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CTC isolation

The "Carpet Chip” technology uses sequential
immunoaffinity-based microfluidic capture to
study the biological relevance of heterogeneous
CTC populations. Both epithelial CTCs (EpCs)
and EMT-like CTCs (EMTCs) are detectable
from the blood of pancreatic cancer patients.
Based on our observations on EMTCs and
patient lymph node involvement, targeting
genes involved in the EMT process and
individualizing  therapies  could reduce
metastasis, thereby improving patient survival.
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Abstract E
Although isolation of circulating tumor cells (CTCs) from pancreatic adenocarcinoma
patients ih, investigating their clinical utility has proven less successful than other

cancers ditations of EpCAM-only based CTC assays. We present an integrated

technoxiology-based approach using a microfluidic "Carpet Chip" to study the
biologi ce of heterogeneous CTC populations. We isolated both epithelial CTCs

(EpCs) and EMT-like CTCs (EMTCs) simultaneously from whole blood of pancreatic cancer

(PaCa) pag =35) by separately targeting two surface markers: EpCAM and CD133.
Recove ancer cell lines spiked into whole blood was >97% with >76% purity. 34
patients (97. ad >5 EpCs per mL and 35 patients (100%) had >15 EMTCs per mL.

Overall, we recovered significantly higher numbers of EMTCs than EpCs, reflecting the

aggressive nature of pancreatic cancer. Furthermore, higher numbers of EMTCs were
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observed in patients with lymph node involvement (N1) compared to patients without. Gene

expression profiling of CTCs from 17 patients revealed that CXCRI1 was significantly

{

upregulated dn. EpCs, while known stem cell markers POUS5SF1/Oct-4 and MYC were

upregulat s. In conclusion, we demonstrated successful isolation and genomic

]
profiling gt heterogeneous CTC populations (EpCs and EMTCs), revealing genetic signatures

relevant toggatiémt outcomes.

G.

1 Intr tion

)

Pancreatic adenocarcinoma (PDAC) is the fourth leading cause of cancer-related

death in the United States.!"! The median survival time is less than 6 months, with a bleak 5-
year survim of 8 percent, making it one of the most lethal malignancies in humans.!"!
Lack of e toms and reliable screening tests for early detection are major reasons why
over 8% patients are inoperable at the time of diagnosis.”

Since access to tumor biopsies in pancreatic cancer (PaCa) is quite challenging due to
| p p ( )is q ging

its anatomical positions, biomarkers are required to provide better diagnosis and explore

alternative therapies. One avenue that holds promise in developing accurate predictive tools
and phamic biomarkers to guide patient care is the analysis of circulating tumor
cells (CT Detection, quantification, and molecular characterization of CTCs in
periph have been recognized as highly valuable emerging techniques in the

diagnosis ﬁr and detection of metastasis.” ' '] CTCs are cells that extravasate from

the prima enter the blood stream, enabling their transportation to distant sites and

potenti¢ of metastatic tumors.'> * ') CTCs may enter the blood circulation in two
ways: by passiveshedding of tumor cells from the primary tumor, which may occur in large
numbers and in early stages of tumor formation, or by an active mechanism involving the

epithelial-to-mesenchymal transition (EMT).”! EMT is a complex molecular and cellular
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program by which cells of epithelial origin lose their apical-basal polarity and adhesiveness

to neighboring cells and gain mesenchymal features including aggressiveness, motility,

tumor cel

invasivenesid resistance to apoptosis.”” > Thus, EMT can be molecularly defined by

wtracellular adhesions, with down-regulation of epithelial markers (e.g.

B
epithelial sell adhesion molecule (EpCAM) and cytokeratins) and up-regulation of

mesenchyukers (e.g. CD133, vimentin).!"*!
Can em cells (CSCs) and cells undergoing EMT play important roles in

[14, 15

S

tumorige tastasis, and chemo and radio-resistance. I Therefore, detecting and

analyzing these @glls among CTCs in circulation could lead to better understanding of EMT,

U

and tumor tasis. CD133 expressed on the cell surface is now recognized as a

N

prospecti r for the isolation and characterization of pancreatic stem and progenitor

16-18

cells.! + pancreatic CSCs showed more aggressive behavior such as increased cell

d

prolife ration, and invasion compared with the CDI133- cells because they

underwent E ore readily.["*="

M

Detection and isolation of CTCs is challenging due to the low number of CTCs in the

blood (oM the order of 1 CTC per 10°~10° normal blood cells) and the biological

[

heterogen CTCs.”” Multiple approaches have been considered to overcome the

O

limitation O numbers of CTCs in peripheral blood, including immunoaffinity based

h

methods -based separation, Ficoll density gradient, dielectrophoresis, negative depletion,

L

and ine ds.®! Microfluidic isolation techniques have become attractive since the

development of §he first microfluidic CTC Chip ™ due to their high sensitivity, high

Ui

throughput, st, and enhanced spatio-temporal control abilities.* * However, although

A

antibody- apture methods offer high specificity, most reported technologies lack the
ability to capture biologically heterogeneous populations of CTCs. The main approach for

enrichment thus far has been to capture cells of interest by using specific epithelial markers
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such as EpCAM on the cell surface to distinguish CTCs from leukocytes.”) However,
EpCAM-based approaches could potentially miss a substantial portion of CTCs that have lost
expression ithelial markers and have undergone the process of EMT.!!+24

Hﬁ&sent an integrated technology and biology-based translational approach
using tv-voﬁarpet Chips in sequence to identify and study the biological relevance of
rare heterqogene@gs population of circulating cells, including both epithelial CTCs (EpCs) and
EMT-IikeQ(EMTCs), simultaneously from the peripheral blood of PaCa patients
(Figure 1 e focused on a novel strategy based on obtaining separate populations of
phenotypically digtinct CTCs.

Ob&pure CTC populations is crucial for a robust downstream gene analysis.

Herein, b ing the novel sequential microfluidic Carpet CTC Chip with different
spacing bmosts and arrays, we demonstrated enumeration, detection, and downstream

mRN lysis of distinct CTC populations (EpCs and EMTCs) from PaCa patients.

We profiled RNA expression of both of these populations using a panel of 96 cancer-

related genes (Table S1).
In Se current work, for a more thorough representation of biologically diverse CTCs

in patien pancreatic cancer sequential microfluidic devices were set up using

antibodies st EpCAM, to capture EpCAM+ CTCs, and antibodies against CD133 to

capture mg stem cell like cells, or putative EpCAM- CTCs.*]

=

2 Results a§ Discussion

2.1 rpet microfluidic Chip technology
The CTC™Carpet Chip is designed to capture heterogeneous populations of rare CTCs

]

using antibody-coated microposts.”! In order to increase the sensitivity of capture

phenotypically distinct CTCs, the previous CTC-Chip design developed by Nagrath et al. was
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modified by implementing an 18° rotation of hexagonal arrays of 100 um x 100 um
microposts with an average distance of 50 um between them (Figure S3A). We have

incorporateﬁel rearrangements of the posts which greatly enhances the capture of EpCs

on one ¢ reducing off-target capture, including EMTCs. This employs a dual
1mmunoaf§n1ty and physical discrimination approach enabled by the lateral flow distribution
and cell pgst imggractions within the CTC Carpet Chip. The CTC Carpet Chip has around
80,000 mig and the overall size of the microfluidic device is 44.6 mm x 16.9 mm. The
design of w Carpet Chip and representative SEM images of the microposts are shown

Su& capture of each population with high specificity and sensitivity was

dependen flow velocities and shear forces within the device. The flow velocity was
optimizedmv maximal contact between cells and microposts, while shear forces were
suffici nt non-specific cell attachment to posts. Different micropost geometries

and arrange of the arrays and other parameters were explored in the process of

optimization of the CTC Carpet Chip (Figure S2 and S3). The aspect ratio, spacing, angle,

micropost@@istribution, along with streamlines were optimized to increase capture efficiency

[

for target hile maintaining minimal non-specific binding. The velocity magnitude

O

profile and cle tracing plot on a portion of the diamond shape of the CTC Carpet Chip

h

are shownSin Figure 2B-C. Cell trajectories (blue lines) are based on particle tracing and the

|

end pos cells is shown by red dots (Figure 2C). The simulations clearly had shown

the lateral distriBution of fluid around the Carpet design as well as effective cell post

U

interactions, CTC Carpet Chip was fabricated using standard photolithography

i

technique ate a silicon mold, followed by PDMS replica molding, and functionalized

as previously described (Figure S1).%
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2.2 Single/dual CTC Carpet Chip optimization
Four cancer cell lines with different levels of EpCAM expression and one cell line

with hi#expression were used for testing and optimization of the CTC Carpet Chip:
colon caT-29 and pancreatic cancer line Panc-1 (high EpCAM expression),
prostatescameemslime PC-3 (low EpCAM expression), breast cancer line Hs-578T (no EpCAM
expressioth'e control) and pancreatic cancer line Capan-1 (high CD133 expression).?”
These cell linegy were labeled with green CellTracker dye (GCT) (described in the
supplemerfar, d spiked into blood at a concentration of 1000 cells mL™" to test the capture
efficienci single CTC Carpet Chip functionalized with either anti-EpCAM or anti-
CD133 aﬁ. The CTC Carpet Chip yielded the following efficiencies across the

different r!ll lines; 97.5%=+2.2 (HT-29) and 94.9%+2.4 (Panc-1), 87.7%+13.9 (PC-3), 13.6%

(Hs-578T) % =*16.6 (Capan-1) (Figure 3A). Thus, high capture efficiencies were
observed Merent cell lines using single CTC Carpet chip.

0 e different subpopulations of CTCs (EpCs and EMTCs) simultaneously
from t ood, we connected two devices functionalized with different antibodies

(anti-EpCAM in one device and anti-CD133 in the other device) in series as shown in Figure
3B. Ther:ohnstinct populations could be easily identified and separately made available
for downs ne analysis. Blood was passed through the connected chips at a flow rate
of lmLﬂrough the inlet of the first device. Four different set-ups were tested in order to
evaluate tF sens" ivity and specificity of the capture rates of the chips, each coated with and
without tbpdies of interest (anti-EpCAM and anti-CD133), using Panc-1 spiked into

blood. C oated with no antibodies (EpCAM- and CD133-) showed <3% capture

efficie 4(@ e positive). However, in the presence of antibodies (EpCAM+ and CD133+),
efficiency rates increased to 89.8%+9.5 EpCAM' cells and 6.6%+3.3 CD133+ cells.
EpCAM+ and CD133- dual chips showed 90.2% and 0.7% EpCAM+ and CD133+ cells

capture efficiencies. EpCAM- and CD133+ dual chips captured 2.4% and 7.2% EpCAM+
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and CD133+ cells capture efficiencies (Figure 3C), demonstrating high specificity and
consistent yields for both of the captured antibodies in the dual isolation. In summary,
applying j C Carpet chip technology in terms of isolating different type of cancer cells
was quite d specific.

H ) . .

A seudo-colored SEM image of captured cancer cells spiked into blood on the CTC

Carpet C shown in Figure 3D. After capture, cancer cells were detected by
immunoflu nce staining protocol described in Methods. Pan-CK'/CD45/DAPI", and
Vim'/CD4g’ " phenotypes were determined and enumerated as EpCs and EMTCs

respective!y. 515(6 3E shows confocal images of captured cancer cells stained for Pan-CK

(red) and C reen) to distinguish EpCs and WBCs. The captured EMTCs in the CD133
chip are in Figure 4C, with Vim (orange) and CD45 (green) used as detection
antibodiesifo MTCs and WBCs respectively.

d

2.3 ation of technology to evaluate heterogeneity in clinical samples
e microfluidic chip to analyze fresh blood samples from PaCa patients.
Thirty-five patients with histologically documented PDAC of varying stages were analyzed,

with cliniil data provided in Table S2. Blood samples from nine healthy controls (HC) were

used for c@on
The CTC Carpet Chips were connected in the sequential order of EpCAM first

3

followed By CD133 in order to capture the EpCs and EMTCs (Figure S4) and then whole

L

blood om the patients was flowed through the chips at ImL hr' (Figure 3B).

However, to inciigase the throughput in the future, one can apply a pre-depletion step like

G

RBC remov g inertial separation utilizing spiral devices."*"!

A

1 -B show representative images of EpCs cells (Figure 4A) on the EpCAM
chip captured from PaCa patients. EpCs demonstrating varied morphologies, ranging from

round to oval in shape and in some cases occurring as cluster (Figure 4B). Figure 4C shows

This article is protected by copyright. All rights reserved.



images of an EMTC and a leukocyte. As shown in Figure 4D, EMTCs captured on the chip
had a wide range of cell sizes. Red, orange, and green arrows indicate Pan-CK, Vim, and
CD45 stainjng.respectively. Figure 4E shows a representative confocal image of a EMTC
(pink) anmeen) captured from a PaCa patient on the CD133 chip. To determine the
presenc-e §m+ in the CD133 chip and EMTCs+ in the EpCAM chip, 16 patient samples
were testedgthramgh triple staining of each chip (Pan-CK and Vim along with CD45) (Figure
S5). A smger of double positive (Pan-CK/CD45") cells were found in some samples
and were w from this study due to unknown origin and significance.

We quantified the captured EpCs and EMTCs on EpCAM and CD133 chips and
found tha‘& of the patients had EpCs+ (=5 Pan-CK+ CTCs per mL) with a mean of

22.4+17.7 , while all 35 patients had EMTCs (=15 Vim+ CTCs per mL) with a mean

of 85 .7i5L. In contrast, low numbers of EpCs (0.9+£0.9 per mL) and EMTCs (1.9+2

rved in the HCs (Figure 5A). In summary, the results indicate significant

differences b n the overall number of CTCs in PaCa patients samples (108.1£63.5) vs.
p<0.0001), as well as the number of EpCs (20.8% of overall CTCs) vs.

EMTCs (78.2% of overall CTCs). We found significantly higher numbers of EMT-like CTCs

in circulat@Ca patients compared to epithelial CTCs (p<0.0001).

inical outcomes
Togfurthegexplore the relationship of EpCs and EMTCs and clinical outcomes in the

2.4 ‘mhment by using the CTC Carpet Chip to explore associations

PaCa pati rt (n=35), the CTC counts from these two cell populations were analyzed
based onm disease stages (Figure 5B-G). All stages except stage IIA showed
signiﬁ@er numbers of EMTCs compared to the number of EpCs (Figure 5B).
Patients with stage IV disease showed higher numbers of EMTCs than EpCs (p=0.0008),
suggesting the strong role of the EMT process in the metastatic progression of pancreatic

cancer 12 5 10.29-31]
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Also, patients were categorized based on the tumor status as resectable (n=9),
borderline resectable (n=2), locally advanced (n=13), and metastatic (n=11) groups. There
were sigmt higher numbers of EMTCs than EpCs between all these groups, except
borderlin patients due to the small sample numbers (Figure 5C). The ratio of

N E— o . .
EpCs/EMACs to total number of CTCs has a decreasing/increasing trend with later stages

(Figure SQercen‘[age of EpCs decreased toward late stages, whereas the percentage of
i

EMTCs ed. Figure S5E-G summarize the frequencies of EpCs and EMTCs
characteriw&erent patient subgroups, including tumor size <2cm vs. >2cm, no lymph
node involvemecnt (NO) vs. lymph node involvement (N1), and non-metastatic (MO) vs.
metastatic roups. Significantly higher numbers of EMTCs (p=0.04) were observed
when the ﬁwere grouped based on lymph node involvement (N1) compared with no
lymph nomvement (NO) patients. This supports the observations from other studies,
where jations of EMT with lymph node metastasis have been reported.l**>*
However, w not able to observe any significant correlation between CTC abundance,

tumor size, metastatic burden, operability, and survival rate in this cohort which could be due

to the limi#fgd sample size.

2.5 Ge@ession profiling of EpCs and EMTCs by qRT-PCR

RNA was extracted from captured CTCs and utilized for gene expression profiling by
RT-qP ene expression profiles of CTCs isolated from blood samples of PaCa
patientsmhich were run through the dual CTC Carpet Chip are shown in Figure 6.
Figure 6A prese; the heat map of expression levels of genes. Figure 6B presents the median
log fold ¢ select genes with logFC>1.5. Among these genes, ERCC1 showed >1.5
logFC in s captured on EpCAM coated chip which is correlated with significantly

better overall survival (OS) and progression free survival (PFS). The histological staining and
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immunohistochemistry (IHC) analysis of some of these markers in the primary PDAC tissues
are shown in Figure S6.

Fi C-D presents box plots showing expression of significant differential
expressio in patient CTCs isolated by EpCAM and CD133 chips. CXCR1 (p=0.03)
. N I . )
in the Eng chip (Figure 6C), and POUSF1 (or Oct-4) (p=0.008) and MYC (p=0.03) in

CD133 cwre 6D) were significantly differentially expressed. Given the phenotypic

differences ave observed between EpCs and EMTCs, it is not surprising that the stem
cell relateWOUSFl (OCT4) is highly expressed in EMTCs. Based on our results, over
expression o ene was significantly correlated with worse PFS.

Sigﬁzathways based on analysis of captured CTCs on EpCAM chip compared to

CTCs on

MYC) wed in signaling pathways regulating pluripotency of stem cells.

explore the gene signatures in different stages of disease, the patients were

chip with iPathwayGuide suggested that these two genes (POUSF1 and

grouped bas heir disease stages (Figure 7). The summary of selected genes (p<0.05) are
shown 1n the box plots. Stage IIA patients showed significant differential expression of genes
including @ TL1, BMil, CD14, CDH2, ERCCI1, MKi67, TTF1, and Vim compared to all

other stag@re 7A-1). We also compared protein level expression of select differentially
I

expressed s by immunohistochemistry of primary tissues. The hematoxylin & eosin
(H&E) staming of the primary PDAC tissues of early stage patients is shown in Figure 7A-ii.
The coﬁg primary tumor tissues were highly positive (intensity of 3, 100%
positivity) for BMAil protein expression and moderate positive (intensity of 2, 10% positivity)
for MKi67 expression shown by immunohistochemistry (IHC) analysis (Figure 7A-
iii).

PaCa patients in stages IIB&IIl showed significant differential expression of

ALDHI1A3, ESRI1, KRTI18 and KRT19 compared to stage IIA (Figure 7B-1). Comparing
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stages IIB&III with stage IV patients reveled significant differential expression of genes
including AKT1 and CD3D (Figure 7B-ii). Stage IV patients showed significantly elevated

expression ﬁiiHl, DCN, KRT19, PGR, and PIK3CA genes compared to the rest of the

stages (Fi i The H&E staining of the primary PDAC tissue of late stage PaCa

patients- issmin Figure 7C-ii. The protein expression of PIK3CA in the corresponding
primary tugagor tigsues was moderate (intensity of 2, 20% positivity) (Figure 7C-iii).
2.6 Monignature and prognosis

In ort considered in this study, the median OS of all patients was 15+10.2
months (Mﬁ and the median PFS was 5.6+10.5 months (1.7-33.5). The survival
estimated an Meier (KM) were significantly better for patients with high expression
of AKT1 ﬁ 6 months p=0.08 for OS, and 11.6 vs. 4.6 months p=0.03 for PFS), BMil
(20.4 vs. @\ths p=0.04 for OS, and 9.2 vs. 4.6 months for PFS), CDH2 (30.2 vs. 14.8
month r OS, and 6.9 vs. 5.1 months for PFS), ERCCI (22.3 vs. 10.6 months
p=0.04 for d 11.7 vs. 4.6 months p=0.02 for PFS), IL8 (21.1 vs. 6 months p=0.08 for
OS, and 11.6 vs. 4.6 months p=0.03 for PFS), TTF1 (20.4 vs. 12.8 months p=0.08 for OS,
and 9.3 V&IS months p=0.04 for PFS), and TP53 (18 vs. 11.4 months for OS, and 10 vs. 4.6
months p® PFS) (Figure 8A-G). The H&E staining of the primary PDAC tissue of a
PaCa patient 1s shown in Figure 8H-i. IHC analysis of TP53 protein expression in the
corres inary tumor tissue showed high positivity (intensity of 2, 90% positivity) of
this mwre 8H-ii). PaCa patients with higher expression of metastatic marker
GEMIN2 @ months p=0.01* for OS, and 4.6 vs. 7.7 months for PFS), and stem marker
POUSFI1 . 20.4 months for OS, and 4.6 vs. 10.1 months p=0.04" for PFS) showed
worse O espectively (Figure 8I-J).

Among these analyzed genes, as mentioned before, BMil, CDH2, ERCC1 and TTF1

which showed higher expression in early stage patients (stage IIA) compared to the rest of
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stages which were also significantly associated with prolonged OS and/or PFS. However,
PaCa patients with higher expression of stem marker POU5SF1 showed worse PFS. Overall,

isolating jl t CTC populations separately may help us predict the patient’s outcome.

3 Co-niusmn

CTC detdetion based only on EpCAM might miss a substantial number of other

G

[11, 35

CTCs, whij nht have an aggressive phenotype such as EMTCs. ' We were able to

detect distinct heterogeneous CTC population (EpCs and EMTCs) simultaneously from PaCa

)

patient samples by utilizing the novel sequential microfluidic Carpet CTC Chip. Different

spacing b osts and arrays, enabled us to increase the capture efficiencies (>97%) and

£

purity (>76% ii w?ich is crucial for downstream gene analysis.

Recent advances have enabled the detection of CTCs in various cancer types,

~ —-—

however, the clinical utility of CTCs in pancreatic cancer needs to improve.”® By detecting

Vv

and analyzing primary tumor-derived circulating tumor cells, we would obtain useful
n—
information about disease status noninvasively. This data could provide valuable information

to improv*)sis and treatment of pancreatic cancer. There have been no prior reports

correlatins and EMTC:s circulation in PaCa.

H have developed sequential microfluidic CTC Carpet Chip using antibodies
againsugo capture EpCAM+ CTCs, and antibodies against CD133 to capture more
stem cell , or putative EpCAM- CTCs in simultaneously from the peripheral blood
of PaCa pati 31 Although, the current study are performed with sequential devices, once
can conalpd oth the chips into a single device with a multilayer fabrication approach. Our

results indicate “that enumeration, detection, and molecular characterization of these CTC
populations show a great promise as a diagnostic and therapeutic tool for detection of cancer

and metastasis. Our findings on gene expression profiling of CTCs from early stage PaCa
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patients may improve prediction of survival and outcomes. Finally, based on our observations
on EMTCs and lymph node involvement, targeting the genes involved in the EMT process
and indiv1!ﬁ ized therapy could reduce metastasis, thereby increasing the survival rate of

PaCa pati
[

|
4 Expe% tal Section
41 Co jional analysis of the microposts:

Fi ent simulations were performed in COMSOL Multiphysics 4.2 (Comsol
Inc.) WithE flow rate of 1 mL hr' on a portion of diamond shape of the CTC Carpet
Chip. A's boundary condition was applied on the two similar boundaries flanking
the posts. no slip) boundary condition was applied on the post outlines. The particle
tracing plmmulated with rigid particles 15 um in size, with a condition of sticking to
any en all being applied.
4.2 re efficiency of single CTC Carpet Chip

Four different cancer cell lines with different EpCAM expression levels, colon cancer
line HT-2@, pancreatic cancer line Panc-1, prostate cancer line PC-3, and breast cancer line
Hs-578T, QB positive pancreatic cancer line Capan-1 were fluorescently-labeled with
green Cell er dye (GCT) (Invitrogen). To determine the percentage of cells captured on
a function@li TC Carpet Chip, coated with either anti-EpCAM (for EpCAM expression
cell linM-CDl?)S (for CD133 expression cell line), 1000 cells from each of the
ﬂuorescen@ed cancer cell lines were spiked into whole blood collected from healthy
controls (H flowed through the microfluidic device at a constant flow rate (ImL hr'l).
Then ce fixed and permeabilized on the chip by using Cytofix/Cytoperm (BD
Bioscience) followed by staining with DAPI (Invitrogen) to identify DNA content. Capture

efficiency was calculated as the percentage of captured cells on the device divided by the
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total number of cells flowed through the chip. Captured cancer cells were identified and
enumerated by scanning the entire micropost chamber of the device using a Nikon Eclipse Ti

fluorescencegaicroscope.

4.3 C-apture efficiency of dual CTC Carpet Chip
In srder to facilitate separating circulating epithelial (EpCAM-expressing) and EMT-

like (CD13g-exmiessing) cells in different devices in sequential order from the same sample,
two separa C Carpet Chips were connected to each other using a 2-inch piece of
connectivétubingl (Fisherbrand™ Tygon S3™ E-3603 Flexible Tubings). The first chip was
coated with antifEpCAM and the second one with anti-CD133. The blood sample was then
processed t each chip in succession. After this step, the chips were disconnected from
one anoth ashed with PBS (10 mL hr™") for the immunofluorescence staining process.
4.4 Path capture and immunofluorescence staining

i was approved by the institutional review board (IRB) of the University of
Michigan. 1 f whole blood from each PaCa patient was processed through two CTC
Carpet Chips connected in series at the designated flow rate (1mL hr'"), followed by fixation
and perm&abilization with 4% paraformaldehyde (Pierce) and 0.2% Triton X-100 (Sigma)

respective wed by blocking with 3% BSA (bovine serum albumin) (Sigma) plus 2%
goat seruerogen).

In gder to identify and characterize sub-populations of CTCs and distinguish them
from otwcells, we used the following criteria: cells that were captured on the anti-
EpCAM canhip and stained positive for pan-cytokeratin (Pan-CK) (AbDSerotec),
negative for (AbDSerotec), and positive for cell nucleus staining (DAPI) (Invitrogen)

were cha ized as EpCs; and cells that were captured on the anti-CD133 coated chip and

stained positive for Vimentin (Vim) (BD Bioscience), negative for CD45, and positive for
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DAPI were characterized as EMTCs.”! Alexa Fluor 488/546/647-conjugated secondary
antibodies (Invitrogen) were applied in order to detect CD45, Pan-CK, and Vim respectively.
45 RN @ ction and qRT-PCR analysis

ThemaBdAgextracted from CTCs were analyzed for gene expression for the selected
panel 0?9m-related genes (Table S2). Isolated CTCs within the device were incubated
at 42°C fogd0 min with extraction buffer (Arcturus PicoPure kit, Invitrogen) to lyse the cells.
Then RNaQ)vater was passed through the chip to collect the cell lysate. Total RNA was
then prepw the CTC lysate using the Arcturus PicoPure kit (Invitrogen) and was
subjected to a reyerse transcription reaction followed by 18 cycles of pre-amplification of
cDNAs of 9 es of interest using the pooled TagMan Gene Expression Assays and Cell-
to-CT Kitﬁn, Invitrogen). Finally, the gene expression pattern of pre-amplified cDNAs
was determsing TagMan Gene Expression Assays for 96 genes and the BioMark HD
qPCR cycles). Non-detect values were replaced by a pseudo cycle number of 40
and inﬁd samples typically out of 96 genes, around 50% of them showed positive
data. Also a cut off n>2 (greater than 2 patients displaying gene expression in each group for
each gene!was applied when genes in different groups were compared to each other, and 75
of 96 gen is criterion. GAPDH was used as an internal reference to normalize cycle
threshold ( lues for the genes of interest by subtracting each gene expression value by
GAPDH S;enerate a -ACt. Median fold changes were generated by dividing the median
gene eWﬁACt) of group A by that of group B. Finally, statistical analysis of data was
done on thEalues for each gene in the studied samples.
46 1 histochemistry (IHC)

intestinal pathologist reviewed each patient’s hematoxylin & eosin (H&E)

stained resection specimen and identified a representative section of formalin-fixed, paraffin-

embedded tumor and normal tissue. The unstained Sum -thick tissue section was reacted with
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anti-BMil (Cell Signaling), anti-MKi67 (Cell Marque), anti-PIK3CA (Abcam), anti-P53

(Cell Marque), MCAM (Abcam), and CDI133 (Miltenyi Biotec) antibodies using

immunohis mistry (IHC) technique to determine levels of tumoral protein expression of

BMil, M A, TP53, MCAM, and CD133. The staining intensity and percentage
H ) .

of pos1t1V!cells out of total tumor cells were graded by a pancreatic pathologist who was

blinded to@s’ outcomes. The intensity of IHC staining is graded on a scale of 0 to 3,

where 0 is ning, 1 is weak, 2 is moderate, and 3 is strong staining.

S

4.7 StatiStical analysis
All'resulf§ present as mean + standard deviation. Unpaired t-tests (two-tailed) were

U

used to co he differences between total CTCs of patient samples (n=35) vs. healthy

1

controls ( ired t-tests (two-tailed) were used to compare the differences between EpCs
and EMTmS). Unpaired t-tests (two-tailed) were used to evaluate the effect of stage,

ize, lymph node involvement, and metastasis on EpCs and EMTCs levels

(n=35). Stati significance was defined as a two-sided p<0.05. The Wilcoxon signed-rank
test was use NA expression for paired samples (n=17). The Mann-Whitney test was
used to quantify differences in RNA expression for non-paired samples using the average -
ACt Valuegoth sample chips (n=17). Analyses were conducted using GraphPad Prism,
Python, R are environment, and iPathwayGuide (Advaita). P-values were not adjusted
for multi& testing due to the small number of patient samples. The median expressions of
genes (%s all patients were used as cutoff points for the Kaplan Meier graphs. Log-

rank (Mantel-Coi) tests were used to analyze the Kaplan-Meier overall survival (OS) and

progression survival (PFS) graphs in all patient CTCs samples (n=17). P-values
thresho were used in the iPathwayGuide analysis.
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FIGURE LEGENDS

Figure 1 strategy using CTC Carpet Chip. Schematic of the CTC Carpet Chips connected in series. Rare
CTCs includigg both girculating epithelial cells (EpCs, dark pink) and EMT-like cells (EMTCs, orange) were captured
simultanewperipheral blood of pancreatic cancer (PaCa) patients by using two markers of interest, anti-EpCAM
and anti-CD i different chips. The white/red blood cells are shown in green/red respectively. The posts are
displayed in differ olors only for visualization of the device pattern. The video showing the capture principle and
approach is available ighthe expanded view video (SV1).
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ppresentation of CTC Carpet Chip and finite element simulations. A CTC Carpet Chip designed
ased on an 18° rotation of hexagonal arrays of 100 um posts. It has around 80,000 post patterns with
100 pm, the distance between each post is 50 um in which the posts are distributed in a way to have
tion studies were done by using COMSOL software to ensure the sensitivity and specificity of the
magnitude of flow on a portion of diamond shape of the CTC Carpet Chip. C Particle tracing plot
around microposts near the inlet demonstrating typical streamlines (blue) and capture of 15 pm rigid particles (red) upon

by AutoCAD
dimension of
lateral flow. B-
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afl Chip cell line optimization. A Capture efficiency (%) of cell lines with various levels of EpCAM
-29 and Panc-1 (high EpCAM expression), PC-3 (low EpCAM expression), and Hs-578T (none),
and one cell line with high CD133 expression (Capan-1). 1000 green CellTracker (GCT) cells were spiked into blood and

processed thr, CTC Carpet Chip coated with anti-EpCAM or anti-CD133. B Representative image showing dual
CTC Carpet €hip; ImL blood was sent through the anti-EpCAM coated CTC Carpet Chip which was connected to the anti-
CD133 ¢ et Chip in sequence. C Capture efficiency (%) of Panc-1 cancer cells spiked into blood with or

without antiBpdies (E@gCAM and CDI133) in the dual chips. The solid/hatched yellow and blue bars show the
presence/HAM and CD133 antibodies. D Pseudo-colored SEM image of the captured cancer cells spiked into
blood on the CTC Carpet Chip. Cancer cells and WBCs are shown in red and green respectively. (E) Confocal image of a
typical CK+ ﬁis shown here. The Pan-CK+ CTCs were detected with Pan-CK (red) along with a CD45+ (green)

WBC.
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EpCs

EMTCs

Figure 4: C tion of circulating epithelial CTCs (EpCs) and EMT-like CTCs (EMTCs) in the EpCAM and
CD133 Carpe p. from PaCa patients. A EpCs and WBCs were stained with Pan-CK and CD45 respectively, in
addition to D&P c@arrow is showing a Pan-CK EpC. B An EpC cluster captured around the posts. Post outlines are
marked in wk @ and bright field. The post outlines are marked with white circles. C Vimentin (orange) and CD45
(green) stainin® ection of EMTCs and WBCs respectively. Orange and green arrows are showing Vimentin and CD45
positive cells ly. D Different sizes of EMTCs captured on the device. E Confocal image of EMTC (pink) and

WBC (green scale bars are 10pum.
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Figure 5: A S pCs and EMTCs from PaCa patient samples. A Enumeration of EpCs and EMTCs on the anti-
EpCAM and anti- 33 coated CTC Carpet Chips from PaCa patients (n=35) along with healthy controls (HCs) (n=9).
igni etween the overall number of CTCs in PaCa patients samples (108.1£63.5) vs. HCs (2.8+2.6)
rved using unpaired t-tests (two-tailed). Significantly higher numbers of EMTCs (85.7+59.5) compared
re observed (p<0.0001) using paired t-tests (two-tailed) (n=35). B,C Analysis of number of EpCs
red in PaCa patient samples (n=35) based on their clinical disease stages from stage IIA (n=6), [IB&III
(n=17), and based on tumor status (resectable (n=9), borderline resectabale (n=2), locally advanced (n=13)
and metastatic (n=11)). No significant differences were observed in the effect of stage and resection on the number of EpCs
and EMTCs using unpaired t-tests. D Ratio of EpCs to total number of CTCs and ratio of EMTCs to total number of CTCs
from early tog@advanced stage disease. E-G Enumerated EpCs and EMTCs grouped according to tumor size (> or <2cm (E),
lymph node i t (NO or N1) (F), and metastasis (MO or M1) (G). Unpaired t-tests were used to analyze the effect of
tumor size, lymph node involvement, and metastasis. N1 group (n=18) showed significantly higher number of EMTCs
compared to =13) (p=0.04). No significant correlation between tumor size and metastatic burden were observed.
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Figure 7: G# exEression profiling of CTCs based on PaCa patients categorized by disease stage. A Stage IIA
samples (n= d to the rest of stages (n=30) analysis. (A-i) Box plot diagrams of significantly (p<0.05) highly
expressed indiyi enes in stage IIA CTC samples compared to the rest of stages including ATL1, BMil, CD14, CDH2,
ERCCI1, MK @ and VIM genes, (A-ii) the H&E staining image of the primary tumor tissues of early stage patient,
(A-iii) immungh hemistry (IHC) analysis of the corresponding primary tumor tissues of early stage patients for BMil
and MKi67 protefexpressions revealed diffuse and strong positivity for BMil (intensity of 3 in 100% tumor cells), and
patchy moderg ity for Mki67 (intensity of 2 in 10%tumor cells) protein expression. B Box plot diagrams of
significantly ghly expressed individual genes in stage [IB&III CTC samples (n=18) compared with the early stage (n=5)
includinggA SR1, KRT18 and 19 (B-i), and AKT1 and CD3D genes when stage IIB&III (n=18) compared with
the late stage -ii). C Stage IV CTC samples (n=12) compared to the rest of the stages (n=23) showed significantly

6 g including, CDH1, DCN, KRT19, PGR, and PIK3CA (C-i). The H&E staining image the primary
tumor tissues of late stage patient (C-ii). PIK3CA protein expressions revealed patchy moderate positivity for this gene

(intensity of jlmor cells) protein expression with IHC of primary tumor tissues (C-iii). (Original magnification:

x100). The Mann-Whiney test was used to quantify differences in RNA expression for non-paired samples using the
average -ACt ss both sample chips (n=17).
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and progression tree survival (PFS) graphs in all patient CTCs samples (n=17) with low (blue) and high (red) expressions of
selected genes are shown. The median expression of each genes (27°") across all patients were used as cutoff points. Log-
rank (Mantel-Cox) tests were used to analyze the Kaplan-Meier OS and PFS. A-G Higher expression of genes including
BMil, CDH2§and ERCC1 in PaCa patients showed significantly greater OS (p=0.04). Higher expression of genes including
AKT1 (p=0. 1 (p=0.02), IL8 (p=0.03), TTF1 (p=0.04), and TP53 (p=0.03) were significantly correlated with
H&E staining image of (i) the primary tumor tissue, (ii) and TP53 marker showed diffuse positivity
of tumor cells) of this marker in the corresponding primary tumor tissues. I-J Patients with high
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