
se séropozitivnim darcem dojde k rozvoji primarni CMV onemocnéni (62). Méné Casto je
pak pfi¢inou komplikaci tzv. primoinfekce CMV, tj. stav, kdy se organismus s virem
potkava poprvé. V tomto piipad¢ je u imunokompromitovanych pacienti prubéh infekce
obvykle velice véazny, s vysokym rizikem vzniku organového postizeni (tzv. CMV
onemocnéni), které je spojeno s vysokou morbiditou. Klinickymi projevy CMV infekce
jsou horecka, leukopenie, multiorgdnovd postizeni vcéetné¢ pneumonie, hepatitidy,
gastroenteritidy, kolitidy, retinitidy a encefalitidy (53, 61). Muze také dojit k postizeni

transplantac¢niho $tépu, které mize vést k jeho odvrzeni.

Lékem volby pti CMV infekci je ganciklovir (GCV) nebo jeho peroralni forma
valganciclovir a po zahajeni terapie vétsinou dochazi v krvi k rychlému poklesu virové
naloze. Pokud by virova naloz neklesla (nebo dokonce nartstala) i pies zahajenou 1é¢bu je
tieba zvazovat moznost rezistence CMV na lécbu. CMV rezistence na GCV je nejcastéji
popisovana u HIV pozitivnich nemocnych, ktefi jsou v disledku opakovanych reaktivaci
CMV dlouhodobé a opakované 1é¢eni (63-65). Bylo ale prokazano, Ze rezistence na 1é¢bu
se mize rozvinout i u pacientti s hematologickou malignitou a to uz po n¢kolika tydnech
lécby (66, 67). Rezistence je zplsobena bodovymi mutacemi vV genech pro virovou
fosfotransferazu (UL97, > 90% vSech mutaci) a virovou DNA polymerazu (UL54, Casto
spojeno se zkiizenou rezistenci na dalsi antivirotika) a detekce téchto mutaci je nejcastéji
provadéna PCR amplifikaci a naslednou sekvenaci tsekit DNA obou genti (68-70). Jedna
se o pomémé casové 1 finanéné naro¢nou analyzu, kterou je tfeba cCasto provadét
opakované. Rozhodli jsme se proto navrhnout pro 3 nejcastéj$i mutace real-time PCR
metody, které umoziuji cilenou detekci a kvantifikaci ganciklovir citlivych a ganciklovir
rezistentnich kloni CMV v krvi pacienta. Vysledky této studie byly publikovany (viz
Ptiloha 10) a na ptikladu 3 pacientii bylo prokazéano, Ze zastoupeni rezistentniho a citlivého
klonu CMV se u pacientd méni. Zjistili jsme také, ze po odstranéni selekéniho tlaku
antivirotika dojde k eliminaci rezistentniho klonu a pfi dalsi reaktivaci u téhoZz pacienta jiz

mize byt terapie ganciklovirem tGspésna.
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Shrnuti soucasnych literdrnich dat a naSich vlastni zkuSenosti s diagnostikou CMV
infekci jsme publikovali v roce 2013 pod hlavickou Ceské leukemické skupiny — pro Zivot
(The CzEch Leukemia Study Group — for Life, CELL, www.leukemia-cell.org), jejimz
cilem je zlepSeni péce o nemocné s leukemiemi v CR a akcelerace vyzkumu v této oblasti

(Ptiloha 11).

4.1.1.2 EBV

Druhym obavanym zastupcem herpesviru je EBV (71, 72). Stejné jako CMV je i
EBV Siroce rozsifeny virus ptfitomny az u 90 % populace. Primarni infekce probiha
bezpiiznakove nebo je virus pfic¢inou infekéni mononukleozy. Reaktivace viru je spojena s
Sirokym spektrem klinickych piiznakd - je asociovan se vznikem Burkittova lymfomu,
EBV-asociovanych komplikaci 1é¢by pacienti po transplantaci krvetvorné tkané i
solidnich organt, je vznik posttransplanta¢ni lymfoproliferativni nemoci (PTLD), ktera je

spojena letalitou 50-80 % (73, 74).

Stejné€ jako u CMV je i management EBV infekci zaloZen na preemptivni terapii.
V nasi studii z roku 2012 (Pfiloha 12) jsme na zaklad¢é zhodnoceni vysledki testovani z let
2007-2011 zjistili, ze incidence EBV asociovanych komplikaci byla u pacientti Interni
hematologické a onkologické kliniky Fakultni nemocnice Brno asi 9 %, potvrdili jsme
nutnost sledovani pacienti po HSCT na ptitomnost EBV alesponi 3 mésice po transplantaci

a stanovili virovou naloz pro zahdjeni 1écby na 1000 kopii EBV/ng DNA.

4.1.1.3 Detekce herpesvirii v tekutiné z bronchoalveoldrni lavdze

Herpesviry mohou byt vzicné pivodci intersticidlnich plicnich pneumonii.
Diagnostika herpesvirové pneumonie je velmi naro¢na a zahrnuje kromé nespecifickych
klinickych ptiznak, jako jsou dusSnost, kaSel, horecka a radiologicky nélez pulmondalnich
infiltrat, také detekci viru v biologickém materidlu z dolnich cest dychacich. Protoze
invazivni odbér vzorku pro histologické vySeteni neni ¢asto mozny, je Casto vySetfovanym
materialem vzorek tekutiny z bronchoalveolarni lavaze a metodou volby pak kvantitativni
real-time PCR. Soucasné poznatky o vyznamu detekce a kvantifikace jednotlivych
herpesvira v BAL jsme shrnuli v ¢lanku publikovaném v ¢asopise Klinicka mikrobiologie

a infek¢ni 1€karstvi (Ptiloha 13).
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4.1.2 Infekce zpiisobené neherpetickymi viry
K témto infekci se fadi zejména infekce zpiisobené komunitnimi respira¢nimi viry a

adenoviry, dale pak infekce zpisobené reaktivaci latentnich polyomavirg.

Mezi komunitni respiracni viry patii virus influenzy, respiracné-syncitidlni virus,
virus parainfluenzy, lidsky metapneumovirus, rhinovirus, respira¢ni adenoviry, koronaviry
a bokaviry. Metody jejich detekce, incidence u pacienti po HSCT, frekvence progrese do

dolnich cest dychacich a nasledna letalita jsou uvedeny v Tabulce 5.

Incidence  Progrese infekce Letalitau

Virus Diagnosticka metoda

infekce do DCD infekeci DCD
Respiracné- PCR (preferovana), detekce

2,2-58% 17-84% 7-83 %
syncitialni virus antigenu, kultivace
Virus PCR (preferovana), detekce

AZ179% 50 % AZT75%
parainfluenzy antigenu, kultivace

PCR (preferovana), detekce
Virus influenzy 1,7-90%  18-44% 5-37%
antigenu, kultivace

Lidsky PCR (preferovana), detekce

2,5-9 % 21-40 % 33-40 %
metapneumovirus  antigenu,
Rhinovirus PCR (preferovana), kultivace 22,3 % <10 % ?
Koronaviry PCR 11% ? ?
Bokaviry PCR 2,1% ? ?

Tabulka 5. Infekce zpisobené komunitnimi respira¢nimi viry u pacientii po HSCT. DCD - dolni cesty
dychaci, ? — nejsou dostupné studie. Upraveno podle Lin et al. (46)

Hlavni metodou managementu infekci zpisobenych komunitnimi respiraénimi viry
je prevence nakazy od oSetfujiciho personalu a dalSich kontaktd. V obdobi vyskytu

respiracnich infekei je doporucena izolace téchto nemocnych a zvysend hygiena. Proti viru
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influenzy je nutné pacienty kazdoro¢né ockovat. Jak vyplyva z Tabulky 5, metodou volby
pro detekci respiracnich virt je PCR (18, 75-77).

Adenoviry piedstavuji Sirokou skupinu virli, s vice nez 50 zndmymi sérotypy,
jednotlivé sérotypy se déli do skupin A — G. Diseminované infekce a organové postizeni
jsou u imunokompromitovanych nemocnych velmi vzacné, ale jejich pribéh je velmi
zavazny s vysokou letalitou. Cast&jsi jsou u déti nez u dospélych (78-80). Metodou volby
pro diagnostiku adenovirovych infekci je nyni vhodné zvolena PCR (kvantitativni real-

time PCR), ktera musi byt navrzena do konzervativnich oblasti genomu, aby umoznila

detekci vSech sérotypu (80-82).

Mezi polyomaviry patii JC virus zodpovédny za progresivni multifokdlni
leukoencefalopatii (PML) a BK virus, ktery je nejcastéji asociovan s tézkou hemoragickou
cystitidou (HC). PML se vyskytuje nejéastéji u HIV pozitivnich pacienta (83, 84). HC
casto komplikuje postransplantacni prib¢h. Prevence vzniku téchto infekci neni znama,
pro jejich diagnostiku je pouzivana zejména detekce viru pomoci real-time PCR v likvoru

(u JC viru) nebo mo¢i (u BK viru) (45, 84-86).
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5 Zaver

Oportunni infekce c¢asto komplikuji prabéh 1é€by u pacientd s hematologickou
malignitou a jsou po nezvladnuti zékladni choroby druhou nejcastéjsi pti¢inou jejich umrti.
Jejich Casna diagnostika pomoci vhodné zvolenych molekuldrné biologickych metod je
zcela zasadni pro progndzu pacienta. Podrobné znalosti incidence jednotlivych infekci u
riznych skupin pacienti umoznuji dilezitou diferencidln€é diagnostickou rozvahu
s naslednym zacilenim diagnostickych metod na nejvice pravdépodobné ptivodce infekci a

tim jejich racionalni vyuziti.

Jediné¢ dobra znalost pfednosti a uskali molekularné biologickych metod zajisti
spravnou interpretaci vysledkd ziskanych t€émito metodami a umozni dalsi rozvoj tohoto

odvétvi 1ékarské mikrobiologie.
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SOUHRN

Lengerova M., Ragil Z., Hrnéifova K., Lochmanova J., Dvorakové D., Mayer J.: Detekce invazivni aspergil6zy pomoci PCR a real-ti-
me PCR - prednosti a tiskalf

Prestoze PCR detekce mykotickych patogeni v klinickych vzorcich se na strimkach odbornych ¢asopisit objevuje jiz vice nez dvacet
let, je pouziti této metody pro rutinni diagnostiku invazivni aspergilozy stale diskutabilni. A to i presto, Ze metody molekularni biolo-
gie jiz nadly své stdlé misto v mnoha odvétvich moderni mikrobiologie. Genotypizace bakteridlnich kment rezistentnich na antibioti
ka, molekuldrni epidemiologie, ale i rutinni detekce, napk. virovych infekei 2 nejriznéjsich klinickych materidl je v dne$ni dobé zce-
la beznou praxi. Ve viech téchto oblastech znamenalo zavedeni metody PCR diagnostiky zrychleni, zpiesnéni a zjednoduseni celého
procesu. Tento piehledovy tlanek ma za cil ukédzat, v tem je detekee pivodei mykotickych infekei jind a prot se ji dosud nepodaiilo
zavést do rutinni praxe.

Klidova slova: PCR, real-time PCR, Aspergillus sp., invazivni aspergiléza

SUMMARY

Lengerova M., Raéil Z., Hrnéifova K., Lochmanova J., Dvofdkova D., Mayer J.: Detection of invasive aspergillosis by PCR and
realtime PCR - benefits and drawbacks

PCR detection of fungal pathogens in clinical samples has been discussed in journals for more than two decades. However, its use for
diagnosing invasive aspergillosis is still controversial, despite the fact that molecular methods are routinely used in various fields of
modern microbiology. These are e. g. genotyping of bacterial strains resistant to antibiotics, molecular epidemiology or routine detec-
tion of viral infections in clinical material. PCR methods have made the diagnostic applications faster, simpler and more accurate. This
review deals with issues related to molecular methods for diagnosing invasive fungal infections and the main factors limiting their use
in everyday clinical practice,

Keywords: PCR, real-time PCR, Aspergillus sp., invasive aspergillosis
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Uvod

Aspergillus sp. je saprotyticka pliseni, kterd md v Zivotnim
prostiedi dileZitou roli v metabolizmu uhliku a dusiku. Jeji
pfirozenou nikou je piida, kde roste se podili na rozkladu or-
ganického substritu. V ramei svého reprodukéniho cyklu
produkuje kazdy organizmus tisice konidif, které se uvoliiu-
i do prostiedi. Konidic fady druhi, véetné patogennich pro
Cloveka, jsou velmi malé (2-3 pm), takZe se mohou pri
vdechnuti dostat az do plicnich alveoli. Tnhalace konidif
imunokompetentnimi jedinci nevede obvykle k Zddnému
klinickému projevu, k jejich eradikaci z dychacich cest staci
bézné (kdfiové obranné mechanizmy a mechanizmy vrozené
bun&éné imunity. Jedté v neddvné dobé byl rod Aspergillus
povazovdn za pomémné slabého patogena zplisobujiciho pie-
vazné alergické projevy u osob dlouhodobé vystavenych
prostiedi s velkym vyskytem plisni (napf. pracujici v zemé-
d&lstvi). Spolu s tim, jak se imunosupresivni lé¢ba stava
agresivngjii a imunokompromitovanych pacientit pfibyva,

se viak situace dramaticky zménila [1,2.3].

U téchto pacicnti Aspergillus sp. zplsobuje predevsim -
infekce dolnich a vyznamng méné Castéji hornich dychacich
cest (neinvazivni — aspergilom, invazivni — pneumonie,
sinusitida). Priblizn¢ u 20 % nemocnych pak dochdzi k di-
seminaci procesu z plic hematogenn{ cestou s ndslednym
postizenim piedeviim centrdlni nervové soustavy a paren-
chymatéznich organi (jdtra, slezina). PostiZen muze byt ale
teoreticky jakykoliv orgdn.

Za vice nez 90 % aspergilovych infckei je zodpovEdny
druh A. fumigatus. K tomuto prvenstyi prispivd nékolik fak-
tori — zejména malé spory tohoto druhu, rychly rist myce-
lia pii teploté 37 °C a skromné nutriéni poZadavky [4]. In-
fekee u lidi mohou zpisobovat také dalsi druhy — A. flavus,
A. terreus, A. nigera A. nidulans.

Pro prognézu nemoenych md zasadni vyznam Casné za-
hdjenf antimykotické 1¢¢hy, a tedy i Casné stanoveni diagn6-
zy. Vzhledem k tomu, Ze konvencni diagnostické metody
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(kultivace, cytologie, zobrazovacl metody) Casto ve své sen-
Zitivité a asnosti selhdvaji, doslo v poslednich letech k roz-
voji nekultivaénich diagnostickych metod. Mezi tyto, vedle
metod imunologickych (detekujici antigeny mykotickych
patogent), patii pravé i PCR (z angl. polymerase chain re-
action, polymerdzova fetézovi reakee) diagnostika. Usp&ind
detekce mykotickych patogent pomoci PCR ma nékolik zi-
kladnf kamen( — vybér vhodného klinického materidlu pro
testovéni, izolaci DNA, vybér vhodné PCR metody a v ne-
posledni fadé spravnd interpretace vysledki. BohuZzel kazdy
jednotlivy z nich skryvd mnohd skali.

Vyb&r vhodného klinického materiélu pro detekci

Mikroskopickd detekee fungélnich hyf a pozitivni kulti-
vace jinak sterilni tkdné jsou samoziejme nejpfesnéjsi dia-
gnostické metody, bohuZel u vEéSiny pacienti je toto moZné
aZ pfi velkém a nevratném poskozeni vnitinich orgdnt popf.
post mortem. Ziskdni materidlu (nejcastéji plicniho paren-
chymu) navic vyZaduje biopsii, kterd je jen velmi obtiZné
proveditelnd u kritickych nemocnych s trombocytopenif
a koagulopatif.

V piipad¢ plicntho postizenf je u imunokompromitova-
nych pacienti Casto provadéna bronchoalveoldrni laviZz
(BAL) za G¢elem ziskdni materidlu z dolnich cest dycha-
cich.

Senzitivita a negativni prediktivni hodnota PCR detekce
Aspergillus sp. v BAL dosahuje 90-100 %, ale pozitivni
prediktivnf hodnota jen 32-52 % — fale$né pozitivaf vysled-
ky jsou tedy pomérné ¢asté. Detekce Aspergillus sp. v tom-
to materidlu totiz mize odrdZet nejen infekei, ale i kolo-
nizaci, popi. kontaminaci. Jestlize
piedpokldddme, Ze mnoZstvi patogena
je pii kolonizaci niZ8i neZ pfi aktivni
infekei mohlo by pokrok v tomto smé-
ru znamenat zavedeni kvantitativni
PCR [6]. Nastaveni vhodné hranice
pozitivity, napi. na ziklad¢ poctu kopif
v 1 ml BAL, by potom umoznilo roz-
délit pacienty do skupin s v@Sim i
mendim rizikem rozvoje invazivni my-
kotické infekce (IFI, z angl. invasive
fungal infections).

BAL je v3ak také invazivni proce-
durou a jeji provedeni mize byt u éis-
ti nemocnych spojeno s komplikacemi
(krvacend, zhor§eni ventilaénich para-
metrt). Navic je lavdz provadéna aZ na
ziklad€ abnormality na zobrazovacich
metodédch, tedy pii jiz vé&inou plné
rozvinuté plieni patologii.

Bioptované tkdn¢ ani tekutina
z BAL tedy ncjsou vzdy optimdlnim
materidlem pro screening nemocnych
s rizikem invazivni aspergil6zy.

V klinické praxi je vzorkem, ktery
lze ziskat relativné snadno a opakova-
ng, periferni krev. Detekee fungdlni
DNA v periferni krvi je nejCastéjsi sc-
reeningovou  metodou  pouZivanou
u pacientli s rizikem rozvoje 1FL

Co vlastné v krvi detekujeme?

7Zakladni otazkou, kterou je potieba zodpovédé, je, jakou
st nebo formu plisiiové buiiky obsahujici DNA v krvi
vlastné detekujeme. Jde o uvolnéné konidie, neviabilni frag:
menty plisnovych hyf, fagocytované &dsti nebo volnou
DNA? Pritomnost konidif je velmi nepravdépodobnd, proto-
7e pro jejich tvorbu nemaji plisné v krevnim fecisti vhodné
prostiedi (nenf piitomno rozhrani se vzduchem). Pritomnost
volné DNA, jako moZného cile izolace, nelze vyloudit, pro-
toze bylo publikovino nékolik praci detekujicich DNA
v plazmé& [7] a séru [8]. Mennink-Kersten a kol. [9] publi-
kovali, Ze fungdlni DNA je do krve uvoliiovdna pouze po na-
ruSeni hyl napf. v disledku obrannych mechanizmi hostite-
le nebo autolyzy pii nedostatku Zivin, Problémy s detekel
fungdlni DNA v krvi v8ak naznacuji, Ze volnd DNA patrné
nebude dominantni sloZkou,

PouZiti raznych technik izolace DNA z rtznych krevnich
frakei pfindSi Casto velmi rozporuplné vysledky. Costa
a kol. [10] publikovali, Ze mnozstvi DNA ziskané po izolaci
ze séra, plazmy a leukocytii je srovnatelné. Locetfler a kol.
[11] uvddéji, Ze pro detekei Aspergillus sp. je vhodnéjsi pro-
vadét izolaci z pIné krve neZ z plazmy. White a kol. [12] zji-
stili, Ze po inokulaci DNA izolované ze zndmého mnoZstvi
A. fumigatus a ndsledné izolaci pomoci piistroje pro auto-
matickou izolaci nebyl ani jeden ze vzorki pozitivn{ (v dis-
kuzi uvadéji, 7e zvolend metoda nebyla pravdépodobné
vhodnd pro izolaci volné DNA nebo do3lo k degradaci DNA
plsobenim DN4z).

Je tedy velmi pravdépodobné, 7ze DNA je v krvi pfitomna
v riiznych forméch, napk. podle stadia infekce nebo zahdje-

Obrazek 1

Schéma izolace DNA pomocf rozbijecich sklenénych kulicek a kolonky. Vychozim
materidlem je zpravidla 5 ml periferni krve (A). V prvnim kroku dochazi k lyzi
erytrocytll pomoci hypotonického roztoku (B). Tento krok je nutny k odstranéni
krevniho barviva hemoglobinu, ktery je znamym inhibitorem PCR. Zbytek bunék
je poté sedimentovan centrifugaci (C) a peletka pfenesena do zkumavky
s lyzaénim roztokem a sklenénymi rozbijecimi kulickami (D). Poté je zkumavka
intenzivné trepana na vortexu, asi 5-15 minut (E). Zbytky bunééného debrisu
spolu s kulickami jsou opét sedimentovany centrifugaci (F) a supernatant
nanesen na kolonku (G). Na té je selektivné zachycena uvolnéna DNA,
promyta od zbytkl protein( a poté pomoci roztoku se specifickym pH odmyta

do sbémé zkumavky (H).

min.

Obrazek 2

Schéma usporadani podjednotek rDNA a ITS oblasti v genomu A. fumigatus

ITS1 E5Y ITS2 285
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g

ni/nezahdjeni antimykotické terapie.
Obecné lze Fici, Ze pii spriviné zvolené
izolaCni metod€ je dobrym vychozim ma-
teridlem plné periferni krev, kterd obsahu-
je jak volnou DNA tak krevni butiky s fa-
gocytovanymi ¢asticemi.

3T 4:

-—ee-- 3

druhy
WS

Stanoveni a srovnénf citlivosti izolag-
nich a detekénich metod

Provést absolutni stanoveni citlivosti
pouzivanych izolac¢nich a detek&nich me-
tod je témei nemozné, BEZne se lato sta-
noveni provadgji inokulaci krve od nega-
tivniho pacienta bud izolovanou DNA,
definovanym poctem konidii nebo vldken
plisiové kultury. Ani jedna z téchto metod
viak nenf schopné plné simulovat situaci
v klinickém vzorku. Izolovand DNA ne-
miZe poskytnout informaci o situaci, kdy
je DNA uzavicnd v odoIné bun¢éné sténé
plisni, konidie se v krvi nevyskytuji
a presné natitrovat hyfy také neni mozné.
Proto musime mit na paméti, 7e srovndn{
citlivosti mezi jednotlivymi pracemi
a uvadeéné absolutni hodnoty jsou jen vel-
mi orientacni.

€ mezi vSemi
CTCGTGATC

G

AACAGGTCTGTGATGCC

v

-~ = -TGTG

kysekvence homologick

Cuji Osel
GAlCCL

.

w;

Vybér metody izolace DNA

Zcela zdsadnim krokem pro dspésnou
detekei [ungdlnich patogenit je izolace
DNA. Velmi té¢innd metoda izolace DNA
je potiebnd zejména z divodu malé kon-
centrace cirkulujici fungdlni DNA. V lite-
ratuie se uvidi, Ze v krvi cirkuluje pri my-
kotick¢é  infekci  mnoZstvi  DNA
odpovidajici 1 CFU v | ml krve. Pii béz-
ném odbéru cca 5 ml krve mame tedy
k dispozici cca < 5 CFU na vzorek. Tyto
musime nejprve odizolovat a pak jest€ de-
tekovat pomoci PCR. Pokud po izolaci
DNA extrahujeme do vysledného objemu
50 pl - pak je jedna CFU pfitomna v kaz-
dych cca 10 pl. PouZijeme-li toto mnoZstvi
do PCR dostavime se velmi blizko k de- |
tekénim limitdm (élo metody. MiZe se
stit, Ze vznikd tzv. sampling efekt, tedy

Obréazek 4
a Clovékem (U13369). Cerné bloky vyzna
i
3-F

PR

COCALCREITIO

N,

hos
I3

30GC0CCHENCE
BCTIRACIGES

€5 TCM CTTRCTGA
ARG

O

blasti 18S rDNA mezi A. fumigatus (AF548062)
ERCACCATAARCEATEC!

g
: o
i f& jedna z paralel PCR muiZe byt negativni
EE a jind pozitivni. Ke spravné inrcl';):'clagi‘
; &S takovych vysledk potom pomize opako-
i A vany odb&r vzorkd.
] % Na rozdil od bun&&nych stén bakterial-
5 ! nich bunck a obalu vird, které lze rozrusit
& e pomoci detergentli pfitomnych v lyzac-
% e nich roztocich véSiny komeréné doddva-
o o nych izolaénich kitd, je sloZeni bunécné
\§ ; ‘ stény hub podobné spife burikdm rostlin-
3 nym nez zivociSnym (pfitomnost slozitych
® polysacharidd, jako je glukan, galakto-
mannan, chitin a dalsf). Pfi izolaci fungdl-
ni DNA je proto nutné jeji naruSeni me-
Klinicka mikrobiologie a infekéni Iékarstvi 2007 5 - 187 |
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chanicky, chemicky nebo enzymaticky. Srovndnim Géinnos-
ti izolace fungdlni DNA pomoci riiznych komerénich kit
[13] a in-house metod [ 14,15,16] se v posledni dobé zabyva-
lo nékolik praci. Pro mechanické rozbiti se jako nejicinnéj-
$i ukdzalo rozdreeni mycelii v tekutém dusiku za pouZiti tie-
ci misky a toucku. Tento postup lze viak s dspéchem pouZit
jen pro izolaci DNA z kultur, kdy se DNA nédsledné pouzi-
va napf. pro genotypizaci plisni. Jeji pouziti v rutinni dia-
gnostické praxi neni mozné vzhledem tomu, Ze se nejednd
o jednordzovy materidl a hrozila by cross-kontaminace
vzorkd. Dal§i metodou mechanického rozru§eni bunéénych
stén je pouZiti incrtnich sklenénych kuliéek a vortexu. Ten-
to postup byl pouzit jednak v nékolika in-house metoddch
izolace a je také zikladem izolace v nékolika komerénich
kitech. Dalsi zptisoby, jako napi. sonikace, byly pouZzivany
méné Casto. Chemickd metoda rozloZeni houbovych stén
spodivd v inkubaci vzorku s riznymi chemickymi Cinidly —
kyselymi (rizné koncentrovand HCI) nebo zdsaditymi (SM
NaOH), a je opét viceméné na drovni experimentu,
Nejcast&ji pouzivané je cnzymatické pisobenti, kterc spo-
¢ivii v inkubaci vzorku s roztokem proteolytickych a celulo-
Iytickych enzymi (nejéastéji se jednd o protedzu nebo pro-
teindzu K a roztok zymolyizy nebo lytikdzy). Hlavni
nevyhodou tohoto postupuje je pomérné dlouhd doba inku-

Obrazek 5

Schématické znazornéni provedeni panfungaini nested PCR

bace vzorku s enzymy (1h - pies noc). Celkovd doba izola-
ce DNA 7 plné krve pak trvd nejméné 6 hodin. Tim se sni-
Zuje moZnost pouZiti této metody pro rutinni screeningovi
vyletieni.

Zdd se, ze nejvhodnéjsi metodou je kombinace vice riiz-
nych pretreatmenti (ofetfenf vzorku mechanicky, chemicky
nebo enzymaticky) a nidsledné izolace DNA na kolonce po-
moci komeréniho kitu. Napi. pouZiti sklenénych kuli¢ek
a vortexu zajisti rozbiti odolnych bunéénych stén, ndaslednd
aplikace proteindzy K zlyzuje nadbytecné lidské buiky
a fungdlni DNA pak izolujeme na kolonce. Na obrazku 1 je
znidzornéno schéma izolace DNA z plné krve s vyuZitim
sklenénych kuli¢ek a kolonek s piibliznou dobou trvinf jed-
notlivych kroku.

Po izolaci je velmi vhodné zméfit koncentraci ziskané
DNA, protoze v piipadé izolace z pIné krve je fungdlni
DNA ziskdna spolu s velkym nadbytkem lidské DNA. Je
nutné mit stdle na paméti, Ze zejména pri detekei rDNA ge-
nt existuje znacnd homologie mezi sekvencemi lidské
a fungdlni rDNA. V pritomnosti velk¢ho nadbytku lidské
DNA v PCR reakci primery mohou nespecificky nasedat na
lidskou DNA a timto je inhibovdna specifickd amplifikace.

Dalsi moZnosti jak izolovat fungdlni DNA je pouZiti au-
tomatického izoldtoru (s nebo bez pretreatmentu vzorku)
a piislusného kitu. Hlavnimi nevyho-
dami pouZiti je vysokd pofizovaci ce-
na piistroj, vysoké ndklady na jedno-
tlivou analyzu (nékolik tis. K¢),
omezené mnozstvi  zpracovaného

| I I 1 | | I iy
L 1 1 1 1 1 1 '}///A W

I 1 1 vzorku a omezené spektrum detekova-

T ="

mista pro naseddni primeri v 18S rDNA sckvenci

nych mykotickych patogend.

Vybér cilové sekvence pro PCR

MnoZstvi fungdlni DNA pfitomné
v krvi je na samé hranici citlivosti
PCR metod. Proto jsou jako cilové se-

externi kolo PCR kvence pro amplifikaci metodou PCR
nejlastéji pouziviny (zv. multikopiové
< === . so .
; e S . Sa—— # . i geny (jsou v genomu pritomny v desit-
[ pESET— [ [ -7/ Y I 1 ] kdch a7z stovkidch kopif). Nejcast€jSimi
== > cilovymi geny pro PCR detekei jsou
geny pro jadernou ribozomédlni DNA
(rDNA) a mitochondridln{ DNA
V genomu A. fumigatus je pfitomno
asi 120 kopii rDNA gent a sklddaji se
interni kolo PCR ze (i podjednotek: 185 rRNA,
5,85 rRNA a 28S rRNA. Mezi jednot-
PO s (TN 11111111 AR livymi podjednotkami se pak nachédze-
T+ e ji oblasti ITS1 (internal transcribed
[ e 2 Y77z .y g (IO spacer 1) a I'TS2 (internal transcribed
spacer 2) — schéma viz obrizek 2.
Kromé toho, Zc jsou piitomny ve vice
kopiich jsou geny pro rDNA mezidru-
hové hodné konzervované. Proto jsou
} i — 77/ Y I Casto pouzivany k navrZzeni primert

=3 panfungdlni primery
[ Aspergillus sp. primery [

188

Candida sp. primery
Fusarium sp. primery

pro tzv. panfungdlni PCR (bude vy-
svétleno niZc). Pouziti konzervova-
nych useki genomu miize byt velkou
vyhodou, ale miiZe také znaéné zkom-
plikovat situaci. Oblasti toliz nejsou

Klinicka mikrobiologie a infekén lekarstvi 2007 5 |
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konzervované jen mezi jednotlivymi druhy rodu Aspergil-
lus, ale Casto také s ostatnimi plisnémi, napf. takovymi, kte-
ré ¢asto nazyvdme ,,air-borne fungi*, tj. plisnémi b&Zné pri-
tomnymi v prostiedi (obr. 3). Napf. homologie oblasti
ITS1-5,8S-ITS2 (které patii mezi nejvice variabilni &dsti ge-
nu pro tDNA) mezi A. fumigatus a Penicillium sp. dosahu-
je téméer 90 % [17]. To vie je nutné mit na paméti pfi navr-
hovdni primerti. Porovndni sekvenci zvolenych primerti
oproti databdzi sekvenci je naprostou nutnosti. Nase zkuSe-
nosti viak ukazuji, Ze ani toto nenf zérukou 100% specifici-
ty PCR reakce. Proto je nutné, zejména pii zavideni nové
metody, ovéfit specificitu vznikajicich PCR produkti se-
kvenaci. Suboptimédlni podminky pfi PCR reakci mohou
umoZnit amplifikaci sekvenci tieba i s nékolika bazovou ne-
shodou (mismatch) proti cflové sekvenci.

Dal$im dskalim zvolenych primerd miZe byt homologie
zvolené sekvence s lidskou rDNA (obr. 4). PrestoZe se jed-
nd o fylogeneticky velmi vzddlené druhy existuje jisty
stuperi homologie. Po podrobngjsi analyze jsme zjistili, né-
kter¢ dosud publikované primery uz z principu nemohou
specificky detekovat fungdini DNA (napf. primery N5 a N6
v praci Guizmer a kol. [18]). Takové primery byly napf.
publikovany ve studiich, které byly Casto providény na la-
boratornich kulturdch, kde nebyla lidskd DNA pfitomna.
Pro detekei fungdlni DNA piimo v klinickych vzorcich jsou
ale nepouZitelné.

PCR a real-time PCR
V podstaté 1ze pouzivané metody rozdelit na dveé zdklad-
ni skupiny — metody panfungdlni a metody specifické.
Panfungdlni maji za dkol amplifiko-
vat DNA z homolognich oblasti geno-
mu nékolika druhi bud' v rdmei jedno-
ho rodu [19] nebo i nékolika rodi
soucasné [20,21]). Jednd se vétinou
o metody kvalitativni (tzn. vysledek je
pouze pozitivni/negativni) — ¢asto ne-

ni a kvantitativni panfungdlni PCR je pouZiti real-time PCR
s fluorescenénim barvivem SYBR Green. V (€éto reakei
vznikaji PCR produkty jako pri kvalitativni PCR, ale pfi re-
akei jsou jesté do vznikajici dvoutetézeové DNA nespeci-
ficky inkorporovany molekuly SYBR Greenu. Specifické
produkty Ize od nespecifickych po PCR reakei odlisit pro-
vedenim tzv. analyzy tani PCR produkti (melting analysis).
Spocivd v postupném zahfivani reak¢ni smési v rozmez{
teplot 50-99 °C. PFi vzristajlel teploté dochdzi k denatura-
ci dvouietézecové DNA, uvolnéni molekul SYBR Greenu
a tim vymizenf fluorescence. Specifické a nespecifické pro-
dukty budou v disledku rizn¢ délky (ale i obsahu GC paru
atd.) denaturovat pri riizné teploté, a tim je lze odlisit. Pou-
7iti SYBR Green real-time PCR je tedy mozné a bylo po-
psano [22], ale jeho optimalizace je sloZitd. Navic k jedno-
znaénému urceni druhu mykotického patogena je casto
nuiné vySetteni doplnit o dalsi kroky, napt. o sekvenaénf
analyzu,

Nejrychlejsi a nespecifictéj§i metodou detekee je pouZiti
real-time PCR se specifickymi sondami. Do soucasné doby
bylo publikovino nékolik desitek pract, které k detekei fun-
gdlnich infeket pouzivajf real-time PCR. Nejastéji se jednd
o reakee specifické pro jeden rod ¢i druh. V podstaté jsou
pouzity vSechny 3 zdkladni pfistupy, které miZzeme u real-
time PCR nalézt — hybridiza¢ni sondy [10.23,24,2526],
hydrolyza¢ni sondy [8,27,28] i molecular beacons [29]. Le-
wis White a kol. [30] publikovali (mezi)ndrodni multicen-
trickou studii srovndni PCR metod pro detckei Aspergillus
sp. a Candida sp. Zatimco metody pro detekei Candida sp.
byly mezilaboratorné dobfe srovnatelné a dosahovaly dosta-

Obrazek 6

Schéma vySetrovani klinickych vzorkd na pfitomnost mykotickych patogent
jak bylo navrZzeno v praci Lewis-White a kol. [30]

sted (,uhnizdéné”) PCR ke zvySeni [
citlivosti. Pfiklad pouZiti nested pan-

panfungilni PCR ]

fungdln{ PCR je uveden v obrizku 6.

V prvnim (externim) kole jsou do re- ;

[
v
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na tisek DNA homologni pro vSechny

)

I

detekované druhy. V druhém (inter- v
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ce nezivislych reakcich pouZity pri-

pozitivni negativni
Candida (2Can/3Can) a Aspergilles PCR
Aspergillus (2Asp/4Asp) PCR (2Asp/4Asp)

mery specifické napi. pro jednotlivé
rody nebo druhy. Primery dokédzou na
cilovou sekvenci nasednout i pies jed-
no—nebo dvoubdzové neshody v piro-

-

v

pozitivni ] (

negativni }
\

vini (nemély by byt piitomny v po-

slednich tifech bazich na 3 — konci negativni

primeru). PouZitf nested PCR je obec-

né spojoviino s vys&im rizikem konta-
minace v disledku véSi manipulace
s PCR produkty z externiho kola. Na-

opak velkou vyhodou je zvySend citli-

sekvenovat PCR produkt,

opakovat p: m(ungalm PCR,
hledat jiny fungdlni patogen

vost reakee, kterd je cca 10x citlivejsi
nez real-time PCR. [
Jistym mezikrokem mezi kvalitativ-

waledek: |:|k( kvasinky
nebo plisné detekoviny

vysledek: l)vl detekovan vysledek: k\.mnkv ani
rod Candidanebo Aspergillus | | plisné nebyly detekoviny
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Cujici citlivosti (10 CFU), testované metody pro detekei As-
pergillus sp. byly mnohem variahilnéj§i. Po podrobnych
analyzdch bylo doporuceno schéma (estovini klinickych
vzork, které je prezentovdno na obrazku 6.

Prvoim krokem je testovdni pomoci panfungdlni PCR
publikované Loefflerem a kol. [26]. Na tuto navazuje pouZi-
ti dvou specifickych metod pro detekei Candida sp. a dvou
metod pro detekei Aspergillus sp. Pro detekei rodu Asper-
gillus sp. byly vybriny dvé real-time metody vyuZivajici
hydrolyzacni sondy, které vznikly kombinaci diive publiko-
vanych metod [7,12]. BohuZel u obou metod jsou v Eldnku
zminény problémy se specificitou — dochdzi k amplifikaci
lidsk¢ DNA pii pouZiti pristrojii Rotorgene 3000 (Corbet
Research) a 7300 Real-time PCR System (Applied Biosys-
tems). Reakce tedy ziejimé nejsou dostatedn€ robustni na (o,
aby mohly byt pouZivany rutinné jako screeningovd metoda.

Zaveér

Zavérem je mozno fici, Ze PCR a real-time PCR maji své
misto vedle ostatnich modernfch metod pro diagnostiku in-
vazivn{ aspergilézy. Technické zvlddnuti metod izolace se
Jiz nyni stdvd snadn¢jSim diky vyvoji novych komer¢nich

kitd. V soucasné dob¢€ je také jiz k dispozici prvni komeréni

kit pro detekei Aspergillus sp. — Aspergillus Tracer (Affige-
ne, Francie). Kli¢ovym problémem ziistdvi objasnéni biolo-

gickych procestit pri invazivni mykotické infekei, reakef

imunitniho systému a odpov&di na antimykotickou Ié¢bu. Ve
svétle téchto poznatki pak bude mozné pochopit a spravné
interpretovat vysledky molekuldrné-biologické detekce my-
kotickych patogenti v klinickych vzorefch.

Tato prace byla podporovina grantem 1GA M7 CR
NR8452-3/2005.
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(57) Anotace:
Zpusob diagnostiky invazivn{ aspergildzy pomoci izolace a
detekce DNA Aspergillus famigatus v biologickych veorcich
odebranych z téla pacienta spotivajici v tom, Ze sc z
biologického vzarkn izoluje DNA a poté se provede detekce
mnozstvi genu ITS2 (internal transcribed spacer 2} pro
ribozomalni DNA Aspergil lug fumigatus metodou
kvantitativai PCR. pficemZ se jako primery pro kvantitativni
PCR pouziji aligonukleotidy majici alespofi 85% identitu
nukleotidové sekvence se sekvencemi
GGCTTTGTCACCTGCTCTGTAG (SEQ IDNO. 2) a
CTGATCCGAGGTCAACCTTAGAAA (SEQID NG, 3). a
jako sonda se pouzije TagMan MGB sonda_ ktera ma alespats
R5% identitu nukleotidové sekvence se sckvenci
CCGACACCCAACTTT - MGB (SEQ ID NO. 4). pticemz
snizeni identity aZ na 85 % je dosaZeno prodlouZenim nebo
zkricenim primeru a/nebo sondy. PFedmétem feSeni jsou i
nov¢ oligonukleotidy pro pouziti v diagnastice invazivni
aspergildzy.
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Zpiisob diagnostiky invazivoi aspergilézy a oligonukieotidy pro pouZiti pfi tomto zpiisobu

Oblast techniky

Predkladany vyndlez se tyka zplsobu diagnostiky invazivni aspergilézy pomoci kvantitativni
PCR z biologickych vzorkii odebranych ztéla imunokompromitovanych pacientid, zejména ze
vzorkil bronchoalveoldmi lavéZe. Dile se tyka novych oligonukieotidi, vhodnych pro pouziti pfi
tomto zpusobu.

Dosavadni stav techniky

Aspergiflus sp. je saprofyticka plisefi, jejiz pfirozenon nikou je pida, kde roste na organickém
debrisu. V rdmci svého reprodukénfho cyklu produkuje kazdy organismus tisice konidif, které se
uvoliuji do prostredi. Inhalace konidii jedinci se zdravym imunitnim systémem nevede k Zadne- -
mu klinickému projevu, k jejich vyloudeni z dychacich cest stadi béZné tkdiové obranné mecha-
nismy a mechanismy vrozené bunééné imunity. Jedté v neddvné dobé byly infekce zptsobené
vidknitymi plisn®mi spojovany spile s alergickymi projevy u osob dlouhodob& vystavenych pro-
stfed{ s velkym vyskytem plisni (napf. pracujici v zemeéd&lstvi). Spolu s tim, jak piibyvé onkolo-
gickych nemocnych a imunosupresivni 1é€ba se stdva agresivnéjii, se vak situace dramaticky
zménila a iniciace invazivnich mykotick¢ch infekci (IFI, z angl. invasive fungal infections)
vzrista (Marr, XK. A, et al., Invasive aspergillosis in allogeneic stem cell iransplant recipients:
changes in epidemiology and risk factors. Blood, 2002. 100(13): p. 4358 aZ 4366.; Jordanides,
N. E., et al., 4 prospective study of real-time panfungal PCR for the early diagnosis of invasive
fungal infection in haematooncelogy patients. Bone Marrow Transplant, 2005. 35(4): p. 389 az
95.; R&gil, Z., et al., Invazivai mykotické infekce u onkologickych nemocnych: zmény v epide-
miologii a diagnostice. Postgrad Med, 2007, 9(3): p. 240 aZ 252).

Za vice nez 90 % aspergilovych infekci je zodpov&dny druh A. fivnigatus. Pro prognézu nemoc-
nych ma zasadni vyznam ¢asné zahdjeni antimykotické 1é¢by a tedy i asné stanoveni diagnézy.
Vzhledem k tomu, Ze konvenéni diagnostické metody (kultivace, cytologie, zobrazovaci metody)
Casto ve své senzitivité a Casnosti selhdvaji, doflo v poslednich letech k rozvoji nekultivaénich
diagnostickych metod. Mezi tyto, vedle metod sérologickych (detekujicich antigeny mykotickych
patogenit), patif pravé i PCR diagnostika. V soucasné dobe pro detekci DNA Aspergillus spp.
v télnich tekutinich stile neexistuje Z&dny standardizovany postup. Bylo zvefejnéno nékolik
kombinaci primeri a sond (WO 02/079 512; Hinrikson a kol. (2005) Med. Mycol. 43, Suppl. 1,
$129 az §137), ale Zadn4 z nich nedosahuje dostatené citlivosti a pfesnosti stanoveni pro klinic-

kou praxi.

Vyzkumu detekce nukleovych kyselin Aspergillus spp. v télnich tekutinich, zvla$té pak v peri-
ferni krvi a tekitiné ziskané bronchoalveoldmf lavaZi (vyplachem dolnich cest dychacich fyziolo-
gickym roztokem, dale zkracovino jako BAL), je vsoulasmosti vénovina vetkd pozornost.
Senzitivita a negativni prediktivni hodnota PCR Aspergilius sp. v BAL, tedy podil ,,zdravych*
pacientd ze viech pacientl s negativnim vysledkem testu, dosahuje 90 aZ 100 %, ale pozitivni
prediktivnf hodnota, tj. podil pacienti, u nich skutené jde o aspergilovou infekci, z celkového
poltu pacientli s pozitivnim vysledkem testu, je jen 32 aZ 52 % (Raad, L, et al., Diagnosis of
invasive pulmonary aspergitlosis using polymerase chain reaction—based detection of aspergillus
in BAL. Chest, 2002. 121(4): p. 1171 aZ 1176). Fale$n& pozitivni vysledky jsou tedy poméme
casté. Detekce Aspergilius sp. v BAL totiZ miiZe odréZet nejen probihajici infekei, ale i koloniza-
ci dychacich cest. Jestlize viak pfedpoklidime, Ze¢ mnoZstvi patogena je pfi kolonizaci niZ3{ nez
pti aktivnf infekci, mohlo by pokrok v tomto sméru znamenat zavedeni{ kvantitativni PCR, ktera
umoZiuje stanovit mnostvi aspergilové DNA napf. na | mi BAL (Rantakokko-Jalava, K., et al,,
Semiquantitative detection by real—time PCR of Aspergillus fumigatus in bronchoalveolar lavage
Sluids and tissue biopsy specimens from patients with invasive aspergillosis. J Clin Microbiol,
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2003. 41{9): p. 4304 az 4311). Nastaveni vhodné hranice pozitivity (x kopif v mi BAL) by umoz-
nilo rozdélit pacienty do skupin s vét8im &i mensim rizikem rozvojem IFI.

Podstata vynalezu

Predmetem piedloZenéha FeSeni je zplsob diagnostiky invazivni aspergilézy pomoci izolace
adeteckce DNA Aspergillus fumigatus v hiologickych vzorcich odebranych z t&la pacienta,
zejména ve vzorcich bronchoalveolami lavaze nebo periferni krve. Podstata zplisobu spogiva
v tomn, Ze se izoluje DNA z biologického vzorku a poté se provede detekce mnozstvi genu ITS2
(internal transcribed spacer 2) pro ribozomalni DNA Aspergitlus fumigatus pomoci metody kvan-
titativni PCR, pfidemz se jako primery pro kvantitativni PCR pouziji oligonukleotidy majici
alespoii 85% identitu nukleotidové sekvence se sekvencemi GGCTTTGTCACCTGCTCTGTAG
(SEQIDNQO.2) a CTGATCCGAGGTCAACCTTAGAAA (SEQ ID NQ. 3), a jako sonda se
pouzije TaqMan MGB sonda, kterd mé alespott 85% identitu nukleotidové sekvence se sekvenci
CCGACACCCAACTTT ~ MGB (SEQ ID NO. 4), piiemz sniZeni identity aZ na 85 % je dosa-
Zeno prodlouZenim nebo zkrécenim primerd a/nebo sondy. Pred provadénim detekce mnozstvi
genu [TS2 {ze jesté provést pfedamplifikaci plisiiové DNA metodou PCR.

Vychozim materidlem pro provadéni zpisobu podle vynalezu je biologicky vzorek odebrany
z téla pacienta, zcjména vzorek bronchoalveolarni lavaZe nebo periferni krve, s vyhodou vzorek
bronchoalveoldrni lavaze. Jestlize neni vzorek ihned zpracovan, je mo#né ho skladovat v zamra-
Zeném stavu.

Prvnim krokem zplsobu podle vynalezu je izolace DNA z klinického vzorku. Tu Ize proveést
napf. metodou mechanické disrupce s pouzitim komeréné dostupného kitu.

Poté se pripadné provede ptedamplifikace DNA plisni s pomoci paru primerd, které ohranicuji
sekvenci ITS2 pro kvantitativni PCR a jsou specifické pro genom plisni. Usek amplifikovany
primery pro externi kolo (ptedamplifikaci) s vyznadenim forward a reverse primeru (SEQ 1D
NO. 1)

ctgtecgagegteattgetgeectcaagecacggettgtgtgttgggececcegteceecctence

ccgggggacgggcccgaaagygcagcggecggcaccgecgteceggtectegagegtatggggett
tgtcacctgctetgtaggeccggecggegecagecgacacccaactttatttttctaaggtt
gacctcggatcaggragggatacccgetgaacttaagocatatcaataageggagga

V dalim kroku zpisobu podle vynilezu se detekuje mnoZstvi genu ITS2 pomoci amplifikace
jeho ¢asti metodou kvantitativni PCR, s vyhodou real-time PCR s vyuzitim TagMan MGB
(minor groove binder — modifikace zarudujici siln&j$i vazbu do malého 2labku DNA Zroubovice
nez béiné sondy) sondy, pfitem2 jako primery a sonda pro PCR se pouZiji oligonukleotidy
vybrané ze skupiny zahrnujici sekvence majici alespoii 85% identitu nukleotidové sekvence se
sekvenei vybranou ze skupiny zahrnujici:

Cust-fum-F (SEQ ID NQ.2) [|GGCTTTGTCACCTGCTCTGTAG
Cust-fum-R (SEQ ID NO.3) | CTGATCCGAGGTCAACCTTAGAAA
Cust-fum-son (SEQ ID NO.4) | CCGACACCCAACTTT

Usek amplifikovany primery pro interni kolo s vyznadenim forward primeru, reverse primeru
a sondy (SEQ [D NO. §):
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ggctttgtcacctgctctgtaqgcccggccggcgccagccgacacccaactttatttttcta
aggttgacctcoggatcag

V genomu A. fumigatus je ptitomno asi 40 kopii rDNA genil a sklidaji se ze ttf podjednotek: 18S
rRNA, 5,85 rRNA a 285 rRNA. Mezi jednotlivymi podjednotkami se pak nachazeji oblasti [TS1
(internal transcribed spacer 1) a [TS2 (internal transcribed spacer 2). Usek tohoto genu je pouzi-
vén proto, Ze je tento gen v genomu Aspergillus fumigatus pfitomen v nékolika desitkach kopil,
coZ zvysuje senzitivitu reakce. Zarovei je tento Gsek genu specificky pouze pro Aspergillus Sfumi-
gatus, cok zajisCuje vysokou specificitu reakce (nebyla zjidténa zktiZena reakce s jinymi druhy
plisni) (Schabereiter-Gurtner, C., et al., Development of novel reai~time PCT assays Jor
detection and differentiation of eleven medically importam Aspergilius and Candida species in
clinical specimens. ). Clin Microbiol, 2007. 45(3): p. 906 a2 14).

Postup podie vynilezu je kombinaci izolace DNA pomoci komeréniho kitu, s vyhodou s mimg
optimalizovanym protokolem, jak je ddle ukdzino v prikladech, které viak maji za kol pouze
ilustrovat provedeni vynalezu a nijak neomezuji jeho rozsah, a origindiné navrzené kombinace
oligonukleotidi pro PCR amplifikaci a reakénich podminek PCR amplifikace. Na rozdil od
dosud dostupnych komerénich fefeni nevyzaduje edeni dle vynilezu Zidné investice do piistro-
jového vybaveni nad ramec vybaveni pro b&mou real-time PCR s pouZitim TagMan sond.

Pfcdmétem vynalezu jsou déle oligonukleotidy vybrané ze skupiny zahrnujici sekvence majici
alespoii 85% identitu nukleotidové sekvence se sekvenci vybranou ze skupiny zahrnujici GGCT-
TTGTCACCTGCTCTGTAG (SEQ ID NO. 2) a CTGATCCGAGGTCAACCTTAGAAA (SEQ
LD NO. 3) pro pouziti v diagnostice invazivni aspergilézy metodou kvantitativni PCR. Dale je
pfedmétem vynalezu TagMan MGB sonda majici alespoii 85% identitu nukieotidové sekvence se
sekvenci CCGACACCCAACTTT — MGB (SEQ ID NO. 4) pro pouziti v diagnostice invazivni
aspergilézy metodu kvantitativni PCR. SniZeni homologie na 85 % ve srovndni s originalni sek-
venci nukleotidi je dosazeno zejména prodlouZenim nebo zkricenim primerd a/nebo sondy
o nékolik nukleotidd na 5” a/nebo 3° konci. Predmétem vynélezu jsou také tyto oligonukleotidy
pro pouziti v diagnostice invazivni aspergilozy.

Seznam sekvenci

SEQ ID NO. 1: Usek DNA amplifikovany pro externi kolo.
SEQ ID NO. 2: Forward primer pro amplifikaci v internim kole.
SEQ [D NO. 3: Reverse primer pro amplifikaci v internim kole.
SEQ ID NO. 4: Sonda pro kvantitativni PCR.

SEQ ID NO. 5: Usek DNA amplifikovany pro interni kolo.

Piiklady provedeni vyna

Ptiklad |

U pacienta s diagnozou akutni myeloidn{ leukémie (AML) byla provedena bronchoalveoldmi
lava2 pro podezieni na invazivni aspergilézu 2 mi tekutiny ziskané ABL byly odebrany do steril-
ni zkumavky a centrifugovény 10 minut pfi otdlkdch 4000 aZ 6000xg, pfi laboratorni teploté.
Po této centrifugaci byl veskery supernatant odebran mikropipetou. Pomoci mikropipety byl
k peletu piidan lyzaénl roztok, ktery je soutasti ZR Fungal Bacterial Kitu od firmy Zymo
Research, a smés byla promichana. Lyzét byl poté prenesen do zkumavky se sklengnymi kulicka-
mi. V nasledujicich krocich byl vzorek se sklenéngmi kulickami vortexovan 15 minut pfi labora-
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torni teploté. Nasledovalo promyti a izolace DNA na kolonce podle pokynii vyrobce. DNA byla
poté eluovana do 50 mikrolitrd ¢lu€niho pufru.

5 mikrolitrd odizolované DNA bylo pridano do reakéni smési s parem primerd, které ohraniduji
cilovou sekvenci pro real-time PCR a jsou specifické pro genom plisni a reakéni smés byla pod-
robena PCR amplifikaci.

PCR amplifikace:

5 mikrolitrii izolované DNA bylo amplifikovano v nasledujici reak&ni smési:

ABsolute™ QPCR Mix (2x kone,) | (Thermo Scientific) | 19 5 4
Primer Asp-F (25 uM)* (Gezeri Biotech) | ¢4
Primer ITS-R (25 M)** (Generi Biotech) { o4
MiliQ voda 6,7 ul

DNA S5ud

Celkovy objem 25 pl

Pii tomto reak&nim profilu;

1: 95 °C/t5min

2: 95 °C/15s

3: 60 °C/lmin

4: jdi na krok 2, 19x

*** — podle Schabereiter—Gurtner, C., et al., Development of novel real—time PCR assays for
detection and differentiation of eleven medically important Aspergillus and Candida species in
clinical specimens. J Clin Microbiol, 2007. 45(3): p. 906 az 14.

V této reakeni smési byla tedy po 20 cyklech PCR piedamplifikovana plistiova DNA, kier4 je ve
vzorku pfitomna. Jeden mikrolitr PCR produktu z této reakce byl pouZit pro dalsi amplifikaci
v real-time PCR reakei, ve které byly pouzity primery a TagMan MGB sonda specificka pro
Aspergillus fumigatus. PFi této real-time PCR reakei byla amplifikovana &8st genu pro ribo-
zomdlni DNA ~ internal transcribed spacer 2 (ITS2).

PCR amplifikace:

1 mikrolitr PCR produktu z pfedchozi amplifikace byl amplifikovan v nésledujici reak&ni smési:

ABsolute™ QPCR Mix (2x konc.) | Thermo Scientific | 155 )
Primer Cust-fum-F (25 pM) 0,4 ul
Primer Cust-fum-R (25 pM) 0,4 pi
Sonda Cust-fum-son (25 pM) 02

MilliQ voda 10,5 nl
DNA T
Ceikovy objem 25l
-4-
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P¥i tomto reakénim profilu:

1: 95 °C/15min
2:95°C/15s

3: 60 °C/tmin

4: jdi na krok 2, 45x

Soudasné kromé klinického vzarku byly také paralelng amplifikovany vzorky tzv. standardni
DNA — tedy vzorky plazmidové DNA o znamém pottu kopii nasi cilové sekvence. Pomoci kali-
bra¢ni ptimky, kters byla automaticky sestrojena pomoci Softwaru Rotorgene 6 z amplifikované
standardni fady, byl uréen podet kopii aspergilové DNA v PCR reakci a nasledné prepotem
podet kopii aspergilové DNA na 1 ml tekutiny ziskané bronchoalveolimi lavaZi.

Po provedeni PCR detekee bylo ve vzorku uvedeného pacienta zjisténo 46 576 259 kopii Asper-
gillus fumigatus v reakci. Toto &slo odpovida 8,72 log kopii/ml (tj. 10 (exp 8,72) kopii/ml) teku-
tiny ziskané z BAL a jedna se tedy o vzorek veimi pozitivni. Dal3i markery pro invazivai asper-
gilozu — detekee galaktomannanu (GM) v BAL a periferni krvi — byly také velmi pozitivni.
Vysledek testovani GM je uvadén jako bezrozmémé gislo — tzv. index pozitivity (IP). GM v BAL
~IP = 6322 GM v séru 1P = 0,66 — ptiéemz hranice pozitivity je IP = 0,5. Pacient uvadény
v tomto pfikladu je shodny s pacientem &. | v Tabulce L.

Ptiklad 2

Stejnym postupem, jaky byl uveden v Pfikiadu 1, bylo zpracavano 74 vzorki BAL od 74 pacien-
ta v riziku invazivni aspergil6zy (1A). 12 vzorki (16.2 %) bylo pozitivnich na 4. fumigatus vy3e
uvedenou PCR reakei. Zakladni charakieristiky tohoto souboru pozitivnich pacientil jsou uvede-
ny v Tabulce 1. V tabulce jsou uvedeny zakladni diagndzy pacientd a vysledky testovdni GM
v BAL a perifernf krvi jako markeru invazivnf aspergilozy. Je patrné, Ze vysoky potet detekova-
nych kopii DNA A. fumigatus koreluje s vysokou pozitivitou GM (IP >>0.5). U pacientd ¢&. 1 a 2

jsou vysoce pozitivni viechny nélezy — GM v BAL i séru. PCR v BAL - v perifeni krvi byla

DNA A. fumigatus detekovéna pouze u pacienta &. 1. U pacienta &. 3, kiery md jen nizkou hladinu
pozitivity DNA 4. fumigatus a negativni GM v séru doslo k rozvoji klinickych pfiznaki: a narsty
pozitivity GM aX b&hem tydne od provedeni BAL — zachycend pozitivita tedy odpovida veimi
ranému stadiu infekce. U pacientii 4 aZ 12 je velmi nizka droveii pozitivity DNA A. fumigatus
v BAL a GM v BAL i v séru je zcela negativni — tito pacienti také nebyli klinicky zhodnoceni
jako invazivni aspergiléza.

Pfiklad 3
Stanoveni hodnoty pozitivity

Z tabulky 1 a z nami ziskanych dat vyplyva, Ze po detekei tohoto markeru — DNA specifické pro
A. fumigatus, \ze v klinickych vzorcich vypozorovat 3 skupiny nemocnych. Pacienti, u nichz
nejsou detekovany 24dné kopie 4. fumigatus — toto jsou pacienti zcela negativni. Pacienti, u nichZ
se mnozstvi detekovanych kopif pohybuje do 5 log kopii/ml BAL — u téchto pacientd patrné neni
A. fumigatus primami pHinou infekce a jeha zachyt ve vzorku odpovida spie kolonizaci nebo
casné fazi infekce. A posledni skupinou jsou pacienti, u nichZ je detekovano vice neZ 7 log
kopii/ml BAL a u nichZ je tedy diagn6za invazivni apsergilézy jednoznainé potvrzena.
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Untitled ST2S
SEQUENCE LISTING

<110> Masarykova univerzita

<120> Zpisob diagnostiky invazivni aspergilozy a oligonukleotidy pro pouZitf pfi tomto zpi-

sobu
<130> pli121CZ00
<160> §

<170> Patentln version 3.3

210> |
<21> 242
<212> DNA

<213>  Aspergillus fumigatus
<400> |

ctgtccgagc gtcattgetg ccctcaagea cggettgigt grigggoece cgteccccic
tcccgggaga cgggeccgaa aggcagegge ggcaccgegt ccggtecteg agegtatgyg
gctttgtcac ctgetctgta ggeccggocg gcgocagaeg acacccaact ttatttttct
aaggttgacc tcggatcagg tagggatacc cgctgaactt aagcatatca ataageggagd

ga

200> 2
<211> 22
<212> DNA
<213> artficial
<220>

<223> forward primer
<400> 2

ggcrrtgtca cctgetctgt ag

<2i¢> 3
<211> 24
<212> DNA

<213> artificial

<220>
<223> reverse primer

<400> 3

ctgatccgag gtcaacctta gaaa

60
120
180
240
242

22

24
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Untitled.ST25
<210> 4
<211> 15
<212> DNA
<213> artificial
<220>
<223> probe
<400> 4
ccgacaccca acttt 15
<210> 5
<211> 80
<212>  DNA
<213>  Aspergiltus fumigatus
<480> 5
ggcritgrca cergetctgt aggcccggee ggcgecagoee gacacccaac tttattttte 60
taaggttgac ctcggatcag 80

PATENTOVE NAROKY

1. Zpisob diagnostiky invazivni aspergilézy pomoci izolace a detekce DNA Aspergillus fumi-
gatus v biologickych vzorcich odebranych z téla pacienta, vyznadeny tim, Ze se z biolo-
gickeho vzorku odebraného z téla pacienta izoluje DNA a poté se provede detekce mnolstvi genu
ITS2 pro ribozomdlni DNA Aspergillus fumigatus metodou kvantitativni PCR, pfi¢em2 se jako
primery pro kvantitativni PCR pouZiji oligonukleotidy majici alespori 85% identitu nukleotidové
sekvence se sekvencemi GGCTTTGTCACCTGCTCTGTAG (SEQIDNO. 2) a CTGATCC-
GAGGTCAACCTTAGAAA (SEQ ID NO. 3), a jako sonda se pouzije TagMan MGB sonda,
kterda mé alespoii 85% identitu nukleotidové sekvence se sekvenci CCGACACCCAACTTT —
MGB (SEQ 1D NO. 4), pfi¥emZ sniZeni identity a% na 85 % je dosazeno prodlouZenim nebo
zkracenim primeri a/nebo sondy.

2. Zpisob podle ndroku 1, vyzmaéeny tim, Ze se pied krokem detekce mnozstvi geny
ITS2 provede predamplifikace plisiiové DNA metodou PCR.

3. Zpisob podle niroku 1. vyzmafeny tim, Ze se jako biologicky vzorek odebrany
z téla pacienta pouzije vzorek bronchoalveolarni lavdZe nebo vzorek periferni krve.

4. Zpusob podle naroku 1, vyznafeny tim, Ze se krok izolace DNA z biologického
vzorku odebraného z téla pacienta provede metodou mechanické disrupce.

5. Zplsob podle niroku 2, vyznaéeny tim, Ze se krok predamplifikace plisfiové DNA
provede s pouzitim paru primeri, které ohrani¢uji cilovou sekvenci pro kvantitativni PCR a jsou
specifické pro genom plisni.
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6. Oligonukleotidy vybrané ze skupiny zahrnujici sekvence majici alespod $5% identitu
nukleotidové sekvence se sekvenci vybranou ze skupiny zahrnujicif GGCTTTGTCACCTGCTC-
TGTAG (SEQ ID NO. 2) a CTGATCCGAGGTCAACCTTAGAAA (SEQ ID NO. 3), pficemz
snizeni identity aZ na 85 % je dosaZeno prodlouzenim nebo zkracenim oligonukleotidd, pro
pouZiti v diagnostice invazivni aspergilézy metodau kvantitativni PCR.

7. TagMan MGB sonda majici alespoii 85% identitu nukleotidové sckvence se sekvenci
CCGACACCCAACTTT - MGB (SEQ ID NO. 4), pritemz sniZeni identity aZ na 85 % je dosa-
zeno prodlouzenim nebo zkracenim sondy, pro pouZiti v diagnostice invazivni aspergil6zy meto-
dou kvantitativni PCR.

Konec dokumentu
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Detection and Measurement of Fungal Burden in a Guinea Pig Model
of Invasive Pulmonary Aspergillosis by Novel Quantitative Nested
Real-Time PCR Compared with Galactomannan and (1,3)-3-p-Glucan
Detection

Martina Lengerova,™® Iva Kocmanova,® Zdenek Racil,® Kristyna Hrncirova,® Sarka Pospisilova,®® Jiri Mayer,™® Laura K. Najvar,4
Nathan P. Wiederhold,“¢ William R. Kirkpatrick,“® and Thomas F. Patterson“
Department of Internal Medicine—Hematooncology, Faculty of Medicine of Masaryk University and University Hospital Brno, Bmo, Czech Republic®; CEITEC—Central

European Institute of Technology, Masaryk University, Brno, Czech Republic®; The University of Texas Health Science Center at San Antonio, San Antonio, Texas, USAS;
South Texas Veterans Health Care System, San Antonio, Texas, USA?; and University of Texas at Austin College of Pharmacy, Austin, Texas, USA®

We developed and assessed the diagnostic value of a novel quantitative nested real-time (QNRT) PCR assay targeting the internal
transcribed spacer region of ribosomal DNA (rDNA) in a guinea pig model of invasive pulmonary aspergillosis. Groups of 5 im-
munosuppressed animals that were infected using an aerosol chamber with Aspergillus fumigatus conidia were humanely termi-
nated 1 h postinoculation and at days 3, 5, 7, and 11 postchallenge, and lung tissue, bronchoalveolar lavage (BAL) fluid, whole
blood, and serum samples were collected. The QNRT PCR results obtained with the serum and BAL fluid were compared to
those achieved with galactomannan and (1—3)-B-D-glucan assays. High fungal burden levels were detected by QNRT PCR in
both lung tissue and BAL fluid in all infected animals at each time point, and the sensitivity of each assay in BAL fluid was 100%
by day 3 and remained so through the remainder of the study. The sensitivity of detection of fungi in whole blood and serum
samples was significantly lower, and some samples remained negative by all three assays despite the advanced stage of the infec-
tion. From these data, we can conclude that this novel QNRT PCR method was highly sensitive for the detection of A. fumigatus
from different types of samples in this model. In addition, BAL fluid samples appeared to be the most suitable for the early diag-

nosis of invasive pulmonary aspergillosis. When testing serum, the use of a combination of available assays may increase the

possibility of early detection of this opportunistic mycosis.

I nvasive aspergillosis represents the most frequent invasive fun-
gal disease in patients with hematological malignancy (20).
Conventional diagnostic methods, e.g., culture and cytology/his-
tology, have limited use in this group of immunocompromised
patients, where disease progression is rapid and mortality is very
high. Moreover, their usefulness depends on the possibility of ob-
taining deep-tissue samples, which is often impossible in patients
with hematologic malignancies (6). Novel non-culture-based ap-
proaches focus on the detection of surrogate markers released by
the fungus such as surface antigens or DNA. These methods have
been developed to hasten the diagnosis and to enable diagnostic
driven rather than empirical antifungal treatment strategies. De-
tection of galactomannan (GM), a cell wall antigen released by
Aspergillus spp. and some other fungi in serum, bronchoalveolar
lavage (BAL) fluid, or other body fluids, has proven to be an im-
portant advance in the detection of invasive pulmonary aspergil-
losis (1, 10, 11) and has become one of the EORTC/MSG (Euro-
pean Organization for Research and Treatment of Cancer/
Mycoses Study Group) criteria for the diagnosis of this invasive
mycosis (3). Evidence for its use as a screening method for early
detection of invasive aspergillosis is supported by several studies
(14). Another cell wall component, (1,3)-B-bD-glucan (BG) is re-
leased by several clinically important fungal species, including
Aspergillus spp., and despite limited evidence compared to GM, it
is included in the 2008 update of EORTC/MSG criteria for diag-
nosis of invasive fungal disease.

Real-time PCR is a powerful technique routinely applied as a
diagnostic tool in many different fields, including clinical micro-

602 jcm.asm.org

biology (4). However, several limitations of fungal PCR diagnos-
tics exist, including resistance of fungal cells to common DNA
isolation protocols; unknown timing of DNA release; the small
amount of the fungal target in clinical samples, which reaches the
detection limit of real-time PCR assays; and the potential for con-
tamination and colonization to complicate the detection of true
disease (2, 9). In the last decade dozens of different PCR assays
have been evaluated for the early diagnostics of invasive aspergil-
losis, but none of them have become generally accepted (5,12, 25).
Proper validation of any novel diagnostic method requires exten-
sive testing of clinical samples, correlation of the results with other
well-established laboratory tests,and agreement of the results with
clinical data indicating active disease. However, meeting these cri-
teria for novel methods for the diagnosis of invasive aspergillosis is
very difficult. The quantity of clinical samples obtained from pa-
tients with proven aspergillosis is limited due to the relatively low
incidence of the infection, difficulties in obtaining sterile deep
tissue samples in patients with hematological disease, and finally,
due to the preemptive initiation of antifungal therapy, which may
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PCR, GM, and BG for Detection of Aspergillus Infection

A. fumigatus CTGTCCGAGOGTCRATT ~TCRAGCACGGCTTGTGTIGTTGGGC- ~CCCCTTCTGARAGT ATGCAGTCIGAGTTGAT T - - ATCGT AR - TCAGTTARARCTTTCAACA
A.niger CTGTCCGAGOGTCATT ~TCAAGOCCGGCTTGT GTGCTTGGET - -CGCCT - CTGAAAGCCTGCAGT CIGAGTTGAT TG~ AATGCAA- TCAGTTAAARCT TTCAACA
A.flavus CTGTCCGAGOGTCATT! TCAAGCACGGCTTGTGTGTTGGGT - ~CGTCT - CTGATCT AGTGAAGT CTG AGTTGAT TGT ATCGCAR - TCAGT TAAARCTTTCAACA
P.chrysogenum CTGTCCGAGCGTCATT GCPYGCCC-TCARGCACGGCT TGTGTGT TGGGC- ~C~CCT~CT TGTAGTCTG ~=~AAT AT ARATT ATTTAAARCTTTCAACA
P.commune CTGTCCGAGCGTCATT GCHYGCCC-TCARGCCCGGCT TGTIGTGTTGEGC- ~C~CCT - CIGARGAT ~TGAAGT CIGAGTGAA- - -~ ART AT AARTT ATTTARARCTTTCAACA
C.cladosporioides CTGTTCGAGOGTCATT TCAACCACTCAAGCCTOGCT TG - GT ATTGGGCARCGOG TGC- GTARCT TTGCAGT CTG AGTARACTT - RAT T AR - TAAATTARRACTTTTAACA
Rehiaked * | ww ARAAA Ak RAAAR K K k& Eh RAARRAARE K * Eh Kk RRRRRARAAR AR
A. fumigatus ACGGTCCCOCTCTC- 00 GG AGCGGCCCCACOGOGTCCGET OCT 6 AGCGT TTTGTCACCTGCTCTGT AG ;- GCOCGGCOGGOGOCA
A.niger ATGGTCOCCOCTCTC-( GGGCOC CAGCGGCGGCACOGOGTCCGAT OCTOG AGOGT TTTGTCACATGCTCTGT AG;GATT GGCOGGOGOCT
A.flavus ATGGTOCCCTCTCC GGGCOCC AGCGGCEECRCOGOETOCG AT OCT O6 AGCG TTTGTCAOCCOGCTC AG 3 GCOCGGCOGGOGCTT
P.chrysogenum ACGGTOCTOCGATC-CC beleciees AGCGGCCECACOGCGTOCGGTOCT O6 AGOGT TTTGTCACCOGCTCTGTAG:! “COGGCOGGOGCTT
P. commune ACGGTOCTOCGATCTCX beleciees AGCGGCGGCRACOGOGTCCGGTOCTOG AGOGT TTTGTCACCOGCTCTGT AG! “COGGCOGGOGCTT
€.cladosporioides ACGGTOCEOC -~ === == = == GOGTGCCTCAART CGTCCGGCTGGGTCT - - TCTGTCOCCTA AGCGT ACTATTCGCTAA GT AGGC-TAC
*ORARAR w W RRR AR WRRR K K WA wR ARRRN WA N wAk e T S
A. fumigatus GCOGA-CRC -~ ccm’r'ﬁnmﬂﬁmcncmcocncm GTAGGGAT ACCCGCTGARC TAAGC AT ATCARTARGCGGAGG A
A.niger GCOGA-CGTTTT CCAAC--CATECTTTCC. T “CTCGGRATC BCOCGCTGARACE AT ATCI
A.flavus GCOGARCGCAAATCAAT - - 4~ CRITTTOCAGGTTGACCT CGG ATCAGLT AGGGAT ACCCGCTGAAC TARGC AT AT CARTAAGCGGAGG A
P.chrysogenum GCOGATCA- -~ ACCCARAT - -~ TET TAT CCAGGTTGACCTCGG ATC AGGT AGGGAT ACOCGCTGAAC TAAGC AT ATCARTAAGCGGAGG A
P.commune GCOGATCA--ACCCARAT--TETTATCC. TGACCTCGGRTCAGET ACOCGCTGAACH AT RTC A
C.cladosporioides GCOGTAAAR- -~ -CRAACC- TTCTARGGTTGACCTCGG ATCAGET ACOCGCTGAR AT AT CARTARGC
ek Bl - "

FIG 1 ClustalW multiple-sequence alignment of the region detected by tested QNRT PCR. The primers for the external round (solid lines) and the primers and
TagMan-MGB probe (dashed-lines) are boxed. The GenBank accession numbers for the sequences shown are as follows: A. fumigatus, AY214446; A. flavus,
AY214444; A, niger, AY213632; P. chrysogenum, AY213669; P. commune, AY213672; C. cladosporioides, AY213640. The asterisks indicate 100% sequence

similarity among all presented species.

influence the sensitivity of clinically available assays. Contrary to
the limited availability of clinical samples, animal models provide
a unique source of samples that can be taken at different stages of
infection. This makes the use of animal models ideal for the initial
evaluation of novel diagnostic methods (21). Animal models in
which infection is established via inhalation most closely mimic
the clinical pathogenesis of invasive pulmonary aspergillosis in
many ways (24, 26), and therefore, samples taken from these mod-
els may supplement the clinical samples necessary for the valida-
tion of novel laboratory tests.

The aim of this study was to validate a novel, fast, and robust
quantitative nested real-time (QNRT) PCR assay designed for the
sensitive and specific quantification of Aspergillus fumigatus, as
this species is the most common cause of invasive aspergillosis
(17), and assess its performance with samples from a guinea pig
model of pulmonary disease. The technology uses a short DNA
preamplification with a pair of panfungal primers and subsequent
quantification with a pair of primers and a TagMan MGB probe
specific exclusively to A. fumigatus (Fig. 1). We tested lung tissue,
BAL fluid, whole blood, and serum using this quantitative assay.
The results obtained with BAL fluid and serum samples were com-
pared with those achieved using clinically available assays for the
detection of GM and BG.

MATERIALS AND METHODS

Fungal isolate. A. fumigatus clinical isolate 293 (AF293), the isolate used
in the A. fumigatus genome sequencing project, was grown on potato
dextrose agar at 37°C for 7 days (18, 26). Conidia were harvested by wash-
ingand scraping of agar surfaces with 0.1% Tween 80 in sterile physiolog-
ical saline and subsequent filtration for the removal of hyphal fragments.
Conidia were concentrated by centrifugation and then resuspended to a
targetinoculumof ~1 X 10® conidia/ml by hemocytometer. The number
of viable conidia was confirmed by plating dilutions of the inoculum and
quantifying CFU.

Animals and immunosuppression. Two days prior to infection, male
Hartley guinea pigs (0.5 kg; Charles River Laboratory, Wilmington, MA)
received cyclophosphamide (Cytoxan, 250 mg/kg; Mead Johnson, Prince-
ton, NJ) intraperitoneally and cortisone acetate (250 mg/kg; Sigma, St.
Louis, MO) subcutaneously to induce neutropenia. Ceftazidime (100 mg/
kg; Glaxo SmithKline Beecham Pharmaceuticals, Philadelphia, PA) was
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administered daily for prevention of bacterial infections during the study.
Additional doses of cyclophosphamide (200 mg/kg) and cortisone acetate
(250 mg/kg day) were administered on day 3 postinfection (26). All ani-
mal research procedures were approved by the Institutional Animal Care
and Use Committee at the University of Texas Health Science Center at
San Antonio, and all animals were maintained in accordance with the
American Association for Accreditation of Laboratory Animal Care (16).

Inhalational challenge and sample collection. As previously de-
scribed, an inexpensive acrylic chamber was used to infect guinea pigs
with a nebulized inoculum of 10° A. fumigatus conidia. Twenty-five
guinea pigs were exposed to the aerosol mist for 1 h. Confirmation of the
conidial delivery of each exposure run was accomplished with the sacrifice
of randomly chosen guinea pigs (total #n = 5) from each run of the aerosol
chamber and determination of lung conidial loads by enumeration of
CFU. On days 3, 5, 7, and 11 postinoculation, five guinea pigs were hu-
manely euthanized via anesthesia and exsanguination by cardiac punc-
ture. Blood samples were collected from each animal, and the serum was
separated. BAL fluid samples were also collected from each animal, and
fungal burdens in the lungs were also determined postmortem using CFU
analysis (7). Throughout the course of the study, all animals were moni-
tored daily for any obvious signs of illness or other signs of distress. Any
animal that was found to be moribund prior to the study endpoint was
humanely euthanized using approved methods. Four uninfected, immu-
nosuppressed controls were also included, and samples (lung tissue, BAL
fluid, serum, and whole blood) were collected on day 11 or when they
appeared moribund.

DNA isolation. Samples were stored at —70°C and thawed for 30 min
at room temperature before isolation. DNA isolation was performed
within a laminar-flow box in a separate laboratory to avoid PCR mixture
contamination. Other measures used to avoid external contamination
included the use of filtered pipet tips, frequent glove changing, and the use
of a UV light in the laminar-flow box when it was not in use. One blank
sample (equivalent amount of sterile water (B. Braun, Melsungen, Ger-
many) was isolated with each set of 11 samples in order to exclude the
influence of possible external contamination (chemicals, test tubes, etc.).
DNA concentration was measured with a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE).

DNA isolation from whole blood samples. Twenty-two milliliters of
erythrocyte lysis buffer (ELB; 10 mM Tris-Cl [pH 7.6], 5 mM MgCl,, and
10 mM NaCl) was added to 3 ml of whole blood. Samples were gently
shaken for 10 minatroom temperature and then centrifuged for 10 minat
1,500 X g and 10°C. The supernatant was discarded, and the pellet was
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washed with 25 ml of ELB. The samples were then gently shaken and
centrifuged again, and the washing step was repeated once. Each pellet was
resuspended in 1 ml of ELB, transferred to a microcentrifugation tube
(Eppendorf), and centrifuged for 10 min at 4,000 X gat room tempera-
ture, after which the supernatant was discarded. DN A was extracted from
the pellet using a ZR Fungal/Bacterial DNA kit (Zymo Research, Irvine,
CA) according to the manufacturer’s protocol. The time of sample vor-
texing with glass beads was extended from 5 to 15 min, and DNA was
eluted with 50 pl of elution buffer.

DNA isolation from BAL fluid samples. BAL fluid (0.8 to 2 ml, de-
pending on the available volume) was centrifuged for 10 min at 5,000 X gat
room temperature. The supernatant was discarded, and DNA was extracted
from the pellet using a ZR Fungal/Bacterial DNA kit as described above.

DNA isolation from lung tissue and serum samples. Lung tissue
samples were homogenized in sterile saline for 20 s with an IKA T8 Ultra
Turrax disperser (IKA Labortechnik, Staufen, Germany). Two hundred
microliters of homogenate was added to the ZR BashingBead lysis tubes
with 750 pul of the lysis solution (both from the ZR Fungal/Bacterial DNA
kit) and incubated at room temperature overnight. The next day, the
tubes were vortexed for 15 min and DNA was isolated according to the
manufacturer’s protocol using 50 pul of elution buffer. DN A was isolated
from 400 pl of serum with the QIAamp DNA Blood mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.

PCR amplification. Five microliters of DNA from each sample was
amplified in a 25- pul reaction mixture containing 1 XABsoluteQPCR Mix
(Thermo Scientific) and 400 nM each primer (ASP-F, 5'-CTGTCCGAG
CGTCATTGCT-3" ITS-R, 5'-TCCTCCGCTTATTGATATGCTTAA-3")
(22) using an amplification profile of 95°C for 15 min, followed by 20
cycles of 95°C for 15 s and 60°C for 1 min. One microliter of the initial
PCR product was used as a template in the second round of amplification
in a 25-ul reaction mixture containing 1 X ABsoluteQPCR Mix, 400 nM
each primer (forward primer, 5'-GGCTTTGTCACCTGCTCTGTAG-3';
reverse primer, 5'-CTGATCCGAGGTCAACCTTAGAAA-3'), and 200
nM TaqgMan-MGB probe (5'-6-carboxyfluorescein-CCGACACCCAAC
TTT-MGBNFQ-3') (sequences of the all oligonucleotides: international
patent application PCT/CZ2010/000052, published under no. WO 2010/
121578, granted Czech patent no. CZ 302670). The amplification profile
ofthe second PCR was 95°C for 15 min, followed by 45 cycles of 95°C for
15 sand 60°C for 1 min usinga Rotorgene 6000 (Corbett Research, Mort-
lake, New South Wales, Australia). Each sample was run in duplicate.
Sterile water (B. Braun) was used as the no-template control in each run.
Results were analyzed using Rotorgene 6000 software version 1.7. Quan-
tification was made using a standard curve with 5 ul of the PCR product
cloned into plasmid pCR 2.1 (Invitrogen, Grand Island, NY) in 10-fold
dilutions ranging from 2 X 10° to 2 copies of plasmid DNA/5 pl. In order
to reduce artificial differences in fungal loads caused by dissimilar efficien-
cies of DNA isolation from the individual samples, all PCR results are
presented as numbers of copies per microgram of DNA used for PCR
amplification (number of copies detected by QNRT PCR X (1,000/DNA
concentration [in ng/ul] X 5). The amount of free DNA in serum is very
low and almost unmeasurable. Therefore, real-time PCR results obtained
with this fluid are presented as numbers of copies per milliliter of serum.
Any sample in which a PCR product was detected following QNRT PCR
was considered positive.

Test of cross-reactivity with other fungal species. Cross-reactivity of
the A. fumigatus-specific assay was tested by amplification of DNA iso-
lated directly from fungal strains obtained from the Czech Collection of
Microorganisms or clinical isolates. DNA was isolated from 100 ul of a
fungal suspension using a protocol for the isolation of DNA from BAL
fluid samples as described above. Five microliters of isolated DNA was
used as the template for the second round of PCR as described above.

GM detection. Both serum and BAL fluid GM concentrations were
determined by the Platelia Aspergillus kit (Bio-Rad, Marnes-la-Coquette,
France) according to the manufacturer’s instructions. BAL fluid samples
were centrifuged at 1,000 rpm for 10 min, and 300 ul of the supernatant of
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TABLE 1 Species used to test assay specificity

Species Source or strain

Clinical isolate
Clinical isolate
CCME-266
Environmental isolate
Environmental isolate
Environmental isolate

Aspergillus flavus
Aspergillus niger
Aspergillus nidulans
Aspergillus vitricola
Aspergillus versicolor
Aspergillus sydowii

Cladosporium cladosporioides CCME-348
Penicillium comunne CCMEF-327
Penicillium brevicompactum CCM8040
Penicillium olsonii Environmental isolate
Penicillium chrysogenum CCM 8034

Clinical isolate
Clinical isolate
CCM8014

Clinical isolate
Clinical isolate

Fusarium oxysporum
Fusarium proliferatum
Fusarium solani
Rhizopus microsporus
Rhizopus oryzae

Mucor racemosus CCM8190
Rhizomucor pusillus Clinical isolate
Absidia corymbifera CCM8077

Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate

Candida albicans
Candida glabrata
Candida tropicalis
Candida parapsilosis
Candida krusei

each sample was used for GM detection. A sample with a GM index of
=(.5 was considered positive.

BG detection. Both serum and BAL fluid BG concentrations were
measured with the Fungitell test kit (Associates of Cape Cod, East Fal-
mouth, MA) as recommended by the manufacturer. BAL fluid specimens
were centrifuged at 1,000 rpm for 10 min, and 5 ul of the supernatant of
each sample was used for BG detection. All specimens were tested in
duplicate. A BG level of =80 pg/ml was considered positive.

Statistical analysis. The Mann-Whitney test was used to determine if
differences in fungal burdens detected in samples and on different collec-
tion days were significant (http://faculty.vassar.edu/lowry/utest.html).
Spearman’s rank correlation coefficient was calculated to confirm the cor-
relation between the different assays (http://www.wessa.net/) (27). Fish-
er’s exact test was used to determine if significant differences existed be-
tween the numbers of samples positive by each assay with different sample

types.

RESULTS

Sensitivity and specificity of QNRT PCR assay. The primers and
TagMan-MGB probe used in the second round of PCR were de-
signed to selectively amplify A. fumigatus, not other Aspergillus
species or related airborne fungi. Cross-reactivity with wild-type
strains was not found with any of the species listed in Table 1. All
clinical and environmental isolates were verified by DNA se-
quencing.

The analytical sensitivity of the assay is presented in Table 2.
Both single-round and nested reverse transcription PCRs repro-
ducibly detected 0.01 fg of DNA, corresponding to 2 plasmid cop-
ies per PCR. The use of nested PCR did not increase sensitivity but
did result in lower cycle threshold (C,) values and better perfor-
mance and reproducibility of the assay. The delta C;- between the
two reactions remained stable, reflecting linear amplification of all
dilutions. We used BAL fluid samples to test the difference be-
tween the fungal loads detected after single-round PCR (45 cycles
with A. fumigatus-specific oligonucleotides) and nested PCR (20
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TABLE 2 Representative amplification of serial dilutions of plasmid
DNA with cloned internal transcribed spacer region detected in second
round of PCR®

Mean C- = SD (log no. of copies/reaction)

Amt of DNA Single-round PCR Nested real-time PCR AC,
10 pg 16.6 = 0.49 (6.3) 3.09 £0.2(10.8) 13.5
1pg 19.9 + 0.74 (5.3) 7.12 % 0.3 (9.5) 12.8
0.1 pg 23.4 = 0.61 (4.3) 9.8 = 0.3 (8.7) 13.6
10 fg 27.5 * 1.13 (3.3) 12.6 * 0.4 (7.8) 14.9
1fg 30.5 = 1.46 (2.3) 15.5 £ 0.2 (6.9) 15.0
0.1fg 33.9 = 1.88 (1.3) 18.3 £ 0.3 (6.0) 15.6
0.01 fg 35.8 = 1.86 (0.3) 203 0.8 (5.4) 15.5

“ Both single-round and nested PCRs detected 0.01 fg of DNA, corresponding to 2
copies of plasmid DNA per reaction.

cycles of amplification with panfungal primers plus 45 cycles with
A. fumigatus-specific oligonucleotides) (Fig. 2). Use of fungal
DNA preamplification increased the detected copy numbers with-
out affecting assay performance and efficiency. As inhibition of
amplification due toalarge amount of template was not observed,
we can conclude that this ultrasensitive approach might be useful
for sample testing.

Detection of A. fumigatus in lung tissue. The results from
individual guinea pigs, as well as the mean and standard deviations
for each assay at each time point, are reported in Table 3. QNRT
PCR detected high fungal burdens in 25 (100%) of 25 tissue sam-
ples from infected animals, while all uninfected controls were PCR
negative. Initially, the high load of DNA measured 1 h postinfec-
tion (mean, log,,33.55 = 18.80 copies/ ug of DNA) was decreased
atday 3 (13.56 = 8.56 copies/ ug of DNA) but was then increased
ondays 5 and 7. Two of five animals originally assigned to the day
11 group died prematurely on day 5, and the variability in the
remaining 3 at this later time point was too large to determine if
the fungal burdens were increasing further. Semiquantitative cul-
tures (CFU) were able to detect Aspergillus conidia as early as 1 h
postinfection, and as observed with QNRT PCR, fungal burdens
measured by this assay decreased until day 3 and remained stable
at the other time points. These results are consistent with previ-
ously reported data in this model (26).
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Detection of A. fumigatusin BAL fluid. The QNRT PCR assay
detected a high fungal burden in BAL fluid samples beginning at 1
h postinfection (mean, log,, 88.51 % 10.22 copies/ug of DNA).
Detection at this early time point most likely represents inhaled
conidia. However, the values measured at the later time points
following germination of the conidia into hyphae (mean range for
days 3, 5, 7, and 11, log,, 70.27 to 121.32 copies/pug of DNA)
remained elevated. One sample from an uninfected control ani-
mal was positive. Although the fungal burden was much lower
than in other samples, the serum from this animal was positive for
GM and BG.

BAL fluid was negative for GM and BG at 1 h postinfection, but
all samples became positive on day 3 and levels steadily increased
throughout the study (Fig. 3). None of the BAL fluid samples on
days 3 to 11 of the study were negative by either of these assays,
which were also 100% specific, as none of the uninfected controls
were positive (Table 3).

Detection of A. fumigatus in serum and whole blood. By
QNRT PCR, fungalloads were detected in 10 (43.5%) of 23 serum
samples from infected animals throughout the course of infection
and in 9 (50%) of 18 samples collected on days 3 to 11. All samples
collected on day 5 were negative. Two animals from the unin-
fected control group were also positive.

GM was positive in 7 (30.4%) of 23 samples from all infected
animals (7 [38.8%] of 18 on days 3 to 11). Except for one sample
collected on day 3, all positive results occurred on either day 7 or
day 11. One sample from the uninfected control group was also
positive for GM. Only 4 (17.4%) of 23 serum samples from in-
fected animals were positive for BG (4 [22.2%] of 18 on days 3 to
11). Similar to GM, BG was detected beginning on the seventh day
of infection. In whole blood, QNRT PCR detected fungal DNA in
(60.9%) 14 of 23 samples from infected animals throughout the
course of the study and in 11 (61.1%) of 18 samples on days 3 to
11. As shown in Table 3 and Fig. 3, detection of fungal DNA within
this fluid was highly variable. However, no samples from the un-
infected control group were positive.

Compared to serum, the number of samples of BAL fluid from
infected guinea pigs that were positive, either throughout the
course of infection or on days 3 to 11, was significantly higher for
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FIG 2 Comparison of fungal loads detected in BAL fluid samples with single-round and nested PCRs. Filled circles denote nested PCR data. Empty circles denote

single-round PCR data.

March 2012 Volume 50 Number 3

jcm.asm.org 605

71



Lengerova et al.

TABLE 3 Comparison of PCR, GM enzyme immunoassay, and BG results obtained with samples from A. fumigatus-infected guinea pigs”

Fungal burden

iH Lung tissue BAL fluid Serum
Day p.i.” or
parameter Culture PCR PCR GM BG PCR GM BG Whole blood, PCR
0 4.50 31.04 72.52 0.14 79 0 0.11 15 37.69
0 4.47 60.22 98.20 0.17 20 0 0.09 18 0.00
0 447 41.17 85.61 0.23 61 0.1 0.09 29 0.00
0 443 25.78 96.07 0.17 35 0.1 0.05 8 7.44
0 4.28 9.52 90.15 0.2 70 3.99 0.32 15 18.54
Mean (SD) 4.43 (0.09) 33.5(18.8) 88.5(10.2) 0.18 (0.03) 53.0 (24.7) 0.84 (1.76)  0.13 (0.11) 17.0 (7.65) 12.7 (15.9)
3 3.43 6.52 115.51 33 570 0 0.11 13 60.72
3 3.62 8.42 148.74 132 160 1.64 1.08 20 0.00
3 3.25 7.70 137.81 1.07 125 4.1 0.11 20 47.81
3 3.53 19.43 108.90 1.62 273 0.75 0.42 2 42.82
3 3.58 25.75 95.65 1.96 622 0 0.11 10 96.63
Mean (SD) 3.48 (0.15) 13.6 (8.56) 121.3 (21.6) 1.85 (0.87) 350 (232) 1.30 (1.71)  0.37 (0.42) 13.0 (7.55) 49.6 (34.8)
5 3.23 47.62 118.66 6.44 1243 0 0.45 0 0.00
5 2.96 25.66 103.40 1.69 1295 0 0.23 7 42.40
5 3.41 69.32 81.10 1.6 420 0 0.24 62 36.77
5 3.48 78.44 109.30 7.45 1352 0 0.38 25 0.00
5 2.79 40.35 22.06 4.04 1100 0 0.43 0 0.00
Mean (SD) 3.17 (0.29) 43.4 (24.6) 86.9 (38.8) 4.24 (2.68) 1082 (382) 0(0) 0.35 (0.10) 18.8 (26.2) 15.8 (21.8)
7 3.51 73.00 78.02 12.6 1356 4.35 3.49 30 63.54
7 3.66 44.02 91.32 12.26 1588 4.28 10.97 220 0.00
7 2.62 33.99 99.46 6.18 1476 0 0.15 0 53.72
7 3.99 79.58 92.03 12.55 1530 4.13 12.49 1020 0.00
7 2.76 78.35 113.72 4.95 1510 0.4 0.13 0 0.00
Mean(SD)  3.31(0.59) 61.8(21.2) 949(13.0)  9.71(3.81) 1492(86.2) 2.63(2.23) 5.45(5.92) 254 (438)  23.4(32.3)
11 3.60 125.59 81.86 12.13 1612 0.49 5.09 126 50.86
11 2.68 25.53 56.86 391 1150 0.7 0.62 30 14.75
11 3.53 19.45 72.10 12.11 1530 0 8.16 312 17.72
11 3.38 6.96 ND* ND ND ND ND ND ND
114 3.04 35.29 ND ND ND ND ND ND ND
Mean (SD) 3.27 (0.51) 56.9 (59.6) 70.3 (12.6) 9.38 (4.74) 1431 (246) 0.40 (0.36)  4.62 (3.79) 156 (143) 27.8 (20.0)
1€ ND 0.00 10.62 0.24 51 3.51 11.82 60 0.00
LI¢ ND 0.00 0.00 0.14 35 0 0.12 0 0.00
11° ND 0.00 0.00 0.16 26 1.05 0.09 0 0.00
11¢ ND 0.00 0.00 0.11 75 0 0.11 0 0.00

“ Units used: culture, log no. of CFU/g of tissue; PCR for lung tissue, BAL fluid, or whole blood, log, , no. of copies/ug of DNA; PCR for serum, no. of copies/ml of serum; GM,

index of positivity; BG, pg/ml of BAL fluid or whole blood. Positive results are in bold.
b p.i., postinfection.

“ND, not done.

4 Dead on day 5.

“ Uninfected.

the QNRT PCR, GM, and BG assays (P < 0.01 for each compari-
son). The mean values within the BAL fluid samples for most time
points for each assay were also significantly greater than those
detected in the serum. Similarly, with BAL fluid, the number of
samples positive by QNRT PCR and the mean value at each time
point were significantly higher than with whole blood (P < 0.05
for each comparison).

DISCUSSION

In this study, our QNRT PCR assay proved to be highly sensitive
and specific for the detection of A. fumigatus in various samples
collected from guinea pigs. This approach combines the advan-
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tages of nested PCR, which is highly sensitive, and real-time PCR,
which may allow the monitoring of disease progression. Our sys-
tem is highly adaptable, and we have designed primers and probes
that specifically target other Aspergillus species (data not shown in
this study). These assays use the same primers for the first round of
PCR, and species-specific oligonucleotides are used in the second
round. These primers and probes were not evaluated in the pres-
ent study, where the causative agent of infection was known. Tra-
ditionally discussed problems with nested PCR, i.e., higher rates of
false-positive results due to contamination, were solved by DNA
isolation and PCR setup in laminar-flow boxes in separate rooms,
isolation of water samples with each batch of samples, and use of
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FIG 3 Time courses of fungal burdens as detected by all three methods. Results are presented as means * standard deviations. (A) QNRT PCR detection in BAL
fluid (gray), lung tissue (white), and whole blood (dashed boxes). (B) QNTR-PCR detection in serum. (C) GM detection in BAL fluid (gray) and serum (white).

(D) BG detection in BAL fluid (gray) and serum (white).

the undiluted PCR product as the template for the second round
of PCR amplification. Moreover, the design of the highly A.
fumigatus-specific oligonucleotides used in the internal round
prevented cross-reactivity with airborne fungi.

Generally, the amount of fungal DNA present in clinical sam-
ples is very low. Even in patients with proven aspergillosis, DNA
copy numbers may be low or PCR C;. values may be very high and
can be at the detection limit of a real-time PCR. In addition, fungal
DNA is amplified with a high background of host DNA, which
may make the detection of fungal DNA difficult. With our nested
PCR assay, the first round of amplification with panfungal prim-
ers enriches the fungal DNA fraction and improves the fungal
versus nonfungal DNA ratio. Specific oligonucleotides used in the
second round can therefore easily find their targets, allowing for
more-efficient PCRs (19). The preamplification step enables the
detection of very low copy numbers in blood samples. The lower
Cy-values observed with this technique make the PCR assay more
robust and reproducible, which is very important in routine diag-
nostics.

In this study, QNRT PCR detected fungal DNA in all lung
tissue samples from infected animals as early as 1 h postinfection;
therefore, we conclude that our DNA isolation method is applica-
ble forisolation of fungal DNA from inhaled conidia. GM and BG
were not detected at this time point, as the conidia had not yet
begun to germinate and form hyphae at this early time point (13,
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15). Due to this fact, data obtained from day 0 were excluded from
analysis and were not used to calculate sensitivity. At day 3, there
was a significant decrease in the fungal burden (P < 0.05). Similar
results were also observed in other studies where a drop of the
fungal burden occurred between day 0 and day 3 when measured
by semiquantitative culture (23, 26, 28). This may be due to partial
removal of the infecting organism by a residual innate immune
system response. At day 5, the fungal burden increased again and
remained relatively stable until day 7. Because only 3 samples were
taken on day 11 (two animals died prematurely on day 5) and
there was high interindividual variability, we cannot assess if the
fungal burden increased further or remained stable. However, the
relative sensitivity and specificity of the QNRT PCR assay in lung
tissue were both 100%.

The samples most suitable for early invasive aspergillosis diag-
nostics in this study proved to be BAL fluid samples, as they were
positive in all infected animals with each assay (QNRT PCR, GM,
and BG) beginning on day 3 (Table 3). The relative sensitivity of
QNRT PCR, GM, and BG in BAL fluid was therefore 100%, and
the specificities were 75%, 100%, and 100%, respectively. Begin-
ningon day 3, the GM data correlated with the BG results (Fig. 3C
and D) (Spearman rank correlation, rho 0.93; P < 0.0001),
which is in concordance with the results of other studies (8, 23).
Although fungal burdens determined by QNRT PCR were highly
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variable, among different animals they remained elevated
throughout the duration of the study.

Results from serum and whole blood were more heteroge-
neous. The sensitivities of the QNRT PCR, GM, and BG in serum
were 50%, 39% and 22%, respectively, while specificities ranged
from 50% to 100%. PCR detected fungal burdens in all but one
sample that were either GM or BG positive. The only serum sam-
ple that was negative by PCR but positive by serological methods
was from one animal with a very low fungal burden in lung tissue.
Two of four serum samples taken from uninfected animals at day
11 were positive by PCR but at very low levels compared to those
observed in the infected animals. One of these samples was also
positive by GM. Although the cause of this false positive is un-
known, it may have been due to cross-contamination during sam-
ple collection. The measurement of fungal DNA in individual
serum and whole blood samples was at the detection limit of real-
time PCR, and there was no correlation between the fungal loads
detected in serum and whole blood. Unfortunately, data concern-
ing the health condition of the animals at the time of death were
not collected; therefore, we cannot correlate the results of these
assays with the physical state of the guinea pigs.

In conclusion, this novel QNRT PCR method is highly sensi-
tive and specific for detection of A. fumigatus in different types of
samples. With serum and whole blood, QNRT PCR was more
sensitive than GM and BG. However, despite a high fungal burden
in lung tissue and BAL fluid, serum and whole blood might be
negative with the various assays even in advanced stages of disease.
Therefore, we conclude that when testing serum, a combination of
assays may increase the possibility of early detection of invasive
pulmonary aspergillosis, and the results of all methods may notbe
positive at the same time due to potential differences in the kinet-
ics of antigen and DNA release. With BAL fluid, all three methods
were positive throughout the course of the infection, and there-
fore, BAL fluid samples seem to be the most suitable for early
detection of invasive pulmonary aspergillosis. It is highly probable
that similar interpatient variability may occur with clinical sam-
ples, and this may contribute to the ambiguous interpretation of
PCR results and subsequently restrict standardization and use
fungal PCR diagnostics in routine clinical practice.
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We present a method for rapid and simple detection of clinically relevant mucormycetes of the Mucorales
order in cultures and clinical samples. This seminested real-time PCR uses mucormycete-specific primers and
is followed by species identification using high-resolution melt (HRM) analysis. The method is highly suitable

for routine clinical diagnostics.

Invasive infections caused by mucormycetes started to occur
more frequently in the last decade and are connected with
rapid progression and high mortality rates. Early diagnostics
and targeted treatment are crucial. Most mucormycosis cases
(over 90%) are caused by Rhizopus spp., followed by Mucor
spp.. Lichtheimia spp., Rhizomucor pusillus, and, rarely, some
other species (2, 9, 11, 16).

Definitive diagnosis of mucormycosis is usually made after
histopathological proof of mucormycete-like hyphae in in-
volved tissue; the causative agent can be determined only by
culture (13). So far, no serological test is available and radio-
logical methods are nonspecific.

Molecular detection of mucormycetes is complicated by several
factors, and we still do not have any standard protocol. Few
methods for the detection of mucormycetes have been pub-
lished, and only some have been evaluated using clinical
samples (1, 5, 10, 14, 15, 17) or samples from animal models
(6, 7).

The aim of this study was to develop a rapid and sensitive
technique for the detection and identification of clinically im-
portant mucormycetes. We adopted primers from a qualitative
method previously published by Bialek et al. (1) that is specific
for members of the order Mucorales targeting 18S ribosomal
DNA (rDNA). We modified it to seminested real-time PCR
with EvaGreen dye, followed by species distinction by high-
resolution melt (HRM) analysis. HRM analysis uses amplifi-
cation of DNA in the presence of intercalation dye. Fluores-
cence is measured during a controlled melting of PCR product
that results in a melt curve that depends mainly on GC content,
length, and sequence of the PCR product. This simple method
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tooncology, University Hospital Brno, Cernopolni 9, 613 00 Brno,
Czech Republic. Phone: 420532234641, Fax: 420532234623, E-mail:
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can be used for genotyping or mutation scanning without the
need for time-consuming sequencing (4, 12).

DNA was isolated from 50 pl of fungal culture (inoculum
was prepared by covering sporulating colonies with approxi-
mately 2 ml of sterile 0.85% saline) or a piece of fresh tissue (2
by 1 mm) using the ZR fungal/bacterial DNA kit (Zymo Re-
search). Tissue samples were incubated in lysis buffer over-
night, and cultures were immediately processed according to
the manufacturer’s protocol. Disruption was extended to 15
min (Disruptor Genie; Scientific Industries). DNA from forma-
lin-fixed, paraffin wax-embedded (FFPE) tissue samples was iso-
lated from 2 or 3 scrolls (5 to 10 um each) of paraffin block using
a DNeasy blood and tissue kit (Qiagen). Paraffin was dissolved in
1 ml of xylene, and then the tissue was washed two times using 1
ml of 96% ethanol and incubated in 180 pl of ATL buffer (Qia-
gen) and 20 pl of proteinase K (600 mAU/ml solution, where one
mAU represents the activity of proteinase K that releases folin-
positive amino acids and peptides corresponding to 1 pumol of
tyrosine per min) at 55°C overnight and then at 90°C for 1 h. The
next steps were done in accordance with the manufacturer’s pro-
tocol. DNA isolation from clinical samples was done in a biolog-
ical safety cabinet. An aliquot of sterile water was processed with
each set of samples as a control of potential contamination during
the isolation process.

Five microliters of DNA was amplified in 25 ul of amplifi-
cation mixture that contained a 0.2 pM concentration each of
primers ZM1 and ZM2 (1), 120 nM deoxynucleoside triphos-
phates (dNTPs; Roche, Germany), 2.5 mM MgCl,, 1X Gene-
Amp PCR Gold buffer, and 1.5 U AmpliTaq Gold DNA poly-
merase (Applied Biosystems). The cycling conditions were 10
min at 95°C, 16 cycles of 30 s at 94°C, 30 s at 50°C, and 60 s at
72°C, and 7 min at 72°C. One microliter of PCR product from
the external round was then amplified in duplicate using Ro-
torgene 6000 (Corbett Research, Australia). Twenty-five mi-
croliters of the amplification mixture contained a 0.4 pM con-
centration each of primers ZM1 and ZM3 (1), 12.5 pl of
SensiMix HRM, and 1 pl of EvaGreen (both from a SensiMix
HRM kit; Quantace, United Kingdom). The cycling conditions
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FIG. 1. Representative result of high-resolution melt (HRM) analysis. Shown are HRM curves for six mucormycete isolates (black curves) and

one negative and one positive tissue sample (gray curves).

were 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 20 s
at 60°C, and 30 s at 72°C (acquired on the green channel),
followed by HRM analysis (ramp from 74°C to 79.5°C, rising by
0.1°C each cycle, acquired on the HRM channel). Rotorgene
6000 series software (version 1.7) was used for analysis of the
results. All positive results were confirmed by sequencing of
the PCR product. DNA was purified using a QIAquick PCR
purification kit (Qiagen, Germany) and sequenced using a
BigDye Terminator vl1.1 cycle sequencing kit (Applied Biosys-
tems) on an ABI Prism 310 genetic analyzer (Applied Biosys-
tems). Sequences were analyzed using the BLAST alignment
program of the GenBank database.

We used DNA extracted from five mucormycete cultures
diluted in Tris-EDTA (TE) buffer as positive controls in every
run. A DNA isolation control (sterile water processed with
clinical samples) and a negative control of PCR (sterile water)
were added to each run as well.

In this study, we tested 31 fungal isolates, comprising 10
mucormycete isolates and 21 isolates from other filamentous
fungal groups (Department of Clinical Microbiology, Univer-
sity Hospital Brno and Czech Collection of Microorganisms,
Czech Republic). All mucormycete isolates were correctly
identified. The melting temperatures (7,,) for each species
were as follows: for Rhizopus microsporus, 76.46°C; for Rhizo-
pus oryzae, 76.59°C; for Mucor racemosus, 76.78°C; for Mucor
circinelloides, 76.98°C; for Rhizomucor pusillus, 77.87°C; and
for Lichtheimia corymbifera, 78.56°C. Representative HRM
curves for six different mucormycetes are shown in Fig. 1. All
HRM analysis results were confirmed by sequencing. None of
the nonmucormycete fungi were positively tested. The results
are summarized in Table 1.

We also tested 12 tissue samples, 7 (6 fresh and 1 FFPE)
from patients with histopathologically or culture-proven mu-
cormycosis and 5 (3 fresh and 2 FFPE) from patients without

TABLE 1. List of fungal isolates used in this study and results of

HRM analysis®

Organism

Accession no. or
source

Result of zygomycete
HRM analysis

Mucormycetes

Rhizopus oryzae

Rhizopus sp.

Rhizopus microsporus
Rhizomucor pusillus
Mucor racemosus
Mucor circinelloides
Lichtheimia corymbifera

Other filamentous fungi

Fusarium oxysporum

Fusarium proliferatum
Fusarium solani
Aspergillus fumigatus

Aspergillus niger
Aspergillus flavus
Aspergillus terreus
Aspergillus ustus
Aspergillus nidulellus

(nidulans)
Aspergillus sydowii

Scedosporium apiospermum

Cladosporium
cladosporioides

Cladosporium
cladosporioides f. sp.
pisicola

Penicillium commune

Penicillium brevicompactum

Penicillium chrysogenum

Clinical isolate; DCM
CCM 8075
Clinical isolate; DCM
Clinical isolate; DCM
CCM F-211
CCM 8190
Clinical isolate; DCM
CCM 8077
Clinical isolate; DCM
Clinical isolate; DCM

Clinical isolate; DCM
Clinical isolate; DCM
Clinical isolate; DCM
CCM 8014

Clinical isolate; DCM
Clinical isolate; DCM
Clinical isolate; DCM
CCM 8155

CCM 8363

CCM F-171

CCM 8082

CCM F-414

CCM F-266

Environment; DCM
Clinical isolate; DCM
Environment; DCM

CCM F-348

CCM F-327

CCM 8040
Environment; DCM
Environment; DCM

Rhizopus oryzae
Rhizopus oryzae
Rhizopus oryzae
Rhizopus microsporus
Rhizomucor pusillus
Mucor racemosus
Mucor circinelloides
Lichtheimia corymbifera
Lichtheimia corymbifera
Lichtheimia corymbifera

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Negative
Negative
Negative

Negative

Negative
Negative
Negative
Negative

“ CCM, Czech Collection of Microorganisms, Czech Republic; DCM, Depart-
ment of Clinical Microbiology, University Hospital Brno, Czech Republic.
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TABLE 2. List of tissue samples used in this study and results of HRM analysis

Patient Tissue sample Histopathology result Culture result HRM analysis result

1 Lung Positive Negative Rhizopus microsporus

2 Lung (FFPE) Positive Negative Rhizomucor pusillus/miehei

3 Oral cavity Positive Lichtheimia corymbifera Lichtheimia corymbifera

4 Lung Positive Rhizopus microsporus Rhizopus microsporus

) Lung Positive Lichtheimia corymbifera Lichtheimia corymbifera

6 Oral cavity 1 Positive Rhizopus microsporus Rhizopus microsporus
Oral cavity 2 Positive Rhizopus microsporus Rhizopus microsporus

7 Lung Negative Negative Negative

8 Lung Negative Negative Negative

9 Lung (FFPE) Negative Negative Negative

10 Lung Negative Negative Negative

11 Lung (FFPE) Negative Negative Negative

mucormycosis (obtained from hemato-oncological patients
from University Hospital Brno, Czech Republic). All seven
tissue samples from patients with proven mucormycosis were
PCR positive, and in all cases, we were able to directly deter-
mine the mucormycete species: R. microsporus (n = 4), L.
corymbifera (n = 2), and R. pusillus/michei (these two species
have 100% sequence homology in the target region and therefore
cannot be distinguished; n = 1). All five tissue samples from
patients without mucormycosis were negative. Results are sum-
marized in Table 2, and representative HRM analysis curves are
shown in Fig. 1. Amplification of fragmented DNA from FFPE
samples can be problematic (8). In this study, we tested one FFPE
tissue from a patient with proven mucormycosis, and the result
was positive.

The sensitivity of the method was assessed by amplification
of dilutions (2 X 107 to 2 X 10° copies/5 pl) of plasmid DNA
(external PCR products of R. pusillus and L. corymbifera
cloned into the pCR2.1 vector; Invitrogen). Reproducible melt
curves were obtained for concentrations up to 0.1 fg of plasmid
DNA, the detection limit corresponding to the original quali-
tative method (1), in both species.

To assess potential PCR inhibition, human albumin gene
was detected by real-time PCR (3) in all tissue samples. No
inhibition was observed.

In conclusion, the HRM assay presented is very simple and
enables rapid and accurate detection and identification of mu-
cormycetes in tissue samples and culture isolates. It is able
to distinguish the main clinically relevant mucormycetes and
shows no cross-reactivity with nonmucormycete filamentous
fungi. It is highly sensitive and specific and is suitable for
routine clinical diagnostics. Its potential for use in diagnostics
with other clinical materials, such as bronchoalveolar lavage
fluid, sputum, etc., needs further study but is evident.

Nucleotide sequence accession numbers. Sequences of
products from the internal round of PCR were deposited in
GenBank under the following accession numbers: for Rhizopus
microsporus, HM234125; for Rhizopus oryzae, HM234126;
for Mucor racemosus, HM234127; for Rhizomucor pusillus,
HM234128; for Lichtheimia corymbifera, HM234129; and for
Mucor circinelloides, HM234130).

This study was supported by grants from the Ministry of Health of
the Czech Republic (NS10442-3/2009 and NS10441-3/2009).
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Rapid differential diagnostics of pulmonary infiltrates suspected of invasive fungal disease in an immunocompromised host and
early initiation of effective antifungal therapy are crucial for patient outcomes. There are no serological tests available to detect
mucormycetes; therefore, PCR-based methods are highly suitable. We validated our previously published PCR followed by high-
resolution melt analysis (PCR/HRMA) to detect Rhizopus spp., Rhizomucor pusillus, Lichtheimia corymbifera, and Mucor spp. in
bronchoalveolar lavage (BAL) samples from immunocompromised patients who were at risk of invasive fungal disease. All PCR/
HRMA-positive samples were retested using novel real-time quantitative PCR (RQ PCR) assays specific to the species identified.
In total, between January 2009 and December 2012 we analyzed 99 BAL samples from 86 patients with pulmonary abnormalities
using PCR/HRMA. Ninety (91%) BAL samples were negative, and 9 (9%) samples were positive. The sensitivity and specificity of
PCR/HRMA were 100% and 93%, respectively. By combining the positive results of PCR/HRMA with positive RQ PCR results,
the specificity was raised to 98%. PCR/HRMA, due to its high negative predictive value (99%), represents a fast and reliable tool
for routine BAL sample screening for the differential diagnosis of pulmonary infiltrates in immunocompromised patients for the

four most clinically important mucormycetes.

Invasive mucormycosis (IM), characterized by rapid progres-
sion, high morbidity, and mortality, is a serious infectious com-
plication in patients with a hematological malignancy (1). More
than 90% of cases are caused by Rhizopus oryzae (or Rhizopus
microsporus), followed by Mucor species, Lichtheimia corymbifera,
and Rhizomucor pusillus and rarely by some other mucormycetes
(2, 3).

Early diagnosis and a prompt start of targeted IM antifungal
therapy are crucial for successful patient outcomes. However, de-
finitive diagnosis of these infections in routine clinical practice is
very difficult, and the diagnosis is often not confirmed until there
is histological proof of mucormycete-like elements in affected tis-
sues or positive cultures (4, 5).

Contrary to invasive aspergillosis diagnosis, where a large
number of attempts were made to detect galactomannan, both in
serum and bronchoalveolar lavage (BAL) samples, no such sero-
logical test is available for mucormycetes. Even B-D-glucan, when
used as a panfungal antigen, is negative in IM.

Therefore, one of the most promising tools for early mucor-
mycete detection is the use of molecular methods, mainly various
PCR modifications. Until now, only a limited number of mucor-
mycete-specific PCR methods have been published. Moreover,
only some of them allow the quantification of the fungal DNA
load in samples (6-10), which can be important to differentiate
between a real infection and contamination/colonization of the
sample/patient.

We recently introduced a semiquantitative method for the spe-
cific detection of mucormycetes in tissue samples using high-res-
olution melt analysis (HRMA) (11). This method is based on am-
plification of DNA with specific primers in the presence of an
intercalating dye. After PCR, the change in fluorescence is mea-
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sured during controlled melting of the PCR product. The shape of
the melting curve depends mainly on the GC content, length, and
sequence of the PCR product. The ability of this method to detect
and identify the most common pathogenic species has been
proven in both cultures and tissue samples. Since this technique is
very fast and suitable for routine testing, it might be an ideal tool
for screening clinical samples from immunocompromised pa-
tients who are at risk of IM.

The most frequent manifestation of IM in this patient group is
pulmonary disease; however, obtaining lung tissue samples (e.g.,
by fine-needle biopsy) can be accompanied by serious complica-
tions (bleeding and pneumothorax). Therefore, bronchoscopy
with BAL is routinely used for the differential diagnosis of pulmo-
nary abnormalities.

The aim of this study was to validate PCR/HRMA for the
screening of BAL samples from hematological malignancy pa-
tients with pulmonary infiltrates and assess the clinical relevance
of mucormycete detection in BAL. Moreover, we designed new
species-specific real-time quantitative PCR (RQ PCR) assays for
the most clinically relevant mucormycetes (R. oryzae, R. microspo-
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TABLE 1 Demographic characteristics

Characteristic” No. of patients
Male 50
Female 36
AML 33
CLL 10
ALL 9
HL 3
HCL 3
CML i}
MM 9
NHL 12
Other 6
Allogeneic unrelated HSCT 17
Autologous HSCT 7
Induction/reinduction of acute leukemia 25
Consolidation of acute leukemia 6
Chemotherapy 12
Other therapy 9
No therapy 10

“ AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; ALL, acute
lymphoblastic leukemia; HL, Hodgkin’s lymphoma; HCL, hairy cell leukemia; CML,
chronic myeloid leukemia; MM, multiple myeloma; NHL, non-Hodgkin’s lymphoma;
HSCT, hematopoietic stem cell transplantation.

rus, Mucor spp., R. pusillus, and L. corymbifera), which were used
to quantify the fungal load in positive samples.

MATERIALS AND METHODS

Mucormycete isolates. Mucormycete isolates were obtained from the
Czech Collection of Microorganisms (CCM), Czech Republic (Absidia
[Lichtheimia] corymbifera, CCM8077; Mucor racemosus, CCM8190;
Rhizomucor pusillus, CCMF-211; and Rhizopus oryzae, CCM8075) and
culture-positive clinical specimens from the Department of Clinical Mi-
crobiology, University Hospital Brno, Czech Republic (2 Lichtheimia co-
rymbifera, 3 Rhizopus microsporus, 2 Rhizopus oryzae, and 1 Mucor circinel-
loides). Fungal cultures were grown for 5 days, and spores were harvested
by scraping the agar surfaces of Petri dishes using a sterile microbiological
loop, transferred to 1 ml of 0.9% sodium chloride solution, and stored at
—70°C.

Clinical samples. Baseline patient population characteristics are sum-
marized in Table 1. Overall, we tested 99 samples from 86 patients. All
patients provided informed consent before the BAL procedure, and the
institutional review board approved the study. The samples were pro-
cessed immediately or stored at —70°C.

Fungal DNA isolation. DNA was isolated from the clinical samples in
a biological safety cabinet in a separate laboratory. An aliquot of sterile
water was processed with each set of samples as a control for potential
contamination during the isolation process. Before the isolation step,
samples were thawed for 30 min at room temperature, and DNA was
isolated from 50 pl of fungal inoculum or 2 ml of BAL fluid using a ZR
fungal/bacterial kit (Zymo Research, Irvine, CA, USA). The sample vor-
texing time with glass beads was extended from 5 to 15 min, and DNA was
eluted with 100 pl of elution buffer as described previously (11).

Detection of the human albumin gene. To verify the DNA isolation
process, the human albumin gene was detected in each sample. Quantita-
tive PCR was carried out in a total volume of 25 pl containing 2X ABso-
lute QPCR mix (Thermo Scientific, UK), 400 nM each primer, 200 nM
TagMan probe, and 5 pl of genomic DNA. PCR was performed as follows:
95°C for 10 min, followed by 50 cycles 0f 95°C for 15 s and 60°C for 1 min
(12). Samples with negative albumin amplification were excluded from
the analysis. All clinical samples were analyzed in duplicate.

PCR/HRMA. PCR amplification was carried out in seminested PCRs
followed by HRMA using the protocol described previously (11). Samples
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were analyzed in duplicate. DNA extracted from 5 mucormycete strains
(R. microsporus, R. oryzae, M. racemosus, R. pusillus, and L. corymbifera), at
a 100X dilutions in TE buffer (10 mM Tris-Cl, 0.1 mM disodium EDTA
[pH 8]), was used as a positive control in every run. A sample was consid-
ered positive if at least one parallel PCR produced a melting curve that was
different from that of the negative sample. Rotor-Gene 6000 series soft-
ware (version 1.7) was used to analyze the results.

RQ PCR assays. We designed new species-specific real-time PCR as-
says (targeting the internal transcribed spacer 2 [ITS2] region of ribo-
somal DNA) with Primer Express 3.0 software (Applied Biosystems,
USA). The sequences of primers and probes, the sequences used as a
template, and the lengths of the PCR products are summarized in Table 2.
Due to the intraspecies sequence variability among Lichtheimia isolates, it
was necessary to design two different assays. Five microliters of isolated
DNA was amplified in duplicate in 25 pl of amplification mixture that
contained 12.5 pl of 2X ABsolute QPCR ROX mix (Thermo Scientific,
UK), 400 nM primers, and a 200 nM TagMan MGB probe (for the list of
primers and probes used for each assay, see Table 2). Cycling conditions
were 15 min at 95°C for 50 cycles (15 s at 95°C and 60 s at 60°C, with
acquisition on the green and yellow channels) on the Rotor-Gene 6000.
Mucor and Rhizomucor assays were run as multiplex PCRs. Sterile water
(B. Braun, Germany) was used as a no-template control (NTC) in each
run. Rotor-Gene 6000 series software (version 1.7) was used to analyze the
results. Quantification was done using a standard curve; 5 pl of PCR
product was cloned into plasmid vector pCR 2.1 (Invitrogen, USA) in
10X dilutions from 2 X 10° to 2 X 10° copies of plasmid DNA/5 p.l.

Statistical analysis. The sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), and positive and negative
likelihood ratios were calculated using MedCalc for Windows (online
version 12.7.0; MedCalc Software, Ostend, Belgium [http://www.medcalc
.org/calc/diagnostic_test.php]). The criteria for a positive test were PCR/
HRMA positive only or both PCRZHRMA and RQ PCR positive.

RESULTS

Weadopted a previously published nested PCR (6) that is targeted
to a conservative part of the mucormycete genome and replaced
sequencing of the PCR product, which was necessary for species
identification using HRMA. As we described in our previous study
(11), each of the mucormycete species produces a unique curve
shape, and PCR products melt at defined temperatures. Represen-
tative results of mucormycete-positive and -negative BAL samples
are presented in Fig. 1.

In vitro standardization. The sensitivity of PCR/HRMA and
individual RQ PCR assays was tested on serially diluted genomic
DNA isolated from mucormycete cultures. The last dilution de-
tected using both PCR/HRMA and RQ PCR contained 1 fg of
genomic DNA (<1 genome). The linear dynamic range of the RQ
PCR assays was initially assessed using a dilution series of genomic
DNA of all species. The assays were shown to be linear over the
entire range of 1 ng/pl to 1 fg/pl.

Testing clinical samples. In this study, we analyzed 99 BAL
samples from 86 patients using PCR/HRMA. Ninety BAL samples
were negative; 9 samples were positive (Table 3). None of the
samples presented inhibition, and negative controls were never
amplified. Species detected using PCR/HRMA were Rhizopus spp.
(6 samples), Rhizomucor pusillus (2 samples), and Lichtheimia co-
rymbifera (1 sample). This is in agreement with previously pub-
lished data, because Rhizopus spp. are considered to be the most
frequent causes of IM.

Two BAL samples (belonging to two patients with proven IM)
were clearly positive (the melting curve was a copy of the one from
the positive control, and all parallel reactions were positive). The
other 7 samples were marked as weakly positive (the melting curve
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TABLE 2 Sequences of primers and TagMan MGB probes (5’ to 3') of assays used in this study

Primers and Query sequence PCR product
Target species probe Sequence (5" —3") (GenBank accession no.)  length (bp)
Rhizopus microsporus Forward primer TTCGTGAATCATCGAGTCTTTGA

Reverse primer AGCAAGCGTACTCTATAGAAGATCCA DQ119010.1 66

MGB* probe 6-FAM-CGCAGCTTGCACTCT-MGBNEQ"
Rhizopus oryzae Forward primer AGCAAAGTGCGATAACTAGTGTGAA

reverse primer TGAAGCAGGCGTACTCTATAGAAAAA DQ119031.1 102

MGB probe 6-FAM-CGCAGCTTGCACTCT-MGBNFQ
Mucor spp. Forward primer GCAACTTGCGCTCATTGGTA

Reverse primer GGATAGAGGGTTTGTTTTGATACTGAA DQ118996.1 66

MGB probe 6-FAM-CCAATGAGCACGCCTG-MGBNFQ
Rhizomucor pusillus Forward primer CCGTTCAAGCTACCCGAACA

Reverse primer AATGCAAGCCCTCAAGGAAA DQ119000.1 65

MGB probe 6-VIC-TTTGTATGTTGTTGACCCTTG-MGBNFQ
Lichtheimia corymbifera (assay 1) ~ Forward primer 1 ~ TTCAGTTGCTGTCATGGCCTTA

Reverse primer I~ CATCCGGCAAATGACTAAAGC FJ713084.1 67

MGB probe 1 6-FAM-ATACATTTAGTCCTAGGCAATT-MGBNFQ

Lichtheimia corymbifera (assay 2) ~ Forward primer 2 GTTGAGTTGGAACTGGGCTTCT
Reverse primer2 ~ AGGACATTGATTTAAGGCCATGA DQ118983.1 67
MGB probe 2 6-FAM-TTGATGGCATTTAGTTGCT-MGBNFQ

“ MGB, minor-groove binder.
b 6-FAM, 6-carboxyfluorescein; MGBNFQ, minor-groove binder nonfluorescent quencher.

was present but diverted slightly from the positive control,and/or  sible invasive fungal disease (IFD) according to the European Or-
amplification was not present in all parallel reactions from the ganization for Research and Treatment of Cancer/Mycoses Study
same sample). Group [EORTC/MSG] criteria (13), 4 as other infections (3 as

Retrospective analysis of medical records was performed, and  bacterial pneumonia and 1 as Prneumocystis pneumonia [PCP]),
these cases were not classified as IM, but 2 were classified as pos-  and 1 as a noninfectious process. Most cases of false positivity of
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FIG 1 Representative results for HRMA: melting curves of 5 mucormycete isolates (A and C) and positive/negative BAL samples (B and D).
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TABLE 3 Summary of cases with positive PCR/HRMA

PCR/HRMA Detection of Mucormycetes

Patient  Date Underlying Results of Species detected by Results of

no. (day-mo-yr)  disease” Therapy” PCR/HRMA PCR/HRMA RQPCR* C,4  Clinical diagnosis®

1 29-3-2011 AML Induction/reinduction ~ Weakly positive  Rhizopus spp. Negative ~ NA  Bacterial pneumonia
2 28-3-2012 MM Autologous HSCT Weakly positive ~ Rhizopus spp. Negative  NA  Possible IFD

3 23-6-2009 HL CHT Weakly positive  Lichtheimia corymbifera  Positive 38.2  Bacterial pneumonia
4 30-4-2012 NHL No therapy Weakly positive  Rhizopus spp. Negative ~ NA  Bacterial pneumonia
5 19-3-2009 AML Consolidation Weakly positive ~ Rhizomucor pusillus Negative ~ NA  Possible IFD

6 20-2-2009 ALL Induction/reinduction  Positive Rhizopus spp. Positive 249  Proven mucormycosis
7 5-1-2009 HCL Other Weakly positive ~ Rhizopus spp. Negative  NA  Pulmonary fibrosis

8 7-10-2009 NHL CHT Weakly positive  Rhizopus spp. Positive 341 PCP

9 25-4-2012 HCL CHT Positive Rhizomucor pusillus Positive 31.6  Proven mucormycosis

“ AML, acute myeloid leukemia; MM, multiple myeloma; HL, Hodgkin’s lymphoma; NHL, non-Hodgkin’s lymphoma; ALL, acute lymphoblastic leukemia; HCL, hairy cell

leukemia.

b HSCT, hematopoietic stem cell transplantation; CHT, chemotherapy.
“RQ PCR, real-time quantitative PCR.

4 Cy, cycle threshold; NA, not applicable.

IFD, invasive fungal disease; PCP, Preuniocystis pneumonia.

the PCR/HRMA test were thus associated with other ongoing in-
fections. Patients with possible IFD did not respond to the initial
treatment with antibiotics; therefore, antimycotic drugs (1 patient
treated with micafungin [Mycamine] and 1 with amphotericin B)
were empirically added, and the patients recovered. The patients
classified as having bacterial pneumonia received only antibiotic
therapy according to culture findings and recovered. PCP pneu-
monia was treated successfully with high-dose trimethoprim-sul-
famethoxazole.

All PCR/HRMA-positive samples were retested using real-
time PCR specific to the species identified; 2/2 (100%) samples
from patients with proven IM were positive, and only 2/7
(29%) samples from patients without proven IM were also pos-
itive with RQ PCR.

Results for basic statistical parameters were calculated and are
presented in Table 4. The two methods showed excellent sensitiv-
ity, specificity, and negative predictive value. The combination of
PCR/HRMA with species-specific RQ PCR raised the specificity to
98%.

DISCUSSION

The differential diagnosis of fungal pulmonary infections remains
challenging, although the early initiation of effective treatment
clearly impacts patient outcomes (14). Millon et al. (15) recently
published a strategy based on monitoring the mucormycete DNA
in serum samples from patients with histopathologically proven
IM. Testing serum samples is very convenient, but due to the low

TABLE 4 Sensitivity, specificity, PPV, and NPV of the tests using
various parameters”

% (95% CI”) of samples % (95% CI) of samples

PCR/HRMA positive PCR/HRMA and RQ
Measure only PCR positive
Sensitivity 100 (19.29-100.00) 100 (19.29-100)
Specificity 93 (85.69-97.04) 98 (92.73-99.69)
PPV 22 (3.47-59.94) 50 (8.30-91.7)
NPV 100 (95.94-100) 100 (96.15-100)

Positive likelihood ratio  13.86 (6.79-28.29) 48.5 (12.3-191.16)
Negative likelihood ratio 0 (NA) 0 (NA)

“ PPV, positive predictive value; NPV, negative predictive value.

b CI, confidence interval; NA, not applicable.
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amount of circulating fungal DNA, the positivity of serum sam-
ples can be expected only in advanced stages of the disease.

In this study, we evaluated the use of PCR/HRMA to screen
BAL samples in which higher loads of the pathogen might be ex-
pected. In general, the use of PCR/HRMA was significantly sim-
pler, and the diagnostic results were obtained faster than with the
original protocol that consisted of nested PCR and sequencing.
We can obtain the results in about 5 h from sample receipt at the
laboratory, including the time necessary for DNA isolation.

Our PCR/HRMA showed an excellent NPV (100%). There-
fore, a negative test result can virtually rule out an IM diagnosis,
and empirically used amphotericin B therapy might be switched
to less toxic drugs.

Opverall, only 9/99 (9%) BAL samples in our study were PCR/
HRMA positive, making it a very useful screening test for testing
these nonsterile clinical samples. If patients were treated for IM
based on PCR/HRMA positivity, in 4 patients (proven IM or pos-
sible IFD), the treatment would be correct, and in only 5/99 (5%)
patients (without IFD) would it lead to possible overtreatment.
Taking into consideration the lack ofa specific diagnostic method
and the risk of rapid progression and high mortality due to IM,
preemptive treatment based on our results is more than clinically
acceptable.

Moreover, the quantification of fungal load with species-spe-
cific RQ PCRs is supposed to distinguish contamination or colo-
nization of the airways from an ongoing infection. In this study,
RQ PCR increased the specificity and positive predictive value.
The discrepancy between PCR/ZHRMA and RQ PCR results giving
low positive samples can be explained by the very low amount of
fungal DNA present at the detection limits of both assays, which
could be identified with a higher probability with a seminested
PCR/HRMA than with a single-round RQ PCR. Moreover, in low
positive samples, the primers used in this study coamplify human
DNA (present in excess), and this causes distortion of the melting
curve (proved by sequencing; data not shown). We suppose that
after testing a larger cohort of patients with more IM cases, we will
be able to seta threshold (threshold cycle [C,] value) coupled with
IM, which would further increase the positive predictive value.

The main limitation of our study is the low prevalence of the
disease (<<2.5%) in our cohort; however, this is the limitation of
all single-center studies focusing on differential diagnosis of pul-
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monary infections in hematological malignancy patients. The
utility of the methods to diagnose IM should be tested on a larger
panel of clinical samples or probably more likely on an animal
model of IM.

In conclusion, we suggest that PCR/HRMA is a fast and reliable
tool for routine screening of BAL samples for the differential di-
agnosis of pulmonary infiltrates in immunocompromised pa-
tients. Specific real-time PCR assays might be used to confirm
positive results, to quantify the fungal load, or to monitor the
response to therapy in patients with proven or probable IM.
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Abstract

Despite advances in the treatment of invasive fungal diseases (IFD), mortality rates re-
main high. Moreover, due to the expanding spectrum of causative agents, fast and ac-
curate pathogen identification is necessary. We designed a panfungal polymerase chain
reaction (PCR), which targets the highly variable ITS2 region of rDNA genes and uses high
resolution melting analysis (HRM) for subsequent species identification. The sensitivity
and specificity of this method was tested on a broad spectrum of the most clinically im-
portant fungal pathogens including Aspergillus spp., Candida spp. and mucormycetes.
Despite the fact that fluid from bronchoalveolar lavage (BAL) is one of the most fre-
quently tested materials there is a lack of literature sources aimed at panfungal PCR as
an IFD diagnostic tool from BAL samples. The applicability of this method in routine
practice was evaluated on 104 BAL samples from immunocompromised patients. Due
to high ITS region variability, we obtained divergent melting peaks for different fungal
species. Thirteen out of 18 patients with proven or probable IFD were positive. Therefore,
the sensitivity, specificity, positive predictive value and negative predictive value of our
method were 67%, 100%, 100%, and 94%, respectively. In our assay, fungal pathogens
identification is based on HRM, therefore omitting the expensive and time consuming
sequencing step. With the high specificity, positive and negative predictive values, short

© The Author 2016. Published by Oxford University Press on behalf of The International Societyfor Human and Animal Mycology.
Allrights reserved. For permissions, please e-mail: journals.permissions@oup.com
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time needed to obtain a result, and low price, the presented assay is intended to be used
as a quick screening method for patients at risk of IFD.

Key words: Panfungal PCR, High resolution melting analysis, Bronchoalveolar lavage fluid, Inmunocompromised

patients.

Introduction

Although new drugs are available, [FD mortality rates in im-
munocompromised patients remain high.! Prolonged neu-
tropenia is a major risk factor, related mostly to the treat-
ment of acute myeloid leukemia (AML) and/or allogeneic
haematopoietic stem cell transplantation (HSCT).

The vast majority of [FDs are caused by the genera As-
pergillus and Candida. However, in the last few decades
more cases caused by rare filamentous fungi (mucormycetes
— Rhizopus spp., Mucor spp. and Absidia spp; Fusarium
spp.; Scedosporium spp.), yeasts (Trichosporon spp.) and
yeast-like fungi (Geotrichum spp.) have been observed.”™
These species’ varying susceptibility to antifungal drugs
brings the necessity of not only detecting fungal hyphae in
biological samples but also identifying the causative agents
of infection.

Molecular methods, the most important of which is poly-
merase chain reaction (PCR), have provided a powerful
tool to improve the detection and identification of fungal
pathogens in clinical microbiology practice.” However in
medical mycology, cultivation, microscopy and detecting
fungal antigens in serum still remain the major approaches.
In hemato-oncological patients, cultures are often negative
due to low load of fungal cells and reduced fungal cells
viability after prophylactic therapy. With positive culture,
MALDI-TOF with its low cost, resolving power (especially
for yeasts), speed and simplicity can be used to identify in-
fectious agents.®™” Histological examination and detection
of serological markers are reliable tools to detect a fungal
disease, but they are not specific enough to identify fungal
pathogens. Direct observation of fungal elements in biolog-
ical samples using microscopy enables only an estimate of
the species based on its size and shape.'” Both galactoman-
nan (GM) and 1,3-beta-D-glucan (BG) can be produced by
multiple species. With negative culture, PCR is the only
method that enables pathogen detection and identification
to the species level, including the discrimination of closely
related species. In comparison with culture, PCR is fast and
its sensitivity is significantly higher in immunocompromised
patients.'%!!

Because of the rising spectrum of fungal pathogens,
panfungal PCR could be a favourable method. So far, it
is mostly utilized when primarily sterile material is ex-
amined.">~'* However, as pulmonary disease is the most
prominent manifestation of IFD, one of the most frequently
tested materials is fluid from BAL. So far, to diagnose

invasive aspergillosis (IA) and invasive mucormycosis (IM)
from BAL mostly genus/species specific PCR is used."~17
However, support of the use of panfungal PCR as a di-
agnostic tool for IFD from BAL samples is missing in the
literature. BAL is a primarily nonsterile material and thus
interpreting a positive panfungal PCR result can be difficult.
It is important to distinguish ongoing infection from the
colonization of airways with nonpathogenic species and/or,
possible contamination with environmental fungi. Sequenc-
ing the obtained PCR product is therefore necessary, but it
is costly, time consuming, and mixed sequences are fre-
quently detected in primarily nonsterile material. Besides
sequencing, fragment length analysis can be used to iden-
tify products obtained from panfungal PCR. However, this
method is not discriminatory enough because the length of
different fungal species’ fragments can be very similar.'

Recently, high-resolution melting (HRM) analysis was
described as a faster, cheaper and more convenient alterna-
tive to sequencing. '+1°=2! This method is based on PCR am-
plification in the presence of an intercalating dye (EvaGreen
or SYBRgreen).”> After PCR, the next step is controlled
melting of the PCR product while measuring changes in
fluorescence depending on amplicon length, sequence, and
CG content. In fungi, this approach is suitable when vari-
able regions are targeted, such as ITS1 and ITS2 rDNA
regions.

The aim of this study is to develop a rapid screen-
ing method based on panfungal PCR followed by HRM
analysis (pan-HRM) to detect clinically significant fungi
in BAL samples from immunocompromised patients and
to determine its contribution to IFD diagnostics. We veri-
fied our method both on cultures and clinical samples. The
Pan-HRM results were compared to the results of other
methods—culture, BAL GM detection, and detection of as-
pergilli and mucormycetes using PCR.

Materials and methods

Fungal strains

Twenty-eight fungal species (105 strains) were used to test
the ability of the assay to detect clinically relevant fungal
species and create a library of reference HRM temperatures
(Table 1). Reference strains were obtained from the Czech
Collection of Microorganisms (CCM, Masaryk University,
Czech Republic) and Culture Collection of Fungi (CCF,
Charles University in Prague, Czech Republic). Clinical and
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Table 1. List of fungal reference strains and clinical isolates.

No. of strains from

Species Reference strains clinical isolates
Absidia corymbifera CCM 8077 2
Aspergillus flavus CCM 8363, CCM F-171, CCF 3151, CCF 1624, CCF 642, 2
CCF 1739, CCF 1288, CCF 2497
Aspergillus fumigatus CCM 8338, CCF 1187, CCF 3623 12
Aspergillus nidulans CCM F-266, CMF 1189, CMF 1767, CMF 1766, CMF 1768 0
Aspergillus niger CCM 8155, CCM 8189, CCF 1297, CCF 629, CCF 1610, 1
CCF 3264, CCF 3433, CCF 2875, CCF 2477

Aspergillus sydowii 2
Aspergillus terreus CCM 8082, CCF 2539, CCF 3389, CCF 3315, CCF 2911 2
Aspergillus ustus CCM F-414 0
Aspergillus versicolor CCM F-581 0
Candida albicans 10
Candida glabrata 10
Candida krusei 1
Candida parapsilosis 2
Candida tropicalis 1
Cryptococcus neoformans CCM 8312 0
Cunninghamella blakesleeana CCM F-705 0
Fusarium oxysporum CCM F-485 3
Fusarium proliferatum 1
Fusarium solani CCM F-358, CCM 8014, CCM 8079, CCM 8034 1
Mucor circunelloides 1
Mucor racemosus CCM 8190 0
Paecilomyces variotti CCM F-566, CCM F-398 0
Rhizomucor pussilus CCM F-211 0
Rhizopus microsporus 1
Rhizopus oryzae CCM 8075 2
Rhizopus stolonifer CCM F-445 0
Scedosporium apiospermum 1
Trichophyton mentagrophytes |

environmental isolates were obtained from the Department
of Clinical Microbiology, University Hospital Brno. Clinical
isolate identification was done by microscopy and sequenc-
ing the rDNA ITS2 region.”

Clinical samples

We tested 104 BAL samples from immunocompromised
patients with an episode of pulmonary infection in this
study. Patient characteristics are shown in Table 2. All pa-
tients provided informed consent to use their BAL sam-
ples for scientific purposes. The BAL samples were pro-
cessed immediately or stored at —=70°C. The episodes were
classified according to the European Organization for Re-
search and Treatment of Cancer/Mycoses Study Group
(EORTC/MSG) criteria®® into three categories—proven
(n = 2), probable (n = 16), and possible (n = 86).

Culture

Cultivation was carried out on the Sabouraud dextrose agar
(Laboratorios CONDA, Madrid, Spain) with Amikacin
(200 mg/l) (Bristol-Myers Squibb, Prague, Czech Republic)
and Vancomycin (6 mg/l) (SANDOZ, Prague, Czech Re-
public) for 6 days/30°C (yeasts) or 7 days/25°C and 37°C
(filamentous fungi). Identification of positive culture was
done by microscopy and colony morphology and confirmed
by sequencing.

GM detection. BAL fluid GM concentrations were deter-
mined using the Platelia Aspergillus kit (Bio-Rad, Marnes-
la-Coquette, France) according to the manufacturer’s in-
structions. The BAL fluid samples were centrifuged at
10,000 x g for 10 min, and 300 ul of the supernatant
of each sample was used for GM detection. A sample
with a GM index of positivity above 0.5 was considered
positive.
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Table 2. Demographic characteristics of patients.

No. of patients

Total 104
Male 57
Female 47
Acute lymphoblastic leukemia 11
Acute myeloid leukemia 26
Chronic lymphocytic leukemia 11
Chronic myleoid leukemia 1
Hairy cell leukemia 1
HIV positive patients 9
Hodgkin’s lymphoma 4
Myelodysplastic syndrome 3
Multiple myeloma 4
non-Hodgkin’s lymphoma 4
Solid tumor 9
Unspecified malignant neoplasm 9
Other 12
Probable IFD 16
Proven IFD 2
Possible IFD 86

DNA extraction

DNA extraction from both fungal cultures and BAL sam-
ples was carried out using a ZR Fungal/Bacterial Kit (Zymo
Research, Irvine, CA, USA) with a few modifications as de-
scribed previously.!” With each batch of samples an aliquot
of sterile water was processed to uncover possible contam-
ination during the DNA isolation step.

pan-HRM

Primers were designed on the free online Primer3 pro-
gram. (http://simgene.com/Primer3). We chose broad range
primers that hybridize to conserved sequences of 5.8S
(MB-F 5-GATGAAGAACGCAGCGAAAT-3') and 28S
(ITS-R §-TCCTCCGCTTATTGATAT-3') of tDNA, sur-
rounding variable ITS2, which is suitable for HRM
analysis. Bioinformatics’ analysis of possible cross re-
activity with other fungal species was done in Molec-
ular Evolutionary Genetics Analysis (MEGA) software
(htep://www.megasoftware.net/). The reaction volume of
20 pl contained 10 pl of SensiFast HRM mix (Bioline,
London, United Kingdom), 0.8 uM of each primer MB-F
and ITS-R and 4 ul of extracted DNA. Thermal cycling
conditions were as follows: initial denaturation at 95°C for
120 s, followed by 40 cycles of denaturation (95°C for 5 s),
annealing (60°C for 10 s), and extension (72°C for 20 s).
HRM analysis started at 74°C for 90 s (pre-melt condition-
ing), then the temperature was subsequently increased to
94°C by 0.05°C/s. A Rotorgene 6000 instrument (Corbett

Research, Sydney, Australia) was used for amplification.
The results were analyzed using Rotor-Gene 6000 series
software 1.7. We considered one clear peak (two peaks in C.
tropicalis and C. parapsilosis) which intersected the thresh-
old dF/dT > 0.5 as a positive result. Each strain was tested
in duplicate in two separate experiments by pan-HRM and
a library of their melting temperatures was created. The
sensitivity of the pan-HRM reaction was determined by
testing the genomic DNA isolated from fungal cultures (C.
albicans, F. solani, and A. fumigatus), serially diluted in
sterile deionized water. The last positive dilutions for C.
albicans and F. solani contained 1 fg of fungal DNA which
corresponds to less than 1 genome. The last positive dilu-
tion for A. fumigatus was a dilution containing 10 fg of
fungal DNA.

Detecting aspergilli and mucormycetes

In our institution, BAL from patients at high risk of [FD
or with suspicious IFD symptoms are tested with two
methods—commercial real-time PCR assay to detect the
four most common Aspergillus species A. fumigatus, A.
flavus, A. niger, and A. terreus (gb MICRO Aspergillus,
Generi Biotech, Hradec Kralove, Czech Republic) and
mucormycetes-specific nested PCR followed by HRM anal-
ysis as described previously.!” Detecting aspergilli was per-
formed according to the manufacturer’s instructions.

Statistical analysis

The contribution of pan-HRM to IFD diagnostics was as-
sessed. The sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), positive likeli-
hood ratios, and negative likelihood ratios were calcu-
lated using the online version of MedCalc Version 14.12.0
(heep://www.medcalc.org/calc/diagnostic_test.php).

Results

pan-HRM in reference strains and strains from
clinical isolates

The ranges of each species’ melting temperatures were de-
termined using both reference strains and strains from
clinical isolates to create the HRM temperature library
(Table 3). Our method proved its ability to detect a broad
spectrum of fungal pathogens.

Detection and accurate identification of the five most
common species of Candida spp. (C. albicans, C. glabrata,
C. krusei, C. tropicalis, and C. parapsilosis) is presented in
Figure 1. C. albicans, C. glabrata, and C. krusei provide a
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Table 3. Melting temperatures library of reference fungal strains and strains from Department of Clinical Microbiology.

Range of melting temperature Length GenBank
Species (°C) No. of strains (bp) Acc. number
Absidia corymbifera Neg 3 NA NA
Aspergillus flavus 89.88-90.15 10 347 AJ853764.1
Aspergillus fumigatus 90.43-90.92 15 348 HF677588.1
Aspergillus nidulans 90.67-90.95 5 348 AJ937756.1
Aspergillus niger 89.67-90.25 10 350 AJ876876.1
Aspergillus sydowii 90.48-90.65 2 348 AMS883163.1
Aspergillus terreus genotype 1 90.78-90.95 2 356 AB661667.1
Aspergillus terreus genotype 2 91.53-91.80 5 356 AB661667.1
Aspergillus ustus 91.17-91.25 1 350 HG964332.1
Aspergillus versicolor 90.42-90.47 1 347 AMS883156.1
Candida albicans 84.63-84.85 10 333 KJ187033.1
Candida glabrata 83.37-83.52 10 414 HE993757.1
Candida krusei 88.43-88.45 1 341 KF959839.1
Candida parapsilosis 81.47-81.70 2 305 AB828583.1
Candida parapsilosis 2" peak 83.10-83.25 2 305 AB828583.1
Candida tropicalis 81.00-81.22 1 322 JQ904699.1
Candida tropicalis 2" peak 82.32-82.35 1 322 JQ904699.1
Cryptococcus neoformans 84.02-84-03 1 369 AJ876525.1
Cunninghamella blakesleeana 77.33-77.40 1 397 JN205865.1
Fusarium oxysporum 85.23-85.68 4 332 HF546393.1
Fusarium proliferatum 88.20-88.27 1 346 AJ810449.1
Fusarium solani 89.63-90.33 § 353 AB775570.1
Mucor circunelloides 80.22-80.33 1 365 AM745433.1
Muscor racemosus 80.02-80.05 1 362 AB369913.1
Paecilomyces variotti 90.85-90.95 2 349 KC237293.1
Rhizomucor pusillus Neg 1 NA NA
Rhizopus microsporus Neg 1 NA NA
Rhizopus oryzae Neg 3 NA NA
Rhizopus stolonifer Neg 1 NA NA
Scedosporium apiospermum 88.07-88.10 1 381 AB489090.1
Trichophyton mentagrophytes 90.12-90.17 1 363 797995.1

Note: Expected length of PCR products according to representative strain from NCBI database.

single melting peak (84.63-84.85°C, 83.37-83.52°C, and
88.43-88.45°C), while C. tropicalis and C. parapsilosis are
characterized by a pattern with two peaks (81.00-81.22°C
and 82.32-82.35°C; 81.47-81.70°C, and 83.10-83.25°C).

Our pan-HRM method was also positive for Aspergillus
spp. including the most clinically important species of this
genus—A. fumigatus, A. flavus, A. terreus, and A. niger
(Fig. 1). Due to the similar melting temperatures, it can be
difficult to distinguish A. fumigatus/A. nidulans/A. sydowii
and A. niger/A. flavus (Fig. 1). However, using analysis of
the melting curves A. fumigatus can be distinguished from
A.nidulans and A. niger from A. flavus (Fig. 2). Strains of A.
terreus provided melting peaks in two different temperature
ranges (90.78-90.95°C and 91.53-91.80°C). However, af-
ter sequencing we found the explanation in two different
genotypes of A. terreus sp. analysed in our collection of
fungal strains.

Fusarium oxysporum, F. solani and F. proliferatum gen-
erated a distinct melting peak (85.23-85.68°C, 88.20-
88.27°C and 89.63-90.33°C). The melting peaks for Fusar-
ium spp. and other medically important pathogens are pre-
sented in Figure 3. The range of melting temperatures of
F. solani was similar to ranges of melting temperatures of
A. flavus and A. niger. Differentiation of those species is
also possible by using melting curves (Fig. 4).

From the group of mucormycetes, we obtained posi-
tive results only for Mucor circinelloides, Mucor racemo-
sus and Cumninghamella blakesleeana. Also M. circinel-
loides and M. racemosus provide similar melting tempera-
ture but can be distinguished via comparison of their melt-
ing curves (Fig. 4). We obtained negative results for the
rest of mucormycetes, namely Absidia corymbifera, Rhi-
zopus microsporus, Rhizopus oryzae, Rhizopus stolonifer,
Rhizomucor pusillus. This was expected due to several
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Figure 1. Melting peaks of Candida spp. and Aspergillus spp.
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Figure 2. Identifying Aspergillus spp. using melting curves from high resolution melting analysis.

a5
a4
Scedosporium apiospermum
a5 Cryptococcus neoformans
Mucor circinelioides Fusarium proliferatum
3 N Fusarium oxysportm
; Trichophyton mentagrophytes
; 25 ‘ piy grophy/!
£
2 Mucor racemosus |,

Fusarium solani
\
\

92 94

Temperature (°C)

Figure 3. Melting peaks of other medically important fungi.

mismatches between primers and target sequence in mu-
cormycetes DNA caused by low sequence homology of the
5.8S and 28S rDNA region compared to the other fungi.
Detecting mixed infection was tested on mixed samples of

C. albicans and C. glabrata with DNA concentration ra-
tios 1:1, 1:10, and 1:100 (Fig. 5). Our method is able to
differentiate a mixed sample of two fungal species if the
DNA concentration ratio between those two agents is 1:1
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Table 4. Results of microbiological and molecular tests in BAL samples from patients with proven or probable IFD.

Patient  Gender IFDT Diagnosis*  Culture GM (IP)  Species-specific PCR Pan-HRM

1 M Proven IA GLL Neg 2.21 A. fumigatus Neg

2 M Probable IA  AML Neg 3.88 Neg C. albicans

3 M Probable IA MM A. fumigatus 9.44 A. fumigatus C. glabrata + A. fumigatus
4 M Probable IA IAA A. fumigatus 8.96 A. fumigatus + A. niger  C. glabrata + A. fumigatus
5 F Probable A AML A. fumigatus, A. flavus  8.49 A. fumigatus + A. flavus ~ A. fumigatus

6 F Probable IA  HL A. fumigatus 6.81 A. fumigatus Neg

7 M Probable IA  ALL A. fumigatus 8.6 A. fumigatus A. fumigatus

8 F Probable IA  MA A. fumigatus 5.54 A. fumigatus A. fumigatus

9 F Probable IA  AML A. fumigatus 9.53 A. flavus A. flavus

10 M Probable IA  MNoL Neg 6 253 Neg Neg

11 M Probable IA  ALL A. fumigatus 6.96 A. fumigatus A. fumigatus

12 F Probable IA  AML Neg 0.5 Neg Neg

13 F Probable IA  ALL A. fumigatus 5.14 A. fumigatus A. fumigatus

14 M Probable IA CLL A. fumigatus 6.57 A.fumigatus + A. flavus  A.fumigatus+ A. flavus

15 M Probable IA  CLL Neg 7.1 A. fumigatus + A. flavus ~ A. fumigatus

16 F Probable IA  AML ND 6.2 A. flavus A. flavus

17 F Probable IA  AML Neg 9.39 A. fumigatus + A. flavus ~ A. fumigatus

18 M ProvenIM  HL Rhizomucor miehei neg Rhizomucor sp. neg

'IA, invasive aspergillosis, IM, invasive mucormycosis; *IAA, idiopathic aplastic anemia; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia;
CLL, chronic lymphocytic leukemia; HL, Hodgkin’s lymphoma; MA, mastocytosis; MM, multiple myeloma; MNoL, malignant neoplasm of unspecified part of

bronchus or lung; GM (IP), galactomannan in BAL (index of positivity).

or 1:10. When the DNA concentration ratio between two
pathogens is higher our method is able to detect only the
pathogen with a higher DNA concentration.

pan-HRM in BAL samples

In this study, we tested 104 BAL samples. One BAL sam-
ple was obtained from a patient with proven [A, 16 BAL
samples were obtained from patients with probable IA. 1
sample was obtained from a patient with proven IM and
86 BAL samples were collected from patients with possible
IFD.

Results from patients with proven or probable IFD are
summarized in Table 4. In BAL samples from the patients
with proven or probable IA (n = 17) culture was positive
in 10/17 (59%) cases; 17/17 (100%) samples had highly
positive GM. Aspergillus PCR was positive in 14/17 (82%)
cases, in five cases, it revealed a mixed infection with two
different Aspergillus species.

Pan-HRM was positive in 13/17 (76%) samples. Apart
from aspergilli, Candida spp. were detected, which were
most probably contaminants from the upper airways. In
Figure 6 we demonstrate the performance of the assay on
BAL samples—positive detection of A. fumigatus, A. flavus,
and C. glabrata and a negative sample are presented.

The culture from the patient with proven IM revealed
Rhizomucor miehei. GM was negative, which is in con-
cordance with a diagnosis of invasive mucormycosis. Mu-

cormycetes PCR was positive for Rhizomucor sp. Pan-
HRM was negative, which confirmed our expectations,
based on the results mentioned above.

Culture results, aspergillus PCR and mucormycetes PCR
of all 86 samples from patients with possible IFD were
negative. All 86 samples were negative using pan-HRM,
and we did not observe any false positive results caused by
contamination, which is crucial as the BAL is not sterile
material and our method is able to detect a broad range of
fungi.

The sensitivity, specificity, NPV and PPV of the pan-
HRM method based on its ability to prove or rule out IFD
are summarized in Table 5.

Discussion

Rapid and accurate diagnostic tests are needed to improve
clinical IFD outcomes. For PCR detection of fungi in clinical
specimens, either species-specific or broad-range methods
can be used. The advantages or disadvantages of both ap-
proaches must be considered. Species-specific primers might
miss infections caused by untargeted fungi; conversely, pan-
fungal primers can provide false positive results due to
environmental fungal DNA contamination. The results of
species-specific methods are usually available within 24 h,
while when panfungal PCR assays are done, verification of
the results by sequencing is necessary, which usually takes
2-3d.
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Figure 6. Results of fungal detection in BAL samples. (A) Aspergillus fumigatus, (B) Aspergillus flavus, (C) Candida glabrata and (D) negative sample.

Table 5. Sensitivity, specificity, PPV and NPV of pan-HRM.

Pan-HRM 95% CI
Sensitivity 66.67% 40.99-86.66
Specificity 100% 95.80-100.00
Positive Likelihood Ratio — NA
Negative Likelihood Ratio 0.33 0.17-0.64
PPV 100.00 % 73.35100
NPV 93.48% 86.34-97.57

Note: PPV - positive predictive value, NPV — negative predictive value, HRM
— high-resolution melt analysis, CI - confidence interval.

Due to the issues raised above, panfungal PCR use
has so far been mainly focused on sterile samples (serum,

2 or to identify fungal

blood, cerebrospinal fluid)'>!'3
pathogens in fresh or formalin-fixed paraffin embedded
tissue specimens from patients with culture or histologi-
cally proven IFDs.'* However, since the lungs are the most

common organ affected, BAL samples are frequently tested

for the presence of fungal pathogens. BAL samples are
usually tested using species/genus specific PCR to [A and
eventually to other possible fungal pathogens such as mu-
cormycetes.'5~17

Within the framework of differential diagnosis in our
laboratory, we routinely test BAL samples from immuno-
compromised patients for the presence of Aspergillus spp.
and mucormycetes. If the results of these two tests are
negative, but there is still a suspicion of IFD and/or pos-
itive results in other tests (detecting GM and/or BG; mi-
croscopy) we then test the samples with nested panfungal
PCR followed by sequencing.>? Unfortunately, due to the
presence of colonizing/contaminating microbiota sequences
frequently being a non-pathogenic species, sequencing only
prolongs the time necessary to obtain results and increases
the analysis costs'* with no significant contribution to the
final diagnosis.

In this study, we decided to replace sequencing with
a method based on panfungal PCR followed by HRM
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analysis. The sensitivity and specificity of this method was
validated on both reference strains and clinical isolates.
Testing the fungal strains showed that the generated melting
peaks together with melting curves are highly discrimina-
tory. It was proved that the assay is able to detect as low
as 1-10 fg of fungal DNA (which is similar to real-time
PCR). We successfully amplified DNA from the most im-
portant fungal pathogens—Candida spp., Aspergillus spp.,
and Fusarium spp.

After the HRM temperature library was created, our
method was tested on a set of samples from immunocom-
promised patients. In patients with proven or probable IFD,
a comparison of results from other tests (culture, GM de-
tection) showed high compliance. The positive detection of
yeasts in three patients can most likely be classified as BAL
contamination from the oral cavity, since none of these pa-
tients had evidence of an infection caused by the Candida
spp. We were able to detect mixed infections (Patients 3,
4 and 14). In some cases (patients 4, 5, 15, and 17), pan-
HRM captured only one species of Aspergillus, while the
aspergillus specific assay found two different species. When
we analysed these cases closely, we found that the DNA
load of the species not detected by pan-HRM in the sample
was 20 to 25 times lower than the species captured. This
correlates with our findings listed above (Fig. 5).

The low false positivity frequency compared to other
panfungal methods can be explained by the more stringent
PCR amplification conditions. In previously published stud-
ies, high sensitivity was usually obtained by using nested
PCR, by using our method this was done in a single round.
Moreover, our method has a high annealing temperature
(60°C) ensuring specific amplification. In our opinion, this
makes our method more robust and less susceptible to de-
tecting air-borne fungi.

Due to the single center character of this study, we
are aware that our research is limited by its low number
of proven and possible cases of IFD. The most promi-
nent drawback of our assay is its inability to detect mu-
cormycetes (possibly except Mucor spp.) due to the low
sequence homology of the 5.8S and 28S region of rDNA
compared to other fungi. It prohibits MB-F/ITS-R primers
binding to this region. Therefore, additional tests (e.g., PCR
followed by HRM analysis'”) are necessary to exclude in-
vasive mucormycosis.

The role of our method in routine laboratory diagnosis
is designed to rapidly detect a fungal pathogen or exclude
IFD. A positive pan-HRM result can be obtained in less than
2.5 h(including DNA extraction). Species identification can
be difficult using only melting peaks, but as there are dif-
ferences in IFD treatment caused by different fungal gen-
era, the differentiation at genus level can be enough for an

appropriate start of treatment. The exception is species spe-
cific treatment of invasive candidiasis; however, our method
is able to reliably distinguish the five most common Can-
dida spp. Within detailed differential diagnosis, our method
takes place as a screening method which further determines
the direction of testing and thereby excludes the necessity
of using a complete range of species specific tests, which are
costly and time consuming.

In conclusion, we have developed a quick (30 min hands-
on time with 1.5 h for PCR and HRM analysis) and cheap
(1 USD/reaction) method to detect the most common fun-
gal pathogens. This method is characterized by high speci-
ficity (100%), PPV (100%) and NPV (94%), and sensitivity
(67%). Despite a lower sensitivity, the great specificity, PPV
and NPV together with the low cost and short time needed
to obtain the initial results make it an ideal tool for fast
screening in patients at risk of IFD. Its results may deter-
mine the course of further testing (verification of the results
and quantification of fungal DNA load with species-specific
tests) and thus shorten the overall time required to achieve
the final result.
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Sada pro detekei a identifikaci mykotickych patogenii
QOblast techniky

Predkladané technické feSeni se tykd sady pro detekci a identifikaci mykotickych patogend
v klinickych vzorcich.

Dosavadni stav techniky

Screening na pfitomnost mykotickych infekci metodami molekulérni biologie je zisadni pro
identifikaci pacientil, ktefi vyZaduji neprodlené zahajeni antimykotické terapie. Velky vyznam
mé i negativni vysledek vySetfeni, ktery v kombinaci s vysledky dal3ich testd, zejména sérolo-
gickych, miZe invazivaf mykotickou infekci v podstaté vyloudit. Pozitivnl pfinos mé4, kromsé
potvrzeni vysledkt detekce galaktomannanu a 1,3-beta-D-glukanu, zejména v piipadé infekct
zpUsobenych vzacnymi mykotickymi patogeny (Fusarium sp., Scedosporium sp., a dalii), které
vyZaduji specifickou antimykotickou terapii (zejména dle zndmé primArni rezistence na nékterd
antimykotika).

V soucasné dob& jsou k dispozici na trhu komeréni soupravy pro panfungalni detekci (napf.
MycoReal Fungi (Panfungal PCR) LightCycler® 2.0 (Ingenetix) - pro panfungalni detekci kvasi-
nek a plisni nebo Mastermix 18S Complete (Molzyme) - opét detekce fungdinich patogenit po-
moci panfungalnich primerii. Vét§inou jsou tyto soupravy pouZitelné pouze pro detekei a nikoliv
pro identifikaci mykotickych patogent, které je ale asto zésadni pro interpretaci vysledki. Sou-
prava tudi? neumo#iuje pfimou identifikaci, je nutnd sekvenacn{ reakce. Ne viechny diagnos-
tické laboratofe viak maji dostupné a zavedené metody sekvenace DNA, tudiZ se hledaji jiné
vhodné alternativy.

Podstata technického feSent

Predklidané technické feSeni poskytuje sadu pro detekei a identifikaci mykotickych patogend,
kterd obsahuje primery, navrZené tak, aby nasedaly do konzervativnich oblasti fungalntho ge-
nomu {(geny pro 5,85 a 28S rRNA), které ohraniduji variabilni oblast genomu ITS2 (Obr. 1). Sada
dile obsahuje smés pro vysokorozliSovac{ analyzu kfivek tani (High Resolution Melt, HRM)
véetné DNA polymerdzy a soubor teplot tAni DNA jednotlivych kment hub ze sbirkovych i kli-
nickych izolatl. PouZité oligonuklotidy slouZi k amplifikaci vhodnych tsekii genomu kvasinek
aplisni 2 HRM smés k nasledné identifikaci rodi/druli patogennich mikroorganismil pomoci
analyzy kfivek tani s vysokym rozliSenim. Pfi tradi¢nim pojeti panfungalni polymerdzové Fetd-
zové reakce (Polymerase Chain Reaction, PCR) je etiologické agens infekce identifikovano sek-
venaci, coZ vede ke zdrZeni ziskéni vysledku (vétSinou alespoti o 48 hodin) a vyznamnému navy-
Seni nékladi na analyzu. Pfedkladané technické feSeni urychluje analyzu a vyznamné snizuje jeji
néaklady.

Pfedmétem pfedklddaného technického fe¥eni je sada pro detekci a identifikaci mykotickych
patogent, kterd obsahuje alespoil jeden forward primer o sekvenci majici alespofi 90 % identitu
se sekvenci 5’-GATGAAGAACGCAGCGAAAT-3’ a alespori jeden reverse primer o sekvenci
majicl alespoii 90 % identitu se sekvenci 5’-TCCTCCGCTTATTGATAT-3’ pro expresi fungél-
nich gent pro 5,85 a 288 rRNA genomu ITS2 metodou polymerazové fetézové reakce (Polyme-
rase Chain Reaction, PCR), smés pro vysokorozliovaci analyzu kiivek tani (High Resolution
Melt, HRM), obsahujic{ fluorescenéni barvivo; a soubor teplot tini DNA jednotlivych kmend
hub. 90 % identita zahrnuje nap¥iklad prodlouZeni nebo zkraceni fetézce o jeden aZ dva nukleo-
tidy. Fluorescenéni barvivo pro HRM analyzu je s vyhodou vybrané ze skupiny obsahujici inter-
kalagni barviva (napf. EvaGreen®, co¥ jsou barviva, kterd maji niZ8i uroveii inhibice PCR a zi-
rover zajistuji vy¥& senzitivitu reakce neZ dfivé&j3i typy interkalaénich barviv). Soubor teplot tani
milZe byt ve formé napf. tabulky nebo grafu.

Ve vyhodném provedeni obsahuje sada podle pfedklddaného technického fedeni dile DNA po-
lymerazu. DNA polymerazou miZe byt s vyhodou hot-start Taq polymeraza,
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Vyhodou pfedklddaného technického feeni oproti stavu techniky je umisténf nové navrzenych
oligonukleotidi do oblasti ohrani¢ujfcich variabiln{ dseky genomu kvasinek a plsni, coz umo2-
fiuje pfimou identifikaci etiologického agens. Technické feSeni umoZiiuje pouZfvat uzavieny PCR
systém s jednokolovou PCR a vysledky jsou dostupné cca za 2 hodiny. Vysledky jednozna&né
odli$i plivodce infekce (zejména Aspergillus sp.) od kolonizujici/kontaminujici bakteridlni flSry
(zejména Candida sp.). Technické fefeni vede k unikatni, rychlé a nizkonakladové metodé de-
tekce mykotickych patogeni v klinickém materidlu. Na rozdil od nemnoha komeréné dostupnych
fedeni neni pro identifikaci etiologického agens nutnd sekvenace. Sada podle predklaidaného
technického feSeni slouzi k rychlému screeningu klinickych vzork a identifikaci patogennich
a nepatogennich kvasinek a plisni. Byla rozsahle validovéna na $irokém panelu kmeni kvasinek
aplisni a velkém souboru vzorkd bronchoalveolarni lavaZe, které jsou ziskdvény pro uréeni
etiologického agens u pacientfi s podezienim na pneumonii zpiisobenou mykotickymi patogeny.

Objasnéni vykrest

Obr. 1: Schéma nasedani primert,

Obr. 2: Stanoveni teploty tani jako priise¢iku kolmice spuiténé z nejvys§iho bodu daného piku na
osu X.

Obr. 3: Krivky tani rodd Candida - C. tropicalis (1), C. parapsilosiss (2), C. glabrata (3), C. al-
bicans (4), C. krusei (5) a Aspeergillus - A. flavus (6), A. niger (7), A. sydowii (8), A. fumigatus
(9), A. nidulans (10), A. terreus {11).

Obr. 4: K¥ivky tani dalgich klinicky vyznamnych plisni - Mucor circinelloides (1), Mucor race-
mosus (2), Cryptococcus neoformans (3), Fusarium oxysporum (4), Scedosporium apiospermum
(5), Fusarium proliferatum (6), Fusarium solani (7), Trichophyton mentagrophytes (8)

Obr. 5. Vysledky detekce fungélnich patogenti ve vzorcich bronchoalveolarni lavaze: - A) pozi-
tivni detekce Aspergillus fumigatus, B) pozitivni detekce Aspergillus flavus, C) pozitivni detekce
Candida glabrata a D) negativni vzorek.

Priklady uskute¢néni technického fefeni

Piiklad 1: Testovdni fungalnich kontrol pro zjisténi teploty tini jednotlivych druhi

Reak¢ni smés (Tabulka 1) byla podrobena PCR amplifikaci a nasledné HRM analyze za podmi-
nek uvedenych v Tabulce 2.

Tabulka 1
10 pul SensiFast HRM mix (Bioline})
0,8 ul primer MB-F (25 mM)
5'-GATGAAGAACGCAGCGAAAT-3’
0,8 pl primer ITS-R (25 mM)
5"-TCCTCCGCTTATTGATAT-3’
4l extrahovanid DNA
44 ul deionizovan4 sterilnf voda
20l Celkem
s
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Tabulka 2
Féze reakce: Krok &.
PCR amplifikace 1. 95°C/120s
2. 40 x (95 °C/5 8; 60 °C/10 3; 72 °C/20 8)
HRM analyza 3. 74°C/90 s
4, 74 °C — 94 °C (zvylovéni teploty 0 0,1 °C/2 s)

Analyzy byly provedeny na pfistroji Rotorgene 6000 (Corbett Research, Austratie} pomoci soft-
waru Rotor-Gene 6000 series software 1.7. Jako pozitivni byly hodnoceny klinické vzorky,
u kterych byl po analyze ziskan jeden pik (nebo dva piky u C. tropicalis a C. parapsilosis), ktery
piekrotil threshold dF/dT > 0,5. Sensitivita reakce byla hodnocena na sériovém fedéni geno-
mické DNA C. albicans, F. solani a A. fumigatus v deionizované vodé¢. Bylo stanovena citlivost
metody 1 fg DNA (C. albicans a F. solani) a? 10 fg DNA A. fumigatus. Na Obr. 2 je zobrazen
princip hodnoceni teplot tani, které probghlo pfi tresholdu 0,7. Teplota tani odpovida prise&iku
kolmice spusténé z nejvy$§iho bodu daného piku na osu x. Po nastaveni tresholdu vyhodnot{
program Rotor-Gene 6000 Series Software 1,7 teploty tani automaticky.

HRM analyzou bylo otestovano 135 kmenti hub ze sbirkovych i klinickych izolatd patficich do
40 druht. Z pozitivnich v{sledki HRM analyzy byla sestavena tabulka teplot tani (Tabulka 3).
Ukéazky kiivek tani u klinicky vyznamnych druhii kvasinek a plisni jsou zobrazeny na Obr. 3 a 4,

103



CZ 29263 U1

Tabulka 3
Druh Rozmezi teplot ténf (°C) Polet kmenik
Arthroderma otae 89,50 89,58 1
Aspergillus flavus 89,88 90,30 10
Aspergillus fumigatus 90,42 91,05 15
Aspergillus nidulans 90,67 90,90 5
Aspergillus niger 89,67 90,25 10
Aspergiilus sydowii 90,48 90,65 2
Aspergillus terreus genotyp 1 90,78 90,90 2
Aspergillus terreus genotyp 2 91,53 91,30 5
Aspergillus ustus 91,17 91,25 1
Aspergillus versicolor 90,42 90,47 1
Aureobasidium puilulans 85,55 85,55 I
Beauveria bassiana 89,28 89,33 1
Candida albicans 84,55 84,85 10
Candida glabrata 83,37 83,52 10
Candida krusei £3,30 88,63 1
Candida parapsilosis 8147 81,70 2
Candida parapsilosis 2. peak 83,10 83,25 2
Candida tropicalis 81,00 81,22 1
Candida tropicalis 2. peak 82,32 82,35 1
Cladophialophora bantiana 87.05 87,07 1
Cladosporium cladosporioides 86,93 87,25 1
Cladosporium herbatum 86,65 87,03 3
Cladosporium sphaerospermum 88,13 88,22 1
Cryptococcus neoformans 84.02 34,03 1
Cunninghamella blakesleeana 77,33 77,40 1
Emericella nidulans 90,65 90,90 3
Exophialla dermatitidis 88,00 88,10 2
Fusarium oxysporum 85,23 85,68 4
Fusarium proliferatum 88,20 88,27 3
Fusarium solani 88,95 90,33 5
Mucor circunelloides 80,22 80,33 1
Mucor racemosus 80,03 80,03 i
Paecilomyces variotti 90,85 90,95 2
Penicillium biourgeinum £9,03 89,25 2
Penicillium brevicompactum 89,32 89,40 i
Penicillium commune 90,47 90,60 1
Penicillium chrysogenum 90,25 90,48 6
Penicillium radicum 90,50 90,53 1
Scedosporium apiospermum 88,07 88,10 1
Trichophyton mentagrophytes 90,12 90,17 1
Wallemia sebi 79,55 79,60 1

Ptiklad 2: Detekce a identifikace fungalnich patogenii ve vzorcich bronchoalveolarni lavdze

Sada pro detekei a identifikaci mykotickych patogenil obsahovala SensiFast HRM mix (Bioline),
primer MB-F, primer ITS-R, extrahovanou DNA vzorku bronchoalveolarni lavaZe a deionizova-
nou vodu. Jako kontroln{ vzorek byla pouZita sada neobsahujici extrahovanou DNA. Pro identifi-
kaci fungalnich patogenti byl pouZit soubor teplot tani ziskany v Piikladu 1 (Tabulka 3). Reak¢&ni
smés, obsahujici vzorky bronchoalveolarni lavaZe, byla podrobena PCR amplifikaci a nasledné
HRM analyze za podminek uvedenych v Piikladu 1. Vysledky detekce fungélnich patogenti ve
vzorcich bronchoalveolérni lavaZe jsou vyobrazeny na Obr. 5.
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NAROKY NA OCHRANU

1. Sada pro detekci a identifikaci mykotickych patogenli, vyznadend tim, Ze obsahuje
alespoii jeden primer o sekvenci majici alespofi 90 % identitu se sekvenci 5°- GATGA AG-
AACGCAGCGAAAT-3’, alespoil jeden primer o sekvenci majici alespoii 90 % identitu se
sekvenci 5’-TCCTCCGCTTATTGATAT-3’ pro expresi fungalnich gen pro 5,85 a 285 rRNA
genomu ITS2 metodou polymerdzové fetézové reakce; smés pro vysokorozlifovaci analyzu
kiivek téni, obsahujici fluorescendni barvivo, a soubor teplot tdni DNA jednotlivych kmenit hub.

2. Sadapodlendrokul, vyznadend tim, Ze dile obsahuje DNA polymerazu.

3 vykresy
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Sequence 1isting_ST25
SEQUENCE LISTING

Masarykova univerzita v Brné
Fakultni nemochice v Brné

Sada pro detekci a identifikaci mykotickych patogeni
UM1123C¢z00

2

PatentIn version 3.5

1

20

DNA

artificial

forward primer

1

gatgaagaac gcagcgaaat

<210>
<211>
<212>
<213>

<220>
<223>

<400>

2

18

DNA
artificial

reverse primer
2

tcctoegett attgatat

20

18
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Souhrn

Pneumonie zpiisobena Pneumocystis jirovecii (PCP) je Zivot
ohrozujici mykotickou infekci, ktera se vyskytuje zejména
u HIV-pozitivnich a jinak imunokompromitovanych jedinci.
Specifickou skupinu nemocnych tvofi imunokompromito-
vani pacienti s hematologickymi malignitami, u kterych
bylo prokazano, ze konvenc¢né pouzivané metody, zejména
mikroskopicka analyza, jsou velmi specifické, ale nejsou do-
state¢né citlivé. U téchto pacientl je metodou volby detekce
DNA Preumocystis jirovecii v klinickych vzorcich (nejcastéji v in-
dukovaném sputu nebo v tekutiné ziskané bronchoalveolarni
lavazi) metodami zaloZzenymi na PCR. Prvni metody umoz-
nujici zachyt P. jirovecii v klinickych vzorcich byly publikovany
v 90. letech minulého stoleti® a od té doby nasledovaly desitky
praci, které vyuzivaly rizné PCR platformy (jednokolova,
nested, semi-nested, real-time PCR) a byly zaméfeny do
riznych cilovych gent. Cilem tohoto pfehledového ¢lanku
je popsat pfednosti a iskali PCR diagnostiky PCP u pacientii
s hematologickymi malignitami.

Klicova slova

pneumocystova pneumonie ® PCR e real-time PCR
o diagnostika

Summary

Lengerova, M., Volfova, P., Ricna, D., Palackova, M., Racil, Z. Diagnostics
of pneumocystis pneumonia using methods of molecular biology

Pneumonia caused by Pneumocystis jirovecii (PCP) is a life-threat-
ening fungal infection that occurs especially in HIV-positive
and other immunocompromised individuals. A specific group
are patients with haematological malignancies in which it
was shown that conventionally used methods, in particular
microscopic analysis, are highly specific but not sensitive
enough. In these patients, the method of choice is detection
of P. jirovecii DNA in clinical specimens (mostly induced spu-
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tum or bronchoalveolar lavage fluid) using methods based
on PCR. The first methods allowing detection of P. jirovecii in
clinical specimens have been published in the 1990’s®™ and
were followed by dozens of papers that were aimed at various
target genes and used different PCR platforms (single-round,
nested, semi-nested, real-time PCR). The aim of this review
is to describe the advantages and pitfalls of PCR diagnosis of
PCP in patients with haematological malignancies.

Key words

pneumocystis pneumonia ® PCR e real-time PCR ¢
diagnostics

Geneticka vybava P. jirovecii

P jirovecii byla dlouha 1éta myIné povazovana za protozoon, a to
zejména na zakladé morfologickych znakd, teprve moleku-
larnébiologické analyzy malé podjednotky ribosomalni RNA
ji ptifadily do fiSe hub. V roce 2012 Cissé a kol.® provedli
rozsdhlou analyzu genomu P. jirovecii metodami sekvenovani
nové generace. Z jejich vysledki vyplynulo, Ze genom pneu-
mocysty je velky 8,1 Mb a obsahuje celkem 3878 kédujicich
sekvenci. Potvrdilo se, Ze stejné jako v piipadé P. carinii schazi
i tomuto mikroorganismu cela fada gent kddujicich zakladni
enzymy dulezité pro zakladni metabolismus, zejména syntézu
aminokyselin - tyto pravdépodobné ziskava pfimo z prostiedi
v plicich. Dalsi vyznamnou odchylkou je skutecnost, Ze genom
postrada charakteristické enzymy glyoxylatového cyklu, které
patii k dilezitym faktorim virulence ostatnich mykotickych
patogenti. Tyto poznatky podporuji nazor, ze P. jirovecii je obli-
gatni parazit, kolonizujici lidské plice, ktery zpiisobuje zavazné
a Casto smrtelné onemocnéni u imunokompromitovanych ne-
mocnych. Nové poznatky o skladbé genomu, ziskané s pomoci
nejnovéjsich technologii, jsou velmi cenné a mohou pomoci pfi:
i) identifikaci nutri¢nich doplika pro kultivaci pneumocysty
invitro, ii) identifikaci novych cild pro 1é¢bu a vyvoj novych
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terapeutik pro 1é¢bu PCP, iii) identifikaci cilovych proteind
pro vyvoj vakcin.

Detekce P. jirovecii v klinickych vzorcich
molekuldarnébiologickymi metodami

VYBER VHODNEHO VZORKU

Diive publikované studie prokazaly na zvifecich modelech pfe-
nos infekce P. carinii mezi jedinci nemocnymi PCP a zdravymi
jedinci, proto je tento zpisob pfenosu velmi pravdépodobny
iulidi. Z aeroskopického méfeni a nasledné analyzy pomoci
kvantitativni real-time PCR v okoli (zejména HIV pozitivnich)
pacienti s PCP bylo zji§téno, Ze velkou ndloZ pneumocyst
1ze detekovat i ve vzdalenosti nékolika metr od nemocného
(7x 10? aZ 5x 105 organismu na m? vzduchu ve vzdalenosti
1 m).# Tim lze vysvétlit vysoké nailoze nalezené ve vzorcich
zdutiny Gstni a nosohltanu u HIV-pozitivnich pacient a byla
tak potvrzena moznost horizontalniho pfenosu P. jirovecii mezi
pacienty. Alanio a kol.'s) ve své studii srovnavali naloz P. jirovecii
ve vzorcich ziskanych od HIV-pozitivnich a HIV-negativnich
imunokompromitovanych pacientil. Zjistili, Ze u obou skupin
nemocnych byla fungalni ndloz méfena pomoci kvantitativni
real-time PCR ve vzorcich indukovaného sputa a v tekutiné
ziskané bronchoalveolarni lavazi (BAT) srovnatelna. Samuel
a kol.® u pediatrickych pacientti porovnavali vysledky ziskané
testovanim vzorkl z hornich cest dychacich (nazofaryngealni
aspirat) a dolnich cest dychacich (indukované sputum nebo
BAT) a prokazali, Ze pfi pouziti real-time PCR 1ze pro diagnos-
tiku PCP pouzit i neinvazivné ziskané vzorky z hornich cest
dychacich.

Z literatury tedy vyplyva, Ze kromé tradi¢nich a ovéfenych
klinickych vzorka (BAT, indukované sputum, plicni tkan)
1ze pravdépodobné pro detekci pneumocysty vyuzit i neinva-
zivni klinické vzorky (vyplach dutiny Gistni, nazofaryngealni
aspirat). Moznost detekce pneumocysty ve vzorcich ziskanych
neinvazivnimi metodami je vitina zejména u pacienti, ktefi
nemohou podstoupit BAL, piipadné détskych pacientd.

IZOLACE DNA Z KLINICKYCH VZORKU

Jako vychozi materidl pro detekci P. jirovecii je vétSinou vyuzivan
sediment bunék z indukovaného sputa nebo BAT. V piipadé
zpracovani velmi viskéznich vzorki (zejména sputa) se osvédcilo
pred vlastniizolaci zafadit krok, pfi kterém je ke vzorku pridan
roztok mukolytika, jez napomiiZe rozvolnéni hlenu a uvolné-
ni bunék. K nasledné izolaci DNA jsou nejcastéji vyuzivany
komer¢ni soupravy, které separuji celkovou DNA na kolonce
(napf. QIAmp DNA Mini kit, Qiagen).

PCR METODIKA

Cilovymi useky pro detekci P. jirovecii pomoci PCR jsou nejcas-
téji gen pro: dihydropteroat syntazu (DHPS), dihydrofolat
reduktizu (DHFR), oblasti ITS (internal transcribed spacer)
genu pro IRNA, velka podjednotka genu pro mitochondridlni
TRNA (mitochondrial large subunit, mtLSU), beta-tubulin,
hlavni povichovy glykoprotein (major-surface glycoprotein,
MSG), kex-1a cdc-2.7 Obecné se soudi, Ze vyssi citlivost maji
metody detekujici tzv. multikopiové geny (nejc¢astéji MSG
aamtLSU). Vétsina doposud publikovanych metod pro detekci
pneumocysty byla vyvinuta v pfimo v laboratofich a jedna se
tedy o tzv. in-house metody. Na trhu jsou jiz dostupné také
komer¢ni soupravy. Jejich nespornou vyhodou je standardizace

PCR metodiky, ktera by umoznila ziskat srovnatelné vysledky
zriiznych pracovist. Prvni multicentrickou prospektivni studii
vyuzivajici komer¢ni soupravu od firmy Myconostica publiko-
vali Hauser a kol.® BohuzZel polet pacientii s hematologickou
malignitou byl v této studii prili§ nizky (9 ze 110 pacientd)
a neumoznuje proto délat vétsi zavéry o moznosti pouziti
soupravy u této skupiny pacientii. Stejnou soupravu pouzili
také Seah a kol.!® a McTaggart a kol.* Z obou téchto studii
vyplyvd, Ze metoda md excelentni negativni prediktivni
hodnotu (99-100 %), a tudiz negativni vysledek miize vyloucit
diagnézu PCP.

Normalizace vysledkt

Stejné jako v piipadé jinych patogenti detekovanych z BAL
nebo jinych nehomogennich typu klinickych vzorka (spu-
tum, vyplachy dutiny tustni) komplikuje snahu o porovnani
vysledki celd fada preanalytickych faktord - standardizace
provedeni BAL, rozdilna navratnost BAL u riznych pacientd,
homogenizace materidlu (obzvlasté vazkého) a dalsi. Tyto
faktory lze jen obtizné ovlivnit a jedinym zptsobem je zcela
standardizovany postup pro provadéni odbérua klinickych
vzorki.™ Abychom mohli porovnavat kvantitativni vysled-
ky ziskané z riznych analyz a riznych vzorkl, je dilezité
provadét normalizaci vysledki. Jednim ze zpisobd je uvadét
fungalninaloz na mililitr vychoziho vzorku (v tomto piipadé
jevhodné pfi izolaci DNA vychazet vzdy ze stejného mnozZstvi
klinického materiilu), dale je mozna detekce pfitomnosti
lidské DNA (nejcastéji jako paralelni real-time PCR reakce
detekujici néktery z lidskych housekeeping genti) a normali-
zace na pocet lidskych genomickych ekvivalenti (pfenesené
mnozstvi DNA vloZzené do reakce). Ani jeden z téchto zptisobil
vsak neni idealni, nejspravnéjsim piistupem je pouziti ex-
terni kontroly, nejcastéji v podobé urcitého mnozstvi DNA
(plazmidové, genomové) nehumanniho (naptfiklad rostlin-
ného) pavodu, kterd je pfidana do vzorku pfed zpracovanim,
odizolovana spolu s DNA obsaZenou ve vzorku, a nasledné
detekovana v nezavislé real-time PCR reakci. Tento zptisob
neni pfi pouziti in-house metod pouzivan rutinné, protoze
je pomérné technicky naro¢ny na vlastni provedeni a opti-
malizaci. Takova kontrola by vSak méla byt nutnou soucasti
komer¢nich souprav pro invitro diagnostiku.

Stanoveni hodnoty kritické
naloze P. jirovecii ve vzorku

Nejvétsim uskalim pouziti citlivych molekularnébiologickych
metod je odliSeni kolonizace (pfitomnosti mikroorganismu ne-
bo jeho DNA v plicich bez pfiznakd pneumocystové pneumonie)
od aktivni infekce. Mira kolonizace u imunokompetentnich
jedinci je asi 20 %, miiZe se ale li§it u riznych skupin a napf.
i geograficky (Tab. 1). Protoze bronchoalveolarni lavaz je pro-
vadéna unemocnych s horeckou a/nebo plicnim postiZenim,
nelze u zadného z pacienti jednoznacné hovofit o pouhém
nosicstvi. Z tohoto divodu se v soucasné dobé u imunokom-
promitovanych pacientti upousti od klasickych kvalitativnich
metod PCR, které jsou velmi citlivé, avS§ak pouhy pozitivni
vysledek neni dostatecny pro automatické zahajenilécby. Na
vétsiné pracovist je v soucasné dobé pouzivana pro detekci
P. jiroveci kvantitativni real-time PCR. Kvantifikace fungdlni
naloze v klinickych vzorcich umoziuje stanovit riziko PCP
u jednotlivych pacientii. Nalezenim vhodného cut-off pro
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Tab.1 Mira kolonizace u zdravych imunokompetentnich jedinci

Studie Citace Charakteristika souboru Mira kolonizace (%)
Ponce a kol. @) imunokompetentni dospéli (tkané z autopsie - vrazdy, sebevrazdy) 65-79
(2010) - Santiago, Chile
Vargas a kol. ®) imunokompetentni dospéli - vyplach dutiny Gstni 13
(2010) (+ nazofaryngedini stéry) 22)
Medrano a kol. 04 imunokompetentni dospéli (vyplach dutiny ustni) 20
(2005) - administrativni pracovnici nemocnice
Nevez a kol. ) imunokompetentni dospéli (BAL) 20
(1997)
Tab.2 Hrani¢ni hodnoty pro odliSeni kolonizace do aktivni infekce
Studie Citace | Pocet pacientl Cilovy gen | Hodnota cut-off Senzitivita (%) |Specificita (%)
Alanio a kol. &) 238 horni > 1900 TFEq/ml 86 100
(2011) (B9 HIV +TNSHM+150Taj.) | mtLSU | dolni <120 TFEg/ml 100 97
Botterel a kol. (1) 287 > 4,0 log,, kopif /il 100
(2012) (B9HIV+11IHM + 47 0T aj.) | miLSU |2 26 log, kopii /ul 100
Matsumura akol. | @ 147 1300 kopii/mi 100 80
(2012) (SHIV + 20 HM +29 OT) DHPS (odliseni prokdzané PCP x moznd PCP)
340 kopii/ml 67 73
(odliseni mozné PCP x kolonizace)
HIV - HIV pozitivni, HM - OT - orgénové, mtLSU - velké 14Ini DNA (z angl. lal DNA large

DHPS - dihydropteroat syntdza, TFEq - ekvivalenty trofické formy (z angl. trophic form equivalents)

zahdjeni terapie se zabyva fada recentné publikovanych praci
(Tab. 2). Publikované hodnoty lze jen obtiZné srovnavat mezi
sebou, protoze se lisi jak zplisob zpracovani materiilu, metoda
izolace DNA, metodika PCR (cilovy gen [vice- nebo jednoko-
piovy] atd.), tak jednotka, vniZje pozitivita vyjadfena. Obecné
Ize ale Fici, ze se vét§ina autort shoduje v tom, Ze existuji dvé
hodnoty - dolni, ktera diagnézu PCP vylucuje, a horni, ktera
je spojena s vysokou pravdépodobnosti PCP. Mezi nimi lezi
»Seda zéna“, kdy je pfi hodnoceni nutné zvazit ¢etné klinické
faktory (zakladni onemocnéni, podavani profylaxe, podavani
steroidl a miru imunosuprese atd.). Cut-off pravdépodobné
nékde v oblasti 103-10* kopii/PCR reakci je spojen s vysokou
pravdépodobnosti PCP.

Zavér

Protoze kultivace P. jirovecii neni za béznych podminek mozna
aostatni konven¢ni metody nejsou dostate¢né citlivé, je pouziti
molekularnébiologickych metod vhodnou alternativou téchto
tradicnich piistupti. Vzhledem k velkému procentu kolonizace
uzdravych jedinct je pro stanoveni rizika PCP u imunokompro-
mitovanych nemocnych nutna kvantifikace fungalni naloze
ve vzorku. Mnohé prace ukazuji, Ze pro diagnostiku PCP je
mozné pouzit i neinvazivni klinické vzorky, tyto poznatky je
vSak nutné oveérit na vétsi skupiné pacientd.

Podékovani: Tato prace byla podpofena projekty MZ-RVO (FNBr, 65269705) a SV

MUNI/A/0723/2012.

Prohladeni: autor v souvislosti s tématem prace nespolupracuje s zadnou farma-
ceutickou firmou.
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Here we report how variability in the human cytomegalovirus genome sequence may seriously affect the
outcome of its molecular diagnosis. A real-time quantitative PCR assay targeting the major immediate-early
gene failed to detect the viral load in some, but not all, clinical samples from hematooncological patients. By
amplification and sequencing the DNA across the regions targeted by this assay we found a number of
nucleotide substitutions which accounted for decreased primer/probe binding. This decreased the sensitivity of

the assay up to 1,000-fold.

Human cytomegalovirus (CMV) persists in the host organ-
ism for a lifetime and becomes frequently reactivated in im-
munocompromised patients, such as recipients of bone mar-
row or solid organ transplants (1, 15, 20). Establishment of a
reliable real-time quantitative PCR assay (Q-PCR) for detec-
tion of CMV is crucial for successful management of CMV
infection. Despite the importance of precise diagnosis of
CMYV, a generally accepted methodology has not yet been
established. Optimal detection of CMV DNA in all clinical
samples can be achieved only if primer sequences capable of
detecting all the CMYV strains are used. A number of different
genes are used as a target for quantitative detection of CMV,
including the major immediate-early (MIE) gene (5, 10, 12),
the phosphoprotein 65 (pp65) gene (6, 7, 18), and the glyco-
protein B (gB) gene (9, 11). Some groups use duplex assays to
detect two different genes simultaneously (2, 8).

The coding sequence for the MIE gene consists of three
exons and has long been assumed to be highly conserved due
to the important function that MIE plays in the CMYV life cycle
and from sequence comparisons of the MIE genes from labo-
ratory strains AD169 and Towne. Later studies described sig-
nificant sequence variability in some parts of this gene, mainly
in its exon 4 (3, 4, 16, 21). Zweygberg Wirgart et al. (21) found
the MIE exon 4 sequence to be more variable than the CMV
DNA polymerase gene or the glycoprotein B gene. Despite
these findings, the MIE gene is still a popular target sequence
for routine CMV diagnostics.

In our laboratory, we simultaneously used the Q-PCR assay
published by Tanaka et al. (19) that detects a part of exon 4 of
the MIE gene (primers RQ1 and RQ2 and RQ probe) and an
in-house qualitative PCR assay that detects a region between
exon 2 and exon 4 of the same gene (primers CMV 2-4F and

* Corresponding author. Mailing address: Center of Molecular Bio-
logy and Gene Therapy, University Hospital, Cernopolni 9, CZ-613 00
Brno, Czech Republic. Phone and fax: 420-532 234 623. E-mail:
mlengerova@ fnbrno.cz.

¥ Published ahead of print on 17 January 2007.
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CMV 2-4R). Table 1 has further details on the assays and
primer/probe sequences. We compared the sensitivities of
these two methods by amplifying 10-fold dilutions of 1 X 107
copies of CMV DNA, which had been isolated from the
CMYV strain AD169 (each dilution was tested in triplicate).
The Q-PCR has proven to be about 10 times more sensitive
than the qualitative method. The Q-PCR detection limit was
10 copies of CMV DNA apart from 100 copies detected by
qualitative PCR.

Between January 2004 and January 2005 we assayed 1,854
samples from 363 patients including immunocompromised pa-
tients with hematological disorders, patients with bone marrow
transplants, and/or recipients of peripheral blood stem cells.
DNA isolated from 4 X 10° peripheral blood leukocytes (using
the QIAamp blood kit [QIAGEN, Germany]) was used as a
template. The Q-PCR detected virus reactivation in 64 pa-
tients. In contrast, Q-PCR repeatedly failed to detect any viral
load in 18 patients who were previously shown as CMV posi-
tive using the less-sensitive qualitative method. We hypothe-
sized that such a discrepancy could be explained by primer/
probe mismatch due to sequence variability in the MIE exon 4.

Therefore, we performed a sequence analysis of the Q-PCR
target region (nucleotide positions 2719 to 2919, GenBank
accession no. M21295) in samples from all 18 patients with
false-negative results. We designed two pairs of primers span-
ning this region and used nested PCR to obtain sufficient
amounts of PCR product for sequencing (Table 1 shows
primer sequences and locations). Both strands were sequenced
using the inner primers and the BigDye Terminator v1.1 Ready
Reaction Cycle Sequencing Kit (Applied Biosystems, Foster
City, CA) on an ABI PRISM 310 Analyzer. As a control group
we sequenced 10 samples in which viral copies were detected
by Q-PCR. We used Clustal W (freeware, www.ebi.ac.uk
/clustalw/) to align the obtained sequences with the available
sequences of laboratory strains AD169, Towne, and Toledo
(results are compiled in Fig. 1).

We found a number of nucleotide substitutions in both prim-
ers and probe sequence in all 18 false-negative samples. In
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TABLE 1. Primers, probes, and PCR specifications used for amplification of various parts of the MIE gene”

P(irlel:i;zstri(())tr:e Sequence, 5'—3' O(E())erldui:z:‘;" Cycling conditions

RO1 GACTAGTGTGATGCTGGCCAAG 2719 95°C/10 min — 50 times (95°C/15 s — 60°C/1 min)
RQ2 GCTACAATAGCCTCTTCCTCATCTG 2919

RQ probe AGCCTGAGGTTATCAGTGTAATGAAGCGCC 2758

CMV 2-4F GACCCTGATAATCCTGACGA 1506 95°C/10 min — 35 times (95°C/30 s — 53°C/30 s —
CMV 24R ATGTGCTCCTTGATTCTATG 2073 72°C/30 s) — 72°C/7 min

exon4celyF GAAATTCACTGGCGCCTTTA 2101 95°C/3 min — 35 times (95°C/1 min — 53°C/1 min —
exon4celyR AGCACCATCCTCCTCTTCCT 3169 72°C/2 min) — 72°C/7 min

CMV4F AGTGAGTTCTGTCGGGTGCT 2678 95°C/3 min — 25 times (95°C/30 s — 53°C/30s —
CMV4R CCCTCCTCCTCTTCCTCATC 3075 72°C/1 min) — 72°C/7 min

“RQI, RQ2, and RQ probe, primers and probe for Q-PCR; CMV 2-4F and CMV 2-4R, primers for qualitative PCR; exondcelyF, exondcelyR, CMV4F, and CMV4R,

primers for nested PCR and consecutive sequencing.
” MIE gene sequence (GenBank accession no. M21295).

seven samples, there were substitutions in the forward primer
sequence, and all samples had substitutions in the probe and
reverse primer regions. When the sequences were compared to
the sequences of different laboratory strains, they were found
to be more similar to strains Towne and Toledo than to
AD169, which served as the template for designing the assay
(19). Sequences of all 10 samples of the control group were
homologous to the laboratory strain AD169. No association
between the sequence of MIE exon 4 and sex, age, clinical
diagnosis, and the progression of CMV infection was observed.

We also investigated the effects of primer/probe template
mismatches on PCR efficiency. We cloned the PCR products
(amplified with primers CMV4F and CMV4R) from AD169
(no mismatch), sample 13 (four mismatches), and sample 3 (six
mismatches) into plasmids and used them as templates for
real-time PCR (each sample was tested in triplicate). Compar-
isons of average cycle threshold values for 10-fold dilutions
(10° to 10* copies/tube) revealed major differences between
plasmid DNA with mismatches and that without mismatches.
On average, plasmid derived from sample 13 (four mis-
matches) was amplified 6.4 cycles later than the mismatch-free

Primer RQ1

RQ-probe

plasmid. This represents sensitivity almost 100 times lower
(assuming the average 3.32-cycle difference between 10-fold
dilutions of standard DNA). Plasmid derived from sample 3
(six mismatches) was amplified about 12.3 cycles later than
mismatch-free plasmid. This represents sensitivity over 1,000
times lower.

Genetic variability of CMV has been reported several times
(13, 14), and this study documents how seriously this variability
can influence PCR results. Considering that CMV is the most
frequent cause of life-threatening infections in immunocom-
promised patients, its diagnosis must be fast and precise. Our
data show that the assay published by Tanaka et al. (19) would
not detect CMV in 21.9% of positive samples (18/82) from our
patients. These samples would have been misjudged as CMV
negative without simultaneous use of two PCR assays, and
patients could therefore have been at risk of progression of a
fatal CMV disease.

Based on our experience and previously published data we
strongly recommend not using exon 4 of the MIE gene for
routine PCR diagnostics. Schaade et al. (17) suggests that
novel real-time PCR assays should be rigorously tested on

Primer RQ2

AD169 GACTAGTGTGATGCTGGCCAAG-16nt-AGCCTGAGGTTATCAGTGTAATGAAGCGCC-108nt-CAGATGAGGAAGAGGCTATTGTAGC

:
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FIG. 1. Sequence comparison of selected areas of the MIE gene exon 4 of the laboratory strains AD169, Towne, and Toledo with those of

clinical isolates. Dashes indicate homology to AD169.
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NOTES

large panels of viral isolates. However, the existence of rare or
newly arising variants cannot be excluded.

Nucleotide sequence accession number. The GenBank ac-

cession number for the MIE gene sequence is M21295.
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Background: Antiviral resistance development is a serious complication of human cytomegalovirus viro-
static therapy caused by mutations in UL 97 and for UL54 genes.

Objectives: To determinate the presence of sensitive and resistant strains in patients developing antiviral
resistance.
Study design: We used three different molecular biological methods for mutation analysis-restriction
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Eec:ﬁ‘t/i::;?é] & Results: We describe three allogeneic hematopoietic stem cell transplant patients developing the GCV
Sensitive/resistant strain resistant HCMV strains manifested by virostatic treatment failure. In these patients we identified UL97
Repopulation mutations L595S, A594V and A594T and monitored the dynamics of coexisted sensitive/resistant strains.

We confirmed the presence of mixed HCMV populations and in two patients a phenomenon of sensitive
strain repopulation which occurred after 6.5 months and 1 month after removing GCV pressure.

Conclusions: Our results show changes in proportions of sensitive/resistant subpopulations over time but
other studies would be required to demonstrate the beneficial impact of their monitoring on clinical

outcome.

© 2014 Elsevier B.V. All rights reserved.

1. Background

The management of human cytomegalovirus (HCMV) in
hematopoietic stem cell transplant patients is now mostly based
on preemptive therapy, which is initialized in patients with no
clinical symptoms of infection but with viral DNAemia (the pres-
ence of HCMV DNA) detected in a peripheral blood sample using
(real-time) polymerase chainreaction (PCR). This strategy has been
proved to be safe and effective in preventing the development of
HCMYV disease and detailed clinical management guidelines have
been published [1].

Ganciclovir (GCV) (or its oral prodrug valganciclovir—VGCV)
is the drug of choice to treat HCMV infections in immunocom-
promised patients, with foscavir (FOS) and cidofovir (CDV) as
alternatives. The results of HCMV treatment can be influenced
by many factors such as the underlying disease, the severity of

* Corresponding author. Tel.: +420 532234628, fax: +420 532234623.
E-mail address: pvolfova@fmbmo.cz (P. Volfova).
! PV and ML contributed equally.

http://dx.doi.org/10.1016/j.jcv.2014.07.008
1386-6532/© 2014 Elsevier B.V. All rights reserved.

immunosuppression, antiviral drug doses, the time of dosing and
the susceptibility of the patient’s viral strain to the administrated
drug. These factors may contribute to the emergence of a drug-
resistant virus [2]. Viral resistance to therapy is considered if
antigenemia (specific antigen monitoring) and/or viral load (mea-
sured by real-time PCR) increases despite 2 weeks of virostatic
therapy.

HCMV has developed a way to escape treatment by point muta-
tions emerging in twoviral genes involved in the drug’s mechanism
of action. Resistance to GCV and VGCV is caused by mutations in the
viral protein kinase gene (UL97) and/or the viral DNA-polymerase
gene (UL54). Resistance to FOS or CDV results from mutations in the
UL54 gene and CDV-resistant mutants are generally cross-resistant
to GCV [3].

Common methods for detecting certain mutations are PCR fol-
lowed by restriction enzyme digestion (restriction fragment length
polymorphism, RFLP) and direct sequencing of PCR products con-
taining the region of interest [4].

We routinely use PCR-RFLP to detect the most common muta-
tions in the UL97 gene and the presence of the mutations
is simultaneously detected by direct sequencing. The use of
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PCR-RFLP allows fast detection of the most frequent mutations (till
1 day) while direct sequencing precludes the false negative results
and allows detection of all mutations in the amplified region. In
our patients, we noticed the presence of both GCV sensitive and
resistant strain in recurrent episodes of infection.

Here we report three patients with recurrent HCMV infections
and detected mutations in the UL97 gene. We used real-time
PCR with TagMan-MGB probes specific for three UL97 mutations
(L595S, A594V and A594T) and retrospectively analyzed the pres-
ence and quantity of sensitive and resistant HCMV strains.

2. Study design
2.1. Patients

All patients were routinely monitored for the presence of
HCMV viral load after allogeneic hematopoietic stem cell trans-
plant (HSCT) at the Department of Internal Medicine-Hematology
and Oncology, University Hospital Brno. The Patients’ demo-
graphic characteristics are contained in Table 1. All patients signed
informed consent for the scientific use of samples. Antiviral resis-
tance testing was performed if HCMV viral load increased despite
virostatic therapy.

3. Materials and methods
3.1. DNA isolation

5ml of peripheral blood was lysed with 10 x lysis solution
(1.55M NH4C], 0.1 M NH4HCO3, 1 mM EDTA) in 1:4 ratios, 15 min
on ice. After the dissolution of erythrocytes, leucocytes were col-
lected using centrifugation and a pellet was resuspended in 200 .
of 0.9% NaCl. The DNA was isolated from 4 x 10° peripheral blood
leukocytes using the QIAamp Blood Mini Kit (Qiagen, Germany)
according to the manufacturer’s instructions, DNA concentration
was measured with NanoDrop 2000(Thermo Fisher Scientific, USA)
and samples were stored at —20°C before use.

3.2. Quantitative real-time PCR

Monitoring the HCMV viral load was performed weekly using
an in house real-time PCR method targeted at the UL83 gene. The
real-time PCR assay was performed in a total reaction mixture of
25 pl containing 5 wl of extracted DNA (100-500ng), 12.5pl of
Tagman Universal Master Mix (Applied Biosystems, USA), 400 nM
forward primer (3'-ACGTCAGCGTTCGTGTTTCC-5'), 400 nM reverse
primer (3'-CTCGCAGAAGGACTCCAGGTA-5'), and 200 nM TagMan
probe (BHQ-TCACCTATCACCTGCATCTTGGTTGCG-FAM). The assay
was performed under the following cycling conditions: 1 cycle of
15min at 95°C, followed by 50 cycles of 15s at 95°C and 60s at
60°C. The threshold for initiating virostatic therapy was 500 copies
HCMV/pg DNA.

Table 1

3.3. Detecting CMV resistance mutations

PCR followed by RFLP was carried out to detect the presence
of the most frequent UL97 mutations—M460V, A594V, L595S and
L595F as previously published [5]. At the same time, 776 bp frag-
ments of the UL 97 gene (codons 439-696) were analyzed by direct
sequencing [6].

3.4. Specific real-time PCR methods for A594V, L595S and A594T

We used highly specific minor groove binder (MGB) TagMan
probes which are able to distinguish between UL97 sensitive and
resistant strain sequences with high accuracy. Probes matching the
sensitive or resistant HCMV strains were labeled with FAM and
VIC reporter, respectively. The reactions of total volume 25 I con-
tained 5 pul of template or standard DNA and 12.5 pl Universal ROX
ABmix (ABgene, Thermo Scientific, USA). The sequences of primers
and probes of all assays and their optimal concentrations toamplify
sensitive (WT)and resistant (mut) forms are summarizedin Table 2.
The temperature profile of all assays was 15 min at 95 °C followed
by 50 cycles 155 at 95°C and 60s at 60°C. Standard DNA of sen-
sitive strain, A595S, A594V and A594T was prepared by cloning
patients’ PCR product samples in the pCR2.1 vector (TA Cloning
Kit, Invitrogen, USA) according to the manufacturer's instructions
and standard curves from serially diluted plasmid DNA (2 x 10° to
2 x 100 copies/5 pl DNA) were constructed. Rotorgene 6000 Series
Software 1.7 was used to analyze the results. All samples were
amplified in duplicate and the copy number of sensitive and resis-
tant strains were calculated from the standard curve and expressed
as copies per 1 g of DNA in PCR reaction.

4. Results

We describe three cases of patients after allogeneic HSCT carry-
ing GCV resistant HCMV manifested by antiviral treatment failure.
The HCMV DNAemia monitoring results, type and duration of viro-
static therapy and the proportion of sensitive and resistant strain
in individual clinical samples in these patients are presented in
Figs. 1-3. Figure part (A) shows the dynamics of viral load in
repeated virus infection episodes, with cut off set as 500 copies/j.g
of DNA to initiate treatment (marked with a solid line), and applied
therapy. Figure part (B) shows the ratio between sensitive (black)
and resistant strain (white) in individual samples.

The development of HCMV resistance in Patient 1 (Fig. 1)
occurred +30 days of VGCV therapy. After a short period on combi-
nation therapy and based on the detection of L595S mutation, the
therapy was changed to FOS. It was administrated in all following
HCMYV episodes. The GCV resistant strain was present and domi-
nant in all subsequent infections. After day +172 the patient was
monitored for the next two months and did not develop further
HCMYV infections.

In Patient 2 (Fig. 2), a resistant strain carrying an A594V muta-
tion was detected after +41 days of VGCV therapy and it promptly
replaced sensitive strain. However, in the next episodes of HCMV
infection sensitive strain appeared again and in the last episode it

Patient's characteristics. Age (years) — patient’s age at the time of HSCT, Days after tx — days of first HCMV infection after HSCT. The duration of antiviral therapy days of

VGCV/CGV treatment to GCV resistance development.

Patient number Sex Age (years) Diagnosis Type of HSCT D/R CMV status  Mutation First HCMV Duration of Sensitive strain
detected infection (days  antiviral repopulation
after HSCT) therapy (days)
1 Female 32 AML MUD D—/R+ L5958 40 30 No
2 Male 52 AML MUD D—/R+ A594V 42 ) Yes
3 Female 56 B-CLL MUD D—/R+ A594T 11 35 Yes
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Table 2
Sequences of primers and probes, oligonucleotide concentration in PCR reaction and length of PCR product.
Assay Primer/probe name 5'-sequence-3’ Concentration (nM) PCR product (bp)
A594V-WT A594V-F1 AGGCGTTGCTCTTTAAGCAC 400 94
A594V-R AGGCGCCGTAGCTCATIT 400
A594Vwt FAM -TCCAACGCGCGGC-MGBNFQ 200
A594V-mut mutUL97-F AGGCGTTGCTCTTTAAGCAC 900 117
mutUL97-R GCCAGAATGAGCAGACAGG 900
A594Vmut VIC-CTCCAACACGCGGC-MGBNFQ 200
L5955-WT mutUL97-F AGGCGTTGCTCTTTAAGCAC 900 117
mutUL97-R AGGCGCCGTAGCTCATIT 900
A5955wt FAM- CGCGTTGGAGAAC-MGBNFQ 200
L595S-mut mutUL97-F AGGCGTTGCTCTTTAAGCAC 900 117
mutUL97-R AGGCGCCGTAGCTCATIT 900
A595S-mut VIC-TTCTCCGACGCGCG 200
A594T-WT A594T-F ACGGAGGCGTTGCTCTITAA 400 112
A595T-R GGAGCAGTGCGTGAGCTT 400
A594Twt FAM-TGCCGCGCGTTGG-MGBNFQ 200
A594T-mut A594T-F ACGGAGGCGTTGCTCTTTAA 400 112
A595T-R GCAGCAGTGCGTGAGCIT 400
A594Tmut VIC-CTGCCGCACGTTGG-MGBNFQ 200

completely replaced the resistant strain. The patient was monitored
for the next 4 months, but no other viral infection occurred.

In Patient 3 (Fig. 3), the first episode of HCMV infection was
detected +11 days after HSCT and treated with GCV, which was
replaced by FOS due to patient’s cytopenia. During the follow up, a
further CMV infection occurred and was treated with GCV. A GCV
resistant strain, with an A594T mutation, emerged after 80 days of
therapy and was eliminated with FOS treatment. FOS was admin-
istered in the following HCMV infections, between days 146 and
178, in a reduced dose because of impaired renal function, and was
later replaced by VGCV for outpatient treatment. The last infection
episode (day +250) was complicated by hypertension and nephro-
toxicity therefore the patient had no treatment, but was only under
frequent HCMV viral load monitoring. The viral load decreased
spontaneously, possibly due to the restoration of immune func-
tions and during a further 5 month’s monitoring no HCMV infection

L5958

|

developed. In the retrospective analysis we found, that resistant
strain was present only transiently and was replaced by sensitive
strain shortly after removing selection pressure.

All patients reached molecular remission of their disease and at
present have no specific hematological treatment.

5. Discussion

The development of antiviral drug resistance remains a rela-
tively rare but serious complication in the treatment of HCMV
infections in immunocompromised patients. For this group,
the incidence of resistance to GCV was estimated at 2-8%
of treated patients, and usually occurred after 2-3 months of
therapy [1,7].

The genotypic detection of relevant mutations in UL97 and
UL54 genes is usually performed by widely used molecular
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biological methods based on direct sequencing and/or PCR-
RFLP. Single-nucleotide polymorphism (SNP) detection using
real-time PCR with TagMan-MGB probes represents a more mod-
ern approach, which allows a highly specific and sensitive way of
detecting mutations. The main advantage of these methods is the
high sensitivity, where the very small amounts of virus variants

can be detected in contrast with conventional Sanger sequencing,
which can detect a viral strain representing a population of more
than 10-20% |2]. The most modern application for drug resistance
mutation detection represents next-generation sequencing tech-
nologies, which allow detecting of low-percentages of resistant
virus. So far their routine use is limited by high costs.
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In this study, we performed a retrospective analysis of three
patients after HSCT with recurrent HCMV infections that devel-
oped resistance to GCV. The emergence of resistance in these
patients occurred very rapidly after 28, 42 and 77 days of antivi-
ral therapy, respectively, which corresponds to the published
data. In all patients point mutations in 594 and 595 codons
in the UL97 gene were found. These mutations belong to the
most frequently detected mutations with a known confirmed
GCV resistant phenotype [4]. L595S, A594V and A594T repre-
sent about 53% of all mutations in UL97 [8], therefore our assays
enable sensitive/resistant strain monitoring in majority of affected
patients.

Furthermore, we confirmed the possibility that resistant strain
may be repopulated by sensitive strain. The phenomenon of mixed
HCMYV populations in one patient has already been described
[9,10], but to our best knowledge there are only few reports which
have quantified sensitive and resistant HCMV strains to mon-
itor the emergence of resistance and possible repopulation by
the sensitive strain after selection pressure removal [11]. Drew
et al. [12] observed repopulation with residual sensitive strain
after ceasing treatment with an antiviral drug to which a virus
had become resistant. Authors described one case and summa-
rized another six cases with repopulation published previously.
The patient population consisted of two patients with AIDS, three
patients who had undergone solid organ transplantation (two
lung, one heart) and two who had undergone hematopoietic
cell transplantation. In five patients, sensitive strain repopulated
after 3, 5, 6 (two patients) and 8 months after the completion
of therapy. In two patients with mutations sensitive strain did
not replace resistant strains. In this study, the repopulation with
sensitive strain occurred in two patients (Patient 2 and 3) after
6.5 months and 1 month after the cessation of GCV, respec-
tively.

Repopulation with sensitive strain could lead to a change of
treatment and the patient could again be treated by GCV, which
is milder and less toxic in comparison with FOS. In our study, ther-
apy was empirically changed to GCV due to renal toxicity of FOS in
Patient 3. The use of GCV resulted in areduction of HCMV load and
did not lead to the expansion of previously present resistant strain.

The major limitation of our study is the small number of the
patients with confirmed mutations causing resistance to virostat-
ics. However this reflects the generally low incidence of these cases
among hematological patients. It appears that quantitative sensi-
tive/resistant strain monitoring can be useful but other studies are
needed to determinate benefit of such assays for the management
of effective therapy.
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The Epstein-Barr virus (EBV) belongs to the family Her-
pesviridae and is a ubiquitous virus present in over 90 % of
the world’s population. Virus reactivation in immuno-
compromised patients can be associated with a broad
spectrum of clinical presentations. In particular, the
development of EBV-associated post-transplant lympho-
proliferative disorder (PTLD) remains a serious compli-
cation following allogeneic hematopoietic stem cell
transplantation (HSCT) and solid-organ transplantation,
with a high mortality rate of 50-80 % [1]. Although the
incidence of EBV-PTLD is generally low following allo-
geneic HSCT, it may increase in patients with established
risk factors—receipt of unrelated donor graft, the use of
T-depleted allografts, the use of anti-thymocyte globulin
(ATG), and immunosuppression for the prevention and
treatment of graft-versus-host-disease (GVHD) [2]. EBV
viral load measurement has become a routine test for
monitoring transplant recipients, and numerous published
studies have previously shown that elevated EBV DNA
levels are highly predictive for PTLD development in
HSCT recipients and can identify patients at high risk [3,
4]. Because the viral copy number correlates with the
severity and duration of EBV symptoms and could have
diagnostic relevance for the development of PTLD, the
serial monitoring of EBV DNA load in the peripheral blood
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(PB) of transplant recipients is recommended [5]. Here, we
report using accurate real-time quantitative polymerase
chain reaction (RQ-PCR) in patients after allogeneic
HSCT. The main objective of this study was to confirm the
benefits of regular EBV viral load screening in allogeneic
transplant patients compared to sporadic monitoring in
patients with EBV infection symptoms and to confirm the
previously published cut-off (1,000 copies/pug DNA) as the
convenient threshold for the prediction of PTLD.

We retrospectively analyzed 899 PB samples from 46
patients treated at the Department of Internal Medicine—
Hematooncology, University Hospital Brno, between
August 2007 and May 2011. Samples were primarily
intended for the routine PCR screening of viral pathogens
in patients at risk of opportunistic infections. The patient
demographics are summarized in Table 1.

There is currently no consensus on which clinical
material is a better specimen type for EBV viral load
monitoring [6]. Several assays that have been developed
used various biological materials, such as whole blood [7],
serum/plasma [8, 9], or peripheral blood leucocytes [10]. In
our study, we decided to use peripheral blood leucocytes
for EBV viral load monitoring, which allows for the
detection of cell-associated virus.

DNA was extracted from 4 x 10° peripheral blood
leukocytes using the QIAamp Blood Mini Kit (Qiagen,
Germany), according to the manufacturer’s instructions.
The primers and probe for the detection of EBV targeted
88 bp of the BALF5 gene, which encodes viral DNA
polymerase, as previously described [11]. The real-time
PCR assay was performed in a total reaction mixture of
25 pul, which contained 5 pl of extracted DNA
(100-500 ng), 12.5 pl of Absolute™ QPCR ROX Mix
(Thermo Scientific, UK), 400 nM forward primer, 400 nM
reverse primer, and 200 nM TagMan probe. The assay was
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Table 1 Demographics of the patients

Patient characteristics Study population, n = 46

Clinical parameters
Sex
Male/female
Diagnosis
AML 20
ALL 1
CML 3
MDS 1
MM 1
MPS 3
NHL 5
AA 2
Donor type
MUD 30
HLAid 16
Conditioning regimen
ATG/CY/FLU/RIC/TBI 1
BU/CY/ATG 1
CY/TBI 4
CY/TBI/ATG 8
FLAMSA/RIC 23
FLAMSA/RIC/TBI/CY 3
BU/CY 1
BU/FLU/ATG 4
FLU/CY/ATG/TBI 1
Stem cell source
BM 7
PBSC 39

AML acute myeloid leukemia, ALL acute lymphoblastic leukemia,
CML chronic myeloid leukemia, MDS multidrug disease syndrome,
MM multiple myeloma, MPS myeloproliferative syndrome, NHL non-
Hodgkin’s lymphoma, AA aplastic anemia, MUD match unrelated
donor, HLAid HLA identical family donor, ATG anti-thymocyte
globulin, CY cyclophosphamide, FLU fludarabine, RIC reduced
intensity condition, 7B/ total body irradiation, BU busulfan, BM bone
marrow, PBSC peripheral blood stem cell

performed using a Rotor-Gene 3000 (Corbett Research,
Australia) with the following cycling conditions: 1 cycle of
15 min at 95 °C, followed by 50 cycles of 15 s at 95 °C
and 60 s at 60 °C. A no-template control (NTC) was added
to each run. As a positive control, a plasmid that contained
the BALFS5 gene was constructed from the pCR 2.1 vector
using the TA Cloning Kit (Invitrogen, USA). Standard
curves of the Ct values obtained from serially diluted
plasmid DNA (2 x 10°to 2 x 10° copies/5 pl DNA) were
constructed. The Cr values from clinical samples were
plotted on the standard curve, and the copy number was
calculated automatically with the Rotor-Gene 3000 soft-
ware (Corbett Research). The detection limit of the assay

@ Springer

Table 2 The sensitivity and specificity of the assay using three dif-
ferent cut-off values

Cut-off (copies/ng DNA) Sensitivity (%) Specificity (%)

100 100 45
1,000 100 74
10,000 98 75

was determined as 2 fg of plasmid DNA, which corre-
sponds to two copies of plasmid DNA per reaction. All
samples were amplified in duplicate and the number of
viral DNA copies was calculated from the standard curve
and expressed as copies per 1 pg of DNA.

We observed wide variability in the EBV load in the
tested samples, with a range of 0-865,169 copies/pg DNA
(a median of 10 copies/ug DNA). Because an EBV real-
time PCR cut-off for positivity has not yet been standard-
ized, we established a positive cut-off for samples if the
copy number exceeded 1,000 copies per 1 ug DNA. We
determined the sensitivity and specificity of the assay using
three different cut-offs (the data are summarized in
Table 2). Based on the values of these parameters, we
found that 1,000 copies/ug DNA provides 100 % sensi-
tivity and 74 % specificity for the prediction of PTLD, and
that this cut-off was the most convenient compared to the
other two thresholds.

Eighty-six samples (10 %) from 15 patients (33 %) had
an EBV DNA load of more than 1,000 copies/ug DNA, and
in this cohort, only 4 patients (9 %) developed an EBV-
associated disease. The data are summarized in Table 3.

The first patient with histologically proven PTLD had
clinical symptoms that included lymphadenopathy, fever,
and neurological symptoms; however, despite receiving
two doses of rituximab treatment at 700 mg/m2 and
1,500 mg/mz, respectively, the patient progressed and died.
The second patient developed multifocal lymphadenopa-
thy, and because of a high EBV viral load in the PB
diagnosed as PTLD, it was not verified by histology due to
persistent thrombocytopenia. This patient received two
doses of rituximab (375 mg/m?), resulting in a regression
of the lymphadenopathy and a decrease of the EBV load in
PB. The third patient developed lymphadenopathy coupled
with high EBV viral load and had histologically proven
EBV-positive diffuse large B-cell lymphoma (DLBCL).
This patient received two doses of rituximab (375 mg/m?),
which caused a decrease in the EBV viral load.

A fourth patient developed neurological symptoms and
had a detectable EBV viral load in the cerebrospinal fluid
(CSF; 56,025 copies/1 ml), and EBV-associated encepha-
lopathy was diagnosed. This patient was given two doses of
rituximab (375 mg/mz) and the elevated EBV DNA level
decreased to the normal level. The clinical condition of the
patient subsequently improved, but, ultimately, the patient
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Table 3 Patients with Epstein-Barr virus (EBV) viral load >1,000 copies/pug DNA

Patient Diagnosis Donor Clinical outcome Week of first result >1,000 Log copies/ug DNA max. Week of max.
no. type copies/ug DNA EBV DNA level EBV DNA level
1 ALL MUD EBV-PTLD 11 443 14
2 ALL MUD EBV-PTLD ) 4.85 8
3 AML MUD EBV-PTLD 11 5.94 12
4 AML MUD EBV-encephalopathy 6 3.84 7
5 AML MUD Adenovirus hepatitis 11 4.53 13
6 AML HLAid Toxoplasmosis 9 3.78 9
7 NHL MUD GVHD 46 343 46
8 AA MUD GVHD 32 3.09 35
9 AML MUD GVHD 38 343 38
10 AML HLAid GVHD 46 322 46
11 ALL MUD GVHD 35 3.49 46
12 ALL MUD GVHD 13 4.19 13
13 AML HLAid GVHD 10 3.80 10
14 CML MUD Other" 20 3.06 20
15 ALL MUD Other" 7 3.62 7

ALL acute lymphoblastic leukemia, AML acute myeloid leukemia, NHL non-Hodgkin’s lymphoma, AA aplastic anemia, CML chronic myeloid
leukemia, MUD match unrelated donor, HLAid HLA identical family donor, EBV-PTLD Epstein-Barr virus post-transplant lymphoproliferative

disorder, GVHD graft-versus-host disease

“ Patients with single EBV positivity and no EBV-associated clinical symptoms
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Fig. 1 Change in Epstein-Barr virus (EBV) viral load in four
patients after hematopoietic stem cell transplantation (HSCT) with
EBV-associated disease. Patient no. 1, 2, and 3 developed EBV-
associated post-transplant lymphoproliferative disorder (PTLD).

died of primary disease progression. The viral loads
detected in samples from these four patients are shown in
Fig. 1. In all patients, the elevation in viral load occurred
5-11 weeks after the HSCT and increased very rapidly by
over three logs within 1 week.

Similarly, EBV positivity above 1,000 copies/pg DNA
appeared five weeks after the HSCT and later in the other
11 patients (Fig. 2). In this cohort, one patient had an
increased EBV load at the time of adenoviral hepatitis

Patient no. 4 was diagnosed with EBV-associated encephalopathy.
The arrows indicate the day of diagnosis. The cut-off for positivity
(1,000 copies/ng DNA) is marked with a dashed line

diagnosis and died due to this infectious complication. A
second patient was diagnosed with toxoplasmosis of the
central nervous system, and the EBV load normalized
spontaneously during treatment. In the other seven patients,
the EBV viral load increased during the treatment of
chronic or acute GVHD, but was not accompanied by
clinical symptoms. After the management of this compli-
cation, the EBV load decreased spontaneously. In two
patients, the viral load was found to be elevated only once,
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and both patients did not present any clinical signs of EBV
infection.

In summary, the cumulative incidence of EBV-related
diseases within the cohort of tested patients was 9 %. A
viral load above 1,000 copies/pg of DNA was associated
with EBV disease in only 4 patients, and the other 11 cases
exhibited asymptomatic EBV reactivation coupled with
chronic or acute GVHD or an altered clinical state due to
another infection. In all cases, EBV reactivation occurred
more than 1 month after the HSCT, and the late detection
of EBV viremia was always associated with chronic
GVHD treatment. The data for these findings are presented
in Table 3.

Based on our results, we recommend the weekly moni-
toring of patients for at least 3 months after HSCT (2 out of 4
patients with EBV-associated disease passed the cut-off at
week 11) and longer in patients with GVHD, due to the rapid
progression of EBV infection, particularly in patients who
develop clinical symptoms (lymphadenopathy, hepato-
splenomegaly, or organ manifestations) related to EBV
disease according to the European Conference on Infections
in Leukemia (ECIL) 2011 guidelines. EBV reactivation
occurred in some of the patients suffering from GVHD in this
cohort, but did not require clinical intervention unless the
copy numbers were steadily increasing. A stable EBV viral
load <1,000 copies/pg DNA temporarily occurred in some
patients after HSCT; however, clinical symptoms of EBV
infection did notdevelop and they did notrequire therapeutic
intervention. Therefore, to improve the diagnostic value of
EBV monitoring, the load measurement and quantitative
monitoring of viral load kinetics is necessary.
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Souhrn

Lidsky cytomegalovirus (CMV) je pfi¢inou zavaznych infekénich
komplikaci imunokompromitovanych pacientli. Pravidelné
monitorovani hladiny virové néloze se stalo nedilnou souc¢asti
péce o pacienty po transplantaci krvetvornych bunék, Pro de-
tekci CMV byla vyvinuta fada diagnostickych metod, z nichz
nejvétsi prinos predstavuji molekularnébiologické metody,
zejména kvantitativnireal-time PCR, Tato metoda umoziuje
stanovit velikost virové naloze, avSak dosud nebyla jasné
stanovena hladina viru predikujici rozvoj CMV onemocnéni.
V tomto prehledovém ¢ldnku jsou shrnuty soucasné poznatky
o diagnostice CMV infekce zaloZené zejména na detekci viru
molekuldrnébiologickymi metodami a jejich tloze v preemp-
tivnim pristupu k terapii. Dale se vénujeme problému vzniku
rezistence CMV k podavanym antivirotiktim a zptisobu detekce
mutaci vedoucich ke vzniku rezistence.

Klicova slova

cytomegalovirus ® kvantitativni real-time PCR e
periferni krev @ likvid ® bronchoalveolarni lavaz e
CMV rezistence

Summary

Lengerova, M., Volfova, P., Racil, Z. Laboratory diagnostics of CMV
infections in patients with haematological malignancies

Human cytomegalovirus (CMV) infection is the cause of serious
infections in immunocompromised patients. Regular moni-
toring of serum viral load has become an integral part of the
care for patients after stem cell transplantation. A number of
diagnostic methods was developed for detection of CMV, from
which molecular-biological methods are the most significant
ones, especially quantitative real-time PCR. This method allows
us to determine the size of the viral load, but there hasnot yet
been a clearly defined cut-off level of virus load predicting the
development of CMV disease. This review article summarises
the current knowledge about the diagnostics of CMV infection
mainly based on the detection of the virus using molecular-
-biological methods and their role in pre-emptive approach to
therapy. Furthermore, we discuss the problem of CMV resis-

tance to administered antivirals and detection of mutations
leading to resistance.

Key words

cytomegalovirus ® quantitative real-time PCR
® peripheral blood ® cerebrospinal fluid e
bronchoalveolar lavage ® CMV resistance

Infekce zpisobena lidskym cytomegalovirem (CMV) je jednou
znejcastéjsich infekénich komplikaci u pacientti s hematolo-
gickou malignitou a pacientl po transplantaci krvetvornych
bunék (TKB). Jeji pti¢inou je nejcastéji reaktivace viru, ktery
je vorganismu piitomenv tzv. latentnim stavu. Pokud dojde
k oslabeni imunitniho systému (v disledku transplantace nebo
protinadorové terapie), ztraci organismus kontrolu nad timto
stavemn a dochazi k aktivni replikaci viru, a nasledné k rozvoji
Klinickych pfiznakii. Méné Casto je pak pii¢inou komplikaci
tzv. primoinfekce CMV, tj. stav, kdy se organismus s virem
potkava poprvé. V tomto piipadé je u imunokompromitova-
nych pacient1 pribéh infekce obvykle velice vazny, s vysokym
rizikem vzniku orgdnového postizeni (tzv. CMV onemocnéni),
které je spojeno s vysokou morbiditou.

V poslednim desetileti jsou ve vétsiné transplanta¢nich center
pouzivany pro prevenci vzniku CMV infekce a rozvoje CMV
onemocnéni dvé zakladni strategie - profylaxe (preventivni
podavani virostatik vSem pacientt v riziku) nebo preemptivni
terapie (léceni jsou pouze pacienti, u kterych byl virus dete-
kovan nékterou z laboratornich metod je$té pred rozvojem
Klinickych pfiznaki).

Metody detekce CMV v klinickych vzorcich

Klasické metody zaloZené na kultivaci se pro detekci CMV u he-
matologickych nemocnych v praxi nepouzivaji, protoze jsou
Casové velmi narocné (nékolik tydnti) a malo citlivé.

pp65 ANTIGENEMIE

CMV antigenémie spo¢iva v pfimém barveni leukocyti mono-
klonalni protilatkou specifickou pro povrchovy fosfoprotein 65
(pp6s, gen UL83). Vysledky jsou pak udavany jako pocet pozi-
tivnich bunék vztazeny na pocet bunék pouzitych k pfipravé
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preparatu. Jeji hlavni vyhodou ve srovnani s kultivacnimi
metodami je rychlost a relativni nenaro¢nost na laboratorni
vybaveni. Hlavnimi nevyhodami jsou pak nutnost okamzitého
zpracovani vzorku a to, Ze vysledek miiZe byt ¢astecné ovlivnén
subjektivnim hodnocenim a zku$enostmi pracovnika, stejné ja-
ko mnozstvim jadernych bunék piitomnych v periferni krvi.

DETEKCE PROTILATEK

U pacientl po TKB jsou sérologické testy pro detekci protilatek
IgC a IgM diilezité hlavné pro stanoveni rizika vzniku CMV
infekce, ale ne pro stanoveni jeji diagnézy nebo diagnézy CMV
onemocnéni.

DETEKCE CMV SPECIFICKYCH T-LYMFOCYTU
Rekonstituce buné¢né imunitni odpovédi po TKB je dlouhodoby
proces. Detekce CMV-specifickych CD4+ a CD8+ cytotoxickych
T-lymfocyti v periferni krvi je zndmkou obnovy pfirozené obra-
nyschopnosti organismu a miiZze pomoci odlisit pacienty, kteii
jsou sami schopni kontrolovat CMV reaktivaci, od pacienti,
ktefi budou profitovat z preemptivni terapie CMV.®

KVALITATIVNI PCR

V soucasné dobé jsou nejcastéji pouziviny molekularnébio-
logické metody, zejména polymerazova fetézova reakce (PCR
- polymerase chain reaction). ProtoZe od prvniho ziachytu
pritomnosti viru u TKB pacienta do rozvoje prokazatelného
CMV onemocnéni miiZe uplynout i méné nez 7 dni, ® je rychla
acitliva diagnostika velmi dtilezita. PCR umoznuje mnohona-
sobné zmnozeni cilového templatu v klinickém vzorku pomoci
péru oligonukleotidovych primert a termostabilni DNA po-
lymerazy. Vysledkem kvalitativniho testovani je informace,
Ze vzorek je CMV pozitivni nebo CMV negativni. Interpretace
vysledku v$ak neni jednoducha a ¢asto je samostatny prikaz
viru nedostatecnym kritériem pro zahajeni terapie.

KVANTITATIVNI REAL-TIME PCR
Koncem minulého stoleti zac¢ala byt kvalitativni PCR nahra-
zovana jeji modifikaci, tzv. kvan-

izolaci DNA). Jejich vyhodou je automatizace a standardizace
celého procesu a ispora ¢asu laboratorniho personalu.

Pii vybéru primert vychazime vétSinou z jiz publikovanych
sekvenci. Studie provadéné jak na trovni DNA, tak na trovni
proteinu prokazaly, ze mira homologie mezi jednotlivymi
kmeny CMV dosahuje az 95 %. 1 kdyzZ se jednd o velmi rozsifeny
a vyznamny patogen, dosud se svétova védecka a diagnosticka
komunita jednoznac¢né neshodla na nejvhodnéj$im cilovém
genu pro PCR diagnostiku CMV. Mezi nejcastéji pouzivané
geny patii: gen pro major immediate-early (MIE) protein,
gen pro virovou DNA polymerazu, glykoprotein B nebo gen
pro tegumentovy fosfoprotein 65 (pp6s). V nékterych studiich
dokonce pouzivaji paralelné dva rizné geny.® Optimalni
diagnostika CMV miiZe byt dosazena jen v piipadé pouziti
primert schopnych detekovat vSechny kmeny CMV, coz muze
byt komplikovano piitomnosti pfirozené genetické variability
mezi jednotlivymi kmeny. *5

Stejné jako v mnohych dal$ich oblastech molekuldrni mikrobio-
logie, tak i voblasti detekce CMV chybi vétsi mira standardizace
pouzivanych metod. Jedinym doporucenim mezinarodnich
organizaci (napt. ECIL - European Conference on Infections in
Leukemia) je pouziti kvantitativnich metod pro monitorovani
pacienti v riziku. Pro detekci CMV jsou tedy bézné vyuzivany
jak metody vyvinuté v laboratofi (tzv. in-house metody), tak
dostupné komer¢ni soupravy (Tab. 1). K pouziti in-house metod
se hlasi i cela fada velkych svétovych transplantac¢nich center,
protoze vysledky jimi ziskané jsou velmi dobré, laboratore
s nimi maji dlouholeté zkuSenosti a jejich pouziti vyznamné
snizuje naklady na jednotliva vySetfeni. Pouzitd in-house me-
toda by méla obsahovat systém kontrol, ktery odhali selhani
preanalytické faze (napf. netispéSnou izolaci DNA) a pfipadnou
inhibici PCR reakce. Vlastni metodiku (in-house i komeréni)
je potom doporuceno testovat na panelu slepych vzorkii, napt.
ucasti v kontrolach externiho hodnoceni kvality (pro CMV
dostupné QCMD - Quality Control For Molecular Diagnostics,
Velka Britdnie, nebo Instandt, Némecko). Nové Ize také provést
normalizaci vlastni metodiky testovanim mezinarodniho stan-

titativni real-time PCR. Kromé
detekce velmi malého mnozstvi s
templatu lze touto metodou také
stanovit mnozstvi viru ve sledova-
ném materialu, coz umoziuje sle-
dovat prubéh infekce - nartist poctu
kopii viru (virovych ¢astic), popi.
sledovat efekt 1écby. Principem
real-time PCR je sledovani kumu-
lace amplikonu v redlném case po-
moci interkala¢nich barviv nebo
specifickych DNA sond znacenych
fluorescen¢nimi barvivy (Obr. 1).

a
&

BMorma i zavmns Sussenc ence
E

Diagnostika CMV o
infekce metodou PCR
Pro izolaci DNA z klinickych vzor- e
gt R S < e —
ki jsou rutinné vyuzivany komerc- " 3 - %

ni soupravy, zalozené vétSinou
na separaci DNA na kolonkach.

V soucasnosti jsou proizolaci DNA
suspéchem pouzivany také plné au-
tomatizované systémy (roboty pro
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Obr.1 Priklad vysledku detekce a kvantifikace CMV metodou real-time PCR. Cervené kiivky - amplifikace
tzv. standardni DNA (DNA o znamé koncentraci v riznych fedénich, ktera slouzi pro sestrojeni kalibracni kfivky),
modré kivky - detekce CMV v klinickych vzorcich.
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Tab.1 Vyhody a nevyhody pouziti in-house a komerénich laboratornich souprav

In house metody

Komeréni soupravy

+ nizké naklady na vysetreni

vysoké naklady na vysetieni

+ dlouholeté zkusenosti s pouzivanim - lepsi moznost
interpretace vysledkd

- neposkytuji informaci o interpretaci - tj. nutno stanovit si
vlastni cut-off

- vyZzaduje persondl s velkymi zkusenostmi s metodami
mol. biologie - pfiprava standardu atd.

+ rychlé zavddéni novych metod do praxe

- nutnd duslednéjsi kontrola celého procesu (nové sarze
oligonukleotidl, master-mixu atd.)

+ vysoka standardizace vySetfeni s malym Usilim

nutnost zapracovani viastnich intermich kontrol do analyzy

dardu pro kvantifikaci CMV (15 WHO International Standard
for Human Cytomegalovirus for Nucleic Acid Amplication
Techniques, NIBSC, Velka Britanie). Po otestovani tohoto stan-
dardu laboratof ziska konverzni faktor pro prepocet vysledki
ziskanych danou metodikou (izolace DNA + real-time PCR),
coz umozni vyjadfeni detekované kvantity v mezinarodnich
jednotkach a lepsi srovnani vysledki s ostatnimi laboratofemi
a publikovanymi pracemi.

METODY DETEKUJICi VIROVOU RNA

Byly publikovany studie vyuzivajici metody NASBA (nucleic
acid sequence-based amplification) pro detekci virové mRNA
(messenger RNA). Piestoze bylo prokazano, Ze tato metoda ma
srovnatelnou citlivost s detekci virové DNA pomoci real-time
PCR, neni vyuzivana rutinné. ®

Hranice virové ndloze v periferni krvi
pro zahajeni preemptivni terapie

V soucasnosti nejcastéji pouzivana preemptivni terapie je
zaloZena na monitorovani virové naloze pomocireal-time PCR
azahdjenilécby po piekroceniurcitého cut-off. Doposud viak
nebyla stanovena ani doporucena Zadna univerzilni hodnota.
Prvnim z divodi je vy$e zminovana variabilita v metodice de-
tekce CMV (klinicky materidl, metoda izolace DNA, in-house x
komer¢ni metody atd. ). Druhym pak skute¢nost, Ze u riznych
skupin pacientti je riziko progrese CMV riizné vysoké. Rychlost
replikace CMV je asi 1-2 dny, ale u téZce imunokompromito-

Tab. 2 Kvantifikace CMV v BAL

Autor Typ transplantace | Metoda

+ u nékterych kit rozséhly systém kontrol celého procesu
(vcetné izolace DNA)

vanych pacientl mize byt i krat$i a virova niloz pak miize
nardstat velmi rychle. Nékteré studie navrhuji odstupriovani
této hranice podle rizika rozvoje CMV onemocnéni (Obr. 2).
Napf. 100 kopii/ml plazmy u vysoce rizikovych pacienti po TKB,
500 kopii/mlu ménérizikovych a 1000 kopii/mlu pacientd po
dni 100 od TKB. 7 V rutinni praxi si kazdé pracovisté stanovuje
tuto hodnotu retrospektivni analyzou vysledki a jejich korelaci
s klinickymi daty. Dal$im dalezitym aspektem screeningu CMV
je frekvence monitorovani. Vétsina autort doporucuje testovani
vzorki 1krat tydné a u pacientli vriziku s jiz detekovanym CMV
(pod hranici pro zahjeni 16¢by) nebo pacienti 1é¢enych pro
CMV infekci pak zvysit frekvenci na 2krat tydné, ?

Vyznam detekce CMV v riiznych
klinickych vzorcich

DETEKCE CMV V PERIFERNI KRVI

Jako vychozi klinicky material pro detekci CMV je pouzivana pe-
riferni krev nebo jeji frakce. Detekce DNA v leukocytech periferni
zpracovani, ale protoze CMV je virus ¢asto infikujici jaderné
buriky periferni krve, je detekovana virova naloz ¢asto vyssi ve
zpusob detekce, Zvlastni pozornost je vsak tieba vénovat pa-
cienttim kratce po TKB, u kterych mohou byt vysledky zkresleny
v diisledku leukopenie. Pri detekci DNA v plazmé nebo séru je
detekovan pouze virus, ktery neni asociovan s butikami, uvolnil

Hodnoceni

Westall a kol.?? plice COBAS Amplicor HCMV

Monitor test (Roche)

46 000 kopii/ml BAL - histologicky potvrzenda CMV pneumonie
> 64 000 kopii/ml BAL - specifické klinické priznaky

Riise a kol {7 plice, plice a srdce | in-house real-time PCR

pacienti po transplantaci se signifikantné vyssi nalozi nez pacienti bez
transplantace (1120 vs. 180 kopii/ml BAL), aviak pacienti s pneumonii
a bez pneumonie nebyli dostate¢né rozliseni

Chemaly a kol.™® | plice CMV Hybrid Capture Assay,
(Digene Corporation)

Gerna a kol ¥ plice in-house real-time PCR

Travi a kol.2® TKB in-house real-time PCR

BAL - tekutina ziskana bronchoalveolarni lavazi, HCMV - lidsky cytomegalovirus,
TKB - ) h ickvch &

> 500 000 kopii/ml BAL - histologicky potvrzena CMV pneumonie

100 000 kopii/ml BAL - hraniéni hodnota pro preemptivni terapii
rozdil mezi pacienty s CMV pneumonii a asymptomatickymi (medidn
50 828 vs. 194 kopii/ml BAL),

6000 kopii/ml BAL (specificita 92 % a senzitivita 62 % pro diagnézu
CMV pneumonie)

ych bunék, PCR - polymerazova fetézova reakce
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se z nich v pribéhu lytické faze, a je tedy zndmkou replikace
viru a aktivni infekce. Do budoucna se jevi jako nejnadéjnéjsi
pouziti pIné krve. Je vyhodné nejen pro relativné snadné zpra-
covani vzorku (lze snadno kombinovat s automatickymi meto-
dami izolace DNA), ale také tim, Ze umoznuje detekci CMV jak
v bunééné, tak v nebunééné frakci. Ruell a kol.® publikovali
rozsahlou analyzu 577 pacient po transplantaci krvetvornych
buneék. U3z8 pacientil, u nichz bylo kultivacné nebo histologicky
prokazano CMV onemocnéni, byla detekce CMV v periferni krvi
negativni. Vsichni tito pacienti vSak v minulosti reaktivovali
CMV. Negativni nalez v periferni krvi tedy nékdy nemusi zcela
jednoznacné vyloucit organové postizeni.

DETEKCE CMV V TEKUTINE Z|{SKANE
BRONCHOALVEOLARNI LAVAZI

CMV je jednou z pfi¢in vzniku pulmonalnich infekci a inter-
sticialni pneumonie. Diagnostika CMV pneumonie zahrnuje
pritomnost klinickych pfiznakl a zaroven detekci infekéniho
agens v biologickém materidlu z dolnich cest dychacich. Pro
stanoveni etiologie je nejvhodnéj$im materialem bronchoal-
veoldrni lavaz (BAL). Obsahuje bunécné i bezbunécné slozky
dolnihorespira¢niho traktu, v nichz byla pfidetekci viru pro-
kazana vysoka korelace. © Vyznamnym piinosem v diagnostice
CMV infekce v BAL je detekce pomoci PCR. VySetfeni posky-
tuje vysokou negativni prediktivni hodnotu, ale pro predikci
vzniku CMV pneumonie je tfeba stanoveni klinicky vyznamné
hladiny, ktera by rozlisila zivaznou reaktivaci od asympto-
matického $ifeni viru, pfipadné jen od naloze viru pfitomné
v leukocytech atrahovanych dodychacich cestz jinych divodu.
Pritomnostviru byla zji$téna i v BAL zdravych osob. Z dostup-
nych publikaci je zfejmé (Tab. 2), Ze virova naloz u pacientd
s pneumonii je signifikantné vyssi nez u asymptomatickych
pacientii nebo zdravych dobrovolnikd. Pravdépodobnost CMV
infekce je spojena s virovou nalozi > 105kopii/1 ml BAL. Nicméné
samostatné kvantitativni stanoveni metodou PCR v BAL neni
pro diagnostiku dostatecné a doporucuje se korelace s nalezem
viru v periferni krvi a klinickymi pfiznaky.

DETEKCE CMV V LIKVORU

Virova encefalitida je velice vzacnou infekéni komplikaci
u pacienti po alogenni TKB. Jeji incidence je méné nez 2 %,
z toho se na ni CMV podili 6 %.%'Pro jeji diagnézu je kli¢ovy
pritkaz CMV v likvoru metodou PCR. V prici Reddy a kol.™
je shrnuto 11 pfipadi CMV infekce CNS, ve vSech pfipadech
byla spojena s pfedchozi detekci CMV v krvi, opakovanou
preemptivni terapii ganciklovirem nebo foscavirem a vzni-
kem rezistence CMV. Pro detekci CMV v likvoru neni mozné
jednoznac¢né urcit kritickou virovou naloz, obecné se da fici,
Ze jakykoliv zadchyt CMV v likvoru je nutné povazovat za za-
vazny, zvlast pii nepiitomnosti bunék v likvoru a v piipadech
popsanych vyse.

DETEKCE CMV VE TKANI

V soucasné dobé neni technicky zadny problém detekovat
nukleové kyseliny v jakémkoli biologickém vzorku vcetné
tkani. Dulezité je odebirany vzorek nefixovat pfed odeslanim
do laboratofe ve fixa¢nim roztoku a vzorek odeslat nativni (at
jen v suché zkumavce ¢i malém mnozstvi fyziologického roz-
toku) nebo pouze zamrazeny. Problém s kvantitativni detekci
pak spociva v interpretaci nilezu, protoZe ta muze byt jesté
slozitéj$i nez v pripadé BAL. I proto by soucasti potvizeni CMV
nemoci mélo byt histologické vySetfeni se zaméfenim na CMV.
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mira rychlost
imunosuprese replikace rizikova skupina
CMV
vysokd nizka
Eou transplantace pupecnikové krve
alogenni transplantace - vysoké
riziko
- vysoce davkované steroidy
- T-deplece stépu
- protilatky proti T-burkam
- selekce CD34
alogenni transplantace - stfedni
riziko
alogenni transplantace
hifzka vysokd nizké riziko (po dni100)

Obr. 2 Vztah rychlosti replikace CMV a cut-off pro zahajeni Ié¢by
u riznych rizikovych skupin
Upraveno podlet”

Plati ale také, Ze pfi nasazeni virostatické terapie muze byt
vysledek histologického vySetfeni modifikovan a pfitomnost
infekce prokaze jen vysoka naloz v bioptickém vzorku. Pii
rozvinuté CMV nemoci a organovém postiZeni je pak tato na-
loz ¢asto vyznamné pozitivnéjsi (o nékolik fada) nez vysledky
z periferni krve.

Rezistence CMV na lécbu virostatiky

INCIDENCE CMV REZISTENCE

Vznik rezistence na virostatika je relativné vzacna, ale za-
vazna komplikace 1é¢by CMV, ktera byla popsana u pacienti
infikovanych HIV po transplantaci solidnich organid a TKB.
Incidence vyskytu rezistentnich kment se u jednotlivych
skupin pacientd li§i. Nejcastéji je vznik rezistence dokumen-
tovan u HIV pacient1, u nichz je asi 8 % po terapii delsi nez tfi
mésice. U pacientl po TKB je incidence vzniku rezistence
na ganciklovir (GCV) odhadovana na 2-8 % lé¢enych pacienti
a obvykle se objevuje po 2-3 mésicich terapie. ™ Velmi rychly
vznik od poc¢atku terapie je popisovan u pediatrickych pacientd,
terapie a incidence vyskytu je priblizné 5,1 %.04 U pacientii
po transplantaci solidnich organt je udavan median vzniku
rezistence 10 mésicl a incidence 4-6 % .05 Rizikovymi faktory
vzniku rezistence jsou dlouhotrvajici expozice 1éku, T-bunécna
deplece, vysoké davky virostatik a suboptimalni davky virosta-
tik z dvodu redukované absorbce nebo §patné spoluprace ze
strany pacienta.

Podezienina vznik rezistence je spojeno se zhorSenou odpovédi
na terapii a rozvoj rezistence by mél byt o¢ekavan a vzorky tes-
tovany na pritomnost rezistentnich kment u pacienti lé¢enych
virostatiky, unichzZ CMV DNA néloz v krvi neklesa po 14 dnech
terapie, a to pfedevs$im u ne-leukopenickych a piedlécenych
pacientt.®

VIROSTATIKA POUZIVANA K LECBE CMV

V soucasné dobé jsou k 1é¢bé HCMV infekce licencovany tii
léky. Lék prvni volby je ganciklovir (GCV), ktery je v burice
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FOS

» GCV rezistence

UL 54

DNA polymeraza

FOS rezistence

GCV rezistence

CDV rezistence

inhibice CMV replikace

Obr.3 Mechanismus tcinku virostatik
Upraveno podle”
GCV - ganciklovir, CDV - cidofovir, FOS - foscavir

infikované CMV nejprve fosforylovan virovou proteinkinazou
pUL97, a nasledné bunéénymi kindzami do formy GCV trifos-
fatu. Virostaticky ucinek GCV je vysledkem inhibice syntézy
virové DNA. Oralni forma GCV - valganciklovir (VGCV) - je
nejprve hydrolyzovana v gastrointestinilnim traktu stievnimi
a jaternimi esterazami na GCV, tato forma lé¢iva umoznuje
lepsi vstiebavani a jeho biologicka dostupnost je ve srovnani
s oralnim GCV 1okrat vy$si. Dalsim virostatikem s odliSnym
mechanismem t¢inku je foskavir (FOS). Mechanismus ti¢inku
spociva ve vazbé FOS na virovou polymerazu. Dochazi tak k jeji
inhibici a inhibici virové proliferace. Nevyzaduje pocate¢ni
fosforylaci proteinkinazou pUL97. DalSim virostatikem je cido-
fovir (CID), ktery také nevyzaduje po¢ate¢ni fosforylaci a ptisobi
jako nukleosidovy analog, ktery inhibuje syntézu virové DNA.
Schematické znazornéni pisobeni virostatik je znizornéno na
Obr. 3. Se vznikem rezistence souvisi dvarelevantni geny - gen
ULgy, ktery kéduje virovou proteinkinazu, a ULsg, kédujici vi-
rovou DNA polymerazu. Mutace genu UL97 jsou spojeny pouze
s rezistenci na GCV a jsou detekovany az u 85-95 % pacientl
s rozvojem rezistence na GCV, zatimco mutace v ULs4 zpiso-
bujirezistenci i na ostatni virostatika - FOS a CID. Pokud jsou
nalezeny mutace v ULs4 u pacienta lé¢eného GCV, virus mize
byt rezistentni také k CID, zatimco zkiiZena rezistence k FOS
je vzacna. " Mutace zplisobujici rezistenci na FOS se objevuji
obvykle pouze u pacientii 1é¢enych FOS.

MUTACE V GENECH UL97 A UL54

Analyzy in vivo ukazuji, Ze nejcastéj$im typem mutaci ULgy
jsou jednonukleotidové bodové mutace v kodonech 460, 594
a 595. Mutace nalezené v klinickych vzorcich jsou shromaz-
dény v kodonech 460, 520 a 590-607 a ve vice nez 80 % izolatiu
pacientu s terapii GCV se nachazeji mutace M460V/1, Hs520Q,
C592G, A594V, L5955 a C603W .7 V genu ULs4 je ve srovnani
s ULgy vétsi pocet a diverzita mutaci, které se nachéizeji v ob-
lasti dlouhé 2,5 kbp, kterou je nutné vysetfit. V tomto genu
se nachazi velké mnozstvi mezikmenovych polymorfismi, jez
mohou komplikovat interpretaci vysledku. Mutace zptisobujici
rezistenci na GCV jsou nejcastéji identifikovany mezi kodony
400-600 a 900-1000. V téchto lokusech mutace zpisobuji re-
zistenci na GCV a CID, ale na FOS obvykle ne. Mutace vedouci
k rezistencina FOS se objevuji mezi kodony 696-850 a mutace
v téchto mistech nezpusobuji obvykle zkiiZenou rezistenci na
ostatni virostatika.

METODY DETEKCE MUTACI VEDOUCICH

K REZISTENCI CMV NA LECBU

Pro stanoveni rezistence k virostatiku lze vyuzit dva piistupy -
fenotypickou a genotypickou analyzu. Fenotypické metody jsou
zalozZeny na stanoveni koncentrace antivirotika potfebného pro
redukci virového riistu v bunécné kultufe. Zlatym standardem
je plakova redukéni metoda. Klinicky izolat je inokulovan
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infekce vyvolané herpetickymi viry

na monovrstvu

z buné¢éné kultury
spoletné se snizu-
jici se koncentra-
ci antivirotik a po

B nékolika dnech je

zhodnocen pocet
plaki srovnanim
s kontrolnim vzor-
kem a stanovena
50% inhibi¢ni kon-
centrace (ICs0).
Tyto klasické me-
tody jsou casoveé
velmi narocné,
a proto nejsou
vhodné pro rutin-
ni diagnostickou
praxi. Nespornou
vyhodou je ale jednoznaény popis fenotypu (miry rezistence)
vySetfovaného kmene a jsou proto nutnou soucasti validaci
metod genotypickych. Zasadni vyhodou genotypickych metod
je jejich relativni ¢asova nenaro¢nost (detekce je provadéna
pfimov klinickém vzorku), vysoka citlivost a moznost stanoveni
mutantni subpopulace. Nevyhodou ovem mizZe byt ne zcela
jasné charakterizovany fenotyp vSech detekovanych mutaci.
Nejbéznéjsim zpsobem detekce mutaci je sekvenacni analyza
prislusné oblasti genu. Konvencni Sangerovo sekvenovani
umoziuje detekovat mutovanou populaci viru, pokud je jeji za-
stoupeni vy$si nez 10-20 %. Pro snadnéjsi interpretaci vysledki
detekce mutaciv genech UL97 a ULs4 1ze pouzit dostupny server
(http: www.informatik.uni-ulm.de/ni/mitarbeiter/HKestler/
hcmv/), ktery zadanou sekvenci srovna s dostupnymi refe-
ren¢nimi sekvencemi a vyhleda dostupné publikované zdroje
tykajici se konkrétni mutace.9 V souc¢asné dobé se i objevuji
nové sekvenacéni technologie, tzv. sekvenovani nové generace
(NGS - next generation sequencing), které zvysuje citlivost
zachytu az na 1 %. Nevyhodou téchto novych piistupi jsou
vS$ak vysoké provozni niklady.7)

Dalsi moznosti detekce mutaci je PCR spojena se Stépenim PCR
produkti restrik¢énimi enzymy (RELP - restriction fragment
length polymorphism), analyza polymorfismu délky restrik¢-
nich fragmenti, ktera je zalozend na vzniku nebo zaniku
restrikéniho mista v sekvenci vlivem mutace (Obr. 4). Tato
metoda je vhodna pro screening nejcastéjsich mutaci, stejné
jako specifické PCR navrzené piimo pro takovou detekci. ()

Obr.4 Priklad vysledku detekce mutaci
vedoucich k CMV rezistenci.

A - sekvence citlivého kmene, B - sekvence kmene
s mutaci M460I - v koedonu 460 zaména ATG -
ATT, vedouci k nahrazeni aminokyseliny methionin
zaizoleucin. C - detekce mutace v kodonu 595
metodou RFLP, M - délkovy zebficek (marker),

1 - nestépeny PCR produkt o délce 99 bp,

2 - stépeny PCR produkt u pacienta s mutaci

s fragmenty o délce 71 bp a 28 bp.

Zaveér

Molekularnébiologické metody, predevsim real-time PCR,
umoznujidetekci a kvantifikaci CMV v §irokém spektru biolo-
gickych materidli. I pfes velké pokroky v této oblast vsak stale
chybi standardizace postupti a stanoveni prediktivnich hladin
CMV v riznych klinickych vzorcich. Divodem je velka variabi-
lita v pouzitych metodach, vybéru cilovych gent a hodnoceni
nalezl v laboratotich. AvsSak i pfes to monitorovani vyskytu
CMV u pacientd s hematologickymi malignitami vyznamné
prispiva k uspésné 1é¢bé a snizuje riziko tiumrti z divodu této
zavazné infekéni komplikace.

Podékovani: tato prace podporena projektem MZ-RVO (FNBr, 65269705) a projektem
IGA MZ CRNT13691-4/2012.
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Vyznam PCR detekce a kvantifikace herpetickych virt
v bronchoalveolarni lavazi imunokompromitovanych pacienti

P. VOLFOVA*, M. LENGEROVA*2, D. DVORAKOVA®2, D. PALOUSOVA!,
K. HRNCIROVA®, Z. RACIL?, J. MAYER22, S. POSPISILOVA®2

*Cantrum molekularni biclogie a genove terapie, Internd hematoonk ologickd klomda LF MU a FN Broo
Hnterni hem atoonkologickd Minika, LF MU & FN Broo, 15fedoevropsky technologicky institut, Masarykova univerzits, Broo

SOUHRN

Volfova P, Lengerova M., Dvofdkova D, Palousova 1., Hméifova K., Ragil ., Mayer ], Pospifilova 5: Vznam PCR, detekoe & kvan-
tifikace virts ¥ bronchoalveolarns laviEi

Herpetické viry jsou u imunokompromitovamich pacienti Easton pfiéinou infekinich komplikaci spojenou s postifenim respirainiho
trakiu a divodem vzniky pneumonii. Frovedenim bronchoaheolamni lavage (BAL) e ziskan biologicky materidl z dolnich cest dycha
cich a jgho vyietfenim ke plispét ke stanoveni etiologie onemocnéni. Zavedeni kvantitativnich molekularné biologickich metod do
rutinni diagnostiky umoEfivje rozlifit mezi akutni infekei 8 nezavainon reaktivaci spojenou s asy atickym &ifenim vine Cilem
bt prace je zhodnotit, na zakladé dosud publikované literatury, pfinos zavedeni kvantifikace herpetickych vira v BAL u rizikovych
skupin pacienti a stanoveni velikosti virové nalode, ktera by prediEEuala roevnj herpesvirovd pneumonia.

Kli#ovd slova: herpesvirus, pneumnonie, bronchoalveoldrnd lads, real-time PCR, virond ndlof, imunokompromifo-
vany pacient

SUMMARY

Volfova B, Lengerova M., Dvofakova 1., PalouSovd I, Hméifovd K, Ragil 7., Mayer ., Pospiilova 5: Role of PCR detection and
quantification of berpes virses in bronchoatveolar lavage of immunocompromised patients

Herpes virus infections represent common complications associated with respiratory tract imolvement which may result in pneumo-
niz development in immunocompromised patients. The analysis of bronchoalveolar lavage (BAL) fMuid obtained from the lower re
spiratory fract may contribute to detection of astinlogical agents of the disease. The routine use of quantitative molecular methods ena
blas the discrimination between acute infection and viral mactivation with asymptomatic virus shedding. The aim of this review is to
evaluate the contribution of BAL viral load monitoring in high-risk patients and to determine the cut-off of viral load leading to pro-
gression to herpes virus pneumonia

Keywords: herpes vinus, pnewmonin, bronchoalveolar lovage, real-time PCR, viral load. immunocompromised pa-
tiemt
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Uvod

Intersticidlni pneumoniz (IF} je onemocnéni. jehoz pid-
vodoem je rienorodé spekirum infekcnich agens. Jedno ze
skupin tvofi herpetické viry, které jako oportunni patogeny
zpisobuji infekce #ejména v imunokompromitovanych
osob. Pulmondrni infekoe jsou spojeny s vysokou morbi-
ditou a mortalitou pfedeviim u pacientl s orgdnovy mi trans-
plantacemi, transplantacemi kostni diené, penfernich
hematopoietickfch kmenovych bunék a pacientd s hemato-
logickymi malignitami Eéemd mi cytostatickou terapii [1].

V soufasné dobé je zndmo vice neE B0 druhd herpetic-
k¥ ch virl, jejichi hostiteli jsou obratloved, ale pfirozené in-
fekoe u Slovéka vyvolivd powse osm z nich: lidsky cytome-

galovires (human cytomegalovirus — HCMVY), lidské her-
pesviry 6,7 a 8 (human herpesvirus 6, 7. & — HHVa, HHVT,
HHVE), lidsky herpes simplex virus 1, 2 (human herpes
simplex virus 1, 2 — HSV1, 2), vancella zoster virus {(van-
cella zoster virus — VZV) a virus Epsicin-Baarové (Epstein-
Baar virus — EBV).

DMagnostika herpesvinové pneumonie je komplikovani
a diagnostickd kritéria de finujici pneumonii zahrouji kromé
klinickych pfirnaki, jako jsou kadel, duinost, hordka a rae-
diologicky nikez pulmondrnich infiltratd, také nezbyinou
detekei konkrétniho infekéntho agens v biologickém mate-
ridlu z dolnich cest dychacich [2].

(194

Klinicka mikrobiologie a infekeni Kkarstyvi 2011 g |

138



PREHLEDOVY CLANEK |

Patogenn{ iffeni{ herpetickfch vird v hostitelském or-
ganizmu

Herpesviry maji Ziroky celulirni tropizmus a napadaji
mnaistyi bunéénych typd [3] DEN s na lymfotropni, je-
jichE hlavni cile jsou bufiky imunitniho systému (HCMVY,
EBV, HHV&G, 7, 8) a neurotropnd = latencl v nervové thand
{H5V 1, HSV2 a VZV). Charaktenistickym znakem herpe-
tickych virih je venik perzistence a celoZivoini latence po
probéhlé primdmi inkkel a moEnost virové reaktivace v ob-
dobi imunosuprese infikované osoby. Za nejéastjEi a béz-
nou piiéing herpesyirovich poeumonii o imunokompromi-
tovanych osob je povatovin HCMY, méné Casty vyskyt je
popisovan u pneumonil spojenych s HSV 1, ostatni herpetic-

ki wiry zpisobuji toto onemocnéni pouse vijimecns [4.5].

HCMV

£ herpetickych vird je patogeneze ziejmé nejlépe pro-
zhoumdna u HCMVY., MoZnymi cestami vedoucimi k nikaze
Elovika je kontakt organizmu = HCMV — infikovamymi -
lesnymi tekutinami a pfenos viru krevni transfied, = matky
na plod nebo transplantovanymi orgdny. Vires se vide oly-
koprotzinem gp55K. kiery je soutdsti virového obalu, na
specificky bunéény receptor annexin 11 a béhem aktivol in-
fekoe infikuje odlifné bunééné typy victné hematopoietic-
kich a stromidlnich bunék kostni diené, endotelidlnich, epi-
telidlnich, fibroblastd, newrdlnich bunék a bunék hladkych
svalii [6]. Sifeni CMY bylo studovéno také na zvifecich mo-
delech. U imunokompromitovanych myEQ byly infikoviny
buiiky mnoha orgdnd vietné plic, sleziny, jater, srdce, kost-
ni diené, gastrointestindlntho trakto, ledvin a mozku [7].
Experimentilni studie u my#i infikovanych myiim CMV
(mCMV ) potvrdily plice jako prominentni misto patogens-
zz mCMY a jako cilové buiky pro mCMY infekel byly
identifikoviny stromdlni a parenchymatické plicni bufiky,
siejnd jako imersticidlng fibrocyty, alveolirni epitelidlng
o endoelidlni bufiky [2]. Virovd ndloZ v plicich byla af de-
setkrat vwER ne? v ostatnich tkanich [B].

Kontakt clowéka s virem vede k infekei epitelidinich bu-
nék predeviim respiracniho, urogenitilntho a gastrointesti-
ndlniho traktu. Poté se HCMYVY se il krevni ceston z mista
pofiteéni infekoe do hostitelskych thand. Kligovou ol
v tomto procesu hraji bufiky myeloidnd fady a jejich proge-
nitory. Zvlasté to jsou monocyty, kier json primirné infi-
kovdny béhem akuini fixe a jsou pieviddajicl infiltrujici bu-
nécny typ nalezeny v infikovanych orginech. Infikované
monocyty viak nejsou vhodné pro virovou replikaci, pn-
méarni HCMV infekee viak vede k jejich aktivact a diferen-
ciaci do permisivnich makrofigl. Ty poté adheruji k endo-
telifm formujicim krevni a lymfaticks fediZté a prostupuji do
okolnich tkani. Tento proces je zesilen nékolika faktory, kie-
¢ sdm virus indukuje [9). HCMY modifikuje funkee en-
dotelidglnich bunék — zvySuje indukel bunééné motility, zpd-
sobuje zmény aktinové polymerizace a ziritu aktinové
formace, rplisobuje degradact proteind GEastnicich se tvor-
by laterimich mezibunéénych spoji. zvyiuje migraci mo-
nocytl skree endotelidlnd bufiky do okolnich théani zvyiovi-
nim exprese adhezivaich povrchov$ch molekul (ICAM-1,
VCAM-1, E selektin, PECAM-1). Pfi priichodu endotelial-
ni vrstvou probihd infekee obéma sméry — monocyty mohou
pienést virus do endoelidlnich bunék a naopak [10]. i

rowved jsou infikované endotelidlng butky schopné se odd&lit
od bazdlni membriny a vatoupit do kevniho toku a GEastnit
se tak virowé diseminace a mohou vytvifet infekeni loZiska
v thinich. Incidence téchio endotelidnich bunék se LS
u riznych imunokompromitovany ch skupin a jejich ndlez
v periferni krvi je asociovin s vysokoo virovou ndledi a or-
ganovim postizenim [11].

Uginnému Sifeni infekee napomdha samotny virus fadou
mechanzmi vedoucich k potladeni funkci imunitniho sysié-
mu. SniFuje expresi proteind MHC L a IL &fidy na povrchu
bunék v misté infekce, Eim# dochizl k omezeni CDE
a CD4 T bunééné imunitni odpovédi. Potladuje funker NK
(natural killers) bunék vytvifenim nefunkénich homologih
MHC I modekul na povrcho napadenych bunék. Koduje fa-
du chemokind, chemokinovich receptord a cytokinovich
homologi (napt. HCMY IL-10), které inhibujt TH1 imomat-
ni edpovéd [12,13].

Béhem produktivnl infekee je HCMV genom expnimovin
v egulované kaskade déji, kterd vede k sy ntéze 77 kategoni
virovych proteini. Nejprve jsou exprimoviny bezprostiednd
Casné peny (1E -immediate — eary b kédujict regulani pro-
teimy, kterd jsou dilefie pro dalii transkripel virowvé DNA
Misleduje exprese éasnych genid (E — early), kteréd kdduji
piedevEim nestrukturdlni proteiny GEastnici se replikace vi-
rové DMNA, opravné enzymy a proteimy umodhojict dnik
imunitnimo systému. BEhem replikace viru jsou ex primovi-
my tev. pordni geny (L — late), kieré kdduji strukturdlni vi-
rové proteiny a piispivaji ke kompletovani a morfogenezi vi-
rowv¥ch partikuli, kterd jsou pobté uvolfioviny = infikovand
bunky [14]. Po probéhlé infeken je virus schopen piejit do
stavu latence, kery je charakterizovin absenci produkee in-
fekénich vinond, ale zdroved schopnosti virového genomu
s¢ zmovo reaktivovat. 'V otomto stave omezuje expresi viro-
vich proteind. Ackoliv primdrni misto latence viru nebylo
zatim jednoznacéng uréeno, virus se latening nachdel v rie-
mych bunéénych typech — v monocytech, v progenitorech
myelo-monocytové linke, v hematopoistickych progenitoro-
vich bufikich CD34+, endotelidlnich a epitehilnich buf-
kach [15].

HSV1

Daliim Zastym pivodcem infekel imunokompromitova-
mych osob je HSV 1. Virus zpisobuje spektrum infeket, ke-
¢ postihu{ mukokutinni povrchy, centrilni nervovy sysiém
a viscerdlni ongdny jako jsou plice. Sifeni viru probihi infi-
kovanymi sckmety a pimami infekce zading napadenim mu-
koepitelidlnich bunék a fibroblasta v mist® vstupu viru, kde
s¢ virus vide na th nizné bunééné moeptory Hev-A. -B
a-C. V womto misté dochdzi k replikaci viru a navizdni vi-
rovych ddstic na zakondeni nervovych vidken a transportu
virové kapsidy spoleéng s virovon DNA a tegumentovym
progeinem alfa TIF pomoci axond do jader neurond. V' mis-
& primédrniho mnodeni dochdet k vorbé synoy i a nekrdee.
Wirus poté navoeuje perzistenci v ymfocytech a makrofs-
zich a latentnd zistivd v nereplikujici se formé v senzoric-
kych istech trojklaného nervu, bEiné v migermindlnich
a sakrilnich gangliich. pisob fifend virn do dolnich cest
dychacich neni zoela objasnén a je vysvétlovin nékolika
zpischy — postupndm Sifenfm do plicntho parenchy mo,

aspiraci u pacientd s Efznim viru z mukokutinniho & oro-
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faryngedlniho postizeni a pfi masival infekei Sifenim i he-
matogenni cestow. Dalfi mo#nost je reaktivace latentnf in-
fekoe v ganglitch a &ifeni podél bloudivého nervu, kery in-
ervuje krini, hrudni a bfiéni dutinu, do plicniho epitelu [3].

EBV

Odliny bunéény tropizmus EBV je limitovan expresi me-
ceptory pro C3d komponenty komplementirniho systému
(CD 1), na ktery se vide hlavnim povrchovym gly koprotei-
nem gp33220. CD21 receptor je expimovin na B by mio-
cytech— hlavnich cilov§ch bufikdch viru a na nékierych epi-
telidlnich bufikich orofaryngu a nazofaryngu. Béhem
infekoe jsou napadeny epitelidlng bofky sliznice dutimy st
ni a orofaryngu, ve kierfch se virus replikuje a dochdzi
k roepadu bunék a uvolnéni novych viniond. Tato produk-
tivoi infekoe umodni Sifend viro slinami a B lymiocyty lo-
kalizovanymi v submukdee, tonzilich a krénich miznich
wrlindch ly mfatickou thani. U zdravého pienaded e moino
detekovat 1-50 virovych genomd' 106 krevnich mononukle-
drnich bunék [16].

Po infeket B lymfocyth fizuji termindlni mpetice virové
DNA avytvoli citkulimi epizom, ktery je charaktensticky
pro latentni setrvind virn v bufice a virovy genom exprimu-
je poure devét proteind (latzntni membrinové prokiny
LMP, EEV jaderné antigeny EBNA) a dvé RMA — EBER-1
a-2). V paméfovych B leukocytech virus dicuhodobé preii-
v a infekce vede k jejich transformaci a imortalizaci diky
proteine LMP1, ktery poskytuje B lymfocytim aktivaéni
signdly mapodobujici signdlni drabu CD4FCTM0L a aktive
je bufikn prostfednictvim transkripéntho faktorn KF«B [17].

Poet EBV infikovanych bunék je regulovin CD4 a CDE
T cvtotoxickymi vmfocyty a NK bufikami. Virus dokiie
negativné modulovat imunitnd sysiém tak, #e nedojde k jeho
eliminaci. Pomoci antiapoptickéhe proteinu Bel-2 jsou infi-
kované bufiky chrinény pfed apoptézou, pomoci EBNA-1
blokuje vlastni degradaci v profeozomovém aparitu bufiky,
cimi omezuje antigenni prezentaci, kéduje homolog 1110,
ktery tlumi zdnétlivou reakel Thl T by mfocyth.

U béiné imunokompetentni populace probihd primdémmi
EBY infekee bud sy mptomaticky, nebo se manifestupe jako
infekéni mononukledra [18]. Latentni EBV infekee je spo-
jena s fadou malignit, napfiklad HIV asociovanym by mfo-
mem, Burkittovim lymfomem, nasofaryngedlnfm by mfo-
mem a hodkinovskymi lymfomy. U imunosupnimoy anych
osob vede absence T lymfocytd k proliferaci latentng infi-
kovangch B lymfocytl. Onemocnéni zplsobené expanei
EBY infikovanych imortalizovanych B lymfocytd v orga-
nizmu vnimavého jedince se oznaduje jako EBV-asociované
LPD (EBV- Lymphoproliferative Disease ), kieré patii k nej-

zdvainéjiim komplikacim chronické imunosuprese [19].

VIV

Varicella zoster virus se £ifi kapénkovou infekei nebo pii-
mym kontaktemn s nakafenym jedincem. Vade se na hosg-
telské receptory pies gB, gC. gD a gH a vstupuje do orga-
nizmu pravdépodobné  pies mukdeni epitelidlng bufky
horntho mspiraénibo traktu. Mistem primamiho pomnodend
je faryngedlni sliznice a replikace probihajict v lymfatic-
kych uzlinich vede k infekel mononukledrh, makrofigl
a bunék retikuloendotelidniho systému. Virus se v organiz-

mu i lymfatickym a krevnim fzéiitém, z endotelu kapilir
piestupuje do vaimavych bunék kide a sliznic, kde vy tvafi
tyvpicky exantém. Poté zplsobuje celofivotni latenc v gang-
lifich kranidlnich nerv i, zadnich kofend miEnich a vegetativ-
nich systéma [20.21].

Primérni infekoe viru venikaji az v 90 % v détstvi a pro-
jevujl se jako plané neftovice a onemocnéni probiha vEtd-
nou bez komplikact. Aktivace latentné perzistujiciho virn
v nékterém ze senzorickych ganglif vede k rozvoji pisového
opary (herpes zoster), kdy se virus 80 osou neuronu a ze
zakonden! nervid prechizl do kize, kde viyvolivi exaniémy.
Komplikace infekce jsou pozorovdany pledevEim u dosps-
kich memocnych, u novorozencd a imunockompromito s
nych pacientl, napf. u HIV pacientd mitfe byt postizena vi-
rem fada orgdnd — napi ofi, plice, jitra nebo CNS. Mexi
nejedvarndjil komplikace zpisobené virem Fadi intersticidl-
nf varicellové pneumonie, celkové sepse organizmu a in-
trakranidlni vaskulitidy. Virem zpisobené pneomonie do-
sahuji mortality 9-30 % a vice nei 90 % pfipadd VZV
preumonii u dospélych je diagnostikovdno u pacientd
s lymfomy a imunokompromitovanych osob [22].

Bronchoalveoldrnd lavaF

Vhodnou metodou umedEinjict ziskat buné&éné i nebunéé-
né slozky z dolntho respiraéniho trakto a alveold jako mista
postizeni je bronchoalveoldmi laviz (BAL). Tato nendrod-
ni, minimélné invazival a Setrmd metoda piedstavaje maloo
zatéd a nizké nako komplikact a zdroven vysokou diagnos-
tickou vytéinost [23].

BAL se provadi flexibilnim bronchoskopem z mista ma-
ximélniho plicniho postifent nebo v pfipadé difizntho plic-
ntho postizeni nestiedniho bronchu. ¥y plachovou iekutinou
Je 100-200 ml fyziologického roztoku ohfdtého na 37 °C
Aplikace se provadi v nékolika frakeich (20-50 ml) rychlo-
sti priblifné 3 ml's s ndslednym zpétnym odsdtim instilova-
né tekutiny. Mnostvi aplikovaného fyziologického roztoku
se Fidi ndvratnosy tekutiny, kterd by neméla klesnout pod
30 % [24).

VyEetfovanym biologicky m matendlem je tekutina isks
né bronchoalveolami laviii obsahujici bunécné a nebunéd-
né slofky a jejim podrobnym vy Setfenim je moiné pfispét
ke stanoveni etiologie pneumonie. Detekel virn e provést
jak v DNA izolované z pelety bunék obsahujici virové par-
tikule [25-29], tak ze supernatantu ohsahujicd volnou viro-
vou DMA, kterd ziskime centnfogaci tekuting BAL [4].
Srovnan{ detekoe HCMV 2 obou frakei u pacientd po trans-
plantaci plic provedli Westall a kol. [30] pomoci kvantita-
tivni metody COBAS Amplicor HCMY  Monitor test
(Roche), phidem#z mezi virovymi ndlofemi v oboo Edstech
BAL zjistli silnou korelaci. K rozdilngm visledkim v obou
kompartmentech doflo pouze u vzorkd s nizkou hladinou
virw, kdy absolutni nilo# byla nizii ned 13, percentil virowé
niloze viech pozitivnich vzorki Pokud bvla pro detekci
poufita metoda zrychlend kultivace s centnifugact a byl ino-
kulowin samotny supematant a zdrovef bufiky spoleing se
supernatantem, podet lofisek byl pfi inokulac supernatantu
pouze mimé sniFen. Adkoliv je obecné akceptovino, #e her-
pesviry jsou intrabunééné viry, ke tedy pledpoklidat, fe
iv supernatantu je signifikantnt mnozstvi volné virové DNA
[31].
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Detekini metody herpesvirt v BAL

Pro disgnostiku herpetickych infebel e pouiit metody
nepiimé nebo piimé detekee. Metody pfimé detekoe jsou
zalofeny na prikazu pritomnost virového matenidlu (virové
partikule nebo jejich Edsti) v klinickém vzorku, zatimeo me-
tody nepfimé detekee identifikuji specifické protilitky veni-
kajici jako odpovéd na pfitomnost virl v organizmuo
U imunode fickentnich pacienti s dlouhodobou imunosupre-
srval protinddorovou [é8bou a pacientd kritce po alogennd
transplantaci hematopoietickych progenitord se testovand
virwych agens provadi vihradné metodami piimé detekoe;
metody nepiimé diagnostiky jsou pro zminénoo skopinu pa-
cientii nespolehlivé vzhledem k oslabenému imunitnimuo
sysiému, ktery neni schopen adekvatni protilitkové odpovi-
di

L metod piimé diagnostiky se vyuiivd cytologicka detek-
co umoEiujicl zjistit piitomnost charakteristickich zmén ve
viem infikované bufice pomoci svéielnd mikroskopie.
Spoleénim znakem infekel zpisobenych herpesviry jsou
multinukledrni giganticksé bufiky. HCMV vytvdfl tyto cyto-
megalické bufiky s charakteristickymi intranukledrnimi in-
kluzemi (v, Cowdrvho inklwee) vy tlaujicimi chromatin
na okraj jadra, im# vy tvafi charaktenisticky vehled tev so-
vich ol (owl's eves) s etnimi oy toplazmatickymi inkluze-
mi. Stejné virové inkluee jsou viak typické pro firoke spekt-
rum vird, cof viraEné snifuje specifitu metody. Vzhledem
k obdobnym morfologickim znakim je velmi obtiEné miog-
n¢ odlifeni herpesvird navzdjem mezi szbou, napfiklad
HSV1 od VZV [32]. Vzhled bunék infikovanych HSV 1 je
podobny bufikim infikovamym HCMY, tvofi také nukle armi
inkluze vypliujici jadro s chromatinem vytlafenym na
okraj, rozhdeni HSV od HCMVY e zalofeno na absenci cy-
toplazmatickych inkluzs [33]. Daliim limitnim fakiorem té-
to metody je nutnd piitomnost relativoé vysoké koncentrace
virovich partikolf, uvadi se titr 10°-10F/ml [34].

Dalii moinou diagnostickou metodou je virovd in witm
kultivace. Kultivace vird j¢ mofnd pouse v Eivém prostiedi.
Viry nemaji vlastni enzymaticky aparit pro syntézu protei-
nii a ghycidd, k replikaci potfebuji nutné metabolicky apardt
vhodné hostitelské bufiky. Tkafové kultury jsou nejjedno-
duiiim systémem Eivich bunék pro izolact virh, Prikar je
zalofen na pritomnosti typickych morfologickych zmén
v kultivovanych bufikdch — v, cytopatického efekiu (CPE)
venikajiciho béhem virové infekoe, prokazake Ingch v optic-
kém mikroskopu. Diky mnofstvi dostupngch bunéénich
kultur voimavych k virové replikaci kee virové kultivace vy-
wEit pro wolaci Sirckého spektra vird a inokulaci stejného
biologického matenilu na nékolik odlifngch bunécnych
kultur jo mofné odhalit piipadné koinfekee. Pro virologic-
kou diagnostikn jsou dostupné primdmi kultury vhodné
pouze k jedné pasifi venikajicl engy matick§m rozvolnénim
bunék lidskfch nebo zvitecich tkini (bovinni fetus, myE
tkané), sekunddrni kultury s diploidnim poftem chromozo-
mil odvoeené z primdrnich kultur obsahujici pouze jeden
vyselektovany bunéénd typ a heteroploidni bunééng linie
= nepravidelny m poétem chromoromi cdvorenéd 2 riznych
nadorovych thant. Pro diagnostiku herpesvird jsou powfivi-
my napiiklad lidské fibroblasey (HCMV, HEV, VZV), bufiky
lidskych embryondlnich plic LEP (HSV ). plicni fibroblasty
MRC-3 (HCMV, H5V i VZV), buiiky plicniho karcinomu

AS49 (HSV a VZV), lidské neonatalni bufiky ledvin HNK
(VZV ) nebo kralici bufiky ledvin RE (HSV) [35]

Vyhodou kultivace je vysokd specifita, napfiklad pro
HCMV je 95 %, ale je nizkd senzitivita 83,3 % a nizkd po-
zitivni prediktivnl hodnota pro diagnostikn  poe umonie
(60 %) [36). Podobné zdvéry jsou i v pfipadé HE3V1 — spe-
cifita dosahuje 100 %, ale senzitivita je zdvisld na stupni po-
stizeni a dobé odbérn veorke a pohybuje se mezi 50-75 %
[32]. Zasadni nevihodow @nemodfujici mtinnd vyudit pro
vy Setfovan{ imunokompromitovanych pacientd je doba trvd-
ni kultivaci a rozvoje cytopatického efekiu, kierd se pohy-
buje v rozmezi doi (HSV2 6 dni, VZV 6-8 dni) af tydni
(CMV 4-6 wodnid, HHVE 3 tydny) [35] V piipadé EBV =z
tato technika vilbec nepouiivi, protode nenf k dispozict do-
statecné vnimava bunéfnd kultura a CPE je nevyrazny, stej-
né jako v piipad HHV6 a HHV7.

Snifeni potfebného Sasu kultivace na 1648 hodin pfing-
£ modifikace konvendnd kultivacni techniky — zrychlend
kultivaéni metoda. které piedchizi pomali centrifugace
inokulovaného binlogického materidlu s bunéénou kulturou
(shell vial kultivace). Tato metoda je Sasto vyuiivina ve
spojeni s prikazem virovych antigend infikovandch buné k
pomoci imunchistochemickéhe nebo fluorscenéntho zna-
Zeni monoklondni protilatkou. Kratkd centrifugace o nizké
rychlosti zlepiuje deteker Fady vir, véetné HCMVY, VEZV
a H5V, pravdépodobné diky stimulaci bunééné proliferace
o aktivaci genové exprese [32) Diky zhrécené inkubaéni
dobé je ve srovnini s klasickou kultivaci redukoving mog-
nost piipadné kontaminace [31]. Pfimd cytologie siejné jako
virovd kultivace potvrdi sice piftomnost vire v festovaném
materidlu, ale nejsou schopné odlifit aktival infekci od
asymptomatické exkrece viru [5]. Navic metody zolace vi-
ra v tkéfovych kulturdch maji nizsi citlivost, jsou znainé
pracné, Easowd narofné a jsou vhodné pouze pro néktend
druhy vird.

Dalii moEnosti piimého dikazu viru v biologickém mate-
nilu je imunochistochemicky prikaz antigenu (antigens-
mie ). Piikladem této metody je deekes cytomegalovirového
anfigenu ppi3, ktery se v akutni faxn infekce hromadi v lew-
kocytech penferni krve a lze ho dostatecné prikamné dete-
kovat pomoc! monoklonalnich protilitek nepfimou fluones-
cenci (prikaz anfigenémie HCMV). 5 wuZitim protilde k
profi bezprostiednd Casnému HCMY antigenu pp72, ktery
je detckovatelny v infikovangch bufikdch v intervalu 48 ho-
din po vstupu infekce, ke fasné diagnostikovat patogen
v buiikdch thafiovych biopsii nebo BAL. Nevyhodou imu-
nohistochemickych festd je Edsteind nespecifickd varba
monoklondlnich protilitek vytvifejici nespecifickou fluo-
rescenci v biologickém prepardtu, kterd mitfe byt pficinou
faleiné pozitivoich ndlezd [37].

Porovndni kvantifikace HCMV v BAL v pacientd po alo-
genni transplantaci kostni diend metodami klasicks kultiva-
ce, rrychlend kultivace a metodon piimé fluorscence uks-
zalo stejnon seneitivity u klasické 1 zrychlené kultivace
HCMV. Obs tyto metody byly vice senzitivol net fluores-
cenéni metoda detekee, phi které byl smési @ monoklondl-
nich protildtek namifenych proti asnym a pozdnim antige-
nim detekovin wvirus poure v infikovangch bufikdch,
zatimeo kultivaéni metodou byly detekoviny jak intracelu-
larni viry, tak volné virové &dstice v supernatantu [12].
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V klinické praxi jsou tyto metody nahrazoviny moleko-
lirné bologickym metodami, kierd v soulasnost prodsta-
vuji nejroeEifendjil pristup v diagnostice herpetickych virl,
Jzou to predeviim metody zalofené na prikazu virové DNA
(ornadovino jako DNAémie) polymerizovou fetézovou m-
akci { PCR - polymerase chain reaction), diky niZ lee proks-
zat pritomnost viru v biologickém matendlu ve velm krét-
kim fase a lze ji aplikovat na Siroké spektrum klimckych
veorki.

Principem PCR je opakovand replikace éasti DNA hleda-
ného patogena, kterd je chranicend specifickymi primery
a pomoci termostabilni DNA polymerdzy je namnofena na
detckovatelné mnogstvi. Vibér cilového mista v DMNA se-
kvenct pro identifikact viru se mitfe znaéné hiit. V soocas-
né dobé neexistuji standardizované protokoly pro detekei
herpeticky ch vird a fada dosud publikovanych praci vyuii-
vi tzv. .in house™ metod s varabilnimi primery, cof kom-
plikuje srovndni vysledkd mezi laboratofemi [38]. Urditou
moznosti kontroly funkénost a pledevEim spravnost téchto
metod je idast ve srovnavacich testech, kieré jsou komeréné
dostupné a ve kterych je mofné ovEfit spravnost jak kvali-
tativnich tak kvantitativnich vysledki. Jsou to napf. testy
QCMD (Quality Control of Molecular Diagnostics, Velka
Eritdnie), Instandt e. V. (N2mecko) nebo SZU (Stitni zdra-
voni dstav, CR), ktery zajiffuje celostdmi kontrolu drovné
vy Setfovind sérologie, kultivace a PCR metod herpetickych
virih v diagnostickych laboratofich CR v ramci systému
Externi kontroly kvality (EHK). Dostupné jsou sice 1 ko-
mercni diagnostické soupravy, ale jejich powiivini viznam-
né zvyEupe finandni niklady.

V diagnostické praxi se vyuzivd nékoelik modifikact PCR
metod. NejjednoduiEi = nich je kvalitativol klasickd PCR
5 elektroforetickou detekel. DalEi rozsienou vanantou je ne-
sted PCR, kterd ma vyESi citlivost 1 specificitu ve srovndni
5 klasickou PCR (50-100 kopif virového genomu/reakel vs
2-10 kopii virového genomaw'reaker), ale 1 vyESD mziko kon-
taminace béhem manipulace se vzorkem a multiplex PCR
umcE fujic detekel vice cilovich mist v jedné reake [37].
PCE. metoda disponuje vysokou senzitiviton a specificitou,
cof ale mife mit za ndsledek detekel DMNA viru v klinickém
materidlu i u asymptomaticky ch pacienti. Melze tedy rozli-
Sit latentni virus od virw, kiery sz replikuje, a PCR poaitivi-
ta v piipadé herpesvira mide byt pritomna jak v akutni fin
infekoe, tak i v asymptomatickém stidiu. RozliSit tato stidia
lze zave denim kvantitatival metody detekoe umaoEfiagici sta-
noveni hladiny virové nilofe. MNejrndméjii modifikace
PCR — meal-time PCR (zv. PCR v redlném éase) stanovi vy-
chozi podet kopii viru s poufitim fluorscencnich sond ne-
bo barviv, které deteku)i mnogstvi PCR produkto béhem
amplifikace na zdkladé nirdstu fluomscence a z nf je poté
moiné srovndnim s poufitym kalibritorem stanovit mnog-
stvi virovych kopif ve vzorku. Jejim hlavnim pfinosem je
ziskini kvantitativnich vyskedki, a tedy moEnost sledovini
dynamiky rozvoje nfekce u konkrétniho  pacienta
Interpretace a srovndvani vy skedkd mezi jednotlivym labo-
ratofemi je zde ztifeno také odliSngm vyjédienim kvantity
viru, které opét dosud nebylo standardizovine (kopic
vinv'reakel, kopie virn'pg DMNA, kopie vinw'ml klinického
materidlu apod. ). ¥y hodou metody real-time PCE je vysokd
reprodukovatelnost, specificita, Sasovd nendrocnost a senzi-

tivita. UrZitou nevyhodon jsou vysoké finanéni niklady na
plistrojové vybaveni.

Kvantifikace herpesvini v BAL

Cilem kvantifikace virové ndlofe je stanoveni klinicky
vyznamné hladiny viru, kierd by odhizila zivainoo reaktive
ci od asy mptomatického Sifeni vire a usnadmla by prediko-
vat roevej herpesvirové preumonie. Adkoliv pravdépodob-
né plati, e Eim vyEEQ je tato virovd ndlok, tim zdvainéjsi je
priibéh infekce, tak samotny nélez vire v BAL ne vidy ko-
reluje = diagndzou herpesvirové pnocumonic a ani kvantifi-
kace virové ndlode nemusi Gfinné rozlifit pacienty sfbez
herpesvirové preumonie. Vyskyt herpetickych vira v BAL
byl zaznamendn jak u adravych osob bez jakychkoliv zni
mek pneumonie, tak u neimunokompromitovany ch nemoo-
n¥ch = Jinou diagnézou. Bylo zjifténo, fo napfiklad hladina
HCMV stanovend metodou PCR v BAL se u zdravych osob
pohy buje do 100 kopidpg DNA [25], stejné jako u HHVE
[27] Také wyskyt EBV byl zjifién af uw 23,5 % zdravych
osob [1]. Ziroved vEak bylo zjifténo, #o ndlez HCMV v bez-
pfiznakovém obdobi predstavuje virazné riziko onemocnd-
ni HCMVY pneumonii [12] a jiz v roce 1991 bylo publikovi-
no, fz u prijemed kostni dienéd bez zndmek pneumonie se
toto riziko zvyEilo af na 700 %, pokud nebyla zapotata anti-
virotickd erapie [39].

Casnym prediktivaim faktorem pro rozvoj preumonie by
mohl byt niler vira v periferni krvi nebo plazmé. Je zde si-
ce stejné jako v pipadé BAL moiny zichyt u zdravich
asymptomatickych pacient, ake napfiklad frekvence bunék
nesouci HCMVY genom o zdravych séropozitivnich osob je
velice nizkd (= 1 bufka na 10 00 mononukledrnich bunék
v periferni krvi) [40]. Korelace mezi nilezem v BAL a pe-
rifern{ krvi byla potvrzena jak pomoci kvalitativnich PCR
metod [29], tak pomoci kvantitativaich, kterymi byla zjié-
na vyEii hladina virové ndlofe u pacienti s poeumonii ve
srovndn{ s pacienty bez zndmek pncumonie. Tato korelace
al: nebyla vidy absolutni a1 o pacientd bez znimek preu-
monie bylo v krvi naméfeno signifikantni mnoZsevi viro
[41], nebo naopak u pacientd s potvizenou preumonii byl
nilez v plazmé zcela negativoi [28] nebo viznamné snifen,
cof bylo vysviétlovino vyEED lokdlni virovou replikact v pli-
cich [42]. Proto negativnl vysledek vySetfeni pfitomnosti
virn v plazmé nebo penferni krvi k vyloudeni herpesvirové
pneumonie nestal. Pro stanoveni prediktival hodnoty viro-
vé ndlofe byly porovndviny hladiny virn detekovanych
u pacientd s pneumonii 2 u osob bez zndmek pneumonie.
A1 kdyi hodnoty virovich ndle#i mohou odrizet roedily ve
v¥béru diagnostickych metod, amplifikaénich protokola
a riznorodost skupin testovanych pacientt — v soufasné do-
bé se dostupné publikované price tykaji predeviim pacien-
ti po transplantaci plic, & v menii mife hematoonkologic-
k¥ch pacienti a ostatnich imunompromitovanych pacientd —
e zimjmé, fe virovd ndlof pacientd s pneumonii je signifi-
kantné vyi5i nef u pacientd asymplomatickych nebo zdra
vych dobrovolnikd. Timto zpisobem byla kvantitatival me-
todou (COBAS Amplicor HCMY Monitor test, Roche)
stanovena hodnota 46 000 kopii HCMVY/ml BAL predikuji-
cf histedogicky potvrzenou pneumonii u skupiny pacienti,
ktefi podstoupili transplantaci plic. Kazdy pfipad histolo-
gicky potvrzend pneumonie zde byl spojen s virovou ndloii
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=2 50 nad primérmou hodnoton virové ndlode pacienti bez
histologicky potvrzenéd HCMY preumonie a powufiti tohoto
thresholdu zlepiilo senzitivitu a specificitu vy Setfeni na
100 %, resp. 95 %. Nicméné autof spekuluji, #e pravdépo-
dobné of vyEEl virovd ndlo (> 64 000 kopii HCMV/ml
BAL} je spojena se specifickymi symptomatickymi piizna-
ky HCMV pneumonie [30].

Stejné stanovend pouzili jiz difve Riise a kol. [28], ale v je-
jich prici, 1 pies to, e HCMVY hladina detekovand metodou
PCE ve skupiné pacientii po transplantaci plic nebo kombi-
nované transplantac plic a srdoe s HCMVY nemoci byla sig-
mifikaning vvEEi nei v pacientd bez (1 120 vs. 180 kopii'ml
BAL}, nebyli dostateéné rozlifent pacienti s pneumonii od
pacientl bez pneumonie.

Pokud byly u pacientd po tramsplantaci plic s HCMVY
preumonii detekovany mnohem vy 5 hladiny virn v BAL -
vice ned 300 000 kopif'ml BAL, nilez byl vidy asociovin
= histologickou detekei virovych inkluei, kterd byly deteko-
vimy pomoci imunchistochemickych metod v bioptické
plicni tkini a tedy s potvrzenou HCMVY pneumonii a takto
vysokd ndloE viro v BAL méla vy i pozitivi prediktivod
hodnotu pro HCMY  preumonii [26]. Stejné tomo bylo
i v prici Gerna a kol ktefi ve skupiné pacientd po trans-
plantaci plic detekoval vysoké hladiny HCMVY o pacientd
= histologicky potvrenou pneamonil. Na zdkladd prede-
Elych zdvéri ale autofi stanovili pro zahdjeni preemtivai te-
rapie pulmondrni infekce HCMY, kterd by méla predejit
rozvoji onemocnénd, hlading nizéi — 100 000 kopit'ml BAL
[26.43]. Stanovenim welikosti virové nélofe HCMVY u pa-
cientlt, ktefi podstoupih transplantact hematopoietickych
kmenovych bunék, se zabyva price prezentovand na ICCAC
(Interscience Conference on Antimicrobial Agents and
Chemotherapy ) v roce 2000, Awtofi prokézali signifikantnd
rozdil mezi pacienty = HCMY intersticidlnd poeumonif
a asy mptomatickym {106 vs. 12) — medidn 50 828 vs. 194
kopii'ml BAL. Agkoliv PCR threshold pro HCMV — IP ne-
byl stanoven, tak pomoci ROC (Reciever Operating
Charactenistic) analyzy byla stanovena hladina virn vy
nei & 000 kopiml BAL, kierd je spojena vysckou specifi-
citou (92 %), ale nizkon senzitivitou (62 %) pro diagndzu
HCMV — [IP. Z toho plyne, #= powsiti kvantitatreni PCR
v BAL jako samostatng o testu pro HCMVY neni dostatedné,
napomoci v rozhodovini mide napt kvantitatival detekce
HCMV v perifemni krvi pacienta [44].

Jako dalii potencidlni pficina pocumonic — HSV, byl de-
tekovdn v heterogennd skuping imunokompromitovanych
pacientd kvantitatrvni metodou real-time PCR 2w téchio
pacientd byly naméfeny obdobné vysoké hlading virw
Korelaci vysledkn s klinickym stavem bylo zjiiténo, #2 vi-
rovid ndlog 10F kopid'ml jiz byla spojena se zvyienym nzi-
kzm dmrti a €Zkym respiraénim selhdnim a hladina viro 108
kopii'ml byla spojena s histologicky potvrzenou HSV1
preumoni [45].

Stanoveni diagnéey HSV 1 infekee je oviem problematic-
ke, protode detekoe viru v dolnich dychacich cestich nemu-
=i byt spojena s klinickymi pfiznaky. Jako béind pfi¢ina po-
zitivntho nélezu virn u asymptomatickych pacientd je
popisovina orilnf kontaminace pfi odbérn BAL [45]. U pa-
cienti s vysokodivkovou chemoterapil a radioterapii dochs-
zi ke vzniku mukozitidy — charakteristickému pofkozend

epiiclidlnich povechd a ke zméndm v submukdee. Cralng
mukozitida postihuje 60-100 % pifjemci hematopoietic-
kych kmenovich bunék s myeloablativiim piipravnym me-
FHimem a toto naruiend bariér zvyEuje nzike priniko mikro-
organizmi [3,46].

Ke kontarminac: BAL ph odbérn mithe dojit také ph reak-
tivaci vire spojené s asymptomatickym Sifenim slinami,
které bylo popsino jak u HSV1 ({zolace virn ze slin byla
potvrzena u 1-3 % adravych pacientd [47]), tak i 0 HCMY
a HHV 6 [48.49]. Divodem je mnodend viro v epitelidlnich
budikdch slinnych #liz, kierd patfi mezi imunitng | privile-
govand” mista Vzhledem k nedostatku MHC 1 molekul na
jejich povrchu nedochézi k dostateéng stimulact CDE+ bym-
focytl. U pacientd s umélou plicnd ventilaci bylo popsdino
Zifeni H3V1 z omfacidlni oblasti do jicnu nebo trachey avy-
skyt vir v duting dstni byl detekovin jed pied rozvojem
preumonie [48]. Samotnd pfitomnost HSV1 v hornich
cestich dychacich, infekce dutiny dstni, makroskopacks
bronchidlni posttteni & reaktivace viru v krku jsou vEak po-
vadoviny za rizikevé faktory pro rozvoj pneumonie [50].

Rizike kontaminace BAL pfi providéni bronchoskopic
bylo popsino také u VEV, kdy byl odebirany biologicky
materidl HIV pacienta s plicnim postizznim kontaminovan
virem z faryngdlnich Kzi, coz snizilo speaificitu PCR de-
tekoe [51].

Také EBV DNA byla detekovina v riznych tkinich zdra-
vich osob, vietnd plic, které jsoun povafovimy za misto la-
tentniho viskyto viru a by la potvrzena replikace v plicnich
alveolirnich bufikich, ale patogenni role EBV v plicni thi-
ni nebyla dosud zoela objasnéna, stejné jako mechanzmus
veniku intersticidlni pneumonie. Ackoliv byl virus Sastéji
detekovin u pacientd po transplantaci (solidnf orgdny, kost-
ni dfefi), tak srovndni velikosti virové ndlode stanovendé
metodou ral-time PCR ve skuping transplantovanych imu-
nokompromitovany ch pacientd a netransplantovanych ne-
prokizalo signifikantni rozdil mez témito skupinami pa-
cientli, stejné jako nebyl prokdedn signifikantni roedil ve
virowé nilofi mezi prijemci solidnich orgind a pfijemci
kostni diené [1].

Lavir

Vyznamnym pfinosem pro diagnostiku viskytu a sledo-
vani dynamiky herpetickych infekel se stalo zavedeni kovan-
titativnich molekulimé biologickych metod, kieré umoihu-
jidetekel herpetickych vind v Sirokém spektru biologickych
materidli. Vzhledem k jejich rychlému provedeni a vysoké
citlivost a specificité jsou v soucasnost fazeny mez rutin-
¢ poufivané diagnostickd metody a nahrazuji zdlouhave
dosud pouiivané metody piimé detekee. [ kdy? interpretace
visledkd vySetfeni BAL neni jednoznacnd, tak je tato me-
toda GEinnym ndstrojem pro vy Setfeni pacientd s respiradni-
mi symptomy a mikie vyznamné piispét k odhadu nzka ne-
bo pribéhu onemocnéni imunosupnmovamich pacienti.
VyZetfeni PCR metodami poskytuje vysokou negativai pre-
diktivni hodnotu pro diagnostiku  herpesvirové  infekee.
V piipadé pozitivniho ndlezu je ale nutné zvakit moiny zd-
chyt perzistujictho viru v plicich a vy loucit pfipadnou kon-
taminaci vzorku pfi odbéru BAL a1 v pfipadé vysoks viro-
vé ndlofe v BAL je nutné zhodnotit stav pacienta v kontextu
daliich klinickych a laboratornich vy Setfent.
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I pies to, fe poutiti vyietfend BAL kvantitativoimi PCR
metodami v piipadé respiraénich komplikaci jako samostat-
ného testu pro diagnostiku herpesvirové pneumonie v sou-
casné dobé nend standardizovino a threshold pro zahdjent
herpesvirové terapie dosud nebyl stanoven, pRindSi toto vy-
fetfeni v diagnostice herpesvirovych infekei velmi cennd
dopliuici nformace ke klmickym a radiologickym nile-

zim pacienta

Price byla podporovina granty: MPO FR-TI2/254,
MSMT MSM (021622430, N5SI0442-3/2000, NS 10441-
AN,

Literatura

1 Ciosta C, Elia M, Asegiano 5, et al. Quantitative detection of Epsiein Bar vims
in bronchoziveclar Loaapge Itom tramsplant and nonlmansplant patiemts
Tmnspiantz fon. 006860 10013801394,

2 Podiech J, Haltapge is B, Pasl-Seibent ME, Sefiens HP, Feddehase MJ. Murizne

madel of interstitial oyl k F in 5ymp bone marme s

planiationr persisience of protecive puimonary COE-T-cell infilirsies afier des

rane of acuie inkeciion J Vil 00T 16 T406-TS07.

Jarvis M, Neison 14 Hirman oy inme gaiovines tropism for endothelial oeils nol

alll endothelial cells am created equal. J Vimd. J00T 810520552100

4. Buchhinder 5, Elmaagacti AH, Schaeier LW, Rog pessdort M. Hisman herpesyirus
@ is an importani pathogen in infectioes ung discase alter allopeneic bome mar-
mow transplaniation. Bone Marmw Toenspiant 20002660030 644

5 Simoons-Smit AM. Kraan EM. Beishoiven A, Strack vam Schijadel RI
Vandesbeoucke. Crak UM Herpes simpiex vines tvpe 1 and mspintcoy disease
in criticalty-ill patients: Real pathogen or innomnt bystander? Ciin Microbiof
Infece 20061311k 1050- 1055

it Coodrum FD, Jordan T, High K, Shenk T. Human cyiomegalovirus gene es-
pssion during inbction of primary hemalopoietic progenilor cells: a mode] for
latency. Proc Natf Acad So UEA. 20020915k 16255 6260

T Reddebase M, Podiech |, Grrimek NEK. Mome models of oy iome galovine: lies-
ov: overvies. J Clin Vimi. 2002;25 Suppl & 51336

B Epfiron AJ, Hummel M, Pabtersom BE, o al Cellular ocalieation of et mori-
ne cytomegalovirus. J Virod 19987201k 95-100

9. Smith M5, Bentr (., Alexander J5, Youmockko AD Human cylomegalovine in-
duces momocyie dilferenliation and mipration & 2 sraiegy for dissemination and.
pemsisence. J Virol, XN TRORLLL 4458

L Bty (L., Farquin- Parde M, Chan (2, ot al Himan oriomee galovines (HUCMY) s
ection of endothelial colls promotes naive monocyie ox iravasation and transter of
productie vims 1o enhance bematogenoss dissemination of HOMY. J Viroi
200 A0 Tk 11530 11555,

11 Kas-Deelen AM, de Maar IF, Harmsem MU, et al Uniniecied and cytome galic
endothelial cedls in biood during o iomegalovines inection: eliect of acue mjec-
tion J Ingcr Dis. 2000; 121020721724

12 Emery W Imestigation of CMY discase in immunocompomised patienis. J i
Pathof, 2000 58(TEEL 5X

11 Pepps BS Mackinnon 5. Cylome paiovine: the mole of CMY posi- baemaiopaietic
siem cell tmnsplantation. fnr J Biodhem Caif Hiol, 2004, 3604 0605-T00L

14. Landalic: 3, Gariglic M, Gribendo (i1embo D0 The beman cytomegakwins.
Phamaoo! Ther. 20005 08(3): 260297

15 (Germa (3, Baldanti I, Revelis MO Pathogenesis of heman cytomegalorins infisc-
tion and celhlar tarpets. Mliom mmuonofl. 20065 5381388

1t (illey ML Mokecular Diagnosis of Epsiein-Bar Vine: Relaed Diseaes. J Mof
Diggn. 2001 k1-100

11 Schmidt (W, Misko 15, The ecology and pathology of Fpsiein-Bar vines.
Immumi Cif Hiol. 19957 36-489-504.

18 Kimara H, Morita M, Yabuia Y, et al Chuantitative analysis of Epsiein-Barr vins
ioad by using 2 wab time PCR assay_ J Ofin Mioobiod, 1009 57(1:132-136

10 Kalinova 1., Indrakowa J, Bachieda P Post-transplant mphopmilierative disar-
der. Hiomed Pap Mad Far Univ Pelxcky Qjomouos Crach Repob. 200815341
251-251.

X Robdford H Omemocsfind vyvoland viem vanicells-zosier. Fediatrie pro praxi
056 TR 2RG.

21 Openvsley B, Herzig B, Kafowsk P2 Herpetick® iniekre coniriind nenvos® sousia-
vx Meuroidgis pre prax. 20082107 180

21 Kim EA, Lee K5, Primack S0 Viral Poeunonias in Aduls Badiolkgic and
Pathologic Findings. Kodio(Gmphic. X022 137-140.

23 Skfikond J, Kolafikovd R Standasini postup pfi providénl broachmbveokimd la-
vife (BA L) avyiedfovin! branchoahealimi ekatiny (BAT) Vi Lak 1994, Mar
A0 TTO-183

=

4 Tomkovd M, Skfitiovd | Bonchoabvenlamd lavif - mofnosti a ririka peowedent,
inerpmiar nékierich viskedkl Posipmdudin’ madionz 2080;12phikoha 5t
3635

25 Okwashiki JH, Nagae A, Ofima T, et al Quassitication of human cylomegakoni-
Nz using beoechoaheolar vage cells in complications awoc aied
with hemaokogic meaplasia. fnt J Mol Mad. 2003, 1106 TT9-TE3.

26 Chermaty RF, Yen-Licherman B, Casidlla EA, et 21 Corelaiion heteeen Wil
LLoads of Cy inmegalovine in Bicod and Bronchoaveolar Lavage Specimens from
Limg Tramspiant Recipients Deiemmined by Hisiology and Immunchisincie mistry
JChin Microbiof, X04 A5 68- 172

IT. Mapaie A, Ohyashiki JH, Kasuga [ et 2l Defection and quasiification al’ human
herpesvinus & genomes ming bronchoaheolar laage Muid in immunocomprom-
sod patients with iniesstitial prewsmonia. Inr  Mof Med 204804379383

2R Riime (37, Andemson R, Berpstrom T, ot al Owmntification ol cyiomegaks ins
DNA in BAL fud a longitedinal siady in bmp transplant ecipients. Chest
2000 1180k BaS3—oal

20 Bewig B. Haacke TC, Timke A, ot al Detection of CMY preumaonitis after lung
trzzsplaniation using PCR of DNA from beonchoahwalar lavape cells
Bespinefion. 2000067 (2 166172

3 Westall GP, Michar lides A, Williams T1, Snedi G, Entsimbes TC Hsman cyio-
megakovinus load in phsma and bronchoaheolar bvage fuid 2 longjfsdinal s
dy ol feng rameplant eoipients. J e Dis. 300d4; 19006k 10761083

3. Stavim MA, Gleanes CA, Schoch HUL Bosrden RAL Chuantilication of cytiomegalo-
vinzs in bronchoahvenlar lavage Nuid afier aliop T ation by
enerifugason cultun: J Clin Micmbiol, 199230011 27762779

32 Singh A, Preiksaiis J, Feenoey A, Bomanosski B The labomtooy diagnosis of
herpes simplex. vins infections. Cen J Inisar D Mad Mioobiol 205160
02ex

33 Proeers (M. Diagnosis of infiectios diseases a oyiopathologist s perspoctive. Clin
Micmbiof Kev. 1998110231365

34 Bowden BA Ljungman P, Pna CV. Trassplamt inkections. 1998: Lippinooti-
Eaven

35 Letand DS, Gisocchio O Fole of cedl culure for virus detection o the age of
technalogy. Clin Microbiof Bew X7, XH1E40-TE

36 Cathomas G, Mornis P, Pekle K O piam 1, I Rapid diag o
OV IMTE palovings pocEmonia in marme immsplant ecipients by boochoatveolar
|lavage wsing the poby memmse chain waction, virus cultune, and the direct imms-
mestaining of ahealar cells Biood 1093 E1TE1909- 1914

31 Boubalovd K. Laborzinmi dizgnostika berpetick¥ch vind Med Pro Praci. 2060
TISEML-244

3R Doew WL Laboraiony diagnasis of cytome galovine inkedion and dissase inim-
munacomprmised patienis. Corr Opis Infoct Dis. 3007 2004 308411

30 Boivin (G, (ison O, Quirk ME, et al Cmantitation of cyiomegalovines DN and
characie tiration of virdl pene expression in bronchoahveclar cells of infected pati-
enis with and withost preumonitis. J infecr Dis. 1996, 17 3eE 13041312

£ Sinclair J, Sissons P Laency and wactivalion of humas o iInmegalovines. J (Gen
Wird, M0 BT TheMTa3- 1779

41 Sancher J1, Siorch GA Mukipies . mab time PCR assay for cyiome-
paloving and human DMNA.J Clin Microbiol M02ANTEIIEL-13EG

42 Bawer 0T, Jakech P, Abere 5W. ot al Relatiomship beteeen criomepalorins
DA load in epithelial lining Muid and plzema of hmg transplant eoipients and
analysis of coinfection with Epstein- Barr vinus and human herpesvims 6 in e
lung JChin Microbiod. MNIT A5 R334 328

43 Cerma (3, Lilleri D, Rogmoni ¥, et 2l Peemplive therapy for sysemic and paimo-
nary bwman cyiomegakmvins inedion in lng Tamsplant edpiens Am S
Vrenspiant 2000005 18421150

44 Trawi (2 The Uilivy of CMY Yiral ioad in BAL Pisid of Hematopoietic Cedl trams-
plant Recipients with CMY Poeumonia, im 10CAC 2005 M09 Bosion USA

45 Cooskess 1, Templeton KE, Claas B ef al Quastitative detection of herpes sim-
plex virus DNA in the kreer respiraiory tract. J Mad Virof, 2007, 70057 597004,

46 (¥Brien 5N, Blijlewss NM, Mahtow TH, Azaissie EL Inections in patients with
hemainiogical caner moent deselopmenis. Hemaiology (Am Soc Hemaiol FEdue
Program]. 2003438 471

4T Schuler [ Lower mespiralony tracl macivation of berpes simples vins.
Comparisaon of | mised and immunccomprient bosts.  Chest
109 10601 Supplk35-T5; discussion 15355

48 Lyt CE, Combes A, Deback ., ot al Herpes simpilex virus lung infection in pa-
Lients undergoing prolonged mechamical ventilation. Am J Respir Crir Ceer Mad.
20T, ITEU-035 042

40 Coliot 5, Fetit B, Bordesoonte D, et al Beal-time PCE for quantitication of heman
herpesvinus & DNA Tom hmpi nodes and saliva J Cin Micobiod. 20024007
2445 M50

50 Gmemwid AB Vandesbroucke- Girasls (M. One swallow does nol make 2 sam-
mer: cam herpes simples virus-1 cause preumonia and acue beng injury? Am J
BespirCor Care Med. 2007 TR Bes

51 Fraize P, Falier M, Bey D, ot al Recurent varicella preumsoni s complicating an

nous reactivation of chickenpe in an HIV.inecied adull patient Fur

Bespir Y. 19098 1103 TT6-TTE.

[200

Klinicka mikrobiclogie a infektni Mkarsivi 2011 i

144



