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ARTICLE INFO ABSTRACT

Keywords: In recent years, biotechnological breakthroughs have led to identification of complex and unique biologic fea-
ctDNA tures associated with carcinogenesis. Tumor and cell-free DNA profiling, immune markers, and proteomic and
Personalized RNA analyses are used to identify these characteristics for optimization of anticancer therapy in individual
Precision

patients. Consequently, clinical trials have evolved, shifting from tumor type-centered to gene-directed, his-
tology-agnostic, with innovative adaptive design tailored to biomarker profiling with the goal to improve
treatment outcomes. A plethora of precision medicine trials have been conducted. The majority of these trials
demonstrated that matched therapy is associated with superior outcomes compared to non-matched therapy
across tumor types and in specific cancers. To improve the implementation of precision medicine, this approach
should be used early in the course of the disease, and patients should have complete tumor profiling and access
to effective matched therapy. To overcome the complexity of tumor biology, clinical trials with combinations of
gene-targeted therapy with immune-targeted approaches (e.g., checkpoint blockade, personalized vaccines and/
or chimeric antigen receptor T-cells), hormonal therapy, chemotherapy and/or novel agents should be con-
sidered. These studies should target dynamic changes in tumor biologic abnormalities, eliminating minimal
residual disease, and eradicating significant subclones that confer resistance to treatment. Mining and expansion
of real-world data, facilitated by the use of advanced computer data processing capabilities, may contribute to
validation of information to predict new applications for medicines. In this review, we summarize the clinical
trials and discuss challenges and opportunities to accelerate the implementation of precision oncology.

Molecular profile
Matched therapy
Genomic landscape

Background

The rapidly expanding body of knowledge about the roles of
genomics and the immune system in cancer has enabled the develop-
ment of therapies targeted to specific molecular alterations or other
biologic characteristics, such as those implicated in immune suppres-
sion. However, genomics has also revealed a complicated reality about
malignancies that requires a major shift in the therapy paradigm: away
from tumor type-centered and toward gene-directed, histology-agnostic
treatment, which is individualized for each patient on the basis of
biomarker analysis. This paradigm shift is reflected by the emergence of
precision medicine trials with innovative design [1-21]. Next-genera-
tion sequencing (NGS) of advanced cancers has demonstrated that
genomic alterations do not fall neatly into categories defined by the
tumor organ of origin. Furthermore, metastatic tumors harbor tre-
mendously complex and individually unique genomic and immune
landscapes [22,23]. Therefore, in order to target malignancies with

“precision,” treatment needs to be personalized.

Historically, phase II and III oncology clinical trials have measured
outcomes histologically, but histological assessment cannot always
capture the effects of gene-targeted agents or immunotherapy.
Precision medicine approaches analyze patients’ circulating DNA (li-
quid biopsy), as well as immune markers and other biologic features, to
assess efficacy and make treatment decisions. Genomic biomarkers
have been the most successful to date, but other biomarkers, including
protein assays and transcriptomics, are being developed and tested
[13,24,25]. Several molecular alterations have been identified using
sequencing and high-throughput technologies and have led to the ap-
proval of targeted agents by the Food and Drug Administration (FDA)
[26,27]. Importantly, in recent years, the precision medicine paradigm
has embraced immunotherapy and its interaction with genomics, as
genomic characteristics, such as mismatch repair gene defects, are
critical predictors of checkpoint blockade response [28-30].

Herein, we review the rapid evolution of precision medicine in
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oncology and, in particular, the challenge and opportunity that
genomic science has revealed vis-a-vis the need for “N-of-1” treatments.
This treatment model does not conform to either canonical trial design
or clinical practice, which seek to find commonalities between patients
and treat them alike; instead, its goal is to provide optimized in-
dividualized treatment for each patient on the basis of biomarker
analysis.

History

Survival improvement with gene- or immune-directed therapy was
accelerated by several major discoveries. In particular, the introduction
of imatinib mesylate (Abl tyrosine kinase inhibitor) for patients with
Philadelphia chromosome [t(9;22)]-positive chronic myelogenous
leukemia producing the enzymatically aberrant Ber-Abl [31,32] re-
sulted in near-normal life expectancy for patients with this previously
fatal leukemia.

In 2001, the human genome was sequenced [33]. Although this
milestone represented an arduous and tremendously expensive en-
deavour, both the price and time required for sequencing have de-
creased precipitously, with technology advancing in a manner un-
paralleled in human history. A plethora of first- and second-generation
precision medicine trials have since been conducted (Tables 1 and 2).
They include, but are not limited to, the first pan-histology biomarker-
driven trial using mostly protein markers [1], the prospective molecular
profiling of patients with advanced cancer in the phase I clinical trials
setting (IMPACT trial) [2,4], the SHIVA randomized trial [5], trials
assessing customized combinations [6,12], and trials including tran-
scriptomics [13].

Innovative clinical trial designs for precision medicine

Traditionally, oncology trials are drug-centered, aiming to identify
common attributes among patients (e.g., their tumor type or, more
recently, a shared genomic abnormality) and fit them into a trial with a
specific drug regimen. The large variability in genomic subgroups,
microenvironment, baseline characteristics, comorbidities, and other
covariates resulted in tumor-specific clinical studies encompassing a
tremendously heterogeneous population in histology-specific, gene-ag-
nostic trials. Phase IIl randomized trials were often critical for reg-
ulatory approval of a novel agent/regimen, especially since the anti-
tumor activity of a new drug/regimen was frequently only marginally
better than the comparator arm (usually, conventional therapy), per-
haps because the regimen was effective in only a small subgroup of the
diverse population represented by any specific histology.

Basket, umbrella, platform, octopus, and master protocols

More recently, basket designs have emerged that target a common
genetic defect [27]. The 75% objective response rate noted across
tumor types with larotrectinib, which targets NTRK fusions, best ex-
emplifies the potential of the basket gene-directed, histology-agnostic
model, though other single-gene targets have proven much less re-
sponsive [27]. Umbrella trials involve a single histology and different
treatments based on the genomic alterations in patient subgroups [34].
Other trial designs include platform trials, which use a single analytic
technique, such as NGS, to identify genomic or other biomarkers in
tumors with multiple histologies; octopus trials (also referred to as
“complete phase I trials”) that have multiple arms testing different
combinations featuring a particular drug; and master protocols, which
encompass trials with several histologic arms (previously, “broad phase
II trials”) or multiple platform, basket, or umbrella trials or sub-trials
[2-4,6] Randomization has also evolved, with the emergence of Baye-
sian adaptation, which allows dynamic modifications of randomization
based on small numbers of patients and real-time outcomes.
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From drug-centered to patient-centered studies

The ultimate goal of precision medicine is an individualized, pa-
tient-centered (rather than drug-centered) trial based on the best
available biomarkers. In “N-of-1” trials, each patient’s treatment is
considered separately on the basis of molecular, immune, and other
biologic characteristics. These trials involve customized drug combi-
nations tailored to individual patients [12]. Determining efficacy in “N-
of-1” trials requires assessing the “strategy” of matching patients to
drugs, rather than treatments, which differ from patient to patient.

Real-world data

With advanced computer data “processing” capabilities, real-world
registries and data mining are expanding. Two drug approvals by the
FDA were based, at least in part, on such data: pembrolizumab for any
solid tumor with a mismatch repair gene defect (https://www.fda.gov/
Drugs/InformationOnDrugs/ApprovedDrugs/ucm56004”0.htm)  and
palbociclib for male breast cancer (https://www.fda.gov/NewsEvents/
Newsroom/PressAnnouncements/ucm635276.htm). The stunning pos-
sibility exists that real-world data, if confirmed to accurately portray
the anticipated results of prospective trials, will dramatically accelerate
the drug approval process.

Genomic and other biomarkers

Genomics has been the cornerstone of precision medicine studies.
Beyond genomics, RNA and protein profiling, with proteins being the
effectors of signaling, also appear to be important in mediating biologic
impact. Interestingly, matching patients to drugs on the basis of geno-
mics has proven more effective in improving outcome than matching on
the basis of protein assays, perhaps for technical reasons [24]. Despite
the current practical limitations, protein and transcript assays may
provide essential information when integrated with genomics [13].
Recently, panels that incorporate immune signatures, based on DNA,
RNA, and/or proteins, have also gained clinical significance [35].

Genomics

Given the advances in NGS technologies and the large number of
laboratories in the US that perform Clinical Laboratory Improvement
Amendments (CLIA)-certified NGS, optimization of the accuracy, re-
producibility, and standardization of sequencing methods; variant an-
notation; and data interpretation is critical. Guidelines for the valida-
tion of NGS panels [36] and the interpretation and reporting of genomic
variants have been developed [37]. Although whole-genome sequen-
cing is not yet the standard practice in the clinic, the FDA has approved
two NGS panels that include hundreds of genes [38].

Most genomic sequencing involves tissue, but blood-derived circu-
lating tumor DNA (ctDNA), circulating tumor cells [39], and exosomes
[40] are increasingly used, with the latter two reflecting the contents of
live cells.

Blood-derived cell-free DNA analysis

Clinical-grade ctDNA testing, which is non-invasive and reflects
tumor heterogeneity (because tumor DNA may be leaked into the
bloodstream from multiple metastatic lesions), is increasingly being
used to select anti-cancer therapy and to monitor subclone dynamics
during treatment [41,42]. The discordance noted in some cases be-
tween results of ctDNA testing and tumor tissue genotyping analysis
[43] could reflect technical issues but might be attributable to the
following biologic reasons: (i) tumor NGS measures genomics in the
small piece of tissue biopsied while ctDNA assesses shed DNA from
multiple sites; (ii) ctDNA is associated with tumor load and can be
detected at low levels.


https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm56004%26rdquo%3b0.htm
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm56004%26rdquo%3b0.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm635276.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm635276.htm

Cancer Treatment Reviews 86 (2020) 102019

A.M. Tsimberidou, et al.

(28pd 1x2u UO panunU0)

paziwopuel MM Suoy
Juasuod quwun_ Uwﬁwthm 2IaM I9Juld) I2due) .u>_un_m_uN SH Wy
muﬂuﬁmm Auewr MOU Jed1dun St i1 uosmpuy N %9% Amumh Tonuod ummwm_—u &uug.w mhuvﬁmaoﬁﬁ_ 11 2&&:m>m JON GGT AM>EU®n~mOH& HILLVI _VH _HHON
wﬂ:..—lmuoﬁﬁu um‘muoﬁm
(sn
‘epeue) ‘@duelj | YooIzZIny
sorwoydrrosuen ‘[ora1s] ‘ureds) (€00 = d) so pue (s00°0 = d) Sdd sorwojdrsuen [euonesdiaeu [ uopoy
apn[oul 03 [er} Jowny prjos Isirj SSLIUNOD AT  I9SUO[ YIIM PIJB[a1I0d $3103s Surydjew Y3IH ‘soua8 9gg ‘SON %SE £0E ‘aanoadsorg YAHLNIM [¢1]6102
(800 = d) SO
(Bumynew  eroAy pue 0331q  pue ‘(40000 = d) SAd (8200 = d) %H'TT sA DHI 11dd g YPo1zImy|
«I-J0-N,,) Ade1ay) uoneurquIod ues BIWIOJI[RD  950S *YD/Ud/SYIUOW 9 = (IS JO S9IBI PIseaIdul VNP [euonesdiaeu [ YPIPIS
PIZIIO0ISND JIISIUTWPE 0} LN} ISIT] Jo Ayis1aAtun UIIM P3JB[a1I0D $3102s Surydjew Y3IH ‘souad GIE ‘SON %61 671 ‘aanoadsorg Io1aadd-1 [Z1]6102
Ar Keig
(dduely) O uepaij,
SoIMIBSUI N0 (payea1) 781 JO €7) %EL = Wd souas 69 ‘SON %9 6LST aandadso1d Ia[yoId [11l610T
umouwyun %EY ‘paIdIR-AVII
SI JusuI[[oIua-21d pausaIds %8¢ ‘PaII[e-ZYAH | YP0azIny|
Q1oM Auew MOY ‘I9AIMOY] ‘pajean) LipEalielicly) %ET NIV qe[ VITD Aue 1seq ¢ ar yromsureyq
Q1M (Ogg ‘pafolus sjuaned 167 ‘say1s ardnmy YO ‘syusnied paydreN eIA 8Uns9) dTUIOUDD) 9qe[reAe J0N 16z aseyd ‘@andadsoid AemyredAN [01]8102
basyNy ‘HOD® Df BlL0S
Assnoy sjuaned jo ‘souad G/—0p D pIesse|N
2ABISND IMISU]  (E61/€9) %EE UL €T < SBM 0Nl [SAd/TSdd ‘SON pa1o31e], %61 S€01 2an2adso1d OLVDSON [6]14102
d prepag
SI9)USD UeIpRUER) '(920°0 = d) ‘%6 SA %61 YUO PYSIH soua8 €7 1DVdINOD L £ppoig
‘JoredIey ss9dULI Paydlewun sA paydIeAl ‘joued jods 10H %S €681 aandadsoid /IDVdINI [8]9102
(50°0 = d) SO pue (€000°0 = d) ALL aanenmuy Aderayy, g Yporzmy
I9]Ud) IdUR) ‘(b20'0 = d) ¥p/dd/syruowr 9 = (S Jo sajer sauald 9¢gg [euonediABU  JOdUBD PIZI[RUOSId] [ I_PYM
uosIOpuy QN IOySIy YIIm Paje[alrIod $210ds Surydjeur 1DyStH ‘SON %bT 00S ‘aanadsorg uosiapuy qQN [£]19102
(#0°0 = d) sowr 9°0T sa
£’'ST SO 19119q }IM PIJe[a1I0d $210s Jurydieur
0331 _YSIH "(#0'0 > d) Sdd pue (200 = d) A Yoo1zIny
uesS BIUIOJITRD gD/dd/sqauout 9 = S Jo sajel oy3iH A S[IepaemypPs
Jo Ayiszoatun paydjewun SA PaydleN  SAUS 9£T 10 Z8T ‘SON %S¢ LYE 2d4y Ansi3oy 1o1aqdd [9]910T
SNUWI[OIIA9 X mojoed
10 SI0)Je[NpOW duouLIoy Jjuade S91IS Youalj (b0 =4d) sauad paziwopuel NeauwInoy, 91
-913uts paaradal syuaned Jo 9,08~ 8 ‘Oum) 1musuy Ade1ay) paysreuwr Im pasoidwr Jou Sqd 05~ ‘SON paiesdie], %ET L ‘aan3oadsoig VAIHS [c]ST10T
(#0°0 = d) SO pue ‘(51000 = d) soua3 zg1 03 11 | YporzIny
I9Ju”) JIadue) ALL ‘(66000 = d) W90 Jjo sorer 1oy3iH ‘SON pue [euonediaeu NV NOpLIaquIIS],
uosIapuy AN PaYdIBWUN SA PAYdIRN So1ouas paseq-ydd %LT 9ev1 ‘aodfy Ansi3ay  110Y0d pII ‘LDVAINI [¥]4102
(100 = d)
s1opuodsaI-uou 10j sypuous €11 (#0°0 = d) sowr 9'g "sA "I ‘UBIpaW SO
*SA syjuour GQg s1opuodsar (1000 = d) ‘sowr g'g "SA 6'€ ‘URIpaW :SAd a Lixag
‘SO :dnoid Aderay) payodrewr I9JUR)) IdURD (1000°0 > d) %S 'SA %6’ TT 94 souad 0G-81 [euonediaeu 110402 V NOPLIdSQUIIS],
‘sasATeue yIewpue| Yjuouwl-g uosmpuy N Paydi1ewun SA paydIen ‘sorwouad paseq-¥yDd %IT 9/21 ‘9dfy Ansi8ey Ppuod3s ‘IDVAINIT [¢1¥10T
(£10°0 = d) sow 0°6 "sA H°ET ‘UBIPAW SO
(10000 > d) sow g'g "SA g'G ‘UBIPW LI d Yporziny
I91U”) I9dUR) (10000 > d) %S "SA %/Z “9d souad 6 [euonediaeN V nopLquIisy,
uosipuy qQN Paydlewun sA paydIeAl ‘sorwouad paseq-yDd %ST (2 a0 ‘9df) Ans139y  11040d 181 ‘IDVJINI [zlZz102
o Auusg
(9118 6) *(£00°0 = d ‘%8€ 01 %LI ‘ID %S6) €' 1= [euopesiaeu Q JJOH uoA
SN »ONeI [SAd/TS4d & pey sid payajeur 99 Jo %/g  Aeireomiuwr ‘HSIA “DHI %LL 98 ‘2andadsold 2A013s1g [t]otoT
sad£} Joum) A10310BIJAI-JUdUNEII] ISIIAIQ
poymewr 'syd  (N) paudaIds Ioyne 1se/1sI1q
BILELiLii (o) (s)amnsug QWoNNQ (s)1oyreworg Jo uoniodoig s1d jo oN adA£y Teriy, QuwIeu [erLL], IedX

*SOW02INQ pue USISA(] :S[BLLL, SUDIPSIA UOISIIAL] Jo sojdurexy

I 3lqeL



Cancer Treatment Reviews 86 (2020) 102019

A.M. Tsimberidou, et al.

‘2IN[IeJ JUSUNBAI) 0) dWN) = L[ @seasip a[qels = S ‘Aeire urajoid aseyd asiondl = yduy @1e1 asuodsal = Y

‘sjuaned = s1d {uorsstwal enaed = YJ ‘TeAIAINS 9a1j-uolssaidord = §gd ‘uomnoear ureyd aserowijod = Yod ‘@suodsar a1a1dwod [edsrdojoyred = Ynd TeAIAINs [[BISA0 = SO ‘DIel asuodsal [[e1A0 = YYO ‘Surduanbas
uoneRUad-1XoUu = SON ‘SYIUOW = SOW ‘ANSTWLYD0ISIouNWW = DHJ ‘UONRZIPLIGAY NIIS UT 30UDSAION]] = HSLI ‘VNJ Jown) Sune[ndIn = YN0 ‘uorssiwal a3[dwod = ¥) ‘Surgoid srwoua aarsusyaiduiod = Joo
‘AerreonTWl YN@? = VIN VNQ@® “uswpuawe juswasoidur A1ojeroqef [edrurp = V1D ‘A80[0duQ [edrur)) jo AJ9POS uedLdwWy = DSV ‘uonezipuqdy stwousd aaneredwod Aeire = HOHDE SUONRIAIGQY
‘papnpdur ‘syoexsqe se Isnf jou ‘sydudsnueur se paysiiqnd sarpnis A[UQ.

‘Aderat) Juonbasqns A19A9 YIIM 19110Us ST SAd ‘Terouad ur fern ay) Surpadard Apjerpawrwur Adeiay) ay) Uuo Sd oY) SNSISA [l 9} U0 Sid Y} AQ pauyap ST onel 1SAd/ZSAdx

(s1reWOIq 1YS1d UO Suey] MM
paseq) Apuspuadaput pajerado jey) (10000 > d) Aderayy paydjewrun snels Agd pue 997
srern 1 aseyd QT papnpoul [er 3], ea10) jo drqnday SA PAYRIBUI (NIM SO PUB SAd paaordw]  WININ ‘T'TAd “DHI ‘SON %t 1 TLL aandadso1d A4OLIIA [oz1] 610T
Jrnsen—sioun) dyads
%9T SA %1S (by = N) Aderoyy
prepue)s sa Ade1dy) piepuels M (gZ = N)
unerdoqred snid quredifoa :oaneSsu—ardii],
%EE SA %9S (84 = N) Aderyy [ UeWLIdSSY
paepuels sa (SI1 = N) Aderoyy prepuels snid SH o8ny
(sa11s SN)  quunelau :aanedau-101dedar suowioy ¢+ ZYAH Jjuean(peoau va Aixag
J[qe[reae aIedI[edH :uonippe drqeoridde ‘usisap M YTed
Apnis g-xdS-1 JO suiIe g I0j s)Nsoy deoT-umuend)  3nip yam suure Apnis g ur sajer ynd pasoidug Jjundewnwrely ‘OHI  9[qedijdde-uoN -UON aandepe g aseyqd T A4S [1Z2°0Z]19102
HOD® {(INV H 1ojauuog
Qouel] pue yog)Id :souad YADNVDIINN A 21puy
ur SI9JURD 81 %6 Y90 ‘dnoi3 paydley ) Supusnbes 193ueg %ET €Th 2and2dso1d /T0¥IIVS [61]STO0T
N uoyAH
Ade1ay) [euonuaAu0d 0} dsuodsal QATIR[1I0D [T UBULISSSH
Jo s1ayreworq dofaAsp 03 sem wry  saNis SN AADMN 198qns £q sryIp Yod OHI  d[qedridde-uoN LET ‘uean(peoaN T AdS'T [s1lzT0T
1searg—siown) dyrads
S¥ 18q1H
(€00 = d) quunoje uo Bumuanbas 108ueg paziuwopuel A nopnod
I91u9) 10ue) SO J193uof s1owm) 2dA)1-prim SV (400 = d) SV pue 4454 ‘aandepe -oyenruipedeq
UoSIPUY N qIUNO[Id INOYNM Sid Jo8uo] suoneILfe SV ‘HSIA YTV d1qeoridde-uoN vee ‘@anadso1d C-T1LLYVE [£1]9T02
1I £d BsmoyieImy
(1000 > d) sauad WNTIOSUOD UOTIBINIA  Iausty
SIS 9T Adexoy) paydjeur pIm [eajans pasoxdurg $1 JO WnWIu ‘SON %TT 06 2Andadsoig 10uR) Jung (9119102
vd uung
(900°0 = d) Aderayy sauald QT WN[IOSUOD UOHeINW DAl SID]
SIS SN HT paydleUIun SA paydlew yym SO pasoxduy  ‘Burdfjousd xardnmn %L1 £€ST 2andadsoid 190ued 3unT [sTlv10T
paymew 'syd  (N) pauaaIds Ioyne 1seT/1s11q
SHUSWIUIOD) (s)oImnsug awodNQ (s)1preworg Jo uoniodoxg s1d jo oN odfy rerry, QuIRU [eLL], Ie9X

(panupu0d) 1 dqeL



‘dno1n A30[0dUQ 1SOMYINOS = HOMS
‘Bupuanbas YNy = bas yNY ‘Burpusnbas uonersussd-1xou = SHON @ININSUI I9dURD [RUONEBN = [DN ‘ANSIWLYI0ISTYOUNWWI = DHI ‘UONBZIPLIGAY MIIS UI 90U9dsaion]j = HSIA ‘dnoin A30[0duQ suaIp[iyd = HOD
‘sjusupuaury JuauraAoldul] A10jeioqeT [edul) = Y11 ‘Surgoid stwousd aarsusyaiduiod = doo ‘A30[05uQ [ed1ul]D Jo A19100S ULdLIDWY = QDSV ‘UONRZIPLIAY d1wousd aaneredwiod Aelre = HODE :SUONBIAIQQY

Cancer Treatment Reviews 86 (2020) 102019

A.M. Tsimberidou, et al.

(Jea1L00uQ S[eIL], TedTUI[D T-JO
A)1s12ATUN RIqUIN[OD pue 19816 00UQ) sor8a1ens [euonenduio) I90UED D1IBISLIDN 2An0adsoid -N A)ISI9ATUN) BIqUIN[OD 8102
$311s SN “DOD-ION  0TISSTEOLON 3uns9) JB[NII[OW PaYNILI-YIT) SIadue) padueApe dINeIpad 2anpadso1d HDLVIA dtnerpad 102
SPUBRLIIYIN  $ETSTO6TO.LON SON SI20UEd pAdUBAPY aanpdso1g dnaa 9102
$3Is SN ‘00SV ~ SESE69CO.LON DHI 10 SIsA[eue d[wousn SI20UBd pAdUBAPY aandadsoid yndvi [oc1] 910C
2rmjeusIs sunurwr
pue ‘(YNQ32) Asdoiq pmbiy ‘Swoiduosuen
sa31s SN ddnnut ‘IDN/DOMS  £T0¥ESZOLON Oruouas a[oym :8Unsd) [RUOTIR[OLIOD SON SI2dURD 1Y 2Andadsoig ava 9102
(1 ?1qeL
vvwv s)nsax \A.HNENEEW‘:H BISAY maﬁw_umn— QAleu-jusuleaI} ANEOENM_NVNE
wim Apms Juro3uo 0891q WeS DN SZ9FESTOLON dnd SUIPN[UI SI90UED PADUBAPY 2anDadso1d 1OIaH¥d 1 [z1] STOT
$3Ns SN ‘IDN 090S9¥20LON SON SI20UBd padUBAPY 2Anadsold HOLVIN-IDN  [621-921] S10T
ruroumdIRdOUSpE
o3edry) jo A)is1pATun  68ZETZTOIDON VN 921-[[92/3urgoid 1oyIewolq Jown], 1ea8eydosa-onsen aAndadsoid evodueq [5Z1] ¥10T
paziuwopuel
I9)UR) IDURD UOSIOPUY AN $STZSTCOION 3umnsa) dTwousn 190UBd dNRISeIDN ‘aAndadsold ZIDOVAINI 102
S93Is SN
‘UoaIuRURD  TH1160Z0IDN 3unsay drwousan SI9DUBD PIdURADPY aAndadsoid AemyredAN [0T]¥10ZT
128981C0.LON
s311s d[dnnur ‘snreaoN €8//81701D 9[qeLIBA SI9DUBD PIdURADPY aandadsoig amjeudrs [+21] ¥10C
sreydsoy ueadoinyg ‘wnid[eg
‘sppssnig 99plog sa[nf IMNSUl  S9TZOTZOLON basyNU/SON I20ued SBIIq dNEISEIPN 2d£y Ansi8oyg vaounvy [ez1] v10T
GE€E€99420LON
8€99C6C0.LON
CS6S84T0LON
6€6S84C0LON
84€S96C0LON
€16S84Z0LON Iadued
$3NIs SN ‘IDN  06¥¥STTOLON SON 3unj [[92 snourenbs paduEAPY aAndadsold dVIN-8unT [v€]l v10T
Burdfyouald I90URd
$3Is SN ‘IDN  8€4¥6T1C0.LON PaynId VIO ‘HSIA ‘Burousnbas 10211 3uny [[99 [[ews-uou a3e)s ALrey aandadsoid ISINAHOTV [zz1] v10T
$3NIs SN ‘IDN $8ELZ8TOLON SON I9dued padueApY aandadso1q LOVAIN €10C
sreidsoy ueadomy  696£ZLT0.LON DHI/SON 120ued [8JO910[0d PIdUBAPY 2dAy Ansi3oy 10[0D-V1D4dS [1z1] z10T
(1 21qeL
99s) synsa1 Areururad SIS paziuwopuel
ym Apnis Suro8uQg SN ‘@redyesy desT-umuend)  6ZEZF0T0ION Jjundeuwrwre]y “OHI 190U ISeaIq JuRAN(PROIN aanoadsoid T AdS-1 [1Z°0Z] 0102
JudWWOo)D (s)symnsu]  Iaqunu [DON IIeworg 2d A3 190ue) adf) rerry, ouwreu Jeriy, PEIRLANREY §

-supIpaw uoisa1d jo sarpnis Suroduo pardS[Rs
C 2Iqel



A.M. Tsimberidou, et al.

Blood-derived circulating tumor cell (CTC) analysis

The presence of CTCs, which are epithelial tumor cells, has been
independently associated with worse survival in several types of cancer
[44-46]. For example, in a prospective, multicenter, double-blind
study, the number of CTCs in patients with untreated metastatic breast
cancer correlated with shorter progression-free survival (PFS) and
overall survival (OS) [44]. CTCs may also be a predictive biomarker for
chemotherapy and immunotherapy [45,47]. However, the use of CTCs
in clinical practice has not been fully established [48]. Finally, serial
CTC analyses might enable real-time surveillance of the disease. A
comparative study of five prospective randomized phase III trials in
6081 patients with metastatic castration-resistant prostate cancer as-
sessed the prognostic value of CTCs compared to prostate-specific an-
tigen [49]. CTC = 0 at baseline and at week 13 from treatment in-
itiation was associated with OS. The investigators demonstrated that
CTC monitoring was a robust and meaningful response endpoint for
early-phase clinical trials in this setting [49].

Transcriptomics

Transcriptomics refers to the study of RNA transcripts and their
function. Transcriptomic analysis is performed using high-throughput
technologies, including microarrays and RNA sequencing and it is a
potentially valuable tool, particularly when there is discrepancy be-
tween genomic alterations and gene expression. Transcriptomics are
utilized to identify prognostic and predictive gene expression signatures
[50,51], to explore miRNAs and their role in mRNA regulation [52,53]
and to identify the tissue of origin in cancer of unknown primary [54-
-56]. The first solid tumor precision medicine trial to use tran-
scriptomics in the clinic—WINTHER—compared RNA expression in
tumors to that in adjacent normal tissue and demonstrated that tran-
scriptomics increased the number of patients that could be matched to
therapy [13]. Comparing tumor to normal tissue from the same patient
may be necessary because of the large inter-patient variability in
normal RNA expression. Other investigators have also used tran-
scriptomics to select targeted treatments in patients with advanced
solid tumors [57,58]. Challenges that prevent extensive use of tran-
scriptomic biomarkers are degradation and fragmentation of RNA in
formalin-fixed, paraffin-embedded tissue samples, complexity of re-
quired bioinformatic analysis of profiling data and low reproducibility
of the results.

Proteomics

Proteomic analysis using immunohistochemical and other assays of
tumors from patients with refractory metastatic cancer led to the
identification of molecular targets that could guide therapeutic deci-
sions and was associated with longer PFS compared to the patients’ PFS
with their prior therapy (using patients as their own controls) [1].
Proteomic assays are used in clinical practice to identify prognostic or
predictive biomarkers for targeted treatments (hormone receptor ex-
pression, HER2 overexpression, ALK expression). However, the weaker
correlation of proteomic markers, compared to genomic markers, with
clinical outcomes suggests that technical issues should be addressed
[24]. In a meta-analysis of phase 1 clinical trials of small molecules that
used a genomic biomarker vs. those that used a protein biomarker, the
median response rate was 41% vs. 25%, respectively (p = 0.05) [24].
Ongoing studies with targeted therapies include correlative analyses
using peripheral blood and tumor tissue to identify proteomic bio-
markers of response or resistance to treatment (LEEomic,
NCT03613220 and BABST-C, NCT03743428).

Immunotherapy and cellular therapy

By reactivating the innate immune antitumor response, im-
munotherapy has provided a major breakthrough in oncology
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treatment [28,59]. Several novel approaches are currently being ex-
plored: checkpoint blockade, oncolytic viruses, cell-based products,
modified cytokines, CD3-bispecific antibodies, vaccine platforms, and
adoptive cell therapy [60].

Checkpoint blockade

There are seven FDA-approved checkpoint inhibitors: ipilimumab,
pembrolizumab, nivolumab, avelumab, cemiplimab, durvalumab, and
atezolizumab. Selected patients with advanced disease have remarkable
response, including durable complete remission (CR). Despite the sig-
nificant benefit noted in patients with diverse tumor types treated with
checkpoint inhibitors, approximately 80% of patients across cancers do
not experience beneficial effects. In the era of precision medicine,
genomics, transcriptomics and other technologies are employed for the
identification of biomarkers that predict benefit from immunotherapy.
Interestingly, biomarkers predicting checkpoint inhibitor responsive-
ness are genomic: high tumor mutational burden (TMB) [28,59,61],
mismatch gene repair defects resulting in high microsatellite instability
(MSI-H) (and, thus, high TMB) [29,62], PBRM1 alterations [63,64], and
PDL1 amplification [65]. Specifically, TMB has been shown to predict
clinical benefit from checkpoint inhibitors [28]. In an analysis of 151 of
1638 patients who were treated with immunotherapeutic regimens and
had TMB evaluation, high (=20 mutations/mb) TBM was in-
dependently associated with significant improvement in PFS and OS
compared to low to intermediate TMB [28]. Other studies have how-
ever questioned the use of TMB as a biomarker [66,67].

Given its strong association with response to immunotherapy, MSI-
H is an established biomarker for response to checkpoint inhibitors
[68,69]. MSI-H tumors have high TMB, often accumulating > 1000
non-synonymous genomic mutations, leading to tumor-specific pro-
teins, known as neoantigens. Due to high clinical benefit rates, im-
munotherapeutic regimens have been approved by the FDA for the
treatment of patients with advanced MSI-H colorectal cancer [70-72]
or MSI-H tumors, irrespective of the organ of origin [73]. Finally, de-
fects in DNA proofreading proteins polymerase § (POLD1) and poly-
merase ¢ (POLE) lead to increased TMB and are associated with re-
sponse to immunotherapy [59,74,75]. For instance, of 4 patients with
non-small cell lung cancer with deleterious mutations in POLD1 and
POLE (whole-exome sequencing, [WES]), 3 patients with the highest
TMB responded to pembrolizumab [59]. Defects in other DNA repair
systems might also be associated with response to immunotherapy. The
predictive role of homologous recombination deficiency (HRD) is being
evaluated in various tumors, including breast and ovarian cancer. Early
phase clinical trials demonstrating that these patients may benefit from
the addition of immunotherapy to poly ADP-ribose polymerase (PARP)
inhibitors, should be confirmed with additional studies [76,77].

Furthermore, PBRM1 molecular alterations are evaluated as
genomic biomarkers predicting checkpoint inhibitor responsiveness.
Specifically, PBRM1 alterations were evaluated in a study of 35 patients
with metastatic renal cell cancer treated with anti-programmed death-1
(PD-1) regimens [63]. WES revealed loss-of-function (LOF) mutations
in the PBRM1 gene that predicted response to immunotherapy. No-
tably, the PBRM1 gene encodes for a protein of the chromatin re-
modeling complex, possibly interfering with hypoxia, and immune
signaling pathways [63].

Another biomarker that predicts benefit from immunotherapy is PD-
L1 amplification [65]. In a retrospective analysis, this marker was
identified in 0.7% (843 of 118,187) patients of various tumor types and
it did not always correlate with PD-L1 expression. Six of 9 (66.7%)
patients with PD-L1-amplified solid tumors had an objective response to
checkpoint inhibitors, and their median PFS was 15.2 months [65].
PDL1 expression, assessed by immunohistochemistry on tumor cells or
immune cells can be used as a response marker, albeit a suboptimal one
[78]. Approximately 20% of FDA approvals of immunotherapeutic
agents are based on companion PD-L1 diagnostic testing [79].
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Genomic markers may also predict resistance—loss of JAK2 and
beta 2 microglobulin mutations [80]—or hyper-progression (ac-
celerated progression) after checkpoint blockade—MDM2 amplification
and EGFR alterations [81]. WES of tumor tissue from 4 patients with
advanced melanoma whose disease was resistant to anti—-PD1 therapy,
demonstrated LOF mutations in genes involved in interferon-receptor
signaling and in antigen presentation (JAK1/2, B2-microglobulin) [80].
Importantly, PTEN loss is associated with resistance to immunotherapy
in patients with melanoma, suggesting that targeting the PI3K/AKT/
mTOR pathway may overcome resistance to immunotherapy [82]. In
our opinion, it is plausible that when PI3K/AKT/mTOR pathway al-
terations or PTEN loss are the key drivers of the disease, im-
munotherapy may have limited, if any, antitumor activity. Similarly,
STK11 mutations and B-catenin pathway alterations are reportedly as-
sociated with resistance to immunotherapy [83,84].

In summary, the available biomarkers are insufficient to adequately
predict response to immunotherapy. Novel strategies may enhance our
ability to identify biomarkers longitudinally, incorporating ctDNA
analysis [85] or tumor tissue immune, genomic, transcriptomic, and
proteomic analysis.

Adoptive cell therapy

Adoptive cell therapy (ACT) is an innovative personalized treatment
approach that enhances a patient’s immune system leading to specific
tumor cell killing. Immune cells derived from a patient’s blood or tissue
are expanded in vitro and then reinfused into the patient. These immune
cells may be reprogrammed to recognize tumor-specific antigens
[60,86]. Types of ACT include tumor-infiltrating lymphocyte (TIL)
therapy, chimeric antigen receptor (CAR) T-cell therapy, engineered T-
cell receptor (TCR) therapy and natural killer (NK) cell therapy.

TILs

ACT of TILs is based on the use of T-cells that have infiltrated a
patient’s tumor. Autologous cells are being harvested and administered
to patients after their expansion and activation. This approach has
shown promising results in metastatic melanoma [87-90], nasophar-
yngeal, and cervical carcinoma [91,92]. In three sequential clinical
trials in patients with metastatic melanoma who had failed standard
therapy, the use of autologous TILs was associated with objective re-
sponse rates of 49%, 52%, and 72%, respectively; durable CRs were
reported in 22% (20 of 93) of patients; and clinical benefit was ob-
served irrespectively of prior therapy [87]. Ongoing clinical trials assess
the role of TIL therapy in various solid tumors (NCT03645928,
NCT03935893, NCT03108495, NCT03083873).

CAR T-cells

CAR T-cells are a type of adoptive T-cell therapy in which auto-
logous T-lymphocytes are genetically engineered to recognize the an-
tigens expressed on malignant cells [93]. Adoptive T-cell therapy has
resulted in remarkably high rates of durable CR in hematologic ma-
lignancies, including in patients with refractory disease. Therefore, the
FDA has approved CAR T-cells for the treatment of pediatric patients
and young adults with relapsed/refractory B-cell precursor acute lym-
phoblastic ~ leukemia  (Kymriah™,  https://www.fda.gov/drugs/
resources-information-approved-drugs/fda-approves-tisagenlecleucel-
adults-relapsed-or-refractory-large-b-cell-lymphoma) and adult patients
with relapsed/refractory diffuse large B-cell lymphoma (Yescarta™,
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-
products/yescarta-axicabtagene-ciloleucel). CAR T-cells are currently
being evaluated in solid tumors [94,95].
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TCR therapy

This approach uses T-cell receptor (TCR) engineered T-cells, and
involves retroviruses that enable integration of new TCR transgene
targeting antigens, which are expressed at high levels on different
cancers into the genome of T-cells [96]. TCR therapy has been assessed
in hematologic and solid malignancies [97-101]. Current trials evaluate
treatment-associated toxicity, binding affinity to tumor antigens and
efficacy in carefully selected patients with increased tumor burden.

NK cell therapy

Natural killer (NK) cells are cytotoxic lymphocytes that play a cri-
tical role in innate immunity. NK cells do not cause graft-versus-host
disease, which makes them promising candidates for cancer treatment.
Treatment of relapsed/refractory acute myeloid leukemia with haploi-
dentical NK cells and recombinant human interleukin-15 induced CR in
32% of patients [102]. Clinical trials are currently evaluating CAR-NK
cells in hematologic (NCT03056339, NCT00995137) and solid
(NCT03656705, NCT03383978) malignancies.

Personalized vaccines (vaccinomics)

The accumulation of somatic mutations in cancer can generate
cancer-specific neo-epitopes. Autologous T-cells often identify these
neo-epitopes as foreign bodies, which makes them ideal cancer vaccine
targets. Every cancer has its own unique mutations, but a small number
of neo-antigens are shared between cancers. Theoretically, technolo-
gical advances will soon result in rapid mapping of mutations within a
genome, rational selection of vaccine targets such as neo-epitopes, and
on-demand production of vaccines tailored to a patient's individual
tumor. Alternatively, off-the-shelf vaccines for tumors with shared
epitopes might also be exploitable.

Several personalized vaccines are currently being evaluated in
clinical trials [103,104]. For example, investigators used computational
prediction of neo-epitopes to design personalized RNA mutanome
vaccines for patients with metastatic melanoma [103]. Two of the five
patients treated had objective responses to the vaccine alone, while a
third patient had a CR to treatment with the vaccine combined with PD-
1 blockade [103]. In another study of vaccine-induced polyfunctional
CD4+ and CD8+ T-cells targeting unique neoantigens in patients with
melanoma [104], four of six vaccinated patients had no recurrence at
25 months after vaccination [104].

Sipuleucel-T, the first FDA-approved therapeutic cancer vaccine, is
produced via ex vivo activation of autologous peripheral-blood mono-
nuclear cells by a recombinant fusion protein comprised of prostatic
acid phosphatase and granulocyte-macrophage colony-stimulating
factor [105]. Sipuleucel-T is used to treat metastatic castration-resistant
prostate cancer on the basis of results of a randomized, double-blind,
placebo-controlled phase III trial in which patients who received Si-
puleucel-T had longer survival than those who received placebo
(25.8 months vs. 21.7 months, respectively; p = 0.03) [105].

Challenges and solutions for the optimal implementation of
precision medicine

Genomic studies have unveiled the reality of tumors—they are
tremendously heterogeneic and complex, and optimized therapy often
does not result from classical clinical research and practice models.

Precision medicine studies (Tables 1 and 2) demonstrate the major
challenges in designing trials for this new paradigm. First, the rate of
matching patients to drugs in these trials ranges from 5% to 49% and is
mostly in the 15% to 20% range. Failure to match patients is attributed
to (i) enrollment of individuals with end-stage disease, who deteriorate
or die early; (ii) use of small gene panels that yield limited actionable
alterations; (iii) delays in receiving and interpreting genomic results;
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and (iv) difficulty accessing targeted therapy drugs and/or limited drug
availability. Some solutions provided by trials with higher matching
rates, e.g., [-PREDICT 12 (matching rate, 49%), include: (i) use of
clinical trial navigators and medication acquisition specialists; (ii) ap-
plication of a large NGS panel with > 200 genes; (iii) creation of just-
in-time electronic molecular tumor boards immediately upon physician
request; and (iv) exploitation of biomarkers to match patients to che-
motherapy, hormonal therapy, and immunotherapy (in addition to
gene-targeted agents). The majority of these trials [2,3,12,24] have
shown improvement in clinical outcomes when treatments are matched
to drugs compared to when they are not. Importantly, malignancies
have complicated molecular biology, and use of personalized combi-
nations of drugs that address a higher percentage of the aberrations
present in an individual cancer is associated with better outcomes than
more limited matching [6,7,12,13].

Other major hurdles encountered in the implementation of precision
medicine include the following: (i) Potential differences in response to
matched therapy depending on histology and/or genomic co-altera-
tions. In contrast to molecular abnormalities that predict tumor ag-
nostic response to treatment (e.g., NTRK fusions, MSI-H) [27,71,73],
selected genomic biomarkers are predictive in specific tumor histolo-
gies [106,107]. (i) The heterogeneity, complexity, and constant evo-
lution of genomic landscapes. Due to significant heterogeneity between
primary tumor and metastatic sites, molecular profiling of tumor tissue
obtained from a single lesion may not always be representative of the
systemic disease [108,109]. Additionally, under the pressure of tar-
geted treatments, tumor molecular profile constantly evolves, with
emerging resistant clones and new molecular alterations driving disease
progression [110,111]. (iii) The need to screen large numbers of pa-
tients in order to find specific/rare genomic defects (for instance, NTRK
fusions) [27,106,107]. (iv) Incomplete biologic/molecular profiles with
which to select therapy; suboptimal technology and resources to un-
derstand completely the drivers of cancer in individual patients; (v)
Considerable delays in the activation of clinical trials; (vi) differences in
the metabolism and adverse effects of study drugs in various ethnic
groups; (vii) lack of agreement between assays from different diagnostic
companies/laboratories; and (viii) most importantly, lack of access to
drugs for patients with limited resources as well as excessive eligibility
criteria that rule out large swaths of patients with real-world co-mor-
bidities. Approximately 3-5% of patients with cancer are enrolled on
clinical trials and accrual is limited by overly restrictive eligibility
criteria and limited access to drugs [112]. ASCO, the Friends of Cancer
Research, and the FDA recommended to broaden eligibility criteria to
allow more patients to participate in clinical trials and gain benefit from
novel investigational therapies [113]; and consequently participants
will be representative of the actual patient population, increasing
generalizability of the results. Patient enrollment could be enhanced by
national and worldwide collaborations, as shown in multi-institutional
trials [114,115]. Finally, the Clinical Trials Transformation Initiative
(CTTI), has been developed to examine the challenges and propose
solutions to improve trial recruitment [116].

Several initiatives might help overcome the challenges introduced
by our emerging understanding of cancer biology: (i) molecular pro-
filing (tissue, blood) should be used at the time of diagnosis and during
the course of the disease, the latter to monitor response and resistance;
(ii) completion of molecular profiling should be expedited; and (iii)
bioinformatic analysis should be optimized to include the key drivers of
carcinogenesis.

With the current excitement about the promise of immunotherapy, a
large proportion of patients are assigned to immunotherapy trials
without undergoing molecular profiling or immune marker identifica-
tion. Although a significant minority of these patients will experience a
clinical benefit and prolonged survival, the majority will have disease
progression and/or significant adverse events. Therefore, the in-
corporation of biomarkers into the selection of patients for im-
munotherapy needs to be optimized.
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Finally, the immense potential of real-world data needs to be ad-
dressed. Validation of database information can be performed by
comparing outcomes of clinical trials that led to approval with those in
the database; if outcomes are similar, real-world data can then be used
to rapidly predict new applications for medicines.

Conclusions and future perspectives

Remarkable biotechnological advances are transforming cancer
care. Tumor and cell-free DNA profiling using NGS, as well as pro-
teomic and RNA analysis, and a better understanding of immune me-
chanisms are optimizing cancer treatment selection. A major challenge
in the therapeutic management of patients with advanced metastatic
cancer is the complexity of tumor biology. This complexity is attributed
to highly variable patterns of genetic and epigenetic diversity and
clonal architecture associated with spatial expansion, proliferative self-
renewal, migration, and invasion. The complexity is amplified by the
dynamic, Darwinian evolutionary character of cancer cells, which un-
dergo sequential searches for mechanisms to escape environmental
constraints. Such cellular evolution involves the interplay of advanta-
geous “driver” lesions, neutral or “passenger/hitchhiker” abnormalities,
molecular changes in the tumor cells that increase the rate of other
genomic anomalies, and modifications to the microenvironment and
immune machinery that alter the fitness effects of other variables [117].
Strategies to address tumor complexity include targeting self-renewing
cancer stem cells to overcome their plasticity and adaptability, im-
pacting the microenvironment, and turning cancer into a chronic dis-
ease (using cytostatic drugs to suppress cell division and new muta-
tions). The complicated nature of tumor biology is also the result of
interactions between the tumor, host, and local ecosystem, including
HLA type, genetic polymorphisms, microbiome, immune cell repertoire,
and tumor microenvironment [118]. New strategies, some of which
now have a proven track record, include gene-directed therapies and a
host of immune-targeted approaches (e.g., checkpoint blockade, CAR T-
cells, personalized vaccinomics) [118,119].

An overarching theme is that optimized therapy may require the
utilization of combinations of drugs and/or strategies that attack the
tumor from multiple angles. It is time to recognize the possibility that
advanced computer implementation could generate real-world data
that expand our understanding of cancer, rapidly identify new treat-
ments, and create personalized drugs or immune therapies.
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