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Abstract:

One of the winners, german Julia Pinter, focused his research on the subject of Cancer. Cancer is the
disease with the highest mortality worldwide, treated with the same standard approaches for decades. This
conventional therapy strategies do not take the evolutionary development of cancer into consideration nor
the role of the immune system in this process. Cancer has been shown to hide from the immune
surveillance by establishing an immunosuppressive microenvironment. Furthermore, tumor cells are rarely
recognized as pathogens by immune cells since they originate from self-material. As a result, there is a
recent trend in cancer treatment to redirect the immune system to cancer specificity. In the broad range of
immunotherapies, especially the CAR T-cell therapy stands out due to its several advantages of precisely
detecting tumor antigens since in this approach autologous T lymphocytes are genetically engineered ex
vivo to express chimeric antigen receptors (CARs) which specifically bind to the antigen expressed on
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Abstract
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Optimizing T-Cell Culture in Microfluidic Devices
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1. Betreuer: Prof. Dr. rer. nat. habil. Hans-Peter Deigner
2. Betreuer: Prof. em. Dr. Drs. h. c. Roland Mertelsmann

Semester/Studiengang: 7/International Engineering

Kurzfassung: Krebs ist die Krankheit mit der weltweit héchsten Mortalitatsra-
te, die seit Jahrzehnten mit den gleichen Therapiekonzepten behandelt wird.
Diese konventionellen Ansatze, Chirurgie, Strahlentherapie und zytostatische
Medikamente, betrachten weder die evolutionare Entwicklung von Krebs noch
die Rolle des Immunsystems in diesem Prozess. Krebszellen zeichnen sich
durch eine immunsuppressive Mikroumgebung aus. Aul3erdem werden sie von
Immunzellen selten als Pathogen erkannt werden, da sie urspriinglich von
korpereigenem Material abstammen und sich dadurch vor der Immuniberwa-
chung verbergen. Ein neuer Ansatz, dem Immunsystem von Krebspatienten
wieder Tumorspezifizitdt zu verleihen, ist derzeit ein Schwerpunkt der Krebs-
forschung. Unter den zahlreichen Anséatzen der Immuntherapie rangt beson-
ders die CAR-T-Zell-Therapie heraus aufgrund ihrer vielfaltigen Vorteile wie
der genauen Erkennung von Tumorantigenen. Bei diesem Therapieansatz
werden autologe T-Lymphozyten ex vivo genetisch verandert werden, sodass
sich chimerische Antigenrezeptoren (CARs) auf ihrer Zelloberflache zeigen,
die ein spezifisches Krebsantigen binden. Um die Faktoren, die diese vielver-
sprechende Therapiestrategie noch einschranken wie beispielsweise exorbi-
tant hohe Kosten, zu Uberwinden, werden mikrofluidische Zellkulturplatformen
verwendet, da sie eine drastische Reduzierung der bendtigten Reagenzienvo-
lumina und eine physiologische Mikroumgebung, die in Echtzeit prazise
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kontrolliert werden kann, erméglichen. Um dieses System noch weiter zu au-
tomatisieren Flache, die von in einem selbst hergestellten Mikrochip kultivier-
ten Zellen eingenommen wird, bestimmt und analysiert. Dieser numerische
Wert dient als ein Richtwert fur die Wachstumsfaktorkonzentration, mit der die
Zellen versorgt werden. Da die Anzahl der bendtigten Experimente zu hoch ist,
um von Menschen durchgefuhrt zu werden, soll die T-Zell-Kultivierung von

Machine-Learning-Algorithmen Gibernommen werden

Schlisselworter: CAR-T-Zell-Therapie, Mikrofluidik, Machine Learning
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Abstract: Cancer is the disease with the highest mortality worldwide, treated with the
same standard approaches since decades. This conventional therapy strategies do
not take the evolutionary development of cancer into consideration nor the role of the
immune system in this process. Cancer has been shown to hide from the immune
surveillance by establishing an immunosuppressive microenvironment. Furthermore,
tumor cells are rarely recognized as pathogens by immune cells since they originate
from self-material. As a result, there is a recent trend in cancer treatment to redirect
the immune system to cancer specificity. In the broad range of immunotherapies, es-
pecially the CAR T-cell therapy stands out due to its several advantages of precisely
detecting tumor antigens since in this approach autologous T lymphocytes are genet-
ically engineered ex vivo to express chimeric antigen receptors (CARs) which specifi-
cally bind to the antigen expressed on cancer cells. In order to overcome the factors
that are still limiting this promising treatment strategy such as exorbitant costs, micro-
fluidic cell culture platforms will be evaluated since they offer a drastic reduction of
reagent volumes needed and also a physiologic microenvironment that can be pre-
cisely controlled in real-time. In order to further automatize the culture system, the
area occupied by the T cells cultured in a self-fabricated microchip is determined and
analyzed. This numeric value serves as a guide value for the growth factor concentra-
tion the cells are administered with. Since the amount of required experiments is too
high to be carried out by human beings, the studies presented here will allow the T

cell culture optimization to be taken over by machine learning algorithms in the

future.
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1 Introduction

In the 215t century, the expected life span of the global population is restrict-
ed by noncommunicable diseases (NCDs). Among those, cancer contributes
most to that massive barrier to ageing with 9.6 million of caused deaths (cf.
Bray et al. 2018: 1). The term cancer is being used as a general designation
for “diseases caused by uncontrolled cell proliferation and migration” (Smith,
E. et al. 2018: 1) capable of spreading aggressively via the blood and lym-
phatic systems to diverse tissue types found in the human body (cf. Smith, E.
et al. 2018: 1). The World Health Organization (WHO) estimates that, in
2018, there will be approximately 18 million new cases of persons diagnosed
with cancer worldwide, among whom 3 million will die in the end because of
the malignant disease. In general, it can be observed that the number of
people newly diagnosed with cancer is increasing continuously. This is prin-
cipally due to longer general life expectancy. The effects of changes in life
style and exposure to novel environmental determinants are presumed to
add to the cancer burden. Simultaneously, the numbers of deaths caused by
cancer show a negative slope throughout the last five decades. An explana-
tion for this can be found in improvements in diagnosis and therapy as a re-

sult of incrementing efforts in cancer research (cf. Bray et al. 2018: 1f.).

These augmented ambitions in improving cancer treatment strategies need
to take into account that many basic aspects of this mortal diseases cannot
be controlled or battled by pharmaceuticals. This is because their rise is often
provoked by certain genome parts, randomly modifying their composition dur-
ing the process of natural ageing (cf. Smith, E. et al. 2018: 2). Furthermore,
the distribution of cancer types is connected to the socioeconomic situation of
the respective countries (Fig. 1). It clearly can be claimed that those forms
associated with modern life style like lung cancer caused by smoking are
“‘westernized” while viral-caused carcinogenesis is more frequent in emerging

countries. Consequently, there also exist inequalities in the availability of
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knowledge and funding for innovation of cancer treatment strategies (cf. Bray

et al. 2018: 2).

Lung

Prostate

Colorectum

Stomach

Liver

Qesophagus

Bladder

Male Lip, oral cavity
Non-Hodgkin lymphoma
Leukaemia

Kidney

Pancreas

Brain, nervous system
Larynx

Thyroid

Breast

Cervix uteri

Colorectum

Lung

Thyroid

Corpus uteri

Ovary

Female Stomach
Liver

Non-Hodgkin lymphoma
Leukaemia

Oesophagus

Pancreas

Brain, nervous system

Kidney

High/Very high HDI

Low/Medium HDI

60

20 40 60

Age-standardized (W) rate per 100,000, male

High/Very high HDI

Low/Medium HDI

40 60

Age-standardized (W) rate per 100,000, female

Incidence NG \ortality

Figure 1. Correlation of socioeconomic condition and incidences of specific

cancer types (Source: Bray et al. 2018: p. 10)
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As described above, a basic property of cancer is the development of a
population of cells, frequently as solid tumors but also as so-called liquid
cancers like leukemia, which are always composed of diverse cell types. This
heterogeneity has to be assessed by novel diagnostic as well as therapeutic
approaches to be able to eliminate all cancerous cells, at least those which

are proliferating.

The classical treatments, cytotoxic chemotherapy, hormonal therapy or radia-
tion therapy, while extending life span and quality of life, are rarely curing
cancer (cf. Willyard 2016: 1f.; Hinrichs and Rosenberg 2014: 56).

A novel strategy for treating cancer is based on targeting the therapy to the
diversity of cancerous cells. The immune system of the patient is capable of
detecting and eradicating pathologic micro-organisms. Since cancer muta-
tions frequently lead to neoantigens, the immune system should be able to
recognize them Consequently, adoptive cell therapy (ACT) with cells capable
of recognizing and killing cancer cells could become a new pillar in cancer
treatment in addition to surgery, chemotherapy and radiation as the immune
system of a given patient with cancer apparently is not able to eliminate this
malignant disease. This therapeutic approach is based on the administration
of autologous T lymphocytes which have been modified in vitro for the detec-
tion of specific cancerous cells by genetical engineering introducing tumor-
specific receptors on their surface (cf. Hinrichs and Rosenberg 2014: 56f.).
This strategy offers several advantages since it does not depend on the ad-
ministration of cytotoxic drugs as in the case of chemotherapy or on the injec-
tion of non-self tissue, thus functioning as a “living drug” dynamically interact-
ing with cancer cells. Another benefit of ACT can be found in its property of
taking advantage of the immune system’s memory capacity to guarantee

long-term protection from carcinogenesis (cf. Houot et al. 2015: 1115).

There are two main methods of manipulating the immune system to redirect it
towards eradicating cancer cells: an ex vivo approach using the principles of
adoptive cell therapy and an in vivo method based on the administration of

antibodies specialized to block receptors involved in T-cell activation. After ex
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vivo expansion, tumor-infiltrating lymphocytes (TILs) have been used with
some clinical success (cf. Rosenberg et al. 1988: 1679). However, the collec-
tion and generation of TILs requires surgical intervention and tedious as well
as expensive laboratory procedures. Another approach studied has been the
cloning of autologous (or donated) T lymphocytes which already express T-
cell receptors (TCRs) specialized in the detection of specific cancer cells.
More recently, autologous T lymphocytes have been genetically engineered,
specifically redirecting them to detect and bin to antigens expressed by tumor
tissue. Autologous T cells can be artificially redirected by genetically engi-
neering them to express chimeric antigen receptors (CARs). An antibody
fragment able to bind to molecules particularly expressed by tumor cells is
being attached to the intracellular domains of the T-cell receptor. Currently,
the most frequently used strategy of in vivo manipulation of the immune sys-
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tem’s function is muting the inhibitory signals emitted by activated T cells

through the application of monoclonal antibodies.

In order to hinder the tumor-induced inhibition of T cell activation, antibodies
capable of binding to the specific surface receptors found on immune cells
that control the negative signaling loop between T lymphocytes are injected
to shut down these signals. Due to its functional principle, this immunothera-
py approach is called checkpoint inhibition. The main limitation of this therapy

method is its unspecificity regarding tumor antigens and frequently the induc-

Table 1: Comparison of different approaches of cancer immunotherapy
(adapted based on Houot et al. 2015: 1118)

TILs TCRs
Type of therapy ACT ACT
Drug Unmodified (naturally T cells genetically
occurring) T cells engineered ex vivo
isolated form tumors from peripheral T cell¢
and expanded ex vivo to express

recombinant TCR
against a tumor Ag

Requirement for tumor No Yes
Ag identification
Specificity against Polyclonal Monoclonal
tumor cells
Origin of Ag targeted Intracellular and Intracellular (MHC-I-
extracellular restricted T cells)
MHC-restricted Yes® Yes®
Long-lasting protection  Yes Yes
Off-the-shelf No No
Personalized therapy +44+P +++
Main limitations Feasibility On-target/off-tumor
Mostly restricted to toxicity
melanoma

tion of sometimes lethal autoimmune syndromes (cf. Houot et al. 2015:

1115ff). Because of the relative ease of use by injection, numerous clinical
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CARs Checkpoint inhibitors
Type of therapy ACT Antibody

Drug

T cells genetically
engineered ex vivo
from peripheral
T cells to express a
CAR (scFv with TCR
signaling molecules)
against a tumor

Antibodies blocking
inhibitory molecules
on T cells to enhance
their function

surface Ag
Requirement for tumor Yes No
Ag identification
Specificity against Monoclonal Polyclonal
tumor cells
Origin of Ag targeted Surface Intracellular and
extracellular
MHC-restricted No No
Long-lasting protection  Yes Yes
Off-the-shelf No Yes
Personalized therapy ++ None
Main limitations On-target/off-tumor Autoimmune
toxicity manifestations
CRS

Tumor escape (loss of
surface Ag)

trials have been performed
showing tumor regressions and extended disease-free survival. However,
overall survival benefits have only been observed in a very limited number of
studies (Tab. 1).

The need for a shift in cancer treatment strategies from static towards dy-
namic targeted therapies focusing on the heterogenous nature of tumors is
also supported by the Nobel Price Committee. Consequently, this year's No-
bel Prize in Medicine was awarded to James P. Allison and Tasuku Honjo for
their contribution to the development of targeted cancer therapy by identifying
the specific surface molecules responsible for attenuating the T cell activation
process, the checkpoints (cf. Smith, E. et al. 2018: 1).

Since the potential of exploring the immune system to control and possibly
eradicate cancer has been convincingly demonstrated, researchers are still
confronted with plenty of challenges to realize the proposed ideas on a larger

scale. Firstly, T cell physiology is not fully understood. As a result, experi-
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mental progress is hindered for example by the lack of dynamic control of the
environment in which T cells perform their diverse functions. This is why
there is an immense need for a new platform which enables investigators to
precisely control and visualize the T cell microenvironment (cf. Dura et al.
2015: 2).

The issue of lacking control of the cellular microenvironment can be as-
sessed by down-scaling the assays utilizing microfluidic devices. This micro-
scale chips composed of minuscule channels with diverse geometrical char-
acteristics offer, among their several advantages, a closer approximation to
the in vivo situation (cf. Zhang and Van Noort 2011: 297f.).

The most efficient approach among the different strategies of adaptive cell
therapy seems to be the treatment with CAR T cells. This is because their
specificity towards detecting cancer cells can be exactly controlled through
genetic engineering which often is limited in other approaches. Another chal-
lenge in improving the efficiency of adoptive cell therapies against cancer
consists in developing the therapeutic approach in view of the multitude of
parameters to be taken into account for all ex vivo processes. Possibly, this
problem of multiparameter complexity is one of the reasons for the reproduc-
ibility crisis (cf. Baker 2016: 454). We hypothesize that the biological and
technical approaches can be optimized by controlling the process through the
introduction of an autonomous system and machine learning (ML). IT tech-
nigues can e.g. “outperform humans at tasks such as image recognition”
(Kording et al. 2018: 62) by imitating the memory and learning capacity of the
human brain, i.e. Machine Learning (ML) (cf. Chen and Asch 2017: 2507-
2508).

In order to create a flexible cancer treatment approach based on CAR T-cell
therapy, the heterogeneity as a basic cancer characteristic has to be taken
into account. The challenge of generating in vivo-like conditions to be able to
study T cell function and the need for down-scaling experiments with the
possibility of augmenting the dimensions will be considered in the course of

this thesis. Therefore, it is aspired to develop a microfluidic device for T cell
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activation and proliferation in an automated manner based on Machine
Learning. Hence, a self-learning algorithm controls the growth factor admin-
istration (and later the gene transduction process) based on computer-
assisted analysis of changes of cell morphology and the growth of the area
occupied by the cells to optimally stimulate T cells. The main objective of the
development of this system is to increase the knowledge of T cell function of
individual patients to be able to optimally adjust therapeutic parameters to the
targeted tumor antigen. The long-term objective of this strategy is to facilitate
a personalized medicine as well as cost reduction of this promising but at the

present extremely expensive treatment approach.

2 Introduction to Cancer

The potentially mortal noncommunicable disease (NCD) of cancer is “charac-
terized by the accumulation of a variable number of genetic alteration and the
loss of normal cellular regulatory processes” (Chen and Mellman 2013: 1).
This heterogeneity of tumor composition imposes the exposure of novel sur-
face receptors (neo-antigens). Theoretically, these molecules can be detect-
ed by the immune system through recruiting T cells specialized in identifying
cancer cells by binding to the antigens expressed on pathogenic cells’ sur-
faces. Cancerous tissue is able to circumvent immune surveillance by, for
example, hampering the activation and proliferation of T cells resulting in an
immunosuppressive tumor microenvironment which guarantees further tumor
growth (cf. Chen and Mellman 2013: 1).

Before assessing the interaction between the immune system and cancerous
cells in detail, the mechanisms of tumor development and progress have to
be clarified. These complex processes seem to follow the fundamental prin-
ciples of biological evolution defined by Darwin: accumulations of genetic
mutations generate cell populations with novel genetic properties as a result
of selective forces compelling the cells to continuous adaption to their envi-
ronment. The basis of applying evolutionary theories to cancer development

is the cancer cells’ inherent property of genetic instability. The origin of this
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unique feature can be found in the increased number of mitosis causing more
frequent genome alterations (cf. Groten, Borner and Mertelsmann 2016a:
36f.).

Another hypothesis in the context of evolutionary cancer progress is the
common progenitor clone which divides into numerous subclones that are
selected on the basis of their adaption capabilities determined by mutations
(cf. Groten, Borner and Mertelsmann 2016a: 37). These sublines can cause
cancer relapse but cannot be tackled by chemotherapies since they are not
the actual origin of cancer but their progenitor cells. The identification of
these cells is crucial to be able to develop cancer therapies specifically
adapted to their functionalities (cf. Ding et al. 2012: 509). Since cellular ge-
netic heterogeneity augments with each mutation, it can be claimed that can-
cer progress is also driven by entropy which is characterized by an increas-

ing molecular disorder (cf. Groten, Borner and Mertelsmann 2016a: 43f.).

Among all the described knowledge on cancer progress given by evolution to
determine a therapy targeted to prevent cancer from proliferating, especially
the tumor heterogeneity is of importance. As a result, there is a need for a
radical change in current cancer treatment approaches since their majority
still leaves out the dynamic cancer cell transformation (cf. Groten, Borner and
Mertelsmann 2016a: 41).

In 2000, the research group of Hanahan provided a basis for understanding
cancer pathophysiology describing general properties of malignant cells dur-
ing their development involving genetic instability and diversity (Fig. 2). This
can be observed in the investigators’ statement that “tumors are more than
insular masses of proliferating cells” (Hanahan and Weinberg 2011: 646) but
are characterized by high complexity of tissue composition and their sur-
rounding microenvironment. First of all, Hanahan et al. claim that biological
mutations lead to the disruption and circumvention of negative proliferative
signals needed for maintaining normal structural and functional aspects of
cells. According to this research group, this behavior impedes the human

body’s natural “firewall” of apoptosis that gets applied in case of too high mi-
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tosis rates. Furthermore, cancer cells need to break the barrier of senes-
cence to overcome the limitation in number of cell cycles. In order to guaran-
tee their supply with oxygen and nutrients, cancer cells are capable of induc-
ing the creation of new blood vessels. Probably the most mortal tumor capa-
bility described by Hanahan et al. is the potential of metastasis which is a
slowly progressing process utilizing the distribution potential of the blood and
lymphatic systems. In the 11 years that passed by between the two publica-
tions treating with Cancer Hallmarks written by Hanahan et al., the research
group identified two novel cancer properties that can be integrated into the
original concept of 2000: the dramatic alteration in metabolism negatively
influencing cell proliferation and the circumvention of the immune control (cf.
Hanahan and Weinberg 2011: 646-654, 657-661).

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 2: Cancer Hallmarks described by Hanahan et al. (Source: Hanahan
et al. 2011: 647)

The immune system seems to play an ambivalent role in treating cancer. On
the one hand, it has the capacity to eradicate malignant cells but can be di-
rected by the tumor to support its progression on the other hand. To initiate
an effective immune response, direct contact between the immune cells and
the malignant cells is required (cf. Dura et al. 2016: E3599). This process can

be controlled by two major systems: innate immunity and adaptive immunity.
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The former immunity is highly specific with an extreme multitude of T-cell re-
ceptors and immunoglobulin molecules. Moreover, adaptive immunity is re-
sponsible for host protection from pathogens that are not eliminated by the
innate immune system. Furthermore, it establishes the immune system’s
memory function which improves its capability of recognizing pathologic in-
truders. (cf. Smith, A. et al. 2016: 60; Goldman and Schafer 2012: 214).

The basic components for the interaction with cancer of both major systems
are T lymphocytes and antigen presenting cells (APCs). T lymphocytes have
the capability of recognizing and killing malignant cells. The first step of this
eradication process is getting T cells activated via the interaction with an
APC. The, their purpose is changed from resting to effector or memory func-
tion. Antigen presenting cells (APCs) are responsible for the control of the
two major cellular as well as humoral immune systems. Thus, they guarantee
immunity by recognizing pathologic antigens and presenting them to naive T
cells. (cf. Zhao et al. 2018: 540; Guo et al. 2012: 597f.; Boulougouris et al.
1999: 1809; Goldman and Schafer 2012: 214).

To establish an antitumor immunity, the responses of both innate and adap-
tive systems are required. The innate immune system is able to “recognize
and destroy virally infected cells and a range of tumor cells [without being
restricted] by the major histocompatibility complex” (June and Sadelain 2018:
66). As a result of its activation, natural killer cells (NKs) are recruited in order
to eliminate pathogens. The adaptive immune system, on the other hand, is
dependent on antigen presenting cells like dendritic cells. This cell type ex-
poses specific antigens to lymphatic cells in order to initiate their activation
and to sensitize them to new malignant intruders (cf. June and Sadelain
2018: 66).

The main challenge of establishing antitumor immunity is that most tumor
antigens are detected by the MHC as self-material since they descend from
normal cells. As a consequence, they are not attacked by T cells thus avoid-
ing autoimmune reactions (cf. June and Sadelain 2018: 66). Another chal-

lenge cancer imposes on the immune system is the exploitation of its nega-
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tive feedback protecting cancer cells from immune surveillance. Upon activa-
tion, T cells develop specific cell-surface receptors called checkpoints (e.g.
CTLA-4, PD-1) designed to limit proliferative signaling. This is done by block-
ing the co-stimulation via inhibiting the B7 ligand meant to bind to the CD28
co-receptor on T cells. This mechanism assures that T cells only bind to for-
eign antigens for a limited time period to avoid autoimmunity and excessive
immune responses. Cancer cells exploit this mechanism by binding to these
checkpoint receptors. Thereby, the expansion of T cells targeted to specific
tumor antigens is limited (cf. Alberts et al. 2008: 1591f.)

The process of developing a successful antitumor immune response is de-
scribed by Chen and Mellman suggesting a Cancer-Immunity Cycle com-
posed of seven steps (Fig. 3). Firstly, tumor antigens are bound by dendritic
cells in order to present them to T cells using MHC surface molecules. Con-
sequently, T lymphocytes are activated by the signaling of the presence of
non-self-material within the body. As a result, tumor infiltration and the killing
of specific target cancer cells is initiated. This being the case, antigens are
released from killed tumor cells, returning to the beginning of the cycle. As
described above, in the case of cancer the affected cells might be able to
avoid their detection due to a variety of mechanisms such as being recog-
nized as self-material or the immunosuppressive effects of the tumor micro-

environment (cf. Chen and Mellman 2013: 1f.).
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Figure 3: Cancer-Immunity Cycle described by Chen and Mellman (Source:
Chen and Mellman 2013: 2)

To summarize the interaction between cancer cells and the immune system,
the outcomes of this process can be divided in three categories: elimination,
equilibrium and escape. The former describes the recognition and elimination
of cancer cells by the immune system. The next step in cancer development,
equilibrium, represents cancer eradication and growth at same velocities
maintaining tumor size at the same level. Finally, cancer cells can potentially
escape from immune surveillance which happens in most cases of cancer,
thus accounting for the most lethal outcome of many malignancies (cf. Smith,
A. et al. 2016: 60f.).

Based on extensive preclinical research, immunotherapies are currently ex-
periencing an enormous upsurge in translational research and clinical appli-

cation in the presence.
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2.1 Immunotherapy

Since decades, the mainstay in cancer therapy has not shifted away from its
static focus on surgery, radiation and chemotherapy (cf. Gomes-Silva and
Ramos 2018: 1). These approaches particularly concentrate on the functional
behavior of single cancer cells and on the genetic background of cancer de-

EVOLVING STRATEGIES

Oncologists are adapting cancer-treatment strategies to
take into account how a tumour evolves.
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capability to recognize and eliminate pathologic intruders. The reinforcement
of that intrinsic property is required in case of cancer eradication from the
patient’s body since tumors develop ways to circumvent the immune control.
Since the immune system provides a memory function storing all pathologic
organisms ever detected, it “holds promise of a life-long cure” (Finn 2012:
viii7). As the concept of immunotherapies provides leeway allowing for indi-
vidual therapy targets, it meets the newly arisen need for cancer treatment
strategies to be dynamic. This needs to be taken into consideration since the
tumor also is due to its continuous adaption to new circumstances evolving in
a Darwinian manner. Because of the applicability of the basic principles of
biological evolution to tumor development, its progress can be plotted as a
phylogenetic tree. Following the basic rules of evolutionary genetics, it visual-
izes the first cancerous cells in the tree’s trunk and the latest mutations in its
branches (Fig. 4). To be able to completely eliminate cancer from the pa-
tient’s body, “drugs tailored to the mutations that drive the growth of [the] tu-
mor” (Willyard 2016: 166) have to be selected and administered. In summary,
adaptive therapeutic approaches need to be applied which include immuno-
therapies in order to perform personalized medicine and exploit its several
advantages (cf. Willyard 2016: 166ff).

At the present day, there exist two main approaches to manipulate the im-
mune system’s function: ex vivo by adaptive cell transfer (ACT) or in vivo by
the administration of T-cell-specific antibodies. The former strategy was fun-
damentally influenced by the cellular theory of immunity published by Elie
Metchnikoff in 1883. This conception states that the host’s cells principally
guide and control immune responses. The aim of this therapeutic approach
consists in programming the immune system against cancer. To reach it, the
highly immunosuppressive of cancer which inhibits its recognition by immune
cells has to be vanquished (cf. Shukla and Steinmetz 2016: 1116; Finn 2012:
viii6). This is why adaptive cell therapy is based on the ex vivo development
of a “living drug” consisting of powerful tumor antigen-specific T cells which
later proliferate within the patient’'s body. Consequently, this guarantees a

life-long capability of tumor detection preventing relapses of cancer (cf.
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Gomes-Silva and Ramos 2018: 1). One approach in ACT is the administra-
tion of autologous lymphocytes extracted from resected tumor tissue which is
why this T cells are able to detect cancer cells proceeding from this specific
tumor. Due to this ability, they are called tumor-infiltrating lymphocytes (TIL)
which are reinfused to the patient after ex vivo expansion. The main limitation
of this adaptive treatment approach is the need for a major surgery the pa-
tients have to go through to resect tumor tissue. To avoid this burden, the
second adaptive cell therapy strategy is based on the genetic modification of
autologous T lymphocytes in order to give them the ability to detect tumor
cells expressing specific antigens inside the patient’s body. The two most
common approaches are, first of all, the cloning of T cells exposing T-cell
receptors (TCRs) capable of detecting specific tumor antigens in a MHC-
dependent way. Hence, they rely on the storage of this antigens in the im-
mune system’s “memory” through a previous detection of this cancer cells.
Avoiding the therapy-limiting MHC-dependence is desirable since cancer
cells often suppress their detection by the immune system. To reach this,
autologous T cells can be genetically engineered to express chimeric antigen
receptors (CARS) which are able to recognize specific tumor antigens without
depending on the immune system’s memory function (cf. Houot et al. 2015:
1115-1119).

The second immunotherapy approach is based on directly stimulating the
immune system in vivo. To retain effector T cells from unopposed activation,
there exist many inhibitory signaling pathways. For example, blocking of spe-
cific surface receptors responsible for lymphocyte recruitment called check-
point inhibitors can restrict T cell proliferation. Those signals are often mim-
icked by cancer cells to circumvent immune detection and consequent elimi-
nation. To prevent the exploitation of this mechanism crucial for an effective
immune response, antibodies specific for those checkpoint inhibitors are ad-
ministered. The enormous advantage of this cancer treatment approach is
the possibility of universal application independent from the type of antigen
that determined as tumor-specific. On the other hand, these characteristic

limits the desired specificity of novel therapy approaches at the same time.
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Continuing the list of benefits, it does not require any major manipulations of
autologous cells nor a major surgical intervention. The main problem of this
therapy is its risk of strong autoimmune reactions. In order to increase the
positive therapeutic effect of checkpoint inhibition, it can be applied in combi-
nation with adoptive cell therapy strategies increasing the overall treatment
efficacy. This is reached by generating a tumor-specific immune response
being supported by the removal of diverse signals attenuating T cell activa-
tion (cf. Houot et al. 2015: 1119f.).

Since the focus in cancer therapy has been fixated on surgery, chemothera-
py and radiation for decades, there has not been realized much research in
the field of immunotherapies which is why there still exist several limitations
which have to be overcome in the future. Due to this static focus in cancer
therapy, most patients finally treated with immune modulation have already
run through chemotherapies strongly affect or even destroy a significant part
of the lymphocytes due their enormous cytotoxic side effects. Consequently,
there cannot be extracted sufficient viable T cells for adaptive cell therapies.
The main reason why conventional treatment approaches still are applied
before trying immunotherapies is the low throughput and the static character
of the current methods for this treatment approach which limits the therapeu-
tic efficiency. Thus, more dynamic procedures are needed to meet the heter-
ogeneity of cancer cells and the individuality of the disease in each patient
(cf. Smith, A. et al. 2016: 64; Dura et al. 2015: 2).

Despite these challenges limiting the efficiency of immunotherapies, the
adaptive cell transfer approach of genetically engineered autologous T cells
expressing chimeric antigen receptors (CARS) shows success rates compa-
rable with conventional cancer treatments, only requiring a manufacturing
method with an increased throughput in order to outperform common therapy
approaches (cf. Smith, A. et al. 2016: 61).
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2.1.1 CAR T-Cell Therapy

CAR T-cell therapy is a promising therapy approach especially for treating

hematologic cancers like lymphoblastic leukemia. It offers several ad-

vantages but also challenges compared to the conventional cancer treatment

strategies of surgery, chemotherapy and radiation (cf. Wang and Rivere
2016: 1).
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specific antigen. The latter incorporates signaling sites and originates from a

T cell receptor (TCR) (cf. Zhao et al. 2018: 540). Since the firstly generated

CARs were lacking selection control of the immune response target, costimu-

latory domains were aggregated. The associated aim of improving directed T

cell proliferation was reached by the expression of a receptor capable of pre-
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cise detection of a specific antigen presented by cancer cells (second gener-

ation CAR) on the T-cell surface.
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Figure 6: Conventional manufacturing process of CAR T- (cf.

cells (Adapted based on Levine et al. 2017: 93f.)
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ciency were creat-
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Sadelain 2018: 66f.; Gomes-Silva and Ramos 2018: 2). The general strategy
of engineering autologous T cells to express CARs can be summarized in
facilitating the recognition of a specific tumor antigen by using the detection
abilities of monoclonal antibodies. Thus, thus the dependence of presenting
the antigen to the T cells to establish a memory prior to being able to detect

the tumor antigens for eradication is circumvented (cf. Zhao et al. 2018: 540).

To be able to offer a personalized therapy approach, there exist a variety of
different designs and combinations of CAR T-cell components, but the gen-
eral manufacturing procedure is similar (Fig. 6): firstly, peripheral blood mon-
onuclear cells (PBMC) are separated by leukapheresis from the patient’s
whole blood. After the isolation of T lymphocytes from the PBMC, those cells
are activated ex vivo to induce their proliferation. This process is needed to
transfer the gene modulation producing the exposure of CARs. Thus, the
modification process is carried out during T cell activation. There are several
methods to reach the gene transfer encoding the specific CAR which in gen-
eral can be categorized in two groups: viral or nonviral systems. The former
transmit a lentiviral or retroviral vector into the patient’'s T cells ex vivo in or-
der to induce a CAR encoding RNA. This molecule is then incorporated per-
manently by the T cells’ genome via the action of reverse transcriptase. As a
result, it is passed on to the daughter cells after mitosis. Since the risk of mu-
tagenesis is quite high when utilizing viral gene transfer, nonviral systems
have been developed as an alternative. As an example, the transposon sys-
tem can be mentioned. This transfection instrument is transferred into the T
cell genome in form of by plasmid electroporation or into the cytoplasm in
form of CAR mRNA to avoid direct gene manipulation. Another nonviral al-
ternative can be found in gene editing tools such as CRISPR to cut apart the
T cell DNA and directly insert the CAR encoding DNA. The most effective,
tolerable and cost-efficient genetic engineering method used for CAR gene
transfer can be seen in lentiviral vectors. For modulated T cell proliferation,
bioreactors are conventionally used which enable temperature, movement
velocity, gas transfer and nutrient supply control. Finally, T cells expressing

CARs are directly reinfused into the patient or cryopreserved for later use (cf.
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Wang and Rivere 2016: 1-3; Levine et al. 2017: 92f.; Gomes-Silva and Ra-
mos 2018: 3f.).

In order to demonstrate the efficacy of the current manufacturing process of
CAR T cells and the enormous potential of this therapy to replace the con-
ventional mainstay in cancer treatment, Novartis, a pharmaceutical company
based in Switzerland, realized a global phase Il trial collaborating with the
University of Pennsylvania, USA. This study focused on the investigation of
the performance of the CAR T-cell therapy CTL019 in curing relapsed or re-
fractory diffuse large B-cell lymphoma (DLBCL) that only shows a survival
rate of 60% for relapsed patient. For the trial, 99 adult patients from ten dif-
ferent countries which already had received at least two sets of conventional
chemotherapy or rejected an autologous stem cell transplant (ASCT) were
administered with CTL019. 58% of all enrolled patients experienced cytokine
release syndrome (CRS) and 21% suffered from neurologic side effects but
no person died during treatment. After half a year, 30% of the infused pa-
tients responded completely to the therapy and 37% partly which shows the
enormous potential of this approach in cancer treatment. Thus, in 2017, No-
vartis applied to the Food and Drug Administration (FDA) and to the Europe-
an Medicines Agency (EMA) for using CTLO19 for the treatment of relapsed
or refractory DLBC in adults which was approved in the USA at the beginning
of 2018 (cf. Althoff and Phillips 2017: 1-5).

This successful trial shows the variety of advantages CAR T-cell therapy of-
fers for the treatment of hematological cancers: first of all, CAR T cells are
precisely specialized in detecting cancer cells since they expose a specific
antigen which is individual for each cancer and each person. Furthermore,
tumor antigen recognition does not depend on MHC memory function via ge-
netic modification. This is especially advantageous since most tumors hide
from being detected by innate immune cells such as dendritic cells (DCs).
Another related advantage of CAR T-cells consists in their capability of rec-
ognizing tumor antigens in several phenotypical forms. Moreover, through

specifically positioning costimulatory domains, the negative effect on the
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pathways of co-stimulation by cancer cells to avoid T cell activation can be
prevented (cf. Zhao et al. 2018: 544; Gomes-Silva and Ramos 2018: 2).

On the other hand, there still exist several challenges needed to overcome to
reach FDA or EMA approval for treating more cancer types and patients with
CAR T-cell therapy. Firstly, the manufacturing process of CAR T cells is
complicated, time-consuming, costly and, hence, not yet eligible for commer-
cialization. Furthermore, several therapy-associated side effects were ob-
served such as the cytokine release syndrome (CRS) which is caused by an
overstimulation of the immune system via an immense release of cytokines.
Moreover, autologous B cells can be eradicated by CAR T cells in case of
selecting CD19 as the tumor antigen which normal B cells also express. Oth-
er frequent side effects of CAR T-cell therapy are of neurological nature such
as seizures or brain edema (cf. Zhao et al. 2018: 544ff). Most of these cyto-
toxic effects diminish when the targeted cancer cells are eradicated or CAR T
cells are removed from the body. In comparison, chemotherapy, belonging to
the current cancer treatment mainstay, causes non-reversible cytotoxic ef-
fects by generating permanent genetic alterations of various tissue types (cf.
June and Sadelain 2018: 67). Another constraint of CAR T-cell therapy can
be found in the lacking capability to also recognize antigens hidden in the
intracellular space of the cancer cells (cf. Gomes-Silva 2018: 2). Further-
more, this treatment strategy is still mainly limited to hematological malignan-
cies because of the difficulty of identifying target antigens exposed by solid
tumors such as melanomas. This is mainly due to their enormously protective

microenvironment (cf. Zhao et al. 2018: 541).

As it can be seen, the treatment strategies of using CAR T cells “are not op-
timized, require frequent administration, are associated with systemic toxici-
ties and only show modest efficacy” (Shukla and Steinmetz 2016: 1116). As
a consequence, there an urgent need for a novel technological approach to
overcome all these limitations arises in order to exploit the potential of CAR
T-cell therapy for cancer treatment. This novel technological approach could
be found in nanotechnology which is yet being applied, for example by ad-

ministrating nanoparticles in order to improve immune stimulation of T cells
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and the tumor microenvironment. In the future, the application of more nano-
technological fields such as microfluidics has the potential to further increase
the efficacy of CAR T-cell therapy in order to commercialize the treatment

approach (cf. Shukla and Steinmetz 2016: 1116).
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3 Introduction to Human T-Cell Culture

T lymphocytes are the main subject of immunotherapies since they are able
to eradicate pathological organisms which already have invaded a host cell.
As a prerequisite, they need to get previously activated to expand and adopt
effector functions. For the activation step, an antigen presenting cell (APC)
such as a dendritic cell (DC) is required to uptake and degenerate target an-
tigens in order to express them on their surface. This procedure is required
for T cell recognition using specific MHC proteins. Besides the cytotoxic ef-
fector T cells with the capability of eradication pathogen there exists a sec-
ond type of T lymphocytes: helper effector T cells. This type of T lymphocytes
supports the elimination process by promoting phagocytosis, cytotoxic T cell
recruitment and antibody secretion by B cells (cf. Alberts et al. 2007: 1539ff).

The first step in eradicating a pathogen from the host’s body is the recogni-
tion of the target antigen by T lymphocytes presented to them by an APC. In
this procedure, two major receptor complexes are involved: the T cell antigen
receptor and the MHC protein expressed on the APC surface. The former is
composed of three different proteins (y, 6, €) which are able to interact with
antibodies against the CD3 complex. Antigen presenting cells such as den-
dritic cells, macrophages or B lymphocytes are capable of expressing three
different types of receptors on their surface: MHC, costimulatory proteins and
adhesion molecules. MHC proteins present target antigens ingested by the
APC to the T cell ensuring their activation. Similarly, costimulatory proteins
support the activation process by establishing a connection to specific co-
receptor which can be generally divided in two classes: CD4 which is charac-
teristic for helper T cells and CD8 which is normally displayed on the surface
of cytotoxic T cells. Additionally, adhesion molecules are required to
strengthen the connection between T lymphocyte and APC, hence prolong-
ing the interaction time (cf. Alberts et al. 2007: 1539ff; Smith-Garvin, Koretzky
and Jordan 2009: 592ff).
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T cell activation is achieved by combining two signals: the first signal is gen-
erated by a pathologic antigen interacting with a APCs resulting in its expo-
sure on the cell surface via an MHC protein. The second signal is caused by
costimulatory proteins expressed on the APC, for example B7 proteins that
are ligands to the CD28 co-receptor expressed by T cells. Both signals need
to be stimulating the T cell at the same time to avoid apoptosis or inactivation
of the cell. Using this mechanism, the immune system prevents autoimmunity
by eliminating T cells targeted to self-antigens. The next step of the immune
response following the T cell activation consists in activated T cells com-
mencing their effector function. In this way they induce and regulate their own
proliferation in an autocrine fashion by simultaneously secreting their own
growth factor interleukin-2 (IL-2) and upregulating the IL-2 receptor (IL-2R)
on their surface. This activates a cascade of complex gene regulation path-
ways supporting T cell proliferation and differentiation (cf. Alberts et al. 2007:
1569ff; Lipkowitz et al. 1984: 36).

In order to be able to perform adaptive cell therapy with the aim of treating
cancer, autologous human T lymphocytes have to be cultured ex vivo. This is
a process of high complexity since in vivo T cell development is character-
ized by a multi-step system. The initial signal for in vivo T cell proliferation is
generated by biologically stimulating the immune cell via antigen-binding. In
vitro, T lymphocytes can be activated either chemically or biologically. The
former activating process is based on administering a substance imitating
antigen property. The latter, on the other hand, can include activating signals
originating from single antigens in case of adaptive immunity, from antigens
presented to the T cells by APCs or from antibodies corresponding to a T-cell
surface receptor (cf. Sarkar et al. 2015: 2f.). These activating substances are
not able to induce T cell proliferation. This can be accomplished only by the
lymphocytotrophic cytokine interleukin-2 (IL-2), triggering the expression of
IL-2 affine receptors on T cells. Thus, the normal functioning of IL-2 as T cell
growth factor is facilitated, as previously explained. IL-2 is a minuscule gly-
coprotein whose functioning is not specific for antigens, hence not directing

the specialized immune response. This is done by the requirement of previ-
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ous activation of the T cell by an antigen in order to be able to bind IL-2 by
respective receptors. Functionally, IL-2 is needed for the completion of T cell
mitosis which cannot be reached just by antigen activation. Hence, this cyto-
kine is crucial for T cell proliferation and function. In several assays, the
strong dependence of T cell proliferation on the IL-2 concentration the cells
are exposed to has been proofed (cf. Robb and Lin 1984: 247; Dupuis and
Bastin 1988: 238f., 244; Cantrell and Smith 1983: 1895f.; Cantrell and Smith
1984: 1312).

On basis of this knowledge, the often-observed variability of T cell growth in
vitro can be explained by the appearance and disappearance of IL-2 receptor
on these cells. These processes can be mediated by re-introducing the origi-
nal activating stimulus by an antigen or antibody physiologically or by a lectin
non-physiologically. Furthermore, it can be observed in the studies that a re-
exposure of T cells to their activating stimulus results in faster receptor ex-
pression. Consequently, cell proliferation proceeds quicker which can be of
importance in the context of adaptive cell therapies since cells need to be
produced in a short time period as patients urgently need to be treated (Fig.
7). Not only the IL-2 concentration and duration of binding to its receptor on
the T cell surface effects efficient proliferation, but also the density of the re-
ceptor in the outer cell mem-
brane. This is because T cells
with a higher receptor concen-
tration can be induced to ex-
pand for a longer time period
as their response to decreas-

ing IL-2 concentrations is

% ANTI-Toc* CELLS

slower (cf. Cantrell and Smith
1 %34 28 1983: 1895f., 1906ff; Cantrell
DAY OF CULTURE and Smith 1984: 1312ff).

For in vitro T cell culture, this multi-step activation process has to be mim-
icked for efficient cell proliferation. This can be reached by the administration

Effect of repetitive PHA- of anti-CD3/anti-CD28 monoclonal antibod-

stimulation (Arrows: PHA-stimulation; black
circles: restimulated T cells; white circles:
unstimulated controls) (Source: Cantrell
and Smith 1983: 1905)
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ies since the initial signal for T cell activation in vivo is the occupancy of the
CD3 antigen, a T cell co-receptor, by an antigen presenting cell (APCs) such
as an anti-CD3 antibody. For complete T cell activation, further signaling is
needed via interactions between APCs and the immune system. This is phys-
iologically induced by the presentation of anti-CD28 to the respective surface
receptors on T cells, resulting in strong autocrine IL-2 production, thus en-

hancing T cell survival and expansion (cf. Boulougouris et al. 1999: 1809).

Consequently, the wuse of

100¢

§ 505 beads covered with anti-CD3
g [ and anti-CD28 monoclonal
%Tg antibodies are a more physio-
é’ém- logical approach of in vitro T
:?u 52 cell stimulation compared to
E E the use of lectins. These mole-

cules are able to recognize
specific structures of glycopro-
teins expressed by T cells as
antigen receptors. Further-
more, they have a mitogenic
effect on T cells since they

induce cell division and, thus,

proliferation. The mostly used

3H-labeled anti-Tac bound,
cpm x 1073

0 Do 00 02 2 20 200 lectins are phytohemagglutinin

IL-2 added, nM (PHA) and concanavalin A
(Con A). Besides lectins, phorbol esters such as phorbol 12-myristate 13-
Figure 8: IL-2 induces the expression of its acetate (PMA) can be used
own expression using purified Jurkat IL-2 to support T cell proliferation
(rectangles) or recombinant IL-2 (circles)
which can be seen in the rise in T cell prolif-
eration determined by the incorporation in- genic effect. As those non-
crease of IL-2 receptor numbers measured
by 3[H]thymidine after 36 hours (A) and in
the increase of IL-2 receptor numbers less expensive than mono-
measured by 3H-labeled anti-Tac binding
after 12 hours (B) (Source: Depper et al.
1985: 4233)

since they also show a mito-

physiological substances are

clonal antibodies but have a
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similar effect, they are conventionally — and successfully — used in culturing T
lymphocytes in vitro (cf. Trickett and Kwan 2003: 251f.; Dupuis and Bastin
1988: 238f.).

As proposed in this chapter, the induction of T cell proliferation is thought to
consist of two main steps: firstly, a signal generated by a mitogen or an anti-
gen needs to activate T lymphocytes. This, in turn, leads to the mitotic pro-
gression of the cells from Go — G1 phase into S phase which is associated
with the induction of IL-2 receptor (IL-2R) expression. The second step in the
initiation of T cell proliferation is a signal generated by the hormone-like lym-
phokine IL-2 binding to its receptor on the T cell membrane. This finally in-
duces the expansion of those cells that contain IL-2 receptors and, hence,
activates them. The expression of this receptors seems to be continuously
downregulated. Thus, the administration of IL-2 without repeatedly activated
T cells should not lead to cell growth. Experiments carried out by Depper et
al. proved the contrary: the research group demonstrated that the upregula-
tion of the IL-2 receptor expressed on T cells theta were previously activated
by a lectin can directly be achieved by applying IL-2. Hence, the assumption
is admitted that IL-2 is able to generate both the activating and proliferative
signals needed for T cell expansion (Fig. 8). The only prerequisite for this
mechanism is the activation of resting T lymphocytes by lectins or antigens at
an earlier time point. This finding is of importance because IL-2 seems to be
able to induce the re-expression of its own receptor but not the original gen-
eration on the plasma membrane of resting T cells. Furthermore, it has been
shown that, once the IL-2 receptor is expressed by a T cell, its persistence
only depends on the presence of sufficient IL-2. This experimental result
states that independence from the activating stimulus generated by an anti-
gen or lectin is reached. Even though T cells secrete IL-2 in a transient man-
ner in vivo, the IL-2 receptor is expressed on the cell surface for a prolonged
time period. Its exposure starts after the first IL-2 pulse produced by the T
cell since it is required for the receptor upregulation. As of the second stimu-

lation of the IL-2R, the cell growth functions in an autocrine manner (cf.
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Mookerjee and Pauly 1990: 138ff; Depper et al. 1985: 4230; Lipkowitz et al.
1984: 36; Cantrell, Collins and Crumpton 1984: 347).

Moreover, the number of IL-2 receptors diminishes when the activating or the
proliferative signals are absent. This leads to the hypothesis that there exists
a desensitization mechanism similar to the processes observed in G-protein
coupled receptors (GPCRs). These mechanisms seem to limit the receptor
signaling in order to avoid overstimulation which could lead to uncontrolled
cell growth. The expression of IL-2 receptors on the T cell membrane is
proven to be transient. Hence, this could be caused by short-term desensiti-
zation. As a consequence, IL-2 receptors would turn into a refractory state
but persist on the T cell plasma membrane similar to the mechanism found in
GPCRs (cf. Rajagopal and Shenoy 2018: 9ff). A possible reason for this be-
havior could be the cessation of an immune response, thus preventing an
overreaction of the immunologic system (cf. Greene et al. 1986: 29f.). Fur-
thermore, GPCRs show diminished responses to the binding of their agonist
during a prolonged period of time due to down-regulating processes. T lym-
phocytes could use the same manner to avoid excessive proliferation. More-
over, elevated cell growth is required for rapidly treating cancer patients with
CAR T-cells. Hence, the conventional used protocol for the step of T cell ex-
pansion of continuous administration of IL-2 could be contra-productive since
this would trigger down-regulation of IL-2 receptors as a defensive mecha-
nism from overstimulation and carcinogenesis. As a consequence, the appli-
cation of IL-2 as a T cell growth factor needs to be adjusted to the presence
or absence of the respective receptor on the cell membrane, i.e. IL-2 needs
to be infused whenever the number of binding sites is decreasing due to
down-regulation in order to exploit its capability to reintroduce the expression

of its own receptor.
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In order to use in vitro cultured T cells for immunotherapeutic treatments
against malignant structures, studies on the most efficient method to grow
those cells ex vivo have to be carried out to reach the best results for the pa-
tient. For this purpose, leukemic cell lines such as the Jurkat (also called JM)
are used due to their advantages of “unlimited quantity, lack of contamination
by normal leukocytes and their convenient availability” (Schneider, Schwenk
and Bornkamm 1977: 621). This cell line was originally extracted from the
peripheral blood of a 14-year old male human suffering from acute lympho-
blastic leukemia (ALL) that relapsed after treatment with chemotherapy.
Since Jurkat cells show similarities to healthy T lymphocytes, it was estab-

lished as an important in vitro model system for investigating T cell physiolo-

gy.
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Figure 9: Production of 1I-2 by Jurkat-JMN cell line (A) and normal PBMCs
(B), previously stimulated by PHA (C) and cultured in different medium com-
positions (white circle: PHA and TPA; black circle: HS and FCS; black trian-
gle: TPA, starlet and diamond: additional cultures using 50% CM) (Source:
Pawelec, Krammer and Wernet 1982: 389)
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Nowadays, several studies have shown that these cells suffer from some
mutational gene expression especially in signaling pathways. For example,
Jurkat cells show an accelerated cell growth. This made it possible for them
to survive chemotherapeutic treatment. Consequently, it is assumed that they
produce their growth factor interleukin-2 (IL-2) without the need for a pre-
activation by an antigen or lectin (Fig. 9). Due to the diverse gene alterations
found in this cell line, the optimal combination and dose of growth factors
needed to grow T cells in needs to be determined in trials carried out with
human T lymphocytes directly isolated from peripheral blood (cf. Schneider,
Schwenk and Bornkamm 1977: 621, 623, 625; Gioia et al. 2018: 1, 7;
Pawelec et al. 1982: 387).
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4 Introduction to Microfluidics

Microfluidics can be defined as “the manipulation and analysis of minute vol-
umes of fluid” (Sommer et al. 2009: 1) offering the alteration of several scien-
tific applications. This is reached through drastically reducing the general
component size, thus increasing efficiency of biological assays (cf. Sommer
et al. 2009: 1). Microfluidic technologies emerged following the upswing of
the microelectronic industry in the 1990s. The main difference between mi-
crofluidics and microelectronics can be found in the transferred matter: the
former is based on the transmission of electrons within an electric circuitry.
The latter offers a broader range of transport capabilities since a variety of
liquid reagents can be passed through a micro-tubing. Each fluid has differ-
ent flow characteristics and each application has specific requirements re-
garding the device geometry. Consequently, the selection of the material of
microfluidic devices is a critical step in production. This complex choice is
facilitated in the microelectronic manufacturing as silicone is used as an uni-
versal material since decades (cf. Sommer et al. 2009: 3f.; Lee and Lin 2008:
386-388). Since the mid-1990s, polydimethylsiloxane (PDMS) is widely used
for the fabrication of microfluidic devices. It can be defined as “[an easy-to-
fabricate,] transparent elastomer [that] offers chemical resistance and bio-
compatibility” (Bourguignon et al. 2018: 1). Furthermore, it counts “low cost,
flexibility, and rapid prototyping” (Sommer et al. 2009: 19) among its several
advantages (cf. Bourguignon et al. 2018: 1; Sommer et al. 2009: 19).

In the last decades, photolithography has been established as conventional
production method for microfluidic devices which is based on the sensitive
reaction of specific materials to UV light (Fig. 10). This capability of photore-
sists is exploited in order to obtain a female master mold for the fabrication
process. The production procedure principally consists in protecting selected
parts of wafer made of the negative photoresist SU-8 from UV light. As a re-
sult, a relief of the desired microchannel design is generated which can be
used as a master mold for the next fabrication step. After the master mold

production, the elastic polymer PDMS is poured over it in order to obtain a
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microfluidic chip. This microdevice contains the designed geometry as con-
cave channels which can be closed by bonding the PDMS block to a crystal-

line microscope slide (cf. Sommer et al. 2009: 20f.).

Figure 10: Microfluidic manufacturing process via photolithography (Source:
Sommer et al. 2009: 20)
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In the course of time, this manufacturing method has been revealed to show
several disadvantages such as fragility, limited size and need for a clean
room. To circumvent those obstacles and significantly reduce fabrication
costs, an alternative production method for microfluidic devices was pro-
posed by Bourguignon et al. The research group developed a procedure
based on the use of the photopolymer Flexcel fabricated by Kodak in order to
obtain the master mold (Fig. 11). Firstly, the channel design is transmitted to
the photopolymeric film with the help of lasers. Next, this polymer is adhered
to a printing plate for the process of flexography via repeated exposure to UV
light. After this, the photopolymeric film is removed from the flexographic
plate since the channel geometry was transferred to the latter by the expo-

sure to UV light. Finally, that plate is put into contact with the solvent PRO-
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SOL N-1 and dried afterwards, obtaining a female master mold. Besides, the
obtained mold additionally can be covered with silicon dioxide (SiOz2) to avoid
the permanent bond between Flexcel and PDMS. Without this coating, a
second mold made from an epoxy resin has to be created in order to guaran-
tee the removal of the final PDMS chip from its master mold (cf. Bourguignon
et al. 2018: 1ff).
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Figure 11: Microfluidic manufacturing process via flexographic printing
(Source: Bourguignon et al. 2018: 2)

As a result of the flexible design and fabrication process, microfluidic devices
can be utilized in various scientific fields since they provide several general
advantages for biological research. First of all, the devices allow for a more
precise control of the fluid flow within the chips which enables the imitation of
physiological flow of blood or other body fluids. Furthermore, an environment
that closely imitates the physiologic situation can be generated offering more
realistic models for more dynamical studies. This is supported by the chips’
micro-scale geometry approximating to scales of biological systems like the
human body. Finally, microfluidic devices offer the potential of drastic cost
reduction in comparison to conventional research methods since they require
fewer fluid volume for performing assays which often contribute the costliest
part of the experiment (cf. Hung et al. 2005: 1; Mehling and Tay 2014: 1ff;
Zhang and Van Noort 2011: 297f.; McCormick et al. 2017: 2).
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4.1 Microfluidic Devices for Cell Culture

Nowadays, cell culture can be seen as “an essential tool in biological sci-
ence, clinical science, and biotechnology” (Hung et al. 2005: 1). Moreover, it
is applied in order to increase the knowledge about cell physiology by study-
ing cellular behavior in various assay types such as interaction or response
studies (cf. Liu et al. 2008: 5955).

Currently, cell culture experiments are realized by manually analyzing static
well plate systems. These platforms do not mimic in vivo conditions since
cells sediment at the ground due to lacking exposure to a fluid flow such as
the physiologic blood flow. Consequently, the results of such bulk assay often
are imprecise since they do not consider single-cell behavior. In order to in-
crease the throughput of cell culture, experiments can be automated by ex-
pensive, bulky and complex robotic systems. The main issues of convention-
al cell culture methods are the labor-intensive and time-consuming manipula-
tion, the lack of physiology, low cost-effectiveness and the missing feature of
real-time analysis and long-time tracking. Consequently, a cheaply fabricat-
ed, more physiologic, high-throughput cell culture system scale offering real-
time analysis is urgently needed. All the named features can be accom-
plished by a microfluidic device. Through the drastic miniaturization of all ex-
perimental components and the unification of them in a single device, micro-
fluidics approximate the physiologic cell environment more closely. Further
advantages of these devices are controlled, minute fluid flows and three-
dimensional micro-scale designs and reduced fabrication and operating costs
by diminishing fluid volumes. Furthermore, they offer single-cell analysis in
real time, thus inducing a high temporal and spatial resolution. Another bene-
fit of microfluidic devices for cell culture can be seen in the most commonly
used material PDMS which offers optimal optical properties for imaging due
to its transparency (cf. McCormick et al. 2017: 2; Mehling and Tay 2014 95ff;
Hung et al. 2005: 1f.; Zhang and Van Noort 2011: 297f.).
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A remaining challenge of culturing cells in microfluidic devices is the mainte-
nance of non-adherent cells inside the chips since they could potentially be
released during media change. In the last decades, much research was done
focusing on the growth of adherent cells in microfluidic devices. This might be
a consequence of the fact that no additional cell trapping mechanism had to
be developed, such as hydrodynamic traps, antibody-bonding or magnetic
fields (cf. Shah et al. 2011: 1002; Dixon et al. 2014: 1f.). Recent progress in
creating microfluidic devices capable of non-adherent-cell proliferation was
reached by the research of Dixon. This research group proposed a microflu-
idic device for the culture of the human leukemic cell line HL-60 using a hy-
drodynamic cell trap. This mechanism captured the cells during automated

cell seeding and media changes (cf. Dixon et al. 2014: 1) (Fig. 12).

Figure 12: Microfluidic non-adherent cell culture device developed by Dixon
et al. (Adapted based on Dixon et al. 2014: 8)

Other approaches for using microfluidic systems as micro-bioreactors for cell
culture were presented by Pefiaherrera et al. on the one hand who produced
recombinant monoclonal antibodies in a microfluidic system (cf. Peflaherrera
et al. 2016: 126). On the other hand, Shah and colleagues developed a gen-
eral micro-bioreactor for non-adherent cell culture based on media change by
perfusion. Thus, the flow rates were drastically reduced and, consequently,

undesired cell release was prevented (cf. Shah et al. 2011: 1002f.).
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4.1.1 Microfluidic Devices for the Cancer Treatment

The recent mainstay in cancer treatment consisting in surgery, chemotherapy
and radiation shows a stagnancy in its curing rates. As a result, the focus
should shift towards targeted therapies such as immunotherapies and more
personalized medicine. The main limitation of this novel approaches is their
manufacturing process which is time-consuming. The reason for this obstacle
can be found in the fact that cells are cultured (in case of adaptive cell thera-
pies) and genetically engineered (in case of CAR T-cell therapy) in large
amounts of volumes which drastically increasing therapeutic costs. In order
to improve efficiency and throughput of immunotherapies, microfluidic sys-
tems can be used because of their several advantages for cell culture as de-
scribed in the previous chapter. On the other hand, this gives rise to another
issue: most immune cells that need to be modified during cancer immuno-
therapies are non-adherent cells. Consequently, more complex microfluidic

devices would be required (cf. Sommer et al. 2009: 6ff).

The main challenge in developing a microfluidic device that can be used for
immunotherapies is the imitation of the tumor microenvironment. This main
cancer property is composed of “supporting stroma cells, extracellular matrix
(ECM), lymphatic vessels and blood vessels” (Adriani et al. 2016: 1475). As a
consequence, it constructs a barrier for immune cells such as T lymphocytes
to reach the tumor in order to establish a direct interaction for its eradication.
In order to gain knowledge on how to overcome the limitation exposed by the
tumor microenvironment, tumor models are being developed. Those ex vivo
systems also offer the advantage of estimating the patient’s individual re-
sponse to immunotherapeutic treatments since they might induce a high risk
of various side effects. Conventionally, only two dimensions are used to
study tumor tissues. Unfortunately, this scheme does not meet the character-
istics of cancer cells accumulating in vivo. Another possibility to establish tu-
mor models is realizing the experiments in mice which has the issue of ethi-
cal questions and costliness (Fig. 13). Consequently, a third dimension is

added to ex vivo tumor models in order to generate realistic conditions with
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the aim of obtaining accurate preclinical results (cf. Adriani et al. 2016:
1475f.). For their implementation, the diverse advantages of microfluidics can
be exploited which consist in high temporal and spatial resolution, reduction
of reagent volumes needed, transparency resulting in optimal imaging condi-
tions, precise fluid control, immobilization of single cells and cell pairs to
study their interactions and migration and the possibility of real-time and
long-term cell analysis (Fig. 13) (cf. Adriani et al. 2016: 1477; Dura et al.
2015: 2).
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Figure 13: Comparison of conventional 2D and microfluidic 3D approach for
in vivo testing of immunotherapies (Source: Adriani et al. 2016: 1477)
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Figure 14: Microfiuidic device for behavior of ductal carcinoma cells.

the assessment of the efficacy of Moreover, the research group of Bai
engineered T cells developed by

Pavesi et al. (Adapted based on
Pavesi et al. 2017: 3) search on the immune interaction

used a similar system to perform re-

between macrophages and adeno-
carcinoma cells (cf. Adriani et al. 2016: 1477f.). The most recent model to
study the interaction processes between immune cells and the tumor envi-
ronment has been developed by Pavesi et al. The main objective of this re-
search group was to study the eradication efficacy of adaptive cell therapies
regarding solid tumors. This represents a novelty in cancer research since
CAR T-cell therapies currently are only capable of curing non-solid, hemato-
logic cancers. With the help of their device, solid cancer cells can be fixed
within an extracellular-matrix-mimicking gel creating a physiological 3D struc-
ture. This used to establish interactions between artificial ECM and later in-
fused T cells. Consequently, the proposed system can help gaining
knowledge in selection characteristics of tumor antigens. Moreover, it offers
insights in the immunosuppressive barriers of the tumor microenvironment
which have to be overcome by the immune system (Fig. 14). Applying this
device instead of 2D systems or murine models, costs can be drastically re-
duced, and negative side effects caused by T cell incompatibility can be pre-
vented (cf. Pavesi et al. 2017: 1f., 14).

Since a main characteristic of cancer cells is heterogeneity, research has to
be adapted to meet the requirements for studying individual, heterogenous
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cell responses. Conventionally, single cells are analyzed using flow cytome-
try which provides a high-throughput analysis platform for multiple cell types.
On the other hand, it is mainly limited by a low spatiotemporal resolution,
thus not permitting a real-time observation of cell-cell interactions and single-
cell behavior. The use of microfluidics could potentially overcome those limi-
tations by providing a dynamic approach for cell analysis. Yet, there exist
several trapping strategies for adherent cells such as nanowells, but systems
for isolating non-adherent cells from their neighbors are still scarce. The ap-
proach providing the best performance in single-cell analysis are droplet mi-
crofluidics. This strategy is based on the generation of microbubbles by unify-
ing an aqueous phase normally containing cell growth media and an oil
phase. Since this phase is immiscible, the mixing with the aqueous phase is
avoided (cf. Sarkar et al. 2015: 2; Garstecki et al. 2009: 164f.).

In immunotherapeutic cancer therapy, droplet microfluidics could be applied
for tracking immune cell responses, hence overcoming the limitations of con-
ventional static approaches. For example, Konry et al. developed a microflu-
idic droplet generation device capable of measuring the cytokine production
on single-cell level by encapsulating T cells in individual droplets. Further-
more, the analysis of the interaction dynamics between immune cells and
tumor cells is crucial in developing an immunotherapeutic approach. For this
purpose, Sakar and colleagues have developed a microfluidic device for en-
capsulating distinct immune cells. Thus, the interactions between T lympho-
cytes and dendritic cells (DCs) can be monitored as they are trapped in the
same droplet (Fig. 15) (cf. Seah, Hu and Merten 2018: 49-54; Sakar et al.
2015: 2f.).
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Figure 15: Single-cell interactions between DCs and T cells encapsulated in
a microdroplet (Adapted based on Sakar et al. 2015 3)

In summary, there is still a need for gaining more profound knowledge about
the function of the immune system and its several components in order to
improve the approaches of cancer therapy. As described in this chapter, mi-
crofluidics play a major role in cancer research due to their enormous poten-
tial in performing assays at single-cell level while decreasing “the ethical and
economic burden of animal models” (Adriani et al. 2016: 4178). Furthermore,
they directly set the focus of research on the conditions inside the patient’s
body to control undesired side effects (cf. Seah, Hu and Merten 2018: 60;
Adriani et al. 2016: 4178).
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5 Introduction to Machine Learning

In general, computational biology aims to “numerically describe a system®
(Kording et al. 2018: 61) in order to ultimately obtain a prediction of the pos-
sible outcomes of diverse interventions into the system. Aspiring an increase
of understanding of basic principles, biological research is often based on the
development of computational models. These schemes are used to collect
and describe data to be able to predict the functional mechanisms of biologi-
cal systems. The main limitation of biomedical modeling is the requirement of
profound understanding of the basic driving mechanisms of the investigated
system. Another obstacle in this context is the continuously increasing com-
plexity of collected data. To overcome this impediment of a lack in human
capability in understanding complex relations, machine learning algorithms
can be applied. Their main benefit is that they “[rely] on minimal human in-
sight” (Kording et al. 2018: 62) since they are controlled by self-teaching
feedback mechanisms for constant process evaluation. These supervised
learning approaches are able to make predictions on a very simple basis
without generating complex mathematical models. This is possible as they
are programmed to identify strong relationships in collected data without ap-
plying any mathematical nor biological theories. Consequently, machine
learning algorithms are not capable of providing advices based on the results
of data analysis. Nevertheless, they have the potential to surpass humans in
diverse analytical tasks such as image recognition (cf. Kording et al. 2018:
1ff; Chen and Asch 2017: 2507).

In the case of cancer research, especially the knowledge and data regarding
the process of carcinogenesis is drastically augmenting, “finally [having]
reached an unmanageable complexity” (Groten et al. 2016b: 7). Consequent-
ly, heterogeneity as the main property of tumors cannot be integrated since it
is not fully understood by humans. The whole complexity of the process of
evolution-based carcinogenesis can only be assessed by computational
models and artificial intelligence. This is because they can analyze processes

“‘which are [...] determined by probability and chance and bear a great poten-
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tial to evolve unpredictable effects” (Groten et al. 2016b: 8). Furthermore,
machine learning algorithms cannot only be utilized for analytical predictions
but also for simulation purposes. Hence, they provide the possibility of real-
time and long-term observation of the carcinogenesis process and following
adjustments (cf. Groten et al. 2016b: 6ff).
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Figure 16: Basic concept of the system for predicting individual tumor ag-
gressiveness developed by Manak et al. (Adapted based on Manak et al.
2018: 2)

In the field of cancer research, machine learning approaches currently have
been applied with increased frequency. For example, they could potentially
estimate the degree of adverse pathology of each individual patient in order
to determine the tumor’s aggressiveness and risk degree. To reach this ob-
jective, single-cell morphology and behavior under precisely controlled condi-
tions could be used as biomarkers. As a result, this would improve cancer
diagnosis and therapy through analyzing and classifying tumor progress of
individual patients. In addition to cell morphology, cellular migration and pro-
tein dynamics can be utilized as phenotypic tumor biomarkers. They focus on
the regulation of intracellular signaling dynamics crucial in carcinogenesis
and morphology characteristics of tumor cells such as “cell-spreading veloci-
ty, tortuosity, [...], cell migration velocity, cell area and cell perimeter” (Manak
et al. 2018: 3) (Fig. 16).
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Figure 17: Intracellular signaling circuits that control cancer cell function pre-

sented by Hanahan and Weinberg (Source: Hanahan and Weinberg 2011
657)

As a result, the tumor’s overall potential of infiltrating other organs, thus gen-
erating metastases, can be determined. Thus, the limitations of measuring
selected static biomarkers which are restricted in precision and spatiotem-
poral resolution can be overcome. For this purpose, the research group of
Manak determined the cancer cell perimeter and its migration dynamics by
microscopic imaging. Their aim consisted in providing a machine vision algo-
rithm with the collected data to analyze previously elected biomarkers. As a
consequence, adverse pathology in individual patients and even in individual

cells could be predicted enabling personalized medicine (cf. Manak et al.
2018: 1ff).

Another approach of integrating machine learning into cancer research is
proposed by Hanahan and Weinberg. They visualized the interactions be-
tween the six basic cancer hallmarks presented by them in 2000 within inte-
grated circuits (Fig. 17). The numerous cancer-influencing factors and their

effects are represented as nodes and branches. Hence, subsystems capable
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of being reprogrammed in order to approximate the normal cellular function
to tumor cells are generated. The main limitation of this approach is that the
developed circuit cannot include every cancer progress-influencing molecule.
Furthermore, many processes in carcinogenesis are not completely under-
stood by humans (cf. Hanahan and Weinberg 2011: 656f.).

To overcome these obstacles, Groten et al. presented an interactive simula-
tion model based on machine learning on order to increase knowledge re-

garding cancer development (cf. Groten et al. 2016b: 3) (Fig. 18).
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Figure 18: Surface of the carcinogenesis simulation model developed by
Groten et al. (Source: Groten et al. 2016b: 19)
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6 Experiments

The American oncologist Robert Gatenby once said that cancer is “an evil
entity that just keeps recurring and overcoming your best efforts” (Willyard
2016: 167). Thus, he insinuated the issue of cancer spreading in the form of
metastases. These dispersing cancer cells drastically restrict treatment op-
tions since they tend to show a higher probability of resistance to conven-
tional therapy strategies such as chemotherapy. As previously described,
cancer is thought to underlie basic evolutionary principles. Consequently, it is
assumed that therapy-resistant tumor cells already can be found in cancer-
ous tissue before starting therapy administration. This event can be ex-
plained by resistant tumor cells losing the selective competition against non-
resistant cancer cells. During treatment, this changes since resistant cells
can adapt to the normally cytotoxic environment with greater efficacy. Con-
ventionally treatment schedules assume that the maximum of tumor cell
eradication by injecting high doses of therapy increase the survival rate of
patients. According to the evolutionary theory of cancer, this would result not
in curing the patient but in giving rise to the proliferation of therapy-resistant
cells. Moreover, these cells would possibly spread into metastases increas-
ing the mortality of patients. To improve the curing rates of cancer therapy,
the treatment should be adapted to tumor responses to the therapeutic sub-

stances.
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Figure 19: Changes in total tumor blood flow during different treatment regi-
mens (AT-1: decreasing dose of drugs as the tumor responds; ST:
conventional method of maximum dose; Ctr: control) (Source: Enriquez-
Navas et al. 2016: 5)
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Thus, the expansion of resistant cells could be inhibited by stopping the drug
injection when cell death is detected via microscopic imaging and computa-
tional algorithms (Fig. 19) (cf. Willyard 2016: 167f.; Enriquez-Navas et al.
2016: 1ff).

Thus, this strategy to treat cancer is based on a schedule which precisely
reacts to changes in cell morphology caused by treatment. Consequently, it
can be transferred to the proliferation of human T lymphocytes. Their activa-
tion depends on the pre-stimulation by antigen binding in vivo or by a lectin
ex vivo. This process induces the expression of IL-2 receptors which are able
to bind the main T-cell growth factor leading to cell proliferation. There are
assumptions that those receptors crucial for complete T cell activation disap-
pear proportionally to the decrease of IL-2 concentration. Consequently, this
would lead to a stop in proliferation which can be caused by a constant
growth factor administration without renewing the cell activation. This recep-
tor loss is reversible by re-stimulation but has a negative impact on the time
needed for T cell proliferation and the number of cells generated. These pa-
rameters are crucial factors in cancer immunotherapies like CAR T-cell ther-
apy since T lymphocytes need to be rapidly expanded ex vivo in great
amounts in order to directly transfer them back to the patient (cf. Cantrell and
Smith 1983: 1895f.).

To overcome this great limitation of conventional static therapy strategies
based on constant IL-2 administration or one single high-dose bolus, a new
treatment schedule is proposed. This innovative strategy relies on the hy-
pothesis that intermittent IL-2 administration prevents the receptors to de-
crease in number. By increasing the injection dose when a stagnancy or
even decrease in growth is detected by self-taught image analysis algo-
rithms, receptor downregulation is avoided. Another hypothesis which needs
to be proven is the downregulation of IL-2 receptors as a protective mecha-
nism from overstimulation which is induced by a constant growth factor ad-
ministration. Therefore, a fluctuating treatment schedule adapted to the num-
ber of activated IL-2 sites on the cell surface is supposed to improve T cell

proliferation without re-activation of the cells. There already is some evidence
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that a periodic perfusion schedule enhances cell culture in microfluidic devic-
es. Giulitti and colleagues applied several schedules of medium supply to
three different cell lines cultivated in microfluidic chips. They found out that a
periodic perfusion with short injections and prolonged resting intervals in-
between was the most favorable method for cell culture resulting in a ho-
mogenous cell distribution and high cell viability (cf. Giulitti et al. 2013:
4440f.).

Moreover, the machine learning models previously described provide the
possibility of real-time adjustments of the culture system. To further improve
the platform for performing CAR T-cell therapy in a more efficient manner,
bioreactors used for cell culture are miniaturized down to micro-scales. As a
consequence, the control over microenvironment conditions would be in-
creased. This, in turn, would approximate more closely the in vivo structures

and drastically reduce treatment costs by decreasing reagent consumption.

In summary, the main objective of the experiments carried out in the course
of this thesis is to develop a miniaturized, automated T cell culture system.
Furthermore, treatment schedules are to be controlled by machine learning
algorithms in order to adapt growth factor administration to the presence of
sufficient IL-2 receptors needed for efficient cell proliferation. To facilitate this,
the cells inside the system are continuously tracked by microscopic imaging

in order to measure their growth based on cell area expansion.

6.1 Materials and Methods

Cell Lines and Culture

The leukemic cell line Jurkat (ACC282, DSMZ) was cultivated using RPMI
1640 medium (Gibco™) supplemented with 10% fetal bovine serum (FBS)
and 1% Pen Strep (10,000 Units/ml penicillin, 10,000 pug/ml streptomycin;

Gibco™). The cells were incubated at 37°C in a humidified atmosphere con-
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taining 5% CO2 and passed to a new flask containing fresh medium every

two to three days depending on their confluency.

To obtain human peripheral blood T lymphocytes, peripheral blood mononu-
clear cells (PBMCs) were isolated from the peripheral blood of a healthy do-
nor by Ficoll density gradient centrifugation (Lymphocyte Separation Media,
anprotec) at 500 x g for 45 minutes without brake, followed by washing the
obtained buffy coat twice with PBS. To further purify the obtained human T
lymphocytes, magnetic MACS© separation using CD3 MicroBeads (Miltenyi
Biotec GmbH) was applied. In order to activate the T lymphocytes, magnetic
beads covered with anti-CD3 and anti-CD28 monoclonal antibodies (Dyna-
beads™ Human T-Activator CD3/CD28 for T Cell Expansion and Activation
(11161D); Thermo Fisher Scientific Inc.) were used in a 1:1 bead-to-cell ratio.
PBMCs were cultured in RPMI 1640 medium (Gibco™) supplemented with
10% fetal bovine serum (FBS), 1% Pen Strep (10,000 Units/ml penicillin,
10,000 pg/ml streptomycin; Gibco™) and 20 ng/ml interleukin 2 (IL-2; human,
10,000 U (5 pg/ml, 50 ml); Gibco™) to support cell proliferation. The cells
were incubated at 37°C in a humidified environment containing 5% CO2. A
subculture using growth medium supplemented with 20 ng/ml IL-2 was made

each two to three days depending on cell confluency.
Microfluidic Device Design and Fabrication

Two different microchannel network designs are used: a non-connected (Fig.
20) and a connected design (Fig. 21). The former consists of four separate
channels each containing 11 microchambers with an area of 5.3 mm? each
while the latter is composed of four linked microchannels also consisting of
11 microchambers with an area of 4.5 mm? each. The microfluidic devices
used for the experiments are constituted by two slabs: the lower slab con-
tains the microchamber and channel network with its deepest zone of 425.3
um in the center of each chamber. Thus, it shows a greater depth as the up-
per slab in order to create a trapping mechanism to capture suspension cells,
allowing medium renewal without cell removal. The upper slab provides gas
permeability and closes the channel network to the external environment.
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Consequently, the chip containing the separated channel network has a vol-
ume of 24.79 ul per channel whereas the device composed of the non-
connected microchannel system shows a total capacity of approximately 224
ul. The total height of both chip designs is approximately 0.5 cm to provide a
focal distance sufficiently low to be able to focus cells that settled to the well
ground. To provide higher stability and improve imaging conditions, the lower

PDMS slab is bonded to a microscope glass coverslip.
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Figure 20: Dimensions of non-connected microchip design
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Figure 21: Dimensions of connected microchip design

Microfluidic devices were designed using the vector-based graphics software
CorelDraw (https://www.coreldraw.com). In order to create a high-relief mas-

ter mold needed for the production of the final device, the previously de-

signed microchannel network was engraved into a photopolymeric film using
an infrared laser. Next, the film was placed on top of a flexographic printing
plate followed by exposure to UV light in order to transfer the channel design.
Then, the plate was washed by a solvent and dried in an oven. To finalize the

flexographic production process, UV light exposure was repeated to perma-
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nently engrave the microchannel design into the printing plate, also called
Flexcel. To fabricate the high-relief master mold, the epoxy resin CRISTAL
TACK (TECNARTE, Argentina) was mixed with a hardener in a 2:1 ratio and
poured over the Flexcel. After a curing time of three days at room tempera-
ture, the duroplastic master mold could be removed from the flexographic
plate and used for the fabrication of the final microfluidic device. For this, pol-
ydimethylsiloxane (SYLGARD™ 184 Silicone Elastomer Base, 1kg) was
mixed with a curing agent (SYLGARD™ 184 Silicone Elastomer Curing
Agent) in a 10:1 ratio and stored at room temperature for two hours to re-
move air bubbles. Next, the liquid polymer was poured over the master mold
and put in an oven set at 40°C overnight after storing it at room temperature
for another two hours to remove any remaining bubbles. After curing, the
PDMS slab was removed from the reusable master mold and provided with
inlets and outlets for the establishment of connection to the external envi-
ronment using a biopsy punch (Biopsy Punch with Plunger &1.0 mm; Inte-
gra® Miltex®). Finally, the PDMS slab containing the microchannel network
was firstly bonded to a microscope glass slide and secondly to the other
PDMS slab to provide stability. The bond was established by exposing both
slabs to oxygen plasma generated by a high-frequency generator (230V,
50/60 Hz; ELECTRO-TECHNIC PRODUCTS INC., Chicago, lllinois) in order
to generate hydrophilic conditions inside the channel network. After expo-
sure, both PDMS slabs were immediately put into contact. Prior to use, the
assembled microfluidic devices were sterilized by firstly injecting 0.5 M sodi-
um hydroxide (NaOH). After 30 minutes, the device was rinsed with 70%
ethanol to modify the natural hydrophobic surface of PDMS to show a hydro-
philic character needed for operation. Sterile water was passed through the
microchannels to completely remove NaOH and ethanol rests after another

30 minutes.

Besides self-fabricated microfluidic chips, different commercially available
solutions were used. AIM cell culture chips (3D Cell Culture Chips (DAX-1);
AIM Biotech Pte. Ltd.) are sterile and ready-to-use microdevices made of

PDMS and polystyrene (PS) that provide three channels: a matrix channel in
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the middle supporting two lateral channels for the injection of a suspension
containing adherent cells (Total volume: approx. 200 ul depending on volume
of medium injected) (Fig. 22). Since Jurkat cells and T lymphocytes are clas-
sified as cells of non-adherent type, there is no need for a supporting matrix
which is why the central channel was utilized for cell culture while the lateral
channels served as medium storage. Furthermore, the device provides me-
dium reservoirs at each inlet and outlet to avoid evaporation during long-term
culture, but which cannot be connected to conventional syringes or multi-
channel pipettes, thus not allowing the use of infusion pumps for cell seeding

and medium renewal.
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Figure 22: Dimensions of 3D Cell Culture Chip offered by AIM Biotech Pte.
Ltd. (a: Length of channels: 10.50 mm; b: Width of gel channel: 1.30 mm; c:
Width of media channels: 0.50 mm; d: Gap between posts: 0.25 mm; Height
of channels: 0.25 mm) (Source: https://www.aimbiotech.com/chips.html)

Another commercially obtained microdevice used for the assays realized in
the course of this thesis project is the p-Slide VI%# offered by Ibidi® GmbH.
This cell culture chip consists of six separated channels with a volume of 30
ul each (Fig. 23). Similar to the devices provided by AIM Biotech Pte. Ltd.,
the ibidi® chips also offer medium reservoirs at each inlet and outlet to avoid
evaporation which, moreover, are connectable to conventional syringe types.

Thus, they allow cell seeding and medium changes via infusion pumps. The
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company does not specify the exact material the slides are made of, but it
defines the main characteristics: high optical quality, low autofluorescence
and gas permeability. The microdevices are shipped in a sterile packaging
and, thus, are ready to use. Furthermore, an additional coverslip is delivered
which remains sterility and humidity during imaging procedures outside of the

incubator.

Figure 23: Dimensions of the x-Slide VI°4 offered by Ibidi® GmbH

Cell Seeding and Culture in Microfluidic Devices

Prior to seeding, cells were centrifugated at 500 x g for five minutes in order
to determine the cell concentration more precisely. This parameter was
measured with an automatic cell counter (TC10™ Automated Cell Counter,
Bio-Rad Laboratories, Inc.) using Trypan Blue dye (0.40%, 1.5 ml; Bio-Rad
Laboratories, Inc.). For cell seeding, a concentration of 5.0 x 10°> — 1.0 x 108
cells/ml was used for optimal growth conditions. After finalizing the steriliza-
tion procedure, Jurkat cells and T lymphocytes were seeded in self-fabricated
microfluidic chips by syringe pumps (Adox AcCTIVA A22 Syringe Infusion
Pump; ADOX, Buenos Aires, Argentina) at a flow rate of 270 ul/min during
one minute in case of the connected chip design. In case of the non-
connected design, a flow rate of 70 pl/min was applied during one minute per

channel.

Since AIM devices are sterilized prior to shipping, cells can be injected direct-

ly into the chips via micropipettes. 30 ul of cell suspension was administered
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into the central channel used as cell growth chamber. The lateral channels
were filled with medium, injecting different volumes (70 ul, 50 ul) in opposite
inlets and outlets in order to generate a flow gradient which guarantees the
filling of the complete channel. Fresh RPMI 1640 medium (Gibco™) supple-
mented with 10% fetal bovine serum (FBS), 1% Pen Strep (10,000 Units/ml
penicillin, 10,000 pg/ml streptomycin; Gibco™) and growth factors (IL-2) was
administered to both Jurkat cells and T lymphocytes seeded in self-fabricated
microdevices each two to three days using syringe pumps (Adox AcTIVA A22
Syringe Infusion Pump; ADOX, Buenos Aires, Argentina) at a flow rate of 5
wl/min during 20 minutes in case of the connected chip design. In the case of
the non-connected design, a flow rate of 1.3 ul/min was applied 25 minutes
per channel. The medium change in AIM devices was carried out using mi-
cropipettes. After removing the used fluid, fresh medium was injected into the
lateral channels in the same procedure used for cell seeding. Non-adherent
cells are retained by triangular structures in the central channel with the aim

of preventing cell removal during medium change or drug administration.
T cell activation and proliferation assay

Jurkat cell line and human T lymphocytes were cultivated in 50 ml-flasks,
self-fabricated microdevices with doubled height design and commercially
available microfluidic solutions in order to compare cell growth in different
geometric environments. RPMI 1640 medium (Gibco™) supplemented with
10% fetal bovine serum (FBS) and 1% Pen Strep (10,000 Units/ml penicillin,
10,000 pg/ml streptomycin; Gibco™) was used as basic growth medium. Pri-
or to seeding human T lymphocytes in the different culture possibilities, the
immortalized leukemic Jurkat cell line was cultivated to test seeding and cul-
ture procedures in the respective devices. When optimal seeding and culture
conditions had been found, human T lymphocytes where cultured. In order to
determine the concentrations of activation and growth factors for optimal T
cell proliferation, different lectins (phytohemagglutinin (PHA; 1 mg/ml; Gib-
co™), concanavalin A (Con A; Sigma-Aldrich, C2272-10MG) and the T cell
growth factor interleukin-2 (IL-2; human, 10,000 U (5 pg, 50 ml); Gibco™)
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were administered in different combinations. When the growth medium was
changed, the fresh medium was supplemented with the same activation and
growth factor concentrations previously used for the respective assay to
maintain the initial growth conditions. In order to improve T cell activation,
magnetic beads covered with anti-CD3 and anti-CD28 monoclonal antibodies
(Dynabeads™ Human T-Activator CD3/CD28 for T Cell Expansion and Acti-
vation (11161D); Thermo Fisher Scientific Inc.) for more physiological culture

conditions.

Proliferation was measured by an image analysis software developed in Fiji
which determined the area occupied by cells in each image obtained every
day of culture in order to measure cell proliferation. Bright field images were
taken with Zeiss Axio Observer Inverted Microscope.

At the end of each experiment, remaining cells were extracted of the micro-
device and counted by an automatic cell counter (TC10™ Automated Cell
Counter, Bio-Rad Laboratories, Inc.) using Trypan Blue dye (0.40%, 1.5 ml;
Bio-Rad Laboratories, Inc.) in order to control the performance of the image

analysis software.
Cell Staining Assay

To overcome imaging issues that arose when human T lymphocytes were
cultured for several days in self-fabricated devices, cells were stained using
an orange fluorescent dye (CellTracker™ Orange CMRA; molecular probes®
by life technologies™) at a minimum concentration (2.5 — 5 uM) to avoid cyto-
toxicity and background noise. To additionally reduce the later, RPMI 1640
medium without the pH indicator phenol red was used (RPMI-1640 Medium
(R8755); Sigma-Aldrich®).
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6.2 Results and Discussion

Testing of Cell Culture Conditions Inside Microfluidic Devices Using Leuke-
mic Jurkat Cell Line

In order to test the effect of the different microchannel designs on cell growth
proposed in this thesis, leukemic T lymphocytes of the Jurkat cell line were
previously cultured in the respective devices. This cell line is not limited in
quantity, shares several physiological aspects with healthy human T lympho-
cytes and tends to be less sensible to environmental factors. Furthermore,
the culture of this cell line is less difficult than the growth of healthy T lym-
phocytes since they stem from an immortalized cell line. Firstly, 1.41 x 10°
Jurkat cells/ml were cultured in self-fabricated microfluidic chips containing a
non-connected network consisting of four individual channels each including
11 chambers (Fig. 24). With the aim of establishing optimal seeding and drug
treatment procedures, Jurkat cells were seeded in the device using different
concentration of the T-cell-activating lectin concanavalin A (Con A). Cells in
the first channel did not receive any stimulating agent while cells in the re-
maining three channels cells were injected in medium supplemented with 5
pg/ml, 10 pg/ml and 15 ug/ml Con A. Since Jurkat cells are known to have
the capability of producing their growth factor interleukin-2 (IL-2) in an auto-
crine manner, it was relinquished to administer IL-2 in combination with Con
A. In order to track the effect of this treatment on cell growth, Jurkat cells

within the microdevice were imaged during two days. The results of this as-

; = : % § Lo : ET)
Figure 24: a) Jurkat in microdevice after seeding (10X); b) Accumulation of
Jurkat cells in the center of a microchamber at the second day of culture
(2.5X); ¢) Jurkat cells at the second day of culture in the microdevice (10X)
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say show signs of cell prolifera-

tion since small cell accumula-
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\, each microchamber. This is due
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="

V v V V deepest point of each micro-

chamber in the center. Thus, a

Figure 25: Longitudinal section of the mi- cone-like structure is formed. As
crodevice explaining the cell trapping

mechanism

the medium flow passes above
the chambers, cells cannot be

removed (Fig. 25).

Since Jurkat cells are known to express mutations in their signaling pathways
affecting cellular growth, it is not clear if the stimulation with Con A further
supported cell proliferation. The main objective of this first assays were to
test and improve culture conditions in microfluidic chips using a robust cell
line. Thus, standardized procedures for cell seeding and medium change
could be established. Consequently, the focus was not on reaching an in-
crease in cell expansion since the determination of the reason of cell growth

is difficult in the case of leukemic Jurkat cells.

Next, the cell culture conditions in commercially acquired 3D Cell Culture
Chips (AIM Biotech Pte. Ltd.) were additionally analyzed by seeding 1.41 x
10° Jurkat cells/ml since the devices were used differently than the manufac-
turer indicated in the operating instructions. The central channel was not
used to place a matrix for establishing a 3D culture environment as T lym-
phocytes do not adhere to these structures but float in suspension. Conse-
quently, this channel was used to seed the cells while the two actual cell cul-
ture channels on the sides were used to introduce the growth medium. The
triangular structures found in the middle channel retaining the matrix also
served to protect non-adherent T lymphocytes from getting removed during

medium changes.
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In order to optimize seeding and medium change procedures and to examine
the effects of the lectin phytohemagglutinin (PHA) commonly used to stimu-
late T cells ex vivo, 1.19 x 10° Jurkat cells/ml were cultured in commercial 3D
microdevices (AIM Biotech Pte. Ltd.). Cells were exposed to two different
lectin concentrations while the first of the three microchannels the device of-
fers was used as a negative control that not contained any growth factor.
Medium supplemented with PHA was renewed each second day. As of the
third day of culture, when optimal culture conditions have been established,

images were taken every day to track cell proliferation.

Jurkat cell stimulation with PHA
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Figure 26: Change in area occupied by Jurkat cells treated with two dif-
ferent concentrations of PHA during five days of culture in a commercial
microdevice

As it can be seen in Fig. 26, Jurkat cell growth was characterized by various
fluctuations: at the beginning, the control cells show the highest proliferation
which was continuously decreasing in the course of time. This phenomenon
could also be observed in the cells treated with 2 ug/ml PHA. The administra-
tion of 1 ug/ml PHA resulted in the highest fluctuations in cell expansion. At
the end of the assay, Jurkat cells cultured without and with the lectin almost
occupy the same area, thus having proliferated in the same extent. These
results are not very significant since Jurkat cells are known to express muta-
tions in their proliferative signaling pathways, thus not showing a normal cell
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Figure 27: a) 10 x 10% Jurkat cells/microchannel after three days of culture
(10X); b) 1 x 107 Jurkat cells/microchannels after three days of culture (10X)

growth behavior. Hence, this experiment served to practice the handling of
the common T-cell-stimulation agent PHA and for the further optimization of
the culture conditions and procedures in commercial microchips on the on
hand. On the other hand, the self-developed image analysis software could

be tested to measure the changes in area occupied by cells.

The next experiment carried out using the Jurkat cell line had the aim to de-
termine the optimal cell concentration for growth conditions inside the micro-
fluidic chips. Hence, in a self-fabricated microdevice two different concentra-
tions, 1 x 108 cells/ml (25,000 cells/channel) and 1 x 107 cells/ml (250,000
cells/ml), were seeded and observed for three days. Since those concentra-
tions seemed to be too high leading to an excessive cell growth (Fig. 27), the

experiment was repeated with lower cell concentrations consisting in 1 x 106

cellsiml, 5 x 10°

Figure 28: Different Jurkat cell concentrations after three days of culture in
the microdevice (2.5X): a) 1 x 106 cells/ml; b) 5 x 10° cells/ml; ¢c) 2.5 x 10°
cells/ml

(3
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cells/ml, 2.5 x 10° cells/ml and 1 x 10° cells/ml (Fig. 28).

This assay was also used to define the optimal flow rate for changing the
growth medium which was finally set to 1.3 pl/min. Moreover, the results
show that a cell concentration lower than 2.5 x 10° cells/ml is not advanta-
geous since cells are not able to form agglomerations settling at the deepest
point in the center of each microchamber. Hence, they get removed during
medium renewal. The best cell concentration favoring optimal optics and cul-
ture conditions seems to be 5 x 10° cells/ml since at this cell number ag-
glomerations can easily be detected but are not demanding too much space

and nutrients.

Next, it was intended to improve the imaging conditions in the self-fabricated
microdevice by firstly reducing the height of the chip and increasing the sta-
bility by bonding the unified PDMS slabs to a glass slide. With this change in

design, clusters of Jurkat cells could be imaged with a higher resolution using

the 10X and the 20X magnification

Figure 29: 5.05 x 10° Jurkat cells/ml imaged with 10X (a)) and 20X (b)) mag-
nification

(Fig. 29).
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Testing of Cell Culture Conditions Inside Microfluidic Devices Using Human T

Lymphocytes

In order to test if the culture conditions defined as optimal for the Jurkat cell
line also support the expansion of human T lymphocytes, 3.69 x 10° cells/ml
(9,225 cells/channel) were seeded in a self-fabricated microdevice with four
non-connected channels supplemented with 2 ug/ml PHA and without. Fur-
thermore, cells were exposed to 10 ng/ml, 15 ng/ml and 20 ng/ml IL-2, re-
spectively, directly after isolation from PBMCs. Photos were taken right after

cell seeding and after three days of culture in the microdevice.

After cultivating the lymphocytes for several days in the device, they become
undetectable since other structures similar to cells appear which cannot be
distinguished from living organisms (Fig. 30). This problem did not arise
when realizing comparable experiments with the Jurkat cell line. As in this
assay, the protein IL-2 was used compared to experiments with Jurkat cells,

the changes in material could be associated to a reaction with this substance.

Figure 30: a) Human T Lymphocytes after seeding (10X); b) Human T Lym-
phocytes after three days of culture (10X)
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To maintain the detectability of
human T lymphocytes in self-
fabricated microdevices, cells
were stained with an orange
fluorescent dye (CellTracker™
Orange  CMRA; molecular
probes® by life technologies™).

Then they were seeded in

commercial six-channel micro-

Figure 32: Jurkat cells stained with
CellTracker™ concentration of 25 M device (u-Slide VI®4; ibidi®) at

(40X) )
a concentration of 1.06 x 10°

cells/ml (3,180 cells/channel). In advance of this experiment, Jurkat cells
were stained with the fluorescent dye to test imaging conditions and possible
cytotoxic effects. First, the maximum CellTracker™ concentration of 25 uM
was used since cells needed to be tracked for several days, but this seemed
to be too high. As Fig. 32 shows, the cells were shining very bright probably
being intoxicated and strong background noises arose. Consequently, the
CellTracker™ concentration was diminished in the following assay to the min-
imum value of 5 uM. Since the background noise was still high, it was asso-
ciated to the RPMI 1640 medium (Gibco™) containing the pH indicator phe-
nol red. Thus, the next assays were carried out with varying CellTracker™

concentrations (2.5 uM, 5 uM) using modified RPMI 1640 without phenol red

50 pm
Figure 31: a) Jurkat cells in RPMI 1640 containing phenol red stained with a
CellTracker ™ concentration of 5 4M (20X); b) Jurkat cells in RPMI 1640 with-
out phenol red stained with a CellTracker ™ concentration of 5 xM (20X); )
Jurkat cells in RPMI 1640 medium without phenol red stained with a
CellTracker ™ Concentration of 2.5 ¢M (20X)
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(Sigma-Aldrich®) which drastically reduced the background noise (Fig. 31).

After  determining the
staining conditions for op-
timal imaging results and
cell health, a less cytotoxic
red fluorescent dye
(CellTracker™ Red
CMTPX; molecular
probes® by life technolo-

gies™) was used to stain

90 uym
Figure 33: 5 x 10° T cells/ml stained with 2.5 M human T lymphocytes to
CellTracker™ Red CMTPX (40X) overcome imaging difficul-
ties in  self-fabricated
PDMS chips. The dye was used in a concentration of 2.5 uM and cells were
cultured in phenol red-free RPMI 1640 medium (Fig. 33).

In order to completely avoid cell staining the enhanced microdevice design
previously tested with Jurkat cells (thinner PDMS layers for better focal dis-
tance bonded to a glass slide for higher stability) was applied in T-cell cul-
ture. To be able to localize the T cells, the magnetic beads used for their ac-

tivation were focused since cells and beads should be at the same level. This

Figure 34: Magnetic beads used for T cell activation seeded in a self-
fabricated microchip and focused using the 10X (a)) and the 20X (b)) magnifi-
cation
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was possible using the 10X and the 20X magnification (Fig. 34). In conclu-
sion, the initial problem of focusing T lymphocytes cultured in self-fabricated

devices could be overcome.

Determination of Optimal Stimulation Combinations and Schedules to En-

hance T-Cell Proliferation in Microfluidic Devices

With the intention to induce proper proliferation of human T lymphocytes a
physiologic activation method was applied, using magnetic beads coated with
anti-CD3 and anti-CD28 monoclonal antibodies (Dynabeads™ Human T-
Activator CD3/CD28 for T Cell Expansion and Activation (11161D); Thermo
Fisher Scientific Inc.). These metallic structures mimic the in vivo interaction
between an antigen presenting cell and a T cell. After bringing the magnetic
beads into contact with the cells in a ratio of 1:2, the human T lymphocytes
were seeded into an AIM Biotech microdevice at a concentration of 8 x 104
cells/ml (2,320 cells/ml). To be able to determine if the T cells were activated,
morphology changes were observed since they serve as a significant marker
for T cell activation. When a T lymphocyte establishes a connection to an
antigen presenting cell (APC), an immunological synapse (IS) is formed be-
tween the two cells. This connection is sustained by the T cell receptor/MHC
protein complex, costimulatory proteins and adhesion molecules. The for-
mation of the IS induces the T cell to change its morphological shape from
round to elongated and/or flattened. This process is mainly driven by the in-
crease of intracellular Ca?* levels resulting in a dynamic mitochondria accu-
mulation in the 1S. This, in turn, guarantees a prolonged aperture of the Ca?*
channels which permits a higher Ca?* influx. As a result, the cytoskeleton is
affected by mobilizing filamentous actin (F-actin) that, hence, initiating mor-
phological changes from spherical to elongated. This alteration is associated
with a mobile T cell scanning its environment for APCs. After the binding be-
tween these two cells, the T cell shape turns from elongated to round again
and the cell becomes flattened which can be seen as an indicator for effec-
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tive activation (cf. Lin et al. 2015: 1f., 5-7, 10-13). The change in cellular
shape from spherical to elongated can be observed in Fig. 35 which proofs
the success of T cell activation. On the second day of culture the proportion
of elongated cells had reduced the majority of the T cells being round (Fig.
36).

Furthermore, more lose beads not interacting with a cell were observed

which could be seen as an evidence that the T cell activation was carried out

successfully.

50 ym 50 ym

Figure 35: 8 x 104 freshly isolated human T lymphocytes/ml activated with
CD3/CD28 beads in AIM Biotech microdevice on day 1 of culture (a): 10X; b):
40X)

Figure 36: 8 x 104 human T lymphocytes/ml
activated with CD3/CD28 beads on day 2 of
culture in AIM Biotech microdevice (10X)

The in vitro cell cycle of a T lymphocyte is generally composed of three main
phases: the induction phase is characterized by a reduction in cell viability
occurring in the first two days after activating them ex vivo which can be ob-
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served by controlling the cell number which is decreasing. Next, the prolifera-
tion phase is initiated inducing a fast increase in the number of cells. As of
the fifth day after ex vivo activation, T cells enter the lysis phase. This cell
state is characterized by a reduction of cell viability due to a lack of nutrients,
accumulation of cell debris or due to the interaction of the T cell with its spe-
cific target antigen, lasting up to two weeks. Conclusively, this cell cycle
model is hardly to reproduce since it depends upon several factors such as
the cell number initially seeded into the culture platform, the regularity of me-
dium changes and stimulation renewals. Moreover, the type of stimulus used
for the initial T cell activation needs to be taken into consideration since dif-
ferent stimuli target different subpopulations of T lymphocytes (cf. Stewart,
Cramer and Steward 1975: 241ff).

In order to reproduce the in vitro cell cycle of T lymphocytes described
above, 1.28 x 106 freshly isolated and activated T lymphocytes/ml were
seeded in a 24-well plate (512,000 cells/well). The cells were treated with IL-
2 or cultured without any additional growth factor. Furthermore, they were
monitored for nine days until reaching undetectable cell number levels (Fig.
37). It can be seen that both, cells treated with IL-2 or grown without any
growth factor, did not enter the proliferation phase but continuously de-

creased in cell number until reaching undetectable quantities at day nine

Development of Activated T cells in
24-Well Plate
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which means that they yet have entered the lysis phase at approximately day
three of culture. Moreover, it can be observed that the cells treated with IL-2

Figure 37: Development of activate T cells in a 24-well plate for nine days
receiving different growth factor exposure
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always show a higher cell number than the cells cultured without additional
growth factor. Consequently, this indicates that T lymphocytes require further

IL-2 that needs to be supplied in a regular schedule for in vitro culture.

In order to test how healthy human T lymphocytes would react to the minia-
turized culture environment in microfluidic devices, they were directly seeded
in a commercially obtained microdevice (AIM Biotech Pte. Ltd.). Furthermore,
the cells were activated by magnetic beads coated with CD3 and CD28 anti-
bodies in a 1:1 ratio (Dynabeads™ Human T-Activator CD3/CD28 for T Cell
Expansion and Activation (11161D); Thermo Fisher Scientific Inc.) in each of
the three channels the chip offers. In order to determine the optimal concen-
tration of seeded cells per channel for the activation and proliferation pro-
cesses, the first channel of the device was supplemented with 5 x 10°
cells/ml (15,000 cells/channel) whereas in the remaining two channels 1 x
108 cells/ml (30,000 cells/channel) were seeded in order to test the reproduc-
ibility of this cell culture platform. Moreover, each of the three channels was
supplemented with 20 ng/ml IL-2 to examine the effect of the cell concentra-
tion on the growth rate. Cells in all channels were restimulated each third day

by the renewal of the initial IL-2 concentration in the growth medium.

During 11 days of observation, the T lymphocytes in all three channels occu-

py approximately the same area of the microfluidic device (Fig. 38). Conclu-

T-Cell Activation and Proliferation
in AIM Chip
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Figure 38: Changes in area occupied by human T lymphocytes directly
seeded in microfluidic devices and, moreover, activated by magnetic81
beads and stimulated with 20 ng/ml IL-2
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sively, seeding a lower cell number per channel is more advantageous. This
can be explained by the fact that the nutrients and growth factors which the
medium contains last for a longer time period making a less frequent restimu-
lation schedule possible, as it can be seen in Fig. 39. This graph shows a
clearly high growth rate when cells are grown in a lower initial concentration.
Furthermore, T cells seem to need five days for adjusting to the new micro-
environment since growth factor renewal has little or no effect on the area
occupied by the cells. As of day seven, IL-2 receptors seem to be suddenly
expressed in large quantities which appears to result in overstimulating the
cells. As a consequence, a decrease in cell growth and even cell death can
be observed since the occupied area is diminishing. Nevertheless, the T lym-
phocytes seem to recover from this overstimulation, thus, beginning to up-

regulate again the IL-2 receptors needed for their expansion.

T-Cell Growth Rate in AIM Chip
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Figure 39: Changes in growth rate of human T lymphocytes directly seeded
in microfluidic devices and, moreover, activated by magnetic beads and
stimulated with 20 ng/ml IL-2

With the intention of testing if the cultivation of freshly isolated human T lym-
phocytes in a conventional culture flask prior to seeding them into microfluidic
devices could facilitate the adaption of the cells to a new microenvironment,
T cells were seeded in commercially obtained microfluidic devices (AIM Bio-

tech Pte. Ltd.) after culturing them in a 5 ml-culture flask supplemented with
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magnetic CD3/CD28 beads in a 1:1 ration (Dynabeads™ Human T-Activator
CD3/CD28 for T Cell Expansion and Activation (11161D); Thermo Fisher
Scientific Inc.) and with 20 ng/ml IL-2. After their introduction into the micro-
chips at a concentration of 1.39 x 10° cell/ml (4,170 cells/channel), the T cells
were supplemented with different concentrations of IL-2 circling around the
standard value of 20 ng/ml (0O ng/ml, 10 ng/ml, 15 ng/ml, 20 ng/ml, 25 ng/ml)
every three days which can be seen as a second stimulation after receiving
the first stimulus in the culture flask. Compared to the T lymphocytes that
were directly seeded in a microdevice after their isolation from whole blood,
these cells show a shorter time span needed for adapting to the new micro-
environment since they slowly start to proliferate as of day three of culture
(Fig. 40). First, the T cells that do not receive a second IL-2 stimulus appear
to show the best proliferative behavior which can be explained by the lack of
growth factor overstimulation that the repeatedly stimulated cells might expe-
rience. This observation changes as of day six of culture (Fig. 40) since the T
lymphocytes receiving a second IL-2 stimulation seem to recover from the

excessive stimuli and begin to expand which is determined by measuring the

T-Cell Activation and Proliferation in
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Figure 40: Human T lymphocyte proliferation measured in the area occupied
by the cells with different IL-2 concentrations as a second stimulus
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area they occupy in the microfluidic device.

In order to determine the growth factor concentration that has the biggest
positive effect on cell proliferation, the growth rates of the cells being sup-
plemented with different levels of IL-2 were compared. Conclusively, the con-
centration of 20 ng/ml IL-2 appears to induce the largest cellular expansion
surpassing the growth rate of the remaining cells by approximately the four-

fold at day seven when the actual cell proliferation starts (Fig. 41).
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Figure 41: Human T lymphocyte proliferation measured in the growth rate
with different IL-2 concentrations as a second stimulus

At the end of the experiment, the initial and the final cell number were com-
pared after eight days by determining the absolute cell numbers using an
automatic cell counter after removing them from the device. As a result, the
concentration of 10 ng/ml IL-2 appears to have the most advantageous effect
on cell proliferation (Fig. 42) concluding that a higher IL-2 level results in
overstimulation and, hence, receptor downregulation. The privilege of this
measurement is that it reveals the absolute outcome of each experiment
while the comparison of area occupied by the cells only shows the prolifera-

tive behavior of the T cells in the course of time without offering a final result.
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Figure 42: Absolute numbers of human T lymphocytes stimulated with differ-
ent IL-2 concentrations measured with an automatic cell counter after remov-
ing the cells from the microdevice

In Fig. 40, significant differences in cell area on day eight cannot be detected
but are present in Fig. 42 since it considers the absolute cell number. Hence,
a correlation between the cell area detected by the analysis software and the
absolute cell number counted by an automatic cell counter has to be proofed.
This was done by seeding four different T cell concentrations in separate

channels of a microdevice. The area occupied by the introduced cells was

Correlation Between Cell Area and
Cell Number

10 -

Area in Pixels”2

5,00E+04 1,00E+05 2,50E+05 5,00E+05

Figure 43: Clear correlation between cell area measured by software and
cell number measured by automatic cell counter
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then directly measured using the analysis software (Fig. 43). Conclusively, it
can be said that there is a clear correlation between cell area and cell num-

ber, supporting the use of the software for future experiments.

Evaluation of the Performance of the Different Microfluidic Devices Used for

the Experiments

In order to decide for a microfluidic cell culture platform that offers properties
which are essential for cell culture, long-term assays and imaging, an evalua-
tion matrix (Fig. 44) was elaborated considering the three microdevices used

in the course of this thesis project.

Due to its capacity to trap cells in its central channel by triangular structures
impeding cell removal and its low focal distance and excellent light transmit-
tance, the AIM Biotech 3D Cell Culture Chip (DAX-1) received the highest
score. Furthermore, it is made of the biocompatible polymer PDMS, offers
three separate channels for different experimental conditions and is inexpen-
sive. The total score of this microfluidic device is reduced because its surface
cannot be coated with poly-L-lysine due to the low channel height which
leads to clogging. Furthermore, long-term imaging cannot be realized with
the IncuCyte® S3 Live-Cell Analysis System (Essen BioScience) although

the device fits in the tray holder of this microscope.

The self-fabricated microchip consisting of two polymer slabs additionally
bonded to a glass slide for enhanced stability has the great advantage of an
advanced cell trapping mechanism avoiding any cell removal during medium
changes. Furthermore, it offers four separate channels each containing 11
chambers which results in a maximum of 44 reproduced experiments. Since
it is also made of PDMS, its offers biocompatibility, inexpensiveness and
transparency. Since a connection between this microdevice and a syringe
pump can be established, it is suitable for long-term and automatized assays.

The biggest issue of this microfluidic chip consists in its high focal distance
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which impedes focusing T lymphocytes using a magnification greater than
10X. Furthermore, it is not compatible with the IncuCyte® microscope. Which
additionally reduces its total score which is similar to the score reached by
the third microfluidic device used for the experiments carried out in the

course of this project.

The Ibidi p-Slide VI®4 is made of a biocompatible and transparent polymer
which is not clarified resulting in a low focal distance and a suitable cell cul-
ture environment. Besides, its offers six separate channels for different ex-
perimental conditions and the chips can be obtained for free in order to test
them. Furthermore, the slide can be connected to syringe pumps and is
compatible with the IncuCyte® microscope for automated long-term anal-
yses. The main drawbacks of this microdevice are the lacking cell trapping

mechanism.
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Figure 44: Evaluation matrix considering the microfluidic cell culture

platforms used in the course of this thesis project
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7 Outlook

In the course of this thesis project, the culture conditions for T lymphocytes in
microfluidic devices were optimized. This was reached by adjusting the de-
sign of a self-fabricated polymer microchip, the cell activation process and
the growth factor exposure to the physiological requirements of T lympho-
cytes. Thus, the first milestone in reaching the final goal of this project that
consists in developing a fully automated T cell culture system that reacts to
the cellular needs in real-time, is set. Furthermore, an image analysis pro-
gram written in Fiji was developed in order to determine the area occupied by
cells. In the near future, the cells inside the microdevice need to be imaged
for longer time periods, treating them with different growth factor schedules.
This intermittent treatment approach is then to be automatized by using
Matlab software. This program has the purpose to use the area occupied by

cells calculated by the self-

I T Lymphocytes I developed Image ana|ySIS

&k ) i i _
e l software as an input in or
— | Mmicrofidicchip | der to determine whether
[ovesim s |
2.GrowthFactor + ——oo000000000 o Ce" grOWth |S dedlnlng Or

—o0000000000

Pump

l increasing. On basis of this
| Microscope | information, the Matlab pro-
gram will adjust the growth

l ~ factor concentration and

Image Analysis (Fiji) schedule. Accomplishing all

CellG h Plotti
_ S Cvate) | those tasks, a closed-loop

Figure 45: Closed-loop system for automated Systém will be established,
and portable T-cell culture providing  automatization,

compactness and portability

(Fig. 45).

Another future task to be realized is the development of a neuronal network
that is capable of taking over the responsibility of the Matlab program. There-

fore, a prolonged training phase is needed. During this learning process,
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quantity of images that show the cells in different situations (e.g. dying, grow-

ing) will be shown to the neuronal network.

When optimal automated cell culture conditions are established, the next
step consists in transfecting the T lymphocytes inside the microfluidic device.
Hence, the cells will express a chimeric antigen receptor (CAR) specific for a
tumor antigen. Furthermore, the efficacy of the CAR T-cell in killing this tumor
could be also tested within the microchip. It is anticipated that an autono-
mous system using the feed-back-loop and subsequently optimization of cul-
ture conditions by machine learning will accelerate further development of
this approach towards ultimately applying it clinically.

Since microfluidic devices as well as CAR T-cell therapy are currently state-
of-the-art, they attract the interest of several companies. Carrying out CAR T-
cell manufacturing in microfluidic cell culture platforms offers the possibility of
drastic cost reduction making this highly efficient cancer therapy approach

accessible worldwide.
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7.1.1 Industrial Interest for Microfluidic Devices

By now, microfluidic devices are mainly applied in laboratory environments,
thus inhibiting the introduction of microfluidic products into the market. This
can be explained by the still high manufacturing cost compared to some con-
ventional methods, for example in the case of simple bedside drug screening
tests. Furthermore, the complexity of microfluidic systems is often elevated
since several active components are needed for efficiently performing an as-
say such as pumps and sensors. Consequently, most microfluidic approach-
es still are lacking user-friendliness. Consequently, this can be reached only
by reducing the production cost on the one hand and the complexity of han-
dling the system on the other hand since “the market [is] ‘user-driven’ rather
than ‘technology-driven’ (Sommer et al. 2009: 29). With overcoming this ob-
stacle of convincing potential users, an increase of investments in microfluid-
ics research could be achieved. Hence, microfluidic devices used in laborato-
ries could be made suitable for mass production and, thus, market introduc-
tion. Currently, there can be observed a trend in large enterprises like Intel
Corporation, Samsung or General Electrics establishing a division for micro-
fluidics in their Research and Development departments. By doing this, they
plan to enhance the performance of their existing products which can be
seen as the first step to the commercialization of microfluidic technology (cf.
Sommer et al. 2009: 28f.; Lee and Lin 2008: 386).

Moreover, the demand of potential customers of a simple, inexpensive device
with several application fields has to be satisfied for successful market intro-
duction. As a consequence, some general requirements of the respective
target field have to be assessed in the device development. For the use in in
vitro diagnostics, microfluidic systems need to apply a simple method for pre-
senting the results of for example self-tests in monitoring vital parameters
(e.g. blood sugar level). In the pharmaceutical industry, microfluidic devices
could be used for screening and testing the potential side effects of novel
drugs. These applications would require low operating costs and high-

throughput via the parallelization of assays. In the agricultural industry, soil-
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and water-analyses could be altered by microfluidic methods since they are
portable and offer multiplexing capabilities (cf. Mark et al. 2009: 311f.).

In summary, the commercialization and worldwide distribution of microfluidic
devices could save many lives. Another aspect that supports this statement
is the application of microfluidics for immunotherapies against cancer, as
shown in this thesis. There is still a dependence of cancer types and survival
rates — and, thus, treatment possibilities — on the socioeconomic status of the
country in which patients are living (cf. Bray et al. 2018: 2). Thus, there is a
need for sharing knowledge and, hence, an equalization of treatment possi-
bilities and survival chances. This could be overcome by the simple and au-
tomatic system based on microfluidics and machine learning techniques de-
veloped in the course of this thesis. As a result, immunotherapy could be dis-
tributed as a novel and more efficient treatment strategy, outperforming the
conventional cancer therapy approaches of surgery, chemotherapy and radi-
ation (cf. Gomes-Silva and Ramos 2018: 1).
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7.1.2 Industrial Interest for CAR T-Cell Therapy

The main limitations in the commercialization of CAR T-Cell Therapy are the
strong dependence on the use of autologous T cells for the manufacturing
process, the restriction to hematological malignancies and the occurrence of
severe side effects. The former obstacle could be solved by the production of
off-the-shelf CAR T-cells using donated cells. These cells could be used uni-
versally which would drastically reduce the high costs of the genetic engi-
neering of autologous immune cells. A first step in improving the performance
of CAR T-cell manufacturing from a financial view could be the use of nano-
technology. This approach could minimize costs by system miniaturization as
shown in this thesis (cf. June and Sadelain 2018: 70f.; Levine et al. 2017:
92).

The use of universal CAR T-cells with non-self-origin could possibly elevate
the severe side effects of adaptive cell therapies which mostly are caused by
autoimmune reactions. The optimal solution of this commercialization-limiting
factor would be the development of an “switch-off” mechanism to mute the
interaction with the patient’s immune system. Another — and currently more
realistic and feasible — approach to avoid side effects is the development of
prediction systems. These software-based solutions could determine the risk
of autoimmunity of each patient before starting the treatment. Hence, the af-
finity of CARs for self-antigens potentially causing an autoimmune reaction
would be defined to reach “the optimal balance between effective antitumor
activity and autoimmunity in vivo” (Zhong et al. 2013: 6973) (cf. Smith, A. et
al. 2016: 64f.; Zhong et al. 2013: 6973).

Another limitation in commercializing CAR T-cell therapy is the restriction in
cancer types the treatment strategy can fight since it was originally designed
to cure patients suffering from hematologic malignancies. In the recent past,
efforts on researching the treatment of solid tumor such as melanoma with
CAR T-cells have increased. These studies are supported by the fact that

other immunotherapeutic approaches such as checkpoint inhibition or tumor-
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infiltrating lymphocytes (TIL) already are able to fight this cancer type. The
main difficulty in applying CAR T-cells to treat solid tumors is the determina-
tion of tumor antigens expressed to the outside. This is because solid tumors
normally use a highly immunosuppressive microenvironment to protect them-
selves (cf. Gomes-Silva and Ramos 2018: 6; June and Sadelain 2018: 70f.).

In summary, it can be said that CAR T-cell therapy not only has “the potential
to transform therapy for cancer” (June and Sadelain 2018: 70) but also offers
the possibility to improve the treatment of other diseases like autoimmunity
inflammation or fibrosis. Hence, the therapeutic manufacturing should be
adapted to be applicable worldwide, in developed countries as well as in

emerging nations (cf. June and Sadelain 2018: 71).
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