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Abstract

Background — the detection of CK-19 mRNA-positive circulating tumor cells (CTC) before
and/or after adjuvant chemotherapy in patients with operable breast cancer is associated
with poor clinical outcome. Reliable prognostic markers for late disease relapse are not
available. In this study we investigated the value of CTC detection during the first 5 years of

follow-up in predicting late disease relapse.

Patients and Methods — blood was analyzed from 312 women with operable breast
cancer who had not experienced disease relapse during the first two years of follow-up. A
real-time RT-PCR for CK-19 mRNA was used for CTC detection three months after the
completion of adjuvant chemotherapy and every six months thereafter for a 5-year follow-up

period.

Results — eighty (25.6 percent) patients remained CTC-free throughout the 5-year period.
A change in CTC status was observed in 133 (42.6 percent) patients; 64 (20.5 percent)
patients with initially CK-19 mRNA-positive CTC during the first 24 months turned CTC-
negative afterwards while 69 (22.1 percent) who were initially CTC-negative became CTC-
positive. Ninety-nine (31.7 percent) patients remained persistently CK-19 mRNA-positive.
After a median follow-up period of 107 months (range: 38-161 months), the persistently
CTC-positive patients with either hormonal receptor positive or negative tumors, had a
higher risk of late disease relapse compared to the persistently CTC-negative patients (36.4
percent versus 11.2 percent, p<0.001). Multivariate analysis revealed that persistently
CTC-positive patients also had a shorter disease-free (p=0.001) and overall survival
(p=0.001).

Conclusion — persistent detection of CK-19 mRNA-positive CTC during the first 5 years of
follow-up is associated with an increased risk of late relapse and death for patients with
operable breast cancer, indicating the presence of chemotherapy- and hormonotherapy-
resistant residual disease. This prognostic evaluation may be useful when deciding on

subsequent adjuvant systemic therapy.
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Ekrevng¢ mepiAnyn ora EAAnvika

Eicaywyn: O 8InBnTikdG Kapkivog Tou JaoTou gival N TTIO OUXVI KAKORBEIa OTIG YUVAIKEG,
QVTITIPOOWTTEUOVTAG TO 28% TWV VEWV TTEPITITWOEWY KApPKivou Kal T0 15% Twv Bavdatwy
a1Tod KAPKivo. AOYyw TngG MEIWONG TWV TTOCOOTWYV BvnoINdTNTAG, TA OTToIa OPEiAovTal OTNV
EUpPEia EQAPUOYN TOU TTPOCUMPTITWHATIKOU EAEYXOU HE HAOTOYPA®IA KAl OTNV ETTIKOUPIKI)
Bepartreia, TEPICCOTEPESG YUVAIKES ETTIBILOVOUV OTIG JEPES Pag aTttd TN vooo. Asdopévou 0TI N
METAOTATIKN) VOOOG Bewpeital aviarn, n €ykaipn avayvwplion kKal Beparreia tng duvnTika
OKOPA 1G01UNG €AAXIOTNG UTTOAEITTOMEVNG VOOOU Eival €vag aTrd TOUG ONPAVTIKOTEPOUG
OTOXOUG TNG KAIVIKAG £peuvag Twv acBevwyv Kal TTPoUTTOBETElN TNV KaTavonon o€ BABog Twv

TTPOTUTTWYV UTTOTPOTTAG.

H T1rapoucia KApPKIVIKWY KUTTAPWY OTO HMUEAO TwV OCTWV KAl KUKAOQOPOUVTWV
Kapkivikwv Kuttépwyv (KKK) oTo TTEPIQEPIKO aipa Twv aoBevwyv UE TTPWIPO KAPKIVO TOU
MOOTOU €xouv atrodeIxBei WG avecApTNTOl OQUOMEVEIC TTPOYVWOTIKOI TTOPAYOVTEG VIO
uTTOTPOTA Kal BdavaTto atmd 1 voéco. H avoookuTttapoxnueia he TN XPNOon avTiCWUATWY
EvavTl TTPWTEIVWV TTou ek@pdlovtal oe €mONAIAKA aAAG OxI O€ PECEYXUMATIKA KUTTOPA
XpnoigoTrolgiTal eupéwg yia Tnv avixveuon tTwv KKK. Qotdéoo, n avixveuon tng yovidIiakng
€KQPAONG OUYKEKPIYEVWY ETTIBNAIOKWY OeIKTWY HE TN XpAon gPCR @aivetar va €xel

uwnAdTEPN dIayvwOoTIKY eualiodnaia.

H kuttapokepartivn-19 (Cytokeratin-19, CK-19) £xel xpnoiyoTroinBei eupéwg yia tnv
QVIXVEUON TWV KAPKIVIKWYV KUTTAPWY TOU JOOTOU O€ PHEOEYXUMATIKOUG IOTOUG Kal QaiveTal va
gival euaiodnTog Kal agioTmoTog BI0dEIKTNG 0 A0OEVEIC YE TTPWIPN KOl PETAOTATIKY VOOO.
APKETEG PEAETEG €xouv Ociel TNV TTPOYVWOTIKN onuaocia TnG avixveuong CK-19 mRNA-
BeTikwv KKK og agbeveic e TTpwipo Kapkivo Tou paoTtou. QoTd00, o€ OAEG AUTEC TIC UEAETEC
EXel MeEAETNBE n TTpoyvwoTikn agia Twv KKK katd tnv apxiki didyvwon Kai TpIv amo TNV
évapén f/kalr PeTd TNV OAOKAAPWON TNG CUUTTANPWHATIKAG XNMeloBepaTreiag. Movo Aiya
OeDOMEVA UTTAPYXOUV OXETIKA UE TNV KAIVIKA) OnUOCia TNG aviXveuong KAPKIVIKWY KUTTAPWV
OTO MUEAS Twv ooTwyv, aANd kapia yia 1Ta KKK katd 1n OI1dpkeia NG TrEPIOdOU
TTapakoAoubnong META TNV OAOKAPWON TNG OCUMUTTANPWHATIKAG XnueloBepatreiag. Ol
MEAETEG aUTEG avEdeEIEav TNV dUOHEVH KAIVIKY EKBaon Twv acBevwyv Pe avixveloiua KUTTapa
TOU OYKOU OTO MUEAO TWV OCTWV.
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2TNV TTapouca MEAETN, €MOIWEAUE VA aAfloAOYrOOUPE TNV KAIVIKI) Onuacia tng
avixveuong Twv CK-19 mRNA-BeTikwv KKK pe tnv epappoyry RT-gPCR oe diagopeTika
XPOVIK& onueia katd Tnv  TTEPIOdO  TTapakoAoubnong META TNV OAOKANpwon TNG
OUPTTANPWHATIKAG  XNUEIOBEPaATTEIaG, O€ aOBeveic PE TTIPWIPO KAPKiVO TOUu pacTol.
Y1roBéoape o011 o1 aoBeveig TTou TTapouciddouv avixveuoiyo CK-19 mRNA katd tn didpkeia
TNG TTapakoAouBnong, META TN XOprynon ETTIKOUPIKAG BEpaTreiag €Xouv augnuévo Kivouvo
OYIUNG UTTOTPOTTAG TNG VOOOU (UTTOTPOTI TOUAAXIOTOV OUO Xpovia ueTd Tn AREN NG

OUNTTANPWHATIKAG XNMEIOBepaTTeiag) kal BavaTou atrd Tn vooo.

AoBeveic — MéEBodor: [Mpayuarotmombnke pia avadpouiky avaAuon Oedopévwy TTou
OUAAEXONKAV TTPOOTITIKA OTO TTAQICIO PIAG OUVEXICOMEVNG UMEAETNG TTOU €XEI EEKIVIOEI TTPIV
TTOAAG Xpdvia oto EpyaoThpio BioAoyiag Tou Kapkivou. Nuvaikeg e XEIPOUPYNOIPO KAPKIVO
Tou MaoTou (oTddio | €wg llI), o1 omoieg Atav ummd TTapakoAouBnon kair dev egixav
TTOPOUCIACEl UTTOTPOTIN TNG VOOOU KOTA TN OIGPKEIA TWV dUO TTPWTWYV ETWV PETA TO TTEPOAG
TNG ETTIKOUPIKAG XNHEIOBepaTTeiag ATV KATAAANAEG yia TN PEAETN. MeTA TNV OAOKApwon TNG
OUPTTANPWHATIKAG XNUEIOBEpaTTEiag, oI acBeveic EAaBav CUUTTANPWHATIKI OKTIVOBEPATTEIQ
Kal OPMOVIKA BepaTtreia oUPPWVA PE TA XOPAKTNPIOTIKA TNG vOoou. H e¢€Taon deIyuaTwy yia
CK-19 mRNA-BeTikwv KKK yivovTav o€ OUyKeKpPIPEVA XPOVIKA onueia JETG TRV OAoKARpwaon
TNG CUMTTANPWUATIKAG XNMUEIOBEPATTEIAC yIa pia 5-€T1) TTEPiodO TTapakoAouBnong. To TTpwTo
Ociypa aipgatog Aaupdavovrav 3 Priveg PETA TO TEAOG TNG XNMEIOBEPATTEIOG KAl OTr CUVEXEIQ

KAO€e 6 Prveg €wg TN CUUTTARPWON 5 ETWV.

O1 aoBeveig Tagivoubnkav og T€00€pIG OPAdeG avaAloya e TNV avixveuon r ox1 KKK
KATd Ta dUO TTPWTA XPOVIA Kal Ta £TTOMEVA Tpia Xpovia TTapakoAouBnong (OTTwg eTTipova
apvNTIKY, ETTiHOVA BETIKA, apvNTIKO PETATPOTTH O€ BETIKO KAl TO avTIBETO). XPNOIUOTTOIWVTOG
TOV OPICHO auTo, o1 acBeveic Tagivoundnkav otnv "emipova KKK-apvntikn" opdda, av dev
gixav kavéva OeTikd Ociypya aipatog yia CK-19 mRNA oe O6An v 5-e1i@ Tmepiodo
TTapakoAouBnong. AT Tnv AAAn TmAeupd, n «emmipova KKK-BeTikA» opdda trepieAdupave
aoBeveic ye TouAaxioTov éva BeTikd dciyua aipatog yia CK-19 mRNA ota Tpwta 2 £€Tn Kai
TOuAdxioTov GAAO éva KaTtd Ta emmopeva 3 xpovia TrapakoAouBnong. Kard ouvétrela, ol
aoBeveic otnv "CTC-apvnTIKA/BETIKA" opdda dev cixe BETIKA deiyuaTta oTa dUO TTPWTA XPOVvIa,
aAAG TouAdGxioTov éva BeTIKO deiyua oTa eTopeva 3 xpovia. To avtiBeTo ioxue yia Tnv "CTC-

BeTik/apvnTiKr ouGda.
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Eikool xiNooTtoAITpa (ml) TTEPIPEPIKOU AipaTOG OUAAEyOVTAV O€ KABE €TTiOKEWN O€F
owAnvapia tou Trepigixav EDTA. lMNa va atmro@euyetal n €mpudAuvon pe 1a €mOnAIaKA
KUTTOpa atmod 10 dépua, 6Aa Ta deiyuarta aipatog Aaupavovtav oTa JEoa TNG TTapaAKEVTNONG
QAEBag kal agou Ta TPwTa 5 mL aiparog amoppitrtovrav. Movotrupnva KUTTapa Tou
TEPIPEPIKOU  aipgaTtog  AapBdvovrav  petd  ammd  dioBabuifopevn  QUYOKEVTPNON
xpnoigotroiwvtag Ficoll-Hypaque. H atmoudvwon T1ou RNA yivovrav pe tn Xprnon twv
avTidpaoTtnpiwv Trizol LS (Gibco-BRL, Grand Island, NY, H.IN.A.). To amopovwuévo RNA
dlaAuovTtav o€ diethylpyrocarbonate etre¢epyaouévo vepd kai atrobnkevovtav otoug -80°C
MEXP!I va xpnolyotroinBei. H avrtiotpopn petaypagr) Tou RNA yivovrav pe tnv péBodo
Thermoscript RT-PCR (Life Technologies-Invitrogen, Hvwuévo BacoiAeio). To
oupTTAnpwpatikd DNA (cDNA) cuvBétotav oUp@wva PE TIG 0dnyieg Tou KataokeuaoTr. H
MEBoBOC RT-gPCR péBodog yia tnv avixveuon tng ék@paong Tng CK-19 €xel mTepiypa@ei

TTPONYOUNEVWG.

H emBiwon eAeuBepn vooou (EEN), n otmoia opiletal wg 0 XpOvog atmo Tnv évapen
TNG MEAETNG MEXPI TV NUEPQ UTTOTPOTING TnNG vOoou Kal n ouvoAikh emipiwon (OE) TTou
METPIETAI OTTO TNV évapén TNG MEAETNG PEXPI TO BAvVATO avegapTiTwG aiTioAoyiag rTav Ta
KUpla KaTaANKTIKG onueia TNG MEAETNG. KAIVIKOTTOBOAOYOOAVOTOMIKOI TTAPAYOVTEG TTOU €ival
yVwoTd o1l oxetiovial pe TNV TTPOYVWON, OTTWG N EUUNVOTTIAUCIOKN KATAoTAON
(TTPOEPPNVOTTOUCIAKEG VS WETEUUNVOTTAUCIAKEG), TO HEyEBOC Tou Oykou (T1 vs T2-3), o
apIBPOG TWV dINBNUEVwY paoxaAidiwy Aeppadévwy (0-3 vs = 4), o BaBudg diagopoTroinong
(grade: 1-2 vs 3), ol oioTpoyovikoi uttodoxeic (ER) (apvntikoi évavTl BETIKWV), oI UTTODOXEIG
mpoyeoTepovNS (PR) (apvnTikoi évavt BeTIkwv) Kal n evioxuon tou HER-2/neu (apvnTikod

EvavTl BeTIKOU) £ETAOTNKAV O€ HOVOTTOPAYOVTIKI] KAl TTOAUTTOPAYOVTIKI avaAuon.

AtroTeAéopaTa: ZUVOAIKA 455 diadoxikoi aoBeveic pe didyvwon KapKivou ToOUu JaoToU TTou
QVTIMETWTTIOTAKAV BEPATTEUTIKA 0TNV KAIVIKN NaBoAoyikig-OykoAoyiag Tou MaveTTioTnuiakou
Noookopeiou HpakAgiou petagl lavouapiou 1997 kai Aekepfpiou 2004 e€etdoTnkav yia TNV
éviagn Toug oTn MEAETN auTh. Ekatdv capdvra Tpeig acBeveic atrokAsiotnkav kar 312
oupTTEPINA@ONKaV oTn peAETN. O1 aoBeveic TTou Bpédnkav BeTikoi oTnv TTapoucia KKK dev
OIEPEpaV O€ OXEON ME OOEC TTAPEPEIVAV APVNTIKEG O€ OTI APOPd OTA XOPAKTNPIOTIKA TOUG

[nAIkia (p=0.197), eyunvotrauciakr katdotaon (p=0.372)] A oTa XapaKTNPIOTIKA TwV OYKWV
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Toug [ué€yeBog (p=0.637), dindnon Aspadévwy (p=0.082), icTotTaboAoyikh diagopoTToinon

(p=0.746) kai kKaTdoTaon TWV OPHUOVIKWY UTTodoXEWV (p =0.156)].

CK-19 mRNA-BeTIkG@ kUTTOpPa avixveuBnkav o€ 232 aoBeveig (74.4%) o¢
oTTol0dNATTOTE XPOoVIKO onueio katd Tn didpkela TNG 5eToU¢ TTapakoAoubnong, evw 80
a0Beveig (25.6%) TTapéueivav «apvnTikoi» KaB 'OAn Tnv idia trepiodo (emmipova apvnTiki
opada). Mo ouykekpipéva, 99 aoBeveic (31.7%) cixav emmipova avixveuoiya CK-19 mRNA-
BeTIKA KUTTapa TOOO KATA TN SIAPKEIQ TWV dUO TTPWTWV 000 Kal Ta ETTOPEVA Tpia xpovia
TTapakoAouBnong (etipova BeTikA oudda). Mia aAkayry Tou CK-19 mRNA TrapaTtnpnénke o€
oXxedov pIoég atod TIG acbeveic (133 aoBeveic | 42.6%). Ao auTég, 64 aoBeveig (20.5%) pe
avixveuoiga apxikd CK-19 mRNA-BeTIKA KUTTapa KATA Tn SIAPKEIQ TWV TTPWTWYV 24 unvwyv
éyivav «CTC apvnTikEG» OTn ouvéxela (BeTikn/apvnTik oudda), evw 69 aoBeveic (22.1%)

TTou ATav apxIkd « CTC apvnTikES» €yivav « CTC BETIKES» (apvnTIKN/BETIKA OuGdQ).

MeTd atmd pia didpeon trepiodo TTapakoAouBnong 107 pynvwy (eupog: 38 - 161 PAvVEQ),
63 aoBeveic (20.2%) cixav avatmTuéel amropgoakpuopévn (n=56; 88.8%) 1 TOTTIKY UTTOTPOTTN
(n=7; 11.2%) . & OUYKPION WE TNV «ETTIHOVA ApVNTIKH» OPAda acBevwyv, pévo n oudada Twv
«ETTIOVA BETIKWV» €ixe onNUAVTIKA UPNASTEPO KivOuvo UTTOTPOTING TNG vooou (36.4% évavri
11.2%, p<.001). Zmv TmpayuaTikOTNTA, O KivOUvog eTTaveu@Aviong Tng vooou nrav
uynAdTepog oe aoBeveig pe emipova BeTikd KKK (36.4% €vavt 7.8%, p<0.001 kai 36.4%
évavti 18.8%, p=0.016 oec oUykpion HE BeTIKA/apvNTIKA Kal apvnTIKA/BeTIKA oudda,

avTioToIXQ).

Ta mooootd 5-etoug EEN nAtav 82.5% évavtl 92.7% yia Tig €Tripova BeTIKEG Kal
eTTijova-apvnTikEG aoBeveig, avtioToixa. EmmTAéov o1 emmipova OeTikéG aoBeveig eixav
onUavTika PIkpoTepn EEN cuykpITIKA PE TIG eTTipova apvnTIkKEG aoBeveic (p<0.001). Mapd To
yeyovog Ot kauia opdda dev éxel @Bdoel atn didueon EEN, utmpge pia otadiokh ueiwaon
NG EEN via 11 Té00epIig opddeg Twv acBevwyv, ougewva Pe TNV avixveuon Twv CK-19

MRNA-BeTikwv KKK katd Ta 5 xpdvia TapakoAouBnong.

Zapavra-pia aobeveig (13.1%) ameBiwoav kard 1 didpkela TG TTapakoAoudnong,
w¢ ouveTTEIa TNG £€€AIENG TNG vooou. Eikool Téooepig (58.5%) kai TévTe (12.2%) atmd autoug
Toug Bavdtoug ouvéBnoav OTnV ETTIMOVA-OETIKI KAl ETTiMOVA-APVNTIK OPAdA, AVTIOTOIXO
(p=0.001). H 10-emig ouvoAik emiBiwon ATav 81.4% yia TG eTTijova BETIKEG EvavTl 96.7%
yla TIG eTigova apvnTikéG acoBeveic. H exkmiywpevn Oidueon ouvoAikh emBiwon ATtav
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ONMAVTIKA PJIKPOTEPN YIA TIG ETTIHOVA BETIKEG O€ OUYKPION HE TIG ETTIHOVA ApVNTIKEG ACOEVEIG
(p=0.013).

KaBwg o1 aoBeveic utroBAnBnkav oe oeipd petpriocwv Twv CK-19 mRNA-BeTIKWV
KKK, avaAubnkav Ta dedopéva yia va ammavTnOei To epwTnua av 1o aBpoIoTIKO ATTOTEAECHUA
TWV BETIKWV METPAOEWV avad aoBevr) TTPOOPEPEl ETTITTAEOV TTPOYVWOTIKN TTANPOQOpIa.
MeTagU Twv aoBevwyv e BETIKEG PETPNOEIG 38.7% (KaTA TN OIAPKEIA TWV dUO TTPWTWV ETWV
TNG TTapakoAouBnong), 24.4% (katd Ta emmopeva 3 €1n) Kal 57.3% (katd 1n didpkela OAwvV
Twv 5 €TWV) gixav dUo A TTePIoOOTEPA BeTIKA atroTeAéopaTta. Aev BpéOnke diagopd oTnv
eAeUBepn vooou emiBiwon PETALU Twv OPAdWY HE OIAPOPETIKO CUVOANIKO aplBud BEeTIKWV

TEOT, MOAVWS Adyw TOU UIKPOU apIiBUoU Twv aoBeVWY Kal CUMBAVTWY o€ KABE oudda.

Aedouévng NG TTPOYVWOTIKAG onpaciag TnG avixveuong Twv KKK Trpiv amd 1n
XOPRyNon CUPTTANPWHATIKAG XNUEIOBEpaTTEIaG, £EETAOBNKE TO EpWTNNA av Ba PUTTOPOUCE va
TTPOO@PEPEI TIPOOOETN TTPOYVWOTIKA TTANPo@opia he auTtd TnG diadoxIKAG pETpnong Twv KKK
Kata 1n OIdpKeIa TNG TTapakoAoubnong. MNa 1o OKOTTO auto, PMEAETABNKE N KATAOTAON TWV
KKK T1rpo-xnueloBepatreiag, OAwv Twv acBevwv TTou TrepIAauBdvovtal oTnv Trapouca
avaAuon. Aev Tpoékuye diapopd aTo TTOoooTO avixveuons Twv CK-19 mRNA-BeTikwv KKK
METALU Twv TeooGpwv opadwyv (Pearson Chi-square, p=0.320). Eivai evdiagépov, OTI oI
«emmigova  OeTikEG» aoBeveic pe avixveuoiya CK-19 mRNA-6etikd KKK Ttpiv ammdé 1n
XOpPrynon CUUTTANPWUATIKAG XnueloBepaTtreiag eixav pikpoTepn EEN, aAAd Ox1 ouvoAikn
emBiwon (OE) og ouykpion pe Toug aoBeveic TnG idlag ouddag TTou PpEBnKav apvnTIKES yia

KKK o€ pyétpnon mpiv Tnv évapén tng XxnHUEIoBepaTreiag.

TéNOG, €yive avAAuon UTTOOPAdWV avAAoya ME TNV OPMOVIKH KATAoTAon TOU
TTpwTOTTaB0UG Oykou. Eival evdiagépov, 0TI N «eTTipova BeTIKA» oudda acBevwy pe OyKoug
€iTe OETIKOUC €iTE aPVNTIKOUC VyIa OPMOVIKOUG UTTOOOXEIC €ixav onuavtikd uywnAodTEPO
TTOOOO0TO UTTOTPOTING, Kivduvo Bavdrtou kai pikpotepn EEN ouykpitik& pe TIG «eTTijova
apvnTikég» aoBeveig (p=0.039 kai p=0.004 yia emmigova BOETIKEG VS ETTIHOVA APVNTIKEG
aoBeveic pye ER/PR apvntikoug kal ER A/kal PR BgTikoug dykoug, avtioToixa). QoTd00, N
OUVOAIKN emmiBiwon ATav UIKPOTEPN WOVO yia TIG «eTiyova OeTIKEG» aoBeveic pe ER/PR
apvnTikoug 6ykoug (p =0.035).

H emipovn avixveuon twv CK-19 mRNA-Betikwv KKK katd 1n didpkeia 1ng

TTapakoAoubnong META TNV OAOKANPWON TNG OCUUTTANPWUATIKAG XNUEIOBEpATTEIAg, TO
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MEYEBOG TOu OyKou peyaAuTtepo atrd 2.0 cm, n dIRBNoN TTEPICOOTEPWY ATTO 3 JOAOXOAIQiWY
AEPQADEVWV KAl N PETEPUNVOTIAUCIOKA KATAOTAON OXETICOVIAV WE  ONUAVTIKA WIKPOTEPN
EEN kai OE og¢ povotrapayovtikry avéAuon. H tmoAutrapayovTiky avaluon €0<iEe Ot n
etripjovn avixveuon Twv CK-19 mRNA-BeTikwv KKK, 1o péyeBog Tou dyKou Kal TTEPICTOTEPOI
atro 3 dINBNUEVOUG PAOXOAIAioOUG AENPABEVEG ATAV AVECAPTNTOI TTPOYVWOTIKOI TTAPAYOVTEG

yia pikpotepn EEN kai OE.

JupTtrépaocpa: Ta atmmoTeAéouATa autd atTroTeEAOUV TNV TTPWTN £VOEIEN YIa TV TTPORAETTTIKA
agia Tng avixveuong Twv CK-19 mRNA-BeTikwv KKK katd tnv TTapakoAoubnon acBevwy
TToUu OAoKAfpwoav Tnv TOTTIKA BgpaTtreia Kal ouoTnUaTIK XnueEloBepatreia. Ta euprjpata
auTd uttooTnpifouv 1o pOAo TNG TTapakoAouBnong Twv KKK, w¢ CUPTTARpWPa TOU I0TOPIKOU,
TNG QUOIKAG £EETOONG KAl TWV AKTIVOAOYIKWYV HEBGdWYV yia TNV agloAdynon TnG KataoTaong

NG vOoou KaTd Tn dIdPKEIQ TNG TTAPAKOAOUBNONG AoBEVWY PE TTPWIKO KAPKIVO TOU uaoTou.
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Part A

Minimal Residual Disease in Breast Cancer
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1. Epidemiology and risk factors for breast cancer

In Greece, breast cancer is the most common cancer and the second most common
cause of cancer death in women. Approximately 4,400 new cases of invasive breast cancer
were diagnosed in 2008, and almost 2000 women died from the disease [1]. About one-half
of cases can be explained by known risk factors, such as age at menarche, first live birth,
menopause, and proliferative breast disease. An additional 10 percent of cases are
explained by a positive family history. Understanding the risk factors for breast cancer
permits us to identify women at increased risk and to intervene to modify their risk. These

risk factors are many and the major ones will be discussed briefly.

1.1  Age/Gender — Age and gender are among the strongest risk factors for breast
cancer. Breast cancer occurs 100 times more frequently in women than in men [2].
However, in both sexes the incidence rates rise sharply with age until the age of 45 to 50
years after which the rise is less steep. The impact of hormonal change (menopause) that
occurs around that time, probably explains this change of the slope, although alternative
hypotheses have been proposed. At age 75 to 80 the curve flattens and slightly decreases

thereafter only in women (figure 1) [3].
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Figure 1: Age-specific incidence rates for breast cancer

(adapted with revision from Korde et al, Journal of Clinical Oncology 2010;28:2114).

20
Emmanouil Saloustros Thesis for Doctoral Degree 2013



1.2 Benign breast disease — Benign breast diseases include a wide spectrum of

pathologic entities. Single non-proliferative lesions (fibrocystic change, simple
fiboroadenoma) are not associated with an increased risk for breast cancer. However,
multiple non-proliferative lesions may be associated with an increased risk for breast cancer
[relative risk (RR) 1.8 at 10 years] [4]. Proliferative lesions are risk factors for both
noninvasive and invasive breast cancer, especially if cytologic atypia is present. The risk of
invasive breast cancer is slightly increased (RR 1.3 to 2) for proliferative lesions without
atypia (complex fibroadenoma, sclerosing adenosis, intraductal papillomas, moderate or
florid hyperplasia), but it is significantly higher (RR 4 to 6) for if atypia is present (atypical
lobular or ductal hyperplasia) and when the atypia is multifocal the risk is the highest (10-
fold) [5].

1.3  Personal history of breast cancer — A personal history of invasive or in situ breast

cancer is associated with a subsequent increased risk of an invasive breast cancer in the
contralateral breast. In case of personal history of ductal carcinoma in situ (DCIS), the
annual risk of developing a contralateral invasive breast cancer is 0.5 percent [6], meaning
that the risk in 10 years is approximately 5 percent. Invasive breast cancer increases the
risk of developing contralateral breast cancer to 1 and 0.5 percent per year for

premenopausal and postmenopausal women, respectively.

1.4 Lifestyle and dietary factors

1.4.1 Socioeconomic status — Higher socioeconomic status is associated with a greater
risk for breast cancer, with a twofold increase in incidence from lowest to the highest strata.
However, socioeconomic status does not appear to be an independent risk factor.
Differences in reproductive patterns with respect to parity, age at first birth, smoking, and
utilization of screening mammography seem to explain the increased incidence of breast
cancer in women of high socioeconomic status (educational, occupational, and economic
level) [7].

1.4.2 Body size —Weight and body mass index (BMI) have different effects on
postmenopausal and premenopausal breast cancer risk. More specifically, postmenopausal
women with higher weight/BMI or women who gained weight after menopause have been

found to have an increased risk for breast cancer in multiple studies. In a pooled analysis of

21
Emmanouil Saloustros Thesis for Doctoral Degree 2013



seven prospective studies in the United States a 25 percent higher breast cancer risk has
been shown for women who weighed at least 80 kg as compared to those weighing less
than 60 kg, after adjusting for height [8]. In other words, women with a BMI >33 kg/m?had a
27 percent increased breast cancer risk compared to those with a BMI <21 kg/m? [8].
Increased peripheral conversion of estrogen precursors to estrogen by the adipose tissue
resulting in higher circulating levels of estrogens might explain the higher risk. In addition to
that, obesity is also associated with higher levels of insulin that is a known growth factor,
and hyperinsulinemia may also explain the obesity-breast cancer relationship. In the same
study premenopausal women with a BMI 231 kg/m? were 46 percent less likely to develop
breast cancer than those with a BMI <21 kg/m?. The higher BMI associated with irregular or
longer menstrual cycles or with polycystic ovary syndrome could be an explanation for this
association. The anovulation, associated with decreased levels of estradiol and
progesterone and subsequent lower risk of breast cancer (“see hormonal factors” below)
might be caused by these characteristics. Finally, increased height has been associated
with a higher risk for breast cancer in both premenopausal and postmenopausal women.
Women who were at least 175 cm tall were 20 percent more likely to develop breast cancer
than those less than 160 cm tall according to the previously described pooled analysis of
seven prospective cohort studies [8]. Prenatal as well as childhood exposures, such as birth

weight and diet/energy balance most probably explain this association.

1.4.3 Fat intake — Despite the positive correlation between fat consumption and
increased breast cancer risk shown in multiple animal studies, the results of case-control
and prospective cohort studies have been conflicting. This might be due to interaction
between reproductive variables, menopausal status, and fat intake. In particular a pooled
analysis of more than 300,000 women (the majority postmenopausal) showed no
association between fat (total, saturated, monounsaturated, or polyunsaturated) and breast
cancer risk [9]. Similarly, the intervention to reduce total fat intake had no meaningful effect
on breast cancer risk according to the Dietary Modification arm of the Women's Health
Initiative [10]. The investigators randomly assigned 48,835 healthy postmenopausal women
aged 50 to 79 to decrease fat intake via monthly group sessions in the first year followed by
guarterly maintenance sessions thereafter versus a control group that received a packet of
nutrition information without specific instructions. No difference in breast cancer risk
between the two groups [hazard ratio (HR)=0.91; 95%CI 0.83-1.01] was found after a
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median follow up of 8.1 years. In contrast, the data linking higher risk of breast cancer with
postmenopausal increased BMI and weight gain have been consistent and demonstrate a

stronger association.

1.4.4 Alcohol — More than 40 epidemiologic studies have tested the possible association
between alcohol intake and breast cancer. Compared to no drinkers, women who consume
moderate to high levels of alcohol (=three drinks/day) have a higher breast cancer risk.
There is a significant dose response relationship beginning with intakes as low as three to
six drinks per week. In the Nurses’ Health Study, which is the largest cohort study
examining the association between alcohol and breast cancer 105,986 women were
followed from 1980 until 2008 [11]. The study was powered enough to detect a small
increased risk in breast cancer (RR=1.15; 95%CI| 1.06-1.24) at levels of alcohol
consumption equivalent to three to six drinks per week, compared to no drinkers. A 10
percent increase in risk with each 10 g per day of alcohol intake has been shown.
Cumulative lifetime alcohol intake was linearly correlated with breast cancer risk and was
most strongly associated with drinking patterns in both early and late adult life. It is
noteworthy that the proportion of breast cancer cases attributed to alcohol intake varies
widely. Only 2 percent of the population breast cancer risk in the United States is estimated
to be due to alcohol consumption [12]. However, in Europe the risk for breast cancer has
been reported to be higher. In the EPIC (European Prospective Investigation into Cancer
and Nutrition) study that enrolled over 250,000 women from eight European countries a 5

percent of breast cancer risk was attributed to alcohol consumption [13].

1.5 Reproductive/Hormonal risk factors — Both prolonged exposure to and higher

concentrations of endogenous estrogen increase the risk of breast cancer. The production
of estrogen (estradiol, estriol, estrone) is modulated by ovarian function and influenced by
the menarche, pregnancy, and menopause. But after menopause, the main source of
estrogen is dehydroepiandrosterone (DHEA), which is produced by the adrenal gland and
metabolized in peripheral fat tissue to estradiol and estrone. Age at menarche, age at first
live birth, age at menopause, and possibly parity and breastfeeding are the key reproductive

factors that influence breast cancer risk.

23
Emmanouil Saloustros Thesis for Doctoral Degree 2013



1.5.1 Age at menarche and menopause — Earlier menarche is associated with a higher
risk of breast cancer. A 10 percent reduction in cancer risk for every two-year delay in the
onset of menarche was reported [14]. In another interesting case control study of disease-
concordant monozygotic twin pairs, the twin with earlier onset of menses was found to be
five times more likely to be diagnosed with breast cancer supporting the hypothesis that age
at menarche may influence the biology of breast cancer [15]. Higher cumulative lifetime
estrogen exposure may explain the association between age of menarche and breast
cancer. This hypothesis is supported by other observations for menstrual factors like late
menopause that increases breast cancer risk. Each year older at menopause, increases the
relative risk by 1.03 percent, while bilateral oophorectomy before the age of 40 reduces
lifetime risk by 50 percent [16]. However, in case of hormonal replacement therapy this risk

reduction is eliminated.

1.5.2 Pregnancy-related factors — Nulliparous women have an increased risk for breast
cancer compared with parous women with a relative risk as high as 1.7 [17]. It takes 10
years following delivery for the protective effect of pregnancy to be seen [18]. However,
breast cancer risk increases transiently after a full-term pregnancy. Whether multiparity
confers protection against breast cancer has been a matter of controversy with the majority

of studies suggesting a decreased risk with increasing number of pregnancies.

The younger a woman completes her first full-term pregnancy, the lower her breast
cancer risk but advanced age at first full-term birth can be associated with an increased risk
[17]. The cumulative incidence of breast cancer up to age 70 for parous versus nulliparous
women was 20 percent lower if the first birth was before the age 20, 10 percent lower for
first birth before age 25, and 5 percent higher if the first birth was after age 35 based on
data from the Nurses' Health Study [19]. In other words, if a woman has her first full term
birth at age 30 then the protective effect is eliminated and is similar to a nulliparous woman.
The full cellular differentiation, which occurs in the gland during and after pregnancy, is
protective for the breast and explains the effect of early first live birth. The protective effect
of younger age at first birth pregnancy is hypothesized to be because of the additional

proliferative stimulation placed on breast cells that have already become initiated and are at

a later stage in development and perhaps more prone to cell damage.
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The protective effect of breastfeeding has been also shown in multiple case-control
and cohort studies. The magnitude of breastfeeding may be dependent on the duration of
breastfeeding, and on the confounding factor of parity. A reduction by 4.3 percent for every
12 months of breastfeeding, in addition to a decrease of 7 percent for each birth, was
reported in a large pooled analysis included individual data from 50,302 women with
invasive breast cancer and 96,973 controls from 47 epidemiologic studies [20]. The
protective mechanism has been hypothesized to be the delay in reestablishment of the
ovulatory cycles. Increase in prolactin secretion and the concomitant decrease in estrogen

production could contribute to this protective effect as well.

1.5.3 Endogenous estrogen levels — Obese postmenopausal women have higher
estrogen levels than non-obese postmenopausal women due to conversion of adrenal
androgens to estrogens in fatty tissue. The higher risk of breast cancer for the obese
postmenopausal women has already been discussed. Furthermore the reduction of
estrogen levels both in premenopausal and postmenopausal women, lowers breast cancer
risk. These observations suggest that serum estrogen levels are linked to the risk of breast
cancer and there are epidemiologic data in support of this association. In the MORE trial
(Multiple Outcomes of Raloxifene Evaluation), women in the highest tertile of serum
estradiol levels (>12 pmol/L) have had double risk of breast cancer compared to women
with lower levels. [21]. Fortunately, the women in the highest estradiol tertile experienced
greater reduction in the risk of breast cancer with raloxifene compared to women in the low

estradiol subgroup (79 versus 64 percent).

The association is the strongest for hormone receptor-positive breast cancers [22].
When endogenous hormone levels were measured in 322 breast cancer patients and in 643
age-matched controls without breast cancer, there was a significant direct association
between breast cancer risk and levels of both estrogens and androgens. Breast cancer risk
was higher for the women in the highest quartiles of serum hormone concentration. The
association was the strongest when the analysis was restricted to ER and PR-positive

tumors.

In contrary, the findings in premenopausal women are less clear. This might be due to
the fact that most epidemiologic studies have used a single blood sample that was not timed

to the menstrual cycle. The variability of hormone concentrations during menstrual cycles
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makes reproducible measurements difficult in the years before menopause. When samples
were timed to the follicular phase of the menstrual cycle in a case control study from the
Nurses' Health Study a significant association between serum estrogen levels and breast
cancer risk was shown [23]. Similarly to the previous studies conducted in the
postmenopausal setting, women in the highest (versus lowest) quartiles of total and free
estradiol measured during the follicular phase had significantly higher rates of breast cancer
(RR 2.1 and 2.4, respectively). Once again, the association was stronger for hormone

receptor-positive tumors (RR 2.7 and 2.8 for total and free estradiol, respectively).

1.5.4 Breast density — The presence of dense breast tissue is independently associated
with an increased risk of breast cancer. Women with mammographically dense breasts
(usually defined as =75 percent density) have a four to five fold greater risk for breast
cancer compared to women of similar age with less or no dense tissue [24]. The increased
risk is not because of the difficulty of mammographic detection. A significant association
between longitudinal increases or decreases in breast density on serial screening
mammography and an increased or decreased risk of breast cancer has also been shown
[25]. The association between increased breast density and higher rates of breast cancer
appears to be independent of estrogen-mediated effects, but remains not completely
understood. A stronger association of higher breast density with ER-negative than with ER-
positive tumors, supporting the lack of estrogen-mediated effects, was reported in one
nested case-control study of postmenopausal women from the Nurses’ Health Study [26].
Bone mineral density in addition to breast density is considered a surrogate marker for long-
term exposure to endogenous estrogen. However, in another case-control study, breast
density was strongly associated with an increased risk of breast cancer even after
controlling for reproductive and hormonal risk factors, while high bone mineral density
(another marker for cumulative exposure to estrogen) was neither associated with increased
risk of breast cancer nor with breast density [27]. Growth factors other than estrogen (eg,

insulin-like growth factor-1) could be the mechanism for this association.

1.5.5 Exogenous hormone factors — Postmenopausal hormone replacement therapy
has been shown to increase breast cancer risk in multiple observational studies. Both
unopposed estrogen and combined estrogen-progestin therapy have been linked to breast

cancer. For each year a woman uses postmenopausal hormones, her risk of breast cancer
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increases by 2.3 percent according to an analysis including 52,705 women with and
108,411 women without breast cancer enrolled in 51 epidemiologic studies [28]. However
the risk may be underestimated or overestimated in epidemiologic studies due to a number
of biases. For example, women who have been taking hormone therapy for longer durations
in epidemiologic studies tend to have had earlier menopause (and therefore a lower risk of
breast cancer) than those taking hormones for shorter durations. In addition to that women
who take hormonal replacement therapy may have higher rates of screening mammography
and therefore more likely to receive a breast cancer over-diagnosis. The Women's Health
Initiative (WHI) a randomized, placebo-controlled trial was specifically designed to
overcome those limitations of epidemiologic studies. In this trial women randomized to
receive combined hormone therapy had a significantly increased risk of invasive breast
cancer (HR=1.24; 95%CI 1.01-1.54) after an average follow-up of 5.6 years [29]. In this
study women taking combined estrogen-progestin therapy were more likely to be diagnosed
with slightly larger primary cancers at the time of diagnosis and a higher percentage of
positive lymph nodes when compared with women taking placebo. This observation was in
contrary with the postulation that the cancers developed in women taking estrogen have a
relatively favorable prognosis. However, unopposed estrogen replacement therapy found to
be associated with a trend towards lower rate of breast cancer risk (HR=0.77 for unopposed
estrogen versus placebo; 95%CI 0.59-1.01; p=0.06) [30]. This is in contrast to the results of
the combined hormone therapy trial. From the woman's perspective, the critical issue is the
absolute or attributable risk per 10.000 person-years associated with estrogen plus
progestin. Practically speaking there were 8 more invasive breast cancers in addition to 7
more heart events, 8 more strokes and 8 more pulmonary embolisms. On the other hand
the absolute risk reductions per 10 000 person-years were 6 fewer colorectal cancers and 5
fewer hip fractures. The absolute excess risk of events included in the global index was 19
per 10 000 person-years [31].

1.6 Family history and genetic factors — A positive family history in a first degree

relative is reported by 15 to 20 percent of women with breast cancer and it is an important
risk factor for breast cancer development. The risk associated with having an affected first
or second degree maternal or paternal relative is modulated by the age of both the case
patient and the family member at diagnosis, and the number of female first-degree relatives

with and without cancer. The risk is highest for women with young affected relatives. Thus,
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a woman whose relative was diagnosed before age 30 has an increased risk by 2.9 fold, but
only increased by 1.5 fold if the affected relative was diagnosed after age 60 [20]. In
addition to family history, specific genetic mutations predispose to breast cancer. However,
the proportion of all breast cancers that are directly attributable to inheritance of a breast
cancer susceptibility gene is only 5 to 6 percent. The two most important breast-cancer
genes, BRCA1 and BRCA2, confer a risk of breast cancer among carriers that is 10 to 30
times higher than the risk of women in the general population. Less frequent mutations
associated with a relative risk of breast cancer of 2.0 or greater have been identified (figure
2) [32]. Other genes with a population frequency and risk profile similar to BRCAL or
BRCA2 are unlikely to exist [32].
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Figure 2: Breast-Cancer Susceptibility Loci and Genes
(adapted from Foulkes WD, New England Journal of Medicine 2008; 359:2143).

2. Prognostic factors for breast cancer recurrence

All patients with breast cancer require a multidisciplinary treatment approach that
includes surgery, radiation therapy, and systemic therapy (chemotherapy and/or endocrine
therapy). Despite the recent advances of treatment, women who were treated for invasive
breast cancer remain at risk for both locoregional recurrence (at the chest wall and axillary
or supraclavicular lymph nodes) and/or distant metastasis. The risk for locoregional

recurrence is between 4 to 7 percent with mastectomy or breast conserving therapy (BCT),
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respectively [33], with women treated with BCT to tend to recur later compared with the
patients who were treated with mastectomy. In addition to locoregional recurrence breast
cancer has the potential to metastasize to almost every organ in the body. The most
common sites of metastases are the bone, liver, and lung. Approximately 50 to 75 percent
of patients who relapse distantly do so in a single organ; the remainder will develop diffuse
metastatic disease. Central nervous system (CNS) involvement as the first site of metastatic
disease will be developed by fewer than 5 percent of patients.

The development of methods for determining prognosis in patients with breast cancer
has been the focus of extensive research. There are several factors that are important for
early breast cancer prognosis.

2.1 Tumor grade — This is an important prognostic variable. The higher the grade, the

more unfavorable the prognosis. The Nottingham histological grade is recommended by the
American Joint Committee on Cancer (AJCC) staging system. A tumor is graded by
assessing three morphological features (tubular formation, nuclear pleomorphism and count
of mitoses). A value of 1 (favorable) to 3 (unfavorable) is assigned to each feature. A
combined score of 3 to 5 points is designated grade 1, 6 to 7 points is grade 2 and 8 to 9 is

grade 3.
Number of involved lymph nodes
Tumor size
None 1-3 Nodes
T1la: <0.5 99% 95%
T1b: 0.5-0.9cm 98% 94.9%,
T1c: 1.0-1.9cm 96% 87%

Table 1: Effect of tumor size according to the number of involved lymph nodes
(SEER database).

2.2 Pathological stage — clearly impacts expected survival.

2.2.1 Tumor size — The risk of recurrence increases linearly with tumor size for patients
with fewer than four lymph nodes involved with metastases; thereafter, the prognostic
weight of lymph nodes metastases generally supersedes tumor size. The effect of tumor

size on prognosis is reflected by the following SEER 5-year survival data (Table 1) [34].
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2.2.2 Lymph node involvement — is the greatest prognostic indicator for breast cancer
recurrence. Since 2002 the TNM staging system does address this issue. The current

(seventh edition) is shown below [34]:

Primary tumor classification

Tx — Primary tumor cannot be assessed

TO — No evidence of primary tumor

Tis — Carcinoma in situ

Tis (DCIS) — Ductal carcinoma in situ

Tis (LCIS) — Lobular carcinoma in situ

Tis (Paget) — Paget disease of the nipple is not associated with invasive carcinoma and/or
carcinoma in situ (DCIS and/or LCIS) in the underlying breast parenchyma. Carcinoma in
the breast parenchyma associated with Paget disease is categorized based on the size and
characteristics of the parenchymal disease, although the presence of Paget disease should
still be noted

T1 — Tumor €20 mm in greatest dimension

T1mi — Tumor <1 mm in greatest dimension

T1la — Tumor >1 mm but <5 mm in greatest dimension

T1b — Tumor >5 mm but <10 mm in greatest dimension

T1lc — Tumor >10 mm but £20 mm in greatest dimension

T2 — Tumor >20 mm but <50 mm in greatest dimension

T3 — Tumor >50 mm in greatest dimension

T4 — Tumor of any size with direct extension to the chest wall and/or the skin (ulceration or
skin nodules)*

T4a — Extension to chest wall, not including only pectoralis muscle adherence/invasion

T4b — Ulceration and/or ipsilateral satellite nodules and/or edema (including peau
d'orange) of the skin, which do not meet the criteria for inflammatory carcinoma

T4c — Both (T4a and T4b)

T4d — Inflammatory carcinoma**

*Note: Invasion of the dermis alone does not qualify as T4.

**Note: Inflammatory carcinoma is restricted to cases with typical skin changes involving a

third or more of the skin of the breast. While the histologic presence of invasive carcinoma

30
Emmanouil Saloustros Thesis for Doctoral Degree 2013



invading dermal lymphatics is supportive of the diagnosis, it is not required, nor is dermal
lymphatic invasion without typical clinical findings sufficient for a diagnosis of inflammatory

breast cancer.

Pathologic classification of regional lymph nodes

pNX — Regional lymph nodes cannot be assessed (eg, previously removed, or not
removed for pathologic study)

pNO— No regional lymph node metastasis identified histologically

pNO(i-) — No regional lymph node metastases histologically, negative IHC

pNO(i+) — Malignant cells in regional lymph node(s) no greater than 0.2 mm (detected by
H&E or IHC including ITC)

pNO(mol-) — No regional lymph node metastases histologically, negative molecular
findings (RT-PCR)

pNO(mol+) — Positive molecular findings (RT-PCR), but no regional lymph node
metastases detected by histology or IHC

pN1 — Micrometastases, or metastases in one to three axillary lymph nodes, and/or in
internal mammary nodes with metastases detected by sentinel lymph node biopsy but not
clinically detected**

pN1mi — Micrometastases (greater than 0.2 mm and/or more than 200 cells, but none
greater than 2.0 mm)

pNla — Metastases in 1 to 3 axillary lymph nodes, at least one metastasis greater than 2.0
mm

pN1lb — Metastases in internal mammary nodes with micrometastases or macrometastases
detected by sentinel lymph node biopsy but not clinically detected**

pN1lc —Metastases in one to three axillary lymph nodes and in internal mammary lymph
nodes with micrometastases or macrometastases detected by sentinel lymph node biopsy
but not clinically detected**

pN2 — Metastases in four to nine axillary lymph nodes, or in clinically detected**** internal
mammary lymph nodes in the absence of axillary lymph node metastases

pN2a — Metastases in four to nine axillary lymph nodes (at least one tumor deposit greater
than 2.0 mm)
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N2b — Metastasis only in clinically detected*** ipsilateral internal mammary nodes and in
the absence of clinically evident axillary node metastases

pN2b — Metastases in clinically detected*** internal mammary lymph nodes in the absence
of axillary lymph node metastases.

pN3 — Metastases in 10 or more axillary lymph nodes; or in infraclavicular (level Il axillary)
lymph nodes; or in clinically detected*** ipsilateral internal mammary lymph nodes in the
presence of 1 or more positive level I, Il axillary lymph nodes; or in more than 3 axillary
lymph nodes and in internal mammary lymph nodes with micrometastases or
macrometastases detected by sentinel lymph node biopsy but not clinically detected**; or in
ipsilateral supraclavicular lymph nodes

N3a — Metastases in 10 or more axillary lymph nodes (at least one tumor deposit greater
than 2.0 mm); or metastases to the infraclavicular (level Il axillary lymph) nodes

pN3b — Metastases in clinically detected*** ipsilateral internal mammary lymph nodes in
the presence of one or more positive axillary lymph nodes; or in more than three axillary
lymph nodes and in internal mammary lymph nodes with micrometastases or
macrometastases detected by sentinel lymph node biopsy but not clinically detected**

pN3c — Metastases in ipsilateral supraclavicular lymph nodes

* Classification is based on axillary lymph node dissection with or without sentinel lymph
node biopsy. Classification based solely on sentinel lymph node biopsy without subsequent
axillary lymph node dissection is designated (sn) for "sentinel node," for example, pNO(sn).
** Note: Not clinically detected is defined as not detected by imaging studies (excluding
lymphoscintigraphy) or not detected by clinical examination.

*** Note: Clinically detected is defined as detected by imaging studies (excluding
lymphoscintigraphy) or by clinical examination and having characteristics highly suspicious
for malignancy or a presumed pathologic macrometastasis based on fine needle aspiration
biopsy with cytologic examination. Confirmation of clinically detected metastatic disease by
fine needle aspiration without excision biopsy is designated with an (f) suffix, for example,
cN3a(f). Excisional biopsy of a lymph node or biopsy of a sentinel node, in the absence of
assignment of a pT, is classified as a clinical N, for example, cN1. Information regarding the
confirmation of the nodal status will be designated in site-specific factors as clinical, fine

needle aspiration, core biopsy, or sentinel lymph node biopsy. Pathologic classification (pN)
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***x* Note: Isolated tumor cell clusters (ITC) are defined as small clusters of cells not greater
than 0.2 mm, or single tumor cells, or a cluster of fewer than 200 cells in a single histologic
cross-section. ITCs may be detected by routine histology or by immunohistochemical (IHC)
methods. Nodes containing only ITCs are excluded from the total positive node count for

purposes of N classification, but should be included in the total number of nodes evaluated.

Distant metastasis (M)

MO — No clinical or radiographic evidence of distant metastases (no pathologic MO; use
clinical M to complete stage group)

cMO(i+) — No clinical or radiographic evidence of distant metastases, but molecularly or
microscopically-detected tumor cells in circulating blood, bone marrow or other nonregional
nodal tissue that are no larger than 0.2 mm in a patient without symptoms or signs of
metastases

M1 — Distant detectable metastases as determined by classic clinical and radiographic
means and/or histologically proven larger than 0.2 mm

is used for excision or sentinel lymph node biopsy only in conjunction with a pathologic T

assignment.
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Stage Tumor Nodes Metastases
0 Tis NO MO
I T1 NO MO
I1A TO N1 MO
T1 N1 MO
T2 NO MO
IIB T2 N1 MO
T3 NO MO
IITIA TO N2 MO
T1 N2 MO
T2 N2 MO
T3 N1 MO
T3 N2 MO
IIIB T4 NO MO
T4 N1 MO
T4 N2 MO
I11C Any T N3 MO
IV Any T Any N M1

Table 2: Tumor node metastases (TNM) staging system for carcinoma of the breast.

2.3. Estrogen and progesterone receptors — Are both members of the nuclear

hormone receptor superfamily that includes the androgen and retinoid receptors. The
receptors are located in the cytosol of target cells and operate as ligand-dependent
transcription factors. Attachment of a lipid-soluble hormone to the ligand-binding domain
results in unmasking of the DNA-binding sites on the receptor, followed by migration into the
nucleus, and binding to specific hormone-responsive elements near the genes that are
responsible for the physiologic actions of the hormone. Subsequent steps include
transcription of messenger RNA and ribosomal RNA, and the eventual synthesis of new
proteins. The prognostic significance of hormone receptor expression has been a matter of
extensive research. Women with stage | ER-positive breast cancer who receive no systemic
therapy but surgery have a 5 to 10 percent lower likelihood of recurrence at five years than
those who have ER-negative tumors. However, with longer follow up, the advantage of ER-
positivity in terms of relapse and death grows smaller [36]. This might reflect sequential
improvements in adjuvant chemotherapy (which benefits mostly the hormone receptor-
negative patients) over time.

However, expression of hormone receptors is associated with a number of other well-

established prognostic indicators, but not with nodal metastases [37]. ER-positive tumors
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are more likely to be well differentiated (lower grade) and to have a lower fraction of dividing
cells [38], but less likely to be associated with mutations, loss, or amplification of breast
cancer-related genes such as P53 [39], and HER2 [36], all of which have been associated
with a poorer prognosis. Hormone receptor status is also associated with specific site(s) of
metastatic spread. For not completely understood reasons, ER-positive tumors tend to
metastasize to the bone, soft tissue, or the reproductive/genital tracts, in contrast to ER-
negative tumors that metastasize more commonly to brain and liver. The latter sites are

associated with shorter survival [40].

2.4  HER2 overexpression — The HER2-neu oncogene (thereafter HER2) is amplified

or overexpressed in approximately 18 to 20 percent of primary invasive breast cancers.
Overexpression of HER2 [3+ by immunohistochemistry (IHC) or gene copy amplification by
fluorescence in situ hybridization (FISH)] represents an important predictive factor,
identifying those patients who benefit from targeted therapies, such as trastuzumab, both in
the adjuvant and metastatic setting. However the prognostic value of HER2 remains
controversial. In most studies, HER2 overexpression (as determined by IHC) in primary
tumor tissue is associated with a worse prognosis in patients who didn’t receive
trastuzumab [41]. The overexpression of HER2 (as assessed by IHC and with FISH
confirmation for those with 2+ IHC staining) was independently associated with significantly
worse 10-year relapse free (66 versus 76 percent) and breast cancer-specific survival (76
versus 86 percent) in a cohort of 2026 breast cancer patients, of whom 70 percent did not
receive adjuvant systemic therapy [42]. Almost 90 percent of the tumors in this series were
>1.0 cm in size. However, all of the relevant studies were performed prior to the introduction
of the monoclonal antibody trastuzumab in addition to anthracycline and taxane-based
adjuvant chemotherapy in women with high-risk HER2-overexpressing tumors. That was the
reason for the recommendation against the use of HER2 overexpression and/or
amplification as a prognostic marker in early breast cancer by an expert panel convened by
the American Society of Clinical Oncology (ASCO) [43].

2.5. Urokinase plasminogen activator system — urokinase plasminogen activator

(uPA) is a serine protease with an important role in cancer invasion and metastases. It acts

by bounding to its receptor (UPAR) and converts plasminogen into plasmin that in turn
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mediates degradation of the extracellular matrix during invasion. Specific inhibitors of uPA
(plasminogen activator inhibitors [PAI] types 1 and 2) have been identified [44].

The prognostic role of the urokinase plasminogen activator system has been studied
initially at the retrospective setting. High levels of uPA, uPAR, and PAI-1 have been
associated with shorter survival in women with breast cancer while the opposite was found
for high levels of PAI-2 [44-45]. The prognostic value of this system’s molecules was
supported further by a pooled analysis of individual patient data from 8377 women treated in
clinical trials sponsored by the EORTC (European Organization for Research and
Treatment of Cancer) [46]. The uPA and PAI-1 levels in the primary tumor tissue extracts
were the strongest predictors of disease-free and overall survival, beside nodal status
(relapse-free survival hazard ratio 2.3 for uPA and 1.9 for PAI-1) in the multivariate analysis.
A prospective trial was undertaken using the cytosolic uPA and/or PAI-1 levels to dictate
adjuvant treatment for 556 women with node-negative breast cancer based on this
promising data [47]. The 241 women who had low levels of uPA (<3 ng/mg of protein) and
PAI-1 (14 ng/mg of protein) were followed without adjuvant treatment. In contrast, elevated
intratumoral levels of uPA and/or PAI-1 were measured in 315 patients, who were
randomized to six cycles of CMF chemotherapy (cyclophosphamide, methotrexate, and
fluorouracil) or observation. Patients from the group without chemotherapy (n=374) with low
expression of uPA and PAI-1 (6.7 versus 14.7 percent) have had a significantly lower three-
year recurrence rate, after 32 months of median follow-up. The adjuvant chemotherapy was
associated with a non-significantly lower risk of disease recurrence (RR=0.27; 95%CI 0.09-
0.78) for the women with high expression of either protein. Based on these promising

results a larger validation trial is now ongoing.

2.6. P53 analysis — Mutations in the P53 tumor suppressor gene or accumulation of

P53 protein (as a product of mutated P53 which produces a protein more resistant to
degradation than the wild type one leading to protein accumulation) have been reported in
20 to 50 percent of breast cancers. Either high P53 protein expression assessed by IHC or
mutations in the P53 represent an independent predictive factor of decreased disease-free
and overall survival in both node-positive and node-negative patients according to a meta-
analysis [48]. However, other studies have failed to confirm these findings. [49]. The use of

adjuvant systemic therapy may explain this discrepancy. P53 abnormalities might also be
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associated with sensitivity to some therapeutic agents and resistance to others and worse
prognosis only in patients who received no chemotherapy. Thus, P53 mutations or deletions
might confer a favorable or unfavorable prognosis depending on the specific type of
treatment. At present, there is no role for P53 gene analysis in women with breast cancer
according to the ASCO panel on tumor markers [43].

2.7. Gene-expression _signatures — Gene-expression profiling with the use of

microarrays allows measurement of thousands of messenger RNA (mRNA) transcripts in a
single experiment and has been used to develop genomic tests that may provide better
predictions of clinical outcome than the traditional clinical and pathological standards. The
21-gene recurrence score (Oncotype Dx®) and the Amsterdam 70-gene prognostic profile
(Mammaprint®) are both well studied and enhance our ability to predict breast cancer
outcome and response to treatment.

2.7.1 The Oncotype Dx® measures the expression of ER and HER2, as well as that of
ER-regulated transcripts and several proliferation-related genes, with the use of the reverse
transcriptase—quantitative polymerase-chain-reaction (RT-gPCR) assay. Based on the
results, a quantitative continuous “recurrence score” is calculated which can be used to
stratify patients into low-risk, intermediate-risk, and high-risk group for 10-year disease
distant recurrence. This recurrence score was examined retrospectively in 668 patients with
ER-positive, node-negative tumors treated with adjuvant tamoxifen in the contest of National
Surgical Adjuvant Breast and Bowel Project (NSABP) B-14 clinical trial. The 10-year distant
recurrence rates were 7, 14, and 30 percent for the low-risk, intermediate-risk, and high-risk
categories, respectively [50]. More interestingly, the Oncotype DX® assay appears to
identify patients who are more likely to benefit from adjuvant chemotherapy in addition to
endocrine therapy with tamoxifen. This hypothesis has been tested in 651 patients (ER-
positive, node-negative) enrolled in the NSABP B-20 randomized clinical trial [51]. Higher
recurrence scores were associated with greater benefit from adjuvant chemotherapy (with
cyclophosphamide, methotrexate, and fluorouracil) and lack of any chemotherapy benefit
was associated with lower recurrence scores. A subgroup analysis of postmenopausal
women with node-positive breast cancer treated with or without anthracycline-based
chemotherapy and tamoxifen led to similar results [52]. The effect of the Oncotype DX®
assay on medical oncologist adjuvant treatment recommendations, patient treatment

choice, and patient anxiety has been reported [53]. The molecular information may change
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treatment recommendations for approximately 30 percent of patients, usually dictating
against the use of chemotherapy and lowering patient anxiety. The Oncotype DX® assay
has been recommended as a tumor marker only for patients with ER-positive, node-
negative breast cancer by both ASCO and the breast cancer panel of the National
Comprehensive Cancer Network (NCCN) [43].

2.7.2 The Amsterdam 70-gene prognostic profile or MammaPrint®is another signature
developed by Dutch researchers from the Netherlands Cancer Institute. Data from a
selected retrospective series of 78 patients with node-negative breast cancer who had
received no systemic adjuvant therapy were analyzed [54]. The expression of 70 genes was
measured to calculate a prognostic score that categorizes patients into “good” or “poor” risk
groups. The MammaPrint® signature has been tested in a validation study of a
retrospectively collected consecutive series of 307 breast tumors, from patients with both
node-negative and node-positive cancers [55]. Patients with the poor-prognosis signature
experienced time to distant metastases hazard ratios ranging from 2.13 to 2.15 after
adjustment for various estimates of clinical risk, while their 10-year overall survival was 69
percent versus 88 percent for the patients with the good-prognosis signature. Similar to the
Oncotype Dx® assay the use of MammaPrint® in combination with clinical guidelines led to
altered adjuvant treatment recommendations in 26 percent of patients enrolled in a
prospectively conducted multicenter study that included 427 patients [56]. Recently, the
prognostic value of this study has been reported [57]. After 61.6 months of median follow-
up, only fifteen percent (33/219) of the low-risk patients received adjuvant chemotherapy
versus 81 percent (169/208) of high-risk signature patients. The 5-year disease-free survival
rates for the 70-gene signature low-risk (n=219) and high-risk (n=208) patients were 97.0
and 91.7 percent respectively. According to authors, this prospective community-based
observational study confirmed the additional prognostic value of the 70-gene signature and
suggested that omission of adjuvant chemotherapy as judged appropriate by doctors and
patients and instigated by a low-risk 70-gene signature, appeared not to compromise
outcome.

2.7.3 The Rotterdam 76-gene prognostic signature was developed in an original set of
115 node-negative primary breast cancers from women who did not receive adjuvant
therapy and had been followed for more than eight years [58]. Separate prognostic gene
sets were developed for ER-negative (ER-, 16 genes) and ER-positive (ER+, 60 genes)
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disease, in contrary to the Oncotype Dx® and MammaPrint® assays. The assay
demonstrated prognostic significance for both distant metastasis-free and overall survival in
the multivariate analysis of a study that put together an independent set of 171 tumors (25
percent ER negative) [59]. Interestingly, a strong time dependence of this signature, leading
to an adjusted hazard ratio of 13.58 (95%CI 1.85-99.63) and 8.20 (95%CI 1.10-60.90) at 5
years and 5.11 (95%Cl 1.57-16.67) and 2.55 (95%CI 1.07-6.10) at 10 years for time to
distant metastasis and overall survival, respectively was observed. This finding highlights
the time dependence of these genomic signatures, meaning that they predict early relapse
far better than late relapse (after five years). This is due to the methodology of development
that used early relapse as the endpoint. It is reasonable to assume that the biology of late
relapse differs from early relapse and has been inadequately studied. Table 3 summarizes

the characteristics of the discussed gene-signatures.

Prognostic in

ER(+) ER(-) N(+) N() Fixed tissue Indication

Assay

N _ N N N Prediction of relapse despite

Oncotype Dx® endocrine therapy

MammaPrlr(g WV = \ W = Prognostication in N-
Rotterdam 76 W ? ? W - Prognostication in N-

Table 3: Characteristics of the three well-tested genomic profiles in early breast cancer [60].
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3. Metastatic Pathways

3.1 Why do some patients with axillary node metastases develop metastatic disease,
while others do not? — At the end of nineteenth century William Halsted developed the

basic concept that dictates breast cancer surgery to this day. According to this concept,
breast cancer metastasis pathway follows a linear pattern; cancer cells spread from the
breast to the lymphatic vessels and then to the systemic circulation whereby they can seed
distant organs. Therefore, radical mastectomy that includes surgical removal of the whole
breast that is affected by the tumor, as well as the regional axillary lymph nodes would
prevent the development of metastatic disease. This concept was proven to be true in
clinical practice, based on the evidence that radical mastectomies continue to be the cure of
many breast cancer patients. The adverse prognosis of the patients with lymph nodes
involvement further supports this concept [34]. The theory besides sentinel lymph node
biopsy (if the first nodes draining lymphatic flow are free of cancer cells, then the rest of the
axilla is almost always free of involvement - false negative rate of sentinel lymph node
biopsy 4-5 percent) is based on this concept also [61]. Lastly, long-term experience
continues to show that improved local control achieved with the addition of radiation therapy
to breast conserving surgery decreases the risk of local and distant recurrence [62]. The
better outcome of patients after treatment with the aforementioned clinical practices
(mastectomy, sentinel-node mapping and adjuvant radiation therapy to the breast) and
improved local control seem to support the concept of linear cancer progression.

However, we all know that metastasis is not that a simplistic process. Some women
without axillary lymph nodes involvement still develop distant metastasis, while other
women with extensive axillary lymph nodes metastases never recur in distant organs. To
explain this clinical observation, the hypothesis that both hematogenous and lymphatic
pathways are operable for metastatic disease development was made by Fischer et al [63].
The systemically administered therapies (chemotherapy and tamoxifen) required to improve
breast cancer survival favors their hypothesis [64]. In addition several more recent studies
seemingly support further the latter hypothesis. First, the finding of isolated tumor cells in
axillary lymph nodes does not affect overall survival [65]. Second, patients treated with
breast conserving surgery and radiotherapy for small, hormone receptor-positive breast

cancer and two or fewer involved axillary lymph nodes, do not have increased rates of local
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recurrence if they don’t undergo a complete axillary dissection [66]. Finally, two recent
studies highlight the imperfect relationship between tumor size and lymph node status to
clinical outcome. In case of extensive lymph node metastases, very small tumors may
confer a more aggressive subtype than larger tumors with the same lymph node
involvement, as shown by Wo et al [67]. Similarly, triple negative breast cancers with lymph
node involvement may have worse outcome irrespectively of the absolute number of
positive lymph nodes [68].

It appears that both Halsted and Fischer hypotheses are valid. The first of an
anatomic pathway for metastatic spread is correct in many cases but also Fischer's
hypotheses that malignant spread does not require necessarily a linear pathway is also true

in others.

3.2  Circulating tumor _cells and self-seeding in_cancer — Early dissemination of

tumor cells is common even in early stages of breast cancer and usually remains
undetected by conventional histopathological analysis and high-resolution imaging
technologies. These cells that are present in the blood and present antigenic and/or genetic
characteristics of a specific tumor type are known as Circulating Tumour Cells (CTC) [43].
The self-seeding model of malignant growth contains the idea that cancer cells leave
the primary tumor and circulate in the blood seeding metastases in regional lymph nodes
and/or distant sites. The concept of tumor self-seeding by CTC was introduced in 2009 after
demonstration of the theory in diverse experimental models including colon and breast
adenocarcinomas as well as melanomas [69]. To prove this hypothesis, the investigators
first used the MDA-MB-231 (MDA231) human breast cancer cell line for which a metastatic
subpopulation (MDA231-LM2) had already been characterized. Metastatic cells labeled with
a green fluorescent protein were implanted into one mammary gland as the ‘donor’ tumor
and either the metastatic or the more indolent parental cells into the contralateral gland as
the ‘recipient’ tumor. Cells from the donor tumor appeared as small patches in 85 percent of
recipient tumors, after 60 days. Results were generalizable to the metastatic donor breast
tumors and the parental-line recipients; the metastatic donor colon tumor SW630-LM1 and
its less aggressive recipient counterpart SW630; and the syngeneic donor breast tumor 4T1
(metastatic) and its recipient 67NR (poorly metastatic) in immunocompetent mice.

Mammary tumors could also be seeded by metastases, as was demonstrated in vivo.
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Injecting labeled MDA231-LM2 cells through the tail vein generated lung metastases and
primary mammary tumors. Seeding of the mammary tumors with cells shed from the lung
colonies was observed in ten out of 11 mice.

To establish whether self-seeding can affect tumor growth, MDA231 tumors were
implanted, followed 10 days later by intracardiac injection of MDA231-LM2 cells. Tumor
growth was accelerated in a manner well beyond what could be accounted for by either
population alone. It was concluded that the MDA231-LM2 cells enhance the growth of
MDAZ231 tumors through a stromal interaction [69].

By this model Kim and colleagues [69] demonstrated the importance of CTC for
metastatic disease development. They showed meticulously that CTC could go back from
primary and distant tumor sites. In other words, a primary tumor may not be only the cause
of distant seeding, but also the result of self-seeding. If this is the case in human cancers, a
large tumor may grow from the “outside in” as opposed to the “inside out” which is the
conventional theory. Finally, Kim et al challenged another dogma in metastasis, that cells
could lie dormant for years in such sites without growing, making self-seeding necessary but
not sufficient for development of metastatic foci [70].

Circulating tumor cells need to pass through many barriers before infiltrating and
growing in distant organs such as the tight vascular capillary endothelial walls and the
unfamiliar microenvironment. Therefore, not all CTC are successful in distant organ seeding,
but only the most adaptable of them. However, when CTC re-enter the primary tumor, they
face a leaky neo-vasculature and a fertile concentration of all the tissue-specific factors that
initially permitted their entry to circulation stream [71]. Several inflammatory cytokines like
IL-6 and IL-8 act as attractants for the CTC. The self-seeding CTC also express
MMP1/collagenase-1, the actin cytoskeleton complement fascin-1, and CXCL-1, which
promote tumor growth, angiogenesis, and the recruitment of myeloid cells into the stroma
[69].

The genetic profile of cancer cells capable to generate distant metastases has been
shown to be site-specific, with unique gene signatures for lung, liver and brain dissemination
[71-74]. The genes that compose these signatures for bone, lung and brain do overlap to
some extend but they are not identical. There are not only animal models that support the
site-specific origin of metastases, but also the analysis of survival data in patients whose

tumors have been classified by the molecular signatures [51-59]. Interestingly, there are an
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increasing number of pathology reports of tumor-to-tumor metastases further supporting the
evidence from the self-seeding experiments [75].

The problem with the site-specific nature of self-seeding is that the detection of
isolated cancer cells in a distant organ does not always coincide with clinical metastatic
behavior. On the other hand the detection of unresected axillary nodal disease does not
necessarily give rise to distant metastases, but neither does its absence secure the lack of
development of metastatic disease at the time of diagnosis or in the future. Furthermore, in
the case of patients who undergo breast-conserving surgery and are found to have 1-2
involved lymph nodes, it remains to be determined why axillary lymph node dissection does
not improve the locoregional recurrence rate [66]. To make it more complicated, in the same
setting it remains to be determined why radiation to the axilla improves overall survival [76].
Someone can speculate that in the case of radiation to the axilla, CTC can seed but not
colonize the radiated area. There is clinical evidence supporting this speculation, with
adjuvant radiation therapy to the breast after systemic therapy reducing systemic
recurrences more than the same radiation treatment given in advance of adjuvant
chemotherapy [77].

We have already cited the recent research indicating that some small tumors may
have an aggressive clinical behavior [67-68]. The self-seeding capacity of the tumor may
explain this observation. Small tumors with the aggressive clinical behavior may be poor
self-seeders, but highly efficient distant seeders. In some cases actually, a tumor could be
such a poor self-seeder that remains occult despite the development of extensive metastatic
disease. This scenario may be the explanation for the adenocarcinomas of unknown origin
or the classic presentation of pancreatic adenocarcinomas [78].

The self-seeding hypothesis may be the explanation of the observation that only 10
percent of patients with breast cancer present with de novo metastatic disease. It is not
uncommon some patients to have a primary tumor growing for years without having disease
in distant sites. It has been speculated that patients do not develop metastatic disease
because CTC are attracted by the primary tumor. In this setting the primary tumor acts as a
sponge for the CTC, giving rise to a vicious cycle leading to a large tumor of the breast [78].

An interesting question is what happens when the CTC are detected in the circulation
of patients with resected primary tumor. This is the clinical setting of patients who are under

surveillance for disease recurrence after treatment for primary breast cancer. We
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hypothesized that in this setting since the CTC are not recruited by the chemoattractants
that initially engendered growth in the breast, they are free to seed other organs and
develop metastatic disease. If this is true then CTC detection during follow-up of patients
with operable breast cancer could be useful for the early detection of patients at risk for

disease recurrence and death. This hypothesis will be tested in this dissertation.

4., Detection and characterization of Circulating Tumor Cells

4.1  Assays for CTC detection — Different markers have been used for the detection of

CTC, based on their expression on epithelial cells (epithelial-specific markers) or their
specific expression in breast tissue (breast tissue-specific markers). Cytokeratins (CKs) are
intermediate filament keratins found in the cytoskeleton of epithelial cells that have been
extensively used among others for this purpose [79].

Cytokeratin-19 (CK-19) is among the most well studied markers [80] while many
others have also been evaluated separately or in combinations (CK18, mucin-1,
carcinoembryonic antigen, mammaglobin) [81-83]. Cytokeratin-19 is stably and abundantly
expressed on epithelial breast tumors but not on mesenchymal hemopoietic cells and has
been successfully used for the detection of breast cancer cells in the bone marrow, lymph
nodes and peripheral blood. In addition to the appropriate marker selection, the
unambiguous identification and characterization of CTC requires extremely sensitive and
specific analytical methods. Given that CTC are usually found at very low frequencies
among the normal peripheral blood mononuclear cells (PBMCs), tumor cell enrichment
techniques, including density gradient centrifugation (Ficoll-Hypaque separation), and
immunomagnetic or size filtration procedures are often used to enrich tumor cells before
their detection [84,85].

Monoclonal antibodies directed against histogenic proteins [80] and PCR-based
molecular assays amplifying tissue-specific transcripts [81-84] are the two main approaches
for the detection of CTC. The molecular assays have generally been considered more
sensitive, while immunocytochemistry has the advantage of allowing the morphological
assessment of the stained cells [86,87]. One problem with these methods is that the

sensitivity might be suboptimal, especially for the detection of CTC in peripheral blood
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because these cells are usually present at very low frequencies e.g. 1-5 cancer cells
amongst a million peripheral blood mononuclear cells (PBMCs) [88].

Recently, automated immunomagnetic enrichment and staining system for CTC
(CellSearch® system) has been introduced [89,90]. It performs automated immunomagnetic
epithelial cell adhesion molecule-based (EpCAM) enrichment followed by cytokeratin
staining of CTC in blood samples [90]. Epithelial cells are distinguished from leukocytes by
using fluorescently labeled anti-leukocyte (CD45) and anti-epithelial (cytokeratin 8, 18, 19)
specific monoclonal antibodies [92]. This standardized method has been associated with
high intra-observer, inter-observer and inter-instrument concordance and has been
approved by the US Food and Drug Administration for in vitro enumeration of CTC from
blood samples of metastatic breast, colon and prostate cancer patients [89, 93].

The AdnaTest Cancer Select/Detect is a new CTC detection system that uses a first
step where cancer cells are enriched in vitro from cancer patients’ blood samples using
magnetic bead-conjugated antibodies that are optimized for the specific cancer type. The
isolated mRNA is transcribed into cDNA that can be amplified in a subsequent multiplex
PCR. The multiplex PCR detection step analyses the tumor-associated gene expression of
a variety of relevant tumor markers [94].

Another method for the detection of CTC from whole unseparated blood uses laser-
scanning cytometry after staining with anti-EpCAM and anti-CD45 fluorescent antibodies
(MAINTRAC®) [95].

More recently, a microfluidic platform (‘CTC chip’) mediating the interaction of target
CTC with antibody EpCAM-coated microposts, under precisely controlled laminar flow
conditions in whole blood, has been developed [96]. Surprisingly a high number of
cytokeratin-positive CTC was detected using this device, in nearly all tested patients with
lung, prostate, pancreatic, breast and colon cancer, [97].

Nevertheless, the expression of EpCAM on tumor cells, including CTC, varies widely
and depends on the tumour type. This variation can restrict the detection ability of the
described devices and alternative methods have been developed to circumvent this problem
[88]. Ultra-speed automated digital microscopy, in a system called fiber-optic array scanning
technology (FAST), applies laser-printing techniques to the rare-cell detection system.
Three hundred thousand cells are excited by this method and decorated by fluorescent dye-

conjugated antibodies [98, 99]. A much simpler approach is based on separation by cell size
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(membrane microfilter devices) [84, 100]. It is also unclear whether this approach will have
the potential to increase the sensitivity and reproducibility of CTC diagnostics considering
that size and cell shape of CTC is rather heterogeneous.

Finally, the EPISPOT assay is a completely different antibody-based approach, used
to detect proteins released by CTC [101, 102]. Only viable, protein-excreting cells are
detected using this method.

False positive results can been obtained using either nucleic acid-based or antibody-
based assays [103]. Indeed, contaminating genomic DNA during RNA extraction,
illegitimate expression or stimulated expression CTC markers on normal leukocytes and the
presence of CK-19 pseudogenes, have been considered responsible for the false positive
results when using nucleic acid-based assays [103-107]. The specificity of the molecular
methods may be increased by using quantitative RT-PCR, which can discriminate between
the higher levels found in breast cancer and the low background expression of “normal”
cells by designing primers that do not amplify genomic DNA or pseudogenes [108]. The
major disadvantage of this approach is that it does not allow a direct enumeration of CTC in
the blood sample, since the number of transcripts expressed from different cells is variable,
and only the number of target transcripts present can be estimated.

Similar limitations have been described using antibody-based techniques. Many of
the antibodies designed for epithelial breast cancer cells, occasionally stain hematopoietic
cells, displaying illegitimate expression of cytokeratins or MUC1. Plasma cells can also be
stained due to alkaline phosphatase reaction against the kappa and lambda light chains
expressed on the cell surface [103]. Optimizing the antibodies and using the appropriate

negative controls in staining experiments have been proposed to overcome these limitations.

4.2 Assays for the molecular characterization of CTC — In addition to enumeration,

there is great interest in the molecular characterization of the CTC. Characterization of the
specific subtypes of CTC based on the expression of different genes can provide
information about the biology of metastasis and improve patient management. Molecular
assays for the characterization of CTC are based on the extreme analytical sensitivity and
specificity of PCR. Similarly to the use of PCR for the detection of CTC, the success of the
molecular characterization requires the use of appropriate mMRNA markers. Given the large

background and diversity of circulating cells, it is probably necessary to detect 1 cancer cell
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in the presence of more than 1000 leukocytes and to characterize this cell meticulously. By
using a set of genes with no or minor expression on leukocytes, Sieuwerts et al succeeded
to perform quantitative gene expression profiling for as little as one breast cancer CTC
present in a CTC-enriched environment typically containing over 800 contaminating
leukocytes [109]. Another major advantage of molecular methods in addition to sensitivity is
their flexibility, especially for these multiplex assays, which reduces the required sample

size, time, and analysis cost.

Using RT-gPCR, Obermayr et al. showed that a panel of six genes was superior to
EpCAM and mammaglobin (SCGB2A2 or secretoglobin, family 2A, member 2 also known
as hMAM) for the detection of CTC in breast cancer [110]. Mammaglobin in conjunction with
B305D-C has been shown by Reinholz et al. to offer potential advantage for the molecular
characterization of circulating epithelial cells and early detection of invasive breast cancer
[111]. Recently, the majority of CTC from patients with metastatic breast cancer were shown
to express markers of epithelial-to-mesenchymal transition (EMT) and tumor stemness by
the use of a commercially available kit (AdnaTest BreastCancer, AdnaGen AG) that detects
EpCAM, mucin-1 (MUC1), and HER2 transcripts [112].

Interestingly, when ER and PR expression were assessed in CTC by RT-PCR,
detection of CTC was mostly found in patients with triple-negative primary tumors. In
general CTC phenotype was mostly triple negative regardless of the ER, PR, and HER2

status of the primary tumor [113].

Different markers with adequate sensitivity individually, have been combined together
in an effort to improve CTC detection and to define clinically relevant subpopulations of CTC
with aggressive biological behaviour. Three of these markers, detected by real-time (CK19)
and nested (SCGB2A2 and HER2) RT-PCR were evaluated in a study of 175 women with
stage | to Il breast cancer before the initiation of adjuvant chemotherapy [114]. The worst
OS was reported for patients with CK19 mRNA+ and SCGB2A2 mRNA+ cells (p=0.044 and
p=0.034, respectively) whereas patients with HER2 mRNA+ cells experienced shorter DFS
(p<0.001). Detection of CK-19 mRNA+ and SCGB2A2 mRNA+ cells and the estrogen
receptor—negative status of the tumor were independently associated with worse DFS in the
multivariate analysis. Other investigators have reported on the negative prognostic value of
the detection of HER2-positive CTC also [115].
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Recently, researchers from our group developed a multiplexed PCR-coupled liquid
bead array to detect the expression of multiple genes in CTC [116]. Using this approach, six
established CTC gene targets [HER2, SCGB2A2, CK19, MAGEA1 (melanoma antigen
family A, 1) TWIST-1 (twist homolog 1) and HMBS (hydroxymethylbilane synthase, also
known as PBGD)] are simultaneously amplified and detected in the same reaction. A very
limited amount of biological sample was used, thereby saving precious material and
reducing the costs and time of analysis. This assay forms an efficient basis for a multiplex
approach to study the expression of up to 100 genes in CTC. Table 4 summarizes the

presented analytical approaches currently used for CTC analysis.
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Disadvantages

Assay Assay System Enrichment Detection Advantages
RT-PCR Ficol gradient centrifugation CK-19, HER2, h-MAM, CEA, High sensitivity No morphological analysis
maspin, GABA A, B726P Detects only viable cells
RT-gPCR Ficol gradient centrifugation CK-19, BST1, PTPRC Quantification No morphological analysis
High sensitivity
RT-qPCR OncoQuick enrichment and CCNE2, DKFZp762E1312, EMP2, Quantification No morphological analysis
RNA preamplification MALZ2, PPIC and SLC6A8, hMAM, High sensitivity
High sensitivity No morphological analysis
Molecular Multiplex RT-PCR EpCAM antibodies and MUC1 L
Multiplex PCR for: mucin-1, Detects only viable cells EpCAM and MUC1 positivity
AdnaTest antibodies coupled to
HERZ2, EpCAM, actin Saves sample and time. dependent assay
BreastCancer ferrofluidics
Reduces cost No quantification
Ficol gradient centrifugation Saves sample and time, No morphological analysis
. and positive selection with Multiplex PCR for CK-19, HER2, reduces cost EpCAM positivity-dependent
Liquid bead array
EpCAM antibody-coupled MAGE-A3, hMAM, PBGD, TWIST1 Detects only viable cells assay
ferrofluidics Saves sample and time, End-point PCR
CellSearch CTC Positive selection: EpCAM Specific markers: CTC: CK-19 FDA cleared EpCAM-positivity dependent
o antibodies coupled on Leukocytes: CD-45 Visual confirmation of CTC Limited number of markers
ferrofluids Cell viability: DAPI Visual confirmation of CTC
. . . Further investigation on
Positive selection: EpCAM Positive markers: CKs Hih d
igh detection rate fi i
Cytologica] CTC chip antibodies coupled to Negative marker: CD45 assay specificity
Visual confirmation of CTC EpCAM-positivity dependent
microspots Nucleus: DAPI
Immunological detection of Clinical relevance not
Detects only viable cells
EpiSpot assay Negative selection: CD45+ cells secreted proteins: CK-19, demonstrated
High sensitivity
mucin-1, cathepsin-D
Table 4: Selected methodologies for the detection and molecular characterization of CTC.
(adapted with revision from Lianidou ES, Clinical Chemistry 2011; 57:124.
49
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5. Minimal residual disease in early breast cancer prognosis

5.1 Disseminated tumor cells — One of the first compartments where the minimal

residual disease was studied is the bone marrow. The occult cancer cells when found in the
bone marrow are defined as disseminated tumor cells (DTC). A large pooled analysis
conducted by Brown et al, that put together data from over 4500 patients and found 31
percent of them to be DTC-positive in the bone marrow at the time of diagnosis [117]. In this
analysis the detection of DTC was a prognostic factor for adverse overall survival in the

multivariate analysis.

There are several trials incorporating different technologies for the detection of bone
marrow DTC, all of them showed a worse prognosis for DTC-positive patients both at the time
of diagnosis and during the course of the disease [118]. Despite the administration of
systemic therapy (hormonal treatment and/or chemotherapy) these cells seem to survive.
One explanation for this observation is the theory of DTC dormancy. According to this theory
the DTC escape systemic therapy because they do not proliferate and therefore remain
unaffected by the mechanism of action of most chemotherapeutic agents [119,120]. However,
when DTC are examined regarding with their potential to proliferate in cell culture with growth
factors-containing media, they demonstrate a capability of escaping their non-proliferating
dormancy [121]. The bone marrow microenvironment seems to play an important role in the
ability of DTC to switch from dormancy to overt metastases development [122]. Unfortunately,
the exact mechanisms that control this phenomenon are still not well understood and remain
a matter of extensive research. It might be a kind of selection dictated by the bone marrow

microenvironment surrounding the DTC that eventually leads them to proliferate [123].

The detection rate of DTC has been reported to be as high as 40 percent in early
breast cancer patients [124]. Unexpectedly, DTC have also been reported in the bone
marrow of patients treated for ductal carcinoma in situ (DCIS). In a study limited to 30
consecutive women with DCIS, bone marrow aspirates were taken at the time of primary
surgery, and DTC were detected by immunocytochemistry. DTC were detected in 4 of 19
cases of pure DCIS (21.1 percent) and in four of seven cases of DCIS with microinvasion
(57.1 percent)! After a median follow-up time of 22 months, two initially DTC-positive patients
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suffered from contralateral carcinoma and contralateral DCIS at months 12 and 30
respectively, whereas the remaining patients were relapse-free. The authors concluded that
hematogenous tumor cell dissemination to the bone marrow is an early event in breast

cancer development, supporting Fischer hypothesis for metastatic spread.

The effectiveness of adjuvant chemotherapy to eliminate DTC from the bone marrow
of patients with high-risk breast cancer (inflammatory or more than four nodes involved) was
reported by Braun et al. [119]. The presence of DTC in bone marrow after chemotherapy was
an independent predictor for shorter overall survival (RR=5.0). Similar to the previous study,
the bone marrow aspirates were examined immunocytochemically with the monoclonal
anticytokeratin antibody. The same question was evaluated in a recent study focusing on
triple-negative breast cancer a subgroup that is considered to be more sensitive to the most
commonly used chemotherapy regimens [125]. In this study there was non-significant trend
towards a higher rate of pathological complete responses (pCR) after neoadjuvant
chemotherapy in patients with triple-negative breast cancers compared to luminal A or
luminal B subtypes. Interestingly, all triple-negative breast cancer patients who achieved pCR
had complete eradication of DTC, whereas 36 percent of luminal (A and B) subtypes had
persistently detected DTC after the neoadjuvant treatment. A limitation of the study was that
the receptor status of DTC was not evaluated but nonetheless the study suggests the role of
DTC in the recurrence of patients with luminal subtypes, where chemotherapy does not seem

to be very efficient in DTC eradication.

In contrary to overt metastases, locoregional relapse doesn't seem to be correlated
with DTC detection. Only 20 percent of patients with locoregional relapse have disseminated
tumor cells in the bone marrow, compared to 80 percent of patients with distant metastases
[126,127]. Patients with skeletal metastases are more likely to have DTC in the bone marrow.
The detection of 2.5 or more cancer cells/1 million bone marrow cells seem to be an
independent risk factor for adverse overall survival in the setting of metastatic disease,

irrespectively whether the patients had visceral or skeletal disease.

We have already reported the prognostic factors that are commonly used at the time of
diagnosis to guide adjuvant treatment administration. However, reliable markers to estimate

the risk of late disease relapse are lacking. The detection of DTC might be used as a new
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approach for individualized treatment. On the basis of the strong independent prognostic
significance of DTC at the time of primary diagnosis, it was hypothesized that DTC reflect the
presence of minimal residual disease and may be the precursor of subsequent metastatic
disease [117]. To elucidate the role of persistent DTC in a larger cohort, clinical follow-up
data of 676 patients from 3 European academic breast cancer centers were pooled [118].
Tumor cells were detected by the standardized immunoassays and the patients were
followed for a median of 89 months. In follow-up bone marrow aspirates 15.5 percent of
patients had DTC. The presence of DTC was an independent indicator of poor prognosis for
disease-free and overall survival during the first 5 years following cancer diagnosis, but not
beyond that in the multivariate analysis. Whether CTC detection during the follow up of
patients with operable breast cancer is predictive of late disease relapse will be the question

to study in this dissertation.

Despite the prognostic role of DTC, there are only a few data to support changing
therapeutic strategies based on serial bone marrow aspirates. It has been hypothesized that
bisphosphonates or the new class of monoclonal antibodies against RANK ligand might alter
the DTC and bone marrow microenvironment interaction. The effect of zoledronic acid on the
clearance of DTC from the bone marrow was evaluated in 120 women who underwent
neoadjuvant chemotherapy [128]. Patients were randomized to receive or not zoledronic acid
every 3 weeks. Bisphosphonates administered with chemotherapy resulted in a decreased
proportion of patients with DTC detected in the bone marrow at the time of surgery. Another
randomized phase Il study concluded that zoledronic acid added to standard adjuvant
chemotherapy improves elimination of DTC [129].

In addition to bisphosphonates there is a need for further evaluation of the effect of
endocrine or targeted therapies like the monoclonal antibody against the HER2 receptor
(Herceptin®), on DTC. Given that HER2 overexpression on disseminated tumor cells is
associated with poor outcome [130], there is great interest for the potential benefit of anti-
HERZ2 therapies in case of HER2-negative primary tumors, but HER2-positive disseminated

tumor cells.

Disseminated tumor cells in the bone marrow represent an appealing source of

prognostic information as well as a tool to monitor anticancer treatment. However, according
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to the ASCO recommendation DTC should continue to be evaluated in more directed studies
to establish their clinical significance [43].

5.2  Circulating tumor cells in_metastatic breast cancer — the majority of research on

CTC has been conducted in the metastatic disease setting. Ten years ago, Christofanilli et al.
reported the prognostic utility of CTC, using the CellSearch® system in a prospective study of
177 patients with measurable metastatic disease [90]. Circulating tumor cells were
enumerated at baseline and at the first visit after the administration of the first course of
chemotherapy (3-4 weeks later). Patients with levels of CTC equal to or higher than 5 per 7.5
mL of whole blood, as compared with the group with fewer than 5 CTC per 7.5 mL, had a
shorter median progression-free survival (2.7 months vs 7.0 months, p<0.001) and shorter
overall survival (10.1 months vs >18 months, p<0.001). At the first follow-up visit after the
initiation of therapy, this difference between the two groups persisted (progression-free
survival, 2.1 months vs 7.0 months; p<0.001; overall survival, 8.2 months vs >18 months; p
<0.001), and the reduced proportion of patients (from 49 percent to 30 percent) in the group
with an unfavorable prognosis suggested that there was a benefit from therapy. However this
trial could not answer the question whether a switch in therapies before disease progression
according to imaging, would improve survival. A follow up study found that the association
with PFS and OS based on CTC detection was significant at multiple time points after the
initiation of treatment (range 3-20 weeks) [131]. The authors concluded that a switch in CTC
levels from more than 5/7.5mL to less than 5/7.5mL was predictive of response to treatment,

while the opposite was associated with lack of response to systemic therapy.

Subsequent series of studies have been conducted to validate these findings. Bidard
et al. studied 67 patients with metastatic breast cancer treated with chemotherapy in
combination with bevacizumab [(a humanized monoclonal antibody that inhibits vascular
endothelial growth factor A (VEGF-A)] and found that the same cut-off (5 CTC/7.5mL) was
not predictive of tumor response or time to disease progression at baseline [132]. However, a
level of 3 CTC/7.5mL was predictive of the same endpoints. By 6 weeks following treatment
initiation, CTC count was not predictive of tumor response or time to disease progression
irrespectively of the cut-off, suggesting that many time- and cut-off points need to be tested
before establishing significance. The authors speculated that bevacizumab impaired tumor

cells access to vessels through vessels endothelium. Giordano et al. similarly found no
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predictive value for CTC enumeration in patients with HER2-positive disease treated with
trastuzumab [133]. In the same study however, it was found that CTC strongly predicted
survival in HERZ2-negative metastatic breast cancer and the prognostic value was
independent of subtype and metastatic sites. In contrast to Christofanilli pivotal study, this
finding was true for hormone receptor-positive disease and skeletal involvement. These two
studies underline the variability of CTC detection by tumor subtypes and the improvement
needed in methodology before this can be used in prime time. More importantly, since none
of these studies was randomized, a switch in therapy based on persistence of CTC is not
currently recommended. The ongoing Southwest Oncology Group (SWOG) 0500 trial is
designed to address this important question.

The detection of HER2 overexpression on CTC is less well studied, partly due to lack
of a standardized method for determining the HER2 status of CTC. Using a semiquantitative
RT-PCR for CK-19 in a group of HER2-positive metastatic breast cancer patients Nunes et al.
reported the prognostic and predictive role of CTC for treatment response and disease
progression [133]. Compared to circulating levels of HER2 extracellular domain — a more
established tumor marker — CTC measurement showed a closer correlation. A question that
arises when looking at the HER2 status of CTC is how to interpret the discordance between
the HER2 status of primary tumor and that of CTC. Reuben et al. reported on the hormonal
receptors and HER2 status both in primary and metastatic tumors as well as CTC [134].
Eighty percent of tumors were ER-positive, 55 percent were PR-positive and 15 percent
HER2-positive. Interestingly, CTC from 11 patients (55 percent) overexpressed HER2! On the
other side, two patients with HER2-negative primary tumors had overexpressed HER2 in their
CTC and had a response to trastuzumab-containing regimens. In a larger study, using both
the CellSearch® system and the AdnaTest® discordance was found. One-third and half of
patients with HER2-negative primary tumors had HER2-positive CTC using CellSearch® and
AdnaTest®, respectively [135]. The potential role of HER2-targeted agents in the setting of
HER2-negative primary tumor with HER2-positive CTC is the question of an ongoing clinical
trial with lapatinib (a dual tyrosine kinase inhibitor which interrupts the HER2 and epidermal
growth factor receptor (EGFR) pathways) in advanced breast cancer patients with HER2-

non-amplified primary tumors and HER2- or EGFR-positive CTC. Such a prospective trial is
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necessary to understand if there is any value for CTC evaluation in the treatment of
metastatic disease with HER2-directed targeted agents.

Since 50 percent of metastatic breast cancer patients have no detectable CTC, it has
been suggested that this is in part due to lack of methods’ sensitivity for the detection of CTC.
Using the CellSearch® system, Mego et al. reported that an undetectable CTC status is
associated with brain metastasis and inversely correlated with bone disease [136]. Overall,
the lack of CTC detection is associated with superior outcome, suggesting a role of CTC for
tumor burden estimation. The authors hypothesized that current detection methods may miss
cells that are undergoing EMT, given that both EpCAM and cytokeratins are expressed on
epithelial cells. A study by Aktas et al. reported that a major proportion of CTC from
metastatic breast cancer patients show EMT characteristics [112]. Three EMT markers
[Twistl, Akt2, PI3Kalpha] were used and the samples were considered positive if at least one
of the markers was detected. The majority of CTC-positive patients (62 percent) expressed
EMT marker(s), while the opposite was true for only 7 percent of the patients. In a more
recent study it was reported that the presence of mesenchymal markers on CTC more
accurately predicted worse prognosis than the expression of cytokeratins alone [137]. The
authors suggested that the use of epithelial markers only for CTC detection might miss the
most invasive cell population. Despite the fact that the detection of variable antigens/genes
expression on CTC is appealing, it requires further research before incorporating into clinical

trials or clinical practice for metastatic breast cancer patients.

5.3  Circulating tumor cells in _early breast cancer — the tumour staging system TNM

cannot accurately identify a significant proportion of women who despite having favorable
clinical and tumor characteristics are at increased risk of relapse and death of breast cancer.
Moreover, at the present time the efficacy of an adjuvant treatment is solely judged by the
disease relapse rate and the time interval from initial diagnosis to development of
metastases. Unfortunately, this strategy in many cases results in late diagnosis of
disseminated metastatic disease, which is incurable with current therapies. Therefore, there
is an urgent need of novel markers with independent prognostic value and biomarkers for
real-time monitoring of the efficacy of systemic adjuvant therapy in individual patients before

the development of overt metastases.
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The measurement of CTC during adjuvant therapy and the follow up period could be
used to diagnose early on the presence of resistant disease and to modify the treatment
strategy in patients with breast cancer. The prevalence of circulating tumor cells in the
peripheral blood of metastatic breast cancer patients has been extensively studied and
shown to correlate with poor progression—free and overall survival and treatment response
[90,131]. However, their prognostic role in primary breast cancer is still under investigation
and intense discussion. Several techniques have been used to detect CTC, with the
CellSearch® system and the molecular approaches to be the main ones.

5.3.1 Prevalence and prognostic significance in the setting of neoadjuvant treatment
— several groups have been collecting blood samples before and after neoadjuvant
chemotherapy in patients with large operable and locally advanced breast cancer and used
the CellSearch® system for the enumeration of CTC. Riethdorf et al. evaluated blood samples
from 287 patients from the German multicenter GeparQuattro trial [138]. The patients were
treated with epirubic/cyclophosphamide and then randomized to docetaxel or docetaxel in
combination with capecitabine or docetaxel followed by capecitabine. Patients, whose tumors
overexpressed HER2, received additional trastuzumab treatment. The prevalence of > 1 CTC
was 22 percent before neoadjuvant chemotherapy, whereas only 10 percent of patients had
detectable CTC after chemotherapy. A total of 15 percent of initially positive patients turned to
be negative after chemotherapy, whereas the opposite was true for 8 percent of the patients.
CTC detection did not correlate with primary tumor characteristics and there was no
association with response to neoadjuvant chemotherapy. Survival data are still lacking. In a
subgroup of patients additional CTC phenotyping was performed by immunocytochemistry
and showed HER2 overexpression in the CTC from 14 out of 58 patients (24 percent),
including eight patients with HER2-negative primaries.

5.3.2 Prognostic significance before adjuvant chemotherapy — using the CellSearch®
system the prognostic value of CTC was evaluated in a large cohort of 2026 early breast
cancer patients with node-positive or high risk node-negative disease within the German
multicenter SUCCESS trial [139]. In contrary to the aforementioned neoadjuvant and
metastatic studies, 23 mL of blood was drawn and processed for the detection of CTC.
Twenty-two percent of patients were CTC-positive before the administration of chemotherapy

(median number of CTC 1.3; range: 1-827). A total of 12 percent of patients had only one
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circulating tumor cell per 23 mL of blood analysed, 4 percent had two, 2 percent had three or
four CTC, while five or more CTC were detected in the blood from 3 percent of the patients.
CTC-positive patients were significantly more frequently node-positive (p<0.001), but there
was no correlation with other known clinicopathological parameters for adverse outcome like
tumor size, histological grade or hormonal receptor status.

The CTC-positive patients had a shorter disease-free (p<0.001), distant disease-free
(p<0.001) and overall survival (p=0.002) after a median follow up of 35 months (range: 0-54).
In the multivariate analysis, CTC detection before treatment was confirmed to be an
independent predictor for disease-free survival (HR=1.91) in addition to tumor size,
histological grade, lymph node involvement and hormonal receptor status. In subgroup
analysis according to the absolute number of CTC (>0, >1, >5) both disease-free and overall
survival was significantly shorter compared to the group of patients with no CTC detected in
their blood sample. Therefore, the cut-off point of 1 circulating tumor cell detected in 23 mL of
blood before the initiation of adjuvant chemotherapy seems to be justifiable. Finally, the
greater the number of CTC in the blood before chemotherapy administration, the worst the
outcome was. Specifically, the outcome was worst in patients with 5 or more CTC who
experienced a fourfold increased risk for disease recurrence and a three-fold risk for death
(p<0.05, for both outcomes).

More recently, Lucci and colleagues used also the CellSearch® system in a US patient
population and prospectively showed that the presence of CTC is an independent predictor of
relapse and death in chemotherapy-naive patients with non-metastatic breast cancer [140]. In
302 individuals a single CTC sample was collected at the time of their definitive surgery, and
CTC levels were correlated with survival and standard histological characteristics. Detection
of one or more CTC in 73 patients (24 percent), predicted both decreased progression-free
[HR=4.62; 95%CI| 1.79-11.9; p=0,005] and overall (HR=4.04; 95%Cl 1.28-12.8; p=0,01)
survival. Furthermore, the presence of CTC could not be predicted by any primary tumour
characteristics, suggesting that the worse outcome was not simply because of an association
with previously validated poor prognostic factors such as tumour size or grade.

5.3.3 Evaluation immediately after chemotherapy and during surveillance — CTC were
also evaluated both immediately after and following two years from the completion of
adjuvant chemotherapy in the setting of the SUCCESS trial [141]. Cut-off positivity for this
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analysis was more than 1 circulating tumor cell per 23 mL of blood. In 143 (10 percent) out of
1500 patients analysed before the administration of adjuvant chemotherapy, more than 1
CTC was detected (range: 2-827). After the completion of chemotherapy, the number of
patients tested positive for more than one CTC was 130 (9 percent). Of the 143 patients who
were initially CTC-positive, 15 remained persistently positive (10 percent), whereas 115
become CTC positive (10 percent) after chemotherapy despite the fact that they have been
tested negative before the start of treatment. Preliminary results support the prognostic
significance of persisting CTC after cytotoxic chemotherapy with shorter disease-free survival
(p=0.0623). Patients with persistently positive CTC before and after chemotherapy had the
highest risk of disease relapse (p<0.001).

In the subgroup of 579 patients with a follow up sample 2 years after the completion of
adjuvant chemotherapy, 10 percent had at least one CTC detected, while 1.2 percent of the
patients had more than 5 CTC [142]. This observation shows the long-term persistence of
CTC in the peripheral blood. If this persistence is clinically meaningful, remains to be seen.

5.4 CK-19 mRNA-positive circulating tumor cells in _breast cancer — Cytokeratin-19

(CK-19), a cytoskeletal component present in normal and cancerous epithelial cells, has been
extensively used for the detection of breast cancer cells in mesenchymal tissues and seems
to be a sensitive and reliable tumor marker in both patients with operable and metastatic
breast cancer [81-83]. AImost 22 years ago Slade et al. developed an RT-PCR methodology
for the detection of micrometastases in patients with breast cancer based on the estimation of
the number of cytokeratin 19 transcripts in blood and bone marrow samples [143]. Our group
developed an RT-qPCR assay for CK-19 mRNA [108,144] and evaluated its analytical and
diagnostic sensitivity as well as its specificity and clinical potential for the molecular detection

of occult carcinoma cells in peripheral blood of breast cancer patients.

5.4.1 Prognostic value in early breast cancer before adjuvant chemotherapy — the
prognostic significance of CTC detection in patients with early stage breast cancer before the
administration of adjuvant therapy was first reported by Stathopoulou et al. [145]. One
hundred forty-eight patients with operable breast cancer (stages | and Il) were included and a
nested RT-PCR was used for the molecular CK-19 mRNA detection. Roughly, one-third of
patients (44 patients or 29.7 percent) had CK-19 mRNA-positive cells. No significant
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association between the detection of CTC and the patients’ menstrual status, disease stage,
tumor grade, or hormonal receptor status was noted. After 28 months of median follow-up, 19
patients (12.8 percent) experienced disease relapse and eight (5.4 percent) died of breast
cancer. The CTC-positive patients had poorer progression-free survival (HR=4.64; 95%ClI
1.74-12.38; p<0.001) and overall survival (HR=6.13; 95%CI 1.24-30.47; p=0.01) compared to
CTC-negative patients. In a multivariate analysis, the detection of CK-19 mRNA-positive cells
(in addition to tumor size and estrogen receptor status) was an independent prognostic factor
for disease relapse and death.

Later on, researchers from our group developed the real-time RT-PCR for the
guantification of CK19 mRNA transcripts mentioned before [108,144]. The assay was used to
detect CTC in an expanded cohort of 444 women with stage I-lll breast cancer before the
administration of adjuvant chemotherapy [146]. The results verified the shorter DFS
(p<0.001) and OS (p<0.001) of the CTC-positive patients (Figure 3).

Nevertheless, only 30 percent of CK19 mRNA-positive patients relapsed, while 15
percent of patients relapsed and died of breast cancer after a 5-year median follow-up,
without having detectable CTC [146]. Relevant questions arose as to whether these cells
were viable or apoptotic and proliferating or quiescent. The proliferative potential of DTCs
from patients with breast cancer or other epithelial tumours has been documented since they
could be cultured in vitro [147]. Furthermore, Kallergi et al. demonstrated that CTC express
activated signalling kinases, which may regulate migration mechanisms, supporting the

presumption of their malignant and metastatic potential [148].
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Figure 3: Overall survival in patients with and without cytokeratin-19 (CK-19) mRNA—positive
circulating tumor cells (CTC) before the administration of adjuvant chemotherapy:
(A) entire patient population, (B) ER-negative, (C) ER-positive, (D) triple-negative
(E) HER2-positive, and (F) ER-positive/HER2-negative subgroups
(adapted from Ignatiadis, M. et al. J Clin Oncol 2007;25:5194-5202).

5.4.2 Prognostic value in early breast cancer after adjuvant chemotherapy — Xenidis
et al. evaluated the prognostic significance of CTC detection after the completion of adjuvant
chemotherapy [149]. A nested RT-PCR was used for CK19 mRNA detection and patients
with less than four involved axillary lymph nodes and detectable CTC were found to have an

increased risk for disease relapse and shorter DFS.

Recently, the aforementioned results were confirmed using a real-time RT-PCR assay
in an expanded cohort of patients and at the same time the sensitivity of CTC to adjuvant
chemotherapy was evaluated [150]. Blood was drawn from 437 patients with early breast
cancer before the administration and after the completion of adjuvant chemotherapy. One
hundred seventy nine patients (41 percent) were CTC-positive before chemotherapy.

Approximately one in two of these patients (51%) became CTC-negative after completion of
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Figure 4: (A) Disease-free survival (DFS) of patients with or without detectable cytokeratin-19 (CK-19)
MRNA-positive circulating tumor cells (CTC) after the completion of adjuvant chemotherapy. (B) DFS
according to the detection of CK-19 mRNA-positive CTC both before the initiation and after the
completion of adjuvant chemotherapy. (C) Overall survival of patients with or without detectable CK-
19 mRNA-positive CTC after the completion of adjuvant chemotherapy. (D) Overall survival according
to the detection of CK-19 mRNA-positive CTC both before the initiation and after the completion of
adjuvant chemotherapy. (adapted from Xenidis N. et al. J Clin Oncol 2009; 27:2177-84).

More recently, taxane-based chemotherapy regimens have been showed to be more
efficacious in CTC elimination [151]. The presence of CK-19 mRNA-positive CTC in the
peripheral blood was evaluated before and after chemotherapy, using a real-time RT-gPCR
assay, in a historical comparison of two cohorts of women with stage I-lll breast cancer
treated with adjuvant taxane-free and taxane-based chemotherapy. Taxane-based
chemotherapy resulted in a higher incidence of CTC elimination than taxane-free regimens
since 49.7 percent (74 of 149) and 33 percent (29 of 88) of patients with detectable CTC
before chemotherapy, respectively, turned negative post-chemotherapy (p=0.015). More
interestingly, only the patients with detectable CTC before chemotherapy derived benefit from
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the addition of taxane. Patients treated with taxane-free regimens had a significantly lower
DFS (p=0.035) than patients treated with taxane-based regimens; this difference was
observed in patients with but not without detectable CTC before chemotherapy (p=0.018 and
p=0.481, respectively). Similarly, the incidence of deaths was significantly higher in the
taxane-free cohort of patients with but not without detectable CTC before chemotherapy
compared with that of the taxane-based cohort (p=0.002). The taxane-based chemotherapy
regimen was shown to be significantly associated with prolonged DFS in the multivariate
analysis (HR: 2.00; 95% CI 1.20-3.34).

5.4.3 Prognostic value in node-negative early breast cancer — roughly 30 percent of
patients with node-negative (NO) breast cancer will relapse in distant sites and eventually die
as a result of disseminated disease [152]. Xenidis et al. reported the prognostic value of CTC
detection in a group of 167 patients with node-negative early breast cancer [153]. The
detection rate of CK-19 positive cells using the same real-time RT-gPCR assay was 21.6
percent. There was no correlation between CTC detection and known pathologic and clinical
prognostic factors; only HER2 overexpression (IHC score 2 or 3+) on the primary tumor was
associated with CTC positivity (p=0.033). Multivariate analysis revealed that CTC detection
was associated with early distant disease relapse (p<0.001) and disease-related death
(p=0.008). These results indicate that dissemination of tumor cells via hematogenous spread

could be an early event in the disease course, occurring before the lymphatic metastasis.

5.4.4 Prognostic value during adjuvant hormonal therapy administration — the aim of
adjuvant endocrine therapy is to prevent breast cancer cells stimulation from endogenous
estrogens. In the most recent Early Breast Cancer Trialists' Collaborative Group (EBCTCG)
meta-analysis (published in 2011) five years of tamoxifen was associated with a remarkable
15-year reduction in breast cancer mortality by about a third in all women with ER-positive
disease [152]. No predictive markers for tamoxifen are available except from ER/PR
expression.

To address the clinical utility of CTC detection during hormonal therapy blood from 119
patients with hormone receptor-positive tumors treated with adjuvant tamoxifen, was

analysed using the same real-time RT-qPCR assay for CK19 mRNA. Twenty-two patients
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(18.5 percent) were CTC-positive after the completion of adjuvant chemotherapy and before
the initiation of tamoxifen [154]. The majority of them (68.2 percent) were also resistant to
adjuvant tamoxifen (persistently CTC-positive: 12.6 percent of the 119 patients). Sixty-eight
patients (57.1 percent) remained CTC-negative throughout the follow-up period (persistently
CTC-negative: 57.1 percent of the 119 patients). Failure of tamoxifen to eradicate CTC was
an independent prognostic factor for short DFS and OS.

In the modern era, aromatase inhibitors are the preferable alternative to tamoxifen for
upfront, sequential or extended administration in post-menopausal women with early breast
cancer [155]. In thisregard, CTC-positive patients after tamoxifen administration could also be
switched to an aromatase inhibitor in an effort to eliminate minimal residual disease.

Additional studies are necessary to determine the utility of CTC monitoring in this setting.

5.4.5 Prognostic value according to the molecular subtypes — breast cancer is not a
single disease with variable morphologic features but rather a group of molecularly distinct
neoplastic disorders. Gene-expression profiling has been used to classify breast cancer into
four main molecular classes [156]. The "intrinsic" classification includes the basal-like type
that corresponds mostly to ER-negative, PR—negative, and HER2-negative tumors (hence,
"triple-negative"), luminal-A (ER-positive and histologically low-grade), luminal-B (ER-positive
but may express low levels of hormone receptors and are histologically high-grade) and

HER2-positive tumors, which show amplification and high expression of the HER2 gene.

Apart from differences in gene expression profiles, the ER-negative and ER-positive
tumors differ in their response to treatment and natural history of the disease. We have
already mentioned that during the first 5 years after primary treatment, women with ER-
negative early-stage breast cancer experience more often disease relapse than those with
ER-positive tumors. On the other hand, it is not uncommon for patients with ER-positive
tumors to relapse after 5-15 years [36].

A recent study by Ignatiadis et al. demonstrated that CTC detection predicts the
prognosis in clinically relevant subgroups of early-stage breast cancer patients [146]. A total
of 444 patients were enrolled in this study before the initiation of adjuvant chemotherapy and
181 (40.8 percent) were found to be CTC-positive. Among them, 109 (41.9 percent) of 260
ER-positive patients were CTC-positive, 71 (40.6 percent) of 175 ER-negative, 27 (35
percent) of 77 triple-negative, 35 (39.8 percent) of 88 HER2-positive, and 82 (44.1 percent) of
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186 patients with ER-positive/HER2-negative tumors. After a median follow-up of 53.5 months,
patients with detectable CTC experienced significantly reduced DFS and OS (Figure 3).
Nevertheless, this was mainly observed in patients with ER-negative, HER2-positive or triple-
negative tumors. On the other hand, despite the presence of CTC, patients with ER-positive
or ER-positive/HER2-negative tumors did not have any significant difference in clinical
outcome (Figure 3). In multivariate analysis, the interaction between CTC and ER status was
the strongest independent prognostic factor for reduced DFS (HR=3.808; 95%CI 2.415-6.003;
p<0.001) and OS (HR=4.172; 95%CI, 2.477-9.161; p<0.001). This study showed for the first
time that CTC detected by a sensitive quantitative RT-PCR assay had different prognostic
value among the molecular subtypes of early breast cancer.

5.4.6 Meta-analysis — the prognostic role of CTC detected by RT-PCR in early breast
cancer was confirmed by a recent meta-analysis of the published literature [157]. Twenty-four
studies were included which comprised 4.013 patients for final analysis. The presence of
CTC was significantly associated with increased relapse (HR=2.6; 95%CI| 2.09-3.42 p
<0.001) and shorter OS (HR=3.00; 95%CI 2.29-3.94; p<0.001). When CK-19 was used as a
marker the prognostic value of CTC detection was higher (relapse: HR=2.94 95%CI 2.17-
3.98, p<0.001 and OS: HR=3.59; 95%CIl 2.52-5.11; p<0.001). CK-19 mRNA-positive CTC
were not associated with primary tumors’ characteristics (histological grade, tumor size,
axillary lymph nodes metastases, ER/PR negativity, HER2 overexpression).

The evaluation of CTC status following standard therapy might be of great interest in
the modern era of targeted therapy. This was clearly shown in a recent study by Georgoulias
et al. [158]. Seventy-five women with early breast cancer without HER2 overexpression and
detectable CK19 mRNA-positive CTC both before and after adjuvant chemotherapy were
randomized to trastuzumab (n=36) or observation (n=39). The primary endpoint was 3-year
disease-free survival rate. The vast majority of the patients (89 percent) had CTC that were
positive for HER2. After trastuzumab administration, 27 out of 36 women (75 percent) turned
CK19 mRNA-negative compared to only 17.9 percent (7 out of 39) in the observation arm
(p=0.001). After 67.2 months of median follow-up, four (11 percent) and 15 (38 percent)
relapses were observed in the trastuzumab and observation arm, respectively (p=0.008). The
median DFS was also significantly prolonged for the patients treated with trastuzumab
(p=0.008). The authors concluded that trastuzumab administration could eliminate

64
Emmanouil Saloustros Thesis for Doctoral Degree 2013



chemotherapy-resistant CK19 mRNA-positive CTC, reduce the risk of disease recurrence
and prolong the DFS of patients with early breast cancer.

5.4.7 Prognostic value in metastatic disease — more recently the clinical relevance of
CK-19mRNA-positive CTC detected before the initiation of front-line treatment in patients with
metastatic breast cancer has been reported [159]. The presence of CTC was detected in 298
patients with metastatic breast cancer using a real-time RT-PCR assay. In 44 patients, both
the CellSearch® system and the RT-PCR assay were used for the detection of CTC. There
was a strong correlation between the detection of CTC by both assays. CK-19mRNA-positive
CTC were detected in 201 (67 percent) patients and their detection was independent of
various clinico-pathological characteristics. The median progression-free survival (9.2 vs 11.9
months, p=0.003) and the overall survival (29.7 vs 38.9 months, p=0.016) were significantly
shorter in patients with detectable CK-19mRNA-positive CTC compared with patients without
detectable CTC. Similar to the studies that used the CellSearch® system, the detection of CK-
19mRNA-positive CTC in patients with metastatic breast cancer before front-line therapy

could define a subgroup of patients with dismal clinical outcome.

6. Conclusions and perspectives — Despite increasing evidence supporting the

detection of CTC as a biomarker, it still remains unclear how this information could be
integrated into the daily clinical practice. Although biomarkers could simply be used in
addition to the present methods to more accurately stratify patients in terms of proposed
benefit of adjuvant treatments, their presence at diagnosis or after completion of adjuvant
treatment might guide the use of additional therapies including those that specifically target
CTC. Although there is the suggestion that CTC might represent a chemo-resistant stem cell-
like phenotype [112], there are reports in the (neo)adjuvant and metastatic settings showing a
reduction in CTC counts after standard chemotherapy [131, 141]. Therefore if complete CTC
eradication is needed to achieve better clinical outcomes, whether this can be achieved with
prolonged treatment with currently available drugs or the design of novel therapies, remains
undetermined. Furthermore, the timing of CTC measurements might prove to be important
prognostically, and it is unclear whether they should be taken before, during, or after surgery,
or before or after completion of adjuvant treatment. Agreement is also needed as to which

CTC cutoff should be considered significant.
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Present clinical practice does not use CTC to stage the disease or guide adjuvant
treatment decisions and this is exemplified by the fact that the recent ASCO guidelines do not
recommend CTC measurements for staging non-metastatic breast cancer [43]. Although
studies from our group and others support the notion that CTC detection should be included
in the staging algorithms for patients with non-metastatic breast cancer, larger multicenter
clinical studies are needed to confirm and further clarify their role. Therefore, until the
completion of such studies, we cannot recommend that patients should be treated differently

on the basis of these data.
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Part B

CK-19 mRNA-positive circulating tumor cells during
follow-up of patients with operable breast cancer.

Prognostic significance for late relapse
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1. Hypothesis to be tested — Invasive breast cancer is the most common malignancy

in women. Due to declining mortality rates that are attributable mostly to the use of screening
mammography and effective adjuvant therapy, more women nowadays survive their breast
cancer [64]. Since metastatic disease is considered incurable, the early recognition and
treatment of potentially still curable minimal residual disease is one of the major goals of care
of breast cancer survivors and requires the in depth understanding of relapse patterns.

Depending on the specific breast cancer type, the majority of recurrences occur during
years 2 to 5, although they can occur earlier or much later [36]. Especially, for women with
hormone receptor-positive disease, more than one-half of all recurrences and deaths occur
beyond five years from diagnosis. To date no tool is available for monitoring the effect of
adjuvant treatment and in most cases the recurrence risk is calculated based on previous
statistical analyses. Therefore, with existing methods prediction of the risk of relapse for the
individual patient is limited.

We have already reviewed that circulating tumor cells in the peripheral blood of
patients with operable breast cancer have been shown to be independent adverse prognostic
factors for disease recurrence and disease-related death. Immunocytochemistry using
antibodies against proteins that are expressed on epithelial but not on mesenchymal cells is
widely used for the detection of DTC and CTC. However, the detection of mMRNA transcripts
for specific epithelial markers by using RT-PCR and, more recently, the RT-qPCR seems to
have higher diagnostic sensitivity [86]. The major advantage of RNA-based approaches is
related to the rapid degradation of RNA released from cells in the blood by RNAses; therefore,
the origin of detectable RNA transcripts in blood is considered to be viable cells. Cytokeratin-
19 a cytoskeletal component present in normal and cancerous epithelial cells, has been
extensively used for the detection of breast cancer cells in mesenchymal tissues and seems
to be the most sensitive and reliable tumor marker in both patients with operable and
metastatic breast cancer [160,161].

Several studies have shown the prognostic significance of CK-19 mRNA-positive CTC
in patients with operable breast cancer [145,149,150,151,153,162]. However, all these
studies have investigated the prognostic value of CTC at initial diagnosis and before the
initiation and/or following the completion of adjuvant chemotherapy. Only a few reports exist

concerning the clinical relevance of DTC, but none for CTC, during the surveillance period
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after the completion of adjuvant chemotherapy [118,163]. The unfavorable clinical outcome of
patients with detectable isolated tumor cells in bone marrow has been shown in the latter
studies. Given that DTC and CTC are theoretically the primary targets of adjuvant treatments,
their fate after systemic therapy could be a potential useful marker permitting a direct and
individualized assessment of treatment efficacy and a more accurate estimation of the risk of
relapse.

In the present study, we sought to evaluate the clinical relevance of CK-19 mRNA-
positive CTC detected by a quantitative real-time RT-PCR assay at different time points
during the follow up period after the completion of adjuvant chemotherapy in patients with
operable breast cancer. We hypothesized that patients having detectable CK-19 mRNA-
positive cells during follow up despite the administration of adjuvant therapy could be at an
increased risk of late disease relapse (defined as relapse at least two years after the end of

adjuvant chemotherapy) and death.

2. Patients — A retrospective analysis of prospectively collected data in the context of an
ongoing longitudinal study that has been previously reported was performed [150]. Women
with operable breast cancer (TNM stage | to Ill) who were under surveillance and had not
experienced disease relapse during the first two years of follow up, were eligible for this study.
All patients had received adjuvant chemotherapy mostly in the context of research protocols
of the Hellenic Oncology Research Group. The chemotherapy regimens that were
administered are listed below:

. CMF__regimen: cyclophosphamide 600mg/m?, methotrexate 40mg/m? and 5-

fluorouracil 600mg/m? given on days 1 and 8 of 28 days’ cycle for total of 6 cycles.

o FEC regimen: 5-fluorouracil 500mg/m?, cyclophosphamide 500mg/m? and epirubicin

75mg/m?, given on day 1 of 21 days’ cycle for total of 6 cycles.

. T/EC regimen: docetaxel 100mg/m?. Given on day 1 of 21 days’ cycle for total of 4

cycles, followed by epirubicin 75mg/m? and cyclophosphamide 700mg/m? given on day 1 of

21 days’ cycle for total of 4 cycles.
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After the completion of adjuvant chemotherapy, patients received adjuvant
radiotherapy and hormonal therapy when indicated according to their individual disease
characteristics. There were no subgroups of patients who received only adjuvant hormone
therapy or no adjuvant systemic therapy at all.

Patients' follow-up consisted of medical history and physical examination, with
laboratory and imaging studies restricted as indicated, every 3 months for the first 2 years,
every 6 months for the next 3 years and yearly thereafter. Treating physicians were
completely unaware of the CK-19mRNA results for their individual patients and all follow up
laboratory and imaging studies to detect disease relapse were performed independently of
the CK-19mRNA results. All patients signed an informed consent to participate in the study,
which was approved by the ethics and scientific committees of our institution.

Cytokeratin-19 mRNA-positive CTC were monitored at specific time points after the
completion of adjuvant chemotherapy for a 5-year follow up period. The first blood sample
was obtained 3 months after the end of chemotherapy and subsequent samples were
obtained every 6 months thereafter during the 5-year follow up.

Patients were classified into four groups based on their CTC status during the first two
years and the subsequent three years of follow up (as persistently negative, persistently-
positive, negative turn to positive and the opposite). At least one CK-19 mRNA-positive blood
sample in the corresponding period of time was required for classifying the patient in the
CTC-positive group. On the other hand, if all the collected blood samples were negative for
CK-19 mRNA, the patient was characterized as CTC-negative. Using this definition, the
patients were classified in the “persistently CTC-negative” group, if there were no positive
blood samples for CK-19 mRNA throughout the 5-year follow up period. On the other hand,
the “persistently CTC-positive” patients had at least one positive blood sample for CK-19
MRNA in the first 2 years and at least another positive one in the subsequent 3 years of
follow up. Accordingly, patients in the “CTC-negative turn to positive” group had no positive
samples in the first two years, but at least one positive sample in the next 3 years. The

opposite was true for the “CTC-positive turn to negative” group.
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3. Clinical Samples — Twenty milliliters (mL) of peripheral blood in EDTA was collected

at each visit (3 months after the end of chemotherapy and subsequent samples were
obtained every 6 months thereafter during the 5-year follow up). To avoid contamination with
epithelial cells from the skin, all blood samples were obtained at the middle of vein puncture

after the first 5 mL of blood was discarded.

4.  Method
4.1  Peripheral Blood Mononuclear Cells isolation — Peripheral blood was diluted

(vol/vol for peripheral blood) in PBS (8,0 gr/l NaCl, 0,2gr/l KCI, 1,15 gr/l Na2HPO4, 0,2 gr/l
KH2PO4, pH 7,3) and cells were dissociated by passing them through 25-gauge 5/8 needles.

The protocol used for the isolation of the PBMCs consisted of the following steps:

. Step 1: the diluted cells suspension was carefully layered over Ficoll-Hypaque 1077
(Sigma) in a 50 mL conical tube. The volume of ficoll was half the volume of the suspended
cells.

. Step 2: the two-phase mix was centrifuged at 1,200 g for 30 min at 4°C in a swinging-
bucket rotor without brake.

. Step 3: the upper layer was aspirated, leaving the mononuclear cell layer
(lymphocytes, monocytes, and thrombocytes) undisturbed at the interphase.

. Step 4: the mononuclear cell layer was carefully transferred to a new 50 mL conical
tube which was filled with PBS, and centrifuged at 1,600 g for 10 min at 18°C. The
supernatant was removed carefully. The tube was filled again with PBS and centrifuged at the

same conditions.

o In between the two washes with PBS the viable cells were counted using a
haemocytometer.
. Step 5: cells were resuspended in 1 mL of PBS and pelleted at 1,200 g for 2 minutes

at 18°C. Cell pellets were kept at —80°C until RNA extraction.

4.2 RNA extraction — Total RNA extraction was performed using Trizol LS reagent

(Gibco) according to the manufacturer’s instructions [164]. All RNA preparation and handling

steps took place in a laminar flow hood, under RNAse-free conditions.
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. Cells were lysed with TRIZOL reagent by repetitive pipetting or by passing through
syringe and needle. We used 1 mL of the reagent per 5-10 X10° of cells.

. The homogenized sample was incubated for 5 min at room temperature to permit the
complete dissociation of nucleoprotein complexes.

J 0.2 mL of chloroform per 1 mL of TRIZOL was added and the sample was mixed
vigorously by vortexing for 15 seconds and incubated them at room temperature for 2 to 3
min. The sample was centrifuged at 12,000 g for 15 minutes at 4°C. Following centrifugation,
the mixture was separated into lower red, phenol-chloroform phase, an interphase, and a
colorless upper aqueous phase. RNA remained exclusively in the aqueous phase. The upper
aqueous phase was transferred carefully without disturbing the interphase into fresh tube.
(The volume of the aqueous phase is about 60 percent of the volume of TRIZOL Reagent
used for homogenization).

. The RNA was precipitated from the aqueous phase by mixing with isopropyl alcohol.
We used 0.5 mL of isopropyl alcohol per 1 mL of TRIZOL reagent used for the initial
homogenization. The sample was incubated at room temperature for 10 minutes and
centrifuged at 12,000 g for 10 minutes at 4°C. The RNA precipitated, often invisible before
centrifugation, forms a gel-like pellet on the side and bottom of the tube.

. The supernatant was removed completely. The RNA pellet was washed once with 75
percent ethanol, and 1 mL of 75 percent ethanol per 1 mL of TRIZOL reagent used for the
initial homogenization was added. The sample was mixed by vortexing and centrifuged at
7,500 g for 10 minutes at 4°C. The above washing procedure was repeated and the leftover
ethanol removed.

o The RNA pellet was air-dried for 5-10 minutes and dissolved in diethylpyrocarbonate
(DEPC)-treated water by passing solution a few times through a pipette tip and stored at
—-80°C until used. The RNA concentration was determined by absorbance readings at 260 nm
with the Hitachi UV-VIS (U-2000) spectrophotometer (Tokyo, Japan). RNA integrity was
tested by PCR amplification of the beta-actin housekeeping gene. As positive and negative
controls, RNA samples were also prepared from the human tumor cell lines MCF-7 and ARH-

77, respectively.
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4.3 Complementary DNA (cDNA) synthesis — cDNA Reverse Transcription (RT

reaction or first strand cDNA synthesis) is a process in which single-stranded RNA is reverse
transcribed into by using total cellular RNA or poly(A) RNA, a reverse transcriptase enzyme,
a primer, dNTPs and an RNase inhibitor. Three types of primers can be used for RT reaction:
oligo (dT) primers, random (hexamer) primers and gene specific primers with each having its
pros and cons. We used the oligo (dT) primers. The reaction was carried out with the
Thermoscript RT-PCR system (Gibco). The reaction mix contained:

. 1-5 micrograms of extracted RNA.
. 1 microliter of primer [oligo (dT) 20 (50 uM)]
. DEPC-treated water to a total volume of 10 microliters.

The mix was first incubated at 70 °C to denature RNA secondary structure and then quickly
chill on ice to let the primer anneal to the RNA. Then the other components of RT are added
to the reaction including:

. 4 microliters of RT reaction buffer (5x)

J 1 microliter of Dithiothreitol (DTT, 0.1 M)

. 1 microliter of RNase inhibitor (RNaseOUT, 40 U/uL)

. 1 microliter DEPC-treated water

J 2 microliters of dNTP mix (10 mM)

. 1 microliter of reverse transcriptase (ThermOEdcript RT, 5 U/uL)

The RT reaction was extended at 60 °C for 60 minutes and heated at the reaction at 70 °C for
5 minutes to inactivate the enzyme. Before using the reaction in real time RT- PCR, removal
of the template RNA was necessary by treating the RT reaction with RNase H. The cDNA

was stored at —20°C until used.

4.4 Real-Time RT-PCR for CK-19 mRNA — The principle of the proposed real-time RT-

PCR assay for CK-19 is shown in figure 5. Quantification is based on real-time monitoring

during PCR of fluorescently labeled specific hybridization probes for CK-19. The point where
the fluorescence rises above background noise (Cq) is best quantified through the
LightCycler software as the second derivative maximum of the curve. Real-time RT-PCR for

CK-19 mRNA was performed using the LightCycler system (Roche Diagnostics). The primers
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and the hybridization probes used for CK-19 were designed and synthesized by TIB
MOLBIOL (Berlin, Germany; Table 5)

FRET
Egxc= 493 nm Egy = 640 nm
—L ; CK-19 ¢DNA
CK-19 for CK-19 FL CK-19LC  CK19do
5 5 3 5 3 3

40 429 485 507 509 533 547 565
Figure 5: Principles of the real-time RT-PCR assay for CK-19 mRNA
(adapted from Stathopoulou A. et al. Clin Cancer Res; 2003;9:5145).

Gene Primer/Probe Name Oligonucleotide sequence (5'-3’)
CK-19 Forward primer CK19-for gCACTACAgCCACTACTACACgA
Reverse primer CK19-do CTCATgCgCAgAgCCTgTT
Hybridization probe CK19-FL1 TgTCCTgCAgATCgACAACgCCC-FL
Hybridization probe CK19-LC2 CRed640-CTggCTgCAgATgACTTCCgAACC
GAPDH Forward primer GAPDH F TTggTATCgTggAAggACTCA
Reverse primer GAPDH R TgTCATCATATTTggCAggTTT
Hybridization probe | GAPDH 3FL1 TgTCCCCACTgCCAACgTgTCAg-FL
Hybridization probe | GAPDH 7053 | LCRed705-ggTggACCTgACCTgCCgTCTAgA

Table 5: Sequences of primers and hybridization probes used in this study.
Ylabeled with with fluorescein, ? labeled with LC Red640 (TIB MOLBIOL) and ® labeled with LC
Red705 (TIB MOLBIOL).

For the PCR, 2 ul of cDNA were placed into a 18-ul reaction volume containing 1 pl of
the sense primer CK19-for (3 um), 1 ul of the antisense primer CK19-do (3 um), 2.4 ul of the
LightCycler Fast Start DNA Master Hybridization Probes reagent (10x concentration), 1 ul of
the probe CK19-FL (3 um), and 1 pl of the probe CK19-LC (3 ym), and DEPC-H,O was
added to the final volume (Table 6). PCR reaction was initiated with a 10 minutes
denaturation at 95°C and terminated with a 30 seconds cooling step at 40°C. The cycling

protocol consisted of denaturation step at 95°C for 10 seconds annealing at 60°C for 10
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seconds, and extension at 72°C for 20 seconds, and repeated for 50 times. Fluorescence

detection was performed at the end of each annealing step (Table 7).

Reagent Volume
g (microliters)
Forward primer (3 pM) 1
Reserve primer (3 pM) 1
Hybridization probe CK19-FL 1
Hybridization probe CK19-LC 1
BSA (10ug/ul) 0.3
dNTPs, (10 uM) 0.4
MgClz, 50 mM
PCR reaction mix (10x)
cDNA 1
Taq polymerase (5U/pL) 0.2
DEPC-treated H20 11.1
Total 20

Table 6: Reagents’ concentration for CK-19 mRNA real time
RT-PCR reaction.

PCR stage Temperature/duration
Denaturation 95°C/10 min
Denaturation 95°C/30 sec l

Annealing 60°C/10 sec 50 cycles

Extension 72°C/20 sec
Termination 40°C/30 sec

Table 7: Conditions for CK-19 mRNA real time RT-PCR reaction.

For quantification, an external calibration curve was obtained by using external
standard cDNA. Total RNA was prepared from 1x10° MCF-7 cells (as verified by a
hemocytometer). Serial dilutions of this RNA preparation in DEPC-treated water,
corresponding to 1-10,000 MCF-7 cells, were used for cDNA synthesis. These cDNA were
kept in aliquots at -20°C and used throughout the study as external standards. This

calibration curve was created by plotting the number of MCF-7 cells corresponding to each
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external standard cDNA versus the value of its Cp. The number of circulating CK-19 mRNA-
positive cells for all of the tested samples was expressed as MCF-7 cell equivalents per 5 ug
of total-RNA, as determined by LightCycler software 3.1, according to the external standard
calibration curve.

Real-time PCR for the housekeeping gene GAPDH was performed in all clinical
samples to evaluate the quality of the cDNAs used in the study. The primers and the
hybridization probes used for GAPDH were designed and synthesized by TIB MOLBIOL and
are shown in Table 4.

The specificity, sensitivity, and reproducibility of the quantitative real-time RT-PCR
methodology for CK-19 mRNA was optimized by Stathopoulou et al [86]. The presence of
>0.6 MCF-7 cell equivalents/5 uyg RNA in the patient blood sample was considered as a
positive result. According to this cut-off, the specificity of the proposed method was evaluated
by analyzing peripheral blood samples from 89 female healthy blood donors: only 2 samples

(2.2 percent) were found positive.

Real-time RT-PCR for CK19 mRNA

20 ml of peripheral blood

Blood Mononuclear
e «—MNes cell isolation
B using Ficoll
«— Ficoll -

\‘} G

Real-time RT-PCR assay for CK-19 mRNA
Results: MCF-7 equivalents/ 5 pg total RNA

Positive sample: 20.6 MCF-7 equivalents/ 5 ug
total RNA

Specificity: 2 of 89 female healthy donors cDNA synthesis
were positive (2.2%)

Figure 6: Graphic representation of the real-time RT-PCR assay used for the detection
of CK19 mRNA-positive cells.
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5. Statistical analysis — Disease-free survival, defined as the time from study entry until

the day of the first evidence of disease recurrence and OS defined as the time from study
entry to death were the main dependent variables of the study. The data cut-off date was the
July 20" 2010. Kaplan-Meier curves for DFS and OS were compared using the log-rank test
to provide a univariate assessment of the prognostic value of selected clinical risk factors.
Clinicopathologic factors known to be associated with prognosis, such as menopausal status
(premenopausal vs postmenopausal), tumor size (T1 vs T2-3), number of axillary lymph
nodes involved (0-3 vs 24), histological grade (1-2 vs 3), ER status (negative vs positive), PR
status (negative vs positive) and HER2 status (negative vs positive) were tested in univariate
analysis. Variables that were found to be significant at the univariate screen were then
entered in a stepwise multivariate Cox proportional hazards regression model to identify
those with independent prognostic information. Entry into and removal from the model were
set at 5 percent and 10 percent, respectively. All statistical tests were performed at the 5
percent level of significance. SPSS version 13 (SPSS Inc, Chicago, IL) statistical software
was used for the analysis. This report is written according to the reporting recommendations

for tumor marker prognostic studies (REMARK criteria) [165].

6. Results

6.1  Patients’ characteristics — A total of 455 consecutive patients with diagnosis of

operable breast cancer treated and followed at the department of medical oncology of the
university hospital of Heraklion between January 1997 and December 2004 were screened
for eligibility for this study. Four hundred twelve (91 percent) patients belong to the same
cohort of patients that was used to evaluate the prognostic significance of CK-19 mRNA-
positive CTC detection before initiation and/or after completion of adjuvant chemotherapy
[150].

One hundred forty-three patients were excluded for reasons listed in Figure 7, and
312 were included in the study. Patients’ characteristics at the time of primary diagnosis in
relation to CTC status during follow-up are summarized in Table 8. The persistent detection
of CTC during follow-up did not correlate with patients’ and/or tumor’s characteristics, such as
age (p=0.197), menopausal status (p=0.372), tumor size (p=0.637), lymph node status
(p=0.082), histopathological grade (p=0.746) and hormone receptor status (p=0.156). There
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was a difference in the type of adjuvant chemotherapy administered, with more patients in the

persistently positive group having received anthracycline-based regimens (p=0.011).

455 consecutive patients with operable breast cancer
were screened for study eligibility

143 were excluded
42 had an early disease relapse
44 did not have CTC assessed at any time

—>
15 did not have CTC assessed during follow up years: 0-2
41 did not have CTC assessed during follow up years: 3-5
1 had advanced stage disease
\ 4

312 patients were eligible

! !

CK-13 mRNA CK-19 mRNA* 1° & 2™ year of
{n=149) (n=163) follow-up
CK-19 mRNA CK-19 mRNA* CK-19 mRNA- CK-19 mRNA* 3" 1o 5" year of
{n=80) (n=69) (n=64) {n=99) follow-up
Persistently Negative turn Positive turn Persistently
negative to positve to negative positive
patients patients patients patients

Figure 7: Study enrollment, reasons for patients’ exclusion and patients’ classification according to
CK-19 mRNA CTC status.
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Characteristics All Patients CK-19 mRNA- | CK-19 mRNA-
Persistently Persistently
Negative Positive
N % N % N %
Patients enrolled 312 80 25.6 99 317
Age [Mann-
median (range) 54 (26-77) 51.5 (26-75) 54 (28'75) W%'Tg%/
p=0.
Menopausal Status
Pre-menopausal 145 46.5 41 51.3 44 44.4
Post-menopausal 167 53.5 39 48.8 55 55.6 |p=0.372
Tumor Size
T1 116 | 37.2 30 37.5 33 33.3
T2 174 55.8 43 53.8 59 59.6 |or3vs Tt
T3 22 7.1 7 8.8 7 7.1 p=0.637
Lymph Nodes
NO 107 34.3 33 41.3 28 28.3
N1-3 119 38.1 29 36.3 35 35.4
N>3 86 27.6 18 225 36 36.4 p=0.082
Histology Grade
1/2 159 51.0 39 48.8 56 56.6
3 119 38.1 28 35.0 36 36.4
llobular 34 10.9 13 16.3 7 7.1 |o=0.746
HR
ER(-)/PR(-) 70 | 224 24 |30 22 |[222
Other 190 60.9 39 48.8 60 60.6
HR and Her-2
ER(-)/PR(-)/HER-2(-) 52 16.7 19 23.8 16 16.2
Other 255 65.1 41 51.3 66 66.7
Unknown 57 18.3 20 25.0 17 17.2 |p=0.116
[Radiation therapy
No 24 7.7 7 8.8 9 9.1
Yes 289 92.3 73 91.2 920 90.9 |p=0.937
Hormonotherapy
No 23 7.4 10 125 5 5.1
Yes 289 92.6 70 87.5 94 94.9 |p=0.103
Type of Hormonotherapy|
No Hormonotherapy 23 7.4 10 12,5 5 5.1
Als 33 10.6 10 125 11 11.1
T 50 16.0 10 125 19 19.2
Als & T 57 18.3 9 11.3 22 22.2
LHRH 32 10.3 11 13.8 8 8.1
LHRH + T or Als 117 375 30 375 34 34.3 |p=0.119
Chemotherapy
CMF 30 9.6 11 13.8 4 4.0
FEC 149 47.8 31 38.8 57 57.6
T/EC 133 42.6 38 475 38 38.4 |p=0.011

Table 8: Patients’ characteristics at diagnosis categorized based on CK-19 mRNA-positive

cells during follow up.
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6.2 Detection of CK-19 mRNA-Positive Cells and Disease Recurrence — After a

median follow-up period of 107 months (range: 38-161 months), 63 patients (20.2 percent)
had developed a distant (n= 56; 88.8 percent) or locoregional recurrence (n=7; 11.2 percent)
(Table 8). Compared to the persistently negative patients, only the group of CK-19 mRNA-
persistently positive patients had a significant higher risk of disease relapse (36.4 versus 11.2
percent; Fisher's exact test p<0.001). In fact, risk of disease recurrence was the highest in
patients with persistently-positive CTC (36.4 versus 7.8 percent; p<0.001 and 36.4 versus
18.8 percent; p=0.016 compared to positive turn to negative and negative turn to positive

groups, respectively) (Table 9).

Relapses Deaths
ck-19mrNaA | NOOf .
patients Yes No Fisher’s Dead Alive  |Fisher’s Exact
N (OA)) N (OA)) Exacttest,p] N (%) N (0/0) test
Persistently
Positive 99 36 (36.4) | 63 (63.6) oo 24 (24.2)] 75 (75.8) -
p<V. p=.
Persistently
Negative 80 9(11.2) | 71 (88.8) 5(6.3) | 75(93.8)
T p\:e(::gl?sl p=0.001
Positive 'I:urn 64 5(7.8) 59 (92.2) | persistently 3(4.7) | 61(95.3) versus :
to negative positive [PEITTRIErIly
positive
- pvzeor.soul: p=0.079
Negatlvie Turn 69 13 (18.8) 56 (81.2) | persistently 9 (13.0) | 60 (87.0) versus 1
to positive positive per51s.t§nt Y
positive
While also,
p = 0.248 for relapse of turn to positive versus persistently negative
p = 0.172 for deaths of turn to positive versus persistently negative

Table 9: Incidence of disease recurrence and deaths according to the detection of

CK-19 mRNA-positive circulating tumor cells.

The 5-year DFS rates were 82.5 versus 92.7 percent for persistently-positive versus
persistently-negative patients, respectively. As illustrated in Figure7A, persistently positive
patients had a significantly shorter DFS than the persistently negative patients (p<0.001).

Although no group has as yet reached the median DFS, there was a progressive decrease in
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the DFS of the four groups of patients according to the detection of CK-19 mRNA-positive
CTC during the 5 years of follow up (Figure 8A).

6.3  Detection of CK-19 mRNA-Positive Cells and Survival — Forty-one patients (13.1

percent) died during follow up as a result of disease progression. Twenty-four (58.5 percent)
and five (12.2 percent) of these deaths occurred in the persistently-positive and persistently-
negative groups, respectively (Fisher's exact test p=0.001; Table 9). The 10-year overall
survival rates were 81.4 percent for persistently-positive versus 96.7 percent for persistently-
negative patients. Estimated median overall survival was significantly shorter for persistently
positive compared to persistently negative patients (p=0.013). Similar to DFS, there was a
progressive decrease in the OS of the four groups of patients according to the detection of
CK-19 mRNA-positive CTC during the 5 years of follow up (Figure 8B).

- 100 = 100 -
# - " s Tun to Negative
bof L Tum to Negative "
£ o 4 ' \ -
s \ - 2 94
R Al e et L e —
8 - Persistentty Negatve 3 Persistently Negative
e w h S w %
- 1 - -
& Y Turn to Posltive [ L P rose
g } o .
S n- .y § 70~ Log-Rank test: p=0.018 by
3 — >
» ) TP S
)
g 60— . 4 0 -
I Persistently Postve =
) v bt
) . <0.00 ]
S 4 Log-Rank fest: p<0.001 > 60— Persistently Positive
o 5+ o :
2
(=]
0= T T T T T
0 | PR T 1 | X! s P 3c 50 50 120 150 180
20 &8 &0 .1 102 120 140 180
Time (months)

Time (months)

Figure 8 (A): Disease-free survival (B): Overall survival according to the detection of CK-19 mRNA-

positive circulating tumor cells during the first two years and the subsequent three years of follow up.
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6.4 Subgroup analysis based on cumulative number of positive tests, pre-

chemotherapy CTC status and hormone receptor status — Since patients underwent

serial blood draws for the assessment of CK-19 mRNA-positive CTC, we analyzed our data
to address the question whether the cumulative number of positive tests matters. Among
patients with positive tests 38.7 percent (during the first two years of follow up), 24.4 percent
(during the subsequent 3 years) and 57.3 percent (during all the 5 years) had two or more
positive test results (Table 10). No difference was found in disease-free survival between the
groups with different cumulative number of positive tests, probably due to the small number of

patients and events in each group (Figure 9).

Number of First 2 years of Subsequent 3 Entire 5 years
ositive tests follow up N (%) years of follow up | of follow up N
P N (%) (%)
1 100 (61.4) 121 (72) 99 (42.6)
2 32 (19.6) 29 (17.3) 62 (26.8.)
3 25 (15.3) 13 (7.7) 28 (12.1)
24 6 (3.7) 5(3) 43 (18.5)
Total 163 168 232

Table 10: Distribution of number of positive samples during the first 2 years,

the subsequent 3 years and the entire 5 years of follow up.
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Figure 9: Disease-free survival according to the cumulative number of positive analyses during: (A)
the first two years, (B) the subsequent three years and (C) the total five years of follow up.

Given that the prognostic role of the CTC detection before the administration of
adjuvant chemotherapy has already been reported [151], we investigated whether it could
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offer additional prognostic information to consider also the serial measurements of CTC

during follow up. For this purpose, we reviewed the pre-chemotherapy CTC status of the

patients included in this analysis (Table 11). No difference was found in the detection rate of

the CK-19 mRNA-positive CTC between the four groups (Pearson chi-square p=0.320).

Interestingly, the persistently positive patients with detectable CK-19 mRNA-positive CTC

before the administration of adjuvant chemotherapy had shorter DFS but not OS compared to

the patients of the same group who tested negative for pre-chemotherapy CK-19 mRNA-
positive CTC (Figure 10).

CK-19 mRNA Disease free survival Overall survival
CK-19 mRNA CK-19 mRNA Patients | Relapses | Rate Deaths Rate (%)
5 years of follow up | Pre-chemotherapy (%)
Persistently Negative 47 8 17 4 8.5
Negative Positive 32 1 3.1 1 3.1
Turn to negative Negative 32 1 3.1 1 3.1
Positive 31 4 12.9 2 6.4
Turn to positive Negative 32 5 13.5 3 7.9
Positive 31 8 25.8 6 19.3
Persistently Positive Negative 31 11 31.4 9 25.7
Positive 53 24 45.3 15 28.3

Table 11: Incidence of disease recurrence and deaths according to the pre-chemotherapy detection
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of CK-19 mRNA-positive circulating tumor cells.
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Figure 10: Disease-free (A) and overall (B) survival of the persistently positive patients according to

the pre-chemotherapy CK-19 mRNA positive CTC status.

Finally, a subgroup analysis was performed according to hormone receptor status.

Interestingly, the persistently positive patients with either hormone receptor positive or

negative tumors had a significantly higher relapse rate (Table 12), risk of death and shorter

DFS than the persistently negative patients (p=0.039 and p=0.004 for persistently positive vs

persistently negative patients with ER/PR negative and ER and/or PR positive tumors

respectively) (Figures 10a and 10b). However, the overall survival was shorter only for the

persistently positive patients with ER/PR negative tumors (p=0.035; Figures 11c and 10d).

No of Relapses Deaths
HR Status CK-19 mRNA patien Yes No Fisher’s Dead Alive Fisher’s
ts N (%) N (%) Exact test, N (%) N (%) Exact test
Persistently
Positive 22 9 (40.1) | 13(59.9) 8(34.4) | 16 (63.6)
ER(-)/PR(-) i p=0.044 p=0.009
Persistently
Negative 24 3(12.5) | 21(87.5) 1(4.1) | 24(95.9)
Persistently 60 26 (43.3) | 34 (46.7) 15 (25) 45 (75)
ER(+) and/or Positive p<0.001 p=0.007
PR(+) ;
Persistently
Negative 39 4 (10.2) | 35(89.2) 2(5.1) | 37(94.9

Table 12: Incidence of disease recurrence and deaths according to the detection of

CK-19 mRNA-positive circulating tumor cells and the hormonal receptor status of the primary tumor.
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Figure 11: Disease-free survival and overall survival according to CK-19 mRNA positive circulating
tumor cells’ status in patients with hormone receptor negative (A,C) and hormone receptor positive

tumors (B,D) during the first two years and the subsequent three years of follow up.
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6.5  Univariate and Multivariate Analysis — Persistent detection of CK-19 mRNA-positive

CTC during follow up after the completion of adjuvant chemotherapy, tumor size greater than
2.0 cm, more than three involved axillary lymph nodes and postmenopausal status were
significantly associated with reduced DFS and OS in univariate analysis (Table 13).
Multivariate analysis revealed that persistent detection of CK-19 mRNA-positive CTC, tumor
size and more than three involved axillary lymph nodes were independent prognostic factors
for shorter DFS and OS (Table 14).

DFS Overall Survival

HR 95% Cl p-value HR 95% Cl p-value
[Menopausal Status
Post vs Pre 1.815 |1.075-3.064| 0.026 1.985 1.027-3.836 0.041
Tumor Status
T2/T3 vs T1 2.401 |1.304-4.419| 0.005 4359 [1.710-11.114] 0.002
Nodes
N>3 vs NO-3 2.331 |1.418-3.832| 0.001 2.819 1.527-5.207 0.001
Histology Grade
3vs1/2 1.665 ]0.989-2.805] 0.055 1.240 0.644-2.390 0.520
HR
ER(-)/PR(-) vs Other 0.826 |0.454-1.504| 0.533 1.182 0.585-2.387 0.641

Triple Negative
ER(-)/PR(-)/HER-2 vs Other
0.874 ]0.454-1.681| 0.686 1.075 0.492-2.348 0.856

Hormonotherapy

No vs Yes 1.618 |0.696-3.759| 0.264 1.439 0.442-4.687 0.546
Chemotherapy

CMF (ref) 0.589-3.812| 0.339 0.352-2.976 0.911
FEC 1.498 0.396 1.024 0.966
T/EC 1.034 |0.389-2.745] 0.947 1.176 0.388-3.564 0.775
CK-19 at 5 years FU

Persistently Negative 0.300 |0.144-0.623| 0.001 0.318 0.121-0.836 0.020
Turn to Negative 0.201 |0.079-0.513| 0.001 0.260 | 0.078-0.868 0.028
Turn to Positive 0.498 ]0.264-0.939| 0.031 0.582 | 0.271-1.253 0.167
Persistently Positive (ref) <0.001 0.025

Table 13: Univariate Analysis (unadjusted relative risks) for Disease-Free and Overall survival.
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DFS Overall Survival

HR 95% Cl | p-value HR 95% Cl p-value
IMenopausal Status
Post vs Pre 1.462 ]0.858-2.492| 0.163 1.365 | 0.794-2.347 | 0.260
[Tumor Status
T2/T3vs T1 2.187 |1.167-4.098| 0.015 2.135 | 1.141-3.994 | 0.018
Nodes
N>3 vs NO-3 1.801 |1.080-3.003|] 0.024 2.150 1.109-4.168 0.023

CK-19 at 5 years FU
Persistently Negative 0.328 |0.157-0.683| 0.003 0.330 | 0.159-0.688 | 0.003

Turn to Negative 0.206 [0.081-0.526| 0.001 | 0.201 | 0.079-0.514 | 0.001
Turn to Positive 0.622 ]0.327-1.186 8(1)351) 0.587 0.309-1.115 gégéll
Persistently Positive ' '
(ref)
Table 12: Prognostic factors by multivariate analysis for Disease-free
and Overall survival.
7. Discussion — We provide, to our knowledge, the first clear evidence of a strong

correlation between detection of CK-19 mRNA-positive CTC during follow up and increased
risk of late disease relapse and death in patients with either hormonal receptor positive or
negative operable breast cancer. These findings support the role of CTC monitoring as an
adjunct to standard clinical and radiographic methods in the evaluation of disease status
during follow up.

Although the prognostic role of DTC for disease relapse and death in early breast
cancer is clearly documented [117], the assessment of tumor cells in peripheral blood is an
easier, more broadly applicable than bone marrow aspirates and certainly more appropriate
for repeated testing. Our group has previously reported that the detection of CK-19 mRNA-
positive CTC in the blood of patients with node-negative operable breast cancer before the
initiation of any systemic treatment was an independent prognostic factor associated with an
increased risk of disease recurrence [152]. More recently, we demonstrated that patients’ risk
of relapse could be distinguished based on the response of their CTC to adjuvant

chemotherapy [150,151] and we reviewed our experience regarding the prognostic role of
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CK-19 positive CTC in operable breast cancer [166]. Other investigators have shown that
longitudinal monitoring of CTC was superior to a single test analysis, and a more than 10-fold
increase in the CTC numbers towards the end of therapy is highly predictive for early relapse
[167].

The present study was designed to investigate the prognostic value of CTC detection
during follow up in predicting the risk of late disease relapse. Accordingly, patients who
experienced disease relapse during the first two years from diagnosis were excluded from
this analysis and the median follow up period for the studied patients was extended to 107
months. The changes in CK-19 mRNA-positive CTC status were thus analyzed in 312
patients and four groups were distinguished. The first group included patients without
detectable CTC throughout the follow up period only 11.2 percent of who experienced
disease relapse. The second group included patients with CK-19 mRNA-positive CTC early
during the first two years. These patients had similar relapse risk to the persistently negative
patients and might indeed have derived a benefit from adjuvant therapy. In the third group
patients with detectable CTC after, but not during, the first two years were included. The
relapse risk for these patients was almost 50 percent higher compared to the risk of
persistently negative patients, perhaps due to the growth of therapy-resistant residual disease,
which could not be detected early on by our method. Finally, in the fourth group patients with
CK-19 mRNA-positive CTC throughout the follow up period were included. One third of them
experienced disease relapse, while one out of four patients died. This persistently positive
group was by far the group with the highest relapse risk.

Almost 40 percent of the “positive at any time” patients had detectable CK-19 mRNA-
positive CTC only in one single sample. This observation could theoretically be attributed at
least in part to false positive results. However, given the very low false positive rate of our
assay (approximately 2 percent) this occurrence should be rather limited.

Our results could be explained by the hypothesis that drug-resistant cancer cell clones
generated during tumor evolution constitute the re-emerging dominant tumor cell population
and may start proliferating under the selective pressure of drug exposure. The high probability
of subsequent disease relapse indicates that these resistant cells have a proliferative and
survival advantage. This hypothesis seems to be supported by the observation (Figure 12)
that the vast majority of CTC detected during the follow up period from CK-19 mRNA

89
Emmanouil Saloustros Thesis for Doctoral Degree 2013



persistently positive patients who had experienced disease relapse, were not apoptotic since
they did not express the M30 antigen which is a neo-epitope expressed only after caspase

cleavage of cytokeratin 18 during early apoptosis [168-169].

CK-19 M30

.

Figure 12: CK-19"/M30° CTC (first row) and:
CK-19/M30" CTC (second row).

An algorithm for the optimal timing of CTC detection during follow up is currently
lacking. Our findings suggest that serial assessments every six months for up to five years
represent an acceptable timetable. Furthermore, for hormone receptor positive patients, in
whom half of the recurrences occur beyond five years, extension of the CTC serial
assessments for even longer might be reasonable. These patients may represent the group
that could derive benefit from extended adjuvant treatment approach or switch to another
agent.

The RT-gPCR assay used in our study is not the only available assay for CTC

detection. A semi-automated approach, the CellSearch® system, which has been approved
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by the Food and Drug Administration for monitoring CTC in metastatic breast cancer setting,
has gained considerable attention [89,90]. The prognostic relevance of CTC detection in
peripheral blood of operable breast cancer patients, using the CellSearch® system, has been
evaluated in the SUCCESS trial. According to the most updated results, detection of at least
one CTC in 23 mL of peripheral blood after surgical resection of the primary tumor and before
the start of adjuvant systemic treatment was an independent predictor for worse DFS and OS
in multivariate analysis [139]. The prognostic significance of CTC detection before and/or
after the completion of adjuvant chemotherapy [150,151], as well as the high
specificity/sensitivity represent some advantages of the RT-gPCR assay compared to the
CellSearch®. On the other hand, the ability for direct enumeration, morphological analysis and
isolation of CTC for further analysis are important advantages of the latter [170].

Our study has some potential limitations that should be taken into account when
considering the results. This is a single institution study and the analysis was performed in
one laboratory. Therefore, before the establishment of our assay as a clinically relevant test,
sample analysis must be performed in several laboratories and stability during shipment must
be demonstrated. Also, despite the fact that our assay has been validated in multiple patients’
cohorts and data analyses [145,149,150-151,153,162], neither survival advantage, nor
improvement in quality of life have been demonstrated in a prospective interventional
randomized trial in which the serial assessment of CTC is used to modify the treatment
strategy and thus improve clinical outcome. In this regard, the SWOG and the Breast Cancer
Intergroup of North America have initiated a prospective trial in metastatic setting to test
whether patients with elevated CTC count (using the CellSearch® system) after one cycle of
first-line chemotherapy will be benefit from switching to a different chemotherapeutic regimen
(SWOG protocol S0500). However, for patients with operable breast cancer the lower CTC
detection rate post chemotherapy makes this strategy far more challenging [138, 139].

Additionally, the patients of our study received various types of adjuvant therapy based
on available clinical and disease data at the time of enrolment. This heterogeneity may be a
confounding variable, but the similarity between our findings on relapses (20.2 percent) and
those published by the EBTCG is encouraging [152]. Finally, the cellular heterogeneity of
CTC was not analysed using the RT-gPCR detection method. This is very important since

various studies have already confirmed that CTC present significant genetic and phenotypic
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heterogeneity [171] that could explain why not all patients who have detectable CTC actually
experience disease relapse while some patients relapse although they do not present
detectable CTC.

In conclusion our data support a prognostic role and potential clinical utility of
monitoring CTC in conjunction with standard surveillance strategies in the follow up of
patients with operable breast cancer. Given their independent unfavorable prognostic value
for reduced DFS and OS, the detection of CTC after therapy could be considered as indirect
evidence for the presence of chemotherapy and hormonal therapy resistant disease.
Analyzing a 20-mL blood sample at various time points during follow up might enable
clinicians to assess the efficacy of administered adjuvant therapy, limit patient exposure to
ineffective agents with unnecessary toxicity, assist in the identification of patients who are
most likely to benefit from clinical trials of novel therapeutics and perhaps making eradication
of cancer cells more feasible, when the tumor burden is still low and before the appearance of
clinically overt metastases. Since only one third of patients with persistent CK-19 mRNA-
positive CTC experience disease relapse, additional prognostic markers are needed to better
define those patients who indeed might benefit from novel extended adjuvant therapies.
These hypotheses can be addressed only in the context of well-designed, adequately
powered, prospective, randomized clinical studies. In this way, definitive proof will be provided
as to whether monitoring of CTC can be used to improve clinical outcome in patients with

operable breast cancer.
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