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1 Introduction

1.1 Circulating Tumor Cells (CTCs)

1.1.1 Clinical implications

Tumor-derived circulating tumor cells (CTCs) represent a heterogeneous
population of malignant cells that disseminate from tumors into the bloodstream, as
single cells or tumor cell clusters, enabling their transportation to distant sites and the
seeding of metastatic tumors.*?

One avenue that holds promise in developing accurate predictive tools and
pharmacodynamic biomarkers to guide patient care is the analysis of viable CTCs.> **/
Monitoring CTCs in cancer patients has been described as a “liquid biopsy” or “live
biopsy”,*® which could be a potential alternative to invasive biopsies for detection of
metastasis and monitoring therapies®® if one can capture the entire heterogeneity of the
disease. Detection, quantification, and molecular characterization of CTCs in peripheral
blood have been recognized as a highly valuable emerging technique in the diagnosis
of cancer and detection of metastasis. 7 2% 2!

In early stage disease, CTCs might be used to predict the risk of metastasis,
while over the course of therapy they may be useful for evaluating response to therapy
and choosing the most suitable therapeutic regime. Furthermore, molecular analysis of
CTCs may provide insight into the process of metastasis, revealing new biological

therapeutic pathways.'® If CTCs are demonstrated to be useful as biomarkers,

eventually they could represent a new way to diagnose cancer.
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1.1.2 Biology of CTCs

Thomas Ashworth, an Australian physician, observed CTCs for the first time in
the blood of a man with metastatic cancer in 1869. He postulated, “Cells identical with
those of the cancer itself being seen in the blood may tend to throw some light upon the
mode of origin of multiple tumors existing in the same person.”?? After comparing the
morphology of the CTCs with tumor cells, he concluded that “one thing is certain, that is
they (CTC) came from an existing cancer structure, they must have passed through the
greater part of the circulatory system to have arrived at the internal saphena vein of the
sound leg”.?? Researchers have been studying metastasis for about 149 years and
research has indeed demonstrated the critical role of CTCs in these phenomena

recently.

1.1.2.1 Seed and soil hypothesis

Stephen Paget in 1889 proposed the seminal "seed and soil” hypothesis based
on the idea that metastasis depends on cross-talk between selected cancer cells (the
seeds) and specific organ microenvironments (the soil), and that metastasis only

happens when the soil and seed are compatible.?®

1.1.2.2 Therelation between CTCs and EMT

CTCs are cells that extravasate from the primary tumor and enter the blood
stream, enabling their transportation to distant sites and potential formation of
metastatic tumors.’® CTCs may enter the blood circulation in two ways: by passive
shedding 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-
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mesenchymal transition (EMT).? EMT is a complex molecular and cellular program by
which cells of epithelial origin lose their apical-basal polarity and adhesiveness to
neighboring cells and gain mesenchymal features, including aggressiveness, motility,
invasiveness, and resistance to apoptosis.? > 1% 2% 2426 Thys EMT can be molecularly
defined by tumor cells losing intracellular adhesions, with down-regulation of epithelial
markers (e.g. epithelial cell adhesion molecule (EpCAM) and cytokeratins) and up-
regulation of mesenchymal markers (e.g. CD133, Vimentin).?’ Furthermore, EMT is
known as “Cadherin switching”; down regulation of E-cadherin and up regulation of N-
cadherin.?”* EMTs are encountered in three general subgroups: type | EMT is
correlated with implantation, embryogenesis, and organ development and can generate
mesenchymal cells; type Il EMT is associated with wound healing, tissue regeneration,
and organ fibrosis; and type Il EMT occurs in cancer progression and metastasis

(Table 1-1).%

34, 35 36

Table 1-1: Classification of EMT according to the biological context

Types of EMT
Characteristics

Type 1 Type 2 Type 3
Moment of appearance Embryo formation: v Adult life:v Traumav Adult life: v Epithelial
during human life Organ development Inflammation cancer
] ) Generates the first set of o
Physiological processes Wound healingTissue
) ) o mesenchymal cells = ) ) )
in which EMT is involved ) regenerationOrgan fibrosis
primary mesenchyme
Pathological processes in Without Ongoing fibrosis with organ Systemic progression =
ithou
which EMT is involved destruction metastases

It has been shown that Vimentin contributes to EMT via i) gene expression
(regulates gene expression of proteins required for execution of EMT like Axl), ii)
protein-protein interaction, and iii) phosphorylation.®? Vimentin is a type Ill intermediate

filament protein which is the major cytoskeletal component of mesenchymal cells.?” 3
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This 57-kDa protein is responsible for maintaining cell shape, integrity of the cytoplasm,
and stabilizing cytoskeletal interactions.*® Evaluating the expression of this protein in
normal and cancerous tissues can be of great value in tumor diagnosis as well as in the
development and progression of cancers.?’ Therefore, because of dramatic
compositional changes in intermediate filaments during EMT, Vimentin has been
recognized as a selective expression marker of EMT.?" 3

Recent studies have shown that a small number of cells have stem cell-like
characteristics in various cancers and are called cancer stem cells (CSCs).*” *® CSCs
and cells undergoing EMT play important roles in tumorigenesis, metastasis, and
chemo and radio-resistance.®® *° Therefore, detecting and analyzing these cells among

CTCs in circulation could lead to better understanding of EMT and tumor metastasis.

1.2 BIioMEMS in life science

BioMEMS stand for biomedical microelectromechanical systems which have
become an important subset of MEMS (microelectromechanical system) or MST
(microsystem technology) devices that have biological and/or biomedical functions or
applications for the improvement of human health.*" ** BioMEMS brings together the
skills of electrical, mechanical, optical and chemical engineers, material specialists,
clinical laboratory scientists, and physicians.** BioMEMS are increasingly being used for
miniaturization of implantable medical devices for diagnostic and therapeutic
applications**.

BioMEMS research and applications include diagnostics, therapeutic and organ
development, bio-microelectrodes, tissue engineering, and bio-inspired materials for

self-healing.** ***” For diagnostic applications they are normally used to detect cells,
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proteins, microorganisms, viruses, and molecules of interest.** Microfluidics as powerful
network of BIOMEMS platforms is commonly used for rapid detection and cell
characterization in diagnosis.** The applications of the microfluidic technologies in the

cancer disease are explained in details in section 1.3.2.1.2.

1.2.1 Fabrication and structure

BioMEMS refer to systems which use micro- and nanoscale (200 pm-100 nm)
fabrication techniques for the analysis and delivery of biological and chemical
particles.** They may be platforms for nanotechnologies, or they may be key
constituents of much larger devices such as a medical imaging machines.** They may
also operate in vivo or in vitro. Generally, devices and integrated systems using
bioMEMS are also known as lab-on-a-chip (LOC) and micro-total-analysis systems
(UTAS).** uTAS may be hybrids of multiple chips, integrated electronic and external
supports, while LOC refers to a microfluidic chip.*® Both techniques result in increased
efficiency through smaller scales and therefore are capable of performing analyses that
cannot be done conveniently by other methods.

Traditional microfabrication approaches require expensive equipment, access to
cleanroom facilities, multistep processes, and are often limited to rigid and non-
transparent substrates.*® However, microfabricated on-chip microfluidics do have the
advantage of achieving high sensitivity, quantitative detection, low costs, and shorter

turnaround times compare to traditional microfabrication approaches.*°

1.2.2 Bioapplications of Microfluidic Devices

Microfluidics can be used to study fluid transport processes, in channels with

dimension of tens to hundreds of microns.*” *® The use of microfluidic channels has
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scaled down fluidic processes, shortened reaction times, and lowered costs.*” *° Many
new techniques are being used for molding, replication, casting, and bonding which are
essential for mass production, reproducibility, and functional reliability at low cost in the
bioMEMS field.

Microfluidic technologies are widely used in different areas of research from
bioengineering and biomedical science, to chemistry and nanotechnology.®® For
instance in immunoassays, DNA sequencing, polymerase chain reaction (PCR),
electrophoresis, DNA separation, enzymatic assays, cell counting, cell sorting and cell
culture.®® The small volumes of reagents required, short reaction time, portability, low
cost, low consumption of power, versatility in design and potential of parallel operation
in microfluidic systems, make these technologies attractive and powerful platforms.>*

Innovation in modern healthcare diagnosis techniques continues to improve
patient outcomes. There is a huge interest in lab-on-a-chip devices for point-of-care
detection as low-cost and portable solutions to health screening, diagnosis, and

personalized medicine.*

1.3 CTC enrichment strategies

1.3.1 Technology challenges

Detection and isolation of CTCs is challenging due to the low number of CTCs in
the blood of cancer patients (on the order of 1 CTC per 10°~10° normal blood cells) and
the biological heterogeneity of CTCs.>® Therefore, both high efficiency and high purity
isolation of CTCs from patient blood is urgently needed. Over the past decades,

researchers have focused on the enrichment and identification of CTCs in blood. The
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main approach for enrichment has been to capture cells of interest using specific
epithelial markers on the cell surface to distinguish them from leukocytes.*

Multiple approaches have been considered to overcome the limitation of
low numbers of CTCs in peripheral blood. CTC enrichment technologies are
based on the exploitation of either biological (label-dependent or immunoaffinity-
1, 53-60

based) or physical (label-independent or size-based) properties of cells.

CTC isolation technologies are summarized in Table 1-2.%

1.3.2 Immunoaffinity-based enrichment methods

These methods use specific cell surface biomarkers to capture cells either
by positive or negative selection. During positive selection, tumor-associated cell
surface antigens such as epithelial cell adhesion molecule (EpCAM) are targeted.
Negative selection methods deplete hematopoietic cells by targeting the common

white blood cell antigen CD45.%?

1.3.2.1 Positive enrichment

With positive enrichments methods, antibodies targeting tumor-associated
antigens are tethered to either magnetic particles or device surfaces to capture CTCs.**
Positive enrichment techniques include immunomagnetic, microfluidic-based, and in

vivo enrichment methods.

1.3.2.1.1 Immunomagnetic

Immunomagnetic methods capture CTCs by attaching micron sized
magnetic beads to the CTCs via formation of an antigen-antibody complex, and

then isolating CTCs by passing them through a magnetic field.! CellSearch is the
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only FDA-cleared immunomagnetic semi-automated CTC enrichment device for
prognostication of breast, prostate, and colorectal cancers.®®* Some drawbacks to
this method are the fact that only EpCAM positive CTCs are detected, and the
possibility of false positive and false negative.®

Another approach is the magnetic activated cell sorting (MACS) method.®*
Some advantages of this method are flexibility and preserved cell integrity, and
some difficulties of these methods are the possibility of false positives due to the
expression of the same antigens on non-tumor cells and false negatives due to
the loss of antigens on CTCs.%> %

The AdnaTest is another established method for CTCs enrichment, which
is based on the use of specific antibodies against epithelial and tumor markers.
Some advantages of this test are recognition of fixed markers, the ability of
downstream analysis (e.g. RT-gPCR), and the possibility of characterization for
stemness and EMT. The disadvantages of using this method are the possibility of
both false positives and false negatives as with other immunomagnetic based
methods.®® The MagSweeper technology is another immunomagnetic CTC
enrichment method isolates CTCs by sweeping through wells containing pre-

mixed samples with antibody-coated magnetic bead.®°
1.3.2.1.2  Microfluidic-based

1.3.2.1.2.1  Micropost arrays and surface-based

Microfabrication methods create structures at the nano/mico scale, providing a
unique advantage for CTC separation. The first implementation of a microfluidic device

for this purpose, the CTC-Chip, consisted of an array of 78,000 microposts chemically
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functionalized with anti-EpCAM antibody.* 60% capture efficiency with 50% purity was
obtained using a flow rate of 1 mL hr'.* Since then, different microfluidic-based
technologies have been investigated by various research groups focused on the
development of CTC enrichment methods (e.g. GEDI,?” OncoCEE,® and OncoBean®®).
Due to limitations with imaging of captured CTCs on microposts arrays, surface-
based microfluidic devices have been developed by different groups (e.g. herringbone
(HB) chip,”® geometrically enhanced mixing (GEM) chip, "* graphene oxide (GO) chip,”?
and Modular Sinusoidal Microsystem’).
One of the drawbacks of using these types of enrichment is the inability of

retrieving the captured CTCs which are immobilized on the post/surface of the device,

therefore the downstream analysis is challenging.

1.3.2.1.2.2 Immunomagnetic

Immunomagnetic microfluidic techniques utilize antibody-conjugated
magnetic beads to facilitate CTC separation (e.g. Ephesia,’* Magnetic Sifter,”
LiquidBiopsy,’® Isoflux,”” and CTC-iChip’®). The CTC-iChip technology uses
either negative or positive selection of cells. Using positive selection 20.5 CTCs
mL™* was detected in 90% of patient samples in one study and <30 CTC 7.5 mL™
from patient samples in another study.®® The technology has some drawbacks
including, low purity yield and biased pre-processing of blood samples with
magnetic beads. In positive selection cells are sorted based on their EpCAM
expression. Negative selection depletes leukocytes immunomagnetically.

Although, the negative selection module of CTC-iChip allows isolation of

18



heterogeneous populations of CTCs, the isolated CTCs are a mixed population of

CTCs.

1.3.2.1.3 In vivo enrichment

The GILUPI Cell Collector captures CTCs using a structured medical Seldinger
guidewire functionalized with anti-EpCAM.” The guidewire is inserted into a patient’s
peripheral vein to allow continuous sampling of a relatively large volume of blood
compared to other CTC enrichment methods. One drawback is that the method can be

considered invasive to the patient.

1.3.2.2 Negative enrichment

As mentioned above, negative enrichment methods deplete unwanted
background cells by utilizing antibodies targeting leukocyte-associated antigens
conjugated to magnetic particles or the device surface. EasySep Human CDA45
Depletion Kit,®° QMS,2* MACS,?? Negative selection disk,®® and CTC-iChip "® are some
examples of the available negative selection methods. These methods provide
unbiased CTC isolation, however at the cost of lower purity compared with positive

enrichment.%*

1.3.3 Biophysical properties enrichment methods

In order to overcome the limitation of biased cell selection using biological
properties, researches have proposed CTC enrichment based on biophysical
properties. These are mainly referred to as “label-free” technologies, relying on physical
characteristics such as density, size, deformability, and electric charge.®* Size-based

CTC enrichment technologies rely on the size of CTCs, which has a larger morphology
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(12-25um) than leukocytes (8-14 um).®* % One of the drawbacks of the size-based

technology is the loss of smaller CTCs during enrichment.®*

1.3.3.1 Density Gradient Centrifugation

Centrifugation is one of the first methods recorded for CTC isolation.®® Blood
samples were centrifuged to separate different cells populations based on their relative
densities. Density gradient methods separate CTCs and mononuclear cells using
different methods including Ficoll-Paque,®” OncoQuick,?® RosetteSep CTC Enrichment
Cocktail,® and Accucyte Enrichment and CyteSealer.”® OncoQuick has the advantage
of preventing cross contamination by using an additional barrier, however the specificity
is still low." % 9! RosetteSep CTC Enrichment Cocktail is based on negative selection,

though there is still the possibility of cross contamination with this method.%* %

1.3.3.2 Microfiltration

Microfiltration technology uses pore sizes around 7-8 um or 3D geometries for
CTC enrichment.®® Microfiltration methods include 2D microfiltration systems (isolation
by size of epithelial tumor cells (ISET),* ScreenCell,*® CellSieve,’® and Flexible Micro
Spring Array (FMSA)") and 3D microfiltration systems (FaCTChecker,*® Resettable Cell
Trap,”® and Cluster Chip'®).

ISET technology uses a filter with 8 ym pores to separate smaller leukocytes
from the larger epithelial cells. Advantages of this method are that it is simple to use and
inexpensive, as well as capable of capturing both EpCAM positive and negative tumor

cells. The fundamental disadvantages of ISET are its low specificity in capturing CTCs,

the possibility of loss of smaller CTCs which can pass through the pores, and the
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enrichment of large leukocytes.™ ® Although microfiltration systems in general allow
rapid processing of blood, they are prone to clogging, parallel processing with multiple
filters, achieving very low purities (<10%), large variability in CTC recovery, and
concentrated stresses that affect the viability of enriched CTCs.*t ' These

complications leave an opportunity for improvement of these types of technologies.**

1.3.3.3 Inertial focusing

Inertial focusing passively separates CTCs from other blood cells based on cell
size. The relative positioning of cells passing through microfluidic flow channels is
affected based on the equilibrium between lift forces and dean flow.®" 1% In general,
inertial focusing methods exert minimal stress on isolated cells and allow viable cell
recovery.’> Some methods that apply inertial focusing include Vortex,®® Dean Flow
Fractionation,'® and Labyrinth.'*® Labyrinth technology is explained in detail in section

1.46.1.2

1.3.3.4 Dielectrophoresis (DEP)

Dielectrophoresis (DEP) separates cells based on their electrical signature using
an applied electric field.®" ' The electrical signature of different cells depends on the

196 ApoStream,®’

composition, morphology, and phenotype of the cells.'®
DEPArray,'®® and MOFF and DEP chip’®® are some examples of technologies that
apply DEP for the CTC enrichment. DEPArray is a commercially available technology
that is likely to be limited to samples with high CTC numbers due to the ~40% CTC lost

during sample loading.**
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1.3.3.5 Acoustophoresis

Acoustophoresis Chip separates CTCs based on the acoustophoretic mobility, by
exposing them to acoustic waves.''! Separation depends on physical characteristics of
the cells including, size, density, and compressibility.*'* 87% cell recovery and 99.3%
purity at a flow rate of 4.2 mL hr™ using cell lines was reported.*** However, due to the
low sample volume (100 pL) using this technique, it is not feasible to generate data for
samples with any clinically relevant low concentrations of CTCs.*! Increasing sample

volumes results in long processing times which may affect long-term stability.***

1.3.4 Direct imaging modalities

All of the mentioned technologies require subsequent verification to identify the
captured cells. Hence, researchers have developed technologies to improve efficiency
of imaging following CTC enrichment. Some of these technologies listed as Microfluidic
Cell Concentrator (MCC),**? ImageStream,**®* EPIC Science,'** FASTCell,**®
CytoTrack,''® and Photoacoustic flow cytometry (PAFC).*’

MCC technology uses passive pumping between small transport channels and a
large collection ring to concentrate samples, therefore reducing imaging time.'*?
ImageStream combines flow cytometry with fluorescence imaging.'*®* However, the
capture efficiency is variable, and highest with elevated CTC numbers.}*® The
enrichment-free CTC detection technology, EPIC Science, uses HD-CTC imaging
system to screen a monolayer of three million nucleated cells spread on custom glass
slides.** CTCs were detected in 68% of NSCLC patient sample using this technology.®*
In another study =5 CTC mL™* was detected in 50% of patients with pancreatic

cancer.'®
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FASTcell and CytoTrack technologies both rely on imaging only. The first
technology uses an array of optical fibers to form a wide collection aperture that
provides a much larger field of view than traditional optical systems.''®> CTCs were
detected in a rate of 22 CTC mL™" in 42% of patients with NSCLC.'®® The latter
technology prescreens the samples at high rates and records potential CTC targets for
additional image analysis and verifications.'*® PAFC platform is a laser-based
technology for real-time CTC detection within patient veins by interrogating the blood

flow through the skin.**’

1.3.5 Functional Assays

Functional assays exploit viable CTC enrichment based on bioactivity of cells,

-I-121 122

such as protein secretion (e.g., EPISPOT“") or cell adhesion (Vita-Assay ). Various

groups have utilized the Epithelial ImmunoSPOT Assay (EPISPOT) to capture CTCs

based on specific secreted/released/ shed tumor-associated proteins. 2% 12312

1.3.6 Perspectives

It is important to develop optimal CTC isolation techniques that enable us to
achieve high recovery and high purity of CTCs by depleting off-target cells, while
employing a high throughput system to ensure handling of large sample volumes. As
mentioned earlier, each technology has advantages and disadvantages. Below is the

summary of pros and cons of the immunoaffinity and size-base separation methods.

1.3.6.1 Advantages and disadvantages of Immunoaffinity CTC isolation

Immunoaffinity methods offer very high specificity for CTC capture. Using these

technologies, CTC isolation needs to be tailor-made to answer relevant biological
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qguestions. By utilizing the right antibodies, an assorted pool of CTCs can be recovered
from cancer patients regardless of the cell morphology. This isolation method can
capture CTCs in various size ranges (>4-30 pm).*?® Although there is no need to pre-
process the samples, the purity of recovered CTCs is high, therefore more options for
downstream analysis are feasible.®’ The immunoaffinity method also offers the ability to
capture CTC clusters.”” ¥ However, they suffer from a few limitations including, low
throughput,”® and difficulties releasing the cells form the chip for single cell analysis and

CTC derived xenografts models.*?®

1.3.6.2 Advantages and disadvantages of size-based separation CTC isolation

The main advantage of using biophysical properties for CTC enrichment is that
cell selection is not biased according to expression of a particular biomarker. Hence,
these methods can recover heterogeneous CTC populations that are viable and not
immobilized on a surface. Therefore, off-chip standard cell culture techniques for
expanding patient derived CTCs and further downstream analyses are feasible. Another
advantage is the ability to process a large sample volume (high throughput), however,
clogging difficulties may still remain.’*® The main disadvantage of size-based separation
methods is the loss of smaller CTCs, which may result in losing valuable information
from the patient.!?® 1%

In light of the limitations of current CTC enrichment technologies, we applied two
different microfluidic technologies (the immunoaffinity CTC Carpet Chip, and the size-

base separation device, Labyrinth) to study CTCs in pancreatic and non-small cell lung

cancers patient samples.
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Table 1-2: CTC isolation technologies®

Immunoaffinity

151

CellSearch EpCAM FDA-Approved
_ AdnaTest Antibody CTCs captured then multiple cancer markers measured by RT-PCR ¥
Immunomagnetic Cocktail
MACS EpCAM Pos/Neg enrichment, high surface area to volume o
MagSweeper EpCAM 9mL hr' 62% 51% 17 metastatic breast cancer patients, whole blood °°
CTC-Chip EpCAM 1 mL hrt 60-65% 50% Mllcropost array optimized for ceII-antlquy contacts, 116 patients 4
with metastatic lung, prostate, pancreatic, breast and colon cancer
PSMA/ 1 o o . . 67
GEDI HER2, Size ImL hr 85% 68% 20 patients with prostate cancer
M!croflwdlc CTC Carpet Chip EpCAM/ 1mL hrt 97 5% 76% Heterogen_eous CTCs separation from whole blood of 36 pancreatic 133
- Micropost Arrays CD133 cancer patients
< Antibody . L 68
()
e OncoCEE Cocktail Staining procedure labels capture antibodies
< N
2 OncoBean %rg:i?gﬁ/ 10 mL hrt >80% 6 patients with lung, breast, and pancreatic cancer 69
c
w " . . " . .
. . 1.5-2.5 Microvortices mix sample,15 patients with metastatic prostate 70
() 0, ’
2 Herringbone Chip EpCAM mL hrt 90% cancer, clusters observed
2 Microfluidic GEM EpCAM 3.6 mL hrt Microvortices mix sample *
a Surface Capture  Graphene Oxide Chip EpCAM 1mL hr~ 82.30% 20 patients with breast, pancreatic, and lung cancer I
M_odular Sinusoidal EpCAM >7.5_l >86% Three modules; selection, impedance, and imaging, clusters 73
Microsystem mL hr observed
Ephesia EpCAM >3 mL hr™ Self-assembly of magnetic um-beads into columns I
Magnetic Sifter EpCAM 10 mL hr™* Vertical flow configuration ~
Microfluidic LiquidBiopsy Antlbod_y 5mL hrt Automated, sheath flow minimizes non-specific binding, continuous 76
Immunomagnetic Cocktail flow - 77
Isoflux™ EpCAM Automated, continuous flow
CTC-iChip EpC_AM, 8 mL hrt Pos/n_eg enrlc_hment, S|z_e-based separation, whole blood, inertial 78
Size focusing aids in magnetic deflection
Ir?nrrzllijyc())magnetlc GILUPI CellCollector™ EpCAM Can process large volumes of blood 9
;E, EasySep Simple, easy-to-use batch separation 0
E QMS CD45 Continuous flow, high throughput 5t
© Immunomagnetic  MACS &2
& Negative selection disk 60% Isolation of breast cancer cells from mononuclear cells mixture 8
[0
>
= . - CD45,
g Microfluidic ' CTC-iChip CD66b, 78
o} Immunomagnetic .
z Size
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4

Ficoll-Paque Density 84% Inexpensive, easy-to-use
.g < OncoQuick Der_15|ty, 70.60% Porpus membrane above separation media for additional separation 88
k= Size by filtration
= Density
62 RosetteSep CTC . ’ . . . 89
>E Enrichment Cocktail Antlbod.y Antibody-labeling alters cell density
e Cocktail
S 8 Accucvte Enrichment Sequential density fractionation enriches target cells. Additional
a y Density CyteFinder™ and CytePicker™ modules for high throughput %
and CyteSealer ) . ;
imaging and single-cell recovery
Filters fixed samples through 8 um pores, 10-12 wells can process 94
ISET NA
1 mL each, clusters observed
c ScreenCell Hydrophilic surface, fixed/live samples, 7.5-6.5 um pores >
2 CellSi Constructed from a transparent, flexible, non-fluorescent 9%
= ellSieve . :
= Size, photoresist, 7 ym pores
= Flexible Micro Spring Deforma- Constructed from parylene-C, can process whole blood, captures 97
_ g Array (FMSA) bility viable cells, clusters observed
© .= .
% s FaCTChecker Constructed from parylene-C, captures viable cells between 98
= membrane layers
< Resettable Cell Trap Pneumatically-controlled microvalves >
.0% Cluster Chip Triangular pillars designed for CTC clusters 0
_g’ Vortex ~18% with 57- No RBC lysis required, captures viable cells, clusters observed, 85
9 cell lines 94%  tested with 12 patient samples (breast and lung cancer)
o Dean Flow >80% with  ~4 log 104
S . .
w Fractionation Size cell lines dep Tested with 10 patient samples (breast and lung cancer)
©
= 600 . .
5 Labyrinth >95% WBC RBC removal required, capture viable cells, easy to manufacture, 103
c 21 clusters observed
s mL
E ApoStream Electrical  —>L0Mk hr DEP-FFF, continuous flow, captures viable cells i
2w . Requires pre-enrichment, allows recovery and manipulation of 108
o DEPArray Signature . ;
50 viable, single cells through DEP cages
uij MOFF and DEP chip ! 99% Isolation of breast cancer cells from blood 109
Q.
S .2
w0
3 o Acoustophoresis Chip Size Acoustic pre-alignment and separation H
o
O c
<
o Microfluidic Cell . . 112
g cE» :g Pre-Enrichment Concentrator (MCC) None Passive pumping concentrates samples ~5x
= @8 Required CK, CD45 Hybrid of flow cytometry and fluorescence microsco
=85 ) ) M Y y Py, 113
DEQ ImageStream DRAQ5 5000 cells/sec
= Enrichment-Free EPIC CK, CD45, Automated digital microscopy, clusters observed e
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DAPI

Fiber-optic array allows larger field-of-view, 25 M cells min™, low

FASTCell . e
resolution
CytoTrack Spema! glass disc scanned as it spins, clusters observed, 100 M 116
cells/min
In vivo Photoacoustic flow Absorption Non-invasive label-free interrogation of large blood volumes 1
cytometry (PAFC) spectra
Tg " EPISPOT Prote_ln Dlscrlmlnates between viable and apoptotic CTCs using protein 121
S secretion secretion
TV Cell . . . .
)]
= Vita-Assay adhesion Enriches for viable CTCs based on preferential CAM adhesion, 122
o matrix clusters observed.
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1.4 CTC detection in pancreatic cancer

1.4.1 Pancreatic cancer

Pancreatic ductal 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 survival rate of 8%, making it one of the most lethal malignancies in
humans.’** The inability to detect pancreatic cancer in early stages means that tumor
invasion to other organs has often already occurred by the time of diagnosis. This may
be due to the aggressive nature of pancreatic cancer. Hence, there is an urgent need
for methods that enable early detection.

There are two main types of pancreatic cancers: exocrine tumors, which are
called adenocarcinomas, and endocrine tumors (islet cell tumors or pancreatic
neuroendocrine tumors (PNETS)), which are most often benign and affect the hormone-
producing cells, making up about 1% of pancreatic cancers.**

Approximately 95% of pancreatic tumors originate from the ducts of the pancreas
and are known as PDAC."** They may evolve from premalignant lesions to fully invasive
cancer.”®® This type of cancer can penetrate into neighboring tissues such as
lymphatics, spleen, peritoneal cavity, and, in advanced stages of metastasis, the liver
and lungs.’® Three known human PDAC precursor lesions have been identified in
clinical and histopathologic studies, including pancreatic intraepithelial neoplasm
(PanIN), mucinous cystic neoplasm (MCN), and intraductal papillary mucinous
neoplasm (IPMN).***> 37 panIN is the most common of these lesions and is graded into

different stages from | to lll, representing the earliest through advanced stages, and
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ultimately transforms into invasive PDAC™’ (Figure 1-1). Genetic alterations are the

drivers of these defects, and will be explained in detail in section 1.4.2.

Figure 1-1: Pancreatic precursor lesions in pancreatic adenocarcinoma progression. A) Normal duct, B)
pancreatic intraepithelial neoplasm (PaniIN), and C) PDAC." ¥

1.4.2 The biology of pancreatic cancer

Almost all patients with pancreatic cancer carry one or more of four genetic
defects: activation of KRAS2 oncogene (90% of tumors), inactivation of the tumor-
suppressor gene CDKN2A (95%), inactivation of the tumor-suppressor genes TP53
(50%-75%), and deleted in pancreatic cancer4 (DPC4 or SMAD4) (50%).2%® These
sequences of events are extremely complex and heterogeneous. Furthermore, these
arrangements were also observed in mouse models.*3¢ 138141

Pancreatic cancers are composed of several elements (Figure 1-2), including
pancreatic cancer cells (carries an average of 63 genetic alterations per cancer, which

142

can be grouped into 12 main signaling pathways), " pancreatic cancer stem cells (5%
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of cells population), and the tumor stroma (mainly pancreatic stellate cells which are
responsible for the poor vascularization).**®

The 12 cancer-relevant pathways that are involved in pancreatic cancer cells
include: apoptosis, DNA damage repair, cell-cycle control, RAS, TGF-B, cell adhesion,
Hedgehog, Integrin, JNK, wingless in drosophila (Wnt)- B-catenin, invasion, and small
GTPases.”™® Pancreatic cancer stem cell populations are capable of asymmetric
division; therefore, they are able to generate mature cells as well as cancer stem cells.

Pancreatic cancer stem cells, which can be identified with some specific markers
such as CD24, CD44, CD133, and ALDH are resistant to chemotherapy and
radiography but they have alterations in developmental pathways such as, Notch,
Hedgehog, and Wnt- B-catenin which may result in a new therapeutic targets.**°

Tumor stroma is a dense formation of both cellular (e.g., fibroblasts, pancreatic
stellate cells, endothelial cells, immune and inflammatory cells and adiopocytes) and
extracellular matrix components (e.g., collagen | and Ill, laminin, fibronectin, MMP,
TIMP, SPARC, and CTGF).**® The stroma is critically involved in tumor formation,

progression, and metastasis.**" ***

1.4.3 Detection and diagnosis

Lack of early symptoms and reliable screening tests for early detection are major
reasons why over 85% of PDAC patients are inoperable at the time of diagnosis.*** The
inability to detect pancreatic cancer in early stages means that tumor invasion to other
organs has often already occurred by the time of diagnosis. This may be due to the

aggressive nature of pancreatic cancer.
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Pancreatic-cancer call Cancer pathways: Selected altered genes:
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Figure 1-2: Cell components of pancreatic cancer. Pancreatic cancers are composed of several distinct elements,
including pancreatic cancer cells, pancreatic cancer stem cells, and the tumor stroma.**

For the initial evaluation for detection and staging in suspected pancreatic
patients helical computed tomography (CT) is the most widely used technique.'*> Other
than CT, contrast-enhanced Doppler ultrasound (US), enhanced magnetic resonance
imaging (MRI), and endoscopic US (EUS) techniques are used in the diagnosis of

pancreatic cancers of different stages and zones.*
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Presently, measuring the carbohydrate antigen 19-9 (CA19-9), and the
carcinoembryonic antigen (CEA) are the only blood-based markers for diagnosis,
monitoring of treatment, and prediction of survival in pancreatic cancer patients.™
CA19-9 is a sialylated Lewis antigen of the mucin 1 (MUC1) protein with an overall
sensitivity of 80% and specificity of 82%.* However, this biomarker is not applicable to

all patients, since, not all patients are in a Lewis blood group. Patients with blood type of

Lewis A- and B- genotype are incapable of synthesizing the CA- 19-9 epitope.°

1.4.4 Staging of pancreatic cancer

Pancreatic cancer is staged based on the American Joint Committee on Cancer
(AJCC) tumor-node-metastasis (TNM) classification which is based on assessment of
resectability by means of CT.2*® Each cancer is assigned a letter (T, N, and M stands for
tumor, node, and metastases) and number. TX means the tumor cannot be measured,
TO shows there is no evidence of primary tumor, and Tis indicates that the cancer cells
are only growing in the most superficial layer of tissue without growing into deeper
tissues, which may be called in situ cancer or pre-cancer. Finally, T1, T2, T3, and T4
describe the tumor size and/or the spread into nearby tissues. The same explanations
apply for N and M. Additional information about pancreatic cancer staging is provided in

appendix section (Table 9-1).

1.4.5 Treatment

The inaccessibility of the pancreas limits the possibility of surgical removal, and
the aggressive nature of the tumor leads to a rapid progression, which is strongly

resistant to chemotherapy.’ In select patients with localized PDAC (only less than 20%
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136 surgical resection is the only treatment offering long time survival.**®

of patients),
Adjuvant and neoadjuvant treatments for pancreatic cancer include chemo-radiotherapy
and chemotherapy which have been evaluated in several trials with the goal of
improving patient prognosis.'*® In advanced stages, chemo-radiotherapy and
chemotherapy in locally advanced disease, fluoroprimidines, cisplatin, and gemcitabine
or more recently FOLFIRINOX is applied.**® Although administering these treatments
has been successful at reducing tumor burden and prolonging survival, effects of these
treatments are limited and they cannot eliminate all PDAC cells.**” Furthermore,
molecularly targeted therapies have failed to show an additional advantage over
chemotherapy.’® Obtaining tissue from pre- and post- treatment pancreatic cancer
patients to monitor pharmacodynamic responses during clinical trials is challenging.’® A
critical factor in the frequently poor outcome is the silent nature of pancreatic cancer
until late in the disease process.**®

Therefore, early detection is an essential strategy to improve outcomes, such as
screening of high-risk individuals.****** Therefore, there is an urgent need to establish
new sensitive prognostic methods capable of identifying patients. Meanwhile, better

understanding of the biology of pancreatic cancer could open new avenues for

treatment.

1.4.6 CTCs in pancreatic cancer

Since access to tumor biopsies in pancreatic cancer is quite challenging due to
its anatomical position, biomarkers are required to provide better diagnosis and explore
alternative therapies. Isolation of CTCs from pancreatic cancer is possible, however,

due to poor sensitivity of many CTC assays for patients with PDAC? * the investigation
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of their clinical utility has proven less successful than in other cancer types. Some
examples of CTC enrichment techniques using immunoaffinity, size-based separation,
negative enrichment, and some other methods in pancreatic cancer field are

summarized in details in appendix Table 9-2.

1.4.6.1 CTC detection methods in pancreatic cancer

Among various developed technologies for the CTC enrichment, some have
been used to detect CTCs in pancreatic cancer (e.g., CellSearch,®® ISET,*® CTC-Chip,*
CTC iChip,”® GEM,”* and GEDI®'). CellSearch is the only FDA-cleared CTC isolation
technology, which is able to detect only 2+6 CTC per 7.5 mL of blood in pancreatic
cancer patients.®® Using the same technology, other groups reported 11-45% CTC
detection among PDAC patients.® ** 13 Utilizing CTC-iChip 66.7% of PDAC patients
had detectable CTCs."

Although Rhim et al. developed a sensitive method to tag and track pancreatic

epithelial cells in a mouse model of pancreatic cancer,*

there is no specific method
available for human studies of pancreatic cancer in the clinic. Recently, another
microfluidic technique, which is an optimized version of HB-chip, was applied to study

pancreatic cancer.”* A geometrically enhanced mixing (GEM) chip was designed to be

able to get higher performance of captured cells (90%) compared to HB-chip.”*

1.4.6.1.1 CTC Carpet Chip

CTC Carpet Chip is designed to capture heterogeneous populations of rare
pancreatic CTCs (epithelial CTCs (EpCs) and EMT-like CTCs (EMTCs)) using antibody-
coated microposts (Figure 1-3)."** Successful capture of heterogeneous CTC

populations with high specificity and sensitivity was dependent on the flow velocities
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and shear forces within the device. Flow velocity is optimized to allow maximal contact
between cells and microposts, while shear forces are sufficient to prevent non-specific
cell attachment to posts.

In order to increase the sensitivity of capture of phenotypically distinct CTCs, the
previous CTC-Chip developed by Nagrath et al.* was modified by implementing an 18°
rotation of hexagonal arrays of 100 ym x 100 ym microposts with an average distance
of 50 ym between them. We have incorporated novel rearrangements of the posts
which greatly enhances the capture of different CTCs subpopulations on different chips.
This employs a dual immunoaffinity and physical discrimination approach enabled by
the lateral flow distribution and cell post interactions within the CTC Carpet Chip.

For a more thorough representation of biologically diverse CTCs in patients with
pancreatic cancer sequential microfluidic devices were set up using antibodies against
EpCAM, to capture EpCAM+ CTCs, and antibodies against CD133 to capture more
stem cell like cells, or putative EpCAM- CTCs.™?

CD133 (Prominin-1 or alias PROML1 or AC133) expressed on the cell surface is
now recognized as a prospective marker for the isolation and characterization of
pancreatic stem and progenitor cells.’****® CD133+ pancreatic CSCs showed more
aggressive behavior such as increased cell proliferation, migration, and invasion
compared with the CD133- cells because they underwent EMT more readily.**%*

Therefore, this finding suggests that CD133 might be a meaningful cell surface
marker for pancreatic cancer cells. In the progression of pancreatic cancer, CSCs are

linked with the aggressiveness of pancreatic cancer with association of EMT,* by

changing the expression of cell surface marker of stem-cell like phenotype and
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increasing formation of tumor.*®® Other than CD133, CD44, CD24, CXCR4, ATP-binding
cassette subfamily G member2 (ABCG2), and Nestin are also known as pancreatic

CSCs specific membrane markers.**’
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Figure 1-3: Schematic representative images of the immunoaffinity CTC Carpet Chip. The device uses
sequential immunoaffinity-based microfluidics to study the biological relevance of heterogeneous circulating tumor
cell (CTCs). Rare CTCs including both circulating epithelial cells (EpCs, dark pink) and EMT-like cells (EMTCs,
orange) can be captured simultaneously from the peripheral blood of pancreatic cancer patients by using two markers
of interest, anti-EpCAM and anti-CD133, in two different chips. The white/red blood cells are shown in green/red
respectively. The posts are displayed in different colors only for visualization of the device pattern.
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Obtaining pure CTC populations is crucial for robust downstream gene analysis.
Therefore, applying the novel sequential microfluidic Carpet CTC Chip we can
demonstrate enumeration, detection, and downstream molecular analysis of distinct

CTC populations from pancreatic cancer patients.**

1.4.6.1.2 Labyrinth device

The high throughput, label-independent, size-based inertial microfluidic
separation device, Labyrinth, which was developed in the Nagrath lab, has been used to
detect CTCs in breast, pancreatic, and lung cancer patients.**®

The design of the Labyrinth device is inspired by the Labyrinth in Greek
mythology.*®® Both inertial focusing and dean flow were incorporated for sized-based
separation, enabling continuous focusing of all cells while separating CTCs from smaller
blood cells at the outlet.’®® The equilibrium between inertial lift forces and dean flow
result in migration of particles during laminar flow through the microfluidic device within
curved channels.’®® The Labyrinth device employs a combination of long curvature
structure with loops and sharp corners to enhance differential focusing, allowing ease of
separation of CTCs and white blood cells (WBCs) from patient blood samples.*®® The
CTCs can be recovered from other blood components in curved microfluidic devices by
focusing different sized cells into different stream lines and collecting them into
individual outlet channels (Figure 1-4).1° Particles are focused by inertial forces which

can be considered as the driving forces, while particle migrates away from the center of

the channel by drag forces from dean flow, leading to size-based separation.'®®
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Figure 1-4: Size-based separation Labyrinth device. The device contains loops and corners to separate CTCs
from other blood components individually into different streams (outlet channels).

1.5 CTC detection in lung cancer

151 Lung cancer

Lung cancer is among the most prevalent forms of cancer and has one of
the highest mortality rates (>234,000 new cases and >154,000 death cases in the
United State in 2018), with a 5-year survival rate of only 18%.'3% 162163

There are two major types of lung cancers based on the appearance of
lung cancer cells under the microscope, small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC). About 10-15% of lung cancers are SCLC, while
80-85% of lung cancers are classified as NSCLC which mainly comprises
adenocarcinoma (~40%), squamous cell (epidermoid) carcinoma (25-30%), and

large cell (undifferentiated) carcinoma (10-15%).%%*

15.2 The biology of lung cancer

A recent study revealed that less than two thirds of lung cancers have an underlying
driver mutation responsible for tumor proliferation (e.g. KRAS, EGFR, ALK, MET,

HER2, FGFR1, ROS1, RET, BRAF, PI3KCA, MEK1, AKT1l, MAP2K1, and NRAS)
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(Figure 1-5)."% Of the known driver mutations, about 30% have FDA-cleared targeted

therapies.'®

1% 2% 2% 2% 2%

Figure 1-5: Pie chart of NSCLC mutations*®

153 Detection and diagnosis

Imaging tests including chest x-ray, CT scan, MRI scan, positron emission
tomography (PET) scan, and bone scan are some examples of the commonly used
screening tests for NSCLC.'®® Upon the non-small lung cancer detection, further
diagnostics are performed, including, sputum cytology, thoracentesis, needle biopsy,
and bronchoscopy.*® The commonly used low-dose CT scan technique is not an ideal
screening test for patients with lung cancer primarily due to poor specificity (high false
positive rates).’®” In addition, CT scans are expensive and require tissue biopsies for
confirmation of cancer. Alternative methods to detect cancers that can either supplant or

complement the existing screening tests are an unmet need.'®®
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154 Staging of lung cancer

Lung cancer is staged based on the American Joint Committee on Cancer
(AJCC) tumor-node-metastasis (TNM) system. Additional information about lung cancer

staging is provided in appendix section ( Table 9-3).

155 Treatments

The most effective treatment option for NSCLC patients is surgical intervention,
however, patients are usually not diagnosed until advanced stages.'®® The practice of
non-invasive liquid biopsy as a diagnostic, prognostic, and theranostic tool may be an
attractive approach in NSCLC patients.*’® This approach may provide complementary
data for prognostication and treatment responsiveness, and allow identification of newer

genomic alterations that inform treatment resistance and alternative therapies.*”

1.5.6 CTCs in lung cancer

As mentioned above, CTCs have been detected in blood of patients with
various solid tumors, including lung cancer, where their presence is associated
with poor clinical outcomes.'’**"® Lung cancer CTCs have shown similar
morphology and greater than 70% common histology with the primary tumor.*’®
Therefore, CTCs may eventually serve as important blood-based biomarkers that
could aid in early detection of lung cancer and the identification of early
recurrence following therapy. However, there are currently no FDA-cleared CTC
platforms for analyzing CTCs in lung cancer. The following section describes the

merits and demerits of current CTC platforms for lung cancer.
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1.5.6.1 CTC detection methods

Several studies have demonstrated the presence of CTCs using different
detection technologies in patients with lung cancer.* 174178 180. 181 |t has been
reported that in metastatic NSCLC patients only 21-39% of patients had
detectable CTCs at baseline using CellSearch.” 181184 |n contrast, the presence
of CTCs (>5 CTC mL™) has been demonstrated in 100% of patients with
metastatic lung cancer using the immunoaffinity microfluidic CTC-Chip.* In
another study using NanoVelcro technology, 4-17 CTCs mL™ were detected in
NSCLC patients.'®> One drawback of these label-dependent technologies is that
they miss EpCAM- CTCs in NSCLCs that have undergone EMT. Among label-
independent isolation approaches, ISET technology has detected 1-5 CTCs 4
mL™* in 36%-56.7% of NSCLC patients.*®® %" Recently, using Dean Flow
Fractionation (DFF), CTCs were isolated (39.1+24.8 CTCs mL™) at a flow rate of
3 mL hr! in metastatic NSCLC patients.'®® Additional information about CTC
detection methods in lung cancer is provided in appendix section (Table 9-4).

There is a need for a simple, reliable, inexpensive, efficient, and high
throughput system to enrich and characterize all relevant CTC subsets from lung
cancer patient samples. Taking the advantage of the Labyrinth device, we can

isolate heterogeneous populations of CTCs in NSCLC patients.
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2 Materials and Methods
2.1 Microfabrication

Microfabrication is the method of fabrication of miniature structures of micro-
nanometer scales. The microfabrication device pattern is first designed by employing
AutoCAD software (version 2011), and then it was converted to a photomask (FineLine

Imaging) for fabrication. The photomask was fabricated using traditional soft

189

lithography, bonded to a substrate, and then finally surface functionalized

(Figure 2-1A). All microfabrication processes were done at the clean room facility
available at Lurie Nanofabrication Facility at College of Engineering University of

Michigan (Figure 2-1B).

A/ Microfabrication \ B

processes

Photolithography
!
Rapid prototyping

!l

Bonding

!

Surface functionalization

!

KPatient specimen processing /

Figure 2-1: Microfabrication process. A) The flow chart of the microfabrication processes. B) The clean room
facility available at Lurie Nanofabrication Facility at College of Engineering University of Michigan.

211 Computational analysis of the microposts

Finite element simulations were performed in COMSOL Multiphysics 4.2 (Comsol

Inc.) with an inlet flow rate of 1 mL hr' on a portion of diamond shape of the CTC
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Carpet Chip. A symmetry boundary condition was applied on the two similar boundaries
flanking the posts. A wall (no slip) boundary condition was applied on the post outlines.
The particle tracing plot was simulated with rigid particles 15 pm in size, with a condition

of sticking to any encountered wall being applied.

21.2 Photolithography

Photolithography is a process by which an image is optically transferred from one
surface to another, most commonly by the projection of light through a mask onto a
photosensitive material such as photoresist. Photoresists are radiation sensitive
materials that typically consist of a polymer resin, a radiation sensitizer, and a carrier
solvent. Photoresist can be classified as either positive or negative based on their
solubility following UV exposure. The solubility of exposed areas in positive resists
increases, whereas in the negative photoresist the solubility is decreased.'®® Generally,
a negative photoresist is strengthened by radiation exposure so the remaining pattern
after being subject to a developer solution appears as the inverse of the opaque regions
of the mask.

In our study, SU-8 100 (MicroChem Corp) was selected as a negative
photoresist, and was used to prepare a mold with a final thickness of range 100 pum.
The SU-8 was spin coated onto a silicon wafer at 500 rpm for 10 sec and then 2350 rpm
for 60 sec. This was followed by two steps of soft baking, first at 65°C for 10 min and
then 95°C for 1 hr, after which the coated wafer was exposed to UV light for 15 sec
using a Karl Suss MAG6 aligner. Post exposure baking was done first at 65°C for 3 min
followed by 95°C for 10 min and the pattern was developed in SU-8 developer for 2 min,

followed by rinsing with isopropyl alcohol for 2 min and hard baking at 150°C for 3 min.
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The resulting thickness was confirmed to be within the range of 98-100 A° as
determined using Dektak 6M Surface Profilometer. The steps involved in

photolithography techniques for our study were shown in Figure 2-2.

<—SU-8 photoresist
Si wafer

Spin-coat SU-8 in silicon wafer and prebake

4

UV light

<—photomask

: ~~ .
Si wafer SU-8 photoresist

UV expose with mask aligner and postbake (95°C, 1 hr)

4

Developing and postbake (150°C, 3 min)

Figure 2-2: Photolithography process. A negative photoresist (SU-8) spin coated onto a silicon wafer followed by
baking and exposure through a photomask, and developing to achieve the desire patter.

2.1.3 Rapid prototyping

Rapid prototyping the microfabrication of the chambers can be done using
transparent polymers such as, poly-dimethyl siloxane (PDMS) and poly-metheyl
methacrylate (PMMA).2* ' PpMS is popular because it is not only optically
transparent, but also allows for additional histochemical stains and markers to be
applied post-enumeration, and is conducive to bright field imaging (currently a limitation
in the silicon CTC Chip).’®® ' PDMS is a flexible elastomeric polymer that is an
excellent material for microfluidic device fabrication. In order to produce an inexpensive,
disposable, and high throughput point-of-care multiplex microfluidic chip, the current

design is reproduced in PDMS elastomer, Sylgard® 184 (Dow Corning). Sylgard is a
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two part resin system containing vinyl groups and hydrosiloxane groups. Mixing the two
resin components together leads to a cross-linked network of dimethyl siloxane groups.
Because this material is flexible, it can be unmolded (peeled) from the SU-8 master,
leaving the master intact and ready to produce another device.

PDMS (mixed in a 10:1 ratio of PDMS base with curing agent, Sylgard® 184)
was degassed in a desiccator for about 30 min, after which it was cast over the SU-8
mold, and degassed again for about 2 hr. Degassed PDMS was placed in an oven at
65°C overnight. The cured PDMS casting was released by peeling it away from the
mold and fluidic ports were punched at the designated ends of the chamber to create
inlet and outlet holes. These holes were later used for incorporating tubing inputs. The
punched hole was slightly smaller than the outer diameter of the tubing being used,
providing adequate sealing for typical fluidic pressures. The schematic of the rapid
prototyping of PDMS devices and its bonding to glass slides is shown in Figure 2-3.

Design and fabricate SU-8

C————
SU-ST ¢

feature

Pour and cure PDMS
PDMS

| Si wafer |

Peel off, cut, and punch the inlet and outlet

PDMS replica

\Z

Expose to O, plasma and attach to a surface

Bonding
surface

Figure 2-3: Rapid prototyping of PDMS devices. The silicon master mold is used to create PDMS molds, which
are bonded to the substrate (glass) by plasma bonding.
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2.1.4 Bonding, surface chemical modification and functionalization

One of the most useful properties of PDMS is that its surface can be chemically
modified in order to obtain the interfacial properties of interest. The most reliable
method to covalently functionalize PDMS is to expose it to oxygen plasma, whereby
surface Si-CH3 groups along the PDMS backbone are transformed into Si-OH groups
by the reactive oxygen species in the plasma. These silane surfaces are easily

transformed with alkoxysilanes to yield much different chemistry as shown in Figure 2-4.

F R = amine
l hydroxyl
methacrylate
e aldehyde + 2 CH,0H
| “och, epoxy
mercaptan
oc olefin -
fluoroalkyl HCO /.

Figure 2-4: Silanization of plasma-exposed PDMS

PDMS replicas and glass slides were cleaned with oxygen plasma and then
immediately placed in contact to bond the surfaces irreversibly. The PDMS slab was
bonded with a glass substrate, post oxygen plasma treatment for oxidization the
surfaces, and therefore for having a hydrophilic area, along with a 10 min baking at
80°C hot plate for having a stronger bonding (Figure 2-3).

The chemical modification and functionalization of the surface of the device was
done immediately after the bonding as depicted. Initially, the surface of the device was
modified with 4% (v/v) 3-mercaptopropyl trimethoxy silane (Gelest) in ethanol (1:25

ratio) for making the surfaces more hydrophilic, at room temperature (RT) for 1 hr. Then
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it was treated with the coupling agent N-gamma-Maleimidobutyryloxy-Succinimide
(GMBS) (Pierce) in ethanol (1:357 ratio) for 30 min, resulting in GMBS attachment to
the microposts as a linker. Next, the device was treated with 100 ug mL™ Neutravidin
(Invitrogen) in phosphate buffered saline (PBS) 1:10 ratio) at RT, leading to
immobilization onto GMBS, and then flushed with PBS to remove excess of avadin. The
functionalization process was checked with Biotin fluorescence labeled at a
concentration of 10 ugmL™ in PBS with 1% (w/v) bovine serum albumin (BSA) with a
positive control device, the negative one does not coated with Avadin, hence it doesn’t

show the fluorescence (Figure 2-5).

Figure 2-5: Biotinylated functionalized PDMS micropost chamber. Representative photomicrograph showing
FITC conjugated biotinylated functionalized PDMS micropost chamber with (A) and without (B) inclusion of Avidin
coating.

Finally, biotin-conjugated anti-Epithelial cell adhesion molecule (EpCAM) (RnD
Systems) antibodies or anti-CD133 (Miltenyi Biotec) antibodies at a concentration of
20 ug mL™? in PBS with 1% (w/v) Bovine Serum Albumin (BSA) (Sigma) was allowed to
react for 30 min for each inlet and outlet before washing with PBS. The device was

immediately used for capturing CTCs or cancer cells (Figure 2-6).
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Figure 2-6: PDMS surface modification and functionalization. Antibodies can be immobilized on PDMS by
silanization.

2.2  Cell culture

Six different human cancer cell lines, colon adenocarcinoma cell line (HT-29),
pancreatic cell line (Panc-1), prostate cancer cell line (PC-3), and breast cancer cell
lines (MCF-7, SUM-159, and Hs-578T) were obtained from ATCC. Capan-1 cancer cell
line was obtained from Dr. Howard Crawford’s lab at University of Michigan. Human
non-small lung cancer cell lines H1650, PC-9, A549, HCC827, and H1975 were
obtained from the Beer and Hassan laboratories at the University of Michigan.

The HT-29 cells were cultured in McCoy’s 5A Medium (ATCC), PC-3, SUM-159,
and Hs-578T cells in low-glucose Dulbecco’s modified Eagle’s-F12 medium (DMEM-
F12) (Invitrogen), MCF-7 and Panc-1 cells in DMEM+++ medium (Invitrogen), Capan-1

cells in IMDM medium (HyClone), H1650, PC-9, HCC827, H1975, and A549 cells in
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RPMI 1640 medium (Invitrogen). All supplemented with 10% Fetal Bovine Serum (FBS)
(Invitrogen) and 1% penicillin-streptomycin (Pen-Strep) (Sigma) and maintained in an
incubator at 37°C in 5% CO2 and 95% relative humidity. The cells were cultured in
sterile 25 or 75 cm? flasks (Corning) and media replaced every 48 hr. Upon reaching
>75-80% confluence, the cells were harvested with 0.05% Trypsin-EDTA (Invitrogen).
Prior to characterization experiments, cells were labeled with green CellTracker

fluorescent dye (Invitrogen).

221 CellTracker dye protocol

Sub-confluent monolayers of cells were detached using 0.05% Trypsin-EDTA
solution and washed in standard media, followed by centrifugation at 1000 rpm for 5
min. Cell pellet was washed two times with phosphate buffered saline (PBS) and
resuspended with 5 mL of serum free media plus 5 yL dye (green CellTracker) followed
by incubation for 30 min at 37°C. The cells were washed with PBS and incubated in
complete media at 37°C for 30 min. After washing the pellet with PBS, 1000 cells mL™
were prepared by serial dilution. The density of cell suspensions were counted using a
hemocytometer and spiked into PBS or healthy control (HC) blood for analysis of CTCs

using CTC Carpet Chip or Labyrinth.

222 Primary human pancreatic cancer and cancer-associated fibroblast (CAF) cell

lines

Primary human pancreatic cancer cell lines (UM18 and cancer associated
fibroblast (CAF)) were generated from primary PDAC patient in Dr. Diane Simeone’s
laboratory at the University of Michigan hospital under Institutional Review Board (IRB)

guidelines.’®® Both cell lines were cultured in RPMI 1640 supplemented with 10% heat-
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inactivated FBS, 2 mmol L L-glutamin, 100 units mL™* penicillin, 100 pg mL™

streptomycin (Invitrogen) in 95% air and 5% CO2 at 37°C.

2.2.3 Patient-derived CTC expansion

Prior seeding the recovered CTCs from NSCLC patient samples using Labyrinth,
the 48-well plates were coated with 100 pl of Matrigel (Corning), 51.6 pl of Collagen |
(Invitrogen), and 48.4 pl of HEPES (Invitrogen) to make a 3D culture models. For
making a 2D culture models, the well plates were coated with 5 pg of Fribronectin
(Corning) diluted in distilled water (Invitrogen). The well plates were incubated for 1 hr at
RT and then washed with distilled water prior the culture.

After CTC enrichment, small portion of the samples were stained for CTC counts.
The rest of the samples were seeded on a 3D coated 48-well plate using media #1 for
3-4 weeks under normoxic conditions (5% CO2) and 95% relative humidity at 37°C.
Media #1 contains 200 pl of conditioned media (from pancreatic cancer-associated-
fibroblast 19 (CAF-19)) supplemented with 10% FBS, 1% Pen-Strep, 8 ul of human
platelet lysates (hPL-MAX) (Mill Creek), and 0.06 pl of insulin (Sigma).

To be able to passage the cells from the 3D culture, 10 pl of collagenase type |
(Invitrogen) diluted into 400 pl of HBSS (Invitrogen) and were added to the well plates to
dissolve the Matrigel. The well plates were incubated 3-4 hr in the incubator, following
centrifugation at 1000 rpm for 10 min. The cell pellet was resuspended with media #2
and then were seeded into a 2D culture condition for another 3-4 weeks. Media #2
contains 200 pl of conditioned media from CAF-19, 10% FBS, 1% Pen-Strep, and 8 pl
of hPL-GOLD (Mill Creek)). Upon the cell confluency on 2D culture, the cells were

passaged using 0.25% Trypsin-EDTA (Invitrogen). The cell pellet was resuspended with
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media #2 and seeded into a 2D culture model. A small portion of this sample was used

for the CTC counts.

2.3 Western blot

Whole cell lysates were prepared from PC-3 and HT-29 cell lines. For the
Western blotting analysis, equal amount of proteins were separated using SDS-PAGE
(RnD Systems) and transferred to a PVDF membrane (RnD Systems) and then
incubated with anti-EpCAM and anti-CD133 antibodies. Proteins were visualized using
horseradish peroxide-conjugated secondary antibodies followed by exposure of
immunoreactive bands to photographic film. Glyceraldehyde 3-Phosphate

Dehydrogenase (GAPDH) (Santa Cruz) was used as an internal loading control.

2.4 Flow cytometry analysis (FACS)

After harvesting the cell lines by trypsinization, cells were washed with PBS and
the pellet resuspended with 4% paraformaldehyde (PFA) (Pierce), and 0.2% Triton X-
100 (Sigma), followed by 30 min incubation time for each step. Next, the cells were
washed with PBS and blocked with 3% BSA plus 2% goat serum (Invitrogen), followed
by 30 min incubation time. Then cells were divided into unstained, isotype, and stained
groups. The specific antibodies, anti-EpCAM and anti-CD133 were added followed by 1
hr incubation time. After PBS washing, the pellet was resuspended with secondary
antibodies followed by 1 hr incubation in dark, and then PBS wash. All steps were

followed by centrifuge at 2500 rpm for 4 min.
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2.5  Capture efficiency in single CTC Carpet Chip

Four different cancer cell lines with different EpCAM expression levels, HT-29,
Panc-1, PC-3, and Hs-578T, and a CD133 positive cell line, Capan-1, were
fluorescently-labeled with green CellTracker (section 2.2.1). To determine the
percentage of cells captured on a functionalized CTC Carpet Chip, coated with either
anti-EpCAM (for EpCAM expression cell lines) or anti-CD133 (for CD133 expression
cell line), 1000 cells from each of the fluorescently-labeled cancer cell lines were spiked
into whole blood collected from HCs and flowed through the microfluidic device at a
constant flow rate (1 mL hr?). Then cells were fixed and permeabilized on the chip by
using Cytofix/Cytoperm (BD Bioscience) followed by staining with DAPI (4’,6-diamidino-
2-phenylindole) (Invitrogen) to identify DNA content. Capture efficiency was calculated
as the percentage of captured cells on the device divided by the 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

fluorescence microscope.

2.6 Capture efficiency in dual CTC Carpet Chip

In order to facilitate separating circulating epithelial (EpCAM-expressing) and
EMT-like (CD133-expressing) cells in different devices in sequential order from the
same sample, two separate CTC Carpet Chips were connected to each other using a 2-
inch piece of connective tubing (Fisherbrand™ Tygon S3™ E-3603 Flexible Tubings).
The first chip was coated with anti-EpCAM and the second one with anti-CD133. Blood

sample was then processed through each chip in succession. After this step, the chips
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were disconnected from one another, and washed with PBS (10 mL hr) for the

immunofluorescence staining process.

2.7 Characterization experiments for Labyrinth (Cell lines)

The Labyrinth device was primed with 1% Pluronic acid solution (Sigma) at a flow
rate of 100 pyL min™ for 10 min followed by 10 min incubation time to prevent cell
adhesion to channel walls. To demonstrate cell specificity in the Labyrinth, same
number of pre-labeled cancer cells (from cell lines) and DAPI-labeled WBCs (1000 cells
mL™) were mixed and spiked into PBS and flowed through the device at different flow
rates ranging from, 1500-3000 pL min™. Products from outlet #2 were collected after 1.5
min flow stabilization for cell counting to calculate the recovery and percent of depleted
WBCs. Images were taken using a fluorescence microscope under FITC and DAPI
fillers to categorize and document cancer cells in isolation from other blood

components.

2.8 Pancreatic cancer patient CTC capture using CTC Carpet Chip and
Immunofluorescence staining (IF)

This study was approved by the institutional review board (IRB) of the University
of Michigan. 1 mL of whole blood from each pancreatic cancer patient was processed
through two CTC Carpet Chips connected in series at the designated flow rate (1 mL hr
1y, followed by fixation and permeabilization with 4% PFA and 0.2% Triton X-100
respectively, followed by blocking with 3% BSA plus 2% goat serum.

In order to identify and characterize sub-populations of pancreatic CTCs and
distinguish them from other blood cells, we used the following criteria: cells that were

captured on the anti-EpCAM coated chip and stained positive for pan-cytokeratin

53



(PanCK) (Biorad), negative for CD45 (Biorad), and positive for cell nucleus staining
(DAPI) were characterized as epithelial CTCs (EpCs); and cells that were captured on
the anti-CD133 coated chip and stained positive for Vimentin (BD Bioscience), negative
for CD45, and positive for DAPI were characterized as EMT-like CTCs (EMTCs.)! Alexa
Fluor 488-, 546-, 647-conjugated secondary antibodies (Invitrogen) were applied in
order to detect CD45, PanCK, and Vimentin respectively.

2.9 Pancreatic and NSCLC cancer patient CTC isolation using Labyrinth

and Immunofluorescence staining (IF)

The experimental protocol was approved by the Ethics (Institutional Review
Board) and Scientific Review Committees of the University of Michigan and all patients
and healthy blood donors gave their informed consent to participate in the study. Briefly,
blood samples (~7-10 mL) from metastatic pancreatic cancer and (~20 mL) from
NSCLC patients were collected in EDTA tubes and processed through the Labyrinth
within 2 hr of collection. RBCs in the blood samples were removed using density
separation with 6% dextran (Spectrum) prior to Labyrinth processing. The blood sample
mixed with dextran solution was kept at RT for 1-1.5 hr to settle the RBCs driven by
density difference. The supernatant, which included all whole blood components except
RBCs, was carefully removed and diluted with PBS (1:3). The diluted dextran
supernatant was then processed through the Labyrinth at a flow rate of 2000 pL min™
for pancreatic cancer patient samples and 2500 pL min™ for NSCLC patient samples.
The product from outlet #2 was collected after stabilization.

The product from outlet #2 was processed using a Thermo ScientificTM Cytospin

Cytocentrifuge. A poly-lysine coated slide was placed into the cytospin funnel and 250
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pL of sample was added to each cytospin funnel and cytrocentrifuged at a speed of 800
rom for 10 min. Samples were fixed on the cytoslides using 4% PFA and
cytrocentrifuged at the same conditions as described above. Slide samples were
permeabilized by applying 0.2% Triton X-100 for 3 min. Slides were then washed with
PBS (times 3) for 5 min and blocked using 10% donkey serum for 30 min at RT.

For the pancreatic cancer CTC enumeration, slides were incubated with the
panel of primary antibodies including rabbit anti-human Zebl (Santa Cruz), mouse anti-
human anti-PanCK (IgG1) (Biolegend), mouse anti-human anti-CK19 (IgG2a) (Santa
Cruz), and rat anti-human CD45 (IgG2b) (Santa cruz) overnight at 4°C. The next day,
slides were washed with PBS (times 3) for 5 min and then incubated with the secondary
antibodies (Alexa Fluor 488, 549, and 647) in dark for 1.5 hr at RT.

For CTC enumeration of NSCLC patient samples, slides were incubated with the
panel of primary antibodies including (mouse anti-human CD45 (lgG2a) (Biorad),
mouse anti-human anti-PanCK (IgG1) (Biorad), anti-human anti-EpCAM, biotinlated
(goat 1gG) (R&D System), and rabbit anti-human anti-Vimentin (Abcam) overnight at
4°C, followed by PBS wash (times 3) for 5 min the following day. Slides were incubated
in dark with secondary antibodies (Alexa Fluor 488, 549, 750, and 647) for 1.5 hr at RT.
Finally, slides were washed with PBS (times 3) for 5 min and mounted using Prolong
Gold Antifade Mountant with DAPI (Invitrogen). The immunofluorescently stained slides

were imaged using a fluorescence microscope for the CTC enumeration.
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2.10 RNA extraction and quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis

Isolated CTCs within the device were incubated at 42°C for 30 min with
extraction buffer of Arcturus PicoPure kit (Invitrogen) to lyse the cells. Then RNase free
water (Invitrogen) was passed through the chip to collect the cell lysate. Total RNA was
then prepared from the CTC lysate using the Arcturus PicoPure kit and was subjected
to a reverse transcription reaction followed by 18 cycles of pre-amplification of cDNAs of
96 cancer-related genes (Error! Reference source not found.) using the pooled
TagMan Gene Expression Assays and Cell-to-CT Ambion Kit (Invitrogen). Finally, the
gene expression pattern of pre-amplified cDNAs was determined using TagMan Gene
Expression Assays for 96 genes and the BioMark HD gqPCR platform (Fluidigm) (35
cycles) (Figure 2-7).

Table 2-1: Table of 96 genes analyzed by TagMan Gene Expression Assays
96 genes analyzed by TagMan Gene Expression Assays

AKT1 BRAF CDH2 ERCC1 KLF4 MCL1 PDX1 SPON2
ALDH1A1 BRCA1 cMYC ESR1 K-Ras MET PGR TGFB1
ALDH1a2 CCDC80 COL1a2 GAPDH KRT18 MGP PIK3CA TIMP1
ALDH1a3 CCND1 COL3al GEMIN2 KRT19 MKI167 PON1 TIMP2

ALK CD133 CTNNB1 GLil KRT20 MMP2 POUSF1 TIMP3

ANXA2 CD14 CXCR1 HPRT1 KRT5 MMP9 PTEN TPS3
AR CD24 CXCR4 IGFBP5 KRT7 MS4A1 RAB7A TTF-1

ATDC CD3D DCN IL6 KRT8 NANOG RB1 TWIST1

ATL1 CD44 EGFR IL6R LGALS3 NES Shh Vimentin

BAX CD45 EMP2 IL6ST LGALS3BP NKX2-1 SNAI1 WNT2

BCL2 CD90 EPCAM IL8 MAPK p63 SNAI2 ZEB1

BMil CDH1 ERBB2 ITGAM MCAM PCNA SPARC ZEB2
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Figure 2-7: BioMark HD Real-Time PCR system.

2.11 Immunohistochemistry (IHC)

A gastrointestinal 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 5 pm-thick tissue section
was reacted with anti-BMil (Cell Signaling), anti-MKi67 (Cell Marque), anti-PIK3CA
(Abcam), anti-TP53 (Cell Marque), MCAM (Abcam), and CD133 (Miltenyi Biotec)
antibodies using immunohistochemistry (IHC) technique to determine levels of tumoral
protein expression of BMil, MKi67, PIK3CA, TP53, MCAM, and CD133. The staining
intensity and percentage of positive cells out of total tumor cells were graded by a
pancreatic pathologist who was blinded to patients’ outcomes. The intensity of IHC
staining is graded on a scale of 0 to 3, where 0 is no staining, 1 is weak, 2 is moderate,

and 3 is strong staining.
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2.12 Fluorescence in situ hybridization (FISH) analysis

Interphase FISH was carried out as previously described by other groups.*9% 1%
Briefly, bacterial artificial chromosomes (BACs) were obtained from the BACPAC
Resource Center (Oakland) for the preparation of probes.'®® For detection of gene
rearrangements, deletion or amplification, the following probes were used: for ROS1,
RP11-1110L9 (5 to ROS1) and RP11-605K7 (3’ to ROS1), for RET, RP11-124011 (5’
to RET) and RP11-718J13 (3’ to RET), for EGFR, RP11-23F4 (5’ to EGFR) and RP11-
56P1 (3’ to EGFR), and for ALK, RP11-993C21 (5’ to ALK) and RP11-984I21 (3’ to
ALK). The integrity and accurate localization of all probes were verified by hybridization
to metaphase spreads prepared from normal peripheral lymphocytes. Slides were
examined using a Zeiss Axioplan 2 microscope equipped with image processing
software ISIS (Metasystems). FISH signals were scored manually under 100X oil

immersion in morphologically intact and non-overlapping nuclei and greater than 100

cells from each slide were recorded.

2.13 In Vivo tumorigenicity assays

Six-week old NOD/SCID mice were housed under pathogen-free condition at the
University of Michigan Animal Care center. Mice were anesthetized with intraperitoneal
injection of xylazine (9 mg kg™) and ketamine (100 mg kg™). A median laparotomy was
performed, and 10° primary human pancreatic cells (UM18) infected with a lentivirus
encoding GFP-luciferase (University of Michigan Vector Core) alone or with and equal
number of DsRed-labeled CAF cells were injected into the pancreatic tail using a 30-

gauge needle (n=5 per group). Six to 8 weeks following cell injections, mice were
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euthanized with CO2 inhalation. Blood was collected for enumeration analysis of

circulating GFP-labeled tumor cells and DsRed-labeled CAF.

2.14 RBC lysis buffer

RBC lysis buffer (Qiagen) was utilized for RBCs removal from the products of
either single or double Labyrinth. Recovered CTCs from outlet #2 of Labyrinth were
incubated with this buffer (1:3) for 2 min on ice following the centrifugation step. A small
portion of this solution was used for CTC enumeration, and the rest was used for the

culture.

2.15 Drug testing

Different NSCLC cell lines were plated at a seeding density of 200, 400, and
2000 cells well™* on either 96-well or 384-well plates. Each drug concentration (0,100,
500, 1000, 5000, and 10000 nM) had wells in triplicates. Cells were incubated with
various drugs for 72 hr. After treatment, different cell viability assay kits including;
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega), CellTiter-Glo
luminescent cell viability assay (2D kit) (Promega), and CellTiter-Glo 3D cell viability
assay (3D kit) (Promega) were used for 30 min, 1hr, 1.5 hr, and 2 hr to assess half
maximal inhibitory concentration (IC50) values of tyrosine kinase inhibitors (TKIs) along
with relevant sensitive or resistant NSCLC cell lines. Luminescent signals were
measured with a Biotek-Synergy Neo-Plate Reader (BioTek Instruments, Winooski, VT)
and the optimal duration of incubation was determined. IC50 values were calculated

with nonlinear regression model using Prism Graphpad.
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Various drugs including, Erlotinib and Crizotinib (Sigma), Ceritinib, Afatinib, and
Osimertinib (Selleckchem) were reconstituted in DMSO, and Cetuximab (BioVision) was

reconstituted in PBS (1 pg pL™) for in vitro drug testing.

2.16 Statistical analysis

For studying CTCs in pancreatic cancer using CTC Carpet Chip, all results
present as meanztstandard deviation. Unpaired t-tests (two-tailed) were used to
compare the differences between total CTCs of patient samples (n=35) vs. healthy
controls (n=9). Paired t-tests (two-tailed) were used to compare the differences between
EpCs and EMTCs from patient samples (n=35). Unpaired t-tests (two-tailed) were used
to evaluate the effect of stage, resection, tumor size, lymph node involvement, and
metastasis on EpCs and EMTCs levels (n=35). Statistical significance was defined as a
two-sided p<0.05.

For the RNA expression analysis, non-detect values were replaced by a pseudo
cycle number of 40 and in the analyzed 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 genes met this criterion. GAPDH
was used as an internal reference to normalize cycle threshold (Ct) values for the genes
of interest by subtracting each gene expression value by GAPDH to generate a -ACt.
Median fold changes were generated by dividing the median gene expression (272" of
group A by that of group B. Wilcoxon signed-rank test was used in RNA expression for
paired samples (n=17). Mann-Whitney test was used to quantify differences in RNA

expression for non-paired samples using the average -ACt value across both sample
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chips (n=17). Analyses were conducted using GraphPad Prism, Python, R software
environment, and iPathwayGuide (Advaita). P-values were not adjusted for multiple
testing due to the small number of patient samples. The median expressions of genes
(22°Y) across all patients were used as cut-off points for Kaplan Meier graphs. Log-rank
(Mantel-Cox) tests were used to analyze Kaplan-Meier overall survival (OS) and
progression free survival (PFS) graphs in all patient CTCs samples (n=17). P-values
threshold of 0.05 were used in the iPathwayGuide analysis.

For studying the CTCs in pancreatic cancer using Labyrinth, paired t-test was
used to analyze the recovered CTCs from patient samples (n=141) in treatment naive
and treatment groups.

For studying CTCs in NSCLC cancer using Labyrinth, Mann-Whitney test (two-
tailed) was used to compare the differences between total numbers of CTCs in patient
samples (n=21) vs. healthy controls (n=3). Unpaired t-tests (two-tailed) were used to
compare EpCAM+ and EpCAM- CTCs, Vimentin+ and Vimentin- CTCs, as well as
single CTC versus CTC-clusters. The IC50 values were calculated with nonlinear
regression model using Prism Graphpad. Results are shown as mean value with 95%
confidence intervals calculated based on results triplicate wells. All drug testing

experiments were repeated at least three times.
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3 Results

3.1 Different design configurations of immunoaffinity microfluidic
devices

As mentioned earlier, there are no unique technologies to enumerate CTCs from
human pancreatic cancer in clinic. Therefore, to determine the highest CTC capture
efficiency different micropost geometries and arrangements of the arrays and other
parameters were explored in the process of optimization of the CTC Carpet Chip
including, CTC Original, Split, Modified, Rotated, and Carpet Chip.

The Split and Modified Chips were different versions of the Original CTC Chip
with some changes on the outliers to make them more specific and sensitive for
capturing purpose. All had pattern of repetition of 10 x 10 arrays of 100 ym posts. The

modifications were shown in red arrows (Figure 3-1).

Figure 3-1: AutoCAD design of different version of the Original CTC Chip. A) Original, B) Split, C) Modified. The
modification in the Split and the Modified CTC Chip were shown with red arrows.
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In the Rotated device, the post arrays were rotated 10° relative to the previous
array until reaching a total rotation of 180° and then decreasing rotation from 180° to 0°
for the subsequent row (Figure 3-2B). CTC Carpet Chip is based on an 18° rotation of

hexagonal arrays of 100 um posts (Figure 3-2C).

Figure 3-2: AutoCAD design of different configurations of the CTC Chip. A) Original, Split, Modified, B) Rotated,
and C) Carpet.

Among all other CTC Chips, CTC Carpet Chip showed the highest % capture
efficiency of spiked pre-labeled PC-3 cell line into buffer/blood at 1 mL hr* as well as
the purity among the other tested CTC Chips (Figure 3-3). The summary of the
comparison between different devices is mentioned in Table 3-1. Different design

configurations are explained in details in appendix section (9.1).
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Figure 3-3: % Capture efficiencies among different configuration of the CTC Chip. % Capture efficiencies of
EpCAM with pre-labeled cancer cells (PC-3) spiked into buffer and blood in 4 different CTC Chip, including Original,
Modified, Rotated, and CTC Carpet Chip. Carpet CTC Chip showed the highest capture efficiency with PC-3 spiked
into blood (87.73%) compared to the other CTC-Chips.

Table 3-1: Comparison between different microfluidic devices, including, Original, Modified, Rotated, and
Carpet.

Microfluidic Devices Array Rotation Captugif(fe;frlc(:;))ncy n Captul?r)tleoifglcz(l)/eo)ncy n
Original 10 x 10 - 25.2 75.2
Modified 10 x 10 - 25.3 71.9

Rotated 10 x 10 10° 35.1 82

Carpet 8x8 18° 31.6 87.7

3.1.1 General optimization of the microfluidic CTC chip
3.1.1.1 Different confluency of cell lines

The effects of % cell confluency (40-50%, 70-80%, and 90-95%) on the EpCAM
capture efficiencies were analyzed with HT-29 cell line with Original, Modified, and
Rotated CTC Chips. The results showed the highest % capture efficiencies in the 70-

80% cell’s confluency group in buffer and blood samples among different devices

(Figure 3-4).
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Figure 3-4: The effect of different cell %confluency of HT-29 cell line on the capture efficiencies of EpCAM.
The 70-80% cell’'s confluency group showed the highest % capture efficiencies among the other groups.

3.1.1.2 Different blocking agent

In terms of increasing sensitivity as well as specificity using CTC Carpet Chip,
different blocking reagents with different flow rates using MCF-7 cell lines were
conducted. Different percentages of BSA alone or with the combination of different
percentages of goat serum were used as a blocking reagent. The results in Figure 3-5
indicated that 3% BSA with 10 mL hr? flow rates had the highest % purity (48.5%)

among the other parameters with 71.7% of capture efficiency.
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Figure 3-5: The effect of different blocking reagents on the capture efficiencies of EpCAM. BSA alone or with
the combination of different percentages of goat serum with MCF7 cell line at different flow rates. 3% BSA at 10 mL
hr* flow rate had the highest sensitivity and specificity among the other parameters.

3.1.1.3 Forward vs. backward PBS washing

To be able to increase % purity, the effect of forward (from inlet to outlet) and
backward (from outlet to inlet) PBS wash were checked within different CTC Chips
(Original, Rotated, and Carpet) using HT-29 cell line. Backward wash had higher %

purity in CTC Carpet Chip (76.4%) among the other parameters (Figure 3-6).
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Figure 3-6: The effect of backward and forward PBS wash on the % purity.
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3.2 CTC Carpet microfluidic Chip technology

CTC Carpet Chip has around 80,000 microposts and the overall size of the
microfluidic device is 44.6 mm x 16.9 mm. The design of CTC Carpet Chip and
representative SEM images of the microposts are shown (Figure 3-7A). The master

mold of the Carpet Chip is shown in Figure 3-7B.

44.6 mm x 16.9 mm

Figure 3-7: Schematic representation of CTC Carpet Chip. A) CTC Carpet Chip designed by AutoCAD software
based on an 18° rotation of hexagonal arrays of 100 um posts. It has around 80,000 post patterns with dimension of
100 um x 100 um, the distance between each post is 50 um in which the posts are distributed in a way to have lateral
flow. The overall size of the microfluidic device is 44.6 mm x 16.9 mm. The red box is showing the SEM image of
some posts in the CTC Carpet Chip. B) The CTC Carpet Chip master mold.

Velocity magnitude profile and the particle tracing plot on a portion of the
diamond shape of the CTC Carpet Chip are shown in Figure 3-8. Cell trajectories (blue
lines) are based on particle tracing and the end position of the cells (15 pm rigid

particles) is shown by red dots (Figure 3-8B). The simulations clearly had shown the
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lateral distribution of fluid around the Carpet design as well as effective cell post

interactions.
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Figure 3-8: Finite element simulations of the CTC Carpet Chip. Simulation studies were done on ¥4 of a diamond
shape of the CTC Carpet Chip to ensure the sensitivity and specificity of the designed chip. A) Velocity magnitude of
flow on a portion of diamond shape of the CTC Carpet Chip. B) Particle tracing plot around microposts near the inlet
demonstrating typical streamlines (blue) and capture of 15 ym rigid particles (red) upon encountering a wall (post).

3.2.1 CTC Carpet Chip optimization
3.2.1.1 Different distance sizes and flow rates

The effects of different distance sizes (50 um and 25 pum) between the CTC
Carpet Chips and different flow rates (1, 3, 5, and 10 mL hr™) on the capture efficiencies
were analyzed. The 50 pum distance showed higher % capture efficiency (94.9%) with

Panc-1 cell line compared to the 25 um (Figure 3-9A). By increasing flow rate from 1 mL
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hr' to 10 mL hr?, capture efficiencies significantly decreased (Figure 3-9B). Therefore,

1 mL hr! flow rate was selected as a constant flow rate.
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Figure 3-9: The effect of different distances between posts of CTC Carpet Chip and different flow rates on the
capture efficiencies of EpCAM. A) Capture efficiencies were higher when there is a 50 pm distance between posts
(94.9%). B) Capture efficiencies were higher when 1 mL hr” flow rate was used (87.7%) compared to the other flow
rates (3, 5, and 10 mL hr™).

3.2.1.2 Different cell line

Four cancer cell lines with different levels of EpCAM expression and one cell line
with high CD133 expression were used for testing and optimization of the CTC Carpet
Chip; HT-29 and Panc-1 (high EpCAM expression), PC-3 (low EpCAM expression), Hs-
578T (no EpCAM expression/negative control) and Capan-1 (high CD133
expression).*®® These cell lines were labeled with green CellTracker dye and spiked into
blood at a concentration of 1000 cells mL™ to test the capture efficiencies of the single
CTC Carpet Chip functionalized with either anti-EpCAM or anti-CD133 antibodies. The
CTC Carpet Chip vyielded the following efficiencies across the different cell lines;
97.5%+2.2 (HT-29) and 94.9%+2.4 (Panc-1), 87.7%+13.9 (PC-3), 13.6% (Hs-578T),

and 73% £16.6 (Capan-1) (Figure 3-10).

69



1 Spiked cells into Blood
n=11

% Capture Efficiency

HT-29 Panc-1 PC-3 Hs-578T Capan-1

EpCAM CD133
Expression Expression

Figure 3-10: The effect of different cell line on the capture efficiencies of EpCAM. Different cell lines with
various levels of EpCAM expression including; HT-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) were used. 1000 green
CellTracker cells were spiked into blood and processed through single CTC Carpet Chip coated with anti-EpCAM or
anti-CD133.

A representative image of entire chip with captured pre-labeled PC-3 cells is
shown in Figure 3-11A. A pseudo-colored SEM image of captured cancer cells spiked
into blood on the CTC Carpet Chip is shown in Figure 3-11B. In the Carpet design, the
posts are arranged in a way to enhance lateral flow in addition to longitudinal flow. In
order to further examine this phenomenon, the number of PC-3 cells captured along the
length of the device was calculated. It was found that the density of the captured PC-3
cells in the Carpet device was high near the inlet (Figure 3-11C) similar density

observations were made for the contaminating blood cells (Figure 3-11D).
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Figure 3-11: Profile capturing across the CTC Carpet Chip. A) Scanned image of the CTC Carpet Chip, shows
increased cell capture near inlet area. B) 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. C) Number of spiked PC-
3 cells into blood captured along the X-axis of Carpet device indicates peak capture area near inlet, along with the
number of WBCs captured along the X-axis of Carpet device (D).

3.3 Dual capture

In order to facilitate separating circulating epithelial EpCAM-expressing and
EMT-like CD133-expressing cells in different devices in sequential order from the same
sample, 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 3-12.
Blood was passed through the connected chips at a flow rate of 1mL hr™ through the

inlet of the first device.
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Figure 3-12: Representative image of a dual CTC Carpe Chip. 1 mL blood was sent through the anti-EpCAM
coated CTC Carpet Chip which was connected to the anti-CD133 coated CTC Carpet Chip in sequence.
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3.3.1 Optimization and re-evaluation of the dual CTC Carpet Chip

3.3.1.1 Western blot and FACS on the capture antibodies; EpCAM and CD133

In order to check the expression of EpCAM and CD133 on PC-3 and HT-29 cell
lines, western blot analyses were conducted. The results indicated over/less-expression
of EpCAM and high/none expression of CD133 on HT-29/PC-3 cell line respectively

(Figure 3-13).

HT-29
PC-3

Figure 3-13: Western blot analysis of EpCAM and CD133 on HT-29 and PC-3 cell lines.

FACS analyses were conducted on HT-29 and Panc-1 cell line to check the
expression of EpCAM and CD133. Results showing higher expression of EpCAM
(99.7%) and CD133 (19.6%) in HT-29 cell line, compared to the Panc-1 cell line (70.9%

and 0.7% of EpCAM and CD133 respectively) (Figure 3-14A-B).
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Figure 3-14: The FACS analysis to check the expression of capture antibodies (EpCAM and CD133) on
different cell lines. The FACS results of HT-29 (A), Panc-1 (B) indicated over-expression of EpCAM (99.7% /
70.88%) and less expression of CD133 (19.6% / 0.68%) for HT-29 and Panc-1 respectively.

3.3.1.2 FACS analysis on the detection antibodies; Cytokeratin and Vimentin

The expression of the detection antibodies, CK and Vimentin, were checked with
FACS analysis on three different cancer cell lines, PC-3, MCF-7, and SUM-159
(Figure 3-15 and Figure 3-16). The expression of CK7&8 and three different Vimentin
antibodies from different resources (#1-Santa Cruz, #2-Cell Signaling, and #3-BD
biosciences) and different hosts (rabbit and mouse) were checked.

The FACS analysis showed 99.3% of CK7&8 expression on PC-3 cell line

(Figure 3-15A), 84.6% on MCF-7 (Figure 3-15B), and 31.6% on SUM-159
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(Figure 3-15C). All three cell lines did not show any expression of Vimentin from source

#1 and #2 (Figure 3-16A1, A2, B1, B2, C1, and C2). However, Vimentin #3 were

expressed 33.5% on PC-3 (Figure 3-16A3), 53.9% on MCF-7 (Figure 3-16B3), and

88.8% on SUM-159 (Figure 3-16C3). Therefore, Vimentin #3 was selected for further

analysis.
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Figure 3-15: FACS analysis to check the expression of detection antibodies (CK) on different cell lines. (A)
PC-3, (B) MCF-7, and (C) SUM-159 cell lines expressed 99.3%, 84.6% and 31.6% of CK7&8 respectively.
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Figure 3-16: FACS analysis to check the expression of detection antibodies (Vimentin) on different cell lines.
A) PC-3), B) MCF-7, and C)SUM-159 cell lines did not express Vimentin from source #1 (Santa Cruz) (A-1, B-1, and
C-1) and #2 (Cell Signaling) (A-2, B-2, and C-2). However, Vimentin #3 (BD bioscience) were expressed on PC-3
(33.5%), MCF-7 (53.9%), and SUM-159 (88.8%) cell lines (A-3, B-3, and C-3).

Sensitivity and specificity of the dual CTC Carpet Chip

Four different set-ups were tested in order to evaluate the sensitivity and

specificity of the capture rates of the chips, each coated with and without the antibodies

of interest (anti-EpCAM and anti-CD133), using Panc-1 spiked into blood. Chips coated

with no antibodies (EpCAM- and CD133-) showed <3% capture efficiency (false

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
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efficiencies. EpCAM- and CD133+ dual chips captured 2.4% and 7.2% EpCAM+ and
CD133+ cells capture efficiencies (Figure 3-17), demonstrating high specificity and
consistent yields for both of the captured antibodies in the dual isolation. In summary,
applying dual CTC Carpet Chip technology in terms of isolating different type of cancer

cells was quite sensitive and specific.
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Figure 3-17: Sensitivity and specificity of the capture efficiencies of the dual CTC Carpet chip. % Capture
efficiencies of Panc-1 cell lines spiked into blood with or without antibodies (EpCAM and CD133) in the dual chips.
The solid/hatched yellow and blue bars show the presence/absence of EpCAM and CD133 antibodies.

3.3.1.4 Immunofluorescence staining

After cell capture, cancer cells were detected by immunofluorescence staining

protocol described in section 2.8.

3.3.1.4.1 Optimization of the detection antibodies

In order to optimize the immunofluorescence staining protocol different
antibodies, alone or in a combination form, including (Pan) cytokeratins, CD45, and

Vimentin with different isotypes from different resources were tested in 16 pancreatic
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cancer patient samples. Additional information about this optimization is provided in
appendix section (Table 9-5).

Comparison between specificity of CK7&8 and PanCK antibodies on the number
of EpCs per mL on EpCAM chip were checked on pancreatic cancer patient samples
(n=3) (Table 9-5). Numbers of EpCs captured on the EpCAM chip were significantly
higher when PanCK antibodies were used as detection antibodies compared to EpCs

numbers when CK7&8 antibodies was used (p=0.009) (Figure 3-18).
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Figure 3-18: Comparison between CK7&8 and PanCK in detecting the EpCs in pancreatic cancer patient
samples (n=3).

3.3.1.4.2 Triple staining of PanCK, Vimentin and CD45

To determine the presence of EpCs+ in the CD133 chip and EMTCs+ in the
EpCAM chip, 16 patient samples were tested through triple staining of each chip (CK
and Vimentin along with CD45) (Figure 3-19). Two out of 16 samples were Vimentin+
cells in the EpCAM Chip (1 and 4 cells), and two out of 16 were CK+ cells in the CD133
Chip (2 and 1 cells). As the results show in Figure 3-19, these markers were relatively
specific for their origins, meaning there were few captured EMTCs (mean 0.3 cells mL™

) in EpCAM Chips and few circulating EpCs in CD133 Chips (median 0.2 cell mL™?). A
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small number of double positive (PanCK*/CD45") cells were found in some samples

and were excluded from this study due to unknown origin and significance.
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Figure 3-19: Analysis of pancreatic cancer patient samples (n=16) with triple staining (CK, Vimentin, and
CD45) for each CTC Carpet Chip. Two out of 16 samples were Vimentin+ cells in the EpCAM Chip (1 and 4 cells).
Two out of 16 samples were CK+ cells in the CD133 Chip (2 and 1 cells).

3.3.1.4.3 Finalized detection antibodies

Each chip was stained with either PanCK (for the EpCAM chip) or Vimentin (for
the CD133 chip) antibodies. The leukocytes were identified by CD45 and neoplastic
cells were identified as expressing EpCAM or CD133 and lacking expression of CD45.
Figure 3-20A-B shows representative images of captured cancer cells stained for
PanCK (red) and CD45 (green) to distinguish EpCs and WBCs. The captured EMTCs in
the CD133 chip are shown in Figure 3-20C, with Vimentin (orange) and CD45 (green)
used as detection antibodies for the EMTCs and WBCs respectively. In summary,
PanCK+/CD45-/DAPI+, and Vimentin+/CD45-/DAPI+ phenotypes were determined and

enumerated as EpCs and EMTCs respectively.

78



# € Cancer cell
Merged “Topm

Figure 3-20: CTC Carpet Chip cell line immunofluorescence staining. Anti-human CD45, anti-human PanCK,
and anti-human Vimentin antibodies were tested with cancer cell lines. A) Confocal image of a typical CK+ cancer
cell. The PanCK+ CTCs were detected with PanCK (red) along with a CD45+ (green) WBC (B) Captured CK+ cells in
the EpCAM chip using PC-3 cells spiked into blood (C) and Vimentin+ cells in the CD133 chip using SUM-159 cells
spiked into blood.

3.3.1.5 CTC Carpet Chip sequence analysis

The effect of the device order (EpCAM Chip connected to the CD133 device
(EpCAM - CD133: Epl1l/CD2) and vice versa (CD133 - EpCAM: CD1/Ep2) on capture
efficiencies of the spiked green CellTracker Panc-1 cell line into blood and pancreatic
cancer patients samples (n=6) was tested (Figure 3-21). In the Panc-1 cell line, the %
capture efficiency of the EpCAM Chip was 70.7% when the EpCAM Chip was run as the
first Chip (Epl) and 31.6% when the EpCAM Chip was conducted as the second Chip

(Ep2), while, the % capture efficiency of the CD133 Chip was 15.7% and 7.1% when the
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CD133 Chip being used as the first (CD1) compared to the second (CD2) Chip,
respectively (Figure 3-21A).

The effects of the reverse study on the number of captured CTCs mL™ from
different pancreatic cancer patient samples (n=6) are shown in Figure 3-21B. The
numbers of captured EpCs/EMTCs mL™ were higher in the Ep1/CD2 (22.5/85.3 CTC
mL™) group compare to the CD1/Ep2 (73.5/10 CTC mL™). In summary, the cell line
results indicated when the EpCAM/CD133 Chip was arranged as a first device (Ep1 and
CD1), the capture efficiencies were higher, while the numbers of captured
EpCAM*/CD133" were higher in the Ep1/CD2 group compare to the CD1/Ep2 from

pancreatic cancer patients.
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Figure 3-21: The effect of Chip’s order on the numbers of captured cells on dual study. A) The effect of
reverse study on the % capture efficiencies of Panc-1 cell line on different orders of EpCAM vs. CD133 CTC Chips
(EpCAM > CD133 (Epl/CD2) and CD133 - EpCAM (CD1/Ep2)). B) The effect of reverse study on the number of
CTCs mL" in pancreatic cancer patient samples (n=6). Yellow/blue bars show EpCAM/CD133 Chips. Solid bars
show EpCAM - CD133 (Ep1/CD2), and hatched bars show CD133 &> EpCAM (CD1/Ep2).

3.4 Application of the CTC Carpet Chip to evaluate heterogeneity in
pancreatic cancer patient samples

Thirty-five patients with histologically documented PDAC of varying stages were

analyzed, with clinical data provided in details in appendix section (Table 9-6). Blood
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samples from nine healthy controls were used for the CTC counts comparison
(Table 9-6).

3.4.1 Epithelial CTCs (EpCs) and EMT-like CTCs (EMTCs) recovered from pancreatic
cancer patients

The dual CTC Carpet Chips were connected in the sequential order of EpCAM
first followed by CD133 in order to capture the EpCs and EMTCs (Figure 3-12) and then
whole blood collected from the patients was flowed through the chips at 1mL hr™.
Figure 3-22A show representative images of EpCs cells on the EpCAM chip captured
from pancreatic cancer patients. The EpCs and WBCs were stained with PanCK (red)
and CD45 (green) respectively. EpCs demonstrating varied morphologies, ranging from

round to oval in shape and in some cases occurring as cluster (Figure 3-22B).
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Figure 3-22: Characterization of circulating epithelial CTCs (EpCs) in the EpCAM Carpet Chip from pancreatic
cancer patients. A) EpCs and WBCs were stained with PanCK and CDA45 respectively, in addition to DAPI. Red
arrow is showing a PanCK EpC. B) An EpC cluster captured around the posts. Post outlines are marked in white
circle and bright field. The post outlines are marked with white circles.

Figure 3-23A shows images of an EMTC and a leukocyte. As shown in

Figure 3-23B, EMTCs captured on the chip had a wide range of cell sizes. Red, orange,
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and green arrows indicate PanCK, Vimentin, and CD45 staining respectively.

Figure 3-23C shows a representative confocal image of a EMTC (pink) and a WBC

(green) captured from a Pancreatic cancer patient on the CD133 chip.

Figure 3-23: Characterization of circulating EMT-like CTCs (EMTCs) in the CD133 Carpet Chip from
pancreatic cancer patients. A) Vimentin (orange) and CD45 (green) staining for detection of EMTCs and WBCs
respectively. Orange and green arrows are showing Vimentin and CD45 positive cells respectively. B) Different sizes
of EMTCs captured on the device. C) Confocal image of EMTC (pink) and WBC (green).

3.4.2 Pancreatic CTCs enrichment using the CTC Carpet Chip compared to healthy

control samples

We quantified the captured EpCs and EMTCs on EpCAM and CD133 chips and
found that 97.5% of the patients had EpCs+ (25 PanCK+ CTCs mL™) with a mean of
22.4+17.7 mL™, while all 35 patients had EMTCs (215 Vimentin+ CTCs mL™) with a
mean of 85.7+59.5 mL™. In contrast, low numbers of EpCs (0.9+0.9 mL™) and EMTCs
(1.9+2 mL™) were observed in the HCs samples (Figure 3-24). In summary, the results
indicate significant differences between the overall number of CTCs in pancreatic
cancer patients samples (108.1+63.5) vs. HCs (2.8+2.6) (p<0.0001), as well as the

number of EpCs (20.8% of overall CTCs) vs. EMTCs (79.2% of overall CTCs). We

82



found significantly higher numbers of EMT-like CTCs in circulation in pancreatic cancer

patients compared to epithelial CTCs (p<0.0001).
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Figure 3-24: Analysis of EpCs and EMTCs from pancreatic cancer patient samples compared to the healthy
controls. Enumeration of EpCs and EMTCs on the anti-EpCAM and anti-CD133 coated CTC Carpet Chips from
pancreatic cancer patients (n=35) along with HCs (n=9). Significant difference between the overall number of CTCs in
pancreatic cancer patients samples (108.1+63.5) vs. HCs (2.8+2.6) (p<0.0001) was observed using unpaired t-tests
(two-tailed). Significantly higher numbers of EMTCs (85.7+59.5) compared to EpCs (22.4+17.7) were observed
(p<0.0001) using paired t-tests (two-tailed) (n=35).
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3.4.3 Pancreatic CTCs enrichment using the CTC Carpet Chip to explore associations

with clinical outcomes

To further explore the relationship of EpCs and EMTCs and clinical outcomes in
the pancreatic cancer patient cohort (n=35), the CTC counts from these two cell
populations were analyzed based on clinical disease stages (Figure 3-25). All stages
except stage IIA showed significantly higher numbers of EMTCs compared to the
number of EpCs (Figure 3-25A). Patients with stage 1V disease showed higher numbers
of EMTCs than EpCs (p=0.0008).

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 significantly higher numbers of EMTCs than EpCs between all these
groups, except borderline resectable patients due to the small sample numbers
(Figure 3-25B). The ratio of EpCs/EMTCs to total number of CTCs has a
decreasing/increasing trend with later stages (Figure 3-25C). The percentage of EpCs
decreased toward late stages, whereas the percentage of EMTCs increased.

Figure 3-25D-F summarize the frequencies of EpCs and EMTCs characterized in
different patient subgroups, including tumor size <2cm vs. >2cm, no lymph node
involvement (NO) vs. lymph node involvement (N1), and non-metastatic (MO) vs.
metastatic (M1) groups. Significantly higher numbers of EMTCs (p=0.04) were observed
when the patients were grouped based on lymph node involvement (N1) compared with

no lymph node involvement (NO) patients.
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Figure 3-25: Analysis of EpCs and EMTCs from pancreatic cancer patient samples based on their clinical
outcomes. A, B) Analysis of number of EpCs and EMTCs recovered in pancreatic cancer patient samples (n=35)
based on their clinical disease stages from stage IlA (n=6), lIB&IIl (n=17), and IV (n=12), and based on tumor status
(resectable (n=9), borderline resectable (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. C) Ratio of EpCs to total number of CTCs and ratio of EMTCs to total number of CTCs from early to advanced
stage disease. D-F) Enumerated EpCs and EMTCs grouped according to tumor size (> or <2cm (D), lymph node
involvement (NO or N1) (E), and metastasis (MO or M1) (F). 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 NO group (n=13) (p=0.04). No significant correlation between tumor size and metastatic burden were
observed.
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3.5 Gene expression profiling of EpCs and EMTCs by quantitative
reverse transcription polymerase chain reaction (QRT-PCR)

We profiled the mRNA expression of both of these populations using a panel of
96 cancer-related genes (Table 2-1). RNA was extracted from captured CTCs and
utilized for gene expression profiling by RT-gPCR. Gene expression profiles of CTCs
isolated from blood samples of pancreatic cancer patients (n=17) which were run

through the dual CTC Carpet Chip are present as heat map (Figure 3-26).

3.5.1 Gene expression profiling on the captured CTCs on EpCAM Chip vs. CD133 Chip

Figure 3-27A presents the median log fold change (logFC) of select genes with
logFC>1.5 in EpCAM Chip (yellow) and in CD133 Chip (blue). Figure 3-27B-C present
box plots showing expression of significant differential expression of genes in patient
CTCs isolated by EpCAM and CD133 chips. CXCR1 (p=0.03) in the EpCAM chip
(Figure 3-27B), and POUS5SF1 (or Oct-4) (p=0.008) and MYC (p=0.03) in CD133 chip

(Figure 3-27C) were significantly differentially expressed.
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CD133 chip

Figure 3-26: Clustering heat map of gene expression profiling of CTCs in pancreatic cancer patients samples
(n=17). Clustering heat map analysis of gene expression data based on CTCs captured by EpCAM vs. CD133 CTC
Carpet Chips was performed using -ACt. The top section shows the heat map of CTCs captured on EpCAM chip and
the bottom section of the panel presents the CTCs captured on the CD133 chip. The color scale shown at the top
illustrates the relative expression level of genes across the samples: red represents an expression level above the
mean, blue represents expression lower than the mean.

87



* MYC/
TIMP3
KRT191
TTF1
PCNA{
NANOGH
KRT181
DCN;
CD3D;
THY1
MCAM:
TP53;
* POUSF1
* CXCR14 ]
BMi1 ]
CD141 ]
CD24 I I el

pValue = 0,03
MMP9 1 I— : -
CD45- . I— ‘
Ercc1{ L1 EPCAM chip ] T' . :
esr1{ I@ CD133 chip e : ]

i | T _— '
S N A

RO S < al,
Median Log Fold Change (-ACt) COisachip  EpCAM chip

CD133 chip  EpCAM chip

c POUSF1
padue = 0008

~Digita CT
-18 -§

-18

-0

CD133 ehip  EPCAM chip

Figure 3-27: Gene expression profiling in pancreatic cancer patients CTC samples (n=17) based on the
capture device. A) The median log fold change (logFC) of selected genes with logFC>1.5 is shown in yellow (for the
EpCAM chip) and blue (for the CD133 chip). Each fold change is calculated from the 278, B-C) Box plot diagrams of
significantly differently expressed individual genes in EpCAM chip (B), CXCR1 (p=0.03) and POU5F1 (or Oct-4)
(p=0.008) and MYC (p=0.03) in CD133 chip (C). Yellow and blue bars represent the EpCAM and CD133 chips
respectively. The Wilcoxon signed-rank test was used in RNA expression for paired samples (n=17).

3.5.2 Hematoxylin & Eosin (H&E) staining and immunohistochemistry (IHC) analysis of

primary tissues

We obtained the PDAC tissues, and stained them for the markers of interest
based on analysis of CTCs. We previously showed that genes including CXCR1 and
BMi1 have 26 logFC in EpCAM Chip compared to CD133 Chip (Figure 3-27A). We
found that, the primary tissues of early stage patients were highly positive (intensity of 3,
100% positivity) for BMil protein expression shown by immunohistochemistry (IHC)
analysis (Figure 3-28A). The Hematoxylin & Eosin (H&E) staining of the corresponding

primary tumor tissue is shown in Figure 3-28A.
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We also reported that genes including POU5F1 (or OCT-4), TP53 and MCAM (or
CD146) showing =5 logFC in CD133 Chip compared to EpCAM Chip (Figure 3-27A).
IHC analysis of TP53 protein expression in the primary PDAC tissue showed high
positivity (intensity of 2, 90% positivity) of this marker (Figure 3-28B). The H&E staining
of the corresponding primary tumor tissue is shown in Figure 3-28B. IHC analysis of
MCAM protein expression in the primary PDAC tissue was moderate positive (intensity
of 2, 30% positivity) (Figure 3-28C). The H&E staining of the corresponding primary
tumor tissue is shown in Figure 3-28C.

IHC analysis of CD133 protein expression in the primary PDAC tissue showed
different range of positivity (intensity of 1 and 3, 5-60% positivity) of this marker
(Figure 3-28D). The H&E staining of the corresponding primary tumor tissues are shown
in this figure.

To further explore the gene signatures in different stages of disease, the patients
were grouped based on their disease stages (Figure 3-29, Figure 3-30, and

Figure 3-31). The summary of selected genes (p<0.05) are shown in the box plots.

3.5.3 Gene expression profiling on stage IIA pancreatic cancer patients (n=5)

Stage IlA patients showed significant differential expression of genes including
ATL1, BMil, CD14, CDH2, ERCC1, MKi67, TTF1, and Vimentin compared to all other
stages (Figure 3-29A). We also compared protein level expression of select differentially
expressed markers by IHC of primary tissues. The H&E staining of the primary PDAC
tissues of early stage patients is shown in Figure 3-29B. The corresponding primary

tumor tissues were highly positive (intensity of 3, 100% positivity) for BMil protein
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expression and moderate positive (intensity of 2, 10% positivity) for MKi67 protein

expression shown by IHC analysis (Figure 3-29C).

A

Figure 3-28: Immunohistochemistry of the primary tumor tissues of PDAC patients. A) BMil protein
expressions (intensity of 3 in 100% tumor cells). B) TP53 marker (intensity of 3 in 90% tumor cells). C) MCAM
marker (intensity of 2 in 30% tumor cells). D) CD133 marker from different tissue samples (intensity between 1 and 3
in 5-60% tumor cells). The H&E staining images of the corresponding primary tumor tissues of PDAC patients is
shown. Original magnification: x100.
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Figure 3-29: Gene expression profiling of CTCs based on stage IIA pancreatic cancer patients. Stage IIA
samples (n=5) compared to the rest of stages (n=30) analysis. A) Box plot diagrams of significantly (p<0.05) highly
expressed individual genes in stage IIA CTC samples compared to the rest of stages including ATL1, BMil, CD14,
CDH2, ERCC1, MKi67, TTF1, and Vimentin genes. B) The H&E staining image of the primary tumor tissues of early
stage patient. C) IHC analysis of the corresponding primary tumor tissues of early stage patients for BMil and MKi67
protein expressions revealed diffuse and strong positivity for BMil (intensity of 3 in 100% tumor cells), and patchy
moderate positivity for Mki67 (intensity of 2 in 10%tumor cells) protein expression. The Mann-Whitney test was used
to quantify differences in RNA expression for non-paired samples using the average -ACt value across both sample
chips (n=17).

3.5.4 Gene expression profiling on stage IIB&IIl pancreatic cancer patients (n=18)
Pancreatic cancer patients in stages [IB&IlIl showed significant differential

expression of ALDH1A3, ESR1, KRT18 and KRT19 compared to stage IIA

(Figure 3-30A). Comparing stages IIB&IIl with stage IV patients reveled significant

differential expression of genes including AKT1 and CD3D (Figure 3-30B).
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Figure 3-30: Gene expression profiling of CTCs based on stage |IB&IIl pancreatic cancer patients. A) Box plot
diagrams of significantly highly expressed individual genes in stage 1IB&IIl CTC samples (n=18) compared with the
early stage (n=5) including ALDH1A3, ESR1, KRT18 and 19, and B) AKT1 and CD3D genes when stage IIB&lll
(n=18) compared with the late stage (n=12). The Mann-Whitney test was used to quantify differences in RNA
expression for non-paired samples using the average -ACt value across both sample chips (n=17).

3.5.5 Gene expression profiling on stage IV pancreatic cancer patients (n=12)

Stage IV patients showed significantly elevated expression of CDH1, DCN,
KRT19, PGR, and PIK3CA genes compared to the rest of the stages (Figure 3-31A).
The H&E staining of the primary PDAC tissue of late stage pancreatic cancer patients is
shown in Figure 3-31B. The protein expression of PIK3CA in the corresponding primary

tumor tissues was moderate (intensity of 2, 20% positivity) (Figure 3-31C).
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Figure 3-31: Gene expression profiling of CTCs based on stage IV pancreatic cancer patients. A) Stage IV
samples (n=12) compared to the rest of the stages (n=23) showed significantly over expression of genes including,
CDH1, DCN, KRT19, PGR, and PIK3CA. B) The H&E staining image the primary tumor tissues of late stage patient.
C) PIK3CA protein expressions revealed patchy moderate positivity for this gene (intensity of 2 in 20% tumor cells)
protein expression with IHC of primary tumor tissues. The Mann-Whitney test was used to quantify differences in
RNA expression for non-paired samples using the average -ACt value across both sample chips (n=17).

3.6 Molecular signature and prognosis

In the cohort considered in this study, the median overall survival (OS) of all
patients was 15+£10.2 months (m) (2.5-33.7) and the median progression free survival
(PFS) was 5.6+10.5 m (1.7-33.5). The survival estimated by Kaplan Meier (KM) were
significantly better for patients with high expression of AKT1 (21.1 vs. 6 m p=0.08 for
OS, and 11.6 vs. 4.6 m p=0.03 for PFS), BMil (20.4 vs. 13.6 m p=0.04 for OS, and 9.2
vs. 4.6 m for PFS), CDH2 (30.2 vs. 14.8 m p=0.04 for OS, and 6.9 vs. 5.1 m for PFS),
ERCC1 (22.3 vs. 10.6 m p=0.04 for OS, and 11.7 vs. 4.6 m p=0.02 for PFS), IL8 (21.1
vs. 6 m p=0.08 for OS, and 11.6 vs. 4.6 m p=0.03 for PFS), TTF1 (20.4 vs. 12.8 m
p=0.08 for OS, and 9.3 vs. 2.5 m p=0.04 for PFS), and TP53 (18 vs. 11.4 m for OS, and
10 vs. 4.6 m p=0.03 for PFS) (Figure 3-32A-G). The H&E staining of the primary PDAC

tissue of a pancreatic cancer patient is shown in Figure 3-32Hi. IHC analysis of TP53
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protein expression in the corresponding primary tumor tissue showed high positivity
(intensity of 2, 90% positivity) of this marker (Figure 3-32H-ii). Pancreatic cancer
patients with higher expression of metastatic marker GEMIN2 (5 vs. 18 m p=0.01" for
OS, and 4.6 vs. 7.7 m for PFS), and stem marker POU5F1 (13.4 vs. 20.4 m for OS, and

4.6 vs. 10.1 m p=0.04" for PFS) showed worse OS or PFS respectively (Figure 3-321-J).
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Figure 3-32: Relationship between CTCs gene expression and prognosis. Comparison of Kaplan-Meier overall
survival (OS) and progression free survival (PFS) graphs in all patient CTCs samples (n:173 with low (blue) and high
(red) expressions of selected genes are shown. The median expression of each gene (2"A t) across all patients was
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 ERCCL1 in pancreatic cancer patients showed significantly greater
OS (p=0.04). Higher expression of genes including AKT1 (p=0.03), ERCC1 (p=0.02), IL8 (p=0.03), TTF1 (p=0.04),
and TP53 (p=0.03) were significantly correlated with prolonged PFS. H) The H&E staining image of (i) the primary
tumor tissue, (ii) and TP53 marker showed diffuse positivity (intensity of 2 in 90% of tumor cells) of this marker in the
corresponding primary tumor tissues. 1-J) Patients with high expression of genes including, GEMIN2 (p=0.01) and
POUS5F1 (p=0.04) had a worse OS and PFS respectively compared with those with low expression of these genes.
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3.7 Monitoring patients based on the treatment regime

Analysis of heterogeneous population of pancreatic CTCs will provide greater
insight into responses to therapeutic agents. In this study, we simultaneously isolated
both EpCs and EMTCs at baseline (treatment naive) and through treatment courses

from limited number of pancreatic cancer patients.

3.7.1 CTC burden monitoring

In limited number of patients (n=8) we had multiple visits and subsequent
molecular analysis (n=5) of these samples. Additional information is provided in
appendix section (Table 9-7). All patients in visit 1 (treatment naive) were naive (n=8);
however, 5 samples in visit 2 received chemo treatment in their second visit, and 3
samples were on chemo plus radiation treatment. Patients in visit 3 were received either
chemo alone (n=2) or chemo plus radiation treatment (n=2). Patients in visit 4 either
received chemo (n=2) or off chemo treatment (n=1). The CTC numbers of pancreatic
cancer patient samples (n=8) in different visits are shown in Figure 3-33. EpCs (yellow)
and EMTCs (blue) mL™ in different visits showed that the number of EMTCs were
significantly higher in visit 1 and 2 compared to EpCs, also the number of EpCs

significantly increased from visit 2 to visit 3 (Figure 3-33).

3.7.2 Gene expression profiling

Gene expression analysis were studied for some of these follow up patient
samples (n=5) in their first (treatment naive) and second (under chemo treatment) visits.
The results showed that PIK3CA was significantly upregulated in visit 1 patients. Genes

including, ERCC1, CD45, BAX, NANOG, and BCL2 in visit 1 patients, and ESR1,
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MCAM, and KRas in visit 2 group showed >8.5 log FC compared to the other cohort

(Figure 3-34A).
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Figure 3-33: CTC numbers of pancreatic cancer patient samples (n=8) over the treatment. A) Numbers of EpCs
(yellow) and EMTCs (blue) mL™ in different visits showed that the number of EMTCs in visit 1 and 2 are significantly
higher compare to the EpCs. Numbers of EpCs significantly increased from visit 2 to visit 3. B-C) Numbers of EpC
and EMTCs in individual patient samples. Patients were grouped based on increasing (P 20, 04, 30, and 33) and
decreasing (P 21, 22, 29, and 31) group in EpCs numbers (B). Patients were grouped based on increasing (P 29, 20,
30, and 33) and decreasing (P 21, 22, 31, and 04) group in EMTCs numbers (C).
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The KM estimates were analyzed for these follow up patients (n=5). Patients with
high expression of AKT1, CTNNB1, and ERCC1 showed better PFS (24.1 vs. 13.6 m
for OS, and 11.7 vs. 3.2 m p=0.03" for PFS) (Figure 3-34B). The OS were significantly
worse for patients with high expression of genes including MYC, PGR and, TP53 (13.4
vs. 24.1 m p=0.03" for OS, and 5.1 vs. 11.7 m for PFS) (Figure 3-34C), and POU5F1

(14.6 vs. 28.9 m p=0.06 for OS, and 4.6 vs. 22.6 m p=0.06 for PFS) (Figure 3-34D).
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Figure 3-34: Gene expression analysis of pancreatic cancer patient samples (n=5) over the treatment. The
median log fold change (log FC) of selected genes with log FC>1.5 is shown for the visit 1 (treatment naive) patients
samples (light green) and for the Visit 2 patient (under chemotherapy) samples (dark green). Each fold change is
calculated from the 22", PIK3CA gene showed significantly higher in patients with naive patients. B-D) The KM for
OS and PFS of the selected genes which had log FC >1.5 in different visits of patients (n=5). B) Higher expression of
genes including AKT1, CTNNB1, and ERCC1 led to longer OS and PFS (*). C-D) Higher expression of genes
including MYC, PGR, TP53, and POU5F1 (or OCT-4) led to worse OS and PFS.
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3.8 Application of the CTC Carpet chip in PDAC xenograft model

PDAC is characterized by a dense stroma, which is heterogeneous and
composed of both cellular and acellular components.*®” The cellular component mostly
consists of mesenchymal-appearing spindle-shaped cells (cancer associated fibroblast
or CAFs), immune and vascular cells.*®" It has been hypothesized that the stroma
contributes to the aggressive nature of PDAC; however the precise role of the stroma in
pancreatic tumoigenesis remains controversial. Earlier studies using in vitro assays,
xenografts, and genetically engineered mouse models have suggested that activated
cells promote tumor growth and metastasis.*®’

The aim of this study was to isolate both CTCs and CFCs (circulating fibroblast
cells) from a patient-derived PDAC xenograft model.®” The model system was
established by injecting 10°> GFP (green fluorescent protein)-luciferase-labeled tumor
cells mixed with the same number of DSRed (red fluorescent protein)-labeled cancer
associated fibroblast (CAF) and cancer associated mesenchymal stem cells (CA-MSC)
subcutaneously into NOD-SCID mice (n=26). GFP-luciferase-labeled tumor cells (CAF
and CA-MSC) injected alone served as the experimental controls. Upon tumor formation
in mice, blood samples were collected for the CTC and CFC counts. Tumors were
harvested from mice, digested into single cells and then cultured for secondary
reimplantation in a new cohort of NOD-SCID mice after FACS flow sorting. After the
formation of the secondary tumors, blood samples were again collected for the CTC and
CFC counts. An overview of the experimental plan is shown in Figure 3-35.

Injection of tumor cells alone resulted in the development of small tumors

comparable in size to those generated by injection of tumor cells plus CAF cells over
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the 1.4 week period of study, while larger tumors developed in the tumor cells plus CA-

MSC group™’ (Figure 3-36).
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Figure 3-35: Strategies of the application of CTC Carpet Chip to isolate both CTCs and CFCs from pancreatic
cancer mouse model.
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Figure 3-36: Pancreatic cancer cells transduced with a luciferase-expressing lentivirus were subcutaneously
injected alone or with CAF or CA-MSC into NOD/SCID mice. Bioluminescent-based tumor growth (measured by
signal intensity p/s/icm2) of luciferase tumors alone or in combination with CAFs or CA-MSCs (MSCs). Larger tumor
sizes were found the tumor plus CA-MSC group.

For metastatic progression to occur, carcinoma cells must traverse through the
basement membrane and disseminate into the bloodstream. Hence we examined the
presence and extent of circulating GFP-labeled tumor cells and DSRed-labeled CAFs
and CA-MSCs from the mouse blood samples using the CTC Carpet Chip. Figure 3-37
presents some examples of the captured GFP-labeled tumor cells (CTCs) in the form of
single CTCs (Figure 3-37A) and clusters (Figure 3-37B) in the CTC Carpet Chip. H&E

staining of some captured cells are also shown in Figure 3-37C.

100



Figure 3-37: Representative images of captured circulating GFP+ tumor cells (CTCs) using CTC Carpet Chip
from mice blood samples. A) A single captured CTC along with a WBC. B) Cluster form of CTCs. C) H&E staining
of the capture CTCs around the posts.

Circulating GFP* tumor cells were detected in all three groups; tumor alone,
tumor plus CAF and CA-MSC, however there was a significant increase in the number
of circulating GFP* tumor cells in the tumor cells plus CA-MSC group compared to the
tumor cells alone and tumor cells plus CAF groups (Figure 3-38 and Table 3-2). Further
DSRed positive circulating cells were detected in only the tumor cells plus CA-MSC

mice group.
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Figure 3-38: Quantification of circulating GFP+ tumor cells (CTCs) in tumor alone, tumor plus CAF, and CA-
MSC groups and DsRed+ fibroblasts cells (CFCs) in tumor+CAF and CA-MSC groups. The presence of CA-
MSC increased the number of CTCs compare to the tumor alone group significantly.

Table 3-2: Numbers of GFP+ tumor cells (CTCs) in tumor alone, tumor plus CAF, and CA-MSC groups and
DsRed+ fibroblasts cells (CFCs) in tumor+CAF and CA-MSC groups.

Tumor+CAF Tumor+CAF Tumor-CA-MSC Tumor-CA-MSC
(CTCs) (CFCs) (CTCs) (CFCs)
316 160 0 382 2
352 32 0 1180 12
82 104 0 1096 8
352 496 0 280 0
52 - - 136 2

Furthermore, the primary tumors from the mice were harvested, digested, and
both tumor and CAF/CA-MSC cells were grown in culture. This mixed population was
then FACS sorted, and only tumor cells were re-injected subcutaneously into NOD-
SCID mice (n=13). After the tumor formation, we examined the presence of circulating
GFP-labeled tumor cells by using the CTC Carpet Chip. The number of the GFP

positive cells (CTCs) in all tumor alone and tumor plus CAF/CA-MSC groups in the
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second injection was significantly higher compared to the first injection group

(Figure 3-39 and Table 3-3).
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Figure 3-39: The effect of the reinjection on the number of GFP positive cells on the tumor, tumor plus CAF
CA-MSC groups. The CTC numbers in all groups were significantly higher in the 2" injection.

Table 3-3: Numbers of GFP positive tumor cells (CTCs) in tumor, tumor plus CAF and CA-MSC groups in the
first and second injection.

Tumor (ist) Tumor (2nd) Tumor+CAF Tumor+CAF Tumor-CA-MSC | Tumor-CA-MSC
(1st) (2nd) (1st) (2nd)
316 524 160 2750 382 2740
352 1245 32 6840 1180 1445
82 1530 104 1330 1096 1013
352 2055 496 3130 280 2945
52 - - - 136 3085
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3.9 Application of the Labyrinth technology in pancreatic cancer patients
The overall strategy of this clinical study was to validate the utility of CTCs as a
tool for assessing tumor response to the only three therapy options available for

pancreatic cancer: surgery, chemotherapy, and radiotherapy (Figure 3-40).
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Figure 3-40: Experimental outline for isolation of CTCs in pancreatic cancer patients using Labyrinth
technology.

391 Optimization of Labyrinth using pancreatic cancer cell line

As demonstrated previously, the long loops and sharp corners in the Labyrinth
device enhance the separation of CTCs from other blood components.'®® The device
consists of 11 loops and 56 corners. The loops have a small curvature ratio to provide
enough channel length to achieve total focusing of CTCs from other blood cells. In

contrast, the sharp corners have a high curvature ratio to enhance the focusing of blood
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cells. Labyrinth has one inlet and 4 outlet channels (Figure 3-41A). The device has 637
mm channel length in total, with 500 pm in width and 100 um in height (Figure 3-41B).
The outlets were designed such that outlet #1 collects WBCs, outlet #2 collects CTCs,
and outlets #3 and #4 collect red blood cells (RBCs) and other blood components. The
device was loaded with red food dye to show the structure of Labyrinth (Figure 3-41C).
The Labyrinth was first tested and optimized for CTC isolation using Panc-1 cell
line. Different cell concentrations (10, 100, and 10°) were spiked into whole blood and
processed through the Labyrinth (section 2.9). In all cases the cell recovery was above

88%, suggesting that the Labyrinth is a promising tool to isolate CTCs from pancreatic

198

cancer patients (Figure 3-41D).
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Figure 3-41: The illustration of Labyrinth device. A) Labyrinth device consisting of with one inlet and 4 outlets. B)
SEM images of the channel in labyrinth and cross-sectional view of labyrinth taken with microscope. C) The Labyrinth
was loaded with red dye to show the device’s structure as well as the inlet and outlets. D) Optimization of Labyrinth
with Panc-1 cell line.
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One hundred and forty one treatment naive pancreatic cancer patients were
enrolled in this study. Additional information is provided in appendix section (Table 9-8).
Similar to the Carpet CTC Chip study in pancreatic cancer (section 3.4.1), the isolated
CTCs were classified as epithelial CTCs and EMT-like CTCs. The epithelial CTCs were
enumerated as PanCK+/CD45-/DAPI+ (Figure 3-42A), while the EMT-like CTCs were
identified as PanCK+/Zeb1+/CD45-/DAPI+ (Figure 3-42B). Total CTC number was

equal to the sum of these two populations.

>
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-

Figure 3-42: Characterization of heterogonous CTC populations in pancreatic cancer using Labyrinth. A)
Circulating epithelial CTCs (PanCK+/CD45-/DAPI+), B) EMT-like CTCs (PanCK+/Zeb1+/CD45-/DAPI+). Scale bar is

10um.

(v

EMT-like CTCs
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3.9.2 CTC enumeration for treatment naive cohort

Utilizing Labyrinth device, CTCs were isolated from treatment naive pancreatic
cancer patient blood samples (n=141). These patients were classified according to their
tumor staging: resectable (n=35), borderline resectable (n=32), locally advanced (n=25),
and metastatic (n=49). Figure 3-43A shows the epithelial and EMT-like CTCs counts for
treatment naive pancreatic cancer patients. Overall, 18.7+21 total CTCs, 9.7£15.7
epithelial CTCs, and 9+9.8 EMT-like CTCs were observed across all samples (n=141).

The resectable group had 14.6+£16.6 total CTCs, 6.3+10.1 epithelial CTCs, and
8.3+8.8 EMT-like CTCs (n=35). The borderline resectable group had 29.5+28.9 total
CTCs, 16.3+£21.1 epithelial CTCs, and 13.2+12.8 EMT-like CTCs (n=32). The locally
advanced cohort had 15.6+14.4 total CTCs, 8.3£11.8 epithelial CTCs, and 7.3+6.6
EMT-like CTCs (n=25). The metastatic group had 16.3+18.5 total CTCs, 8.6+15.7
epithelial CTCs, and 7.7#9.1 EMT-like CTCs (n=49) (Figure 3-43B). Statistical
significance was observed when the borderline resectable cohort was compared to the
resectable group (p=0.01), locally advanced group (p=0.03), and metastatic cohort
(p=0.01) using the unpaired t-test.

Figure 3-44 shows the overall survival probability for the treatment naive cohort
(Figure 3-44A). Classification based on the stages confirms the increased mortality rate

in advanced stages (Figure 3-44B).
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Figure 3-43: CTC enumeration of treatment naive pancreatic cancer patients using Labyrinth. A) Enumeration
of both epithelial CTCs and EMT-like CTCs across all the treatment naive patient samples (n=141). B) Box plot graph
of total CTCs counts stratified by cancer stage, resectable, borderline resectable, locally advanced, and metastasis.
The CTC numbers were significantly higher in borderline resectable cohort compared to the other groups using

unpaired t-test.
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Figure 3-44: KM curve for overall survival probability in treatment naive (A), and in treatment naive samples
grouped by cancer stage (B). Advanced stages patient samples showed lower OS compared to the early stages

samples.
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3.9.3 CTC enumeration before and after the treatment regime

Changes in CTC counts were evaluated for pancreatic cancer patients who were
undergoing surgery, chemotherapy, and radiation. Additional information is provided in
appendix section (Table 9-9) for the surgery cohort (n=29). The blood samples were
collected 22 days (median) prior to surgery and 33 days (median) post-surgery. The
total CTC numbers were decreased in the post-surgery cohort but not significantly
(Figure 3-45A). However, when patients were categorized based on the stages, the
CTC numbers were significantly decreased in the pre- and post-surgery samples
(p=0.02) (Figure 3-45B).

The effect of chemotherapy on CTC numbers was evaluated prior, during, and
after the course of treatment. The blood samples (n=35) were collected 20 days
(median) prior to the chemotherapy (pre-chemo), and 85 days (median) post treatment
(on-chemo). Additional information is provided in appendix section (Table 9-10). The
numbers of CTCs (total CTCs (p=0.04), epithelia CTCs (p=0.01), and EMT-like CTCs
(p=0.03)) were significantly decreased from the pre-chemo group to on-chemo cohort
(n=35) (Figure 3-46).

For the pre- and post-chemotherapy group, the blood samples (n=22) were
collected 13 days (median) prior to the chemotherapy (pre-chemo), and 51 days
(median) post treatment (post-chemo). Additional information is provided in appendix
section (Table 9-11). The numbers of total and epithelial CTCs were significantly
decreased from the pre-chemo group to on-chemo cohort (p=0.002 and 0.005
respectively) (Figure 3-47).

We also evaluated the effect of radiotherapy on CTC counts for 12 patient

samples. Sample collection was performed 135 days (median) prior to the treatment
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and 72 days (median) post treatment. Additional information is provided in appendix

section (Table 9-12). A statistically significant decrease was observed in total CTC
counts after the treatment (p=0.04) (Figure 3-48).
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Figure 3-45: CTC enumeration for pre- and post-surgery cohort (n=29). A) No significant differences were
observed across different CTC subpopulations (total CTCs, epithelial CTCs and EMT-like CTCs). B) Significantly
lower numbers of CTCs were observed in the borderline group after surgery. Paired t-test was used to analyze the

effect of surgery on the CTC numbers.
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Figure 3-46: CTC enumeration for pre- and on-chemotherapy cohort (n=35). Significantly lower number of CTCs
were observed across different CTC subpopulations (total CTCs p=0.04, epithelial CTCs p=0.01, and EMT-like CTCs
p=0.03). Paired t-test was used to analyze the effect of chemotherapy on the CTC numbers.
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Figure 3-47: CTC enumeration for pre and post chemotherapy cohort (n=22). Significantly lower number of
CTCs were observed across different CTC subpopulations (total CTCs p=0.02 and epithelial CTCs p=0.005). Paired
t-test was used to analyze the effect of chemotherapy on the CTC numbers.
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Figure 3-48: CTC enumeration for pre- and post-radiation cohort (n=12). Significantly lower number of CTCs
were observed in total CTCs p=0.04. Paired t-test was used to analyze the effect of chemotherapy on the CTC
numbers.

3.9.4 CTC counts to predict the prognosis in pancreatic caner

The correlation of overall survival with the decrease of CTC counts after
treatment was evaluated for all of the mentioned treatments options. The KM curve for
pre- and post-surgery (Figure 3-49A), pre- and on-chemotherapy (Figure 3-49B), pre-
and post-chemotherapy (Figure 3-49C), and pre- and post-radiation (Figure 3-49D)
cohort was graphed. In the surgery group, 17/29 patient samples had a decrease in
CTC numbers. For chemotherapy treated patients sample groups, 24/35 and 18/22
samples had significantly lower CTC numbers in pre-/on-chemotherapy and pre-/post-
chemotherapy groups respectively. The CTC numbers dropped in 9/12 radiotherapy-
treated patient samples. Therefore, a decrease in CTC counts was correlated with a

higher probability of survival across all treatment options.
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Figure 3-49: CTC counts to predict the prognosis in pancreatic cancer. KM curve for overall survival in A)
surgery, B-C) chemotherapy, and D) radiotherapy patient cohorts. In all groups decrease in CTC numbers in post
treatment patient samples prolong their OS.
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3.10 High throughput label-free isolation of heterogeneous CTCs from
non-small cell lung cancer (NSCLC) patients for targeted therapy
using Labyrinth

The overall strategy of this clinical study was to utilizing the Labyrinth device to

isolate CTCs from non-small cell lung cancer patients (NSCLC) (Figure 3-50).
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Figure 3-50: High throughput and label-free Labyrinth device demonstrated the advantages of marker-
independent separation methods in identifying heterogonous CTC sub-population in non-small cell lung
cancer patients.

3.10.1 Optimization of Labyrinth for lung cell line recovery

Labyrinth was optimized and tested for inertial separation of cancer cells
using different human lung cancer cell lines. To demonstrate cell focusing in the
device, the same concentration of pre-labeled cancer cells with green CellTracker
and pre-labeled WBCs with DAPI (1000 cells mL™) were spiked into PBS and
separated using the Labyrinth. First, various flow rates ranging from 1500-3000 pl
min? were tested to check the focusing and separation of labeled WBCs with
DAPI (blue stream) and the pre-labeled lung cancer cell lines (green stream) into

individual outlets (Figure 3-51A, Figure 3-52A, Figure 3-53A, and Figure 3-54A).
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Products were collected after flow stabilization (1.5 min) for calculating the
percentage of CTC recoveries and WBC depletion. Meanwhile, the intensity of
separation of WBCs and cancer cells were measured (Figure 3-51B,
Figure 3-52B, and Figure 3-53B). Afterward, the % cell recovery (Figure 3-51C,
Figure 3-52C, Figure 3-53C, and Figure 3-54B) and % WBCs depletion were
analyzed (Figure 3-51D, Figure 3-52D, Figure 3-53D, and Figure 3-54C).

Using PC-9 cell line, 95% of cells were recovered from outlet #2 at a flow
rate of 2400 pL min’ (Figure 3-51C), with 93% WBCs depletion from outlet #1

(Figure 3-51D).
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Figure 3-51: Labyrinth optimization using PC-9 cell line for cell recovery. A) The separation of labeled WBCs
(blue) and PC-9 cell line (green) into individual outlets. B) The intensity of these separations was measured. C) %
Recovery of PC-9 from all five tested flow rates (2100-2500 pl min'l). D) % WBCs depletion from the all five flow rates
(2100-2500 pl min'l). 95% of the PC-9 cells were recovered from outlet #2 using 2400 pl min™ with 93% WBCs
depletion from outlet #1.
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Using H1975 cell line, 46% of cells were recovered from outlet #2 at a flow rate
of 2300 pL min® (Figure 3-52C), with 78% WBCs depletion from outlet #1

(Figure 3-52D).
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Figure 3-52: Labyrinth optimization using H1975 cell line for cell recovery. A) The separation of labeled WBCs
(blue) and H1975 cell line (green) into individual outlets. B) The intensity of these separations was measured. C) %
Recovery of H1975 from all three tested flow rates (2100-2300 pl min™"). D) % WBCs depletion from the all five flow
rates (2100-2300 pl min'l). 46% of the H1975 cells were recovered from outlet #2 using 2300 pl min™ with 78%
WBCs depletion from outlet #1.

Using HCC827 cell line, 63% of cells were recovered from outlet #2 at a flow
rate of 2400 puL min™ (Figure 3-53C), with 67% WBCs depletion from outlet #1
(Figure 3-53D). Finally using the H1650 cell line, 82% of cancer cells were
recovered at a flow rate of 2500 pL min™ (Figure 3-54B), while 78% of WBCs were

removed (Figure 3-54C). This flow rate was used to process the patient samples.

116



2100 pl/min

2300 pl/min 2400 pl/min

2000 pl/min

2300 pl/min 2400 pl/min

2200 pl/min

2500 pl/min

2500 pl/min

100.0

80.0

60.0

40.0

20.0

0.0

100.0

80.0

60.0

40.0

20.0

0.0

% Recovery

w2100
W 2200

Outlet 1 Outlet 2 Outlet 3 Outlet 4

% WBC depletion

96 97 g3

Outletl  Outlet2 Outlet3  Outlet4

Figure 3-53: Labyrinth optimization using HCC827 cell line for cell recovery. A) The separation of labeled WBCs
(blue) and HCC827 cell line (green) into individual outlets. B) The intensity of these separations was measured. C) %
Recovery of HCC827 from all three tested flow rates (2100-2500 pl min™). D) % WBCs depletion from the all five flow
rates (2100-2500 pl min™). 63% of the HCC827 cells were recovered from outlet #2 using 2400 pl min™ with 67%

WBCs depletion from outlet #1.

To identify CTCs in patient samples, immunofluorescence staining was

optimized with a panel of antibodies (anti-CD45, anti-PanCK, anti-EpCAM, and

anti-Vimentin) using NSCLC cell lines including H1975 and A549 (section 2.9)

(Figure 3-55). Using the optimized immunofluorescence staining protocol, both

H1975 and A549 were positive for PanCK and negative for CD45. Furthermore,

these cells expressed EpCAM and Vimentin as expected.
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Figure 3-54: Labyrinth optimization using H1650 cell line. A) Device’s optimization with H1650 cell line. 10° cells
of pre-labeled H1650 cell line were spiked into PBS and processed through the Labyrinth with different flow rates
ranging from 1500-3000 uL min™. B-C) Pre-labeled H1650 cell line and DAPI-labeled WBCs (1000 cells) were spiked
into PBS and processed through the Labyrinth. Using flow rate at 2500 pL min™, 82%+5% of H1650 cells were
recovered from outlet #2 and 78%+18% of WBCs were removed through outlet #1.
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Figure 3-55: Immunofluorescence staining optimization using NSCLC cell lines. Anti-human CDA45, anti-human

PanCK, anti-human EpCAM, and anti-human Vimentin antibodies were tested with lung cancer cell lines, H1975 and
A549.
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3.10.2 Isolation of CTCs from NSCLC Patients

CTCs were isolated from peripheral blood samples collected from 21
patients with metastatic, stage IV NSCLC. Additional information is provided in
appendix section (Table 9-13). These patient samples were processed through
the Labyrinth (section 2.9). After isolation, the product from the outlet #2 was
analyzed for CTCs. CTCs were detected by immunofluorescence staining
(section 2.9). Cells with the PanCK+/CD45-/DAPI+ phenotype were identified and
enumerated as CTCs. Figure 3-56A shows immunofluorescence staining of an
isolated single CTC stained for PanCK (red) and CD45 (green) to distinguish
CTCs from WBCs. Figure 3-56B and Figure 3-56C illustrate confocal images of

iIsolated CTCs in clusters of 2 cells (Figure 3-56B) and 3 cells (Figure 3-56C).

10 pm

Figure 3-56: Immunofluorescence staining images of the representative images of some CTCs recovered
from NSCLC patients samples. A) Fluorescent microscope image of a single CTC. Cells are stained with DAPI
(blue), PanCK (red) and CD45 (green). B-C) Confocal microscopy images of some CTC clusters.

We determined that all 21 patients (100%) had detectable CTCs with an

average of 180 CTC mL™ (10.2-631.4). In contrast, low numbers of CTC mL™ (0-
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3) were observed in the HCs (Figure 3-57). Additional information is provided in

appendix section (Table 9-14).

Figure 3-57: Isolation of CTCs from NSCLC patients (n=21). An individual bar plots of number of CTCs recovered
from NSCLC patient samples, using Labyrinth, at baseline. Significant differences between the overall numbers of
CTCs in NSCLC patients samples (180+167.9 mL™) vs. HCs (1+1.7 mL™) was observed (p=0.001). Mann-Whitney
unpaired t-test analysis was used for comparing patient cohort vs. healthy controls.

3.10.3 Identification of heterogeneous CTC subpopulations isolated using Labyrinth

Isolated CTCs from a subset of NSCLC patients (n=19) were further examined to
determine the percentage of cells that displayed epithelial and mesenchymal markers.
We used EpCAM (for epithelial phenotype) and Vimentin (for mesenchymal phenotype),
in addition to PanCK (tumor marker), CD45 (leukocyte marker), and DAPI (nuclear
marker). CTCs were defined as cells positive for PanCK, and DAPI, but negative for
CD45. We further categorized CTCs into subpopulations based on expression of

EpCAM, Vimentin, or double expression of EpCAM and Vimentin (Figure 3-58).
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Figure 3-58: Immunofluorescence staining images of the representative images of heterogeneous CTC
subpopulations recovered from NSCLC patients samples. Fluorescent microscope images of different
subpopulations of CTCs (CTCs, EpCAM+ CTCs, Vimentin+ CTCs, and Double+ CTCs). Cells are stained with DAPI
(blue), CD45 (green), PanCK (red), EpCAM (orange), and Vimentin (pink).

Figure 3-59A-B demonstrates the percentage of CTCs expressing EpCAM
(EpCAM+/- in dark/light orange, respectively) and CTCs expressing Vimentin
(Vimentin+/- in dark/light pink, respectively) of each patient. Of 19 patient
samples, 15 samples had more EpCAM- CTCs than EpCAM+ CTCs, whereas
only 4/19 patients (P 02, P 07, P 10, and P 19) had a higher number of EpCAM+

CTCs than EpCAM- CTCs.
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Figure 3-59: Identification of heterogeneous CTC subpopulations isolated from NSCLC patient samples
(n=19). A-B) The percentage of CTCs expressing both EpCAM (A) and Vimentin (B) recovered from each NSCLC
patient sample (n=19). The EpCAM+/- CTCs is shown in dark/light orange respectively and the Vimentin+/- CTCs is
shown in dark/light pink respectively. An average of 28.7% of the captured CTCs was EpCAM+ and 71.3% were
EpCAM- CTCs. An average of 39.6% of the captured CTCs were Vimentin+ and 60.4% were Vimentin- CTCs. Total
number of CTCs/mL across all patient samples is shown on the bottom of the graph.

An average of 71.3% (115.7 CTCs mL™) of the captured CTCs were
EpCAM- and 28.7% (39.1 CTCs mL™') were EpCAM+ (p=0.01) (Figure 3-60).
Checking the mesenchymal phenotype on the recovered CTCs demonstrated
that 39.6% were Vimentin+ CTCs (64.4 CTCs mL™), and 60.4% were Vimentin-

CTCs (90.4 CTCs mL™) (p=0.5) (Figure 3-60).
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Figure 3-60: Analysis of total numbers of CTCs mL™ in different subpopulation of CTCs. Significantly higher
number of EpCAM- CTCs were observed (115.7 CTCs mL™) compared to EpCAM+ CTCs (39.1 CTCs mL™)
(p=0.01). While 39.6% of the recovered CTCs were Vimentin+ CTCs (64.4 CTCs mL™), and 60.4% were Vimentin-
CTCs (90.4 CTCs mL™). Unpaired t-test (two-tailed) analysis was used for comparing between these groups.

3.10.4 Presence of clusters in CTCs isolated using Labyrinth

In addition to single CTCs recovered from NSCLC patient samples, a large
number of CTCs were observed in cluster forms (2 to 7 CTCs/cluster)
(Figure 3-61). On an average, 28.9+27 CTCs mL™ were in the form of single
CTCs, whereas 125.9+4138.9 CTCs mL™’* were in cluster forms (p=0.005).
(Figure 3-62A-B). Among the analyzed NSCLC patients, 1/19 had only single
CTCs and 18/19 (95%) had CTCs in cluster forms. Of the 19 samples, 17 had =2
clusters. The majority (n=16) presented with at least 3 CTC clusters. There were
others with 4 clusters (n=7), 5 clusters (n=4), 6 clusters (n=1) and 7 clusters
(n=2) (Figure 3-62C). Significantly higher numbers of recovered clusters from
Labyrinth were EpCAM- CTC-clusters (p=0.009) (Figure 3-63) and 36% of the

recovered CTC in cluster form displayed mesenchymal markers (Figure 3-62D).
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Analyzing recovered clusters from Labyrinth, we found that significantly higher
numbers of clusters did not express EpCAM (EpCAM-) (p=0.009) and 35% of clusters

expressed the EMT marker, Vimentin (p=0.3) (Figure 3-63).

Merged DAPI CD45 PanCK EpCAM Vimentin
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Figure 3-61: Immunofluorescence staining images of the representative recovered CTC clusters in NCSLC
patients. CTCs are stained with DAPI (blue), CD45 (green), PanCK (red), EpCAM (orange), and Vimentin (pink).
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Figure 3-62: Identification of CTC clusters recovered from NSCLC patient samples (n=19). A) The percentage
of CTCs in single (light pink) vs. cluster (red) forms. Across all patients, only one patient did not have CTCs in cluster
forms. B) The comparison between the total CTC numbers in single vs. cluster forms. Significantly higher numbers of
clusters compared to the single CTCs were observed in the captured CTCs from NSCLC patients (n=19). C) Cell
clusters of 2-7 CTCs were observed in 95% of patients. D) 36% of the recovered CTC clusters displayed a
mesenchymal or EMT phenotype (53.4 CTCs mL'l). Unpaired t-test (two-tailed) analysis was used for comparing
single vs. clusters CTCs.
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Figure 3-63: Analysis of CTCs clusters mL™" in different subpopulation of CTCs. Analyzing recovered clusters
from Labyrinth, we found that significantly higher numbers of clusters were not expressing EpCAM (EpCAM-)
(p=0.009), and 35% of clusters expressing the EMT marker, Vimentin. Unpaired t-test (two-tailed) analysis was used
for comparing between these groups.
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3.10.5 Genomic analysis of NSCLC patient CTC samples using Fluorescence in situ

hybridization (FISH) analysis

To investigate whether CTCs isolated by Labyrinth carry the genomic
signature of the primary tumor, we analyzed CTCs for genomic alterations in
ROS1, ALK, and RET. A 5 deletion of ROS1 was detected by FISH in recovered
CTCs from a patient with a known ROS1 rearrangement in the primary tumor (P
03) (Figure 3-64A). Similarly, an ALK rearrangement was noted in the CTCs,
matching the patient’s primary tumor (P 17) (Figure 3-64B) and a 3’deletion of

RET was found in recovered CTCs from a patient with a RET rearranged tumor

(P 21) (Figure 3-64C).
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Figure 3-64: Genomic analysis of NSCLC patient samples using Fluorescence in situ hybridization (FISH)
analysis. A-C) Recovered CTCs from selected patient samples with different mutation (ROS1, ALK, and RET) were
evaluated A) A patient with ROS1 rearrangement showed 5’ deletion is some of the cells. B) A patient with aberration
in ALK showed ALK rearrangement C) A patient with aberration in RET showed 3’ deletion. Arrows indicate specific
aberration in each gene. D) Box plot of the total number of CTCs recovered from patients with different mutation
(EGFR (n=11), ROS1 (n=6), ALK (n=4) and RET (n=1)).
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The total numbers of CTCs mL™ in all patients with respect to their
EGFR/ALK/ROSL1 status are shown in Figure 3-64D. NSCLC patients with ROS1
rearrangements (n=6) had an average of 277.2 total CTCs mL™ (45.2-631.4).
Patients with ALK rearrangements (n=4) had an average of 188.3 total CTC mL™
(70.4-402.6), and patients with EGFR mutations (n=11) had an average 124 total
CTCs mL™ (10.2-286.3). However, the differences in the number of CTCs

according to genotype were not statistically significant.

3.11 Patient-derived CTC expansion

3.11.1 Optimization of CTC expansion methods

To be able to expand the recovered CTCs from NSCLC patients for ex vivo drug
testing, different CTC culture methods were tested. Sixteen samples were seeded in
three conditions including, a plain 48-well plate (plastic), a “Fibronectin coated” 48-well
plate (2D), and a “Matrigel-Collagen” coated 48-well plate (3D). After 3-4 weeks the
expanded CTCs were passaged and then seeded onto 2D 48-well plates. The “possible
CTCs” were counted and the results showed that the growth rate was significantly

higher in the 3D model (Figure 3-65).
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Figure 3-65: Patient-derived CTC expansion utilizing different culture conditions. Enriched CTCs separated
from Labyrinth were cultured on A) uncoated 48-well plate B) Fibronectin coated 48-well plate), and C) Martigel-
collagen coated 48-well plate. D) The box plot of these 3 conditions shows significantly higher growth rate in the
Martigel condition.

Small portion of expanded CTCs were seeded in 96-well plate to check the cell
viability. Cells were labeled with IncuCyte NucLight Rapid Red (IncuCyte) reagent for 30
min prior visualization with fluorescence microscopy (Figure 3-66). The NucLight Rapid
Red reagent labels the nucleus of cells and their growth rate can be tracked for 72 hr.
Alive cells show dim, and dead cells show bright fluorescent. Some bright field and

fluorescently labeled images of expanded CTCs were shown in Figure 3-66A-B.
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Figure 3-66: Cell viability check on the patient-derived expanded CTC using 3D models. A) Bright field images
of possible expanded patient-derived CTCs. B) Possible expanded CTCs from different patient samples were labeled
with IncuCyte NucLight Rapid Red. Alive cells show dim, and dead cells show bright fluorescent.

3.11.1.1 Red blood cells (RBCs) removal techniques

To be able to expand patient-derived CTCs in vitro, it is necessary to reduce the
off-target cells (mostly RBCs) after CTCs enrichment. Even though by utility of Dextran,
the majority of the RBCs are depleted at the first place, the high humbers of remain
RBCs may still disturb the CTC expansion in vitro. Hence, we attempted to optimize the
RBCs depletion methods while maintaining the numbers of the recovered CTCs from

NSCLC patient.

3.11.1.1.1 Double Labyrinth

In the first attempt, we processed the second outlet’'s products of the Labyrinth

(single) through another Labyrinth (double). The CTCs recovered from single vs. double
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Labyrinth of 4 different patient samples were collected and stained with PanCK and
CD45. The CTC lost was observed across all the samples (n=4) using the double
Labyrinth (Figure 3-67A). For further investigation of the CTC lost in double Labyrinth
using one NSCLC patient sample, the recovered CTCs from single Labyrinth compared
to the ones recovered from different outlets (1, 2, and 3) of double Labyrinth. The

results showed that the majority of the CTCs separated in the first outlet (Figure 3-67B).

3.11.1.1.2 RBC lysis buffer

Since the use of double Labyrinth was not a success, in the second attempt the
RBC lysis buffer was used for further RBC depletion. The effects of both single vs.
double, with or without RBC lysis buffer on the CTC counts were analyzed. The CTC
numbers showed CTCs lost using both double Labyrinth and RBC lysis buffer
(Figure 3-67C-D). In another attempt, the recovered CTCs from two patients divided into
2 groups; in one set the effect of RBC lysis buffer was checked on the CTC lost, and in
the other set, the recovered CTCs (suspended into the media) sat overnight inside the
refrigerator to allow the larger cells (CTCs) form a pellet. The following day, the media
was removed and the pellet was resuspended. A small portion of the sample was
checked for the CTC counts. The results showed that the number of CTCs decreased
using the RBC lysis buffer/fridge compared to the CTC counts from Labyrinth without

any post processing (After single) (Figure 3-67E).

3.11.1.1.3 Microbubbles

We further tested the RBC Depletion Kit (Akadeum) which is a microbubble-

based cell isolation product designed to clean up samples with red blood cell
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contamination. We tested 2 different concentrations of the bubbles and compared with
the CTC count without any post processing. However, due to the steps of centrifugation

we lost many CTCs (Figure 3-67F).

3.11.1.1.4 Cell strainer

Due to the CTC lost using the stated techniques which contains centrifugation
steps, we decided to investigate the cell strainer technology for the RBC removal. The
cell strainer (pluriselect) is a size-based sterile sieving device to separate cells of
interest from the other cells. Any cell smaller than the pores, will go through the filter
while the larger cells will remain on top of the filter. In theory, this method should allow
RBCs/WBCs (smaller cells) pass through the filter and CTCs (larger cells) remain on
top of the filter. The filter can then be inverted to recover the CTCs on top to obtain a
more purified sample.

The experiment we conducted involved using two different types of cell strainers
(Uber and Pluri (Figure 3-68C-D)), three different pore sizes (1, 5, and 10 um), and two
sample retrieval methods (washing from the top or from the bottom of the filter). Pluri
uses a vacuum to send the sample through the filter and Uber uses pressure to send
the sample through the filter.

1000 green CellTracker cell lines (A549) spiked into 1 mL treated blood with
dextran were prepared to test RBCs depletion. Samples sent through different cell
strainers and both waste and recovered samples were collected for further analysis.
The results showed that the 1 um Pluri cell strainer has the highest recovery compared
to the Uber (>61% vs. 25%) and other filter sizes (>61% vs.1% and 26%)

(Figure 3-68A).
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Figure 3-67: RBC removal techniques optimization. A) CTC numbers from single vs. double in different patient
samples (n=4). CTC lost was observed using double Labyrinth. B) CTC numbers of different outlets from double
Labyrinth vs single Labyrinth. C-D) The effect of using double Labyrinth, with or without RBC lysis buffer on the CTC
counts. E) The effect of RBC lysis buffer and no post-processing (in the fridge) of the product from 2" outlet of
Labyrinth on the CTC counts. F) The effect of using microbubbles on the CTC counts. All the mentioned methods
result in losing CTCs.
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The 1 um Pluri cell strainer was utilized with one patient sample to confirm their
effectiveness and compatibility but no CTCs were collected after using the filter. Using 1
um Pluri, the diameter of the cell lines in both waste and the recovered samples showed
that the size of cells passing through or remaining on top of the filter are almost similar

(16um vs 14um) (Figure 3-68B). This could be a reason for CTC loss using this

technology.
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Figure 3-68: RBC removal techniques optimization using cell strainer. A) % of recovered cells from the sample

and waste for each cell strainer. B) Cell diameter in both waste and the recovered samples. C-D) A representative
image of Uber (C) and Pluri (D) strainer.
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3.11.1.1.5 Ficoll-Paque ™ PLUS Media

In another attempt, we applied Ficoll-Paque™ PLUS Media (GE Healthcare) for
the RBC removal purpose before the CTC enrichment. Different NSCLC patient
samples were treated with both Dextran and Ficoll before the enrichment (n=10). A
small portion of the processed samples was stained for enumeration purposes, and the
rest were seeded for the CTC expansion. The CTC numbers were higher in 6/10 of
patient samples using Ficoll and the number of RBC was reduced significantly using
Ficoll (Figure 3-69). Hence, this technique was carried on for the CTC expansion

application for the rest of processed NSCLS patient samples.
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Figure 3-69: RBC removal techniques optimization using Ficoll. CTC numbers from Dextran vs. Ficoll from 10
different patient samples indicated higher CTC numbers in 6/10 of patients using Ficoll.

3.11.2 Recovered CTCs were expanded from NSCLC patient samples (n=2) using 3D

model

We were able to successfully expand isolated CTCs from 2 patient samples (P

03 at visit 6 and P 022 at visit 8). A small portion of the expanded “potential CTCs” were
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stained for the CTC panel of antibodies (PanCK, EpCAM, Vimentin, and CD45). Since
the majority of the RBCs and WBCs are gone at this time, the cells expansions are
faster. Eventually, we were able to expand CTCs from a 48-well plate to T175 flasks.
Figure 3-70 and Figure 3-72 are representative images of the bright field and
fluorescent images of the expanded CTCs from P 03 (Figure 3-70) and P 22

(Figure 3-72).
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Figure 3-70: Representative images of the NSCLC patient-derived expanded CTCs (P 03). A-B) Bright filed
images of expanded CTCs in single cell forms on a well plate culture (A) and in cluster forms in a low attachment well
plate (B). C) Expanded CTCs are stained with DAPI (blue), CD45 (green), PanCK (red), EpCAM (orange), and
Vimentin (pink).

135



To be able to verify the genomic signature (ROS-1 rearrangement) from the
CTCs at day O vs. the expanded CTCs, the cells were analyzed using FISH
(Figure 3-71A). Similar to the results of FISH analysis on the tumor from the clinic, the
FISH analysis on the CTCs expanded demonstrated the loss of 5" probe in some cells

confirming ROS-1 rearrangement (Figure 3-71B).
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Figure 3-71: Genomic analysis of NSCLC patient sample (P 03) using FISH analysis. A) Recovered day 0 CTCs
from patient P 03 with ROS-1 rearrangement were evaluated. Patient P 03 showed 5’ deletion is some of the cells. B)
Expanded CTCs from same patient showed the loss of 5’ probe in some cells.
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Figure 3-72: Representative images of the NSCLC patient-derived expanded CTCs (P 22). A-B) Bright filed
images of the expanded CTCs in single cell forms on a well plate culture and in cluster forms. C) Expanded CTCs are
stained with DAPI (blue), CD45 (green), PanCK (red), EpCAM (orange), and Vimentin (pink).
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3.12 CTC enumeration of follow-up NSCLC patient samples

Blood samples were collected during subsequent clinic visits in addition to the
baseline. The relevant clinical information for patients P 03 and P 22 over the course of
treatment is shown in detail in appendix section (Table 9-15).

Ten consecutive samples from patient P 03 were collected during different
treatment regimes. The numbers of CTCs were analyzed during the follow-up visits
(Figure 3-73A). This patient enrolled at this study on 12/6/2016 while she was on
Crizotinib treatment. The progression in the brain was observed after 350 days. Higher
numbers of CTCs were observed in her 3" visit compared to first and second visits.

After 412 days (visit 5), a slight increase in fullness of L frontal brain tumor was
observed. Then, the treatment regime was switched to Entrectinib. Cancer progression
at several spots in the brain was detected after 468 days and Entrectinib continued as
treatment. The CTC numbers increased 3 folds at this visit (V6) compared to the
previous visit (V5). We were able to establish the CTC cell line from the recovered
CTCs at this visit (Figure 3-70). In summary, according to the available clinical
information, the CTC numbers tracked the patient's outcome over the course of
treatment.

Nine follow-up samples were collected during different treatments from patient P
22 and the CTC numbers were analyzed (Figure 3-73B). This patient enrolled at this
study on 10/21/2016 and after one-week treatment with Docetaxel along with
Ramucirumab was started. After 525 days at her 8" visit, the CTC numbers increased
from the previous visits and we were able to expand CTCs from this visit (V8)

(Figure 3-72). Due to fatigue and taste changes Docetaxel was discontinued after 539
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days. After 602 days due to the progression on MR brain with two new lesions, her

treatment regime was switched from Ramucirumab to Osimertinib.
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Figure 3-73: CTC enumeration of two NSCLC patients over the treatment regime. A) 10 different follow-up
samples from patient P 03 (A) and P 22 (B) were collected and the CTC numbers were evaluated over different

treatments.
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3.13 Drug testing

3.13.1 Optimization of drug testing methods using NSCLC cell lines

To analyze the effect of each drug on different NSCLC cell lines including, both
sensitive and resistant cell lines to drugs, the half maximal inhibitory concentration

(IC50) analysis using different methods was conducted.

3.13.1.1 CellTiter 96® Aqueous One Solution Cell Proliferation Assay

The tetrazolium-based MTS assay, CellTiter 96® aqueous one solution cell
proliferation assay, was used to analyze IC50 of each different drugs against potential
sensitive or resistant NSCLC cell lines. 2000 cells were seeded in each well of a 96-well
plate in triplicates.

Using a sensitive cell line (H3122) to Crizotinib and Ceritinib the IC50 values
were 151.8 nM and 14.3 nM respectively. The resistant cell line (A549) showed IC50 of
6642 nM and 3761 nM for these two drugs respectively (Figure 3-74A-B). IC50 of
Erlotinib for the sensitive cell line (PC-9) was 112.2 nM, while the resistant cell line
A549 showed IC50 of 3761 nM (Figure 3-74C). HCC827 cell line was 2.6 fold more
sensitive to Afatinib (IC50= 332.1 nM) than the resistant cell line, A549 (IC50=854.4 nM)
(Figure 3-74D). The IC50 of the sensitive cell line to Osimertinib (EGFR L858R/T790M
double mutation cell line, H1975) was 139.8 nM compared to the resistant cell line
(A549) which was 1790 nM (Figure 3-74E). The efficacy of Cetuximab, at inhibiting
growth of EGFR mutant cell line, HCC827 (IC50=8957 ng/mL) is more effective than the
resistant cell line, A549 (IC50=111287 ng/mL) (Figure 3-74F).

The IC50 results of drug-testing studies conducted with Crizotinib, Ceritinib,

Erlotiinb, Afatinib, Osimertinib, and Cetuximab are summarized in
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Table 3-4.
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Figure 3-74: IC50 values of different drugs on NSCLC cell lines using CellTiter 96® Aqueous One Solution
Cell Proliferation Assay. A) H3122, A549 cell lines treated by Crizotinib; B) H3122, A549 cell lines treated by
Ceritinib; C) PC-9, A549 cell lines treated by Erlotinib; D) HCC827, A549 cell lines treated by Afatinib; E) H1975,
A549 cell lines treated by Osimertinib; F) HCC827, A549 cell lines treated by Cetuximab.
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Table 3-4: The effects of different drugs on of NSCLC cell lines.

Crizotinib 100~10000 nM H3122 151.8 nM A549 6642 nM
Ceritinib 5~5000 nM H3122 14.3 nM A549 3761 nM
Erlotiinib 5~5000 nM PC-9 112.2 nM A549 4894 nM
Afatinib 5~5000 nM HCC827 332.1nM A549 854.4 nM
Osimertinib 5~5000 nM H1975 139.8 nM A549 1790 nM
Cetuximab 10~50000 ng/mL HCC827 8957 ng/mL A549 111287 ng/mL
3.13.1.2 CellTiter-Glo® luminescent cell viability assay (2D kit)

To assess IC50 values with a lower seeding density, we utilized the CellTiter-
Glo® luminescent cell viability assay. All cell lines were seeded at a density of 400 cells
well™* on 384-well plates. After treatment, each well was incubated with CellTiter-Glo®
luminescent cell viability assay for 10 min. Absorbance was measured with LUM mode
of Biotek-Synergy Neo-plate Reader.

Similar to the 1C50 results we observed using CellTiter 96® aqueous one solution
cell proliferation assay with 2000 cell well* density in 96 well plate, we obtained
comparable IC50 values using CellTiter-Glo® luminescent cell viability assay using 400

cells well* in 384-well plate (Figure 3-75, Table 3-5).

Table 3-5: Comparison of IC50 values with two different cell viability assays.
IC50 (nM) using

IC50 (nM) using

. Concentrations CellTiter-Glo® CellTiter 96@
Cell lines . Aqueous One
nM Luminescent -
Cell Viability Assay S_oluthn Cell
Proliferation Assay

Crizotinib H3122 100~10000 243 151.8
Ceritinib Sensitive H3122 5~5000 44 14.3
Erlotinib cell line HCC827 5~5000 97 112.2
Afatinib HCC827 5~5000 95 332.1
Osimertinib H1975 5~10000 37 139.8
Crizotinib A549 100~10000 1502 6642
Ceritinib . A549 5~5000 1357 3761
Erlotinib Resslant —asag 5-5000 1064 4894
Afatinib A549 5~5000 505 854.4
Osimertinib A549 5~10000 1899 1790
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Figure 3-75: IC50 values of different drugs on NSCLC cell lines using CellTiter-Glo® Luminescent Cell
Viability Assay. A) H3122 and A549 cell lines treated with Crizotinib; B) H3122 and A549 cell lines treated with
Ceritinib; C) PC-9 and A549 cell lines treated with Erlotinib; D) HCC827 and A549 cell lines treated with Afatinib; E)
H1975 and A549 cell lines treated with Osimertinib.
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3.13.1.3  CellTiter-Glo luminescent cell viability assay (2D kit) vs. CellTiter-Glo 3D Cell
Viability Assay (3D kit)

To be able to expedite testing the effect of each drug on the recovered-seeded
CTCs on the 3D culture model, the utilizing of the CellTiter-Glo 3D cell viability assay
(3D) which is formulated with more robust Iytic capacity to spheroids was investigated.
We studied the IC50 values of 2D and 3D cell viability kits with 2D and 3D cell culture
conditions using sensitive (H3122) and resistant (A549) cell lines.

Utilizing Crizotinib on the 2D culture model using the 2D cell viability kit, the IC50
of H3122 was 297 nM, and A549 was 2173 nM (Figure 3-76A). Expectedly, 3D culture
with 2D cell viability kit showed 1C50 of 1565 nM for H3122 cell line. However, utilizing
the 3D cell viability kit on 3D cells culture model drops the IC50 to 291 nM

(Figure 3-76B). The IC50 values of this experiment are summarized in Table 3-6.
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Figure 3-76: IC50 values of crizotinib on NSCLC cell lines using CellTiter-Glo luminescent cell viability assay
(2D kit) vs. CellTiter-Glo 3D Cell Viability Assay (3D kit). A) H3122 cells B) and A549 were cultured in 2D or 3D

conditions and IC50 values were analyzed by the 2D vs. 3D kit.

Table 3-6: Comparison of IC50 values with two different cell viability assays 2D vs. 3D

Cell Culture and Cell Viability Cell lines IC50 for crizotinib (M)
. H3122 297
2D culture, 2D kit A549 5173
. H3122 1565
3D culture, 2D kit A549 2097
. H3122 291
3D culture, 3D kit A549 6524
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3.13.1.4 LIVE/DEAD viability/cytotoxicity kit optimization

Given that enrichment of a large number of CTCs in vitro is still a challenge, we
investigated the LIVE/DEAD cell viability assays to assess drug efficacy tests by
seeding less cell numbers (50-200 cells well). The LIVE/DEAD viability/cytotoxicity kit
(Thermo Fisher Scientific) was used to analyze IC50 of tyrosine kinase inhibitors (TKIs)
with directly counting live cells using Calcein AM (green) and dead cells using ethidium
homodimer (EthD-1) (red) under fluorescence microscope from lower number of cells.
The optimal dye concentrations for NSCLC cell lines H3122 and A549 were 10 uM
calcein AM /3 uyM EthD-1 (Figure 3-77A), and 20 pM calcein AM /3 uM EthD-1

(Figure 3-77B) respectively.

>

EthD-1 1uM EthD-1 2uM EthD-1 3uM EthD-1 4uM

Calcein OuM Calcein 5uM Calcein 10uM | Calcein 20uM

H312 cell line

o)

EthD-1 1uM EthD-1 2uM EthD-1 3uM EthD-1 4uM

Calcein OuM Calcein 5uM Calcein 10uM Calcein 20uM

A549 cell line

Figure 3-77: LIVE/DEAD viability/cytotoxicity kit optimization using different NSCLC cell lines. A) H3122 and
B) A549 were cultured in 2D condition in 384-well plate. Treat and stain cells following manufacture's protocol and
take picture under fluorescent microscope with amplification 20x.

145



3.13.2 Drug testing on the patient-derived expanded CTCs

As mentioned above, we have successfully expanded the isolated CTCs from 2
patient samples (P 03 at follow up visits of 6 and P 22 at follow up visits of 8). The drug
screening was done subsequently with 2D kit using various TKIs directed against the
genomic drivers. Appropriate positive and negative controls were used and experiments
were confirmed in triplicates.

The first patient (P 03) had a ROS1 rearranged NSCLC on Entrectinib therapy.
The IC50 value of this drug on the expanded CTCs is 2357 nM (Figure 3-78). Patient P
03 showed CNS progression on scans on Entrectinib, hence Loralatinib was selected to
test on her expanded CTCs (IC50=15979 nM) (Figure 3-78). The third tested drug on
her CTCs was TPX-0005 which has been shown overcoming a broad spectrum of
mutations in ALK and TRKA (tropomyosin receptor kinase A) kinases (IC50=278 nM)
(Figure 3-78). The IC50 values of different drug tested on this patient’s expanded CTCs
are summarized in Table 3-7.
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Figure 3-78: IC50 values of different drugs on the expanded CTCs from patient P 03-V6. The expanded CTCs
were treated with Entrectinib, Lorlatinib, and TPX-0005. The cells were resistant to both Entrectinib and Loralatinib,
but sensitive to TPX-0005.
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Table 3-7: IC50 values of different drugs on the expanded CTCs from patient P 03-V6. Data are means *
standard deviation of three independent experiments.

TKI ICs0 (NM)

CTC or Cell Line TPX-0005 Entrectinib Lorlatinib

278+140 2357+802 1217548324

Expanded CTCs from
P 03-V6

The second patient (P 22) had an EGFR mutant NSCLC, on Osimertinib therapy.
Following successful expansion during visit 8, we tested this patient's CTCs against
Osimertinib, and a sensitive NSCLC cell line to this drug (PC-9) (deletion in exon 19 of
the EGFR gene). Karachaliou N et al. has been reported that TPX-0005 was synergistic
with Osimertinib in EGFR-mutated NSCLC cells.'*® Therefore, TPX-0005 was selected
to test on the expanded CTCs from P 22, as well as evaluating whether a co-activation
trait was shown between TPX-0005 and EGFR TKis in treatment of EGFR-mutation-
positive NSCLC patients.

Our results showed that PC-9 was more sensitive to Osimertinib (IC50=135nM)
than TPX-0005 (IC50=830nM) (Figure 3-79B, Table 3-8). Meanwhile, the IC50 of
combining both TKIs displayed similar value (71 nM) as the one of Osimertinib
treatment alone (135 nM). On the contrary, the expanded CTCs of P 22-V8 were
resistant to Osimertinib (IC50=34617 nM), but exhibited a modest sensitivity to TPX-
0005 (IC50=339 nM), as well as TPX-0005 + Osimertinib (IC50=392 nM) (Figure 3-79A,

Table 3-8).

Table 3-8: IC50 values of TKis tested in patients’ CTCs or NSCLC cell line. Data are means * standard
deviation of three independent experiments.

TKI

CTC or Cell Line

TPX-0005 Osimertinib TPX-0005+Osimertinib

Expanded CTCs from 339+113 3461717938 3924223
P 22-V8
PC-9 830+30 135+19 71+43
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Figure 3-79: IC50 values of different drugs on the expanded CTCs from patient P 22-V8. A) The expanded
CTCs and B) PC-9 cell line were treated with Osimertinib alone or the combination and TPX-0005. The expanded
CTCs were resistant to Osimertinib but sensitive to TPX-0005.
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4 Discussion

In the past decade, circulating tumor cells (CTCs) have been the subject of
intense research as blood based biomarkers of diagnosis and prognosis in various
cancers. In fact, CTCs have now been proposed as surrogate biomarkers in over 270
clinical trials.?*

Many techniques have been developed to detect CTCs in the circulatory system,
making them promising biomarkers for detection of different types of cancer. However,
to date, CTCs have not been incorporated into clinical practice for management of
patients with cancer. The main challenges to this field include sensitivity and specificity
of various proposed approaches in detecting these cells which often number between 1-
10 cells per 10 mL of blood.

Microfluidic isolation techniques have become attractive since the development
of the first microfluidic CTC Chip due to their high sensitivity, high throughput, low cost,
and enhanced spatio-temporal control abilities.* ° Immunoaffinity-based microfluidic
technologies are capable of isolating CTCs from peripheral blood without pre-
processing and with high specificity of the recovered assorted pool of CTCs.'% The
main approach for enrichment thus far has been to capture cells of interest by using
specific epithelial markers such as EpCAM on the cell surface to distinguish CTCs from
leukocytes.! These technologies provide high purity, allowing for improved downstream
analysis. However, they suffer from low throughput and bias in capturing specific
subpopulations of CTCs.®" 12 Another drawback of immunoaffinity technologies is their
inability to easily release cells from the device,®* which can limit downstream

applications such as single-cell analysis and CTC-derived xenografts assays."%
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During cancer progression, cancer cells undergo an epithelial-to-mesenchymal
transition (EMT) process, whereby epithelial markers on the cell surface are down-
regulated and mesenchymal markers are upregulated.’* %! As such, CTC detection
based only on EpCAM (EpCAM+) might miss a substantial number of other CTCs have
lost expression of epithelial markers and have undergone the process of EMT (EpCAM-
).21, 154, 202

In this presented work, immunoaffinity-based and label-free microfluidic
technologies have been developed to investigate heterogeneous CTC populations from
pancreatic cancer and non-small cell lung cancer (NSCLC) patients.

The most prevalent form of pancreatic cancer, PDAC, displays a particularly
aggressive biology with resistance to both conventional and targeted therapeutics. By
the time a patient receives diagnosis, the disease has already advanced to an incurable
state in the vast majority of patients.’*®> These facts highlight the unmet challenge of
identifying the lethal cells that survive and thrive even after treatment and predispose
patients to recur, even after seemingly curative surgery.

Although isolation of CTCs from pancreatic cancer patients is feasible,
investigating their clinical utility has proven less successful than other cancers due to
limitations of epithelial cellular adhesion molecule (EpCAM)-only based CTC assays.
CTC detection based only on EpCAM may miss a substantial number of other CTCs,
which might have an aggressive phenotype such as EMT-like CTCs.?" ** The only
FDA-cleared CTC isolation technology, CellSearch,®® suffers from drawbacks including
low efficiency, low purity, and extremely low abundance of CTCs (0-1 CTC per 7.5 mL

of blood) in pancreatic cancer patients.’® To our knowledge, there is no technique
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available for detecting different cell populations of interest simultaneously from
peripheral blood of pancreatic cancer patients. Herein, we present two different
technologies to study heterogeneous CTCs in pancreatic cancer.

We developed an integrated technology and biology based translational
approach, the immunoaffinity-based microfluidic, “CTC Carpet Chip” to study the
biological relevance of rare circulating cells from pancreatic cancer patients (n=35). We
have focused on a novel strategy based on obtaining separate populations of
phenotypically distinct CTCs. Both circulating epithelial CTCs (EpCs) and EMT-like
CTCs (EMTCs) were simultaneously isolated from the peripheral blood of pancreatic
cancer patients by using multiple markers of interest. Sequential microfluidic devices
were set up using antibodies against EpCAM, to capture EpCAM+ CTCs (detected by
anti-cytokeratin), and antibodies against CD133 to capture more stem-like cells,
potentially EpCAM- CTCs (detected by Vimentin) in pancreatic cancer patients.' 2" 3132
135,204, 205 Among the genes involved in EMT, Vimentin has been studied most in our
work. It has been shown that pancreatic cancer has greater than threefold higher
expression of Vimentin compared to other cancers.?” 2%

The EpCAM CTC Carpet Chip could capture =5 EpCs mL™t in 97.5% of
pancreatic cancer patients assayed (mean 22.4+17.7 CTCs mL™). Moreover, 100% of
those individuals showed =15 EMTCs/mL (mean 85.7+59.5 CTCs mL™) in the CD133
chip. We found the numbers of EMTCs were significantly higher compared to the
number of EpCs within the stages from early stages to metastatic, and more

interestingly, the ratio of EMTCs to total CTCs has an increasing trend toward late

stages. The stage IV group patients showed higher number of EMTCs than EpCs
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(p=0.0008), suggesting the strong role of EMT process in the progression of pancreatic
cancer.? > 20:2%:35. 208 \gregver, we observed that pancreatic cancer patients with lymph
node involvement had significantly higher numbers of EMTCs compared to the patients
without. This supports the observations from other studies, where the associations of
EMT with lymph node metastasis have been reported.?*”**® However, we were not able
to observe any significant correlation between CTC abundance, disease stage, tumor
size, metastatic burden, operability, and survival rate in this group, which could be due
to the limited sample size.

The comparison between the EpCAM and CD133 chips in terms of gene
expression profiling showed that CXCR1 was significantly upregulated in CTCs isolated
by the EpCAM chip while POU5F1 (or OCT-4) and MYC were significantly elevated in
the CTCs captured on the CD133 chip. Given the phenotypic differences we have
observed between EpCs and EMTCs, it is not surprising that the stem cell related gene
POUSF1 is highly expressed in EMTCs. Based on our results, over expression of this
gene was significantly correlated with worse PFS.

It has been reported that the expression of the chemokine gene, CXCR1 is
correlated with lymph node metastasis in pancreatic cancer.?’’ The presence of
POUSF1 has been reported in adult human pancreatic stem cells during differentiation
and in pancreatic cancer cells and plays a crucial role in proliferation, cell cycle,
stemness, and metastasis.?** Based on our results, over expression of this gene was
significantly correlated with worse PFS (p=0.04). There are several studies showing that
expression of the oncogene MYC is elevated in pancreatic cancer, the activation of

which may be essential during carcinogenesis.?* %3 Signaling pathways based on
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analysis of captured CTCs on EpCAM vs. CD133 chip with iPathwayGuide using a p
value threshold of 0.05, suggested that these two genes were involved in signaling
pathways regulating pluripotency of stem cells (p=0.056).

We found that the expression of ATL1, BMil, CD14, CDH2, ERCC1, MKIi67,
TTF1, and Vimentin were significantly higher in our early stage pancreatic cancer
patient cohort compared to the rest of the stages. Among these genes, BMil, CDH2,
ERCC1, and TTF1 genes were significantly associated with the prolonged OS and/or
PFS. BMil has been implicated in progression of PDAC by the regulation of pancreatic

cancer CSCs,3" 214

conversely, our results showed over expression of these genes lead
to significantly prolonged OS and PFS. It has been shown that over expression of CDH2
(N-Cadherin) is associated with invasiveness in cancer and poor outcomes in
pancreatic cancer patients,?*> #® however our results showed higher expression of this
gene in early stage patients with longer OS.

ERCC1 has a key role in the removal of adducts from genomic DNA through the
NER pathway and over expression of this gene enables DNA repair in tumor cells that
promotes their viability and growth.”*” Similar to our findings, over expression of this
gene has been reported in PDAC with better OS and outcomes.?’® TTF1 has been
reported in PDAC with a prolonged disease control (210 months).?*?

We observed genes including, ALDH1A3, ESR1, KRT18, KRT19, AKT1, and
CD3D were significantly higher in stage IIB&Ill pancreatic cancer patients. Among these
genes, AKT1 was significantly associated with PFS. AKT1 is increased in many types of
cancer including pancreatic cancer, which is related to apoptosis resistance and cell

proliferation, growth and energy metabolism.??* 2%
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We also observed the expression of CDH1, DCN, KRT19, PGR, and PIK3CA
genes significantly elevated in the stage IV pancreatic cancer patients cohort. Collagen-
associated proteoglycan decorin (DCN) is an important component of extracellular
matrix (ECM) and over expression of this gene has been reported in PDAC.?? Somatic
mutation in PIK3CA gene has been reported in several types of cancer including
colorectal, gastric, thyroid, and breast.?* It has not been reported in conventional PDAC
to date; however the presence of this gene has been reported in IPMN and MCN .2 224

Further, gene expression profiling revealed that IL8 and TP53 were significantly
over expressed in patients with higher OS and/or PFS. IL8 (CXCLS8) is a chemokine
which is associated with cell proliferation, migration, invasion and cancer stem cells
population in many types of cancers including pancreatic cancer.’”® The TP53 tumor
suppressor gene is a well-considered deregulated gene in pancreatic cancer.?®
However, pancreatic cancer patients with higher expression of metastatic marker,
GEMIN2 and stem marker, POU5F1 showed worse OS or PFS respectively.

Although the immunoaffinity CTC Carpet Chip enables us to isolate different CTC
populations from pancreatic cancer patients, it's still a low throughput and biased CTC
isolation system. Therefore, refinements including increasing throughput and using
biomaterials and reversible conjugation of antibodies for CTC release of off the chip
may be the important steps toward improving immunoaffinity technologies.**?

The other current challenge is to increase the yield and detection of CTCs that
have undergone phenotypic changes such as EMT.?*’ To enable identification and

enrichment of heterogeneous populations of CTCs, biomarker-independent

technologies have been developed. Label-free technologies present high throughput
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approaches with the ability to release and expand CTCs using off-chip standard cell
culture techniques. However, they share some disadvantages including, limited
recovery, throughput, purity, and the ability to couple with conventional biological
assays or platforms for other downstream analyses.?* 163 170.176. 188,228 Tharefore, a high
throughput microfluidic-based biomarker-independent CTC isolation technology with
high sensitivity, specificity, and efficiency is needed to enable the study of
heterogeneous CTC populations.

The size-based, label-free inertial microfluidic device, Labyrinth, uses the
delicate balance of inertial and dean forces to differentially focus cells within microfluidic
channels.'®® Particles are focused by inertial forces which can be considered as the
driving forces, while particle migrates away from the center of the channel by drag
forces from dean flow, leading to size-based separation.'® It also induces fluidic path
directional shifts by incorporating 56 high curvature turns.*®® The multi-course path
traversing across inner loops to outer loops yields an increased hydrodynamic path
length to enhance the focusing of both CTCs and WBCs, resulting in greater purity.*®®
Herein, using this novel technology, we have isolated heterogeneous populations of
CTCs expressing epithelial and mesenchymal markers in both pancreatic cancer
patients and advanced non-small cell lung cancer patients (NSCLC).

As mentioned above, the treatment options for pancreatic cancer are limited to
surgery, chemotherapy and radiotherapy. Only 15% of patients are qualified for surgery,
which may result in increasing patient’s survival only 10-20%. The efficiencies of
chemotherapy and radiotherapy are also limited. Hence, the need of a biomarker for

detecting and monitoring this disease is an urgent need.
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Therefore, in order to study the efficacy of CTCs as tumor biomarkers,141
treatment naive pancreatic cancer patients samples were studied for heterogeneous
CTC populations including epithelial CTCs and EMT-like CTCs. Using Labyrinth, CTCs
were detected in 94.3% of treatment naive pancreatic cancer patients ranging from O-
117 total CTCs mL™. This cohort was further stratified based on their cancer stage:
resectable, borderline resectable, locally advanced, and metastasis. Patients with
borderline resectable disease had significantly higher numbers of total CTCs compared
to the other categories. Our results showed the potential of cancer dissemination even
in the earlier stage, as has been previously reported by other groups.*>*

The CTC counts were analyzed for the patients who were under surgery and it
compared with the CTC numbers before surgery. The total CTC numbers showed a
slight decrease in post-surgery patients. However, when this cohort grouped based on
their stages, significantly higher decrease change on the CTC counts was observed in
the more advanced stage group of patients (borderline resettable). The correlation of
overall survival of patients with a decrease compared to an increase or constant CTC
counts shows a better OS in the patients who lost CTCs due to the treatment.

The effect of chemotherapy on CTC numbers was evaluated on pre-/on-
chemotherapy cohort, and pre-/post-chemotherapy group. The numbers of epithelial,
EMT-like, and total CTCs were significantly decreases in on-chemotherapy cohort.
Patients who had a decrease in their CTC numbers show an improved on their OS.
Furthermore, post-chemotherapy group of patients showed significantly lower number of
total and epithelial CTCs, suggesting the effect of chemotherapy treatment on

decreasing the CTC numbers in the circulatory system and result in a longer probability
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survival. Furthermore, the effects of radiotherapy were studied on patients where the
total CTCs counts significantly declined in response to treatment which is associated
with prolonged OS.

Lung cancer causes aproximately one fifth of all cancer-related deaths in the
world. Most lung cancer patients are diagnosed when their disease is too advanced for
surgical intervention. A small minority of patients with lung adenocarcinoma present to
the clinic with oncogenic driver mutations in the EGFR (epidermal growth factor
receptor) gene, or rearrangements in the ALK (anaplastic lymphoma kinase) or ROS1
gene.’®* 22 Additional genomic aberrations include fusions in the RET
protooncogene.?*

Over the last decade, a number of new therapies targeting signaling pathways
that control cell growth and survival have been developed. The discovery and
development of small molecule tyrosine kinase inhibitors (TKIs) has revolutionized
therapy for specific molecular subsets of NSCLC patients. TKIs competitively bind in the
ATP-binding pocket of kinases, thus interfering with tumor growth.?*! Examples include
Erlotinib, Osimertinib, Gefitinib, and Afatinib for EGFR-mutant lung cancers and more
recently, Alectinib, Certinib, and Crizotinib for lung cancers harboring chromosomal
rearrangements of ALK.

Erlotinib is one of reversible EGFR-TKIs and recommended as first line treatments for
NSCLCs harboring an activating EGFR mutation such as an exon 19 deletion or an
L858R mutation. Afatinib belongs to a class of irreversible inhibitors of the human
epidermal receptor family. However, EGFR T790M mutation leads to resistance to most

EGFR TKils such as Erlotinib or Afatinib. Osimertinib is the third-generation EGFR TKI
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and it has shown effects against the T790M mutation. Cetuximab is a monoclonal
antibody (mAb) against EGFR extracellular domain. Crizotinib is a non-specific small
molecule ALK inhibitor and Ceritinib is the second-generation ALK inhibitor.

These therapies often induce marked responses and clinical remissions.
However, the majority of patients will develop resistance to TKls within a few years.?%*
233 The resistance is often mediated by a secondary mutation in the target gene or
alternative pathways that supervene and bypass the original signaling pathway.?**

Presently, the only way to ascertain mechanism of resistance is to perform
a re-biopsy.?** 2%¢ Once the resistance mechanism is identified, there are newer
therapies available to target the resistance mechanism. However, there is no
definitive method to identify which one of the various drugs that target the
‘resistance causing mutation” might be the most effective for that individual
patient.?** There is therefore an unmet need, not only to identify resistance early
and without a tissue biopsy, but also for drug sensitivity assays that predict
response ex Vvivo.

CTC isolation as a non-invasive method could help to identify primary and
secondary resistance mutations and allow for ex vivo drug testing to direct therapy
specific to the patient. Current methods for isolation of lung CTCs mostly rely on
biomarker dependent antibody-based capture, missing populations that may be stem-
like in nature. Therefore, our technology needs to be highly sensitive and highly specific
in order to test isolated cells for driver mutations and resistance mutations, as well as
culture cells for ex vivo drug testing. Therefore, we utilized the Labyrinth technology to

identify and study the CTCs recovering from non-small cell lung cancer patients.
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We were able to detect CTCs in all analyzed NSCLC patients whose lung
cancers exhibited specific driver mutations/rearrangements. CTCs were detected at
numbers of 210 CTCs mL™ in 100%, =50 in 81%, 2100 in 57%, =200 in 29%, =400 in
14%, and =600 in 5% of NSCLC patient samples. We have also found that the number
of recovered EpCAM- CTCs (115.7 CTCs mL™) was significantly higher than the
EpCAM+ CTCs (39.1 CTCs mL™) (p=0.01). As such, CTC detection based only on
EpCAM (EpCAM+) might miss a substantial number of tumor cells.? *>*

CTC clusters have been observed rarely in various cancers, including lung
cancer.”” 2" We have previously demonstrated the presence of CTCs in clusters from
patients with early-stage lung cancer.}’? To investigate the ability of Labyrinth to isolate
CTCs in cluster form, we analyzed the CTCs isolated from advanced NSCLC patients
for the presence of clusters. In addition to the single CTCs (28.9+27 CTCs mL™)
recovered from these patients, we were able to isolate CTCs in clusters (125.9£138.9
CTCs mL™) from 95% of patients (p=0.005). Of 19 patient samples, 17 had >2 clusters,
16 had 23 clusters, 7 had 4 clusters, 4 had 5 clusters, 1 had 6 clusters, and 2 had 7
clusters. It has been reported that the CTC clusters have a high propensity for survival
in circulation and development of metastases.’?” We found that significantly higher
numbers of recovered clusters were EpCAM- (p=0.009) and 36% of them displayed
mesenchymal markers, suggestive of a preponderance of an EMT phenotype in CTC
clusters.?3 238
It has been shown previously that matched EGFR mutations were detected
239 In

in CTCs in 84% of patients carrying EGFR mutations in their primary tumors.

another study, all NSCLC patients with ALK rearranged tumors had detectable
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CTCs in their baseline blood samples.?*® We utilized FISH analysis to explore
whether the recovered CTCs from driver mutant lung adenocarcinoma patients
with aberration in ROS1, ALK, and RET carry the genomic signature of the
primary tumor. Our results revealed that a 5 deletion of ROS1 in the recovered
CTCs from a patient with a known ROS1 rearrangement in the primary tumor, an
ALK rearrangement in the CTCs, matching the patient’s primary tumor, and a
3’deletion of RET in recovered CTCs from a patient with a RET rearranged
tumor.

To be able to expand patient-derived CTCs for ex vivo drug testing, it is
necessary to reduce the off-target cells (mostly RBCs and WBCs) after CTCs
enrichment. We utilized many techniques for the RBCs removals including, RBC
lysis buffer, cell strainer, and microbubbles. However, applying these techniques
resulted in excessive loss of CTCs. Although, utilizing Ficoll-Paque showed a
great promise on higher CTC enrichment and lower RBC numbers after
Labyrinth, the need of a faster, reliable, and more robust system still is a
challenge.

Patient-derived CTCs could be a useful method for therapeutic testing, but to date it
has been difficult to expand this population of cells. To date, only few groups have been
able to expand CTCs in ex vivo.'? 2124 The challenge of culturing CTCs comes from
not only the rarity of the captured population, but also from the physical distance
between the cells. Therefore, the environment imposes stresses that may prevent cells
from growing and instead, induce them to undergo apoptosis. To overcome these

challenges, a Matrigel-Collagen culture model supplemented with conditional media
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from human pancreatic cancer associated fibroblast cells, and human platelet lysates
were utilized for the NSCLC patient-derived CTC expansion ex Vvivo.

The half maximal inhibitory concentration (IC50) analysis is the most commonly
used technique for drug testing analysis. The IC50 numbers may be influenced by
several conditions such as, number of cells, cell culture conditions, and the viability
assay kits (for example the metabolism-based or DNA synthesis-based). Various
NSCLC cell lines were used simultaneously as positive/negative controls along with the
expanded CTCs for drug testing. The drug testing was performed on theses expanded
CTC using various TKIs directed against the genomic drivers.

The first patient (P 03) had a ROS1 rearranged NSCLC on Entrectinib
therapy. Following successful expansion during visit 6, we tested this patient’s
CTCs against Entrectinib, Lorlatinib, and TPX-0005. The IC50 data could echo
the clinical inefficiency of Entrectinib on this patient. Her expanded CTCs were
not sensitive to Lorlatinib either. However, TPX-0005 could direct her to a clinical
trial. Concurrently, it was noted that the patient was noted to have CNS
progression on scans on Entrectinib. Given the relative sensitivity to TPX-0005,
this patient could be directed to a clinical trial using this compound.

The second patient (P 22) had an EGFR mutant NSCLC, on Osimertinib
therapy. Following successful expansion during visit 8, we tested this patient’s
CTCs against various EGFR TKIs as well as TPX-0005. We found that the
expanded CTCs were resistant to Osimertinib, but sensitive to TPX-0005 as well
as to the combination of Osimertinib and TPX-0005. Given the relative sensitivity

to TPX-0005, this patient could be directed to a clinical trial using this compound.
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5 Conclusion

Primary tumors are constituted of heterogeneous populations of cells from which
circulating tumor cells (CTCs) are derived.?* Hence, CTCs may allow for dynamic,
continual assessment of the tumor’'s biological activity and provide a relatively facile
means of monitoring the important yet poorly understood epithelial-to-mesenchymal
transition (EMT) of disseminated cells. Therefore, CTCs have emerged as important
blood-based surrogate markers of primary tumors. By detecting and analyzing primary
tumor-derived CTCs, we would obtain useful information about disease status
noninvasively. The field of study involving CTCs has evolved at a rapid pace that may
eventually provide a valuable point of care assessment of cancer prognosis and
prediction of the effectiveness of therapy.

To develop the clinical applications of CTCs for personalized therapy in many
types of cancers, there is a compelling need for sensitive and accurate approaches to
distinguish CTCs from other blood cells. Microfluidic-based technologies have changed
the existing paradigm for the recovery of CTCs from cancer patients. Two main
approaches for the isolation of CTCs utilizing microfluidic devices are immunoaffinity
capture and label-free size-based methods. We have developed and utilized both of
these approaches in various cancer types including pancreatic, breast, prostate and
Iung Cancer.eg' 72,103, 133, 168, 246

Pancreatic cancer has one of the lowest survival rates among all cancers. Tumor
invasion to other organs has often already occurred by the time of diagnosis. Hence,

there is an urgent need for methods that enable early detection.
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We presented an integrated technology and biology-based approach using a
microfluidic “Carpet Chip” with different spacing between posts and arrays to study the
biological relevance of heterogeneous CTC populations in pancreatic cancer.* Both
epithelial CTCs (EpCs) and EMT-like CTCs (EMTCs) are isolated simultaneously from
whole blood of pancreatic cancer patients (n=35) by separately targeting two surface
markers: EpCAM to capture EpCAM+ CTCs, and CD133 to capture more stem cell like
cells, or putative EpCAM- CTCs. 3% 1

Different spacing between posts and arrays, enabled us to increase the capture
efficiencies (>97%) and purity (>76%), which is crucial for downstream gene analysis.
Thirty-four patients had =5 EpCs mL™ and 35 patients had =15 EMTCs mL™*. Overall,
significantly higher numbers of EMTCs than EpCs are recovered, reflecting the
aggressive nature of pancreatic cancer. Furthermore, higher numbers of EMTCs are
observed in patients with lymph node involvement compared to patients without. 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.

Gene expression profiling of CTCs from 17 patients reveals that CXCR1 is
significantly upregulated in EpCs, while known stem cell markers POU5F1 and MYC are
upregulated in EMTCs. Our findings on gene expression profiling of CTCs from early
stage pancreatic cancer patients may improve prediction of survival and outcomes.
Based on our observations on EMTCs and lymph node involvement, targeting the
genes involved in the EMT process and individualized therapy could reduce metastasis,

thereby increasing the survival rate of pancreatic cancer patients.>®
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Among the analyzed genes, BMil, CDH2, ERCC1, and TTF1 showed higher
expression in early stage patients (stage 11A) compared to the rest of stages which were
also significantly associated with prolonged OS and/or PFS. However, pancreatic
cancer patients with higher expression of stem marker POU5F1 showed worse PFS. In
this study, successful isolation and genomic profiling of heterogeneous CTC populations
are demonstrated, revealing genetic signatures relevant to patient outcomes. Overall,
isolating different CTC populations separately may help us predict the patient’s
outcome.

Among the existing CTC isolation technologies, high throughput, label-free,
microfluidic devices have advantages compared with other available techniques. By
removing the bias of using molecular markers for CTC isolation, heterogeneous CTC
subpopulations can be recovered using label-free isolation. Each different population
may carry distinct, important information that could predict patient outcomes. Herein, we
utiized a high throughput, continuous, biomarker-independent, and size-based
microfluidic separation technology, Labyrinth, to isolate CTCs from whole blood of
pancreatic and non-small cell lung cancer patients.*?®

Using Labyrinth, we were able to isolate epithelial CTCs (9.7+15.7 CTCs mL™)
and EMT-like CTCs (9+9.8 CTCs mL™) from treatment naive pancreatic cancer patients
(n=141). This cohort was stratified based on their tumor staging: resectable, borderline
resectable, locally advanced, and metastatic. The CTC numbers were significantly
higher in the borderline resectable group. This cohort was further stratified by each

patient’s treatment options, surgery, chemotherapy, and radiotherapy. For all the

164



treatment options, we observed a statistically significant decrease in CTC counts after
treatment completion, which was associated with prolonged OS.

Lung cancer is the leading cause of cancer-related death in the world. CTCs
have shown tremendous promise in lung cancer for therapeutic monitoring, especially in
predicting drug resistance. We evaluated the detection of heterogeneous CTC
populations isolated from NSCLC patient blood samples (n=19) using the Labyrinth
device. The Labyrinth device was optimized and tested for inertial separation of cancer
cells using the human lung cancer cell line H1650. The recovery and purity were >82%
and >78%, respectively, operating at a flow rate of 2.5 mL min™.

Heterogeneous CTC populations were detected, including CTCs (PanCK+ and
CD45-), CTCs expressing EpCAM or Vimentin, and CTCs expressing both markers
representing an EMT-like population of CTCs. Using Labyrinth, we were able to isolate
CTCs from 100% of patients with an average yield of 180+168 CTCs mL™, while the
healty control group showed 1+1.7 total CTCs mL™? (p=0.001). Among the captured
CTCs, EpCAM- CTCs were significantly more common than EpCAM+ CTCs (115.7 vs.
39.1 CTCs mL™ respectively). Of recovered CTCs, on average, only 28.7% of CTCs
expressed some level of EpCAM, emphasizing the need for label-free approaches for
studying lung CTCs. In addition, an average 39.6% of CTCs expressed Vimentin.
Among 21 analyzed patient samples, 20 samples had Vimentin+ CTCs, indicating the
presence of Vimentin+ EMT-like cells in circulation in NSCLC.

In addition to single CTCs, we have observed CTC clusters (22 CTCs) in 95% of
NSCLC patients. Among the total number of clusters (905.2 clusters mL™) recovered

from all 19 patient samples, 79% of cell-clusters were negative for EpCAM expression,
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whereas 35% of clusters expressed the EMT marker Vimentin, suggestive of an EMT
phenotype in CTC clusters. These findings indicate the advantage of the label-free
approach for isolating CTC subpopulations in both single and cluster forms.

We have been able to detect tumor related-mutations in the recovered CTCs
from patients with driver mutant lung adenocarcinoma. Recovered CTCs from patients
with RET, ROS1, and ALK rearranged tumors showed aberrations matching with the
primary tumor for each gene using FISH analysis. The label-free Labyrinth device
demonstrated the advantages of marker-independent separation methods in identifying
heterogonous CTC sub-population in lung cancer.

The isolated CTCs were successfully expanded ex vivo from two patients and
were screened for therapeutic efficacy. A Matrigel-Collagen (3D) model was utilized for
ex vivo expansion and the drug testing was performed using various TKIs directed
against known genomic drivers of lung cancer. We found that the expanded CTCs from
a NSCLC patient with ROS1 rearrangement were resistant to Entrectinib (IC50=2357
nM) and loralatinib (IC50=15979 nM). The second successful expanded CTCs from
NSCLS patient with EGFR mutation were resistant to Osimertinib (IC50=34167 nM).
The IC50 results on the expanded CTCs were consistent with patients clinical
outcomes. We have successfully found a new potential TKI, TPX-0005 (IC50=278 nM
for the patient with ROS1 rearrangement, and 1C50=392 nM for the patient with EGFR
mutation) which might be effective in these patients and would direct them to a clinical
trial using this compound.

There is an unmet need to diagnose any kind of cancers by non-invasive

methods as well as to develop methods to predict drug sensitivity, ex vivo. Although in
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vivo applications of label-free technologies are still very limited, the capability of
collecting recovered CTCs from the device using a continuous processing technique
while in a suspension state opens the opportunities not only for CTC expansion off-chip
but also for ex vivo drug testing to direct patient-specific therapies. The specificity of
genomic aberration, as well as defined therapies for lung cancers, make them ideally
suited to test our CTC platform for diagnosis, CTC expansion, and drug testing.
However, in order to perform the drug testing for each patient samples, we still need to
optimize the CTC expansion methods.

Moreover, single-cell diagnostics including those based on CTCs, are predicted
to be instrumental for the realization of personalized medicine and for the development
of completely novel therapeutic concepts. The single cell workflow process allows rapid
and reliable isolation, processing, and profiling of individual cells for multiple genomics
applications.

In order for CTCs to become a routine clinical test for personalized therapy in
lung and other cancers that are associated with specific genomic alterations, there is a
compelling need for sensitive, accurate, and validated approaches. There is currently no
way to predict which of the many early phase compounds that target resistance
mechanisms will actually lead to further response in the patient. Having the ability to
culture CTCs ex vivo reproducibly and without loss of genetic fidelity may allow us to
perform ex vivo drug testing as a parallel “co-clinical” trial.

Our recent and encouraging breakthroughs in optimizing conditions for CTC
expansion and ex vivo drug testing in NSCLC patients (n=2) needs to be validated in

additional patients in a prospective manner. We still need to understand molecular
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mechanisms underlying therapeutic resistance in lung cancer as observed by CTCs’
response to therapy. It is also beneficial to understand aberrations in intracellular RNA
silencing pathways at a single cell level in the CTCs during the course of therapy in
these specific driver mutant lung cancers. The expanded CTCs yet need to be validated
via genomic characterization, as well as, test the patient derived CTCs for drug
resistance. Furthermore, in order to validate the utility of the expanded CTCs, CTC-
derived xenograft mice (Nod/Scid) model need to be utilized, which could serve as a
method to examine expanded CTCs in vitro properties including tumorigenicity and drug
susceptibility (Figure 5-1).

Due to the CTC enrichment and expansion challenges new approaches for CTC
drug screening need to be established such as 3D single-cell analysis based on 3D
culture platform. High throughput screening approaches for single CTCs will give further
advance individually drug administration. However, breaking through the bottlenecks for
single cell in 3D long-term culture still is a critical factor to overcome.

Last but not the least, we need to validate more CTCs from a variety of patients
by variant TKIs in a prospective manner which might give benefit to optimize the
systemic therapy and enable early decision-making to tailor effective antitumor

strategies.
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Figure 5-1: Biomarker independent

,inde microfluidics strategy and the future direction for CTC based tumor
models in lung cancer.”"”
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6 Summary

Circulating tumor cells (CTCs) are cancerous cells that shed from a primary
tumor, intravasate into blood, travel through the blood circulation, and then extravasate
to distant organs and form secondary tumors. Hence, CTCs are critical to understand
the biological process of metastasis and could serve as potential blood-based surrogate
markers to noninvasively evaluate tumor progression and response to treatment.

Although isolation of CTCs from pancreatic adenocarcinoma (PDAC) patients is
feasible, investigating their clinical utility has proven less successful than in other
cancers due to limitations of epithelial cellular adhesion molecule (EpCAM)-only based
CTC assays. We developed a "Carpet Chip” using sequential immunoaffinity-based
microfluidics to study the biological relevance of heterogeneous CTCs. Both epithelial
(EpCs) and epithelial-to-mesenchymal transition (EMT)-like CTCs (EMTCs) were
detected from the blood of PDAC patients (n=35). Thirty-four patients had =5 EpCs
mL™* and 35 patients had =15 EMTCs mL™. Overall, significantly higher numbers of
EMTCs than EpCs were recovered, reflecting the aggressive nature of PDAC.
Furthermore, higher numbers of EMTCs were observed in patients with lymph node
involvement compared to patients without. Gene expression profiling of CTCs from 17
patients revealed that CXCRL1 is significantly upregulated in EpCs, while known stem
cell markers POU5F1, or Oct-4 and MYC were upregulated in EMTCs. Thus, successful
isolation and genomic profiling of heterogeneous CTC populations were demonstrated,
revealing genetic signatures relevant to patient outcomes. Individualizing therapies

targeting genes involved in EMT could reduce metastasis and improve patient survival.
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In further studies on PDAC patients, the utility of CTCs as a tool was validated for
assessing tumor response to the only three therapy options currently available: surgery,
chemotherapy, and radiotherapy. For all treatment options, we observed a statistically
significant decrease in CTC counts after treatment completion, which was associated
with prolonged OS.

Orthogonally, in an effort to develop label-free technologies for CTC isolation, a
microfluidic Labyrinth device for high throughput, label-free, size-based isolation of
CTCs was applied to study CTCs from metastatic non-small cell lung cancer patients
(NSCLC). Current methods for isolation of lung CTCs mostly rely on biomarker
dependent antibody-based capture, missing populations that may be stem-like in
nature. Using Labyrinth operating at a flow rate of 2.5 mL/min, heterogeneous CTC
populations were isolated from NSCLC patients (n=21). Detected populations included
CTCs (PanCK+ and CD45-), CTCs expressing EpCAM or Vimentin, and CTCs
expressing both markers representing an EMT-like population of CTCs. We were able
to isolate CTCs from 100% of patients with an average yield of 180+168 CTCs mL™.
Among captured CTCs, EpCAM- CTCs were significantly more common than EpCAM+
CTCs (115.7 vs. 39.1 CTCs mL™ respectively). Cell clusters of 2 or more CTCs were
also observed in 95% of patients; 79% of these clusters were negative for EpCAM
expression, whereas 35% expressed Vimentin, suggestive of an EMT phenotype.
Recovered CTCs from patients with RET, ROS1 and ALK rearrangements in tumors
showed aberrations matching the primary tumor for each gene using FISH analysis. We
successfully expanded CTCs in vitro and the cultured cells carried matched mutations.

The Labyrinth device demonstrated the advantages of marker-independent separation
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methods for isolation of heterogonous CTC sub-populations in lung cancer for CTC
expansion, allowing drug testing for therapies targeting specific driver mutations.

The capability of collecting recovered CTCs from the device using a continuous
processing technique opens up opportunities for not only CTC expansion off-chip, but

also ex-vivo drug testing to direct patient-specific therapies.
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7 ZUSAMMENFASSUNG

Zirkulierende Tumorzellen (CTCs) sind Krebszellen, die aus einem Primartumor
ausgeschieden werden, sich in Blut intravasieren, durch den Blutkreislauf wandern und
dann in entfernte Organe extravasieren und sekundare Tumore bilden. Daher sind
CTCs fur das Verstandnis des biologischen Prozesses der Metastasierung von
entscheidender Bedeutung und konnten als mdgliche Ersatzmarker auf Blutbasis
dienen, um die Tumorprogression und das Ansprechen auf die Behandlung nicht-
invasiv. zu bewerten. Obwohl die Isolierung von CTCs aus Patienten mit
Pankreasadenokarzinom (PDAC) durchfiihrbar ist, hat sich die Untersuchung ihres
klinischen Nutzens aufgrund von Einschrdnkungen der nur auf EpCAM-basierenden
CTC-Tests auf Epithelzellen (EpCAM) basierenden Tests als weniger erfolgreich
erwiesen.

Wir entwickelten einen "Carpet-Chip" mit sequenziellen Mikrofluidik auf
Immunoaffinitatsbasis, um die biologische Relevanz heterogener CTCs zu untersuchen.
Sowohl epitheliale (EpCs) als auch epithelial-mesenchymale Ubergangs (EMT) -
ahnliche CTCs (EMTCs) wurden aus dem Blut von PDAC Patienten (n = 35) detektiert.
Vierunddreil3ig Patienten hatten 25 EpCs mL-1 und 35 Patienten hatten 215 EMTCs
mL-1. Insgesamt wurden deutlich mehr EMTCs als EpCs gewonnen, was die
Aggressivitat von PDAC widerspiegelt. Dartber hinaus wurden bei Patienten mit
Lymphknotenbefall im Vergleich zu Patienten ohne EMTC eine hohere Anzahl von
EMTCs beobachtet. Genexpressionsprofile von CTCs von 17 Patienten zeigten, dass
CXCR1 in EpCs signifikant hochreguliert ist, wahrend bekannte Stammzellmarker

POUS5SF1 oder Oct-4 und MYC in EMTCs hochreguliert wurden. So wurde die
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erfolgreiche Isolierung und das genomische Profiling heterogener CTC-Populationen
demonstriert, was genetische Signaturen aufzeigt, die fur die Patientenergebnisse
relevant sind. Durch die Individualisierung von Therapien, die auf Gene abzielen, die an
der EMT beteiligt sind, konnte die Metastasierung verringert und das Uberleben der
Patienten verbessert werden.

In weiteren Studien an PDAC-Patienten wurde der Nutzen von CTCs als
Instrument fir die Bewertung der Tumorreaktion auf die drei derzeit verfugbaren
Therapiemoglichkeiten validiert: Operation, Chemotherapie und Strahlentherapie. Bei
allen Behandlungsoptionen beobachteten wir eine statistisch signifikante Abnahme der
CTC-Werte nach Abschluss der Behandlung, die mit einem verlangerten OS verbunden
war.

In dem Bestreben, kennzeichnungsfreie Technologien fir die CTC-Isolierung zu
entwickeln, wurde orthogonal ein mikrofluidisches Labyrinth-Gerat far die
markierungsfreie, grol3enbasierte Isolierung von CTCs mit hohem Durchsatz
angewendet, um CTCs von Patienten mit metastasiertem nicht kleinzelligem
Lungenkrebs (NSCLC) zu untersuchen . Derzeitige Methoden zur Isolierung von
Lungen-CTCs basieren meistens auf Biomarker-abhangiger Erfassung von Antikorpern,
wobei Populationen fehlen, die moéglicherweise stammahnlich sind. Unter Verwendung
von Labyrinthbetrieb, das mit einer Flussrate von 2,5 ml / min betrieben wurde, wurden
heterogene CTC-Populationen aus NSCLC-Patienten (n = 21) isoliert. Zu den
entdeckten Populationen gehoérten CTCs (PanCK + und CD45-), CTCs, die EpCAM
oder Vimentin exprimieren, und CTCs, die beide Marker exprimieren, die eine EMT-

ahnliche Population von CTCs darstellen. Wir konnten CTCs von 100% der Patienten
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mit einer durchschnittlichen Ausbeute von 180 + 168 CTCsmL-1 isolieren. Unter den
erfassten CTCs waren EpCAM-CTCs signifikant haufiger als EpCAM + CTCs (115,7 vs.
39,1 CTCsmL-1). Bei 95% der Patienten wurden auch Zellcluster von 2 oder mehr
CTCs beobachtet. 79% dieser Cluster waren fur die EpCAM-Expression negativ,
wahrend 35% Vimentin exprimierten, was auf einen EMT-Phanotyp hindeutet.
Wiederhergestellte CTCs von Patienten mit RET-, ROS1- und ALK-Umlagerungen in
Tumoren zeigten unter Verwendung der FISH-Analyse fir jedes Gen Abbildungsfehler,
die mit dem Prim&rtumor Ubereinstimmen.

Wir konnten CTCs in vitro erfolgreich ausbauen und die kultivierten Zellen
Ubereinstimmende Mutationen tragen. Die Labyrinth-Vorrichtung demonstrierte die
Vorteile von markerunabhangigen Trennungsverfahren fir heterogonale CTC-
Subpopulationen in einer CGD fir die CTC-Dilatation, wodurch Medikamententests fur
Therapien durchgefiihrt werden kdnnen, die auf spezifische Treibermutationen abzielen.
Die Moglichkeit, gewonnene CTCs mithilfe einer kontinuierlichen Verarbeitungstechnik
vom Gerat zu sammeln, erdffnet nicht nur Mdglichkeiten fir die CTC-Erweiterung
aul3erhalb des Chips, sondern auch Ex-vivo-Drogentests, um patientenspezifische

Therapien zu steuern.
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9 Appendix

9.1 Different design configurations of immunoaffinity microfluidic
devices

We undertook a pilot exploratory study comparing five different immunoaffinity
CTC Chip devices to determine the highest capture efficiencies. Different micropost
distributions and arrangement were tested in this study including, CTC Original, Split,
Modified, Rotated, and Carpet Chip.
9.1.1 Original vs. Split CTC chip

The Original CTC Chip was modified to a Split chamber CTC Chip to enhance
the % capture efficiencies. The expression of EpCAM on PC-3 cell line was checked
prior to the experiments with western blot analysis (section 3.3.1) (Figure 3-13). 1000
fluorescently-labeled with green CellTracker PC-3 cell line were spiked into buffer and
the % capture efficiencies of EpCAM on the CTC Original and Split Chip at 10 mL hr*
flow rate were analyzed. The results showed higher capture efficiencies in the Original

(20.1%) compared to the Split Chip (12.4%) (Figure 9-1).

[ Buffer
4 Blood

Orig.inal

Figure 9-1: Original vs. Split CTC Chip. A) AutoCAD design of the Original CTC Chip, B) and the Split CTC Chip.
C) % Capture efficiency of EpCAM with 1,000 spiked pre-labeled PC-3 cell line into buffer at 10 mL hr' flow rate
showed higher %capture efficiency in the Original CTC Chip (20.1%) compare to the Split device (12.4%).
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9.1.2 Original vs. Modified CTC Chip
Original Chip was re-designed to Modified Chip to make it more refined for

capturing purpose. 1000 fluorescently-labeled with green CellTracker PC-3 cell line
were spiked into buffer and blood. % Capture efficiencies of EpCAM with the CTC
Original and Modified Chips at 1 mL hr' flow rates were analyzed. % Capture
efficiencies in blood were slightly higher in the Modified device compare to the Original

device (71.9% vs. 67%) (Figure 9-2).

C 120

=1 Original (Buffer)
[ Original (Blood)
E Modified (Buffer)
[ Modified (Blood)

-
(=]
o

=]
(=]

% Capture Efficiency
[=2]
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Figure 9-2: Original vs. Modified CTC Chip. A) AutoCAD design of the Original CTC Chip, B) and the Modified
CTC Chip. C) % Capture efficiencies of EpCAM with spiked pre-labeled PC-3 cell line into buffer and blood at 1 mL
hr* flow rate. The CTC Modified Chip showed 71.9% capture efficiency with the PC-3 cell line into blood.
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9.1.3 Modified vs. Rotated CTC Chip
Due to low capture efficiencies of the Modified Chip, the Rotated device had

been designed based on the rotating the arrays 10° relative to the previous array until
reaching a total rotation of 180° and then decreasing rotation from 180° to 0° for the
subsequent row. By this new configuration, capture efficiencies of pre-labeled PC-3
cells spiked into blood increased 11.8% at 1 mL hr* flow rate compare to the Modified

CTC Chip (83.7% vs.71.9%) (Figure 9-3).

C 120 [ Modified (Buffer)
[ Modified (Blood)
[ Rotated (Buffer)
I Rotated (Blood)

-
[=]
S

n=5

©
S

% Capture Efficiency
[=2]
o

0- . v
Modified (Buffer) Modified (Blood) Rotated (Buffer) Rotated (Blood)

Figure 9-3: Modified vs. Rotated CTC Chip. A) AutoCAD design of the Modified CTC Chip, B) and the Rotated
CTC Chip. C) % Capture efficiency of EpCAM with spiked pre-labeled PC-3 cell line into buffer and blood at 1 mL hr’
! flow rate. The CTC Rotated Chip showed 83.7% capture efficiency with the PC-3 cell line into blood.
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9.1.4 Rotated vs. Carpet CTC chip
In order to increase the specificity and sensitivity of capturing CTCs, CTC Carpet

Chip was designed based on an 18° rotation of hexagonal arrays of 100 um posts, by
which capture efficiencies increased to 87.7% with pre-labeled PC-3 cell line spiked into

blood at 1 mL hr* flow rate compare to the Rotated Chip (83.7%) (Figure 9-4).

C 1204

[ Rotated (Buffer)
[ Rotated (Blood)
Ed Carpet (Buffer)
Il Carpet (Blood)

-
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o o

% Capture Efficiency

Rotated (Buffer) Rotated (Blood) Carpet (Buffer) Carpet (Blood)

Figure 9-4: Rotated vs. Carpet CTC Chip. A) AutoCAD design of the Rotated CTC Chip, B) and the Carpet CTC
Chip. C) % Capture efficiency of EpCAM with spiked pre-labeled PC-3 cell line into buffer and blood at 1 mL hr* flow
rate. The CTC Carpet Chip showed 87.7% capture efficiency with the PC-3 cell line into blood.
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9.2 List of Tables

Table 9-1: Staging of pancreatic cancer 2*°
Tumor  Nodal Distant Median

Stage grade status metastases survival Characteristics
- TX NX MX - Primary tumor cannot be assessed
- TO NO MO - No evidence of primary tumor
0 Tis NO MO - Carcinoma in situ
A el NO MO 241 Tumor limited to the pancreas, <2 cm in greatest diameter

(localized within pancreas)
B T2 NO MO 206 Tumo_r Iimitgd _to the pancreas, >2 cm in greatest diameter
(localized within pancreas)
Tumor extends beyond the pancreas but does not involve
the celiac
axis or superior mesenteric artery
(locally invasive, resectable)
B T12/3 N1 MO 127 Regione_ll Iymph-node metastasis
(locally invasive, resectable)
Tumor involves the celiac axis or the superior mesenteric

A T NO MO 154

1} T4 Any N MO 10.6 artery
(locally advanced, unresectable)
v AnyT  AnyN M1 4.5 Distant metastasis

N; denotes regional lymph nodes, M; distant metastases, and T; primary tumor.

NX; Regional nodes cannot be assessed, NO; No regional lymph node metastasis, N1; Regional lymph node
metastasis

MX; Distant metastasis cannot be assessed, MO; No distant metastasis, M1; Distant metastasis
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Table 9-2: CTC detection techniques in pancreatic cancer >

Platforms Enrichment technology Number of Detection rate (%) Reference
PDAC patients
CellSearch Immunomagnetic 16 246 CTCs 7.5mL" >
26 42% °
79 11% e
20 45% o
Multi marker RT-PCR Immunomagnetic 34 47.1% w
CTC-iChip Immunomagnetic, Inertial sorting 6 66.7% *©
Ultra-specific CTC isolation platform Immunomagnetic, Inertial sorting 14 100% 0
Immunofluorescence and in situ hybridization (FISH) of ~ Negative Enrichment 40 90% =2
chromosome 8
CTC-Chip Immunoaffinity 15 100% i
Thermoplastic modular microsystem Immunoaffinity 12 100% &
GEDI Immunoaffinity 11 73% o
GEM Immunoaffinity 18 94.4% &
OncoBean Immunoaffinity 2 100% >
NanoVelcro Immunoaffinity 32 62.5% 2
ISET Size-based filtration 93% P
ScreencCell Size-based filtration 11 73% 4
MetaCell Size-based filtration 24 66.7% >
Immunocytogenetics 22 4 CTCs 7.5mL™ =2
Immunocytochemistry 41 21 CTCs 7.5mL™ o
HD-CTC 18 50% Y
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Table 9-3: Staging of Lung Cancer *®

Stage

Tumor

Nodal
status

Distant
metastases

Characteristics

grade

TX NO MO No evidence of primary tumor
0 Tis NO MO Tumor is found in only the top layers of the cells lining the air passages
IA1 Timi/Tla NO MO Minimally invasive adenocarcinoma, tumor size <1 cm
IA2 T1lb NO MO Tumor size >1 cm but not <2 cm
IA3 Tlc NO MO Tumor size >2 c¢cm but not <3 cm
B T2a NO MO Tumor size >3 cm but not <4 cm _ _
Grown into a main bronchus, visceral pleura, clogging the airways.
A T2b NO MO Tumor size >4 cm but not <5 cm _ _
Grown into a main bronchus, visceral pleura, clogging the airways.
T1la/T1b/T1lc N1 MO Tumor size <3 cm but has spread to lymph nodes
T2a/T2b N1 MO Tumor size >3 cm but not <5 cm
1B Grown into a main bronchus, visceral pleura, clogging the airways(specific sizes).Cancer has spread to lymph nodes
T3 NO MO Tumor size >5 cm but not <7 cm
Grown into the chest wall, the phrenic nerve, or membrane of the sac surrounding the heart
T2a/T2b N2 MO Tumor size >3 cm but not <5 cm
Grown into a main bronchus, visceral pleura, and clogging the airways (specific sizes).
Cancer has spread to lymph nodes around the carina or into the space between the lungs.
T3 N1 MO Tumor size >5 cm but not <7 cm
Grown into the chest wall, partial pleura, the phrenic nerve, or membrane of the sac surrounding the heart.
Cancer has spread to lymph nodes
T4 NO/N1 MO Tumor size >7 cm
Grown into the space between lungs, the heart, aorta, trachea, esophagus, diaphragm, the backbone, or the carina.
May or may not spread to the lymph nodes.
A
T2alT2b N3 MO Tumor size >3 cm but not <5 cm
Grown into the bronchus, visceral pleura, and clogging the airways (specific sizes).
Cancer has spread to lymph nodes near the collarbone.
T3 N2 MO Tumor size >5 cm but not <7 cm
Grown into the chest wall, partial pleura, the phrenic nerve, or membrane of the sac surrounding the heart.
There are >2 separate tumor nodules. Has spread to lymph nodes around the carina
T4 N2 MO Tumor size >7 cm

Grown into the space between lungs, the heart, aorta, trachea, esophagus, diaphragm, the backbone, or the carina.
There are >2 separate tumor nodules. Has spread to the lymph nodes around the carina.
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T1la/T1b/T1lc N3 MO Tumor size <3 cm
Not grown into the membrane surrounded the lung. Cancer spread to lymph nodes near the collarbone on either side,
or to hilar or mediastinal lymph nodes on the other side of the body from the main tumor.
Cancer has not spread to distant sites
T2alT2b N3 MO Tumor size >3 cm but not <5 cm
Grown into a main bronchus, visceral pleura, and clogging the airways. Cancer has spread to lymph nodes near the
collarbone on either side or to hilar or mediastinal lymph nodes on the other side of the body from the main tumor.
1B Cancer has not spread to distant sites.
T3 N2 MO Tumor size >5 cm but not <7 cm
Grown into the chest wall, partial pleura, and the phrenic nerve. There are >2 separate tumor nodules.
Cancer has spread to lymph nodes around the carina or mediastinum. Cancer has not spread to distant sites.
T4 N2 MO Tumor size >7 cm
Grown into the space between lungs, the heart, the trachea, the esophagus, the diaphragm, the backbone, or the
carina. There are >2 separate tumor nodules.
Cancer has spread to the lymph nodes around the carina or mediastinum. Cancer has not spread to distant sites.
T3 N3 MO Tumor size >5 cm but not <7 cm
Grown into the chest wall, partial pleura, the phrenic nerve, or membrane of the sac surrounding the heart.
There are >2 separate tumor nodules. Cancer has spread to the lymph nodes around the collarbone.
Inc
T4 N3 MO Tumor size >7 cm
Grown into the space between lungs, the heart, aorta, trachea, esophagus, diaphragm, the backbone, or the carina.
There are >2 separate tumor nodules. Cancer has spread to the lymph nodes around the carina.
Any T Any N M1ila Cancer has spread to the other lung, cancer cells are found in the fluid around the lung, and heart
IVA
Any T Any N M1b Has spread as a single tumor outside of the chest (lives, bones, or brain)
VB Any T Any N Mic Has spread as more than one tumor outside of the chest (lives, bones, or brain)

N; denotes regional lymph nodes, M; distant metastases, and T; primary tumor.
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Table 9-4: CTC detection technologies in NSCLC **°

Platforms Enrichment technology Number of NSCLC patients Detection rate (%) Reference
CellSearch Immunomagnetic 101 21 °
210 39 e
152 31 N
24 33 e
33 36 e
CTC-Chip Immunoaffinity 55 100 *
Graphene oxide chip Immunoaffinity 4 100 &
OncoBean Chip Immunoaffinity 2 100 7
35 83.3 e
Vortex Chip 8 100 »
Dean Flow Fractionation 20 100 e
ISET Size-based filtration 210 50 e
40 80 °
32 100 =
Negative depletion 43 100 ¥
Telomerase-based 30 65 8
MCA 22 77 -
NanoVelcro Immunoaffinity 7 100 1
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Table 9-5: Optimization of panel of antibodies for CTCs detection in pancreatic cancer patients.

Sample EpCAM chip CD133 chip Antibodies
EpCs EMTCs EpCs EMTCs Cytokeratin Vimentin
S 01 0 NA 0 0 CK 7&8 (IgG2a/BD) Vimentin (Rabbit mAb/Cell Signaling)
S 02 0 NA 2 0 CK 7&8 (IgG2a/BD) Vimentin (Rabbit mAb/ Cell Signaling)
0 0 0 0 CK 7&8 (IgG2a/BD) +
S 03 CK 8/18/19 (IgG2a/Invitrogen) Vimentin (Rabbit pAb/ Santa Cruz)
0 0 0 3 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S 04 0 NA 0 6 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S 05 2 NA 0 6 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S 06 2 NA 0 4 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S 07 6 NA 0 7 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S 08 0 4 0 0 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S 09 0 0 0 2 CK 7&8(IgG2a/BD) Vimentin (IgG1/BD)
S 10 0 0 0 0 CK 7&8 (IgG2a/BD) Vimentin (IgG1/BD)
S11 0 0 1 8 PanCK (IgG2a/Abcam) Vimentin (IgG1/BD)
-PanCK (IgG2a/BioRad) for EpCAM chi . .
S 12 10 NA 0 3 rans &8((%62 o0, aa) Tor €0 o P Vimentin (IgG1/BD)
-PanCK (IgG2a/ BioRad) for EpCAM chi . .
S13 4 NA 0 10 oK 7 &8((?962 2/BD) for)CDl3g ehip P Vimentin (IgG1/BD)
S 14 2 NA NA NA -CK 7&8 (IgG2a/BD) NA
8 NA NA NA -PanCK (IgG2a/ BioRad) NA
s 15 2 NA NA NA -CK 7&8 (IgG2a/BD) NA
7 NA NA NA -PanCK (lgG2a/ BioRad) NA
S16 6 NA NA NA -CK 7&8 (IgG2a/BD) NA
13 NA NA NA -PanCK (IgG2a/ BioRad) NA

EpCs; epithelial CTCs, EMTCs; EMT-like CTCs
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Table 9-6: Clinical characterization of pancreatic cancer patients (n=40) (immunoaffinity CTC Carpet Chip study)

CA19-9 CEA Thera Patholo
UmL®* ngmL? Py gy

Sample CTC EMT Gender Age Stage (me) N Tumor status

P01 30 26 F 74 A - NO MO Resected 2011 - Res AD Dead 463 279
P 02 25 17 M 51 A - NO MO Resected 44 - ?&ae(i/ AD Dead 667 494
P 03 1* 9 201 M 63 A 19 NO MO Resected 42 - Res AD Alive 1000 977
P04 13 101 M 63 IIA 32 NO MO Locally Advanced 52 2 No AD Alive 907 208
P 05 f* 44 73 M 71 A 24 NO MO Resected 16 - Res AD NA 181 169
P 06 25 44 M 74 1B 22 N1 MO Resected 11 - No AD Alive 1508 1292
P O7* 10 77 F 64 1B 19 N1 MO Resected 381 - No AD Alive 1314 835
P 08 64 50 M 69 1B - N1 MO Resected 84 3.3 NA AD Alive 1245 1218
PO9Y 38 92 M 65 IIB 45 N1 MO Locally Advanced 524 4 No AD Dead 612 612
P10 36 180 M 74 1B 40 - MO Locally Advanced 2128 5 No AD Dead 223 223
P119* 21 118 M 68 1B 29 N1 MO Resected 4 7 Res AD Dead 319 55
P12¢ 16 42 M 76 1B 18 N1 MO Locally Advanced 688 - No AD Dead 99 99
P13] 5 127 M 56 1B 23 N1 MO Egrs‘iirt'g;je 1033 3 No AD Dead 539 471
P14* 10 93 M 40 1B 15 NI MO Resected 3 < Chemol oAb Aive 1112 1112
P151 9 78 F 55 ] 23 NO MO Locally advanced 21 2 No AD Alive 654 344
P16 0 15 F 53 1] - NO MO Locally advanced 2485 - No AD Dead 670 573
P17 8 40 F 60 I - NO MO ngsdeirt';ﬁe 27 - Chemo AD NA 364 161
P18 8 26 F 66 ] - NO MO Locally Advanced 325 - NA AD Dead 321 321
P19 9 27 F 70 11} - N1 MO Locally advanced 3693 - No AD Dead 602 465
P 20 8 183 F 60 ] 13 N1 MO Locally advanced 619 - No AD Dead 1363 373
P21¢Y 39 87 F 55 11} 17 NO MO Locally advanced 21 2 No AD Alive 723 351
P221 57 73 M 64 ] 27 NO MO Locally advanced 52 2 No AD Alive 1011 1005
P231 30 15 M 63 ] 44 - MO Locally advanced - - No AD Dead 482 254
P24 9 48 F 81 \ 43 - M1-Liver Locally advanced 17408 - Chemo AD Dead 519 519
P 25 9 21 M 66 v - NO M1 Metastatic 1109 - No AD Dead 130 91
P 26 5 105 M 73 v - N1 M1 Metastatic 145 - NA AD NA 14 14
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P27 67 66 F 50 v 35 - M1-Liver Metastatic - - Chemo AD Dead 548 72
P281 29 147 M 51 \ 34 N1 M1-Liver Metastatic 4 - No AD Dead 131 52
P 29 31 36 F 58 v 39 N1 M1-Breast Metastatic 56 29 No AD Dead 167 99
P30T 13 51 M 60 v 44 NO M1-Lung Metastatic 4232 - No AD Dead 367 137
P31T 35 236 M 66 \ 80 N1 M1-Liver Metastatic 3116 12 No AD Dead 450 55
P321 13 128 M 74 v 56 N1 PeritMOJr-l-eum Metastatic 45 9 No AD Dead 169 139
P331 9 83 M 65 \ 65 N1 M1-Liver Metastatic 652518 - No AD Dead 437 169
P349* 44 207 M 78 v e0 N1 MBSl g 19712 26 No AD  Dead 76 76
P35 7 85 F 58 IV 60 NI LVEh  perastatic . . chemol  AD  Dead 734 143
P 36* - - M 64 ] 14 N1 MO Locally advanced 204 1 Chemo AD Alive 1127 936
P37* - - F 65 1B 29 N1 Mil-Liver Metastatic 97 - Cgeargw AD Alive 496 265
P 38 * - - F 78 IIB 15 N1 M1-Liver Metastatic 132 - Chemo Ad Alive 440 440
P 39* - - F 74 A 30 NO M1-Liver Metastatic 29 <1 Chemo AD Dead 462 134
P40 * - - M 61 A 22 NO M1-Liver Metastatic 21 <1 Chemo AD Dead 514 259
HC 01 F 33 0 - - - - - - - - - HC Alive
HC 02 F 27 2 - - - - - - - - - HC Alive
HC 03 M 27 3 - - - - - - - - - HC Alive
HC 04 M 24 1 - - - - - - - - - HC Alive
HC 05 F 45 2 - - - - - - - - - HC Alive
HC 06 M 40 0 - - - - - - - - - HC Alive
HC 07 F 57 6 - - - - - - - - - HC Alive
HC 08 M 90 3 - - - - - - - - - HC Alive
HC 09 M 66 0 - - - - - - - - - HC Alive

CA19-9, Carbohydrateantigen19-9; CEA, carcinoembryonic antigen; Chemo, Chemotherapy; Rad, Radiation; Res, Resected; AD, Adenocarcinoma; NA, not Available; HC, healthy
controls; OS, overall survival; PFS, progression free survival. RNA analyses were done for patients marked with 1. Tissues samples of patients marked with* were analyzed for IHC
analysis.
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Table 9-7: Treatment of pancreatic cancer patients in different visits (immunoaffinity CTC Carpet Chip study)

Sample Gender Age Stage N Y/ Visit 1 Visit 2 Visit 3 Visit 4
1/6/2015 / /
Received clinical trial treatment UMCC, A
Dose Escalation Trial of the Weel
P04 Male 63 A NO / 6/30/2014 Inhibitor MK1775, | in combination with
gemcitabine (+radiation) - 6 cycles
completed
9/22/2014 3/2/2015 6/1/2015
Completed 4 cycles Folfirinox & 4 cycles On palliative treatment . .
P20 Female 60 i N1 / 6/17/2013 of FpOLFOX, t%/en chemo+radiationy(55 (Gen?citabine, Abraxane, Received previous
- treatment
Gy) and gastrojejunostomy Xeloda)
8/7/2014 9/8/2014 12/8/2014
Received 31.5 Gy (out of a
P21 Female 39 1 NO / 7/14/2014 Completed two weeks of gemcitabine planned 52.5 Gy) radiation with ~ On chemotherapy with
with AZD1775 (weel inhibitor) concurrent gemcitabine and gemcitabine
AZD1775
8/14/2014 9/8/2014 4/14/2015
Received 31.5 Gy (out of a
P22 Male 57 1 NO / 7/28/2014 Completed two weeks of gemcitabine planned 52.5 Gy) radiation with  Off chemotherapy, last
with AZD1775 (weel inhibitor) concurrent gemcitabine and dose was 1/13/15
AZD1775
12/22/2014 4/28/2015
Patient began Weg-l |n!1|b|tor clinical trial Received FOLFIRI then
P 29 Female 58 IV NI BREAST g/4/2014 (2dose escalationtrial of the Weel switched to mFOLFIRINOX,
inhibitor MK1775, in combination with . .
o L . currently on this tx at time of
gemcitabine (+radiation)), the patient sample
switched to FOLFIRI (completed 1 cycle)
1/12/2015 / /
P 30 Male 60 v NO LUNG 8/4/2014 Received 6 cycles gemcitabine +
Cisplatin
12/22/2014 / /
Given Gemcitabine+Abraxane then
P31 Male 66 Vo N1 LIVER - 8/11/2014 o van on FOLFOX (still on FOLFOX at
time of sample)
1/20/2015 / /
P33 Male 65 IV NI LIVER 8/18/2014  COmpleted5 cycles of OMP-59RS in

Combination With Nab-Paclitaxel and
Gemcitabine (APLINE trial)

Visit 1: no prior treatment; different patients received different treatments in their visits 2, 3 and 4.
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Table 9-8: Clinical characterization of treatment naive patients with pancreatic cancer (Labyrinth)

Typeand Gyof o0 Epithelial e

CTCs CTCs

Sample Gender Age Tumor status Name of chemotherapy received Radiation
received CTCs

P01 M 64 Resectable 55 Gemcitabine, Abraxane 0 0 0
P 02 M 76 Resectable 262 C1D1 Gemcitabine, Abraxane 0 0 0
P 03 M 74 Resectable 20523 0 0 0
P 04 F 56 Resectable 24 2 1 1
P 05 F 69 Resectable 160 Gemcitabine/Abraxane 2 0 2
P 06 F 62 Resectable 518 Gemcitabine 3 0 3
P 07 M 73 Resectable 94 Gemcitabine/Cisplatin 3 0 3
P 08 M 73 Resectable 27 FOLFIRINOX 3 0 3
P 09 M 55 Resectable 920 none 4 4 0
P 10 M 46 Resectable 18 4 2 2
P11 F 72 Resectable 1103 Gemcitabine 4 2 2
P12 F 73 Resectable 376 5 0 5
P 13 M 70 Resectable 35 5 0 5
P14 M 68 Resectable 158 Gemzar/Xeloda, Capecitabine 5 0 5
P 15 F 74 Resectable 29 Gem/Cisplatin 6 3 3
P 16 M 73 Resectable 46 OSH 6 0 6
P17 F 68 Resectable 173 8 0 8
P 18 M 69 Resectable 64 Gemcitabine 8 0 8
P 19 M 72 Resectable 688 Gemcitabine 24.4/36Gy 9 3 6
P 20 F 78 Resectable 132 12 3 9
P21 M 46 Resectable 14 Gem/Abraxane 12 3 9
P22 F 67 Resectable 243 12 0 12
P 23 M 69 Resectable 35 none 13 4 9
P24 F 63 Resectable 95 Gemcitabine (Xeloda starting 3/13/16) 13 11 2
P 25 F 62 Resectable 24 Gemcitabine, Capecitabine (OSH) 13 0 13
P 26 F 82 Resectable 13 0 13
P 27 M 72 Resectable 16 NAB-PACLITAXEL + GEMCITABINE 18 18 0
P 28 F 59 Resectable 9 none 23 15 8
P29 M 51 Resectable 2058 Oxaliplatin/5-FU 27 11 16
P 30 M 79 Resectable 19 Gem/Abraxane 28 0 28
P31 M 82 Resectable 60 none 33 22 11
P32 F 58 Resectable 105 FOLFIRINOX 46 34 12
P 33 F 77 Resectable 307 none 52 26 26
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P 34 F 86 Resectable 51 Capecitabine 57 34 23
P 35 M 85 Resectable 43 Gemcitabine 61 23 38
P 36 M 72 Borderline Resectable 2884 FOLFIRINOX 3 0 3
P 37 M 72 Borderline Resectable 3079 5 5 0
P 38 M 60 Borderline Resectable 271 FOLFIRINOX, FDR-Gemcitabine 52.5 Gy 5 0 5
P 39 M 62 Borderline Resectable 83 5 0 5
P 40 F 59 Borderline Resectable 15 MFOLFIRINOX 6 3 3
P41 F 49 Borderline Resectable 163 6 0 6
P42 M 56 Borderline Resectable <2 2011.007 trial: FOLFIRINOX, FDR-Gemcitabine + IMRT 50 Gy 6 0 6
P 43 F 65 Borderline Resectable 104 UMCC 2011.007: mFOLFIRINOX, Gemcitabine + IMRT 50 Gy 6 0 6
P 44 M 71 Borderline Resectable 56 GEMCITABINE + ABRAXANE 12 4 8
P 45 F 77 Borderline Resectable 1524 13 4 9
P 46 F 56 Borderline Resectable 425 FOLFIRINOX - OSH 13 0 13
P 47 M 70 Borderline Resectable 1150 15 5 10
P 48 M 69 Borderline Resectable 1671 1. FOLFIRINOX, 2. Gemcitabine 50 Gy 16 0 16
P 49 M 66 Borderline Resectable none 20 13 7
P 50 F 58 Borderline Resectable 1674 Gem/Abraxane 21 3 18
P51 M 60 Borderline Resectable 14 Neoadjuvant at OSH 22 18 4
P 52 F 86 Borderline Resectable none é g;’)velcc:;;ﬁﬁe’\”z + ABRAXANE, 2. Gemcitabine, 22 22 0
P 53 F 75 Borderline Resectable 4818 Gem/Abraxane 23 10 13
P 54 M 63 Borderline Resectable 135 MFOLFIRINOX 25 23 2
P 55 F 65 Borderline Resectable none GEMCITABINE + ABRAXANE at OSH 26 13 13
P 56 M 68 Borderline Resectable 1159 1. FOLFOX, 2. FOLFIRINOX 26 20 6
P 57 F 58 Borderline Resectable 215 GEMCITABINE + ABRAXANE at OSH 27 18 9
P 58 F 54 Borderline Resectable 518 UMCC 2011.007 M-FOLFIRINOX 50 27 5 22
P 59 M 82 Borderline Resectable 329 Gemcitabine at OSH (then added Abraxane) 31 22 9
P 60 M 54 Borderline Resectable 345 Gemcitabine AZD-1775 IMRT, 52.5 Gy 31 13 18
P61 F 69 Borderline Resectable 1289 33 0 33
P 62 M 62 Borderline Resectable 241 FOLFIRINOX (12 cycles) 58 22 36
P 63 F 49 Borderline Resectable 188 FOLFIRINOX IMRT, 50 Gy 71 45 26
P 64 F 84 Borderline Resectable 1337 1. GEMCITABINE, 2. GEMCITABINE + ABRAXANE 71 49 22
P 65 F 62 Borderline Resectable none i.BGREAI\QS\'II'EABINE + ABRAXANE, 2. GEMCITABINE + IMRT, 55 Gy 80 80 0
P 66 M 59 Borderline Resectable 5 FOLFIRINOX 101 56 45
P 67 F 71 Borderline Resectable 510 FOLFIRINOX 117 67 50
P 68 F 67 Locally Advanced 82 0 0 0
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P 69 F 69 Locally Advanced 2209 GEMCITABINE 52.5 0 0 0
P70 F 78 Locally Advanced 553 3 3 0
P71 M 63 Locally Advanced 179 3 0 3
P72 M 56 Locally Advanced 1618 4 0 4
P73 M 62 Locally Advanced 204 5 5 0
P74 M 81 Locally Advanced 41 Gem/Abraxane 6 0 6
P75 F 68 Locally Advanced 2402 Wee-1 clinical trial 52.5 6 0 6
P76 M 66 Locally Advanced 6 Gemzar/Abraxane 6 0 6
P77 F 62 Locally Advanced 2245 7 0 7
P78 F 52 Locally Advanced 2436 none 8 4 4
P79 F 68 Locally Advanced 2 9 3 6
P 80 F 54 Locally Advanced OSH 9 0 9
P 81 M 56 Locally Advanced 29 11 9 2
P 82 M 60 Locally Advanced none none 16 13 3
P 83 M 68 Locally Advanced 524 GEMCITABINE + ABRAXANE 52.8 Gy 17 0 17
P 84 F 59 Locally Advanced 4348 Gemcitabine 52.5 23 0 23
P 85 M 79 Locally Advanced 1678 1. Gemcitabine, 2. Capecitabine, 3. 5-FU/LV 23 23 0
P 86 M 67 Locally Advanced 510 1. FOLFIRINOX, 2. Gemcitabine 26 13 13
P 87 F 58 Locally Advanced 169 Gemcitabine IMRT 27 13 14
P 88 F 58 Locally Advanced 4 FOLFIRINOX 27 9 18
P 89 F 70 Locally Advanced 2002 27 21 6
. . +
P90 F 57 Locally Advanced none ié;%ggﬁlg OX at OSH, 2. GEMCITABINE 31 27 4
P91 F 84 Locally Advanced 204 none 31 15 16
P 92 F 80 Locally Advanced 687 Gemcitabine 64 49 15
P93 F 72 Metastatic 2657 1. FOLFOX 6, 2. GEMCITABINE + ABRAXANE 0 0 0
s M 68 Vetastatic o1 L UMCC 2015030 PHASE 2 ALPINE 0 0 0
P 95 M 65 Metastatic OSH 0 0 0
P 96 M 63 Metastatic 346 Gemcitabine 3 3 0
P 97 F 51 Metastatic 1982 3 0 3
P 98 M 80 Metastatic 229 C1D1 Gemcitabine, Abraxane 3 0 3
P99 F 69 Metastatic 6345 1. UMCC 2013.030, 2. FOLFOX 4 4 0
P 100 M 70 Metastatic 1653 Gemcitabine 4 2 2
P 101 M 75 Metastatic 17217 5 0 5
P 102 M 64 Metastatic 61881 1. UMCC 2013.030 PHASE 2: ALPINE 2. FOLFOX 6 6 0
P 103 F 63 Metastatic 6 0 6
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P 104 M 64 Metastatic 9377 1. Gemcitabine/Cisplatin, 2. Olaparib 6 0 6
P 105 F 46 Metastatic 6 0 6
P 106 M 59 Metastatic 1444 UMCC 2015.055 Gemcitabine/Abraxane 8 3 5
. +
Pl7  F 4 Vetastati 2391 Gomcianine + Cisplatin  Lynparza, 4. FOLFIRI i 4 4
P 108 M 53 Metastatic none unknown 8 4 4
P 109 M 61 Metastatic 1825 Gem/Abraxane 8 0 8
P 110 M 54 Metastatic 605 FOLFIRINOX 8 0 8
P111 M 69 Metastatic 481 1. Gemzar/Abraxane, 2. FOLFOX 9 9 0
P 112 F a7 Metastatic 2463 1. FOLFIRINOX 2. Gem/Abraxane 9 6 3
P 113 M 59 Metastatic 397 UMCC 15.055 Gem/Abraxane 9 9 0
P 114 F 67 Metastatic 163 9 0 9
P 115 M 81 Metastatic 3561 Gemcitabine 9 0 9
P 116 M 66 Metastatic 429 9 0 9
P 117 F 47 Metastatic X 10 6 4
P 118 M 52 Metastatic 91 10 0 10
P 119 F 51 Metastatic 35477 alternative regimen - OSH 10 0 10
P 120 M 61 Metastatic 22711 11 0 11
P 121 M 79 Metastatic 1393634 Gemcitabine 11 0 11
P 122 F 56 Metastatic none none 12 8 4
P 123 M 65 Metastatic 149 GEMCITABINE + ABRAXANE at OSH 13 13 0
P 124 M 44 Metastatic 7064 GEMCITABINE + ABRAXANE 13 13 0
P 125 M 76 Metastatic 34 13 9 4
P 126 M 59 Metastatic 7373 clinical trial: Gemcitabine, Cisplatin 13 0 13
P 127 F 77 Metastatic 50974 Gemcitabine 16 3 13
P 128 F 66 Metastatic 4030 16 5 11
P 129 F 75 Metastatic none none 17 4 13
P 130 F 55 Metastatic 34 18 9 9
P 131 F 69 Metastatic 2 18 0 18
P 132 M 66 Metastatic 931 21 2 19
P 133 M 75 Metastatic 159 23 10 13
P 134 F 66 Metastatic 624 1. UMCC 2013.030, 2. M-FOLFOX6 31 18 13
P 135 M 67 Metastatic 464 none 31 22 9
P 136 M 62 Metastatic 6980 FABLOX phase | clinical trial 34 17 17
P 137 M 68 Metastatic 30 ;\gfni':f;i Z},ﬂﬂgfa‘i{;‘za” Abraxane, 46 0 46
P 138 M 75 Metastatic 8493 1. GEMCITABINE, 2. GEMCITABINE + ABRAXANE 53 53 0
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1. GEMCITABINE + ABRAXANE, 2. GEMCITABINE +

P 139 F 68 Metastatic 1907 ABRAXANE 58 58 0
P 140 M 78 Metastatic 343 62 62 0
Pl P o Measaic 1200 5 LPCuel OV SoRE T CoTBrSion i b o w
HO01l M 52 0 0 0
H 02 F 51 0 0 0
H 03 M 55 0 0 0
H 04 F 66 2 0 2
H 05 M 50 0 0 0
H 06 F 77 0 0 0
H 07 F 57 0 0 0
H 08 M 63 8 0 8
H 09 M 66 2 0 2
H 10 M 51 3 0 3
H11 M 73 6 0 6
H12 M 81 0 0 0

CA19-9, Carbohydrateantigen19-9; P, patient sample; H, healthy controls
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Table 9-9: Clinical characterization of patients with pancreatic cancer pre and post-surgery (Labyrinth)
Tumor status  Tumor status Total CTCs Total CTCs Epithelial CTCs  Epithelial CTCs EMT-like CTCs  EMT-like CTCs

Sample Gender Age

pre-Surgery post-surgery  pre- Surgery  post-Surgery pre- surgery post- surgery pre- surgery post-surgery

P01 F 49 Borderline Resected 71 3 45 0 26 3
P 02 M 65 Resectable Resected 22 3 / 0 / 3
P 03 F 86 Resectable Resected 57 64 34 37 23 27
P 04 M 85 Resectable Resected 61 0 23 0 38 0
P 05 M 59 Borderline Resected 101 10 56 0 45 10
P 06 M 82 Resectable Resected 16 70 54 16 16
P 07 M 55 Resectable Resected 17 17 9 9 9
P 08 F 86 Borderline Resected 22 6 22 0 0 6
P 09 F 66 Borderline Resected 71 0 / 0 / 0
P 10 F 53 Borderline Resected 3 / 0 / 3
P11 F 73 Resectable Resected 5 3 3 / 0
P12 F 74 Resectable Resected 6 3 6 3 0
P13 M 68 Resectable Resected 26 8 20 3 6 5
P14 F 68 Resectable Resected 8 2 0 8 2
P 15 F 54 Borderline Resected 27 16 0 22 16
P16 M 69 Resectable Resected 8 10 0 8 10
P17 F 78 Resectable Resected 12 29 6 23
P18 F 63 Resectable Resected 13 11 0 3
P 19 M 63 Borderline Resected 25 23 0 2

P 20 M 63 Resectable Resected 13 12 3 0 10 12
P21 M 46 Resectable Resected 6 6 0 0 6
P22 F 73 Resectable Resected 5 14 0 0 5 14
P 23 F 62 Resectable Resected 13 0 3 13 3
P24 M 70 Resectable Resected 5 0 3 5

P25 M 68 Resectable Resected 5 0 0 5

P 26 M 73 Resectable Resected 6 0 0 6

P27 M 73 Resectable Resected 3 17 0 0 3 17
P 28 M 74 Resectable Resected 0 3 0 0 0

P29 M 64 Resectable Resected 5 10 0 5 5 5
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Table 9-10: Clinical characterization of patients with pancreatic cancer pre- and on-Chemotherapy (Labyrinth)

Tumor status pre- Tumor status on- Total Total Epithelial Epithelial EMT-like EMT-like
Sample Gender Age Chemotherapy Chemotherapy CTCs CTCs CTCs CTCs CTCs CTCs
pre-Chemo on-Chemo pre-Chemo on-Chemo pre-Chemo on-Chemo

POl M 59  Borderline Resected 101 10 56 0 45 10
P 02 M 67 Locally Advanced Metastatic 26 10 13 / 13 /
P 03 F 46  Metastatic Metastatic 8 60 4 / 4 /
P 04 F 58 Locally Advanced Locally Advanced 27 14 3 18 11
P 05 F 66  Metastatic Metastatic 31 15 18 3 13 12
P 06 F 65  Borderline borderline 26 0 13 0 13 0
P 07 F 69  Metastatic Metastatic 4 26 4 5 0 22
P 08 M 44  Metastatic Metastatic 13 0 13 0 0

P 09 M 54  Borderline Locally Advanced 31 13 9 18

P 10 F 53  Borderline Borderline 4 0 / 0 /

P11 F 74  Resectable resected 3 6 3

P12 F 58  Locally Advanced Locally Advanced 17 21 13 6 14 15
P13 M 65  Metastatic Metastatic 16 3 / 3 / 0
P14 M 67 Metastatic Metastatic 0 22 / 3 / 19
P15 F 58  Resectable resectable 46 3 34 0 12 3
P16 F 63 Resectable resected 13 3 11 0 2 3
P17 F 59 Borderline borderline 6 36 3 10 3 26
P18 M 81  Metastatic Metastatic 16 16 / 0 / 16
P19 M 62 Metastatic Metastatic 34 0 17 0 17 0
P 20 M 51 Borderline Resectable  Borderline Resectable 27 10 11 0 16 10
P21 M 60  Borderline Resectable  Borderline Resectable 5 0 0 0 5 0
P22 M 80 Metastatic 3 5 0 0 3 5
P23 M 69 Borderline Resectable 16 3 0 0 16 3
P24 F 68  Unresectable Unresectable 6 3 0 0 6 3
P 25 M 68 Metastatic Metastatic 46 0 0 0 46 0
P 26 M 68 Resected Resected 3 5 0 0 3 5
P27 M 64  Metastatic Metastatic 6 3 0 0 6 3
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P 28 F 46 Metastatic Metastatic 0 6 0 0 0 6
P29 M 56  Borderline Resectable  Borderline Resectable 5 0 0 5
P 30 M 64 Unresectable Unresectable 12 3 6 0 6 3
P31 M 73 Resected Resected 17 6 0 0 17 6
P 32 M 66  Unresectable Unresectable 6 1 0 0 6 1
P 33 M 59 Metastatic Metastatic 13 7 0 0 13 7
P 34 M 76 Resectable Resectable 0 0 0 0 0 0
P35 M 54  Metastatic Metastatic 8 0 0 0 8 0

Chemotherapy, Chemo
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Table 9-11: Clinical characterization of patients with pancreatic cancer pre- and post-Chemotherapy (Labyrinth)

Tumor status pre- Tumor status post- Total Total Epithelial Epithelial EMT-like EMT-like
Sample  Gender Age Chemotherapy Chemotherapy CTCs CTCs CTCs CTCs CTCs CTCs
pre-Chemo post-Chemo Pre-Chemo  Post-Chemo pre-Chemo post-Chemo
P01 M 82 Borderline Resectable 31 16 22 0 9 16
P 02 F 62 Borderline Locally Advanced 80 21 80 0 0 21
P 03 F 58 Locally advanced Metastatic 27 14 9 3 18 11
P 04 F 84 Borderline Locally Advanced 71 12 49 12 22 0
P 05 F 86 Borderline Resected 22 6 22 0 0 6
P 06 F 68 Metastatic Metastatic 58 18 58 3 0 15
P 07 F 53 Borderline Resected 4 3 / 0 / 3
P 08 F 59  Borderline Locally Advanced 3 7 0 0 3 7
P 09 M 68 Resectable Resected 26 8 20 3 6 5
P 10 F 54 Borderline Resected 27 16 5 0 22 16
P11 F 75 Borderline Borderline 23 6 10 0 13 6
P12 M 61 Metastatic Metastatic 8 23 0 0 8 23
P 13 M 69 Resectable Resected 8 10 0 0 8 10
P14 F 59 Borderline Locally Advanced 6 3 3 0 3 3
P 15 M 63 Borderline Resected 25 9 23 0 2 9
P 16 M 81 Metastatic Metastatic 16 6 / 3 / 3
P17 F 61 Metastatic Metastatic 24 3 / 0 / 3
P 18 M 59 Metastatic Metastatic 8 6 3 0 5 6
P 19 F 58 Borderline Borderline 21 33 3 6 18 27
P 20 M 51 Borderline Resectable  Borderline Resectable 27 4 11 0 16 4
P21 M 46 Resectable Resectable 12 6 3 0 9 6
P 22 F 56 Borderline Resectable  Borderline Resectable 13 0 0 0 13 0

Chemotherapy, Chemo
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Table 9-12: Clinical characterization of patients with pancreatic cancer pre- and post-Radiation (Labyrinth)

Tumor status Tumor status Total Total Epithelial Epithelial EMT-like EMT-like
Sample Gender  Age g o CTCs CTCs CTCs CTCs CTCs CTCs
pre-Radiation post-Radiation pre-Rad post-Rad pre-Rad post-Rad pre-Rad post-Rad
PO1 F 49 Borderline Resected 71 3 45 0 26 3
P 02 F 62 Borderline Locally Advanced 80 21 80 0 0 21
P 03 F 87 Resected Resected 6 5 0 0 6 5
P 04 F 73 Locally Advanced Locally Advanced 20 8 0 1 20 7
P 05 M 54 Borderline Locally Advanced 31 9 13 9 18 0
P 06 F 53 Borderline Resected 0 3 0 0 3
P 07 F 59 Borderline Locally Advanced 7 0 3 7
P 08 F 58 Locally Advanced Locally Advanced 17 21 13 6 14 15
P 09 F 75 Borderline Borderline 23 6 10 0 13 6
P 10 F 63 Resectable Resected 13 3 11 0 2 3
P11 F 59 Borderline Locally Advanced 6 3 3 0 3 3
P12 M S' Resosabe Resectabie 10 4 0 0 10 4

Radiation, Rad
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Table 9-13: Clinical characterization of patients with NSCLC

Node

Adenocarcinoma

Smoking

Sample Gender Age Stage status Tumor subtype status Mutation Treatment

P01 F 39 [\ NO T2 ALK No Alk Mutation Crizotinib
Crizotinib (switched from Carbo/Taxol

P 02 F 55 \Y N3 T2 ROS-1 80 PY ROS1 Mutation due to neuropathy - was taking
Carbo/Taxol prior to baseline)
Crizotinib (stopped 12/10/2017). Started

P 03 F 40 \Y N2 T1 ROS-1 No ROS1 rearrangement Entrectinib 12/26/2017.

P 04 M 85 \Y N1 T2 ROS-1 30PY ROS1 rearrangement Crizotinib

P 05 F 78 Y N2 T3 EGFR No EGFR mutant AC with T790M mutation Osimertinib

P 06" F 49 IV NO T4 EGFR 25PY _ T790M mutation Osimertinib
Disease progression on Erlotinib so

P 07 F 77 v N1 T3 EGFR No EGFR mutant AC switched to Afatinib on 1/10/2017
Afatinib reduced dose started on

P 08 M 81 v N2 T1 EGFR No EGFR mutant AC 12/31/2016. On hold as of 2/14/2017 to
improve QOL

P 09" F 43 WV N2 T2 ROS-1 No  ROS 1 Mutation progressed on Crizofinip. Started on

P10 M 58 Y NO T3 ROS-1 No ROS 1 Mutation Crizotinib

P11 M 60 Y NO T2 ALk 23PY Alk translocation + Crizotinib

P12 F 57 \Y NO T4 EGFR 5PY EGFR mutation Erlotinib and Zometa

P13 M 62 IV N2 T3 EGFR No  EGFR mutation ggﬁ;'b’ Switched to Osimertinib (due to
Pemetrexed maintenance - cycle 1

P 14 F 58 IV NO T2 EGFR 5PY  EGFR mutation initiated on 7/12/2017, prior to this
patient received 4 cycles of
Carbopltin/Pemetrexed.

P 15 F 61 \Y% NO T2 EGFR 10PY EGFR exon 19 deletion Tarceva

P 16 F 80 [\ NO T2 EGFR No EGFR L858R, T790M Osimertinib

P17 M 58 \Y% NXx T3 Alk No TTF-1, Napsin, ALK positive Alectinib (stopped Crizotinib)

P 18 F 61 I\ N3 T2 EGFR No EGFR L858R, T790M Osimertinib

P19 M 50 \Y% N2 T2 Alk Former ALK EML-4 fusion Alectinib

P 20 F 45 v N3 T4 EGFR Former EGFR, Exon 19 deletion, PDL1 10% Tagrisso

P21 F 63 \Y% N3 T3 ROS-1 No ROS-1 Carboplatin/Pemetrexed

EGFR insertion/deletion19 and a variant - .
P 22+ F 49 v NX T2 EGFR No of unknown significance in ERBB2, ALK1  ~fatinib + Cetuximab. 10/27/2017
. switched to Taxotere+Cyramza+Tagrisso
and ROS1 negative.
p 23* F 43 [\ NO T2A RET No RET Mutation Alectinib
. . Pembrolizumab + ePancreatic
*% - - - 0,
P 24 M 53 / / / / / CK7, TTF-1, Napsin-A positive PD-L1 5% cancerdostat

" Analyzed for PanCK CTC only. * Discarded from the analysis due to the different sample processing. ** Withdraw from the project by the clinic due to the PDL1 mutation.
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Table 9-14: CTC enumeration of patients with NSCLC

Sample PanCK+ CTCs E%?.’é':“ vi né_elz_rétsin+ Dgl_f_kéls+ g?tgsl Processed with
P01 121.4 0.0 11.3 8.5 141.2 Single Labyrinth
P 02 34.4 0.0 7.4 54.0 95.7 Single Labyrinth
P 03 96.9 14.2 23.6 33.1 167.8 Single Labyrinth
P 04 100.9 38.2 30.0 2.7 171.8 Single Labyrinth
P 05 273.8 5.0 7.5 0.0 286.3 Single Labyrinth
P 06" 76.8 0 0 0 76.8 Single Labyrinth
P 07 24.0 0.0 57.6 122.4 204.0 Single Labyrinth
P 08 167.3 0.0 2.4 12.1 181.8 Single Labyrinth
P 09" 631.4 0.0 0.0 0.0 631.4 Single Labyrinth
P 10 30.1 7.5 0.0 7.5 45.2 Single Labyrinth
P11 350.0 0.0 7.9 44.7 402.6 Single Labyrinth
P12 189.3 5.2 59.6 25.9 280.0 Single Labyrinth
P 13 31.6 0.0 0.0 7.9 39.5 Single Labyrinth
P 14 21.8 0.0 9.5 2.7 34.1 Single Labyrinth
P 15 42.4 4.4 0.0 59 52.7 Single Labyrinth
P 16 7.3 0.0 15 15 10.2 Single Labyrinth
P 17 71.3 0.0 11.3 56.3 138.8 Single Labyrinth
P18 38.5 0.0 52.5 0.0 91.0 Single Labyrinth
P19 6.4 6.4 224 35.2 70.4 Single Labyrinth
P 20 82.5 0.0 20.6 4.1 107.3 Single Labyrinth
P21 41.6 6.9 263.5 239.2 551.2 Single Labyrinth
p 22* 0.0 0.0 0.0 3.2 3.2 Double Labyrinth
P 23* 13.8 0.0 4.2 0.0 18.0 Double Labyrinth
P 24** NA NA NA NA NA Single Labyrinth
HC 01 3.0 0.0 0.0 0.0 30 Single Labyrinth
HC 02 0.0 0.0 0.0 0.0 0.0 Single Labyrinth
HC 03 0.0 0.0 0.0 0.0 0.0 Single Labyrinth

" Analyzed for PanCK CTC only. * Discarded from the analysis due to the different sample processing. ** Withdraw from the project by the clinic due to the PDL1
mutation.
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Table 9-15: Clinical information of NSCLC patients (P 03 and P 22) over the treatment.

uoneinpy

juswieald]

Mmelq poojg
auljasey

VSTERIBE

Sljuswwo)d

11/21/2017- progressed in the brain.
1/20/2018- MRI Brain- slight increase in fullness of L

frontal brain tumor. CT (chest, abdomin, pelvis) no

Crizotinib (stopped N BE ® B 2 W a g J o changeinbone mets, no new mets.
P03 ROS1 12/10/2017) Stsrpied S & ®» © JN o & g & & 3/19/2018- cancer progression in the brain only, but at
rearrangement i2/26/2017 S © 8O 35 8 3 8 3 9 B 3 severalspots. Entrectinib continued as treatment.
. = = e e = T - T T . . .

o W N N N ® o o ® o o 7/11/2018- Continue Entrectinib for now, has likely
stable disease, recent MRI findings more likely
treatment-related/radiation necrosis and less likely
progression.

10/27/2017 Docetaxel + . . . .
Ramucirumab Disease progression to liver and new lung, brain tumor
Discontinued Docetaxel on ncreasing in S|z_e. S .
4/13/2018 (due to fatigue 12/29/2017 Brain MRI- No significant interval change.
g 5 E B w o o 85 v w g 2/13/2018 Chest CT- Interval decrease in lung nodules
EGFR and  faste  changes). S S5 S E RN E N B 8 and liver lesions
P22 insertion/ Discontinued Ramucirumab £ ® 2SS SIS SN ) )
deletionl9 on  6/152018 due to N N N o oo N o o Q Withdrew consent further blood draws on 6/15/2018.
e S = e . .
5 5 5 N N N B o oo @ Brain MR on 6/11/2018 demonstrated two new brain

progression on MR brain

with  two new lesions.
6/15/2018 started on
Osimertinib.

lesions. Discontinued ramucirumab due to new lesions
and started on Osimertinib.
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sensitive microfludic “CTC Carpet chip”. M. Zeinali, V. Murlidhar, S. Fouladdel, M. S.
Wicha, M. Hafner*, E. Azizi, D. M. Simeone, S. Nagrath*. 215 IAMA -Las Vegas 2014
(Invited speakers).

Conference Presentations:

o Molecular Genetics of B-Thalassemia in Iran. V. Lotfi, P. Fouladi, M. Masrouri, A.
Abdolhosseini, B. Azimifar, M.M Sajedi Far, M. Zeinali, M. Feizpour, S. Foroughi, F.
Mollazadeh, S. Zeinali. Genetics Conference, Kerman, Iran, 2006.

o The report of 1520 cases of prenatal diagnosis of B-Thalassemia as the best
consequences of the preventive program in the country. V. Lotfi, B. Azimifar, P. Fouladi,
M. Masrouri, Z. Jamali, S. Abdi, A. Abdolhosseini, F. Hashemi, F. Ehterami, M.
Feizpour, S. Foroughi, F. Mollazadeh, A. Jodaki, F. Chehelcheraghi, M. M.Sajedi Far,
M. Zeinali, A. Fahim, S. Zeinali. The First Iranian Medical Laboratory Scientists
conference in Iran, Tehran, Iran. Jan 2007.

Posters:

o High Throughput isolation of circulating tumor cells (CTCs) from Non-small cell
lung cancer (NSCLC) patients for personalized treatments. Authors: Mina Zeinali, Arthi
Nadhan, Anvya Mathur, Maggie Lee, Wei Huang, Mathias Hafner, Nithya Ramnath,
Sunitha Nagrath. Fifth AACR-IASLC International Joint Conference 2018: Lung
Cancer Translational Science from the Bench to the Clinic, San Diego.

o Epithelial-Mesenchymal Transition-like CTCs reveals signatures of poor
outcomes in pancreatic cancer. Authors: Mina Zeinali, Vasudha Murlidhar, Shamileh
Fouladdel, Mathias Hafner, Shimeng Shao, Lili Zhao, Heather Cameron, Armand
Bankhead lll, Jiagi Shi, Kyle C.Cuneo, Vaibhav Sahai, Ebrahim Azizi, Max S. Wicha,
Diane M. Simeone, Sunitha Nagrath. AACR 2018, Chicago.

o Increased number of EMT-like CTCs relative to Epithelial CTCs reveal signatures
of poor out-comes in pancreatic cancer. Authors: M. Zeinali, V. Murlidhar, S. Fouladdel,
M. Hafner, S. Shao, L. Zhao, H. Cameron, A. Bankhead Ill, J. Shi, K. C.Cuneo, V.
Sahai, E. Azizi, M. S. Wicha, D. M. Simeone, S. Nagrath. AACR 2016, Florida.

o Mesenchymal stem cells in pancreatic cancer possess unique properties in
promoting tumor growth and metastasis. Authors: M. Waghray, G. Grace, M.
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Yalamanchili, L. Wang, M. Dziubinski, M. Zeinali, S. Nagrath, D. Simeone. AACR 2015,
Philadelphia.

o Analysis of circulating epithelial and EMT-like CTCs in pancreatic cancer using a
sensitive microfluidic CTC capture device. Authors: M. Zeinali, V. Murlidhar, S.
Fouladdel, M. Hafner, S. Shao, E. Azizi, M. S Wicha, K. Cuneo, D. M Simeone, S.
Nagrath. AACR 2015, Philadelphia.

o A Radial Flow Microfluidic Device for Ultra-high-throughput Affinity-based
Isolation of Circulating Tumor Cells. Authors: V. Murlidhar, M. Zeinali, S. Grabauskiene,
M. Ghannad-Rezaie, M. S. Wicha, D. M. Simeone, N. Ramnath, R. M. Reddy, S.
Nagrath. AACR 2014, San Diego.

o Integrated Microfluidic Chip for high throughput CTC Sorting and Detection with

High Specificity. Authors: M. MG Grafton*, R. M Jack*, D. Rodrigues, C. Griffin, D. Jue,
R. Cieslak, M. Zenali, M.S. Wicha, D.M. Simeone, S. Nagrath. AACR 2014, San Diego.
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