Epigenetic analysis of human y6 T lymphocytes

Dissertation

Zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Christian Albrechts Universitat

zu Kiel

vorgelegt von
Jaydeep Bhat
Kiel, 2017



First referee: Prof. Dr. Dr. Thomas Bosch
Second referee: Prof. Dr. Dieter Kabelitz
Date of the oral examination: 14.03.2017
Approved for publication: 14.03.2017



Dedicated to...

MY parents, family members and teachers (Guru)...



“I have no special talents. I am only passionately curious.”

- Albert Einstein



Content

1. Introduction

1.1 The immune system: Basics and disease-associated dysfunction

111
1.1.2
113
114
1.15
1151
1152

Conventional and non-conventional human T lymphocytes
T-cell development and TCR repertoire

Antigen recognition and functional diversity

Receptors and ligands of human yd T lymphocytes

NKG2D receptor - ligand system

NKG2D ligand-mediated tumor immune escape mechanisms
Clinical implications and therapeutic aspects of NKG2D ligand

release and shedding

1.2 Epigenetics of T-cells

1.2.1
1.2.2
1221
1.2.2.2
1.2.2.3
12231
1.2.2.3.2
1.2.3
124

Basic overview of epigenetic regulation

‘Millions of minorities’ constitute epigenetic landscape
Chromatin packaging and nucleosome positioning
Chromatin remodeling and histone proteins

Histone modifications

Histone acetylation - deacetylation

Histone (de)methylation and other PTM

DNA methylation and hydroxymethylation

Gene regulation at the level of RNA expression

1.3 Technological advancements in T cell epigenetic research

131

1.3.2

1321
1.3.2.2
1.3.2.3

(Epi)genome-wide analysis using chip-arrays and sequencing
technology

Analysis of (epi)genomic data

Bioinformatic workflow and tools

Epigenomic features and CpG Island features

Integrated analysis: The multi-omic approach

2. Aims and objectives of the thesis

Content

1
w
N

© 0 N W R R R

11
12
12
12
13
14
16
16
18
19
21
23

24
27
27
29
31
33



Content

3. Materials 34 -53
3.1 Biological materials 34
3.1.1 Tumor cells 34
3.1.2 Peripheral blood from healthy individuals 34
3.1.3 Peripheral blood samples from y6-HSTCL patient 37
3.1.4 T-cell subset purification and purity 38
3.2 Reagents, chemicals and culture mediums 40
3.2.1 Reagents 40
321 Culture mediums and kits 42
3.2.2 Antibodies for western blotting, flow cytometry,
Immunoprecipitation and Imaging 43
3.3 Primers used 47
3.4 Buffers and biochemical solutions 50
3.5 Laboratory consumables, equipment and software 52
4. Methods 54 - 69
4.1 Cell biological and immunological methods 54
411 Cell cultures 54
4111  Maintenance of tumor cells 54
4.1.1.2  Tumor cell culture 54

4.1.1.3 Isolation of peripheral blood mononuclear cells and

preparation of antigen-activated T-cell lines 54
4.1.1.4  Isolation of T-cell subsets 55
4.1.2 Functional assay set-up 55
4.1.2.1  Co-culture assays and assays for soluble versus

immobilized NKG2D ligands 55
4.1.2.2  Assay for H3K9ac analysis 56
4.1.2.3  Cell death analysis assays 56
4.1.3 Proliferation assay by *H-thymidine incorporation 56
4.1.4 Flow cytometry 57

4141 Basic flow cytometry protocol 57



Content

4.1.4.2 NKG2D ligand expression on tumor cells by flow cytometry 58
4.1.4.3 Immunophenotyping of cultured cells 58
4.1.4.4  Annexin-Pl staining for cell death analysis 58
4.1.45  Flow cytometric sorting of T-cell populations for ATAC-seq 59
4.1.5 Analysis of culture supernatants for NKG2D ligand shedding
(ELISA) 59
4.2 Biochemical methods 60
421 Isolation of exosomes 60
4.2.2 (S)MICA/B immunoprecipitation 60
4.2.3 Immunoblotting 60
4.3 ImageStream analysis 61
4.4 Molecular biological and epigenetic methods 62
4.4.1 Quantification of mMRNA expression 62
4.4.2 ATAC-seq library preparation 62
4.4.3 DNA extraction, bisulfite conversion and DNA methylation analysis 63
4.4.4 RNA extraction, quality control and library preparation 63
4.5 Bioinformatic analysis 64
45.1 Bioinformatics analysis of IL-4, CASP3, MLKL and HDAC1 64
452 Analysis of ATAC-seq data 64
45.3 Analysis of DNA methylation data 65
45.4 Healthy T cell methylome 66
455 v0-HSTCL methylome 66
4.5.6 Analysis of RNA-seq 67
45.6.1  Transcriptome analysis 67
45.6.2  Long non-coding RNA analysis 67
4.5.6.3 miRNA analysis 67
457 Integrated analysis of ATAC-seq, DNA methylation
and RNA-seq data 68
45.8 Functional annotation 69

4.6 Statistical analysis 69



5. Results

5.1 Release of NKG2D ligands from tumor cells: Exosomes versus shedding

511 Expression and release of MICA depends on origin of tumor
cell type

512 MICA antibody specifically detects full-length (truncated) form
of protein

513 Pancreatic carcinoma shed MICA in culture supernatant

51.4 Prostate cancer cell lines release MICA through exosomes

5.2 Epigenetic modulation of NKG2D receptor and ligands:
Mechanism of NKG2D ligand release and functional effects
521 Epigenetic modifiers differentially modulate NKG2D ligand
surface expression and release from pancreatic carcinoma and
prostate carcinoma cells
5.2.2 VPA affects NKG2D receptor expression differentially on the cell
surface of activated yd T-cells and freshly isolated PBMC
523 VPA regulates mMRNA expression of the NKG2D receptor
and its ligands
524 Flow cytometric analysis of H3K9 acetylation

at the single cell level

5.3 Functional implications of epigenetic modulators on healthy human yd T-cells:

Modulation of human yo T-cell activation and phenotype by histone
deacetylase inhibitors
531 Dose-dependent inhibition of T-cell proliferation by VPA
53.2 Inhibitory concentrations of VPA induce cell death
5.3.3 Subset specific cytotoxicity of VPA for human yo T lymphocytes
5.3.4 Toxic concentrations of VPA selectively down-regulate T-cell
surface markers
535 Cell death-inducing concentrations of VPA modulate

histone acetylation in human yé T-cells

5.4 Functional implications of epigenetic modulators on healthy human yd T-cells:

Content

70 - 141

70

70

71

72

73

75

75

80

82

85

89

89

92

93

94

96



Generation of intracellular cytokine variants and association with cell death

54.1
5.4.2
5.4.3

5.4.4

HDACI induces IL-43;3 in human yd T-cells

Differential changes in secretory vs non-secretory forms of IL-4

Cell death pathway inhibitors modulate 1L-43;3 induction and histone
modification

Interplay of IL-46,3 with c-Jun expression and histone acetylation

5.5 Comprehensive epigenetic landscape of human yé T-cells:

Chromatin accessibility, DNA methylation and total RNA analysis

5.5.1
5.5.2
5.5.3

5.54
555
5.5.6
5.5.7

5.5.8

DNA methylome segregates T-cell subsets

vd T cells share distinct DNA methylation patterns with aff T cells
Genomic and epigenomic features form the basis for the yo T-cell
methylation pattern

Functional validation of T cell-specific DNA methylome

Gene expression profile represents differential regulation of yo T cells
vd T cells share a discrete regulatory RNA (miRNA and IncRNA) profile
Nucleosome positioning and differential chromatin accessibility support
v T-cell subset specification

A set of genes integrating yd T cell-specific DNA methylation and the

RNA expression profile forms the basis for yd T cell immune function

5.6: Epigenetic modification of human yo T-cells in malignancy:

A case report of an hepatosplenic gamma/delta T-cell lymphoma patient

responding to Interferon-o treatment

5.6.1
5.6.2
5.6.3
5.6.4

5.6.5

Clinical representation of a y6-HSTCL patient

Time-dependent changes in DNA methylation

Interferon-o therapy induces differential methylation over time
Genomic- and CpG Island (CGI) - features support changes in
malignant yo T cell DNA methylome due to Interferon-a therapy
Biological association of differential methylation pattern

upon [FNa2c-treatment

Content

98
98
101

104
105

109
109
113

114

116

118

119

124

127

133

133

135

135

137

139



Content

6. Discussion and conclusion 142 - 163
6.1  Release of NKG2D ligands from tumor cells: Exosomes versus shedding 142
6.2  Epigenetic modulation of NKG2D receptor and ligands:

Mechanism of NKG2D ligand release and functional effects 144
6.3 Functional implications of epigenetic modulators on healthy human yoé T-cells:

Modulation of human yo T-cell activation and phenotype by histone deacetylase

Inhibitors 148
6.4  Functional implications of epigenetic modulators on healthy human y$ T-cells:

Generation of intracellular cytokine variants and association with cell death 152
6.5 Comprehensive epigenetic landscape of human yd T-cells:

Chromatin accessibility, DNA methylation and total RNA analysis 156
6.6  Epigenetic modification of human yé T-cells in malignancy: A case report

of an hepatosplenic gamma/delta T-cell lymphoma patient responding to

Interferon-a treatment 162
7. Future perspectives 164
8. Summary 165
9. Zusammenfassung 166
10. References 168
11. Appendix 193 - 198
11.1  Acknowledgement 193
11.2  Curriculum vitae 195
11.3 Declaration 198

Vi



Abbreviations

*H-TdR
5hmC
5mC
ADAM
ATAC-seq
BrHPP
BTN3Al
CASP3
CD
CDP-ME
CDP-MEP
CGl
DEG
DMAPP
DMG
DANN
DNMT
DOXP
ELISA
FPP

GO

HAT
HDAC1
HDACI
HLA
HMB-PP
HMG-CoA
HSTCL
IFNa2c
IFNg

g

IL

U

JMJD

Kb

KDa
INcRNA
MAPK1

Abbreviations

3H-thymidine

5-hydroxymethylcytosine

5-methylcytosine

A disintegrin and metalloproteases

Assay for Transposase-Accessible Chromatin using sequencing
Bromohydrin pyrophosphate

Butyrophilin, subfamily 3, member Al
Caspase 3

Cluster of differentiation
4-diphosphocytidyl-2-C-methyl-D-erythritol
4-diphosphocytidyl-2-C-methyl-D-erythritol 4-phosphate
CpG Island

Differentially expressed genes
Dimethylallyl pyrophosphate

Differentially methylated genes
Deoxyribonucleic acid

DNA methyltransferases
1-deoxy-D-xylulose 5-phosphate
Enzyme-linked immunosorbent assay
Farnesyldiphosphate

Gene ontology

Histone acetyl transferase

histone deacetylase 1

histone deacetylase inhibitor

Human Luekocyte antigen
(E)-4-hydroxy-3-methyl-but-2-enyl-pyrophosphate
3-hydroxy-3-methylglutaryl-coenzyme A
Hepatosplenic T-cell lymphoma
Interferon-a2c

Interferon-y

Immunoglobulin

Interleukin

International Unit

Jumonji Domain containing protein

Kilo bases

Kilo Dalton

Long non-coding RNA

Mitogen-activated protein kinase 1

Vil



MDS
MEcPP
MEP
MICA
MICB
miRNA
MLKL
MMP
N-BP
NCR
Necl
NFR
NGS
NK cell
NKG2D
NKG2DL
NSA

P

PAg
PBMC
PCA
PHA

Pl

PTM
RNA
S.C.
SDS-PAGE
SE
SNP
TCR
TET
TLR
TSA
TSS
ULBP
VPA
VPM
ZVAD

Abbreviations

Multidimensional scaling
2-C-methyl-D-erythritol 2,4-cyclopyrophosphate
2-C-methyl-D-erythritol 4-phosphate

MHC class | chain-related protein A

MHC class | chain-related protein B

MicroRNA

Mixed lineage kinase domain like protein

Matrix metalloproteases

Nitrogen-containing bisphosphonates

Natural cytotixicity receptor

Necrostatin-1

Nucleosome free regions

Next-Generation sequencing

Natural killer cell

Natural-killer group 2, member D (receptor protein)
Ligands for Natural-killer group 2, member D protein receptor
Necrosulfonamide

Phosphate

Phosphoantigen

Peripheral Blood Mononuclear Cells

Principal component analysis
Phytohaemagglutinin

Propidium lodide

Post-translational modification

Ribonucleic acid

Sub-cutanous

Sodium dodecyl sulfate-Polyacrylamide gel electrophoresis
Staphylococcal Enterotoxin

Single-nucleotide polymorphisms

T-cell receptor

Ten eleven translocation

Toll-like receptor

Trichostatin A

Transcription start site

UL16-binding proteins

Valproic acid

Valpromide
Z-Val-Ala-DL-Asp-fluoromethylketone

VI



Introduction

1. Introduction

1.1  The immune system: Basics and disease-associated dysfunction

1.1.1 Conventional and non-conventional human T lymphocytes

Hematopoietic stem cells (HSC) have the capacity to undergo lineage commitment producing
myeloid cells (monocytes, macrophages) through common myeloid progenitors (CMP) or
lymphoid cells (T cells, B cells and NK cells) through common lymphoid progenitors (CLP).
Broadly, humoral immunity provided by B cells and cell-mediated immunity provided by T cells
are collectively termed ‘adaptive’ immunity. The cells involved in primary immune responses or
first line of defense like NK cells, mast cells and other leukocyte subsets including monocytes
and dendritic cells are considered as ‘innate’ immune cells. Usually, ‘conventional T cells” are T
cells expressing the ap T-cell receptor (TCR) repertoire. Peptide antigen recognition and major
histocompability complex (MHC) restriction of aff T cells have been studied in depth and were
initially found to be central to immune responses. In the mid-1980s, T cells with distinct y6 TCR
rearrangements, non-peptide antigen recognition and non-MHC restriction were discovered and
termed ‘non-conventional T cells’. In addition to this classification of T cells based on the TCR
repertoire and MHC restriction, another immune subset of importance are invariant natural killer
T (iNKT) cells, which share phenotypic and functional characteristics of T cells and features of
NK cells (Roberts and Girardi, 2008). y5 T cells links functional immune responses of innate and
adaptive cells (Holtmeier and Kabelitz, 2005). To define T-cell subsets, they are usually
characterized based on their ‘cluster of differentiation’ (CD) antigen profile.

1.1.2 T-cell development and TCR repertoire

In the thymus, nurse cells select lymphocytes to differentiate them into T cells. Through a series
of developmental checkpoints and commitment events, mature T cells are generated. Thus, only
after education and training (positive and negative selection), T cells are ready to leave the
thymus “school”. Following the process of intrathymic TCR gene rearrangement, mature T cells
express a diverse TCR repertoire, which categorizes them as aff T cells or yd T cells. However,
the process of T cell development and TCR gene rearrangement gives rise to three functionally
distinct T cell subsets including, CD4"af T cells, CD8"ap T cells and y5 T cells.

Thymocyte development is divided into four stages (Fig. 1.1A) according to the expression of

surface markers: double negative (DN), immature single positive (ISP), double positive (DP) and
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single positive (SP). The DN stage is separated into 4 populations (I-1V), where early thymocytes
acquire differential expression of CD34, CD38 and CD1a. Following CD1a expression for T cell
lineage commitment, cells pass through the CD4" ISP stage. Next, CD3™ cells enter the
CD4'CD8u" early DP and CD4" CD8a'CD8B" DP blast stage. Soon after, B selection occurs
leading to the rearrangement of the TCRa locus and giving rise to the TCRap" DP stage.
TCRaf'DP cells develop into SP with mature CD4 and CD8 cells and undergo positive and
negative selection. yd T cells are DN T cells and have the potential to emerge from the DN, ISP
or early DP stage of T-cell development (Joachims et al, 2006). B-selection is the process, by
which a rearranged nascent TCRp chain successfully pairs with the pre-TCRa (pTa) protein and
CD3 molecules forming the pre-TCR complex allowing for the transmission of a selective signal

for survival, expansion and allelic exclusion (Spits 2002; Michie et al, 2002).
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Figure 1.1: Stages of T-cell development and germline organization of the human TCR y and & gene loci. (A)
Four distinct stages (DN, ISP, DP and SP) through which immature thymocytes develop and give rise to either
TCRaf* CD4 and CD8 T cells or TCRyS™ T cells (Figure adopted from Joachims et al, 2006). (B) Recombination of
individual gene segments from variable (V), constant (C), diversity (D) and joining (J) elements leads to the
rearrangement of a distinct TCR vy or d chain. This TCR yd rearrangement gives rise to functionally diverse yo T cell

subsets.
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The diversity of TCR gene rearrangement in aff or yd T cells occurs in the third complementary
determining region (CDR3) and is generated due to the possibility of VV(D)J recombination at
genomic region of diverse variable (V), constant (C), diversity (D) and joining (J) segments.
Human a, B, y and o chain gene segments are located on chromosome 7 and 14 (3 chain within o
chain gene segments). Three completely different models have been proposed to explain the role
of TCR gene rearrangement during T-cell development. The ‘instructive model’ is based on the
formation of TCRyd to develop into yo T cells from bipotent af/yd T cell precursors and
similarly formation of pre-TCR complex for a3 T cells. The ‘stochastic’ or ‘separate lincage’
model uses predefined rearrangement of the TCR genes with lineage commitment defined by
other factors such as IL-7R expression or Notch signaling. The most widely accepted model is
the ‘signal strength’ model. According to this model, the choice of aff or y6 T cells depends on
the strength of the pre-TCR signal. Stronger signals lead to yd T-cell development, while weaker
signals generate af T cells (Joachims et al, 2006).

The peripheral T-cell compartment comprise of aff T cells (~ 95 %) and yd T cell (~ 5 %) of total
CD3" T cells. Depending on the further usage of gene segments during TCRyS gene
rearrangement (as illustrated in Figure 1.1B) and tissue-localization (Vroom et al, 1991), y6 T
cells are further classified as Vol, V82 or V33 T cells, pairing with various Vy gene elements
(Vantourout and Hayday, 2013). V42 T cells are predominantly found in peripheral blood and
V&2 often pairs with Vy9 (so called Vy9Vé2 T cells), while Vo1 and Vo3 T cells are localized in
mucosal tissues such as intraepithelial lymphocytes (IELS).

1.1.3 Antigen recognition and functional diversity

af or yd T cells follow completely different antigen recognition and activation pathways. The
TCR complex in association with other coreceptors leads to T-cell activation. Typically, the
TCRof forms a complex with CD3ey and CD3ed heterodimers, and a TCR{{ homodimer.
Depending on the presence of CD4 or CD8 coreceptor, the T cell interacts with peptide- MHC
class I or Il molecules present on antigen-presenting cells (APC). Followed by this ‘signal 1°, a
costimulatory ‘signal 2’ is provided by respective B7 (CD80/CD86) or CD40 proteins on APC
which are ligands for CD28 or CD40L on T cells. ‘Signal 3’ by cytokines activates a cascade of
downstream signaling events, ultimately culminating in aff T-cell activation (Lenschow et al,
1996; Davis, 2002; Choudhuri et al, 2005; Han et al, 2012).
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Figure 1.2: Classical isoprenoid biosynthesis pathway. In eukaryotic organisms, isopentenyl pyrophosphate (1PP)

is generated using the classical mevalonate pathway, while its corresponding pathway in eubacteria is referred to as
the non-mevalonate or Rohmer or DOXP pathway. IPP generation through further enzymatic reactions is required
for additional biochemical processes such as cholesterol biosynthesis, protein geranyl-geranylation. (Figure adopted
from Holtmeier and Kabelitz, 2005).

As y8 T cells do not recognize peptide antigens in an MHC-dependent manner, they do not

follow the classical T-cell activation process as described above. Moreover, antigen-presenting
4
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proteins mediating yd T-cell activation are under investigation. yo T cells recognize and are
activated by non-peptide ligands including isopentenyl pyrophosphate (IPP), nitrogen-containing
bisphosphonates and alkylamines. The “classical” mevalonate pathway (MVA pathway; Fig. 1.2)
is used in eukaryotes, archaebacterial and certain eubacteria for IPP generation. Another pathway
called non-mevalonate, Rohmer, the 2-C-methyl-d-erythritol 4-phosphate (MEP) or DOXP
pathway is used in many eubacteria, the plastids of algae and higher plants. Naturally occurring
agonists for yo T cells like, IPP and dimethylallyl pyrophosphate (DMAPP) are collectively
called phosphoantigens (pAg). However, HDMAPP or its synthetic compound, cHDMAPP (or
‘picostim’) are the most potent yo T-cell activators with bioactivity around 100 pM, which is
30,000 times higher than that of endogenously produced IPP. y& T-cell activation can also be
induced by the clinically used nitrogen-containing bisphosphonates, such as zoledronic acid.
Nonetheless, the statins, inhibitors of HMG-CoA reductase do substantially decrease yo T cell
activation (Holtmeier and Kabelitz, 2005).

Although vyo T cells do not require MHC molecules for antigen presentation, a related function
has recently been shown for butyrophilin 3A (BTN3A) or CD277 molecule present on antigen-
presenting cells or tumor cells. CD277 is absolutely required for pAg-dependent yd T cell
activation and anti-tumor immune responses (Harly, et al, 2012). Of note, the molecular
mechanism that governs BTN3A-mediated pAg presentation is not yet completely clear.
Genomic organization also supports the role of BTN3A molecules, as BTN genes are located in
the extended MHC region on human chromosome 6 (Rhodes, et al, 2001; Riano et al, 2014).
Reports on the role of BTN3A in yd T cell activation have proposed three hypothetical models
(Harly et al, 2015). In an outside-in model (Fig. 1.3A-a), internal pAg or external pAg that are
brought in by transporters interact with the intracellular B30.2 domain of BTN3AL1 (Sandstrom et
al, 2014). Contradicting results indicate an inside-out model (Fig. 1.3A-b) that proposes that pAg
are produced inside and are transported out through transporters (Vavassori et al, 2013 Nat
Immunol). In this model, the extracellular domain of BTN3A1 serves as antigen-presenting
molecule. A third model (Fig. 1.3A-c) is hypothetically based on the combination of both inside-
out and outside-in signaling. Despite these alternate models, it is clear that pAg produced by

microbes and tumor cells are recognized by yo T cells.
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Figure 1.3: Proposed models for CD277/BTN3A-mediated human v T cell activation and y6 T cell functional
plasticity. (A) Three different hypothetical models have been proposed to explain the basis for phosphoantigen-
recognition and activation of y8 T cells. Phosphoantigens are shown to be recognized by possibly three different
modes (a) - (c) of signaling mediated by CD277/BTN3A1 3 T cell surface proteins (Figure adopted from Harly et
al, 2015). (B) Upon antigen recognition and depending on the microenvironment provided, yd T cells can be further
differentiated into functional subsets including Thl-, Th2-, Th17-, follicular-, antigen presenting-, memory- and

regulatory- yd T cells based on supplemented cytokines and microenvironment.
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The intrinsic property of pAg recognition by yd T cells translates into potent anticancer activity
against leukemias/lymphomas and various epithelial tumor cells, and thus has emerged as a
promising tool for cancer immunotherapy (Kabelitz et al, 2013). Apart from their antitumor
response, Y0 T cells possess a surprising functional plasticity which includes follicular B-cell
helper activity but also regulatory activity. T-cell subset differentiation is governed by a set of
specific transcription factors and the local cytokine milieu. Under appropriate
microenvironmental conditions, human yd T cells can thus differentiate in vitro into Thl, Th2,
Th17, Tth and Treg lineages as similar to aff T cells (Fig. 1.3B; Wesch et al, 2001; Ness-
Schwickerath et al, 2010; Caccamo et al, 2012; Peters et al, 2014; Bansal et al, 2012; Brandes et
al, 2009).

1.1.4 Receptors and ligands of human y6 T lymphocytes

The capability to sense cellular stress and transformation events make yé T cells an important
component of immunosurveillance. In this scenario, yd T cells recognize ligands on tumor or
‘transformed’ cells. These ‘self-ligands’ expressed on tumor cells include heat shock proteins
(HSP) and F1-ATPase. For instance, human Vy9Voé2 T cells recognize HSP60 expressed on oral
tumor cells and show specific cytotoxicity against them (Laad et al, 1999). Mitochondrial F1-
ATPase proteins expressed on tumor cells together with the delipidated form of apolipoprotein
A-1 (apo A-I) is also recognized by TCR Vy9V42, which promotes tumor cell recognition and yd
T cell activation (Scotet et al, 2005). Though the antigens for V31 activation are as yet largely
unknown, a subset of V&1 T cells is reactive to CD1d-a-galactosylceramide (a-GalCer; Uldrich
et al, 2013).

Apart from these potent ligands expressed on target tumor cells, other costimulatory molecules
like natural cytotoxicity receptors (NCR) and toll-like receptors (TLR) are known to affect
immunomodulatory functions of yo T cells. Vo1 T cells derived from peripheral blood express
NKp30, NKp44 and NKp46. Out of these NCR, NKp30-expressing Vo1 T cells are specialized
for the killing of leukemic cells (Correia et al, 2011). Moreover, TLR2, TLR3, TLR4, TLR7/9
and TLR 8 are expressed on yo T cells and contribute to diverse immune cell functions (Dar et
al, 2014).
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1.1.5 NKG2D receptor - ligand system

Immune cells have the capacity to recognize not only infectious non-self and non-infectious self-
antigens, but also ‘abnormal self” antigens. Usually these abnormal self-antigens are proteins
upregulated in response to viral infection, DNA damage or tumor transformation. Upon
recognition, the functional response of T-cells results from the coordinated activity of a number
of interconnected signaling molecules and pathways which are controlled by activating or
inhibiting receptors and the release of cytokines and chemokines (Pegram et al, 2011).
KIR/CD158, encoding killer 1g-like receptors and the NKG2A/CD94 heterodimers are inhibitory
receptors expressed on NK cells, CD8 cells and yd T-cells. NKG2D is one of the activating
receptors involved in recognition of such induced self-proteins. NKG2D is a C-type, lectin-like,
type Il transmembrane glycoprotein, expressed on all human NK cells, NKT cells, CD8, y& T
cells and a small subset of CD4 T cells in humans (Spear et al, 2013). Apart from human and
mice, they are also widely expressed in other mammals. Human NKG2D receptors recognize
two families of NKG2D ligand proteins (Fig. 1.4 lower panel): the highly polymorphic MHC
class | chain-related protein A (MICA) and B (MICB) family, the family of UL16-binding
proteins (ULBP1-6). The NKG2D receptor - ligand axis plays an important role in yd T cell-
mediated cytotoxicity against a broad range of tumor cells (Wrobel et al, 2007; Nedellec et al,
2010) and immune cell development (Zafirova et al, 2011).

Depending on the interaction of activating or inhibitory receptors, a signal is transduced through
intracellular immune-receptor tyrosine-based inhibitory motifs (ITIMs) or immune-receptor
tyrosine-based activation motifs (ITAMs). Thus, in humans, NKG2D receptor - ligand binding
sends a signal via the associated transmembrane adapter protein DAP10 using ITAMs (Pegram
et al, 2011). DAP10 activates Grb2-Vav and activates phosphoinositide-3-kinase (P13K), which
delivers activation signals to enhance survival, cytotoxicity and co-stimulation of T cells.
However, overstimulation by DAP10 leads to Fas/FasL-dependent Caspase-3/-7 activation.
Activation of Caspase-3/-7 induces CD3( degradation, which delivers inhibitory signals through
FcRy, NCR and TCR molecules (Chitadze et al, 2013).
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1.15.1 NKG2D ligand-mediated tumor immune escape mechanisms

In a typical immune editing process, immunosurveillance by effector cells such as NK cells or T
cells leads to the elimination of malignant cells. Tumor cells that escape immunosurveillance
might develop an immune-resistance phenotype. This further orchestrates tumor immune escape
mechanisms to overcome the complete anti-tumor capacity of effector cells (Dunn et al, 2004).
As the NKG2D receptor - ligand axis is one of the key signaling mechanisms for y6 T cell-
mediated anti-tumor responses, tumors have also established the ability to express and release
NKG2D ligands from the cell surface, referred to as ‘shedding’ (Waldhauer et al, 2008), as an
escape mechanism. The release of NKG2D ligands in humans mainly differs among different
tumor entities and uses different molecular mechanisms (Chitadze et al, 2013; Chitadze et al,
2013; Liu et al, 2010). Nevertheless, it is still under extensive investigation whether shedding of
NKG2D ligands is beneficial or not for anti-tumor responses (Groh et al, 2002; Deng et al,
2015).

NKG2D ligand shedding is primarily mediated by three mechanisms (Fig. 1.4). In a first
scenario, proteolytic cleavage is mediated by proteases (Fig. 1.4A) such as matrix
metalloproteases-9 (MMP-9) and ‘A disintegrin and metalloproteases’- 10/-17 (ADAM-10/-17).
Substrate cleavage results both in a decrease of surface expression and the release of a soluble
portion of the substrate. Moreover, ligands or proteins can be released through subcellular
organelles like exosomes (Fig. 1.4B). Exosomes decorated with NKG2D ligands are released
into outer microenvironment and further binds to effector cells, which could downregulate
NKG2D receptor signaling. The prostate carcinoma cell line PC-3 (Chitadze et al, 2013),
leukemia/lymphoma cells (Hedlund et al, 2011) and mature human DCs (Viaud et al, 2009) are
reported to release NKG2D ligands via exosomes. In a human gastric cancer cell line model,
ULBP1-3 are cleaved by phosphatidylisnositol-specific phospholipase C (PI-PCI; Song et al,
2006; Fig. 1.4C). PI-PLC is specific to GPl-anchored ULBP-1, -2 and -3, which as an effect

downregulate NKG2D-mediated cytotoxicity of effector cells.
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Figure 1.4: Mechanisms of NKG2D ligand release from tumor cells. NKG2D ligands can be released by any of
the three mechanisms represented in the figure; NKG2D ligand cleavage by ADAM proteases (A), via exosomes (B)
or by phosphatidylisnositol-specific phospholipase C (PI-PLC) activity (C). The binding to the NKG2D receptor

modulates functional activity of respective effector cells (Figures adopted from Chitadze et al, 2013).

Though shedded and soluble NKG2D ligands play a major role, other mechanisms might also
contribute to the downregulation of NKG2D receptor signaling. For example, transforming
growth factor-p1 (TGF-B1), interferon-p1 (IFN-B1), interleukin-21 (IL-21) all downregulate
NKG2D receptor expression, while 1L-2, IL-7, 1L-12 and IL-15 trigger NKG2D upregulation
(Lanier 2015). The modulation of NKG2D receptor signaling by these cytokines is also
controlled by post-transcriptional modification. TGF-f1 upregulates miRNA-1245 expression,
resulting in NKG2D receptor downregulation in NK cells and impaired cytotoxicity (Espinoza et
al, 2012).
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1.1.5.2  Clinical implications and therapeutic aspects of NKG2D ligand release and
shedding

Persistent down-modulation of the NKG2D receptor leads to impaired effector cell activity.
Apart from in vitro experiments, the impact of NKG2D ligand release has been very well
corroborated in patients suffering from various types of cancer. Clinical data clearly underscores
the association of tumor-derived or soluble NKG2D ligands with poor prognosis and disease
outcome in patients with pancreatic cancer (Duan et al, 2011), prostate cancer (Wu et al, 2004),
hepatocellular carcinoma (Kumar et al, 2012) and leukemia (Hilpert et al, 2012). To overcome
this negative impact of NKG2D ligand(s) release in patient sera, a number of potential
therapeutic approaches have been suggested. To this end, a super-agonist antibody targeting IL-
15 and soluble MIC is shown to enhance the anti-tumor effect (Basher et al, 2016). In a clinical
trial with melanoma patients, anti-MICA autoantibodies were induced as an effect of anti-CTLA-
4 immunotherapy (Jinushi et al, 2006). Other suggested potential strategies include therapeutic
agents targeting proteases such as ADAM-10/17 or ERp5 molecules. Also, antibodies opsonizing
antigen presenting DCs to enhance cross presentation and antibody-dependent cell cytotoxicity
(ADCC) to target membrane bound NKG2D ligand (Zhang et al, 2015). Recently, histone
deacetylase inhibitors (HDACI) have emerged as potential anticancer drugs, which also serve as
possible therapeutic approach to modulate NKG2D ligand expression and release in patients
(Fionda et al, 2015).
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1.2 Epigenetics of T-cells

1.2.1 Basic overview of epigenetic regulation

In 1892, the German biologist August Weismann proposed that genetic inheritance occurs
through germ cells (concept of genotype and phenotype), while the famous French biologist,
Jean-Baptiste Lamarck proposed the theory of inheritance of acquired characteristics. The theory
of inheritance of acquired characteristic, also called “soft inheritance”, Lamarckism or theory of
adaptation supports modern era ‘epigenetics inheritance’. It describes the phenomenon of
inheritance of acquired features which can increase the adaptation of an organism to its
environment (Haig, 2004; Haig, 2007). Addressing the view on classical controversies in
embryology, Conrad Waddington wrote in his book, ‘An introduction to Modern Genetics’,
but equally it is clear the interaction of these constituents (of the fertilized eggs) gives rise to new
type of tissue and organ which were not present originally, and in so far development must be
considered as ‘epigenetics’” (Waddington, 1939 [p.156]). Thus, he introduced the term
‘epigenetics’ for such non-genetic mechanisms as “the branch of biology which studies the
causal interactions between genes and their products, which bring the phenotype into being”
(Waddington, 1942).

Throughout the last decades scientists have come up with different views on and various
definitions of epigenetics. The current definition of epigenetics has evolved as, “the study of
changes in gene function that are mitotically and/or meiotically heritable and that do not entail a
change in DNA sequence” (Wu and Morris, 2001). Nonetheless, epigenetics, in a broader sense,
is a bridge between genotype and phenotype. For instance, multicellular organisms exhibit
identical genotypes, but the functional diversity of processes specifies a unique cell-type
depending on the context. This vast capacity of (cellular differentiation by) epigenetic
mechanisms controls heritable changes in gene expression or cellular phenotype and is described
as “epigenetic landscape” (Goldberg et al, 2007).

1.2.2 ‘Millions of minorities’ constitute epigenetic landscape

To understand Waddington’s ‘epigenetic landscape’, it is important to familiarize with various
processes involved. Thus, the following sections will give a comprehensive overview of the most
widely studied processes (hence titled ‘millions of minorities’) involved in the control of

epigenetic mechanisms.
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1.2.21  Chromatin packaging and nucleosome positioning

The major breakthrough came during 1869 to 1951, when Miescher, Flemming, Kossel, Heitz,
Muller and McClintock laid the foundation of modern era of epigenetics, by providing early
hints for non-Mendelian inheritance. Specifically, the pioneering work of the German scientist
Emil Heitz formed the cytological basis for the distinction between euchromatin (genetically
active) and heterochromatin (genetically inactive) (Passarge, 1979). So, he further classified
heterochromatin as constitutive heterochromatin, where both maternal as well as paternal
chromosomes respond in similar way during development; and as facultative heterochromatin,
where both homologous chromosomes behave differently (one becomes heterochromatic and
another remains euchromatic) (Brown, 1966). Thus, it is very interesting how chromatin
organization is structured in the cell!

A cell is the most basic building unit of life and holds all the genetic information in a total of 6
million base pairs of DNA. A 2 nm wide DNA double helical structure is called chromatin.
Typically, chromatin is made up of octamer histone proteins (H2A, H2B, H3 and H4) wrapped
around 146 bp of DNA (or 1.7 turns of DNA) and linker DNA of about 20-60 bp forming the
nucleosome (Kornberg, 1974). This structure is often referred to as ‘string-of-beads’. A
nucleosome with an H1 histone forms a ‘chromatosome’, an 11 nm size structure. Next, these
chromatosomes fold up together to produce a 30 nm fiber that forms loops of 300 nm average
length. These 300-nm fibers are further coiled to produce ‘the chromatid of a chromosome’
(schematically represented in Fig.1.5). Coiling of ‘string-of-beads’ and fibers is important to
compact 2 meter long DNA into the microscopic space of the eukaryotic nucleus. Positively
charged small histone proteins bind very tightly to negatively charged DNA (because of the
phosphate group within the phosphate-sugar backbone) by providing the energy mainly in the
form of electrostatic interactions (Annunziato et al, 2008).

It is widely accepted that the euchromatin status in the cell reflects ‘active’ gene expression,
because of accessible chromatin with distinct nucleosome positioning, which facilitates
interaction with the transcriptional and accessory machinery. Vice versa, thus, it is also true for
heterochromatin leading to ‘inactive’ gene with inaccessible chromatin. Chromatin accessibility
and nucleosome remodeling are primary regulators of gene expression (Ramachandran and
Henikoff, 2016).
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Figure 1.5: Structural organization of chromatin and nucleosomes within a cell. Nucleosomes, the basic unit of
chromatin, are formed from histone-bound DNA. The spatial orientation of nucleosomes, also called as nucleosome
positioning, further compacts to produce the chromatid of a chromosome. Thus, a human chromosome of 1400 nm
size contains 6 million base pairs of DNA per cell (figure adopted from Annunziato et al, 2008).

1.2.2.2  Chromatin remodeling and histone proteins
The organization of chromatin and nucleosome is a structurally dynamic process. This dynamic
process is not only important for the packaging of DNA, but also for the regulation of DNA
accessibility for transcription, recombination, DNA repair and replication, which ultimately leads
to the cumulative effect of gene expression during health and/or disease progression. These
complex processes are mainly regulated by energy-dependent chromatin remodellers, histone
chaperons and histone-modifying enzymes. Based on structural and functional domain outside
the enzymatic core, the so called SWI/SNF, ISWI, CHD and inositol-requiring 80 (INO80)
protein families are the four groups of chromatin remodellers (Petty and Pillus, 2013). Chromatin
remodellers use the energy of ATP hydrolysis to drive a DNA translocase. This allows
nucleosome repositioning by sliding, eviction, assembly, spacing or histone replacement in order
14
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to maintain higher-order chromatin organization and to modulate its accessibility. These
accessible regions are possibly available for histone chaperones to carry out nucleosome
assembly or for histone exchange of variants to regulate (post-) transcriptional processes.
Histone chaperones are histone-interacting proteins that play a crucial role in transcriptional
regulation, histone storage, transport, nucleosome stability, assembly and disassembly. They are
classified based on the type of substrate they bind. Histone chaperones are shown to bind to H3-
H4, H2A-H2B oligomers or both hetero-oligomers. Depending on their location and/or function,
they can bind to specific canonical or variant histones alone. Serving as important linkers with
chromatin remodellers, they cooperate to act as ‘histone sinks’ or also known as ‘histone
acceptors’ (Venkatesh and Workman, 2015). But, the basic question is, ‘what are histones?’

Basically histones are highly alkaline proteins found in eukaryotic cells, which serve as main
components of chromatin. Histone proteins are distinguished in two distinct ways, one being
canonical (or core) histones (H2A, H2B, H3 and H4) and another are their histone variants. The
core center of the nucleosome is an H3/H4 tetramer, due to strong four helix bundle interaction
between the two H3 proteins. These H3/H4 tetramer interact with H2A/H2B and thus provides
docking site for entry-exit of DNA via H2A C terminus domain. H2A and H2B turnover are
higher than those of H3/H4 due to weaker intranucleosomal contacts, sensitivity to transient
unwrapping and DNA exposure (Weber and Henikoff, 2014). Gene expression of histone genes
is very important and highly regulated, but different for canonical and variant histones.
Canonical histone synthesis and deposition is dependent on DNA synthesis. These genes are
clustered and transcribed during the S phase of cell cycle. A unique feature is that mMRNA lacks
introns and poly A tails, which are replaced with special regulatory stem-loop structure to
stimulate translation. Fully synthesized canonical histones are deposited into nucleosome behind
the replication fork, at the site of DNA repair. Histone variant gene expression is DNA-
independent and employs RNA polymerase 1l transcripts. As per evolutionary analysis, all H3
and H2A can be considered as histone variants too (Talbert and Henikoff, 2016). Histone
variants possess distinct amino acid sequences, which influence the physical properties of
nucleosome dynamics and transcriptional processes around cis-regulatory and coding regions
(Weber and Henikoff, 2014). This swapping mechanism, by which the entire or parts of the

nucleosome are removed or replaced with new histones (canonical or variants) or their
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components, is known as ‘histone turnover’ (Venkatesh and Workman, 2015). Thus, histone
turnover plays an indispensable role in maintaining or altering the chemical, physical nature and
functional properties of nucleosomes, ultimately affecting regulatory processes like cell death.
1.2.2.3 Histone modifications

As mentioned above, histone-modifying enzymes are one of the three important regulators of
higher-order chromatin conformation and nucleosome positioning, which eventually also control
the regulation of gene expression. These histone-modifying enzymes are responsible for the
covalent post-translational modifications (PTM) of histone proteins. These PTM or ‘epigenetic
marks’ have been found in both flexible tails and globular domains of the canonical/core and
linker histones. The extensive characterization of histone modifications has detected more than
550 post-translational modifications, broadly categorized as epigenetic ‘writer’, ‘reader’ and
‘eraser’. Epigenetic ‘writers’ lay down specific modification on histone tail, which includes
histone acetyltransferases (HATS), histone methyltransferases (HMT), protein arginine
methyltransferases (PRMTs) and kinases. To read these marks and facilitate the binding of the
transcriptional machinery, epigenetic ‘readers’ are generated, including for example,
bromodomains, chromodomains and tudor domains. The removal of particular marks is
performed by epigenetic ‘erasers’, such as histone deacetylases (HDACsS), lysine demethylases
(KDMs) and phosphatases (Falkenberg and Johnstone, 2014; Andrews et al, 2016). As proposed
by C. David Allis and coworkers, the ‘histone code hypothesis’ is based on these PTM through
addition/removal or reading of covalent histone modifications to generate a remarkable diversity
of combinatorial patterns, which govern biological specificity and downstream events (Strahl and
Allis, 2000). An extension of this famous hypothesis is proposed to represent a broader
‘epigenetic code’, which along with other factors also includes histone cassettes, binary switches
and the multivalency of effector-ligand binding reactions (Allis and Jenuwein, 2016).

1.2.2.3.1 Histone acetylation - deacetylation

Histone modifications are directed by histone-modifying enzymes, including histone acetyl
transferases (HAT) and histone deacetylases (HDAC), sharing potential cross-talk between
different modifications (Kouzarides, 2007). HAT proteins are divided into two main classes,
type-A and type-B. Type-A class HAT are further grouped as General control non-derepressible
5 (Gcenb)-related N-acetyltransferases (GNATS), p300/CBP and MYST proteins, which are the

16



Introduction

three major families of HAT described so far. Class type-B HATS are conserved, predominantly
cytoplasmic, acetylating free histones, which are newly synthesized (Bannister and Kouzarides,
2011). More than 18 HDACs have been shown to have non-redundant functions. They are
primarily grouped as class | (HDACL1, 2, 3, 8), class Il (HDACA4, 5, 7, 9), class Ila (HDACS, 10),
class IV (HDAC11; sharing class | and Il deacetylases) and NAD*-dependent class I11 (sirtuins)
(Dokmanovic et al, 2007). The simplified version of reversible histone acetylation -
deacetylation is represented in Fig. 1.6. Generally, HATs and HDACs are embedded into a large
multimolecular complex along with other cofactors and subunits of this complex. These subunits
are strictly specific for corresponding acetylation sites. HATs utilize acetyl CoA as a cofactor
and catalyze the transfer of an acetyl group to the g-amino group of a lysine side chain. In turn, it
neutralizes the positive charge of a given lysine, which leads to a weak interaction between
histones and DNA. Thus, the enzymatic property of HATs and inhibition of HDACs
mechanistically modulate genome-wide turnover of acetyl group on histones. Finally, acetyl
marks on histones (eg., H3K9ac, H4K20ac) lead to an open chromatin state, leaving
nucleosome-free accessible DNA and help to physically interact with sequence-specific
transcription factors in target-specific regulatory genomic regions, such as promoters or
enhancers (Legube and Trouche, 2003).

In a cellular context-dependent manner, any of the following six different mechanisms are sought
to be responsible for the interplay between HATs and HDACs with other regulators of gene
expression. First, the e-amino group of a lysine residue can be marked with other modifications
in addition to acetylation; second, lysine acetylation could affect the modification of a
neighboring residue; third, HAT and HDAC are physically linked to the catalytic activities of
other proteins; fourth, association of HATs and HDACs with modification-specific modules for
sequential actions with different modifications; fifth, some HATSs physically interact with non-
coding RNAs (ncRNA) and other HDACs with microRNAs (miRNA); sixth and the last,
different HATs and HDACs may the target same substrate (Yang and Seto, 2007). Considering
these possibilities, it would be more efficient to use pan-HDAC inhibitors for further studies to
investigate cellular responses. In this regard, pharmacological inhibitors specific for the
respective epigenetic enzymes are already in clinic or in pre-clinical phase. The HAT inhibitor
Curcumin and the HDAC inhibitors Valproic acid (VPA), Trichostatin A (TSA), 4-Phenylbutric
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acid (4-PBA) are already in clinics or in clinical trials for the treatment of various diseases (West
and Johnstone 2014).
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Figure 1.6: Interplay between histone acetylation and deacetylation controlling gene expression. Important
epigenetic writer (HAT) and erasers (HDAC) work reversibly, which leads to DNA accessibility, differential global
histone acetylation levels and transcriptional control of gene expression. Inhibition of HDAC induces expression of
proteins of interest and also non-histone proteins, which in turn inhibit acetylation of non-histone proteins (figure
modified from Wang et al, 2014).

1.2.2.3.2 Histone (de)methylation and other PTM

With detailed insight into the biological importance a number of PTMs are being incorporated
into the growing list of modifications. Usually some PTMs like histone phosphorylation,
acetylation, GlcNAcylation, palmitoylation and methylation are ‘simple’ modifications as they
are reversible and binary, while some PTMs are more ‘complex’ as they regulate important
cellular responses like ubiquitination for protein degradation or poly-ADP-ribosylation for DNA
damage responses (Prabakaran et al, 2012). The most widely studied PTM in cellular
immunology is histone methylation. It occurs on the side chains of lysine and arginine residues.
Like histone acetylation, it does not simply change charges of histones, but it adds more

methylation groups. It means lysine side chain of histones can be mono-, di- or tri- methylated,
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whereas arginine can be mono-, or di- methylated (symmetrically or asymmetrically) (Bannister
and Kouzarides, 2011). Thus, based on presence of these histone modifications, functional
feature of the regulatory elements, such as enhancers can be represented. For example, H3K27ac
(acetylation on 27" lysine residue of histone 3) with H3K4mel (monomethylation 4™ lysine side
chain of histone 3) marks represent active enhancer region, while only H3K4mel represents
poised enhancers (Creyghton et al, 2010). Likewise, H3K4me3 marks active promoter and
H3K27me3 marks repressed promoter (Bernstein et al, 2006 Cell). Thus, as these examples
illustrate the presence of histone marks on different epigenetic features (Transcription Start Site
or TSS, gene body, etc. will be described later in following sections) contributes to differential
regulatory mechanisms that govern gene expression (Pekowska et al, 2010).

In the context of arginine and lysine methyltransferases, they structurally possess distinct
catalytic site from DNA methyltransferases (DNMTs), but methyl group transfer is S-
adenosylmethionine (SAM)-dependent. The histone methylations are considered more stable and
static modifications. However, the emergence of histone demethylation showed very important
role in transcription control of gene expression and respective cellular processes. The
bifunctional arginine demethylase and lysyl-hydroxylase, jumonji protein (JMJDG6) represents an
example involved in the reversal of arginine methylation on H3R2me and H4R3me (Bannister
and Kouzarides, 2011). However, findings on functional significant JMJD6-like modifications
need to be reiterated in both healthy and disease conditions. Thus, other newly discovered PTM,
including lysine crotonylation (Kcr) and lysine 2-hydroxyisobutyrylation (Khib) are of interest
for the functional characterization and specificity for epigenetic readers.

1.2.3 DNA methylation and hydroxymethylation

The most widely studied 5-methylcytosine (5mC) and the relatively newly discovered
5-hydroxymethylation (5hmC) are more dynamic and chemically stable chromatin modifications
along with histone modifications (PTM as above discussed). DNA methylation mostly occurs at
5’ position of the cytosine ring within CG dinucleotides (CpG) (thus, also known as ‘CpG
methylation’), except for stem cells, in which methylation occurs on cytosine rings within CA
dinucleotide (Schuebeler, 2009). The methylation reaction is catalyzed by DNA
methyltransferase enzymes (DNMT1, DNMT3a, DNMT3b) generating 5mC (step 1, Fig. 1.7),

which have variable affinities for unmethylated and hemimethylated DNA. The covalent addition
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of a methyl group to the 5’ position involves SAM as the methyl donor. Next, 2-oxoglutarate
(20G-) and Fe(ll)-dependent dioxygenase ten eleven translocation (TET) enzymes catalyze the
reaction of 5mC to 5hmC (step 2, Fig. 1.7). In this DNA 5mC/hmC cycle, step 3 and 4 in Fig. 1.7
are responsible for reversal of DNA methylation or DNA demethylation. Thus, during DNA
demethylation, 5-formylcytosine (5fC) and 5-carboxycytosine (5caC) are likely excised by
thymine-DNA glycosylase (TDG) enzymes and repaired by base excision repair mechanism
(step 3 and 4, Fig. 1.7) (Leoni et al, 2015). The step 2 in Fig. 1.7, TET-mediated catalysis of
5mC to 5hmC is also reported to be carried out by other mechanisms such as UV irradiation of
5mC in aerated aqueous solution and DNA methyltransferase reaction of cytosine with
formaldehyde, while activation-induced deaminase and DNA glycosylase also mediate DNA
demethylation as shown in step 3 and 4 of Fig. 1.7 (Godderis et al, 2015). Such additional
mechanisms emphasize the role of environmental factors in the modification of DNA
methylation and hydroxymethylation.

Figure 1.7: DNA methylation (5mC) and hydroxymethylation (5hmC) cycle of DNA modification. Two
important classes of enzymes, methyltransferases and dioxygenases regulate the formation of CpG clusters on DNA.
Methylated clusters are recognized by methyl-CpG-binding domain (MBD) proteins, which in turn recruit other
histone modifying enzymes like HMT and HDAC. This ultimately impacts on chromatin accessibility and

transcriptional control of gene expression (figure slightly modified from Leoni et al, 2015).
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Chemically synthesized DNMT inhibitors are available and have been used in the clinic. These
DNMT inhibitors, including 5-azacytidine and 5-aza-2’-deoxycytidine were tested as nucleoside
antimetabolites, but later showed effects also on DNA methylation (Christman, 2002). Though
these chemical compounds are of more clinical choice for treatment, epigenetic modifications
like DNA methylation can be induced by environment and diet. Environment and nutrition are
interconnected entities, playing an important role in healthy individuals. For instance, derivatives
of folate (vitamin B) are crucial for the generation of SAM, while vitamin C acts as an
antioxidant that helps to maintain activity of TET enzymes (Leoni et al, 2015). Moreover, other
types of DNA modifications such as 5-formylcytosine (5fC), and 5-carboxycytosine (5caC)
(Plongthongkum et al, 2014) are also under intensive investigation. Of note, one of the
indispensable characteristic of DNA modifications is their association with single-nucleotide
polymorphisms (SNPs) in coding and non-coding regions (Zaina et al, 2010; Tak and Farnham,
2015) and its interplay with miRNA (Leoni et al, 2015), which certainly complements the entire
complexity to the epigenetic landscape of the cell.

1.2.4 Gene regulation at the level of RNA expression

Regulation of gene expression occurs at three different stages: first at the level of transcriptional
regulation during the generation of mMRNA from DNA, second at the level of translational
regulation during the generation of gene product from mRNA and third by post-transcriptional or
post-translational regulation through various modifications. RNA synthesis or transcription is a
highly coordinated process including four different steps, viz., recognition, initiation, elongation
and termination. This transcriptional program is often regulated through the interplay between
chromatin modifying proteins and other epigenetic elements, their binding specificity to DNA
(coding and non-coding) sequences (Chowdhury and Novina, 2005). Traditionally, the promoter
regions are considered to play important role in the binding of transcription factors and
regulatory proteins. Enhancers located in non-coding DNA are gaining more importance in the
very same steps of recognition and initiation (Nguyen et al, 2015). As epigenetic modifications
play a central role in the control of gene expression, H3K4me3 (representing active state) are
positively correlated with gene expression, while negatively correlated with H3K27me3
(representing repressive state) in T cells. Interestingly, based on these correlations, gene

expression together with histone methylations are further divided in four distinct forms: active,
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repressive, poised and bivalent. When considering only gene expression, three distinct patterns
are identified: active, repressed and poised (Araki et al, 2009). Further addition to the
complexity, it was found that the process of transcription elongation is highly regulated by RNA
polymerase Il (pol 1) pausing mechanisms, which coordinate other potential epigenetic
mechanisms like nucleosome positioning and non-coding RNA (Jonkers and Lis, 2015; Zorca et
al, 2015). Pol Il pausing may govern a primary role in co-expression co-regulation of genes.
Thus, considering the abundance of pol Il at promoter regions of specific gene(s) and
expression/regulation of other active gene(s), these specific genes are also called as ‘immediate
carly genes’, ‘late response genes’ (further divided as delayed-primary response genes and
secondary response genes) and ‘universal amplifier genes’. Some examples of these genes are as
follow: immediate early genes (c-Jun, c-Fos), delayed-primary response genes (VCL, PLOD?2),
secondary response genes (MMP3, MMP13) and universal amplifier genes (c-Myc) (Nie et al,
2012; Tullai et al, 2007).

Fully functional mRNA transcripts are produced by passing through above said essential steps
and additional RNA processing steps such as splicing, capping and polyA tail addition. This
MRNA can be used to construct proteins, hence is referred to as protein-coding RNA. However,
this coding region represents merely 3% of the total genome. Importantly, the big portion
(~ 62 %) is transcribed into regulatory non-coding RNA (ncRNA) (Derrien et al, 2012). Based
on their dimension, regulatory ncRNA are classified as “small” ncRNA (< 200 nucleotides) and
“long” ncRNA (>200 to >1000 nucleotide). These families of regulatory ncRNA are
summarized in Table 1.1 (Panzeri et al, 2015; Kowalczyk and Higgs, 2012). The role of ncRNA
has been described in a context-dependent manner during events of chromatin conformation,
histone modification, post-transcriptional processing, localization and degradation (Yang and
Seto, 2007; Quinn and Chang, 2016).

More than 100 types of post-transcriptional RNA modifications have been identified, of which
N6-methyladenosine (m6A) RNA methylation is one of the most prevalent modifications of
MRNA, also mediated by miRNA (Chen et al, 2015). In addition, the alternative splicing and
expression gquantitative trait loci (eQTL) play pivotal roles in the context-dependent regulation of
MRNA expression (Pai et al, 2012).
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Table 1.1: Main classes of regulatory ncRNA

Introduction

Abbreviation ncRNA Length (nt) | No. of known transcripts
Short ncRNA
miRNA Micro RNA 21-23 1756
snoRNA Small nucleolar RNA 60-300 1521
SnRNA Small nuclear RNA 150 1944
piIRNA Piwi-interacting RNA 25-33 -
PASR Promoter-associated short RNA 22-200 -
TASR Termini-associated short RNA 22-200 -
SIRNA Short interfering RNA 21-23 -
tiRNA Transcription initiation RNA 15-30 -
tRNA Precursors to short Transfer RNA 73-93 497
Long ncRNA
NAT Natural antisense transcripts >200 5446
PALR Promoter-associated long RNA 200-1000 -
PROMT Promoter upstream transcript 200-600 -
T-UCR Transcribed ultraconserved regions >200 -
Intronic RNA Intronic RNA >200 -
eRNA Enhancer-derived RNA >200 >2000
LincRNA Long intervening/intergenic RNA >200 6742
uaRNA 3’UTR-derived RNA <1000 12
CircRNA Circular RNA 100 to >4000 -

1.3  Technological advancements in T cell epigenetic research

New technological developments and the advent of computational biology enable us to

investigate the role of immune cells, specifically T cells with high resolution and in different

conditions such as health and disease, or human and mice. Most of the (epi)genetic studies over

decades have been based on sequencing approaches. However, the use of microarrays over

sequencing is still a popular choice, due to less complex bioinformatics analysis. In the following
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sub-sections, | will introduce the most widely used chip-based arrays and sequencing techniques.
The bottleneck of these advanced techniques is the complex bioinformatics analysis, which will
also be discussed in brief.

1.3.1 (Epi)genome-wide analysis using chip-arrays and sequencing technology
Microarrays are developed from the raw sequences and their expression, which were
systematically combined by tiling probes across the genome. This tiling capacity allows
researchers to generate a (epi)genome-wide comprehensive map of the cell. For DNA
methylation analysis, the most extensively used microarrays are the Infinium® Human
Methylation 450 Bead Chip (450k) from Illlumina Inc. Nowadays, 850k (EPIC) arrays, which
have deeper methylation coverage, are also commercially available. Basically, the 450k array
uses target-specific probes to interrogate more than 480,000 of 28 million CpG sites in the
human methylome. They are designed based on two different chemistries, type 1 and 2. Type 1
has two probes per locus where the 3’ terminus is designed to match either methylated cytosine
or converted thymine base, while the chemistry for type 2 has a single probe per locus where the
3’ terminus complements the base directly upstream of the query site. Methylation levels are the
ratio between the methylated probe intensity to the combined methylated and unmethylated
intensity (Walker et al, 2015; Bibikova et al, 2011).

Until the introduction of the first next-generation sequencers (NGS) like massively parallel
signature sequencing (MPSS) in 2000 and Roche/454 FLX pyrosequencer in 2004, bacterial
artificial chromosome (BAC) clone-based sequencing was routinely used. This so called ‘first
generation’ sequencing technology is based on the Sanger method of chain-terminating
dideoxynucleotides (Mardis, 2008; Metzker 2010). Thus early in the 1980s, using such first-
generation methods, TCR genes had been discovered both in mice and humans identifying
distinct V(D)J rearrangements (Patten et al, 1984; Yoshikai et al, 1986). In the Next-Generation
Sequencing (NGS) era, five different platforms for massively parallel systems available are
Roche/454 FLX, Illumina/Solexa Genome Analyzer, Applied Biosystem SOLID™ System,
Helicos Heliscope™, Pacific Biosciences SMRT instruments. All platforms are based on a
common approach, i.e. first to obtain single strand of fragment library, amplify it and then to
perform the sequencing reactions on amplified strand. The Applied Biosystems SOLiD

sequencer uses the ligase-mediated sequencing approach, while the Illumina sequencing platform
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uses the sequencing-by-synthesis (SBS) approach. In Illumina platform, single strand of
fragment library is generated by annealing lllumina-specific ‘adapters’ with DNA sequence or
genome of interest. Afterwards bridge amplification, i.e. in situ amplification of highly selective
and specific library on the oligo-decorated cluster fragments on the solid surface of flow cell is
carried out by automated device called ‘Cluster station’, using DNA polymerase and all four
fluorescently labeled 3°-OH chemically blocked nucleotides. Thus, each cluster has around a
million copies of original fragment and each cluster strand is extended by one nucleotide. Then
unused reagents are washed away and a scan buffer is added to the flow cell. Followed by this
step, the image of emitted fluorescence from each lane of the flow cell is recorded in three 100-
tile segments by the instrument optics using laser excitation at a cluster density per tile of 30,000.
‘Tiles’ is an imaging unit used by scanner of the optical system. After this step, chemicals
effecting cleavage of the fluorescence labels and the 3’-OH blocking group are added to the flow
cell, so that it is prepared for the next round of fluorescent nucleotide incorporation. This
continues to perform the user-defined number of cycles that permits usually 25-35 bases read
length. At this point, a base-calling alignment assigns sequences and associated quality to each
read. Thus, raw data from each run is ready for further steps of analysis. Each flow cell is an 8-
channel sealed glass microfabricated device (called ‘lane’). This way, 8 different samples can be
loaded and sequenced at the same time (Mardis, 2008).

Thus, in the recent years, several technologies have been developed to analyze the regulatory
gene networks at the epigenetic level by coupling with different molecular, biochemical,
biophysical and imaging approaches. These combined approaches have resulted in the epigenetic
analysis even up to the single cell level. For example, the assay for transposase-accessible
chromatin using sequencing (ATAC-seq) developed based on Tn5 transposases by the Greenleaf
lab at Stanford University has the potential to jointly analyze all of three facets of epigenetic
regulations, i.e. chromatin accessibility, nucleosome positioning and transcription factor
occupancy in a single sequencing run from small numbers of CD4 T cells (Buenrostro et al,
2013). Recently, ATAC-seq has been extended to single cell analysis, also referred to as
SCATAC-seq (Buenrostro et al, 2015), or with the possibility of visualization, termed ATAC-see
(Chen et al, 2016). Table 1.2 summarizes the representative landmark reports on the epigenetic

processes controlling diversity of T-cell populations.
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Table 1.2: Sequencing and/or array-based technical approaches to study diverse epigenetic processes in

T cells
Epigenetic process Techniques T cells References
Buenrostro et al, 2013;
ATAC-seq CD4, CD8
) o Sen et al, 2016
Chromatin accessibility
MNase-seq CD4 Schones et al, 2008
DNase-seq CD4 Boyle et al, 2008
ATAC-seq CD4 Buenrostro et al, 2014
Nucleosome positioning NOMe-seq CD4 Durek et al, 2016
MNase-seq CD4 Schones et al, 2008
Transcription factor ATAC-seq CD4 Buenrostro et al, 2014
occupancy DNase -seq CD4 Boyle et al, 2008
Enhancer activity o, _
o CapStarr-seq CD4°CDs8 Vanhille et al, 2015
guantification
) o Barski et al, 2007;
Histone modifications ChlP-seq CD4, yo
Schmolka et al, 2013
450Kk arrays CD4, CD8 Zilbauer et al, 2013
EPIC arrays - -
DNA methylation NOMe-seq CD4 Durek et al, 2016
WGBS CD4, CD8 Ziller et al, 2015
MeDIP-seq CD4, CD8 Zilbauer et al, 2013
) CMS-1P-coupled
DNA hydroxymethylation ] CD4, CD8 Tsagaratou et al, 2014
sequencing
Gene arrays vo, af Pont et al, 2012
RNA expression Birzele et al, 2011;
RNA-seq CD4, Treg ]
Ranzani et al, 2015
Polymerase pausing GRO-seq CD4 Zorca et al, 2015
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1.3.2  Analysis of (epi)genomic data

When it comes to the Next-Generation-Sequencing (NGS) experiments, library preparation is
relatively easy. The most challenging part is the complex bioinformatics analysis. Thus, while
deciphering the epigenomic regulation of the cell, it is important to understand typical workflow
of the analysis, distinct (epi)genomic features and the integration of generated information about
multiple regulatory mechanisms to interpret the biological meaning behind this complexity.
1.3.2.1 Bioinformatic workflow and tools

Depending on the use of array- or sequencing-based methods, the analysis pipeline differs
substantially. As represented schematically in Fig. 1.8, these analyses are typically divided into
four stages. The first stage is the pre-analysis, where suitable sample libraries are prepared and
sequencing or array hybridization are performed. Once data is generated from the NGS platform,
quality checking is required to remove poor-quality sequences and platform-specific adapters. In
the second stage i.e. core analysis-1, raw data is generated and subjected to basic processing.
That includes the quality control (QC) of sequencing or arrays. QC of raw sequencing data can
be easily done by specific software like FastQC, which is freely available.
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Another important step is the
alignment of DNA/RNA sequences to organism-specific whole-genome like UCSC database
(hgl19). Next is the core analysis-2 stage, which has very crucial steps, including peak calling,
generation of sequence-specific read counts from NGS data or probe-specific methylation values
from methylation array data (termed as ‘B-value’ or ‘beta-value’). In this stage, the analysis can
be complemented by addressing different levels of epigenetic regulations. For instances in the
ATAC-seq, together with differential accessibility, transcription factor footprint analysis can be
done using RSAT, HOMER tools (Medina-Rivera, et al, 2015; Heinz et al, 2010).

The last stage of analysis is the advanced analysis or also referred to as ‘downstream analyses’.
In the advanced analysis, data from the different levels of regulation is integrated. It must be
supplemented with statistical modeling approaches. Furthermore, biological interpretation of all
the complex data is an indispensable part of any epigenetic method. This biological interpretation
is often based on functional annotation of the data. Functional annotation reveals gene
ontological features, association with various signaling pathways and even involvement of

epigenetic regulators like transcription factors and regulatory elements. A number of tools and
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algorithms are available for functional annotation analysis including InnateDB, Enrichr, Panthor
(Breuer et al, 2013; Mi et al, 2016; Kuleshov et al, 2016).

ATAC-seq and RNA-seq Methylation arrays

Demultiplexing | Raw data (IDAT) import |

Quality control Probe filtering

| Background correction |
Filtering and QC | Batch effect correction |
]

Core analysis - 1

Figure 1.8: Combined overview of workflow for ATAC-seq, RNA-seq and methylation arrays data analysis.
As mentioned above, the epigenetic analysis is typically divided into four parts. From library preparation and
sequencing- or hybridization- run of pre-analysis stage, the analysis pipeline flows through core analysis-1 and -2 up
to the advanced analysis stage. The workflow represented is in generalized form and can be modified according to
objective of the epigenetic analysis.
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Any of the epigenetic analyses can easily be influenced by a number of factors during chromatin,
DNA/RNA preparation. These contribute to the introduction of biases. Thus, comprehensive
information is available about different techniques, analytical tools, packages, algorithms and
related methods, which is encouraged to be considered for the best practices of NGS methods for
chromatin biology (Tsompana and Buck, 2014; Meyer and Liu, 2014), RNA-seq (Conesa et al,
2016) and Infinium human methylation Bead Chip (450k) data (Morris and Beck, 2015; Du et al,
2010).

1.3.2.2 Epigenomic features and CpG Island features

In order to understand the complex network of epigenetic processes and perform epigenome-
wide data analysis, it is important to know various structural and functional properties of the
gene and associated regulatory elements (Fig. 1.9A). In a cis-regulation of gene expression,
promoter regions play important roles. A promoter region is composed of the core promoter and
proximal promoter elements and spans nearly — 1 kb pairs. Traditionally, the promoter region is
considered as the key region controlling gene expression as it facilitates the binding of the
preinitiation complex and the transcriptional machinery. However, recent reports on the
involvement of distal regulatory elements show that these elements play more active roles in a
spatial- or temporal- manner, independent of distance and orientation, which leads to cis- and/or
trans-regulation of gene expression. Distal regulatory elements are enhancers, silencers,
insulators and locus control regions. Enhancer regions have clusters of transcription factor
binding sites and functionally work similar to proximal promoter elements, which cordially
enhance transcription. Silencers are sequence-specific elements, which allow binding of
transcriptional repressors, resulting in repressed transcription. Insulators or boundary elements
are ~0.5 - 3 kb pairs length and function in position-dependent, orientation independent manner
to block genes from being affected by transcriptional activity of neighboring genes and thus
partition the genome. Insulators possess two main properties: one, enhancer-binding activity and
second, heterochromatin-barrier activity. Locus control regions (LCRs) are the multiple
regulatory elements, including cis-acting elements like enhancers, silencers, insulators and
nuclear-matrix or chromosome scaffold-attachment regions (MARs or SARs). LCRs function

together to regulate the entire locus or gene cluster (Maston et al, 2006). Thus, the promoters and
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distal regulatory elements control expression of an mRNA transcript, encoding exon-spanning

sequences of genomic region.

A)

Distal regulatory elements
I 1
Locus control

: Insulator g; .
region Silencer Eiiliaicei
TSS
. 5°UTR 1s*Exon Genebody 3’UTR
Proximal Core
promoter promoter
elements | |
Promoter region Genomic region

B)
7979 20290 20100900 77090 9eote

Open N shelf N shore CpG S shelf S shore Open
sea (2kb)  (2kb) Island (2kb) (2kb) sea

Figure 1.9: Structural organization of genes, regulatory elements and CpG island features. A) Transcriptional
control of genes is mediated by the activity of promoter regions and distal regulatory elements. Cis-regulation
functions mainly through epigenetic modifications at promoter regions and transcription start sites (TSS), while
distal regulatory elements are involved in both cis- and trans- regulation of gene expression. Thus, the use of
epigenetic techniques like ATAC-seq helps researchers to get more insight into regulatory regions like enhancers
(Figure modified from Maston et al, 2006). B) DNA methylation around promoter and TSS regions leads to
transcriptional activation or repression. The structure of this CpG Island (CGI) cluster is distributed based on the
density of CpG sites across genomic locations. The non-CGl associated CpG sites are considered to be isolated or

also referred as ‘open sea’.

DNA modifications such as cytosine methylation (5mC) on these regulatory regions also play a
greater role in deciding the fate of transcription. As described before, 5mC usually occurs in
CpG dinucleotides. Hence, CpG islands (CGl) are defined as regions with a high G+ C content

(>0.5), high observed to expected CpG dinucleotides ratio (> 0.6), and within sequence window
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of length more than 200 bp (Fazzari and Greally, 2004). CGI ‘shore’ is defined as the 2 kb of
sequence flanking a CGI on upstream and downstream (designated ‘N’ and ‘S’, respectively);
while 2 kb beyond the shores are CGI ‘shelves’ and then ‘open sea’ (Fig. 1.9 B). Recently, DNA
methylation ‘ravines’, ‘valleys’ and ‘canyons’ of low methylation are also described (Edgar et al,
2014). In fact, the methylation patterns are more dynamic at CGI shores than CGlI itself. Though
initially the methylation status of most CpG islands was unknown, the increase of CpG island
density in the promoter region of the gene (also known as ‘promoter methylation’) now helps to
predict transcriptional permissiveness in human CD4 T cells (Hughes et al, 2010).

1.3.2.3 Integrated analysis: The multi-omic approach

‘Multi-omic’ stands for the multiple types of datasets that originate from high-throughput
technologies used for genome-wide analyses, including RNA-seq (transcriptomics), methylation
or histone modifications (epigenomics) or even mass spectrometry protein data (proteomics).
Data integration and its analysis using multi-omic approach is gaining interest in the field of
epigenetics. Though it is still at its infancy, a number of methods are described for such complex
integration of data. These integration methods are primarily based on the concept, concatenation,
the model, transformation and an advanced statistics (Ritchie et al, 2015). For example, a
pairwise DNA methylation and RNA-seq integration has been reported to be done among other
modelling approaches using general linear models (Conesa et al, 2016). General linear models
(GLM) are an advanced statistical analysis approach based on regression and correlation
methods, where generalization of multiple linear regression to the dataset with one dependent
variable (univariate) or to multiple sets of quantitative and qualitative dependent variables
(multivariate). GLM is consider as the foundation for the t-test, Analysis of Variance (ANOVA),
Analysis of covariance (ANCOVA), regression analysis and many of the multivariate methods
such as cluster analysis, multidimensional scaling (MDS), factor analysis, canonical correlation,
principal component analysis (PCA) and others. Using a multivariate approach, integration of
multi-omic datasets is described for multiple high dimensional datasets. Multi-omic approaches
thus, need to be supported through powerful statistical analysis, to address each omic data
independently, and also to integrate these data for exploratory analysis and the generation of

predictive models such that, regulatory gene network can be inferred. In support of this
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possibility, Angelini and Costa (2014) have recently proposed the potential for statistical data
integration methods and tools using ChlP-seq and RNA-seq data.
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2. Aims and objectives of the thesis
vo T cells share characteristics of both innate and adaptive immune responses. y0 T cells are a
unique T cell subset, possessing the capacity of antigen-presentation, immunosurveillance, anti-
tumor cytotoxicity and HLA-independent antigen recognition. Yo T cells mediate anti-tumor
responses through the T-cell receptor and the NKG2D receptor and their respective ligands
expressed on tumors. They also play an important role in various diseases including autoimmune
diseases and cancer. In general, genetic factors and the environment play a major role in shaping
the composition and the function of immune cells. Along this line, a recent study showed the
importance of environmental factors such as microbiome and diet in the control of the immune
homeostasis of leukocyte subsets including yo T cells (Mangino et al, 2017). Likewise the
presence of tumor-infiltrating leukocytes in the tumor microenvironment is related to therapeutic
responses. Thus, using in silico systems immunology approaches, Yo T cells have emerged as the
prognostically most favorable tumor-infiltrating leukocyte population in different human cancer
types (Gentles et al, 2015). More than 30 years of research has shed light on the peculiar features
of o T cells. Of note, they have the potential to differentiate into functionally distinct subsets
depending on microenvironmental signals. The response of leukocytes to the
(micro)environment is regulated by distinct molecular programs, most likely by epigenetic
mechanisms. Thus, the aim of this thesis was to elucidate the epigenetic landscape of human o
T-cells.
Specifically, the following objectives have been investigated:
» Using epigenetic inhibitors, the possible modulation of the expression and release of
NKG2D ligands, and its implication on NKG2D receptors, was studied.
» The effect of HDAC inhibitors on the cell surface marker expression, intracellular
cytokines and transcription factors in human yo T cells were investigated.
» Using systems immunology approach, (epi)genome-wide epigenetic processes in yd T
cells in comparison to CD4, Treg and CD8 cells were analyzed. Specifically, |
characterized DNA methylation, gene expression and its regulation by miRNA and long

non coding RNA, chromatin accessibility and nucleosome positioning in yd T cells.
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3. Materials:

3.1 Biological materials

3.1.1 Tumor cells

The pancreatic ductal adenocarcinoma cell line PancTu-l kindly provided by Prof. Holger
Kalthoff (Institute for Experimental Cancer Research, UKS-H, Campus Kiel, Germany) and the
prostate cancer cell line PC-3 (ATCC number CRL-1435™) was from ATCC, Manassas, VA,
USA.

3.1.2 Peripheral blood from healthy individuals

PBMC were obtained by either from 60 ml peripheral blood drawn from healthy individuals in
heparinized tube or from leukocyte concentrates obtained from the Department of Transfusion
Medicine, UKS-H, Campus Kiel, Germany. Informed consent was obtained from all donors, and
the study was approved by the local Ethics Committee (D405/10 and D515/15). The details of

donors and corresponding cell populations are summarized in the Tables 3.1 and 3.2.

34



Table 3.1: Details of donors used for experiments performed in section 5.5 of results and discussions

Materials

Method Donor Number Gender Age
1 Female 58
2 Male 26

ATAC-seq
3 Female 20
4 Female 58
1 Male 42
2 Male 48

450K arrays
3 Male 30
4 Male 27
1 Male 24
5 ) 2 Male 41

rosequencin
yrosed J 3 Male 23
4 Male 32
1 Male 26
2 Male 52

RNA-seq
3 Female 23
4 Male 50
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Table 3.2: Donor-wise number of cells used and other information for ATAC-seq method

Donor T-cell subsets Number of Purity of T-cell Lane Barcode
cells used (%)
1 CD4 100,000 99.2 1 Ad2_1
1 CD8 100,000 99.5 1 Ad2_2
1 Treg 100,000 99.0 1 Ad2_3
1 Vol 100,000 99.3 2 Ad2_1
1 \Y ¥ 100,000 99.0 2 Ad2_2
2 CD4 100,000 97.9 2 Ad2_3
2 CD8 100,000 99.0 3 Ad2_1
2 Treg 36,000 98.1 3 Ad2_2
2 Va1 96,000 98.2 3 Ad2_3
2 Va2 100,000 99.6 4 Ad2 1
3 CD4 100,000 99.7 4 Ad2_2
3 CD8 100,000 99.9 4 Ad2_3
3 Treg 75,000 100 5 Ad2 1
3 Vol 94,000 97.5 5 Ad2_2
3 Va2 100,000 99.9 5 Ad2_3
4 CD4 100,000 99.2 6 Ad2 1
4 CD8 100,000 99.2 6 Ad2_2
4 Treg 88,000 99.2 6 Ad2_3
4 Vil 100,000 97.9 7 Ad2 1
4 Va2 100,000 99.0 7 Ad2_2
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3.1.3 Peripheral blood samples from yo-HSTCL patient for experiments performed in

section 5.6 of results and discussions

Table 3.3: Time-dependent clinical information of y6-HSTCL patient

Leukocyte
Visit number Date counts (per pl of | Phenotype (% yd) Treatment
blood)
Prednisolone (5 mg) every
1 09.01.1990 18,700 92.9 2" day; IFNa2c with 1
million IU s.c. once daily
IFNo2c with 1 million 1U
2 20.04.1990 20,000 87.2 )
s.c. once daily
IFNa2c with 1 million U
3 27.07.1990 12,000 89.3 .
s.c. once daily
IFNa2c with 1 million U
4 21.02.1991 7,700 93.2 )
s.c. once daily
IFNa2c with 1 million U
5 30.08.1991 7,200 925

s.c. once daily
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3.1.4 T-cell subset purification and purity

Materials

As described previously, highly purified T-cell populations were used. Thus, the purity of the

T-cell subsets used in various experiments according to methods is summarized in Tables 3.4

and 3.5.

Table 3.4: Purity of healthy T-cell populations used for DNA methylation analysis

Methylation analysis Donor Number T-cell subset Purity (%)
CD4 96.18
. CD8 88.47
Treg 98.21
e 99.42
CD4 93.47
CD8 96.91
’ Treg 99.41
450K arrays i 95.84
CD4 98.09
CD8 92.67
3 Treg 98.42
vo 99.7
CD4 97.11
4 CD8 95.7
Treg 98.66
e 99.98
CD4 98.27
1 CD8 94.4
Pyrosequencing Treg 99.34
e 97.68
CD4 97.86
i CD8 92.09
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Treg 99.34
Y0 99.03
CD4 97.72
CD8 99.72
Treg 94.75
Y0 98.72
CD4 98.72
CD8 99.04
Treg 97.88
Y0 98.35
Table 3.5: Purity of T-cell populations used for RNA-seq analysis
Donor Number T-cell subset Purity (%)
CD4 97.95
CD8 98.05
! Treg 95.08
Y0 99.31
CD4 99.00
CD8 97.65
: Treg 97.54
1o 99.34
CD4 98.63
CD8 97.24
3 Treg 97.41
Yo 97.92
CD4 97.51
CD8 97.15
) Treg 98.58
i 99.01
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3.2
3.2.1 Reagents

Reagents, chemicals and culture mediums

Materials

Table 3.6: List of fine chemicals and their concentrations

Reagent

Used

concentration

Company

Trypsin-EDTA

0.05% - 0.02%

Biochrom AG, Berlin, Germany

(wWiv)
penicillin 100 U/ml Biochrom AG, Berlin, Germany
streptomycin 100 pg/ml Biochrom AG, Berlin, Germany
zoledronate 2.5 uM Novartis, Basel, Switzerland
Bromohydrin pyrophosphate (BrHPP) 300 nM Innate Pharma, Marseille, France
human recombinant IL-2 50 1U/ml Novartis, Basel, Switzerland
Staphylococcal Enterotoxin A (SEA) 1 ng/ml Toxin Technology, Florida, USA
Staphylococcal Enterotoxin C-1 (SEC1) | 1 ng/ml Toxin Technology, Florida, USA
Staphylococcal Enterotoxin D (SED) 1 ng/ml Toxin Technology, Florida, USA
Staphylococcal Enterotoxin E (SEE) 1 ng/ml Toxin Technology, Florida, USA
Phytohaemagglutinin (PHA) 0.5 pg/ml Remel Europe, Dartford, Kent, UK
Monensin 3uM EMD Millipore/Calbiochem,
Darmstadt, Germany
Etoposide 0.425 mM Sigma-Aldrich Chemie, Munich,
Germany
Protease and phosphatase inhibitors 1:100 Sigma-Aldrich Chemie, Munich,

(aprotinin, leupeptin,
phenylmethanesulfonylfluoride (PMSF),
sodium pyrophosphate, sodium
orthovanadate and sodium fluoride)

Germany
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FcR blocking reagent

1:10

Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany

Valproic acid (VPA)

Depending on

experiments

Sigma—Aldrich Chemie, Munich,

Germany

Trichostatin A (TSA)

Depending on

experiments

Sigma-Aldrich Chemie, Munich,
Germany

5-Aza-2’-deoxycytidine (Decitabine)

Depending on

experiments

Sigma-Aldrich Chemie, Munich,

Germany

4-Phenylbutyric acid (4-PBA)

Depending on

experiments

Sigma—Aldrich Chemie, Munich,
Germany

Curcumin

Depending on

experiments

Sigma-Aldrich Chemie, Munich,

Germany

Epigallocatechin gallate (EGCG)

Depending on

experiments

Sigma—Aldrich Chemie, Munich,
Germany

Phorbol 12-myristate 13-acetate (PMA) | 100 ng/ml Sigma-Aldrich Chemie, Munich,
Germany

*H-TdR 1 pCi/well Hartmann Analytic, Braunschweig,
Germany

Z-Val-Ala-DL-Asp-fluoromethylketone | 10 uM Bachem, Weil am Rhein, Germany

(zVAD)

Necrosulfonamide (NSA) 0.5uM EMD Millipore/Calbiochem,
Darmstadt, Germany

Necrostatin-1 (Nec-1) 50 uM Sigma—Aldrich Chemie, Munich,

Germany

Unmethylated DNA

EpigenDX Inc., Hopkinton, MA,
USA

41




Materials

3.2.1 Culture mediums and kits

X-vivo 15 medium (Lonza, Cologne, Germany)

RPMI-1640 medium (Gibco®, Life Technologies, Darmstadt, Germany)

Fetal calf serum (FCS; Gibco®, Life Technologies)

Ficoll-Hypaque (Biochrom)

Hanks’ Balanced Salt Solution (HBSS; Biochrom)

Dulbecco’s PBS (Cell Concepts, Umkirch, Germany)

Human CD4" T-cell isolation kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
Dynabeads® Regulatory CD4*/CD25" T-cell kit (Thermo Fischer Scientific, Rockford, Illinois,
USA)

Human CD8 T-cell microbeads kit (Miltenyi Biotec)

Human TCRyd microbeads kit (Miltenyi Biotec)

Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences, Heidelberg, Germany)

BD Pharmingen Transcription Factor Buffer set (BD Biosciences)

LEGENDplexTM human Th cytokine panel kit (13-plex; BioLegend, London, UK)

MICA ELISA kit (R&D Systems)

MICB ELISA kit (R&D Systems)

ULBP-1 ELISA kit (R&D Systems)

ULBP-2 ELISA kit (R&D Systems)

Cell Titer-Glo Luminescent Cell Viability Assay (Promega GmbH, Mannheim, Germany)
ExoQuick™
NUuPAGE 4-12% Bis-Tris Gel (1.5 mm X 15 well; Life Technologies)

Enhanced chemiluminescence (ECL) western blot detection reagent (GE Healthcare)

Exosome Precipitation solution (System Biosciences, Mountain View, USA)

QIAzol lysis solution (Qiagen Inc., Valencia, USA)

peqGOLD TriFast Isolation procedure (Peglab, Erlangen, Germany)

cDNA synthesis kit (AmpTec, Hamburg, Germany)

Nextera sample preparation kit (Illumina Inc., San Diago, USA)

Qiagen MinElute kit (Qiagen)

NEB next high fidelity 2X PCR master mix (New England BioLabs GmbH, Frankfurt am Main,

Germany)
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Ampure XP beads (Beckman Coulter)

Agilent High Sensitivity DNA kit (Agilent Technologies, Waldbronn, Germany)
Gentra purification kit (Qiagen)

Qubit dsDNA BR Assay kit (Life Technologies, Darmstadt, Germany)
EZ-DNA Methylation kit (Zymo Research Europe GmbH, Frieburg, Germany)
Infinium HumanMethylation450 BeadChip Kit (Illumina)

EpiTect Bisulfite kit (48) (Qiagen)

PyroMark kit (800) (Qiagen)

miRNeasy mini kit (Qiagen)

RNase-free DNase set (Qiagen)

TruSeq stranded total RNA library preparation kit (lllumina)

TruSeq small RNA library preparation kit (Illumina)

3.2.2 Antibodies for western blotting, flow cytometry, immunoprecipitation and Imaging

Table 3.7: List of antibodies, their clones and application

Antibody Clone Origin Company Application
Anti-MICA/B BAMO1 Mouse BAMOMAB GmbH, Western blot
Gréfelfing, Germany
Anti-human H3K9ac | C5B11 Rabbit | Cell Signaling Western blot
Technology, Beverly,
MA, USA
Anti-human c-Jun 60A8 Rabbit | Cell Signaling Western blot
Technology, Beverly,
MA, USA
Anti-human phospho- | D47G9 Rabbit Cell Signaling Western blot
Jun Technology, Beverly,
MA, USA
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Anti-human Bcl-11B | D6F1 Rabbit | Cell Signaling Western blot
Technology, Beverly,
MA, USA

Anti-human B-actin AC-15 Mouse | Sigma-Aldrich Western blot

Anti-human MICA 2C10 Mouse | Santa Cruz Immunoprecipitation
Biotechnology, Inc.
Heidelberg, Germany

Anti-human MICA 159233 Mouse | R&D Systems, Immunoprecipitation
Wiesbaden, Germany

Anti-human V42 IMMU389 | Mouse Beckman Coulter, Flow cytometry

FITC Krefeld, Germany

Anti-human CD3 PE | SK7 Mouse BD Biosciences, Flow cytometry
Heidelberg, Germany

Anti-human TCRaff | WT31 Mouse BD Biosciences, Flow cytometry

FITC Heidelberg, Germany

Anti-human CD25 PE | 2A3 Mouse BD Biosciences, Flow cytometry
Heidelberg, Germany

Anti-human CD95 PE | DX2 Mouse BD Biosciences, Flow cytometry
Heidelberg, Germany

Anti-human HLA-DR | L243 Mouse BD Biosciences, Flow cytometry

PE Heidelberg, Germany

Anti-human CCR5 2D7/CCR5 | Mouse BD Biosciences, Flow cytometry

PE Heidelberg, Germany

Anti-human CD40 PE | HB14 Mouse BioLegend, London, Flow cytometry
UK

Anti-human CD54 PE | 84H10 Mouse Beckman Coulter, Flow cytometry
Krefeld, Germany

Anti-human CD86 PE | 2331 Mouse | R&D Systems, Flow cytometry

Wiesbaden, Germany
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Anti-human NKG2D | 149810 Mouse | R&D Systems, Flow cytometry

PE Wiesbaden, Germany

Annexin V-FITC - - MabTag GmbH, Flow cytometry
Friesoythe, Germany

Propidium lodide (PI) | - - Serva, Heidelberg, Flow cytometry
Germany

Anti-human CD3 SK7 Mouse BioLegend, London, Flow cytometry

Alexa Fluor 647 UK

Anti-human CD4 OKT4 Mouse BioLegend, London, Flow cytometry

Brilliant Violet 510 UK

Anti-human CD8 SK1 Mouse BioLegend, London, Flow cytometry

APC-Cy7 UK

Anti-human V52 B6 Mouse BioLegend, London, Flow cytometry

PerCp UK

Anti-human CD25 M-A251 Mouse BD Biosciences, Flow cytometry

Brilliant Violet 421 Heidelberg, Germany

Anti-human CD127 hiL-7R- Mouse BD Biosciences, Flow cytometry

PE M21 Heidelberg, Germany

Anti-human V31 TS8.2 Mouse | Thermo Fisher Flow cytometry

FITC Scientific, Rockford,
Illinois, USA

Anti-human IL-4 MP4-25D2 | Rat BioLegend, London, Flow cytometry

Brilliant Violet UK

Anti-human IFN-y PE | 4S.B3 Mouse BD Biosciences, Flow cytometry
Heidelberg, Germany

Anti-human MICA 159227 Mouse R&D Systems, Flow cytometry

PE Wiesbaden, Germany

Anti-human MICB 236511 Mouse | R&D Systems, Flow cytometry

Alexa Fluor 700

Wiesbaden, Germany
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Anti-human ULBP-1 | 170818 Mouse | R&D Systems, Flow cytometry
PerCp Wiesbaden, Germany
Anti-human 165903 Mouse | R&D Systems, Flow cytometry
ULBP2/5/6 APC Wiesbaden, Germany
Anti-human IL-45,3 | 8D4-8 Mouse BD Biosciences, Flow cytometry and
PE Heidelberg, Germany | Imaging
Anti-human IL-4Ro. | Sc-684 Rabbit | Santa Cruz Flow cytometry and
Biotechnology, Imaging
Heidelberg, Germany
Anti-rabbit 19G - Donkey | Life Technologies Flow cytometry and
(H+L) Alexa Fluor GmbH, Darmstadt, Imaging
488 Germany
DRAQ5 ™ - - Abcam plc, Cambridge, | Imaging
UK
Anti-human H3K9ac | C5B11 Rabbit | Cell Signaling Imaging
Pacific Blue Technology, Beverly,
MA, USA
Anti-human CD107a | H4A3 Mouse BioLegend, London, Imaging

FITC

UK
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3.3 Primers used

Materials

Table 3.8: PCR primers (TIB Molbiol GmbH, Berlin, Germany; Bhat et al, 2016; Chitadze et al, unpublished

work) used in methods from results and discussion section 5.2 and 5.4

Gene name Primer Sequence

NKG2D receptor

FL_NKG2D Forward GCTGTATTCCTAAACTCATTATTCAACC
Reverse CTGCCAAGATCCATTTGTTG

Tr_NKG2D Forward TTCTGCTGCTTCATCGCTGT
Reverse TGGACTAATAGCAAAAATGTGACAA

Both_NKG2D Forward CCTCTCTGCGGTAGACGTG
Reverse GACATCTTTGCTTTTGCCATC

NKG2D ligands

MICA Forward AGGGTCTGTGAGATCCATGAAGAC
Reverse CCTGACGTTCATGGCCAAGG

MICB Forward ACCTTGGCTATGAACGTCACA
Reverse CCCTCTGAGACCTCGC

ULBP-2 Forward GCAAGGATGTCTTGTGAGCA
Reverse GGCCACAACCTTGTCATTCT

Cytokines

IL-4 Forward GCCACCATGAGAAGGACACT
Reverse ACTCTGGTTGGCTTCCTTCA

IFN-y Forward TCAGCTCTGCATCGTTTTGG
Reverse GTTCCATTATCCGCTACATCTGAA

Housekeeping genes

B2-microglobulin | Forward GGGTTTCATCCATCCATCCGACA
Reverse ACACGGCAGGCATACTCATC

B-actin Forward CTGAACCCCAAGGCCAAC
Reverse CAGAGGCGTACAGGGATAGC

18S RNA Forward GACTCAACACGGGAAACCTC

Reverse AGACAAATCGCTCCACCAAC
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Table 3.9: A list of oligos used for PCR from Biomers GmbH, Ulm, Germany (Buenrostro et al, 2013)

Name of oligos

Sequence

Adl_noMX:

AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCG
TCAGATGTG

Ad2.1_TAAGGCGA

CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGG
GCTCGGAGATGT

Ad2.2 CGTACTAG

CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGG
GCTCGGAGATGT

Ad2.3_AGGCAGAA

CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGG
CTCGGAGATGT
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Table 3.10: A list of primers used for pyrosequencing-PCR

Materials

. ) PCR
CpG site ) Primer Temp.
Primers Sequence o 0 Product
Gene Name Modification | (*C) )
size (bp)
GAAGTATGGAGTAAATGATT
Forward -
GTG
€g04437762
CCTAAAAAATCCTAACAACTC L 60 190
IL-6R Reverse c Biotin
Sequencing AGTTGGTTGAGAGGGGA -
GAGGTTTAGAGGTGTTAGTAT o
Forward Biotin
GAG
€g20235075
TTCCCACCTAAAAAACTTATA 55 181
EOMES Reverse -
AC
Sequencing ATTAACAAACAAAAAATC -
GTTTTTTAAAGTGTTGGGATT
Forward -
ATAG
€g00014104
TTTCCTCCCTCAATATAACTA o 60 101
MAPK1 Reverse Biotin
CTC
Sequencing | GTTGATGGTAGTTTTTATTA -
GTTAAAAATTTTATGGAAAG
Forward -
AATATAG
€g00344178 AAAATAACTATCTCTCAACCT o
Reverse Biotin 55 104
NMNAT?2 cC
. AAATTTTATGGAAAGAATAT
Sequencing -
A
TTTATTGAGGTAGAGGTTGTA
Forward -
A
€g00556515
AATCTCTTCTTACACAATAAA o 55 118
TNFRSF1A Reverse Biotin
cC
Sequencing | AGTATTGGAAAAGGTTTTTA -
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3.4 Buffers and biochemical solutions
MACS buffer
PBS
0.5 % BSA (w/v)
2mM EDTA
Dynal buffer
PBS
0.1 % BSA (w/v)
2mM EDTA
Washing buffer
PBS
1% BSA (w/v)
0.1 % NaN3 (v/v)
Annexin V binding buffer
10 mM HEPES
140 mM NaCl
5 mM CaCl,
MilliQ water
1% NP40 lysis buffer
1% NP-40 (v/v)
20 mM Tris-HCI (pH 7.4)
150 mmol/l NaCl

5 mM ethylenediaminetetraacetate (EDTA)

1X TNE cell lysis buffer
1% NP-40 (v/v)
50 mM Tris
150 mM NaCl
2mM EDTA

5X sample loading buffer
50 mM Tris

Materials

50



10 % SDS (w/v)
25 % Glycerol (v/v)
10 % B-mercaptoethanol (v/v)
0.005 % Bromophenol blue stain
2X sample loading buffer
125 mM Tris
4% SDS (w/v)
20 % Glycerol (v/v)
10 % B-mercaptoethanol (v/v)
0.005 % Bromophenol blue stain
Hanks’ Balanced Salt Solution (HBSS) supplemented with 1% FCS
HBSS supplemented with 10 % FCS
10% polyacrylamide gel
Stacking gel
30 % Acrylamide (1.67 ml)
1 M Tris-Hcl, pH 6.8 (1.25 ml)
10 % SDS (0.1 ml)
MilliQ water (7.03 ml)
20 % APS (50 pl)
TEMED (10 pl)

10 % running gel
30 % Acrylamide (10 ml)
1 M Tris-Hcl, pH 8.8 (11.2 ml)
10 % SDS (0.3 ml)
MilliQ water (8.7 ml)
20 % APS (100 pl)
TEMED (20 pl)

5 % BSA blocking solution
1gof BSA
20 ml 0.05 % PBS with tween-20

Materials
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5 % non-fat dry milk blocking solution
1 g of non-fat dry milk powder
20 ml 0.05 % PBS with tween-20
Cold lysis buffer
1 M Tris-HCI, pH 8 (Rockland Inc, USA)
10 mM Nacl (Merck KGaA, Darmstadt, Germany)
3 Mm MgCl;, (Merck KGaA, Darmstadt, Germany)
0.1% IGEPAL CA-630 (Sigma-Aldrich, Steinheim, Germany)
Transposition reaction mix (Nextera sample preparation kit, lllumina Inc., San Diago, USA)
25 pl 2X TED buffer
2.5 ul TDEL1 transpose enzyme
22.5 pl water

3.5  Laboratory consumables, equipment and software

12 well cell culture plate (CELLSTAR, Greiner Bio-One GmbH, Frickenhausen, Germany)
V-bottom 96 well plate (nerbe plus GmbH, Winsen (Luhe), Germany)

Flat-bottom 96-wells Maxisorp Nunc Immunoplate (Thermos Fischer Scientific)

Cellulose acetate filters (0.2 um ; Whatman GmbH, Dassel, Germany)

Amicon Ultra-15 centrifugal filters (100 kDa, Merck/Millipore GmbH, Schwalbach am Taunus,
Germany)

Hybond C Extra nitrocellulose membranes (GE Healthcare, Munich, Germany)

Bio-Rad SmartSpec 3000 (Bio-Rad Laboratories GmbH, Munich, Germany)

Scintillation counter (PerkinElmer, Rodgau, Germany)

BD LSRFortessa (BD Biosciences, Heidelberg, Germany)

BD Calibur (BD Biosciences, Heidelberg, Germany)

FACSAria (BD Biosciences, Heidelberg, Germany)

ImageStreamX Mark Il imaging flow cytometry (Merck Millipore)

Tecan Infinite-200 microplate reader (Tecan Group Ltd., Maennedorf, Germany)

Agilent Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany)

[llumina HiSeq 2000 platform (lllumina, San Diago, USA)
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Illumina HiSeq 2500 platform (Illumina)

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Pittsburg, USA)
Qubit Fluorometer (Life Technologies, Darmstadt, Germany)

PyroMark Q96 ID pyrosequencer (Qiagen)

Agilent 4200 TapeStation system (Agilent Technologies, Waldbronn, Germany)
CellQuest Pro software (BD Biosciences, USA)

BD FACSDiva™ (BD Biosciences, Heidelberg, Germany)

FlowJo software (FlowJo LLC, Ashland Or, USA)

IDEAS software (v6.0, Amnis)

PyroMark Assay Design software (Qiagen)

PyroMark CpG software (Qiagen)

GenomeStudio software (v2011.1; lllumina)

Qlucore Omics Explorer (v2.3(45), 64-bit; Qlucore, Lund, Sweden)
PrismGraph (GraphPad Software, Inc. La Jolla, CA, USA)

R (3.3.1) and Bioconductor packages
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4 Methods:

4.1  Cell biological and immunological methods

4.1.1 Cell cultures

4.1.1.1 Maintenance of tumor cells (for results and discussion in section 5.1 and 5.2)
Experiments were performed with the pancreatic ductal adenocarcinoma cell line PancTu-I and
the prostate cancer cell line PC-3, which were kept in culture for less than 3 months. PancTu-I
and PC-3 cells were grown in RPMI-1640 medium supplemented with 10 % heat-inactivated
fetal calf serum (FCS), 100 U/ml penicillin and 100 pg/ml streptomycin. All cell lines were kept
at 37°C in a humidified atmosphere with 5% CO,. Subsequent passaging of tumor cells was
done by using Trypsin-EDTA (0.05 % - 0.02 % (w/v); Biochrom).

4.1.1.2 Tumor cell culture (for results and discussion in for section 5.1)

For all experiments regarding the analysis of tumor cells and culture supernatant for soluble
MICA, 3.5 x 10° tumor cells were cultured for 4 days in 50 ml X-vivo 15 medium (Lonza)
without additional serum supplementation in the presence or absence of 100 ng/ml Phorbol 12-
myristate 13-acetate (PMA,; Sigma-Aldrich).

4.1.1.3 Isolation of peripheral blood mononuclear cells and preparation of antigen-
activated T-cell lines (for results and discussion in section 5.2, 5.3 and 5.4)

PBMC were isolated by Ficoll-Hypaque (Biochrom) density gradient centrifugation. Cell
cultures were set up in RPMI-1640 medium (Life Technologies) supplemented with 10 % heat
inactivated FCS and 100 U/ml penicillin and 100 pg/ml streptomycin antibiotics mix
(Biochrom). PBMC were stimulated either with 2.5 uM zoledronate (Novartis) or with
bromohydrin pyrophosphate (300 nM BrHPP; Innate Pharma) in the presence of 50 1U/ml human
recombinant IL-2 (Novartis). IL-2 was repeatedly added every second day. After 12 days,
respective cultures usually contained > 90 % Vy9V2-expressing yo T cells. aff T-cell lines were
generated by stimulating PBMC with a mixture of staphyloccal enterotoxins (1 ng/ml each; SEA,
SEC1, SED, SEE; hereafter referred as SE-Mix; Toxin Technology) for 7 days. For experiments
using PHA blasts, PBMC were stimulated with 0.5 ug PHA (Remel) for 5 days, and PHA blasts
were maintained in RPMI supplemented with 10 % FCS and IL-2 following depletion of dead
cells by Ficoll-Hypaque (Biochrom) density gradient centrifugation. In some experiments,

serum-free X-vivo 15 medium (Lonza) was used.
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4.1.1.4 Isolation of T-cell subsets (for results and discussion in section 5.5)

PBMC were subjected to purification of individual human T cell populations by the following
MACS kits: CD4 T cells were first negatively isolated using human CD4" T-cell isolation kit
(Miltenyi); responder (referred to hereafter as CD4 T cells; CD4"CD25) and regulatory T cells
(CD4*CD25™) were then separated from negatively isolated CD4 T cells using Dynabeads®
Regulatory CD4*/CD25" T-cell kit (Thermo Fischer Scientific); CD8 T cells were positively
isolated using human CD8 T-cell microbeads kit (Miltenyi); for yo T-cells, PBMC were first
blocked with FcR blocking reagent (Miltenyi) for non-specific binding of antibodies and then
positively isolated using anti-human TCRyd microbeads kit. Purified human T-cell subset
populations were washed once with PBS (Cell Concepts) and counted microscopically. 2 x 10° -
4 x 10° cells of each cell subsets were stored immediately as dry cell pellet at — 80°C until further
use for DNA methylation analysis, or lysed into QIAzol lysis solution (Qiagen) for RNA-seq
analysis and kept in —80°C until total RNA extraction.

4.1.2 Functional assay set-up

4.1.2.1 Co-culture assays and assays for soluble versus immobilized NKG2D ligands (for
results and discussion in section 5.2)

For co-culture assays, 0.8 x 10° tumor cells per ml of growth medium were treated with 2.5 mM
valproic acid (VPA) for 24 hrs in 12 well cell culture plate (CELLSTAR, Greiner Bio-One).
Afterwards, 1 x 10° effector cells (PBMC or v5 T cells) were added to the culture for another 24
hrs, without changing medium. Cells were then harvested for gene expression and flow
cytometric analysis.

A mixture of recombinant MICA, MICB and ULBP-2 proteins were prepared from
commercially available standard proteins from ELISA kits (DY1300, DY1599, and DY1298
respectively; all from R&D Systems) at the concentration 2000, 2500, 2000 pg/ml, respectively.
For immobilized NKG2DL (imNKG2DL) treatment, 100 ul of mixture at respective
concentrations was coated on flat-bottom 96-wells Maxisorp Nunc Immunoplate (Thermos
Fischer Scientific) for overnight at room temperature. Prior to addition of cells, iInNKG2DL
solution was removed from wells and plates were washed once with PBS (Cell Concepts).
Alternatively, 100 pul NKG2D ligands (SNKG2DL) mixture at respective concentrations was
added together with 2.5 mM VPA and 0.1 x 10° effector cells (PBMC or vd T cells). After 24 hrs
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of treatment with 2.5 mM VPA and sNKG2DL or imNKG2DL treatment, effector cells were
harvested and used for the analysis of protein expression using flow cytometry. Cell culture
supernatants were collected and stored at —20°C until further use.

4.1.2.2 Assay for H3K9ac analysis (for results and discussion in section 5.2 and 5.3)

Total H3K9ac in human yé T cells were analyzed by western blot and flow cytometry as
described previously (Bhat et al, 2015; 2016). Briefly, 1 x 10° per ml of y& T cells were either
treated with 5mM, 2.5mM, 1 mM VPA, valpromide, DMSO (as solvent control) or left
untreated. After 24 hrs of treatment, cells were harvested carefully and washed once with
Dulbecco’s PBS (Cell Concepts). Cells were either lysed and subjected to blotting or harvested
for analysis by flow cytometry.

4.1.2.3 Cell death analysis assays (for results and discussion in section 5.4)

af T cells or v T cells were cultured at 1 x 10° per ml for 24 hrs in the absence or presence of
Valproic acid (VPA), Trichostatin A (TSA), or 5-Aza-2’-deoxycytidine (Decitabine; all from
Sigma-Aldrich). Where indicated, yo T cells were first pretreated with cell death inhibitors Z-
Val-Ala-DL-Asp-fluoromethylketone (zVAD, Bachem) for 30 mins, and Necrosulfonamide
(NSA, Merck Chemicals), and/or Necrostatin-1 (Nec-1, Sigma-Aldrich) for 2 hrs. While zVAD
is a pan-caspase inhibitor which blocks apoptosis, Nec-1 inhibits RIPK1, and NSA MLKL,
thereby blocking programmed necrosis/necroptosis (Philipp et al, 2015; Sosna et al, 2013). Cell
death analysis for VPA-induced toxicity of yo T cells was performed by combined annexin-V
FITC/ PI staining and also additionally by ATP release using the Cell Titer-Glo Luminescent
Cell Viability Assay according to the manufacturer’s protocol (Promega). Luminescence was
measured by Tecan Infinite-200 microplate reader (Tecan). Briefly, after 24 hrs treatment of y6 T
cells with VPA and cell death inhibitors (zVAD, Necl, NSA), cells were harvested for annexin
V-FITC/PI staining as described (Bhat et al, 2015).

4.1.3 Proliferation assay by *H-thymidine incorporation (for results and discussion in
section 5.3)

Proliferation of PBMC, PHA blasts or short-term cultured y& T cells was measured by *H-
thymidine (*H-TdR) incorporation as described previously (Falk et al, 2004). Shortly, 0.1 x 10°
PBMC per well were seeded in round bottom 96-well culture plates and stimulated with mitogen

or phosphoantigen. For mitogen stimulation, PHA was used and proliferation was measured after
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72 hrs, while for phosphoantigen stimulation, BrHPP in X-vivo 15 medium with IL-2 was used
and *H-TdR uptake was measured at the end of 7 days. In some experiments, yd T-cell lines were
generated by stimulating PBMC with zoledronate plus IL-2, and purity was screened at around
day 12. Cell lines with >90 % yd T cells were used for restimulation with BrHPP and IL-2 in the
presence or absence of 5 mM VPA. Proliferation was measured after additional 72 hrs. 0.5 x 10°
PHA blasts per well on day 11 were kept in IL-2 free medium 24 hrs before use, and the effect of
VPA on *H-TdR incorporation was quantitated after 72 hrs in the presence of exogenous IL-2. In
each case, cells were labeled with 1 pCi/well ®H-TdR (Hartmann Analytic) during the last 16 hrs.
After incubation, cells were harvested on glass-fiber filters, and radioactivity was counted in a
scintillation counter (PerkinElmer). Data are represented as mean counts per minute (cpm) + S.E.
of triplicate cultures.

4.1.4 Flow cytometry

4.1.4.1 Basic flow cytometry protocol

For analysis of cell surface proteins, cells were harvested into V-bottom 96 well plate (nerbe
plus). Cells were washed once with 200 ul of 1X wash buffer. Respective antibodies for surface
staining were incubated for 30 mins at 2-8°C. Afterwards, cells were again washed twice with
200 ul of 1X wash buffer. After the second wash, cells were either resuspended in 1%
paraformaldehyde (PFA; for surface staining) or in 200 ul of 1X wash buffer (for intracellular or
intranuclear staining). Surface stained cells were measured immediately by flow cytometry (BD
LSRFortessa or BD Calibur). For the intracellular or intranuclear staining, 3 pM monensin
(EMD Millipore/Calbiochem) was added to the cultures for last 4 hrs. Depending on the
experiment, cells with or without surface staining and with or without dead cell exclusion by
live/dead fixable far-red dead cell stain kit (Life Technologies) were further subjected to the
staining of intracellular or intranuclear proteins. Subsequently, cells were permeabilized using
either Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences) for 30 mins or by BD
Pharmingen Transcription Factor Buffer set (BD Biosciences) for 45 mins at 2-8°C. Fixed and
permeabilized cells were further stained with respective antibodies for 30-45 mins at 2-8°C.
Afterwards cells were washed twice with 200 ul of 1X perm-wash buffer. Stained cells were
resuspended in 100 ul of 1X wash buffer and measured immediately by flow cytometry (BD

LSRFortessa or BD Calibur). Flow cytometry data was analyzed using CellQuest Pro software
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(BD Biosciences) or FlowJo software (FlowJo LLC, Ashland Or, USA). Median fluorescence
intensity was calculated by subtracting median intensity of isotype control staining for the
respective test antibody staining.

4.1.4.2 NKG2D ligand expression on tumor cells by flow cytometry (for results and
discussion in section 5.2)

Epigenetic inhibitors i.e. Valproic acid (VPA), Trichostatin (TSA), 4-Phenylbutyric acid (4-
PBA), Epigallocatechin gallate (EGCG), 5-Aza-2’-deoxycytidine (Decitabine), Curcumin were
used at indicated concentration to study modulation of NKG2D ligand expression and release
from tumor cells. 0.8 x 10° tumor cells in growth medium were seeded in 12-well plate, either
treated with respective epigenetic inhibitors, DMSO as solvent control or left untreated. Cells
were harvested, washed and surface stained with respective NKG2D ligand antibodies as per
method 4.1.4.1. The following anti-human antibodies were used: PE-conjugated anti-human
MICA, Alexa Fluor 700-conjugated anti-human MICB, PerCp-conjugated anti-human ULBP-1
and APC-conjugated anti-human ULBP2/5/6 together with respective isotype controls.

4.1.4.3 Immunophenotyping of cultured cells (for results and discussion in section 5.3)

0.1 x 10° PBMC per well in 96-well plates were stimulated with BrHPP or zoledronate and IL-2
in the presence or absence of VPA for 7 days. In experiments involving the analysis of various
cell surface marker expression, epigenetic inhibitors were added during the last 24 hrs of 7 day
zoledronate-stimulated or staphylococcal enterotoxin mixture-stimulated PBMC. Cultured cells
from both experimental set-ups were analyzed by flow cytometry using monoclonal antibodies
for human V82 (Beckman Coulter) FITC, CD3 PE, TCRof FITC, CD25 PE, CD95 PE, HLA-
DR PE, CCR5 PE (all from BD Biosciences), CD40 PE (BiolLegend), CD54 PE (Beckman
Coulter), CD86 PE and NKG2D PE (R&D Systems) as additional surface markers together with
PI. Activated lymphocytes were identified based on scatter properties and further gated on PI-
negative population.

4.1.4.4 Annexin-PI staining for cell death analysis (for results and discussion in section 5.3
and 5.4)

PBMC cultured for 7 days with zoledronate plus IL-2 or yo T cells with and without VPA were
analyzed for cell death by Annexin V and PI staining. Cells were harvested and washed once
with cold PBS. Annexin V-FITC (MabTag GmbH) and propidium iodide (PI; Serva) were added
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as per manufacturer’s protocol. After 25 mins of incubation at room temperature in the dark,
cells were washed with 250 ul of Annexin V binding buffer. Stained cells were immediately
acquired on FACSCalibur flow cytometer (BD Biosciences) with FL1-FL3 channels. Data
analysis was done using the CellQuest Pro software (BD Biosciences).

4.1.45 Flow cytometric sorting of T-cell populations for ATAC-seq (for results and
discussion in section 5.5)

T-cell subsets were sorted using flow sorting with FACSAria device (BD Biosciences). PBMC
were stained with fluorophore-labelled antibodies as follows: CD3 Alexa Fluor 647, CD4
Brilliant Violet 510, CD8 APC-Cy7, V42 PerCp (BioLegend), CD25 Brilliant Violet 421,
CD127 PE (BD Biosciences), Vo1 FITC (Thermo Fisher Scientific). Flow staining was done in
Hanks’ Balanced Salt Solution (HBSS, Biochrom) supplemented with 1% heat inactivated fetal
calf serum (FCS) and finally resuspended in 500 pl volume of the same buffer. T-cell subset
populations were defined based on surface markers as follow: CD3'CD4'CD8CD25
CD127"V51°Vd2 for Responder T-cells (referred everywhere as CD4), CD3*CD4'CDS8
CD25"CD127'V81'Vs2™ for regulatory T-cells (referred everywhere as Treg), CD3'CD4"
CD8'CD25CD127'V81'Vs2 for CD8 T-cells, CD3'CD4'CD8""CD25CD127'V51'Vs2 for
V31 T cells and CD3"CD4'CD8 CD25CD127'V31'V82" for V52 T cells. After sorting, T-cell
subset populations were checked for purity, which was around 98-100 %. All the procedure of
FACSorting and collection of purified T cells were performed in HBSS with 10 % FCS at 4°C.
T-cell subsets were then washed once with cold PBS (Cell Concepts), counted microscopically
and immediately subjected to ATAC-seq library preparation.

4.1.5 Analysis of culture supernatants for NKG2D ligand shedding (ELISA) (for results
and discussion in section 5.2)

Culture supernatants were harvested employing an experimental setup analogous to the only used
to analyze NKG2D ligand expression. Supernatant were quickly spun down to remove debris.
Flat-bottom 96-wells Maxisorp Nunc Immunoplates (Thermos Fischer Scientific) were used to
quantitate soluble MICA, MICB, ULBP-1, ULBP-2 (DY1300, DY1599, DY1380, DY1298
respectively; all from R&D Systems) by ELISA according to manufacturer’s protocol.
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4.2  Biochemical methods

4.2.1 Isolation of exosomes (for results and discussion in section 5.1)

Exosomes were isolated using the ExoQuick™ Exosome Precipitation solution (System
Biosciences). Briefly, the cell culture supernatant was centrifuged at 3000g for 15 min to remove
cellular debris. Supernatants were filtered through 0.2 um cellulose acetate filters (Whatman)
and the ExoQuick Exosome Precipitation Solution was added at a 1:1 (v/v) ratio. The solution
was kept overnight at 4°C. Afterwards, the mixture was centrifuged at 1500 g for 30 min to
precipitate exosomes.

Alternatively, exosomes were isolated by differential centrifugation as described previously by
Ashiru et al. with slight modifications (Ashiru et al, 2010). Here, 50 ml of culture supernatant
was centrifuged for 5 min at 1,400 rpm to remove cellular debris and then filtered through
Amicon Ultra-15 centrifugal filters (100 KDa, Merck/Millipore). Subsequently, the media was
ultracentrifuged at 100,000g for 2 hrs and the pellet was washed with phosphate buffered saline
(PBS) at 80,000 g for 1.5 hrs. The pelleted exosomes were resuspended in 1% NP40 lysis buffer
for analysis of MICA expression and subjected to MICA immunoprecipitation.

4.2.2 (s)MICA/B immunoprecipitation (for results and discussion in section 5.1)

Exosomes or tumor cells were lysed using 1% NP40 lysis buffer with inhibitor cocktail. After
centrifugation at 14,000 rpm for 10 min at 4°C, MICA protein was immunoprecipitated with
anti-human MICA (R&D systems) and protein G sepharose beads (GE Healthcare). For
precipitation of soluble MICA, 50 ml of filtered (0.2 pum) culture supernatant was rotated with
anti-human MICA antibody and protein G beads overnight at 4°C. The beads were washed thrice
with 1% NP40 buffer and twice with PBS and then subjected to deglycosylation using PNGase
F (New England BioLabs).

4.2.3 Immunoblotting

Proteins were obtained either from exosome experiments or from proteins on beads from
immunoprecipitation experiments for experiments (in section 5.1) or from cultured cell lysates
for experiments (all sections). For preparation of proteins, either 1% NP40 lysis with protease
inhibitors (in section 5.1) or 1X TNE cell lysis buffer with protease and phosphatase inhibitors
(all sections except section 5.1) was used. Protein concentration was estimated on a

spectrophotometer using Bradford’s method (Bio-Rad SmartSpec 3000). For immunoblotting
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methods in section 2 - 5, 10 ug of protein together with 5X sample loading buffer were run on
NuPAGE 4-12% Bis-Tris Gel (1.5mm X 15 well) commercially available from Life
Technologies. In section 1, all the obtained protein was loaded with 2X SDS sample buffer on
10 % freshly prepared polyacrylamide gels (in section 5.1) with appropriate prestained markers.
Proteins were transferred to Hybond C Extra nitrocellulose membranes (GE Healthcare). The
membrane was blocked with 5% BSA or non-fat dry milk and appropriate antibodies against
protein of interest or anti-human B-actin as loading control (Sigma-Aldrich) were detected with
respective horseradish peroxidase-conjugated secondary antibodies. Proteins were visualized
using enhanced chemiluminescence (ECL) western blot detection reagent (GE Healthcare).
Details about combination of primary antibodies, blocking and secondary antibodies are

mentioned in the following table 4.1.

Table 4.1: List of antibodies used in the study

Primary antibody Blocking Secondary antibody | Used in section
Anti-MICA/B (BAMO1) 5% BSA Anti-mouse HRP 5.1
Anti-human H3K9ac 5% non-fat dry milk Anti-rabbit HRP 5.2,53,54
Anti-human c-Jun 5% non-fat dry milk Anti-rabbit HRP 5.4
Anti-human phospho-Jun 5% non-fat dry milk Anti-rabbit HRP 5.4
Bcl-11B 5% non-fat dry milk Anti-rabbit HRP 5.5
Anti-human B-actin 5% BSA Anti-mouse HRP 52,5.3,54,55

4.3 ImageStream analysis (for results and discussion in section 5.2 and 5.4)

Shortly, 1 x 10%ml of y& T cells were treated with 5 mM VPA or left untreated as control. After
24 hrs of treatment, yd T-cells were harvested and stained for PE-conjugated Anti-human 1L-43;3
and Alexa Fluor 488-labelled IL-4Ro or FITC-labelled CD107a together with live/dead fixable
dye (section 4) or for Pacific Blue-labeled anti-human H3K9ac antibody and DRAQ5 ™ (1 uM;
Abcam plc, Cambridge, UK; section 2 of results). Intracellular or intranuclear staining of cells
was performed as per method described in methods section 4.1.4.1. Cells were measured
immediately on an ImageStreamX Mark Il imaging flow cytometry device (Merck Millipore).
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IDEAS software (v6.0, Amnis) was used analysis. The co-localization wizard implemented in
the IDEAS software was applied for single cell analysis (Bhat et al, 2016; Fritsch et al, 2014).
4.4  Molecular biological and epigenetic methods

4.4.1 Quantification of MRNA expression (for results - discussion in section 5.2 and 5.4)
MRNA expression was quantified by real time PCR employing primers specific for the major
form of human IL-4, IFN-y and NKG2D receptor-ligands mRNA. RNA was isolated from
PBMC, y3 T cells or tumor cells using the peqGOLD TriFast Isolation procedure (Peglab). RNA
(200 ng) was transcribed into cDNA using the cDNA synthesis kit (AmpTec). PCR amplification
for respective genes (Table 3.8) was done at 60°C. qPCR data were analyzed according to the
AACt method or the relative quantitation method using the mean Ct value of the housekeeping
genes (B-actin, p2-microglobulin and 18S). Fold changes of expression levels were calculated
and the obtained values were used for further statistical analysis (Quabius et al, 2012).

4.4.2 ATAC-seq library preparation (for results and discussion in section 5.5)

ATAC-seq libraries were prepared as described by Buenrostro et al (2013) and Buenrostro et al
(2015) with slight modifications. Flow sorted T cells (CD4, CD8, Treg, V61, V52) in cold PBS
were centrifuged at 500 g and 4°C for 5 mins. 50 ul of cold lysis buffer was added to cell pellet
of 36,000 - 100,000 T cells and was centrifuged immediately for 10 min at 500 g and 4°C. 50 pl
transposition reaction mix (25 ul 2X TED buffer, 2.5 ul TDEL transpose enzyme, 22.5 ul water)
was added to the nuclei pellet and resuspended several times. The transposition reaction was
carried out on thermomixer (Eppendorf) at 37°C with 300 rpm for 30 min, immediately followed
by purification using Qiagen MinElute kit (Qiagen) and eluted in 20 pl final volume of water.
With the transposed DNA, PCR amplification was carried out by adding 25 pl NEB next high
fidelity 2X PCR master mix (New England BiolLabs), 2.5 pl of 25 puM PCR primer 1
(Ad1_noMx; to all reactions) and 2.5 ul of 25 uM PCR primer 2 (Ad2_barcode; according to
cell-types and individual donors, as details are given in the Table 3.9; Biomers). For PCR the
following conditions were applied: 72°C for 5 mins, 98°C for 30 sec followed by 10 cycles of
thermocycling at 98°C for 10 sec, 63°C for 30 sec and 72°C for 1 min. Amplified PCR library
was purified using Qiagen MinElute kit (Qiagen).

To eliminate DNA fragments more than 800 bp, ATAC-seq library was subjected to size

selection using Ampure XP beads (Beckman Coulter) and were again purified using Qiagen
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MinElute kit (Qiagen). The quality and concentration of the ATAC-seq library was determined
by Agilent High Sensitivity DNA kit on an Agilent Bioanalyzer 2100 (Agilent Technologies).
Resulting successful libraries were sequenced for 3 samples per lane with 50 paired end reads on
the Illumina HiSeq 2000 platform (Illumina) at BGI-Europe Co. Ltd., Copenhagen, Denmark.
4.4.3 DNA extraction, bisulfite conversion and DNA methylation analysis (for results and
discussion in section 5.5 and 5.6)

Genomic DNA was extracted from T-cell subsets using the commercially available Gentra
purification kit (Qiagen) following manufacturer’s standard protocol. The quality of DNA was
determined by NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific) and Qubit
Fluorometer using the Qubit dsDNA BR Assay Kit (Life Technologies). The bisulfite conversion
of 1 pg of DNA from each sample was performed using EZ-DNA Methylation kit (Zymo
Research) according to the protocol provided by the manufacturer. DNA methylation analysis
was performed using hybridization to the Infinium HumanMethylation450 BeadChip (also
known as ‘450k arrays’; Illumina), which covers 99 % of RefSeq genes and 96 % of CpG islands
that are more than 485,577. Arrays were scanned using the lllumina iScan (Bibikova et al, 2011).
DNA methylation data of T cells from healthy donors from 450k microarrays was validated by
the bisulfite pyrosequencing (BPS) method (Ammerpohl et al, 2016). Briefly, 1 pug of DNA was
bisulfite converted using EpiTect Bisulfite kit (48) (Qiagen). PCR amplification of the bisulfite-
converted DNA was done using the PyroMark kit (800) (Qiagen) for amplification of DNA
sequences around selected CpG loci. The primers used for PCR (Table 3.10) were designed by
the PyroMark Assay Design software (Qiagen). As a control, fully methylated DNA,
unmethylated DNA (commercially available from EpigenDX Inc., Hopkinton, MA, USA) and
genomic control (Non- bisulfite-converted DNA,; a pool of DNA isolated from peripheral blood
of healthy individuals) were used. BPS and DNA methylation analysis was performed with the
PyroMark Q96 ID pyrosequencer and PyroMark CpG software (Qiagen).

4.4.4 RNA extraction, quality control and library preparation (for results and discussion
in section 5.5)

Total RNA including miRNA was extracted from each T-cell population from 4 healthy donors
using miRNeasy mini kit (Qiagen) in combination with RNase-free DNase set (Qiagen),

according to the manufacturer’s protocol with slight modifications. Eluted RNA was stored at -
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20°C and shipped on dry ice to the Institute of Clinical Molecular Biology, Christian-Albrechts-
University, Kiel, Germany. The quality of RNA was checked using Agilent high sensitivity RNA
ScreenTape assay on the Agilent 4200 TapeStation system (Agilent Technologies). Purified
RNA was divided into two parts; one part was used for RNA-seq analysis of total RNA (mMRNA
and IncRNA), while the other part was used for the analysis of miRNA by RNA-seq. cDNA
libraries for mRNA and IncRNA analysis were prepared using TruSeq stranded total RNA
library preparation kit without enrichment (Illumina). For miRNA analysis, TruSeq small RNA
library preparation kit was used. The resulting libraries were sequenced on an Illumina HiSeq
2500 platform using a paired-end run (2 x 125 bp for mRNA and IncRNA; 2 x 50 bp for
miRNA). An average of ~26 million 125-nt paired-end reads was sequenced for each sample.

4.5  Bioinformatic analysis

45.1 Bioinformatics analysis of IL-4, CASP3, MLKL and HDAC1 (for results and
discussion in section 5.4)

IL-4, CASP3, MLKL, HDAC1 genes were analyzed in UCSC Genome Browser (hgl9
assembly). A list of transcription factors associated with respective genes from ChlP-seq
ENCODE database with factorbook motifs was derived. The unique set of transcription factors
involved in the regulation of all 4 genes was further analyzed using String database for protein-
protein interaction and association studies. All prediction methods, viz. neighborhood, gene
fusion, co-occurance, co-expression, experiments, databases and text mining were used with high
confidence score (0.700), showing direct interaction through links for each type of method as
described by Szklarczyk et al (2015).

4.5.2 Analysis of ATAC-seq data (for results and discussion in section 5.5)

To analyze the accessibility of the DNA in the CD4, CD8, Treg and yd T cells of four human
donors, ATAC-seq was performed as described by Buenrostro et al (2013). Paired-end 100 bp
reads were each trimmed to 50 bp with  fastx_trimmer  (v0.0.13;
http://hannonlab.cshl.edu/fastx_toolkit) to prevent adapter contamination of DNA fragments
smaller than 100 bp. Then, reads were aligned to human genome version hgl9 using bowtie
(v2.1.0, Langmead et al, 2012) with parameters “-X 3000” and “-no-discordant”. Those
parameters ensure that fragments up to 3,000 bp are allowed to align (“-X 3000”) and that no

contradictory alignments of a read pair are allowed (“-no-discordant”). The Picard tool (v2.1.1;
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http://broadinstitute.github.io/picard) MarkDuplicates was used to remove duplicated DNA
fragments to account for PCR artifacts. To calculate DNA fragment coverage for browser
display, deepTools’ bamCoverage was used (v2.7; Ramirez et al, 2014). Specifically, three
distinct tracks of genome-wide fragment coverage were generated as bigWig files: (i) The
coverage for all mapped fragments with the command line options “-bs 5 --
normalizeUsingRPKM  --minMappingQuality 30”; (ii) the coverage for fragments with a size
between 180bp and 247bp, i.e. mono-nucleosome coverage (see also Buenrostro et al, 2013),
with command line options “-bs 5 --normalizeUsingRPKM --minMappingQuality 30 --
minFragmentLength 180 --maxFragmentLength 247 -e 220”; and (iii) the coverage for fragments
with a size up to 100bp, i.e. nucleosome free regions (NFR), with command line options “-bs 1 --
minMappingQuality 30 -e 1”. The read starts in the NFR coverage tracks were adjusted to
represent the center of the Tn5 transposase binding event (Gangadharan et al, 2010) by offsetting
read starts that align to the + strand by +4 bp and those that align to the — strand by —5bp. To
identify regions of significant DNA accessibility, peaks were called on offset read starts using
MACS (v2.1.1.20160309; Zhang et al, 2008). To obtain a hierarchical clustering of samples
based on Pearson's r, reads with mapping quality greater than 10 were quantified in 1,000bp non-
overlapping genomic windows using bamsignals' bamProfile() function (v1.4.2;
http://bioconductor.org/packages/bamsignals). For the mono-nucleosomal fraction, the center of
a DNA fragment was counted. For the NFR fraction, the start and end of a DNA fragment was
counted because they represent to independent transposition (cutting) events.

4.5.3 Analysis of DNA methylation data (for results and discussion in section 5.5 and 5.6)
Raw hybridization signals were processed using GenomeStudio software (v2011.1; Illumina) in
methylation analysis module (v1.9.0; Illumina), applying default settings. The intrinsic controls
present on the array were used for data normalization. To exclude technical and biological
biases, we used several filters including sex-specific CpG and ‘rs-tags’ non-CpG probes. As
analyzed by 450k arrays, we further excluded polymorphisms with an allele frequency >5 % in
the population, which are located within a distance of 0-3 bp next to cytosine. A detection p-
value below 0.01 per CpG site was set as internal quality control criteria considering the

technical results of hybridization. A total of 470,183 CpG sites were further annotated to
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HumanMethylation450 v1.2 Manifest file (Illumina) using the UCSC Genome Browser database
(hg19 version) (Kent et al, 2002).

4.5.4 Healthy T cell methylome (for results and discussion in section 5.5)

The methylation level at each CpG is represented by the B value, defined as the proportion of the
methylated signal to the total signal and calculated from normalized intensity values. Statistical
analysis was performed on the list of CpG sites passing above mentioned criteria using Qlucore
Omics Explorer (v2.3(45), 64-bit; Qlucore). CpG sites were considered statistically significant
for the p-value 0.01 and were adjusted with g-value 0.01803 (also interpreted as false discovery
rate; FDR). These statistically significant CpG sites and an absolute difference in the mean 3
value IABI (also referred as ‘delta beta’) >0.2 between off T-cell subset group (includes CD4,
CDS8 and Treg) and yd T-cell group were defined as differentially methylated probes (DMPs),
further divided as ‘hypomethylated in y3’, ‘hypermethylated in y&’, or ‘partially methylated in
v6’. Partially methylated in yd are the all CpG sites between +0.2 to —0.2 delta beta values. The
location of CpG sites in relation to the genomic region with the possibility of alternative TSS and
regions containing more than one gene was defined as follow: TSS1500 (from 201 to 1500 bp
upstream of the TSS), TSS200 (from 1 to 200 bp upstream of the TSS), 5> UTR, 1% Exon, gene
body and 3’ UTR. Relation of CpG site to CpG islands (CGI) was defined as CGI (within CpG
Islands), CGI shore (0-2 kb from CGI edge), CGI shelf (>2 kb to 4 kb from CGI edge) and
outside CGI (Kulis et al, 2015). Wherever indicated, adjusted p-values were calculated using
non-parametric Wilcoxon signed-rank test with the multiple hypothesis testing correction by the
Benjamini-Hochberg method. Statistical analysis and graphs were generated using R (3.3.1) and
Bioconductor packages. Alternatively, RnBeads package were used for DNA methylation
analysis. Briefly, idat file from respective hybridization arrays were loaded into RnBeads
package in R (Assenov et al, 2104). Furthermore, vanilla analysis mode was used. Beta values
for each CpG sites were converted to M-value using default options. The comparison between
beta values from RnBeads and GenomeStudio was performed.

455 y8-HSTL methylome (for results and discussion in section 5.6)

As described above for the methylome of healthy T cells, bioinformatics analysis was done using
similar pipeline and annotations with slight modifications. Briefly, the list of CpG sites after all

exclusion, quality control and detection p-value <0.01 were imported into Qlucore Omic
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Explorer. In this study, only one sample per group was investigated for global DNA methylation.
Hence we used 0.25 filter by variance (6/omax) Criteria. Beta value per CpG was used to calculate
IABI (‘delta beta’) > 0.2 between methylation level of visit 5 and visit 1. DMPs were further
divided as ‘hypomethylated on visit 5°, ‘hypermethylated on visit 5°, or ‘partially methylated on
visit 5°. All other genomic features and CGI features were analyzed as described above.

4.5.6 Analysis of RNA-seq (for results and discussion in section 5.5)

4.5.6.1 Transcriptome analysis

Raw reads were pre-processed using cutadapt (Martin et al, 2011) to remove adapter and low
quality sequences and were then aligned to the human genome (GrCh38) reference genome with
Ensemble gene annotation using TopHat2 (Trapnell et al, 2012). HTSeq was used to compute
gene expression values of transcripts (Anders et al, 2015). Differential gene expression levels
were analyzed and visualized by the Bioconductor package DESeq2 (Love et al, 2014). DESeq2
was used to perform principal component analysis (PCA) that illustrate a separation according to
the first principal component between CD4, CD8, Treg and yo T-cells. Differential expression of
genes between T-cell subsets was determined using Wald tests to calculate the significance of
differential expression for each gene in a pair-wise comparison between CD4, CD8 and Treg
versus Y0 subtypes.

4.5.6.2 Long non-coding RNA analysis

The long non-coding RNA was identified and quantified using PLAR (Hezroni et al, 2015) for
the same set of comparisons as described above. Application of PLAR allowed us to combine
multiple complementary filters for the potential protein-coding to distinguish between coding
and non-coding transcripts (Hezroni et al, 2015). Different types of transcripts identified by
PLAR for the pair-wise comparison between CD4, CD8 and Treg versus yo T cells that they are
assigned to protein coding, long non-coding RNA (IncRNA), long intervening non-coding RNA
(lincRNA) and small RNA. Differential expression analyses of long non-coding RNA were done
by Cufflinks and Cuffdiff (Trapnell et al, 2012).

4.5.6.3 miRNA analysis

mMIiRNA profiling was performed using Illumina sequencing technology. After adapter trimming
using cutadapt v1.3 (Martin, 2011), reads mapping to viral genomes, human non-miRNA short
RNA and non-human miRNA were excluded. Subsequently, count data was generated
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employing miRDeep2 (Friedlander et al, 2012). Finally, unexpressed miRNAs (with counts not
being > 20 in > 50 % of the samples per trait) were discarded.

For exploratory analysis, raw counts were subjected to a variance-stabilizing transformation
(VST) as implemented in in DESeqg2 (Love et al, 2014) and projected on the 2-dimensional
space employing multidimensional scaling (MDS) with a distance based on Spearman
correlation. Differential expression (DE) analysis then was performed conducting statistical
hypothesis testing (likelihood ratio (LR) test) based on generalized linear models (GLMs as
implemented in DESeq2) for all pairs of cell types (Treg vs. yd, CD4 vs. y3, CD8 vs. Treg, CD4
vs. CD8, CD8 vs. y6, CD4 vs. Treg). Furthermore, a combined analysis was performed to
compare aff to yo cells. For a given comparison miRNAs were considered as being significantly
DE in case of adjusted p-values <0.05 and absolute logarithmic fold changes |Iog2(FC) |>1.
Thereby correction for multiple testing was conducted according to Benjamini and Hochberg
(Benjamini and Hochberg, 1996). For illustrative purpose heatmap of expression patterns were
generated for miRNAs that were differentially expressed with respect to any of the cell type
comparisons. Thereby a distance based on Spearman correlation and complete linkage was used.
45.7 Integrated analysis of ATAC-seq, DNA methylation and RNA-seq data (for results
and discussion in section 5.5)

To integrate the data from 450k DNA methylation arrays, transcriptome and IncRNA profiling,
we used standard gene symbols (hgl9, UCSC genome database). The genes from respective
datasets were merged by simple merged command in R program. To determine association
between these three levels of epigenetic processes, Fitting Linear Regression Model was used.
The gene expression level was considered as dependent variable on methylation and IncRNA
expression levels (independent variables; van Eijik et al, 2012). For the regression analysis
between methylation and IncRNA, DNA methylation was considered as dependent variable and
IncRNA expression level as independent variable. Furthermore, correlation analyses based on
Pearson method and principal component analyses were done on each possible combination of
dataset comparisons. The integrated analysis data was represented by biplot and heatmap with

clusters.
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4.5.8 Functional annotation (for results and discussion in section 5.5 and 5.6)

Functional annotation was performed using the online available databases either by PANTHOR
(Mi et al, 2016), by Enrichr (Kuleshov et al, 2016) or by InnateDB (Breuer et al, 2013) using
default parameters.

4.6 Statistical analysis

Data were analyzed using PrismGraph (GraphPad Software) either with analysis of variance
(ANOVA) with repeated measures or student’s t-test. For comparison of samples with controls,
multiple comparison tests were applied. p-values <0.05 were considered significant and

displayed as * for p-value < 0.05, ** for p-value <0.01, *** for p-value <0.001.
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5 Results

5.1  Release of NKG2D ligands from tumor cells: Exosomes versus shedding

Associated publication:
The results presented in this chapter are already published in the manuscript: Guranda Chitadze*,
Marcus Lettau*, Jaydeep Bhat, Daniela Wesch, Alexander Steinle, Daniel Fuerst, Joannis
Mytilineos, Holger Kalthoff, Ottmar Janssen, Hans-Heinrich Oberg* and Dieter Kabelitz*. (2013)
Shedding of endogenous MHC class I-related chain molecules A and B from different human
tumor entities: Heterogenous involvement of the “a disintegrin and metalloproteases” 10 and 17.

International Journal of Cancer, 133:1557-1567. (* equally contributing authors)

Cellular differentiation and functional responses to the external environment are controlled by
genetic and epigenetic mechanisms. In comparison to aff T-cells, human yd T-cells exhibit a
surprising extent of functional plasticity. The primary function of yd T-cells is the control of
cellular integrity and stress surveillance. As a consequence, yd T-cells have a broad anti-tumor
activity. Key mediators involved in the execution of such responses are NKG2D receptor -
ligands which are not expressed on normal cells but are induced by cellular stress and are
constitutively expressed on transformed cells (Raulet 2003; Raulet et al, 2013; Wrobel et al,
2007). Cytotoxic cells including yd T-cells, recognize NKG2D ligands expressed on the surface
of tumor cells. However, tumor cells also have the capacity to escape from recognition by
immune cells, by releasing soluble NKG2D ligands. This immune escape mechanism broadly
affects cytokine production and cytotoxicity of human yd T-cells. Thus, within the scope of this
PhD thesis, | first addressed this important mechanism of tumor immune escape, which also
affects human yd T-cell function.

5.1.1 Expression and release of MICA depends on origin of tumor cell type

Previously it was reported that tumor cells have the capacity to proteolytically release NKG2D
ligands, a phenomenon termed ‘shedding’ (Groh et al, 2002), through distinct cleavage activity
of cell surface enzymes. With this background information, we sought to investigate the
shedding activity of tumor cells of different origin, specifically pancreatic ductal
adenocarcinoma (PancTu-l, Panc89), prostate carcinoma (PC-3) and breast carcinoma (MDA-
MB-231). All tested cancer cell lines expressed differential amounts of MICA protein on the cell

surface as revealed by flow cytometry (Fig. 5.1.1). Panc89, PancTu-1 and MDA-MB-231 showed
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high surface expression of MICA/B while PC-3 expressed lower levels. Release of MICA and
MICB present in 24 hrs cell culture supernatants were quantified by ELISA. MICA was detected
in cell culture supernatants of all tested tumor cell lines except PC-3. From PC-3 cells, only
MICB release was detectable, despite MICA cell surface expression. Thus, preliminary results
obtained from cell surface protein expression and culture supernatants prompted us to investigate

this diversity of MICA shedding from different tumor entities in more detail.

A B
2500 +
. Panc89 | . PancTu-I OMICA
& s 2000 A EMICB
S i
gzl . _ 1500
g G E
g R"“ gl i " E
“ . .| MDA-MB-231| 1000
i i, j R 500
T i = e, " Tt 0
------------ Isotype Panc89 PancTu-I PC-3 MDA-MB-231
— MICA
---- MICB

Figure 5.1.1: Different epithelial cancer cell lines express and release soluble MICA and MICB into the
supernatant. Cells were cultivated for 24 hrs. (A) Cell surface expression of MICA (solid lines) and MICB (thick
dotted lines) was determined by flow cytometry. Thin dotted lines represent the isotype control. (B) The amount of
SMICA (light gray) and sMICB (dark gray) from harvested supernatant was determined by ELISA. Data are
represented as mean values of three independent experiments + standard error of the mean (SEM). Data and figure is
adapted from Chitadze, Lettau, Bhat et al, (2013) published in International Journal of Cancer, 133:1557-1567.

5.1.2 MICA antibody specifically detects full-length (truncated) form of protein

PC-3 cells fail to shed MICA despite the fact that it is expressed on the cell surface. As the allelic
variant MICA*008, which results in a protein with a truncated intracellular part, is described to
be released in association with exosomes (Ashiru et al, 2010), we addressed MICA protein
expression biochemically via Western blot analysis. MICA was immuno-precipitated from
cellular lysates and, after deglycosylation by PNGase F, subjected to SDS-PAGE and transferred

to nitrocellulose (Fig. 5.1.2). As expected, deglycosylated MICA migrated at 42 KDa in the case
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of Panc89, PancTu-I and MDA-MB-231 cells, whereas MICA was detected as a 33-KDa band in
lysates from PC-3 cells. This clearly indicated that these cells might express a truncated form of
MICA as described for the allelic variants MICA*008, MICA*023, MICA*028 and MICA*054
(Huovila et al, 2005). Consequently, MICA from PC-3 cells comigrated with MICA precipitated
from HeLa cells (not shown), which are homozygous for MICA*008 (Ashiru et al, 2010).
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Figure 5.1.2: MICA allelic variation is associated truncated protein expression in PC-3. MICA from tumor cell
lysates was immunoprecipitated by anti-MICA mAb, deglycosylated by PNGase F, separated by SDS-PAGE and
detected by Western blot using anti-MICA mAb BAMOL. Three different clones viz. A) 2C10 from Santa Cruz
Biotech, B) 159233 from R&D Systems, C) BAMO1 from BAMOMAB GmbH, Germany were tested for

immunoprecipitation of MICA protein.

5.1.3 Pancreatic carcinoma shed MICA in culture supernatant

After establishing a biochemical read-out for the analysis of MICA variants in cell lysates, we
employed this approach for culture supernatants along with cell lysate to analyze soluble MICA.
Cultures were grown for 4 days or until they reached a confluency of more than 90 %. Culture
supernatant was harvested and cell lysate from the same experiment was used for MICA analysis
by immunoprecipitation and western blot. Further, we precipitated the cleaved ectodomain of
MICA from supernatants of PancTu-I cells and detected it as a faint band at about 32 KDa,
which migrated slightly beneath full-length MICA of PC-3 cells (Fig. 5.1.3). Interestingly, a
MICA fragment that resembles sMICA in size is also detected in cellular lysates of PancTu-I

cells, indicating that cleavage might occur within an intracellular compartment.
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Figure 5.1.3: MICA shedding in the PancTu-I cell line. PancTu-I and PC-3 cells were cultured for 4 days and
cells were harvested to prepare lysate. Simultaneously culture supernatants were harvested for the analysis of MICA
protein release without (A, C) and with PMA treatment (B, D) for 24 hrs. Cell lysates and supernatants were
subjected to immunoprecipitation with 159233 from R&D Systems (A, B) or with BAMO1 from BAMOMAB
GmbH, Germany (C, D). After deglycosylation with PNGase F, protein was analyzed by western blot with clone
BAMO1 (BAMOMAB GmbH, Germany) for detection of human MICA.

We also tried to enhance shedding by PMA treatment. However, we failed to detect significant
changes in expression levels of any of the MICA protein. In line with our previous results, we
failed to detect SMICA released from PC-3 cells.

5.1.4 Prostate cancer cell lines release MICA through exosomes

In a similar experiment, we precipitated MICA from exosomes isolated from the supernatants of
PancTu-l and PC-3 cells using a commercial exosome precipitation kit. We detected the
truncated full-length form of the MICA*008 variant expressed in PC-3 cells in exosomes, but not
in PancTu-I-derived exosomes (Fig. 5.1.4). The same results were obtained with exosomes

isolated by a classical ultracentrifugation protocol (Fig. 5.1.4C - F). Of note, MICA was also
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absent from Panc89- and MDA-MB-231-derived exosomes. MICA was also detected in cellular
lysates of PancTu-1, Panc89 and MDA-MB-231 cells (data not shown).

Based on the results of culture supernatant, use of different antibody clones, alternative methods
of exosome isolation and PMA treatment did not induce any change in MICA protein expression
analyzed from supernatant-derived exosomes. Taken together, these data clearly indicate that
endogenous MICA*008 expressed in PC-3 cells is released in association with exosomes, while
absence of MICA*008 expression from PancTu-1, Panc89 and MDA-MB-231 doesn’t result in

such exosomal release.
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Figure 5.1.4: Release of MICA through exosomes by PC-3 cells. PancTu-I and PC-3 cell lines were left untreated
(A, C, E) or treated with PMA for 24 hrs (B, D, F). Exosomes were isolated either by using ExoQuick ™ Exosome
precipitation (System Biosciences, USA) method (A, B) or by using traditional ultracentrifugation (C - F). In each
case, deglycosylation by PNGase F, immunoprecipitation by anti-human MICA mAb clone 159233 from R&D
Systems (A - D) or with anti-human MICA mAb BAMO1 from BAMOMAB GmbH, Germany (C, D), detection by

anti-human MICA/B mAb (BAMOMAB GmbH, Germany) was performed using SDS-PAGE.
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5.2  Epigenetic modulation of NKG2D receptor and ligands: Mechanism of NKG2D

ligand release and functional effects

Associated manuscript:
The results presented in this chapter will be part of a manuscript (in preparation): Jaydeep Bhat,
Samuel Dubin, Alexandra Dananberg, Elgar Susanne Quabius, Guranda Chitadze, Jurgen Fritsch,
Marie Dowds, Marcus Lettau and Dieter Kabelitz.

The detection of soluble MICA in the sera of patients has emerged as an important prognostic
marker (Holdenrieder et al, 2006; Holdenrieder et al, 2006; Kumar 2012). In addition to its
soluble form, allelic and single nucleotide polymorphisms of MICA were shown to be associated
with several diseases, including cancer and inflammation-associated diseases (Kumar 2012;
Frigoul and Lefranc, 2005). Hence, it is of interest to investigate the effect of therapeutic agents
on NKG2D ligand release. Out of several other mechanisms that modulate NKG2D ligand
expression and release, epigenetic mechanisms are of special interest due to the availability of
epigenetic modifiers/inhibitors. Thus, in this section, the effect of various epigenetic inhibitor(s)
on the modulation of NKG2D ligand shedding and the functional consequences on immune cells
such as activated yd T cells in comparison to freshly isolated PBMC will be addressed.

5.2.1 Epigenetic modifiers differentially modulate NKG2D ligand surface expression and
release from pancreatic carcinoma and prostate carcinoma cells

As shown in the previous section and also indicated by further findings from our group, the
pancreatic carcinoma cell line PancTu-l are heterozygous for MICA*002:01 (A9),
MICA*009:01 (A6) and the prostate carcinoma cell line PC-3 are heterozygous for
MICA*008:01:01 (A5.1), MICA*012:01:01 (A4). Based on these differences of MICA alleles,
PancTu-I cells shed MICA/B directly, whereas PC-3 cells release MICA via exosomes (Chitadze
et al, 2013). To address the potential role of epigenetic mechanisms, | used 6 different epigenetic
inhibitors specific for 3 different important epigenetic processes. Trichostatin A (TSA), Valproic
acid (VPA) and 4-Phenylbutric acid (4-PBA) targeting histone deacetylation by HDAC,
Epigallocatechin gallate (EGCG) and 5-Aza-2’-deoxycytidine (Decitabine) targeting DNA
methylation by DNMT and Curcumin targeting histone acetylation by HAT were used.
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The experimental strategy to investigate the effect of epigenetic inhibitors on PancTu-I and PC-3
cells is schematically represented in Figure 5.2.1. All epigenetic modifiers were titrated for their

cell-type dependent effective dose concentrations (Bhat et al, 2015; Bhat et al, 2016).

CIL

T

0 OH
Tumor cell lines Epigenetic inhibitor
(PancTu-I or PC-3) (VPA)
24 hrs i
A. Collect supernatant for Fresgghl;%lated

NKG2D ligand ELISA and 0
harvest tumor cells for 5T lrl i
NKG2D ligand surface yo I-cell lines
expression 24 hrs

B. Analysis of gene expression,
surface expression, cytokine
responses

Figure 5.2.1: Experimental strategy to analyze the modulation of NKG2D receptor - ligand mediated
functional responses to epigenetic inhibitors. NKG2D ligand (MICA, MICB, ULBP-1 and ULBP-2/5/6)
expression and release from the pancreatic carcinoma cell line (PancTu-1) and prostate carcinoma cell line (PC-3)
was measured after 24 hrs treatment with epigenetic modifiers. A) After 24 hrs, tumor cells were analyzed for
NKG2D ligand expression and culture supernatants were collected to quantitate NKG2D ligands released from the
same experiment. B) Otherwise, effector cells (freshly isolated PBMC or y8 T-cell lines) were added to tumor cells
for co-culture at a 1:1 ratio. After 24 hrs of co-culture, effector and/or tumor cells were harvested and analyzed for

NKG2D receptor expression by flow cytometry, or NKG2D receptor - ligand gene expression by qPCR.
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Figure 5.2.2: Modulation of NKG2D ligand expression and release from pancreatic cancer cell line by
epigenetic modifiers. As schematically shown in figure 1, 0.8 x 10° PancTu-I cells were treated with varying
concentrations of inhibitors for HDACs, HATs and DNMTs. After 24 hrs, (A-C) cells were harvested for the
analysis of MICA, MICB and ULBP-2 surface protein expression, respectively. (D-F) Culture supernatants from the
same experiments were analyzed for the release of MICA, MICB and ULBP-2. Data represents mean values + S.E.
of three independent experiments. Statistical significance with p-value <0.05, 0.01 and 0.001 are indicated by *, **

or *** respectively.
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Figure 5.2.3: Modulation of NKG2D ligands expressed and released from prostate cancer cell line by
epigenetic inhibitors. In a similar approach as shown for PancTu-I cells in figure 3, PC-3 cells were analyzed for
MICA, MICB and ULBP-2 expression, respectively (A-C). (D-F) Culture supernatants were quantitated for
respective soluble NKG2D ligand proteins. Data summarized as mean + S.E. from 3 independent experiments and p-

values for 0.05, 0.01 and 0.001 shown as *, **, and ***, respectively.
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Figure 5.2.4: Epigenetic modifiers do not modulate ULBP-1 expression and release from tumor cells. PancTu-I
and PC-3 cell lines were treated with different concentrations of epigenetic modifiers. After 24 hrs, PancTu-1 (A)
and PC-3 (B) cells were analyzed for cell surface ULBP-1 expression by flow cytometry, while the release of
ULBP-1 from PancTu-I (C) and PC-3 (D) cells into culture supernatants was analyzed by ULBP-1 ELISA. Data

displayed as mean values * S.E. of three independent experiments.

After 24 hours of VPA treatment at the concentration of 5 mM and 2.5 mM, PancTu-I cells
showed a significant increase in MICA, MICB and ULBP-2/5/6 (also referred as ULBP-2) cell
surface expression (Fig. 5.2.2A-C). Likewise PC-3 cells showed a significant expression of
MICB and ULBP-2 but, increase in MICA was comparatively less after 5 mM and 2.5 mM VPA
treatment (Fig. 5.2.3A-C). This was also evident from a shift in histograms after VPA treatment
compared to untreated controls (data not shown). Analysis of soluble NKG2D ligands in culture
supernatants by ELISA also showed a remarkable increase in the release from both cell lines
after treatment with 5 and 2.5 mM VPA (Fig. 5.2.2D-F, 5.2.3D-F). In contrast to these results,
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there was no increase in ULBP-1 cell surface expression (Fig. 5.2.4A-B) and release from
PancTu-1 and PC-3 cell lines upon treatment with epigenetic inhibitors (Fig. 5.2.4C-D).
Treatment with the other HDAC inhibitor TSA also induced an increase in the release of MICA,
MICB and ULBP-2/5/6 from PancTu-I cell culture supernatants, but not in surface expression of
PancTu-1 and no effect was observed in PC-3 cells. Of note, the epigenetic modifiers did not
induce notable cell death at the concentration used (data not shown).

Thus, out of six total different epigenetic modifiers used, only VPA (an HDAC inhibitor)
induced significant amount of shedding of MICA, MICB and ULBP-2 from both pancreatic
carcinoma and prostate carcinoma cell lines irrespective of its allelic MICA variation.

5.2.2 VPA affects NKG2D receptor expression differentially on the cell surface of
activated yd T-cells and freshly isolated PBMC

Previous experiments showed that VPA treatment induces a significant increase (more than 3-4
fold) in MICA/B and ULBP-2 surface expression and release from tumor cells of different
origin. Using a co-culture experiment setting, we tested the effect of VPA-induced NKG2D
ligand shedding on effector cells, i.e. freshly isolated PBMC and short-term yé T-cell lines
obtained from zoledronate-stimulated PBMC. As expected, y6 T-cells down modulated NKG2D
receptor expression upon co-culture with PancTu-l1 and PC-3 for 24 hrs. This effect was
strikingly enhanced by VPA treatment of tumor cells before co-culture for 24 hrs (Fig. 5.2.5A,
B). Down modulation of cell surface expression was evident from histograms presented in figure
5.2.5A and 5.2.5E (upper panel for untreated cells and lower panel for 2.5 mM VPA treatment).
Interestingly, this effect was not seen in the co-culture with freshly isolated PBMC (Fig. 5.2.5E,
F). In support of these observations and also to dissect the modulation of NKG2D receptor on
effector cells ‘only’ by NKG2D ligands, but not by other tumor-derived proteins, we used a
mixture of reconstituted NKG2D ligands as described in the materials and methods. SNKG2DL
or iMNKG2DL together with 2.5 mM VPA significantly decreased the expression of the NKG2D
receptor on yo T-cells (Fig. 5.2.5C, D), while in PBMC, the opposite effect was observed (Fig.
5.2.5G, H). One reason behind such selective downregulation of NKG2D on yé T-cell might be
the VPA treatment (Bhat et al, 2015). Nevertheless, it is interesting to note that NKG2D receptor
expression on yd T-cells and PBMC is differentially modulated by soluble versus immobilized
NKG2D ligands.
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Figure 5.2.5: Effect of HDAC inhibitor on NKG2D receptor expression of effector cells. Effector cells, i.e. (A-
B) v6 T cells from 12 day zoledronate-stimulated PBMC or (E-F) freshly isolated PBMC were co-cultured with
PancTu-I and PC-3 cells at a 1:1 ratio in the presence or absence of 2.5 mM VPA, as described in figure 1. After 24
hrs of co-culture, effector cells were analyzed for NKG2D receptor expression by flow cytometry. In a control
experiment, 8 T cells (C-D) or PBMC (G-H) were treated with or without 2.5 mM VPA in the presence or absence
of soluble (SNKG2DL) or immobilized NKG2D ligands (imNKG2DL). After 24 hrs, cells were harvested and
analyzed for NKG2D receptor expression by flow cytometry. In representative histograms, the upper panel
represents the untreated effector cells or co-culture with PancTu-1 or PC-3 and the lower panel represents 2.5 mM
VPA treatment. Blue histograms represent isotype controls, while red histogram represents anti-human NKG2D PE
staining. Median fluorescence intensity (MFI) was calculated by subtracting MFI of isotype controls from MFI of
test antibodies. Percent NKG2D expression is calculated by setting MFI of untreated cells to 100. Mean values +
S.E. of median fluorescence intensity (MFI) or percent NKG2D expression from 3-4 independent experiments are
shown with statistical significant p-value <0.005, 0.01 or 0.05 as ***, ** or *, respectively.

Taken together, these results support the previous notion that NKG2D binding induces down-
modulation of NKG2D receptor cell surface expression, which is further regulated by HDAC
inhibitors like VPA.

5.2.3 VPA regulates mRNA expression of the NKG2D receptor and its ligands

Using overexpression systems and biochemical approaches, Karimi et al (2014) recently showed
that a truncated NKG2D isoform (Tr_NKG2D) competitively interferes with full length form
(FL_NKG2D) resulting in decreased NKG2D cell surface receptor expression. Since we
observed (Fig. 5.2.5) differential modulation of NKG2D receptor expression on the surface of yo
T-cells and PBMC in the presence of VPA, we next determined the role of Tr_ NKG2D at the
gene expression level in the co-culture setting. In contrast to protein expression, VPA treatment
of yd T-cells had no impact on FL_NKG2D and Both_NKG2D (which constitutes both truncated
and full length variants) gene expression level at 2.5 mM (Fig. 5.2.6A, upper panel).
Interestingly, VPA treatment resulted in increased Tr_ NKG2D mRNA expression in yd T-cells,
whereas in PBMC both, FL_NKG2D and Tr_NKG2D transcript levels were increased. In y5 T-
cells or PBMC co-cultured with PancTu-I, FL_NKG2D and Tr_NKG2D transcript were
remarkably downregulated after treatment with 2.5 mM VPA. mRNA expression levels of
NKG2D isoforms were relatively low in both effector cell populations co-cultured with PC-3
(Fig. 5.2.6A, B). In PBMC co-cultured with PC-3, it was even further decreased (Fig. 5.2.6B,

upper panel), but that was not the case with yd T-cells (Fig. 5.2.6A, upper panel).
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Figure 5.2.6: Histone deacetylase inhibitor-mediated regulation of NKG2D receptor and ligand gene
expression. Within a similar set up of experiments as in figure 6, PBMC or yd T cells were treated with 2.5 mM
VPA or left untreated and co-cultured with and without PancTu-I and PC-3. After 24 hrs, the effector cells i.e. (A)
vd T cells and (B) PBMC from co-culture, or tumor cells from solo-culture (as an internal control) were harvested
and analyzed for mRNA expression of full length NKG2D (FL_NKG2D), truncated NKG2D (Tr_NKG2D),
sequences covering both the full length and truncated NKG2D gene (Both_NKG2D), MICA, MICB and ULBP-
2/5/6. mRNA levels were calculated as relative expression values compared to the mean Ct value of the
housekeeping genes (B-actin, B2-microglobulin and 18S). Graphs represented are mean values + S.E. of 3
independent experiments with p-values <0.001, 0.05, 0.01 as ***, ** * (C) Based on the relative expression level
the heatmap illustrates unsupervised clustering of respective mRNA for NKG2D receptor-ligands using Euclidian
distance method with average linkage rule.
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As our previous experiments showed substantial shedding of NKG2D ligands, i.e. MICA, MICB
and ULBP-2, we also quantitated the expression of these genes in the same co-culture set up
(Fig. 5.2.6A, B lower panel). Concomitant with the increased protein level, the gene expression
of NKG2D ligands in both PancTu-1 and PC-3 were also increased upon treatment of 2.5 mM
VPA. Of note, the level of expression was comparatively low in PBMC or yd T-cells co-cultured
with untreated tumor cells, which was remarkably increased upon VPA treatment. As stated
before, NKG2D ligand shedding and the truncated form of NKG2D receptor are shown to affect
the expression and function of the NKG2D receptor on effector cells like NK cells. Hence, we
performed statistical cluster analysis on genes with all the experimental conditions (Fig. 5.2.6C).
Based on Euclidian distance method and average linkage rule, we found two distinct clusters,
separating the full length NKG2D receptor and ligands, representing functionally related genes.
To our surprise, the truncated form of NKG2D receptor did cluster with ligands for NKG2D.
Thus, our results here demonstrate a distinct association of NKG2D receptor transcript variants
(truncated versus full length), NKG2D ligand expression and regulation upon HDAC inhibitor
treatment.

5.2.4 Flow cytometric analysis of H3K9 acetylation at the single cell level

VPA is a clinically used, FDA-approved short-chain fatty acid inhibitor (West et al, 2014;
Gurvich et al, 2004). VPA effectively targets class I HDAC proteins and induces H3K9
acetylation in human yd T cells (Bhat et al, 2015; Bhat et al, 2016), as shown by western blot.
Considering the limitation in cell numbers and use of co-culture experiments, we addressed the
combined effect of NKG2D ligand shedding and VPA-induced H3K9ac at the single cell level in
vd T cells and/or in freshly isolated PBMC using flow cytometry.

| thus established an epigenetic analysis method to investigate changes in protein expression
associated with H3K9ac in yd T cells based on previous reports (Watson et al, 2014; DiSpirito
and Shen 2010). As expected, the highest concentration (0.1 pg/ml) of Pacific Blue-labelled
H3K9ac antibody gave a higher background in untreated yd T cells, which was decreased
substantially with decreasing antibody concentrations (Fig. 5.2.7A). As analyzed by western blot,
VPA decreased H3K9ac induction in a dose-dependent manner in yd T cells (Fig. 5.2.7B).
H3K9ac antibody at 0.01 pg/ml concentration was chosen further based on ratio of median

fluorescence intensity (MFI) between untreated and 5 mM VPA-treated yd T cells. Our results
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with VPA-dose-dependent decrease in H3K9ac protein determined by flow cytometry (Fig.
5.2.7C) further substantiated the use of 0.01 pg/ml H3K9ac antibody, as this was not altered with
0.005 pg/ml (data not shown). Hence, H3K9ac analysis by flow cytometry was highly correlated
(R?=0.72, r=0.85, p-value = 0.0005) with traditional western blot technique (Fig. 5.2.7D).
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Figure 5.2.7: Establishment of a flow cytometry-based analysis method of H3K?9 acetylation. Human y3 T cells
were derived from PBMC stimulated with zoledronate and IL-2 for 12 days. (A) y6 T cells treated or not with 5 mM
VPA were stained with titrated concentration of H3K9ac antibodies. y6 T cells were also treated with 5, 2.5 and 1
mM VPA for 24 hrs and harvested for analysis by western blot (B) or flow cytometry (C). For western blotting, 3-
actin was used as a loading control. For flow cytometry-based analysis, appropriate isotype control was used and
median fluorescence intensity (MFI) was calculated. (D) A correlation between densitometric measurements from
western blot (WB) of (B) and relative expression from flow cytometry (FC) of (C) was calculated for significance
(p-value), correlation co-efficient (r), the coefficient of determination (R?) and represented using the scatter plot.
Plots represented in the figure are based on values from three independent experiments. P-value of significance for
0.05 and 0.01 are indicated by * and **.
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To further validate the flow cytometry-based single cell epigenetic analysis, we performed
control experiments to verify the specificity of the H3K9ac antibody. ImageStream cytometry
was used to analyze the co-localization of H3K9ac with DRAQ5™ (DNA intercalating dye,
which stains only living cells) in human v T cells treated or not with 5 mM VPA. Treatment
with 5 mM VPA strikingly enhanced H3K9ac (Fig. 5.2.8). Moreover, co-localization H3K9ac
and DNA was clearly seen only after treatment with VPA (Fig. 5.2.8A). 5 mM VPA-treated yo T
cells showed strong expression of H3K9ac compared to untreated cells (Fig. 5.2.8C). The weak
expression of H3K9ac that was still observed in untreated yd T cells (Fig. 5.2.8B) corresponds to
the background staining as observed in flow cytometry (Fig. 5.2.8A). As a result, our yo T cell-
based single cell epigenetic analysis reveals specificity for nuclear H3K9 acetylation, as

previously described for CD8 T cells (DiSpirito and Shen, 2010).
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Figure 5.2.8: ImageStream analysis showing binding specificity for the histone acetylation antibody. Human
vd T cells were treated or not for 24 hrs with 5 mM VPA. Untreated and 5 mM VPA-treated yd T cells were
permeabilized and stained with Pacific Blue-conjugated H3K9ac antibody and 1 pM DRAQ™ (a nuclear dye,
staining live cells). Cells were measured immediately using an ImageStream cytometry device. The co-localization
wizard was used for analysis. (A) Frequency plot represents change in fluorescence signal intensities for H3K9ac
staining with three distinct fractions, ‘NS’ for no stained, ‘low’ for low stained cells and ‘high’ for significantly
stained cells. (B) Untreated y3 T cells with minimal background staining for H3K9ac with living cells and (C) 5 mM
vd T cells clearly showing enhanced nuclear H3K9ac staining. 5000 cells were acquired in three independent

experiments and three representative cells are shown in the image.
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Taken together, the results clearly imply that NKG2D ligand shedding can be further modulated
by using epigenetic inhibitors such as VPA, an inhibitor for HDAC and inducer of histone
acetylation. The modulation in ‘shedding’ from tumors has a differential effect according to the
origin of cancer. Interestingly, this leads to the distinct expression profile of the NKG2D receptor
at the protein and the gene expression level, depending on the use of activated yé6 T cells or
freshly isolated PBMC in in vitro experimental read-outs. This successful establishment of single
cell epigenetic method will help to investigate this phenomenon in more details.
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5.3  Functional implications of epigenetic modulators on healthy human yé T cells:
Modulation of human pé T-cell activation and phenotype by histone deacetylase inhibitors
Associated publication:
The results presented in this chapter are already published in the manuscript: Jaydeep Bhat,
Hans-Heinrich Oberg and Dieter Kabelitz. (2015) Modulation of human gamma/delta T-cell
activation and phenotype by histone deacetylase inhibitors. Cellular Immunology, 296(1):50-56.

Human yd T cells have the unique ability to act against tumor cells of various origins via
NKG2D and TCR molecules (Chitadze et al, 2016). Consequently, the potential impact of anti-
tumor immune responses on their functional plasticity is also well documented (Lafont et al,
2014). yd6 T-cells can actively modify the tumor microenvironment. This yd T-cell-tumor
interaction induces chemokine and cytokine expression (Di Carlo et al, 2013). In the same way,
results from the previous section clearly showed that the use of valproic acid (VPA) significantly
changes NKG2D ligand shedding in pancreatic ductal carcinoma and prostate carcinoma leading
to defective functional responses of human yo T cells. Of note, these VPA-induced effects were
studied in the context of an in vitro yd T-cell tumor co-culture set up. Apart from this, VPA is
known as a short chain fatty acid, class | histone deacetylase inhibitor (Gurvich et al, 2004).
Histone modification certainly affects molecular and cellular responses. In this section, |
specifically addressed the modulation of functional responses of human y3 T-cells due to VPA.
5.3.1 Dose-dependent inhibition of T-cell proliferation by VPA
ap T cells can be polyclonally activated by mitogens such as PHA (Ceuppens et al, 1988) or in a
more restricted way by superantigens such as staphylococcal enterotoxins (Proft et al, 2003).
Va2-expressing yo T cells are selectively activated by phosphoantigens (Tanaka et al, 1995) and
nitrogen-containing bisphosphonates in the presence of monocytes (Roelofs et al, 2009). In our
first experiments, we studied the dose-dependent effects of VPA on the proliferation of T cells
stimulated with superantigen, PHA, or phosphoantigens. Addition of VPA at the initiation of a
7 day stimulation of PBMC with zoledronate (Zol) plus IL-2 resulted in complete inhibition at
5 mM concentration (Fig. 5.3.1A). When added at day 6 of the 7 day culture period, VPA still
significantly reduced *H-TdR incorporation (Fig. 5.3.1B), even though inhibition was less
pronounced. In a different setting, we established short-term yd T-cell lines by stimulation of
PBMC with zoledronate plus IL-2 for 18 days. Restimulation of such yd T-cell lines with BrHPP
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was also significantly inhibited by VPA at concentrations ranging from 5to 1.25 mM (Fig.
5.3.1C).
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Figure 5.3.1: Dose-dependent inhibition of T cell proliferation by VPA. A) PBMC were stimulated with
zoledronate (ZOL) plus IL-2 for 7 days, and titrated concentrations of VPA were added at the beginning of the cell
culture as indicated. B) as in (A), but VPA was added only during the last 24 hrs of the 7 day culture period. C) y8 T
cells from primary cell lines after 20 days were re-stimulated with BrHPP and IL-2 in the presence of VPA for 72
hrs. D) PMBC were stimulated with PHA for 72 hrs in the presence of VPA. In all experiments, *H-TdR was added

during the last 18 hrs of the culture period. Data shown here are mean cpm + S.E. of 3 independent experiments.
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Figure 5.3.2: VPA inhibits phosphoantigen- and mitogen-activated T-cell blast proliferation. A) PBMC were
stimulated with BrHPP for 7 days. VPA at the indicated concentrations was added at the initiation of cell cultures.
B) as in (A), but VPA was present only during the last 24 hrs. C) PHA induced T-cell blasts were cultured for
additional 3 days in the presence of IL-2 and the absence or presence of VPA. *H-TdR was added during last 18 hrs

of experiment. Data represented here are mean £ S.E. of 3 independent experiments.

Similar results were obtained when phosphoantigen BrHPP rather than zoledronate was used for
stimulation of PBMC (Fig. 5.3.2A and B). Polyclonal mitogenic stimulation of PBMC with PHA
showed similar inhibition by VPA at 5 mM and 2.5 mM concentrations when VPA was added at
culture initiation (Fig. 5.3.1D). Furthermore, the IL-2-dependent proliferation of PHA blasts was
significantly inhibited even at lower concentrations (1.25 mM) of VPA (Fig. 5.3.2C). Taken
together, these experiments demonstrate that the inhibitory concentration of VPA for human T
lymphocyte proliferation ranges between 5and 1.25mM, depending on the stimulation

conditions.
91



Results

5.3.2 Inhibitory concentrations of VPA induce cell death
The above experiments indicated strong inhibition of human yd T-cell proliferation by VPA.
Therefore we used combined Annexin V/PI staining and flow cytometry to analyze cell death

upon VPA treatment. Etoposide was used as a positive control in these experiments.
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Figure 5.3.3: Cell death analysis of stimulated or unstimulated PBMC. A) Freshly isolated PBMC were treated
with the indicated concentrations of VPA for 18 hrs. B) In another set up, PBMC were stimulated for 7 days with
zoledronate (ZOL) with IL-2 in the presence of VPA. C) As in (B), but VPA was present only during the last 24 hrs
of the 7 day culture period. Etoposide (0.425 mM) was used as a positive control. Cells were harvested at the end of

the experiment and stained with annexin V FITC - Pl and immediately acquired on the flow cytometer. Data
represent mean £ S.E. of 3 independent experiments.
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As shown in Fig. 5.3.3A, VPA induced significant cell death in freshly isolated PBMC within
18 hrs. Furthermore, even more cell death was revealed when PBMC were cultured with
zoledronate and IL-2 together with VPA for 7 days (Fig. 5.3.3B). Again, significant cell death
was also induced when VPA was present only during the last 24 hours of the 7 day culture period
with zoledronate (Fig. 5.3.3C). Similar levels of toxic effects of VPA were observed when we
used BrHPP instead of zoledronate (data not shown). Therefore, these results clearly show that
the inhibitory effect of VPA on human yd T-cell proliferation is to a large extent due to the
induction of cell death.

5.3.3 Subset specific cytotoxicity of VPA for human yd T cells

Since T-cell proliferation was strongly inhibited at higher concentrations of VPA, we sought to
determine the immunophenotype of zoledronate or staphylococcal enterotoxin stimulated PBMC
treated with VPA only for 24 hrs. Consistent with the proliferation and cell death data, the
proportion of CD3"V32" T cells was significantly reduced at 5 mM of VPA even upon short-
term treatment (Fig. 5.3.4A). Similar results were obtained when VPA was added from the

beginning of zoledronate stimulation (Fig. 5.3.5).
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Figure 5.3.4: Selective inhibition of human y8 T cells at toxic concentration of VPA. PBMC were stimulated for
7 days in the presence of A) zoledronate plus IL-2, or B) staphylococcal enterotoxin mixture, each in the presence or
absence of toxic (5 mM) and non-toxic (0.5 mM) concentrations of VPA during the last 24 hrs. At the end of the
culture, cells were harvested and stained with Pl combined with surface staining for A) CD3 and V42, and B)
CD3/CD4 and CD3/CD8. A gate was set on Pl-negative cells which were further analyzed for subset markers. Data

represent mean + S.E. of 3 independent experiments.
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Activated aff T cells can produce IL-2, required for cell survival, proliferation and further
differentiation (Sojka et al, 2004), while yo T-cells require exogenous supply of IL-2 for
proliferation in response to zoledronate or phosphoantigens (Wesch et al, 1997). Hence, we
analyzed similarly the short-term effect of VPA in PBMC stimulated with a mixture of
staphylococcal enterotoxins. Interestingly, in contrast to the effect of zoledronate stimulation, we
did not observe selective depletion of either CD4" or CD8" T-cells stimulated with

staphylococcal enterotoxins (Fig. 5.3.4B).
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Figure 5.3.5: Immunophenotyping of V52 T-cells following treatment with various concentrations of VPA.
PBMC were cultured with titrated concentrations of VPA in the presence of zoledronate and IL-2 for 7 days.
Thereafter, the proportion of CD3"V82"* T-cells was determined. Data represents mean + S.E. from 3 independent

experiments.

Corresponding analysis of T-cell subsets (TCR off and TCR yd) were done exclusively on
surviving cells by gating on the Pl-negative population. Thus, results from these experiments
clearly indicate selective survival of o3 T cells over yd T cells upon VPA treatment.

5.3.4 Toxic concentrations of VPA selectively down-regulate T-cell surface markers

Even though higher concentrations of VPA are clearly toxic to yd T cells, not all T cells die in
the cultures and 40-50 % of cells remain Annexin V /PIl" in the presence of even 5 mM VPA.
Therefore, we investigated the possible modulation of cell surface marker expression in the

remaining viable T cells. PBMC cultured for 7 days with staphylococcal enterotoxin mixture or
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with zoledronate plus IL-2 were treated with VPA for the last 24 hrs. Afterwards, we performed
immunophenotypic analysis with two different sets of antibody panels against TCRaf or V2
T-cell markers in the respective stimulation conditions. In the first panel, we analyzed CD25,
CD95 and NKG2D, while in the second panel, antigen-presenting cell-associated markers like
CD40, CD54, CD86, HLA-DR and CCR5 were determined. CD25 was unaffected on aff T-cells,
while the proportion of CD95" and NKG2D" cells was reduced in the presence of 5 mM VPA
(Fig. 5.3.6A). In comparison, the proportion of CD95" and NKG2D" cells was even more
strongly reduced in V62 T cells (Fig. 5.3.6B).
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Figure 5.3.6: Modulation of cell surface marker expression on T cells. PBMC were stimulated with either
staphylococcal enterotoxin mixture for 4 days (A, C) or with zoledronate plus IL-2 for 7 days (B, D). In each case,
indicated concentrations of 5 mM or 0.5 mM VPA were added for last 24 hours. At the end of the experiment, cells
were harvested and propidium iodide-negative cells were analyzed for surface expression of CD25, CD95, NKG2D
receptors (A, B) and antigen presenting cell markers CD40, CD54, CD86, HLA-DR, CCR5 (C, D) together with
TCRap marker (A, C) or V32 marker (B, D). Representative graphs are mean + S.E. from 2 independent
experiments (A and B) or 3 independent experiments (C and D). Statistical significance shown by * indicates

p-values < 0.05 compared to untreated.
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Striking differences were noted with respect to antigen presenting cell-associated markers. VPA
had no effect of on CD40, CD54, CD86 and HLA-DR expression on staphylococcal enterotoxin-
stimulated aff T cells, and additionally slightly increased CCR5 expression at 5 mM VPA
concentration. In comparison, CD40 expression remained unaffected in yo T cells (Fig. 5.3.6C).
In striking contrast, the proportion of CD54", CD86" and HLA-DR" cells was remarkably
reduced in Vo2 T cells surviving the 24 hrs presence of 5 mM VPA (Fig. 5.3.6D). Depending on
the analyzed marker, the reduction in the proportion of positive cells as summarized in Fig. 6
was either due to lower expression on all cells (and thus a true down-modulation; e.g. NKG2D)
or a biphasic expression where the remaining positive cells displayed similar fluorescence
intensity as the control (e.g., CD95; data not shown). Like with aff T cells, CCR5 cell surface
expression on Vo2 T cells was slightly increased at the higher concentration of VPA. Overall,
these results reveal a differential modulation of cell surface marker expression by VPA on aff
versus vo T cells.

5.3.5 Cell death-inducing concentrations of VPA modulate histone acetylation in human
vo T-cells

The differential response of human yd T cells at toxic concentrations of VPA led us to
investigate the molecular function of VPA at the level of histone acetylation. To this end, we
included valpromide (VPM), a carboxamide derivative of VPA also used in the treatment of
epilepsy (Isoherranen et al, 2003). Since both inhibitors work in the same concentration range,
we analyzed cell death induction in parallel by Annexin V and PI staining. This analysis clearly
revealed equal effects of VPM and VPA at the level of Annexin V FITC* PI" cells, decreasing
from 5 to 0.1 mM of VPM (data not shown).

Next, we treated short-term expanded V62 T-cells for 24 h with 5mM VPA or VPM and
subsequently analyzed H3 acetylation by western blot. The western blot analysis revealed the
Ac-H3 band at 17 KDa only in VPA treated samples, while it was absent in untreated, DMSO
(solvent control for VPM) and VPM-pretreated y6 T-cells (Fig. 5.3.7). This clearly indicates that
histone acetylation, a well-defined molecular function modified by VPA, is not affected even at

toxic concentrations, thereby potentially modulating cellular responses of human yé T-cells.
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Figure 5.3.7: VPA induces histone modification in y8 T cells. Short-term yd T-cell lines from 3 donors were left
untreated or were treated with DMSO control, 5 mM VPA (HDAC inhibitor) or 5 mM VPM (structural analogue).
Cells were harvested after 24 hours and lysed in lysis buffer. 10 pg of protein was analyzed for acetylation of H3
marker (17 KDa) by SDS-PAGE. B-actin (37 KDa) served as a loading control.
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5.4  Functional implications of epigenetic modulators on healthy human yd T-cells:

Generation of intracellular cytokine variants and association with cell death

Associated publication:
The results presented in this chapter are already published in the manuscript: Jaydeep Bhat,
Justyna Sosna, Jirgen Fritsch, Elgar Susanne Quabius, Stefan Schiitze, Sebastian Zeissig, Ole
Ammerpohl, Dieter Adam and Dieter Kabelitz. (2016) Expression of non-secreted IL-4 is
associated with HDAC inhibitor-induced cell death, histone acetylation and c-Jun regulation in
human gamma/delta T cells. Oncotarget, 7(40):64743-64756.

The previous results sections revealed that epigenetic modifiers like valproic acid (VPA), a
HDAC inhibitor (HDACI), enhance NKG2D ligand shedding in PancTu-1 and PC-3 cell lines.
NKG2D ligand shedding and/or VVPA primarily affect functional responses of human y3 T-cells.
In continuation of these results, | specifically studied the modulation of y& T-cell activation and
phenotype by VPA. The observed modulation was differential and selective to specific cell
surface markers on human y3d T-cells in a dose-dependent manner. With this background, 1
further studied the effect of VPA on y6 T cells at the level of intracellular cytokines and
transcription factors. Expression of intracellular cytokines together with transcription factors are
used to define various in vitro Th lineages.

5.4.1 HDACI induces IL-43;3 in human yd T cells

Epigenetic modifiers are known to modulate transcription factor and intracellular cytokine
expression (Lal et al, 2009; Valapour et al, 2002). Here | analyzed intracellular IL-4 expression
in activated and proliferating human yd T-cells cultured for 24 hrs in the presence of HDACi. We
used anti-IL-4 mAb 8D4-8 which specifically detects a non-secreted isoform with a 13 bp
deletion (IL-45,3) that has been associated with apoptosis and age-dependent Th2 differentiation
(Stein et al, 2000; Hebel et al, 2014; Ledru et al, 2003). As shown in Figure 5.4.1A, treatment
with HDACIi VPA and trichostatin A (TSA), but not with the hypomethylating agent decitabine,
stimulated significant expression of 1L-46;3 in surviving V82 T cells. In comparison to Vo2
T cells, only a very small amount of 1L-4613 expression was induced in surviving aff T cells (Fig.
5.4.1B).
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Figure 5.4.1: Induction of IL-48,3 by HDACI treatment in human T cells. y3 T-cell lines generated from PBMC
stimulated for 12 d with zoledronate and IL-2 (A) or off T-cell lines generated from PBMC with a staphyloccal
enterotoxin mixture (B) were treated for 24 hrs with the indicated concentrations of VPA, TSA, or decitabine.
Thereafter, T cells were subjected to FACS analysis of T-cells co-expressing intracelluar 1L-46,3. Dead cells were
excluded based on live/dead fixable far-red dye staining. Data represent mean + S.E. of 3 independent experiments.

Statistical significance shown by * indicates p-values < 0.05.

The sublethal concentration of VPA (5 mM), previously shown to modulate cell surface marker
expression on surviving yd T cells (results from previous section; Bhat et al, 2015), induced IL-
4613 and IL-4Ra as shown in a representative dot plot in Fig. 5.4.2A, but no significant IFN-y
expression in Vo2 T cells. Results of 3 experiments are summarized in Fig. 5.4.2B. These results
prompted us to study a possible intracellular co-localization of I1L-46;3 and IL-4Ra by
ImageStream cytometry. However, we failed to detect a significant degree of specific co-
localization of 1L-4613 and IL-4Ra (Fig. 5.4.2C). Further analysis of mMRNA levels for IFNy and
full-length 1L-4 revealed opposite effects of VPA pretreatment, as expression levels of IFN-y
MRNA were up-regulated whereas those of mature IL-4 were down-regulated in V42 T cells
(Fig. 5.4.2D). This is not in contrast to the observed up-regulation of 1L-43,3 at the protein level,
as it is known that 1L-4347 (an alternative splice variant with a 47 bp deletion) also acts as a

naturally occurring IL-4 antagonist (Vasiliev et al, 2003).
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Figure 5.4.2: VPA-regulated expression of intracellular cytokines in human y8 T cells. yd T-cell lines generated
from PBMC stimulated for 12 days with zoledronate and IL-2 were treated for 24 hrs with 5 mM VPA, and
monensin was added for the last 4 hrs. Thereafter, intracellular expression of 1L483, IL-4Ra and IFN-y was
determined by FACS. (A) Dot plot analysis of a representative experiment. The upper panel shows 1L48,3 versus IL-
4Ra, the lower panel shows 1L48,5 and V62 expression. A combined gate was set on FSC versus SSC and the
live/dead fixable far-red dye negative population. (B) Summary of 3 independent experiments. (C) vy T cells were
also analyzed by ImageStream cytometry for possible co-localization of IL-46,3 with IL-4Ro. Images represented
are live, single cell populations of 5 mM VPA-treated v T cells analyzed within focus, with marked column as
bright field (BF), Alexa Fluor 488-labelled IL-4Ra, PE-labelled IL-45,5 and both fluorochromes merged.
Representative single cells from three independent experiments are shown. (D) yd T cells obtained as above were
treated for 24 hrs with the indicated concentrations of VPA. Thereafter, mMRNA expression of IFN-y and IL-4 was
quantified by real time PCR. All data represent mean + S.D. of 3 independent experiments. Data were analyzed

using PrismGraph with student’s t-test. * indicates p-values <0.05.
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5.4.2 Differential changes in secretory versus non-secretory forms of IL-4

In view of the reported down-regulation of the full length IL-4 transcript by the 1L-43,4; isoform
(Vasiliev et al, 2003), we tested whether IL-46,3 can also act as an IL-4 antagonist. To address
this question, we used the anti-IL-4 antibody clone MP4-25D2, which specifically detects the
mature form of IL-4 (Hebel et al, 2014). In line with mRNA regulation (Fig. 5.4.2C), we found a
decrease in the intracellular expression of the mature form of IL-4 in V52 T cells after treatment
with 5 mM VPA (Fig. 5.4.3A, middle panel). Along with the significant increase in IL-46:3
expressing Vo2 T cells (Fig. 5.4.3A, left panel), a slight increase in co-expression of both IL-4
and 1L-4513 was observed after 5 mM VPA treatment (p =0.08; Fig. 5.4.3A, right panel)). The
results presented in Fig. 5.4.3A summarize three independent experiments. Representative dot
plots and histograms from a representative individual experiment (Fig. 5.4.3B) clearly illustrate
the expression of 1L-43:3 being associated with low TCR expression on V62 T cells while
expression of mature IL-4 was associated with high level TCR expression on V42 T cells.

We further addressed the subcellular localization of 1L-46,3 by a combined confocal and flow
cytometry approach. Interestingly, ImageStream analysis of 1L-43;3 consistently showed distinct
punctuated localization in cytoplasmic granular structures of V62 T cells which, however, failed
to co-localize with CD107a (LAMP-1; lysosomal-associated membrane protein-1 and a marker
for degranulation; Fig. 5.4.3C) or CD63 (a marker for intracellular vesicles; data not shown).
Taken together, secretory and non-secretory forms of IL-4 seem to antagonize each other at the
protein level. It may also be associated with the regulation of TCR surface expression on V62 T

cells and distinct subcellular localization.
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Figure 5.4.3: Analysis of the non-secretory and mature form of IL-4 in y8 T cells. (A) Short-term zoledronate-
stimulated yd T cells were treated with 5 mM VPA for 24 hrs. Afterwards, cells were harvested and analyzed by
flow cytometry after staining with PE-IL44,3 (clone 8D4-8), FITC-V32 and Brilliant Violet 605-1L-4 (clone MP4-
25D2) and gating on live/dead fixable far-red dye negative cells. Graph of 4 independent experiments represents
mean = S.E. Samples were acquired on BD LSR Fortessa and analyzed using FlowJo data analysis software.
Statistical significance is shown by * or ** for p-values < 0.05 or < 0.01, respectively. (B) Representative dot plots
show overlay of untreated (blue color) vy T-cells with 5 mM VPA (red color) treated cells expressing respective
antibody staining. Numbers represented in dot plot indicate percentage of expressing population after 5 mM VPA
treatment. (C) In a very similar approach to Figure 2C, ImageStream analysis was performed to analyze possible
localization of CD107a and IL-48,5. Live/dead far red dye negative 5 mM VPA-treated yd T cells stained with
FITC-CD107a and PE-IL-43,3, are shown in single channels and in merged image, BF stands for bright field. Three

representative cells from three independent experiments are shown.
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Figure 5.4.4: Modulation of VPA-induced yd T-cell death by cell death inhibitors. Human short-term yd T-cell
lines were treated for 24 hrs with VPA and cell death inhibitors (Nec-1, NSA, zZVAD). (A) After treatment cells
were harvested and stained with annexin-V FITC and PI. Proportions of total Pl positive cells are indicated. (B)
Similarly, treated cells were harvested and stained for V32 surface marker together with live/dead fixable dye.
Samples were analyzed by gating on V32 marker and distinguished as live or dead based on live/dead fixable dye
labelling. Data represent mean + S.E. of 3 independent experiments. (C) Cells treated as previously described, were
harvested and the ATP content was measured by Cell Titer-Glo Luminescent Cell Viability Assay and calculated
relative to the untreated cells (set to 100%). Data were analyzed using PrismGraph with student’s t-test. p values
<0.05 were considered statistically significant and are displayed as * or ** for p-values <0.05 or <0.01 (in relation to

untreated medium control) and as # or ## for p-values <0.05 or <0.01 (in relation to 5 mM VPA treatment).
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Figure 5.4.5: Modulation of IL-46:3, C-Jun expression and histone H3 acetylation in yé T-cells in
response to VPA and cell death inhibitors. y6 T-cells obtained from zoledronate-stimulated PBMC were
pre-treated for 30 min with zVAD, or for 2 hrs with Nec-1 or NSA, or were left untreated. Thereafter,
VPA was added where indicated. (A) After 24 hrs, intracellular IL-43,3 expression was determined by
FACS in gated V52 T-cells. Dead cells were excluded based on live/dead fixable far-red dye staining.
Data represents mean + S.E. of 3 independent experiments. Data were analyzed using PrismGraph with
student’s t-test. p-values <0.05 were considered statistically significant and are displayed as * or ** for p-
values <0.05 or <0.01 (in relation to untreated medium control) and as # or ## for p-values <0.05 or <0.01
(in relation to 5 mM VPA treatment). (B) After 24 hrs, cells were lysed and 10 g protein was subjected
to western blot analysis for H3K9Ac (top panel), c-Jun (upper middle panel), phospho-c-Jun (lower

middle panel) and B-actin (lower panel). One representative out of three experiments is shown.

5.4.3 Cell death pathway inhibitors modulate I1L-48,3 induction and histone modification

IL-46,3 is known to be associated with induction of cell death (Stein et al, 2000). Also, VPA
triggers diverse apoptotic and non-apoptotic cell death pathways (Schwartz et al, 2007; Bollino
et al, 2015). We studied the effect of apoptosis (pan-caspase) inhibitor zZVAD and inhibitors of
programmed necrosis necrostatin-1 (Nec-1) and necrosulfonamide (NSA) on VPA-induced cell
death and 1L-48;5 induction. Inhibitor concentrations known to block apoptosis and necroptosis
in established cell systems (Philip et al, 2015; Sosna et al, 2013) only moderately reduced cell
death of VPA-treated V52 T cells using three different read-outs (Fig. 5.4.4). Exogenous supply
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of IL-4 has been shown to prevent T-cell apoptosis and to modulate cellular functions (Spinozzi
et al, 1995; Mao et al, 2016). However, exogenous IL-4 did not rescue VPA-treated Vo2 T cells
from cell death (data not shown). zZVAD, Nec-1 and NSA in combination prevented IL-46;3
induction in VPA-treated live V&2 T cells (Fig. 5.4.5A), but not Nec-1 alone.

Next, we analyzed the modulation of global histone acetylation marker H3K9ac by VPA and cell
death inhibitors (Fig. 5.4.5B, upper panel). We also analyzed Ac-H2Blys5, HDAC-1, HDAC-2
histone modifications; this resulted in similar patterns of protein expression as presented for
H3K9ac (data not shown). However, HDAC2 expression was inconsistent in independent
experiments with several donors (data not shown). Correlating with the modulation of 1L-43;3
expression, treatment with zZVAD and Nec-1 (but not NSA) slightly reduced H3K9 acetylation
induced by VPA. Combination of any two inhibitors further reduced acetylation, while complete
loss of histone acetylation mark was observed when all three inhibitors were combined together.
Thus, cell death inhibitors directly regulate I1L-45,3 and global H3K9 acetylation.

5.4.4 Interplay of 1L-48,3 with c-Jun expression and histone acetylation

H3K9 plays an important dual role in gene regulation. Acetylation of H3K9 correlates with
active promoter and gene transcription, while methylation is associated with gene silencing
(Karmodiya et al, 2012). Based on this information, we analyzed a number of transcription
factors involved in regulation of IL-4, HDACL (the target of VPA), MLKL (the target for NSA)
and CASP3 (the target for zZVAD) genes, which had been identified from ChIP-seq experiments
by the ENCODE project (Landt et al, 2012; http://genome.ucsc.edu/ENCODE/index.html). A list
of transcription factors commonly ranked to be involved in the regulation of all four genes is
listed in Table 5.1. String database analysis of this unique set of transcription factors revealed

potential protein-protein interactions (Fig. 5.4.6A).
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Table 5.1: List of unique candidate proteins derived from STRING database analysis for protein-protein interaction

and association. Corresponding information is mentioned in the Table.

Sr. Symbol of ) _ ) Size (amino
] Name and information of protein _
No. | the protein acids)
1 CHD2 Chromodomain helicase DNA binding protein 2 1828
2 CTCF CCCTC-binding factor (zinc finger protein) 727
3 EBF1 Early B-cell factor 1 591
4 EGR1 Early growth response 1 543
5 FOS FBJ murine osteosarcoma viral oncogene homolog 380
6 FOXA1l | Forkhead box Al 472
7 JUN Jun oncogene 331
MY C-associated zinc finger protein (purine-binding
8 MAZ o 493
transcription factor)
9 MXI1 MAX interactor 1 295
10 MYC v-myc myelocytomatosis viral oncogene homolog (avian) 454
11 PAX5 Paired box 5 391
Polymerase (RNA) Il (DNA directed) polypeptide A,
12 POLR2A Y ( ) ( ) polypep 1970
220kDa
13 POU2F2 | POU class 2 homeobox 2 463
v-rel reticuloendotheliosis viral oncogene homolog A
14 RELA ) 551
(avian)
15 REST RE1-silencing transcription factor 1097
16 SIN3A SIN3 homolog A, transcription regulator (yeast) 1273
17 SP1 Sp1 transcription factor 785
TAF1 RNA polymerase Il, TATA box binding protein
18 TAF1 ) 1872
(TBP)-associated factor, 250kDa
19 TBP TATA box binding protein 339
20 TCF12 Transcription factor 12 706
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Figure 5.4.6: Bioinformatic analysis of commonly occurring transcription factors in in silico 1L-4 regulatory
network. (A) Sets of commonly occurring transcription factors (see Supplementary Table 1) were further analyzed
for protein-protein interaction by STRING database. The absence of lines linking MLKL to other factors indicates
that no such interactions have so far been described in the literature. (B) Bioinformatic analysis was done using the
available ChlP-seq ENCODE transcription factors database. Representative image shows the number of
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Our bioinformatic analysis of the IL-4 gene using UCSC genome browser revealed putative
binding sites of a subset of transcription factors, which are associated with H3K27ac marks often
found near active regulatory elements (Fig. 5.4.6B). c-Jun was one of the unique transcription
factors associated with all four genes. Hence, we chose to validate its role in this network at the
protein level (Fig. 5.4.4B, middle panel). HDACI have been reported to suppress the induction of
c-Jun (Yamaguchi et al, 2005). In line, we did not observe induction of c-Jun by VPA alone, but
there was a striking up-regulation in the additional presence of zZVAD. Whenever zZVAD was
present (together with VPA), enhanced c-Jun expression was observed, while NSA or Nec-1 had
no effect (Fig. 5.4.5B, middle panel). The stimulatory effect of zZVAD on c-Jun expression is in
agreement with previous reports (Chen et al, 2011). Of note, phosphorylation of c-Jun was not
detected (not shown), possibly due to the selected time point or reflecting the dispensability of c-
Jun phosphorylation for T-cell proliferation (Yamaguchi et al, 2005). Most importantly,
however, we found that the combination of zZVAD, NSA and Nec-1 led to a complete loss of
VPA-induced H3 acetylation mark (Fig. 5.4.5B, upper panel) which correlated with strongest
inhibition of IL-4613 induction (Fig. 5.4.5A) but marked c-Jun expression (Fig. 5.4.5B, middle
panel). The absence of any histone mark observed here in the presence of a combination of cell
death inhibitors has not been previously reported in the context of blockade of apoptosis
(Fullgrabe et al, 2010). Thus, our results revealed a potential interrelation between epigenetic
modification (H3K9ac), intracellular cytokine (IL-46:3) induction, transcription factor (c-Jun)

expression and regulation by cell death inhibitors.
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55  Comprehensive epigenetic landscape of human yd T-cells: Chromatin accessibility,

DNA methylation and total RNA analysis

Associated manuscript:
The results presented in this chapter will be part of a manuscript (in preparation): Jaydeep Bhat,
Johannes Helmuth, Matthias Huibenthal, Raheleh Sheibani-Tezerji, Swetlana Scheufele, Marcus
Lettau, Anke Bergmann, Daniela Esser, Maren Falk-Paulsen, Christoph Kaleta, Reiner Siebert,
Philip Rosenstiel, Andre Franke, Ole Ammerpohl, Martin Vingron and Dieter Kabelitz.

Compared to off T cells, y0 T cells possess diverse functional properties such as
BTN3A1/CD277-dependent phosphoantigen recognition, stress surveillance capacity and
antitumor potential. As shown in the previous results section, epigenetic inhibitor(s) such as
HDAC inhibitor valproic acid (VPA) can significantly modulate this functional diversity. As an
effect of HDAC inhibition, functional response and histone modification like H3K9ac are also
induced in yd T cells. Moreover, the dynamics of yd T cell immune responses might be
controlled by epigenetic regulations at multiple levels (Schmolka et al, 2013). Therefore, a
comprehensive analysis of epigenetic regulations characteristic for yo T cell, in comparison to
CD4%of T cells (hereafter referred to as CD4 T cells) and regulatory TCR of” T cells (hereafter
referred to as Treg) and CD8"af T cells (hereafter referred to as CD8 T cells) might help to
unveil this complexity. With the aim to map the epigenetic landscape of human yo T cells, the
DNA methylation pattern, regulation of RNA expression (transcriptome and regulatory RNA
including miRNA, long non-coding RNA/INcCRNA) and chromatin accessibility were
investigated using a systems immunology-approach.
5.5.1 DNA methylome segregates T-cell subsets
T cell lineage commitment is largely controlled by diverse epigenetic mechanisms. It is now
evident that in aff T cells the boundary between CD4 and CDS8 T cells subsets is set by DNA
methylation (Sellars et al, 2015; Feng and Rudensky, 2015). W.ith this background and the
information available from the literature, | sought to investigate the DNA methylation profile of
freshly isolated yd T cells in comparison to freshly isolated CD4, Treg and CDS8 cells using 450k
arrays. Due to the lack of a gold standard bioinformatic analysis pipeline, DNA methylation
arrays were analyzed by two independent software packages. Also, both beta-values and M-
values have been used to measure methylation levels (Du et al, 2010).
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Figure 5.5.1: Principal component analysis separating yd T cells from other aff T-cell subsets at the DNA

methylation level. (Figure legend continued on the following page)
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Figure 5.5.1: Principal component analysis separating yé T cells from other af T-cell subsets at the DNA
methylation level. (A) GenomeStudio and Qlucore software-based bioinformatics pipeline was cross-validated with
RnBeads package using B-values of top 100 CpG sites. (B) The 3D plot shows principal component analysis (PCA)
on T-cell subsets. The plot was generated using Qlucore Omic Explorer software. PCA segregating all significant
CpG sites is represented in the combined multiple scatter plots for all T-cell subsets (C) and using a scatter plot for
the comparison between of3 and yd T cells (D). (E) The simple bar plot explains percent variance as a number of
components underlying T-cell methylome. (F) Heatmap using Pearson correlation method shows correlation
between CD4, CDS, Treg and yo T cells.

To address these issues, beta-values representing methylation levels from GenomeStudio
software and from vanilla analysis mode of RnBeads package were compared for the 100 most
differentially methylated CpG sites, which showed highly comparable and correlated results
(Fig. 5.5.1A). M-values obtained from RnBeads were also highly correlated with beta values
from GenomeStudio (data not shown). Thus, the DNA methylation data presented here is based
on the beta-values of each CpG site from GenomeStudio tailored with Qlucore omic analysis
software.

The principal component analysis (PCA) was used to find out the variation within CpG loci,
between T-cell types and donor effects. The PCA clearly separated CD4, CDS, Treg and yo T
cells with no substantial effects from biological replicates (Figure 5.5.1B). The variation between
CpG loci across the genome was clearly separated in all individual cell types (Figure 5.5.1B, C)
and also within TCR group yd and off (Fig. 5.5.1D). Overall, 4 components emerged from
significant 1800 CpG sites analyzed (Fig. 5.5.1E), with a significant difference of about 63%
variance in component 1 and 26% in component 2 (Fig. 5.5.1B). Of note, correlation analysis of
T-cell subsets using the Pearson method revealed common clustering of CD4 - Treg and CD8 -
v T cells (Fig. 5.5.1F), which supports the functional role of these T cell subsets. This functional
role was further supported by the component 2, separating differentially methylated genes in y9,
including KLRG1, ADAP1, RUNX3, FBLN7 and SSBP3 in the opposite directions (data not
shown). Altogether, the DNA methylome analyzed here indicates the epigenetic basis for the yo

T cell subset being more closely related to CD8 T cells than other subsets.
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Figure 5.5.2: v T cell-specific methylation signature. (Figure legend continued on the following page)
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Figure 55.2: y6 T cell-specific methylation signature. (A) Box-and-whisker-plot represents the overall
methylation levels of CD4, CDS8, Treg and yd T cells. The methylation level for af T cells is calculated based on the
mean of CD4, CD8 and Treg samples. (B) Unsupervised cluster analysis of all statistically significant CpG sites is
presented via a heatmap. (C) Box plot depicts the distribution of differential methylation in yd T cells. CpG sites
were classified as ‘hypomethylated in y§’, ‘partially methylated in y&’ and ‘hypermethylated in yd’ based on delta
beta values with < - 0.15, between - 0.15 and 0.15, >0.15, respectively. Delta beta value is the difference between
mean of beta values of yd and off T cell samples. (D) The heatmap represents the unsupervised cluster analysis of
CpG sites between yd and aff T-cell groups, which are hypomethylated and hypermethylated in y8 T cells. (E) The
density plot analysis based on delta beta values shows bimodal distribution due to hypomethylated and

hypermethylated CpG sites in yd T cells.

5.5.2 6 T cells share distinct DNA methylation patterns with ap T cells

With the preliminary information about the DNA methylation at hand, | studied the differential
methylation between yd and total af T cells (CD4, Treg and CD8 T cells together) in more
detail. Overall methylation represented by beta-values showed a significantly low methylation
level in yo T cells (median beta-value 0.44) as compared to aof3 T cells (median beta-value 0.53,
adj.p-value = 4.775468e-12), while a comparatively less significant difference was observed
between yd T cells and Treg (median beta-value 0.47, adj.p-value = 5.530386e-03; Fig. 5.5.2A).
The difference in the methylation level of vy T cells with CD4 T cells (median beta-value 0.56)
was even higher than with CD8 T cells (median beta-values 0.53). In total, 1512 CpG sites from
all T-cell populations were methylated with the statistical significance of p-value 0.01 and g-
value 0.01803 (Fig. 5.5.2B). 432 CpG sites were hypomethylated in y3d, 233 CpG sites were
hypermethylated in yd and the rest were partially methylated as the difference in methylation
levels (delta-beta) of y6 and ap T cells was between —0.15 and +0.15 (Fig. 5.5.2C, D).
Unsupervised analysis of the DNA methylation profile showed differentially methylated CpG
sites forming 3 distinct clusters (Fig. 5.5.2B, D). Out of all significantly methylated CpG loci in
T cells, 75 % of CpG sites were annotated to one or more genes, while others might be located in
non-coding regions of DNA or might be involved in the trans-regulation of gene expression.
Moreover, the bimodal distribution of differentially methylated CpG sites in yo T cells was more
hypomethylated (Fig. 5.5.2E). Thus, the overall CpG hypomethylation in yd T cells forms the
basis for the DNA methylation signature.
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5.5.3 Genomic and epigenomic features form the basis for the yd T-cell methylation
pattern

To decipher the components responsible for CpG hypomethylation in yo T cells, | studied the
DNA methylation profile across the genomic and epigenomic features which regulate gene
expression. The CpG island (CGI) densities and their location in the vicinity of transcription start
site (TSS) distinguish transcriptionally repressive and permissive DNA methylation (Hughes et
al, 2010). As expected, we found that more than 1000 CpG sites are located in the genomic body
containing exons and introns. The number of CpG sites was more in distal promoter region
(TSS1500) than proximal promoter region (TSS200; Fig. 5.5.3A). However, the delta beta value
distribution reflecting differential methylation in y6 T cells was overall more hypomethylated
(Fig. 5.5.3B). When the methylation levels (beta-values) of all T-cell subsets were plotted across
genomic features, CD4 and CD8 cells had higher methylation than y5 and Treg cells (Fig.
5.5.3C). This is in agreement with previous results (Fig. 5.5.2A). Interestingly, beta-values of
CDS8 cells in the regions of transcriptional initiation (TSS200, 5°UTR and 1% Exon) were
comparable to that of CD4 cells, but not to that of yé T cells. But the beta values in Treg and yo
T cells at TSS200 region were nearly the same (Fig. 5.5.3C). Of note, methylation levels at
TSS1500 (distal promoter region) had four different levels of methylation according to T-cell
subsets, which might result in cell type-specific transcriptional regulation of genes. When v and
afy T cell groups were compared, the methylation levels were different at TSS1500, TSS200,
1stExon and gene body with statistical significance of adj.p-value 0.0491, 0.0409, 0.0001,
0.0287 and 5.626346e-10, respectively (Fig. 5.5.3D).

According to the traditional concept, island and shelf regions are described to regulate CpG
methylation (Edgar et al, 2014). We found that the maximum number of CpG sites is located in
the non-CGl region (also referred to as open sea or non-coding region) and then in N-shore (Fig.
5.5.3E). Nevertheless, as seen for genomic entities except for S shelf, the methylation pattern in
vo T cells as compared to afy T cells was hypomethylated, but the distribution was notably wider
in island and open sea regions (Fig. 5.5.3F). Thus, yo T cells and other T-cell subsets possess
characteristic DNA methylation patterns in respective genomic and epigenomic regions, which

may potentially correlate with the functional role.
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Figure 5.5.3: The DNA methylation pattern in T cells according to genomic and epigenomic entities. (Figure

legend continued on the following page)
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Figure 5.5.3: The DNA methylation pattern in T cells according to genomic and epigenomic entities. (A)
Number of CpG sites according to specific (B) genomic- and (F) CpG Island (CGI)- features are presented after
excluding unassigned CpG sites. DNA methylation levels as beta-value at each genomic region are illustrated for all
four T-cell populations (C) and also only for yé and off T cell group comparison (D). The box plot shows differential
methylation between yd and off T cells at (E) genomic regions such as promoter region (TSS1500, TSS200), gene
body and untranslated regions (UTR), and at (G) CGI regions.

5.5.4 Functional validation of T cell-specific DNA methylome

The CpG sites from the yo T cell-specific DNA methylome are annotated to certain genes, which
have diverse functional significance. However, the DNA methylome data was analyzed using
450Kk arrays. In the methylation arrays, predesigned probes are used to evaluate the differential
methylation of particular bisulfite-converted DNA. Thus, the results obtained from arrays need to
be validated by alternative methods. To validate our results, we performed CpG site-specific
pyrosequencing. For pyrosequencing experiments, | randomly selected the 10 most differentially
methylated CpG sites from the 450k array data. To exclude the effect of biological replicates, we
performed pyrosequencing experiments on T-cell populations from 4 “old” samples (which were
used for 450k arrays) and 4 newly prepared samples (which were used only for pyrosequencing).
Finally, the percentage of methylation was obtained from pyrosequencing together with
appropriate controls (fully (un)methylated DNA and non-bisulfite-converted genomic DNA) and
then was compared with corresponding beta-values from 450k arrays. For 5 different CpG sites
regulation of respective genes was significantly correlated with results obtained from 450k arrays
and pyrosequencing (ranges for r=0.36-0.83, R>=0.38 - 0.69; p-value ranged from 0.012 to
<0.0001; Fig. 5.5.4A-E). Moreover, the heatmap representing unsupervised cluster analysis on
these selected genes showed largely similar association of clustering (Fig. 5.5.4F-G). The CpG
site cg0447762 for the IL-6R gene was hypermethylated in yd T cells and clustered separately
from the hypomethylated CpG sites ¢g20235075, cg00014104, cg00344178, cg00556515 for
EOMES, MAPK1, NMNAT2, TNFRSF1A, respectively.
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Figure 5.5.4: Functional validation of HumanMethylation450 BeadChip (450k array) using pyrosequencing.

(Figure legend continued on the following page)
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Figure 5.5.4: Functional validation of HumanMethylation450 BeadChip (450k array) using pyrosequencing.
Five different CpG sites associated with indicated genes were quantitatively analyzed by methylation-specific
pyrosequencing using the same samples that were used for the 450k arrays and also using additional new samples.
(A-E) Scatter plot represents correlation analysis between % methylation value from pyrosequencing and beta value
from 450k arrays. Unsupervised clustering of five CpG sites shows clear separation based on differential
methylation in y8 T cells derived from 450k arrays (F) and pyrosequencing (G). (H) 10 pg of cell lysate from CD4
and y3 T cell under the reducing conditions was analyzed by western blot. Upper panel shows protein detected by
anti-human Bcl-11b mAb (120-130 KDa; Cell Signaling Technology) and the lower panel shows anti-human 3-actin
mAb (42 KDa; Sigma-Aldrich). The blot represented here is one out of the three independent experiments.

DNA methylation was also validated at the protein level. Though 5 out of 10 CpG sites could not
be validated by pyrosequencing, protein expression analysis for one of the selected CpG sites
was still performed considering the functional importance of this gene in T cell development.
Western blot analysis clearly showed expression of the Bcl-11b protein only in CD4 cells, but
not in yo T cells (Fig. 5.5.4H). Furthermore, previous results from our group have already shown
that 90 % of CD4 T cells and 46 % on CD8 T cells expressed IL-6R, but only 11% v& T cells
(Oberg et al, 2006) which is well in line with our methylation analysis. Taken together, our
technical validation clearly supports DNA methylation signature of y6 T cells with functionally
characteristic features.
5.5.5 Gene expression profile represents differential regulation of yé T cells
Accumulating evidence suggests that DNA methylation plays an indispensable role in the
expression of genes responsible for T-cell development, function and survival (Lee et al, 2001
Immunity). The direct association of DNA methylation and protein expression observed in our
functional validation also supports this fact. However, the differential gene expression itself is a
complex molecular event, which is further regulated by different RNA subspecies like
microRNA (miRNA) and long non-coding RNA (IncRNA). Additionally, there has not been any
study published so far using a whole-genome RNA sequencing approach to understand the
differential regulation of yd T cells compared to aff T cells in an integrated and comprehensive
view of the epigenetic landscape. Hence, we first generated the differential expression gene
(DEG) profile of y5 T cells and compared it with aff T cells (CD4, CD8 and Treg).
The protocols for RNA purification were optimized with regard to quality and quantity in a way
that maximum deep coverage of sequencing was possible, resulting in the analysis of all
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subspecies of RNA i.e. miRNA and IncRNA in addition to transcriptome. RNA-sequencing to
analyze transcriptome and IncRNA generated an average 26 million 125-nt paired-end reads for
each sample. The RNA-seg-based transcriptome analysis showed a clear separation of T-cell
subsets (CD4, Treg, CD8 and yd). To our surprise, we observed a strong influence in % variance
based on gender differences, but still separating yo T cells and off T cells (Fig. 5.5.5A). Hence
after excluding the only female donor, the remaining male donors in T cell biological replicates
grouped together with minimal variance. The transcriptome of yd compared to other T-cell
subsets possesses two components with around 74% and 8% variance (Fig. 5.5.5B). Of note,
CD8 T cells were closer to yo6 T cells than to CD4 T cells. Treg were highly distant from y& T
cells, separating principal component horizontally. Hence, we performed all transcriptome
analyses with three male donors, excluding the female donor. The MA plot analysis clearly
showed significant differences in mean transcript expression and log,FoldChange, which is the
log, ratio of fold difference between v6 and aff T cells (Fig. 5.5.5C). With high stringency in
analysis (adj. p-value <0.01 and log,FoldChange 1.5), we obtained 569 differentially expressed
genes, of which 120 were upregulated and 449 were downregulated. The top 50 most
differentially regulated genes presented in a heatmap showed a distinct pattern of gene clustering
(Fig. 5.5.5D). Out of the upregulated genes in yd T cells, TCR y and & chain genes were
separately clustered from other genes such as DTX3, BANK1 and CD22. Other well-known
genes, which were downregulated in yd T cells, included CCR7, LEF1, RCAN3 and TCR a and
B chain genes. Thus, our transcriptome analyses showed that yo T cells possess very distinct gene
expression patterns, when compared to aff T cells.

55.6 70 T cells share a discrete regulatory RNA (miRNA and IncRNA) profile
Transcriptional regulation of genes is an orchestrated phenomenon. Differential expression of
genes (DEG) is widely described to be regulated by miRNA (Orang et al, 2014) and IncRNA
(Wang and Chang, 2011) Even though we have identified the DEG signature for yd T cells, we
went one step ahead to decipher the involvement of both miRNA and IncRNA responsible for
this DEG. We used a RNA-seg-based miRNA profiling approach. The same biological samples
of T-cell subsets from healthy donors were used for a second run of RNA-seq. Thus, DEG,

differentially expressed miRNA and IncRNA analysis was performed on the same T-cell
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populations from the very same healthy donors, to explore the three different layers of gene

regulation in the epigenetic landscape.
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Figure 5.5.5: RNA-seg-based transcriptome analysis of y6 T cells and aff T cell subsets. (A-B) The PCA
separates individual donors according to cell type. (C) The MA plot shows differential gene expression as a measure

of log, fold change and mean expression. (D) The heatmap presents the 50 most differentially expressed genes with

adjusted p-value < 0.01 and log,FoldChange.
120



Results

As it was observed before (Fig. 5.5.5A), the variation in miRNA profile of T-cell subsets was
consistent as an effect of gender (the female, donor marked by ‘F’ in the plot). However, as
displayed in the MDS plot (Fig. 5.5.6A), yd T cells were also closely related to CD8 and equally
far distantly related to CD4 and Treg cells. The miRNA profile of yo T cells and Treg revealed a
remarkable heterogeneity within donors, which is in line with a previous report (Durek et al,
2016). The quality control (QC) report based on 301 miRNA of T cells using a box-whisker plot
showed nearly the same total normalized count of Treg and yd as for CD4 and CD8 T cells, but
with a wider distribution of counts in Treg cells (data not shown). We obtained 301 differentially
expressed mMIRNA using variance-stabilizing transformation method (Fig. 5.5.6B). Top
upregulated miRNA include has-miR-509-3p (targets NTRK3 gene), has-miR-424-5p (targets
CCNF), while downregulated miRNA include has-miR-4772-3p (targets RAB40B) and has-miR-
9-5p (targets MMP13).

Although the in-depth analysis of this data is ongoing, our exploratory analysis has revealed a list
of miRNA specific for certain T-cell subsets (Table 5.2). For instance, 75 miRNA are involved
in the regulation of CD4" and vy T cells. Out of these, 36 miRNA are also involved in the
regulation of CD8 and yd T cells. Thus, the miRNA profile specific for yd T cell function is

generated.

Table 5.2: Number of significantly differentially expressed miRNAs overlapping between comparisons of cell types

Tregvsyd | CD4vsyo | CD8vs Treg | CD4vs CD8 | CD8vsyd | CD4 vs Treg
Treg vs yo 85 57 43 29 34 22
CDA4 vs vd 75 37 32 36 20
CD8 vs Treg 54 27 26 18
CD4 vs CD8 45 21 16
CD8 vs yo 42 18
CD4 vs Treg 30
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Figure 5.5.6: Differential expression of miRNA and IncRNA in yd T cells in comparison to ap T cells. (A)
Multidimensional scaling (MDS) plot shows normalized count data. Ellipses tracing bivariate normal density
contours are added to illustrate the distribution of each group. Cell types are color-coded and female samples are
marked with ‘F’. (B) Expression patterns of significantly differentially expressed miRNAs are represented. Heatmap
are generated using a distance based on Spearman correlation. Dendrograms are constructed employing complete
linkage. (C) The PCA plot showing component 2 vs component 3 shows distribution of IncRNA in T-cell population

groups. (D) Number of different sub-species of IncRNA found in T cell epigenome.

Looking at the regulation of DEG by IncRNA, the PCA plot with component 1 vs 2 showed clear
separation of yo and other T cells only on vertical axis (data not shown). However, the pattern of
T-cell subset distribution influencing differences was very similar, but with better separation of T
cells by components (Fig. 5.5.6C). Also, we detected several different subspecies of IncCRNA.
The predominant subspecies of IncRNA found were long intervening/intergenic RNA of more
than 200 nucleotide in length (for ~4000 genes) and natural antisense transcript (NAT or
EnsASCoding; for ~ 1500 genes; Fig. 5.5.6D). In total, 202659 detected transcripts were mapped
to genes. Depending on the genomic location, one or several INCRNA were annotated to a gene.

The maximum expression level of the transcript (as described by FPKM count, Fragments Per
Kilobase of transcript per Million mapped reads) were used to identify differentially expressed
IncRNA (collectively for all subspecies) in y6 T cells compared to other T-cell subsets.
Upregulated IncRNA was found to regulate functionally important genes, including NKG7
(CD4=15.27, CD8=512.62, Treg=1.15, y6=928.94), CCL5 (CD4=37.36, CD8=538.37,
Treg =4.54, y6=862.90) and GNLY (CD4 =15.4, CD8=214.21, Treg=0.82, y5 = 648.71). The
downregulated transcripts included CCR7 (CD4 =83.83, CD8 =38.52, Treg =59.22, y6 =3.34),
JUN (CD4=535.18, CD8=377.34, Treg=577.31, y8=275.23), FOS (CD4=153.97,
CD8=81.58, Treg=122.64, yd =54.55), JUNB (CD4 =1068.89, CD8 =699.34, Treg = 845.88,
v6 =462.44) and CD8A (CD4 =0.11, CD8 =193.7, Treg = 0.147, y5 =5.82). Of note, DEG level
from transcriptome analysis was also found to be downregulated in yo T cells for —1.05 fold in
JUNB expression, —1.14 fold in FOS expression and —3.95 fold in CCR7 expression. Taken
together, INCRNA regulating genes and other transcription factors are likely involved in

differential expression of yo T-cell protein-coding genes.
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5.5.7 Nucleosome positioning and differential chromatin accessibility support yd T-cell
subset specification

Differential gene expression is an orchestrated process mediated by RNA polymerase Il (pol I1),
transcription factors and associated binding complexes. The chromatin accessibility and
nucleosome positioning facilitate free DNA to be subjected to active gene expression in this
orchestrated process. Thus, this adds an additional layer of regulation to the control of
differential gene expression (DEG). Hence, after generating yd T cell-specific expression profiles
supported by miRNA and IncRNA, ATAC-seq enabled us to address the role of chromatin
accessibility, nucleosome positioning and transcription factor footprint. Though this approach to
fully characterize the y6 T cell epigenetic landscape is in major parts still ongoing, | could
provide some insights on some preliminary results in continuation of the previously studied
epigenetic processes.

According to the method described by Buenrostro et al (2013), Tn5 transposases can be used, as
they independently transposed to freely accessible DNA. The paired-end reads generate
sequenced fragments of periodicity of about 200 bp size. This fragment distribution from T-cell
chromatin resembled to the multiples of nucleosomes or nucleosome positioning (data not
shown). Thus, based on this distribution of size, all mapped fragments with sizes up to 100 bp
were nucleosome free regions (NFR) and between 180 to 247 bp were mononucleosome region.
The region spanning the start and end of DNA fragment thus represented the region involved in
gene expression. Furthermore the read counts were quantified from 1000 bp non-overlapping
region and used for analysis. As it can be seen in the MDS plot upon nucleosome positioning, the
individual T-cell subsets were separated in nucleosome free DNA (Fig. 5.5.7A), but not in
mononucleosomal regions (Fig. 5.5.7B). However, a strong variance was observed only in
biological samples of Treg cells. The Pearson’s method-based cluster analysis showed positive
correlation within all T-cell subsets from all the donors. The cluster analysis clearly showed that
CD4 and Treg cells clustered together, while CD8 were more similar to V&1 than to Vo2 T cells
(Fig. 5.5.7C). With the feasibility to perform ATAC-seq on hundreds of T cells, we additionally
analyzed the chromatin accessibility map of between V61 and V62 T cells. Considering
immunologically significant differences between the subsets of yd T cells, V61 and V&2 were

nicely separated as indicated by the NFR (Fig. 5.5.7D). Interestingly, the subset based separation
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of yé T-cell population was not seen in mononucleosomal regions (Fig. 5.5.7B). The clustering
in T-cell ATAC-seq was mostly seen between donor 1 and donor 4, who are age-matched female
healthy individuals. The differential accessibility within T cell populations was also evident from
nucleosome positioning. It was represented by GAPDH (house-keeping gene), other T-cell
function-specific genes including IFNG, IL-4, IL-13, KLRK1 (gene for NKG2D), DOCKS5 and
GAS7 (Fig. 5.5.7E) and also for the genes (e.g. TET2) involved in epigenetic processes.
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Figure 7: (Continued on the following page)
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Figure 5.5.7: Assay for transposase-accessible chromatin using sequencing (ATAC-seq) of human T-cell

populations. The mapped DNA fragments with sizes between 147 bp and 247 bp were referred to as

mononuclesome and with fragment sizes below 100 bp were nucleosome-free regions (NFR). The MDS plot

represents the distribution of T cells from four donors, based on the counts generated from 1000bp non-overlapping

window of the NFR (A) and the mononucleosomal regions (B). (C) The Pearson’s correlation analysis showed the
relation between CD4, CD8, Treg, V31 and V382 T cells obtained from different donors. (D) The heatmap clustering
samples and variable (DNA region) represents the top 50 most differentially accessible regions (1000 bp size). (E) A

representative image of accessible DNA from one donor is explored by Integrated Genome Viewer (IGV). The

chromatin accessibility for respective genomic location are shown by dark green peaks marked by vertical red bars
for the samples CD4 D1, CD8 DI, Treg D1, V61 D1 and V82 D1. ‘D1’ is noted for donor number 1.
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Therefore, the results presented here clearly show that vy T cells (or even V61 and V62 subsets)
carry a characteristic feature by possessing differentially accessible chromatin and nucleosome
remodeling.

55.8 A set of genes integrating yd T cell-specific DNA methylation and the RNA
expression profile forms the basis for y6 T cell immune function

After having successfully generated a yd T-cell-specific -omics signature, we analyzed the
potential in the co-ordination of all these multiple epigenetic processes in an integrated
multiomic approach. As of now, the analysis of miRNA and ATAC-seq data is ongoing, so |
performed the integrated analysis with human T cells (yo and af) datasets from DNA
methylation, transcriptome and IncRNA analyses. From the respective epigenomic data, the
correlation was done based on their gene symbol (hgl9, UCSC genome database). For DNA
methylation, statistically significant differentially methylated CpG sites (p-value=0.01,
gq=0.01803, n=1,149) annotated with respective gene symbols were used, while for IncCRNA,
the statistically significant transcripts (n = 202,659) annotating to the respective gene were used.
DEG with adj. p-value <0.01 and log;FoldChange 1.5 (n=569) were used for analysis
(Fig. 5.5.8A). To find out the association of multiple genomic datasets, the Fitting Linear Model
was used. For the common variables (n =54), which were found in differentially expressed genes
(DEG) and differentially methylated genes (DMG), adjusted R?* was 0.1709 with statistical
significant p-value of 0.0003. For 825 variables commonly occurring between DMG and
differentially expressed InNcRNA (DE IncRNA) datasets, adjusted R? was 0.00008 with p-value of
0.1667. For 503 variables commonly found in DEG and DE IncRNA, adjusted R? was 0.02645
with p-value of 2.20e-16. However, notable distribution in QQ plot due to non-fitting variables
(data not shown) was observed.

Next, PCA on these datasets showed variance between two components of DEG and DMG due
to the strong influence of genes like ADAP1, DOCKS5, FBLN7 (Fig. 5.5.9A) with a negative
Pearson correlation of -0.4281 (Fig. 5.5.9B). PCA between DMG and IncRNA datasets showed
nearly no variance in the components, possibly due to SNORD17 and SNORAG63 (small nuclear
RNA) resulting as a confounding factor (Fig. 5.5.9C), but the correlation of 0.0867 (Fig. 5.5.9D).
Comparing DEG and IncRNA, the orthogonal components showed a negative correlation of
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—0.02235 (Fig. 5.5.9E-F). Interestingly, major players in separating these components of DEG
and IncRNA were TCR chain expression genes. Thus, the differential correlation between
different epigenomic datasets for yo T cells supports complexity for multiple levels of gene

expression.
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Figure 5.5.8: Integrated analysis of differentially expressed genes (DEG), differentially methylated genes
(DMG) and differentially expressed IncRNA (DE IncRNA) in human vy8 T cells. (A) After merging genes using
“gene symbols” from the respective datasets, 53 unique genes were found. (B) Functional annotation of upregulated
genes from these 53 unique genes was done. The color coded ball shows statistically significant (Benjamini-
Hochberg, adj. p-value <0.05) Gene Ontology (GO) terms. Orange color balls represent GO association with

molecular function, while blue and red colors represent biological processes and cellular components, respectively.
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Figure 5.5.9: PCA and correlation analysis of epigenomic datasets. (A), (C) and (E) are the scatter plots

representing PCA. Red color arrows indicate the direction of the both components. Sample groups are displayed in

red, while black color gene names are commonly occurring variables from each dataset. In PCA plots, delta beta and

GD_AB.x stand for differential

methylation values from DNA methylation profiles; fold change and
log2FoldChange are the differential expression values from transcriptome analyses. GD_AB.y and GD_AB stands

for the differential expression values from IncRNA profiles. (B, D, F) The color coded correlation plots were

generated based on Pearson correlation with complete linkage. The following abbreviations are used: DEG,
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differentially expressed genes; DMG, differentially methylated genes and DE IncRNA, differentially expressed
IncRNA.

Moreover, we looked at the expression levels of these 53 unique genes derived from the
integrated analysis. Out of 53, 16 genes were upregulated in yd T cells, while 37 genes were
downregulated in yd T cells compared to aff T cells (as listed in Table 5.3). Therefore, it was
interesting to look at the functional association of these genes. So, using the Gene ontology (GO)
approach, we identified functionally associated GO terms in relation to these differentially
expressed genes (Fig. 5.5.8B). Though GO terms in InnateDB database were not significantly
enriched for downregulated genes, a significant association of upregulated gene was found by
adjusting the false discovery rate (FDR) using the Benjamini-Hochberg method. Some of the
notable processes included cell surface receptor signaling, regulation of NK cell-mediated

cytotoxicity and genes regulating external side of plasma membrane.

Table 5.3: The list of genes derived from integrated epigenomic analysis of yd T cells

Gene symbol log2 Fold Change | Adj. p-value Regulation in Y6 T cells

OSBPL10 3.270693 1.46E-10 Upregulated
DOCK5 2.471913 1.60E-05 Upregulated
LAMAZ2 2.137432 3.10E-09 Upregulated
ATP9A 2.032507 0.001451 Upregulated
AGPAT4 1.982552 4.10E-09 Upregulated
PLEKHG3 1.939356 4.31E-06 Upregulated
IL12RB2 1.929912 0.000337 Upregulated
GAS7 1.894028 0.00718 Upregulated
CADM1 1.789074 0.000744 Upregulated
LAG3 1.735829 0.005223 Upregulated
SH2D2A 1.71346 0.000505 Upregulated
SEMATA 1.703205 0.000742 Upregulated
CMIP 1.664077 0.000475 Upregulated
PLXNA2 1.608247 0.006273 Upregulated
SLC27A3 1.596834 0.001961 Upregulated
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ADAP1 1.548616 0.009557 Upregulated
FOXP1 -1.49788 1.36E-06 Downregulated
NBEA -1.49799 0.000532 Downregulated
SRGAP3 -1.55005 0.007346 Downregulated
MAST4 -1.56673 0.001755 Downregulated
MGP -1.59342 0.007261 Downregulated
LMO7 -1.65388 8.55E-08 Downregulated
PLEKHG5 -1.68723 0.000115 Downregulated
NRCAM -1.97032 0.006488 Downregulated
CDC42BPB -1.97144 0.000314 Downregulated
PRKCA -2.00782 1.12E-10 Downregulated
ID3 -2.05019 0.001095 Downregulated
LAYN -2.11166 0.001258 Downregulated
CCR6 -2.11369 0.000276 Downregulated
MEOX1 -2.12545 0.002704 Downregulated
FMNL2 -2.18445 0.000638 Downregulated
HSPG2 -2.19744 0.001359 Downregulated
ICOS -2.29034 7.43E-07 Downregulated
SGPP2 -2.29386 0.000117 Downregulated
SERINC5 -2.30363 1.12E-11 Downregulated
FHIT -2.31197 0.00032 Downregulated
ST6GALNAC3 -2.31935 0.000156 Downregulated
INPP4B -2.33594 4.26E-08 Downregulated
CCR9 -2.52736 2.76E-05 Downregulated
FBLN7 -2.54405 0.00022 Downregulated
PARD3B -2.55062 3.69E-05 Downregulated
PVT1 -2.59435 1.04E-08 Downregulated
TRIM2 -2.64797 2.18E-05 Downregulated
CLN5 -2.66119 6.73E-10 Downregulated
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KCNQ1 -2.71782 1.16E-08 Downregulated
SNED1 -2.72444 5.02E-13 Downregulated
FAM134B -2.83195 1.81E-17 Downregulated
ZC3H12D -2.94784 2.58E-07 Downregulated
IL6R -3.00467 1.18E-06 Downregulated
CACNAL1I -3.08184 1.38E-10 Downregulated
LEF1 -3.11278 2.14E-13 Downregulated
RCAN3 -3.4826 1.06E-21 Downregulated
TBC1D4 -4.25768 6.87E-19 Downregulated

Taken together, our systemic approach to understand the complex epigenetic regulation revealed

vo T cell-specific signatures in the regulation of genes responsible for functional immune

responses.
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5.6  Epigenetic modification of human yd T-cells in malignancy: A case report of an
hepatosplenic gamma/delta T-cell lymphoma patient responding to Interferon-a treatment
Associated manuscript:
The results presented in this chapter will be part of a manuscript (in preparation): Jaydeep Bhat*,
Anke Bergmann*, Christoph Nerl, Silvio Waschina, Christoph Kaleta, Reiner Siebert, Ole
Ammerpohl, and Dieter Kabelitz (shared first authors).

The previous result sections focused on the involvement of diverse epigenetic mechanisms that
might govern the yd T-cell signature and form the basis for their functional responses under in
vitro conditions. Along with other epigenetic regulations, the stable and reversible modification
of DNA methylation synergistically controls HDAC activity. After describing distinct features of
the healthy yo T-cell methylome, it would be interesting to perform similar studies in malignant
vo T cells. The differential DNA methylation signature of cancer has emerged as a characteristic
clinical feature in cancer biology which correlates with disease progression, prognosis and drug
responses. Thus in this last result section of the PhD thesis, the importance of epigenetic
regulation of yd T cells will be extended to study the changes in DNA methylation in an example
case of human ydé-hepatosplenic T-cell lymphoma (HSTCL) patients during the course of
therapy.

5.6.1 Clinical representation of a yo-HSTCL patient

A 39-years-old female patient had a chronic lymphocytosis with 22,300/ul white blood cell
counts with 95% lymphocytes and 99% of yé T-cell clonal phenotype. At diagnosis, the patient
presented with mild hepatosplenomegaly, severe anemia with hemoglobin (Hb) 6.9 g/dI,
haptoglobin <5 mg/dl, LDH 300 U/ml with distinct Coombs-positive hemolysis. Though no
peripheral, intrathoracic or abdominal lymph node enlargements were seen, the skin showed
multiple vitiligo-like lesions with lymphocyte infiltration. The bone marrow also revealed
histologically lymphocyte infiltrates with pathological features. The expanded circulating
lymphocytes showed resemblance with large granular lymphocytes (LGL) with TCRyd surface
expression (Metzger et al, 1992; Hinz et al, 1996). The patient was treated with Interferon-a2c
(IFNa2c) over the period of 6 years with daily administration. During these 6 years, the patient
had been followed up at 5 different intermittent time points, where she represented an increase in

Hb level (from 6.9 to 12 g/dl) and a steady decrease in the leukocyte count (from 22,300/ul to
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7,200/ul). The hematological parameters and PBMC phenotyping were identical before and after
the first visit upon IFNa2c treatment initiation (Table 3, materials and methods chapter; Metzger
et al, 1992). This patient thus responded to IFNa2c therapy with remission in disease

progression.
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Figure 5.6.1: Principal component analysis (PCA) of a y6-HSTCL patient undergoing IFNa2c therapy. (A)
The 3D plot shows PCA on samples collected during each visit of the patient. (B) PCA on all CpG sites according to
visits of the patients in a time-course manner. The variables are ordered and colored by correlation. The magnified

view of PCA between visit 1 and visit 5 is shown by scatter plot.
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5.6.2 Time-dependent changes in DNA methylation

In a retrospective study with frozen PBMC from this y6-HSTCL patient, | sought to investigate
the DNA methylation pattern in a time course-dependent manner as a response to the IFNa2c
treatment. Thus, DNA methylation analysis using 450k arrays were performed on PBL drawn
from the yo6-HSTCL patient during five subsequent visits after IFNa2c therapy. The 3D plot for
principal component analysis (PCA) clearly showed the separation of overall DNA methylation
of the y6-HSTCL patient PBL according to visits (1 to 5) during IFNa2c therapy. Primary
component (PC1) showed a variance of 62%, in addition to 23% and 8% (Fig. 5.6.1A). We
performed PCA analysis on all significant CpG sites during all five visits of this y6-HSTCL
patient. Consistent with the PCA on samples, PCA on all CpG sites showed a distinct
distribution of CpG sites for visit 1 and visit 5. Using density plot, a typical bimodal distribution
of beta-values from CpG loci was observed, reflecting hypo- and hyper- methylated CpG sites
(Fig. 5.6.1B-C). Therefore, the primary analysis showed that IFNa2c treatment results in striking
changes in the genome-wide methylation of y6-HSTCL patient PBL over time.

5.6.3 Interferon-a therapy induces differential methylation over time

After finding out changes in the global methylation level in a time-dependent manner during
IFNa2c treatment, we performed an in depth analysis of DNA methylation. Our preliminary
analysis clearly showed a significant reduction in the overall methylation level between visit 1 to
5 using Wilcox test (adj. p-value = 0.000006) for total 1797 CpG sites (Fig. 5.6.2A). Out of these
1797, 21 CpG sites were hypomethylated on visit 5, 26 were hypermethylated on visit 5 and the
rest were considered as partially methylated on visit 5 (Fig. 5.6.2B). For the differential
methylation between visit 5 and 1, delta beta values ranged between —0.2418 to + 0.2963, with a
median of —0.06954. Hence, based on these delta beta values, the heatmap showed differential
methylation (Fig. 5.6.2C). As it was observed that the patient achieved remission on visit 5
during therapy and also the absolute white blood cell count were substantially decreased, we
compared the CpG methylation of visit 1 and visit 5 of y3-HSTCL patient PBL, and of healthy vy
T cells. Surprisingly, a remarkable difference was observed between visit 5 of y6-HSTCL patient
PBL and healthy y5 T cells, when compared with visit 1 of y5-HSTCL patient PBL. Altogether,
though the Interferon-o therapy significantly changed the whole-methylome, the patient PBL

mainly carried an aberrant DNA methylation pattern different from healthy yo T cells.
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Figure 5.6.2: Differential methylation profile of y3-HSTCL patient PBL undergoing Interferon-a therapy. (A)
Overall changes in the methylation level are represented during each follow-up, referred to as visit (1-5). (B) All
significant 1797 CpG sites with 0.25 variance criteria were shown to define differential methylation based on delta
beta values (IABl) and designated as ‘hypomethylated on visit 5°, ‘partially methylated on visit 5’ and
‘hypermethylated on visit 5°. (C) The heatmap showed differential methylation with delta beta values (IABl >0.2).
(D) Comparative analysis of CpG sites involved in visit 1, visit 5 and of healthy yd T cells from mean of four
individuals (labelled as ‘Mean_gd”).
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5.6.4 Genomic- and CpG Island (CGI)- features support changes in malignant yé T cell
DNA methylome due to Interferon-a therapy

Next, using the Illumina HumanMethylation450 annotation available from UCSC Genome
Browser database (hg19), we analyzed genomic- and CGI- features of each CpG site (Kent et al,
2002). With the possibility of one CpG site regulating multiple genomic features, each genomic
feature was split and assigned to each CpG site unique for corresponding genomic features. First
as expected, we found that more than 800 CpG sites were placed on the gene body constituting
exons and introns and TSS1500 (region 1500 bp upstream of TSS) representing promoter region
(Fig. 5.6.3A). But the median differential methylations of TSS1500 and 5’UTR were not much
affected (Fig. 5.6.3B). When the methylation level represented by beta-values was analyzed in
detail during each visit of the patient, substantial changes were observed on all these genomic
regions (Fig. 5.6.3C). However, the statistically significant increase in methylation was observed
on visit 5 compared to visit 1 of y3-HSTCL patient PBL only in the respective TSS200 (ad;.
p-value = 0.0225; region 200 bp upstream of TSS), genomic body (adj. p-value =5.92e-06;
probably due to the maximum number of CpG sites involved) and 3’UTR (ad;.
p-value = 2.2467e-02) regions. Of note, when differential methylation between visit 1 and 5 was
considered, there was not a single CpG site found in the 3’UTR region and no difference in the
methylation at the genomic body (data not shown). Thus, TSS200, core promoter region plays an
important role in the regulation of the methylation level as an effect of Interferon-a treatment in
the PBL of this yo-HSTCL patient.

Furthermore, the modulation of CpG sites associated with CGI and non-CGI was addressed. The
CpG sites, which were in the non-CGI region, were referred to as ‘open sea’ region. The analysis
of these features revealed a significant number of CpG sites located in the open sea and in the
island region (Fig. 5.6.3D). The differential regulation of methylation was observed in all the
CGl features, except for the shore region (Fig. 5.6.3E). This observation was also supported by
the statistical analysis for N shelf, island, S shelf and open sea regions in visit 5 as compared to
visit 1 of y6-HSTCL patient PBL with adj. p-value 0.03187, 0.0059, 0.0345 and 1.70e-10,
respectively. Taken together, CGl-associated shelf and island, and non-CGl-associated CpG sites
(open sea) are affected in the malignant yd T-cell clones during Interferon-o therapy leading to

clinical remission.
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Figure 5.6.3: Methylation analysis of genomic and CGl-features from a y6-HSTCL patient during IFNa2c
treatment. (Figure legend continued on the following page)
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Figure 5.6.3: Methylation analysis of genomic and CGl-features from a y8-HSTCL patient during IFNa2c
treatment. The number of CpG sites located in genomic regions and CGIl/non-CGl regions are represented in (A)
and (D), respectively. Differential methylation for genomic regions (B) and CGl/non-CGl regions (E) are
represented based on the calculation of delta beta values (IABI = 0.2) between visit 5 and visit 1 of the y3-HSTCL
patient PBL. (C) Changes in the methylation level (B-value) according to visits of the y5-HSTCL patient and their
corresponding genomic features are represented to understand involvement of various genomic regions in the
regulation of DNA methylation. The statistical significance was calculated between visit 5 and visit 1 of the patient

using Wilcox test with FDR and shown by p-value <0.05, <0.01 and <0.001 with *, **, *** respectively.

5.6.5 Biological association of differential methylation pattern upon IFNa2c-treatment
After the analysis of DNA methylation pattern in this y5-HSTCL patient, the biological
significance of CpG sites regulating particular genes was studied. Out of 47 CpG sites, which
were differentially methylated, only 37 CpG sites were annotated to one or multiple genes.
Hence, we used 15 hypomethylated genes and 19 hypermethylated genes for gene ontology (GO)
analysis of biological association. To this end, we used different functional annotation tools.
None of the tools resulted in the statistical significant association of GO function. However, the
analysis using the PANTHER database (v1.1) revealed positive fold enrichment for the
biological process. Table 5.4 describes GO features and their GO terms regulating gene
expression.

Hypomethylated genes on visit 5 of the y6-HSTCL patient, such as DSTN, MYO5B and GABRP
were annoted for molecular function like structural molecule activity (GO:0005198) and signal
transducer activity (G0:0004871), biological process like biogenesis or cellular component
organization (GO:0071840). MYO5B gene (unconventional myosin-VB is G-protein modulator
actin binding motor protein) was found to be associated with cell junction (GO:0030054)
category of GO termed cellular component. From the set of hypermethylated genes, metabolic
process (GO:0008152) and extracellular region (GO:0005576) were overrepresented. The genes
responsible for these functional features include transcription factors like FOXE3, MAMLS.
TRANSFAC and JASPAR based transcription factor analysis using Enrichr database revealed
significant association (adj. p-value=0.03146) of FBLN7, REEP1, DDX25, MAMLS,
CBFA2T3, MGLL, PUS3, PER3, PRDM16 and CNPY1l genes with ARNT and MTF1
transcription factors. Importantly, all these genes were hypermethylated on visit 5 of PBL from

v6-HSTCL patient during the IFNo2c¢ therapy.
139



Results

Using the example of the y6-HSTCL patient treated with interferon-a, I herein presented therapy

induced changes in DNA methylation amongst several other epigenetic mechanisms. This

differential regulation of DNA methylation certainly modulates transcriptional activity of related

genes. This modulation of gene expression through epigenetic processes is highly cell-type

specific and depends on healthy versus disease state of an individual.

Table 5.4: Gene ontology analysis of differentially methylated genes (IABl = 0.2) using PANTHER database.

GO feature(s) different for hypo- and hyper-methylated genes are marked in red.

Hypomethylated genes

Hypermethylated genes

Gene No. of No. of
Ontology Category genes Category genes
(%) (%)
Molecular binding (GO:0005488) 20.00% | binding (GO:0005488) | 50.00%
Function . catalytic activity
receptor activity (GO:0004872) | 20.00% 28.60%
(GO:0003824)
structural molecule activity receptor activity
20.00% 14.30%
(G0O:0005198) (G0O:0004872)
] o transporter activity
catalytic activity (GO:0003824) | 20.00% 7.10%
(GO:0005215)
signal transducer activity
10.00% - -
(G0O:0004871)
transporter activity
10.00% - -
(G0O:0005215)
Biological metabolic process
cellular process (GO:0009987) | 26.10% 32.10%
Process (G0:0008152)
developmental process cellular process
13.00% 28.60%
(G0:0032502) (G0O:0009987)
cellular component organization biological regulation
13.00% 10.70%

or biogenesis (GO:0071840)

(GO:0065007)
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multicellular organismal

response to stimulus

13.00% 7.10%
process (GO:0032501) (G0O:0050896)
o developmental process
localization (GO:0051179) 8.70% 7.10%
(G0O:0032502)
response to stimulus biological adhesion
8.70% 3.60%
(G0O:0050896) (G0:0022610)
immune system process multicellular organismal
8.70% 3.60%
(GO:0002376) process (GO:0032501)
biological adhesion localization
4.30% 3.60%
(G0:0022610) (G0O:0051179)
biological regulation immune system process
4.30% 3.60%
(G0O:0065007) (G0O:0002376)
Cellular membrane (G0O:0016020) 33.30% | cell part (GO:0044464) | 38.50%
Component cell part (GO:0044464) 22.20% | organelle (GO:0043226) | 30.80%
macromolecular
organelle (GO:0043226) 22.20% 15.40%
complex (GO:0032991)
macromolecular complex membrane
11.10% 7.70%
(G0O:0032991) (G0O:0016020)
) ) extracellular region
cell junction (GO:0030054) 11.10% 7.70%

(GO:0005576)
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6. Discussion and conclusion

6.1  Release of NKG2D ligands from tumor cells: Exosomes versus shedding

Due to their broad anti-tumor activity, human yd T cells have become one of the potential
candidates for cell-based cancer immunotherapy. Activating NK receptors expressed on yd
T cells play a crucial role in the recognition of tumor cells via NKG2D ligands like MICA and
ULBPs (Cosman et al, 2001; Girlanda et al, 2005). However, soluble MICA has been detected in
serum of multiple myeloma patients undergoing phase | clinical trial with zoledronate-activated
Vy9Vo2 T cells (Abe et al, 2009). Clinical studies from multiple myeloma and other cancer
patients have revealed a negative correlation between NKG2D expression and soluble MICA,
becoming a poor prognostic factor (Rebmann et al, 2007; Kumar et al, 2012; Li et al, 2013;
Chen et al, 2016).

NKG2D ligand shedding is mediated by matrix metalloproteinases (MMP) and ““a disintegrin and
metalloproteinase” (ADAM) proteases (Salih et al, 2002; Waldhauer et al, 2008). ADAM10 and
ADAML1Y7 play an important role in the shedding of ectodomains. Typically, ADAMs cleave cell
surface proteins within a membrane proximal stalk region. Substrate specificity hardly relies on
the recognition of certain consensus sites, but is rather guided by secondary structure elements
regulating the accessibility of the stalk region (Mochizuki and Okada, 2007). The regulation of
ADAM activity is not yet understood in detail, although trafficking, glycosylation,
phosphorylation (upon treatment with PMA that stimulates ADAM activity) and interactions
with accessory molecules might play important roles (Seals and Courtneidge, 2003). PMA
stimulation can enhance shedding activity by ADAM17. But PMA-mediated activity is largely
controlled by specificity and kinetics of ADMAL17 or other related subsets of sheddases (Huovila
et al, 2005). Our results failed to detect significant changes in modulation of MICA release by
PMA stimulation.

Both MICA and MICB are highly polymorphic, with 84 allelic variants of MICA and 35 allelic
variants of MICB described so far (http:// www.ebi.ac.uk/imgt/hla/) (Robinson et al, 2011). The
differences in the primary structure mainly apply to single amino acid substitutions within the
extracellular part that in principle might already affect the secondary structure and thus the
recognition by ADAM proteases. However, several allelic variants of MICA including
MICA*008, MICA*023, MICA*028 and MICA*054 are associated with a certain micro-satellite
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polymorphism (A5.1) within exon 5. Five GCT repeats encode alanines within the
transmembrane domain and an additional guanine causes a frameshift that result in an altered
transmembrane (TM) domain and a substantially truncated intracellular part. This applies to the
most frequent allelic variant in caucasians, MICA*008 (Ashiru et al, 2010; Huovila et al, 2005).
Interestingly, in HeLa cells and transfected CHO cells, full-length MICA*008 was described to
be enriched in detergent-resistant membrane microdomains and constitutively released in
exosomes (Ashiru et al, 2010). This is in line with our observation that the truncated MICA
variant expressed in PC-3 cells is released as full-length molecule in association with exosomes
and is not proteolytically processed.

In support of previous reports and the biochemical system established by us, MICA protein
clearly showed differences in size in different tumor cells (PancTu-1 and PC-3) that reflect
MICA allelic variation. In addition, this distinction can be seen after deglycosylation of
immunoprecipitated MICA using clone-specific anti-human MICA antibody used to detect
truncated form. MIC proteins are highly glycosylated (Huovila et al, 2005) and the effect of
glycosylation on the overall structure might also influence the accessibility of the cleavage site.
MIC proteins are also palmitoylated at cysteine residues in the membrane proximal cytoplasmic
part and this palmitoylation is prerequisite for both the localization to detergent-resistant
membrane microdomains and the subsequent shedding (Gooz 2010). These cysteines are missing
in MICA*008-like molecules and this might facilitate exosomal release. It has been described
that not only the lipid composition of the plasma membrane but also posttranslational
modifications such as glycosylation and palmitoylation may be altered in a given tumor cell
(Aguera-Gonzalez et al, 2011; Dall’olio et al, 2012; Mashima et al, 2009).

Soluble NKG2D ligands are discussed as key component involved in tumor immune evasion,
resulting in the modulation of the functional activity of NK cells and T-cell subsets (Marten et al,
2006; Waldhauer et al, 2006; Ashiru et al, 2010). In future, it would be interesting to investigate
the possible role of epigenetic mechanisms regulating NKG2D ligand shedding from tumor cells
and associated effector cell functions. Along this line, use of inhibitors for epigenetic ‘writers’,
‘readers’ and ‘erasers’, which are already in clinic or in experimental systems, will be studied in
detail.
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6.2  Epigenetic modulation of NKG2D receptor and ligands: Mechanism of NKG2D
ligand release and functional effects

Ligands for NKG2D (NKG2DL) are known to be expressed on a number of tumor types,
including carcinomas, leukemia and lymphoma, multiple myeloma and gliomas (Spear et al,
2013). NKG2D ligand expression can be modulated by the use of proteasome inhibitors (Butler
et al, 2009), inhibitors for HSP90 chaperone proteins (Fionda et al, 2009), HDAC inhibitors
(Armeanu et al, 2005), GSK3 inhibitors (Fionda et al, 2013), the DNA damage response
pathway (Lam et al, 2014), the ERK signaling pathway (Wu et al, 2012) and miRNA (Cado et
al, 2014). In addition to the regulation of NKG2D ligand expression by these cellular, molecular
and epigenetic pathways, heterogeneity in the mechanism of shedding within NKG2D ligand
family members are found based on the type of membrane-association that can rely on
Glycosylphosphatidylinositol (GPI)-anchors and/or transmembrane domains (Fernandez-
Messina et al, 2010; Chitadze et al, 2013). As an example, MICA*008 is GPIl-anchored and
acquires truncated MICA allelic feature, which is released through exosomes (Ashiru et al, 2013;
Chitadze et al, 2013). Similarly, ULBP-2 can be expressed with or without a GPIl-anchor
(Fernandez-Messina et al, 2011).

As discussed in the last section, others and we have related allelic polymorphisms of MICA to
the differential mechanism of NKG2DL release. Using epigenetic inhibitors, its effect on
possible NKG2D ligand shedding was further investigated. When we targeted proteins involved
in histone and DNA maodifications, we found that only inhibition of HDACs from the family of
epigenetic ‘erasers’ modulated NKG2D ligand expression and release. The heterogeneity in the
release of NKG2D ligands based on tumor of origin was also observed after treatment with the
HDAC inhibitor, VPA. Genotype analysis of MICA showed that PC-3 is heterozygous for
MICA*008:01:01 (A5.1) and MICA*012:01 (A4) allelic polymorphism. Interestingly, PC-3 was
found to release MICA directly in culture supernatant after VPA treatment at 5 mM, 2.5 mM and
very slightly at 1 mM. This substantial change in the mechanism of MICA release might be due
to the heterozygous nature of PC-3. However, previous reports (Huang et al, 2011; Armeanu et
al, 2005) have not described such change in the release of MICA after treatment with VPA and
its association with heterozygous MICA expression. Chitadze et al (2013) showed that shedding
of MICA/B from PancTu-I is mediated by metalloproteases (MP). But, at this point it is not clear
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whether VPA-induced NKG2D ligand release is due to ADAM-10/17- or MP-mediated
proteolysis. In addition to heterozygosity of MICA and possible mechanism of proteolytic
cleavage, the origin of tumor cells might also play an important role in the response to VPA. For
instance, in human ovarian and cervical cancer cell lines, Trichostatin A (TSA) and sodium
butyrate showed a similar effect on MICA/B induction, while VPA was the least effective
(Huang et al, 2011). But as in human hepatoma cells (Armeanu et al, 2005), the effect of VPA
was consistent in pancreatic and prostate cancer cells from our study.

VPA has been used to study in vitro functional responses at concentrations ranging from 0.5 to
10 mM (Greenblatt et al, 2008; Yagi et al, 2010; Grabarska et al, 2014). To study the modulation
of MICA expression and release from tumor cells, Armeanu et al (2005) used 1 mM VPA for
human hepatoma cells. Their results showed a differential induction of NKG2D ligands by VPA
on malignant and non-malignant cells. In contrast, our study revealed only minor changes in the
shedding of MICA by PancTu-I cells and no changes at all by PC-3 cells after treatment with 1
mM VPA. In fact, NKG2D ligand (MICA/B and ULBP-2) gene expression was remarkably
induced with 2.5 mM VPA both on malignant (PancTu-l and PC-3) and non-malignant cells
(PBMC and yd T cells). The use of 2.5 mM VPA concentration to induce MICA protein is in line
with a previous study performed with Hodgkin lymphoma cells (Zocchi et al, 2012).

DNA damage by genotoxic agents like VPA or irradiation is known to induce NKG2D ligands,
specifically MICA/B and ULBPs through ATM/ATR-mediated signaling pathways. However,
ULBP-1 expression is known to be associated with proteasome regulation (Butler et al, 2009).
Notably, VPA also failed to induce ULBP-1 expression on PancTu-1 and PC-3 cells. In the scope
of this study, we didn’t address induction of ULBP-3 and ULBP-4, which is of future interest.
Nevertheless, treatment of melanoma cells with 1 mM VPA has been shown to induce only
MICA, MICB and ULBP-2 mediated by the ERK pathway (Wu et al, 2012), which is also
consistent with our results with PancTu-I and PC-3 cells. Of note, mMRNA quantitation showed
NKG2D ligand induction in yd T cells and PBMC upon treatment with VPA. Thus, it would be
interesting to further study the involvement of cytotoxicity-associated molecules like perforin,
granzyme in PBMC and yd T cells, and important components of signaling pathways like
ERK1/2 and AKT in PancTu-I and PC-3 upon VPA treatment.

145



Discussion and conclusion

Another important facet of our study is the downregulation of NKG2D receptors at the level of
both proteins and genes. It has been noted that NKG2D ligand shedding down modulates
NKG2D receptor expression on effector cells, such as NK cells (Groh et al, 2002), while in
contrast Deng and coworkers (2015) showed increased NKG2D receptor expression. At the
protein level, coculture experiments showed downregulation of NKG2D receptor on yd T cells,
but the expression was maintained on lymphocyte-gated freshly isolated PBMC. Downregulation
of the full-length form of the NKG2D receptor and ligands was corroborated well at the level of
gene expression. Karimi et al (2014) have shown that the truncated NKG2D receptor plays an
important role to downregulate the expression of the NKG2D receptor, which is also a feature of
NKG2D ligand-mediated shedding. Of note, this functional similarity is further strongly
supported by the cluster analysis, which grouped the truncated form of the NKG2D receptor and
all NKG2D ligands together. This observation provides a hint that the truncated NKG2D form
may be involved in the modulation of VPA-induced NKG2D receptor expression in coculture
with PBMC and 6 T cells.

The use of epigenetic modulators like VPA is of importance for tumor immunology, not only
because of their clinical significance, but also for their potential to induce global histone
modification. Epigenetic methods like ChIP assays for H3K9ac, methylation-specific PCR are
already used to study epigenetic mechanism responsible for NKG2D gene regulation in CD8 T
cells and NK cells (Fernandez-Sanchez et al, 2013). Methods such as single cell epigenetic
analysis will allow for combined analysis of histone modification and other relevant proteins in a
given single cell, irrespective of its malignant and non-malignant origin. In this study, flow
cytometry-based H3K9ac analysis in Yo T cells has been established. Thus, here we report for the
first time the technical feasibility to investigate H3K9ac in a single yo T cell using techniques
like multicolor flow cytometry and ImageStream cytometry. This open possibility to investigate
the modulation of NKG2D receptor expression and other intracellular cytokines, transcription
factors in relation to epigenetic processes in a single cell from in vitro cocultures and/or from
blood and other clinical material of patients.

Results of this section underscore the differential regulation of NKG2D receptor expression on
vd T cells as an effect of NKG2D ligand release additionally modulated by the HDAC inhibitor,

valproic acid (VPA). Therefore, in the next section, | will address the impact of VPA on the
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modulation of NKG2D receptor expression and other important surface markers expressed on o
T cells in comparison to aff T cells, which are essential for immune cell functions such as

antigen-presentation.
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6.3  Functional implications of epigenetic modulators on healthy human yé T-cells:
Modulation of human pé T-cell activation and phenotype by histone deacetylase inhibitors

Our results and previous reports have repeatedly shown that human vyo T cells are affected by the
tumor microenvironment (Di Carlo et al, 2013). Numerous approaches have suggested to
enhance the cytotoxic potential of human yd T cells (Kabelitz, 2016). However, the use of
selective epigenetic modulators surprisingly enhances shedding of NKG2D ligands from tumor
cells. At the same time, the epigenetic machinery of not only tumor cells, but also of human o
T-cells is potentially affected. Thus, it is important to understand the functional implications of
epigenetic modulators (here VPA, a clinically used HDAC inhibitor) on healthy human yé T-
cells mediated by key surface receptor proteins.

As stated above, several recent reports suggest a substantial potential for y6 T cells in cancer
immunotherapy. So far, such strategies have been based on the adoptive transfer of yo T cells
and/or the in vivo activation of yd T cells with zoledronate plus IL-2 (Kabelitz et al, 2007; Fisher
et al, 2014). Zoledronate, like other nitrogen-containing bisphosphonates, has anti-resorptive
activity and is a licensed drug for the treatment of osteoporosis and other bone fragility disorders.
Upon treatment with bisphosphonates, tumor cells are recognized by Vy9Vé2 T cells resulting in
tumor cell lysis (Das et al, 2001). It has been previously shown that different tumor cells are
susceptible to lysis by yd T-cells, variably mediated by TCR-dependent and/or by NKG2D
receptor-dependent recognition (Wrobel et al, 2007). Another report studied the effects of VPA
on hepatocellular carcinoma cells and their killing by NK cells (Armeanu et al, 2005). These
authors found that sensitization by VPA induced NKG2D ligand expression, which triggered the
corresponding receptors on NK cells for antitumor activity. In the present study, we observed
reduced CD25, CD95 and particularly NKG2D receptor expression on yd T cells surviving the
exposure to 5 mM VPA, in contrast to similarly treated off T cells. The strongly reduced NKG2D
expression on VPA-treated y6 T cells suggests that their recognition of tumor cells might be
severely compromised, a notion which requires further experimental investigation.

Several HDAC inhibitors have been used to study apoptosis or other forms of cell death in
various leukemic T-cell lines. In line with our results, all epigenetic modulators induce different
levels of cell death in different cell types (Morales et al, 2010). While we observed significant

toxic effects of VPA on freshly isolated PBMC, more cell death was induced in activated T cells.
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In fact, a mouse study has shown differential effects of various VPA concentrations on distinct
T-cell subsets (Lv et al, 2012). Furthermore, HDACi were found to modulate murine T-cell
polarization both in vitro and in vivo (Glauben et al, 2014). Our immunophenotyping also
showed preferential modulatory effects of VPA on V32 T cells in a dose-dependent manner,
while af T cells were less affected. This prompted us to look in more detail at other Vo2 cell
functional features, since yd T cells can function as regulatory cells, antigen presenting cells and
memory cells (Kabelitz and He 2012; Brandes et al, 2009; Himoudi et al, 2012; Peters et al,
2014). In all experiments, treatment with higher concentrations (i.e. 5 mM) VPA caused nearly
40-50 % cell death. In order to study the modulation of cell surface markers, we excluded dead
cells and analyzed only the Pl-negative populations. Unlike aff T cells, V62 T cells underwent
differential modulation of cell surface markers associated with antigen-presenting cells following
VPA treatment. It is presently unclear why the expression of certain surface molecules is
differentially affected by VPA in aff versus yd T cells. In general, epigenetic modulators affect a
wide range of molecules and consequently functional responses. The interplay between
acetylation and deacetylation spans from minutes to hours and may differ between aff and yo
T cells. In any case, further experiments are required to investigate the functional consequences
of the phenotypic alterations observed in the present study.

VPM, a carboxamide derivative of VPA, is also used for the treatment of epilepsy (Isoherranen
et al, 2003). Even though the clinical usage is the same, VPM lacks histone deacetylase activity
(Harikrishnan et al, 2008) and works through other yet unknown molecular mechanisms. Our
results on the effect of VPA versus VPM on histone acetylation in yd T cells are consistent with
the literature. VPA is known to inhibit HDAC1 and at the same time induces acetylation of
histone (H3, H4) proteins, which was also clearly revealed in our experiment with yo T cells by
comparing VPA and VPM. So far, we have only looked at the H3 acetylation process. Future
analysis will address particular transcription factor(s) and/or gene(s) in detail. The cellular
response to VPA mainly leads to two totally different effects. At non-toxic concentrations, cells
undergo acetylation, while effects at the level of cell death together with induction of acetylation
are only induced with higher concentrations (Luchenko et al, 2014). A potential scenario for the

dose-dependent modulation of yd T-cell activation by VPA is displayed in Fig. 6.1.
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Figure 6.1: A scenario of possible effects of histone deacetylase inhibitors on human vy T-cells. HDAC
inhibitors are known to upregulate expression of NKG2D ligands on tumor cells sensitizing them for NK cells and
v T-cell mediated killing. However, treatment with valproic acid at the same concentration results in certain extent

of cell death while simultaneously modulating the functional activity and histone acetylation in surviving cells.

Cell death-inducing concentrations make HDAC inhibitors such as VPA potent candidates to
consider for therapeutic strategies. High concentrations will kill certain tumor cells, but will also
delete certain peripheral blood cells, for instance yd T cells. On the other hand, VPA modulates
histone acetylation and thereby the functional program in surviving cells. Therefore, our future
investigation will focus on VPA-induced functional epigenetic consequences in yd T cells.
Currently many diseases including especially cancer are considered for epigenetic therapy (Yoo
and Jones, 2006). In recent studies, VPA together with other chemotherapeutic agents was shown
to be safe, tolerable and efficacious in a prostate cancer clinical trial (Goyal and Rodriguez,
2013). On the other hand, however, a study in a murine leukemia model revealed unwanted
effects of VPA as an accelerator of tumorigenesis (Santoro et al, 2013). HDACI thus play a dual
role in oncogenesis and also oncosuppression.

In conclusion, previous reports and our present study clearly imply that epigenetic drugs like
histone deacetylase inhibitors emerge as a suitable regimen for future treatment strategies.

However, divergent roles of epigenetic modulators must be considered according to disease and
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cell type, dose-dependency and applicability for combination- and/or mono- therapy.
Considering this possibility, | particularly focused on the impact of epigenetic drugs on the
generation of intracellular cytokines and transcription factors in yd T cells in the following
section. This will provide detail insights altogether into clinical efficacy, underlying regulation of

the signaling networks and compelling players involved in vitro yé T-cell differentiation.
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6.4  Functional implications of epigenetic modulators on healthy human yd T-cells:
Generation of intracellular cytokine variants and association with cell death

VPA is widely used as a mood stabilizer and anti-epileptic drug. Apart from its recently
identified inhibitory activity on histone deacetylase, it has been shown to directly target Gamma
Amino Butyrate (GABA) transaminobutyrate and ion channels (Chateauvieux et al, 2010). VPA
is also tested in various clinical trials for cancer therapy (NCT01182285 and NCT00302159;
http://clinicaltrials.gov; West et al, 2014). The clinical dosage varies substantially in different
cancer types and with the treatment protocol, depending on whether it is used as monotherapy or
in combination therapy (Atmaca et al, 2007; Sharma et al, 2008; Munster et al, 2009; Su et al,
2011; Avallone et al, 2014). Under in vitro conditions, VPA has been shown to modulate diverse
functional responses at concentrations ranging from 0.5 mM to 10 mM (Greenblatt et al, 2008;
Yagi et al, 2010; Grabarska et al, 2010).

In the previous section, | showed that HDAC inhibition by VPA modulates the expression of
certain cell surface proteins (results from previous sections; Bhat et al, 2015). Apart from VPA,
EGCG (HAT and DNMT inhibitor), TSA (HDAC inhibitor) and decitabine (DNMT inhibitor)
have been reported to modulate expression of intracellular cytokines and transcription factors
(Lal et al, 2009; Valapour et al, 2002). Valapour et al, (2002) reported that IL-4 production by
activated peripheral blood T-cells is enhanced by TSA. Hence, we analyzed intracellular
expression of IL-4 in human y3 T-cells upon treatment with inhibitors for HDAC and DNMT by
flow cytometry following appropriate exclusion of dead cells. The IL-4 protein can be expressed
in different isoforms. In our experiments, we used different antibodies to monitor IL-4
expression, specifically the 8D4-8 clone, which detects the unglycosylated, non-secreted form of
IL-4 (IL-48:3, 13 bp deleted form) and the MP4-25D2 clone which detects the mature form of
IL-4 (Stein et al, 2000; Hebel et al, 2014; Ledru et al, 2003). Treatment with VPA and TSA
enhanced the expression of IL-4613. “Toxic” concentrations of VPA (5 mM) significantly
induced expression of 1L-43;3 and decreased the expression of mature 1L-4, but did not modulate
IFN-y cytokine. The increase in IL-46,3 was associated with an increase in intracellular IL-4R.
On the contrary, the mature form of IL-4 mRNA expression was down regulated. It is already
known that IL-43, (an alternative splice variant with a 47 bp deletion) acts like a naturally

occurring human IL-4 antagonist (Vasiliev et al, 2003). We failed to reveal a significant
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interaction of IL-46,3 with the a chain of IL-4R, which is in contrast to IL-46, signaling pathway
(Vasiliev et al, 2003). We also attempted to characterize the subcellular localization of 1L-48;3,
but we observed only partial co-localization with CD107a and CD63. It seems that IL-4613 is
neither secreted in exosomes nor undergoes lysosomal degradation and is packaged in
specialized vesicles.

Different signaling pathways are involved in the regulation of cell death. Such regulated cell
death may trigger inflammation and induces signaling cascades (Linkermann et al, 2014). The
role of distinct signaling pathways can be addressed through specific inhibitors. Previous reports
already showed that the expression of 1L-46,3 is associated with programmed cell death, notably
apoptosis (Stein et al, 2000; Ledru et al, 2003). In recent years, however, it has been realized that
caspase-independent non-apoptotic cell death pathways (programmed necrosis) are equally
important in the regulation of cell death and survival (Linkermann et al, 2014). VPA is also
known to execute diverse cell death mechanisms, other than apoptosis in multiple myeloma and
neuronal cells (Schwartz et al, 2007; Bollino et al, 2015). In our experiments, we used cell death
inhibitors to explore a potential role of distinct cell death pathways using pan-caspase inhibitor
zZVAD (to block apoptosis) and additionally Necl, NSA (to block programmed necrosis).
Pre-treatment of yd T cells with zVAD, Necl and NSA substantially modulated VPA.-
induced IL-43,3 expression. It should be noted that using various experimental read-out systems,
these inhibitors when used alone or even in combination did not completely rescue VPA-treated
cells from cell death. Similarly, exogenous IL-4 did not prevent VPA-induced cell death of y3
T cells. A possible explanation might be that VPA induces diverse cell death pathways, some of
which might not be influenced by the inhibitors used here. Although not analyzed in detail, VPA
might have induced a ‘mixed’ type of cell death in yd T cells.

In the same experimental set up, we analyzed the induction of histone acetylation. In line with
the modulation of 1L-456,3 expression, treatment with zZVAD, Necl and NSA modulated H3K9Ac
leading to complete loss of histone acetylation marks induced by VPA. Furthermore, location of
c-Jun transcription factor interaction site on IL-4 gene was associated with H3K27 marks. Our
network analysis was validated at the protein level by expression of c-Jun transcription factor.
Previous reports suggested that HDAC inhibitors block c-Jun transcription (Yamaguchi et al,
2005), while c-Jun phosphorylation is not required for T-cell proliferation or differentiation, but
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for thymocyte apoptosis (Behrens et al, 2001). Our protein analysis by western blot revealed
very similar results in terms of HDAC inhibitor treatment and c-Jun phosphorylation.

The characteristic features of apoptosis are histone degradation, chromatin condensation and
DNA fragmentation. Absence of any histone mark has not been reported with blockade of
apoptosis (Fullgrabe et al, 2010). Available reports showed that serine proteases like granzyme
A could induce histone proteolysis and increase accessibility of cellular DNA to nucleases
(Zhang et al, 2001). Also, it has been suggested that the apoptotic effects of HDACI are
predominantly elicited through their impact on gene expression rather than on histone acetylation
(Th’ng et al, 2001). However, IL-46;3 may act as a survival signal to cells undergoing
differentiation. It would be interesting to further investigate such a potential Th2 bias effect
associated with histone modification in yd T cells from neonates and adult individuals.
Moreover, in an autoimmune encephalitis mouse model, Lv and coworkers observed a role of
non-toxic doses of VPA in maintaining immune homeostasis through induction of apoptosis in
activated T-cells (Lv et al, 2012). But evidence for an induction of the non-secreted form of IL-4
in any disease, except HIV pathogenesis, is completely missing. Primate models are the most
suitable experimental system for both HIV disease and human yo T-cell research, because they
share the Vy9Vo2 TCR required for recognition of microbial pyrophosphates (Eberl et al, 2003;
Gober et al, 2003). Interestingly, evolutionary studies in primates of genes involved in HIV
pathogenesis have also identified IL-4 as one of the proteins undergoing diverse positive
selection (Ortiz et al, 2009; Koyanagi et al, 2010). As a result of such evolutionary processes,
IL-43:5 is expressed at the protein level, but the cellular and molecular significance have not
been defined.

Our present study depicts the potential role of c-Jun transcription factor in correlation with
IL-43,5 expression and histone acetylation (Fig. 6.2) and previous reports show that various
isoforms of IL-4 share potential crosstalk regulating mature IL-4 expression. Future experiments
will focus on analyzing functional genomic features of the 13 bp deletion in comparison to IL-
4447 and full length form of IL-4. In summary, the expression of novel 1L-45;3 may emerge as a
‘combined marker’ for cell death, epigenetic modification and yd T-cell differentiation.
Regulation of IL4 gene appears as one of the important candidate to investigate cellular and

molecular discrepancy between yé and af3 T cells upon cellular activation. However, it must be
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noted that differential regulation of intracellular cytokine and transcription factors in antigen
activated T cells was observed only in the presence of epigenetic modifier (like VPA). Therefore,
in the next section, I investigated differences between resting human off (CD4, CDS, Treg) and
vd T cells without TCR/antigen activation and in the absence of epigenetic inhibitors by multiple
levels of endogenous epigenetic processes. This would provide a mechanistic view of the

epigenetic basis for T-cell subset specification.
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Figure 6.2: Schematic diagram of proposed regulatory interplay between VPA-induced toxicity, induction of
IL-46.3 and c-Jun, histone acetylation, and modulation by cell death inhibitors. When human y8 T cells are
treated with VPA at sublethal concentrations, non-secreted form of IL-4 (described as IL-48,3) and intracellular IL-
4Ra are induced, which however fail to directly interact. Cell death inhibitors modulate c-Jun transcription factor
and IL-45,5 expression as well as active histone acetylation global mark. In parallel to induced protein expression of

IL-45,3 and IL-4Ra, this signaling cascade might down-regulate gene expression of the major form of IL-4.
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6.5  Comprehensive epigenetic landscape of human yd T-cells: Chromatin accessibility,
DNA methylation and total RNA analysis

In comparison to other immune cells, v T cells are distinct with respect to their developmental
pathway, functional plasticity, tissue distribution and additionally their potential applicability for
cell-mediated immunotherapy. The lineage commitment and functional response of T cells is
governed by epigenetic modifications regulating gene expression. Thus, a precise knowledge of
the diverse processes involved allows us, to study epigenetic regulation as a key to understand
the cellular and molecular features of yo T cells. afy T cells, particularly CD4 T cells have been
studied widely in this regard, but a systems immunology-approach to understand epigenetic
regulation of yd T cells is largely missing. A genome-wide epigenetic landscape for histone
methylation and acetylation in mouse yd T cells was presented by Schmolka et al, 2013.
However, this epigenetic analysis in mice was focused on the comparison of IL-17 vs IFN-y-
producing vy T cells, which is relevant for y0 T cell development in mice. In this thesis, I
described for the first time the epigenetic regulation of human yd T cells compared to of T cells
(CD4, Treg and CD8) at multiple levels.

As discussed before, DNA methylation plays an important role in the control of gene expression
and expression of cellular proteins. Overall, the yo T cell genome is less methylated compared to
other T-cell subsets. We also observed remarkable promoter methylation and methylation of
CpG loci across non-CpG islands (non-CGl), which are often referred to as CpG loci located in
regulatory regions such as enhancers. This observation however is well supported by previous
reports on CD4 T cells (Zilbauer et al, 2013). Moreover, Treg and v T cells have nearly the
same level of overall methylation and promoter methylation. Along this line, we found a close
association in Treg and yd T cell miRNA counts as well. Since in-depth analysis of microRNA
(miRNA) profiling is still ongoing, our preliminary analysis showed v T cell-specific mMIRNA
signatures. When we looked at the integrated analysis of DNA methylation and the
transcriptome, only 4% of the genes were differentially methylated and also negatively
regulated. Thus, DNA methylation might have very little impact on the overall regulation of yd
T-cell gene expression.

Gene expression profiling of yo T cells has been already performed (Pont et al, 2012). However,

the study by Pont et al (2012) has a limitation, as they used microarray for genome-wide
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analysis. Additionally, they analyzed phosphoantigen-activated y& T cells, which certainly differ
from non-activated peripheral yd T cells used in the present study. The yé T-cell gene signatures
were reported to reflect a hybrid state of oy T cells and NK cells (even more NK-like). They also
showed the same level of B-cell CLL/Lymphoma 11b (Bcl-11b) expression in human off and yd
T-cells, which is in contrast to our RNA-seq transcriptome analysis. In fact, our DNA
methylation analysis showed kind of a hybrid state, but not gene expression analysis. The
differential expression of genes was substantiated by the corresponding miRNA and long non-
coding RNA (IncRNA) profiles. The downregulation of some of the candidate genes, including
JUNB, FOS and CCR7, might be due to downregulation in their corresponding IncRNA. Though
expression of MMP13 was not detected in transcriptome, miRNA miR-9-5p targeting MMP13
was found. It is not clear whether differential expression of genes and their respective miRNA
and/or IncRNA modulate gene expression, as we did not provide direct functional evidences in
our study. Thus, based on the non-coding RNA profiles of 6 T cells, we are in the process of
identifying such target genes. Apart from RNA species, gene expression is also regulated by
transcription factors. It is known that active gene expression is often marked by transcription
factor footprint. An important feature of ATAC-seq is transcription factor footprint analysis.
Although ATAC-seq analysis of y5 T cells is currently still ongoing, we will eventually combine
this footprint analysis with yd T cell gene expression features.

At this point, a few issues should be considered. Our integrated analysis is based on the use of
UCSC hg19 gene symbols. The use of gene symbols for DNA methylation 450k arrays and
RNA-seg-based INcRNA database is critical, especially considering the nucleotide length of CpG
sites and IncRNA. Thus, the correct approach would be to utilize the sequence information (e.g.
genomic locations) for data integration. Also while generating the comprehensive epigenetic
landscape of yd T cells, we should consider to use more powerful statistical analysis tools and to
recruit more healthy individuals in the future. The integrated analysis was done according to the
Fitting Linear Model and was further supplemented by simple correlation analysis. Considering
the complexity of data and multiple variables as potential influencing factors, the use of
multivariate analysis and other models like Bayesian approaches might be helpful (Conesa et al,
2016). Another interesting result of this study is the chang in the genomic pattern within T-cell

subsets based on gender differences. After excluding the female donor, it was more evident that
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the whole transcriptome or miRNA would shift the pattern. It can also be seen in the chromatin
accessibility of yo T cell subsets (V&1 and V&2). Inheritance of genetic variability in CD4 T cells
and, also human individuality and variation in personal regulomes of primary CD4 T cells
fundamentally support our gender based difference in chromatin accessibility and gene
expression (Qu et al, 2015). Thus, with larger cohorts, such gender-specific differences can be
excluded to set up an unbiased comprehensive picture of the yo T cell epigenetic landscape.

The gene ontology (GO) analysis has helped us to understand the meaning behind the processes
involved in the epigenetic regulation of Y3 T cells. GO analysis on each -omic dataset could give
us the functional process related to the respective individual epigenomic processes. However, we
performed GO analysis on the set of genes, which are unique and derived from integrated
analysis. Thus, they will provide information about processes/functions regulated by core genes.
GO analysis showed enrichment of terms, which are associated with yo T-cell function. For
instance, positive regulation of NK cell mediated cytotoxicity. yd T cells are known for their
cytotoxicity against a broad range of tumor cells (Silva-Santos et al, 2015; Wrobel et al, 2007). It
is also reported that yo6 T cell facilitate NK-cell mediated cytotoxicity of tumors (Maniar et al,
2010). In this NK-cell mediated cytotoxicity, the mechanism requires priming of NK cells by
human immunoglobulin G1 and costimulation through CD137L expressed on activated yd T
cells, which leads to increase in NKG2D expression on the NK-cell surface. Another important
GO feature is the enrichment of term ‘external side of plasma membrane’ in the GO category of
cellular component reflecting cellular location of functional protein product of genes. With
regard to yd T cell activation, recognition of phosphoantigens mediated by BTN3A1/CD277
molecule occurs through these receptors expressed on cell membrane.

The data imply that the peripheral yd T cells exhibit an epigenetic signature specifying a
sequential thymic T cell differentiation and development process and also regulating
phosphoantigen-reactive yd T cell activation genes. The schematic illustration of this hypothesis

is shown in the Fig. 6.3.
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Figure 6.3: Proposed hypothetical model for the epigenetic regulation of human yo T cells. (A) The representative
PCA plot from transcriptome analysis showing yd T cells are closely related to CD8, than CD4 and Treg cells. The
PCA plot is used here to schematically represent the hypothetical sequence of T-cell development and its relation to
vd T cells. (B) The core set of genes obtained by integrating all the three epigenetic mechanisms is vital for yd T-cell

activation. The location of protein activity of some of these genes is shown based on the information available from

GeneCards® The human Gene Database.
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The epigenomic analyses of T cells showed overall similar patterns of T-cell distribution on the
principal component analysis (PCA) or MDS plots. yo T cells are functionally more similar to
CD8, then CD4 and Treg cells (Fig. 6.3A). Similarly, memory CD4 T cell differentiation pattern
has been shown using epigenomic profiling approach (Durek et al, 2016). Thus peripheral yo T
cells might carry the epigenetic signature of T-cell development that has followed in the
sequence of events: y6 = CD8 > CD4 - Treg cells. In this sequence of T-cell development, yo
T cells originate from DN, ISP or early DP stage (introduced in section 1.1.2 of the thesis),
whereas Treg cells are generated as part of the central tolerance mechanism after the successful
generation of CD4 cells. Also, Treg cells are generated upon TCR and low-affinity self-peptide
MHC ligand interaction (Xing and Hogquist, 2012). This is further supported by the signal
strength model of yd T-cell development. According to this model, stronger pre-TCR signal leads
to y6 T cell development, while weaker signal leads to aff T cells. In fact, selective and
differential involvement of ID3, LEF1 and ERK/MAPK signaling molecules in the choice of of
vs v T-cell lineage commitment have been an important component of this model (Hayes et al,
2003; Kreslavsky et al, 2010; Lauritsen et al, 2006). Thus, consecutively, our epigenetic analysis
is strongly supported through this signal strength model, specifically because of the DNA
methylation profile showing regulation of some of these genes, hypomethylation of MAPK1,
hypermethylation of Bcl-11b. Moreover, additional observations such as the differential
chromatin accessibility of KLRK1, hypomethylation of KLRG1 and IFNG in y5 T cells as well
as CD8 cells compared to CD4 and Treg, clearly support shared properties of yd T cells with
CD8 cells.

Another interesting result of our epigenetic analysis of Yo T cells is the expression and regulation
of RNA. Apart from the expression of several TCR y and 6 chain variants, we observed the
expression of genes related to B cell function (e.g. CD19, CD22), Thl differentiation (e.g.
IL12RB2) and Th2 differentiation (e.g CMIP), which reflects the yd T-cell potential for
functional plasticity on an epigenomic level. However, the differentially expressed genes, which
were regulated by DNA methylation and IncRNA, were more related to yd T-cell activation
pathways. For example, as per information available from GeneCards® Human Gene Database,
LAMAZ is the extracellular basement membrane protein, a receptor for integrins which mediates
the attachment and interaction with other cells; AGPAT4 is the integral membrane protein,
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which converts lysophosphatidic acid to phosphatidic acid; the OSBPL10 protein belong to
intracellular lipid receptors and has the ability to bind to phosphatidylserine of the plasma
membrane; PLEKHG3 and DOCKS5 proteins are related to the Rho guanyl-nucleotide exchange
factor activity; ATP9A protein is related to nucleotide binding and cation-transporting ATPase
activity; ADAP1 protein is a GTPase-activating protein for the ADP ribosylation factors,
involved in Arf6 signaling and PI3K signaling events; protein product of GAS7 gene is
associated with transcription factor activity and also in sequence-specific DNA binding and actin
filament binding, predominantly localized in the nucleus. In the context of T cells, protein
products of these genes are shown to play an exclusive role in direct or indirect T cell activation.
In this context, there are several supporting reports available in the literature. Thus, yd T-cell
activation was described in response to binding of vitronectin receptor, an Integrin to the
extracellular matrix (Sturmhoefel et al, 1995). In case of CD8 T cells, phophatidylserine
externalization mediated by flippase is linked to potent T cell activation and immune synapse
formation (Fischer et al, 2006). Additionally, the ATP9A is shown to possess phopholipid
flippase activity and also functions as cargo machinery within cell organelles (Tanaka et al,
2016). Recently, Sebestyen et al (2016) showed that yo T cell activation is modulated by tumor
cells expressing RhoB GTPase and BTN3A1 molecules, supporting the proposed “outside-in
model” of yd T-cell activation (introduced in section 1.1.3 of the thesis). Finally, our integrated
epigenetic analysis also showed regulation of genes, whose protein products are components of
the cholesterol and lipid biosynthesis pathway, and its transport up to the external side of the
plasma membrane of yd T cells that might lead to their activation (as depicted in Fig. 6.3B).

It is tempting to speculate that peripheral Yo T cells carry a stable DNA methylation signature of
thymic T cell development, while RNA expression and its regulation carry signatures for
expression of functional TCR vy chains and yd T-cell activation, as part of the stress immune
surveillance or primary response to microbial phosphoantigens. Nonetheless, the hypothesis
proposed on the basis of our systems immunology-approach, needs functional proof, perhaps

using yo T cell functional assays, which will be addressed in the future.

161



Discussion and conclusion

6.6  Epigenetic modification of human yd T-cells in malignancy: A case report of an
hepatosplenic gamma/delta T-cell lymphoma patient responding to Interferon-a treatment
Epigenetic regulations form the basis for individual cellular identity and functional responses of
cells to environmental stimuli, nutrition, etiological factors and therapeutic agents. Concordantly,
one of the main characteristics of y6-HSTCL is the inactive cytotoxicity and the clonal TCR gene
rearrangement. Previously, a case was reported that a patient with y5-HSTCL showed NK cell-
like cytotoxic activity. But, the malignant cell clones had Vy3, Vy9 and V41 chain expression
(Weidmann et al, 2000). Like-wise the malignant cells from the patient of the present study also
lacked cytotoxic potential. Though additional Vy3 and Vy9 TCR chain non-functional gene
rearrangement occurred, the malignant clones expressed fully functional Vy4, Vy5 and Vo1 TCR
chains detected by flow cytometry (Metzger et al, 1992; Hinz et al, 1996).

Interferon-a. treatment is known to the target Janus kinase (JAK-STAT) pathway, particularly
STAT3 and STATS, and suppressor of cytokine signaling (SOCS) pathways (Wang et al, 2000).
Of note, the y6-HSTCL patient studied in the present clinical case report carried STAT3
mutation (Bergmann et al, unpublished data), which may not be the possible mechanism of
action. Another mode of action for IFNa.2c is to induce proapoptotic gene expression (Kiladjian
et al, 2011), which should cause the elimination of malignant T-cell blasts. With this possible
mechanism of action of Interferon-a therapy, the y3-HSTCL patient showed substantial decrease
in yo T-cell lymphoblast count over the course of treatment, but the proportion of y& T cells (90-
90%) did not change. Instead, the steady decrease in absolute leukocyte count leading to
remission and recovery of hemoglobin level were seen. Thus, it is tempting to speculate that the
phenotypic characteristic of PBL blasts of the y3-HSTCL patient remained same, while altering
functional immune response. However, these functional responses do not seem to involve
proliferative capacity or NK cell-like direct cytotoxic potential (Metzger et al, 1992). In this
regard, biological association of hypomethylated genes points towards the possible involvement
of other cellular functions like active immune cell synapse formation and reduction in metabolic
processes. For instance, MYO5B, which was one of the hypomethylated genes on visit 5, is
involved in the protein trafficking in the cell (Swiatecka-Urban et al, 2007).

Our DNA methylation analysis clearly support the fact that epigenomic characteristics were not

altered, even after reaching remission (visit 5), as observed by no gain of DNA methylome
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profile resembling healthy yd T-cell methylome. Though v3-HSTCL is genotypically
characterized by chromosomal abnormality, we observed slight enrichment of the methylation
levels of chromosome 1, 2 and 16 (data not shown). Another important asset of our analysis of
the patient is the significant changes in methylation on core promoter, non-CGl/open sea and
island, shelf of CGI region due to disease progression and Interferon-a treatment. With respect
to the CGlI feature, our whole-genome methylation analysis supports the traditional view of gene
silencing through the presence of CpG Islands on promoter region and dynamic methylation
patterns on CGI shelves and in open sea/non-CGl regions (Edgar et al, 2014; Zilbauer et al,
2013). In contrast to the initial overall analysis at each visit of y6-HSTCL patient showing a
significant decrease in the methylation level, the increase in methylation on TSS200, 5’UTR and
1% exon region in follow-up dependent manner was observed. This might be due to three
possibilities: first, one CpG loci might be annotated to more than one genomic feature, which
certainly would affect overall methylation analysis. Second, to investigate involvement of each
genomic feature, CpG sites were separately assigned to multiple genomic features. Thus, more
CpG sites were considered. Thus, this would certainly affect methylation levels during extended
IFNa2c therapy. Third possibility is the methylated CpG site carry no genomic features at all,
which were excluded from later genomic feature analysis. Nevertheless, the promoter
methylation proximal to TSS plays an important role in transcriptional regulation (Moarii et al,
2015).

The exploratory analysis of DNA methylation in this y3-HSTCL patient sheds light on the
involvement of some transcription factors such as MAML3 (a transcriptional activator for
NOTCH proteins) and ARNT (a transcriptional regulator of hypoxia-inducible factor-1). An
epigenetically important candidate gene JMJD5, a transcriptional activator, was also
hypomethylated on visit 5 of the y6-HSTCL patient. JIMJID5 is known to modulate the G2/M
phase of cell cycle progression and the expression of the CCNA1 gene that regulates cancer cell
proliferation (He et al, 2016). Thus, the role of JIMJD5 should be examined in more detail, as it
can serve as a potential biomarker of drug response or a suitable candidate for personalized

medicine.
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7. Future perspectives

With the knowledge on the epigenetic regulation specific for yd T cells compared to other T-cell
subsets, a more systematic analysis of vy T cells under different conditions should be performed.
This includes the impact of epigenetic drugs on antigen-activated human yd T cell in a multi-
omic-approach. Additionally, more insight on the epigenomic basis of phosphoantigen
recognition and yd T-cell activation will be advantageous. Thus, the information on combined
epigenetic profiles of yo T cells with and without phosphoantigen-stimulation in the presence or
absence of epigenetic drugs might refine the design of improved treatment strategies to augment
clinical outcomes. This approach is very important for yd6 T cell-mediated immunotherapy. We
presented first example of changes in DNA methylation of a y3-HSTCL patient treated with
Interferon-o2c leading to clinical remission. Beyond Interferon-a2c treatment, other additional
strategies might include chemotherapeutics or antibody constructs in addition to epigenetic
drugs. In fact, the differentially regulated epigenetic targets emerging from such systems
immunology studies can also be beneficial for personalized medicine. Therefore, based on all
these considerations, we believe that the treatment of cancer patients with epigenetic drugs
combined with the adoptive transfer of in vitro expanded yé T cells currently holds the best

promise for a useful liaison.
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8. Summary

Human yé T-cells have emerged as key players in diverse immune responses both in health and
disease. Such a dynamic functional diversity of cells is controlled at various levels of
(epi)genetic regulation in an orchestrated manner. However, a comprehensive overview of
epigenetic mechanisms dictating human yd T-cell development, regulation and molecular
function is largely missing. The present thesis aims at elucidating the epigenetic landscape of
human yé T-cells by mainly two distinct approaches. In a first approach based on in vitro culture,
the NKG2D ligand expression and release, and its further implications on NKG2D receptor
expression by epigenetic inhibitors such as histone deacetylase inhibitor valproic acid, a drug
widely used in the clinic, was studied. The modulation of NKG2D receptor expression and
function of yo T cells in co-culture with pancreatic carcinoma and prostate carcinoma tumor cell
lines were addressed. Additionally, the effect on functional responses of yd T-cells upon
treatment with valproic acid provided new insight into yd T-cell subset-specific responses.
Specifically, valproic acid induced changes in molecular and cellular responses of human yo T-
cells, specifically by enhanced expression of the non-secretory form of IL-4, regulation of cell
death and induction of global histone acetylation (H3K9ac).

In a second approach, the “endogenous” molecular regulation of peripheral yé T-cells in
comparison to af T-cells were deciphered using highly sensitive assays for chromatin
accessibility, DNA methylation and RNA expression. Next generation sequencing-based
preliminary results showed differential expression of genes clearly distinguishing yd T-cells from
other T-cell subsets. The mRNA expression profile of yd T cells was analyzed in parallel to
access the involvement of regulatory RNA i.e. miRNA and IncRNA that control the
transcriptional signature of yd T cells. The RNA expression and regulation was further
complemented by analyses of DNA methylation and chromatin accessibility. Moreover, the
integration of all these multiple layers of epigenetic regulations resulted in a unique set of genes
clearly separating v T cells from CD4, Treg and CD8 T cells. yd T-cell signatures were mainly
associated with y& T-cell development and activation pathways. Our research based on
(epi)genetic mechanisms will broaden the characterization of human yo T-cells and thereby
contribute to a better understanding of basic features of yo T cells especially with respect to

immunotherapeutic application.
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9. Zusammenfassung

vd T Zellen sind sowohl bei Gesunden als auch in Patienten als wichtige zelluldre Komponente
der Immunantwort identifiziert worden. Die dynamische funktionelle Plastizitat von Zellen wird
auf unterschiedlichen Ebenen, insbesondere aber auf epigenetischer Ebene reguliert. Bisher
fehlte allerdings eine genaue Charakterisierung der epigenetischen Mechanismen, welche die
Entwicklung, Differenzierung und Funktion von y3 T-Zellen steuern. Das Ziel dieser
Dissertation war die Aufkldarung der epigenetischen ,,Landschaft von human yd T-Zellen auf
zwei Wegen. Zum einen sollte in in vitro Kultursystemen die epigenetische Regulation der
NKG2D-Rezeptor und -Ligand Expression sowie des NKG2D Ligand ,,Sheddings* durch
Verwendung des Histon-Deazetylase-Inhibitors Valproinsédure (VPA) untersucht werden. VPA
wird bereits therapeutisch in der Klinik eingesetzt. Die Modulation des NKG2D-Rezeptors und
die Funktion von y3 T-Zellen nach Behandlung mit VPA wurden in Kokulturen mit Prostata-
und Pankreas-Tumorzellen untersucht. Ferner wurden Untersuchungen zum Einfluss von VPA
auf Marker-Expression und Funktion von yd T-Zellen durchgefiihrt. Dabei zeigte sich, dass VPA
Veranderungen von y& T-Zellen auf molekularer und zellularer Ebene induzierte und
insbesondere die Expression einer nicht-sezernierten IL-4 Variante sowie die Regulation von
Zelltod und globaler Histon-Azetylierung (H3K9ac) modulierte.

In einem weiteren Teil wurde die ,,endogene* molekulare Regulation von peripheren Blut yo T-
Zellen im Vergleich zu off T-Zellen mittels hochsensitiver Methoden zur Analyse des
Chromatin-Zuganglichkeit, der DNA-Methylierung sowie der RNA-Expression untersucht.
Next-generation-sequencing (NGS)-basierte vorlaufige Ergebnisse konnten eindeutig die
Expression und Regulation bestimmter Gene identifizieren, welche yd T-Zellen klar von anderen
T-Zellpopulationen abgrenzen. Parallel zu dem mRNA-Expressionsprofil von y3 T-Zellen
wurden auch regulatorische  RNAs wie miRNA und IncRNA untersucht, welche die
transkriptionelle Signatur von yd T-Zellen kontrollieren. Zusétzlich zur RNA-Expression und
Regulation wurden auch DNA-Methylierung sowie die Chromatin-Zugéanglichkeit untersucht.
Die bioinformatische Integration dieser unterschiedlichen Regulationsebenen ergab Hinweise auf
die Expression und Regulation spezifischer Gene, welche yd T-Zellen eindeutig von anderen T-
Zellpopulationen wie CD4, CD8 und Treg abgrenzen. Diese yo T-Zell- ,,Signaturen waren u.a.

mit y6 T-Zell-Entwicklung und -Aktivierung assoziiert. Diese Ergebnisse tragen entscheidend
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zur weiteren Charakterisierung der Besonderheiten humaner yd T-Zellen bei. Ferner erlauben die
Ergebnisse eine bessere Klassifizierung von yd T-Zellen, was insbesondere fir die weitere

therapeutische Anwendung von y3 T-Zellen von groRRer Bedeutung ist.
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