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Abstract

Abstract

Cancer metastases descend from proliferative circulating tumor cells (CTCs) which
disseminate from the primary tumor via blood and lymph vessels. In the last two decades,
CTC analysis from blood samples was established for diagnostic and prognostic purposes
and therapy monitoring in the course of liquid biopsy. Nonetheless the small number of CTCs
compared to billions of blood cells in a patient sample requires sensitive methods to obtain
reproducible tumor cell recovery rates. Against this background, the Fraunhofer Institute for
Microengineering and Microsystems has recognized the unmet need of standardized CTC
isolation and developed automated microfluidic platforms to enrich, detect and isolate single
tumor cells from 7.5 mL whole blood. The aim of this thesis was to realize single cell isolation
by means of automated immunomagnetic bead enrichment and antibody-based fluorescence
detection in a chip-based microfluidic system and the molecular biological characterization of
these cells to assay tumor features from liquid biopsy. Therefore, this work compares manual
and automated immunomagnetic enrichment in terms of cell recovery in dependency of cell
line and input number, bead characteristics, biofunctionalization protocol and blood cell
contamination focusing on head and neck squamous cell carcinoma (HNSCC) and
metastatic breast cancer. In a prototype enrichment device (ISsOMAG), we established an
isolation protocol with EpCAM-targeting 1 um magnetic beads for automated enrichment
tested on different epithelial cancer cell lines. White blood cell contamination, usually
hampering further downstream analysis of enriched tumor cells, was measured by FACS and
minimized to about 1200 cells starting from 7.5 mL blood. In the microfluidic benchtop
platform CTCelect, we characterized each process step with two different carcinoma cell
lines (MCF-7, SCL-1) demonstrating up to 87 % enrichment, 73 % optical detection and
dispensing efficiency. 40 to 56.7 % of cells were recovered after complete isolation from
7.5 mL untreated whole blood. We highlighted the bottlenecks of microfluidic cell isolation in
dependency of bead-binding on the cell surface and implemented a gating function for the
cytometer subunit to selectively dispense cells instead of autofluorescent objects. In doing
so, CTCelect enabled automated dispensing of single circulating tumor cells from HNSCC
patient samples, qPCR-based confirmation of tumor-related biomarkers with a simplified one-
step protocol and immunostaining using a panel of tumor markers. Additionally, the platform
was compared to commercial CTC isolation technologies to highlight advantages and
limitations of CTCelect. In conclusion, the achieved findings substantially contribute to the

establishment of the platform technology in the applied research field of liquid biopsy.
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Zusammenfassung

Krebsmetastasen gehen von proliferativen zirkulierenden Tumorzellen (CTCs) aus, die sich
vom Primartumor Uber Blut- und Lymphgeféal3e ausbreiten. In den letzten zwei Jahrzehnten
wurde die CTC-Analyse aus Blutproben fiir diagnostische und prognostische Zwecke sowie
zur Therapietiberwachung im Rahmen der Flissigbiopsie etabliert. Die geringe Anzahl von
CTCs im Vergleich zu Milliarden von Blutzellen in einer Patientenprobe erfordert jedoch
sensible Methoden, um reproduzierbare Tumorzellgewinnungsraten zu erzielen. Vor diesem
Hintergrund hat das Fraunhofer-Institut fir Mikrotechnik und Mikrosysteme den dringenden
Bedarf an standardisierter CTC-Isolierung erkannt und automatisierte mikrofluidische
Plattformen zur Anreicherung, Detektion und Isolierung einzelner Tumorzellen aus 7,5 mL
Vollblut entwickelt. Ziel der hier vorgestellten Dissertation war die Realisierung einer
Einzelzellisolierung  durch  eine  automatisierte  Anreicherung  basierend  auf
immunmagnetischen Partikeln und eine antikérperbasierte Fluoreszenzdetektion in einem
Chip-basierten mikrofluidischen System und eine darauffolgende molekularbiologische
Charakterisierung dieser Zellen um Tumormerkmale aus Flissigbiopsien nachzuweisen. Die
Arbeit vergleicht daher die manuelle und die automatisierte immunomagnetische
Anreicherung hinsichtlich der Zellausbeute in Abhangigkeit von Zelllinie und Inputzahl,
Partikeleigenschaften, Biofunktionalisierungsprotokoll und Blutzellkontamination mit Fokus
auf Kopf-Hals-Tumoren (HNSCC) und metastasiertem Brustkrebs. In einem Prototyp-
Anreicherungsgerat (IsoMAG) wurde ein Isolierungsprotokoll mit effektiven EpCAM-
funktionalisierten 1 um Magnetpartikeln fir die automatisierte Anreicherung etabliert, das an
verschiedenen epithelialen Krebszelllinien getestet wurde. Die Kontamination mit weil3en
Blutkdrperchen, die eine weitere Analyse der angereicherten Tumorzellen behindert, wurde
mittels Durchflusszytometrie gemessen und auf etwa 1200 Zellen aus 7,5 mL Blut minimiert.
In der mikrofluidischen Benchtop-Plattform CTCelect wurde jeder Prozessschritt mit zwei
verschiedenen Karzinomzelllinien (MCF-7, SCL-1) charakterisiert und dabei eine
Anreicherung von bis zu 87 % und eine optische Detektions- und Dispensiereffizienz von
73 % nachgewiesen. 40 bis 56,7 % der Zellen wurden nach vollstandiger Isolierung aus
7,5 mL unbehandeltem Vollblut zuriickgewonnen. Ferner wurden die Herausforderungen der
mikrofluidischen Zellisolierung in Abh&ngigkeit von der Bindung der Magnetpartikel an die
Zelloberflache aufgezeigt und eine Gating-Funktion fur die Zytometer-Untereinheit
implementiert, um selektiv Zellen anstelle von autofluoreszierenden Objekten zu

dispensieren. Auf diese Weise ermdglichte CTCelect die automatisierte Dispensierung



Zusammenfassung

einzelner zirkulierender Tumorzellen aus HNSCC-Patientenproben, die gPCR-basierte
Bestatigung tumor-assoziierter Biomarker mit einem vereinfachten Ein-Schritt-Protokoll und
die bildgebende Antikdrperfarbung an einem Panel von Tumormarkern. Darlber hinaus
wurde die Plattform mit kommerziellen CTC-Isolierungstechnologien verglichen, um die Vor-
und Nachteile von CTCelect aufzuzeigen. Zusammengefasst tragen die erzielten Ergebnisse
wesentlich zur Etablierung der Plattformtechnologie in der angewandten Forschung im

Bereich der Flussigbiopsie bei.
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1 Introduction

1 Introduction

The viability of multicellular organisms is based on a homeostatic balance between cell
growth, proliferation and cell death. Due to frequent copying, hereditary factors and
environmental influences, the genome of each cell has a high mutational risk. In most cases,
a number of mutations in humans can be neutralized with the aid of programmed cell death
(apoptosis) or DNA repair mechanisms. Reaching a critical mutational burden in one cell or
in a crucial genomic region, errors in cell fate determination and the re-gain of stem cell
properties lead to tumor cell conversion and later to tumor growth (from Latin tumere “to be

swollen”).

Cancer cells are equipped with two dangerous heritable features: On one hand, they grow
and proliferate uncontrollably which finally leads to the actual tumor formation. Tumors are
classified “benign” or non-invasive if they are not surpassing the tissue barriers. On the other
hand, malignant cancers will invade peripheral tissue or vessels to colonize other body parts
[1]. This colonization process is called metastasis. In 1889, the English surgeon Stephen
Paget published the seminal “seed and soil” theory [2], where he described for the first time
that certain tumor cells (the “seed”) favor certain organs as their “soil”. He concluded that
metastases formed only if seed and soil were compatible [3]. The metastatic spread of
cancer cells is the most important pathologic aspect as metastasis is responsible for 90 % of
cancer-related deaths [4]. Hence the overall survival strongly depends on an early diagnosis.
Due to high mortality rates, diagnostic and therapeutic research on metastatic cancer
diseases has been a focus topic in medicine for decades. Today, it is accepted in the
scientific community that the detachment of circulating tumor cells (CTCs) from the primary
tumor and their release in the vascular system play a critical role for the organismic spread of
cancer. Methods to isolate CTCs are researched since the middle of the last century [5]. The
development of new molecular techniques such as sequencing give additional momentum to
the field of liquid biopsy, in particular the analysis of free circulating DNA and circulating

tumor cells, CTC stem cells and CTC clusters.
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1.1 Circulating Tumor Cells and Metastasis

Cancer is a prevalent cause of death in Western countries. According to the German Federal
of Statistics, malignant tumors represent one of the most dangerous diseases in Germany
with 230,000 fatal cases each year. The World Health Organization describes cancer as the
formation of neoplastic tissue (tumor) due to spontaneous, irreversible, autonomic growth
from endogenous tissue [6]. Growing larger than one to two cubic millimeters, tumors can
only sustain proliferation with an independent oxygen and nutritional supply. As a result of
constant hypoxia, tumor cells induce the “angiogenic switch”, releasing i.e. VEGF (vascular
endothelial growth factor) to stimulate vessel sprouting into the tumorous tissue [7].
Mechanic pressure favors the passive detachment of tumor cells into the blood and lymph
vessel. In parallel, transcription factors like Snail, Zinc Finger E-Box Binding Homeobox
(ZEB) and Twist incite epithelial cancer cells from the solid tumor to transdifferentiate into a
mesenchymal phenotype undergoing the so-called epithelial-mesenchymal transition (EMT)
[8]. This event is key to the active intravasation of the tumor cells into the vascular system.
EMT-like tumor cells lose their structural functional polarity of apical and basolateral domains

which allows them to migrate [9].

The fraction of tumor-derived cells in the lymph and blood stream is summarized as
circulating tumor cells (CTCs) (Figure 1). Studies showed that CTCs are detectable in 10 to
40 % of breast cancer patients with raising numbers of 40 to 80 % in patients with metastatic
tumor burden [10]. In general, one to a thousand CTCs are observed among 10° to 107 blood
cells underlining the urgent need to establish sensitive CTC isolation methods. Most of the
CTCs are in fact destined to cell death in the body fluids due to conditions that are not
optimal for epithelia-derived cell survival like shear force, oxidative stress and immune cell
response. As a result, they might not be viable in the blood circulation for longer than
24 hours [11], which makes them a real-time monitor for therapy response or resistance.
Consequently, only a small subpopulation of CTCs contains metastatic precursors [12] with
possibly multiple, concurrent resistance mechanisms [13]. Surviving mobile cancer cells
passively extravasate in a different tissue. Motile cancer cells adhere at distant capillary beds
and are able to transendothelially migrate by mesenchymal-epithelial transition (MET). Either
way, these cells enter dormancy or metastasize into a secondary tumor at another location
[7,14]. In fact, dormant tumor cells can rest in bone marrow for several years before re-

entering the circulatory system [15].
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Figure 1: Tumor cells can relocate from the primary tumor in the blood and lymph vessels.

Epithelial tumor cells are transported into the blood and lymph vessels either passively through mechanical
pressure or actively in the course of EMT using proteolytic enzymes. In the vascular flow, CTCs are exhibited to
biochemical and physical forces which often leads to cell death. The small number of surviving CTCs can enter
dormancy or redifferentiate and form metastases.

In recent years, CTC research gained more diagnostic potential in clinical oncology. Various
publications state that the biochemical composition of a single CTC subtype as a molecular
signature offers information on the tumor origin and possibly even the destination of the cell
to suggest a personalized therapy. Cases of CTCs detected in blood years before metastasis
have been reported. For example, llie et al. published that CTCs were present in 3 % of a
COPD patient cohort (chronic obstructive pulmonary disease) without detectable cancerous
tissue in the lungs. Following annual computer tomography, lung nodules in CTC positive
patients were shown after one to four years, resected and staged as early-stage carcinoma
post-surgery [16]. Besides diagnostic profiling, the CTC count in a blood sample was initially
established as a prognostic value. Researchers found out that the overall survival drastically

decreases above 5 detectable CTCs in a 7.5 mL blood sample [17].

1.1.1 Head and Neck Cancer

At the time of diagnosis, cancer cells in many patients have already disseminated from
primary tumor tissue and circulate as CTCs in peripheral blood and lymph vessels or even
relocate to neighboring tissues or distant organs. For example in two third of head and neck
squamous cell carcinoma (HNSCC) patients, locoregional invasion and adjacent lymph node

metastasis is detected within the first diagnosis [18].
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HNSCC represents the sixth most malignant tumor worldwide with 650,000 new cancer
cases every year [19] and may occur in all (squamous) epithelial tissues and mucous
membranes in the head and neck region (Figure 2). Heavy smoking, alcohol consumption,
human papillomavirus (HPV) clearance and carcinogenic polymorphisms, especially in
immunosuppressed individuals, are favorable dispositions correlating with head and neck
cancer development [20].

Figure 2: Pathology of Head and Neck Cancer.

(A) SPECT-CT (left) and coronal and axial low-dose CT images (right) of a 72-year-old patient with a cT1NO floor-
of-mouth carcinoma with metastatic sentinel lymph node located in cervical lymph node level Ib (white circle). (B)
Schematic illustration of metastatic HNC (©University Medical Center Groningen [21]).

Based on the formation of numerous micrometastases, HNSCC looms a high mortality rate.
The 5-year survival rate of patients with distant metastases drastically decreases below 35 %
[22]. Furthermore, it is presumed that the presence of micrometastases leads to improved
tumor aggressiveness. The metastatic spread is described as a late process in malignant
progression but recent studies on breast cancer suggest that the dissemination of primary
cancer cells to distant sites might be an early event [23]. Early formation of micrometastases
might also play an important role in HNSCC tumorigenesis and progression. The detection of
metastasis-driving CTCs in personalized medicine could thus be crucial for higher chances of

a cure.
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1.1.2 Metastatic Breast Cancer

The German Center for Cancer Registry Data (ZfKD) at the Robert Koch Institute states that
on the basis of the current incidence rates, one out of eight women will suffer from breast
cancer throughout her life. Further, 16 % of these women will be younger than 50 years at
the time of the diagnosis [24]. The mamma carcinoma as the far most frequent cancer in
female individuals has, however, a relatively high 10-year survival rate of 83 % when
diagnosed early, ideally prior to metastasis, and treated effectively. Stage | breast cancer
without sentinel lymph node invasion after biopsy can possibly be cured by surgery and
prophylactic hormone therapy. In contrast, metastatic breast cancer (mBC) as a systemic
disease invades axillary lymph nodes and later other organs and tissues, such as the bones,

lungs, brain or liver and requires harsh therapy administration (Figure 3).

Similar to most cancers, the presence of metastasis-driving CTCs correlates with a poor
prognosis of mamma carcinoma. Zhang et al. postulated that the 3-year survival of patients
with triple negative breast cancer (TNBC) is significantly higher if there are less than 5 CTCs
present in 7.5 mL whole blood prior to surgery [25]. TNBC is a highly invasive form of breast
cancer deriving from cells that lost expression of estrogen, progesterone and human
epidermal growth factor receptors ESR, PR and HER-2 [26] and is therefore particularly
difficult to target without being able to resort to hormone therapy [27]. The hormone receptor
status is one of the most important checkpoints in mamma carcinoma diagnostics as clinical
guidelines suggest hormone and/or antibody therapy depending on a positive receptor
status, replacing or accompanied by radio-chemotherapy.

Figure 3: Pathology of metastatic breast cancer.

(A) PET scan of a 52-year-old woman with biopsy-proven right metastatic breast cancer. Maximum-intensity-
projection reconstruction of CT-attenuation-corrected PET image shows global hypermetabolic uptake in right
breast (star), right subpectoral nodes (arrow), and right internal mammary nodes (arrowheads) and bilobar liver
metastases (curved arrows) (left). Coronal PET/CT shows right subpectoral (arrow) and right breast (star) uptake
(right) [28]. (B) Staging of breast cancer invasiveness. In stage |, BC occurs in the breast tissue or lymph nodes of
the breast in a size of up to 2 cm. Around up to 5 cm growth, the cancer has invaded 1 to 3 axillary lymph nodes
in stage Il. Or the tumor is larger than 5 cm but has not spread to the axillary lymph nodes. In stage lll, the cancer
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has spread in 4 to 10 lymph nodes and causes inflammation. In course of further progression to stage IV, the
tumor can be any size and the disease has spread to other organs and tissues, such as the bones, lungs, brain,
liver, distant lymph nodes, or chest wall [29].

1.2 Tumor Markers in Liquid Biopsy

Following standard procedures, tumor screening and the administration of suitable therapy
for a cancer patient requires a tissue biopsy. The U.S. National Cancer Institute (NCI)
describes the ,biopsy” as the extraction of cells or tissue for a pathological examination. This
invasive operation, however, is not always feasible, carries risks in sensitive organs i.e. the
brain and implies intensive strains for the patient. Against that, due to the discovery of CTCs
in the blood circulation and ultimately the higher risks of operative biopsies, the interest in
liquid biopsy has strongly increased. The term “liquid biopsy” summarizes all non- or minimal
invasive forms of bio marker characterization in body fluids e.g. blood, urine, cerebrospinal
fluid. Tumor markers include CTCs, cell-free or circulating tumor DNA (cf/ctDNA), RNA and
tumor-derived exosomes (Figure 4) [30]. Tumor RNA was also shown to be incorporated in
platelets making them so-called tumor-educated platelets (TEP). Their pathological
relevance is still unclear [31]. In recent years, liquid chromatography-mass spectrometry-
based and NMR-based metabolomics have been successfully applied to discover biomarkers
for lung, bladder and kidney cancer in urine [32,33].

DNA, RNA,

o Proteins

cfDNA DNA

.
o
® - ‘e Circulating
DQ‘DQ' N, © | g
@ @

RNA

Exosomes RNA, Proteins

TEPs RNA

| /

Figure 4: Tumor components and bio marker relevance in whole blood.

CTCs and exosomes are released into the blood stream from solid tumor tissue. Cell-free DNA and RNA come
from apoptotic tumor cells. Making use of blood draw, these tumor components can be analyzed on a proteomic,
transcriptomic, genetic and (in the case of CTCs) even on a cytobiological level. cfDNA: cell-free DNA; TEPS:
tumor-educated platelets.

Several studies concluded that exosomes play an important role in cell-cell communication.
Exosomes are 30-100 nm small extracellular vesicles which are secreted by every cell and
carry DNA, miRNA, mRNA, proteins and cytokines as cargo [34]. In the same manner,

tumor-deregulated nucleic acids can be securely transported from tumor to target cells to
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stimulate tumor progression and therapy resistance [35]. miIRNA analysis unraveled a
correlation of at least four exosomal miRNAs and lung cancer [36]. In addition, the molecular
composition of the exosome membrane might indicate the tumor origin and potential
medication. Despite the promising results, exosome secretion of healthy leukocytes and
endothelial cells raises the background signal hindering the clinical applicability of early
detection immensely. Further, clinically practical isolation methods to separate exosomes
from blood (centrifugation, filtration) are still missing to exploit exosomes as standardized
tumor markers [37]. Similarly, cfDNA is present in both healthy and diseased individuals.
Increased levels of cfDNA were detected in metastatic cancer patients [38]. Sequencing of
cfDNA can indicate specific genomic alterations, i.e. mutation of onco- and repressor genes,
epigenetic changes and gene amplification [39]. Although cfDNA is easily detectable in
blood, the application as diagnostic or prognostic parameter is only feasible in certain
carcinoma due to strong heterogeneity and tumor taxonomic concentration differences [40].
Additionally, cfDNA analysis requires highly sensitive bio markers to exactly distinguish
between healthy and diseased asymptomatic patients. Fernandez-Cuesta et al. showed that
a carcinogenic-associated TP53 mutation was present in 11 % of healthy controls making
this candidate practically unusable for cfDNA screening [41]. Moreover, radiotherapy leads to
an increased level of cfDNA in cancer patient blood which also hampers specific enrichment
of tumor-related DNA.

Nevertheless, the presence of tumor markers in body fluids like blood, lymph, urine,
cerebrospinal and — in brain cancer even — vitreous fluid offers a broad spectrum for straight-
forward minimal invasive cancer research [42]. Liquid biopsy could be conducted also in
weekly frequencies. Especially the high informative content of CTCs turns them into a
promising liquid marker. In contrast to cfDNA analysis, CTC isolation opens up a
biotechnological toolbox on RNA, DNA and proteomic levels (Figure 4). Making use of CTCs,
contamination with background nucleic acids and proteins as in serum or plasma is strongly
minimized. Current expression profiling of mMRNA in CTCs from metastatic gastric cancer
gave highly interesting new insights into diagnostic properties and personalized therapy
adaption. In particular, a majority of gastric CTCs had undergone epithelial-mesenchymal
transition (EMT) and indicated the contribution of platelet adhesion toward EMT progression

and acquisition of chemoresistance [43].
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1.3 Methods to Enrich Rare Cells from Body Fluids

Multi-marker analysis of single CTCs aims to achieve precise drug suitability for personalized
medicine. Therefore, CTCs have to be identified, counted, characterized and isolated from a
background of billions of blood cells per milliliter blood. Since tumor cells exhibit a broad
geno- and phenotypical diversity, there is no universal tumor marker available to target all
subtypes of CTCs in an efficient manner [44]. Nonetheless they can be separated from
hematopoietic progenitors and blood cells based on physical and biochemical features
(Figure 5).

CTC : blood cells =
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Figure 5: Enrichment methods for circulating tumor cells.

The physical and biochemical properties of CTCs differ from those of blood cells. Based on these features, they
can separated from other cells using immunoselective and electrophoretic methods, sieve technologies and
density gradient centrifugation. EC: erythrocyte; Ab: antibody; MB: magnetic bead.

1.3.1 Physical Methods

As displayed on the right side in Figure 5, tumor cells can be separated from blood cells
using dielectrophoresis, size-exclusion and membrane filtration, deformability characteristics

in a microfluidic chip or by means of density gradient centrifugation [45]. ISET filters (isolation
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by size of epithelial cells, RareCell Diagnostics) use an 8 um mesh membrane to hold back
larger, stiffer CTCs and wash out other blood cells. Ficoll, OncoQuick (Greiner Bio-One) can
be taken as an example for density gradient media to yield CTCs in the leucocyte phase after
centrifugation. The advantages of enrichment based on physical features of cells are clear:
The methods do not require immunohistochemical labeling and therefore only have
secondary influence on the physiology of the cell. Contrastingly, CTCs are highly
heterogeneous and similar in size to mononuclear white blood cells raising the chances of

losing them in the background of blood cell contamination [46].

1.3.2 Biochemical Methods

As cancer cells express specific (mostly epithelial) surface antigens, so-called tumor markers
that do not appear on leucocytes or mesenchymal cells or vice versa, they can be enriched
using biochemical methods. Here, two fundamental immunological principles can be
addressed. Tumor cells are either enriched by positive selection with tumor-targeting
antibodies or blood cells are depleted with leucocyte targeting antibodies like anti-CD45
(negative selection) (Figure 5 left side).

Immunomagnetic enrichment is based on an antibody-mediated binding between tumor cells
and magnetic micro- or nanoparticles and then cell separation by applying a magnetic field
afterwards. Positive selection with immunomagnetic enrichment is mostly performed using
antibodies targeting epithelial cell adhesion molecules (EpCAM) as 90 % of tumor entities
derive from epithelial origin [47]. EpCAMSs are transmembrane surface molecules of epithelial
cells [48] to mainly form cell-cell contact. EpCAMs are overexpressed on the surface of

highly proliferative cells i.e. tumor cells [49].

CellSearch® (Menarini Silicon Biosystems Inc.) is to date the only U.S. Food and Drug
Administration approved prognostic method to isolate CTCs from breast, colon and prostate
cancer. It is held as the gold standard in the use of positive selection with anti-EpCAM
magnetic particles [45]. The system however requires experienced personnel to perform and
read out the analysis. Cell fixation is mandatory for intracellular staining in the platform,
therefore CellSearch® is predominantly restricted to CTC count measurement as a
prognostic value and does not allow for downstream procedures of viable CTCs. This
stresses the urgent need for flexible CTC isolation strategies. As shown in Figure 5,
functionalization with tumor-targeting antibodies is not limited to magnetic particles but can
also be applied to immobilize antibodies on the surface of micro columns or channels. The
OncoCEE™ microchip (Biocept, USA) for example is seamed with anti-EpCAM micro

columns [50].
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On the downside, EpCAM-based methods depend on a strong expression of this antigen and
are hence confined by the intrinsic heterogeneity of CTCs. This is most critical in cases of
early EMT or late stages of cancer progression due to the loss of EpCAM expression [31]. To
capture these CTCs, antibody cocktails could be of assistance. Examples of potential
candidates are human epidermal growth factor receptor 2 (HER2), Mucin-1 (MUC1),
epidermal growth factor receptor (EGFR), folate-binding protein receptor (TROP-2) and
mesenchymal or stem cell targets (c-MET, N-Cadherin, CD318) [51] and V-CAM or integrins.

1.4 Confirmation of Isolated CTCs bona fide

To minimize blood cell contamination in CTC isolates, protein or nucleic acid-based
technologies and functional assays require a high specificity. Making use of immunological
properties on proteomic levels, CTCs can be detected using membrane-bound and/or
cytoplasmic anti-epithelial, anti-mesenchymal, tumor-associated or tissue-specific markers.
On the other hand, RT-gPCR, RNA sequencing or cytometric multiplex-bead arrays provide
CTC detection on a transcriptomic basis [47].

1.4.1 Transcriptomic Analysis

On the genotypic level, cancer cells exhibit a deregulated gene expression compared to
control cells or express unexpected markers of their original epithelial tissue in other parts of
the body. Here, nucleic acid-based assays are performed to identify tumor-associated DNA
or RNA in the enriched cells using (reverse transcriptase quantitative) polymerase chain
reaction ((RT-q)PCR), fluorescence-activated probe particles and fluorescence in-situ
hybridization (FISH) [47].

Products of the AdnaTest line (QIAGEN) contain a multiplex PCR to analyze a tumor marker
panel from mRNA in CTCs enriched by immunomagnetic separation after RNA isolation and
transcription in cDNA (complementary DNA). These kits however often only provide a yes/no
result and some of the tested MRNAs e.g. for Muc-1 are also present on activated T cells of
the immune system [45]. The prognostic value of the CTC count also cannot be determined
clearly as the amount of transcript does not necessarily correlate with the number of cells
[52]. Interestingly in this regard, RNA sequencing as an extended technique boosted
personalized diagnostics from single gene mutation analysis in the early 2000s, over cancer
panel screening in the 2010s to Comprehensive Genomic Profiling (GCP). In parallel since

2001, the cost of DNA sequencing decreased more than 100,000 times from $100 million
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USD per human genome to less than $600 USD today [53]. For this purpose, a high purity of
CTC analytes is necessary and isolation platforms as presented in this thesis can assist.

1.4.2 Immunocytological Approaches

The genotype of a cancer cell impacts the phenotypical translation of presented proteins so
that depending on the state and subtype, CTCs display membrane molecules and/or
cytoplasmic epithelial, mesenchymal or tumor-associated markers different to other control
cells [47]. These antigens can be labeled with fluorophore-coupled antibodies to make them
visible in optical systems. CellSearch® and many other CTC isolation platforms use protein-
based methods like immunofluorescence analysis for the detection of CTCs after an
enrichment step. Cells are stained with nucleus dye 4°,6-Diamidin-2-Phenylindol (DAPI),
epithelial surface markers EpCAM and cytokeratin (CK) and leucocyte marker CD45 and are
then defined as CTCs if DAPI*/EpCAM/CK*/CD45  and as leucocytes if DAPI*/EpCAM/CK"
/CD45* [50].

Besides biological fluorophores i.e. phycoerythrin (PE), synthetic fluorophores have been
developed to realize a more robust photostability, more narrow emission and wider excitation
spectra. The 20 nm large semiconductor crystals “QuantumDots” (Thermo Scientific) are an
example. Their outer polymer layer can be biofunctionalized with conjugated antibodies,
however the surface functionalization requires a two-step protocol and lacks uniformity.

1.5 Automated Microfluidics for Diagnostic Approaches

According to The Scientist, at least 5 of the global top 10 innovations in life sciences were
based on microfluidic systems in 2020 [54]. As described by Burklund and colleagues:
“Microfluidics is an emerging field in diagnostics that allows for extremely precise fluid control
and manipulation, enabling rapid and high-throughput sample processing in integrated micro-
scale medical systems. These platforms are well-suited for both standard clinical settings
and point-of-care applications. The unique features of microfluidics-based platforms make
them attractive for early disease diagnosis and real-time monitoring of the disease and
therapeutic efficacy” [55]. The most popular application of diagnostic microfluidics is flow
cytometry where (fluorescent) cell suspensions are hydrodynamically focused using an outer
sheath flow. The cell population of interest is detected on a detector surface using forward
and sideward scattered light to measure size and granularity and laser light with optical filters
to track fluorescence intensity. For example, different blood cell types like leucocytes,

lymphocytes and granulocytes can be distinguished in routine blood work with this method.
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Single target cells such as rare CTC populations, however, underlie a certain detection limit
with classical flow cytometry and can only be identified and analyzed from pre-enriched cell
suspensions using elaborated microfluidic detection. Generally, microfluidic techniques in
single cell isolation employ either the principle of marker-based isolation with single cell
recognition or marker-free isolation without single cell recognition, which both have their
advantages and disadvantages (Figure 6). Marker-dependent methods such as flow
cytometry or camera-based immunofluorescence systems require specific labeling but
deliver data directly. Marker-free isolations (micro structuration, droplet generation) enrich

cells without pre-treatment but deeper analysis of all captured single cells is mandatory.
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Figure 6: Approaches of microfluidic single cell isolation.

Rare cells in pre-enriched samples can be isolated by means of marker-based and marker-free isolation. Marker-
based methods like flow cytometry require specific labeling but allow for direct data of cells of interest. Marker-
free isolations using microstructures capture untreated cells but further analysis of all captured single cells is
necessary.
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1.6 Challenges in Automated CTC Isolation

On one hand, the validation of an optimal therapy based on a conventional tissue biopsy is
limited due to the metastatic heterogeneity [56]. On the other hand, the characterization of
CTCs via liquid biopsy in the semi-automated FDA-approved CellSearch® system has its
own drawbacks. The relatively laborious and cost-intensive analysis can only be conducted
by trained personnel and requires cell fixation. To guarantee reproducible results and to
efficiently deploy the resources, the development of a fully automated platform to enrich,
label, detect and isolate CTCs is worthwhile [57]. The specifications for such a device are as
follows:
- Sensitivity: CTCs should also be detectable at low levels.
- Specificity: The purity of the isolated CTCs should be high.
- Viability: The isolation should be as gentle as possible for adequate downstream
analysis.
- Throughput: The protocol duration should be as short as possible.
- Automation: A certain automation grade should reduce hands-on time and human
error.
- Availability: Systems should be available at clinical facilities, not only at central
laboratories, and thus easy to be operated without trained personnel to guarantee

short transport distances from-bed-to-bench-to-bed results.

The biggest hurdles to overcome are the diversity of the CTCs and of cancer in general, the
rare occurrence of CTCs among millions of blood cells and the rapid degradation of whole
blood over time. The pipeline for a successful isolation includes suitable marker identification
for the subtype, efficient enrichment and reliable cell staining for fluorescence-based
detection. To the last mentioned, the decisive criterion is to gain the highest signal-to-noise
ratio possible between CTC signal and the autofluorescence noise of the magnetic particles
or contaminating cells. Andree et al. found out that a 1:1.000 proportion of the desired
stained cells to the contaminating unstained population leads to a fluorescence overlap of ca.
50 % already as shown in Figure 7 [57]. In this regard, the focus is on the enrichment
specificity of CTCs or the depletion of WBCs and a down-scaled sparing use of magnetic

particles.
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Figure 7: Fluorescence detection of stained and unstained populations in flow cytometry.

The distributions of fluorescence intensities is plotted against the count of a stained (cells of interest) and
unstained (contaminating cells, beads etc.) population in a ratio of 1:1.000. The numerical difference leads to a
fluorescence overlap of ~50 % (modified acc. to [57]).

1.7 Research Question and Goals of this Project

The Fraunhofer Institute for Microengineering and Microsystems (IMM) Mainz has
recognized the urgent need for a CTC isolation platform that meets the previously discussed
requirements to accelerate microfluidic diagnostics. Since roughly 10 years, it has been the
Diagnostics department’s goal to elaborate a microfluidic concept for the enrichment,
detection and single cell dispensing to finally establish a device for the single cell isolation of
CTCs from a 7.5 mL blood sample. In the developmental process, various projects were
acquired to determine the exact research need and proof-of-concept. This included platform
and software engineering, microfluidic cartridge conception, assay design and establishment,
biological validation, optimize respective fluid parameters and finally apply the platform in the

(pre)clinical field.

Several prototypes were designed, built and validated. Two of them were fully automated
and are subject of this dissertation. The 1SOMAG device was developed to automate the
immunomagnetic enrichment of CTCs using EpCAM™ selection in a tube holder carousel for

subsequent blood waste washing with decreasing volumes. This technology was then
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modified resulting in a linear sample holder board and combined with a microfluidic chip
system to detect and dispense single CTCs based on Field Programmable Gate Array
(FPGA)-supported fluorescence analysis on the CTCelect platform.

In the tubes of the sample holder in the respective ISOMAG and CTCelect module, CTCs are
enriched from a 7.5 mL standard blood sample size via immunomagnetic separation (IMS)
and transferred in a smaller volume of 300-500 pL. IMS is performed by means of
biotinylated anti-EpCAM coupled streptavidin magnetic particles. Due to the binding affinity of
the EpCAM antibody to EpCAM antigens on the cell surface, beads can be bound to cancer
cells. Consequently, the cells can be captured and separated from the supernatant by
applying magnetic force with an external magnet. Further in the CTCelect platform, the
enriched sample is incubated with fluorophore coupled antibodies to label and differentiate
them from unspecific background signal (contaminating blood cells and free magnetic
particles). Flow cytometric detection of EpCAM* cancer cells takes place in a microfluidic
chip where the sample is transferred through a chip funnel at the upper end. The complex
chip is designed as a single-use easy-to-produce disposable to avoid cross-contamination
and intensive cleaning of the system. The on-chip sample flow is hydrodynamically focused
to singularize the fluorescently labeled cells. In case of high fluorescence signals of a cell
fitting to the assay’s parameter, this cell is dispensed in the cavity of a 96-well plate. Single
cell isolation allows for CTC analysis to stratify cancer heterogeneity. Primary CTC culture
can be a powerful tool to screen potential cancer targets and to identify personalized
therapeutics. These efforts may complement the current diagnostic standard which focuses
on the analysis of circulating tumor DNA enabling single cell mutation analysis, expression

analysis on RNA level and single cell metabolic analysis [58,59].
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The aim of the doctoral project was an in-depth characterization and parameter adaption of
the automated process steps, the establishment of a complete assay and the testing of the
platform technology from lab-scale with spike-in samples to a (pre)clinical environment using
patient samples. Detailed subordinate projects were specified as follows:

1. Comparison and improvement of manual and automated immunomagnetic
enrichment in terms of cell recovery in dependency of cell line and input number,
particle size, volume, concentration, biofunctionalization protocol and blood cell
contamination

2. Feasibility study of antibody staining in the CTCelect platform with different antibodies
and fluorophore to enhance signal-to-noise ratio and the transfer to the microfluidic
cartridge

3. Investigation on flow properties of cancer cells in the geometrical dimension of the
chip with respective parameter settings and fluid composition

4. Developing and proof-of-concept of downstream analysis applications such as
immunofluorescence microscopy and PCR-based confirmation of tumor-associated
RNAs in single cells

5. Establishing the devices in a clinical setting and determination of their applicability to
patient samples

6. Utilizing generated results in publications to multiply scientific visibility.
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Abstract

Detailed information about circulating tumor cells (CTCs) as an indicator of therapy response
and cancer metastasis is crucial not only for basic research but also for diagnostics and
therapeutic approaches. Here, we showcase a newly developed IsoOMAG IMS system with an
optimized protocol for fully automated immunomagnetic enrichment of CTCs, also revealing
rare CTC subpopulations. Using different squamous cell carcinoma cell lines, we developed
an isolation protocol exploiting highly efficient EpCAM-targeting magnetic beads for
automated CTC enrichment by the IsoMAG IMS system. By FACS analysis, we analyzed
white blood cell contamination usually preventing further downstream analysis of enriched
cells. 1 um magnetic beads with tosyl-activated hydrophobic surface properties were found to
be optimal for automated CTC enrichment. More than 86.5 % and 95 % of spiked cancer
cells were recovered from both cell culture media or human blood employing our developed
protocol. In addition, contamination with white blood cells was minimized to about 1200 cells
starting from 7.5 mL blood. Finally, we showed that the system is applicable for HNSCC
patient samples and characterized isolated CTCs by immunostaining using a panel of tumor
markers. Herein, we demonstrate that the ISOMAG system allows the detection and isolation
of CTCs from HNSCC patient blood for disease monitoring in a fully-automated process with
a significant leukocyte count reduction. Future developments seek to integrate the IsOMAG
IMS system into an automated microfluidic-based isolation workflow to further facilitate single

CTC detection also in clinical routine.
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1. Introduction

Cancer is the second major cause of death in modern society. Besides improved treatment
strategies, the development of innovative diagnostics is indispensable for long-term
improvement of diagnosis and treatment of cancer patients. The lymph-/hematogenous
spread of cancer cells into distant organs and their subsequent growth to overt metastases is
the most fatal complication of solid tumors, such as squamous cell carcinoma of the head
and neck (HNSCC) [1,2]. Moreover, therapy resistance and associated relapses are common
and associated with high patient morbidity [3,4]. The classical view is that metastatic spread
is a late process in malignant progression, but today it is accepted that blood circulation and

dissemination of primary cancer cells to distant sites is already an early event [5,6].

The fact that these circulating tumor cells (CTCs) are detectable in the peripheral blood of
cancer patients months to years after complete removal of the primary tumor in a period
called “metastatic cancer dormancy” supports the idea that these cells circulate between
metastatic sites [7]. Since their early discovery in the 19th century [8], CTCs have been
demonstrated to be clinically recognized and present in the blood circulation of many cancer
types including colon [9], lung [10], ovarian [11], breast [12], melanoma [13], prostate [14]
and head and neck cancer [15]. Clinical studies present a correlation between the
progression of cancer disease and the number of detected CTCs [16,17,18]. A high number
of detected CTCs can give information about tumor burden, recurrence and usually
represents a poor prognosis. In detail, the determination of CTCs before and after resection
also opens up the possibility for monitoring therapeutic response [19] in combination with
analyses of circulating tumor DNA (ctDNA) [20]. Hence, the detection and characterization of
CTCs as a part of minimal invasive “liquid biopsy” has gained (pre)clinical considerable

attention over the last decade [21,22].

However, the capture and detection of CTCs are extremely challenging because of their
rarity, the property to move as individual cells or as multi-cellular clumps, and their
heterogeneity regarding size and biological and molecular changes during the epithelial-to-
mesenchymal transition (EMT) processes. These challenges require the ability to handle a
very small number of cells by isolation methods with high efficiency in an acceptable time
scale [23]. Various techniques that are based on physical or immunological properties have

been developed [24], and different materials with their unique properties according to their

22



2 Publications

shape, size and surface were applied in this field [25,26,27]. Only a few systems are
available on the liquid biopsy market but have been shown to isolate CTCs in a proper way.
Thereby, these methods often dictate an exact protocol to the user, taking away application
flexibility. In contrast to that, researchers aim for process-adaptable platforms as the
disciplines of liquid biopsy expand permanently, concerning various sample types such as
tissue-derived single cell suspensions or adjustable sample sizes.

All techniques developed for CTC enrichment have their advantages and disadvantages. In
contrast to immunomagnetic separation, physical separation methods (e.g., Parsortix®
technology, Angle, Surrey, UK) allow label-free isolation but lack cell distinction due to
overlapping sizes of CTCs and white blood cells [28]. A microstructure-based enrichment is
limited in throughput and sieve-shaped technologies, error-prone to complex liquids such as
whole blood, are consequently at risk of clogging in automated lab solutions. Though it has
drawbacks in target selectivity, immunomagnetic enrichment is often the method of choice
because it is easily automatable and enables a high sample throughput. Since the
establishment of the “Food and Drug Administration” (FDA)-approved CellSearch® system,
which is held as the gold standard of automated immunomagnetic enrichment and staining
platforms, the sensitivity of CTC detection has markedly improved [29,30]. CellSearch®
relies on the expression of the epithelial cell adhesion molecule (EpCAM) for the
quantification of CTCs in different tumor types [31]. Although this optical detection method
have been used in numerous studies, the cost for instruments (220,000 dollars), sample
preparations and analysis are still laborious and relatively high (approx. 1000 dollars/run)
[32]. Consequently, such assays did not succeed in establishing in clinical routine as a low-
cost diagnostic test. Due to the above-mentioned obstacles, fully automated, easy-to-use
platforms will demonstrate future solutions to improve cancer diagnostics and therapies as

well as basic scientific knowledge of tumor development.

The Fraunhofer CTCelect unit has been developed to meet the need of such a fully
automated, easy-to-use platform for CTC isolation out of 7.5 mL whole blood samples.
Herein, we characterized the ISsOMAG IMS device as the core unit of such a platform applying
fully automated immunomagnetic enrichment of rare cells with flexibly selectable antigen
targets. In this proof-of-principle study, we established a robust protocol for the automated
isolation of an EpCAM- and CSV (cell surface vimentin)-positive subpopulation of cells with a
concomitant reduction of background white blood cells as a prerequisite for implementation
of the device into the CTCelect unit allowing downstream analyses on a single cell level.
Furthermore, we proved feasibility of the method for two squamous cell carcinoma cell lines

and HNSCC patient samples.
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2. Materials and Methods
2.1 Cell Lines

The SCL-1 squamous cell carcinoma line was established by Dr. Petra Boukamp (DKFZ,
Heidelberg, DE, Germany) [33] and kept in Gibco™ DMEM (low glucose, pyruvate) medium
supplemented with 10 % FCS. HNSCCUM-02T squamous cell carcinoma cell line was
established by Welkoborsky et al. (UMC Mainz, DE, Germany) [34], and kept in DMEM:F-12
(cc-pro) medium supplemented with 10 % FCS and 1 % L-glutamine. Cell lines were cultured
at subconfluence and incubated at 37 °C in a 5 % CO2 humidified atmosphere. Other cell
lines (A431, HEK293T, MV3, BLM) were received from cell line collections (DSMZ, ATCC)
and handled as described before [35,36,37].

2.2 Blood Samples

All blood samples were obtained from the University Medical Center Mainz, DE. To quantify
leukocyte contamination, whole blood bags (500 mL CompoFlex, Fresenius Kabi, Bad
Homburg, Germany) from healthy donors were purchased at the local Blood Transfusion
Center. Whole blood from HNSCC patients was collected at the Department of
Otorhinolaryngology in compliance with ethical guidelines [38].

2.3 Immobilization of EpCAM Antibodies on Immunomagnetic Beads

Immunomagnetic beads at different sizes and surface properties (Table 1) were purchased
at Thermo Fisher Scientific, Darmstadt, DE and coated with biotinylated monoclonal mouse
anti-human EpCAM (CD326) antibody 1B7 (20 pg/mL, eBioscience, GB) or anti-human CSV
antibody (clone 84-1, Abnova, Taiwan) for 1 h as described by the manual. Free streptavidin
binding sites on anti-EpCAM beads were then saturated with a biotin/PBS solution for

30 min. Anti-EpCAM beads were stored at 4 °C for several weeks.

2.4 Manual Cell Isolation by Immunomagnetic Beads

To compare the performance of the IsoOMAG IMS unit it was also necessary to establish a
standard protocol for manual cell isolation. Cells (SCL-1, HNSCCUM-02T) were released
from culture flasks and stained using the CellTrace™ CFSE Cell Proliferation Kit (CFSE)
according to the manufacturer’s protocol. A defined number of stained single cells were

aspirated with a 10 pL pipette from a 1:100 diluted cell suspension in a petri dish and spiked
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into 7.5 mL sample volume consisting of cell culture medium, or blood of healthy donors.
Next, 100 or 150 pL (depending on medium or blood) of anti-EpCAM Dynabeads MyOne
Streptavidin were added (see Table 1) and incubated for 30 min with slow rotation of the
tube. Next, the bead-bound cells were magnetically separated for 10 min by using DynaMag-
15 (Invitrogen, Thermo Fisher Scientific, Dreieich, Germany) and resuspended in 5 mL
washing buffer. Washing steps and magnetic separation were repeated three times using a
decreased incubation time of 5 min and resuspension in washing buffer with decreasing

volumes (ranging from 5 mL, 4 mL up to 1 mL).

Table 1. Overview of tested Dynabeads.

Beads Size Surface Functionalization
Dynabeads MyOne Streptavidin T1 1 pm Tosyl-activated, hydrophobic
Dynabeads MyOne Streptavidin C1 1 pm Carboxylic acid, hydrophilic
Dynabeads M-270 Streptavidin 2.8 um Carboxylic acid, hydrophilic
Dynabeads M-280 Streptavidin 2.8 um Tosyl-activated, hydrophobic

2.5 Automated CTC Enrichment Using the IsoMAG Device

For the establishment of a standard protocol using the IsoOMAG IMS unit, antibody-coupled
beads were added to a 7.5 mL sample volume consisting of cell culture medium, blood of
healthy donors or patient blood samples with spiked EpCAM+ SCL-1 or patient-derived
HNSCC cells (HNSCCUM-02T). Before initiating the assay in the software, five tubes
containing the input sample and washing buffers were placed in the tube holder carousel and
a 10 mL pipet tip was put in the holder of the IsoMAG device as described in Table S1. The
sample was incubated for 30 min. After incubation, bead-bound CTCs were magnetically
separated alternately with several washing steps in decreasing volumes from 5 mL to 1 mL

(see Supplementary Table S1 for detailed protocol).

2.6 Characterization of Leukocyte Contamination in IsoMAG Isolates

To quantify analysis-disrupting white blood cell (WBC) contamination in tumor cell isolates,
CD45+ cell count after manual and automated IMS was determined by flow cytometry.
Therefore, we established a double staining protocol for leukocytes using a CD45-PE
antibody targeting the specific surface protein of WBCs (1:50 dilution; Miltenyi Biotec,

Bergisch Gladbach, DE, Germany) and nuclear stain RedDot™ (Biotium, Fremont, CA,
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USA). Wash buffers were set up in the IsOMAG IMS unit and 150 yL EpCAM beads were
added to 7.5 mL whole blood before initiating the automated protocol. Manual enrichment
was performed in parallel. The final samples were separated in a magnet separator, the
supernatant was discarded and the bead cell pellet was stained with the above-mentioned
solutions. Dual-positive cells [CD45+/RedDot+] were analyzed by FACS using the BD Accuri
C6 flow cytometer. Cell counts after IMS were measured in four samples of different healthy

donors and the average WBC contamination with standard deviation (SD) was calculated.

2.7 Immunostaining of ISsOMAG Isolated CTCs

To assess possible tumor origin of isolated cells, the final 1 mL sample was administered
several staining steps. First, isolated cells were stained with fluorescent CD45-FITC antibody
(1:1000 dilution) to label leukocytes. Subsequently, the sample was washed three times with
PBS in a magnetic separator and transferred to an ibidi 8-well slide (ibidi GmbH, Grafelfing,
Germany) after the last separation step. Cells were centrifuged to the bottom of the slide by a
CytoSpin device and fixed in 4% paraformaldehyde for 10 min. After further washing steps,
cells were permeabilized (0.1 % Triton X in PBS, 5 min) and stained with nuclear dye
Hoechst33342 (1:1000 dilution) for 20 min. Following further washing steps, unspecific
binding was blocked for 30 min using 0.5 % BSA in PBS and staining with fluorescent anti-
pan-Cytokeratin-PE antibody (1:200 dilution, overnight) was performed.

2.8 Statistical Analysis

Each experiment was repeated at least three times. Data are shown as means with SD and
statistical analysis was performed using GraphPad PRISM for Windows (GraphPad Software
v9.1.2.226, San Diego, CA, USA, www.graphpad.com, accessed on 13 July 2021). p-values

were reported as significant when * p < 0.05.

3. Results
3.1 Optimization of Biofunctionalized Beads for Cell Enrichment

The selection of magnetic beads and immobilized antibodies on the bead surface are
decisive factors in terms of cell-specific enrichment. First, EpCAM-biotin antibodies were
immobilized on the streptavidin-biofunctionalized beads. To identify a proper CTC model to
characterize 1soMAG, manual immunomagnetic enrichment of various epithelial cancer cell

lines, such as cutaneous squamous cell carcinoma cells (SCL-1, SCL-2), and A431 was
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performed (Supplementary Figure S1). We determined the highest recovery rates for EpCAM
beads using SCL-1 (85 %, n = 3) and A431 cells (100 £ 20 %, n = 3). As controls, we were
also able to isolate melanoma cells (MV3, BLM) targeting melanoma-associated chondroitin
sulfate proteoglycan (MCSP), but not HEK293T (Supplementary Figure S1B). Being an
appropriate squamous epithelial-derived model close to HNSCC, we therefore chose to
proceed with the characterization of ISOMAG using the combination of EpCAM beads and
SCL-1 cells. For this cell line, high expression of epithelial marker EpCAM is described.
EpCAM mRNA expression in SCL-1 cells was confirmed on a single cell level using RT-

gPCR (Supplementary Figure S2).
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Figure 1. Enrichment of HNSCC cells from cell culture medium (A) and whole blood (B) differs
depending on size and type of functionalized magnetic beads. Values are displayed as means of
recovered cells using antibody-coupled magnetic beads with specific sizes and surface modifications.
Twenty fluorescently labelled SCL-1 cells were spiked into 7.5 mL cell culture medium (A) or 7.5 mL
full blood samples (B), and manually enriched by using EpCAM antibody coupled magnetic beads. (A)
Welch’s t-test, n = 3, *: p < 0.05 (one-way ANOVA test with Tukey’s t-test); (B) Welch’s t-test, n = 6
(T1), n = 2 (M280), ***: p < 0.002; (C) recovered, CFSE-stained SCL-1 cells were analyzed by
fluorescence microscopy (FL). Corresponding bright-field image (BF) shows beads bound to cell and

freely distributed in the medium. Scale bar, 50 um.

Since there are humerous commercially available beads with different surface modifications
and sizes, the next step was to investigate their potential to enrich EpCAM-positive cells
spiked into cell culture medium. In this context, four different types of magnetic beads varying
in size and surface properties were tested (Table 1). Therefore, 20 fluorescently labeled
SCL-1 cells were spiked into 7.5 mL cell culture medium and functionalized magnetic beads
were added. After incubation, these cells were manually enriched with a magnetic separator.

We obtained the best recovery rates by using 1 um T1 beads and 2.8 um M280 beads
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(Figure 1A). Using these beads, the cell recovery rate was 88.3 % (2.9 % SD) whereas the
use of 1 um C1 or 2.8 um M270 beads resulted in less than 50 % cell recovery.

Subsequently, the performance of T1 and M280 beads was investigated in blood samples of
healthy donors. Again, 20 fluorescently labeled SCL-1 cells were spiked into 7.5 mL blood
and were manually enriched using the same protocol. As depicted in Figure 1B, the number
of recovered cells is significantly higher using T1 beads compared to M280 beads (75 vs.
40 %). Microscopic analysis of isolated cells in the counting chamber revealed that cells are
densely covered by magnetic beads which are also freely distributed in the enrichment
medium (Figure 1C).

(g]

100+

: Vertical axis

: Horizontal axis
: Pipet

: Magnet arm

. Syringe pump

: Sample carousel
VII: Pipet tip holder

Cell recovery [%]

Manual IsoMAG

Figure 2. Establishment of automated cell recovery using ISOMAG IMS unit. (A) ISOMAG IMS
demonstrator with horizontal and vertical axis driving the pipet unit and magnet arm; (B) the carousel
as tube holder for prestorage of sample and wash buffers; (C) 20 fluorescently labelled cells were
spiked into 7.5 mL cell culture medium and enriched by using EpCAM antibody coupled T1 (1 pm)
magnetic beads. The sample was processed manually or automated using the IsOMAG IMS system.
Welch'’s t-test, n = 4, ns: p > 0.1234.

Regarding our previous results, T1 beads were chosen for establishment of the automated
cell isolation using the IsoMAG IMS demonstrator (Figure 2A). The centerpiece of the
benchtop device is a rotatable tube holder carousel with max. 6 reagent slots (Figure 2B).
The different positions of the carousel and the 10 mL pipet tip holder to pick up the pipet tip

and perform the enrichment are driven by a pipetting robot on a vertical and horizontal axis.
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The magnet arm is moveable at a swivel joint to capture bead bound cells and free beads in
the pipet tip while reducing the sample volume by discarding the supernatant wash buffers.
Macrofluidic sample pipetting is directed pneumatically with a syringe pump. The 7.5 mL
starting sample is placed into the first position of the carousel. Positions 2-5 are
subsequently filled with washing buffers in a decreasing volume and the assay is initiated in
the software on an external computer (for detailed protocol see also Supplementary Table
S1).

The results obtained with the ISOMAG IMS unit were directly compared to manually enriched
cells with the same batch of magnetic beads. Automated isolation resulted in 86.9 % cell
recovery while 88.8 % of the spiked cells could be detected by manual isolation. This means
that in our spiking experiments more than 17 out of 20 cells were recovered from a volume of
7.5 mL by both manual enrichment and the fully automated protocol without significant
difference. Statistical analysis of recovery rates showed a slightly lower SD of 2.4 % (n = 4)
after automated isolation compared to manual enrichment (4.8 % SD; n = 4), indicating a

reproducible automation.

3.2 Reduction of Blood Cell Contamination

Besides a robust protocol and an easy-to-handle automated system, it is crucial to reduce
the number of “background” WBCs to enable high quality downstream analyses. In
preliminary work we already established the basic isolation process, including optimization of
necessary washing steps (data not shown). In this study, the automated assay was
characterized regarding washing buffers to minimize the unspecific carryover of dual-positive
leukocytes [CD45+/RedDot+]. Samples were analyzed by FACS to determine WBC
contamination. Gates were set with CD45-PE/RedDotTM-stained blood dilution as positive
control and stained beads as negative control. The results presented in Figure 3A show that

the number of leukocytes after the automated isolation process was about 1200 cells.
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Figure 3. Automated immunomagnetic enrichment procedure exhibits a significantly lower
amount of leukocyte contamination compared to manual cell isolation. (A) Summary of
enrichment processes and quantification of leukocyte contamination. (B—E) After the automated
enrichment process, cells were stained with CD45-PE antibody and nucleic staining reagent
RedDotTM. Blood dilution (1:1000) shows a dual-positive cell population (B,C). After the enrichment
process, this gating was used to quantify the leukocyte contamination (E) while showing no staining of
the free beads themselves (D).

Comparable results were achieved after manual enrichment (5123 dual-positive cells).
However, we observed a broad scattering of WBC counts with a standard deviation of almost
4900 cells in manually enriched samples. Thus, an automated protocol has been developed
considering both a high efficiency of cell recovery as well as a low rate of WBC
contamination.

3.3 Automated Enrichment of Head and Neck Cancer Cells

We applied the method to a second cancer entity originating from squamous cell tissue with
an epithelial, EpCAM-positive phenotype as proof-of-principle. Thus, enrichment experiments
were also performed with an epithelial cell line model derived from head and neck squamous
cell carcinoma (HNSCCUM-02T). HNSCCUM-02T cells show high EpCAM expression

allowing enrichment with our system (Supplementary Figure S3A).

Automated enrichment (spike-in) experiments with HNSCCUM-02T cells were conducted as

described before and demonstrated applicability of the IsoMAG IMS unit using blood
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samples, both from healthy donors and patient blood (Figure 4 and Figure 5). In total, 95 %
(x15) of spiked cells were recovered (Figure 4A), quantified by fluorescence microscopy after
intracellular staining of epithelial tumor marker pan-cytokeratin (pan-CK) [39] and CD45
(Figure 4B). Isolated tumor cells were identified by expression of cytokeratin
[Hoechst+/CD45-/panCK+] and could be differentiated from CD45-positive leukocytes
[Hoechst+/CD45+/panCK-] appearing at low frequency after enrichment.

A B Hoechst CD45-FITC panCK-PE
&
_ 1251 110 M7 95 T
= 100 3
> 88 86 88 80 8
o 751 L
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(8]
0 T T T T T T T O
24 35 43 20 39 30 mean g
number of spiked cells

Hoechst

Figure 4. Cell isolation by the IsoMAG System resulted in high recovery rates for head and

CD45-FITC panCK-PE

neck cancer cells. (A) Different numbers of HNSCCUM-02T cells were spiked in blood samples and
enriched by EpCAM-coupled T1-beads using the ISOMAG unit. (B) For cell counting, recovered cells
were stained with Hoechst dye, cytokeratin (panCK-PE) and CD45-FITC antibodies and quantified by
fluorescence microscopy. [Hoechst+/CD45-/panCK+) cells were classified as HNSCCUM-02T cells,
[Hoechst+/CD45+/panCK-] cells as leukocytes (WBC). Scale bar, 10 uym. (C) Examples of cells
enriched by CSV-coupled T1-beads. Cells were stained as described in (B). Scale bar, 10 pm.

As dynamic EMT and MET processes seem to modulate primary tumors, metastases and

CTCs disease- and patient-dependently, detection systems allowing the use of variable
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CTC/cancer markers are highly desirable. To underline the advantage and full flexibility of
our device to also isolate cells by using variable cancer markers, we here targeted cell-
surface vimentin (CSV) as an additional proof-of-concept example. As shown in Figure 4C,
we performed spike-in experiments using engineered CSV-coupled immunomagnetic beads
to isolate HNSCCUM-02T cancer cells from human blood. Expression of CSV was verified by
Western blot analysis and immunofluorescent staining (Supplementary Figure S3C,D).
Importantly, automated isolation of spiked HNSCCUM-02T cells using CSV-coupled beads

also resulted in high recovery rates of £95 % (Figure 4C).

3.4 CTC Screening Using Blood of HNSCC Patients

Finally, three HNSCC patients were screened for CTCs applying our established protocol for
the IsoMAG IMS system. The results shown in Figure 5 impressively demonstrate the clinical
applicability of the system. All cells positive for cytokeratin but negative for CD45 expression
[Hoechst+/CD45-/panCK+] were counted and classified as potential CTCs (Figure 5B).
Here, we were able to isolate 74 to 93 potential CTCs with an epithelial-like character from
patients suffering from different head—neck tumor subtypes (hypo- and oropharynx cancers
with lymph node metastasis, see Figure 5A). We also captured preliminary data on isolation
of CTCs out of patient blood using a combination of EpCAM and CSV beads (Supplementary
Figure S4). However, these results obtained from a small and heterogeneous group of
patients are preliminary and have to be confirmed by larger studies and further analysis
methods, e.g., sequencing.
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# | Localization Clinical TNM PTNM p16 HPV Detected
status | status CTCs
1 | Hypopharynx | cT4a cN3b cMO | n.a. na. : 93
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Figure 5. Potential circulating tumor cells (CTCs) could be enriched from head and neck cancer
patient blood. (A) Clinical parameters and numbers of detected CTCs for three patients suffering
from hypo- or oropharyngeal cancers including lymph node metastases. (B) 7.5 mL of patient blood
was mixed with EpCAM-coupled T1 beads and placed into the ISOMAG unit for automatic enrichment
of CTCs. For cell counting, enriched cells were stained with Hoechst dye, cytokeratin (panCK-PE),
and CD45-FITC antibodies and quantified by fluorescence microscopy. [Hoechst+/CD45-/panCK+]
cells were classified as potential CTCs, [Hoechst+/CD45+/panCK-] cells as leukocytes (WBC). Scale

bar, 10 um.

4. Discussion

Personalized cancer therapy will benefit from analysis of single solid and circulating tumor

cells in the future. In order to develop a fully automated system for the enrichment and
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isolation of single tumor cells, the reduction in sample volume plays a pivotal role. Thus,
excellent performance is required for the enrichment step depending on the developed
system but also on the developed protocol.

In the present study, we successfully established a robust protocol for the automated
isolation of CTCs by the ISOMAG IMS device, a core unit of the CTCelect platform. As a first
step, we developed a suitable CTC model system to establish the protocol for squamous cell
carcinoma. Although we also achieved high recovery rates for the epithelial A431 cells, we
decided to use SCL-1 and HNSCCUM-02T cell lines as squamous epithelial-derived models
close to HNSCC. Of note, we are aware of variable EpCAM expression in “primary CTCs”
versus established cancer cell lines. However, for the development and comparison of CTC
selection procedures and devices, CTC models with defined EpCAM levels are mandatory.
Using this model, we demonstrated improved performance of 1 um tosyl-activated,
hydrophobic magnetic beads (T1) which thus were chosen for our final protocol. In addition
to their advantageous characteristics for automated applications, such as a low
sedimentation rate and faster reaction kinetics compared to M-280/M-270 beads, our results
are in line with other studies showing improved capture efficiency and specificity of 1 pm
T1 beads for magnetic cell detection [40,41].

Downstream analyses of isolated cells by fluorescence microscopy not only confirmed
expression of relevant cancer markers, but also revealed tight binding of magnetic beads to
the cell surface (see also Figure 1C). Regarding the size of the used T1 beads (1 um) and an
average diameter of CTCs between 10-12 um [28], the surface of a cancer cell could
theoretically be covered with 300—450 magnetic beads suggesting severe consequences for
cell integrity and viability. However, we observed that isolated CTCs are not completely
covered with beads, and preliminary studies revealed that re-attachment and cultivation of
isolated cells is not excluded, albeit very challenging (see Supplementary Figure S5). Here,
additional washing and bead detachment steps, as well as careful adjustments of cell
cultivation, such as the use of preconditioned medium and collagen-coated slides, are
necessary to receive viable and proliferating cells. Due to the highly versatile construction
and design of the device, it is possible to implement such additional purification steps to the
automated IsoMAG protocol. Moreover, the biocompatibility of micro/nanocarriers may be
affected by biomolecule corona formation [26,42,43]. It is accepted that when
micro/nanocarriers enter physiological environments, proteins and other biomolecules bind to
their surfaces, leading to the rapid formation of a biomolecule corona [44]. The corona may

be critically co-defining the biological, medical, biotechnological and pathophysiological
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identity of micro/nanocarriers, although the mechanistic details have not been resolved in
detail [45,46].

As an additional relevant factor, reduction of background white blood cells is mandatory for
the establishment of a reliable protocol allowing downstream single-cell analysis. In
summary, our study shows that using the optimized protocol for ISsOMAG tumor cells from
patient samples can be enriched and detected in a semi-automated process combined with a
reduction of white blood cells (WBC) starting from a large volume (7.5 mL). The broad
scattering of WBC counts we observed could depend on a naturally different blood cell count
between healthy individuals. It is conceivable that the WBC count could be a hindrance to
nucleic acid-based downstream applications at this point due to enforced background noise.
A purity of at least 50 % is recommended for proper genomic analysis, whereas in our small
patient screening, a vast percentage of total output cells was WBCs. On an average, we
were able to isolate 84 potential CTCs from three patient samples, while EpCAM-based
enrichment entailed a bycatch of ~1200 WBCs. Nevertheless, the relatively low number of
102 WBCs (compared to 10’ WBCs/mL in healthy adults) enabled immunofluorescent
assessment of the patient isolates and marker-based distinction between potential CTCs and
WBCs to deliver a ready-to-use assay in an otorhinolaryngology lab environment. In
comparison, a similar WBC bycatch of over 800 cells/sample was described for CellSearch®
[47], whereas size-based Parsortix® delivers purity grades ranging from 29-97 % depending
on the study [48,49].

To address downstream analysis, subsequent microfluidic cell sorting of the ISOMAG
isolates, manual cell picking or aspiration technologies such as the ALS CellCelector™ are
appropriate tools to improve signal-to-noise ratio for transcriptomic analysis. We already
started implementing ISOMAG in an in-house developed microfluidic single-cell-sorting
workflow resulting in a purity of 275 % (Supplementary Figure S6). By aspirating only
dispensed droplets that contain fluorescent cells for RNA isolation, we obtained promising
PCR results detecting even small numbers of EpCAM+ tumor cells with low WBC
background signal. These findings underline that (immunomagnetic) pre-enrichment of the
CTCs by IsoMAG is an indispensable prerequisite for microfluidic cell sorting and

downstream CTC analysis.

Interestingly, during protocol establishment we observed cell recovery rates of >100 %. This
was likely due to false positive panCK or false negative CD45 staining which has been
optimized during establishment. However, our automated protocol combines both a high

efficiency of cell recovery as well as a low rate of WBC contamination.
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Furthermore, in the presented study we could also show that the established method is
adaptable to the detection of EpCAM-, as well as CSV-positive subpopulation of CTCs.
Typically, immunomagnetic cell isolation devices use epithelial markers, mostly EpCAM, for
CTC detection neglecting the fact that cancer cells undergo morphological changes during
epithelial-to-mesenchymal transition (EMT) and the reverse process (MET). Importantly
EMT/MET which takes place during entry and transport in the blood stream is accompanied
by up- and downregulation of surface markers used for CTC detection, such as EpCAM, N-
/E-Cadherine, and cell-surface vimentin [50]. Thus, in contrast to other commercial systems
we are able to capture cells exhibiting not only epithelial, but also mesenchymal and/or an
intermediate phenotype. Preliminary data combining beads targeting EpCAM as wells as
CSV for automated cell enrichment were also promising but have to be confirmed in larger

studies to assess the added value of using multiple markers for HNSCC.

In our small patient screening study, we were able to isolate 74 to 93 potential CTCs with the
optimized protocol. Previous studies applying different methods for CTCs detection in
HNSCC revealed a broad range of enumerated cells. Whereas Grisanti et al. detected
0-2CTCs in 16-40% of the patients using the CellSearch® platform [51], manual
enumeration of immunofluorescent stained cells resulted in higher CTC numbers (0—
37 CTCs/1000 PBMC) [18]. Despite the broad ranges of detected CTCs, the obtained results
of our IsoOMAG IMS unit are in the order of previous studies combined with low numbers of
leukocyte contamination. We could also observe a slight tendency for an increasing CTC
number in T4 staged tumors compared to T1-3 as described previously [16,18]. Of course,
these results have to be interpreted with caution because the small number of patients does
not allow reliable assessment. This observation and the fact that a high mortality rate of
HNSCC patients correlates to late diagnosis show the necessity of an early and reliable
detection method of CTCs. Semi-automated detection of CTCs such as ISOMAG has the
potential to be related as a standardized part of liquid biopsy with the advantages of real-time
personalized analysis in combination with non-invasiveness and individual prognostic
therapy [15].

Taken together, there are several findings of this study underlining the advantages of the
ISOMAG device compared to other immunomagnetic isolation methods. Whereas
CellSearch® is marketed relying only on epithelial targeting of preserved cells in the
CELLTRACKS® AUTOPREP® System and requires centrifugation [52], the IsoMAG protocol
allows highly flexible targeting of viable CTCs without blood pre-processing. Implementation
into the CTCelect workflow in future will allow downstream single-cell analysis and cell

cultivation. The general major advantage of automated cell isolation in contrast to manual
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enrichment consists of standardizing protocols and preventing human errors while reducing
costs and hands-on time. Commercial magnetic cell separation devices, i.e., an autoMACS®
Separator (Miltenyi Biotec, Bergisch Gladbach, Germany) were strongly improved over the
last few years but were mostly marketed to isolate abundant cell populations, rather than rare
cells such as CTCs. With regard to the long-term goal of a low-cost diagnostic test, ISOMAG
was characterized with in-house functionalized EpCAM beads minimizing material expenses
to 35 EUR per 7.5 mL blood compared to 102 EUR for Miltenyi StraightFrom® Whole Blood
CD326 MicroBeads. Conclusively, the overall aim of our study is the implementation of
IsoMAG IMS unit as a core unit of the CTCelect for the fully automated isolation of single
CTCs without sample preparation. Due to urgently needed low cost minimally invasive
diagnostics methods in the clinical routine, allowing the sensitive and reliable detection of
tumor components in patients’ blood, the establishment of our IsoMAG IMS unit of CTCelect
also represents a technology for single cell isolation and comprehensive downstream
“‘omics™-based analyses. Such approaches will deepen our understanding of CTC
pathobiology, a prerequisite for improved treatments and management of cancer patients in

the future.

5. Conclusions

Here, the automated IsoMAG IMS unit was thoroughly characterized as a reliable, economic,
and straightforward technology for automated and reproducible CTC detection and
enrichment. In addition, the IsoMAG IMS system was shown to allow the use of variable
cancer/CTC markers, such as cell surface vimentin. Its flexibility can be tailored to the user’s
specific needs for various malignancies and/or cell types. Future developments aim to
combine immunomagnetic separation with microfluidic devices to further improve the power

of automated immunomagnetic cell isolation devices for research and the clinics.
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Abstract

Detailed examination of tumor components is leading-edge to establish personalized cancer
therapy. Accompanying research on cell-free DNA, the cell count of circulating tumor cells
(CTCs) in patient blood is seen as a crucial prognostic factor. The potential of CTC analysis
is further not limited to the determination of the overall survival rate but sheds light on
understanding inter- and intratumoral heterogeneity. In this regard, commercial CTC isolation
devices combining an efficient enrichment of rare cells with a droplet deposition of single
cells for downstream analysis are highly appreciated. The Liquid biopsy platform CTCelect
was developed to realize a fully-automated enrichment and single cell dispensing of CTCs
from whole blood without pre-processing. We characterized each process step with two
different carcinoma cell lines demonstrating up to 87 % enrichment (n = 10) with EpCAM
coupled immunomagnetic beads, 73 % optical detection and dispensing efficiency (n = 5).
40 to 56.7 % of cells were recovered after complete isolation from 7.5 mL untreated whole
blood (n = 6). In this study, CTCelect enabled automated dispensing of single circulating
tumor cells from HNSCC patient samples, qPCR-based confirmation of tumor-related
biomarkers and immunostaining. Finally, the platform was compared to commercial CTC
isolation technologies to highlight advantages and limitations of CTCelect. This system offers
new possibilities for single cell screening in cancer diagnostics, individual therapy

approaches and real-time monitoring.
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1. Introduction

In the field of liquid biopsy, research on circulating tumor DNA (ctDNA) combined with the
detection and analysis of circulating tumor cells (CTCs) has developed into an auspicious
minimal invasive tool for the early detection in personalized medicine for tumor patients [1].
Due to the fact that CTCs play an important role in cancer metastasis as the main cause of
tumor death, the number of CTCs in a blood sample is considered an independent
prognostic factor for the overall survival [2]. In addition to the CTC count particularly on the
hunt for the primary tumor in early stage cancer, CTC analysis refines the selection,
adaptation and even development of therapies. Although the overall principle of complex
metastasis, from the intravasation of CTCs into the circulatory system, arrest and
extravasation through vascular walls into distant tissues to the final proliferation of cells to
micrometastases, is understood, future intensive study on CTCs and their subtypes will result
in much deeper knowledge of these multifaceted processes. Recent studies show that the
characterization of CTCs and their subpopulations, that is, disseminated tumor cells (DTC),
metastasis-initiating cells and even dual-positive cells (CD45+/EpCAM+) helps to understand
the metastatic behavior of tumors and to deduce prognostic predictions and diagnostic
statements [3, 4].

When developing isolation technologies for these cells, their rarity in a blood sample is the
biggest hurdle to overcome. Besides billions of healthy blood cells, only one to hundreds
tumor-associated cells can be found per mL blood [1]. Systems that are able to enrich CTCs
from blood well-balanced between sensitivity and specificity, are therefore highly
appreciated. In addition to the enrichment, such systems should exhibit a high capture
efficiency, high isolation purity, and ideally the ability to handle a high sample volume in the

shortest time possible [5].

Available techniques are based on two major principles: physical methods such as filtration
and density dependent techniques or biochemical immuno-affinity dependent methods using
ligand-surface interactions with bound antibodies or antibody-bound magnetic beads for the

enrichment of CTCs.

The CellSearch system (Menarini Silicon Biosystems) uses magnetic beads that are
biofunctionalized against epitopes of tumor-associated EpCAM (Epithelial cell adhesion
molecule) to enrich CTCs from patient blood [6, 7]. It has been established to correlate the
number of isolated EpCAM+ cells in a blood sample with the overall survival prediction of

breast cancer, metastatic colorectal cancer and prostate cancer patients [8-10].
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Nevertheless, CTC research in other cancer entities like head and neck squamous cell
carcinoma (HNSCC) remains comparably stagnant. With an annual incidence of almost a
million new cases and 450,000 deaths worldwide, HNSCC ranks however the fifth most
common cancer [11]. Besides carcinogenic polymorph dispositions, smoking, alcohol abuse,
and an infection with human papillomavirus correlate with head and neck cancers [12]. In two
third of HNSCC patients, initial diagnosis of the primary tumor goes hand in hand with the
discovery of adjacent metastatic lymph nodes [13]. Increased mortality is associated with the
abundant presence of micrometastases, whereas the 5-year survival rate of patients with
distant metastatic sites sinks below 35 % [14]. HNSCC cells that undergo epithelial-
mesenchymal transition (EMT) deregulate epithelial characteristics like cell adhesion and
enhance invasive migration. EMT is a dynamic reversible process correlating with the
development of stem cell properties and fostering metastasis. This fact stresses the
importance of an in-depth understanding of metastatic metabolisms, including the

heterogeneity of disease-driving CTCs, to pave the way for innovative therapeutics.

PRACTICAL APPLICATION

Still today standardized therapeutic guidelines like relatively broadband
chemotherapy are followed depending on the primary tumor entity neglecting
the metastatic profile of systemic cancer. On the downside, disseminated and
circulating tumor cells of many cancers show intratumoral heterogeneity and
cause disease relapse years after surgery. Hence, easy-to-use platforms, like the
show-cased CTCelect device, to isolate these rare cells in a completely automated
way and analyze them on a single cell level will be of high significance as
predictive measures for therapeutic success to accompany cancer treatment. The
microfluidic chip-based cell sorting unit was implemented into a one-step device
for user-friendly handling. Studies with the system could therefore directly
provide new insights both in therapy monitoring as clinical application and in
basic research of tumor biology to unravel metastatic processes.

The aim of the present work was to characterize a fully-automated system in detail which is
customizable for any tumor type with a reliable capture rate and CTC purity facilitating
access to molecular diagnostics. The presented CTCelect system combines
immunomagnetic enrichment from 7.5 mL whole blood, microfluidic fluorescence-activated
cell sorting (MCS) and single cell dispensing through a microfluidic disposable cartridge
independently of the tumor entity (Figure 1) in one fully-automated benchtop device. This
study aimed to evaluate the functionality and the diverse applicability of CTCelect by means
of cutaneous squamous cell carcinoma and mamma carcinoma cell line models and to

present data of dispensed single tumor cells from HNSCC patient blood.
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Figure 1. CTCelect system, microfluidic chip and process conception. (A) The benchtop device
consists of an immunomagnetic enrichment module (right-sided) and a microfluidic fluorescence-
activated cell sorting (uCS) subunit (left-sided). The fully-automated isolation process is user-
controlled via touchscreen. Sample handling and transfer is managed by a pipetting robot. (B) The
CTCelect chip is placed in the chip holder of the cell sorting subunit and disposed after isolation. The
chip consists of a reservoir funnel for the cell suspension, a hydrodynamic focusing channel, a
detection zone and a nozzle for cell dispensing. (C) CTCelect concept for single cell dispensing from

7.5 mL samples.
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2. Materials and Methods

If not otherwise indicated, reagents and supplements were purchased at Thermo Fisher
Scientific, Darmstadt, DE.

2.1 Cell lines

MCF-7 breast cancer cells were purchased from AdnaGen (Langenhagen, DE) and cultured
in RPMI1640 medium with L-glutamine (Capricorn Scientific, Ebsdorfergrund, DE)
supplemented with 10 % fetal calf serum (FCS; Merck, Darmstadt, DE). The SCL-1
squamous cell carcinoma line was kindly provided by Dr. Petra Boukamp (DKFZ, Heidelberg,
DE) [15] and cultured in Gibco DMEM (low glucose, pyruvate) medium supplemented with
10 % FCS. Cell lines were split at subconfluence and incubated at 37°C in a humidified

atmosphere in the presence of 5 % CO2.

2.2 Blood samples

Whole blood bags from healthy donors were obtained from the local Blood Transfusion
Center (University Medical Center Mainz, DE) in 500 mL CompoFlex blood bags (Fresenius
Kabi, Bad Homburg, DE) with CPD-1 anticoagulant and stored at room temperature for a
maximum of three days. Patient samples were collected at the Tumor Center of Western
Germany (University Hospital Essen, DE) from a HNSCC patient with increasing metastasis
in adjacent lymph nodes (pTNM staging: pT2pN3b), at the Department of
Otorhinolaryngology/ENT, (University Medical Center Mainz, DE; pTNM staging n.a.) and
processed within 24 h after blood draw. Informed consent was obtained from the patients
and approved by the ethical committee vote at the Medical Faculty of the Heinrich-Heine-
University Dusseldorf (ref.no. 3090; 2016) and by the local ethics committee in Mainz (ref.no.
837.485.15 (10253); 2016).

2.3 Immobilization of biotinylated antibodies on streptavidin coupled magnetic

microbeads

The immunomagnetic separation (IMS) of CTCs from whole blood required tumor-specific
coating of immunomagnetic beads with biotinylated monoclonal mouse anti-human EpCAM
(CD326; 20 pg/mL) antibody 1B7. Various beads with different sizes ranging from 1to
4.5 um diameter and different surface properties (tosyl-activated, hydrophobic; carboxylic

acid, hydrophilic) were tested with SCL-1 cells in our preliminary work and the herein used
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Invitrogen Dynabeads MyOne Streptavidin T1 (10 mg/mL) with a binding capacity of
400 pmol biotinylated peptides per mg beads enabled the best recovery rates in our setting.
These microbeads indicate a low sedimentation rate and high binding capacity due to their
small diameter and are hence ideal for automated enrichment. EpCAM antibody was
immobilized on the bead surface with an extended incubation time of 1 hour. After
immobilization, magnetic beads were added a saturated biotin/PBS solution for 30 min with
gentle rotation of the tube to block free streptavidin binding sites and prevent clumping. After
an additional washing step, anti-EpCAM magnetic beads (hereinafter abbreviated as EpCAM

beads) were stored in PBS/0.1 % BSA at 4 °C for several weeks.

2.4 Determination of CTCelect recovery rates of cultured tumor cells

To evaluate the CTCelect enrichment efficacy, recovery rates of cultured tumor cells after
automated IMS from medium and whole blood were determined. Robust cancer cell models
were required and MCF-7 and SCL-1 cells are a suitable candidate for immunomagnetic
enrichment to prevalidate the functionality of the platform. We tested both cell lines to have
high EpCAM expression (see Supporting Information S1). Cells were stained using the
CellTrace CFSE Cell Proliferation Kit (CFSE) according to the manufacturer instructions.
15 mL sized ROTILABO centrifuge tubes without rim (Carl Roth, Karlsruhe, DE) are most
suitable for the tube holder of CTCelect and were used in all the experiments. Culture
medium or whole blood from healthy donors was aliquoted in volumes of 7.55 mL medium or
7.5 mL blood and spiked with different numbers of stained tumor cells, respectively (tube I).
100 pl EpCAM beads (1 mg) were added to medium samples, blood samples contained
150 yl EpCAM beads (1.5 mg), both resulting in a total volume of 7.65 mL and a final beads
concentration of 0.13 - 0.2 mg/mL. Subsequently, tubes II, Ill and IV were prepared with
5 mL buffer 1 (PBS/20 % FCS, 2 mM EDTA) and two tubes (V-VI) were filled with 0.5 mL
buffer 2 (PBS/0.1 % BSA, 2 mM EDTA).

To start the automated enrichment, tubes I-VI and a 10 mL pipet tip were placed in the
holders of the CTCelect device as described in Table 1 and the process was initiated on the
touchscreen. Before moving on to the next tube, each washing step was alternated with
magnetic capture of bead-bound tumor cells and residual beads in the pipet tip (see Supp.
S2). The processed samples were manually separated in a magnet separator for evaluation
purposes. Supernatant buffer was discarded and the bead cell pellet was resuspended in
50 ul PBS. CTC counts were determined in a Neubauer counting chamber using

fluorescence microscopy.
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Table 1. Automation process of the complete CTCelect single cell isolation

Process | Location | Volume Contents Description (Duration)
[mL]
IMS Tube | 7.65 Spiked medium/whole blood; Incubation (30 min) with gentle
immuno-magnetic beads mixing
Washing Tube Il 5 Buffer 1 Wash off beads-cell complexes;
leukocyte reduction
Tube 1l 5
Tube IV 5
Staining Tube vV 0.3 Buffer 2 Ab staining, volume reduction
Transfer Tube VI 0.3 Transfer buffer Transfer to CTCelect chip
Reservoir ~ Tube VII 0.5 Transfer buffer Overlay on residual sample
HCs CTCelect 0.25 max Transfer buffer/PBS Laser-based detection; Single cell
chip dispensing

2.5 Automated CTCelect single cell isolation of cultured tumor cells and CTCs from
patient blood

Fully-automated CTCelect single cell isolation was evaluated with cultured tumor cells from

medium and whole blood (2.5.a). The automated workflow is depicted in Figure 1C. Further,

potential CTCs from HNSCC patient blood were isolated by means of the CTCelect single

cell dispensing unit after manual pre-enrichment using detachable beads (2.5.b) and

complete isolation (2.5.c). Experiments were performed at different sites in Germany which

was easily manageable because both sites have their own CTCelect device to address time-

sensitivity. In total, the team built three devices.

a.

The functionality of the developed assay was confirmed with spike-in experiments using
intracellular CFSE dye. 20 CFSE pre-stained tumor cells were added to 7.55 mL
medium or 7.5 mL whole blood from healthy donors.

To confirm epithelial/pEMT origin of HNSCC cells from patient blood, single cell
dispensing was investigated after manual pre-enrichment from peripheral blood using
detachable Invitrogen™ CELLectionTM Epithelial Enrich anti-CD326 and -CD51, -CD61,
-CD106 immunomagnetic beads (Miltenyi Biotec, Bergisch Gladbach, DE) combined
with phycoerythrin-coupled monoclonal CD326 and CD51 antibody (EpCAM-PE
Ab/Integrin a-V-PE Ab; both Biolegend, Koblenz, DE). Pre-enrichment was performed

manually to detach the beads from the cells. The respective research group has access
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to downstream NGS technologies that is, Nanostring, 10x Genomics that require bead-
free cells after single cell dispensing.

c. Complete single cell isolation was verified with 7.5 mL actual patient blood with EpCAM-
PE Ab 1B7 (1:30 in buffer 2). Single cell isolation was performed as described in Table 1
and outlined in Figure 2A.

The enriched and labeled sample was then transferred to the disposable CTCelect chip with
a final volume of 300 uL in the chip reservoir. Similar to a conventional flow cytometer, the
CTCelect cell detection is based on the principle of hydrodynamic focusing and optical
fluorescence detection (Figure 2B). Microfluidic handling of the chip was managed with a
system of two syringes directing sample and sheath flow. The sample flow consisted of a
self-formulated transfer buffer, while sheath flow and dispenser were supplied with PBS. The
maximum sample volume (250 pl) was loaded in the chip meander and uCS was initiated by
the CTCelect software for the first measurement. Fluorescent cells were dispensed in the
cavities of a 96-well plate if matching the given real-time peak analysis criteria of the
fluorescence detection algorithm. Subsequently, 500 uL transfer buffer was pipetted from
tube VIl to the chip funnel to overlay the residual 50 uL sample and to avoid air bubble
formation in the chip channels. The rest of the sample was then loaded in the chip for a
second measurement cycle. Dispensed single cell droplets on the 96-well plate were
evaluated using fluorescence microscopy (10x objective) in the FITC and TRITC channel or
RT-gqPCR.

2.6 Characterization of blood cell contamination in CTC enriched samples

Especially on single cell level, white blood cell (WBC) contamination in tumor cell isolates
complicates molecular downstream analyses. The number of CD45+ WBCs after IMS was
determined by flow cytometry. Wash buffers were prepared and placed in the tube holder of
the CTCelect device as described in Table 1 and 150 uL EpCAM beads were added to
7.5 mL whole blood before initiating automated IMS. The final sample was separated in a
magnet separator. The supernatant was discarded and the bead cell pellet was stained with
CDA45-FITC Ab solution (diluted 1:5 in buffer 2; BD Biosciences, Franklin Lakes, USA). Flow
cytometry was performed using the BD Accuri C6 flow cytometer. Gates were set with CD45-
FITC stained beads as negative control and peripheral blood mononuclear cells (PBMCs)
from a buffy coat as positive control (see Supp. S3). CD45+ cell counts after IMS were
obtained from two samples of different healthy donors and the average WBC contamination

with standard deviation (SD) was calculated.
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2.7 Single cell RT-qPCR of isolated CTCs

To confirm the CTC/DTC transcriptomic character in the single cell isolates from HNSCC
patient blood, two-step real time quantitative PCR (RT-qPCR) of target RNAs for EpCAM,
Integrin a-V and Stratifin was performed. B-actin (RPLPO) served as housekeeping RNA
control. RNA was extracted from dispensed droplets immediately after CTCelect isolation
using a single cell RNA purification kit (GenElute, Merck, DE) and reverse transcribed with
the Invitrogen SuperScript double stranded cDNA synthesis kit. gPCR was conducted in
triplicates (InvitrogenTM SYBR Green PCR Master Mix) on a single cell cDNA per well in a
384 well cycler (BioRad CFX384 Touch Real-Time PCR Detection System, Feldkirchen, DE)
and individual threshold cycle values (CT) were obtained. Relative mMRNA expression was

calculated using the ACT method. Primer sequences are available upon request.

2.8 Immunostaining of isolated CTCs

CTCelect single cell isolates were pooled together to assess tumor origin of the isolated cells
using immunostaining. The sample was stained with fluorescent CD45-FITC antibody
(1:1000; BD Biosciences, Franklin Lakes, USA) to label leukocytes. Subsequently, the
sample was resuspended in EndoPrime medium (Capricorn Scientific, Ebsdorfergrund, DE)
and transferred to an ibidi 8-well slide to set overnight. Cells were centrifuged to the bottom
of the slide by a CytoSpin device (300 x g, 10 min) and fixed by using 4 % paraformaldehyde
for 15 minutes. After further washing steps, cells were permeabilized (0.1 % Triton X in PBS,
5 minutes) and stained with nuclear dye Hoechst33342 (1:1000) for 20 min. Alternated with
several washing steps, unspecific binding was blocked for 30 min using 0.5 % BSA in PBS
and the sample was incubated with polyclonal anti-Zonula occludens-1 primary antibody 40—
2200 (Z0O-1; 1:200, 1 h) and anti-rabbit Alexa Fluor 633 secondary antibody (1:500, 1h).

2.9 Statistical analyses

Each experiment was repeated at least three times. Data is depicted as means with SD and
statistical analysis was done using GraphPad PRISM 8.2.0 for Windows (GraphPad
Software, San Diego, California USA, www.graphpad.com). P values of two-tailed unpaired t-

tests were reported as not significant (ns) when P"™ > 0.05 and as significant when P* < 0.05.
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3. Results
3.1 CTCelect enrichment performance

The functionality of the CTCelect enrichment unit was investigated by spike-in experiments
with different tumor cell lines in culture medium. 7.55 mL medium aliquots were spiked with
10, 25, and 50 CFSE-stained breast cancer cells (MCF-7) or squamous cell carcinoma cells
(SCL-1). EpCAM beads were added and the samples were processed in the CTCelect
enrichment unit with the above described protocol (Table 1). After evaluating the device
functionality in culture medium, comparable experiments were performed in 7.5 mL whole
blood from healthy donors. Following the protocol, all buffers were placed in the device and
the enrichment assay was started. Samples were automatically enriched and washed from

blood components, subsequently (Figure 3D).
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Figure 3. CTCelect enrichment performance. (A) Recovery rates of MCF-7 and SCL-1 cells after
automated IMS from culture medium (black dotted) and whole blood (gray). 10 to 50 cells were spiked
into the samples, respectively. Cells were stained with CFSE and enriched with 1 um EpCAM Beads.
Recovery rates of all experiments were averaged and are shown as means with SD and statistical
analysis using a two-tailed unpaired t-test P < 0.05. (B) Observed MCF-7 (black circles) and SCL-1
(gray triangles) cell counts after CTCelect enrichment from medium were plotted as means with SD
against the expected cell count (n = 3). (C) Bright field (BF) and fluorescence microscopy of CFSE
stained and EpCAM bead-bound single MCF-7 cells (scale bar: 100 pm). (D) Blood residues (1) and

wash buffers with blood component waste (2-4) of subsequent CTCelect enrichment process steps in
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a magnetic separator. In this case almost no loss of sample/beads occurred. Otherwise, beads would
be visible as brown accumulations on the backside of the tube. (E) Cell count of CD45+ blood cell
contamination after CTCelect enrichment with EpCAM beads from 7.5 mL donor blood. Contamination
was determined via flow cytometry with CD45-FITC Ab staining. (F) Flow cytometry data of a 7.5 mL
blood sample after CTCelect enrichment. The scatter plot shows green fluorescence (FL1) on the x-
axis against forward scatter (FSC) particle size on the y-axis. Populations of beads, CD45- and
CD45+ cells (green) are distinguished in circles.

Cell counts after CTCelect enrichment were determined visually using fluorescence
microscopy. Intact cells were identified as round-shaped, green fluorescing objects with a
bead-bound surface (Figure 3C). MCF-7 cells were automatically enriched with an 86.8 *
9.7 % recovery rate from medium and with 72 + 8.4 % from whole blood, hence the
enrichment efficacy from blood was lower than from culture medium with only minor
significance (P* = 0.0122).

Further, 51.8 £ 18.9 % of SCL-1 cells were recaptured from medium and 38.8 = 18.9 % from
donor blood after automated IMS with EpCAM beads, meaning enrichment efficacy between
blood and medium was not significantly different (P"™ = 0.2437). The mean recovery rates of
all experiments are shown in dependency of the cell line, respectively (Figure 3A). Observed
cell counts after CTCelect enrichment from medium were plotted against the expected cell
count of 10, 25 and 50 spiked cells and summarized in Figure 3B. Recovery rates of MCF-7
cells showed a nearly linear correlation, independently of the expected cell count between
10 to 50 cells. Up to 25 expected cells, automated recovery of SCL-1 cells followed a similar
stable linearity but resulted in a flattened curve at an expected cell count above 25 cells
input. Less than half of 50 spiked SCL-1 cells could be automatically enriched with EpCAM
beads.

As blood cell contamination is a disruptive factor for CTC downstream molecular analyzes,
the reduction of CD45+ PBMCs in CTC enriched samples was determined additionally.
Therefore, processed blood samples were stained with CD45-FITC Ab after automated
CTCelect enrichment from 7.5 mL donor whole blood. On average, 3,665 counts of PBMCs
were measured in a total volume of 300 pL via flow cytometry (Figure 3E-F; population
indicated in green). Comparing to the CD45+ cell count in blood sample #1 (19*10° CD45+
cells; data not shown), the number of CD45+ cells was significantly reduced using the

CTCelect enrichment.
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3.2 Automated single cell isolation from culture medium and donor blood

Complete automated single cell isolation was evaluated by means of spike-in experiments of
20 MCF-7 and SCL-1 cells in culture medium and whole blood from healthy donors.
CTCelect device functionality was confirmed using CFSE staining according to Table 1.
Regarding the MCF-7 cell line model with CFSE dye, 58.3 + 15.3 % of single cells were
counted after isolation from culture medium and 56.7 + 19 % were detected after isolation
from whole blood with comparable recovery efficiency. With the same experimental setup,
SCL-1 cells were automatically isolated at rates of 56.7 + 18.9 % (medium) and 40.0 + 5.0 %
(whole blood) recovery (Figure 4A). No significant differences in enrichment efficiencies
between ‘from medium’ or ‘from donor blood’ is seen for both SCL-1 (P"™ = 0.1807) and MCF-
7 cells (P™ = 0.8870).

(A) (B)
100 - o
. i 2 100 - 100 &
e > @
= 2 g0 | 80 32
5] T g n= (g
3 n =23 £ 60 - 60 o
8 @ O
= S 40 -40 2
7} =2 =
o N 8§ 20 © 20 2
rs) ) o =
o o0 -0 =
MCF-7 SCL-1 A
Ql
—— From culture medium @0
From whole blood A
Ql
1unpaired t-test P < 0.05 @0

Figure 4. CTCelect single cell detection, dispensing and isolation from 7.5 mL samples.
(A) Recovery rates of MCF-7 and SCL-1 cells after automated single cell isolation from culture
medium (light gray) and whole blood (dark gray). 20 CFSE stained cells were spiked into 7.5 mL
samples and incubated with 1 um EpCAM beads. Pre-enriched cells were automatically singularized
and dispensed in droplets after uCS in the CTCelect chip. Recovery rates of all experiments were
determined with fluorescence microscopy of the droplets and are displayed as means + SD (ns; two-
tailed unpaired t-test P < 0.05). (B) Detection efficiency and dispensing accuracy of CTCelect uCS.
50 CFSE stained, unbound and bead-bound MCF-7 cells were directly spiked in the CTCelect chip for
single cell isolation. Droplets were microscopically screened for single cells and detection efficiency
was averaged by the observed cell count in dependency of the spiked cell number. Dispensing
accuracy was calculated dividing the actual number of visible cells in the droplets by the number of

events detected by the software.
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More specifically detailed, the detection efficiency and dispensing accuracy of the peak
analysis software and microfluidic dispensing through the chip was investigated (Figure 4B),
Direct processing of CFSE stained MCF-7 cells led to visible detection of 76.3 % unbound
cells and 72.8 % bead-bound cells without significant difference. Furthermore, a very high
dispensing accuracy of 97.8 % was determined as the ratio between visible bead-bound cells
in the droplets and the detected events in the software, respectively. The microfluidic
parameters and flow properties of single cells were intensively studied in our preliminary

work to set the dispensing criteria (data not shown).

3.3 Verification of epithelial/pEMT origin of HNSCC cells from patient blood

Tumor-specific single cell dispensing was investigated in peripheral blood of HNSCC
patients. According to method 2.5 b), manual immunomagnetic enrichment was performed
with EpCAM beads for pre-EMT CTCs and Integrin a-V, CD61, CD106 beads for partial/post-
EMT CTCs. Pre-enriched samples were then detached from the beads and labeled with
either EpCAM-PE or Integrin a-V-PE staining (Figure 5A). In this patient, 30 EpCAM+ CTCs
and 20 CD51+ CTCs were detected in 7.5 mL blood with fluorescence microscopy,
respectively. Pre-enriched and labeled samples were pipetted in the CTCelect chip and then
automatically processed for single cell isolation in droplets (Figure 5B).

The successful single CTC isolation from patient blood by means of the microfluidic
CTCelect unit was confirmed using RT-gPCR. 11 epithelial-like and 13 mesenchymal/pEMT-
like CTCs were isolated and singly dispensed from the pre-enriched 7.5 mL blood samples of
the same HNSCC patient (Figure 5B). RT-gPCR was performed to detect target RNAs
encoding EpCAM, Integrin a-V, Stratifin and B-actin as positive control. CT values for each

well were determined and relative mRNA expression was normalized to B-actin (Figure 5C).

Samples with a CT < 40 for B-actin were identified as “positive” (droplet contained a cell) and
samples with a CT < 40 for B-actin and at least one of the other three markers as “CTC-
positive” (droplet contained a potential CTC). False-positive results were identified via melt
curve analysis and excluded from the calculations. In this regard, 100 % of the dispensed
droplets were CTC-positive, since all of the 11 epithelial-like and 13 mesenchymal-like
CTCelect samples had a CT < 40 for B-actin, EpCAM and Stratifin RNA at comparable
levels. Additionally, all of the mesenchymal-like CTCs were positive for CD51 RNA with
sample AO1 showing the highest an 8-fold level of CD51 compared to B-actin. In contrast,
only 4 epithelial-like CTCs (A03, 04, 10, 11) contained detectable CD51-related nucleic acid
and A1l even exhibited higher CD51 than EpCAM RNA. The 13 mesenchymal/pEMT-like

51



2 Publications

CTCs also significantly contained EpCAM RNA of at least 4-fold greater than the
housekeeping RNA.
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Figure 5. RT-gPCR of CTC isolates after CTCelect single cell dispensing from pre-enriched
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HNSCC patient blood. (A) Immunofluorescent staining of potential pre-enriched CTCs/DTCs from
HNSCC patient blood. Pre-EMT CTCs were enriched with EpCAM beads and stained with EpCAM-PE
Ab from a 7.5 mL blood sample (left top). Integrin a-V, CD61, CD106 beads and Integrin-PE staining
was used for partial/post-EMT CTCs (left bottom). Cells were released from the beads by DNase |
cleavage. The pre-enriched samples were pipetted in the microfluidic cartridge of CTCelect and
beads-free CTCs were then single cell isolated in droplets by means of the CTCelect uCS subunit.
The set of images on the right side shows potential single CTCs in droplets highlighted with white
arrows and the droplet outlines. (B) Workflow of single cell RT-gPCR. (C) Relative mRNA expression
encoding EpCAM, Stratifin and CD51 normalized to -actin (RPLPO) by RT-gPCR in epithelial and
mesenchymal CTCs. Single cell total RNA was extracted from dispensed droplets and reverse
transcribed into cDNA. cDNA was aliquoted and gPCR was conducted with one cDNA aliquot per well
amplifying target nucleic acids respectively for EpCAM, CD51, Stratifin and $-actin as positive control

of epithelial-like CTCs (pre-EMT enrichment) and mesenchymal-like CTCs (pEMT enrichment).
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Relative expression was calculated from triplicates using the ACT method and is displayed as means
with SD.
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Figure 6. Immunostaining of potential CTCs and WBCs after CTCelect isolation. Dispensed cells
were pooled together and subsequently stained with cell core dye Hoechst33342 (blue), ZO-1 as

epithelial marker (magenta) and CD45 as WBC marker (green). Residual EpCAM staining from
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CTCelect isolation is displayed in red. Cells were identified as (A) potential CTCs if Hoechst+/ZO-
1+/CD45- and (B) as WBCs if Hoechst+/CD45+.

Following method 2.5 c), completely automated CTC isolation from 7.5 mL HNSCC patient
blood was performed. The dispensed droplets were pooled and stained using Hoechst33342
cell core staining, ZO-1 as epithelial marker for potential CTCs and CD45 as negative control
for contaminating WBCs. 18 potential isolated CTCs and 9 contaminating WBCs could be
detected using fluorescence microscopy (Figure 6).

4. Discussion

From the patient's point of view, single CTC isolation from peripheral blood is the least
invasive procedure to evaluate tumor heterogeneity based on epigenomic, genetic or
transcriptional markers and is therefore more time effective and reproducible than assays
drawn from primary tumor tissue. This study covered a profound biological validation of the
design, biotechnological effort and engineering concept of the CTCelect platform for
automated single cell isolation from whole blood. CTCelect helps to identify, enrich, isolate
and analyze CTCs and their subpopulations. Many researchers suggested that the precise
characterization of CTCs will facilitate estimating both metastization patterns and outcome,

driving clinical decision-making and surveillance strategies [16].

For these purposes, the subunits of the system were separately tested and evaluated.
Concerning cell enrichment, CTCelect provided recovery rates from medium of 68 - 100 % in
breast cancer single cells and 28 % to 88 % in cultured squamous cell carcinoma cells.
Further, 65 % to 85 % of MCF-7 cells and 20 % to 55 % of SCL-1 cells could be enriched
from 7.5 mL whole blood from healthy donors (Figure 3). In comparison, Chudziak and
colleagues determined 69.5 % enrichment efficiency of spiked lung cancer cells in their
marker-free CTC enrichment device Parsortix although it has to be mentioned that the
sample input only ranged from 0.5 to 4 mL volume [17]. We extensively characterized the
enrichment sub-unit in our previous study before it was implemented in the overall CTCelect
platform [18]. Similar to manual enrichment, there was no significant loss of cells due to
vibrational disruption or tube surface adhesion. The enriched cells were accurately detected
using fluorescent microscopy. More detailed, decreased enrichment efficiency by 15 %
(MCF-7) and 13 % (SCL-1) in donor blood compared to culture medium was noted. As it has
previously been postulated that the magnetic susceptibility in blood is significantly less

negative than in aqueous solutions like medium [19, 20], we consequently hypothesize a
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generally lower magnetic force attracting immunomagnetic beads in whole blood. In addition,
a steric competition with the abundant blood cell background could possibly prevent a
proportion of the target CTCs from binding beads and being magnetized. Another important
aspect influencing cell recovery rates is that cell deformability, viscoelasticity, and stability
(density of actin filaments etc.) could play a role for robustness against shear stress in
automated pipetting and these characteristics will be different among various cell types.
Comparing the two cell lines, MCF-7 cells were detected at higher rates than SCL-1 cells.
The density of antigens blocking phagocytosis could be higher on the cell surface of MCF-7
cells and therefore be more favorable for spike-in experiments. Breast cancer-associated
HER2 and lymphoma-related CD47 exhibit a “please don't eat me” signal to macrophages
[21, 22]. Besides that, Figure 3B showed that when the number of spiked SCL-1 cells is
higher than 25, there is an inconsistency between observed and expected cell count. This
however does not suggest that the platform is not efficient in recovering larger numbers of
CTCs as according to the results, the enrichment efficiency of MCF-7 cells followed a linear
trend at higher expected cell counts. In our recently published work, we screened several
melanoma and carcinoma cell lines (MV3, SCL-1, SCL-2, BLM, patient-derived HNC cells)
and targets (MCSP, EpCAM, cell surface vimentin) to find a suitable candidate for the testing
of microfluidic platforms. The enrichment fluctuation appeared frequently depending on the
cell line and the sample volume also in manual enrichment. Further, we observed a similarly
efficient cell line-dependent recovery rate at even higher cell counts of 1000 cells for that is,
A431 cells using the same beads [18]. The practicability of spike-in experiments to test novel
CTC platforms, in cell line models without evolutionary pressure in vitro combined with
intracellular synthetic dyes, remains discussable and limits the study design. Nevertheless,
these prevalidations are inevitable to investigate the proof-of-concept and invented design of
the device. In this context, it has to be centered that the actual CTC count in a cancer patient

has a multifactorial nature and therefore represents a dynamic measure with discrepancies.

For a successful singularization of the CTCs in the microfluidic cartridge and a high purity of
the single cell dispensing it is also important to reduce the amount of WBC contamination
during immunomagnetic enrichment. Thus, the automated enrichment process was
characterized in terms of leukocyte by-catch. Enriched samples of 7.5 mL whole blood from
healthy donors were labeled with WBC marker CD45-FITC and roughly 3.700 CD45 positive
PBMC were detected via flow cytometry (Figure 3E). Healthy adults normally have a wide
range of 3 - 10 million leukocytes per mL blood [23], which concludes a by-catch reduction of
1:10° by means of CTCelect enrichment. Other devices like marker-dependent CellSearch®
or Isoflux™ and label-free ScreenCell™ or ClearCell showed similar contaminations of 10°—

10* blood cells while authors also discussed a patient-dependent discontinuity in leukocyte
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by-catch using Parsortix [17, 24]. Their approaches often provide a final sample pooled with
WBCs while subsequent marker-based single cell detection in CTCelect further purifies the
CTC fraction for compatible molecular analysis.

Combined enrichment with single cell detection and dispensing in one assay resulted in only
minor cell losses with recovery rates of almost 60 % for both MCF-7 and SCL-1 cells from
culture medium in the model system. Even from 7.5 mL whole blood, single cells were
isolated at a probability of 57 % (MCF-7) and 40 % (SCL-1) (Figure 4A). The determined
recovery rates from untreated whole blood at a high purity grade of less than 10 % probability

to dispense a WBC with a CTC [25] showcases a fine parameter balance of CTCelect

compared to other CTC isolation microdevices (Table 2).

Table 2. Comparison between CTCelect and different CTC isolation technologies.*

CTCelect DEPArray CellSearch Sievewell Parsortix
Sample type ‘Whole blood, cell Cell suspension Whole blood, Cell suspension Whole blood, cell
suspension leucapheresis suspension
Automated isolation Yes yes no manually Yes
of viable cells
Automated optical Yes setup Yes Yes No
counting
Isolation method Marker Electrophoresis, Marker Marker, size Size,
marker compressibility
Single cell dispensing  yes yes No CellCelector No
Isolation efficiency Enrichment 99.7 % 93 %°) n. a. 98 %2
38.8% t0 72 % 81 %% >80 % (7.5 mL
Dispensing blood)™
72.8 % 30% to 70 % (1 mL
Isolation blood)™
40% to 56.7 % 37 %"
Purity (WBC 66 -90 % 100 %" 800 WBCs/ n.a. 97 %2
contamination) sample® 29 9"
Throughput 4*10" cells/chip?; 10-10,000 n.a. 370,000 n.a.
96 wells cells/chip® cells/chip®
(3.3mL/h)
‘Working volume 0.3-10 mL n.a. 7.5mL 0.5-2 mL/chip 10 mL
Cycle duration 225h 2-3h n. a. n.a. n. a.

1 No claim to be exhaustive.
3) Di Trapani et al. 2018. Cytometry. Part A, 93(12), 1260-1266.

b) http://www.siliconbiosystems.com/deparray-technology-fags.

° https://documents.cellsearchctc.com/pdf/e631600006/e631600006_EN.pdf.
9 Riethdorf et al. 2007. Clin Cancer Res 13(3), 920-928.

©) Sjeuwerts et al. 2009. Breast Cancer Res Treat 118, 455.

0 https://www.sievewell.com/product-information.

9 Ciccioli et al. 2021. ANGLE plc AACR 2021 Virtual Meeting. https://angleplc.com/wp-content/uploads/EMT-
assay-poster-AACR-2021-final.pdf [2021-09-10].

M Chudziak et al. 2014. CRUK — Manchester, NCRI conference 2014. https://angleplc.com/wp-

content/uploads/CRUK-Manchester-poster-1.pdf [2021-09-10].
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) Gorges et al. 2014. The University Medical Center Hamburg-Eppendorf (UKE), ACTC Conference.
https://angleplc.com/wp-content/uploads/Angle_Hamburg_MC_poster_ebook-2.pdf [2021-09-10].

2 Not dispensable. Current limitation: 96-well plate; drive duration of object table: 500 ms.

For example, studies on devices using hydrodynamics, size-based filtration or
dielectrophoresis showed indeed cell recovery rates of 70 % to 85 % but were only able to
process approximately 1 mL/h or lacked CTC isolate purity [5]. In fact, at a flowrate of
2.25*107"% L/s and 5 ms nozzle-emptying time, it is theoretically possible to detect, but not
dispense, 200 events per second and 4*10% cells/chip in 500 pL. The current dispensing
limitation is the 500 ms drive time of the object table and the 96-well plate format. CTCelect
manages a moderate sample throughput of 3.3 mL/h with the current run time of around 2.3
h and 7.5 mL input volume. Additionally, most of the available systems require either sample
transfer between different devices or blood pre-processing like density gradient centrifugation
for buffy coats. Pre-enriched samples or yielded mononuclear phases of blood to specify the
respective research needs can also be sampled in the herein discussed platform. To our
knowledge, the possibility to use whole blood samples for automated single cell dispensing
of rare cells in only one marker-based device to make them available for corresponding
analyzes stands alone.

The workflow for downstream single cell RT-gPCR was simplified to immediate single cell
lysis on the well plate. Direct reverse transcription in the cavities of the well plate coming
from the device as well as the assay implementation to release detachable beads in the
enrichment unit are subjects of future work. This evaluation however included the earliest
results of the CTCelect device towards isolating single CTCs from a patient with metastatic
head and neck squamous cell carcinoma in a clinical environment. In these patient samples,
30 EpCAM+ CTCs and 20 CD51+ CTCs were detected via fluorescence microscopy (Figure
5A). Microfluidic cell singularization enabled single cell RT-gPCR and allowed a distinction in
11 pre- and 13 pEMT CTC subtypes on the basis of different tumor-related markers (Figure
5C). Hence our findings evidence the potential of CTCelect to depict cancer plasticity. IVD
companies, that is, QIAGEN N.V., offer non-automated CTC isolation/PCR platforms to
characterize common tumor entities such as lung, prostate and breast cancer, but not for
HNSCC diagnostics. Further, CTC liquid biopsy in HNSCC could elucidate crucial
information on early assessment of treatment measures and effectiveness with respect to the
detection of micrometastases at the initial diagnosis, complementing well-established ctDNA
characterizations. Mouliere et al. recently detected chromosomal mutations of solid tumors in
the blood by whole genome copy number variation analysis [26]. Encompassing studies on

ctDNA and CTC characterizations have been carried out [27] but, especially in head and
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neck cancers, the respective literature landscape is sparsely settled and to be addressed in

the future with the suggested data.

It is obvious that immuno-biochemical techniques targeting antigens like EpCAM are not
infallible for all tumor entities or heterogeneous CTC populations, especially CTCs
undergoing epithelial-mesenchymal transition (EMT) which is closely linked to invasive
metastasis. Against that, mixtures of antibodies like integrin subtypes, cell surface vimentin
or stem cell markers are of assistance to improve the enrichment of partial/post-EMT
mesenchymal-like CTCs. Besides these affinity-based techniques to enrich and isolate
CTCs, the physical methods base on distinction in cell size, density or even plasticity. Due to
the fact that CTCs are a heterogeneous population in blood, they have some characteristics
in common with healthy mononuclear blood cells. Thus, methods based on filtration,
centrifugation or size exclusion may not be used for a standard clinical test system. Further,
it is important to mention that there are other obstacles, i.e. the purity of the CTC fraction,
before realizing subsequent applications such as single cell sequencing or copy number

variation studies.

The certainly limited patient screening in this study clearly demonstrated the feasibility of
downstream applications. The platform enabled fully-automated CTC isolation from HNSCC
patient blood and immunofluorescent identification of 18 potential CTCs for proof-of-concept
(Figure 6). Several researchers have stated that the presence of CTCs in the blood is of
prognostic relevance for overall and progression-free survival in patients with head and neck
cancer [28] and that HNSCC exhibits early stage micrometastatic sites and severe intra-
tumoral heterogeneity which is closely linked to poor disease outcome. In this context, an
important advantage of CTC/DTC isolation over imaging technologies is that minimal residual
disease (MRD), for example DTC micrometastases, are undetectable by the latter. Especially
bone marrow is intensively studied as a reservoir for dormant DTCs with the capacity to re-
enter the circulatory system and trigger MRD in distant tissues [29]. It is easily plausible to
broaden the applicability of the CTCelect device to process liquid biopsies from bone marrow
or dissolved lymph node resections. All of these aspect stress the necessity of an improved
cell biological understanding to foremost provide a good care for HNSCC patients. High-
resolution of cell heterogeneity, metastatic invasiveness and evolutionary pressure on cancer
cells is key to precision medicine. To conclude, the presented results demonstrate the robust
technical performance of CTCelect and its feasibility as a novel tool for liquid biopsy to make
CTCs available for corresponding examinations on a single cell level with respect to head

and neck squamous cell carcinoma.
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Abstract

In breast cancer research, immunomagnetic enrichment of circulating tumor cells (CTCs)
from body fluids has impressively evolved over the last decades. However, there is growing
interest in further singularizing these pre-enriched rare cells to decrease signal-to-noise ratio
for downstream molecular analysis, e.g., to distinguish between hormone receptor-
associated tumor subtypes. This can be done by a combinatory principle to link magnetic cell
separation with flow cytometry and single cell dispensing. We have recently introduced an
automated benchtop platform with a microfluidic disposable cartridge to immunomagnetically
enrich, fluorescence-based detect and dispense single cells from biological samples. Herein,
we showcase the fine-tuning of microfluidic cell isolation in dependency of bead-binding on
the cell surface. We implemented a gating function for the cytometer subunit of the benchtop
platform to selectively dispense cells instead of autofluorescent objects. Finally, we
developed a simplified qPCR protocol without RNA purification targeting breast cancer-
relevant progesterone and estrogen receptor, Muc-1, Her-2, EpCAM and CXCR4 transcripts.
In conclusion, the presented results markedly demonstrate a future diagnostic and therapy-
accompanying semi-automated workflow using immunomagnetic enrichment, fluorescence-
based isolation and dispensing of circulating tumor cells to achieve tumor subtyping by

means of rapid, simple and immediate molecular biological examination of single cells.
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1. Introduction

The characterization of rare cells has become a major topic in applied research since
addressing personalized medicinal approaches is seen as the future to oppose complex
pathologies. For example, the enrichment, detection and isolation of circulating tumor cells
(CTCs) reveals crucial information on prognostic [1], diagnostic [2] and even therapeutic
aspects [3] that can support treatment decision-making in oncology. It is known that CTCs
detach from the primary epithelial tumor tissue and intravasate into the cardiovascular

system to foster secondary tumor formation as disease-driving precursor at another site [4].

For malignant neoplasia of the breast tissue in particular, liquid biopsy of biomarkers such as
cell-free circulating tumor DNA (ctDNA), exosomes and CTCs has attracted immense
interest in the scientific community. Based on the current incidence, one out of eight women
will be diagnosed with breast cancer throughout her life. Moreover, one in six of these
women will be younger than 50 years at the time of the diagnosis. Although breast cancer is
by far the most common solid tumor type in females, it has a relatively high 10-year survival
rate of 83 % when diagnosed at early stage, ideally prior to metastasis, and treated
appropriately [5]. Comparable to most cancers, the systemic spread of secondary tumors
(metastasis) is the major cause of death due to multi-organ failure or opportunistic infections

in metastatic breast cancer.

Since the hormone receptor status and surface antigen distribution among different subtypes
of breast cancer occupy a critical role for disease invasiveness, tumor burden and therapy
decision, the characterization of CTC biomarker features at the point-of-care (PoC) has
become a subject of intense research. An association of CTCs with poor prognosis due to
metastasis could already be shown in breast cancer as well as in various other cancers.
More detailed, the 3-year survival of patients with triple negative breast cancer (TNBC) is
significantly higher at prior-surgery CTC counts below 5 cells in 7.5 mL whole blood [6].
TNBC is highly invasive due to cancer cells that lost expression of estrogen, progesterone
and human epidermal growth factor receptors ESR, PGR and HER-2 [7] and is hence
especially difficult to tackle without hormone therapy with a strong tendency to therapy-

resistant metastization [8].
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Figure 1: Automated isolation workflow of single tumor cells for the molecular analysis of
different cancer-associated markers and their diagnostic and therapeutic potential. After
enrichment with immunomagnetic beads (imB) and fluorescence-based microfluidic cell sorting of
cancer cells from a 7.5 mL sample, single cell RNA is analyzed using RT-PCR and electrophoresis. In
dependency of different markers, tumor subtypes and respective therapy approaches can be

potentially derived.

Besides size exclusion, magnetic cell separation has become a key technique for the
isolation of CTC subpopulations from biological suspensions like blood and leucapheresis
products. However, improvement in selectivity, yield, and sensitivity of the separation
protocols with cost reduction and standardization is still needed to fully implement magnetic
cell separation in breast cancer diagnostics or therapeutic decision-making. Magnetic cell
separation of CTCs from complex body fluids like whole blood often results in high
background signal of white blood cell contamination (1:1000) hampering downstream
molecular analysis. Interdisciplinary research to combine immunomagnetic separation,
microfluidic cell sorting and system engineering in biological validation can tackle the
challenge to lower the signal-to-noise ratio. We developed an automated benchtop platform
(CTCelect) for the single cell isolation of CTCs using immunomagnetic enrichment, chip-
based microfluidic cell sorting and single cell dispensing in droplets on a 96-well plate to
overcome these current limitations. The device was characterized in-depth and optimized in
our previous works [9,10]. The platform consists of an immunomagnetic enrichment module
and a microfluidic fluorescence-activated cell sorting subunit with a disposable cartridge (see
Supplementary Figure S1). Fluid control and sample transfer is managed by a pipetting robot

and syringe pumps. Epithelial cell adhesion molecule (EpCAM)-positive selection of tumor

61



2 Publications

cells from a 7.5 mL sample with subsequent depletion of leukocytes takes place in the
enrichment module of the device. The enriched and stained sample is then transferred to the
cell sorting subunit into the microfluidic chip for detection and single cell dispensing in
microliter droplets.

In this study, we investigated the flow properties of magnetic bead-bound cells in the
microfluidic demonstrator and highlight the bottlenecks of immunomagnetic microfluidic cell
separation respectively. Additionally, we showcase a proof-of-concept for a simplified
detection and distinction of hormone-related tumor markers in single hormone receptor-
positive and triple-negative breast cancer cells developing a protocol for combining
automated cell enrichment, detection and dispensing with one-step PCR analyses (Figure 1).
These results contribute to sharpen the overall picture of an individual cancer pathology and

to pave the way towards additional therapy suggestions from liquid biopsy.

2. Results

2.1. Impacts of immunomagnetic bead-binding on flow properties and fluorescence

signal of single cells in a microfluidic cartridge

To minimize bead sedimentation in the microfluidic chip during the time course of microfluidic
isolation, different sample buffers were tested. For the following experiments, uniform 1.0 ym
diameter superparamagnetic beads were functionalized with EpCAM antibodies.

The sedimentation of beads in phosphate buffered saline (PBS) and in viscous sugar
(alcohol)-based buffers in different concentrations was visually documented over 30 min
(Figure 2A). Finally, we chose a polysaccharide solution at the lowest possible concentration
(0.125 %) without visible sedimentation for the subsequent experiments, herein after referred
as “transfer buffer (TB)”. Previously, increased bead sedimentation in the chip funnel and in
the curves of the meander structures of the cartridge was observed using PBS as sample
flow. By switching to TB, beads stayed in suspension and did not sink onto the lower

meander walls (Figure 2B).

The location of EpCAM bead-bound, CFSE stained cells was identified with fluorescence
microscopy after complete CTCelect isolation to investigate cell loss in the chip or recovery
on the well plate depending on different sample buffers (Figure 2C). Due to the process of
automated immunomagnetic enrichment of cells using a pipetting module [10], it was first
investigated whether cells remain in the 10 mL pipet tip. On average, almost no cells were
lost in the pipet tip in both settings (PBS: 0; TB: <1). Cell loss in the chip channels could be

reduced by 78 % using TB (9 vs. 2 cells), while fluorescence detection and visibility of
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dispensed cells on the well plate was increased 4.6-fold and 3.2-fold, respectively. While
improving the flow characteristics of cells in the microfluidic cartridge, TB was not affecting
the dispensing of droplets. The cartridge nozzle was designed to enable droplet generation
without satellite droplets allowing precise cell dispensing with TB (Figure 2D).

The fluorescence signals and flow characteristics of bead-bound and bead-free breast
cancer cells (MCF-7) in the microfluidic cartridge of the CTCelect platform were investigated.
To guarantee an efficient CTC isolation, the influence of bead-binding to cells and their
impact on fluorescent detection was determined. New parameters of detection were defined
accordingly. The fluorescence signal of labeled cells is obtained in the platform by Silicon
photomultipliers (SiPM) detectors in relative fluorescence units (RFU; arbitrary units [a.u.]).
CFSE stained cells were incubated with beads and then loaded in the chip reservoir with
different concentrations of free beads. We observed a decrease in fluorescence intensity of
CFSE stained bead-bound cells depending on the presence of excess free beads (0 or 1x) in

the detection channel (Figure 3B).

In addition, we observed a decrease in the fluorescence intensity when cells were previously
enriched in the CTCelect platform. Previous automated enrichment lowered the fluorescence
intensity drastically but still surpassed the 200-350 a.u. fluorescence threshold for
dispensing. Interestingly, the fluorescence signal was not severely differentiating between
0.125x%, 0.25%, 0.5x and 1x free beads concentrations (Figure 3A). The velocity of bead-
bound cells could be calculated based on our detection method. Contrastingly to the
fluorescence signals, the velocity profiles of the different samples after the complete isolation
process (437 mm/s) compared to detection only (436 mm/s) did not differ significantly
(Figure 3C) The speed window range to trigger dispensing was consequently narrowed down
to objects with a velocity of 300-500 mm/s. Real-time fluorescence peak detection and
algorithm-based analysis to measure the velocity of the bead-bound target cells allows to
determine the delay-time for dispensing. The software demands an absolute path length
value in meters to correct the distance between measurement point and dispensing nozzle.
We empirically evaluated a path length = —0.011 m to obtain the highest recovery rates of

visible cells in the dispensed droplets (Figure 3D).
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Figure 2: Influence of flow buffer composition on magnetic microbeads in microfluidic
systems. (A) Bead sedimentation test was performed with 5 x 10°/mL 1 um beads in different
solutions of phosphate buffered saline (PBS), polysaccharide transfer buffer (TB), glycerol and
mannitol. The visual sedimentation was documented after 30 min. (B) The use of 0.125 % TB strongly
reduced bead sedimentation in the chip funnel and the meander structures of the microfluidic cartridge

64



2 Publications

compared to PBS which also significantly increased cell recovery (C) after automated isolation of

MCF-7 cells (5 + 2.8 vs 16.2 + 3.4). (D) Precise dispensing of a droplet out of the chip nozzle.
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Figure 3: Characterization of fluorescence and flow properties of bead-bound single cells.
(A) The relative fluorescence intensity of CFSE stained bead-bound MCF-7 cells (in RFU) was
recorded with our microfluidic flow cytometry subunit in dependency of free beads in the channel (x-
axis) and previous automated enrichment. Relative fluorescence is presented as violin plot with
median and first and third quantile (one-way anova, with Tukey's multiple comparisons test,
*rx n < 0.0001). (B) Explanatory illustration of single cell detection in the microfluidic cartridge with or
without free beads. (C) The velocity of bead-bound single cells was measured in the detection channel
of the chip and compared between manual bead incubation (436 mm/s) and previous automated
immunomagnetic enrichment (437 mm/s). Velocity is given as violin plot with median and first and third
quantile (paired t-test, p"s = 0.88). (D) Empirical determination of ideal path length correction to time
the dispensing trigger. The set path length correction is displayed against the ratio between software

detected and visible cells after dispensing.
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2.2. Optimization of optomicrofluidic cell detection with immunomagnetic bead-

dependent signal-to-noise ratio

The effects of PE-conjugated antibody staining in combination with bead enrichment was
characterized in the microfluidic chip. To verify staining intensity, MCF-7 cells were spiked-in
whole blood and immunomagnetically enriched using a manual magnetic separator. We used
EpCAM-PE as a classical marker for epithelial tumor cells in liquid biopsy and Hoechst33342
to label DNA in all cells. The final sample was visually assessed by fluorescence microscopy
and flow cytometry. EpCAM* MCF-7 cells were distinguishable from blood cells due to a
visible red staining (Figure 4A). Interestingly, we observed a strong autofluorescence signal
of free beads and/or blood components in the background (red smear). This contaminating
population was also easily detectable in the flow cytometer as numerous counts with
intensities below RFr2 < 10* a.u. (Figure 4B) compared to the flow cytometry results of
EpCAM-PE stained MCF-7 cells without beads and blood contamination (see Supplementary
Figure S2).

The antibody staining was then characterized in the microfluidic platform. Fluorescence
signals in green- and red-sensitive channels of unbound and bead-bound MCF-7 cells after
EpCAM-, CD144-, CD84-, CD63-PE versus EpCAM-PE staining only was then measured in
the CTCelect detection unit. We recorded a slightly higher red fluorescence signal using the
antibody mix on unbound cells in the benchtop platform (Figure 4C) and comparable
fluorescence (7.4 x 10° vs. 7 x 10° a.u.) in a conventional flow cytometry system (see
Supplementary Figure S2). When combining with previous immunomagnetic enrichment, this
effect however vanished and an advantage of mixing different PE-conjugated antibodies

could not be confirmed with our detection unit at low cell numbers (Figure 4D).

Taking these results into consideration, the autofluorescence spectrum of unstained (brown
dots) and EpCAM-PE-stained free beads (black dots) was measured as shown in Figure 4E
and an increased fluorescence signal balanced in both the red and green detector channels
(y = X) was detected. Bead-bound, EpCAM-PE stained MCF-7 cells could be distinguished
from free beads by higher red fluorescence (yellow squares). Consequently, we developed a
gating function following a linear equation y = mx + b to differentiate the cell population from
the beads population. The function was used to identify bead-bound EpCAM-stained from
free beads in different sample (pink triangles). This feature was subsequently implemented in
the software to dispense only cells at a higher likelihood rather than contaminating
autofluorescent objects (mostly beads). The term y = 3.7x + 130 for example was well-suited

for our optomicrofluidic setting.
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Figure 4. Selective optomicrofluidic detection of antibody stained bead-bound MCF-7 cells.
(A) Immunofluorescence staining of beads-enriched MCF-7 cells spiked in whole blood. Epithelial
marker EpCAM-PE (red) was used and DNA was stained with Hoechst33342 (blue). There-fore MCF-
7 cells are identified as EpCAM+/Hoechst+ while leukocytes are EpCAM-/Hoechst+. Elevated red
background signal indicates autofluorescence of excess free beads. (B) Relative fluorescence
intensity (FL2) of sample A in flow cytometry. Objects with higher RFFL2 > 10* a.u. (red line) are
counted as cells. The remaining counts at RFFL2 < 10* a.u. are defined as contaminating background
signal from autofluorescent free beads or blood components. Fluorescence intensities in green- and
red-sensitive channels of unbound (C) and bead-bound (D) MCF-7 cells after EpCAM-, CD144-,
CD84-, CD63-PE versus EpCAM-PE staining only was then measured in the CTCelect detection unit.
(E) Various fluorescence measurements of unstained and EpCAM-PE stained beads and MCF-7 cells
in the CTCelect demonstrator. A chromatic criterion for gating following y = mx + b was introduced to

distinguish between beads and cell population.

2.3. Establishment of a rapid protocol to assay cancer-related mRNAs in beads-

enriched single cells

For the swift classification of isolated single cancer cells, a protocol for a simplified RNA
isolation using chemical lysis and one-step qPCR was optimized and established as a
downstream process in combination with the CTCelect platform. First, our two-step gPCR
protocol was characterized using a commercial column-based RNA isolation kit to confirm
fluorescence signals at low cell number. Therefore, we picked single cells from a cell
suspension in a petri dish and directly lysed one, 20 and 40 cells per spin column. We

observed an increase in relative fluorescence intensity in clear correlation with the cell
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number for both EpCAM and B-actin expression as expected (Figure 5A). To investigate the
influence of the cell detachment process in single cells on RNA yield compared to adherent
cells under culture conditions, we seeded single cells in a 96-well plate as a control
(“cultured”) and isolated the total RNA from one well according to Yaron et al. [11]. The
amplification curves for EpCAM indicated a decreased RNA yield in replicates of picked
single cells (Cr = 37.5 £ 1.6) in comparison to cultured single cells (Cr = 34.3 £ 1.5). Melt
curve analysis was done to confirm the specificity of amplificates (see Supplementary Figure
S3).

To now simplify and shorten the protocol, a guanidine salt-free lysis buffer (LB) to chemically
lyse the single cells without RNA purification and a one-step gPCR kit was introduced and
compared to conventional RNA isolation and two-step gPCR results (Figure 5B). Though a
slight significance in amplification decrease (* p = 0.02) between using two- or one-step
gPCR occurred (green vs. dark blue), the advantages and easiness of the one-step analysis
was prioritized. Previously, the one-step protocol was modified by prolonging reverse
transcription to 20 min and the extension time to 10 s to improve the reaction. Single cell
gPCR after CTCelect dispensing led to lower Cr values compared to directly lysing a single
cell from a petri dish (picked; grey).

For a higher clinical relevance at low CTC frequencies, PCR-based confirmation of hormone-
related tumor markers was established after CTCelect isolation. For that, 20 CFSE stained
MCF-7 cells were immunomagnetically enriched and dispensed automatically in the same
well. After cell lysis, RNA isolates were split 1:4 to test for the expression of (1) progesterone
(PGR), and (2) estrogen (ESR) and (3) CD45 as a negative control. Additionally, (4) the
multiplex BreastCancer Detect Adnatest (QIAGEN) for GA733-2, Muc-1 and Her-2 as well as
3-actin housekeeping expression was performed according to the manual, modified by
column-free chemical lysis using LB. PCR products were detected using gel electrophoresis
and automated electrophoresis with the Agilent Bioanalyzer (Figure 5C,E). PGR and ESR
expression could be confirmed, while the Adnatest was only positive for the actin

housekeeping RNA in our experimental setting.

For the future distinction between high-risk triple negative and hormone receptor positive
breast cancer cells, we established the same PGR and ESR mRNA PCR test extended by
EpCAM, R-actin and CXCR4 mRNA detection in MDA-MB-231 cells (Figure 5D). As
expected, both MCF-7 and MDA-MB-231 cells were positive for epithelial EpCAM, CXCR4
and R-actin expression, whereas MCF-7 cells were hormone receptor positive
(ESR*/PGR*/HER-2") and MDA-MB-231 cells were triple negative (ESR/PGR/HER-2").
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Figure 5: Establishment of simplified tumor marker-relevant PCRs from bead-bound single
cells. (A) gPCR results after a two-step protocol using mRNA from 1, 20 and 40 MCF-7 cells with
column-based RNA purification. (B) Comparison of Cr values between one- and two-step protocols for
RT-gPCR targeting 3-actin from one single cell each after CTCelect isolation. Ct values of “one-step
modified; CTCelect” and “two-step qPCR; CTCelect” were significantly different (unpaired t-test,
*p < 0.05). An optimized one-step gPCR protocol was established and used for the following tests.
Namely, electrophoresis of PCR products targeting Adnatest, and CD45 (159 bp) as negative control
from RNA of <20 MCF-7 cells after CTCelect isolation was performed in agarose gel (C) and with the
Agilent Bioanalyzer (E) using the new established modified one-step gPCR protocol. (D) Gel
electrophoresis to establish a test to distinguish hormone receptor positive/Her-2- MCF-7 and
hormone receptor negative/Her-2- MDA-MB-231 cells in one-step PCR without RNA purification; HER-
2 108 bp, ESR 129 bp, PGR 194 bp, CXCR4 60 bp, EpCAM 136 bp, R-actin 176 bp. (F) Bioanalyzer
electrophoresis of Adnatest PCRs from MCF-7 single cell RNA after complete CTCelect isolation
process. The different RNA extraction methods (guanidine salt-free lysis buffer (LB), RNeasy column,
APN kit) are indicated above the lanes, respectively; actin 120 bp, HER-2 265 bp, Muc-1 299 bp,
GA733-2 395 bp).
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Beyond that, a second set of experiments using undiluted RNA isolates and two-step PCR
for the multiplex BreastCancer Detect Adnatest was performed to potentially gain better
signals (Figure 5F). With this setting, not only R-actin but also epithelial cancer-related
GA733-2 and Muc-1 expression could be confirmed in single cells after CTCelect isolation or
being picked from a petri dish with or without RNA purification (LB). Low levels of Her-2
MRNA were found in three single cells. Contrastingly, there was no amplification from single
cells after CTCelect isolation using the AllPrep DNA/mRNA Nano kit (APN; QIAGEN) in our

case.

3. Discussion

CTCs are systemic tumor components and hence are of high clinical value, not only to
access minimal-invasive tumor components but also to correlate the cell count with disease
staging and monitor treatment efficacy as personalized measure. An additional benefit of
isolating CTCs from liquid samples is that the molecular profile is obtained from relevant
single tumor cells that include all information on RNA and DNA level and is not highly diluted
in the blood-like cell-free tumor DNA. Thus, the isolation of single tumor cells can be of great
advantage for personalized therapies. However, current isolation methods are error-prone,
laborious and cost intensive precluding CTC analysis for larger patient cohorts.
Immunomagnetic separation is widely used to pre-enrich target CTCs from body fluids. We
can use this pre-enrichment step in combination with an automated microfluidic detection
and dispensing process to further purify the cells of interest from contaminating blood cells.
Thus, the immunomagnetic enrichment step requires accuracy, specificity and adaptability to
the needs of the microfluidic detection and dispensing step. By doing that, we are able to
combine both processes in one automated benchtop device. In previous publications, the
advantages and disadvantages of our process were qualitatively compared to existing
methods [9,10].

We knew that certain obstacles arise by introducing relatively dense magnetic particles in
microfluidic systems. The aim of this study was to adapt the immunomagnetic enrichment
and handling of the pre-enriched cell-bead suspension. Even though 1 pm magnetic beads
have a relatively low sedimentation rate which makes them useable for automated isolations,
they still gravitate after a certain period of time, especially in low-density aqueous solutions.
This is this reason why we formulated a polysaccharide buffer that prevented visible bead

sedimentation for at least 30 min (Figure 2A) enabling improved sample flow and
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consequently the overall recovery rate of the isolated cells. Effects of fluid inertia and
viscosity on the settling of particles in a viscous buffer are described in detail in the literature
[12,13]. Glycerol as an agent to prevent the sinking of beads was only successful using a
100 % concentrated solution in our investigations. Studies report an already significant
cytotoxic influence on mammalian cell volume due to osmotic pressure and decreased
viability in 3.5 % concentrated glycerol [14], excluding this solution as potential transfer buffer

for microfluidic CTC isolation.

In addition, when working with high proportions of excess magnetic beads, a few effects
hamper fluorescence-based cell detection. For example, Andree et al. showed that in flow
cytometry an unstained population overlaps with the fluorescence signal of a target cell
population due to uneven probability distributions. A ratio of 1:1000 between a wanted
(stained) and an unwanted (unstained) population already led to an overlap of 48.9 % in
fluorescence intensity [15]. On one hand, they block epitopes for antibody staining and
guench the fluorescence on the cell surface (see Supplementary Figure S2). On the other
hand, beads exhibit a certain autofluorescence at 488 nm excitation as shown on the
microscopic image in Figure 4A and described, i.e., by Roth et al. [16]. If not mixed properly
or due to suboptimal buffers, beads may form agglomerates and falsify the detection
process. We observed these influences in our experiments and adjusted the parameters
accordingly to provide fluorescence-based single cell dispensing. These effects are more
severe using antibody staining which generally emits lower fluorescence than synthetic dyes
and relies on EpCAM expression only. In the literature, it was stated that a cocktail of
fluorescent-labelled antibodies could improve the detection of cells [17]. With our detection
set-up, we could not confirm a clear advantage of using a mixture of PE-conjugated
antibodies to enhance fluorescence intensity of bead bound cells. For this purpose we
developed a gating function that was implemented in the CTCelect software. We managed a
distinction between the autofluorescent beads population and the fluorescent cell population

to selectively trigger cell dispensing (Figure 4E).

Finally, molecular analysis of isolated tumor cells was optimized and accelerated by means
of one-step gPCR to detect hormone-related breast cancer-associated targets. We found
that under the same conditions, the efficacy of the one-step PCR method is not as high as
that of the two-step method. Nevertheless, it was possible to successfully display the
hormone receptor status of hormone receptor positive, Her-2~ MCF-7 cells (as defined by
[18,19]) on a single cell level with one-step PCR after complete CTCelect enrichment,
detection and dispensing (Figure 5C,E). Additionally, a comparable concept was developed

for triple negative MDA-MB-231 cells which will be further investigated in the future (Figure
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5D). Eventually, it should be the user’s choice to perform one- or two-step PCR depending
on time constraints, transcriptomic frequency and target number. Multiplexing in single cell
PCR is undoubtedly limited by low sample input, lysis buffer dilution and RNA degradation.
The 4-fold multiplexing Adnatest was not applicable using 1:4 diluted unpurified RNA from
<20 cells (Figure 5C,E). In comparison with column-based nucleic acid extraction, chemical
lysis also risks potential sample loss by inefficient pipetting. However, by keeping lysis buffer
volumes low and therefore RNA concentrations high, an assay of up to 3 cancer- or

hormone-associated targets from one cell was realized (Figure 5E).

From a clinical point of view, the hormone receptor status is a key checkpoint in breast
cancer diagnostics as hospital guidelines suggest hormone and/or antibody therapy
depending on a positive receptor status, replacing or accompanied by radio-chemotherapy.
Without axillary lymph node infiltration, stage | breast cancer has high curative chances by
mastectomic resection and prophylactic hormone therapy only. In the opposite viewpoint,
metastatic breast cancer is characterized by lymph node, bone, lung, brain or liver invasion
and the respective therapy contains harsh radiation and cytotoxic chemical agents with
severe side-effects for the patient. Not least because of that, personalized and, above all,
correct therapy administration has become a major topic in basic and clinical research. Alix-
Panabiéres and Pantel have impressively reviewed that CTC characterization can provide
answers to these in-depth questions [20]. The isolation of ctDNA for Next Generation
Sequencing is exploited and extensively evolved to monitor cancer dynamics [21]. Improved
single tumor cell isolation as shown in the present study might be useful to overcome
limitations in the clinical use of these methodologies due to standardization in automation
and lowered costs. In theory, it is also possible to use the residual blood sample for ctDNA
analysis after the pre-enrichment of CTCs with the workflow of the CTCelect benchtop
system or separate the plasma from the cell phase beforehand. This would enable a parallel
isolation of ctDNA and CTCs to provide encompassing diagnostics from the same sample in
a clinical setting or for central laboratories. Although magnetic cell separation is a straight-
forward, combinable and automatable technique, commercial bead systems mostly use
batch analysis (PCR) for tumor markers. The herein presented combination-of-combinations
principle could reduce background signal for detailed examination of molecular tumor

features.

To conclude, our improved protocol to directly isolate and amplify single cell RNA allows for a
swift single CTC analysis resulting from immunomagnetic enrichment in combination with

microfluidic dispensing, highlighting the potential for future therapeutic decision-making.
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4. Materials and Methods

If not otherwise specified, reagents and supplements were purchased at Thermo Fisher
Scientific, Darmstadt, DE.

4.1. Cell lines and blood samples

The MCF-7 cell line was purchased from AdnaGen (Langenhagen, Germany) and cultured in
RPMI1640 medium with L-Glutamine (Capricorn Scientific, Ebsdorfergrund, Germany)
supplemented with 10 % fetal calf serum (FCS; Merck, Darmstadt, Germany). MDA-MB-231
cells were kindly provided by Dr. Pierpaolo Moscariello (Max-Planck-Institute for Polymer
Research, Mainz, Germany) and cultured in Gibco™ DMEM (low glucose, pyruvate) medium
supplemented with 10 % FCS. Cell lines were split at subconfluence and incubated at 37 °C

in a humidified atmosphere in the presence of 5 % CO,.

Whole blood bags from healthy donors were purchased from the local Blood Transfusion
Center (University Medical Center Mainz, Germany) in 500 mL CompoFlex® blood bags
(Fresenius Kabi, Bad Homburg, Germany) with CPD-1 anticoagulant and stored at room
temperature for a maximum of three days. Informed consent was obtained from the donors

as usual in clinical blood donation guidelines.

4.2. Immobilization of biotinylated antibodies on streptavidin coupled magnetic

microbeads

Dynabeads™ MyOne™ Streptavidin T1 superparamagnetic beads were tumor-specifically
coated with biotinylated monoclonal mouse anti-human EpCAM (CD326; 20 ug/mL) antibody
1B7. EpCAM antibody was immobilized on the bead surface with an extended incubation
time of 1 h. After immobilization, a saturated biotin/PBS solution was added for 30 min with
gentle rotation of the tube to block free streptavidin binding sites and prevent clumping. After
an additional washing step, anti-EpCAM magnetic beads (herein abbreviated as “beads”)

were stored in PBS/0.1 % BSA at 4 °C for several weeks.

4.3. Bead sedimentation test

Different solutions of PBS, 0.125, 0.05 and 0.01 % polysaccharide transfer buffer (TB,
subject to confidentiality), 23, 50 and 100 % glycerol and 23 % glycerol/5 % mannitol were

produced. An amount of 5 x 10%mL 1 pm beads were added to 1 mL test solution in a
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reaction tube, respectively. The visual sedimentation was observed over the course of 30

min.

4.4. Spike-in experiments and automated CTCelect single cell isolation of tumor

cells

Spike-in experiments and automated CTCelect assays were performed as described in [9].
Cell recovery rates were determined using fluorescence microscopy. CFSE staining was

conducted as directed in the CellTrace™ CFSE Cell Proliferation kit manual.

4.5. Immunostaining of pre-enriched samples

Immunomagnetically enriched samples were stained with monoclonal antibody EpCAM
(1B7)-, CD144-, CD84-, CD63-PE eBioscience™ antibody (1:30) to label epithelial cells and
with nuclear dye Hoechst33342 (1:1000) for 10 min at room temperature. Washing steps
were performed in a magnetic separator. Stained samples were processed in the microfluidic
chip of the CTCelect device or measured using the Accuri C6 flow cytometer (BD

Biosciences, Franklin Lakes, NJ, USA).

4.6. Nucleic acid extraction and single cell RT-gPCR of isolated tumor cells

To confirm cancer-relevant mRNAs in cell bulks and in single cell isolates, two-step and one-
step real time quantitative PCR (RT-gPCR) was performed. B-actin (RPLPO) served as
housekeeping RNA control. RNA was extracted from dispensed droplets immediately after
CTCelect isolation using 2x or 10x guanidine salt-free lysis buffer (LB; 1:1 to the droplet
volume/1:9 in pooled samples) or transferred in purification columns using either the RNeasy
Micro kit or AllPrep DNA/mRNA Nano kit (both QIAGEN, Hilden, DE) by following the
manuals of the manufacturer. Elution was performed at the lowest volume possible to
maintain highest RNA concentrations. For two-step protocols, total RNA was reverse
transcribed into cDNA with the SensiFAST™ cDNA Synthesis kit (Meridian Bioscience,
Luckenwalde, Germany) and qPCR was conducted using 5 pL cDNA and QuantiFast SYBR
Green RT-PCR kit (QIAGEN, Hilden, DEGermanyin a 96 well cycler (BioRad CFX96 Touch
Real-Time PCR Detection System, Feldkirchen, Germany). One-step qPCR was performed
by means of the SensiFAST™ Probe No-ROX One-Step kit (Meridian Bioscience,
Luckenwalde, Germany) whereas reverse transcription was extended to 20 min and

extension time was set to 10 s. BreastCancer Detect Adnatest (QIAGEN, Hilden, Germany)
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primers were added as described in the manual. Threshold cycle values (C+) were obtained.
Primers are available in the Supplementary Materials (see Table S1) and were designed with
Primer-BLAST (National Institutes of Health, Bethesda, MD, USA;
https://www.ncbi.nlm.nih.gov/tools/primer-blast/ accessed on 29 July 2022). Primer
sequences of the Adnatest are non-disclosed by QIAGEN.

4.7. Gel electrophoresis and Bioanalyzer

To analyze PCR product sizes, gel electrophoresis and automated electrophoresis using the
Bioanalyzer (Agilent Technologies) was performed. For gel electrophoresis, we used a 2 %
agarose gel in tris-acetate-EDTA buffer. DNA was diluted 1:1 in DEPC H;O, added
1:5 6x Orange G loading dye per sample and run for 45 min at 100 V. Ladders were used at
5 pL (100 bp DNA Ladder, puC19 Ladder, both Carl Roth, Karlsruhe, Germany). Gels were
displayed in the Fuijifilm LAS-3000 Luminescent Image Analyzer. Automated electrophoresis

in the Bioanalyzer was performed using the Agilent DNA 1000 kit as indicated in the manual.

4.8. Statistical analyses

Each experiment was repeated as indicated in the text, figures or legends. CTCelect data
were collected from the output files of the software and further analyzed using Microsoft
Excel 2016. Data are depicted as means with SD, and statistical analysis was done using
GraphPad PRISM 8.2.0 for Windows (GraphPad Software, San Diego, CA, USA,
www.graphpad.com). The p values of the statistical tests given in the respective figures were

reported as not significant (ns) when P™ > 0.05 and as significant when * p < 0.05.
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3 Discussion and Conclusions

This section discusses the main achievements, conclusions and some of the blind spots of
the conducted studies and delineates perspective on future research. As for the primary goal
of this work, a single cell isolation by means of automated immunomagnetic enrichment and
antibody-based fluorescence detection in a chip-based microfluidic system and the molecular
biological characterization of these cells was realized.

3.1 Summary

The first step was to outline all the bottlenecks and determining factors of the overall isolation
process and to sight previous works for room of improvement. With manual enrichment, we
developed a suitable CTC model system to establish the protocol for squamous cell
carcinoma and breast cancer. Using this model, reproducible performance of 1 um tosyl-
activated, hydrophobic magnetic beads was demonstrated resulting in high cell recovery
rates for both the existing prototype enrichment device ISOMAG and CTCelect (see Chapter
2.1 and 2.2). In parallel, white blood cell contamination was quantified via FACS analysis.
EpCAM-based enrichment led to a bycatch of ~1200 WBCs as similarly described for
CellSearch®. Nonetheless, the comparably low total number of 10° WBCs after enrichment
(compared to 10" WBCs/mL in healthy adults) enabled immunofluorescent assessment of the

patient isolates and marker-based distinction between potential CTCs and WBCs [60].

Subsequently, we showed that both IsoOMAG and CTCelect are applicable for HNSCC patient
samples and characterized isolated CTCs by immunostaining using a panel of tumor markers
(see Chapter 2.1, Figure 5 and 2.2, Figure 6). For example, it was possible to isolate 74 to 93
potential epithelial-like CTCs from patients suffering from different HNC subtypes (hypo- and
oropharynx cancers with lymph node metastasis). Beyond that, CTCelect enabled automated
dispensing of single circulating tumor cells from HNSCC patient samples and gPCR-based
confirmation of tumor-related biomarkers. In fact, there is growing interest in singularizing
pre-enriched rare cells like CTCs to decrease signal-to-noise ratio for downstream molecular
analysis, e.g. to distinguish between hormone receptor-associated tumor subtypes. For this
purpose, we developed a simplified gPCR protocol for single cells without RNA purification
targeting cancer subtype-relevant transcripts, published in the third paper (see Chapter 2.3).
During the research, several setbacks were faced. Most of them were resolved or discussed

in the respective publications and in-depth error analysis and optimizations were a

77



3 Discussion and Conclusions

centerpiece in this work. One of the biggest hurdles was bringing together macro- and
microfluidics in a very complex fluid like whole blood. A standard blood sample comprises 7.5
mL of blood. The successive washing steps had to be reduced stepwise in such a way that
an enriched fluid reduced to 300 to 500 pL was available before microfluidic processing in
the chip. This circumstance always involves a certain risk of losing sample fluid, and thus
target cells.

On a further note, the experiments performed so far are based only on EpCAM expression.
In Chapter 2.2 and 2.3, we highlighted and discussed the risks and drawbacks of enrichment
and detection using EpCAM antibodies alone. Meaningful variation of capture antibodies
should be investigated in the future. This also feeds into the lack of diagnostic or prognostic
significance of the pilot experiments with patient material from HNC patients performed here.
Our very early results included a total of only five HNC samples from whole blood. Although
our technologies demonstrated that cancer is associated with the presence of CTCs in
100 % of the samples tested, the study is too small to derive any direct added value. In
addition, no breast cancer samples could be analyzed so far. Another consideration was that
for clinical application, a higher degree of parallelization of the platform would be attractive.
Regarding this problem, engineering adjustments to other liquid biopsy platforms in-house
concerning tube sizes and multi-sample holders already exist [61]. Concerning the
microfluidic fluorescence-based detection, a major issue was that magnetic beads exhibit a
certain autofluorescence signal, especially in the red spectrum, overlapping with PE-staining.
We showed this overlap in the third publication (see Chapter 2.3, Figure 4). As a possible
solution, we implemented a gating function for the cytometer subunit of CTCelect to

selectively dispense cells instead of autofluorescent objects.

In summary, this work was intended to profoundly characterize the CTC isolation platforms
developed at the institute in terms of biological validation, microfluidic handling, assay
conception and downstream analysis. In the end, we were able to confirm automated
immunomagnetic enrichment using ISOMAG and single cell isolation using CTCelect of
potential CTCs from head and neck cancer patient samples. To this end, various cancer-
relevant nucleic acid and immunostaining detection methods were devised during this work

and published accordingly as listed below:
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a) PanCK-PE immunostaining of enriched potential CTCs from HNSCC patient blood using
ISOMAG (paper 1).

b) EpCAM-PE and Integrin-PE immunostaining of dispensed single potential CTCs from
HNSCC patient blood using CTCelect (paper 2).

c) EpCAM, Stratifin and Integrin mRNA detection from dispensed single potential CTCs
from HNSCC patient blood using CTCelect (paper 2).

d) EpCAM, GA733-2, Muc-1, PGR, ESR, CXCR4 and Her-2 mRNA detection method

development from cultured and dispensed single breast cancer cells using CTCelect

(paper 3).

3.2 Advantages of CTC Analysis

To a predominant extent, the advantages of CTC analysis compared to invasive diagnostics
and other biomarkers in blood-based liquid biopsies were emphasized in this work.

CTCs are systemic tumor components and hence are of high clinical value. A benefit of
isolating CTCs is that cells are complete organizational structures that include all information
on a cellular, RNA and DNA level and are not highly diluted in the blood like cell free tumor
DNA. This opens up a broad range of downstream research on proteomics, methylation,
mutagenomics and drug tests. Interestingly, Next Generation Sequencing (NGS) of captured
CTCs from patients with unknown primary tumors could even be used to identify tissue-

specific genes and pin down the tumor origin [62].

The CTC count was established as independent prognostic marker with reasonable evidence
for progression-free and overall survival. Consequently, the working group Gynecological
Oncology AGO-Mamma of the German Cancer Society (DKG) added CTC analysis as
prognostic and early detection marker for therapy resistance in metastatic breast cancer to
their guidelines [63]. In fact, CTC dynamics indicate possible success or resistance already a
few weeks after therapy initiation, similar to the effects in circulating tumor DNA levels. For
example, Yu and colleagues impressively displayed CTC dynamics between disease
progression and treatment response using longitudinal monitoring of EMT features in CTCs
from a patient with lobular breast cancer, who was serially sampled during treatment with
pathway inhibitors and chemotherapy [64]. For CTC enrichment and characterization, the
researchers used the very advanced herringbone CTC-chip technology developed by Stott et
al. in 2010 which combines physical enrichment due to microstructuring and biochemical
capture using antibody immobilization in the inner chip walls [11]. However, this technology

does not support tumor cell recovery for further transcriptomic analysis or tumor cell culture.
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This is due to the permanent trapping, fixation and permeabilization of the cells in the chip to
realize intracellular staining, such as for cytokeratins. Similar disadvantages of other isolation
methods were discussed in the above presented publications (i.e. see Chapter 2.2, Table 2).

Although CTCelect did not necessarily enable cell recovery rates as high as in other
platforms, it is aiming for viable single cell dispensing and does not require fixation. This
feature holds enormous potential for single cell studies and CTC culture. Diverse studies
revealed that precise cell line selection and patient stratification in cancer drug approval is
crucial for the clinical trial success rate. In detail, 97 % of oncology clinical trials fail to receive
approval. This is mainly due to toxic off-target effects, misinterpreted mechanisms of action
or diseased-healthy comparisons and simply the wrong selection of patients [65]. Recently,
the FDA approved the first PI3K inhibitor alpelisib for ESR* metastatic breast cancer with
activating PIK3CA mutations. The companion diagnostic PCR test to detect the PIK3CA
mutation in a tissue and/or a liquid biopsy was also FDA-approved [66]. Surprisingly, studies
revealed potential cell line-specific PI3Ka inhibitor resistance mechanisms even though the
cells carried the PIK3CA mutation [67]. These findings underline that a mutation only is not
always the adequate biomarker for a successful therapy. Besides that, inter- and intratumoral
heterogeneity might lead to different mutational hotspots. The isolation of viable tumor cells
using platforms like CTCelect and their cultivation into so-called tumoroids offer new
possibilities for fast personalized drug screening to avoid patient- and metastasis-dependent
resistances. Anderle et al. identified individual treatment responses and therapeutic
vulnerabilities in ovarian cancer using patient-derived microtumors grown from tumor cell
single suspensions [68]. Comparable findings were made for the treatment response of
patient-derived organoid models in metastatic gastrointestinal cancers [69]. Generally
speaking, in 100 % of cases, if a drug didn’t work on a single cells-derived patient’s organoid,
then it didn’'t have effect on the patient. And in almost 90 % of cases, if a drug did work on
the organoid, then it also worked in the patient [70]. Tumoroids can be cultured from a single
cell suspension from one (liquid) biopsy within a short generation time of a few weeks. These
impressive possibilities were not within the scope of the results presented here and only
inadequately discussed in the respective publications but will be subject to research in the
future. As a first step, the enrichment of patient-derived tumor cells using IsOMAG and the
dispensing of intact single cells using CTCelect without fixation, presented in these studies

here, indicate that tumoroid cultivation is feasible.

From an economic perspective, the oncology therapeutic market is still by far the leading
area based on sales with 145 billion USD in 2019 [71]. It has to be mentioned that from

10,000 potential drug compounds, only one will make it to FDA approval that goes into this
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sales number [72]. As explained above, new techniques to pre-test pharmacological
efficiency of potential cancer therapeutics on patient-derived tumoroids could help to
accelerate this process. In BioProcess International, GlobalData analyst Nadia McLurcan
stated that it is widely recognized that not all drugs have effects on all patients. Of all drugs,
the least effective (such as those for cancer) are the most expensive and the ones with the
most harmful side effects. Companion diagnostics (i.e. CTC analysis supported by the
CTCelect technology) can assist to predict how patients will respond to treatment, allowing
the most balanced dose from the start, while also reducing overall costs by reserving
expensive therapies for populations who will really respond to them [73]. The industry is
reacting to the emerging understanding of personalized medicine. In fact, the global CTCs
market size was estimated at 8.4 billion USD in 2020 and is expected to grow at a compound
annual growth rate of 11.7 % from 2021 to 2027 to reach 18.3 billion USD by 2027 [74].

Another advantage of including CTC analysis in early marker diagnostics is the increased
sensitivity. As already mentioned in the introduction, CTCs were detectable in COPD patients
before lung cancer outbreak [16]. Other studies also report early-stage accuracy, low risks
and high sensitivity of CTC diagnostics superior to those based on tissue biopsy and X-rays
[75]. This also applies to neck level lymph node biopsies in head and neck cancer for
example. In reality, 50 to 80 % of HNSCC and HNC patients are diagnosed when lymph
node metastases are already detectable, resulting in a poor overall prognosis and little
curative chances. Another 13 % of patients even exhibit distant metastases upon first
diagnosis [76,77]. However, before the primary tumor or micrometastases are visible via
imaging technologies, there still is a small time frame for early CTC diagnostics before the

development or detectability of locoregional metastases (Figure 8).

In addition, a certain risk of overlooking single malignant cells or even cell populations in
paraffin-embedded lymph node tissue sections from histopathology always remains. In this
case, enzymatic or mechanical dissociation using tissue grinders, as for example described
by Scheuermann et al. [80], could be of assistance in producing single cell suspensions from
tissue biopsies. Single malignant cells can then be detected in these cell suspensions with
the aid of optomicrofluidic devices such as CTCelect, which opens up a complete new
application field for the platform of high resolution biopsy and in vitro personalized
therapeutics testing. A conceivable diagnostic model would not be to replace the classical
histopathological findings but rather to additionally extend the imaging techniques with single
cell analyses from the dissociated tissue. In this way, the overall resolution of the diagnostics
would increase and the tumor cells found could be examined more closely or tested for drug

response.
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Figure 8: Tumor staging, HNC metrics and diagnostic possibilities.

About 50 to 80 % of patients with HNSCC and HNC in general are often diagnosed when they already have
locoregional metastases and receive a poor overall prognosis. Curative chances decrease at this point. However,
before the original tumor or micrometastases are detectable via imaging technologies, CTC analysis from a blood
sample can already take place as indicated with the purple arrow (source: own graphic, references: [76-79]).

3.3 Innovation Management

According to an innovation management study on CTCelect by FleR3a et al. from 2020, the
innovation process goes through various phases: from the product idea, development,
approval, reimbursement to market launch. Up to now, the first 3 phases are predominantly
seen as a technical problem, while the last two phases are reserved to economics. Efficient
innovation management, on the other hand, requires the use of business management and
health economics elements from the very beginning in the sense of an integrative
development [81]. Indeed, we have observed that it takes great efforts to cross the threshold
to clinical application, which requires involvement of economic thought processes from the
start. A decisive factor, especially in the health insurance system in the German market, is
the question of reimbursement for liquid biopsy as outlined in Figure 9, which in turn must be

considered early on and adequately supported by clinical data.

The establishment of new technologies depends on government health authorities and the
reimbursement policies of insurers because if a molecular assay (for example CTC analysis)
cannot be refunded, few patients will get it [73]. Hence, larger patient sample studies are
required to enhance trust for investments and our studies here can only cover the first steps

of placing the platform technology in routine lab work. Despite the high Technology
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Readiness Level of the systems, we certainly addressed basic research to seek proof-of-

concept and characterize the strengths and weaknesses of the inventions.
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Figure 9: Market segments for CTC analysis.

The funding and reimbursement of CTC analysis has to be differentiated into market segments. As a research
tool, funding for basic research and clinical studies is provided by third-party funds, foundations or companies
seeking approval for their technologies. IVD certified CTC analysis platforms are financed by the public and
private health insurances depending on their recommendations or by self-payers (modified, adapted from [81]).

3.4 Future Perspectives

Taking a look into the clinic, therapy decisions for i.e. metastatic breast cancer are still
broadly made on primary tumor and lymph node biopsy. As explained in Chapter 2.3,
hormone receptor positive patients receive endocrine therapy, HER-2 positive tumors are
targeted using anti-HER-2 therapy and TNBC is eligible only for chemotherapy. Harbeck et
al. impressively reviewed that different types of advanced mBC are more or less likely to
metastasize at certain sites in the body. In reality, there is however a clear overlap in tissues
at risk of metastasis by completely different cancer subtypes [82]. Liquid biopsy will help
unravel the molecular mechanisms underlying these metastatic preferences and also predict

potential therapies that could not be foreseen by primary tumor biopsy.
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While in the past, therapy decisions were exclusively derived from patient history, medical
imaging and histopathology of primary and secondary tumor tissue to monitor therapy
response, it has nowadays been extended to molecular analysis of DNA mutation profiles
from ctDNA and CTCs in the so-called Molecular Tumor Boards. It would be highly desirable
to add 3D CTC cultures and biomarker identifications for personalized medicine to molecular
analyses in future tumor treatment guidelines to predict individual drug response or
resistance. As an example of a pioneering exploratory Early Phase | study, researchers at
the University Hospital Basel have investigated since 2020 whether the cardiac glycoside
digoxin is able to disrupt CTC clusters in advanced or metastatic breast cancer patients.
Blood samples are drawn to isolate tumor cell clusters and measure CTC cluster size
changes [83]. CTC clusters are considered relatively new biomarkers that carry 20- to 100-
fold greater metastatic potential than single CTCs and their study has only recently been
brought into the light [84]. With little modifications to the chip dimensions of CTCelect, CTC
cluster isolation could also be feasible. Preliminary experiments already showed that cluster
enrichment from cell culture using IsoMAG is possible. Furthermore, approval of oncologica
predominantly fails in Phase Il at success rates of only 24.6 %, with “insufficient efficacy”
being the reasons for failure in 48 % of these cases. A lack of effect of active compounds in
CTCs, independent of the primary tumor, could be a major driver for the lack of overall
response to therapy in the patient. To overcome this obstacle, Garcia-Villa et al. showed, for
example, if a platinum-based chemotherapy response is present in patient-derived CTCs
[85]. In the future, multi-omic multi-analyte liquid biopsy approaches will become more and
more important to address these topics (Figure 10).

Blood
! 4 '
Plasma Mononuclear Phase Plasma from CTC depleted blood
+
IsoMAG/CTCelect
. _ !
| EV 1 cTC J
! | }
\ mRNA - mRNA ~ gDNA | cfDNA
v 4 ! '
mRNA profiling Variant analysis
} i } !

Descriptive and statistical comparison

Figure 10: Evaluation of multiple Liquid biopsy analytes In Metastatic breast cancer patients All from one
blood sample (ELIMA) study design and possible contribution of CTC isolation platforms.

EV mRNA, CTC mRNA, CTC gDNA, and cfDNA were isolated from blood and mRNA profiling or variant profiling
resulted in comparable data sets for comprehensive integration. Integrative statistical analyses performed
included the analysis of the individual analytes and their prognostic value. As indicated in yellow, CTC isolation
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devices such as CTCelect could be of use to separate CTCs from the rest of the blood components or from the
mononuclear cell phase to contribute to these kind of multi-faceted studies (modified, adapted from [86]).

This means that individual blood fractions, such as plasma, CTCs and CTC-depleted plasma,
are first obtained from a minimized volume of the starting material, whole blood. Biomarkers
such as mRNA and gDNA from CTCs, extracellular vesicles and cfDNA can then be
extracted from the individual fractions from the same samples. In the 2021 landmark “ELIMA”
study (Evaluation of multiple Liquid biopsy analytes In Metastatic breast cancer patients All
from one blood sample), this approach increased the number of patients with actionable
signals in all analytes to over 95 % [86]. The established ELIMA score that weighs the
contribution of each analyte to the overall survival had significant prognostic value compared
to the single analytes. Large-scale endeavors such as these are indicative that high-
resolution comprehensive liquid biopsy can provide far more insight into individual cancers
than just CTC counts in prognostic approaches such as CellSearch®. Our literature searches
revealed that increasing incidence of CTCs is indeed associated with worsened prognosis
and progressive tumor staging in many studies. However, considering the sometimes eatrlier
or later occurrence of CTCs, a comprehensive view of the individual case must always be
taken. In 2016, Andree et al. described CellSearch® as the still-remaining gold standard for
CTC enumeration but the researchers also highlighted the prevalence of difficulties in
assigning objects as CTCs using their software and in comparing CTC isolation technologies
due to the lack of a uniform CTC definition [57].

To date, randomized outcome studies in particular are missing to legally establish the benefit
of the addition of liquid biopsies in tumor diagnosis and follow-up. It should not be forgotten
that the apparently expensive diagnostic costs still represent only a tiny fraction of the overall
therapy costs. Contrary to this paradox, the trend must be towards giving comprehensive
diagnostics their rightful importance, so that immense costs of a simply wrong therapy can be
prevented in advance. As sequencing becomes more affordable, new research fields in
transcriptomics, genomics and methylation profiling will emerge and terms like the “exome”
or “multi-omics” will become more fashionable to improve early detection and facilitate
personalized cancer diagnostics and therapy. CTC isolation platforms such as CTCelect or
ISsoOMAG that indeed separate tumor cells from other blood components will prospectively be

able to contribute to these multi-omic multi-analyte pipelines in an automated manner.
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C. Abbreviations

uCSs Microfluidic fluorescence-activated cell sorting
a.u. Arbitrary unit

Ab Antibody

BSA Bovine serum albumin

CD45 Cluster differentiation 45 antigen

cfDNA Cell free DNA

CFSE Carboxyfluorescein succinimidyl ester
COPD Chronic obtrusive pulmonary disease

Ct Threshold cycle

CT Computer tomography

CTC Circulating tumor cell

CtDNA Circulating tumor DNA

CXCR4 C-X-C motif chemokine receptor 4

d Day(s)

DMEM Dulbecco's Modified Eagle Medium

DTC Disseminated tumor cell

EDTA Ethylenediaminetetraacetate

EMT Epithelial-mesenchymal transition
EpCAM Epithelial cell adhesion molecule

ESR Estrogen receptor

EV Extracellular vesicle

FACS Fluorescence-activated cell sorting

FCS Fetal calf serum

FDA Food and Drug Administration

HER-2 Human epidermal growth factor receptor 2
HNC Head and neck cancer

HNSCC Head and neck squamous cell carcinoma
HPV Human papilloma virus

IMS Immunomagnetic separation

mBC Metastatic breast cancer

MCF-7 Michigan Cancer Foundation 7

MET Mesenchymal-epithelial transition

NCBI National Center for Biotechnology Information
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PBMC
PBS

PE

pEMT
PET scan
PR

PTNM staging
RT-qPCR
SCL-1
SPEC
TNBC
usSD
WBC

Peripheral blood mononuclear cells

Phosphate buffered saline

Phycoerythrin

Partial/post-EMT

Positron emission tomography

Progesterone receptor

Histopathologic tumor-nodes-metastasis staging
Real time quantitative polymerase chain reaction
Squamous cancer line 1

Single photon emission computed tomography
Triple-negative breast cancer

U.S. dollars

White blood cell
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cell carcinoma-derived circulating tumor cells
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Tables

Table 51. Detailed protocel of IsoMAG isolation procedure
Ne.  Program Chapter title Carousel: Magnet: Flowrate Duration
section position position [ml'min] [s]

2 to pipette
position

] Blood sample to blood sample
position

10 Aspirate to
carousel position

12 1 Position 1 200
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Figure 51. Recovery rates of different cancer cell lines during protocol establishment. A. hMelanoma
and carcinoma single cells were recoverad from 1 and 7.5 mL culture medium. 20 CESE labeled single
cell wera spiked in 1 or 7.5 mL zespectively and manually enriched using a magnetic separator.
Dymabeads MyOne Streptavidin T1 beads were coated with 20 pp/mL biotinylated monoclonal mouse
anti-human melanoma-associated chondroitin sulfate protecglycan (MCSF) antibody EP-1 (MMiltenwi
Biotec) for melanoma cells MV3 and BLM or biotinvlated monoconal mouse anti-human EpCAR
(CD320) antibody 1B7 for squamous cell carcinema cells S5CL-1 and 5CL-2. B. A431 cells (EpCAR-

positive) and HEE293T cells (negative control) were spiked into 7.5 mL culturs medium and enriched
as described in A,
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Figure 51. Gel electrophoresis of EpCAM RT-qPCR products (136 bp) from 5CL-1 single cell RMNA.
Total single cell RNA was isolated using ElMeasy Micro Fit (QLAGEN) with a downscaled protocol
spiking one cell in lysis buffer and rewverse-transeribed in ¢DMNA with Sensifast cDINA synthesis Kit
{Bicline). gPCE was performed with Cuantifast gPCR Kit (QIAGEN). f-Actin (176 bp) served as
positive control and leukocyvte marker CD45 (159 bp) was used as negative contrel Primers were
designed with Primer-BLAST (MNational Institutes of Health;
hitps:fwww.nebinlm nih govftools/primer-blast/).
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Figure 53. Expression of EpCAM protein (A, B) and CSV (C, D) in HNSCCUM-02T. Expression of
EpCAM protein in whole cell lysates was visualized using a-CD326 purified Ab (44 kDa, eBioscience
£14-9326) and a-Actin Ab (42 kDa, Sigma #A2066) served as loading control (B). Expression of CSV
protein was visualized using a-cell surface vimentin Ab (50 kDa, Abnova, 17121-84-1) by Western Blot
of whole cell lysates (C) and immunofluorescence staining of HNSCCUM-02T cells (D). Nuclei were

stained with Hoechst. Scale bar, 10 pm.
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Fipure 54 Potential circulating tumer cells (CTCs) could be enriched from whole blood of a HNSCC
patient using EpCAM and C5V beads. 7.5 mL of patient blood was mixed with EpCAM- and C5V-
coupled T1 beads (1:1) and placed into the IschAG unit for automated enrichment of CTCs. For cell
counting, enriched cells were stained with Hoechst dye, cytokeratin {panCE-PE), and CD<5-FITC
antibodies and quantified by fluorescence microscopy. [Hoechst+/CD45-/panCE+] cells were dassified

as potential CTCs. Scale bar, 10 pm.
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Figure 55. Brightficld microscopic images (20-fold {A) and 40-fold (B) magnification} of HNSCCUM-
02T cells which were culbivated after immunomagnetic isolation using the Dynabeads™ FlawComp™*
Flexd Kit (Inwvitrogen). 35 HNSCCURM-02T cells were spiked into 7.5ml blood of healthy donor, and
manually isolated using EpCAM beads as described in MMaterals and Methods section. Additionally,
after repeated mapnetic separation and washing staps cells were re-suspended in 1ml release buffer
and incubated for 10min on ice. The supematant was centrifuged (350kg, 10min), and the cell pell=t
was resuspended in a mixture of fresh and pre-conditioned medium (1/3 to 2/3). Cells were seeded in
collagen slides (#60802, ibidi GmbH, Grifelfing, Germany), and imaged ¥ days after seeding. Scale
bars, 20 pm.
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Figure 56. Establishment of CTCelect unit improves purity of isolated tumor cells from whole blood.
A Workfloww of cell analysis including IsoMAG isolaton unit, microfluidic cell sorting, and
downstream PCR analysis. CFSE stained tumor cells (MCF-7) were spiked in 7.5 mL whole blood from
a healthy donor. Immunomagnetic pre-enrichment using IsoMAG reduced WBC concentration by
10,000-fold compared to whole blood enabling microtluidic cell sorting. We used an in-house
developed cell sorting unit consisting of a microfluidic chip for hydrodynamic sample focusing and a
480 nm laser with two silicdium photomultiplier-supported fluorescence detectors to dispense single
cells in single droplets. By establishing appropriate flow conditions and droplet sizes in chip-based
microfluidic systems, the arithmetical probability of dispensing one WBC with a cancer cell in the
same droplet s 10 % Droplets containing a fluorescent tumor cell were identified under the
fluorescence microscope and pooled in samples of 1, 2, 5 (#=3) and 10 (m=2) droplets. Samples were
Ivsed for 153 min at 4 *C using a guanidine salt-free lysis butfer for direct one-step RT-PCR with the
SensiFAST™ SYBE Mo-ROX COne-Step Kit (Bioline) according to the manual. B, RT-PCR products
were analyzed by means of gel electrophoresis. Leukocyte marker CD45 (159 bp) was targeted to
detect WBCs in the droplets. EpCAM transcript (136 bp) served as positive control for tumor cells.
Primers  were  designed with  Prmer-BLAST  (National Institutes  of  Health;
https:ffansw. nebinlm.nib.gov/tools/primer-blastf). € WBC contamination was quantified as the ratio
between  samples  positive for CD45 and EpCAM. Depending on the sample sice, only
0-33 % (mean =25 %) of the samples were CD45+ Consequently, a purty of at least 753 % was
determined and the feasibility of downstream PCR analysis after astomated immunomagnetic
enrichment and cell sorting was confirmed.
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Supplement (2)

Characterization of a novel microfluidic platform for the isolation of rare single cells to enable
CTC analysis from head and neck squamous cell carcinoma patients

Janis Stiefel, Ashwin Sriram, Christian Freese, Sabine Alebrand, Nalini Srinivas, Christoph Sproll, Madita
‘Wandrey, Désirée Giil, Jan Hagemann, Jilrgen C. Becker, Michael BaBler

Wiley Engineering in Life Sciences, 2021.

SCL-1 MCF-7

500

300

Figure S1: Gel electrophoresis of RT-qPCR products from single cell RNA to confirm EpCAM transcripts in the
SCL-1 and MCF-7 cell line. Total single cell RNA was isolated using RNeasy Micro Kit (QIAGEN) with an
adapted protocol lysing one cell. cDNA was synthetized with Sensifast cDNA synthesis Kit (Bioline). qPCR was
performed with Quantifast qPCR Kit (QIAGEN). EpCAM product was expected at a size of 136 bp. p-Actin
(176 bp) served as reference transcript. RT-qPCR towards leukocyte marker CD45 (159 bp) of one peripheral
blood mononuclear cell RNA from a healthy donor was used as negative control. Primers were designed with
Primer-BLAST (National Institutes of Health; https://www.ncbi.nlm. nih gov/tools/primer-blast/).

Figure S2: Automated enrichment in the CTCelect device. A) After each washing step, bead-cell pellets were
captured in the 10 mL pipet tip by placing magnet 1 on one side of the pipet tip. B) When washing in larger
volumes (5 mL), immunomagnetic enrichment was additionally performed using the upper magnet 2.
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Figure S3: Buffy coat of peripheral blood mononuclear cells from a healthy donor. 1 ml, Histopaque®-1077
(Merck, Darmstadt, DE) was coated with 7.5 mL whole blood and centrifuged for 10 min at 400xg. The plasma
was discarded. The PBMC phase was collected, resuspended 1:1 in PBS and centrifuged for 5 min at 400xg. The

cell pellet was resuspended in 1 mL PBS for further experiments.
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Supplement (3)

Automated immunomagnetic enrichment and optomicrofiuidic detection to
isolate breast cancer cells: A proof-of-concept towards PoC therapeutic
decision-making

Janis Stiefel *, Michael BaRler !, Jorn Wittek ' and Christian Freese !

! Fraunhofer Institute for Microengineering and Microsystems IMM, Mainz, Germany

: . Optical i :
Enrichment of . Labeling of : : Dispensing of
( target cells ] { cells ] [de;?:glc;ncglfléhe] ‘ the single cells

Figure $1: CTCelect system, microfluidic chip and process conception. A) The benchtop
device consists of an immunomagnetic enrichment module (right-sided) and a microfluidic
fluorescence-activated cell sorting (UCS) subunit (left-sided). The fully-automated isolation
process is user-controlled via touchscreen. Sample handling and transfer is managed by a
pipetting robot. B) The CTCelect chip is placed in the chip holder of the cell sorting subunit and
disposed after isolation. The chip consists of a reservoir funnel for the cell suspension, a
hydrodynamic focusing channel, a detection zone and a nozzle for cell dispensing.
C) CTCelect concept for single cell dispensing from 7.5 mL samples (from Stiefel et al. Eng
Life Sci. 2022; 22: 391— 406. hitps://doi.org/10.1002/elsc.202100133 [9]).
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Figure $2: Flow cytometry of PE-antibody (AB) stained MCF-7 cells with or without
beads enrichment. MCF-7 cells were enriched with EpCAM-coupled immunomagnetic beads
for 10 minutes. Unbound and enriched cells were then stained with either EpCAM-, CD144-,
CD84-, CDE3-PE (B) or only EpCAM-PE (C) antibody solution (1:30) alternated with several
washing steps. Fluorescence intensity in the FL2 channel was measured using the flow
cytometer. Events of unbound cells were gated to an unstained MCF-7 population from a
previous measurement (A). Beads were detected as a large overlapping population at
FL2 <10%a.u.
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20 cells 26,22 26,22
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1 cell 38,11 37 4T
1 cell 35,83
1 cell cultured 35,78 34,32

1 cell cultured 32,85

Figure S$3: gPCR and melt curve analysis from RNA of one, 20 and 40 MCF-7 single cells
targeting EpCAM and B-actin. Two-step qPCR was performed with RNeasy Micro RNA
isolation kit (QIAGEN) to confirm fluorescence signals at low cell numbers. Therefore, we
picked single cells from a cell suspension in a petri dish and directly lysed one, 20 and 40 cells
per spin column. We observed an increase in relative fluorescence intensity in clear correlation
with the cell number for both EpCAM and B-actin expression. Seeded single cells (“cultured™)
from a 96 well plate served as a control.
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Table T1: Primer Sequences.

Product length [bp] Sequence (5'-3')

Name Gene (human), mRNA
Alkdin_for

B-actin ACTB
Aklin_rev
EpCAM_for

Epithelial cell adhesion molecule
EpCAM rev

PGR_for
Progesterone franscr. V1
PGR_rev

ESR1_for
Estrogen transcr. V1
ESR1_rev

HER2_for
HER-2/NEU (ERBB2) transcr. V1
HER2_rev

CD45_for
CD45; PTPRC franscr. V1
CD45_rev

CXCR4_for
C-X-C motif chemokine receptor 4
CXCR4_rev

176

136

194

125

108

159

&0

104

ATT GCC GAC AGG ATG CAG AA
GGG CCG GAC TCG TCATAC TC
CCG CAGCTC AGG AAG AATGT
CATTTG GCA GCCAGC TTT GA
GTCTACCCGCCCTATCTCAAC
TAGTTGTGCTGCCCTTCCATT
TGGGAATGATGAAAGGTGGGA
GGTTGGCAGCTCTCATGTCT
CCGGAGCCGCAGTGAG
CTGTGCCGGTGCACACTT
ACCAGGAATGGATGTCGCTA
TGGGGCCTGTAAAAGTGTCC
CTGTGAGCAGAGGGTCCAG
ATGAATGTCCACCTCGCTT
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