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MpoAoyog

H eupeia xprion twv tovti{ouowVv aKTWVOoBOALWY UTIOYpOUUIlEL TNV avayKalotnta afloAdynong
KOlL EKT{UNONG TWV EMUTTWOEWV OTNV UYELO TTOU €YKUMOVEL pla utep€kBeaon 1 éva atuxnuol Ue
tovtilovoec aktwvoBolisc. IStailtepa petd and padlohoyikd cupPadavta / atuxfuata HeEyaAng
KA[pOKOG, €KATOVTASEC N akOun Kol XAladeg avBpwrol Ba pmopouoav va ekteBouv o€
Slapopetikég S00elg aktvoBoAiag. Emopévwg, n avamtuén svaloBntwv kot a&lomotwv
Blrodelktwv Kat texvoAoyiag, pe SuvatdtnTa aUTOMATONONoNG TwV amapaitnTtwy Sladlkaclwy
yla tnv taxeio ektipnon &6cswv, 6a cupBAMeL otV €€ATOUIKELUON TOU KLWWSUVOU Kal TNV
KOTNyoplomoinon Twv €KTIOEUEVWYV ATOUWVY WOTE va Toug TtapooxeBel n BEATIOTN LATPLKA
BonBela. Npog eniteuén Tou otd)XOUL AUTOU, OTNV TAPoUCa SUTAWUATLKY Epyacia Slepeuvatal n
duvatotnta epappoyng Tou GaLvVoUEVOU TNE TPOWPNE XPWHOOWHATLIKAS cuunukvwong (PCC) os
Aepdokutrapa mepldpeplkol AlPATOG LECW TNEG CUVTNENC TOUC HE MITWTLKA KUTTOpa XAUOTEp -
Chinese Hamster Ovary (CHO) cells, yta tTnv avamtuén plag taxelog, eAaxlota enepBatikng Kot
OUTOMATOTOLAOLUNG Micro-PCC peBodou PBLoloyikng SoolueTplag, XpnOLUOTOLWVTAG OYKOUG
atpoatog 30-100ul kot MAGKeg 96 dppeatiwv.

Y10 mAaioLo auTO Kal o cuvepyaoia pe tov Ap. A. lewpyakida, Av. KaBnyntn tou topéa Quaotkng
NG IxoAng Edapuoopévwv Mabnuatikwy kat Quolkwyv Emotnuwv tou EBvikou Metodfilou
MoAutexveiou, n OSuTAwpOTIKA epyacia  ekmoviOnke oto epyaotiplo  YyelopuoLKAg,
PadioBloAoyiag & Kuttapoyevetiknc umo tnv enifAedn tng Ap. I'. Teplovdn, Epeuvntplacg A’ tou
Ivotitoutou Mupnvikwy & Padloloyikwy Emotnuwy & Texvoloyiag, Evépyelag & Aodalelog tou
EKEDE « AHMOKPITOZ».

Me ektipnon, ekdppalw Bepuég suxaplotieg otov Ap. A. Tewpyoakila yla Tnv umootnpLEn, To
evlladEpov Tou Kot T TOAUTIHEC CUMBOUAEG Tou. Oa nBeAa emiong va euxaplotow Bepud tn
Ap. T. TeploLdn yla TV TOAUTLUN Kot KaBoploTtikn kabodriynon kad’ 6An tn SlapKetla eKtoVNong
NG SUTAWMOTIKAG QUTAG EPYOCLOC OXETIKA HE TNV KATavonon Twv ueBodwv Blodoouetplag Kat
TWV PUOLKWV Kal PBLOAOYIKWV TOPAUETPWY TIou NTav BepeAlwdn yla TNV UAOTOLNCN TOU
TIELPOUATIKOU UEPOUG. H EMLOTNUOVIK TG EUTELPia L BorOnoav KATAAUTIKA OTO OXESLOOUO,
gepunVveia Kot ocuyypadn TwWV MEPAPATIKWY ATMOTEAECUATWY yla Tn dnpoacieuon toug os debvn
EMLOTNUOVIKA Tieplodika. Euxoplotw emiong Bepua tn Ap. Teplovdn SO0TL pou €dwoe TNV
gUKaLlplal VO CUUUETAOKW OE EPEUVNTIKA TIPOYPAUHUOTO KOL VO TIAPOUCLACW TA ATMOTEAECUATA
NG epyaciag autng os SteBvr) eMLOTNUOVIKA CUVESPLAL.

TENOG, TIG BEpUOTEPEG EUXAPLOTIEC HOU €TIOUUW va ameuBuvw o€ OAO TO EMLOTNHOVIKO Kall
TEXVIKO TIPOOWTILKO Tou Epyactnpiou Yyelopuaoikrcg, Padlofloloyiag & KuttapoyeVveTikng, KaBwg
KOlL OTOUC YOVEIC Kal Tov adeAdO HoU yLa TNV Katavonaon Kal tn Bepun Toug cupmapactacn Kad’
OAn TN SLApKELA TOU KUKAOU aUTOU TWV OTIOUSWV HoU.
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Abstract

In radiation accidents and large-scale radiological emergencies, a fast and reliable triage of
individuals according to their degree of exposure is important for accident management and
identification of those who need medical assistance. In this work, the applicability of cell-fusion-
mediated premature chromosome condensation (PCC) in Go-lymphocytes is examined for the
development of a rapid, minimally invasive and automatable micro-PCC assay, which requires
blood volumes of only 100ul and can be performed in 96-well plates, towards risk assessments
and categorization of individuals based on dose estimates. Chromosomal aberrations are
visualized for dose-estimation analysis within two hours, without the need of blood culturing for
two days, as required by conventional cytogenetics. The various steps of the standard-PCC
procedure were adapted and, for the first time, lymphocytes in blood volumes of 100ul were
successfully fused with CHO-mitotics in 96-well plates of 2ml/well. The plates are advantageous
for high-throughput analysis since the various steps required are applied to all 96-wells
simultaneously. Interestingly, the morphology of lymphocyte PCCs is identical to that obtained
using the standard PCC-assay, which requires much larger blood volumes and 15ml tubes. The
use of only 1.5ml hypotonic and Carnoy’s fixative per well offers high-quality PCC-images. The
micro-PCC assay can be also combined with fluorescence in situ hybridization (FISH), using
simultaneously centromeric/telomeric (C/T) peptide nucleic acid (PNA) probes. This allows dose
assessments on the basis of accurate scoring of dicentric and centric ring chromosomes in Gg-
lymphocyte PCCs, which is particularly helpful when further evaluation into treatment-level
categories is needed. Dose assessments using Giemsa-stained or C/T-FISH-stained PCCs were
facilitated by the use of specialized software (MetaSystems) and appropriate calibration curves.
The micro-PCC assay has significant advantages for early triage biodosimetry when compared to
other cytogenetic biodosimetry assays. It is rapid, cost-effective, automatable, and could thus

pave the way to its subsequent automation.
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1 NepiAnyn

1.1 Zkomog

Metd amd atuxnuata kKot wdlaitepa PETA amd padloloylkd cupBavia PeydAng KALpakag,
EKATOVTAOEC | akoun kot xthadeg avBpwrmot Ba pmopovoav va ekteBoUv O AYVWOTEC KoL
evOEXOUEVWC SLOPOPETIKEC SOOELC AKTLVOPBOALOC KOl CUVETIWE OTOUC KLVOUVOUC TTOU EYKUMOVEL N
€kBeon oe Lovtilovoeg aktvoPoliec. AmoteAel emopévwe uPNAR TPOTEPALOTNTA N TEXVOAOYLKN
avarnrtuén Bloiatpkwv epyaleiwv Kot evaioOntwyv BLOSEIKTWY Pe SUVATOTNTA AUTOOTOTIONCNG
TWV amapaitnTwy SLadkaowy yla TNV Taxelo ekTipnon 600€wV Kal KATnyopLlomoinon twv
EKTIOEPEVWY aTOpWV Baoel e€atopikevong Tou KvdUvVou WoTe va Toug mapaoxebel n BEATIOTN
latpkn BonBeta. Mpog emiteuén tou OTOXOU OUTOU, OTNV TtapoUoa SUTAWUATIKA £pyacia
Siepeuvatal n Suvatotnta edpapuoyng Tou GALWVOUEVOU TNG TPOWPNS XPWHOCWUATIKNAG
oupnukvwong (PCC) oe Aspdokuttapa meplPpeplkol AipOTOC MECOW TNC OUVTINENG TOUG ME
UITWTIKA KUTTOpa XAUOTEP, ylo TNV ovamtuén plag taxelag, eAdxlota emepBOTIKAG Kol

oautopatonotnoung micro-PCC puebodou Brodoaotpetpiac.

Otav £vag peyahog aplOpog atopwyv ektibetal o aktvoBoAla, elval €MITAKTIKA OVAYKN OTO
MAQIOL0  QVTIPETWILONG Kol Sloxeiplong Tou oupBavtoc va oplotel  éva  KatwdAl
anoppodoupévng doong, T.X. T 2Gy WG OPLO QTOKOMNG, TO omoio Ba emitpéPel TNV
KoTnyoplomoinon twv ekTBEUEVWY atopwV Tou TAnBuopov. MNa S60elg Katw amd to Oplo
amokormng, 6ev Ba xpeloobolv aueca PETPA LOTPLKAC TEPIBAAPNG TwV eKTOEUEVWY OANG
TmapakoAouBnon tng uyelag toug. Evtoutolg, yla ta ATOHA PE SOCELC MAVW OO TNV TLUN
QoKoTAG, Oa NTav anapaitntn n apeon LaTpLkn nepiBair) Toug yia tn BeATIWON TWV MOCOOTWV
emBiwonc. To 6plo autd AmoKOmMNG opiletal Katd Kavova ota 2Gy, wotdco Ba prnopolos va
koBoplotel kat uPnAotepa €dv 0 aplBUOC TwV UTEPEKTEDEIUEVWV OTOUWY UTEPPALVEL TIC

SuvatotNTeG TwV SLABECLUWY LATPLKWY UTTOSOUWY KOl EYKATAOTACEWV.



H avamtuén plag taxeiag kat aflomotng pebodouv Prodooipetpiag yia tnv afloAdynon
OTUXNUATWY Kol paSLOAOYIKWY CUUPBAVIWY HEYAANG KAlpakag Ba emitpéPel emopévwg TNV
TaELVOUNON TWV EKTIOEUEVWV ATOUWY OE TPELG KOTNYOPLEG: a) 0 AUTOUC TIOU OVOUEVETAL HE
BeBalotnta va epdavicouv kabBoplopéva amoteAéopata oo Tnv EKBeor) Toug otnv aktivoBoAia,
yla TOug omoiloug n Aapeon Tpkn mapeppoaon ival {wTtikng onuoaociog, B) os ekelvoug pe
evllapeon €kBeon KOVTA 0TNV 0PLOKN TLUR 8O0NC, yla TouC omoilouc Ba xpelacBel emiong LATPLKN
napakoAouBbnon ywa Vv  aupAuvon  Ttwv  PBpaxunmpoBeopwv, HECOTPOBECUWV  Kal
LOKPOTIPOBECUWY EMIMTWOEWV TNG €KOeonCg Kal TEAOG y) o autoUlC Tou €xouv ektebel ot
XOUNAEC SOOELG, yla TOUC oTtoloug Sev avapevovtal Kaboplopéva anoteAéopata aANA pPmopel va

anattnOel pakponpoBeouog EAeyxog TNG uyelag Toug.

H avamtuén pog taxeiog kot eAayiota enepPatikng pebodou Blodooiuetpiog Ba cupBAAAEL
ETIOUEVWC OUCLOOTLKA OTNV EEATOUIKEUON TOU KIVEUVOU KoL KOTnyopLlomoinon Twy ekTIOEuevwy
OTOUWV HETA amo padloloykad cuppavia peyaAng KAipokag, omou n €kBeon oe aktwvofolAia
evOeXoUEVWC va eyKUpoOVeEL coBapoulc KvdUvoug o éva HeyAAO TUNUaA tou MAnBucopou. Xto
TAQLOLO OUTO, 0 KUPLOG OTOXOC TNG SUTAWHOTIKAG EPYACLAC ETKEVIPWVETAL OTNV TEXVOAOYIKN
avarntuén tn¢ micro-PCC pebddou, pe tnv €vvola otL Ba pmopet va epappootel og MOAU HIKPOUC
OyKoUG aipotog¢ Twv 50-150ul, yia tnv enitevén mpowpng XPWHOCWHATIKAG CUUMUKVWONG OTa
AepdokuTtrapa xpnotlpomolwvtag mAAKes 96 ¢ppeatiwv twv 2ml €kaocto. H xprion twv 96
dpeatiwv mpoodibel otn micro-PCC pébodo Suvatotnta emefepyaciag Kol avaAuong evog
HEYAAOU aplOpol SELYUATWY KOL OUCLOOTIKA AmOTEAEL T BAON yla TV QUTOMOTOTOLNCN TWV
OMOLTOUMEVWY  SLadLKAoLWY KAl KATNYoPLOToinon TwVv €eKTIOEUEVWY OTOHWY  yla TNV
OTOTEAEOUATIKI)  OQVTIHETWILION padloAoykwyv ocupBavtwv. H micro-PCC péBodog Tmou
TPOTEIVOUE yla TNV Taxela ekTipnon 60CEwvV ETUTPEMEL KOTA €va HOVASIKO TPOMO ThV
OTELKOVLON KOl OVAAUON XPWHOOWUATIKWY OANOLWOEWV €VIOG dU0 wpwv ameubelag ota
MPOWPA CUUTIUKVWHEVA XpwHatoowpata (PCCs) twv Go-Aspudokuttdpwy, Xwpic dnhadn tnv
avayKn KaAALEPYELAC TWV SELYUATWY alpatog yio SUo NUEPES. Emionpalvetol 0Tl ol CUUPATIKES

KUTTOPOYEVETIKEG HEBO0SOL BloSoatueTpiac amattolv ToUAdxLoToV 48-52 wpeg KAAALEPYELOG TWV



SEYUATWV QULUOTOC TWV EKTIOEUEVWVY OTNV OKTIVOBOALQ ylar TNV AVAAUGH TWV XPWHOOW LATIKWV

OAAOLWOEWV OTN PeTadaon.

1.2 H avaykalotnta €papuoyn S TS MPowpens XPWHOCWHATKAC
cuunukvwong (PCC)

Mapd To yeyovog OtTL £xouv mpotabel apKetol KuTtapoyeveTikol Blodeikteg yia tnv afloAdynon
€kBeong oe aktvoBolia, kavévag amd autoug v Lkavormolel OAa Ta KpLtrpla evog Ldavikou
Blobdeiktn mou Ba pmopouaoe va xpnotpornolnBel wg eva aflomioto BLoAoylko S00IUETPO yLa TNV
ekTipnon 60cewv. Evag 6avikog Blodeiktng Ba mpémel va ival e8LkOC yla TNV aktivoBoAia,
gvaioBntog akoun Kat oe xapnAég/oxetikd xapnAéc d6oelg (<0.5 Gy), avamapaywyLplog Kot
LKOVOG va Slakpivel HeTall HePLKNC i oAOowUNG €kBeong. EmutA£ov, Ba ipenel va ival os B€on
va TapEXEL a€LOTILOTEG EKTIUNOELG amoppodolpevnG SOonG aveéapTnTa Ao TNV XPOVLKI OTLYUN
NG £kBeong kaL n avaAuon tou Blodeiktn yla tov mpoodloplopnod tng §6ong Ba mpémel va eival
Taxeia, 6lwg Otav amoalteitol €mMelyovca KOTNYOPLOTOiNON TwWV EKTIOEUEVWY HEAWV TOU
mAnBuaopoU. MNa éva 1daviko BLodeiktn, n cUANOYH TWV ATIOUTOUUEVWY BLOAOYIKWVY SELYUATWV
OO TOUG £KTLOEPEVOUG Ba TPETEL var elval eUKOAN KoL N €MEUPATLKY, VW OL SLadIKOOLEC
TIPOETOLLOCIOC TIAPOOKEVAOUATWY Kol avaAuong Ba mpeémel va mapgxouv tn duvatotnta
oautopartonoinong Toug. Auto Ba GUUBAANEL OUCLAOTIKA OTNV XPHON TOUG YL TNV QVTLUETWTILON
EKTOKTWV TIEPLOTATIKWY KAl pOSLOAOYIKWY CUUBAVTWY HEYAANC KAlpaKaC. TEAOC, oL HETABANTEC
mou Ba pmopovoav va ennpedcouv T peBodoloyia avaluong Katl ekTipnong tng doong Ba
TIPETEL VA €lvVOL KOAQ TEKUNPLWHEVEG Kal oL Stadikaocieg Babuovounong kot dtakpipwong Ba
nipenel va kobopilovtal pe cadnvela PECW OLEPYOOTNPLOKWY UEAETWV TPV ULoBeTNOEel n

puebodoloyia amnod éva epyoaotriplo BlodooLueTplog.

MeTtafl Twv SLaPOPETIKWY KUTTOPOYEVETLKWV LEBOSWV TTOU XPNOLUOTIOLOUVTAL YLO TNV EKTINGON
anoppodoUEVWY SOCEWV OE EKTIOEUEVA ATOUA, O TIOOOTLKOG TIPOOSLOPLOUOG TS S0ong Baoel

OVAAUONG TWV SKEVTPLKWY XPWHATOOWHATWY (DC) mapapével o eupUTEPA XPNOLLOTIOLOUUEVOC.
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H avaAuon auth Baoilletal ouoLaoTIKA OTOV MPOCGSLOPLOUO TNG CUXVOTNTOC EMOYWYNE OO TNV
OKTWVOPBOALD SLKEVTPLKWY XPWHATOOWHATWY KOl KEVIPIKWY SOKTUALWV ota AepdokuTttapa Tou
TiepLdEPIKOU ALHATOC TWV EKTEDEIUEVWV ATOUWVY. EVTOUTOLG, N KUTTAPOYEVETIKY autr HEBodog
EXEL EVOL ONUOVTIKO LELOVEKTNO OE OXECT LE TO CUVOALKO XPOVO TIOU QTTALTELTAL YL TNV EKTLUNON
TwV 800cwv. MNa TNV avaAuon TWV XPWHOCWHATIKWY OAAOLWOEWV OTNV UETAdOON amalteital
KOAALEPYELD TwV T-AgpdOKUTTAPWY TOU TTEPLPEPLKOU alpaTOC TOUAAXLoTOV yia SU0 nUEPEC. QG
€K TOUTOU, N avAAUon SIKEVIPIKWY XPWHATOOWHUATWY OTn HeTAdaon Sev avtamokpilveTal otnv
anaitnon yla taxela ektipnon tng 66ong, n omoia amoteAsl uPNAR TPOTEPALOTNTA YLA TNV
EKTIUNON TOU KWOUVOU KOl YEVIKA YLOL TNV LATPLKI OVTILETWILON EKTAKTWY PASLOAOYIKWV

ouMBAvTWV.

ATO tnVv aAAn TAeUPQ, eival evlladEépov va oNUELWOEL OTL PETA TNV EMOYWYN TWV LOPLAKWY
oAAoLwoewV 0To DNA Twv AsdOKUTTAPWV Ao TNV akTvoBoAia Kal Tnv evlUUATIK eneepyacia
TWV OAAOLWOEWV QUTWYV, OL XPWHOOWUATIKEG AAAOLWOELG, TTOU TIPOKUTITOUV o Tn AavOaopévn
emdLopBwaon tou DNA, oxnuatilovtal pEoa o€ 8 WPEC UETA TNV £KBeon otV aktvoBoAia kat Sgv
QTTALTOUV YLOL TOV OXNUATIOMO TOUC KaAALEPYELa 48-52 wpwV Kot SLEyepon TwV T-AeupoKUTTAPWV
N avadutAacloopuo tou DNA toug. Juvenwc, ol Blodeikteg €kBeong OMwE ta SLKEVIPLKA, OL
SOKTUALOL KL TA XPWHOOWHATIKA Bpavopata Ba urtapxouv nén ota AepdokUTTopa T OTLYUN
Tou Ta Selypoata aipatog ¢pOAvouv 6To EpyacThpLo yLa avaAuorn). H Taxeia moootikonoinon Twv
XPWHUOOWHOTIKWY QUTWV OAAOLWOEWY UTIOPEL, EMOUEVWC, va eTteuxOel katd éva povadiko
TPOTO, XWPIG TNV KAAALEPYELA TWV SELYUATWY ALUATOG, EKUETAANEVOUEVOL TO GALVOUEVO TNG
MPOWPNG CUMMUKVWONG Xpwpoowpdatwyv (PCC). Tuykekpuuéva, n micro-PCC pébodog mou
TIPOTEIVOULE ETUTPETIEL EVTOC 2 WPWV KOL ylat EVa LEYAAO aplOUo SelypudTwy va amelkoviobouv
yla avaAucn ol XpWHOOWUATIKEG AAAOLWOELG TTIOU ETIAYOVTOL A0 TNV akTvoBoAia OxL povo os
un Steyepuéva (GO) T- Aepdokittapa, aAld emiong kot ota B-Aepdokutrapa tou neplpeplkov

atpoatoc.
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1.3 ZtoyoL kal Emtevypata

o TNV emitevén Tou KUPLOU OTOXOU TNE SUTAWUATIKAG EPYAOLOG KAL TNV avartuén tng micro-PCC
nebodou taxelag ektipnong 660EwWV XPNOLUOTOLWVTAG TTOAU ULKPOUG OYKOUC QLUATOC yla TV
enaywyng PCC oe AgpdokUTTopa HEOW KUTTOPLKWY OUVTREEWV Ot MAAKEC 96 dpeatiwv, Ta
Sladpopa otadla tou ouppatikol  TPwToKOAAou PCC Siadopomol}Onkav ouGLAOTIKA.
JUYKEKPLUEVQ, yia TpwTn popa otn Stebvn BLPAoypadia Aspudpokutrapa og OyKoug aipatoc 50-
150ul, n AN twv omoiwv elvatl Suvatov va yivetal amo to AXTUAO VoG aToOpou, cuvtixOnkav
ETUTUXWC HE CHO pITwTIKA KUTTapa 08 SOKLUAOTIKOUC OWANVES Twv 2ml, kabwg emiong kal o
TIAAKEG 96 dpeatiwv Twv 2ml ékaoto. Ot TAAKEG TwV 96 ppeatiwv eival o KATAAANAEC Lo TV
Tayela ektipnon 66oswv kabwg ta Stadopa oTAdLO TTOU ATALTOUVTAL LA ThV TtpoeToLpacio PCC
AepdokuTtapwy yivovtal Tautoxpova Kol ota 96 ppedtia, Xwpeig TNV avaykn SLoxwpLopoy Twv
AepdokuTrapwy amo ta epubpa atpoodaipta pe xprion StaAlpatog GpLkoAng. AUTO EMLTPEMEL TNV
TaXElO KOl TAUTOXPOVN ETOLLAOCLO XPWHOOWUATIKWY TIOPACKEVOOUATWY Yla EKATOVTASEG SOTEC
alHOTOC KOl TNV £yKOlpn €KTIMNoNn Twv 800EwV TOUC OTNV TMEPIMTwWOn &vog padloAoylkol

oUMBAvVTOC HEYAANC KALpaKAC.

Ta amoteAéopata €xouv evlladépov kabBotL n popdoloyia twv PCC AepdpokuTtdpwy HE TNV
micro-PCC pébobo elval oucLaoTIKA (La e EKEIVN TOU CUMPBATLKOU TIPWTOKOAAOU TO OTOL0 OUWG
anattel MoAU peyoAUtepoug oykoug 1-2 ml dpAeBikol aipotog ava ATopo Kol SOKLUAOTIKOUC
owAnveg twv 15ml. Emiong, n xprion novo 1,5ml umotovikoU SLaAUHATOG KAl N LOVLUOTIOWN o TWV
Kuttapwv Vo dopeg pe 1,5ml povipornointr (Carnoy’s fixative) otoug HIKpoUC CWANVEG N TLG
TIAAKEG TWV 96 dpeatiwv anodelkvieTal va ipoodEpet elkoveg PCC uPnAng moLotnTog LETA TV
XpWon toug e Giemsa. H avaAuon TwV XpWHOCWHATIKWY Bpavopdtwyv ota PCC AspudoKuTIApWY
yla TNV eKTipnon tTwv 6§60ewv SLleUKOAUVETAL TTOAU e TN Xpron tou £181kol Aoylopikou lkaros
NG etalpeiog MetaSystems kat Baaoilovtal oe KATAAANAEG KAUTUAEC BaBuovopnong oL omoleg

KOlL KATAOKELAOONKAV 0To MAALCLO TNG TapoUoag SUTAWUATLKAC EPyOOLaC.
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Ma TG MEPUTTWOELS UTIEPEKOEONC ATOUWY TwV omoiwv ta Seilypata aipoato¢ ¢pOavouv oto
EPYOOTAPLO 8 WPEC HETA TNV €kBeon 1 kal apyotepa, n HEBodog micro-PCC ouvduaotnke
ETUTUXWC HE TNV TeXVLKN Fluorescence In Situ Hybridization (FISH), xpnolpomowwvtag Tautoxpova
centromeric/telomeric (C/T) aviyveuté¢ PNA (Peptide Nucleic Acid). H mpoogyylon auth
ETUTPETEL TNV eKTiUNON §O00EWV BACGEL TNG CUXVOTNTAG TWV SLKEVTPLKWY KOL KEVTPLKWY SAKTUALWV
TwV omoiwv n avaiuon sival Suvatov va yivel pe peyain akpifela ota mpoOwpo GUUTTUKVWHEVO
XPWHATOOWHOTO TWV AEUPOKUTTAPWYV, XpNOoLUOoToLWVTOC Tn Micro-PCC puéBodo. Metd tnv Toxela
KOTNyoplomoinon Twv eKTIOEUEVWY ATOHWV Xpnolpomolwvtag tn micro-PCC péBodo kat tn
XPWOTLKA Giemsa, ol EKTIUNOELG SOOEWV PE TO CUVSUAOUO NG TeEXVIKAG FISH pmopouv va givat
Slaitepa xpnolpeg yia tnv emiPePaiwon mepLOTATIKWY UTEPEKBEONG Kal olaitepa otav
QOLTE(TOL TIEPALTEPW KOATNYOPLOTIONON TWV EKTIOEUEVWY OE UTIOKATNYOPLEG HE OKOTO TN
BEATIOTN LOTPLKA TOUC OVTILETWILON Kol TopakoAouBnon. OL ektiunoelg 6O00swvV HE TO
ouvbuaopuo micro-PCC kat FISH SteukoAUvovtat oAU pe T Xprion tou £181kol Aoylopikou ISIS
NG etalpeiag MetaSystems kat Bacilovtal o€ KATAAANAEG KOUMUAEC BaBuovounonc oL omoleg

KOlL KATAOKELAOONKAV €Miong 0To TTAQLOLO TNC MOPOU oG SUTAWUATIKAG Epyaciag.

1.4 Zuunepaopata Kol MPoOomTIKES

Ta anoteAéopata amodelkvuouv OtL N micro-PCC pébodog mou avamtuxdnke €XeL ONUAVIIKA
TIAEOVEKTALOTO 0 OUYKPLON UE AANEG KUTTAPOYEVETIKEG LeBOSoUC TTou epappolovtal orjpepa
yla okomoug Blodooipetpiag kot €atopikeuong kwvduvou amd €kBeon o€ OVTI{OUOEG
oktwvoPoAieg. 16laitepa, os ouykplon Ue TN HEB0SO avaAuong SIKEVIPIKWY XPWHOTOCWHUATWY
KOL KEVTPLKWY OSOKTUAlWV oTn petadoon, Tou €l Tou mopovtog Bswpeltal wg n mpoTumn
nEBodog Blodooiuetpiag, n uEBodog micro-PCC eival moAU taxutepn, evaiobntn, aflomotn Kat
geuxpnotn. Eneldn, o avtiBeon pe TG CUUPATIKEG KUTTOPOYEVETIKEG HeBOdouc, dev amattel
KoAALEpYEL AspudoKuTTApwY, Ta Selypata aipatog Sgv KIVGUVEUOUV Ao TUXOV LOAUVOELC TTOU
EVEXEL N KAAALEPYELA TOUG KOl TOL XPWHOOWHOTIKA TOPACKEVACHATA ETOLLAlOVTAL YLlot avAAuon

pHEoa o€ 2 WPEG avti Twv 48-52 wpwv Tou amnaltel n cupBotikn pEBodog. EmumALoy, emeldn Katd
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™ Slapkela NG KOAALEPYELOG TwWV SEYUATWY AipaTO¢ TOAAG amd Ta oAAOLWHEVA A0 TNV
aktwvoBoAia Aepdokutrapa kabuotepolv otnv G2-¢paon Tou KUTTaplkou KUkAou (G2-block), n
Kot teBaivouv AOyw Tou pNXOoVIoHoU amomnmtwonc, n LEbodog micro-PCC umopel va aviyvelosl
TIEPLOCOTEPEC XPWHOOWHATIKEC OANOLWOELC Kal €lval eMOpEVWE TiLo guaioOntn. IStaitepa,
eneldn anattel Oykoug aipatog povo 50-150ul, n Andn Twv omoiwv eivat eUKoAo va yivel amo to
Sdayxtulo evocg atopou, n micro-PCC péBodog eival mio gvxpnotn Kat n avaivon povo 10-20
Aepdokutrapwyv pnopel va Swoel aflomotn ektipnon tng 86onc. Autd odeiletal 0To YEYOVOG
OTL n avaAluon Baoiletal ota emayopeva and TNV oKTvoBoAia xpwpoowHaTika Bpalopata
ETIUMAE0V TWV 46 XPWUATOOWHATWY TA omola amoteAoUv To yoviSiwpo Ttou avbpwrou Kal o
oplOuog 46 eival oAl otabepog ota vyl Atopa. I avtiBeon Ta SIKEVTPLKA XPWHUATOCW AT
TIOU EMAYOVTOL OO TNV aktvoBoAia sival omavia, dlaitepa otig xapnAég S00ELG, KAl WG &K
TOUTOU YyLO TNV OVIXVEUOH TOUG UE TN cupBatiki péBodo amatteital n avaluon skatoviadwy n
Kol XIALGdwV AspdokuTttdpwy otn petadoaon. EmumpocOeta tng edpappoyng tng pebodou micro-
PCC pe tn xpwotik Giemsa, o ouvduaouog TG neBodou autng pe tnv texvikn FISH ywa tov
OKPLB TPOOSLOPLOUO OLKEVIPIKWY XPWHOOWUATWY UITOPEL va elval XpAoluog  ylo Thv
ermPeBalwon TUXOV UMEPEKOECEWV KOl TNV  KATNYOPLOTIONON TWV EKTIOEUEVWY OfF
UTTOKOTNYOPLEC LE OKOTIO TN BEATLOTN LATPLKI) TOUG QVTLUETWIILON KAl TtapakoAouBnon. TEAOC, n
Suvatotnta mou €xeL n micro-PCC péBodog va xpnotpomnolel TAAKeSG 96 ppeatiwv Tng mpoaodidet
TO TIAEOVEKTNUO OVAAUONG EVOG PEYAAOU aplOpoU SELYUATWY Kal armoteAel emopévwe tn Baon

yla TV QUTOMOTOTOLN o) TNC.

MNepattépw avamtuén tng uebodou micro-PCC Bpioketal oe e€EALEN Kuplwg 6oov adopd tnv
outopartonoinon Twv otadiwv mou amattolvTal yla TV enefepyacio Twv SElyUATWY OpaTOC,
TNV ETOLUAGIO TWV XPWHOOWLOTIKWY TIAPACKEUACUATWY KL TNV AVAAUGH TWV XPWULOCW LOTIKWY
oAAowwoewv. H autopatomnoinon tng ueBodou yla tnv ektipnon 800swv amoteAel LeEANOVTLIKN
TPOKANGN Kal n uAomoinor tng Ba cUBAAAEL OUCLAOTLKA OTNV €atopikeuon Tou KivdUvou amo
€kBeon oe Lovtilouoeg OKTIVOBOAIEG KOL OTNV QTIOTEAECUATIKY OVTILETWILON PASLOAOYIKWV
oupBavtwyv peyaAng kAlpakog. Ma tnv emnitevuén tou otoxou autol cuvepyalOUOOTE PE TNV

etalpeia MetaSystems (Feppavia) kot o Kévtpo Padtohoyikwv Epguvwy tou Mavemiotnuiou
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Columbia, éva amno ta kévtpa CMCR (Centers for Medical Countermeasures Against Radiation)
Twv HMA, to omoio petd amo diebvn Slaywviopo emélete yla xpnuatodotnon tnv mopovoa
€peuva yla tnv avantuén tng micro-PCC peBddou (Opportunity Funds Management Core of the
Centers for Medical Countermeasures against Radiation Consortium, USA: grant number
U19Al1067773). H etawpela MetaSystems £€xel maykoopo mpwrtomopia kat s€sldikevon o€
AOYIOUIKA  OQUTOMOTOTIONNONG  QTTELKOVIOTIKWY ~ CUCTNMATWYV  yla  £PAPUOYEG  OTNV
Kuttapoyevetikr, evw to Kévtpo Padloloywkwv Epsuvwv tou Mavemniotnuiov Columbia €xel
TIOAUTLUN EUTIELPLO OE POUTTOTIKEC TTAATHOPUES YLOL TO XELPLOUO SELYUATWYV QLLUATOC KAl avaAUong
XPWHUOOWHOTIKWY OANOLWOEWYV Kol OAAAWV  KUTTOPOYEVETIKWY Blodeiktwy. EmutAéov, n
ouvepyaoia poc pe tov Dr. Adayabalam S. Balajee, AieuBuvty tou Epyaotnpiou
Kuttapoyevetikn¢ Blodoolpetpiag oto Radiation Emergency Assistance Center, Oak Ridge
Institute for Science and Education twv HMA, 6a cupBarAeL otn Stelpuvon TwWV EPOPUOYWV TNG
pneB6dou micro-PCC kal evOEXOUEVWE OTNV avamTuén vEwv Blodelktwy €kBeong og aktwvofolia
Tou va Baoilovtal 0 XpWHOOWHOTIKEG avadLaTAEELS OTIWE AUTEC TToU Suvatov va avixveuBouv
KOTA LOVOLSLKO TPOTIO OTA MPOWPN CUUTTUKVWHUEVA XPWHOCOWHOTO AEUPOKUTTAPWV HE TN TEXVLKA

mFISH (multicolor Fluorescence In Situ Hybridization).
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2 Introduction

2.1 Rationale for the Thesis

Following a large-scale radiological event, hundreds or thousands of people could be potentially
exposed to unknown and variable doses of radiation. Therefore, it is of high priority to use
biomedical tools, sensitive biomarkers and automatable methods in order to reflect promptly the
biological importance of the radiation exposure [1-3]. At present, it is estimated that the
throughput of a biodosimetry laboratory is a few tens of samples per day and even large
cytogenetic biodosimetry laboratory networks can only analyse a few hundred of samples per
day [4-6]. For large-scale incidents, rapidity and ease of screening are essential in order to obtain
quick radiological dose and risk assessments [7]. This will enable categorization of individuals
according to the degree of their exposure and, subsequently, identification of those who need
medical assistance, which is essential for optimal post-exposure management [8-10]. Towards
this goal, two main approaches of biodosimetry, biologically-based and physically-based, have
been developed and essentially three criteria are minimally necessary for an effective
biodosimetric technique: the dose can be assessed promptly after-the-fact; the technique can
assay at the level of an individual; and the technique can provide information sufficient to

determine what actions should be taken for that individual [11].

Biologically-based biodosimetry approaches are based on biological processes or biomarkers that
can be affected by ionizing radiation (IR) allowing thus a dose of radiation to be estimated. The
status and suitability of current biomarkers for radiation exposure have been reviewed recently
[12-16]. Particularly, cytogenetic biomarkers are the most widely used and, at present, several
well-established biological dosimeters exist, some of which have been proposed for high-
throughput analysis [17-21]. Cytogenetic biodosimeters can offer accurate dose estimates but,
are both time-and labour-consuming and therefore not ideal for use in radiological mass-casualty
scenarios where short turnaround times and high throughput are of prime importance [9]. When

an ideal biomarker is used for early triage biodosimetry in radiological events, the collection of
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the required biological samples from the potentially exposed individuals should be easy and non-
invasive, while the procedures involved for dose and risk assessments should be rapid and
automatable. The latter will pave the way to the subsequent automation of the assay’s workflow
so that it could be used in the event of a large-scale radiological emergency. The state-of-the-art
advances in radiation biodosimetry for mass casualty events involving radiation exposure have

been also reviewed recently [22, 23].

Among the different cytogenetic assays used for triage biodosimetry and the estimation of
absorbed doses in exposed individuals, the dicentric chromosome (DC) assay remains the most
widely used. The DC assay is essentially based on the analysis of dicentrics and centric ring
chromosomes present in the peripheral blood metaphase lymphocytes of the exposed
individuals. Nevertheless, this assay has a significant drawback with respect to the time needed
to obtain dose estimates for rapid decision on the right line of medical treatment. It requires
culturing of peripheral blood T-lymphocytes for two days before allowing the analysis of
chromosomes at metaphase. Hence, it fails the requirement of rapid dose estimation, which is a

high priority in radiation emergency medicine.

On the other hand, it is noteworthy that following radiation-induced DNA damage and the
enzymatic repair processing of the lesions, which depend on the quality of radiation and the
complexity of DNA damage [24], chromosomal rearrangements in the nuclei of blood
lymphocytes are well known to be formed within 8h post-irradiation, without requiring blood
culture, T-lymphocyte stimulation and DNA replication for their formation. Following accidental
exposure, the biomarkers of exposure i.e. dicentric and centric ring chromosomes as well as
residual chromosomal fragments, will be present, therefore, as single chromatid chromosomes
in the blood lymphocytes by the time the blood samples reach a reference Biodosimetry
Laboratory for dose estimation. Consequently, rapid dose and risk estimates can be only achieved
by taking advantage of the unique features of the premature chromosome condensation (PCC)
phenomenon in blood lymphocytes [25-27]. This phenomenon enables visualization, analysis and

guantification of chromosomal aberrations directly in unstimulated Gg-peripheral blood T- as well
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as B-lymphocyte prematurely condensed chromosomes (PCCs), without requiring a two-day

blood culture [28].

2.2 Objectives and Achievements

In the present thesis, the main objective is to explore the applicability of the PCC phenomenon
in order to devise an automatable micro-PCC assay using very small blood sample volumes below
100ul and 96-well plates enabling rapid dose and risk assessments and the categorization of
individuals according to the degree of their exposure in the event of a large-scale radiological
emergency. Towards this goal, the various steps of the conventional PCC procedure were
adapted in order to make use of fingerstick-derived blood samples from each individual. This
simple and rapid method for blood sample collection allows screening of large numbers of people
while the 96-well plates enable the simultaneous preparation of chromosomes for multiples of
96 individuals. The yield of Giemsa stained lymphocyte prematurely condensed chromosomes
(PCCs) in excess of 46 PCCs was used as a rapid, inexpensive and minimally invasive biomarker of
radiation exposure. The number of 46 PCCs is remarkably stable in healthy individuals since it
constitutes the human genome. Consequently, this allows to link every single excess fragment

above 46 to radiation exposure.

For the standardization of the micro-PCC assay, appropriate calibration curves were constructed,
while its applicability and reliability for dose assessment were compared to the conventional
dicentric chromosome assay, through the evaluation of speed of analysis and minimum number
of cells required for each method. When further evaluation into treatment-level categories is
needed in the event of an accident, the micro-PCC assay has the potential to be combined with
fluorescence in situ hybridization (FISH), using simultaneously centromeric/telomeric (C/T)
peptide nucleic acid (PNA) probes. This would enable early dose assessments and categorization
of exposed individuals on the basis of accurate scoring of dicentric and centric ring chromosomes
in Go-lymphocyte PCCs. The micro-PCC assay for high-throughput analysis developed in the
present thesis is automatable and could thus pave the way to its subsequent automation, which

is critically needed for timely triage biodosimetry in mass-casualty radiological emergencies.
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3 General Background

3.1 Needs for effective biodosimetry measurements in large-scale
radiation exposure

Currently, awareness is growing regarding the possibility that large-scale radiological accidents
or terrorism acts could result in potential radiation exposure of hundreds or thousands of people
and that the present guidelines for evaluation after such an event are seriously deficient. There
is a great and urgent need, therefore, for after-the-fact biodosimetric methods enabling the
assessment of radiation doses, which must be at the individual level, timely, accurate, and

plausibly obtained in large-scale disasters[7, 11].

By definition biodosimetry means, the quantification of absorbed doses with the help of
biological material obtained from exposed individuals. Ideally, the biodosimetric methods for
estimating human radiation exposure must have first the ability to determine which individuals
did not receive a significant exposure so they can be removed from the acute response system.
Second, must have the capacity to classify those initially assessed as needing further evaluation
into treatment-level categories, and third, must have the ability to guide both short- and long-
term treatments. Towards this goal, significant attempts have been made for the development
of biodosimetric methods using appropriate biomarkers based on biological or physical
parameters and considering their features such as speed, accuracy, capacity and ease of getting
information for dose assessment. Specifically, there are two main methods of biodosimetry,
biologically-based and physically-based, and in practice their use indicates that combining

physical and biological techniques may sometimes be most effective.

Biologically-based biodosimetry approaches are essentially based on biological processes or
parameters that are affected by IR. Examples include cytogenetic approaches enabling the
visualization and evaluation of chromosome integrity following the initial radiation-induced
damage at the DNA level. The subsequent activation of repair/misrepair mechanisms may cause

production of unusual chromosomal aberrations in case the enzymatic repair processing of DNA
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damage is not error free. Dose estimation using cytogenetic analysis is based on the relationship
between chromosome aberration frequency and the amount of dose absorbed. The preferred
choice of sample to analyze aberration frequency is the blood lymphocytes as they are easy to
collect, culture and processing for biodosimetric studies. Exposed lymphocytes show different
types of chromosome aberrations like dicentric chromosome (DC), centric ring, acentrics and
translocation, all of which can be related to dose. For reliable dose estimation, there are several
important biological parameters such as low background frequency, specificity to IR, a clear dose-
effect relationship for high and low linear energy transfer (LET) radiation with different dose and
dose rates, and most importantly reproducibility and comparability of in vitro to in vivo results

[29].

Physically-based biodosimetry approaches are mainly based on physical parameters measured
in the tissues of exposed individuals. Examples include, levels of long-lived radiation-induced
free radicals detected by Electron Paramagnetic Resonance (EPR)[30-32] and Optically
Stimulated Luminescence (OSL)[33]. EPR dosimetry is especially well-developed and established
as one of the principal methods for estimating doses many years after an exposure. Originally,
this technology was based on exfoliated teeth but more recently, EPR has been used for acute

dosimetry using measurements of teeth in situ [34, 35] and fingernail clippings [36, 37].

The use of biodosimetry to measure radiation dose after-the-fact has become a very important
and high-priority field due to the need for governments to be prepared for the heightened
potential for exposures of large numbers of individuals from radiological accidents or terrorism
acts [7]. Estimating radiation doses would greatly help to medically evaluate the injured in four
different ways. Biodosimetry would help estimate how many people received doses that did
not require acute care, classify those patients who need further evaluation into treatment-
level categories, guide actual treatment, and help providers and patients with the long-term

consequences of exposures to IR, including planning for treatment and patient compensation.
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3.2 Triage patients

The next level of use of biodosimetry, which could follow the initial screening, would be to assist
in assigning individuals as rapidly and effectively as possible into major action classes. The
number of categories would depend on the volume of people triaged for care and the capabilities
of the medical care system for addressing their treatment. Under some circumstances, such as
the limited availability of stem-cell transplantation, it would be desirable for the biodosimetry
technique to provide reliable estimates for subclasses of risk so that the limited capabilities for
high-intensity treatments could be used most effectively. In general, the exposed individuals can

be assigned into three categories [11].

Category 1. Identify false positives and those near 2 Gy—These individuals would not need
urgent medical care. They might possibly need to be evaluated for risks of long- term effects but
would have little need for prompt actions. Individuals assigned to this category could leave the
emergency medical care system, at least during the period of time when there is greatest stress

and potential for overwhelming the system.

Category 2. Admit patients into the medical care system for observation and, as needed, active
medical care—This would be done to reduce the probability of a near-term deleterious clinical
course due to ARS. This group is likely to require active symptomatic medical care and may also
receive complex (and potentially risky) more aggressive treatments, such as bone marrow
transplantation and/or high doses of radiation- mitigating drugs. The assignment of individuals

into this action class would typically occur when the dose is in the range of 3-8 Gy.

Category 3. Provide palliative or expectant care—This level would identify individuals whose
radiation exposure is too high for effective active or mitigating therapy. The actual threshold level
may vary under the conditions of the event and the ability of the system to provide advanced
care; however, a likely threshold would be 8 Gy. If fewer individuals are involved and the
treatment capability is not overwhelmed, the threshold for entry into this category would

probably be increased. On the other hand, if the healthcare system was potentially
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overwhelmed, the dose range for active treatment (i.e., placement into Category 2) might be
narrowed on both ends. That is, more people could be placed into Category 1 (by raising the
minimum dose to qualify for active treatment) and more placed into Category 3 (by lowering the

maximum dose to qualify for active treatment).

Many of the useful characteristics of biodosimetry techniques for this more refined sorting into
action categories would differ from those required for the initial triage. The information would
not need to be available as rapidly. While it would be desirable to avoid the need to transport
the samples, it would sometimes be feasible to transport samples, especially to nearby facilities
such as an emergency center set up near the event site. The throughput could be less. Techniques
for measuring dose could include bringing expert operators to the site. It would be important for
the technique to have a low false-assignment rate, i.e., neither assigning too high nor too low a
category or subcategory. For this purpose, an estimate of dose within 0.5 to 1.0 Gy of the actual
dose is probably sufficient, because the known variation in response among individuals receiving

the same exposure dose is likely to render more precise estimates of dose clinically irrelevant.

3.3 Biomarkers of radiation exposure

Exposure to radiation induces certain changes on the proteins, carbohydrates, lipids, nucleic
acids and gene expression in the exposed cell, which are collectively known as biomarkers. In
particular, traversal of IR in a cellular system can bring about a variety of changes such as base
damages, alkylation, intercalation adduct formation, nucleotide modifications, single strand and
double strand breaks in the deoxyribonucleic acid (DNA). Those changes can result either due to
direct deposition of energy on the nucleic acids (direct action) or can be mediated by the release
of electrons and generation of free radicals like OH, released at some point in the interaction
with water (indirect action) and membrane (lipid peroxidation) which surrounds the cells. The
biomarkers are classified based on the changes being looked into like chromosomal aberrations,

alterations in cell number, change in an enzyme level and or activity, proteins, or expression of
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genes, etc [38, 39]. Of late based on the temporal parameters, it has been classified into markers
of exposure, marker of susceptibility, markers of late effects and markers of persistent
effects[16]. Thus, the manifestations of any of those changes are resulted due to the traversal of
ionization track and deposition of energy in exposed cells/tissues. A summary of biomarkers of

radiation exposure reported in the literature is given in Figure 1.

Radiation signature on the exposed cells
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Figure 1. Biomarkers of exposure to ionizing radiation. FISH: Fluorescence in situ hybridization;
PCC: Premature chromosome condensation; ROS: Reactive oxygen species; ATM: Ataxia
telangiectasia mutated [23].

Upon the energy deposition of radiation in the exposed cells, many changes can be induced and
in turn the cells respond to those changes explicitly activation player molecules involved in check
points activation, DNA repair and apoptosis [40]. The end result and fate of the cells depends on
the many physical parameters of the incident photon as well as the cellular biological machinery.
The chromosome aberrations are formed predominantly due to the repair activation that results
in a not perfect rejoining or mis-rejoin to form chromosome aberrations. Thus, the aberration

produced depends on the number of breaks, chromatids and chromosomes as well as its
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proximity of induced breaks involved [41]. The type, complexity and frequency of aberrations

induced by radiations are diverse, which are traditionally being used to quantify and relate to the

absorbed dose (Figure 2). Chromosomal changes are named based on the methodology

employed, or stain used (Giemsa or fluorescence) to observe those changes or the end product

(micronucleus, translocations) [42].
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Figure 2. Diagrammatic illustration on the formation of ionizing radiation induced chromosome
aberrations [23].

3.4 Cytogenetic biomarkers of radiation exposure

Cytogenetics focuses on the study of chromosomes, in particular chromosomal anomalies.

Several cytogenetic endpoints are routinely used as biomarkers of exposure as they show a high

degree of specificity and sensitivity. Other cytogenetic measurements might be useful as
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biomarkers of late effects but need to be validated against well-defined outcomes/endpoints.

Cytogenetic biomarkers are summarized in Table 1.

Table 1. Cytogenetic biomarkers [16].

Biomarkers Assays/methodology Sensitivity Specificity to IR and Time window after Biological material
confounders exposure during which needed to perform
assays might be performed the assays®
Dicentrics Dicentric chromosome 0.1-5Gy Almost exclusively Before renewal of PBL WB: fresh;
assay induced by IR PBMC: fresh and frozen”
Translocations Single colour FISH 0.25-4Gy Confounding factors: Years WSB: fresh;
G-banding smoking; strong age effect PBMC: fresh and frozen®
CCR Multiple colour FISH Unknown High LET and heavy Before renewal of PBL WB: fresh;
ion exposure PBMC: fresh and frozen
PCC PCC assay combined PCC fragments: IR specific to a PCC fragments: PBMC: fresh and frozen

Telomere length

Micronuclei

or not to FISH
chromosome painting
or c-banding

Flow cytometry
Quantitative-FISH
Southern blot

qPCR

Cytokinesis block
micronucleus assay
Micronucleus centromere
FISH assay for low doses
Flow cytometric detection
of DNA in reticulocytes

0.2-20Gy
PCC rings: 1-20Gy

Not yet established

0.2-4Gy* but limited
sensitivity at

doses <1Gy.
Selective scoring after
centromere FISH:
~100 mGy

large extent

Not specific: modulated
by viral infection
Potential confounders:
age, oxidative stress
Not specific: modulated
by genotoxins
Confounding factors:
age, gender

ideally immediately
after exposure

PCC rings: before
renewal of PBL

Not yet established

In lymphocytes:
before renewal of PBL
In reticulocytes:

not yet established

WSB, PBMC, cell lines:
fresh and frozen

WB, PBMC: fresh
and frozen®;
Reticulocytes: fresh

CCR: complex chromosomal rearrangement; FISH: Fluorescence in situ hybridization; PBMC: Peripheral Blood Mononuclear Cell (lymphocytes, monocytes, etc.); PBL:
Peripheral blood lymphocytes (T lymphocytes for assays requiring cycling cells); PCC: premature chromosome condensation; qPCR: quantitative polymerase chain reaction;
WB: whole blood.

4 Sample storage conditions listed when known.

b Frozen samples give lower yields of scorable cells.

¢ Dose range for photon equivalent acute whole-body exposure 24 h ago.

3.4.1 Dicentric chromosomes

The dicentric chromosome, which is a chromosome with two centromeres instead of its normal
structure with one centromere (Figure 3), is the most widely used cytogenetic biomarker for dose
assessment following exposure to IR. Its formation is a complex event because it needs double
strand breaks (DSBs) in at least two different chromosomes. The DSBs should be in close
proximity to each other so that they will have a high probability for misrepair and formation of

abnormal structures [43].
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Figure 3. Examples of normal chromosomes (top left), dicentric and centric ring chromosomes
(top right) as visualized by Giemsa staining; or by combining Centromeric/Telomeric (C/T)
Peptide Nucleic Acid (PNA) probes with the FISH technique (bottom).
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In order to estimate the dose from accidental exposures, appropriate dose-response curves
should be constructed in every biodosimetry laboratory for different radiation qualities by
irradiating in vitro heparinized peripheral blood samples using sufficient dose points. The
irradiated blood samples are then cultured for 48-50h under aseptic conditions in the presence
of phytohaemagglutinin (PHA) and microscope slides are prepared with good quality of

metaphase chromosomes and high mitotic index.

Stained slides with Giemsa are used to measure the number of dicentric and centric ring
chromosomes at each dose point and their frequency per lymphocyte metaphase is used to
construct a reference dose-response curve. Representative images of normal metaphase and a
metaphase with DC obtained from human blood lymphocytes exposed to 60Co-y-irradiation are
given in Figure 3 top. DC scoring can be supplemented with the application of C/T-FISH, which
simultaneously stains centromeres and telomeres (Figure 3 bottom). This technique enables the
detection of true dicentrics in ambiguous cases with complex configurations, which is technically

challenging with classical Giemsa staining only [1, 44].

The constructed dose-response curve under in vitro conditions follows the equation Y=C+aD+BD>
or Y=C+aD, depending upon the quality of radiation, and can be applied for estimating doses of
the exposed individuals, where: Y is the yield of dicentrics plus centric rings, D is the dose, C is
the background frequency, a is the liner coefficient, and B is the dose squared coefficient (Figure
4). The ratio of a/B can be referred to as the cross-over dose. It is equal to the dose at which the
linear and the quadratic components contribute equally to the formation of dicentrics. It has
been shown that the number of DC obtained with a given amount of dose is the same when

irradiated either in vitro or in vivo condition [45].
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Figure 4. Dose response relationship for chromosome aberrations induced by different types
of ionizing radiations[23]

The linear component (aD) often interpreted as the number of aberrations formed due to the
traversal of a single particle track and is expected to be independent of dose-rate. The dose
squared (BD?) term is formed due to the interaction between two independent particle tracks

and its degree determined by the time interval between the two tracks.

With low LET radiation such as X rays and y-radiation, the ionization at any particular dose will be
randomly distributed between cells, particularly since there will be a very large number of tracks.
The DNA damage as well as the chromosomal aberrations will be also randomly distributed
between cells. With high LET, or densely-ionizing radiation, the ionization tracks will be non-
randomly distributed between cells, with the energy being deposited in more “discrete packets”,
and consequently the induced aberrations will be non-randomly distributed between cells.
Therefore, for low LET radiation, there is greater probability that two lesions within the target

will be induced by two ionization events along the same track, resulting in two consequences. In
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the case of high LET radiation, there is a greater probability that two lesions within the target to
be produced by one track, and the dose-response curve mostly follows the equation Y = C + aD

(Figure 4).

A useful comparative term to describe the deposition of energy by different types of radiation is
the linear energy transfer expressed in keV/um (LET), and the track average appears to be the
better quantity to describe the relative biological effectiveness (RBE) variations for chromosomal
damage[1, 46]. The track average for LET of 250 kVp (kilovolts peak) X rays is about 2 keV/um, as
compared with heavy charged particles that have track average LET values of 100-2000 keV/um.
The quantity of energy deposited per micrometer of track will determined the biological
effectiveness of different types of radiation. By definition, the relative biological effectiveness
(RBE) is defined as the ratio of the dose of the reference radiation (200-250 kvp of X rays) to the

dose of the particular radiation being studied that produces the same biological effect.

The dicentric chromosomes are stable within non-dividing cells such as GO-lymphocytes but as
the half-life of blood lymphocytes is in the order of months/years depending on the sub-
population, the dicentric is the biomarker of choice for investigating recent exposure to IR. In
general, as there are no major confounders influencing the yield of dicentrics, its natural
occurrence is very low (generally in the order of 0.5—-1/1000 cells scored) [1]. Individual dose
assessment can be achieved for homogeneous whole-body exposures to doses as low as 100 mGy

for low-linear energy transfer (LET) IR if up to 1000 cells are analyzed.

The scoring of dicentrics based on chromosomal morphology requires expertise, and time to
analyze a large number of cells required particularly for low dose exposures. However, after
exposure to low doses, the calculated estimates often carry large uncertainties, mainly due to
the insufficient number of cells scored. Since the dicentric assay is very laborious, counting
sufficiently large numbers of cells will be a limiting factor and will limit the possibilities for
adequate dose estimation in the low dose range on an individual level. Automated systems are
under development and provide very reproducible results but their major limitation is the
dicentric’s detection efficiency that remains around 50-70% [1]. Nevertheless, automated

dicentric assays are currently being investigated in the framework of the European Multi- biodose
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project (http://www.multibiodose.eu) that is aimed at analysing and adapting biodosimetric

tools to manage high scale radiological casualties.

In addition to acute whole-body exposures, dose estimation for protracted and partial-body
exposure can also be achieved by scoring dicentrics in lymphocytes. It should be noted that in
order to estimate dose, calibration curves are necessary. Although the scoring of dicentrics is
most suitable as a biomarker for external exposures [47], it can also be informative after internal
exposures to radionuclides that disperse fairly uniformly around the body. Isotopes of caesium
and tritiated water are two such examples [1]. Dicentric aberrations are unstable because their
frequency decreases with the turnover of peripheral blood lymphocytes. Thus, for reliable dose
assessment, dicentric aberration assays should be performed within a few weeks of exposure. If
performed later, the precision of the assay is diminished as the dose calculation requires the use

of half-time estimates for the disappearance of dicentrics [1].

3.4.2 Translocations

In contrast to dicentrics, reciprocal translocations are chromosomal aberrations that can persist
in peripheral blood lymphocytes for years and can thus be used as biomarkers of past exposures
[1]. This persistence reflects the presence of translocations in the lymphatic stem cells and is
affected by many factors. These include exposure conditions, such as dose rate and whole- body
vs. partial-body exposure. As translocations may be parts of complex chromosomal
rearrangements (CCRs) [48] that are unstable (see Section 4.1.3), it is essential to distinguish their
origin within the cell. The cells that are scored also influence measurements and dose calibration
for translocations, as it has been shown that the presence of unstable chromosomal aberrations
in the same cell reduces the frequency of translocations with time [49]. Therefore, only cells free

of any unstable chromosome damage should be scored.

The FISH technique or ‘““chromosome painting” is commonly used for the detection of inter-

exchanges, such as translocations and dicentrics (Figure 5). Currently the assay could be semi-
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automated, for instance through the use of a metaphase finder system, but there is still a need
for a fully automated image analyzer that would reliably differentiate normal cells from cells with
chromosomal aberrations [50, 51]. Rapid developments in the probe labelling methodology,
optics and imaging modalities, the assay has evolved in different directions like m-FISH, SKY-FISH,
and m-band where exchanges involved in any chromosomes or regions within chromosomes can
be identified easily similar to that, GTG-banding technique have been in use for the identification
of aberrations in individual chromosomes as well as in entire genomes. It was an attractive option
for many years back; however, RT measurements with latest FISH technology, and G-banding, in
dosimetry is limited because of either time factor and/or cost factor. However, it can provide a
true estimation of translocation frequency by analyzing the individual chromosomes for chronic

dose estimation.

A common feature of translocations among non-exposed subjects is the large inter-individual
variation in their number, age being the most important confounding factor [52]. Therefore,
natural occurrence and accumulation with lifespan can confound very low dose exposure
estimations. Despite the strong age-effect for translocations, subjects of the same age may show
large variation in translocation frequencies. The reasons for the age-dependent baseline
frequency is not fully established, but some of them may be linked with cellular mechanisms
changing with age such as DNA repair. From a number of confounders tested, smoking has been
demonstrated to increase translocation frequencies in some studies, but not in others, possibly
due to variations in cigarette types or numbers smoked [50]. Other sources of variation may
include clastogenic agents in the diet or environment, gender, ethnicity and genetic
polymorphisms in genes involved in cellular defense mechanisms. Individual dose assessment
using translocations is strongly dependent on the personal baseline frequency of this aberration,
and from a practical point of view, the time required for the analysis would severely limit the use

of such an approach for triage biodosimetry in large studies.
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Figure 5. Human lymphocyte metaphase illustrating FISH-based chromosome ‘painting’ to
detect chromosomes 1 (yellow/green), 4 (green) and 8 (orange) using whole chromosome and
pan-centromeric probes (left). A dicentric chromosome and its associated acentric fragment
(red arrows) as well as a reciprocal translocation of chromosome 1 illustrated by the two
bicolored chromosomes (green arrows) (right)

3.4.3 Micronuclei

Micronuclei (MN) form when mainly fragments or intact chromosomes are not properly
segregated into daughter cell nuclei at anaphase but instead remain in the cytoplasm after cell
division. Generally, they are regular in shape with a similar staining intensity to that of daughter
nuclei and they can be visualized as small spherical objects using any conventional DNA dye
(Figure 6). In comparison to most other cytogenetic techniques, MN are far easier to score both
manually and using automated microscopy slide scanning and image analysis systems [1, 53, 54].
As MN form only during cell division and, like dicentrics, are lost when cells continue to divide.
Fenech et al [55] developed a simple, most effective and reliable methodology to select cells
between first and second mitosis division using cytochalasin-B to inhibit cell division at
cytokinesis in a cycling cell and named as cytokinesis blocked micronucleus (CBMN) assay.

Indeed, reliable quantitative results are achieved by blocking the cell cycle progression of PHA-
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stimulated lymphocytes at the stage of cytokinesis after the first mitosis, and by performing
microscopic scoring of MN only in binucleated cells. An important caution is that many factors
like age, genetic makeup and storage of blood samples could influence the dose estimation using
the MN assay [56]. Similar to DC many laboratories have established dose response curves to
estimate the dose; it follows linear-quadratic pattern despite the fact that there are differences

in the obtained co-efficients among the established laboratories.
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Figure 6. Normal cell division (A), aberrant divisions with 2 (B), 3 (C) and 4 (D) micronuclei.
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MN reflects chromosomal damage and thus it is a useful index for monitoring environmental
effects on genetic material in human cells [57]. Due to the simplicity and the rapidity of scoring,
this assay has shown promising potential in the triage medical management. However, due to
background frequency of spontaneous MN frequency (0.002 to 0.036/cells) the sensitivity is 0.25
Gy [1]. The CBMN assay in addition to measuring the MN, it can also be used to measure nuclear-
plasmic bridges, nuclear buds, necrotic cells, apoptotic cell and nuclear division rate collectively
known as cytome assay [58]. Several studies have been carried out using the MN analysis in vitro
and in vivo, for the purposes of biological dosimetry. A good correlation between the doses
estimated from the MN frequency was observed in radiation workers [59] and in thyroid cancer
patients undergoing radioiodine treatment [60]. A large volume of published reports for in vitro
dose response curves is available. MN measured by cytokinesis-blocked micronucleus (CBMN)
assay show promise as a biomarker for individual radiosensitivity and susceptibility to

environmental carcinogens [61]. Consistent with this notion, a recent twin study provided

evidence for the high heritability of baseline and induced MN frequencies [62].

Figure 7. Binucleanted cells showing a centromenre negative MN (left) and a centromere
positive MN (right). Centromeres are stained with a pan-centromeric probe (spectrum orange)
and nuclei and MN are counterstained with DAPI.
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Due to variable base levels in different individuals, the standard CBMN assay cannot detect acute
whole-body doses below 200 mGy for low-LET IR. In addition, a wide range of clastogenic and
aneugenic agents (i.e. agents causing chromosome breakages and abnormal number of
chromosomes, respectively) can induce MN, and confounding factors include age and gender.
Most of this background ‘noise’ of MN in non-exposed individuals can be attributed to the loss

of one intact copy of the X-chromosome.

Selective scoring of MN that are negative for centromere-specific FISH signals (Figure 7) can
significantly improve the sensitivity to a minimum detectable acute whole-body gamma-ray dose
of 100mGy for individuals [63]. First steps have been made towards the development of an
automated analysis system for the micronucleus centromere assay [64] which would enable
large-scale studies of cohorts exposed to low-to-moderate radiation doses. Other limitations of
the CBMN assay include the minimum delay of 3 days between sampling and first results
becoming available, loss of the signal with lymphocyte turnover (as discussed above for

dicentrics) and its inability to detect non- uniform exposures [63].

3.4.4 Premature chromosome condensation (PCC)

When cycling cells enter mitosis, their nuclear membrane is dissolved and chromatin condenses
into the familiar shaped of metaphase chromosomes by the histone phosphorylation processes
of phosphokinases, which are generated during G2 to M-phase transition. Therefore,
measurement of chromosomal aberrations by means of the conventional metaphase method
requires that the cells of interest are in mitotic phase where chromosomes are highly condensed

and visible.

Alternatively, techniques have been developed to cause chromatin that is not at mitosis to
condense prematurely in cycling, quiescent or even in non-cycling cells. This phenomenon is
termed premature chromosome condensation (PCC), and it can be induced by fusing interphase

cells to mitotic Chinese hamster ovary (CHO) or Hela cells using Sendai virus or, particularly for
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lymphocytes, using the fusing agent polyethylene glycol (PEG). PEG is used for lymphocytes since
cell fusion by means of Sendai virus requires cells with membranes especially receptive to the
virus particles and it has been reported that Gy lymphocytes cannot be satisfactorily fused using
the Sendai virus. This difficulty was overcome for the purpose of biological dosimetry with the

use of PEG for PCC induction in peripheral blood G, lymphocytes, as shown in Figure 8 [1, 2].

The major advantage of the PCC method is that radiation-induced chromosomal damage can be
observed shortly after blood sampling, and it is also possible to score centric ring chromosomes,
dicentrics and translocations if the PCC method is combined with FISH chromosome painting or
C-banding [1] [25, 65]. The PCC technique is a very useful research tool to probe the immediate
post-irradiation processes and kinetics of chromosomal break restitution and/or misrepair to
form aberrations (i.e. dicentrics and translocations). These studies demonstrate that the
dicentrics, complete and incomplete translocations and acentric fragments, that one sees
eventually at metaphase, are formed essentially in Gg -lymphocytes and, therefore, their

formation do not require lymphocyte stimulation, culture and DNA replication.

Figure 8. Premature chromosome condensation induced by PEG-mediated fusion in an
unirradiated human lymphocyte fused with a mitotic CHO cell. Forty-six distinct single
chromatid PCCs can be seen (left). In irradiated quiescent cells a number of excess PCC
fragments (>46 chromosomes for human) can be scored (right).
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3.5 DNA and nucleotide pool damage Biomarkers

IR induces directly or indirectly, via ionization events, a variety of DNA lesions that could be
exploited as potential biomarkers of exposure [66]. It is estimated that exposure of mammalian
cells to 1 Gy of gamma or photon radiation can lead to 1000 single-strand breaks (SSB), 500
damaged bases, 40 double strand breaks (DSBs) and 150 DNA-protein cross-links [67]. However,
the formation of these DNA lesions is not unique to IR and thus they cannot be used per se as
biomarkers of exposure unless a number of confounding factors are taken into account, including
age, syndromes associated with oxidative stress and exposure to other genotoxins (including
smoking, certain occupational settings and chemotherapy). DNA strand breaks can be measured
directly or by using surrogate endpoints such as the presence of yH2AX foci or assays such as the
comet assay. The nucleotide pool is also target of IR and indirectly of oxidative stress, and in

recent years the use of 8-oxo-dG has been suggested as a potential biomarker.

3.5.1 DNA single/double strand breaks (DSBs)

Since SSB and especially DSBs are highly characteristic of the DNA lesions formed after exposure
to IR, assays detecting their formation and persistence or the individual’s ability to repair this
type of damage can be used as biomarkers for exposure as well as for individual radiation
sensitivity. To measure DNA SSB and/or DSB generated by IR several techniques with different
sensitivities in terms of the lesions detected and the level of detectable DNA damage exist. These
include techniques such as alkaline or neutral filter elution [68], alkaline unwinding [69], sucrose
gradient centrifugation [70] or pulsed field gel electrophoresis [71]. However, the utility of such
techniques for molecular epidemiological studies investigating low doses effects is limited as
none can be used to investigate DNA damage after exposures to doses under 2 Gy and at the

single cell level.

The comet assay is a relatively easy, quick and automatable test to detect direct DNA-damage at

36



the single cell level and with a higher sensitivity compared to methods described above. Its main
advantage is the requirement of only minimal numbers of cells (~10.000) or volumes of whole
blood (10 ul) [72]. It has been widely used to measure both in vitro and in vivo DNA damage and
repair following exposure of mammalian cells to various genotoxic agents including some
chemicals, IR and non-IR [73]. The assay can be performed in neutral or in alkaline conditions.
Both methods detect SSB and DSB however the alkaline assay is often used to detect SSB and
alkali-labile sites whereas the neutral comet assay is often used to detect DSBs, although it has
to be noted that this variant of the comet assay lacks sensitivity and specificity. With the alkaline
comet assay an irradiation dose range from 100 mGy to 8 Gy can be investigated as well as DNA
repair capacity. Because it can be automated, the assay is highly suitable for a screening assay in
human populations although some important criteria need to be taken into consideration: (a) the
specificity for radiation exposure is low, since oxidative stress in general induces single strand
breaks detected by the assay, and (b) inter-experimental variability is very high in the test system,
so the test has to be performed under highly standardized conditions with an automated analyses
and the inclusion of reference samples so that comparisons can be made over-time [74]. In
addition to being used as an endpoint to assess DNA damage levels, the comet assay can be used
as a bioassay for instance to evaluate DNA repair capacity. Using such an approach, biological
samples are irradiated in vitro and the level of persisting DNA damage with time used as a
biomarker of susceptibility. The results from such assays need to be interpreted with caution as
a number of confounding factors including age of the subject, smoking and diet have been

reported.

In general, the yield of formation of radiation-induced DNA lesions per dose unit is very low and
many of them are similar to those generated by endogenous stress. Even in the absence of
radiation, oxidative DNA lesions are detected in cells at levels around one modification per million
DNA bases, and after exposure of low doses may be difficult to interpret in terms of radiation
exposure biomarkers. Emphasis should be, therefore, on DNA lesions produced predominantly
by ionizing radiation such as complex DNA lesions and lesions generated in clusters [24, 75]. High
LET radiation produces greater lesion clustering due to the confined energy deposition since

direct ionizations along the DNA backbone will generate DSBs that can be only 10-20 bp apart
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leading to strand cross linking. However, the detection and quantification of clustered lesions
because of their very nature remains technically challenging. Yet, detection of clustered lesions
is particularly interesting because it has the potential to be radiation specific. This could be
technically feasible using surrogate endpoints signaled by the accumulation of phosphorylated
proteins at the damage sites such as yH2AX, i.e. the H2AX histone phosphorylated on Ser-139,

which form the typical DNA repair foci detected by immunological based techniques.

3.5.2 yH2AX and DNA repair

Following exposure to IR, molecules of histone H2AX at the broken site are rapidly
phosphorylated on serine 139 in the C-terminus. In continuation, multiple factors involved in DNA
repair and chromatin remodelling are assembled at the broken site and form the yH2AX foci [76].

Such yH2AX foci are simply visualized with antibodies to yH2AX with each DSB yielding one focus.

Figure 9. yH2AX foci in control (left) and irradiated with 1Gy (right) human lymphocytes.

The accumulation of yH2AX foci in the cell nucleus at the site of DNA DSBs occurs within minutes

after the induction of DNA damage (Figure 9). The maximum yield of foci is detected within 30—
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60 min after irradiation, depending on the dose, and after this, the number of foci usually
decreases to baseline level within days [77]. The measurement of yH2AX foci by means of
immunofluorescence microscopy could be used as a direct endpoint assessing the formation of
damage and therefore as a biomarker of exposure, whereas its persistence with time in irradiated
samples can be used to evaluate DNA repair capacity and thus as a biomarker of susceptibility

[77].

Several studies on patients medically exposed to low dose radiation have shown that the yH2AX
assay is very sensitive, and that foci after doses below 20-10 mGy can be detected. A study on
patients with differentiated thyroid carcinoma who underwent 131-lodine therapy showed that
exposure to radionuclide incorporation can be detected by yH2AX assay in mononuclear
peripheral blood leukocytes after absorbed doses to the blood below 20 mGy [78]. Studies
investigating yH2AX foci in blood samples of CT scanned patients before and after the CT scan,
have shown that yH2AX focus induction are sensitive enough to be used as biological dosimeters
[79]. However, extensive use of the assay as a biomarker of exposure directly in biological
samples obtained from a study subject is regarded as limited due to the fast decline of the signal
as well as variation of foci frequencies between individuals. Indeed, variables like age, smoking,
oxidative stress, inflammation, heat, genetic factors, etc., have been reported to influence the
YH2AX foci levels. Moreover, a difference in yH2AX foci yields obtained from the same samples
by different laboratories and methodical underestimation of doses has been reported as a major
concern when using flow cytometry; variations in foci loss during shipment of blood samples, or
variations in immunofluorescence staining quality were listed and should be minimized to reduce
the uncertainties [80]. It was also emphasized that one should not look upon any calibration
curves for this assay as in the DC and MN assays. Alternatively, the yH2AX foci assay should be
frequently recalibrated to take into account any drift in foci yields, and protocols should be

optimized to reduce variability and ensure consistency.

Despite these limitations, if samples can be obtained in appropriate time windows (1-12 hrs), the
YH2AX assay has potential to reveal low dose hypersensitivity [81]. Loébrich et al. have

investigated loss of yH2AX foci in lymphocytes of CT scanned patients and have demonstrated
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that the loss of yH2AX foci correlated with DSB repair [79]. Interestingly, one radiosensitive
patient presented elevated residual foci after CT, suggesting an impaired DNA repair. The kinetics
of yH2AX foci loss might thus be used as a biomarker of susceptibility in in vivo or in vitro studies.
However, as discussed above, due to the fast decline of the signal after exposure, in vitro
irradiation of subject’s cells to detect a loss in yH2AX foci might be more feasible in a large scale

epidemiological study.

When considering yH2AX foci frequency or foci loss as potential biomarkers of exposure or
susceptibility, it should be kept in mind that previous studies have provided evidence that at very
low doses (1.2-10 mGy), the loss of foci in irradiated mice or nondividing primary human
fibroblasts is impaired over several days compared to higher dose exposure [82]. Therefore, the
use of yH2AX foci loss as a biomarker of susceptibility in studies investigating the effects of less
than 10 mGy might not be suitable because the kinetics of foci loss will be difficult to establish.
Regarding the use of yH2AX foci frequency as a biomarker of very low dose exposure, the
persistence of the foci might be an opportunity to increase the time frame of sampling and testing

after irradiation and also to discriminate between irradiated and non-irradiated cells.

Optimization of yH2AX foci analysis according to cell cycle phases and its limitations has been
reviewed recently elsewhere [83]. Automation may improve the possibilities to apply the
technique as a biomarker in large scale accidents and molecular epidemiological studies to
investigate radiation sensitivity. There are two ways to automate the assay: (a) flow cytometric
analysis, and (b) automated microscopic analysis. Flow cytometric analysis has the disadvantage
that only total fluorescence instead of single foci are analyzed. As mentioned above for the
dicentric assay and the MN assay, the automation of yH2AX assay for rapid triage in case of mass

casualty scenario is one of the topics of interest in the European Multibiodose project.

3.5.3 Extracellular 8-oxo-dG

Recently, attention has been drawn to the nucleotide pool as a target of IR and it has been
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suggested that extracellular 8- oxo-dG primarily originating from the sanitization process of 8-
oxo- dGTP, may serve as a biomarker of the intracellular oxidative stress [84]. The mechanism(s)
of radiation induced nucleotide pool damage are not well understood, dose—-response relations
suggest that in the low dose region (1-100mGy) radiation will trigger a stress response reaction
leading to an endogenous formation of ROS that is the dominating cause of 8- oxo-dGTP
production [85]. The dose—response relations are not linear and saturates for doses in the 0.1-1
Gy range. Regarding radiation-induced endogenous formation of ROS, mechanistic studies in

cellular model systems have shown that it is transient with a time span over a few hours.

In parallel with the formation of 8-oxo-dGTP, the levels of the nucleotide pool sanitizing enzyme
with 8-oxo-dGTPase activity (nMTH1) were increased following exposure to low dose radiation
suggesting that subsequent ROS production will trigger the activation of cellular defense systems
against oxidative stress [85]. Increased serum levels of 8-oxo-dG have also been suggested to
correlate with inflammatory responses — that are known to generate ROS — in a group of
haemodialysis patients [86]. Thus, although extracellular 8-oxo-dG may be used as a biomarker

of oxidative stress it lacks the specificity for a biomarker of exposure to IR.
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4 Materials and methods

4.1 Cell cultures and preparation of PCC-inducer mitotic CHO cells

Chinese hamster Ovary (CHO) cells were grown in McCoy’s 5A (Biochrom), culture medium
supplemented with 10% FBS, 1% I-glutamine and 1% antibiotics (Penicillin, Streptomycin),
incubated at 37 °C in a humidified atmosphere with 5% CO,. CHO cultures were maintained as
exponentially growing monolayer cultures in 75 cm? plastic flasks at an initial density of 4 x 10°
cells/flask. Colcemid (Gibco) at a final concentration of 0.1 pg/ml was added to CHO cultures for
4 hours and the accumulated mitotic cells were harvested by selective detachment. Once a
sufficient number of mitotic cells had been obtained, they were used as supplier of mitosis-
promoting factors (MPF) to induce PCC in human lymphocytes. Generally, the mitotic CHO cells

harvested from one 75 cm? flask were used for 2-3 fusions.

4.2 Lymphocyte isolation, irradiation conditions and conventional cell
fusion mediated premature chromosome condensation

Human lymphocytes were separated from heparinized blood samples using Biocoll separating
solution (Biochrom). The blood sample was diluted 1:2 in RPMI-1640 without FBS, and was
carefully layered on top of an equal amount of Biocoll in a test tube before centrifugation at 400g
for 20 min. Collected lymphocytes were washed with 10 ml culture medium, centrifuged at 300g
for 10 min and kept in culture medium (RPMI-1640 supplemented with 10% FBS, 1% glutamine
and antibiotics). Lymphocytes isolated from 1-2ml of blood were used for each experimental

point, mixed with CHO mitotics and fused by means of Polyethylene Glycol (PEG) (Figure 10).
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Figure 10. Human lymphocytes (Ly) are isolated using Biocoll separating solution (left), mixed
with mitotic CHO cells (centre) and fused by means of PEG (right).

Irradiation was carried out in vitro using a Gamma Cell 220 irradiator (Atomic Energy of Canada
Ltd., Ottawa, Canada) at room temperature and at a dose rate of 20cGy/min. Different irradiation

times were applied in order to deliver to the blood samples doses ranging from 0.5 to 6Gy.

Mitotic CHO cells harvested from a 75 cm? flask were used for 2-3 fusions. Briefly, lymphocytes
and mitotic CHO cells were mixed in serum-free RPMI-1640 medium containing HEPES (25mM)
in a 15ml round-bottom culture tube in the presence of colcemid. After centrifugation at 200g
for 6 min, the supernatant was discarded without disturbing the cell pellet, keeping the tubes
always inverted in a test tube rack on a paper towel in order to drain the pellet from excess liquid.
While holding the tubes in an inverted position, 0.15 ml of 45% (w/v) PEG (mol wt 1,450, Sigma-
Aldrich/serum-free RPMI 1640 with Hepes) was injected forcefully against the cell pellet using a
micropipette and immediately after the tube was turned in an upright position and held for about
1 min. Subsequently, 1.5 ml of phosphate buffered saline (PBS) was slowly added, the tube was
shaken gently and the cell suspension was centrifuged at 200g for 6 min. The supernatant was
discarded and the cell pellet was resuspended gently in 0.7 ml RPMI-1640 complete growth
medium with colcemid. To optimize cell fusion when a low number of lymphocytes is available,
complete lymphocyte growth medium, containing 1% phytohemagglutinin (PHA) and 10% FBS,
was used [28, 87]. After 60—75 min at 37°C, cell fusion and PCC induction was completed (Figures
11 and 12). Afterwards, cells were treated with hypotonic solution KCI (0.075 M), and fixed with

methanol:glacial acetic acid (3:1, v/v), following standard cytogenetic procedures with
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centrifugation at 250g. Chromosome spreads were prepared, slides were air-dried and stained
with 3% Giemsa in Sorensen buffer solution. The PCC fragments per cell in excess of 46 PCCs were
scored for each experimental point using light microscopy and the analysis was greatly facilitated

by an image analysis system (lkaros, MetaSystems).

Lymphocyte
(GO-phase)

Fusion using PEG
>

Premature
Chromosome

-‘. Condensation
(PCC)

Cell hybrid
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(Metaphase) h “

MPF

Figure 11. The presence of Mitosis-Promoting Factors (MPF) in the hybrid cells disolves the
nuclear membrane of interphase lymphocytes and condenses their diffuse chromatin into
distinct chromosomes, enabling thus their visualization.



Figure 12. Darkly stained double-chromatid chromosomes represent hamster CHO mitotics
while the lighter-stained single-chromatid chromosomes represent the lymphocyte PCCs.

4.3 Development of a micro-PCC assay as a rapid and minimally invasive
automatable tool for early triage biodosimetry

A detailed protocol for the conventional PEG-mediated cell fusion and PCC induction in
lymphocytes using mitotic CHO cells was established and standardized in our laboratory to
facilitate the adoption of this technically demanding but not yet widely used PCC assay by other
biodosimetry laboratories. This protocol was shared with members of the European
Biodosimetry Network (RENEB) in order to harmonize and standardize the scoring criteria for the
construction of reference calibration curves, and use the PCC assay for the estimation of

absorbed doses in case of radiation accidents.

However, the protocol’s requirements of using blood sample volumes of 1-2ml for each person,
Ficoll-Paque gradients for lymphocyte isolation and 15ml round-bottom culture tubes for cell

fusion, PCC induction and chromosome preparation, introduce difficulties in applying it for mass-
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casualty events. For the development of an automatable micro-PCC assay for rapid individualized
risk assessments in large-scale radiological emergencies, the various steps of the above
procedures were, therefore, adapted so that they could be applied to very small blood volumes

of 100ul using 96-well plates of 2ml/well.

The 96-well plates are advantageous for high-throughput analysis since the various steps
required by the protocol can be applied to all 96 wells simultaneously. Interestingly, the
morphology of the lymphocyte PCCs obtained was practically identical to that obtained using the
conventional PCC procedure, which requires much larger blood volumes, and it allows, therefore,
the simultaneous processing and dose assessments for multiples of 96 blood donors. In fact, the
use of only 1.5ml of hypotonic solution and the fixation of cells twice with 1.5ml of Carnoy’s
fixative in the 96-well plates offers high quality PCC images. More details for the development of

such an automatable micro-PCC assay are presented in the Results section.

4.4 Centromeric and telomeric staining of lymphocyte PCCs with PNA
probes

Staining of centromeres and telomeres in lymphocyte PCCs (C/T FISH staining) was performed
using the Q-FISH technique with a FAM-labeled PNA probe, specific for telomere sequences
(TelC-FAM), and a Cy3-labeled PNA probe, specific for centromere sequences (Cent-Cy3) (both
from Panagene, Daejon, South Korea). Briefly, the slides were kept in an oven at 60°C for at least
1h, washed in phosphate buffered saline (PBS) solution for 15min, fixed in formaldehyde 4%
solution for 2 min, washed again in PBS twice for 5 min and digested in a pre-warm pepsin
solution (1mg/ml) for 3 min at 37°C. After three PBS washes, slides were washed and refixed,
dehydrated with 70%, 90%, 100% ethanol and air dried. PNA probes for centromere and telomere
staining were applied, co-denaturated for 3 min at 80°C and incubated for 2 h in a humidified
chamber at room temperature in the dark. After hybridization, slides were washed with 70%
Formamide, 1% Tris 1M pH7.2, 1% BSA 10%, H20, twice for 15 min, then in TBS/Tween 0.08%
three times for 5 min each, dehydrated with 70%, 90%, 100% ethanol series, and finally
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counterstained with DAPI (1pg/ml) and mounting medium.

4.5 Analysis and scoring criteria

Lymphocyte PCC spreads were located manually and their analysis was facilitated by the use of a
semi-automated image analysis system (lkaros, MetaSystems). Specifically, the analysis of excess
PCC fragments in lymphocyte PCC spreads stained with Giemsa was greatly facilitated by the
appearance of the PCCs, which are lighter stained than the CHO mitotic cells and, therefore, easily
distinguished from the mitotic chromosomes of the CHO cells. In unirradiated lymphocytes, 45-
46 elements were scored in PCCs spreads and, in order to calculate the frequency of excess PCC
fragments, this number was subtracted from the one obtained in the irradiated lymphocyte PCCs.
Generally, a number of 20-30 PCC-spreads was considered adequate for dose estimation
following a single exposure. When C/T staining with PNA probes was applied, dicentrics plus
centric ring chromosomes were quantified accurately on the basis of the detection of
centromeric regions and telomeric sequences using the ISIS FISH-imaging software

(MetaSystems). Only PCC spreads with 46 centromeres were analyzed.

4.6 Whole blood cell cultures for conventional dicentric chromosome
analysis at metaphase

Peripheral blood from healthy individuals was drawn in heparinized tubes. Informed consent was
obtained from each donor. Cultures were set up by adding 0.5 ml of whole blood to 5 ml of RPMI-
1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS), 1% phytohemagglutinin
(PHA), 1% glutamine and 1% antibiotics (penicillin, streptomycin). Cultures were then incubated

at 37°C in a humidified atmosphere with 5% CO?2.

After 48-50h at 37°C, cell cultures were harvested, treated with hypotonic solution KCI (0.075 M)

and fixed with methanol:glacial acetic acid (3:1, v/v), following standard cytogenetic procedures
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with centrifugation at 250g. Chromosome spreads were prepared, slides were air-dried and
stained with 3% Giemsa solution. Only metaphases with 46 centromeres were analyzed and
chromosomal aberrations were scored for each experimental point using light microscopy. The

analysis was greatly facilitated by image analysis systems (lkaros MetaSystems).
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5 Results

5.1 Development of an automatable micro-PCC assay for early triage
biodosimetry

The original protocol for the conventional PCC assay uses 1-2ml blood sample volumes per
experimental point, lymphocyte isolation by means of Ficoll-Paque or Biocoll gradients, as well
as 15ml round-bottom culture tubes for cell fusion, PCCinduction, and chromosome preparation.
The various steps of the procedure were adapted, therefore, towards the development of an
automatable micro-PCC assay using blood volumes of only 100ul, and multi-tube racks or 96-well

plates of 2ml.

5.1.1 Protocol adaptation to the requirements of the micro-PCC assay

As a first step, lymphocytes were separated from 3ml of whole blood using Biocoll and, from the
lymphocytes obtained, only the proportion corresponding to blood volumes of 100ul were used
and successfully fused with CHO mitotic cells for PCC induction in 2ml round bottom safe-lock
tubes. Subsequently, in order to comply with the requirements of a high-throughput blood
sample collection based on small volumes of around 100ul, as a second step, we experimented
to isolate efficiently lymphocytes from such small blood samples, using either Biocoll or
ammonium chloride red blood cells lysing solution. Even though the isolation of lymphocytes
with Biocoll in 2ml tubes was feasible, it was time-consuming and less efficient than that carried

out with ammonium chloride.

5.1.2 Lysis of red blood cells with ammonium chloride allows induction of
lymphocyte PCCs without the need of Biocoll gradient

As an alternative to the Biocoll gradient for separating lymphocytes from whole blood, the use
of red blood cell lysing solution appeared to be more efficient and practical. Indeed, the entire

procedure required a single 2ml tube, which was used for the 100ul blood sample collection, red
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blood cell lysis, lymphocyte fusion to mitotic CHO cells, culturing of fused cells for PCC induction,
and cell fixation for chromosome slide preparation for the analysis of lymphocyte PCC spreads.
This improvement reduces the number of sample transfers, minimizes cell loss, and simplifies
tracking operations. We demonstrated for the first time, therefore, that lymphocytes isolated
from 100ul blood sample via ammonium chloride lysing solution in 2ml tubes can be fused with

CHO mitotic cells.

5.1.3 Implementation of the micro-PCC assay in multi-tube racks and 96-well
plates

The milestones achieved in the development of the micro-PCC assay were successfully applied in
multi-tube racks and 96-well plates of 2ml. The 96-well plates proved to be more useful, as the
various steps required by the protocol could be applied to all 96 wells simultaneously (Figure 13).
Briefly, heparinized blood samples in volumes of 100ul were transferred to each well and 1.5ml
of cold red blood cell ammonium chloride solution were added for 10 minutes. The red blood cell
lysing solution was prepared from a 10X, 100ml stock solution containing 8.02g ammonium
chloride, 0.84g sodium bicarbonate and 0.37g disodium EDTA. Following centrifugation at 250g
for 6 min, lymphocytes and mitotic CHO cells were mixed in 1.5 serum-free RPMI-1640 medium

in each well in the presence of colcemid.

After centrifugation at 200g for 6 min, the supernatants were discarded keeping the 96-well
plates inverted on a paper towel for a few minutes in order to drain the pellets in the wells from
excess liquid. In continuation, 100ul of 45% (w/v) PEG were injected to the cell pellet in each well
and, subsequently, 1ml of PBS containing colcemid was slowly added, before centrifuging the
plates at 200g for 6 min. All the supernatants were discarded at once and the cell pellet in each
well was resuspended gently in 0.3 ml RPMI 1640 complete growth medium with colcemid and
1% phytohemagglutinin (PHA). After culturing for 75 min at 37°C, cells were treated with
hypotonic KCL (1.5 ml in each well), and fixed twice with 1.5 ml per well methanol:glacial acetic
acid (3:1 v/v), following standard procedures. Following centrifugation at 250g, chromosome

spreads were prepared for each well. For this purpose, the cells in each well were resuspended
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in 50ul of fixative and three microscope slides with chromosome spreads were prepared by
dropping 15ul aliquots to each pre-cleaned slide. Finally, air-dried slides were stained with 3%
Giemsa solution in Sorensen’s buffer (pH 6.8) and covered with cover slips using Entellan
mounting medium, before their microscopic analysis. A scheme of the various steps of the

developed protocol is presented in Figure 14.

Figure 13. The 96-well plates used in the micro-PCC assay enable the simultaneous preparation
of chromosomes for multiples of 96 individuals since the various steps required by the protocol
can be applied to all 96 wells simultaneously.

Add blood Add lysing Add CHO Add PEG Add PBS Add Final Add KCL Add Fixative Prepare slides
samples  solution  mitotics medium
100 pl 1.5 ml 1.5 ml 100yl 1 ml 0.3 ml 15ml 15ml 1.5ml 50yl 15yl 15yl 15 ¢l

Incubate

Triiit
o 11 | 111 \

Centrifuge and discard Centrifuge and discard

111y 11

Figure 14. Scheme of the automatable micro-PCC assay for simultaneous analysis of 96
individuals. Volumes refer to each well of the 96-well plate.
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5.1.4 Morphology of the lymphocyte PCCs obtained using the micro-PCC assay
and Giemsa staining

The morphology of the lymphocyte PCCs obtained with the above micro-PCC procedure is
practically identical to that obtained using the conventional PCC assay. It allows, therefore, the
analysis of radiation induced excess PCC fragments stained with Giemsa, which is simple, rapid
and cost-effective. Interestingly, the use of only 1.5ml of hypotonic solution and the fixation of
cells twice with 1.5ml of Carnoy’s fixative in the 2ml tubes offered high quality PCC images. Figure
15 (top) presents a typical image of a non-irradiated lymphocyte (46 PCCs), whereas Figures 15
(bottom left and right) show the impact of 0.5Gy (3 excess PCCs) and 2Gy (10 excess PCCs) of Co-

60 y-irradiation, respectively.
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Figure 15. Giemsa stained PCCs, obtained by means of the micro-PCC assay, demonstrating 46
single chromatid chromosomes in a non-irradiated lymphocyte (top). Three excess (over 46)
PCC fragments can be visualized in an irradiated lymphocyte with 0.5Gy of Co-60 y-irradiation
(bottom left). Ten excess PCC fragments can be scored following irradiation with 2Gy (bottom
right).
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5.2 Construction of dose response calibration curves adjusted to the
conditions of the proposed micro-PCC assay for early triage

Following the protocol for the micro-PCC assay described above and based on our results so far,
the analysis of 20-30 lymphocyte PCC spreads are sufficient to obtain a reliable dose estimate.
Essentially, the analysis of the 15pul fixed cells dropped on a single slide provides the necessary
amount of fusions to allow for the estimation of the dose received by exposed individuals.
However, when blood samples of less than 100ul were used, more than one slide need to be
analysed, depending of course on the number of lymphocytes/ul in the blood sample.
Lymphocyte PCC spreads were located manually and their analysis was facilitated by the use of a
semi-automated image analysis system (lkaros, MetaSystems). In unirradiated lymphocytes, 46
chromosomes can be scored in PCC spreads and, in order to calculate the frequency of excess
PCC fragments, this number was subtracted from the one obtained in the irradiated lymphocyte
PCCs. Figures 16A, 16B and 16C present reference calibration curves constructed for dose
estimation in case blood samples are received within 6, 12 or 24 hours post-exposure. A
comparison of the dose-response curves obtained under the different post-exposure repair times

is presented in Figure 16D.
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Figure 16. Dose-response curves are presented for Giemsa-stained excess lymphocyte PCC
fragments per cell for post-exposure repair time of 6h (Linear, a;=1.70 = 0.08, y(,:=0.075) (A), 12h
(Linear, a,=1.54 + 0.08, yo; = -0.20) (B) and 24h (Linear, a3=1.41 + 0.06, yo3 =0.06) (C). Figure D

depicts a comparison of the dose-response curves obtained under the different post-exposure
repair times.

55



5.3 Advantages of the micro-PCC assay compared to the DC assay for
early triage biodosimetry

For the standardization of the micro-PCC assay, appropriate calibration curves were constructed
as presented above, and its applicability and reliability for rapid dose assessment was compared
to the DC assay through the evaluation of speed of analysis and minimum number of cells
required for each method. For this purpose, a simulation of an accident was performed.
Specifically, blood samples from healthy individuals were irradiated with doses of 0.5Gy, 1Gy and
2Gy of gamma irradiation, coded blindly and, subsequently, used for dose estimation by means
of both assays. The micro-PCC assay as well as the DC assay were performed and air dried

chromosome preparations were stained with Giemsa.

The yields of excess fragments in Go-Lymphocyte PCCs were obtained scoring 10, 20 or 30 cells
(Table 2), while the yields of dicentrics plus centric rings analysed at metaphase were obtained
scoring 50, 100, 200 or 300 cells, with a delay of two days due to lymphocyte culturing (Table 3).
By comparing the results of each method, it is evident that the analysis of only 20-30 cells by the
micro-PCC assay offers dose estimates with an accuracy that would require the analysis of 200-

300 cells by the DC assay.
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Table 2. Simulated whole body exposure to 0.5, 1 and 2Gy and dose estimation using the micro-
PCC assay for the analysis of Giemsa-stained excess PCC fragments by scoring 10, 20 or 30 PCC
spreads in non-stimulated lymphocytes. Mean doses are shown with low- (LCL) and upper- (UCL)

confidence limits.

Analysis of 10 Cells

Analysis of 20 Cells

Analysis of 30 Cells

Estimated Dose (Gy)

Estimated Dose (Gy)

Estimated Dose (Gy)

P:r“.e | Excess EXcess Excess  EXcess Excess  EXcess
ysica fragm. fragm. Dose LCL uCL fragm. fragm. Dose LCL ucL fragms fragm. Dose LCL ucL
Dose Jcell Jcell Jcell
(Gy)
0.5 5 0.5 0.31 0.15 0.49 13 0.65 0.42 0.25 0.60 19 063 041 0.24 0.58
1.0 11 11 0.74 0.56 0.93 23 1.15 0.77 0.59 0.97 42 140  0.95 076 1.16
2.0 24 2,4 1.66 1.44 1.90 57 2.85 1.98 1.75 2.23 91 3,03 211 1.87 2.36
Table 3. Simulated whole body exposure to 0.5, 1 and 2Gy and dose estimation using the
Dicentric plus centric ring (Dic +CR) analysis at metaphase lymphocytes. Mean doses are
represented with low- (LCL) and upper- (UCL) confidence limits.
Analysis of 50 Cells Analysis of 100 Cells Analysis of 200 Cells Analysis of 300 Cells
Estimated Dose (Gy) Estimated Dose (Gy) Estimated Dose (Gy) Estimated Dose (Gy)
True Dic+CR Dose LCL UCL Dic+CR Dose LCL UCL Dic+CR Dose LCL UCL Dic+CR Dose LCL UCL
Physical
Dose
(Gy)
0.5 0 0 0 0.95 1 0.26 0 0.81 3 0.36 0.10 0.70 7 0.47 0.26 0.74
1.0 2 0.66 0.15 1.38 7 0.92 0.54 1.38 18 1.06 0.79 1.37 24 099 0.76 1.24
2.0 10 1.65 1.10 2.30 16 1.46 1.07 191 44 1.74 1.46 2.04 82 196 1.73 2.20
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5.4 Combining C/T FISH staining with micro-PCC for the overexposed
individuals

Once the overexposed individuals have been identified using the micro-PCC assay, further
evaluation into treatment-level categories can be achieved by combining this assay with
centromeric/telomeric (C/T) peptide nucleic acid (PNA) probes and FISH technique [28, 88]. As
shown in Figure 17, dicentrics and centric ring chromosomes cannot be identified using Giemsa
staining. Indeed, the arrow in this figure points to a probable dicentric chromosome but detection

of the centromeric regions is necessary in order to confirm it.

4

Figure 17. Using Giemsa staining, dicentrics and centric ring chromosomes cannot be identified.
The arrow points to a probable dicentric chromosome but detection of the centromeric regions
is necessary in order to confirm it.
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The C/T FISH technique enables visualization of centromeric and telomeric regions (Figure 18)
and quantification of radiation induced chromosomal aberrations in the lymphocytes PCCs as

shown in Figure 19.

Figure 18. Lymphocyte PCCs visualized by means of C/T staining with PNA probes. In a non-
irradiated lymphocyte, not only the 46 distinct single chromatid PCCs can be now visualized,
but their centromeres and telomeres as well.
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Figure 19. Dicentrics and centric ring chromosomes can be detected in non-stimulated
lymphocytes with a level of accuracy and ease not previously achievable. Dicentrics and a
centric ring chromosome are shown in a lymphocyte exposed to 8 Gy, following a 24 h post
irradiation repair period.

As a result, it is then possible to obtain rapid dose and risk assessments based on the detection
of centromeric and telomeric regions, which enables the accurate scoring of dicentric and centric
ring chromosomes in GO-lymphocyte PCC spreads (Figure 20), and the calibration curve

constructed for doses ranging from 0 up to 10 Gy y-radiation (Figure 21).
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Figure 20. GO-lymphocyte PCCs visualized by means of inverted grey scale mode (ISIS-FISH
software, MetaSystems) following a 24 h post irradiation repair period showing 2 possible
dicentric chromosomes (A). True dicentric chromosomes (T dic) can be detected accurately
only by means of C/T FISH staining with PNA probes (B). The presence of telomeric staining
(Tel-FAM, green) between the 2 centromeres (Cent-Cy3, red), as shown in this figure (B),
confirms undoubtedly a false dicentric (F dic).
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Figure 21. Absorbed dose estimates can be obtained based on the calibration curve constructed
in our laboratory.
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5.5 Work in progress towards the automation of the developed micro-
PCC assay

Regarding the automated acquisition of PCC images and their automated analysis, we are
currently collaborating with MetaSystems (Germany), the world-leader in computerized
automated microscopic imaging. Specifically, we are considering a potential adaptation of their
slide-scanning platform “Metafer” for the needs of automated acquisition of high-resolution
images of CHO metaphases-Lymphocyte PCC spreads. Since the CHO metaphase chromosomes
appear much darker than the light-Giemsa-stained human lymphocyte PCCs, it is easy to identify
the lymphocyte PCC spreads enabling, thus, their automated acquisition and analysis required
for dose estimation. To this end, a suitable image analysis software is being developed that will

process the PCC images and automate their analysis.

With respect to the automation of all the individual steps of the micro-PCC assay for high-
throughput biodosimetry, the Centers for Medical Countermeasures Against Radiation (CMCR) at
Columbia University Medical Center is being consulted, given their experience with robotic
platforms for blood sample handling and chromosome analysis. In addition, the Cytogenetic
Biodosimetry Laboratory at the Radiation Emergency Assistance Center, Oak Ridge Institute for
Science and Education, is being consulted as well, due to their interest in the development of
high-throughput platforms for cytogenetic applications and novel biomarkers based on
chromosomal rearrangements in lymphocyte PCC spreads as visualized by the mFISH technique

(multicolor Fluorescence In Situ Hybridization).
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6 Discussion

The main goal of biodosimetry is to utilize biological changes caused by ionizing radiation in an
individual and use them as biomarkers of exposure in order to estimate the dose received and to
predict its clinically relevant consequences. The development of rapid, accurate, and reliable
biodosimetry tools has been primarily motivated by the potential need to confront large-scale
radiological events. In such cases, it is crucial to be able to identify the exposed individuals who

would benefit from receiving urgent medical care.

To this end, it is imperative to set a reasonable cut-off dose of absorbed radiation as a threshold
that will allow the categorization of the exposed population. Specifically, for doses below such a
cut-off value, countermeasures are not immediately needed since medical treatment would not
be expected to impact mortality. On the other hand, for individuals with absorbed doses above
the cut-off value, medical treatment would be necessary to improve survival rates. This cut-off is
generally set at 2 Gy, yet this threshold could be set higher if the number of affected individuals
is beyond the capacity of the available medical facilities [4, 7, 89-91]. Such biodosimetry
screening enables the categorization of the exposed individuals into three categories: those who
have suffered radiation injury, for whom immediate medical intervention is vital; those with
intermediate exposure close to the threshold cut-off dose, for whom medical intervention is
necessary to mitigate the short, medium and long term effects of exposure, and the “worried
well” with probable low doses, for whom no deterministic effects are expected but long term

monitoring may be required [92].

For timely biodosimetry dose assessments, the 48hour peripheral blood lymphocyte culture
required for the standard DC analysis at metaphase remains the major obstacle for rapid dose
estimation and the use of the dicentric assay for triage of a population after a mass exposure
event. Alternatively, the conventional PCC fusion technique, which is based on the induction of
premature chromosome condensation in unstimulated G,-peripheral blood lymphocytes, allows

a rapid visualization of radiation-induced chromosomal aberrations enabling their analysis.
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However, the use of this technique for triage biodosimetry has been restricted so far, since it
requires 1-2ml blood samples per exposed individual, so that fingerstick blood sampling, which

is crucial for large population screening, cannot be utilized.

To overcome this obstacle, we developed in the present work, an automatable micro-PCC assay
that is appropriately designed to be suitable for triage biodosimetry to obtain rapid individualized
dose estimates in cases of large-scale radiological emergencies or accidental overexposures.
Indeed, this new method has the potential to screen fingerstick derived blood samples of around
50ul, in order either to estimate past radiation exposure, or to sort a large number of individuals
exposed above or below a pre-set cut-off dose. Compared to the dicentric chromosome assay,
which at present is the standard technique for biological dosimetry, our results demonstrate that
the micro-PCC assay is quicker as well as reliable and cost effective for early triage biodosimetry.
Indeed, Giemsa-stained excess PCC fragments can be visualized for scoring within 2 hours from
the moment blood samples are available and dose estimations can be obtained subsequently
using the appropriate calibration curves that we have constructed for standardization purposes

of this assay.

Specifically, we have introduced for the first time the use of blood samples of 100ul for PCC
induction in 96-well plates. Interestingly, the morphology of the lymphocyte PCCs so obtained is
practically identical to that obtained using the conventional PCC assay. This innovation in the PCC
protocol has two main advantages for its use in early triage of radiation emergencies involving
large populations, as such very small amounts of blood need to be sampled together with the use
of the 96-well plates, allowing thus a fast and reliable triage of many individuals simultaneously.
Indeed, the analysis of only 20-30 lymphocyte PCC spreads are sufficient to obtain reliable dose
estimates, as presented in Table 2. This is because the analysis is based on radiation-induced
chromosomal fragments in excess of 46 PCCs. This number of 46 PCCs constitute the human
genome, which is remarkably stable in healthy individuals. This allows to link every single excess
fragment above 46 to radiation exposure. In contrast, using the conventional DC analysis at

metaphase, radiation-induced dicentric chromosomes are rare, especially at low doses, and
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therefore many more cells must be analysed for reliable dose assessment, as shown in Table 3.
Therefore, the micro-PCC technique has the potential to deliver data for dose assessment in a
significantly shorter period of time than any other biological assay being used currently, as only
few lymphocyte PCC spreads need to be analysed in order to detect exposed individuals. Indeed,
by comparing the results of each method in Table 2 and Table 3, it is evident that the analysis of
only 20-30 cells by the micro-PCC assay offers dose estimates with an accuracy that would require

the analysis of 200-300 cells by the DC assay.

While overexposed individuals are identified using the micro-PCC assay through the analysis of
Giemsa stained excess lymphocyte PCCs, centromeric and telomeric staining can be also applied
in lymphocyte PCCs using PNA probes and the FISH technique (C/T-PCC-FISH) for the accurate
scoring of dicentric and centric ring chromosomes. This additional analysis permits the reliable
detection of all unstable chromosomal aberrations in lymphocyte PCCs with high level of
precision and sensitivity as explained in Figure 20. Therefore, it can be carried out in order to
confirm doses in the overexposed individuals only, given that it is quite an expensive procedure.
Moreover, the C/T-PCC-FISH method may be also of use for the detailed categorization of the

exposed individuals.

Further development of the micro-PCC assay is in progress in order to pave the way to the
automation of assay for early triage biodosimetry in order to increase throughput and scoring
objectivity. Indeed, we are currently collaborating with the company MetaSystems (Germany)
and the Centers for Medical Countermeasures Against Radiation (CMCR, USA), world leader in
computerized automated microscopic imaging and experienced in robotic platforms for blood
sample handling and chromosome analysis, respectively. Moreover, the outgoing collaboration
with the Cytogenetic Biodosimetry Laboratory (CBL) at the Radiation Emergency Assistance
Center, Oak Ridge Institute for Science and Education, will allow additional applications of the
micro-PCC assay to develop new radiation exposure biomarkers and investigate the mechanisms
underlying chromosomal instability based on chromosomal rearrangements as visualized by the

multicolor Fluorescence In Situ Hybridization (mFISH) technique[93-96].
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To conclude, the micro-PCC assay developed in this work has the potential to deliver data for
dose assessment in a significantly shorter period of time than any other cytogenetic assay
currently being used, as it does not require lymphocyte culture and only a few cells need to be
analysed in order to detect exposed individuals. In addition, this automatable assay has the
potential to discriminate between whole- and partial-body exposure, which is of great
importance for designing the treatment of individuals exposed to life threatening doses of
radiation. Moreover, the analysis of Giemsa-stained excess PCC-fragments is a simple and cost-
effective alternative to the C/T-PCC-FISH method and it enables a rapid estimation of absorbed
doses within 2-3hours. Furthermore, its automation could potentially increase throughput and

scoring objectivity of the PCC-assay, and it remains a challenge for the near future.
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