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Abstract

T cells represent a central component of the human adaptive immune system. Among them, CD4*
T helper cells and CD8" cytotoxic T cells can be distinguished which either mediate the actions of
other immune cells or kill affected cells, respectively. Their proper function is dependent on an
appropriate surrounding micromilieu, which classically includes other cell types as well as
chemokines and cytokines. Interestingly, recent findings suggest that also the osmolarity of the
microenvironment may have an influence. Since osmolarity is substantially higher in lymphatic
tissue and other immunologically active compartments than in plasma, I investigated what kind of
alterations this hypertonicity can evoke in different effector T cell species. Due to their relevance

in autoimmune and tumor diseases, Thl7 and CD8* T cells have been in the focus of my studies.

To investigate phenotypical and metabolic changes, Tnl7 cells and CD8" T cells have been
cultured and stimulated in hypertonic medium and subsequently analyzed. Additionally, ShRNA
and molecular inhibitors were utilized to uncover possible underlying molecular pathways.
Consequently, to analyze functional alterations in hypertonicity, CD8" T cells specific for MART-
1 were purified and their cytolytic capability towards target cells presenting MART-1 was

evaluated in a hypertonic environment.

Upon activation under hypertonic conditions, the Thl7 phenotype was significantly augmented
within the Tn17 cell population, though this was going hand in hand with induction of anti-
inflammatory markers such as FOXP3 and TGF-B expression. | was able to illustrate that both
effects were mediated via the p38 MAP kinase pathway. Moreover, cytotoxic T cells showed
significant increase of their cytolytic capability in hypertonic medium. It correlated with enhanced
expression of granzyme B, perforin and TNF-a as well as alternative cytolytic molecules such as
TRAIL. Similarly, the cytotoxic T cells demonstrated augmented cell activation and cell

metabolism in a hyperosmotic microenvironment.

Concurrence of the upregulation of pro- and anti-inflammatory features in Th17 cell subsets in a
hypertonic microenvironment indicates a relevant role in Thl7-mediated autoimmune diseases.
Moreover, enhanced cytotoxic activity of CD8" T cells in higher osmolarity may represent a vital
part of the defense system protecting the human body from pathogens and preventing tumor
growth. These findings may bring about therapeutic innovations in the highly investigated field of
adoptive T cell therapies, making the deployed CD8" T cells even more effective. Lastly,
considering osmolarity when investigating T cell functionality will become essential in future to

obtain reliable, relevant and translational findings.



Zusammenfassung

T-Zellen stellen einen zentralen Bestandteil des Immunsystems des menschlichen Korpers dar.
Man unterscheidet CD4* T-Helferzellen und CD8* zytotoxische T-Zellen, deren jeweilige
Funktionen vom jeweils umgebenden Mikromilieu beeinflusst werden, das sich klassischerweise
aus anderen Zellen, Pathogenen und Zytokinen zusammensetzt. Neue Erkenntnisse zeigen jedoch,
dass auch die Osmolaritdt der Umgebung einen Einfluss auf die Zellen haben kann. Die
Osmolaritét in lymphatischem Gewebe und anderen immunologisch aktiven Kompartimenten ist
signifikant hoher als im Blutplasma. Daher habe ich die Verédnderungen untersucht, die diese
Hyperosmolaritdt in verschiedenen Effektor-T-Zellen hervorrufen. Im Fokus meiner
Untersuchungen standen Tnl7- und zytotoxische CD8* T-Zellen, da sie im Rahmen von

Autoimmun- und Tumorerkrankungen eine klinisch relevante Rolle spielen.

Zur Untersuchung phanotypischer und metabolischer Veranderungen wurden Tr17- und CD8"* T-
Zellen in hypertonischem Medium kultiviert, stimuliert und anschlieend analysiert. Der
zugrundeliegende Mechanismus wurde mithilfe von shRNA sowie molekularen Inhibitoren
untersucht. Zur Analyse funktioneller Veranderungen wurden MART-1-spezifische CD8" T-

Zellen isoliert, deren zytolytisches Potenzial anschlief}end in Zytotoxizitatstests untersucht wurde.

Tnl7-Zellen zeigten einen verstérkten Th17-Phanotyp sowie antiinflammatorische Eigenschaften
wie FOXP3- und TGF-B-Expression, wenn sie unter hypertonischen Bedingungen aktiviert
wurden. Beide Veranderungen wurden durch den p38-MAP-Kinase-Signalweg einschliellich
NFATS5 und SGK1 reguliert. Hingegen zeigten zytotoxische T-Zellen in hypertonischem Medium
signifikant verbesserte zytolytische Fahigkeiten, die durch verstérkte Expression von Granzyme
B, Perforin, und TNF-a sowie weiterer zytolytischer Molekiile wie TRAIL vermittelt wurden.
Ebenso wiesen zytotoxische T-Zellen auch eine gesteigerte Aktivierung und erhohte

Stoffwechselleistung unter hypertonischen Bedingungen auf.

Die Verstarkung sowohl von pro- als auch antiinflammatorischen Charakteristiken in Th17-Zellen
in hypertonischer Umgebung deutet auf eine mdogliche Relevanz dieser Ergebnisse in der
Pathogenese von Tn17-vermittelten Autoimmunerkrankungen hin. Die gesteigerte Aktivitat von
CD8* T-Zellen in hypertonischer Umgebung koénnte Teil der gesunden Immunabwehr sein, die
den menschlichen Kdorper vor Pathogenen oder bdsartigem Tumorwachstum schiitzt. Darlber
hinaus ergeben sich aus diesen Ergebnissen moglicherweise praktische Anwendungen auf dem
Gebiet der adoptiven T-Zelltherapie. Letztlich zeigen meine Ergebnisse, dass die

Ber(cksichtigung von osmotischen Faktoren bei Untersuchungen zu T-Zellfunktionen relevant ist.



1. Introduction
1.1. From infection to adaptive immune responses

Microorganisms that penetrate the physical barriers of the human body quickly encounter its
highly potent immune system. Common classification of the immune system discriminates
between innate and adaptive immunity. The innate immune system represents the body’s first
response towards a potential pathogen. Classically, it involves many different cell species
producing an unspecific and generalized inflammatory response towards the intruding microbes.
Macrophages, already present in the tissue, recognize certain fragments of microorganisms that
lead to their activation. Consequently, macrophages phagocyte extracellular pathogens and release
small inflammatory molecules, chemokines and cytokines. In combination with activation of the
complement system, these molecules recruit other inflammatory cells like granulocytes and
monocytes towards the infection site. Neutrophil granulocytes, that engulf and destruct the
intruders, represent the principal effector cells in this early phase of inflammation. Responses of
the innate immune system are rapid and broad means to clear pathogens. However, these
unspecific defense mechanisms are not sufficient to fight off every kind of infection. Therefore,
as a second line of defense, a highly specific reaction towards the microorganisms is necessary. It
can be provided only by lymphocytes that constitute the adaptive immune system. Noteworthy,
adaptive immune reactions lead to an immunological memory so that future infections with the
same pathogen result in accelerated and specific immune response. (Janeway et al., 2001a, 2001b)
The importance of adaptive immunity can be better understood by considering immunological
disorders in which lymphocyte function is impaired. For example, in severe combined
immunodeficiency or advanced human immunodeficiency virus (HIV) infection, hindrance of the
immune system leads to numerous opportunistic infections (Allenspach et al., 1993; Huang and
Crothers, 2009).

In order to ignite adaptive immune processes, antigen-presenting cells, most notably dendritic
cells, have to ingest and degrade the pathogen. Subsequently, they migrate to a nearby lymph node
to present the processed antigens to naive T lymphocytes on major histocompatibility complex
(MHC) Il surface molecules. Due to almost infinite diversity in the T cell receptor repertoire, the
encounter with a T cell specifically recognizing the presented epitope is highly probable. Cognate
recognition of the antigen leads to clonal proliferation of the specific T cell as well as cell
activation and differentiation into an effector T cell. These activated T cells will migrate to the

primary infection site to exert their function. (Abbey and O’Neill, 2007)



The T lymphocyte population diverges in terms of expression of certain clusters of differentiation
(CD) on the cell surface and can be subdivided in CD4" and CD8" T cells. CD4" T cells are
stimulated by antigens presented on MHC 11 complexes by antigen-presenting cells and activate
macrophages or B lymphocytes in order to eliminate intracellular and extracellular bacteria and
viruses. On the other hand, CD8" cells can be stimulated by all body cells which present peptides
via their MHC | molecules. MHC | molecules are surface protein complexes that are utilized by
almost all body cells to present antigens to immune cells. Upon activation, CD8" deploy several
cytolytic mechanisms to kill the target cell with the recognized epitope, making them essential for
clearance of viral infections as well as mutated tumor cells. In accordance with their respective
classical functions, CD4" cells are called T helper (Th) cells while CD8" T cells are known as
cytotoxic T lymphocytes (CTL). (Janeway et al., 2001a) The distinct functions of the different
mature T cell species will be dealt with in the next chapters. After successful clearance of the
infection, most effector T cells will disappear while some remain to form memory T cells (Pepper
and Jenkins, 2011).

1.2. T helper cell functions in health and disease and the role of the micromilieu

Upon antigen presentation by a dendritic cell, epitope-specific naive CD4" T cells will start to
proliferate and differentiate into effector Ty cells. Noticeably, there are several different classes of
Th cells, each exerting distinct functions during an immune reaction. Classically, they were
distinguished between Th1 and Th2 cells that differ in their typical cytokine profile as well as the
recruitment of different supporter cells. Tnl cells characteristically produce Interferon-y (IFN-y)
and activate majorly macrophages by increasing their phagocytic functions and supporting them
in overcoming intracellular bacterial infections. Conversely, Th2 cells produce mostly interleukin
(IL)-4 and IL-5 and activate B cells to promote antibody production, an essential step in order to

fight toxins, viruses and extracellular bacteria. (Raphael et al., 2015)

Our understanding of the different T cell species has immensely increased and new functional
features are continuously being discovered. In 2005, a novel distinct lineage within the Ty cell
population has been described, the T17 cells (Harrington et al., 2005). Among other things, they
produce IL-17 and IL-22 as well as express the surface marker chemokine receptor (CCR) 6 and
transcription factor RAR-related orphan receptor-yt (RORyt) (Acosta-Rodriguez et al., 2007;
Annunziato and Romagnani, 2009; Oestreich and Weinmann, 2012). They represent crucial

players in host defense against extracellular pathogens including fungi and eukaryotes (Curtis and
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Way, 2009). Gradually, other new T helper cell species that did not fit into the classical schema
have been characterized; most prominent examples are Th9 and Tn22 cells which — similar to Th17
cells — are also named after the principal effector interleukins that they produce. However, the
discovery of Tnl7 cells is of special interest, because IL-17 has been associated with several
autoimmune diseases such as psoriasis, rheumatoid arthritis and multiple sclerosis (MS) (Kotake
etal., 1999; Lock et al., 2002; Wong et al., 2008).

The frequency of Thl7 cells has been shown to be increased in skin lesions and peripheral blood
of patients suffering from psoriasis (Kagami et al., 2010; Lowes et al., 2008). In rheumatoid
arthritis, peripheral Tnl7 cell levels have been shown to correlate with the severity of clinical
symptoms and their activity appears to be involved in bone destruction (Kim et al., 2013; Sato et
al., 2006). However, the picture is more complex in MS. MS is a chronic autoimmune neurological
disorder, during which neurons in the central nervous system are being demyelinated, which
disrupts the function of the underlying nervous tissue. Symptoms often include visual, physical
and psychiatric problems, although almost every functional system can potentially be affected.
Tnl7 cells are not only more abundant in the peripheral blood of MS patients, but they are also
detected at higher frequency in the cerebrospinal fluid with even greater numbers during an acute
episode (Li et al., 2011; Matusevicius et al., 1999). Furthermore, they are able to disrupt tight
junctions within the blood-brain barrier, what may contribute to subsequent immune reactions

inside the central nervous system (Kebir et al., 2007).

Besides their role in health and disease, there is another feature in Th17 cells that makes them
highly relevant in research: their close connection to regulatory T (Treg) cells. The principal
function of Treq cells is the maintenance of tolerance to self-antigens, which they achieve by the
release of the anti-inflammatory cytokines IL-10, transforming growth factor  (TGF-B) as well as
by cytolysis of other immune cells, induction of IL-2 deprivation and suppression of dendritic cells
function (Vignali et al., 2008).

Even though Th17 cells and Treg cells appear very different, they share many similarities such as
their priming cytokine milieu. Differentiation of naive T cells into effector and memory T cells
can be modelled in vitro by exposition to a certain cytokine mix. To produce Thl7 or Treg cells,
TGF-p is a necessary factor, among other things. The only difference is the absence of additional
IL-6 to generate Treq cells as this interleukin is essential for the creation of Tr17 cells (Kimura and
Kishimoto, 2010; Zheng, 2013). These similar formation conditions suggest a tight bond between

these two subsets. In fact, the lineage frontiers between Th17 and Treq cells are not as impermeable
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as originally proposed for other T cell species. It is defined by a phenomenon called T cell
plasticity. Dependent on changes in their micromilieu effector T cells of one class can obtain the
phenotype and potentially the function of another. This feature is especially prominent between
Thl7 and Treg cells (Zhou et al., 2009). Some T cells have been described as co-producing the
hallmark cytokines of both, Thl7 and Trqg cells, as well as co-expressing both their master
transcription factors, RORyt and Forkhead box P3 (FOXP3), respectively (Voo et al., 2009; Zhou
et al., 2009). These cells are in plastic interstate between the Th17 and regulatory phenotype and
have been found in several pathological settings. Interestingly, they combine functional features
of both classes, producing high levels of Th17 associated pro-inflammatory cytokines like 1L-17
as well as exerting suppressive function on other immune cells (Chellappa et al., 2015).
Additionally, anti-inflammatory features in Tnh17 cells have also been shown in another context.
Discussing the effect of the cytokine milieu on Tx17 functions, Zielinski et al. have shown that
Thl7 cells can co-produce either the pro-inflammatory IFN-y or the anti-inflammatory IL-10 and
TGF-p depending on the pathogens used for the stimulation (Gutcher et al., 2011; Zielinski et al.,
2012). This effect was subsequently pinpointed to the presence or absence of IL-1B in the
environment. Consistently, the ability in Tnl7 cells to suppress proliferation of other T cells
depends on the presence of IL-1B in the environment. Since IL-1B seems to induce pro-
inflammatory features, only Th17 cells induced in the absence of it are successfully able to exert

regulatory functions. (Noster et al., 2016, 2015)

These studies emphasize the relevance of the composition of the micromilieu for the differentiation
of T cells as well as for potential plastic changes and interphases between the T cell subsets.
Furthermore, the respective microenvironment of the T cells appears to determine their acute
functionality. Their two-headed nature, their relevance in conditions of health and disease within
the adaptive immune system and in autoimmune diseases, as well as their functional dependence

on factors in their micromilieu make Tn17 cells especially interesting targets of research.

1.3. The functionality of cytotoxic T cells and the role of the micromilieu

As mentioned before, CD8" cytotoxic T cells have their own distinct set of skills to exert their
specific functions. Presentation of deformed antigens on malfunctioning body cells” MHC |
complex leads to activation of antigen-specific CD8" cytotoxic T cells. Activated T cells can be
identified by surface expression of CD69 and PD-1, which are established activation markers of

memory T cells upon polyclonal aCD3/CD28 stimulation. CD69 is one of the earliest activation
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markers being expressed already after only a few hours. (Agata et al., 1996, p. 1; Ziegler et al.,
1994, p. 69)

Upon activation, effector T cells undergo vast changes in their cell metabolism. Resting T cells
produce ATP predominantly by fatty acid B-oxidation and oxidative phosphorylation. Upon
activation as the demand for energy increases, fatty acid -oxidation is downregulated while
oxidative phosphorylation remains engaged and the more rapid aerobic glycolysis becomes the

predominant ATP supplier. (Pearce et al., 2013)

The activation leads to CTL-mediated killing by disruption of the epitope-presenting body cells.
Classically, this disruption is caused by programmed cell death, also known as apoptosis.
Apoptosis represents a suicidal program that can be conducted by almost all cells of the human
body. (Janeway et al., 2001c) A recent study using in vivo imaging techniques has shown that cell
death in these target cells happens mostly within 20 to 120 minutes after the first contact between
the CTL and the affected target cell (Halle et al., 2016).

Several mechanisms are known today, by which CTLs evoke apoptosis in target cells. Release of
pro-inflammatory cytokines is one of these techniques. It is mainly supporting the general immune
response and, thus, supplying assistance in further inflammatory reactions. IFN-y and tumor
necrosis factor a (TNF-o) are the most significant among the released cytokines. IFN-y is
fundamental for anti-viral reactions, such as inducing upregulation of the expression of MHC |
molecules in surrounding potentially infected cells. Among other things, it leads to activation of
macrophages, which help to clear the infection and remove cell remains. TNF-a has two distinct
effects on target cells. On the one hand, it leads to expression of NFkB in other immune cells,
consequently boosting inflammatory response, host defense, and cell proliferation. On the other
hand, it can activate a caspase cascade in target cells which results in cell death via apoptosis.
(Boehm et al., 1997; Kalliolias and Ivashkiv, 2016) However, the cytolysis directly induced by
TNF-a takes more than 18 hours and is not the primary pathway during acute lysis reactions
(Ratner and Clark, 1993).

The perforin/granzyme pathway represents the most prominent and important mechanism
employed by CTLs to eliminate cells. CTLs carry granules containing perforin, granzymes and
other cytolytic mediators that can be released upon activation by a target cell presenting the correct
antigen via its MHC | complex. When the granules fuse with the cell membrane the expression
levels of the granules’ glycoprotein CD107a (LAMP1) are increased on the cell surface, which

makes it a reliable marker for degranulation (Aktas et al., 2009). Even though the exact interactions
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of perforin and granzymes are still under investigation, the classical view already gives a large
insight into the mechanism. Upon release in the vicinity of a target cell, perforin generates a pore
in the target cell’s plasma membrane, enabling the granzymes to enter. Subsequently, the
granzymes will initiate the programmed cell death. However, other modes of entry have been
shown for granzymes and their intracellular functionality also appears to depend on the presence
of perforin. (Pinkoski et al., 1998) The consequent cascade leading to cell death is better
understood. Among the cytolytic mediators, granzyme B represents the most potent player.
Through a series of reactions, mainly based on proteolytic cleavage and including the activation
of initiator caspases, it provokes certain irreversible effects such as DNA fragmentation and
mitochondrial disruption. This will ultimately culminate in the death of the cell. (Barry and
Bleackley, 2002) Other cytolytic proteins that exist within the granules, including granzyme A or
granulysin, can also support this process in different ways, including caspase-independent
pathways. (Voskoboinik et al., 2015) Expression of the effector molecules granzyme B, perforin
and IFN-y is regulated by the transcription factor RUNX3, among others (Cruz-Guilloty et al.,
2009, p. 3).

A third pathway of cytotoxicity is mediated by interaction of so-called death receptors on the target
cell’s surface and their ligands expressed on the surface of CTLs. Among the better known death
receptor ligands, the most intensively studied are Fas ligand (FasL) and TNF-related apoptosis-
inducing ligand (TRAIL). Upon binding of the ligand, the death receptors will activate intracellular
cell death effector molecules such as the aforementioned caspases. Consequently, the apoptosis
program is initiated. (Guicciardi and Gores, 2009) Of note, some non-cytotoxic functions of the
death receptor signaling have recently been discovered — among others, activation of NFkB which
conversely is able to increase resistance to apoptosis (Falschlehner et al., 2007; Legembre et al.,
2004). Nevertheless, the cell death inducing pathways appear to be dominant over any anti-
apoptotic effects (Ishimura et al., 2006).

Noteworthy, recent studies demonstrate that effector and memory CD8* T cells are also influenced
by the cytokine milieu in which they act (Kim and Harty, 2014). For instance, Richer et al. were
able to show that pro-inflammatory cytokines such as IL-12 enhance signaling of the T cell
receptor resulting in increased antigen sensitivity (Richer et al., 2013). This finding demonstrates
that the micromilieu is not only important for T helper cell functions but also for the functionality
of CTLs. When investigating the role of the micromilieu on T cell functions, the focus has mainly
been on cell-cell-contacts, cytokine composition and presence of certain pathogens. However,

there is another important factor of the cells’ microenvironment which has been shown to vary
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greatly between different body compartments and whose effects on T cells are consequently highly

relevant to uncover: the osmolarity.

1.4. Variations in osmolarity in the human body and their implications on T cell functions

Osmolarity is the quantitative measure of the amount of particles in solution in a certain volume
of a liquid. Tonicity is a qualitative measure to describe the osmotic pressure gradient between
two solutions separated by a semipermeable membrane such as the cell membrane. (Lombard,
2014)

It has long been believed that the osmolarity within the human body is quite stable and resembles
the one in plasma — except for the kidney where very high osmolarity levels have been known
already for some time (Sands and Layton, 2009). However, recent research has found the
osmolarity to vary widely between different compartments of the human body. The changes in
osmolarity can be appreciated by understanding the body’s sodium homeostasis. Long-term
studies on subjects for future Mars missions revealed that the daily sodium intake and output only
rarely match: even though their intake was the same every day, their sodium excretion did not
resemble their consumption. Interestingly, rather weekly or monthly than daily phases were found
to determine the sodium excretion. (Rakova et al., 2013; Titze et al., 2002) This finding suggests
that there is a storage of excess sodium inside the body. In 2004, Go et al. demonstrated that, in
mice, the sodium concentration is significantly increased in lymphoid organs to levels between
160 and 250 mmol/l (Go et al., 2004). Parallelly, Titze et al. found that, after feeding rats with a
high-salt diet, the excess body sodium was stored within the skin increasing the sodium
concentration to up to 190 mmol/l compared to 140 mmol/l in plasma (Titze, 2004). A novel
technique, the magnetic resonance imaging of 2>Na, allows visualizing the sodium contents in all
compartments and organs of the human body, revealing sodium accumulation not only in skin, but

also in muscle and brain (Inglese et al., 2010; Kopp et al., 2013, 2012).

Since lymphoid tissue accommodates a broad range of immune processes, analysis of the effects
of the hyperosmolarity predominant in lymphoid organs (e.g. the thymus and lymph nodes) on
immune cells is crucial. Naive T cells mature in the thymus to emigrate into the periphery, circulate
and enter the lymph nodes awaiting to be activated. In addition, T cell differentiation may take
place under hyperosmotic conditions. Kleinewietfeld et al. have investigated the effects of
hyperosmolarity on T cell differentiation and found that the generation of Tn17 cells was highly
boosted, whereas other T helper cell lineages remained less affected (Kleinewietfeld et al., 2013).
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(Fig. 1.1) The discovered effect correlated with more severe forms of experimental autoimmune
encephalomyelitis (EAE) in mice fed a high-salt diet. Mechanistically, the p38 mitogen-activated
protein (MAP) kinase pathway involving the nuclear factor of activated T cells 5 (NFAT5) and
further downstream the serum and glucocorticoid-regulated kinase 1 (SGK1) were identified as
relevant mediators of the effects of the hypertonicity on naive CD4" T cells (Kleinewietfeld et al.,
2013; Wu et al., 2013). p38 MAP kinase was already known to control IL-17 production in T
helper cells as well as severity of EAE (Noubade et al., 2011), while NFATS5 — the only known
osmosensitive transcription factor in mammals — has been described before to be essential for
survival and appropriate immune response of T cells in hypertonicity (Go et al., 2004). Another
study investigated the effect of hyperosmolarity on regulatory T cell functions and demonstrated
that Treg cells show reduced suppressive capability in a hypertonic environment (Hernandez et al.,
2015).

However, sodium accumulation does not only occur in physiological lymphoid tissue, but does
also happen in tissues during pathological, especially inflammatory and neoplastic processes.
Schwartz et al. have shown that infection with Bacillus Calmette-Guérin (BCG) doses induced
local extracellular hyperosmolarity in mice with values of up to 600 mosmol/l. In addition, they
demonstrated that cytokine production and secretion upon stimulation of a human T24 cell line
was proportional to osmolarity levels in its microenvironment. (Schwartz et al.,, 2009)
Consistently, sodium content in the skin has been shown to be increased during infections in
humans (Jantsch et al., 2015). Analogously, increased sodium concentrations within MS lesions
have been recently confirmed (Paling et al., 2013).

Likewise, the tumor microenvironment appears to be characterized by increased osmolarity levels.
Due to vascular fenestration, tumor vessels are highly permeable to plasma proteins such as
albumin, which exerts extracellular hyperosmotic stress on all cells in the tumor microenvironment
(Feng et al., 2000). Additionally, solid tumor cells are permanent targets of physical stress
generated by the growth of the tumor itself. The mechanical stress causes sodium efflux in the

tumor elevating the osmolarity levels in its microenvironment (McGrail et al., 2015).

Thus, inflammation and tumor sites have increased levels of osmolarity. They accommodate many
immune reactions of effector T cells such as Th17 cells and CTLs. The effects of hypertonicity —
as an important factor of the micromilieu for immune cells —on T cell differentiation have already
been described in past studies, the effect of hypertonicity on the functions of effector T cells

remains less well investigated (Fig. 1.1).
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Figure 1.1. Effects of hyperosmolarity on T helper cell differentiation and plasticity.
Kleinewietfeld et al. have shown that the differentiation of T,17 cells is highly induced, if
naive CD4* T cells are stimulated under hypertonic conditions, while T,1 and T,2
differentiation is less affected. The T,17 cells can develop a pro- or anti-inflammatory
phenotype producing either pro- or anti-inflammatory cytokines.
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1.5. Aims of the study

Most of the in vitro studies about human immune responses are conducted in an isotonic
environment. However, in the human body many immune reactions take place under conditions of
increased osmolarity, such as during inflammation and at tumor sites. It is the aim of this study to
investigate if the hypertonic milieu affects the functionality of different effector T cell classes.
Effector T cells — fundamental players within the adaptive immune system — have a pivotal role in

the coordination of inflammation as well as in tumor control.

Tnl7 cells are one of the most relevant types of effector T cells and have been shown to be of
major importance in the pathophysiology of various autoimmune diseases. They are especially
prone to plastic changes and can develop a pro- or anti-inflammatory phenotype. Thus, in the first
part of my thesis, I have analyzed the influence of a hypertonic environment on the cells’
phenotype and subsequently investigated the molecular mediators of these effects in primary

human Tr17 cells.

In the second part, | have focused on how the hypertonic environment could shape the functionality
of cytotoxic T cells. They play central roles in the restraint of viral infections as well as in tumor
control. To explore the significance of hypertonicity herein, | have investigated its effects on the
activation level, phenotype, metabolism and killing efficiency of primary human cytotoxic T cells.
Since CD4" T cells can exert certain cytotoxic functions, too, these cells were investigated with

respect to certain cytotoxic functions, as well (Takeuchi and Saito, 2017).
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2. Materials and Methods

2.1. Materials

2.1.1. Plastics and commodities

ltem

Company

384-well Assay Plate

Corning

CELLSTAR® Tubes 15ml, 50ml

Greiner bio-one

Electrophoresis cuvettes

Mirus Biotech®

E-Plate 96

ACEA Biosciences

F96 MaxiSorp NUNC-Immuno Plate

Thermo Scientific

Falcon® 24-well Microplate Corning
Falcon® 96 Well Round Bottom Corning
FrameStar® 384 4titude
Minisart® filter (0,45 pum) Sartorius
PCR Strips of 8 caps Brand
PCR Strips of 8 tubes Brand
Safe-Lock Tubes 1.5 ml Eppendorf
VWR® Tissue Culture Flask, 75 cm? VWR

XF96 cell culture microplate

Agilent Technologies

XF®96 extracellular flux assay kit

Agilent Technologies

2.1.2. Equipment

Type of Equipment Model Company
Balance CP124S Sartorius
Cell separator autoMACS® Pro Separator Miltenyi Biotec
Centrifuges Biofuge fresco Heraeus
Centrifuge 5810R Eppendorf
Multifuge 3 S-R Heraeus
Sorvall RC 6+ Thermo Scientific

Electroporator

Nucleofector Ilb

Lonza

Flow cytometer CytoFLEX
FACSAria™ Illu

Beckman Coulter

BD Biosciences

19



MoFlo Legacy Cell Sorter

Beckman Coulter

Hemocytometer Neubauer improved Marienfeld Superior
Incubator HERAcell 240 Heraeus

Laminar flow hood HERAsafe Heraeus

Metabolic assay platform | Seahorse XFe96 Analyzer Agilent Technologies
Microscope Axiovert 25 Carl Zeiss

PCR detection system CFX384 Touch™ Bio-Rad

pH meter Routine meter pH 526 Sigma-Aldrich
Pipette Pipetman P10, 20, 200, 1000 Gilson

Pipettor Stripettor™ Plus Corning

Radiation source OB 29 Buchler

Real-time cell analyzer XCELLigence RTCA MP ACEA Biosciences
Thermal cycler T3000 Thermocycler Biometra

Water bath Typ 1013 GFL

Electrolyte measuring unit | Cobas® 8000 Roche

2.1.3. Chemicals and reagents

Chemical / Reagent Company

1-Bromo-3-chloropropane Sigma

2-Mercaptoethanol Gibco® by Life Technologies

2-Propanol Roth

Ampicillin Roth

Antimycin A Sigma

Biocoll Seperating Solution Merck

Bovine Serum Albumin Serva

Brefeldin A Sigma

Calcium chloride Merck

CCCP Sigma

CFSE Thermo Scientific
DMEM (1x) Gibco® by Life Technologies
DMSO Sigma

Dulbecco’s PBS Sigma




Dulbecco’s PBS (with Ca & Mg) PAA
EDTA Roth
Ethanol Roth
Fetal Bovine Serum (FCS) Merck

Ficoll-Paque™ PLUS

GE Healthcare

Glucose

Sigma

GlutaMAX™ (100x)

Gibco® by Life Technologies

GSK650394 (SGK1 inhibitor)

R&D Systems

Human Serum (HS)

Pool of 12 donors, Munich

IL-2 in-house preparation
lonomycin Sigma
LB Broth Roth

MART-1 peptide (26-35; A27L)
ELAGIGILTV

Biosyntan GmbH

MEM NEAA (100x)

Gibco® by Life Technologies

Oligomycin A Sigma
Penicillin / Streptomycin Merck
(10 000 U/ml /10 000 pg/ml)

Phorbol 12-myristate 13-acetate (PMA) Sigma

Phytohemagglutinin (PHA)

Thermo Scientific

pPMHC complex Busch lab, TU Munich
Propidium iodide eBioscience
Puromycin Sigma

RNase-free water Roth

Rotenone Sigma

RPMI 1640 (1x)

Gibco® by Life Technologies

RPMI 1640 with 20 mM Hepes

Merck

SB202190 (p38 inhibitor)

Sigma

Sodium chloride

Sigma

Sodium Pyruvate (100x)

Gibco® by Life Technologies

Streptavidin-APC

Biolegend

Streptavidin-BV421

Biolegend

TagMan® Fast Universal PCR Master Mix

Applied Biosystems
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Transposase SB100X Busch lab, TU Munich
Transposon coding for MART-1-specific TCR | Busch lab, TU Munich
TRI Reagent® Sigma
Trypsin-EDTA Solution Sigma
Unbuffered RPMI 1640 Sigma
2.1.4. Buffers and media
Medium Composition
Cell line growth medium DMEM (1x)
1 % | Sodium Pyruvate (100x)
1% | MEM NEAA (100x)
1% | GlutaMAX™ (100x)
1 % | Penicillin / Streptomycin
10 % | FCS
Complete medium (FCS) / RPMI 1640 (1x)
Complete medium (HS) 1 % | Sodium Pyruvate (100x)
1% | MEM NEAA (100x)
1% | GlutaMAX™ (100x)
1 % | Penicillin / Streptomycin
0,1 % | 2-Mercaptoethanol
10 % | FCS or
5% | HS
MACS buffer PBS
5% | FCS
2mM | EDTA
NaCl stock PBS
2,7 M | NaCl
Seahorse assay medium Unbuffered RPMI 1640
1% | GlutaMAX™ (100x)
2 g/l | Glucose
T cell assay medium Complete medium (HS)
50 U/ml | IL-2

22



Wash buffer

RPMI 1640 with 20 mM Hepes

1% | FCS

2.1.5. Antibodies
Antibodies used for flow cytometry Clone Company
aCCR4-PECy7 TG6 Biolegend
aCCR6-PE 11A9 BD
aCD107a-APC H4A3 Biolegend
aCD19-ECD J3-119 Beckman Coulter
aCD3-FITC UCHT1 Biolegend
aCD45RA-FITC ALB11 Beckman Culter
aCD4-PECy7 Al61A1 Biolegend
aCD69-PECy7 FN50 Biolegend
aCD8-APC HIT8a Biolegend
aCXCR3-APC 1C6 BD Biosciences
aFOXP3-FITC PCH101 eBioscience
aGranulysin-PE DH2 Biolegend
aGrzA-PB CB9 Biolegend
aGrzB-FITC GB11 Biolegend
alFN-y-PECy7 4S.B3 Biolegend
alL-10-APC Jes3-19F1 BD Biosciences
alL-17-APCCy7 BL168 Biolegend
alL-22-PE 2G12A41 Biolegend
a-mouse-TCR B-chain-APC H57-597 Biolegend
aPD-1-BV421 EH12.2H7 Biolegend
aPerforin-PB B-D48 Biolegend
aRORyt-PE AFKJS-9 eBioscience
aTGF-B-BV421 TWA4-9E7 BD Biosciences
o TNF-a-FITC 2-179-E11 DRFzZ
Antibodies used for stimulation Clone Company
aCD28 CD28.2 BD Biosciences
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oCD3

TR66 Enzo

2.1.6. TagMan® primers/probes

Target Gene all by Thermo Scientific
FASLG Hs00181225 ml
FOXP3 Hs01085834_m1
NFAT5 Hs00232437_m1
RNA18S5 Hs03928990 g1
RORC Hs01076122_m1
RUNX3 Hs00231709_m1
SGK1 Hs00985033_g1
TNFSF10 Hs00921974 ml
2.1.7. Kits
Kit Company
BD Cytofix/Cytoperm™ BD Biosciences (554714)

CD4 MicroBeads, human

Miltenyi

FOXP3/Transcription Factor Fixation/Permeabilization | eBioscience (00-5521-00)

Concentrate and Diluent

High Capacity cDNA Reverse Transcription Kit

Applied Biosystems

MaxiPrep QIAGEN

PureYield™ MidiPrep Promega

Zombie Yellow™ Fixable Viability Kit Biolegend
2.1.8. Cell lines

Cell line Company

A-375 ATCC® CRL-1619

HEK-293 ATCC® CRL-1573
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2.1.9. Bacterial stocks and plasmids

Plasmid

Supplier

psPAX2 (packaging plasmid)

Gift from Didier Trono (Addgene
plasmid #12260)

pMD2.G (envelope plasmid)

Gift from Didier Trono (Addgene
plasmid #12259)

ShNFAT5

TRCNO000437810
(CCGGGTGGACTGCGTAGGGATATTGCTCGA
GCAATATCCCTACGCAGTCCACTTTTTTG)
TRCNO0000020021
(CCGGCCGAACTCAATTTCTCCACTTCTCGA
GAAGTGGAGAAATTGAGTTCGGTTTTT)
TRCNO0000020022
(CCGGGCAGCAGATTTCATCAAATATCTCGA
GATATTTGATGAAATCTGCTGCTTTTT)
TRCNO0000020023
(CCGGCGGACAACAAAGGCAACTCAACTCG
AGTTGAGTTGCCTTTGTTGTCCGTTTTT)
TRCNO0000020019
(CCGGGCCCAGATTCAGTCAGAGTTACTCGA
GTAACTCTGACTGAATCTGGGCTTTTT)

Mission® by Sigma-Aldrich

shSGK1

TRCN0000196562
(CCGGGCAATCTTATTGCACACTGTTCTCGA
GAACAGTGTGCAATAAGATTGCTTTTTTG)
TRCN0000194957
(CCGGCTGGAAGCTTAGCAATCTTATCTCGA
GATAAGATTGCTAAGCTTCCAGTTTTTTG)
TRCNO0000040175
(CCGGCGGAATGTTCTGTTGAAGAATCTCGA
GATTCTTCAACAGAACATTCCGTTTTTG)

Mission® by Sigma-Aldrich
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TRCNO0000040177
(CCGGCATGTCTTCTTCTCCTTAATTCTCGAG
AATTAAGGAGAAGAAGACATGTTTTTG)
TRCNO0000010432
(CCGGCAATTCTCATCGCTTTCATGACTCGA
GTCATGAAAGCGATGAGAATTGTTTTTG)

2.1.10. Software

Software Company
Bio-Rad CFX Manager Bio-Rad, Hercules, USA
Excel 2013 Microsoft, Redmond, USA
FlowJo 10.1 Treestar, Ashland, USA
Powerpoint 2013 Microsoft, Redmond, USA
Prism 5 for Windows GraphPad Software, La Jolla, USA
Wave 2.2.0 Seahorse Bioscience
Word 2013 Microsoft, Redmond, USA

2.2. Methods

2.2.1. Ethics approval

The ethics approval was obtained from the Institutional Review Board of the Charité
Universitatsmedizin Berlin, Germany, with the study number EA1/221/11. All experiments were

conducted in accordance with the Declaration of Helsinki.

2.2.2. Electrolyte measurement

Media were produced following the respective formulas (see 2.1.4). Subsequently, sodium,
chloride and potassium ions concentrations in Complete medium with and without additional NaCl
were measured using a Cobas® 8000 electrolyte measuring unit. For Complete medium + NaCl,
additional 60 mM NaCl were added to the medium by using a 1:44 dilution of NaCl stock.

26




2.2.3. Ficoll density gradient separation and PBMC preparation

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient centrifugation of
heparinized blood from healthy volunteers. Separated PBMCs were washed once in PBS and twice
in wash buffer. Subsequently, cells were counted using a Neubauer hemocytometer and adjusted
to the desired cell density.

2.2.4. T cell purification

For obtainment of Thl7 enriched cells, CD4" cells were purified from isolated PBMCs by
autoMACS-based magnetic cell separation of the isolated PBMCs using CD4 MicroBeads.
Purified CD4" cells were stained with antibodies in MACS buffer at 4 °C for 30 minutes.
Antibodies used for staining were aCD45RA-FITC, aCXCR3-APC, aCCR4-PECy7, aCCR6-PE.
Cell sorting was carried out at FACSAria™ I1lu and MoFlo Legacy Cell Sorter (Gating strategy:
lymphocytes, single cells, CD45RA", CCR6*, CXCR3", CCR4", as described previously to be an
appropriate sorting strategy) (Acosta-Rodriguez et al., 2007; Zielinski et al., 2012). After sorting,
cells were washed twice and rested in wash buffer for at least 30 minutes at 4 °C before they were

counted and adjusted to the desired density.

For obtainment of CD4* and CD8* memory T cells, isolated PBMCs were stained with antibodies
in MACS buffer at 4 °C for 30 minutes. Antibodies used for staining were aCD45RA-FITC,
aCD4-PECy7, aCD8-APC. Cell sorting was carried out at FACSAria and MoFlo (Gating strategy:
lymphocytes, single cells, CD45RA", CD4" or CD8). After sorting, cells were washed twice and
rested in wash buffer for at least 30 minutes at 4 °C before they were counted and adjusted to the

desired density. The purity of sorted cell populations was usually more than 98 %.

For obtainment of nucleofected MART-1-specific T cells, nucleofected PBMCs were stained with
antibodies in MACS buffer at 4 °C for 30 minutes. Antibodies used for staining were aCD3-FITC
and a-mouse-TCR B-chain-APC. For exclusion of dead cells, propidium iodide was used. Cell
sorting was carried out at MoFlo (Gating strategy: lymphocytes, single cells, CD3*, mouse-TCR
B-chain® or mouse-TCR B-chain’) into an aCD3/aCD28-coated (see 2.2.6.) MaxiSorp NUNC-

Immuno Plate.

For obtainment of MART-1-specific CD8" T cells from the natural repertoire, isolated PBMCs of
an HLA-A2-seropositive donor were stained with tetramers and antibodies in MACS buffer at 4

°C for 30 minutes. Tetramers were assembled the day before by incubating pMHC complex loaded
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with MART-1 peptide with Streptavidin-APC or with Streptavidin-BV421 overnight at 4 °C.
Tetramers used for staining were pMHC-Streptavidin-BV421 and pMHC-Streptavidin-APC.
Antibodies used for staining were aCD3-FITC, aCD8-PE and aCD19-ECD. For exclusion of dead
cells, propidium iodide was used. Single cell sorting was carried out at MoFlo (Gating strategy:
lymphocytes, single cells, PI/CD19, CD8", CD3", pMHC-Streptavidin-APC*/pMHC-
Streptavidin-BV421™) into a 384-well assay plate. pMHC complexes loaded with MART-1 peptide
had been refolded by Manuel Effenberger as described previously (Altman et al., 1996; Busch et
al., 1998; Garboczi et al., 1996b, 1996a).

2.2.5. Nucleofection of PBMCs

1 x 107 freshly isolated PBMCs were washed twice in PBS and resuspended in pre-equilibrated
nucleofection buffer 1SM (Chicaybam et al., 2013). 20 pg transposon coding MART-1-specific
TCR/0,5 pug transposase SB100X solution was added to the cell suspension and subsequently
transferred into an electrophoresis chamber. Nucleofection was performed by Manuel Effenberger
using the program U-14 for human T lymphocytes on Lonza nucleofector 11b. After nucleofection,
the cell suspension was transferred into a 24-well microplate containing complete medium (HS)
with 50 U/ml IL-2. After 24 hours, successfully nucleofected T cells were purified from cell
suspension (see 2.2.4.).

2.2.6. Cell culture and stimulation

After isolation, Th17 enriched cells, CD4" or CD8" memory T cells were stimulated polyclonally
with aCD3/aCD28. For this purpose, MaxiSorp NUNC-Immuno Plates were coated with 1 pug/ml
aCD3 and 1 pg/ml aCD28 in PBS (with Ca & Mg) at 50 pl per well and incubated overnight at 4
°C. Subsequently, the antibody suspension was aspirated and wells were washed twice with wash
buffer. Cells were seeded into wells in duplicates numbering 5 x 10* cells per well in complete
medium (FCS) and cultured at 37 °C and 5 % CO». Where indicated, additional 60 mM NaCl were
added to the cultures by using a 1:44 dilution of NaCl stock in the respective medium. In some
experiments, the inhibitors SB202190 and GSK650394 were added to the cultures at
concentrations of 5 uM or 1 uM, respectively. On day 2 after stimulation, cells were transferred

to 96-well round bottom plate and rested for another 3 days before analysis.

28



Sorted T cells after nucleofection were stimulated polyclonally with aCD3/aCD28 for 2 days and
rested for another 5 days. Subsequently, 1 x 10° cells were expanded in complete medium (HS)
containing 50 U/ml in 24-well microplates, co-cultured with 5 x 10° irradiated, allogenic PBMCs

in the presence of PHA at a concentration of 1 pg/ml.

Single cell sorted MART-1-specific CD8" T cells were cultured in complete medium (HS)
containing 50 U/ml of IL-2 in 384-well assay plates. Single cells were co-cultured with 5 x 10*
irradiated (45 Gy), allogenic PBMC:s in the presence of PHA at a concentration of 1 pg/ml. Clone
populations were expanded in complete medium (HS) containing 50 U/ml in 24-well microplates,
co-cultured with 5 x 10° irradiated, allogenic PBMCs in the presence of PHA at a concentration of

1 pg/ml.

Cell lines were cultured in cell line growth medium in 75 cm? tissue culture flasks at 37 °C and

5 % CO>. They were regularly split at 70-80 % confluence and subsequently re-cultured.

For cytotoxicity assays, sorted MART-1-specific CD8" T cell clones or nucleofected T cells were
taken from expansion. 5 x 10* cells were seeded per well in duplicates in an aCD3/aCD28-coated
MaxiSorp NUNC-Immuno Plate, stimulated for 2 days and subsequently rested for another 3 days
(see above) until used for cytotoxicity assays. Where indicated, additional 60 mM NaCl were

added to the cultures by using a 1:44 dilution of NaCl stock in the respective medium.

2.2.7. Lentiviral gene silencing

Bacterial stocks carrying plasmids (see 2.1.9) were amplified in LB Broth containing Ampicillin
at a concentration of 100 pg/ml. Plasmid DNA was purified using the QIAGEN Maxiprep (for
psPAX2 and pMD2.G) or the PureYield™ Midiprep (for sSsNFATS5 and shSGK1) according to the

manufacturers’ protocols.

For production of lentiviral particles, HEK-293 cells were incubated together with purified DNA
(10.5 pg psPAX2 + 3,5 pg pMD2.G + 14pug shNFATS or 10.5 pug psPAX2 + 3,5 ug pMD2.G +
14pg shSGK1 or 10.5 pg psPAX2 + 3,5 pug pMD2.G) solute in 0,25 M calcium chloride at 37 °C
and 5 % CO». After 24 hours, the supernatant was discarded and fresh cell line growth medium
was added. Supernatants containing the lentiviruses were collected and filtered 30 — 32 hours later.
Lentiviruses were stored at -80 °C until being used for transduction of T cells.

Tnl7 enriched T cells or nucleofected MART-1-specific T cells (see 2.2.4.) were seeded into

aCD3/aCD28-coated wells in duplicates numbering 5 x 10* cells per well in complete
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medium (FCS) and cultured at 37 °C and 5 % CO: (see 2.2.6). After 12 hours of activation,
transduction with supernatants containing pooled lentiviral particles against SGK1 (shSGK1),
NFAT5 (shNFAT5S) or without sShRNA insertion (shCtrl) was performed. After another 36 hours,
cells were transferred to a 96-well round bottom plate, washed and resuspended in fresh complete
medium (FCS) containing Puromycin at a concentration of 1,5 pg/ml for selection of successfully
transduced cells. Gene expression was measured by gPCR on day 5 of cell culture. All conditions

were set up in duplicates.

2.2.8. Intracellular cytokine and surface staining and FACS analysis

When not indicated otherwise, stainings and analyses were performed on day 5 of cell culture.
Antibodies used for cell staining were diluted in concentrations as tested in titrations or as

recommended by the manufacturer.

For surface staining, T cells were stained with antibodies in MACS buffer at 4 °C for 30 minutes.
Antibodies used for surface staining were aPD-1-BV421, aCD69-PECy7 and a«CCR6-PE.

For intracellular cytokine staining for IFN-y, TNF-a, IL-17, IL-22, IL-10 and TGF-, T cells were
stimulated for 5 hours with PMA and lonomycin at concentrations of 0,2 pM and 1 pg/ml in
complete medium (FCS), respectively. For the last 2,5 hours of stimulation Brefeldin A was added
to cultures at a concentration of 10 pg/ml. Cells were then fixed and permeabilized using the BD
Cytofix/Cytoperm™ Kit. Permeabilized cells were stained with antibodies in PermWash at 4 °C
for 30 minutes. Antibodies used for staining were alFN-y-PECy7, alL-10-APC, alL-17-APCCy7,
alL-22-PE, oTGF-B-BV421, aTNF-FITC.

For intracellular cytokine staining for Granzyme A, Granzyme B, Perforin and Granulysin, T cells
were fixed and permeabilized using the BD Cytofix/Cytoperm™ Kit. Permeablized cells were
stained with antibodies in PermWash at 4 °C for 30 minutes. Antibodies used for staining were
aGranulysin-PE, aGrzA-PB, aGrzB-FITC, aPerforin-PB.

For staining of transcription factors, T cells were fixed and permeabilized using the
FOXP3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent Kit.
Permeabilized cells were stained with antibodies in permeabilization buffer at 4 °C for 30 minutes.
Antibodies used for staining were aFOXP3-FITC and aRORYt-PE.

For staining of CD107a, T cells were stimulated for 5 hours with PMA and lonomycin (see above)

in complete medium (FCS) containing the staining antibody aCD107a-APC.
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For proliferation measurements, T cells were labelled directly after purification with CFSE at a
concentration of 5x 107 M at room temperature for 8 minutes. Then, cells were washed and seeded
into aCD3/aCD28-coated wells numbering 5 x 10* in complete medium (FCS) and cultured at
37 °C and 5 % CO; for 5 days (see 2.2.6). Proliferation was assessed by CFSE dilution.

For live/dead discrimination, Zombie Yellow™ Fixable Viability Kit was used.

After all staining steps, cells were washed twice in MACS buffer. Flow cytometric analysis was
performed using a CytoFLEX flow cytometer and FlowJo 10.1. Whenever distinct populations
were identifiable, results were represented in percentages while otherwise the mean fluorescence

intensity (MFI) was shown.

2.2.9. RNA isolation, cDNA Reverse Transcription and qPCR

For RNA isolation, respective cells were washed twice in PBS at room temperature and
resuspended in Tri Reagent®. 1-Bromo-3-chloropropane were added and samples were centrifuged
at 12 000 g for 15 minutes at 4 °C. RNA was precipitated by addition of 2-propanol and incubation
for 10 minutes at room temperature. Samples were centrifuged at 12 000 g for 10 minutes at 4 °C,
washed in 75 % ethanol and centrifuged under the same conditions again. Subsequently, RNA

pellets were resuspended in RNase-free water.

For conversion to cDNA, the High Capacity cDNA Reverse Transcription Kit was used according

the manufacturer’s protocol.

For quantitative real-time PCR (gPCR), master mixes were prepared containing cDNA samples,
the TagMan® Fast Universal PCR Master Mix and the respective TagMan® primer/probe.
Reactions were performed in triplicates on a CFX384 Touch™ PCR detection system. Values are
represented as the difference in C: values normalized to RNA18S5 for each sample as per the
following formula: relative RNA expression = 22t x 10°. For lentiviral gene silencing data, all
results were normalized to the value of the sample without NaCl treatment and without sShRNA

insertion (shCtrl).

2.2.10. ECAR and OCR measurements

For measurements of the extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) of T cells, the Seahorse XFe96 Analyzer was used. CD4" and CD8" memory T cells were
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cultured as described in 2.2.6 and resuspended in Seahorse assay medium (pH adjusted to 7,4-
7,45). Where indicated, additional 60 mM NaCl were added to the media by using a 1:44 dilution
of NaCl stock in respective medium during the culture and measurements. T cells were seeded into
a XF96 cell culture microplate numbering 2,5 x 10° per well in at least 4 replicates. T cell
attachment was enhanced by centrifugation up to 40 g and then immediate stopping without brake.
The metabolic pathways can be investigated by analysis of the media containing the cells:
extracellular acidification is a marker for aerobic glycolysis, while increased oxygen consumption
suggests increased oxidative phosphorylation and metabolic throughput (Divakaruni et al., 2014).
Using XF°96 extracellular flux assay kits, metabolic pathways were analyzed by addition of
oligomycin, carbonyl cyanide 3-chlorophenyl hydrazine (CCCP), antimycin A (AA) and rotenone
at concentrations of 2 x 10% M, 1,5 x 10°% M, 2 x 10 M and 2 x 10 M, respectively.

Metabolic parameters were measured in four different settings: unaltered (labelled as none), after
inhibition of ATP synthase by oligomycin (‘oligomycin’), after mitochondrial uncoupling by
CCCP (‘CCCP’) and after inhibition of mitochondrial respiration by antimycin A and rotenone
(‘AA+rotenone’). For statistical analysis, all measurements per donor in one setting were

averaged.

Basal ECAR is the initial rate measured and corresponds to ECAR(none). Maximal ECAR is the

rate following treatment with oligomycin and thus corresponds to ECAR(oligomycin).

OCR values were calculated as per the following formulas:
Basal OCR = OCR(none) — OCR(AA+rotenone)
Maximal OCR = OCR(CCCP) — OCR(AA+rotenone).

Interpretation of the data was conducted in accordance with published approaches (Divakaruni et
al., 2014).

2.2.11. Cytotoxicity Assay

Specific effector T cells were cultured as described in 2.2.6. For baseline measurements, 100 pl of
cell line growth medium were added to a 96-well E-plate. A375 melanoma cells were seeded onto
E-plate in duplicate wells numbering 5 x 10% in 100 pl of cell line growth medium. Cell attachment
and growth were monitored on the xCELLigence System over 24 hours at 37 °C and 5 % COa.
After 24 hours, 100 ul of the medium were removed and 100 pl of fresh cell line growth medium

containing 107 M MART-1 peptide were added for 1 hour. MART-1 is a peptide regularly found
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on the surface of malignant melanoma cells (Busam et al., 1998). The high frequency of MART-
1-specific cells among the cytotoxic T cells made it an ideal target epitope (Pittet et al., 1999).
Subsequently, 100 ul of the growth medium were removed and 100 ul T cell assay medium,
containing specific effector T cells at a 1:1 ratio to original cell seeding number (when not
indicated otherwise) or no T cells, were added. All conditions were set up in duplicates. Cell
indices were monitored every 15-30 minutes for another 24-48 hours on the XCELLigence System
by measurement of concurrent impedance. Where indicated, additional 60 mM NaCl were added

to the media by using a 1:44 dilution of NaCl stock in respective medium.

Values are represented as cell indices (Cl) as given by the xCELLigence System, cell indices

normalized to the start of the co-culture (nCl) or as cell lysis calculated per the following formula:

nCI(A-375 only) — nCI(A-375 + CTLs)
nCI(A-375 only)

Cell lysis = . (Peper et al., 2014)

2.2.12. Statistical analysis

When not indicated otherwise, bars and lines represent mean values and error bars represent the
standard error of the mean. When not indicated otherwise, dots represent individual healthy
donors. When not indicated otherwise, p-values and significance were determined by paired two-
tailed t-test for comparison of two groups or ANOVA for comparison of three or more groups
using GraphPad Prism 5 (for ANOVA: *: p < 0,05; **: p <0,01; ***: p <0,001; ns: > 0,05).
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Figure 2.1. Methodological summary in a workflow diagram.
Cells are printed in regular, Methods in italics, Analyses in bold.

34



3. Results

In order to study the human body’s T cell responses, the physiological conditions have to be
recreated in vitro as thoroughly as possible. Thus, for the in vitro experiments of this study, a
medium resembling the hyperosmotic conditions in inflammatory and tumor sites (complete
medium + NaCl) was composed to have an increased osmolarity and a sodium concentration of
approximately 200 mmol/l while normal medium (complete medium) contains approximately 140
mmol/l. The electrolyte concentrations of the respective media have been measured confirming

prior calculations (Table 3.1).

3.1. Effects of hypertonicity on survival and proliferation in memory T cells

To mimic the reaction of epitope-specific T cells in the tissue, T cells in the culture were stimulated
using monoclonal antibodies (mAbs) for 2 days and rested for another 3 days under either
isosmotic (none) or hyperosmotic conditions (NaCl) before analysis. To outline the general effects
that a hypertonic milieu exerts on memory T cells, the cell proliferation (Fig. 3.1A) as well as the
frequency of dead cells (Fig. 3.1B) of primary CD4" CD45RA™ and CD8* CD45RA" cells were
quantified using flow cytometric measurements of CFSE dilution and Zombie live/dead staining,
respectively. Here, no relevant differences were found (Fig. 3.1). Hence, survival and proliferation

of memory T cells were comparable between iso- and hypertonic conditions.

3.2. Effects of hypertonicity on the Thl7 phenotype in Tnl7 cells

Subsequently, functional alterations in Th17 cells by the hypertonic environment of their effector
sites were investigated. Since Tn17 cells are highly plastic, the first step was to determine whether
these cells maintain or change their Th17 phenotype. To assess this, primary CD4* memory T cells
were enriched for Th17 cells and stimulated under iso- and hypertonic conditions. In a hypertonic
milieu, production of IL-17 and IL-22 and expression of CCR6 were significantly upregulated,
while changes in the expression of RORyt were indeed significant but only marginal (Fig. 3.2).
These findings support the idea, that the Th17 phenotype in a hypertonic environment is not only

maintained, but also promoted.

Since Ty17 can develop either a pro- or anti-inflammatory phenotype, the primary Thl7 enriched

cells were assessed for expression of anti-inflammatory hallmarks. The fraction of FOXP3" cells
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Complete medium
[Na*]

[CI]

[K*]

Complete medium + NaCl

[Na*]
[CI]
[K*]

mmol/l
143
106
5,81

203
168
5,79

Table 3.1. Sodium chloride-enriched medium is hyperosmotic relative to standard T cell
culture medium.
Complete medium (FCS) was enriched with sodium chloride by addition of NaCl stock in an
1:44 dilution. Electrolyte concentrations were measured using the Cobas® 8000.

CD4* memory T cells
none NaCl
\ N\
f\
I |
A [
979 I 949 |\
| [\
I\ (B
[ |
[ [
). |
CFSE T
—_—

CD4* memory T cells

CD8* memory T cells

none NaCl

none

NaCl

Zombie

Fdead

CD8* memory T cells

none NaCl

B ocD3/28

B unstimulated

Figure 3.1. Physiological hypertonicity does not affect survival or proliferation of

memory T cells.

Purified primary CD4* or CD8* memory T cells were isolated, stained with CFSE and
subsequently stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the
presence or absence of a higher concentration of NaCl (see Table 1). (A) On day 5, CFSE
dilution was measured by FACS. As a neg ative control T cells were stained with CFSE, but
not stimulated by mAbs. One representative FACS histogram out of 3 healthy donors is
shown. (B) On day 5, cells were stained using the Zombie Yellow™ Fixable Viability Kit and
measured by FACS. One representative FACS dot blot out of 6 healthy donors is shown.
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Figure 3.2. Hypertonicity promotes the T,17 phenotype in T,17 enriched memory T
helper cells.

Purified primary T,17 enriched T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. On day 5, cells were stained and expression of 1L-17, RORyt, I1L-22
and CCR6 was measured by FACS. Data show mean + SEM of 13 (for IL-17 and RORyt), 6
(for IL-22) or 4 (for CCR6) healthy donors.
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was below 20 % if stimulated in an isotonic environment and as high as 40 % under hypertonic
conditions (Fig. 3.3A). The difference was particularly prominent in the IL-17" FOXP3" fraction.
This suggests that hypertonicity may favor the anti-inflammatory phenotype in Tnl7 cells. To
investigate whether the stimulation in a hypertonic milieu leads to an increase or whether the
stimulation in an isotonic environment leads to a decrease in FOXP3 expression, the levels of
FOXP3 after stimulation were compared to those in Th17 enriched cells ex vivo. The data show
that stimulation of the cells in isotonicity did not considerably affect FOXP3 expression after 5
days, while stimulation in hypertonicity boosted FOXP3 expression (Fig. 3.3B). Subsequently, the
effect of higher osmolarity on the production of pro- and anti-inflammatory cytokines was
analyzed. Th17 enriched cells that were stimulated in a hypertonic milieu expressed higher levels
of TGF-B, but were less likely to produce IL-10 and showed a minimal increase in IFN-y
production (Fig. 3.3C). In summary, the precise orientation of the cytokine profile of Th17 cells in

hypertonicity remains ambiguous.

Plastic changes in memory T cells can be permanent or transient, therefore the durability of the
effects of hypertonicity on the memory Th17 cells needed to be determined. To do so, the Tnl7
enriched cells were divided into three groups and assessed over a longer period of time. The first
group was kept under isotonic conditions for the whole duration of culture, the second group was
stimulated once in a hypertonic environment and after 5 days transferred into isotonic conditions,
the third group was continuously kept under hypertonic conditions. All cells were stimulated as
described previously, rested, and re-stimulated every 7 days for a total of 26 days. The results show
that the increased IL-17 production of Th17 cells in hypertonicity remained high even after the
cells returned into an isotonic environment for at least one week before aligning with the cells that
were not exposed to hypertonicity at all. On the contrary, elevated FOXP3 expression in
hypertonicity quickly returned to normal expression levels after the Thl7 cells had entered an
isotonic environment. Furthermore, it appears that constant hypertonic conditions led to
progressive increase of FOXP3 expression in Th17 cells suggesting that the described promotion
of the Th17 phenotype but not of the anti-inflammatory phenotype represent a lasting alteration.
(Fig. 3.4)

3.3. Molecular mechanisms mediating the effects of hypertonicity on Tnl7 cells

In order to understand the effects that a hypertonic environment exerts on T cells, it is necessary

to understand how the cells sense changes in osmolarity. The aforementioned p38 MAP kinase
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Figure 3.3. Hypertonicity enhances anti-inflammatory features in T,17 enriched
memory T helper cells.

Purified primary T,17 enriched T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. (A) On day 5, cells were stained and expression of IL-17 and FOXP3
was measured by FACS. Data show mean + SEM of 13 healthy donors. (B) Ex vivo as well as
on day 5, cells were stained and expression of FOXP3 was measured by FACS. One
representative FACS histogram out of 2 healthy donors is shown. (C) On day 5, cells were
stained and expression of TGF-f, IL-10 and IFN-y was measured by FACS. Data show mean
+ SEM of 13 (for TGF-  and IFN- y) or 11 (for IL-10) healthy donors.
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Figure 3.4. The regulation of FOXP3 depends on continuously hypertonic environment
while the increase in IL-17 expression is more durable.

Purified primary T,17 enriched T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 5 days in the presence or absence of a higher
concentration of NaCl. After 7 days, cells were counted and restimulated for 2 days with
aCD3/aCD28 mAbs and rested for another 5 days in the presence or absence of a higher
concentration of NaCl. This cycle was repeated until day 26. On day 5, 12, 19 and 26, cells
were stained and expression of IL-17 and FOXP3 was measured by FACS. Dots represent
mean £+ SEM of 4 healthy donors.
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pathway was in the focus of this mechanistic work. Thus, in a first step it was investigated whether
memory T cells show changes in the expression of NFAT5 and SGK1 in a hypertonic environment.

CD4* CD45RA" cells were stimulated under isotonic or hypertonic conditions and subsequently
analyzed by qPCR. NFATS5 and SGK1 were expressed at significantly higher levels when the cells
were stimulated under hypertonic conditions (Fig. 3.5). This result suggests that the p38 MAP

kinase pathway may also play a role in enhancing the anti-inflammatory features in Th17 cells.

To identify the explicit roles of p38 MAP kinase, NFAT5 and SGK1, molecular inhibitors and
shRNA were used to suppress their expression or function. First, primary Th17 enriched cells were
incubated in either the presence or absence of the p38 MAP kinase inhibitor SB202190, stimulated
as described before and afterwards analyzed for IL-17 and FOXP3 protein expression by flow
cytometry. Both markers were significantly downregulated in the presence of the inhibitor
affirming that not only the enhancement of the Tn17 phenotype but also the induction of anti-

inflammatory characteristics is regulated by p38 MAP kinase (Fig. 3.6).

Secondly, NFAT5 was silenced in primary Tnl7 enriched cells using a shRNA approach.
Subsequently, these cells were stimulated as described above and analyzed via qPCR and flow
cytometry. The analysis of NFAT5 and SGK1 by qPCR showed that the usage of the sShRNA
construct is effective and the expression of NFATS5 is successfully downregulated (Fig. 3.7A). The
significant downregulation of the mMRNA expression of SGK1, when NFATS5 is silenced, confirms
that SGK1 is a downstream kinase of NFATS5 as it has been described before (Fig. 3.7A). Similarly,
MRNA expression levels of RORC and FOXP3 — representing the master regulators for Th17 and
Treg Cells, respectively — were significantly reduced when NFATS was silenced (Fig. 3.7B). These
findings were confirmed by flow cytometry data, showing that the increase in IL-17 and FOXP3
protein expression by hypertonicity was suppressed by silencing NFAT5 (Fig. 3.7C). However,
there was no substantial difference in the protein expression of TGF- whether NFAT5 was
silenced or not pointing out that the osmotic regulation of TGF-f cannot be explained by activation
of NFATS5 alone (Fig. 3.7D).

Lastly, the role of SGK1 was determined, as well. Primary Th17 enriched cells were incubated in
either the presence or absence of the SGK1 inhibitor GSK650394, stimulated as described above
and analyzed by flow cytometry. The upregulation of IL-17 and FOXP3 by hypertonicity was
reduced by inhibiting SGK1 (Fig. 3.8A). In addition, SGK1 was silenced using shRNA (Fig. 3.8B).
Accordingly, the mRNA expression of FOXP3 was diminished by silencing SGK1 while a
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Figure 3.5. The hypertonic environment affects possible mediators, the transcription
factor NFAT5 and the kinase SGK1, in memory T helper cells.

Purified primary CD4* memory T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. On day 5, cells were analysed by qPCR for NFAT5 and SGK1. Data
show mean = SEM of 6 healthy donors.
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Figure 3.6. Effects of hypertonicity on T,17 enriched memory T helper cells are
mediated by p38 MAP Kinase.
Purified primary T,17 enriched T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. At least 1 h before stimulation, cells were incubated in the presence or
absence of the p38 inhibitor SB202190 (p38i) at a concentration of 5 x 10¢ M. On day 5,
cells were stained and expression of IL-17 and FOXP3 was measured by FACS. Data show

mean + SEM of 7 healthy donors.
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Figure 3.7. Effects of hypertonicity on T,17 enriched memory T helper cells are
mediated by the transcription factor NFAT5.
Purified primary T,17 enriched T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. Cells were transduced with NFATS specific (ShNFAT5) or empty
control shRNA(shCtrl). (A-B) On day 5, cells were analysed by gPCR for NFAT5, SGK1,
RORC and FOXP3. Data show mean = SEM of 6 healthy donors. (C-D) On day 5, cells were
stained and expression of IL-17, FOXP3 and TGF was measured by FACS. Data show mean
+ SEM of 6 healthy donors.
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Figure 3.8. Effects of hypertonicity on T,17 enriched memory T helper cells are
mediated by the kinase SGK1.

(A) Purified primary T,17 enriched T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. At least 1 h before stimulation, cells were incubated in the presence or
absence of the SGK1 inhibitor GSK650394 (sgki) at a concentration of 1 x 10 M. On day 5,
cells were stained and expression of IL-17 and FOXP3 was measured by FACS. Data show
mean += SEM of 7 healthy donors. (B-F) Purified primary T,17 enriched T cells were isolated
and stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the presence or
absence of a higher concentration of NaCl. Cells were transduced with SGK1 specific
(shSGK1) or empty control shRNA(shCtrl). (B-C) On day 5, cells were analysed by gPCR for
SGK1, RORC and FOXP3. Data show mean + SEM of 4 healthy donors. (D-E) On day 5,
cells were stained and expression of IL-17, FOXP3 and TGFp was measured by FACS. Data
show mean = SEM of 4 healthy donors.
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connection between SGK1 and RORC could not be determined by qPCR (Fig. 3.8C). Nevertheless,
flow cytometry data confirmed that the hypertonicity-induced increases in the expression of both,
IL-17 and FOXP3, were regulated by SGK1 (Fig. 3.8D). However, expression of TGF-3 appeared

not to be affected, consistent with the results from the NFAT5 silencing experiments (Fig. 3.8E).

These findings emphasize, that the induction of the Thl7 phenotype in memory Tnl7 cells is
regulated via the p38 MAP kinase pathway including NFAT5 and SGK1, while the shift towards

a more anti-inflammatory phenotype seems to be only partly mediated by it.

3.4. Effects of hypertonicity on the activation, metabolism and effector phenotype in
cytotoxic T cells

Just as the Th17 cells’ reaction to hypertonicity may be highly relevant to understand autoimmune
diseases, the same holds true for cytotoxic CD8" T cells in the context of immunological control
of tumor diseases. Thus, the second part of my thesis comprises the analysis of the behavior of

CTLs in hypertonic environments.

In a first step, the general effect of hyperosmolarity on the activation of cytotoxic T cells was
analyzed. Accordingly, CTLs were stimulated under isosmotic or hyperosmotic conditions and
analyzed for early and late protein expression of CD69 and PD-1 by flow cytometry. After 8 hours,
cells under both conditions showed no significant differences in CD69 expression levels. However,
after 5 days CD69 levels were much higher in CTLs kept in hyperosmotic culture (Fig. 3.9A). In
case of PD-1 expression, the CTLs showed significantly higher levels after 5 days when they were
stimulated under hypertonic conditions that decreased at later time point (Fig. 3.9B). In contrast
to CTLs, CD4* memory T cells, gave a less consistent picture with CD69 expression not being
affected by hyperosmolarity and PD-1 levels significantly increased (Fig. 3.9C). These results
emphasize that a hyperosmotic environment boosts T cell activation in CTLs with the effects of
hypertonicity taking some relevant time to have an impact. Of note, the increased activation does
not appear to be linked to higher exhaustion of the T cells, which would be demonstrated by
prolonged expression of PD-1: after 9 days, PD-1 expression levels have aligned again (Fig. 3.9B).
Noticeably, the expression levels of the activation markers showed a high variance within the

different populations, especially when measured after only a few hours.

In order to understand whether memory T cells adapt their metabolic profile to their higher

activation levels in hypertonicity, metabolic analyses were conducted using the Seahorse XFe96
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Figure 3.9. Hypertonicity promotes memory T cell activation in cytotoxic T cells and
possibly in T helper cells.

Purified primary CD4* or CD8* memory T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3-7 days in the presence or absence of a higher
concentration of NaCl. (A) After 8 hours or on day 5, CD8* memory T cells were stained and
expression of CD69 was measured by FACS. Data show mean + SEM of 3 (after 8 hours) or 5
(after 5 days) healthy donors. (B) On day 5 and day 9, CD8* memory T cells were stained and
expression of PD-1 was measured by FACS. Data show mean = SEM of 6 healthy donors
(after 5 days) or an representative FACS dot blot of 2 healthy donors (after 9 days). (C) On
day 5, CD4* memory T cells were stained and expression of CD69 and PD-1 was measured
by FACS. Data show mean + SEM of 5 (for CD69) or 3 (for PD-1) healthy donors.
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Analyzer. CTLs were stimulated under either isosmotic or hyperosmotic conditions as described
above. On day 5, the metabolic pathways were investigated. Basal values for the ECAR and the
OCR were measured before adding any interfering reagents, the maximum values were measured
after addition of oligomycin or the ionophore CCCP, respectively. Addition of Oligomycin, an
ATP synthase inhibitor, allows assessment of the glycolytic capacity, while CCCP renders the
inner mitochondrial membrane permeable to protons and thus uncouples the rate of electron
transport and ATP production (see 2.2.10). CTLs showed significantly increased rates for
extracellular acidification and oxygen consumption when they were stimulated under hypertonic
conditions (Fig. 3.10AB). CD4" T cells, however, did not show significant changes in their
metabolic profiles (Fig. 3.10C). Thus, it can be concluded that CTLs in hypertonicity adjust their
metabolic profile to their higher activation levels by switching to the more rapidly working
glycolysis and increasing their metabolic throughput. These results lead to the important question,
whether the increased activation and the modulation of the metabolism in CTLs are linked to an
improved effector function.

In this regard, the expression of relevant transcription factors and typical effector cytokines were
evaluated. To examine potential effects of hyperosmolarity on the expression of the transcription
factor RUNX3 as well as on the principal effector molecules TNF-a and IFN-y, CTLs were
stimulated in an isotonic or hypertonic environment and analyzed by qPCR and flow cytometry.
In a hypertonic environment CTLs expressed higher levels of RUNX3 and TNF-a while the level

of IFN-y remained almost unaltered suggesting an increased overall effector function (Fig. 3.11A).

Subsequently, both principal mechanisms inducing target cell death were investigated: the
perforin/granzyme-mediated and the death receptor-mediated apoptosis. In hypertonic culture,
CTLs significantly increased their granzyme B and perforin production while decreasing
granzyme A expression. For granulysin, only a trend towards increased expression was observed
(Fig. 3.11B). Investigation of effects on the death receptor pathways under hypertonic conditions
gave a concordant picture with the TNFSF10 (coding for TRAIL) expression being strongly
boosted and the FASL expression non-significantly increased (Fig. 3.11C). Consistently, the
expression of CD107a remained in line with perforin and granzyme B expression levels and was

intensively induced representing a higher rate of degranulation upon activation (Fig. 3.11D).

Noticeably, CD4" T cells showed a similar pattern for TNF-o and CD107a and significant increase
in IFN-y production, but due to low overall expression levels roughly no changes in the production

of granzymes and perforin (Fig. 3.11E).
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Figure 3.10. Hypertonicity augments the metabolic throughput in cytotoxic memory T
cells but not in memory T helper cells.
Purified primary CD8* (A-B) or CD4* (C) memory T cells were isolated and stimulated for 2
days with aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. On day 5, XF®96 extracellular flux assay was performed. Metabolic
pathways, represented by the extracellular acidification rate (ECAR) and the oxygen
consumption rate (OCR), were analysed upon addition of oligomycin, CCCP, antimycin A
and rotenone at concentrations of 2 x 10 M, 1,5 x 106 M, 2 x 10% M and 2 x 106 M,
respectively. Data show one representative graph and mean + SEM of at least 4 healthy

donors.
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Figure 3.11. Hypertonicity promotes expression of cytolytic effector molecules in
cytotoxic memory T cells as well as in memory T helper cells.

Purified primary CD8* or CD4* memory T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. (A) On day 5, CD8" memory T cells were analysed by gPCR for
RUNXS3 or stained and expression of TNF-o and IFN-y was measured by FACS. Data show
mean + SEM of 7 (for RUNX3), 5 (for TNF-a) or 6 (for IFN-y) healthy donors. (B) On day 5,
CD8* memory T cells were stained and expression of GrzA, GrzB, Perforin and Granulysin
was measured by FACS. Data show mean + SEM of 8 (for GrzB), 7 (for GrzA) or 6 (for
Perforin and Granulysin) healthy donors. (C) On day 5, CD8* memory T cells were analysed
by gPCR for FASL and TNFSF10. Data show mean = SEM of 7 healthy donors. (D) On day 5,
CD8* memory T cells were stained and expression of CD107a was measured by FACS. Data
show mean = SEM of 7 healthy donors. (E) On day 5, CD4* memory T cells were stained and
expression of TNF-a, IFN-y, CD107a, GrzB, GrzA, Perforin and Granulysin was measured by
FACS. Data show mean + SEM of at least 5 healthy donors.
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These results demonstrate that CTLs stimulated in hypertonicity show a more aggressive and
cytotoxic phenotype by producing more membrane-poring perforin, shifting the granzyme A : B
ratio inside the granules towards the more effective granzyme B, increasing the cells’
degranulation speed, inducing alternative cytolytic pathways and evoking a broader immune

response via TNF-a.

3.5. Effects of hypertonicity on the cytolytic function in cytotoxic T cells

To investigate whether this phenotypical enhancement of CTLs is correlated with functional
alterations, in vitro cytotoxicity assays were performed. xCELLigence devices were used for this
purpose providing a close-to-live monitoring of cytolysis via frequent concurrent impedance
measurements. Growth and proliferation of adherent cells on the well bottom will increase the
impedance measured while cell lysis leads to decreased impedance. The impedance measurements
are issued as cell index values; a schematic representation of the assay’s setting is shown in Fig.
3.13A.

A375 is a human malignant melanoma cell line that has regularly been used in tumor analysis
studies. Being adherent, it represents an ideal target cell line. For analysis of the cytolytic function
of CTLs, their target cells’ MHC complexes were loaded with MART-1 peptide. To gain reliable
and reproducible effector cells, T cells were nucleofected with DNA coding for a MART-1-
specific TCR. The introduced TCR contained a murine TCR f-chain, to enable enrichment for
successfully nucleofected T cells by targeting the murine p-chain (Fig. 3.12A). The resulting
populations demonstrated an expression of the introduced TCR of approximately 75 % for the
isotonic and 70 % for the hypertonic condition and a CD8* purity of 90 % in both conditions (Fig.
3.12B). In one experiment the expression of the introduced TCR was noticeably lower in both
groups (Fig. 3.12B).

To perform the cytotoxicity assay, A375 melanoma cells were seeded into the wells and co-culture
with sorted nucleofected T cells was started 24 hours afterwards. Before, the T cells were
stimulated for 5 days as described before. Conditions included an isosmotic environment for all
cells in all steps, a hyperosmotic environment for all cells in all steps, a hyperosmotic environment
only for the T cells just during their stimulation before isosmotic co-culture or an isosmotic
environment during prior T cell stimulation but a hyperosmotic environment during co-culture (for

schematic representation see Fig. 4.3).
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Figure 3.12. Nucleofected T cells can be purified and show stable expression of the
MART-1-specific TCR and persistent CD8*/CD4* ratio irrespective of environmental
osmolarity.

Primary PBMCs were nucleofected with DNA coding for MART-1-specific TCR. (A) On day
1 after nucleofection, PBMCs were stained and sorted depending on the expression of CD3
and a-mouse-TCR B-chain. FACS dot blots including gates for the sorting strategy are shown.
(B) Sorted nucleofected T cells were expanded and subsequently stimulated for 2 days with
aCD3/aCD28 mADbs and rested for additional 3 days in the presence or absence of a higher
concentration of NaCl. On day 5, cells were stained and expression of a-mouse-TCR B-chain,
CD4 and CD8 was measured by FACS. Data show mean + SEM of 4 (for a-mouse-TCR -
chain) or 2 (for CD8) experiments with cells from the culture from one healthy donor.
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Figure 3.13. Hypertonicity boosts the cytolytic effector function of nucleofected cytotoxic
T cells.

(A) Schematic representation of the impedance-based real-time cytotoxicity assay using
XCELLigence. (a) Adhesive target tumor cells are added to the wells, (b) attach to the bottom
of the wells and (c) proliferate and reproduce. (d) Specific T cells are added to the wells and
(e) start to kill the target cells until all target cells are eliminated (f). (B) A375 melanoma cell
line cells were seeded on E-plates and growth was monitored over 72 h. One representative
graph of 4 experiments is shown. (C) A375 melanoma cell line cells (target cells) were
seeded on E-plates as in (B). After 24 h, target cells were pulsed with MART-1 peptide for 1 h
at a concentraton of 107 M. Sorted nucleofected MART-1-specific T cells (effector cells)
were expanded in feeder-based cultures. Co-culture of target and effector cells was started
directly after pulsing at indicated effector : target ratios. (D) After expansion, sorted
nucleofected T cells were stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3
days in the absence of additional NaCl. On day 4, A375 melanoma cell line cells were seeded
and later pulsed as in (B, C). On day 5, co-culture of target and effector cells was started
directly after pulsing at an effector : target ratio of 1:1. Effector cells were T cells sorted to be
successfully nucleofected (MART-1-specific) or T cells sorted to be not nucleofected
(unspecific) (see Figure 3.12A). (E) After expansion, sorted nucleofected MART-1-specific T
cells were stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the
presence or absence of a higher concentration of NaCl. On day 4, A375 melanoma cell line
cells were seeded and later pulsed as in (B, C), but in the presence or absence of a higher
concentration of NaCl. On day 5, co-culture of target and effector cells was started directly
after pulsing at an effector : target ratio of 1:1 in the presence or absence of a higher
concentration of NaCl. Shown is one representative plot and a summary. Dots represent mean
+ SEM of 3 experiments with nucleofected MART-1-specific T cells from the culture from
one healthy donor. (F) After expansion, sorted nucleofected MART-1-specific T cells were
stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the presence or
absence of a higher concentration of NaCl. On day 4, A375 melanoma cell line cells were
seeded and later pulsed as in (B, C) in the absence of a higher concentration of NaCl. On day
5, co-culture of target and effector cells was started directly after pulsing at an effector : target
ratio of 1:1 in the absence of a higher concentration of NaCl. Shown is one representative plot
and a summary. Dots represent mean + SEM of 3 experiments with the nucleofected MART-
1-specific T cells from the culture from one healthy donor.
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To evaluate whether the planned setting worked reliably, some establishing experiments analyzing
the behavior of the tumor cells as well as the sorted nucleofected MART-1 specific T cells were
conducted. Growth and proliferation of A375 tumor cells were not affected by the tonicity of the
medium or by a change of medium like it would occur at the start of co-culture (Fig. 3.13B). When
the sorted nucleofected MART-1 specific T cells were added to the wells, rapid Kkilling of the
adherent target cells occurred dependent on the indicated effector to target cell ratio (Fig. 3.13C).
In all subsequent experiments, T cells and target cells were co-cultured at a ratio of 1:1. To evaluate
whether this result represented an off-target TCR-mediated killing, T cells not expressing the
MART-1-specific TCR were set in co-culture with target cells (Fig. 3.13D). There was no
measurable cell death in the target cell population for the unspecific T cells. Thus, an effective

design of the experiment with specific TCR-mediated killing of the target cells can be assumed.

If the growth of the target cell line, the stimulation of the MART-1-specific T cells and the co-
culture of both cell types took place under hyperosmotic conditions, the measured cell index
dropped at a higher rate than under isosmotic conditions, indicating a significantly higher lysis of
target cells in hyperosmolarity (Fig. 3.13E). The difference in cell lysis was more than 30 % after
15 hours. To evaluate whether this effect was due to the T cells’ or the target cells’ reaction to a
hypertonic environment, the MART-1-specific T cells were stimulated under hyperosmotic
conditions while the growth of the target cell line as well as the subsequent co-culture took place
under isosmotic conditions. Interestingly, these MART-1-specific T cells that were stimulated in
hypertonicity only before co-culture still induced lysis of the target cells at a higher rate with the
difference in lysis after 15 hours being 25 % (Fig. 3.13F). These results suggest that cytotoxic T
cells feature a much higher cytolytic potential when they are stimulated under hypertonic

conditions.

To confirm this finding and rule out that the observed effects in CTLs were influenced by the
nucleofection, MART-1-specific cytotoxic T cells were purified directly from the natural
repertoire of a healthy donor (Fig. 3.14A). Out of 1 x 108 PBMCs, 67 cells were sorted to be
MART-1-specific. They were cultured individually as clone populations to be able to subsequently
rule out dissimilar growth behavior of different clones in iso- or hyperosmolarity. The most
efficient clones could be identified for the cytotoxicity assay. Out of the 67 clones, 20 grew a
population of which 12 populations were proliferating well enough to perform cytotoxicity assays.
Of the 12 clone populations tested for cytotoxic potential by the described xCELLigence-based
approach, the two most potent clones (Clone 1 + 7) were selected for cytotoxicity assays in iso-
and hyperosmolarity. (Fig. 3.14B)
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Figure 3.14. MART-1-specific cytotoxic T cells from
the natural repertoire can be isolated and expanded.
(A) Primary PBMCs were stained and sorted depending
on the expression of CD3, CD8, CD19 and binding to
PMHC tetrameric complexes loaded with MART-1
peptide. FACS dot blots including gates for the sorting
strategy are shown. Cells were sorted as single cells
into a 384-well plate and subsequently feeder-based
expanded. (B) Schematic representation of handling of
the MART-1-specific CD8* T cells from the natural
repertoire.
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Figure 3.15. Cytotoxic T cells from the natural repertoire show augmented cytolytic
effector function in a hypertonic environment.

(A) A375 melanoma cell line cells were seeded and later pulsed as previously described. Two
MART-1-specific T cell clone populations (Clones 1 and 7) that expanded sufficiently and
showed highest capacity in eliminating the tumor cells and 1 clone population of T cells
sorted to be CD3* and CD8* but not pMHC* (Clone 23) (see Figure 3.14A) were selected.
Co-culture of target and effector cells was started directly after pulsing at an effector : target
ratio of 1:1. (B) After expansion, MART-1-specific T cell clone populations were stimulated
for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a
higher concentration of NaCl. On day 4, A375 melanoma cell line cells were seeded in the
presence or absence of a higher concentration of NaCl. On day 5, co-culture of target and
effector cells was started directly after pulsing with MART-1 peptide at an effector : target
ratio of 1:1 in the presence or absence of a higher concentration of NaCl. Shown is one
representative plot and a summary. Dots represent mean + SEM of 2 experiments with the
clones 1 and 7 from one healthy donor. (C) After expansion, MART-1-specific T cell clone
populations were stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the
presence or absence of a higher concentration of NaCl. On day 4, A375 melanoma cell line
cells were seeded in the absence of a higher concentration of NaCl. On day 5, co-culture of
target and effector cells was started directly after pulsing with MART-1 peptide at an effector
: target ratio of 1:1 in the absence of additional NaCl. Shown is one representative plot and a
summary. Dots represent mean + SEM of 2 experiments with the clones 1 and 7 from one
healthy donor. (D) After expansion, MART-1-specific T cell clone populations were
stimulated for 2 days with aCD3/aCD28 mAbs and rested for 3 days in the presence or
absence of a higher concentration of NaCl. On day 4, A375 melanoma cell line cells were
seeded in the presence or absence of a higher concentration of NaCl. On day 5, co-culture of
target and effector cells was started directly after pulsing with MART-1 peptide at an effector
- target ratio of 1:1 in the presence or absence of a higher concentration of NaCl. Data show
mean + SEM at 15 hours after starting the co-culture of 2 experiments with the clones 1 and 7
from one healthy donor.
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As a control, cytotoxic T cells were selected that would not bind MART-1 (Clone 23). While the
MART-1-specific T cells showed an effective killing of the target cells, the unspecific T cells did
not affect growth of the target cells (Fig. 3.15A). Similar to the previous setting, growth of the
target cells, stimulation of the MART-1-specific T cells and the co-culture were conducted either
under iso- or hyperosmotic conditions and analyzed for cell lysis. In line with the findings from
the nucleofected cells, cell lysis was significantly higher under hypertonic conditions with a
difference of 18 % after 15 hours (Fig. 3.15B). Furthermore, stimulation of the MART-1-specific
T cells under hypertonic conditions with target cell growth and subsequent co-culture taking place
under isotonic conditions was sufficient to accelerate the cell lysis significantly (Fig. 3.15C). The
lysis was found to be 17 % higher after 15 hours when only the T cells were stimulated under
hypertonic conditions beforehand. These findings demonstrate consistently that a hypertonic
environment induces the cytotoxic potential of T cells. Fig. 3.15D demonstrates that prestimulation
of cytotoxic T cells under hypertonic conditions is sufficient to establish higher cytolytic capacity

in the T cells independent of the milieu where the killing may take place.

3.6. Analysis of potential molecular mechanisms mediating the effects of hypertonicity on

cytotoxic T cells

To investigate the underlying molecular mechanism behind this enhancement of cytotoxic T cell
functions, the shNFAT5-shSGK1-model was employed again as a significant increase of the
expression levels of NFAT5 and SGK1 in CTLs in hypertonicity was found (Fig. 3.16A). Similar
to my previous approach, NFAT5 and SGK1 were silenced in primary cytotoxic CD8" T cells using
shRNA introduced by lentiviruses. Analysis of NFAT5 and SGK1 suggest that the silencing was
conducted successfully (Fig. 3.16B). However, the control conditions with an empty vector
(shCtrl) did not behave like the conditions without any lentiviral manipulation when it comes to
effects of hypertonicity on expression of FASL and TNFSF10 (Fig. 3.16C). Thus, the employed
model seems inappropriate to investigate the roles of NFAT5 and SGK1 in the mediation of the

effects of hypertonicity on cytotoxic T cells.
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Figure 3.16. Potential mediation of hypertonicity induced promotion of cytolytic

functions in cytotoxic T cells by NFAT5 and SGK1 remains to be determined.

Purified primary CD8" memory T cells were isolated and stimulated for 2 days with
aCD3/aCD28 mAbs and rested for 3 days in the presence or absence of a higher
concentration of NaCl. (A) On day 5, cells were analysed by qPCR for NFATS5 and SGK1.
Data show mean + SEM of 5 healthy donors. (B-C) Cells were transduced with shRNA as
described before to create the conditions shCtrl, SANFAT5 and shSGK1. On day 5, cells were
analysed by gPCR for NFAT5, SGK1, FASL and TNFSF10. Data from one healthy donor is

shown.
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4. Discussion

The relevance of hypertonicity as an important factor in the lymphoid microenvironment has been
demonstrated already in 2004 by Go et al. They showed that the osmosensitive transcription factor
NFATS is essential for the survival of murine T cells under hyperosmotic conditions as well as for
a complete T cell immune response (Go et al., 2004). This already emphasized the influence of
hyperosmolarity on T cell activation. In 2011, it has been shown that the Na*-sensitive p38 MAP
kinase pathway and production of IL-17 are closely connected (Noubade et al., 2011). More
recently, Kleinewietfeld et al. and Wu et al. analyzed the behavior and differentiation
characteristics of naive T cells in a hyperosmotic environment (Kleinewietfeld et al., 2013; Wu et
al., 2013). Considering that many of the T cells’ effector functions are conducted in the hypertonic
milieu, the focus of my thesis was on the effects that hyperosmolarity exerts on memory T helper

cells and cytotoxic T cells.

In the first part of my thesis, primary Thl7 cells have been cultured and their response to a
hypertonic milieu has been investigated. | found the Th17 phenotype induced in hypertonicity with
increased production of characteristic Thl7 cytokines. Notably, the Tn17 cells showed increased
expression of the anti-inflammatory transcription factor FOXP3" with ambiguous changes in pro-
or anti-inflammatory cytokine production. While the Th17 phenotype remained augmented even
after the return to an isosmotic milieu, the induction of FOXP3 in Tr17 cells was directly dependent
on a sustained hyperosmotic environment. | could demonstrate that the boost of this potential anti-
inflammatory phenotype was regulated by the p38 MAP kinase pathway with NFATS5 and SGK1

being relevant mediators. A graphical synopsis of the results can be found in Fig. 4.1.

In the second part of my thesis, the activation level, the metabolic state and the cytolytic profile of
primary cytotoxic CD8" T cells under hypertonic conditions have been analyzed. Moreover, the
effects of hypertonicity on the immediate cytotoxic competence have been examined using specific
killing assays. | found that CTLs reached higher levels of activation when stimulated under
hypertonic conditions. This activation came along with increased metabolic throughput and
increased expression of cytolytic effector molecules such as TNF-a, granzyme B and perforin as
well as death receptor ligands. Furthermore, under hyperosmotic conditions, CTLs demonstrated
enhanced antigen-specific killing capability and faster elimination of target cells. Graphical

synopses of the results can be found in Fig. 4.2 and 4.3.
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T,17 cell

Figure 4.1. Schematic representation of the changes in the phenotype of T,17 cells in
hyperosmotic environments and the mediating pathway.

Hyperosmolarity induces many phenotypical changes in T,17 cells. Induction of IL-17 and
TGF-p are among the most prominent. Together with the phenotypical changes of the cell,
certain transcription factors are being activated that play a role in defining the function of
T,17 cells: RORyt and FOXP3. The activation of these transcription factors is mediated via
the p38 MAP kinase pathway including NFAT5 and SGK1.

64



V3
fNa Q@ ¢ CD69
@
o perforin
Cytotoxic ‘g
T cell granzyme B

Figure 4.2. Schematic representation of the changes in the phenotype of cytotoxic T cells
in hyperosmotic environments.

Upon stimulation in hypertonicity, cytotoxic T cells undergo several changes. Along with
higher expression of CD69 and boost of the cell metabolism including glycolysis and
oxidative phoshorylysis, the cells express higher levels of RUNX3 strengthening the
cytotoxic profile: Increased production of TNF-o (with unchanged IFN-y expression),
intensified expression of death receptor ligands such as TRAIL and FasL on the cell surface,
faster degranulation as well as higher levels of perforin and granzyme B in the cytotoxic
granules can be observed.
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Cytotoxic Tumor cells
T cells

Figure 4.3. Schematic representation of the changes in cytolytic capability in cytotoxic T
cells in hyperosmotic environments.

Cytotoxic T cells show cytolytic capability to kill tumor cells. Increased tumor cell clearance
can be observed when the CTLs are stimulated under hypertonic conditions before co-culture
and the subsequent co-culture takes place in a hypertonic environment. Similarly increased
clearance is demonstrated when only the CTL stimulation before co-culture takes place in
hypertonicity but the co-culture takes place in an isotonic environment. However, co-culture
under hypertonic conditions when the CTLs were not exposed to hypertonicity before does
not result in enhanced cytolytic potential of the CTLs.
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4.1. Tonicity signals shape Tn17 cell differentiation and plasticity
4.1.1. Hypertonicity accentuates anti-inflammatory features in Thl7 cells

In the main, the findings from my studies on memory T cells seem to be in line with the results
from Kleinewietfeld et al. and Wu et al. (Kleinewietfeld et al., 2013; Wu et al., 2013): under
hypertonic conditions, Thl7 show augmented RORyt and IL-17 expression and this increase is
similarly mediated by the NFAT5 and SGK1. | can confirm that the effects of hypertonicity on T
cell differentiation can to some extent be transferred to T cell plasticity in Th17 cells, even though
the induction of RORyt expression was significant but in its extent hardly relevant. However,
though | propose that the Thl7 phenotype is promoted by hypertonicity, my findings question
whether this represents a mere boost of the pro-inflammatory phenotype in Tn17 cells as proposed
by Kleinewietfeld et al.

Recently, it has been shown that Th17 cells do not only exhibit pro-inflammatory features but may
also be capable of regulatory functions (O’Connor et al., 2010). Zielinski et al. have found that the
differentiation of naive T cells using different pathogens leads to different species of Tnl7 cells.
Candida albicans-specific Th17 cells produce IL-17 and the pro-inflammatory cytokine IFN-y. In
contrast, Staphylococcus aureus-specific Thl7 cells are able to produce IL-17 and the anti-
inflammatory cytokine IL-10, after restimulation. The presence or absence of IL-1f in the milieu
of differentiation, which is pathogen-dependent, was found to be responsible for this duality,
emphasizing the importance of the composition of the micromilieu during T cell differentiation.
(Zielinski et al., 2012) Although my work focused on memory T cells, which are already
differentiated, Tnl7 cells represent a highly plastic T cell subset with the ability to
transdifferentiate into different lineages (Weaver et al., 2006). Moreover, Tn17 cells are not only
able to co-produce hallmark cytokines of other lineages but also co-express the respective master
regulator. The lineage frontiers seem to be especially flexible between Th17 cells with the master
regulator RORyt and Treg cells with the respective FOXP3 (Zhou et al., 2009).

| found that Tn17 cells stimulated under hypertonic conditions strongly co-express IL-17 and
FOXP3 and produce higher levels TGF-B. This finding suggests that the function of the arising
Tn17 cells under hypertonic conditions cannot be fully pro-inflammatory. Interestingly, a FOXP3*
RORyt" regulatory T cell population has recently been described to co-produce high levels of TGF-
B and IL-17 on the one hand, but to induce enhanced mast cell degranulation on the other hand
(Chellappa et al., 2015). Similarly, Tnl17 cells may exhibit a dual phenotype in hyperosmolarity,

with a complex behavior combining pro- and anti-inflammatory properties.
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The profile of relevant cytokine expressions in Ty17 cells in hypertonicity gives an ambiguous
picture: the production of the anti-inflammatory IL-10 is reduced and the expression of the pro-
inflammatory IFN-y remains almost unaltered. The increase in FOXP3 expression would suggest
an anti-inflammatory cytokine profile. Recent results from Hernandez et al. demonstrate that under
hypertonic conditions, FOXP3" regulatory T cells produce IFN-y and consequently lose their
suppressive function towards other T cells (Hernandez et al., 2015). In the end, the definite role of
FOXP3 in suppressive functions of T cells is currently under investigation since recent findings
question the mere function as master regulator for regulatory T cells, but also describe FOXP3
expression in response to T cell activation (Kmieciak et al., 2009; Wang et al., 2007). Thus, it is
imaginable that the demonstrated elevated FOXP3 levels under hypertonic conditions represent

rather an activated than an anti-inflammatory state of Th17 cells.

Remarkably, Gagliani et al. have recently discovered that in the course of an inflammation and
mediated by TGF-B, Tnl7 cells can change their functional phenotype into FOXP3™ type 1
regulatory T cells that express IL-10 (Gagliani et al., 2015). This shows that an anti-inflammatory
phenotype is not dependent on continuous FOXP3 expression. Similar to their findings that the
new phenotype develops during resolution of the inflammation, I also discovered alterations in the
Thl7 cells that depend on the temporal aspects of environmental changes: the induction of FOXP3
expression in Th17 cells in hypertonicity is dependent on persistent osmotic stress and will regress
as soon as the cells enter an isotonic environment. This suggests that the longer the inflammation
lasts and keeps a hypertonic micromilieu, the more dominant the anti-inflammatory features in
Tnl7 cells may become, possibly in order to prevent overshooting immune responses.
Nevertheless, once the immune reaction is finished and the cells leave the hypertonic environment
they could return to their original phenotype. However, in order to improve our understanding of
these cellular processes, additional research on the function of Tn17 cells during spatiotemporal
changes of tonicity is necessary.

On the molecular level, enhanced FOXP3 expression in hypertonicity was dependent on NFAT5
as well as SGK1. SGK1 has previously been shown to play an important role in FOXO1
phosphorylation and its elimination from the nucleus (Wu et al., 2013). FOXOL1 is known to have
a crucial role in the differentiation of FOXP3™ regulatory T cells by binding to the FOXP3 locus
and activating its promoter (Ouyang et al., 2010). In addition to FOXO1, findings from the
literature suggest that SGK1 might also downregulate FOXP3 expression (Wu et al., 2018).
However, my findings show that SGK1 may be important for FOXP3 upregulation in
hypertonicity. Therefore, an alternative pathway for FOXP3 induction by SGK1 can be anticipated
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and should be subject of further investigation. In this regard, Matthias et al. have recently
demonstrated the importance of NFATS5 and SGK1 in hypertonicity by emphasizing their roles in
the promotion of the Tn2 phenotype by inducing the expression of the transcription factor GATA3
and mediating the depletion of T-bet (Matthias et al., 2019). While novel insights emerge
frequently, the interplay of sodium, p38 MAP kinase, NFAT5 and SGK1 in T helper cells is

complex and remains not fully understood.

Additionally, it must be noticed, that many knockout and knockdown experiments greatly interfere
with multiple cell functions. T cell survival is restricted in hyperosmolarity if NFATS5 is artificially
downregulated in the cells (Go et al., 2004). Therefore, selection of surviving cells might have

influenced my findings using shRNA.

Furthermore, there are several other mechanisms that influence T helper cell differentiation. For
example, certain microRNAs have been found to inhibit or accelerate Thl17 differentiation. Their
response to tonicity signals has not yet been studied in T cells and could be a target of future

research. (Montoya et al., 2017)

4.1.2. Influence of hypertonicity on Thl7 cells in immunological diseases

Tnl7 cells are known to be major players in a large number of autoimmune diseases like psoriasis
and MS (Fitch et al., 2007; Fletcher et al., 2010; Rostami and Ciric, 2013). Kleinewietfeld et al.
proposed that high salt intake in mice led to more pathogenic Tn17 cells and consequently to more
severe types of EAE, an animal model of MS (Kleinewietfeld et al., 2013). However, the
transferability of these findings to the human situations was put into question due to far-from-real-
life amounts of salt used in the mice (comment #65409 in Kleinewietfeld et al., 2013).
Nevertheless, pathogenic behavior in Thl7 or Treg cells in hyperosmotic culture has been described
repeatedly (Hernandez et al., 2015; Wu et al., 2013). Recently, a subsequent study demonstrated
that a high salt diet affected and changed the gut microbiota by depletion of certain strains of
Lactobacilli in mice. Restoring them alleviated the effect of the high salt intake on EAE. (Wilck
et al., 2017) These findings suggest that hyperosmolarity can accelerate immunological disorders,
which are based on Trn17 cell response, even though the disorder’s localization may not necessarily
be hypertonic. The high salt diet has also recently been shown to affect the gut homeostasis itself:
in mice, a high salt diet induced IL-23 and IL-17 production together with increased SGK1

expression in the colon aggravating an artificially induced colitis (Aguiar et al., 2018).
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Paling et al. have shown that, in patients suffering from MS, sodium concentrations are increased
not only within lesions but also within normal appearing white and cortical grey matter. Moreover,
higher levels of sodium accumulation in the tissue were associated with greater disability (Paling
et al., 2013). Sodium based MRI examinations are currently under discussion for the monitoring
of neuroinflammation in MS (Huhn et al., 2019). An observational study by Farez et al. has
demonstrated that high salt (here above 2 g per day) intake may be associated with higher
exacerbation rates and a higher number of lesions in MRI in patients suffering from MS (Farez et
al., 2015). However, the significance of this study is questionable as salt intake was not measured
directly, but calculated based on spot measurements of urinary sodium excretion. A recent
publication by Rakova et al. casts doubt on this method due to the fact that urinary sodium
excretion is not directly linked to sodium intake but follows infradian rhythms (Rakova et al.,
2013). Thus, conclusions about daily salt intake based on spot measurements of urinary sodium
excretion may be methodically problematic. Furthermore, another observational study questioned
the salt’s effect on MS by finding no association between salt intake and MS incidence (Cortese
et al., 2017). However, salt intake might not be the only variable to take into consideration when
assessing the effect of nutrition on autoimmune diseases: certain fatty acids have been disclosed
to influence the effects of sodium and have distinct effects on Tn17 properties (Bartolomaeus et
al., 2019; Hammer et al., 2017). Hence, while animal experiments already give some insight, the

extent to which sodium affects MS is still not fully understood.

Most aforementioned publications emphasize the pathogenic effects of Tnl7 cells and
consequently increased severity of related diseases in a hypertonic environment. In contrast, my
findings suggest enhancement of anti-inflammatory features in the Thl7 cells in hyperosmotic
surroundings. Therefore, it might be relevant to assess in which settings the immune system
conducts pro- and anti-inflammatory reactions at the same time and place. It is known that in
certain situations (e.g. during local infection) pro- and anti-inflammatory reactions coexist within
a compartment. Imbalance in the ratio between Treg and Tr17 cells seems to be a relevant factor in
the development of autoimmune diseases like rheumatoid arthritis (Wang et al., 2012). While there
still is conflicting data starting from whether sodium intake in general is higher in patients or not,
the role of sodium in the pathogenesis of rheumatoid arthritis is currently under investigation
(Marouen et al., 2017; Scrivo et al., 2019; Vitales-Noyola et al., 2018). Trg cells are present in
sites of inflammation and control the immune response by modulating antigen presenting cells and
directly regulating other T cells (Belkaid, 2007). The regulation of other innate and adaptive
immune cells plays a significant role in protecting the surrounding tissue (Lei et al., 2015;
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Weirather et al., 2014). Both, indirect and direct functions are often mediated by TGF-p (Belkaid,
2007; Weirather et al., 2014). Similar regulatory functions may be assumed for Thl7 cells in a
hypertonic environment. There, FOXP3 expression is induced during the course of the
inflammation, potentially to limit over-activation while concurrent inflammatory signals provide

clearance of the pathogen.

Immune homeostasis is not only important during an infection but also in the prevention of
autoimmune diseases. It can be hypothesized that the hypertonic environment of an inflammation
induces not only pro-inflammatory characteristics but also an regulatory behavior in Th17 cells.
Thus, hyperosmolarity would be a crucial factor to execute a local immune response but also to
contain it. Nevertheless, the definite role of hypertonicity during T helper cell-mediated
inflammation remains to be fully understood. Since our models can represent neither the complex
compositions nor all relevant cell interactions within the human body, further in vivo studies are

necessary to unravel the greater picture.

4.2. Cytotoxic T cells gain momentum in the hypertonicity present in relevant immunological

compartments

While T helper cells have been in the focus of recent investigations, the osmotic influence on
cytotoxic T cells has not yet been analyzed. This is surprising as there is high promise for
applications in this area, ranging from potential manipulation of cytotoxic T cells in the course of
autoimmune diseases to using tonicity signals to improve adoptive T cell therapy. Only a single
study by Popovic et al. investigated how antigen-presenting cells are affected by hyperosmolarity
and shortly discussed what consequences this might have for CD8* T cells (Popovic et al., 2017).
Thus, my findings give novel insights into the function of cytotoxic T cells and their dependence

on environmental factors.

Of all findings presented in this thesis, the most remarkable one may be cytotoxic T cells
demonstrating higher killing efficiency in hypertonicity. This effect is based on the phenotypical
changes the cells undergo. Noteworthy, this effect does only occur when the cells enter the
hypertonic environment before recognition of the target cell. It is conceivable that the intracellular
mechanisms need some time to adapt to the new milieu resulting in cytotoxic T cells that are more
effective. Further studies on the kinetics of the effects of hyperosmolarity are necessary to

determine the exact temporal setting.
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In the physiological setting of the human body, it is very plausible that cytotoxic T cells are more
active and potent in hypertonic environments. Hyperosmolarity prevails especially in
immunologically active compartments such as skin and infection sites (Brocker et al., 2012;
Jantsch et al., 2015; Schwartz et al., 2009). These locations comprise the body spaces where
immune responses should be the fiercest due to high chance of pathogen encounter. In
consequence, the finding of highly active and potent cytotoxic T cells in a hypertonic environment
can be anticipated. The human body may respond to increased hazards in sites of high osmolarity
by augmenting cytotoxic functions of T cells to support successful protection. Likewise, increased
cytolytic T cell function is not required and may actually be counterproductive in isosmotic
environments like the plasma where increased immunological response can lead to severe
disorders such as the systemic inflammatory response syndrome (Davies and Hagen, 1997).
Similarly, this finding may contribute to the understanding how the immune system prevents tumor
growth. As indicated before, tumor sites also show increased osmolarity (Baronzio et al., 2012;
McGrail et al., 2015). Thus, advanced cytotoxic T cell function may analogously contribute to the
eradication of most tumor cells before their definitive settlement. A very recent study demonstrated
that feeding mice a high salt diet inhibited their tumor growth. Even though higher amounts of
TNF-a and IFN-y have been found in the high salt diet tumors, the corresponding effect was shown
to be independent of T cell responses but was apparently mediated by inhibition of myeloid-
derived suppressor cells. Unfortunately, functional analysis of the impact of cytotoxic T cells to
the tumor suppression was not undertaken. (Willebrand et al., 2019) Consequently, my finding of
highly active and potent cytotoxic T cells in hypertonicity may contribute to the understanding

how the immune system can enhance its response when needed.

The interaction between lymphocyte function and cell metabolism is one of the main interests of
current research underlining the importance of metabolic changes as a driver of cell function. In
the resting state, T cells mainly rely on fatty acid p-oxidation and oxidative phosphorylation.
However, upon initiation of TCR-mediated signaling, cells perform a metabolic switch towards T
cell activation based essentially on aerobic glycolysis while fatty acid p-oxidation is largely
reduced. (Pearce et al., 2013) Wang et al. suggested that oxidative phosphorylation remains
engaged and is in fact a critical factor for T cell activation (Wang et al., 2011). However, in the
microenvironment of a tumor, access to glucose may be reduced. Tumor cells, in contrast to most
of other body cells, use mainly anaerobic glycolysis and fermentation to produce ATP. This
phenomenon is called the Warburg effect. (Liberti and Locasale, 2016) Thus, tumors deprive

glucose from their surroundings. Consequently, the limited availability of glucose in the tumor
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microenvironment dampens cytolytic T cell functions by modifying T cell metabolism and the
ability to produce relevant cytokines (Chang et al., 2015). Among other things, this may represent
a part of a tumor evasion mechanism used to escape immune responses. Still, recent findings
suggest that cytotoxic T cells can regain tumor Killing functionality by promoting fatty acid p-
oxidation after having limited access to glucose and oxygen (Zhang et al., 2017). My findings
demonstrate that cytotoxic T cells augment their metabolic throughput in hypertonicity by
upregulating glycolysis as well as oxidative phosphorylation. This does not only reflect the higher
states of activation in the T cells but may also illustrate adaptations of the immune system to
overcome immune evasion and regain functionality even in a setting where T cell functions are
being suppressed. If T cells can at least partially rely on fatty acid B-oxidation to remain functional,
increased oxidative phosphorylation in the hypertonic tumor microenvironment may provide a

relevant source of energy.

Unfortunately, detailed analysis of the mechanism leading to the effects of hypertonicity on CD8"
T cells is still unresolved. In 2012, a study by Lee et al. found that the nematode homolog of
RUNX3, RNT-1, is regulated and stabilized by p38 MAP kinase (Lee et al., 2012). A similar
pathway is conceivable in humans, where p38 MAP kinase is known to regulate cellular adaption
to extracellular stress (Obata et al., 2000). I have shown that NFATS5 and SGK1 are significantly
upregulated in cytotoxic T cells in hypertonicity. Both molecules are positioned downstream of
p38 MAP kinase which has been shown to play a pivotal role in mediating the effects of
hyperosmolarity on CD4" T cells (Kleinewietfeld et al., 2013). Hence, a comparable pathway for
inducing T cell activation and boosting cytotoxic functions via RUNX3 in CD8" T cells is possible.
Unfortunately, the direct roles of p38 MAP kinase, NFATS5 and SGK1 in regulating the tonicity’s
effects on CD8" T cells were not determinable in my studies because the application of ShRNA
altered the cells’ response, in general. Future studies in this regard may include animal models

with application of respective knockouts.

4.2.1. Enhancement of cytotoxic features in hypertonicity can be beneficial or maleficent

As aforementioned, increased functionality of cytolytic T cells in certain hyperosmotic
compartments may be part of the natural defense mechanisms against pathogens and cell
malignancies. While sensitive compartments should be protected from overwhelming immune
reactions, strong responses are necessary to fight off infections in some tissues such as lymphoid

tissue and skin. The antimicrobial barrier function of the skin has already been described to be
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expanded by a hypertonicity-mediated functional activation of macrophages (Jantsch et al., 2015).
A hypertonic environment increases NO release in macrophages challenged with
lipopolysaccharides or cytokines leading to macrophage activation. Consequently, mice fed with
high salt diet show facilitated clearance of cutaneous leishmanial infection which depends on
macrophage functionality (Jantsch et al., 2015). Since my findings demonstrate increased
cytotoxic function of CD8" T cells in hypertonicity, they may similarly help to improve the skin
barrier with its hyperosmotic microenvironment. Among others, the prominent cytolytic function
of CD8" T cells is especially relevant in viral infections. The strong activation of both, cytotoxic
T cells and macrophages, in hyperosmotic environments may contribute to an enhanced barrier

function of the skin against various kinds of pathogens.

A recent study investigated the effects of osmolarity on dendritic cells and their ability to activate
CD8" T cells (Popovic et al., 2017). They found that hypertonicity affects the behavior of dendritic
cells and diminishes their ability to activate CD8" T cells in a NFAT5-independent manner.
However, the conductors of the study only examined the behavior of dendritic cells and analyzed
their reaction to hyperosmolarity while the cytotoxic T cells were not exposed to this hypertonic
environment. Thus, this did not reflect the physiological setting where both cell types reside within
a hyperosmotic micromilieu during an inflammation. Furthermore, the T cell reaction was
evaluated by measuring levels of IFN-y which I have found to remain unaltered in hypertonicity
even though the cytotoxic function of the CD8* T cells is highly induced. Therefore, the overall
effect of changes in dendritic cells by tonicity signals and its impact on T cell function remain

unclear.

Nevertheless, there are increasing indications suggesting that enhanced cytolytic function of CD8*
T cells in hypertonicity might very well be problematic in the course of autoimmune diseases.
There is growing interest in the role of cytotoxic T cells in numerous autoimmune diseases, such
as diabetes mellitus type 1, rheumatoid arthritis and MS (Bulek et al., 2012; Walter and
Santamaria, 2005). Since the osmolarity is increased in lesions of patients suffering from MS
(Paling et al., 2013), it is conceivable that the hyperosmolarity-based enhancement of cytotoxic T
cell functions may be involved in the disease’s pathophysiology. Indeed, it is known that CD8* T
cells outnumber the CD4™ T cells in MS lesions (Babbe et al., 2000). MHC class | genes in neurons
and glia cells are highly upregulated within MS lesions (Hoftberger et al., 2004). Consequently,
the magnitude of acute axonal injury in MS has been shown to be correlated with the number of
infiltrating CD8" T cells (Bitsch et al., 2000). The infiltrating CD8" T cells have been found to

express high levels of granzyme B as well as IFN-y (Salou et al., 2015). Increased expression of
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granzyme B in hyperosmolarity represents one of my findings building the basis for the enhanced
cytolytic function of CD8" T cells. Thus, it is plausible to relate increased cytotoxic functions in
hypertonicity with the hypertonic milieu in MS lesions. It is, however, relevant to notice that the
definite role of cytotoxic T cells in MS is still unclear (Sinha et al., 2015). Further investigation in
mouse models should reveal the role of tonicity in MS/EAE influencing cytotoxic T cells reactions
in order to unlock the understanding of its pathophysiology and subsequently to help prevent its

occurrence.

4.2.2. Considering tonicity in T cell therapy

Adoptive T cell transfer represents a novel approach in cancer immunotherapy. In its most simple
setup, T cells are taken from a patient suffering from cancer. The cells are then searched for tumor
antigen-specific T cells that are subsequently stimulated and expanded ex vivo for days to weeks,
typically using aCD3/aCD28 signals as well as IL-2-stimuli. After sufficient expansion, the tumor-
specific T cells are transfused back into the patient where they exert curative effects on different
kinds of cancer like leukemia and melanoma (Rosenberg, 2012). Many different tested techniques
exist when it comes to T cell selection or expansion. To obtain tumor-specific T cells, these can
either be taken from resected tumor tissue, sorted from PBMCs or transduced to express artificial
TCRs or chimeric antigen receptors (CARs) (Brenner and Heslop, 2010). Based on the selection
method, different expansion protocols can be applied with considerable consequences for the
resulting T cells (Ghaffari et al., 2019). Short-term ex vivo expansion is desired to keep the cells

both functional and proliferative (Rasmussen et al., 2010).

My findings demonstrate that lysis rates of target tumor cells can be boosted by up to 30 % if the
tumor-specific cytotoxic T cells are stimulated in hyperosmotic medium. This may not only lead
to improved remission rates but also decrease the time necessary for cell expansion. However, to
estimate the practicability, it will be essential to determine the durability of the demonstrated
effects. Furthermore, the influence of hyperosmolarity on memory T cell formation behavior has
to be analyzed since the composition of central memory and effector memory T cells is highly
relevant for the long-term outcome (Rasmussen et al., 2010; Sallusto et al., 2004). Nevertheless,
my findings endorse the idea to use hyperosmotic medium during ex vivo expansion in order to

boost cytotoxic T cell functions for adoptive T cell therapy.

In conclusion, | was able to show that cytotoxic T cells demonstrate higher levels of activation and

express more effector cytokines in hyperosmotic environments, resulting in increased immune
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function and enhanced cytolytic capacity. This effect may be part of the defense mechanisms
against pathogens in immunologically active tissue and on body surfaces. Possible applications of
this finding range from relief of autoimmune disease to adoptive T cell therapy. Together with the
findings in Thl7 cells, my results indicate that in vitro studies solely performed in isotonic
environments are insufficient to reproduce natural conditions making the consideration of tonicity

highly relevant to obtain reliable and translational results.
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5. Abbreviations

ATP Adenosine triphosphate

BSA Bovine serum albumin

CAR chimeric antigen receptors

CCCP Carbonyl cyanide 3-chlorophenyl hydrazone
CCR Chemokine receptor

CD Cluster of differentiation

CF Cystic fibrosis

CFSE Carboxyfluorescein succinimidyl ester
Cl Cell index

Ct Cycle threshold

CTL Cytotoxic T cell

CXCR CXC chemokine receptor

DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid

EAE Experimental autoimmune encephalomyelitis
ECAR Extracellular acidification rate

EDTA Ethylenediaminetetraacetic acid

FACS Fluorescence-activated cell sorting
FasL (FASLG) Fas ligand

FCS Fetal calf serum / fetal bovine serum
FOXP3 Forkhead box P3

Grz Granzyme

HIV Human immunodeficiency virus

HS Human serum

IFN Interferon

IL Interleukin

LAMP1 (CD107a)

Lysosome-associated membrane protein 1

LB Lysogeny broth
mADbs Monoclonal antibodies
MACS Magnetic cell separation
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MAP Mitogen-activated protein

MART-1 Melanoma antigen recognized by T cells 1
MFI Mean fluorescence intensity

MHC Major histocompatibility complex

MS Multiple sclerosis

NaCl Sodium chloride

nCl Normalized cell index

NFAT5 Nuclear factor of activated T cells 5
NF«B Nuclear factor kappa of activated B cells
ns Not significant

OCR Oxygen consumption rate

PBMCs Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PD-1 Programmed cell death protein 1

PHA Phytohemagglutinin

PMA Phorbol 12-myristate 13-acetate

gPCR Quantitative real-time polymerase chain reaction
RNA Ribonucleic acid

RORyt (RORC) RAR-related orphan receptor-yt

RPMI Roswell Park memorial institute medium
RUNX3 Runt-related transcription factor 3

SGK1 Serum and glucocorticoid-regulated kinase 1
shRNA Small hairpin RNA

TCR T cell receptor

TGF Transforming growth factor

Thl cell T helper 1 cell

Thl7 cell T helper 17 cell

Th2 cell T helper 2 cells

TNF Tumor necrosis factor

TRAIL (TNFSF10)

TNF-related apoptosis-inducing ligand

Treg

Regulatory T cell

o

Anti
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