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WILEY-VCH

Melanoma is among the most aggressive cancers, and its rate of incidence continues to grow.
Early detection of melanoma and evaluation of treatment efficacy has been hampered due to
the lack o! ﬁising markers for testing. Recent advances in liquid biopsy have proposed

non-invas ives for cancer diagnosis and monitoring. Circulating tumor cells(CTCs)

H o . _ i
and cancegexosomes are gaining influence as promising biomarkers because of their cancer-

associatedQlar markers and signatures. However, technologies that offer the dual-
isolation o

s and exosomes using a single sample have not been thoroughly developed.

Our dual@on OncoBean(DUO) device is conjugated with melanoma specific

antibodies, and MCSP, enabling simultaneous CTC and exosome isolations. Using
whole bloo les from patients, CTCs and exosomes were specifically isolated from a
single sa then underwent molecular profiling for comprehensive study. Melanoma

patients rmCTCs/ml and 299ug exosomal protein/ml while healthy donors display

fewer

and 75.6pug of exosomes per ml, respectively. We also demonstrated that
both marker; ress melanoma associated genes using multiplex qRT-PCR to test for

expression pattern of a 96 gene panel. Our novel, dual isolation and molecular

characteriition will allow for further research into melanoma to identify viable markers for

disease pr@n and treatment efficacy.

MelanoMof the most aggressive cancers whose incidence rate keeps increasing with

over 300, cases ! reported globally and 100,350 cases projected in the United States
in 2020 ® Dug, to the lack of promising markers to predict the disease and onset of
metast{progress has been made towards the early detection and evaluation of
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treatment efficacy. Early detection of melanoma is critical as early stage localized melanoma

patients have a 98% survival rate ! while patients who develop metastatic melanoma can

0

expect a 5:k9% 5-year survival rate. [ Despite significant research into melanoma

metastasi till a distinct lack of predictive biomarker, which has in turn led to

. I . . 2]
minimal psgress towards reducing the mortality rate

Recent ad¥ancesfin the field of liquid biopsies have proposed alternatives for diagnosing

G

disease with t erits of enabling continuous monitoring and non-invasiveness. Circulating
tumor cel Cs) and cancer-derived exosomes have recently evolved as promising
biomarkers for glany cancer types, including lung, prostate, and breast cancers, where the

cancer—asg‘molecules correlate to cancer progression, overall survival, and treatment
S

efficacy. , shed from the primary tumor site into blood vessels, are a known medium of
secondarmccurrence or metastasis.” ® Recent studies have shown that the presence

and nu in peripheral blood is associated with metastatic relapse and tumor burden, as

well as gressiveness of cancer and susceptibility to applied anticancer drugs.!”® CTCs
in melanoma have also demonstrated the ability to reflect tumor susceptibility to immune

checkpoinl r treatment. )

Despite thQntages, CTC-based melanoma diagnostic or prognostic tests have not been
applied @practice. This is largely because the only FDA cleared device, CellSearch®,
is largemve for isolation melanoma CTCs. CellSearch®, and similar CTC isolation
devices, h ly been developed to isolate CTCs using an antibody against epithelial cell

adhesion m: lle (EpCAM), which is downregulated on melanoma CTCs. "% Since 2011,

the Cel “ﬁ system has improved for melanoma CTC detection through the development
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of the MelCTC kit which replaces anti-EpCAM with a more melanoma specific melanoma
cell adhesion molecule (MCAM) followed by detection using an melanoma-associated
chondroitin ulfate  proteoglycan = (MCSP)/chondroitin-surface  proteoglycan 4
(CSGP4)/Qh molecular weight-melanoma-associated antigen (HMW-MAA)

H

immunost!ning pane

original a'@AM based CellSearch® system but 60% of enrolled patients had no CTCs

1. ' 12I This research use only kit has yielded improved results over the

detected. imilar to the MelCTC kit, melanoma CTC isolation using immunomagnetic

beads con edywith two melanoma specific antibodies, anti-MCSP and anti-MCAM, has

>

proven to be effective in isolating over 80% of CTCs in stage IV melanoma patient blood

U

samples, ho its median CTC count was less than 2 CTCs per ml blood (1.78 CTCs/ml).

1

Bl ctc tion in melanoma patients using previous methods is often very low
between i% 7.5ml blood "*!, and thus insufficient to perform diverse clinical studies

such a ning or functional in vitro/in vivo studies. ' In order to overcome this

drawback, si neous isolation of more than one circulating marker from same patients

W

will allow for further understanding of melanoma reflecting each circulating marker’s

characteriStic.

[

Along wi , exosomes, nanoscale extracellular vesicles (EVs) actively secreted from

0

malignant r cell-to-cell communication, have been used for cancer studies and

Lith

diagnosts: ed to CTCs, these vesicles are known to be more stable and abundant in

16-18 . .
[16-18] R ecent studies of cancer-derived exosomes

body flui facilitates cancer studies.
have disc me of the important roles they play, especially in tumor progression, such

as the ation of neighbouring cells, acquisition of drug resistance, and transfer of

A
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tumor-associated information to other cells.!"”**! However, a lack of technologies to isolate

and characterize tumor-specific exosomes has minimalized their use in clinical settings. Thus

[21,22

far, standar osome isolation methods, such as ultracentrifugation, ] polymer-based

exosome its,®) and immunoaffinity based isolation using antibodies against

N — 4 25) . . _
exosomal gurface proteins, have been utilized for tumor exosome isolation. However,
novel spteation methods to enrich for specifically tumor-derived exosomes are
#126.271 1 addition to the research efforts towards melanoma CTCs, progress

urgently ne

towards thig i§olafion of melanoma-specific exosomes has largely been made by introducing

S

alternative antib@dy-capture methods. Sharma et al recently provided a way to extract

U

melanoma exosomes from plasma samples using a combination of isolation methods

[

including clusion chromatography and magnetic beads conjugated with anti-

chondroitill s e proteoglycan 4 (CSPG4), which targets melanoma cells and exosomes.

d

(281 T he specificity of isolated exosomes using FACS and showed that the subset

of EVs the red were melanoma specific and related to immune suppression. Capture

M

strategies 1ncorporating large antibody cocktails including MCSP and MCAM have

consistentf{f shown higher results than single antibody isolation platforms. ****) However,

g

these prey, tems still need multiple isolation and incubation procedures, which hinder

0O

an easy iso of circulating markers. Also, low capture efficiency and low sensitivity in

the isolati@n of melanoma circulating markers has demonstrated a need for improvements,

h

{

such a cocktail optimization and its incorporation into microfluidics systems,

which facilitate hiighly sensitive isolation from a limited volume of sample '~

U

A
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Here, we devised the Dual Utilization of OncoBean (DUO) microfluidic device conjugated
with melanoma-specific antibodies, MCAM and MCSP, for capturing circulating markers in
an immuno ity manner and applied this device to the isolation of both melanoma CTCs
(MCTCs) ma exosomes (MExos). As both markers originate from the same tumor
. N E— e . . [34,35]
sites, co-egresswn of surface markers allows for identical enrichment strategies. "' Dual
marker isusing the DUO can yield improved insights due to the distinctive roles they
might play anoma progression. Thus, co-isolation and analysis of both markers from a

single sal uld aid in our understanding of the complexities in melanoma

S

progression/diaghosis and be useful for better diagnosis and monitoring of individual

Ul

patients’ cli tatus. To this end, MCTCs and MExos are specifically isolated from patient

It

whole blo les by identical devices before undergoing molecular profiling. The radial

flow-base uidic device provides all the benefits of traditional immunoaffinity-based

d

[36-38

micro es while allowing for high sample throughput. I The inclusion of both

isolation mo in a single platform provides significant convenience and allows room for
future optimization such as attachment of our labs previously reported inertial force
differentiigg sample separation device for rapid and efficient multi-marker analysis.””! To
the best Oleedge, dual isolation of MCTCs and MExos from single samples using a
single plat

as not been studied yet. This novel device and dual-profiling of melanoma

markers Will enable a more comprehensive understanding of the disease, allowing for

h

[

enhanc decisions in the future.

U

2. Res discussion

A
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2.1 Strategy for dual isolation of MCTCs and MExos using DUO microfluidic device

The adW the microfluidic OncoBean device have been described in our previous
studies m{ﬂolving CTC isolation.”” **) Briefly, the OncoBean is a radial flow-based
microﬂgi we with bean-shape micro posts functionalized with antibodies to capture
targets. Twlly placed micro-post design specifically captures target cells expressing
different @levels even using high flow rates of up to 10ml/h. For this work, two
OncoBea es are combined: one to isolate MCTCs and one MEXOs that were
optimizth marker type (Fig. 1b). To isolate MCTCs, first module, CTCBean, was
originally con;'u;ted with one of two different melanoma specific antibodies, anti-MCAM
and anti- , or a combination of the two. Antibodies against MCSP and MCAM were
chosen as they are the dominant cell surface proteins on MCTCs . In order to decrease non-
specific biadi all devices were blocked with bovine serum albumin (BSA) solution after

antibo ugation. We compared capture performance between three different antibody

combi sing an MCTC model sample (SK-MEL-103). We found that MCAM captures
more melanoma cells than MCSP. The MCAM and MCSP combination showed similar

capturing hance as MCAM on its own (Fig. 1c). However, the use of both antibodies

was choser to isolate various melanoma subtypes including MCSP overexpressed
melanom. CSP expression has been linked with tumor invasion and serves as an
indicatg\;’)rognosis in patients. > * %! The specificity of MCSP and MCAM
antibodie ows for the targeting of specifically melanoma cancer-derived exosomes

for isolati ver 85% of melanomas highly express MCSP. B The second module,

ExoBeq/ICAM/MCSP antibody conjugation, was also examined using melanoma
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patient plasma samples following passage through 200nm filter (Supplementary Information

S1). From this study, we found that ExoBeans conjugated with the MCAM/MCSP cocktail

{

are capable gfisolating MExo-like vesicles more efficiently and more specifically compared

to our de ted with the most common exosome antibody, anti-CD63. (Figure S1).

[ ]
Followinggboth capture antibody optimization studies, the anti-MCSP/MCAM cocktail was

chosen as mized conjugation for isolation of both circulating markers and used in all

C

future stu fter the verification of MExo isolation, we optimized the flow rate for

exosome ioff (Figure S2) with Iml/h showing the best recovery rate of exosome based

S

on a protein quangity. This flow rate was then used in our clinical studies.

U

2.2. Dual § of MCTCs and MExos using model samples

dll

Captur s of the DUO device for both MCTCs and MExos were tested using SK-

MEL-103 iked in whole blood and SK-MEL-103 derived exosomes spiked in PBS

Wi

buffer, respectively. The melanoma cell line was pre-fluoresced with CellTracker Green to

]

facilitate ting the cells before and after isolation. For exosome experiments, we spiked a

known nu, purified exosomes into filtered PBS and measured the concentration before

and after ExoBean isolation to evaluate capture efficiency. As shown in Fig. 2a, the DUO
device ed high capture efficiencies for both model sample CTCs and exosomes.
The DLMcaptured 70% of spiked cancer cells, as well as 75% of exosomes. This
capture ef@exceeds that of previously reported systems, such as that from Aya-Bonilla

et al. whos tage platform produced a 55% capture efficiency in spiked melanoma CTC

samples. DUO system also displayed this selective capture ability even when
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processing densely populated samples of 1,000 cells/ml, while the commercially available
MelCTC CellSearch kit delivered a similar 74% capture efficiency but maxed out at only 160
cancer ce:| 4] The significant quantity of CTCs and exosomes captured by the DUO
device all rough analysis of disease progression through enumeration and RNA
.o ‘ L
profiling. gNon-functionalized control devices captured significantly reduced numbers of
spiked MCECSa8%) and MExos (15%). These non-zero efficiencies are likely due to non-
specific bo

within the chamber, as well as unintended sized based capture by the micro

posts wit e device.

US

2.3. Isolation and evaluation of circulating markers from clinical samples

f

For clinicd e tion of our ExoBean system, we enrolled 15 stage I-IV melanoma patients

d

for qu and characterization of blood borne MCTC and MExo markers. Both

MCTCs a os were isolated from patient peripheral blood samples using the DUO

M

device with melanoma-specific capture antibodies and streamlined processing procedures.
Whole bl(h and pre-filtered plasma was used for MCTC and MExo isolation, respectively.
MCTCs @ ated and enumerated using immunofluorescence for four staining markers:
DAPI, CD45,"and a S100 and melanoma antigen, Melan A. Positive identification of nucleus
and m&lls was confirmed by DAPI and S100-MelanA, respectively, with CD45
distinguMite blood cells. Each CTCBean microfluidic device was imaged using

fluorescence migtoscopy and enumerated were DAPI+/S100+, Melan A+/CD45- were

Gl

counted as s. Figure 3a showed a representative image of an MCTC captured on a

single bea along with several leukocytes distinguished by a lack of Melan A/S100
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fluorescence. Isolation of MExos was carried out from the same set of patient samples as
MCTCs. Due to the small size of exosomes, we used a scanning electron microscope (SEM)

to VisualizeﬁMExos captured by an ExoBean. The SEM results verified the isolation of

vesicles o ige surface and that the size of vesicles are in the range of extracellular
Vesicles-('gu_re?ab). In order to confirm that the vesicles isolated on the ExoBeans are
exosomes,gwe uged western blot analysis to verify the expression of exosomal markers. This
western bgsis was performed using three melanoma plasma samples and one healthy
donor sa shown in Figure 3¢, we verified positive bands for the exosomal marker
CD9 and generajhousekeeping protein f3-actin in the three melanoma patient samples tested,
but not in t Ithy donor. As the MCAM/MCSP isolation specifically targets melanoma
specific cﬁ markers, the increased presence of both general exosomal proteins (CD9)
and gene@ekeeping proteins (f-actin) found in melanoma patient samples would
indicat e specifically capturing a subset of exosomes that is displaying the target
marker set. T sult indicates the presence of exosomes following MCAM/MCSP isolation
of melanoma patient samples but not healthy donors, and shows that our ExoBean device
specifical i targeted and isolated MExos from plasma. For comparison studies of MExos

quantity, @ isolated on ExoBean devices were lysed with RIPA solution and
€ t

measurem otal protein concentration were obtained by western blot.

-

S —

2.4. Dual Eg of MCTCs and MExos using clinical samples

2.4.1. Quantg@e analysis in MCTCs and MExos from clinical samples
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Quantitative analysis of MCTCs and MExos captured by DUO devices are shown in Figure
4. We first compared the MCTC number and total MExo protein amounts for each sample,
normal# L of starting blood (Fig.4a). The present devices captured an average of 5.5
MCTCs lood in melanoma patients, compared to just 0.3 MCTCs per ml in
healthy-dsT,(Fig 4b). Total MExo protein from each device is also shown in Fig. 4b.
Melanomagpatiénts demonstrated significantly more melanoma tumor derived exosomes than
healthy d(meraging 299 ug of protein per ml of plasma compared to only 75.6 pg/ml in
healthy cw All MCTC number and total exosomal protein quantity results were
normalized to L of blood per sample. Statistical analysis comparing quantity differences
in patient s compared to healthy donors for both MCTCs and MExos was performed
using t-teﬁesults of these tests show that the difference in isolated MCTC number was
statisticalmcant (p-value 0.00451), while the difference in protein found using MExos

was statisti insignificant (p-value 0.2358). MCTC concentration and total exosomal

protein amo in each patient were analyzed and compared. There is no discernable
correlation between MCTC quantity and total exosomal protein amount amongst those tested.

Thus, anyWest result indicating MCTC concentration or exosomal protein quantity should not

serve as a @indicator for the other.

2.4.2. Wnalysis of MCTCs and MExos from clinical samples

We next examin; RNA quantities from the isolated MCTCs and MExos within each patient.
After isolati either CTCs or exosomes, RLT buffer (Qiagen, USA) was applied to each

device for W@gpand extraction of RNA. These RNA samples were then analyzed using
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Bioanalyzer. Results for RNA quantity in captured samples are shown in Figure 4c and are
normalized to show RNA per ml of blood for both MCTCs and MExos. For each patient
tested, exos RNA concentration was higher than that found from CTCs. This higher RNA
concentraa’s demonstrates a potential benefit as a marker over CTCs, as less
biologicalgfluid is needed for sampling from each patient. As devices with lower fluid

requiremeud more practicality in liquid biopsy, exosomes present an exciting

alternative s in this regard. Unpaired ¢-tests comparing melanoma patient and healthy

s

donor sa ety were then performed for both MCTCs and MExos. As shown in Figure S3,
these t-tesEs reESed non-significant differences for MCTCs (p-value 0.7413) and MExos (p-

value 0.4ﬁwever, these results are likely due to the small sample sizes used for the

healthy d =4) compared to clinical samples (n=15) which makes the data more
sensitive #© cirof In future, increasing the number of healthy donor samples may alleviate
this sensitiyi

We th ined specific gene expression levels within each sample. The SINGuLAR
platform was used to generate clustered and unclustered heat maps to identify the most

signiﬁcankﬂially expressed genes between the CTCs of patient, healthy and control

samples ( Violin plots were also generated using the collected expression data and
are sho gje S7. In total, gene expression data was compiled from MCTCs isolated
from 1 patients, 4 healthy donors, and SK-Mel-103 cell line as a control. In line

with our hypothesis and previous research, CTCs highly express standard
housekeepi es, like GAPDH, ACTB and HSPAI. In comparing patient samples with
healthy (Fig.S4), differences in expression were noted for some genes. In melanoma
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patient CTCs, B2-microglobulin (B2M) gene expression was nearly treble that found in
healthy donor samples. B2M has been linked with the regulation of tumor growth and
metastasis i eral common cancers. [* Another gene with increased expression in tested
patient saﬁhat of matrix Gla protein (MGP). Increased MGP gene expression has
N , o [43] L
been relatg to poor patient prognosis in cancers such as breast cancer. " The plots in Figure
5b show wMGP expression amongst melanoma patient samples, while no MGP

expression ound in any of the healthy donors. We also see a high expression profile for

the CD63w our melanoma patients, at nearly double that found in healthy donors.

Increased xpression which has been correlated with early stage melanoma tumor
progression_i er studies. Studies have also shown the expression of CD9 gene to be
inversely the metastatic potential of melanoma. Our data indicates CD9 expression
for the pafie ples, however not much can be said about the metastatic potential of the
tumor } e. Some of the other genes on the panel which showed a high expression

profile in me a patients but not in healthy donors were MTOR, BAP1, CDHI1, FAM3C,

and TP53.

While sighfocus was placed on differences in specific gene expression levels found

between patient and healthy donor CTCs, we also note several genes that showed

similar e jon levels amongst all CTC samples. For example, a number of examined
genes expressed in both patient and healthy donor CTC samples, including
CXCLS, S100A9, ALDH1A1, and RxRA. This result is noteworthy, as increased
expressio of these five genes has independently been linked to tumor cell growth
and/or gnosis in various common cancers, including melanoma. In both patient and
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healthy samples tested, we see a low expression of the gene ALDH1A3, which has been

associated with the stemness of both cancer stem cells and normal tissue stem cells. Recent

reports rev at ALDH1A3 is a useful cancer stem cell marker that can be used to enrich

tumor-ini opulations from various cell lines and primary tumors. [“I The EGFR
N —— . . :

gene, Whlg is often associated with lung cancer, had a low expression profile for the CTCs

in our stumLIF expression levels have been shown to promote cell differentiation, and

we observe ry low expression profile for LIF in our CTC patient samples. Some of the

S

other gen displayed a low expression profile in all samples tested were WNTS5A,

S100A1, and HxB/TNC.

U

The gene data for exosome samples was handled in a manner similar to the CTC

1

samples and was tested against the same 96 gene panel with (Fig 5c¢ and Fig. S8). In

comparin e gene results between patient and healthy donor samples, we find that

d

patient ¢s had notably more expression of the protein coding gene Vimentin. As shown

in Fig ,» median Vimentin expression in melanoma patient samples was double that of

M

healthy donors. Increased Vimentin expression in epithelial cancers including melanoma has

I

been sho vious studies, with the protein itself used as a general cancerous exosome

marker in such as lung cancer. %3] We also noticed a general increase in expression

level of in melanoma patient exosome samples compared to healthy donors. This

N

would as CD271 has previously been proposed as a melanoma marker due to

{

U

high obse urrence and indicates increased stemness and tumorigenicity.[***"! Another

gene we ter expression in patient exosome samples than in healthy donor samples

was C 1s increased expression is noteworthy due to the implication of CD29 in the

A
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metastatic diffusion of tumors in previous studies. [**! Several genes showed similar
expression between healthy donors and patients, such as significant expression of GAPDH,
ACTB,ﬁd UBB across most tested samples. We also found no expression of
ALDHIA&(RTM, CDl11, and PDL-1 genes in any of the exosome samples from
patients- OEhhy donors. Patient M1/ Exo shows higher gene expressions than the rest of
the patien compared to the healthy donors’, including genes HSPA1, UBB, and
KFBI. Hsm‘known to be highly expressed in several cancers, including melanoma, and
is associa it cancer development and progression. Elevated levels of the UBB gene are
shown to @tial for the growth of cancer cells. Here we observed genes S100A9 and
S100A8 with high expression profiles. SI00A9 has been associated as a key factor in cancer
developmﬁumor spread. While the gene LIF had a low expression in CTCs, we see a
very highfiex % ion profile for the same gene in exosome samples. FAM3C, GAPDH,

Vimenti exin are a few amongst the other genes to have high expression profiles.

Unlike in th samples, CAV1 and HSPA1 have very low expression in the exosome

samples. In comparing results from Figure 5c¢ with total exosome RNA quantity in each

sample, tlsie appears to be a correlation between high total RNA quantity and high (gene

right abov@in the panel) expression.

2.4.3. Wbetween MCTCs and MExos in melanoma

A comparison bSWeen MCTC and MExo gene expression in each patient is displayed in
Figure Se. results show significantly lower overall gene expression in MExos

compare Cs in most patient samples. Exosomes are known for carrying damaged, or
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degraded mRNA and only contain prepackaged RNA from the cell of origin. However, they

are also plentiful and released from all portions of the tumor leading to increased special

sampling, ﬁas the 0-100 CTCs isolated will not represent the entire tumor. Therefore,

while the genes expressed, and the magnitude differences in log fold change in

 —— , ' o
exosomesgay not be as high as CTCs, they offer the potential for a more holistic snapshot of
the tumorgil'homg are a couple notable exceptions to this trend, as seen with patient M1/
displaying cant gene expression in both MCTCs and MExos, and in patients M0 and

M13 who tle to no expression of the entire gene panel within either marker. Another

divergence Eroﬁthis trend can be found with the Vimentin gene, which showed similar

expression i CTC and exosome sample across most patients. Similar MCTC and MExo
sample g ssion can also be found with B2M and UBB, and ACTB. Overall, gene
expressio MCTC patient samples closely resembles that of SK-MEL-103 cell line
CTCs, axhi ow gene expression found in patient MExos breaks significantly from the
high gene sion displayed on SK-MEL-103 cell line derived exosomes. Clinical

samples, such as M8 CTC and M12 CTC show similar gene expression pattern to exosome
cell line %—MEL—IOS. CD63 and B2M genes are commonly expressed in both the clinical

samples aQ/IEL—IOS. B2M gene has functions of cancer cell growth, and CD63 gene

has shown correlated with cell development and tumor progression.

The p&arison study only used a 96 gene panel that was designed for cellular

probing, zﬂifferent set of genes would likely be found in exosomes compared to cells.

Future w include enhancing our RNA profiling to RNA-seq, or mRNA microarrays

that of widespread gene profiling.
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3. COHTW

In this s‘u&a\/e demonstrated the potential of simultaneous isolation of MCTCs and
MExosmfigim@ingle sample using the DUO device. This devices utilization of the
MCAM/htibody cocktail allows for more specific MCTC isolation than offered by
widely usdghsi marker methods. The specificity offered by the DUO device allowed us to
show thatmna patients average slightly over 5 MCTCs per ml of blood, while healthy
blood contai MCTCs. Along with capturing MCTCs, the importance of specifically
isolating g from melanoma patients is emphasized by our finding that MExos contain

a higher ﬁA concentration than MCTC samples, thus making MExos a potentially more

efficient ‘\mAdditionally, using the DUO device, we were able to establish increased
S

MCAM/ pressing exosome protein concentration as a marker for the presence of
melanoma. 1, the ability to isolate MCTCs and MExos with high sensitivity as high
throug melanoma patient blood samples provides clinicians a powerful and

versatile tgol for gauging disease progression and treatment response.

Experiﬂtion

Melanwlture and model sample preparation: In order to prepare model samples
for melanoma cas, SK-MEL-103 cell line was used. We cultured the SK-MEL-103 cells in
conditioned medi@ and around 5,000 cells were spiked into Iml of PBS buffer solution or

whole mple. Besides model samples for MCTCs, cell line derived exosomes were
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prepared by ultracentrifugation of SK-MEL-103 cell culture supernatant with exosome

depleted fetal bovine serum. After ultracentrifugation, we measured exosome concentration

=

using Nanoi t NS300 (Marven Instruments, UK), and known exosome concentrations

were used ample preparation.

L

Clinical s@nrepamtion: The sample collection and experiments were approved by

Ethics co te@ (Institutional Review Board and Scientific Review Committee) of the
Universit ehigan. Informed consents were obtained from all participants of this clinical
study andﬁna blood samples were obtained after approval by the institutional review
board at 'g University of Michigan (HUMO00105509). All experiments were performed in
accordanc he approved guidelines and regulations of the ethics committee at the
Universitymhigan. Whole blood was collected from the University of Michigan cancer
center. Ro ml of whole blood was used for CTC capture per sample, while the
remain as processed to collect plasma for exosome isolation. Plasma collection
was carrii out using 5810R centrifuge (Eppendorf, Germany). Blood was centrifuged at
2,000xg fo minutes, allowing for separation of plasma from blood cells. Another
centrifuga@llOOOxg was conducted to remove all residual cellular debris. The
supem@a sample was filtered through a 200nm syringe filter and deposited into 2ml

vials. T re then stored at —80°C for future use.

=
<
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DUO chip fabrication and surface modification for melanoma: DUO chip fabrication

procedure was previously described ©*7**!

for MExo e. The PDMS mold is bonded to a glass slide using O, plasma treatment
(Covance,&nce, South Korea). Following bonding, each device was placed on a hot

N . :
plate at 8(!°C for 10 minutes, then allowed to cool to room temperature. A solution of 500ul

and we followed this procedure with modifications

Silane in Sl nol was injected into each device every 15 minutes for a total of an hour,
followed ge ethanol wash. GMBS cross linker solution (14ul GMBS in 5ml ethanol)
was then Winto the device and incubated for 30 minutes, followed by another ethanol
wash. NeutrAvidan solution (500ul NeutrAvidin in Sml PBS) was injected into each device
before the dgvices were parafilm sealed into Petri dish containers and stored at 4°C for future
use. The E DUO devices were conjugated with melanoma associated antibodies
MCAM (m Biotec, Germany) and MCSP (Novus, USA). 200ul of antibody solution

(2.5ul d 2.76ul MCSP in 250ul 1%BSA) were injected into each device and

incubated 1 he devices were then washed with PBS and blocked with either 3% or 1%

BSA solution for CTC or exosome capture, respectively. The devices were now prepared to

accept sariles and capture target CTCs and exosomes.

O

Dual isol‘ion of CTCs and Exosomes: For CTC isolation, 3ml of whole blood was slowly
appliedetibody-conjugated device using an auto-pump (PHD 2000, Harvard

Apparatusg at a flow rate of Sml/hr. Blood remaining in the devices was then
immediately washed out using PBS. Devices were then prepared for either DNA/RNA
analysi munostaining for imaging. Simultaneously, MExo isolation took place by
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injecting a 1ml plasma sample into the device using the syringe pump at a low flow rate of

ImL/h. Unbound exosomes were then washed out using PBS. Devices with captured

{

exosomes en prepared for either nucleic acid or protein extraction for sample analysis.
N

Immunos of CTCs from melanoma: After blood samples were applied and washed

out, devic fixed with 1ml of 4% PFA solution. PFA fixation solution was allowed to

incubate for #OWminutes before being washed out with PBS. Each device was then

S

permeabili h 1ml of 0.2% Triton solution and incubated 30 minutes. Triton was then
removed ash before the application of 1ml 3% BSA-2% normal goat serum solution

(500u1 6%6BSA, 200ul normal goat serum, 300ul PBS) which was incubated for 30 minutes.

9

Primary smntibody solution composed of 10ul anti-Melan-A/MART1 (R&D Systems,

USA,)) 25u (mouse IgG2a, ThermoFisher, USA,) and 25ul CD45 (rat 1gG2b, Santa
Cruz BioteCalSA) in 1ml of 1%BSA was pumped into each device and incubated for 1
hour. ary antibody solution was removed by PBS wash. A secondary staining

antibody selution was then applied containing 5ul AlexaFluor 546 (goat anti-mouse IgG2a,
Life Tech ies, USA) and 5Spl AlexaFluor 488 (goat anti-rat IgG, Life Technologies,
USA) in %BSA and allowed to incubate for 1 hour in the dark. Excess secondary

antibodiefere removed by PBS wash followed by the application of 1ml DAPI staining

solutioWI in Iml 1%BSA.) The DAPI solution was incubated for 15 minutes

followed ml PBS wash. Devices were imaged using Ti2 microscope (Nikon, Japan) at
1f1cati

10x magn f for cell analysis. Images taken in FITC, DAPI and CY3 fluorescence.
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Field emission scanning electron microscopy (FE-SEM): Following exosome isolation,
some devices were sampled using a biopsy punch and a razor blade cutter with previously
deﬁnedﬁpling procedures,*”! with extracted PDMS specimens rinsed with PBS
followed ﬁtion with increasing concentrations of ethanol (50%, 70%, 90%, 95%
and 10(%/ Tespecimens were then incubated with hexamethyldisilazane (Sigma-Aldrich,
USA) in ood overnight to dry. The dehydrated specimens were mounted on SEM
stubs wiﬂQ‘conductive tape and silver paint, and then sputter-coated with a layer of
gold. Exowaptured by the ExoBean were then examined by FEI Nova 200 Nanolab

Dualbeam nning electron microscope under low beam energies (2.0-5.0 kV) at the

Electron Mj py Analysis Lab (MC2) at University of Michigan.

Nanopartimcking analysis: Evaluation of the exosome concentration and size
distribution alyzed by nanoparticle tracking analysis (NTA) using NanoSight NS300
(Marv ts, UK). 30ul of the initial model sample solution or post-capture sample
solution was applied to the jig of the system, and a laser module was mounted inside the main
instrument ing. NTA visualizes the scattered lights from the particles of interest based on
their Broa

otion. This movement was monitored through a video sequence for 20

seconds i triplicate. All data acquisition and processing were performed using NanoSight

h

NS300 tware, and concentration of particles in exosome sizes was compared to

t

that of ini les for calculating capture efficiencies of the ExoBean.

U

A
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Exosomal total protein quantification and western blotting: After exosome capture
experiments, RIPA buffer (ThermoFisher, USA) was then processed through the device for
the lysis 0

i omes membrane to harvest the exosomal protein. Total exosomal protein

quantity d using micro BCA kit (ThermoFisher, USA).
[

—
Total nuwid extraction: The captured cells and vesicles were lysed on chip

immediatm PBS washing using RLT buffer (RLT Plus RNeasy Plus lyses, Qiagen,
Germany)ﬁd outlet tubing was connected to a sterile 1.5ml vial and RLT buffer was
injected 1 inlet. All effluents were stored at -80°C until RNA analysis. The RNA

quantitiesg the whole lysate was evaluated and 5 ng /ul of the total RNA for each sample

was used cDNAs. cDNA synthesis was followed using Cell-to-CT kit (Invitrogen,
low1i

USA) fol e manufacturer’s protocol. cDNA which was pre-amplified for the target
96 genes iluted with 20x GE sample loading reagent (Fluidigm, USA) and used to
analyz ssion by the Biomark HD system (Fluidigm, USA).

L

Melanom e panel expression analysis for CTCs and exosomes: The pre-amplified

cDNA w cted to qPCR to determine expression patterns of target 96 genes,
“Melanoma x0 gene panel”, using TagMan assays and the Biomark HD instrument.
The assay, formed following the manufacturer’s protocol with optimizations for this
study. Afj

ssing, Raw C; values generated by Biomark HD (Fluidigm) were analyzed

using the SINGuLAR toolset (Fluidigm, USA) and R script to determine the expression
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pattern of the panel of 96 genes for each sample.™™ *!! Undetected transcripts automatically
generate a C; value of 999, which were changed to C; of 40 for numerical analyses. % °!

Statistical analysis was performed using R software.

H
SINGuL/horm for CTCs and exosomes: The SINGuLAR Analysis Toolset was
chosen to e gene expression profile of the CTC and exosome patient samples. This
platform support§)the gene expression analysis on the qRT-PCR data from the BiomarkHD
system. f 96 genes was selected to understand the variations in gene expression
betweennt, control and healthy samples. Gene expression data set for each sample is

processedfaccording to the guidelines of the SINGuLAR manual before statistical analysis of

A

the data. mRNA expression data from BiomarkHD was grouped and processed in a
manner thams for a thorough comparative study of the single gene expression in CTCs
and exoso the same patient. The approach adopted in this study also successfully
highli eral trend of gene expression for CTCs and Exosomes and their key
variations gfrom the healthy patient samples and the cell line control. Statistical tools of

ANOVA ﬁncipal component analysis (PCA) were employed to identify the most

significan

violin angox plots have been used to visualize this data.

s out of the 96 genes studied. Heatmap clustering (based on global z score),

Statistica is: All results present as mean + standard deviation. Statistical analysis

were d@d using Prism software. Unpaired t-tests (two-tailed) were used to compare
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the differences between total CTCs and exosomal quantities of melanoma patients (n = 15)

versus healthy controls (n = 4). The same statistical test was used for RNA quantity

comparison_ieCTCs and exosomes between melanoma patients (n=15) and healthy controls
(n=4). St ignificance was defined as a two-tailored p < 0.05. Gene expression
analysis was conducted using the SINGuLAR Analysis Toolset (Fluidigm), which is operated

through mtical tools of ANOVA and principal component analysis (PCA) were

employed t tify the most significant markers out of the 96 genes studied.
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Supportin ation is available from the Wiley Online Library or from the author.
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Figure on of isolated melanoma circulating tumor cells and melanoma-associated
exosomes M/MCSP functionalized OncoBean devices; a) circulating melanoma cell
stained by ucleus), CD45(leukocyte), and cocktail of Melan-A and S100 (melanoma);
b) scanni on microscopy image of isolated exosome-like vesicles on the OncoBean

device; ¢) westea blot analysis of exosomes isolated by DUO (ExoBean).
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