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The implementation of novel therapeutic interventions has improved the survival rates of
melanoma patients with metastatic disease. Nonetheless, only 33% of treated cases exhibit
long term responses. Circulating tumor cell (CTC) measurements are currently of clinica
value in breast, prostate and colorectal cancers. However, the clinical utility of melanoma
CTCs (MelCTCy) is still unclear due to challenges that appear intrinsic to MelCTCs (i.e.
rarity, heterogeneity) and a lack of standardization in their isolation, across research

laboratories. Here, we review the latest developments, pinpoint the challenges in MelCTC

isolation and address their potential role in melanoma management.
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The implementation of novel therapeutic intervemsidhas improved the survival rates of
melanoma patients with metastatic disease. Noresthebnly 33% of treated cases exhibit
long term responses. Circulating tumor cell (CTGasurements are currently of clinical
value in breast, prostate and colorectal canceosveder, the clinical utility of melanoma
CTCs (MelCTCs) is still unclear due to challengkattappear intrinsic to MelCTCs (i.e.
rarity, heterogeneity) and a lack of standardizatio their isolation, across research
laboratories. Here, we review the latest develogmeninpoint the challenges in MelCTC
isolation and address their potential role in metaa management.
Introduction

Although melanoma is potentially curable when detgan its earliest stages, it can
metastasize to other tissues, drastically redusuagyival rates [5]. Recent advances in
immune- and targeted therapies have improved salrfor metastatic cutaneous melanoma
[35]. However, immunotherapies are highly toxic asfflective in only a proportion of
patients [40, 48, 57], and the majority of patiemtsiergoing targeted therapies with MAPK
inhibitors rapidly develop drug resistance [47, 89]. In order to overcome these challenges,

biomarkers that can guide treatment decisions, tonésponse to treatment and identify

resistance, are urgently required in the cliniedlisg.
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During the last decade, circulating tumor cells G3Y have received widespread
attention as prognostic biomarkers [1, 18] (seeld alfor the full list of terms). These cells
are derived from primary and/or metastatic tumard ean be assessed at any point during
disease course. Thus, their presence in peripb&yatl can serve as a “liquid biopsy” of
solid tumors, particularly when a biopsy cannotuinelertaken due to inaccessibility of the
tumor, or when multiple metastases are presenpatiant. For increased clinical benefit, the
analysis of these tumor-derived cells needs tstwsih (a) disease prognosis, (b) prediction
of clinical outcome to specific treatment, (c) patitailored, real time monitoring of
response, (d) early detection of treatment resistanm recurrence and progression, and (e)
discovery of new therapeutic targets and mechanisimsesistance. Additionally, the
molecular characterization of these rare cells ¢vartsignificant information about cancer
dissemination.

The enrichment and detection of CTCs from patientsitically challenging, mainly due
to the limited amount of blood sample available #r&very low concentration of these cells
in peripheral blood. For melanoma, the difficultizee magnified because common CTC
markers, such as EpCAM, used in CTC enrichmenpithelial cancers including breast and
prostate cancers, are not commonly expressed b Mzd, since melanocytes originate
from the neural crest and not the epithelium [19). addition, MelCTCs are a very
heterogeneous population of cells [21, 25, 29], getrent techniques used to enrich
melanoma cells from blood do not commonly consttes factor, as their principle for CTC
detection relies on the expression of only onewar imarkers. The isolation of MelCTCs
usually follows two common steps: first, CTCs anei@hed from the background of millions
of blood cells and second, CTCs are detected aachcterized in the enriched fraction.

Here we detail the progress of MelCTC isolationhteques, from the use of single

surface markers to novel methodologies that relploysical characteristics of MelCTCs. We
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also describe the clinical significance of currel@iCTC studies, addressing the issues that in
our informed opinion, hamper the progress of tegearch field.
Melanoma CTC Enrichment Techniques

Despite MelCTC heterogeneity [25, 29, 53], methtastheir capture and enrichment
have relied predominantly on the expression of ondwo known cell surface markers
(Figure 1). For example, immunomagnetic enrichmeith magnetic beads coupled to
antibodies against known melanoma-specific antigpassbeen used to enrich CTCs (positive
selection). Alternate methods that deplete whitmdlcells (WBCs) using beads targeting
common leukocyte (CD45 or CD34) antigens (negaseiection) are also widely used [28,
34, 44, 52].

The CellSearch™ system (Veridex LCC) involves immmiagnetic capture of CTCs
followed by cancer-specific marker staining for Cdi€ection. This system is the only FDA-
approved CTC enumeration platform for breast, mtestand colorectal cancer, where
EpCAM is used to capture CTCs followed by immuniostg with cytokeratin [2, 10-12].
This adhesion molecule has been described as iamgom tumor growth, EMT and
metastasis [37, 38]; EpCAM is however, expressedlusiely in epithelial-derived
neoplasms. A different CellSearch™ kit was themfdeveloped for MelCTC isolation,
which captures CTCs expressing melanoma cell aolhasiolecule (MCAM) from whole
blood and detects CTCs by immunostaining with MCS%P4/HMW-MAA (melanoma-
associated chondroitin sulphate proteoglycan).

Khoja and colleagues [28] used this melanoma speC#liSearch™ kit to detect CTCs
in 101 metastatic melanoma patients, and found @3€&€s/7.5 mL of blood prior to
treatment, with 40% of patients having at least @1&C. Similarly, Rao and colleagues,
found 0 to 8,042 CTCs/7.5 mL of blood in 23% of gaients (n = 44), with greater than 10

CTCs detected in only three patients (4%) [44].€Bithe low frequency of CTCs detected
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by targeting only one marker for enrichment, othpproaches increased the number of
antigens targeted, in order to isolate a largerbemof MelCTCs.

Freeman and colleagues [21] found that using a cwatibn of MCSP, MCAM, ATP-
binding cassette sub-family B member 5 (ABCB5), asldster of differentiation 271
(CD271) targeting antibodies, captured MelCTCs imignificantly higher proportion of
metastatic melanoma patients than did the use oSER©r MCAM alone. This finding
demonstrated for the first time the high diversityMelCTCs and improved the sensitivity of
bead-based CTC enrichment compared with experinteatdargeted single markers. In this
study, patients from all stages showed signifigahtgher numbers of CTCs than controls
(n=15), detecting at least 1 CTC/mL of blood in928.of patients (range: 0-2.5 CTCs/mL of
blood). However, despite this multimarker approagined at improving the sensitivity of
CTC capture, it still yielded low capture efficign€34%) in spiking experiments [21],
suggesting that only a few MelCTcs were being teola

To improve capture efficiency, the herringbone-cfifB-chip) technology has been
developed. This device uses micro-vortices generate herringbone-shaped grooves to
direct cells toward channel walls coated with a boration of antibodies targeting
melanoma-specific antigens. The combination of Hip-ctechnology with a pool of 12
melanoma-specific antibodies for detection, allowesmpture of CTCs (on average 8
CTCs/2.5 mL) by immunostaining in 32/41 (79%) m&tas melanoma patients at various
stages of treatment [36]. These results underdgter@eed for multiple markers to identify
MelCTCs given their remarkable heterogeneity. Nihedess, these methods are not able to
capture all CTCs present within a patient, as thbaedo not express the antigen of interest
are missed.

To avoid capture bias, other studies have usedtimegselection procedures which

capture leukocytes with anti-CD45 antibody coatedds followed by WBC depletion using
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magnetic separation. Systems such as EasySep™ satt®8ep™ use this approach. Fusi
and colleaguesjsing the EasySep™ method and detecting CTCs gghg0 and MLANA
(melanoma antigen recognized by T cells 1) by flowgometry, found 28/32 (87.5%)
metastatic patients had CTCs with a median of 5«10 mL of blood [22]. Using
RosetteSep™, Girotti and colleagues successfulhcleed CTCs and injected them into
NSG mice to generate CDX models [23]. While the CJuantities used to generate the
models are unknown, it is likely that relativelyda numbers of cells were isolated for
successful tumor uptake.

Although negative selection is advantageous fororeng cells that do not express the
most common melanoma markers, the purity of CTQsined in the enriched fraction is
low, hampering their quantification and downstreanalysis. In fact, a spiking experiment
comparing the recovery and purity of CD45 depletioith positive enrichment, or a
combination of both methods, showed that the gseageovery was found by using negative
selection (58% recovery rate). However, the grégesty of the CTC fraction was obtained
by using the combination method (background redficed 3x10 to 1.5x1Gof WBCs) [34].

To further improve CTC capture, alternative techeis have been developed recently
that exploit the larger cell size of MelCTCs congghto WBCs. Although it has been shown
that MelCTCs can have a diverse range of cell §#¢e41], most of the CTCs are thought to
be larger (10-20 um) than other blood components) as RBCs (6-8 um), leukocytes (7-12
pum) or platelets (2-3 um). Taking advantage of thesceived difference in cell size, the
“enrichment by size of epithelial tumor cells” (IBB) technique was developed [58]. The
ISET® system uses polycarbonate filters with 8 um diametrcular pores for CTC
enrichment and detection of cells trapped in 8ltdde Giorgi and colleagueketected CTCs
in 29% and 62.5% of patients with primary invasared metastatic melanoma respectively

using qPCR to detect Tyrosinase transcripts a8&f¥ filtration; the limit of detection was
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1 CTC/mL of blood [14]. However, this approach atetected benign circulating nevus cells
[15], suggesting the inability of this assay totidiguish between benign nevus cells and
melanoma cells. Alternatively, when using the sd8t€T enrichment technique, with CTCs
defined by positive immunohistochemistry expressadr5100 and negative expression for
CD45 or CD144 (leucocyte and endothelial cell meskaespectively), 51/90 (57%)
metastatic melanoma patients had detectable CT-@4 @TCs/mL of blood) [29]. The low
percentage of metastatic patients with high-burdeease found with CTCs, shows the
unsuitability of this method for detecting all CT@sesent in patients. This drove the
combination of technologies that rely on physicedbperties of the MelCTCs with those
detecting expression of specific surface markers.

The CTC-iChip separates cells based on size ustegrdinistic lateral displacement and
inertial focusing followed by negative depletionsikg this chip, CTCs from two metastatic
melanoma patients were successfully enriched atettgel as positive by staining for the
melanoma antigen recognized by T cells 1 (MART-1AMNA) [41].

The OncoQuicR system is another size-based technique that incates a filter for
CTC separation in conjunction with density-basentrifigation [50]. Spiking experiments
showed &60% recovery rate of 4, 20, 100 and 500 spiked 3R&1eells when assessed by
gPCR amplification of cytokeratin &RT8) and 18 KRT18) RNA. The SkMel28 cell line
strongly expresses these intermediate filamentepr®tandKRT18 expression has been
previously identified as an adverse prognosticdiact melanoma [8]. For melanoma CTCs,
when transcript levels dfILANA, MIF (Macrophage Migration Inhibitory Factof)YR, and
MITF (Melanogenesis Associated Transcription Factoryewassessed by qPCR after
OncoQuick enrichment, results showed that about 1/3 of patigmostly early-stage)
expressed elevated levels MIF and MLANA transcripts, in comparison with healthy

controls (p<0.0001 and p<0.001, respectively) T9e authors suggest that identification of
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early-stage patients with CTCs may be used to ealenthose that would benefit from a more
aggressive therapy at an earlier stage.

Previous studies have found circulating tumor neanboli (CTM) or CTC clusters in
the blood of melanoma patients, raising the idaadblls enter the bloodstream via collective
cell migration, allowing them to survive shear srand anoikis forces [29, 42]. Recently, the
Cluster-Chip was developed to specifically isol&EC clusters of two or more cells from 4
mL of blood, independently of tumor-specific marksipression. This microchip technology
relies on the strength of the cluster union andhemr behavior when a flow speed is applied
through a set of triangular pillars. Captured CTGsters were identified and detected by
immunostaining in 30% (~0.15 CTCs/mL) of 20 teste@tastatic melanoma patients.
Interestingly, no correlation was found betweenrbmber of CTC clusters and the number
of single CTCs isolated (n = 19) [53].

While these methods have proven the ability towap€TCs, clinical validation of their
prognostic value in large clinical samples is stédeded.

Melanoma CTC Detection Methods

While the above techniques have been developednfmrove isolation of CTCs,
optimization of detection methods is also requil@etection of MelCTCs without a previous
enrichment step has been reported by Ruiz andagplés [51], where the Epic Sciences
platform detected MelCTCs from whole blood, usingpanel of seven anti-MCSP
monoclonal antibodies. MCSP is a cell surface pmote/olved in melanoma proliferation,
spreading and migration of cells and it is overesped in more than 90% of melanoma
tumor tissue samples [6, 13]. Using this markerdietection, 1-250 CTCs were detected in 8
mL of blood (0.5 to 371.5 CTCs/mL of blood) from/2@ metastatic melanoma patients
(55%). Interestingly, this method also enabled whggnome amplification and copy number

variation (CNV) analyses of single MelCTCs, whicdwvealed deletions o€DKN2A and



183  PTEN, and amplifications of melanoma related genHsSRT, BRAF, KRAS and MDM2
184  amongst others [51].

185 Most commonly, once CTCs are enriched by the tegles discussed above they are
186 detected by methods that assess their morphologl/omrprotein expression using
187  immunocytochemistry (ICC) or flow cytometry. In 8eetechniques a cocktail of antibodies
188  against cell surface or intracellular markers aisged with melanocyte biology or melanoma
189  pathogenesis [21, 25, 30, 55] are used to recogthee cells. Alternately, molecular
190 approaches that detect RNA or DNA from enriched®1&ls, by quantitative real-time PCR
191 (gqRT-PCR) [4, 39] or droplet digital PCR (ddPCR}p]J4respectively, have been used for
192  CTC detection and characterization. A new and psorgimethod based on the presence of
193 elevated telomerase activity commonly found in mefaa cells, is being trialed for CTC
194  detection [61].

195 Based on our previous identification of heterogesedelCTCs [21], we recently
196 developed a flow-cytometry multimarker approachdetect and analyze CTCs for the
197 presence of melanoma-associated markers, such &°NM&d MCAM, in combination with
198 melanoma stem cell markers, such as ABCB5, RANKefpeor activator of Nkf) and
199 CD271 [25]. Using this approach we provided for finst time, a detailed insight into the
200 diversity of MelCTCs within each patient, and shdwieat the prognostic utility of MelCTCs
201  may not rely on the total count of CTCs but on @i¥eC subpopulations circulating within an
202 individual. This study indicated that a high numbéMelCTCs express melanoma-initiating
203  or stem cell markers (ABCB5 and RANK) while onlyrydow numbers of CTCs express
204 melanoma markers MCSP and MCAM [25]. Importanthe tommon expression of these
205 melanoma-initiating markers by MelCTCs did not etate with the expression of these
206  markers in patient-matched tumors, where a lowueegy of melanoma tumor cells positive

207  for these markers was observed. This finding pewidvidence that most CTCs, at least in
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melanoma, are derived from rare subpopulationsrobt cells which may have the ability to
seed new metastases, and not from the bulk melanellsashaping the tumor [25].

Aya-Bonilla and colleagues [4] more recently inbgated for the first time, the
enrichment of MelCTCs using spiral microfluidic eology [59, 60]. With this device,
recovery rates of greater than 55% and a 2.5-3dkygetion of WBCs were observed in
spiking experiments using melanoma cell lines wdififerent cell sizes which represents an
improvement to depletion rates similar to thoseamigd by the CTC-iChip [41]. After
microfluidic enrichment of blood from 20 metastatitelanoma patients, MelCTCs were
identified by flow cytometry, gene expression asayand immunostaining, in 40%, 54%
and 43% of cases, respectively. As found previo[&ly 25, 29], MelCTCs showed diversity
in their marker population with CTCs analyzed bypwil cytometry most commonly
expressingABCBS alone or in combination witlRANK, a marker of treatment resistance.
Gene expression analysis of the CTC-enriched tastalso detected transcripts RAX3,
alone or in combination witABCB5 expression in 6 out of 7 metastatic melanoma pistie
positive for melanoma transcripts; transcripts bé tmelanocytic geneMLANA, were
detected in the remaining patiemlLANA, PAX3 and ABCB5 are highly expressed in
melanoma tumors and have been described to playm@ortant role in melanoma
pathogenesis and resistance [17, 20, 43]. In thdysisolated CTCs were also characterized
by multimarker immunostaining for intracellular raebcytic proteins gp100, S100 and
MLANA (1-4 CTCs/ 8 mL of blood), which indicatedahMelCTCs are also diverse in cell
size (range: 13-21 um) [4]. This study unmistakatdgfirmed the phenotypic and molecular
heterogeneity of MelCTCs.

Although great advances have been made in MelCdlatisn (Figure 1; Table II), their
guantification remains challenging given the lownhers of CTCs identified even when a

variety of multimarker assays are used for theteckon. This is presumably due to our
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limited knowledge of the spectrum of diverse MelGTGtudies are needed to investigate
MelCTC phenotypes, their role in melanoma biologyd gorognosis as well as their
differential pharmacodynamic responses to treatry3ijt

Are CTCsof clinical utility in melanoma?

Studies to date show CTCs are a suitable biomavkeatisease status. Furthermore,
monitoring the levels of CTCs before and duringanema treatment has, in limited studies,
been shown to be informative with respect to pregnhand therapy response in melanoma
[25, 28, 31, 36, 46].

Using RT-PCR to detect transcripts in blood, Reid aolleagues showed that in 230
patients, the presence MLANA and ABCB5 transcripts were associated with disease
recurrence and the expressionMEAM was significantly more common in patients with a
poor treatment outcome [46]. Also, the presencenoltiple melanoma markers in patient
blood significantly correlated with their AJCC staf@2], and the detection of more than one
marker at baseline and at any time during treatradntinistration was a negative prognostic
factor for disease-free survival (DFS) and for allesurvival (OS) [26].

Several studies using immunomagnetic enrichmeng ladgso shown that the number of
MelCTCs is higher in the blood of patients with adeed disease [21, 36, 62]. Moreover, the
number of CTCs was also shown to be associatedtrgtment failure and shorter median
OS wher> 2 CTCs per 7.5 mL are found during the time tlaigmts are receiving treatment
[28, 44]. By contrast, a low CTC count at baselige2 CTCs) or a decrease in CTCs after
treatment initiation was associated with respomsegdatments and longer progression free
survival (PFS) rates [31].

Recently, using flow cytometry to separate CTC wobs, we showed that the presence
of CTCs was associated with disease stage and PHSlijiterestingly, early-stage patients

were generally positive for a single marker comgaue late-stage patients who had larger
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numbers of CTCs expressing a variety of markerslithahally, patients with higher number
of CTCs (>5 RANK cells) in 4 mL of blood had significantly lower 8Rhan those with
fewer or no CTCs (<5 RANKcells) [25]. Importantly, we demonstrated that gmostic
utility might be found not merely by using total C3 counts but by studying specific
subpopulations of CTCs and response to therapier®ain=16) who relapsed after targeted
BRAF inhibitor therapy were most likely to exhilgiteater numbers of RANK CTC subtypes.
Conversely, the presence of CTCs expressing PD-44 associated with response to anti-
PD1 blockade [27].

New experiments with patient-derived xenografts Xfp@re providing new information
that can inform treatment decisions for each pati¢rarticularly where tumors are
inaccessible, CTC-derived xenografts (CDX)iorvitro growth of CTCs may provide a
powerful tool for drug efficacy testing for eachtipat. Girotti and colleagues [23] have been
successful in generating CDXs in 6 out of 21 c428%%) and showed that CDX models
established from advanced stage patients couldnhaiade prediction of patient responses to
treatments [23]. While the isolation of only a f&TCs capable of developing xenografts
may underestimate the tumor heterogeneity, thesexaellent first steps, addressing several
of the issues surrounding the clinical benefit diCCcharacterization, including the fact that
CTCs that develop xenografts are capable of seedietpstases and therefore harbor
significant information about the metastatic pracesAdditionally, further studies
characterizing CTC subpopulations prior to or corently with injecting them into mice will
provide crucial information about CTC phenotypest tire most likely to develop CDXs.

Although CTCs quantification shows great potentiagé role of MelCTCs in melanoma
management is still under investigation. For exanfle continued presence or an increase
of MelCTCs after therapy initiation may suggestedise progression. Contrarily, a decrease

or a continued value of zero MelCTCs might suggesponse to treatment. Additionally,
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changes in CTC phenotype after treatment initiatmay be an early indicator of the
emergence of resistance, leading to an early chahtggerapy. Although these changes are
difficult to assess when low numbers of MelCTCs leeng isolated, these measurements
could offer unique prognostic information. Furtheme MelCTCs could be tested for
molecular evolution of tumors prior to therapyjdentify markers of intrinsic resistance; and
during therapy, to identify the development of dragistance to targeted therapies.

There is also a need to evaluate the ability of Gih@lysis to inform treatment decision
in patients with AJCC stage Ill and resected stdgenelanomas, as there are now more
clinical trials and FDA approved therapeutics falamoma in stage Ill and stage 1V [3, 35].

The lack of standardization and the variety of mdtlogies used for their isolation has
hampered the ability to implement the analysis oflGTCs into large clinical studies.
Therefore, there is an urgent need to standardmetbcols for MelCTC enrichment,
detection, and quantification across different tabaries.

What additional isolation steps arerequired to identify the full spectrum of melanoma
CTC subtypes and their prognostic potential ?

Melanoma CTCs are rare and very heterogeneous. chmeprehension of their
aggressiveness and their application in clinicalirggs is still limited by the capacity to
successfully and routinely isolate viable heter@gers CTCs from the majority of patients.

New platforms that enable effective and repetitiselation of MelCTCs should be
unbiased, which means that CTCs should be enrighddletected without relying on known
expression of CTC markers, rather, methods shoeildased on broader traits of CTCs, such
as physical properties (cell size, morphology,dityi nuclear/cytoplasm ratio). In addition,
isolation methods should be highly efficient iniehing the vast majority of CTCs present in
the blood at high purity (i.e. low WBC backgroundjoreover, methods should allow

isolation of viable and intact CTCs for “omic” chaterization and, ultimately, the
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establishment of CTC-derived cell cultures and xeafts (CDX). Furthermore, methods are
required that allow high throughput, are low casd accessible in both research and clinical
environments.

Integration of genomic and transcriptomic data froodk tumors [7] together with
single-cell RNA-seq of melanoma tumors [56] havénfoeced the abundant diversity
between and within melanoma tumors. Thus CTCs dérikom such tumors would similarly
carry heterogeneous features. However, the chatenig isolating all CTCs have
significantly flawed the interrogation of the reg¢énomic, transcriptomic and proteomic
diversity of MelCTCs.

Finding a system able to capture and detect CT@spendently of their cell marker
characteristics is urgently needed in melanoma, arféw studies trialing this isolation
approach have been reported [4, 14, 29, 41]. Ad&amemain hampered however by the
uncertain biology of these cells, and the lack pfimal technologies along with robust
standardization and validation of these technokgie

Although challenging, studying the gene expressind mutational landscape of single
MelCTCs, their relationship with tumor tissue ce#lad their connection with treatment
response and resistance, will significantly inceedise clinical value of this biomarker.
Improvements along these lines will dramaticallyatte CTC use in the clinic. The recent
implementation of devices capable of isolating ieadnd label-free MelCTCs paves the way
for studies aimed at dissecting their real hetemedg and the mechanisms underlying their
role in melanoma spreading. Moreover, the isolatmal study of MelCTC clusters will
provide an insight into their role in melanoma peggion and metastasis and in the tumor-
immune interactions.

Conclusion

13



332 In conclusion, a variety of isolation methods h&een developed in order to study the
333 prognostic and predictive applications of CTCs irelanoma. Moving forward, the
334 implementation of optimal isolation techniques wilog phenotypic, genomic and
335 transcriptomic approaches is critical in order tveil the diversity of MelCTCs and provide
336 new insights into their clinical opportunities (Eig 2). The latest studies suggest that
337 examining CTC subpopulations instead of quantify@iCs, could significantly impact their
338 clinical utility. However, the variety of subpoptitans needs to be identified and clinical
339 trials assessing the biomarker utility of thesepsytulations needs to be undertaken to draw
340 meaningful conclusions. Also, critical factors suas the time of blood collection (i.e.,
341 different time points), site of collection of bloedmple [24], sample handling, transport and
342 storage must not be overlooked and remains to aedatdized. Although promising,
343 MelCTC isolation and study still holds technoloditaitations that ought to be considered
344 by MelCTC specialists worldwide to maximize theiotgntial applications in clinical
345  practice.
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Figure Legends

Figure 1. The most widely used circulating tumor cell ennnt, detection and molecular
characterization technologies for melanoma and rottencers. NGS: next generation
sequencing. DEP: dielectrophoresis. ddPCR: drajigtal polymerase chain reaction. FISH:
fluorescencen situ hybridization. RT-PCR: real time polymerase chaiaction.

Figure 2. Potential applications and clinical benefits oflam®ma circulating tumor cells.
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Tablel. List of terms.
ABCB5

AJCC
BRAF
CD144

CD271

CD34
CD45
CDKN2A
D
N
T
CTM
ddPCR
EpCAM
D
gp100

HB-chip

ICC

ISET

KRAS

KRT18

KRT8

MAPK

MCAM

M CSP/CSGP4/HMW-MAA
MDM2

MelCTC

MIF

MITF

MLANA/MART-1

(@)
x

0
0<

@]

‘n
>

Z

PAX3
PD-1
PD-L1
PDX
PFS
PTEN
RANK
RBCs
TERT
WBCs

ATP binding cassette subfamily B member 5
American Joint Committee on Cancer
proto-oncogene B-Raf; v-Raf murine sarcoma viralogene homolog B

VE-Cadherin

LNGFR (low-affinity nerve growth factor receptor)
p75 NTR (neurotrophin receptor)

cluster of differentiation 34

cluster of differentiation 45
cyclin-dependent kinase Inhibitor 2A
Cancer or CTC derived xenografts

copy humber variation

circulating tumor cell

circulating tumor microemboli

droplet digital PCR

epithelial cell adhesion molecule

US Food and Drug Administration
glycoprotein 100; melanocyte protein PMEL
herringbone-chip

immunocytochemistry

isolation by size of epithelial tumor cells
proto-oncogene K-Ras; Kirsten rat sarcoma virus
Cytokeratin 18

Cytokeratin 8

mitogen-activated protein kinase
melanoma cell adhesion molecule
melanoma-associated chondroitin sulphate proteaglyc
proto-oncogene MDM2

melanoma circulating tumor cells
macrophage migration inhibitory factor
microphthalmia-associated transcription factor
melanoma antigen recognized by T cells 1
NOD scid gamma mice

paired box gene 3

programmed cell death protein 1
programmed Death-ligand 1

patient derived xenografs

progression free survival

phosphatase and tensin homolog

receptor activator of Nikf

red blood cells

telomerase reverse transcriptase

white blood cells
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579 Tablell. Assessment of MelCTC enrichment and detectiomigcies.

MelCTC Enrichment Platform Advantages Disadvantages References
N CellSearch . . [28, 44]
Positive : (CellSearch FDA- Relies on prior
. HB-chip d [36]
I mmunomagnetic o - approved method.) knowledge of target cell
Enrichment agnetic High specificity. surface markers. [21]
beads
EasySep Relies on no marker [22]
expression by CTCs anc
Negative Retrieves high expression by
I mmunomagnetic RosetteSep heterogeneous an( leukocytes. High WBC =
Enrichment viable MelCTCs. background.
CTC-iChip Low spgcmcny. !\lot [41]
commercially available.
ISET - Low speC|f|c.|ty. Limited [16, 29]
Fast processing studies.
time. Label- High leukocytic
. independent background. Combinatiol
Technologies based on OncoQuick isolation. with other enrichment [9. 50]
Size/Density methods needed.
2.5-3 log WBC
Spiral depletion. Low specificity. Limited 4]
Microfluidics Enrichment of studies.
viable MelCTCs.
Marker
independent Lack of biological
. . isolation. Potential characterization and
Cluster Isolation Cluster-Chip . L [53]
study of tumor-  clinical significance. Not
immune system  commercially available.
interactions.
MelCTC Detection Advantages Disadvantages

Individual cell analysis.

Time consuming. Low
I mmunocytochemistry Common protocols used. Low

sensitivity. Biased CTC [4,51]
cost. detection.
Automated quantification. Marker expression-depender
Flow Cytometry Provides multimarker requires previous enrichmen: [22, 25, 33]
information. limited number of markers.
Biased CTC detection.
gRT-PCR Cost effective. High sensitivity. Unclear specificity. Not [4, 16, 39]
quantifiable.
Sensitivity compromised by
ddPCR High specificity. Cost effective. WBC background. Analysis

limited to prior knowledge of [45]

target mutation.
580
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Prediction of clinical
outcome to specific
treatment

Patient-tailored, real
time monitoring of
response

ACCEPTED MANUSCRIPT

Early detection of
treatment resistance
and progression

New therapeutic
targets and resistance
mechanisms

Prognostic measure
of disease status

Tumor and metastasis
biology




Highlights:

- Thisreview discusses Melanoma CTCs (MelCTCs)

- MeCTCsare promising liquid biopsy biomarkers in melanoma

- They are heterogeneous with no common marker for their detection, unlike epithelial
cancers.

- Label-independent methods are preferred for isolation of diverse MelCTCs.

- ldentification of MelCTC subtypes provides significant clinical utility.



