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Abstract

While there is an abundance of studies on cytotoxic CD8* T cells in cancer
immunotherapy, CD4" T cells with cytotoxic potential are receiving increasing attention
from the scientific community. Previously, our lab has underscored the significance of
tumour reactive CD4* T cells which acquire cytotoxic activity during immunotherapy of
malignant melanoma. This study aims to analyse and characterise the molecular and
cellular mechanisms underlying the function of these cytotoxic CD4" T cells. On protein
and transcript level, cytotoxic tumour infiltrating CD4*Trpl T cells exhibited a highly
plastic phenotype: Thl and Th2 specific transcription factors Gata3 and T-bet were co-
expressed and inflammatory cytokines IFNy, TNF-a and IL-2 were secreted. Additionally,
CD8" lineage specific transcription factor Runx3 expression was elevated and correlated
highly with GzmB expression. However, and in contrast to classical CD8* CTLs, cytotoxic
CD4*Trpl T cells lacked expression of CD8" transcription factor Eomes. In depth
microarray analysis via Canonical Correspondence Analysis (CCAM) revealed a high
correlation of tumour infiltrating CD4*Trpl cells with a full effector CD8" T cell gene
signature rather than a CD4* or CD8* memory phenotype. The strong correspondence
with differentiated CD8" effector T cells prompted the investigation of the role of mMTOR
signalling in CD4" cytotoxicity as mTOR activity is crucial for CD8" effector differentiation.
Inhibition of MTORC1 activity by administration of rapamycin and genetic engineering of
CD4"Trpl cells was evaluated. Disruption of mTORC1 signalling counteracted the
acquisition and/or maintenance of a cytotoxic phenotype whilst preserving the capacity
to produce inflammatory cytokines. This study illustrates the complexity of this highly
plastic, cytotoxic CD4* T cell subset and highlights the importance of mMTORC1 signalling
for the cytotoxic activity of tumour specific CD4*Trp1 T cells.
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2 Introduction

2.1 Immune cells and specific subset characteristics

Supplying essential stimulatory and inhibitory signals to CD8* T cells and B cells, CD4"*
T cells are considered the orchestrators of the adaptive immune response. CD8* and
CD4* T cells display distinct differences in function, antigen recognition, effector
molecules and transcription factor signature.

The separation of the two T cell lineages takes place in the thymus when CD4*CD8*
double positive thymocytes mature and start to express one of the transcription factors
Runx3 and ThPok. Runt-related transcription factor 3 (Runx3) is the CD8 lineage specific
transcription factor and is associated with the repression of ThPok transcription and
ablation of CD4 expression; hence, the CD8" T cell lineage is finalised. For the
development of single positive CD4" T cells, however, Th inducing POZ-Kruppel Factor
(ThPok) is expressed and in turn assists to repress Runx3 transcription to stabilise CD4
T cell fate (Kappes et al. 2006; Egawa & Littman 2008; Setoguchi et al. 2008).

Upon antigen encounter and specific stimuli by the microenviroment, the naive CD4* T
cell compartment divides into several functionally diverse subsets (Fig. 1). The cells of
each subset express key transcription factors, cytokines and surface markers which

correlate with their specific functionality.

16



naive CD4 T cell

™ ) Treg

IFNy, = .. IL-10,

IL-2, < g
TNF-a TGF-B. / TGF-B
Tho 2 —

e w IL-2
Th2 Tfh
IL-4 ) IL-6, IL-21 IL-21,
L — I o IL-4,
4, IL-10
IL-5, - / TGF-B, IL-6
IL-13 - ’ -
IL-6 TGE-B, TNF-a
Th17 IL-4 Th22
IL-17, Th9 ¥-N2an
IL-17F, —
IL-22 - IL-9,

“IL-10, =

-/ IL-21

Figure 1 | Schematic of the differentiation of naive CD4* T cells into different T
helper subsets. Shown are transcription factors (white) and key molecules which
promote the differentiation of Thl, Th2, Th17, Th9, Th22, follicular T helper (Tfh) and
regulatory (Treg) T cells after activation of naive CD4* T cells into ThO cells (orange
arrow). Further depicted are characteristic cytokines of each subset which correlate with
their specific functionality. The figure was generated using Servier Medical Art (Servier
2015).

2.1.1 Type 1T helper cells (Th1)

Type 1 T helper cells (Thl) are crucial for the adaptive immune responses against
intracellular pathogens and viruses (Romagnani 1999). The T box transcription factor T-
bet and the cytokine Interleukin 12 (IL-12) present the key regulators of Thl lineage
commitment (Fig. 1) (Szabo et al. 2000; Athie-Morales et al. 2003; Kanhere et al. 2012).
The transcription factors HLX, ERM, IRF4 and STAT4 further also play a role in Thl
differentiation and/or maintenance: HLX physically interacts with T-bet and enhances
Th1 cytokine expression (Mullen et al. 2002; Zheng et al. 2003; Martins et al. 2005) while
ERM s induced by IL-12 signalling during Th1 development (Ouyang et al. 1999). STAT4
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and IRF4 were both shown to significantly contribute to Th1 differentiation and STAT4 to
additionally play an essential part in Th1 proliferation (Kaplan et al. 1996; Nishikomori et
al. 2002; Veldhoen 2010; Yang et al. 2015).

Typical cytokines produced by Th1l cells are IFNy, IL-2 and TNF-a (Fig. 1) but can also
include IL-10, IL-15, IL-3, TNF-B and GM-CSF (Mosmann et al. 1986). Other molecules
such as the chemokine receptors CCR5 and CXCR3 (Loetscher et al. 1998) and the co-
stimulatory receptor CD225 (DNAM-1) which regulates Thl expansion and effector
functions (Dardalhon et al. 2005), are highly expressed on Thl T cells. The co-inhibitory
molecule TIM-3 is also characteristically expressed on Thl cells and was shown to be
regulated cell intrinsically by T-bet (Zhu et al. 2005; Hastings et al. 2009; Anderson et al.
2010).

Th1 cells further express the CD20 homologue Chandra which is absent on Th2 T cells
(Venkataraman et al. 2000; Xu et al. 2006). The second chain of IFNy receptor (IFNy
R2) is specifically lost in Thl cells (Bach et al. 1995; Pernis et al. 1995) while IL-12
receptor (IL-12R) and its homologue IL-27 R-a (WSX-1) are highly expressed. IL-12R
expression is lost on Th2 cells but persists in Thl cells post stimulation of the TCR
(Szabo et al. 1997; Usui et al. 2006; Becskei & Grusby 2007); IL-27 R-a was found to be
crucial for the early stages of Thl differentiation and induction of cytokine production
(Yoshida et al. 2001; Takeda et al. 2003).

2.1.2 Type 2T helper cells (Th2)

Type 2 helper CD4" T cells (Th2) play an essential role in allergic diseases such as
asthma (Lloyd & Hessel 2010) and in the immune response against extracellular bacteria
and helminth parasites (Romagnani 1999; Pearce et al. 2004; Taylor et al. 2008). Th2
immunity is elicited through specific cytokine secretion and often through activation of
eosinophils (Spencer & Weller 2010) and IgE producing B cells (Maggi 1998). It has
further been suggested that Th2 cells can be recruited to a tumour site and facilitate
tumour growth by dysregulated cytokine expression (De Monte et al. 2011).

The transcription factor Gata3 and the cytokine IL-4 are indispensable for Th2
differentiation and Th2 cytokine expression (Fig. 1) (Paul & Seder 1994; Zheng & Flavell
1997; D. H. Zhang et al. 1998; Kishikawa et al. 2001; Kanhere et al. 2012). Also Gfil, a
transcriptional repressor which stabilises Gata3 expression and promotes proliferation
(Zhu et al. 2002; Pargmann et al. 2007; Shinnakasu et al. 2008), Dec?2 (Liu et al. 2009)
and STATS5 and STAT6 are important for Th2 differentiation (Zhu et al. 2003; Sahoo et
al. 2011).
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Upon activation, the Th2 subset produces the characteristic inflammatory cytokines IL-
4, IL-5 (Mosmann et al. 1986; Cherwinski et al. 1987; Romagnani 1991) and IL-13
(Brown et al. 1989; de Waal Malefyt et al. 1995) (Fig. 1) but can further secret IL-3, IL-6
(Zubiaga et al. 1990), IL-9 (Gessner et al. 1993; Schmitt et al. 1994) as well as IL-24
(Sahoo et al. 2011), IL-25 (Fort et al. 2001; Mearns et al. 2014), IL-31 (Dillon et al. 2004;
Castellani et al. 2010) and the epidermal growth factor family member Amphiregulin
(Zaiss et al. 2006). The transcription factors IRF4 (Rengarajan et al. 2002; Hu et al. 2002;
Lohoff et al. 2002), JunB and c-Maf play important roles in the regulation of Th2 cytokine
expression, for instance IL-4 and IL-5 (Ho et al. 1996; Kim et al. 1999; Li et al. 1999;
Hartenstein et al. 2002; Voice et al. 2004).

Th2 cells express the Toll-like receptor superfamily member ST2 (also called IL1RL1)
(Léhning et al. 1998) and a specific set of chemokine receptors: CCR3, CCR4
(Yamamoto et al. 2000), CCR8 (Zingoni et al. 1998; Soler et al. 2006) and CXCR4
(Jagodzinski & Trzeciak 2000; Piao et al. 2012). Furthermore, immune checkpoint
molecules TIM1, TIM2 and ICOS (inducible T-cell co-stimulator, also: CD278) are highly
expressed; TIM1 and ICOS stimulate and enhance Th2 function while TIM2 inhibits Th2
activation (Tesciuba et al. 2001; Kuchroo et al. 2003; Khademi et al. 2004; Meyers et al.
2005; Shilling et al. 2005).

2.1.3 Type O T helper cells (Th0)

Activated but non-polarised CD4* T cells are termed ThO and displays characteristics of
both Thl and Th2 T cells and produce for instance GM-CSF, IFNy, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-13, TNF-a and — (Gajewski et al. 1994).

2.1.4 T helper 17 cells (Th17)

Th17 cells play an important role in autoimmunity, especially tissue and organ-specific
autoimmune inflammation, and contribute strongly to the immune response against
extra- and intracellular pathogens such as fungi and bacteria which evade Thl and Th2
responses (Korn et al. 2007; Ouyang et al. 2008). The orphan nuclear receptor RORyt
is the key transcription factor of this CD4* T cells subset (Harrington et al. 2005; lvanov
et al. 2006) and the cytokines transforming growth factor 8 (TGF-f) and IL-6 are required
for induction of this T cell subset from naive CD4" T cells (Fig. 1) (Veldhoen et al. 2006;
Mangan et al. 2006). Also transcription factors RORa, IRF4, AHR, TCF-1, c-Maf, BATF

and STAT3 were shown to be important for Thl7 differentiation and development
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although their expression is not limited to only the Th17 subset (Brustle et al. 2007; Harris
et al. 2007; Mathur et al. 2007; Yang et al. 2007; Quintana et al. 2008; Yang et al. 2008;
Bauquet et al. 2009; Schraml et al. 2009; Betz et al. 2010; Muranski et al. 2011).

Th17 cells highly express IL-17, IL-17F and IL-22 (Fig. 1) (Harrington et al. 2005; Ivanov
et al. 2006) but also produce increased levels of IL-21, IL-6 and TNF-a (Langrish et al.
2005; Wei et al. 2007). Furthermore, chemokine CCL20 and its respective receptor
CCRG6 are highly expressed (Hirota et al. 2007; Eyerich et al. 2009), as well as CD161
which is also found on NK and NKT cells (Cosmi et al. 2008; Kleinschek et al. 2009;
Ramirez et al. 2010).

2.1.5 T helper 9 cells (Th9)

In 2008, another T helper subset was identified in mouse and human and was termed
Th9 cells based on their high expression of IL-9. Th9 cells are further characterised by
their production of IL-21 and IL-10 (Veldhoen et al. 2008; Dardalhon et al. 2008; Tan et
al. 2010; Végran et al. 2014) and their key transcription factor PU.1 (Fig. 1). Polarisation
of CD4* T cells into Th9 cells requires a combination of T cell activation and the cytokines
IL-4 and TGF-B (Fig. 1) (Veldhoen et al. 2008; Dardalhon et al. 2008; Elyaman et al.
2009). PU.1 and also Interferon-regulatory factor 4 (IRF4) are instrumental for the
differentiation of Th9 cells but are also found to be involved in Th2 and Th17 cell
development (Rengarajan et al. 2002; Jager et al. 2009; Chang et al. 2010; Staudt et al.
2010). Additionally, transcription factors IRF1 and STAT6 were also shown to be involved
in Th9 development and are directly connected to their pro-inflammatory effector function
(Goswami et al. 2012; Végran et al. 2014). Th9 cells further express chemokines CCL17
and CCL22 (Chang et al. 2010) and chemokine receptors CCR3, CCR6 and CXCR3
(Kara et al. 2013; Végran et al. 2014).

Th9 cells were shown to promote tissue inflammation and considerably contribute to the
pathogenesis of asthma, allergic diseases and autoimmune responses, for instance CNS
autoimmune disorders (Veldhoen et al. 2008; Jager et al. 2009; Staudt et al. 2010; Chang
et al. 2010). Recently, Th9 cells were also reported to have anti-cancer efficacy in vivo
by ameliorating the immune response against tumours via intra-tumoural secretion of IL-
9 and IL-21 leading to the activation of CD8" T cells and potentially DCs, mast cells and
natural killer cells (Purwar et al. 2012; Végran et al. 2014; Végran et al. 2015).
Interestingly, Purwar and colleagues also reported TCR-specific cytotoxic activity of
differentiated Th9 OT-II cells against B16-ova in vitro (Purwar et al. 2012).
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2.1.6 T helper 22 cells (Th22)

The Th22 subset partially resembles Thl, Th2 and Th17 T cells but emerged in human
and mice as a new and distinct T cell subset in epidermal immunity and were found
enriched in inflammatory skin disorders (Duhen et al. 2009; Trifari et al. 2009; Eyerich et
al. 2009; Basu et al. 2012). Th22 cells produce high levels of IL-22, TNF-a and IL-13
(Fig. 1) but lack the expression of Th1/Th17 cytokines IFNy, IL-4 and IL-17 and the Th17
specific chemokine CCL20 (Eyerich et al. 2009; Duhen et al. 2009). So far, no single key
transcription factor could be identified to be exclusively required for Th22 differentiation
but cytokines IL-6 and TNF-a were shown indispensable for Th22 induction (Yan Zheng
et al. 2007; Duhen et al. 2009; Basu et al. 2012). Th22 cells only display very low levels
of Th1/Th2/Th17 specific transcription factors T-bet, Gata3 and RORyt. However, Th22
cells highly express chemokine receptors CCR10, CCR4 and CCR6 and transcription
factor aryl hydrocarbon receptor (AHR), which plays a crucial role in both Th17 and Th22
differentiation and IL-22 production (Duhen et al. 2009; Ramirez et al. 2010).

2.1.7 Follicular T helper cells (Tth)

Follicular T helper CD4" T cells (Tfh) are crucial for humoral immunity as this CD4*
subset promotes the antigen-specific B cell immune response: Tth activity is required for
germinal centre formation (Johnston et al. 2009; Nurieva et al. 2009; Yu et al. 2009;
Nurieva et al. 2008), B cell differentiation into plasma cells (Bryant et al. 2007; Ozaki et
al. 2004; Ettinger et al. 2005) and orchestration of isotype switching and antibody
production in B cells (Pene et al. 2004). Tfh lineage specific transcription factor BCL-6
(B cell leukemia/lymphoma 6) and cytokines IL-6 and IL-21 are required for Tfh formation
(Fig. 1) (Nurieva et al. 2008; Nurieva et al. 2009; Yu et al. 2009; Eto et al. 2011). Also
the transcription factors BATF and c-Maf were shown to be involved in Tfh development
and expansion but are not exclusive for this T cell subset (Bauquet et al. 2009; Betz et
al. 2010; Ise et al. 2011).

The chemokine receptor CXCR5 and the co-stimulatory molecule ICOS are
characteristic markers for Tth cells (Rasheed et al. 2006) and necessary for homing to B
cell follicles and exerting Tth function (Breitfeld et al. 2000; Schaerli et al. 2000; Akiba et
al. 2005; Bossaller et al. 2006; Odegard et al. 2008). Chemokine receptor CCR7 is a
dynamically modulated marker of Tfh which can be highly up- or downregulated
depending on the microenvironment (Breitfeld et al. 2000; Haynes et al. 2007).

IL-21 is the main Tfh effector cytokine (Chtanova et al. 2004; Bryant et al. 2007) but also
IL-10 (Kim et al. 2001) and IL-4 (Kim et al. 2001) are produced and contribute to Tfh
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functionality (King & Mohrs 2009). Besides BCL-6, transcription factors IRF4 and STAT3
were shown to cooperate in gene regulation (Kwon et al. 2009) and play an important
part in Tfh development, effector function and expression of key molecules, for instance
ICOS (Eddahri et al. 2009; Zheng et al. 2009; Bollig et al. 2012; Wu et al. 2015). Tfh cells
are also characterized by a high expression of further immune checkpoint molecules, for
instance CD200, Programmed cell death protein 1 (PD-1) and B and T lymphocyte
attenuator (BTLA) (Chtanova et al. 2004; Rasheed et al. 2006; Haynes et al. 2007,
Nurieva et al. 2008; M’'Hidi et al. 2009; Yusuf et al. 2010).

2.1.8 Regulatory T cells (Treg)

Regulatory CD4" T cells (Tregs) are essential for regulating effector T cell responses and
maintaining immunological self-tolerance to prevent autoimmunity. However, Tregs also
crucially dampen and suppress T cell responses against tumours thereby limiting the
efficacy of cancer therapy (Zou 2006).

Characteristically, Tregs express the forkhead transcription factor Foxp3 and produce
the cytokines IL-10 and TGF- (Fig.1) (Asseman et al. 1999; Nakamura et al. 2001;
Fontenot et al. 2003; Hori et al. 2003; Eller et al. 2011). Two different populations of
regulatory T cells have been described: natural Tregs (nTreg) which are formed in the
thymus and induced Treg (iTreg) which are induced in the periphery (Itoh et al. 1999;
Zhang et al. 2001; Fantini et al. 2004). While thymic nTregs are generated solely by
Foxp3 expression, iTreg differentiation is induced by TGF- and IL-2 (Chen et al. 2003;
Fantini et al. 2004; S. G. Zheng et al. 2007; Davidson et al. 2007) which induce and
maintain Foxp3 expression in in Foxp3- CD25 CD4* T cells (Fantini et al. 2004; Marie
2005). Additionally, AHR and STAT5 were shown to have a crucial role in early Treg
differentiation as both transcription factors bind the Foxp3 promoter can regulate its
expression (Burchill et al. 2006; Quintana et al. 2008) while Bach2 was shown to stabilise
Foxp3 expression (Roychoudhuri et al. 2013). Tregs display an array of specific surface
markers such as CD25 (IL-2R) (Shevach 2002; Fontenot et al. 2003), CD39 (Deaglio et
al. 2007; Borsellino et al. 2007; Mandapathil et al. 2009) and chemokine receptors CCR4
and CCR6 (Yamazaki et al. 2008; Sugiyama et al. 2013). Also LFA-1 (Wohler et al.
2009), CD103 (Anz et al. 2011) and transferrin receptor (CD71) were found on highly
activated Tregs (Sagoo et al. 2011; Zeng et al. 2013). Furthermore, a high level of co-
inhibitory molecule CTLA-4 (Takahashi et al. 2000) and co-stimulatory molecules OX40
(McHugh et al. 2002b; Takeda et al. 2004), ICOS (Vocanson et al. 2010; Kornete et al.
2012; Redpath et al. 2013) and GITR (Glucocorticoid-induced tumour-necrosis-factor-
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receptor-related protein) (Shimizu et al. 2002; McHugh et al. 2002a) are detected on
Tregs.

219 CD8*Tcells

CD8* T cells represent the traditional effector arm of the adaptive immune system. Upon
antigen recognition on MHC class I, CD8* T cells differentiate into cytotoxic effector cells
which are able to Kill target cells, for instance virus infected or tumour cells (Shiku 1975).
These cytotoxic T lymphocytes (CTL) kill target cells by either the secretion of the
cytotoxic molecules perforin and a family of serine proteases, Granzymes, e.g. GzmB,
which induce apoptosis in the targeted cell, or by engaging the death receptor FAS on
the target cell with its ligand FASL on the T cell membrane causing caspase-dependent
apoptosis (Smyth & Trapani 1995; Trapani et al. 1998). CD8* T cells also express TRAF3
(Xie et al. 2011) and produce Thl cytokine IFNy (Ghanekar et al. 2001; Glimcher et al.
2004). The CD8* lineage specific transcription factor Runx3 collaborates with the
transcription factors T-bet (Cruz-Guilloty et al. 2009), Mef (Koizumi et al. 1993; Youn et
al. 1996; Lacorazza et al. 2002), IRF4 and BATF (Grusdat et al. 2014; Kurachi et al.
2014) to differentiate naive CD8* T cells into effector cells and induce the cytotoxic
phenotype.

2.1.10 Memory and effector T cells

After clonal expansion of short-lived effector T cells and clearance of, for instance, the
infection, the CD8" T cell compartment contracts and only a population of long-lived,
antigen-specific memory T cells remains (Golstein et al. 1972; Callan et al. 1996; Butz &
Bevan 1998). CD8* effector and memory T cells express different key transcription
factors: While T-bet is a Thl lineage-specific transcription factor, it also has great
importance for the development and maintenance of effector CD8 T cells. In addition,
the transcription factor Eomesodermin (Eomes) is expressed to a low degree along T-
bet in cytotoxic CD8" T cells but increases drastically in memory CD8" T cells in which
T-bet expression is, in turn, strongly decreased.

BCL-6 and Blimp-1 (B lymphocyte induced maturation protein 1) are two other important
effector/memory differentiation controlling transcription factors which are not only found
in CD8" but also CD4* T cells: effector CD8* and CD4* T cells have high expression of
Blimp-1 but display no or only low Bcl-6 expression while both, CD8* and CD4* memory

cells, upregulate Bcl-6 and downregulate Blimp-1 (Kallies et al. 2009; Crotty et al. 2010).
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Highly activated CD8" effector T cells characteristically express CD11b, CD11c (Huleatt
& Lefrancgois 1995; Christensen et al. 2001; Cooney et al. 2013) and CXCR3 (Hu et al.
2011; Kurachi et al. 2011) as well as LFA-1 (CD11a) (Anikeeva et al. 2005) and CD69
(Simms & Ellis 1996). Futhermore, the transcription factor 1d2 (Cannarile et al. 2006;
Masson et al. 2013) is an important modulator of CD8* immunity modulator and is often
co-expressed with other effector markers such as KLRG1 (Simms & Ellis 1996; Knell et
al. 2013). In both CD4* and CD8* T cells, loss of the expression of co-stimulatory
receptor CD27 marks an antigen-experienced effector phenotype (De Jong et al. 1992;
Hamann et al. 1997).

The nuclear protein Ki67 is often used to investigate proliferative potential of lymphocytes
as it is abundantly expressed in dividing cells and lost only in quiescent cells and during
DNA repair. Highly proliferative effector T cells therefore express Ki67 while memory T
cells are increasingly proliferative senescent and express less Ki67 (Gerdes et al. 1984;
Soares et al. 2010).

The traditional memory markers CD44 and CD62L display a characteristic expression
pattern: CD44 itself is known to be expressed at intermediate to high levels on memory
CD8* T cells (Sprent 1993; Xiaohong Zhang et al. 1998; Mbitikon-Kobo et al. 2009) while
CD62L expression in antigen-experienced, effector memory T cells is low (Sprent & Surh
2002; Seder & Ahmed 2003).

Further memory T cell markers on the other hand include CD122 (Xiaohong Zhang et al.
1998; Goldrath et al. 2000; Cho et al. 2000; Mbitikon-Kobo et al. 2009), CXCR5 (Quigley
et al. 2007) and the transcription factors KIf2 (Schober et al. 1999; Grayson et al. 2001)
and 1d3 (Ji et al. 2011; Hu & Chen 2013) which are essential for memory T cell
differentiation.

Chemokine receptor CXCR5 is expressed in a subset of central memory CD4* T cells
which bear strong similarities to Tth cells (Chevalier et al. 2011). Another, more Th17-
like, antigen-experienced memory CD4* T cell subset expresses CCR6 (Liao et al. 1999;
Kleinewietfeld et al. 2005). CCR7, however, is not a definite memory marker: depending
on the expression of other markers, for instance CD62L and CXCRS5, certain CD4* and
CD8* memory subsets lack or express the chemokine receptor (Sallusto et al. 1999;
Seder & Ahmed 2003) (Quigley et al. 2007).

Interestingly, the expression of the a-chain (CD103) of the integrin agf- together with
activation marker CD69 on CD8* T cells marks ‘tissue-resident memory T cells' in the
skin (Gebhardt et al. 2009; Sheridan & Lefrancgois 2011; Mackay et al. 2013).
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2.2 Anovel CD4" T cell subset: cytotoxic CD4* T cells

Whereas there is a multitude of research studies on cytotoxic activity of CD8* T cells and
Natural killer cells (NK), cytotoxic CD4* T cells have only started to be characterised over
the last decade (Appay 2004). Originally, the contribution of CD4+ T cells in the immune
response against cancer was thought to only be a passive, exclusively helper function
(Pardoll & Topalian 1998; Antony et al. 2005); for instance, intra-tumoural secretion of
IFNy (Qin & Blankenstein 2000), direct priming of CD8* CTL priming via IL-2 production
(Ossendorp et al. 1998) or indirect priming of CTLs via CD40L stimulation of dendritic
cells (DCs) (French et al. 1999; Sotomayor et al. 1999).

In the past 5-10 years, however, an increasing amount of reports describing cytolytic
molecule expression on CD4* T cells and directed target cell killing (Quezada et al. 2010;
Xie et al. 2010; Muranski et al. 2008). This unconventional CD4* subset was first
detected in human inflammatory pathologies such as human immunodeficiency virus
(HIV), Varicella-zoster virus (VZV) and cytomegalovirus (CMV) infections (Huang et al.
1992; Norris et al. 2001; Casazza et al. 2006). Several recent studies, however,
illustrated the significance of tumour reactive CD4* T cells during tumour progression
and immunotherapy of cancer (Hunder et al. 2008).

In a model of B16 melanoma, tumour antigen-specific CD4*T cells displayed cytotoxicity
and maintained the ability to differentiate into ThO, Thl and Th17 helper cells in vitro
(Muranski et al. 2008). In the same model, CD4'T cells developed cytotoxicity upon
ligation of the co-stimulatory receptor OX40 in lymphopenic recipients. The CD4*T cells
eradicated established tumours and displayed potential to produce Thl and Th2
cytokines (Hirschhorn-Cymerman et al. 2012). This publication as well as a study from
Weiskopf and colleagues which characterised cytotoxic Dengue virus-specific CD4* T
cells, suggested an important role of Eomesodermin for the cytotoxic activity of the cells
(Weiskopf et al. 2015).

Mucida and colleagues further reported a downregulation of CD4" lineage transcription
factor ThPok in cytotoxic CD4* T cells and hypothesise that this event is directly
correlated with increased cytotoxic potential (Mucida et al. 2013).

A recent report from Hildemann and colleagues illustrated the generation of antigen-
specific CD4* cells with cytotoxic potential against viral and bacterial antigens in vitro.
Interestingly, the authors compare the killing efficiency of CD4* and CD8* T cells and
found the MHC Il restricted cytotoxicity of CD4* T cells to be almost identical with CD8*

cytotoxic potential (Hildemann et al. 2013).
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This research project, however, focuses on tumour reactive CD4* T cells which exhibit
cytotoxic activity and the ability to eradicate large tumour lesions in a model of adoptive
therapy of B16/BL6 melanoma (Quezada et al. 2010). Over the last 25 years, adoptive
cellular transfer (ACT) based immunotherapy has consistently advanced and proved to
be very effective, for example in metastatic melanoma (Rosenberg et al. 1988; Dudley
et al. 2002; Rosenberg 2011). ACT emerged to be especially efficacious in combination
with lymphopenia and CD8" T cells carrying a transgenic T cell receptor (TCR)
engineered to recognise a tumour antigen (Dudley et al. 2005; Morgan et al. 2006).
Quezada et al. adapted these conditions and demonstrated CD4* cytotoxicity in
lymphopenic, tumour bearing mice after adoptive transfer of antigen-specific CD4*T cells.
The tumour reactive CD4* T cells in this work originate from the TCR transgenic Trpl
model. Via their transgenic MHC class ll-restricted T cell receptor (TCR), these CD4* T
cells recognize a peptide derived from the melanocyte differentiation and melanoma
antigen tyrosinase-related protein 1 (TRP-1 or gp75) presented on IA® (Houghton 1994).
The Trp1 model is based on the ‘cappucino’ white-based brown mutant BY mouse which
does not express TRP1 due to an irradiation induced gene inversion. After identification
of a TRP1-reactive TCR from TRP1-immunised B" mice, the mice were crossed into
black RAG1’ mice and subsequently into B" RAG1" to prevent negative selection of the
T cells expressing the highly avid TRP1-reactive TCR, due to the lack of TRP1
expression (Muranski et al. 2008).

As additional part of the therapy, the immunomodulatory antibody aCTLA-4 was used
and transpired to be necessary for long term survival (Quezada et al. 2010). The
blockade of immune checkpoaints, i.e. skewing the balance between co-stimulatory and
inhibitory signals T cells receive, through blocking the co-inhibitory molecule CTLA-4 was
previously demonstrated to induce significant anti-tumour immunity in immunogenic
tumours (Leach et al. 1996) as a monotherapy and against less immunogenic tumours
when combined with a Granulocyte-macrophage colony-stimulating factor (GM-CSF)

secreting tumour cell-based vaccine (GVAX) (van Elsas et al. 1999).

This study aims to analyse the cellular and molecular mechanisms which direct the
acquisition and maintenance of cytotoxicity in antigen-specific CD4* T cells. In order to
characterise and dissect the cytotoxic activity, we established a novel in vivo
differentiation protocol which allows the generation and analysis of cytotoxic CD4*Trpl
T cells in juxtaposition to tolerant and helper CD4* T cells with the same specificity but
different phenotypes. Particular focus hereby lies on the expression of CD4* and CD8*

lineage specific differentiation markers and transcription factors such as Runx3 and
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ThPok, Gata3 and T-bet. Special attention is paid to the expression pattern of these
transcription factors and the effector molecule GzmB as well as inflammatory cytokines.
Furthermore, microarray analysis of tolerant, helper and killer CD4*Trpl T cells is
performed to find potential correlations with T helper subsets and effector/memory CD8
T cells. Due to the similarity of cytotoxic CD4*Trpl T cells to CD8* CTLs and the
importance of mMTOR signalling for CTL differentiation, mTORCL inhibition studies will be
performed to determine the role of MTORC1 in CD4* cytotoxicity.

These experiments aim to elucidate the cellular and molecular events which control in

vivo differentiated, cytotoxic CD4* T cells.

2.3  Tumour immunology and immunosurveillance in cancer

Tumourigenisis, i.e. the transformation of healthy cells into a malignant neoplasm, and
understanding the complex mechanisms underpinning tumour evolution have been a
widely analysed and discussed topics in biomedical research for decades. Hanahan and
Weinberg famously first coined 6 hallmarks of cancer in 2000 depicting the essential
changes in cell physiology underlying carcinogenesis: 1) self-sufficiency in growth
signals, 2) insensitivity to growth-inhibitory signals, 3) evasion of apoptosis, 4) limitless
replicative potential, 5) sustained angiogenesis and 6) tissue invasion and metastasis
(Hanahan & Weinberg 2000). Following a decade of considerable advances in cancer
research and immunology, however, the dogma was augmented and extended in 2011
with four more hallmarks: 7) evasion of immune destruction, 8) promotion of tumour
growth via chronic inflammation, 9) reprogramming of energy metabolism and 10)
sustained genome instability and mutation (Hanahan & Weinberg 2011).

With the thus increasing attention on the effect of the immune system on tumour
development and progression, the concept of immunosurveillance emerged as a crucial
element in tumour immunology: Tumour immunosurveillance describes the ability of the
immune system to regulate tumour development by detecting cancerous cells and
controlling or eliminating them.

Along with a multitude of studies using mouse models of cancer and human cancers
demonstrating a functional immune system with the potential for tumour surveillance
(Burnet 1970; Thomas 1982; Street et al. 2001; Shankaran et al. 2001, Street et al. 2002;
Pageés et al. 2005; Galon et al. 2006) came the realisation that tumours can acquire the
ability to escape the immune response, a process termed immunoediting (Dunn et al.
2004). Schreiber and colleagues revolutionised the field of inmuno-oncology when they

presented their research outlining the three phases of cancer immunoediting, the ‘Three
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Es’: elimination, equilibrium, and escape. The elimination phase represents the original
concept of cancer immunosurveillance and sees malignant cells being destroyed by the
immune system. However, if the elimination is incomplete, a temporary state of
equilibrium can be reached: although the progress of the developing tumour is halted
and contained, the immune system fails to fully extinguishing all transformed cells.
During the equilibrium phase tumour cells can further evolve, acquiring additional genetic
and epigenetic changes which allow them to eventually evade the immune response and
outgrow. In this last phase, the escape, selected tumour cell variants which survived both
previous phases of elimination and equilibrium can now overcome, resist or suppress
anti-tumour immune responses and expand unimpededly.

There are a variety of mechanisms how tumour cells can effectively evade the immune
response: As the detection of tumours by immune cells is based on the recognition of
tumour antigens such as viral proteins or peptides originating from oncogenes, mutated
proteins or the overexpression of non-mutated proteins, antigen loss and the impairment
of antigen presentation are potent escape strategies (Restifo et al. 1996; Benitez et al.
1998; Khong & Restifo 2002; Matsushita et al. 2012). Furthermore, tumours can create
a highly immunosuppressive microenvironment (Rabinovich et al. 2007; Vesely et al.
2011), for instance by secreting the suppressive cytokines TGF-f (transforming growth
factor B) and IL-10 (Aruga et al. 1997; Flavell et al. 2010; Zhang et al. 2013) or express
co-inhibitory receptors such as for instance PD-L1 (programmed death ligand 1) (Blank
et al. 2005). Further immune evasion mechanisms include also tumours induced
tolerance of T cells against the antigen they normally recognise (Willimsky &
Blankenstein 2005) and recruitment of regulatory T cells which further induce immune-
inhibition (Onizuka et al. 1999; Woo et al. 2002; Liyanage et al. 2002; Golgher et al.
2002; Terabe & Berzofsky 2004).

2.4 Immune checkpoint blockade in cancer

One of the strategies to counteract immunoediting and thus overcome the immune
resistance of tumours is the blockade of inhibitory immune checkpoints. These molecules
are inhibitory co-receptors expressed on T cells which negatively regulate T cell function.
Indispensable for peripheral self-tolerance they also promote T cell exhaustion and can
be directly manipulated by tumours which often express their specific ligands and thereby
suppress anti-tumour immunity. Immune checkpoint therapy aims to interrupt the
interaction of the inhibitory co-receptor with their ligands using monoclonal antibodies to

allow an effective anti-tumour response (Sledzifnska et al. 2015).
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There are a number of inhibitory receptors which are preferentially expressed on different
tumour infiltrating T cell subsets and are currently analysed on their potential as target
for immunomodulatory cancer therapy in pre-clinical models and clinical trials, for
instance PD-1, TIGIT, CD200, TIM-1/2/3 and CTLA-4 (cytotoxic T-lymphocyte
associated antigen 4) (Sledzinska et al. 2015). Especially PD-1 and CTLA-4 have proven
very successful targets and antibodies developed to block binding of their ligands have
shown promising clinical results in a variety of cancers for instance metastatic melanoma,

renal carcinoma and non-small-cell lung cancer (Hodi et al. 2010; Topalian et al. 2012).

2.4.1 CTLA-4

CTLA-4 (also: CD152) is a type 1 transmembrane glycoprotein of the immunoglobulin
superfamily and a CD28 homologue (Dariavach et al. 1988). The crucial
immunomodulatory molecule is found on all T cell subsets after activation and is
constitutively expressed at high frequency on regulatory CD4* T cells (Walunas et al.
1994; Sansom & Walker 2006). Its importance in immune regulation was demonstrated
by studies showing that CTLA-4 deficiency in mice led to fatal lymphoproliferative
disease with multi-organ lymphocytic infiltration and organ destruction resulting in
premature death by 3-4 weeks of age (Tivol et al. 1995; Waterhouse et al. 1995;
Chambers et al. 1997). CTLA-4 interacts with the CD28 ligands CD80 (B7-1) and CD86
(B7-2) but binds them with a 20-100 fold higher affinity and avidity than CD28 (Greene
et al. 1996; Collins et al. 2002).

Numerous studies demonstrate the negative regulatory effect of CTLA-4, however the
mechanism of action has been largely disputed. CTLA-4 has been shown to affect the
lymphocyte expressing the molecule and thus acts in a cell-intrinsic manner, but also to
exert its inhibitory function through other cells, in a cell-extrinsic manner. Cell-extrinsic
functions of CTLA-4 result in an impairment of CD28 co-stimulation and thereby inhibition
of T cell activation. This effect is caused by the disruption of CD28 recruitment to the
immunological synapse by direct competition for its ligands CD80 and CD86 and/or by
induction of trans-endocytosis of both CD80 and CD86 from antigen presenting cells.
Interestingly, this phenomenon was found to not be limited to regulatory T cells but was
also shown on Foxp3- effector CD4* T cells (Greene et al. 1996; Qureshi et al. 2011).
Cell-intrinsic negative signalling was demonstrated to be induced by agonistic antibody
engagement and crosslinking of CTLA-4 (Walunas et al. 1994; Krummel 1995; Krummel
1996). The molecular events underlying the cell-intrinsic effect of CTLA-4, however, are
still unclear and are often presented by conflicting results in the scientific literature

(Walker & Sansom 2015): for instance, while some studies suggest that CTLA-4 disrupts
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phosphorylation of CD3( chains and/or the formation of ZAP-70 microclusters, both
indispensable molecular events for T cell activation (Lee et al. 1998; Schneider, Smith,
et al. 2008), other reports claim to find no such effects (Schneider et al. 2001; Calvo et
al. 1997). Similarly, interaction of CTLA-4 with important regulatory enzymes PI3K and
SHP-2 and increase of AKT signalling following CTLA-4 engagement were reported
(Marengére et al. 1996; Hu et al. 2001; Schneider, Valk, et al. 2008) and subsequently
disputed (Stein et al. 1994; Parry et al. 2005; Yokosuka et al. 2010). A more recent study
suggests a new molecular pathway to be involved in CTLA-4 mediated T cell
suppression: Kong and colleagues demonstrated a direct interaction of the CTLA-4
cytoplasmic tail with protein kinase C-n (PKC-n) and emphasised its importance in T cell
inhibition by showing an impaired contact-dependent inhibitory activity of PKC-n -
deficient regulatory T cells (Kong et al. 2014).

Employing the immunomodulatory nature of anti-CTLA-4 antibodies in cancer therapy
has seen increasing success over the past 20 years: Blocking CTLA-4 with therapeutic
antibodies in several mouse models of cancer, for instance colon, prostate and renal
carcinoma, lymphoma and melanoma, increased anti-tumour immunity and induced
control and/or rejection of the tumour lesions (Leach et al. 1996; Kwon et al. 1997; van
Elsas et al. 1999). More recently, two fully human monoclonal anti-CTLA-4 antibodies
were developed by Medarex (Ipilimumab, MDX-010) and Pfizer (Tremelimumab) and
entered 42 clinical studies for metastatic/stage IV melanoma as single agent or combined
therapy with vaccination or chemotherapeutic agents such as dacarbazine. aCTLA-4
treatment successfully increased the median overall survival in most of the clinical
studies and had an overall response rate of up to 15 %. However, due to the crucial
function of CTLA-4 in immune regulation, up 60 % of patients displayed immune-related
adverse effects which could be reversed by treatment with steroids or other immune-
suppressive drugs (Hodi et al. 2010; Robert et al. 2011; Margolin et al. 2012; Ribas et al.
2013; http://clinicltrials.gov 2016; Sledzinska et al. 2015).

One of the major obstacles in immunotherapy of cancer is the potent
immunosuppression performed by tumour infiltrating Tregs (Terabe & Berzofsky 2004).
Interestingly, we recently demonstrated the mechanism of action of anti-CTLA-4
antibodies such as Ipilimumab to be the depletion of intra-tumoural Tregs by
macrophages via Fcy-RIV (Simpson et al. 2013). The use of anti-CTLA-4 (aCTLA-4)
therefore removes the element of immunosuppression and peripheral tolerance and
increases the balance of effector to regulatory T cells in the tumour. The ratio between
these two subsets has been shown to be a critical indicator for tumour eradication and

survival (Quezada et al. 2011).
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2.5 The BL6/B16 mouse model of melanoma

The availability of syngeneic mouse models of human disease such as melanoma is
indispensable for translational immunological research. The murine melanoma cell line
B16 which is used in the study presented here has emerged as one of the most frequently
used melanoma models and has been widely demonstrated to be notoriously difficult to
treat. It derived from a spontaneously formed melanoma lesion from a C57BL/6 mouse
and was originally established in 1973 as a tumour cell line with potential to metastasise
to the lung (Fidler 1973). Different varieties of B16 melanoma have since been generated
and exhibit different growth rates and metastatic behaviour in vivo (Fidler 1975; Briles &
Kornfeld 1978). The TRP-1" B16 melanoma was further found to be poorly immunogenic,
i.e. fails to illicit a strong immune response and only displays very low immune infiltration
(Celik et al. 1983). It was therefore chosen as xenograft in this study to present a
particular challenge for the TRP-1-specific CD4* T cells.

2.6 mTOR signalling and its role in T cells

T cell differentiation requires specific signals and cues in form of extracellular cytokines
and T cell receptor stimulation. Both of these stimuli induce signalling through a central
and important serine/threonine kinase, mTOR. Mammalian target of rapamycin (nNTOR)
is highly conserved and part of a signalling network which regulates cell growth,
proliferation and survival. It was first identified in yeast as the target of the macrolide
rapamycin of the bacterium Streptomyces hygroscopicus (Heitman et al. 1991; Keith &
Schreiber 1995). mTOR is the catalytic subunit of two protein complexes, mTORC1 and
MTORC2, which each feature different substrate specificities. mMTORC1 consists of
MTOR, Raptor and mLST8 (Hara et al. 2002; Kim et al. 2002; Loewith et al. 2002) while
MTORC2 contains mMTOR, Rictor, mLST8 and SIN1 (Loewith et al. 2002; Jacinto et al.
2004; Sarbassov et al. 2004). This study, however, is focused on mTORC1 signalling

and its role in CD4"T cell cytotoxicity in particular.

MTORC1 signalling is induced by a large variety of signals, for instance amino acids or
insulin (Long et al. 2005; Sancak et al. 2007), oxygen (Sofer et al. 2005) or cellular
energy levels and glucose (Inoki et al. 2003) but also growth factors, cytokines (Ballif et
al. 2005) and TCR engagement (Gorentla et al. 2011). mTORCL1 controls crucial cellular
events such as cell cycle progression, translation and survival by phosphorylating its
downstream targets S6K1 and S6K2 (p70S6K and p70S6KB) and the eukaryotic
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initiation factor 4 E binding protein (4E-BP1) (Fig. 2). Through the kinases S6K1 and
S6K2, mTORCL1 regulates cell homeostasis and growth by inactivating pro-apoptotic
BAD (Harada et al. 2001) but the main function of S6K1/2 is the regulation of protein
synthesis. The p70 kinases are regulators of protein synthesis as they phosphorylate
40S ribosomal protein S6 which is responsible for the translation of 5TOP
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Figure 2 | Schematic of the mTORC1 pathway. Engagement of the T cell receptor
(TCR), signalling induced by growth factors, hormones, cytokines and nutrients
eventually induce activity of mTORC1 (mammalian target of rapamycin complex 1). The
heterotrimeric protein complex consists of mMTOR, mLST8 and Raptor and can be
inhibited by PRAS40 or rapamycin bound to FKBP12. When activated, mTORC1
phosphorylates S6K1 and S6K2 which in turn phosphorylates ribosomal protein S6 and
results in increased mMRNA translation. mTORC1 phosphorylation of 4E-BP1 inhibits its
function in elF-4F complex and thereby enables initiation of mMRNA translation. Hypoxia
inducible factor 1a and 2a (Hif-1a/-2a) expression is increased by mTORC1 signalling
and induces expression of target genes such as Glutl and Glut3 upon hypoxia. The

figure was generated using Servier Medical Art (Servier 2015).
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(5' terminal oligopyrimide) mRNA transcripts. 5TOP mRNA encode important
components of translation such as ribosomal proteins, elongation factors and

translational regulators (Jefferies et al. 1997; Loreni et al. 2000).

4E-BP1, on the other hand, is a translational repressor which, unphosphorylated, inhibits
translation by binding the eukaryotic initiation factor 4 E (elF-4E) of the multi-enzyme
complex elF4F and prevents the formation of the complex. The elF4F complex has a
crucial role in the translation initiation machinery as it binds mRNA, transports it to the
40 S ribosomal subunit and unwinds its secondary structure to facilitate ribosome binding
(Gingras et al. 1999). Phosphorylation of 4E-BP1 by mTORC1 causes dissociation of the
protein from the elF-4F complex and thereby enables translation initiation (Hay &
Sonenberg 2004; Thoreen et al. 2009).

The enhancement of mMRNA translation plays a crucial role in various processes such as
cell growth, division, proliferation and metabolism but mMTORC1 also was shown to
specifically induce expression of Hypoxia inducible factor 1a (Hif-1a) and its target genes
Glutl and Glut3 through 4E-BP1, S6K1 and STAT3 pathways (lyer et al. 1998) (Fig. 2).

MTORC1 activity can be disrupted by the bacterical molecule rapamycin. It associates
with the immunophilin FKBP12 (Schreiber 1991) which in turn binds mTORC1 and
prevents phosphorylation of its substrates (Fig. 2). mTORC2, however, is rapamycin
insensitive as the FKBP12-rapamycin complex only binds and inhibits mTORC1 (Jacinto
et al. 2004). In the clinic, rapamycin is used as immunosuppressant to inhibit mMTOR
activity or as anti-fungal or even anti-cancer agent (Sehgal 2003). mTORCL1 activity can
further be inhibited by PRAS40 (proline-rich Akt substrate of 40 kDa) as its binding to
MTORC1 complex component Raptor disrupts the catalytic activity of mTORC1 (Wang
et al. 2007; Wang et al. 2012) (Fig. 2).

Interestingly, Araki and Rao and colleagues recently demonstrated the importance of
MTOR signalling in T cell fate and cytotoxic activity in CD8" CTLs (Rao et al. 2010; Araki
et al. 2009). Specifically, inhibition of mMTORC1 via rapamycin administration had two
main effects: 1) it disrupted migration of CD8* CTLs into the tumour and tumour draining
lymph nodes and diminished their cytotoxic potential (Chaoul et al. 2015) and 2) it
increased the number of memory CD8" T cells in anti-viral and anti-tumour immune

responses (Araki et al. 2009; Turner et al. 2011; Velica et al. 2015).
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3 Materials and methods

3.1 Mice

6—8 week old male C57BL/6 were supplied from Charles River Laboratories. The Trpl
SRT (SJL RAG™ Tan) Tg mouse is based on a Rag1™"°™ packground and also carries
the white-based brown radiation-induced mutation of TRP1, Tyrp1®" (Muranski et al.
2008; Quezada et al. 2010). Additionally, the Trpl SRT mouse carries transgenic TCR
a and B transgenes which encode an MHC class Il-restricted (I-A°) TCR recognizing the
endogenous melanocyte differentiation antigen—minimal TRP-1 epitope corresponding
to amino acids 113-127. The Trpl SRT mouse is furthermore homozygous for CD45.1,
which allows the tracking of the CD4*Trp1 T cells in the CD45.2" C57BL/6 recipient after
the adoptive cellular transfer. Furthermore, Trpl FoxGFP, Trpl FoxDTR and Trpl LUC
mice were used; these lines are based on the Trpl SRT background but were crossed
to FoxGFP, Foxp3-DTR and B6-LUC mice, respectively, to introduce additional
transgenes. Trpl FoxGFP mice express the regulatory T cell specific transcription factor
Foxp3 only as the chimeric GFP-Foxp3 fusion protein Foxp39® due to the knock in of
GFP in the first coding exon of the Foxp3 gene (Fontenot et al. 2005).

Trpl FoxDTR mice carry cDNA encoding the human diphtheria toxin receptor (DTR) in
the 3' untranslated region of the Foxp3. Thereby, Foxp3*® (regulatory) T cells are
rendered sensitive to diphtheria toxin (DT) which allows the specific elimination of
regulatory T cells via administration of DT (Kim et al. 2007; Goding et al. 2013). The B6-
LUC mice, which were used to generate the Trpl LUC strain, carry the firefly luciferase
transgene (LUC) driven by the c-FOS promoter. The c-FOS promoter causes constitutive
expression of the luciferase reporter gene in all tissues of these mice (Geusz et al. 1997).
Animals were maintained in specific pathogen-free conditions in individually ventilated
cages in accordance with institutional guidelines. All animal experiments were performed
according to protocol 4 (Generation of tumours by transplant of malignant cells) covered
by the project licence 70/7301 (Study and manipulation of immune-regulatory pathways
controlling anti-tumour immunity: Applications to immunotherapy of cancer) and were

approved by the Home Office and UCL Biological Services.
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3.2 Cell lines

The poorly immunogenic B16/BL6 cell line was originally obtained from 1.J. Fidler (M.D.
Anderson Cancer Center, Houston, TX). The cellular vaccine GVAX, a stable B16/BI6
melanoma line which constitutively expresses and secrets Granulocyte-macrophage
colony-stimulating factor (GM-CSF), was established in our laboratory and described in
previous studies (Dranoff et al. 1993; van Elsas et al. 1999).

To produce ecotropic MOMLYV retrovirus the packaging cell line Phoenix Eco (Ph-Eco)
was used. Ph-Eco is based on the highly transfectable human embryonic kidney HEK-
293T/17 cell line which stably expresses the viral proteins gag-pol and the ecotropic virus
envelope env (Pear et al. 1993; Swift et al. 2001; He et al. 1998). The cells were kindly
supplied by Pedro Velica (Royal Free Hospital, London, UK) and Eva Kokalaki (UCL
Cancer Institute, London, UK).

The Flt3L-secreting B16/BL6 cell line was created in our laboratory and was kindly
supplied by Fred Arce (UCL Cancer Institute, London, UK).

3.3 Antibodies

The therapeutic antibody aCTLA-4 (clone 9H10) and the blocking anti-FcR (Fc receptor,
rat anti-mouse CD16/32, clone 2.4G2) were purchased from BioXCell. The clones,
fluorochromes, concentrations and suppliers of antibodies used for flow cytometry are

outlined in table 1.

Table 1 | Conjugated antibodies used for flow cytometry.

':;:Cblﬁgzy Clone Conjugate Manufacturer Dilution
BCL-6 K112-91 V450 BD Biosciences 2yl p.s.
Blimp-1 5E7 Alexa Fluor® 647 BD Biosciences 1:50
CD3 17A2 PerCP/Cy5.5 Biolegend 1:300
CD3 17A2 Alexa Fluor® 700 eBioscience 1:200
CD4 RM4-5 Brilliant Violet 785™ Biolegend 1:300
CD4 RM4-5 V500 BD Biosciences 1:200
CD4 RM4-5 V450 BD Biosciences 1:200
CD8 53-6.7 eFluor® 450 eBioscience 1:200
CD8 53-6.7 eFluor® 650 NC eBioscience 1:200
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CD8 53-6.7 Brilliant Violet 785™ Biolegend 1:200
CD8 53-6.7 Brilliant Violet 650™ Biolegend 1:200
CD34 QBEND/10 | Biotin AbD Serotec 1.5l p.s.
CD44 IM7 Brilliant Violet 785™ Biolegend 1:100
CD45.1 A20 PE-Cy7 eBioscience 1:200
CD45.1 A20 APC-eFluor® 780 eBioscience 1:200
CD62L MEL-14 eFluor® 450 eBioscience 1:100
Eomes Danllmag | PE eBioscience 1:100
Eomes Danllmag | PerCP-eFluor® 710 eBioscience 1:50
Foxp3 FJK-16s eFluor® 450 eBioscience 1:200
Foxp3 FJK-16s Alexa Fluor® 700 eBioscience 1:100
Gata3 L50-823 Alexa Fluor® 647 BD Biosciences 1:100
Gata3 TWAJ PerCP-eFluor® 710 eBioscience 1:100
GzmB GB12 PE Invitrogen 1:100
GzmB GB11 APC Invitrogen 1:100
Glut3 polyclonal | FITC Abcam 1:100
IFNy XMG1.2 eFluor® 450 eBioscience 1:100
IFNy XMG1.2 Alexa Fluor® 488 eBioscience 1:100
IL-2 JES6-5H4 | PE-Cy7 eBioscience 1:100
IL-2 JES6-5H4 | PerCP/Cy5.5 Biolegend 1:100
Ki67 SolA15 FITC eBioscience 1:400
Ki67 SolA15 PerCP-eFluor® 710 eBioscience 1:400
Ki67 B56 FITC BD Biosciences 5ulp.s.
KLRG1 2F1 PerCP-eFluor® 710 eBioscience 1:100
pS6 D57.2.2E | PE $§2hnolog§ig”3"”g 1:50
pS6 D57.2.2E | Alexa Fluor® 647 $§2hnolog§ig”a"ng 1:50
T-bet 4B10 Brilliant Violet 711™ Biolegend 1:50
T-bet 4B10 PE Biolegend 1:100
ThPok T43-94 Alexa Fluor® 647 BD Biosciences 5ulp.s.
TNF-a MP6-XT22 | PE BD Biosciences 1:100
TNF-a MP6-XT22 | PE/Cy7 Biolegend 1:100
Runx3 527327 APC R&D Systems 1:100
VB14 14-2 FITC BD Biosciences 1:200
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For the detection of biotinylated antibodies, Streptavidin Brilliant Violet 711™ (Biolegend)
was used at a concentration of 1:200. To distinguish viable from dead cells and debris,
Fixable Viability Dye (eBioscience) in eFluor® 450 or eFluor® 780 was applied along
with the extracellular staining before the permeabilisation. Antibody targets for
extracellular staining were CD3, CD8, CD45.1, CD4, CD34, CD44, CD62L, Glut3,
KLRG1 and VB14 while Ki67, IFNy, TNF-a, IL-2, T-bet, ThPok, Gata3, Runx3, Eomes,
FoxP3, p-S6, Blimp-1, Bcl-6 and GzmB were stained for intracellularly, after the cell

permeabilisation.

3.4 In vivo studies

3.4.1 Tolerant, helper and killer treatment regimens

C57BL/6 mice were anaesthetised with inhaled isoflurane and injected with
2.5x10° B16/BL6 tumor cells intradermally (i.d.) on one flank on day 0. For the in vivo
differentiation of cytotoxic CD4*Trp1 T cells (‘killer’), the mice were lymphodepleted with
either 5 Gy of total body irradiation (radiation therapy; RT) on day 8. To promote the
differentiation into a helper phenotype (‘helper’), the tumour bearing mice were injected
i.d. in the opposite flank with 150 Gy irradiated 10° GVAX on day 8. Both experimental
groups received 6x10* purified CD4* cells from Trpl SRT, Trpl LUC or Trpl FoxDTR
mice intravenously (i.v.) and 200 yg aCTLA-4 (clone 9H10) intraperitoneally (i.p.); two
additional injections of 100 ug aCTLA-4 were given on days 11 and 14. For the untreated,
‘tolerant’ phenotype, the mice only received the adoptive cellular transfer (ACT) of 6x10*
purified CD4*Trp1 cells.

3.4.2 mTOR inhibition studies

For the analysis of the impact of mMTORCZ1 inhibition on CD4*Trp1 cytotoxicity, C57BL/6
mice received the same B16/BL6 tumour challenge and ‘killer’ treatment as described in
3.4.1 Tolerant, helper and Kkiller treatment regimens but received additional daily i.p.
injections of 375 pg/kg rapamycin (RAPA) (Insight Biotechnology). Rapamycin was
dissolved at high concentration (25 mg/ml) in DMSO (Sigma) subsequently diluted
further in sterile Hank's Balanced Salt Solution (HBSS; PAA) or PBS (Invitrogen) to
375 ug/kg in 200 ul for injection. To avoid freeze-thaw cycles, aliquots of the final

concentrations were frozen and thawed each day prior to injection.
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Equally, for mTORCL1 inhibition studies with iPRAS40 transduced CD4'Trpl T cells
C57BL/6 mice received the B16/BL6 tumour challenge and ‘killer’ treatment as described
in 3.4.1 Tolerant, helper and killer treatment regimens but instead of naive T cells the
mice received 3x10° iPRAS40 or iGFP (mock) transduced CD4*Trpl T cells (see 3.6.4
Transduction of CD4*Trpl T cells and 3.4.3 Lymphocyte isolation and adoptive cellular
transfer) on day 8 and 2 mg/ml doxycycline (DOX) (Alfa Aesar, MP Biomedicals Europe)
with 2 % sucrose (Sigma) in the drinking water from day 12 on until the end of the
experiment. The DOX drinking water was kept in darkened bottles to protect the

photosensitive DOX and was renewed every 3 days.

3.4.3 Lymphocyte isolation and adoptive cellular transfer

For the tolerant, helper and Killer regimens, the axillary, brachial, inguinal, superficial
cervical, lumbar aortic and mesentery lymph nodes and spleen were dissected from
donor Trpl SRT, Trpl LUC or Trpl FoxDTR mice. On average, for adoptive transfer
experiments, one transgenic donor per three C57BL/6 recipient mice was required. The
lymph nodes were kept on ice in supplemented RPMI (Sigma): 10 % FCS (Sigma),
100 units/100 g Penicillin/Streptomycin (Sigma) per ml, 2 mM L-Glutamine (Sigma), 50
uM 2-mercaptoethanol (Invitrogen). In order to obtain a single cell suspension, the
tissues were passed through 70 um filters in cold medium and the lymphocytes were
purified by density gradient centrifugation with Histopaque 1119™ (Sigma-Aldrich). For
the CD4* T cells purification, CD4 (L3T4) MicroBeads and LS columns (both Miltenyi) on
a MACS separator were used. Cells were constantly kept on ice in MACS buffer (0.5 %
BSA (Sigma-Aldrich), 2 mM EDTA (Sigma) in HBSS). The purity of the TRP1 TCR
carrying CD4" cells was examined by CD4 and V(314 staining via flow cytometry. After
warming the recipient mice in an atmosphere of 40 °C to increase the blood flow to
superficial veins, 6x10* purified CD4*Trp1 cells were injected in 200 pl i.v. into the tall
vein.

For mTORC1 inhibition studies with iPRAS40 and iGFP transduced CD4*Trpl T cells,
the transduced cells were selected for the transduction marker CD34 after 65 to 72 hours
incubation with IL-2 (see 3.6.4 Transduction of CD4*Trpl T cells) using human CD34
MicroBeads and LS columns (both Miltenyi). The manufacturer’s protocol was slightly
changed to compensate for the high quantity of cells expressing the target molecule:
prior to incubation with the beads, the transduced cells were incubated with 50 pg/ml
anti-FcR for 30 minutes on ice to block Fc receptors and were washed subsequently. To
label the transduced cells, 150 ul of CD34 MicroBeads were added to each iGFP and
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IPRAS40 transduced cell suspension in a total volume of 300 pl each and incubated for
30 minutes at 4 °C. After assessing the purity of transduced cells by flow cytometry,
3x10° purified CD34* CD4*Trp1 cells were injected in 200 pl i.v. into the tail vein of

warmed recipient mice.

3.4.4 Isolation and ex vivo re-stimulation of T cells

Tumour bearing mice were sacrificed on day 17-19 after tumour implantation and
peripheral (axillary, brachial, inguinal) lymph nodes and the tumour were dissected. The
lymph nodes were constantly kept on ice in supplemented RMPI, the tumours, however,
were placed in RPMI without supplements or HBSS/PBS. The lymph nodes of each
mouse were pooled, passed through a 70 um cell strainer and the cells were counted on
the Muse™ cell analyser (Millipore). For the purification of tumour infiltrating
lymphocytes, the tumour was dissociated by cutting with fine scissors or using the
Miltenyi gentleMACS™ Dissociator with the respective C Tubes (Miltenyi) and the
program tumour_2. The tissue was further digested with a mixture of 0.2 mg/ml DNase
(Roche) and 0.33 mg/ml Liberase TL or Liberase DL (Roche, Sigma) in supplement and
serum-free RPMI at 37 °C for 30 minutes. After passing the tumour suspension through
a 70 pm filter, the lymphocytes were separated from the tumour cells, dead cells and
debris by density gradient centrifugation with Histopaque 1119™. For all functional
experiments except for the rapamycin treatment of tumour bearing mice, the tumour and
lymph node samples were evenly distributed between the different FACS staining
panels. The samples were split to allow the staining for a high number of different
proteins of interest per sample (tumour/lymph nodes). However, due to the low number
of tumour infiltrating T cells in the rapamycin treated mice, the tumour samples from
these experiments were not split between different staining panels.

For re-stimulation of the lymphocytes and cytokine analysis, 5 x 10* dendritic cells (DCs)
pulsed with B16/BL6 tumour lysate and 2 uM TRP1 peptide (Pepceuticals) were added
to each sample from lymph nodes or tumours of each mouse and incubated at 37 °C.
After 1 hour, 2 pg/ml GolgiPlug™ (BD) was added and the cell suspensions were

incubated for further 3 hours at 37 °C.

3.4.5 Quantification of tumour infiltrating lymphocytes

For quantification of the tumour infiltrating lymphocytes flow cytometry reference beads
(PeakFlow™ blue or Cell Sorting Set-up Beads (for UV lasers), both Molecular Probes®,
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Life Technologies) were added to the samples prior to analysis to normalize for the
volume of the sample acquired. The absolute number of the respective lymphocyte
population (e.g. CD4*Trpl effectors [CD4* CD45.1* Foxp37]) per gram of tumour was
calculated using the following formula:

absolute cell number of CD4*Trp1 cells/mg tumour

B <acquired number of CD4*Trp1 cells

. f t le )/t ight
acquired number of beads number of beads added to samp e)/ umour weig

3.4.6 Antibody staining for flow cytometry

Immediately after tissue dissociation or re-stimulation, respectively, cells were stained
with appropriate antibodies against extracellular molecules in a blocking solution (5 %
mouse serum (AbD Serotec), 5 % rat serum (AbD Serotec), 2 % fetal calf serum (FCS,
Gibco®, Life Technologies), 2 % anti-FcR (rat anti-mouse CD16/32, 2.4G2), 0.1 %
sodium azide (Sigma-Aldrich) in HBSS). The cells were then permeabilised and fixed
with the Foxp3 staining kit (eBioscience) according to the manufacturer’s instructions,
and stained with the antibodies for intracellular targets in the Foxp3 perm buffer solution
+ 10 % of blocking solution. When appropriate, streptavidin conjugated with a
fluorochrome was used to detect biotinylated antibodies. If the biotinylated antibody
detected an extracellular epitope the streptavidin was applied separately for 10 minutes
in blocking solution before the permeabilisation, if the epitope was intracellular,
streptavidin was applied in Foxp3 perm buffer + 10 % of blocking solution after the
intracellular antibody staining. After the staining, both ex vivo and re-stimulated samples
were fixed with 1-2 % paraformaldehyde (PFA; Fisher Scientific, VWR).

The cytometer used was a BD LSRFortessa™ cell analyser configured with configured
with a 405 nm octagon, 488 nm octagon, 561 nm octagon and 640 nm trigon laser

excitation lines and filters.

3.4.7 Tumour protection experiments

C57BL/6 mice received the same B16/BL6 tumour challenge and tolerant, helper and
killer treatments as described in 3.4.1 Tolerant, helper and killer treatment regimens and
3.4.2 mTOR inhibition studies and adoptive transfer of naive and/or transduced
CD4*Trpl T cells as outlined in 3.4.3 Lymphocyte isolation and adoptive cellular transfer.

Additionally, tumour size and/or body weight of individual animals were recorded every
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2-3 days throughout the experiment, up to 100 days in total. Importantly, the animals
were closely monitored and pain or distress levels were assessed according to UKCCCR
guidelines. Mice were killed by a schedule 1 method if one of the following end points
were reached (as outlined in PIL 70/7301): a) The tumour reached a diameter of 12 mm
for untreated and 15 mm for therapeutic studies, b) The tumour limits the animal’s normal
behavioural repertoire or causes undue distress as reflected by: dehydration, dyspnoea,
anorexia, lethargy, ruffled fur, piloerection, hunched posture, difficulty in moving,
cachexia, signs of neurological impairment such as difficulty in moving or partial paralysis,

c) The animal loses > 10% of its body weight, d) Severe ulceration of the tumour occurs.

3.5 Microarray set up

The GeneChip® Mouse Genome 430 2.0 Array (Affymetrix) was used to analyse the
transcriptome of tolerant, helper and killer CD4*Trpl cells from both lymph nodes and
tumours as well as CD4" cells from naive Trpl FoxGFP mice. Dr. Sergio Quezada (UCL
Cancer Institute, London, UK) performed the experimental procedures to set up the
microarray while | participated in the analysis and guided the direction of the
bioinformatic investigation of the microarray data.

C57BL/6 mice were injected with 2x10° B16/BL6 tumor cells i.d. on the flank on day O.
For the generation of cytotoxic CD4*Trp1 T cells (‘killer’), the mice were lymphodepleted
on day 9-10 with 5 Gy total body irradiation while for the generation of helper phenotype,
tumour bearing mice were injected subcutaneous (s.c.) on the opposite flank with
previously irradiated (150 Gy) 1068 GVAX. On the same day, both groups received 5x10*
- 8x10* purified CD4*Trpl FoxGFP cells i.v. and were injected i.p. with 200 ug aCTLA-4
(9H10) on days 10, 13 and 16. As additional control, the untreated (‘tolerant’ phenotype)
group only received the adoptive cellular transfer of 5x10* - 8x10* purified
CD4*Trpl FoxGFP cells. Mice were killed 8 days after the adoptive transfer and the
lymphocytes from tumour and peripheral (axillary, brachial, inguinal) lymph nodes were
extracted respectively (see 4.3.3). In addition, the lymphocytes from the lymph nodes,
and the tumours, respectively, were pooled within each of the three groups. Effector
(Foxp3) CD4*Trpl cells from the tumours or the lymph nodes were sorted on a
CD4*GFP~ gate to exclude the Tregs (CD4*GFP* cells) and CD4*CD45.1" gate to
exclude the endogenous CD4* T cells originating from the recipient C57BL/6. To obtain
naive CD4'Trpl cells, lymphocytes from the lymph nodes of Trpl FoxGFP mice were
purified and sorted for CD25~ GFP~ cells. RNA was isolated from the purified CD4*Trpl

cells using TRIzol® (Invitrogen) and glycogen according to the manufacturer’s guidelines.

41



In order to reach the required amount of RNA for the gene array, there were 8-10 mice

per group in each experiment and the experiments were performed in triplicates.

3.6 Cell culture

3.6.1 Preparation of cellular components for ex vivo and in vitro assays

To prepare B16/BL6 lysate for pulsing DCs, B16/BL6 cells were cultured for 2-3 days
and irradiated with a target dose of 150 Gy in supplemented RPMI medium. The
irradiated cells were incubated 3-4 hours at 37 °C and subsequently lysed by three
freezelthaw cycles, by alternately submerging the cells in liquid nitrogen and the 37 °C
water bath.

To produce a high number of dendritic cells for the ex vivo re-stimulation assays,
C57BL/6 mice simulated with FIt3L either by s.c. injection of 2-3x10° FIt3L-secreting B16
cells in the scruff of the neck or by injection of 10 pug/day recombinant FIt3L i.p. for 10
days. 10 days of FIt3L stimulation, spleens were harvested and injected lengthwise with
a mixture of 0.2 mg/ml DNase and 0.33 mg/ml Liberase TL in serum free RPMI (1 ml per
spleen). The spleens were cut and incubated in the Liberase/DNAse solution for 30
minutes at 37 °C. Afterwards, the tissue was passed through a 70 um cell strainer,
washed with an HBSS or PBS based 5 mM EDTA buffer and kept below 4 °C at all times.
The DCs were purified according to manufacturer’'s guidelines with CD11¢ microbeads
and LS columns on the MACS separator (all three Miltenyi) in MACS buffer. To generate
unloaded control DCs, the purified cells were incubated overnight at a density of 5x10°
DCs per 15 cm plate in 20 ml total volume in supplemented RPMI with 5 ml of filtered
GMCSF supernatant obtained from a confluent 15 cm plate of GVAX at 37 °C and 5 %
CO.. To load DCs with B16/BL6 lysate, the tumour lysate was added in a ratio of 1:1 to
1:4 (DCs to tumour cells) to the purified cells and incubated overnight as described for
the unloaded control DCs. The next day, the B16 pulsed DCs were purified by density
gradient centrifugation with Histopaque 1119™ and frozen in 1 ml of freezing medium
(80 % FCS, 10 % RPMI, 10 % DMSO) at a concentration of 2x10° cells/ml.

3.6.2 Invitro activation assays and CFSE staining

Spleen and peripheral (axillary, brachial, inguinal) lymph nodes from Trpl SRT, Trpl
LUC or Trpl FoxDTR mice were dissected and kept on ice in supplemented RPMI. The
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tissues were passed through a 70 um filter and the viable lymphocytes were purified by
a density gradient centrifugation with Histopaque 1119™.,

To analyse the proliferation of activated CD4*Trpl T cells, the cells were labelled with
CFSE (carboxyfluorescein diacetate succinimidyl ester) or CellTrace™ violet (both
Molecular Probes®, Life Technologies). CFSE and CellTrace violet are succinimidyl
ester dyes which diffuse through the cell membrane into the cytoplasm where esterases
cleave their acetyl groups. The resulting fluorescent dyes bind to amino groups on
intracellular proteins and are thereby maintained during cell division and passed on
equally to daughter cells. As the fluorescent signal decreases with each division by
approximately half, several successive cell generations can be detected individually by
flow cytometry. CFSE has an excitation peak of 492 nm and emission peak of 517 nm,
the excitation peak of CellTrace violet is at 405 nm and the emission peak at 450 nm
(Lyons & Parish 1994; Graziano et al. 1998; Lyons 2000; Quah & Parish 2012).

The purified naive cells were resuspended up to 2x107 cells/ml in 1 ml of 37 °C warm
HBSS + 0.1 % BSA. CFSE or CellTrace violet was added to the cells to a manufacturer
recommended final concentration of 5 M. After incubation for 10 minutes at 37 °C, the
reaction was quenched by adding cold supplemented RPMI and incubating the cell
suspension on ice for 5 minutes. The cells were washed three times with cold HBSS or
PBS to remove excess CFSE/CellTrace violet and 4-9x10* cells were plated out in
duplicates or triplicates in a round bottom 96-well plate. The CD4*Trpl were activated
with 2 uM TRP1 peptide and exogenous, B16 pulsed DCs (see 3.6.1 Preparation of
cellular components for ex vivo and in vitro assays) in a ratio of 1 : 2.5-4 (lymphocytes
to DCs) and incubated for 72 hours at 37 °C.

For the analysis of the impact of mTOR inhibition on CD4*Trpl proliferation and
cytotoxicity, 0.5 uM RAPA was added to the CFSE/ CellTrace violet labelled cells, DCs
and TRP1 peptide and before incubating the cells at 37 °C for 72 hours.

For the short in vitro activation of iPRAS40 and iGFP transduced CD4*Trpl T cells, the
cells were removed from the IL-2 rich medium after transduction and 72 hours in vitro
incubation (see 3.6.4 Transduction of CD4"Trpl T cells) and were rested overnight in
supplemented RPMI at 37 °C without IL-2. CD4*Trpl T cells were then either left
untreated or re-activated with exogenous DCs (1:1 ratio) and 2 pM TRP1 peptide.
Additionally, the cells were treated or not with 0.5 uM RAPA and/or 1 pg/ml DOX and

were incubated for 24 hours at 37 °C.
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3.6.3 Retrovirus production and concentration

The retrovirus chosen for the transduction of murine CD4*Trpl T cells was ecotropic
Moloney murine leukemia virus (MoMLV) as murine cells express the respective
ecotropic receptor mCAT (murine cationic amino acid transporter) which allows their
infection by MoMLYV particles (Chattopadhyay et al. 1981; Albritton et al. 1989; Wang et
al. 1991).

The inducible retroviral expression vectors iPRAS40 and iGFP were designed, validated
and kindly provided by Pedro Velica (Royal Free Hospital, London, UK). Both inducible
expression plasmids were used in vivo for selective mTORCL1 inhibition in murine tumour
specific CD8* T cells in a recent publication (Velica et al. 2015).

The Pras40 encoding vector iPRAS40 is based on a pSERS backbone which contains a
Tet-ON "All-In-One" inducible system allowing regulated expression of Pras40 by
administration of tetracycline or doxycycline. The tetracycline inducible expression
cassette consists of the optimised reverse tetracycline-controlled transactivator protein
(tTA-M2) which is expressed under the constitutively active hPGK (human
phosphoglycerate kinase) promoter, and the Tet operon (TetO, tetracycline operator)
which controls the expression of PRAS40 through a minimal promoter (Fig. 3). Only in
the presence of tetracycline or doxycycline the transactivator rtTA2-M2 can bind the TetO
and induce the transcription of Pras40 (Heinz et al. 2011, Veli¢ca et al. 2015).

In order to easily assess the induction of PRAS40 expression, Green fluorescent protein
(GFP) was added downstream of Pras40 and linked with a P2A (picornavirus 2A
sequence) resulting in nearly equimolar production of the P2A connected genes
(induction marker). Additionally, the transactivator rtTA-M2 was linked through a FMD-
2A (foot-and-mouth disease 2A) to a Q8 tag which allows the detection of successfully
transduced cells (transduction marker) (Fig. 3). The Q8 tag is a fusion protein originally
designed by Philip et al. which consists of a 42-amino-acid-long human CD8a stalk and
transmembrane domain (‘8’) and a 16-amino-acid-long truncated human CD34
extracellular tail which presents the minimised epitope for the QBENnd10 anti-CD34
antibody (‘Q’) (Philip et al. 2014, Velica et al. 2015).

To increase the expression of the transgenes, the cis-acting post-translational enhancer
W-PRE (Woodchuck hepatitis post-transcriptional regulatory element) was added
downstream of the tetracycline inducible cassette (Donello et al. 1998; Lee et al. 2005).
The control vector iGFP is identical with iPRAS40 but lacks the Pras40 gene and the
P2A sequence downstream of TetO (Fig. 3) (Velica et al. 2015).
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Figure 3 | Maps of doxycycline-inducible retroviral vectors iPRAS40 and iGFP. The
PSERS based iPRAS40 vector encodes Pras40 connected with a P2A sequence to GFP
and contains the following further essential components: LTR: long terminal repeat,
TetO: tetracycline operator, hPGK: human phosphoglycerate kinase, rtA2-M2: optimised
reverse tetracycline-controlled transactivator, FMD-2A: foot-and-mouth disease 2A
sequence; P2A: picornavirus 2A sequence, Q8: truncated human CD34 (QBendl10
epitope) linked to a CD8a stalk, W-PRE: Woodchuck hepatitis post-transcriptional
regulatory element. The control vector iGFP is identical with iPRAS40 but lacks the
Pras40 and P2A sequences upstream of GFP. The Q8 tag is used to determine
transduction efficiency while GFP is the marker for induction.

For the generation of retrovirus the following plasmids were produced in Escherichia coli
DH5a: the iPRAS40 and iGFP expression vectors which were kindly supplied by Pedro
Velica (Royal Free Hospital, London, UK), the PegPam plasmid which contains Gag and
Pol structural genes and the pMono-Eco plasmid which encodes the ecotropic viral
envelope gene, both kindly supplied from Fred Arce and Claire Roddie (UCL Cancer
Institute, London, UK).

To produce iGFP and iPRAS40 retroviral particles, 9x10° Ph-Eco cells were plated in 14
cm dish in 20 ml IMDM (Sigma) supplemented with 10 % FCS, 100 units/100 pg
Penicillin/Streptomycin per ml and 2 mM L-Glutamine and incubated at 37 °C (day 1).
After 24 hours the cells were ready to be transfected if they had reached ~70-80%
confluency, were fully attached and had formed visible protrusions. Per 14 cm plate,
8.69 ug expression plasmid (iGFP or iPRAS40), 8.69 pg PegPam plasmid and 4.34 ug
pMono-Eco plasmid were mixed with 702 pl TE buffer (10 mM Tris-HCI (Sigma), 1 mM
EDTA (Sigma) in dH.0O, pH adjusted to 8.0 with HCI) in one tube while in a second tube
65 pl Fugene (Promega) was carefully added to 724 pl of Optimem (Gibco). The DNA
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mixture was added to the Fugene and Optimem solution and left to incubate for 15 min
at room temperature. The transfection mix was then added dropwise to the Ph-Eco cells
and returned to incubate at 37 °C (day 2). After 16 hours, the transfection medium was
carefully removed and replaced with 20 ml supplemented IMDM (day 3). After 24 hours,
the transfected cells were transferred into a 32 °C incubator and left to produce virus for
another 24 hours (day 4). On day 5, the retrovirus-containing supernatant were
harvested and pooled if several 14 cm plates were used.

To concentrate the retrovirus, the supernatants were filtered through a 0.45 pm
polyethersulfone (PES) filter (Sartorius) and mixed and processed with Retro-X™
Concentrator (Clontech) according to the manufacturer’s guidelines. After incubation
overnight at 4 °C and centrifugation at 1,500 x g for 45 minutes at 4 °C, the retrovirus-
containing pellet was carefully resuspended in 1/10 or 1/50 of the original volume using
fresh supplemented RPMI (day 6). Immediately afterwards, the retroviral solutions were

quickly transferred to storage at -80 °C in appropriate, single-use aliquots (1.5 ml—5 ml).

3.6.4 Transduction of CD4*Trpl T cells

For the transduction of primary CD4*Trp1 T cells, non-tissue culture (TC)-coated 24 well
plates were coated with RetroNectin (Takara): the 1 mg/ml RetroNectin stock solution
was aliquoted in small volumes and kept for single-use at -20°C. The RetroNectin was
thawed and diluted in sterile dH>O to a working concentration of 25 pg/ml. To coat the
wells, 0.5 ml of the 25 pg/ml RetroNectin solution were added per well of the sterile, non-
TC-coated plate. After sealing the plate with parafilm, it was either left overnight at 4°C
or for a minimum of 3 hours at room temperature until immediate use.

Lymphocytes were isolated from Trpl SRT, TRP1 LUC or TRP1 FoxDTR mice according
to 3.4.3 Lymphocyte isolation and adoptive cellular transfer (day 1). After the CD4* T cell
selection, the T cells were stimulated with exogenous DCs (see 3.6.1 Preparation of
cellular components for ex vivo and in vitro assays), 2 pM TRP1 peptide and 10 u/ml
human recombinant IL-2 (Peprotech). The cells were mixed at a ratio of 2-3 CD4* T cell
to 1 DC then plated out at 2x10° cells per well (1 ml/well) in a TC treated 24 well plate or
at 29.8x10° cells/ml in 5 ml supplemented RPMI in an 6 cm plate and incubated for 24
hours at 37°C. On day 2, the RetroNectin solution was transferred into the same number
of wells of a new non-TC-treated 24 well plate which was then sealed with parafilm and
kept at 4°C for future use within 30 days. This recycling could be performed twice,
yielding a total of 3 uses from the same RetroNectin solution. Immediately after removing

the RetroNectin solution from the now-coated plate, the wells were blocked with a sterile-
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fitered BSA blocking solution (2 % BSA (Sigma) in PBS) for 30 minutes at room
temperature. The wells were washed twice with PBS and left covered in PBS at room
temperature until the plate was used. Throughout this process, treat care was taken to
avoid letting the RetroNectin coated wells stand dry. The activated cells were carefully
removed from the TC plates and resuspended in fresh supplemented RPMI with 100 u/ml
IL-2 (day 2) at a concentration of 4x10°8 cells/ml. An appropriate amount of retrovirus
solution was quickly thawed and kept on ice for immediate use. After removing the PBS
from the RetroNectin covered wells, 10 pl (50x concentrated virus) or 50 pl (10x
concentrated virus) retrovirus solution were placed directly onto the surface of the well,
quickly followed by 500 pl of the cell suspension (2x10° cells). The plate was sealed with
Parafilm and transferred into a 32°C preheated centrifuge to spin at 800 x g for 90
minutes without break. After the centrifugation, 500 ul of supplemented RPMI with
100 u/ml IL-2 were added to each well and the cells were incubated at 37°C for 3 days.
Throughout this period the cells were checked regularly and when the medium turned
yellow the wells were topped up to 2 ml with fresh supplemented RPMI with 100 u/ml IL-
2. As soon as the medium changed colour after that, 1 ml was carefully removed from
the surface of the wells and replaced with 1 ml of fresh supplemented RPMI with 100 u/ml
IL-2. This process was repeated as often as necessary throughout the 3 days to keep
the proliferating T cells supplied with nutrients and IL-2.

3.7  Statistical analyses

Data were analysed using Excel (Microsoft Office) and Prism 5.0 (GraphPad Software,
Inc.). The statistical significance was determined by a Student’s t test (between two
groups or conditions) or one-way analysis of variance (ANOVA) with a Bonferroni post-
hoc test (three or more groups or conditions). The data from survival experiments were
analysed with the Kaplan-Meier method and a log-rank (Mantel-Cox) test was performed
to calculate statistical differences between survival curves. P values below 0.05 were
considered statistically significant with significance increasing accordingly: * : P < 0.05,
*:P<0.01,**:P<0.001, ***: P <0.0001.
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3.8 Gene array analysis

3.8.1 General set up, principle component analysis and heat map

generation

The labels of the experimental groups were set as follows: Killer.TIL and Killer.LN
represent the gene expression data of killer (RT + CD4*Trp1 + aCTLA-4) CD4*Trpl T
cells isolated from either tumour (TIL) or axillary, brachial and inguinal lymph nodes (LN).
In the same manner, helper and tolerant CD4*Trp1 T cell gene expression sets from the
tumour or the lymph nodes were labelled Helper.TIL, Helper.LN and Tolerant.LN. The

gene array data set originating from naive CD4* T cells was called naive.TRP1.

The microarray data from the GeneChip® Mouse Genome 430 2.0 Array was analysed
by Masahiro Ono, John Ambrose and myself using the statistical programming language
R (R Core Team 2013) with the Bioconductor packages limma (Linear Models for
Microarray Data), affy, mouse4302.db and affyQCReport as well as the CRAN (The

Comprehensive R Archive Network) packages gplots and ade4.

To normalise the expression data and correct background noise the RMA (robust
multichip averaging) algorithm of affy was used (Gautier et al. 2004). The package
mouse4302.db (Carlson 2011) was utilised to annotate the expression data and quality
control was performed using affyQCReport (Parman et al. 2011). For statistical weighting
and analysis of the microarray data, thus to assess the differential expression of genes
between the different experimental groups, the functions scalewt of ade4 (Chessel &
Dufour 2004; Dray & Dufour 2007; Dray et al. 2007) and ImFit, topTable and eBayes of
limma (Smyth 2004; Ritchie et al. 2015) were employed. This computation yielded a total
of 7228 significant genes from the following comparison sets: KillerVsHelper.TIL,
KillerVsHelper.LN and KillerVsTolerant.LN. The set KillerVsHelper.TIL, for instance,
includes all genes whose expression values were significantly up- or downregulated in
the Killer. TIL data set in comparison to the Helper.TIL data set. The other two
comparison sets (KillerVsHelper.LN and KillerVsTolerant.LN) were established in an

analogous manner.

For the computation of a Principle Component Analysis (PCA) Masahiro Ono used the
function dudi.pca of ade4. To create the heat map analyses John Ambrose used the
functions heatmap.2 and breaks from the CRAN package gplots (Warnes et al. 2012).
The data was first normalised by subtracting the mean expression of each probe set

(gene) from the expression value of each individual sample. The expression values were
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then scaled by dividing the standardised values by the standard deviation across all
samples. In the heat maps, the scaled expression value (Row Z-Score) is illustrated in a
red and green colour scale, red denoting high and green low expression of the respective
gene. If there were multiple probes for one gene on the microarray, the probe set with
the largest signal variance was used to analyse and display the respective gene.

Despite the normalisation of expression values a few outliers, i.e. random aberrant very
high or very low expression values, persisted. As these deviating values would determine
the limits for the colour scale, the outliers would cause the colour spectrum to stretch
and the majority of the data to appear faint on the heat map and conceal changes in
gene expression. Therefore the limits of the Row Z-Score (colour scale) were customised
to include 95 % of the data and set a cut off for the 5 % which of aberrantly high/low
expression values. Extreme values are displayed in the colour of the highest or lowest
expression value of the 95 %. For instance, an aberrant expression value of 5 in an
analysis in which 95 % of the data falls in the Row Z-Score range of -3 to 3 will be
displayed in the same colour as an expression value of 3. This colour scale customisation

was performed using the breaks function.

3.8.2 Canonical Correspondence Analysis of Microarray data (CCAM)

Masahiro Ono created several Canonical Correspondence Analyses on Microarray data
(CCAM). CCAM is an adaptation of CCAM which allows simultaneous analysis of two
microarray data sets and was performed as previously described (Ono et al. 2013). For
the computation of the different CCAMSs, several microarray data sets from the ImmGen
database were used (Heng et al. 2008). As some of the InmGen datasets originated
from a different platform, normalisation across two platforms by the function
virtualArrayExpressionSets of the Bioconductor package virtualArray was required to

merge the data sets into a virtual array to be able to compute CCAM (Heider & Alt 2013).

For the CCAM of ‘CD4* and CD8" likeness’ the 7228 differentially expressed genes were
analysed in context with two ImmGen gene expression data sets from subcutaneous B16
tumour infiltrating CD8* (CD4~ TCRB* CD45*, T.8.T1.B16) and CD4* T cells (CD8~ TCRB*
CD45*, T.4.TI1.B16) from 6 week old C57BL/6 mice; for this CCAM T.8.TI.B16 -

T.4.TI1.B16 was used as explanatory variable.

For the CCAM of tolerant, helper and killer CD4*Trpl in context with CD8" differentiation
phenotypes (effector, memory), several InmGen datasets encompassing the genetic

signature of OT-1 CD8* T cells from different time points of the response against the
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Ovagsr26a peptide SIINFEKL from ovalbumin encoded by Vesicular Stomatitis
Virus (VSV-ova) were used. For the generation of these datasets, adoptively transferred
OT-I CD8* T cells were isolated from the spleen of 6-week old C57BL/6J mice 5 days
(T.8Eff.Sp.OT1.d5.VSVOva, GEO accession no. GSM538388, GSM538389,
GSM605897), 6 days (T.8Eff.Sp.OT1.d6.VSVOva, GEO accession no. GSM538389,
GSM538390, GSM538391), 8 days (T.8Eff.Sp.0T1.d8.VSVOva, GEO accession no.
GSM538392, GSM538393, GSM538394) or 15 days (T.8Eff.Sp.0T1.d15.VSVOva, GEO
accession no. GSM538385, GSM538386) after virus inoculation.

4 Results

4.1 Establishment of a model to study the function and

plasticity of tumour reactive CD4*Trpl T cells in vivo

Our lab previously demonstrated that a triple therapy with lymphopenia, adoptive cellular
transfer of CD4*Trp1 cells and aCTLA-4 treatment results in complete eradication of
established B16/BL6 melanoma lesions and long term protection (Quezada et al. 2010).
In order to characterise and dissect the cytotoxic activity of these CD4* T cells, a novel
in vivo model was established which allows the analysis of the cytotoxic CD4*Trpl T
cells in juxtaposition to tolerant and helper CD4* T cell phenotypes.

Three different treatments were applied to B16/BL6 melanoma bearing mice to promote
different functionalities of tumour reactive CD4" cells.

To generate a hyporesponsive (tolerant) CD4* phenotype, we chose to perform adoptive
transfer of CD4"Trp1 T cells into tumour bearing animals without further treatment as
preliminary data from our laboratory suggested that transferred CD4*Trp1 T cells in this
experimental set up expanded but then rapidly contracted and did not display any anti-
tumour activity. We hypothesised that this effect is due to anergy or peripheral tolerance
and considered this CD4* T cell population a highly contrasting subset to compare with
the particularly active cytotoxic CD4" phenotype.

To compare the killer CD4* T cells with a ‘conventional’ helper CD4* phenotype, a
combination of the tumour cell based vaccine GVAX and aCTLA-4 was used. GVAX
consists of B16/BL6 cells which are genetically engineered to secret Granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Dranoff et al. 1993; Huang et al. 1994).
The cells are lethally irradiated (150 Gy) prior to injection intradermally where the residual

GM-CSF secretion recruits antigen presenting cells (APCs) such as granulocytes,
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macrophages, and dendritic cells to the vaccination site (Dranoff et al. 1993; Mach et al.
2000). The APCs are promoted to take up irradiated tumour cells and cell debris for
antigen presentation in MHC Il and cross-presentation in MHC |, leading to increased
priming of B16 melanoma reactive CD4" T cells and CD8" respectively (Huang et al.
1994; Quezada 2006). GVAX therapy was shown to successfully promote prophylactic
immunity to B16 melanoma and combination with aCTLA-4 results in tumour rejection;
this strong anti-tumour effect, however, was only reported when aCTLA-4 and GVAX
were given earlier (day 3) after a much lower tumour challenge (1.2x10%) than in this
study (Dranoff et al. 1993; Quezada 2006).

The therapy of adoptive transfer of CD4*Trpl T cells together with GVAX and aCTLA-4
was chosen to generate a comparable ‘traditional’ CD4* helper T cells as preliminary
data from our laboratory and a recently published report suggests that this therapy
induces CD4" helper activity, but not cytotoxicity, and contributes to tumour protection
(Simpson et al. 2013).

To generate the phenotypically diverse CD4* T cells 6-8 week old, male C57BL/6 mice
were challenged with 2.5x10° B16/BL6 melanoma cells intradermally (i.d.) on one flank
on day 0; by day 8 the tumours were established lesions of 3-6 mm in diameter.

For a hyporesponsive (tolerant) CD4* T cell phenotype the tumour bearing mice received
6x10* naive CD4*Trpl T cells purified from Trpl mice intravenously (i.v.) on day 8 and
no further additional treatment.

To promote a helper phenotype, the mice received 1x10° cells of the previously irradiated
cellular vaccine GVAX i.d. and 200 pg aCTLA-4 (9H10) intraperitoneally (i.p.) following
the same CD4*Trp1 transfer on day 8. Additionally, 100 uyg aCTLA-4 were injected on
day 11 and 14.

For the generation of cytotoxic (‘killer’) CD4*Trp1 cells, tumour bearing mice were treated
according to the original report by Quezada et al: animals were lymphodepleted prior to
adoptive transfer of CD4*Trpl1 with 5 Gy full-body irradiation (radiation therapy, RT) and
received 200 pg of aCTLA-4 i.p. after the injection of T cells on day 8. Furthermore, mice
were also injected twice with 100 ug aCTLA-4 on day 11 and 14 (Quezada et al. 2010).

The three treatments are summarised in figure 4.
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Figure 4 | Experimental set up for the in vivo generation of the three different CD4*
phenotypes — tolerant, helper and killer CD4" T Cells. The different treatments of the
B16/BL6 tumour bearing C57BL/6 mouse give rise to three disparate phenotypes:
hyporesponsive (tolerant), helper and cytotoxic (killer) CD4* T cells. C57BL/6 mice were
challenged with 2.5x10° B16/BL6 tumor cells intradermally (i.d.) on the flank on day 0.
For the generation of the killer CD4* T cells, the mice were lymphodepleted on day 8
with 5 Gy total body irradiation (radiation therapy, RT). On the same day, killer and helper
groups received 6x10* purified CD4*Trpl T cells intravenously and were injected
intraperitoneally (i.p.) with 200 pg aCTLA-4 (9H10) and received further injections of
100 pg aCTLA-4 on days 11 and 14. For the helper phenotype, mice were additionally
injected i.d. on the opposite flank to the tumour with 150 Gy irradiated 106 GVAX, a
cellular vaccine based on GM-CFS secreting B16/BL6 cells on day 8, 11 and 14. The
‘tolerant’ phenotype group received only the adoptive cellular transfer of 6x10* purified
CD4*Trpl cells. Mice were sacrificed on day 17 and the lymphocytes were extracted
from tumour and peripheral (axillary, brachial, inguinal) lymph nodes for functional

analysis.

4.1.1 Tolerant, helper and Kkiller tumour reactive CD4*Trpl T cells

generated in vivo exhibit different phenotypic properties

To study the phenotypic differences between tolerant, helper and killer CD4*Trp1 T cells,
tumour bearing mice treated with the three different therapies (Fig. 4) were sacrificed 9
days after treatment. T cells were isolated separately from tumours and axillary, brachial
and inguinal lymph nodes and were stained with fluorescently labelled monoclonal
antibodies and analysed by flow cytometry either immediately or after a 4 hour
restimulation with exogenous DCs and TRP1 peptide. Additionally, tumour growth,
survival and infiltration of T cells into the tumours were measured.

To simplify and for the purpose of clarity and consistency, CD4*Trp1 T cells isolated from

lymph nodes and tumours from mice receiving the ‘killer’ therapy, i.e. 5 Gy radiation (RT),
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6x10* naive CD4*Trp1 T cells and aCTLA-4 injection, will henceforth be referred to as
cytotoxic/killer CD4*Trpl T cells. This designation does not imply that 100 % of these
cells show expression of Granzyme B (GzmB) but relates to the ability of this particular
treatment to induce upregulation of GzmB and cytotoxic potential in these CD4" T cells
leading to the eradication of established melanoma in mice (Quezada et al. 2010).
Correspondingly, CD4*Trp1 T cells isolated from mice receiving the ‘helper’ treatment
(CD4*Trp1 T cells, GVAX and aCTLA-4) will be referred to as helper CD4*Trpl T cells,
although not 100 % of the isolated lymphocytes display a specific Thl FACS profile; and
CD4*Trpl T cells from mice receiving only CD4*Trpl adoptive transfer will be called
tolerant CD4*Trpl1 T cells.

In keeping with previous published data (Quezada et al. 2010), the treatment consisting
of lymphodepletion, CD4*Trp1 T cell adoptive transfer and aCTLA-4 promoted long-term
survival without relapse and eradication of the B16/BL6 tumour within 15 days of
treatment (Fig. 5 A, B). Treatment of the tumour bearing mice with CD4*Trpl T cell
transfer alone (‘tolerant’) or T cell transfer, GVAX and aCTLA-4 (‘helper) failed to control
tumour growth and induce rejection, resulting in poor survival (Fig. 5 A, B).

Historically, the poorly immunogenic B16 melanoma fails to be controlled and cleared by
the endogenous immune compartments alone (Leveson et al. 1979) and also this study
showed only low infiltration by endogenous effector lymphocytes with all three treatments
(Fig. 5 E). The exceptionally low intratumoural CD8" and CD4" effector and regulatory
lymphocyte count in the killer condition (RT + Trp1 + aCTLA-4) is most likely, at least in
part, due to the lymphodepletion 9 days prior to analysis of the tissue. Mice which did
not receive radiation therapy but instead were treated with either CD4*Trp1 T cell transfer
alone (tolerant) or T cell transfer, GVAX and aCTLA-4 (helper) displayed similar numbers
of endogenous Foxp3  CD4* effector and CD8* T cells (Fig. 5 E). However, a lower
Foxp3* CD4" regulatory T cell number was found in mice receiving the helper treatment
(Fig 5 E); this was expected as we recently published that aCTLA-4 mediates selective
depletion of regulatory T cells by macrophages in the tumour (Simpson et al. 2013). As
shown in (Quezada et al. 2010), this depletion of Tregs is also observed in the Kkiller
condition and contributes, alongside the lymphodepletion, to the low Trpl regulatory T
cell number in the tumour (Fig. 5 E).

CD4*'Trpl effector T cells successfully infiltrate the tumour when transferred into
lymphodepleted, tumour bearing animal along with aCTLA-4 (Fig. 5 C). In contrast, the
adoptive transfer of CD4*Trp1 T cells alone (tolerant) or alongside GVAX and aCTLA-4
(helper) failed to induce potent infiltration and/or accumulation of the melanoma specific

CD4* effector T cells in the tumour (Fig. 5 C). The low humber of endogenous and Trpl
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Tregs and accumulation of CD4*Trp1 effector T cells in the tumour treated with the ‘killer’
therapy result in a high CD4"Trp1 efftotal Treg (endogenous and Trp1) ratio (Fig. 5 D)
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Figure 5 | Killer, but not tolerant and helper CD4*Trp1 T cells promote survival and
decrease B16/BL6 melanoma burden by infiltration of high numbers of CD4*Trp1
effector and low numbers of regulatory T cells. The three adoptive cellular therapy
treatments (tolerant: CD4*Trpl transfer, helper: CD4*Trp1 transfer + GVAX + aCTLA-4
and killer: RT + CD4*Trp1 transfer + aCTLA-4) have different impacts on the survival,
tumour growth and CD4* effector and regulatory T cell infiltration. Treatments as
described in Fig. 4. A: mean tumour growth of mice receiving the three different T cell
treatments. B: survival of B16/BL6 tumour bearing C57BL/6 mice following different
treatments. C: Quantification of the absolute number of Foxp3~ CD4'Trpl effector cells
per gram tumour. D: ratio of intratumoural Foxp3~ CD4'Trpl effector cells over the
number of total Foxp3* Tregs (Trpl and endogenous). E: Quantification of the absolute
number of endogenous CD8, Foxp3~ CD4" effector and Foxp3* CD4" regulatory T cells
per gram tumour. Presented is representative data from one of three independent
experiments, n = 3-6 mice per group. Numbers of tumour infiltrating T cells were
calculated as described in Materials and methods. A one way ANOVA with a Bonferroni
post-test was performed to calculate statistical differences between groups, * : P < 0.05,
**:P<0.01, " : P<0.001.
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which has previously been shown to be favourable for overall survival (Quezada & Peggs
2011).

Correspondingly, the higher number of endogenous and CD4*Trp1 regulatory T cells and
low CD4*Trpl effector accumulation observed in tumours treated with ‘tolerant’ or ‘helper’

treatment regime lead to an unfavourable, significantly lower ratio of Teff/Treg (Fig. 5 C).

To characterise and assess the functional phenotype of the cytotoxic CD4*Trpl T cells
in comparison to their helper and tolerant counterparts, T cells isolated from tumours and
lymph nodes were stained for multi-colour flow cytometry analysis. Granzyme B (GzmB)
expression was analysed as well as Thl and Th2 specific transcription factors T-bet and
Gata3, Ki67 as a proliferation marker and inflammatory cytokines restimulation of the
CD4*Trpl T cells with their cognate antigen.

In keeping with published data (Quezada et al. 2010), a high proportion (67.6 %) of killer
CD4*Trpl effector T cells expressed GzmB in the tumour while only 33 % of tumour
infiltrating helper CD4*Trpl expressed the cytotoxicity marker (Fig. 6 A). Cytotoxic
activity of killer CD4*Trp1 effectors was further verified by assessment of the expression
of degranulation markers CD107a/b (LAMP-1/2) after re-stimulation: ~91 % of tumour
infiltrating killer T cells expressed both degranulation markers while only up to 37 % of
peripheral CD4*Trpl effectors from the lymph nodes displayed degranulation (Fig. 6 B).
Tolerant CD4*Trpl isolated from the tumour showed low cytotoxic activity based on
GzmB expression ex vivo (up to 16.5 %) (Fig. 6 A) and did not secrete the Thl cytokines
IFNy, IL-2 and TNF-a after restimulation with their cognate antigen (Fig. 6 E-G). However,
varying proportions of tumour infiltrating killer and helper CD4*Trpl effector cells
expressed all three effector cytokines (Fig. 6 E-G). As published, killer CD4*Trpl cells
displayed high levels of Thl cytokine secretion (Quezada et al. 2010), while the
frequency of helper CD4*Trp1 T cells expressing IFNy, IL-2 and/or TNFa was
significantly lower (Fig. 6 E-G).

The three different treatment regimens also influenced the in vivo proliferative status of
the CD4"Trpl effector T cells in the tumour: based on Ki67 expression, hyporesponsive
(‘tolerant’) CD4*Trpl cells displayed only a low proliferation rate whereas 90-95 % of
both helper and killer CD4*Trp1 T cells were found to be highly proliferative (Fig. 6 C).
Further analysis of the three subsets revealed differences in the expression of Thl and
Th2 lineage specific transcription factors T-bet and Gata3 but none of the groups
displayed a specific Th1l or Th2 commitment. The tolerant CD4*Trp1 in the tumour were
a mixed population with up to 13 % of the cells being either T-bet* or Gata3* (single
positive, dark and light grey) and 26 % T-bet® Gata3* (double positive, white, dotted)
cells (Fig 6 D). Interestingly, there was less variability in the killer and helper CD4*Trpl
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Figure 6 | Tumour infiltrating tolerant, helper and killer CD4*Trpl display
phenotypic differences by proliferation, transcription factor and effector molecule
expression. Foxp3~ CD4'Trpl effector T cells isolated from B16/BL6 tumours treated
with either the tolerant, helper or killer therapy (treatments as described in Fig. 4) differ
in GzmB expression, proliferation, cytokine secretion after re-stimulation and Th1/Th2
specific transcription factor expression. A: GzmB expression of Foxp3~ CD4*Trpl
effector T cells after isolation from B16/BL6 tumours. B: Expression of degranulation
markers CD107a and CD107b on CD4'Trpl effectors from the periphery (LN) and
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tumour (TIL) after re-stimulation ex vivo for 4 hours. C: Expression of proliferation marker
Ki67 on Foxp3~ CD4'Trpl effector T cells after isolation from B16/BL6 tumours. D:
Expression pattern of Thl and Th2 specific transcription factors T-bet and Gata3 on
Foxp3~ CD4*Trpl and endogenous CD4* effector T cells after isolation from B16/BL6
tumours. T-bet+ and Gata3+ (light and dark grey) represent cells expressing only one or
the other transcription factor. E-G: Expression of IFNy, IL-2 and TNF-a of tumour
infiltrating Foxp3~ CD4*Trpl effector T cells after re-stimulation ex vivo for 4 hours.
Presented is representative data from one of three independent experiments, n = 3-6
mice per group. A one way ANOVA with a Bonferroni post-test was performed to

calculate statistical differences between groups, *: P <0.05, **: P<0.01, ***: P <0.001.

T cells with the vast majority of the tumour infiltrating cells co-expressing both Thl and
Th2 transcription factors (Fig 6 D). Lower numbers of helper CD4*Trpl T cells were
single positive for only one of the transcription factors (up to 12 % T-bet*, 7% Gata3*)
whereas 95 % of killer CD4*Trpl T cells expressed T-bet and 75 % of these co-
expressed Gata3 (Fig 6 D). The endogenous effector CD4* compartment only co-
expressed Gata3 and T-bet in up to 12 % of tumour infiltrating cells while the majority
(up to 65 %) did not express either of the transcription factors (Fig. 6 D).

Despite of the CD4* T cells having an identical specificity through carrying the same T
cell receptor (TCR), this study demonstrates that different therapeutic interventions can
have a tremendous impact on the differentiation of the CD4*Trpl T cells in vivo. The
three types of melanoma specific T cells presented in this work do not only display
differences in phenotype and effector function but also their ability to proliferate and be
recruited or infiltrate the tumour site efficiently and eradicate the melanoma lesion.
Collectively, this data supports this model of generating tolerant and helper CD4* T cell
phenotypes in juxtaposition to the described cytotoxic CD4*Trpl T cells. The availability
of this practical model will prove advantageous for further analysis of the cytotoxic CD4*
phenotype and understanding of the mechanisms underpinning the in vivo differentiation

of tumour reactive T cells into different effector subsets

4.2  Gene expression profiling of tumour reactive killer T cells
reveals significant differences to naive, tolerant and
helper CD4'Trpl T cells

In order to characterise of the molecular components such as transcription factors,

important signalling pathway enzymes or effector molecules that contribute and control
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the potent cytotoxic phenotype of the CD4*Trpl T cells, a microarray was performed.
The analysis of the transcriptomes of CD4" cells from naive Trpl mice and CD4'Trpl
cells from tumour and lymph nodes of the tolerant, helper and killer condition treated
mice allows a comparison between the subsets but also between the two sites, which
correlates with different degrees of activation, within a subset (e.g. CD4*Trpl killer T
cells in the lymph node vs CD4"Trp1 killer T cells in the tumouir).

Having several phenotypically diverse subsets as comparison to the killer CD4* T cells
allows a broader and more realistic analysis of the subsets and the genes involved in the
differentiation of the cytotoxic CD4*Trpl T cells than a simple comparison between highly

activated killer and antigen-inexperienced naive T cells.

The microarray of choice was the GeneChip® Mouse Genome 430 2.0 Array which
allows the simultaneous analysis of over 39,000 transcripts (Affymetrix® 2004). C57BL/6
mice were injected with 2x10° B16/BL6 cells followed by 5x10% - 8x10* purified naive
CD4*Trpl FoxGFP cells 9 to 10 after tumour challenge. As previously described, the
mice of the tolerant group were left untreated while the mice were irradiated prior to T
cell transfer to promote the killer phenotype or vaccinated with GVAX for the helper
phenotype (see chapter 4.1). Additionally, the helper and killer groups received 200 ug
aCTLA-4 (9H10) on days 10, 13 and 16. The lymph nodes and tumours were dissected
8 days after therapy and the T cells were sorted for CD4*Trpl effectors (CD4*GFP-
CD45.1%). Naive CD25~ GFP~ CD4*Trp1 cells were isolated from lymph nodes of Trpl
FoxGFP mice and RNA for the array was isolated from the purified CD4*Trp1 cells of the
different conditions.

The different CD4* samples in the following analyses are termed based on the treatment
cohort and site of origin: CD4" T cell subset (tolerant, helpers, killers, naive) from tumour
(TIL) or lymph nodes (LN).

As the first analysis, principal component analysis (PCA) was performed using the
unfiltered expression values of all subsets. For the computation of PCA the function
dudi.pca of CRAN package ade4 was used. PCA showed a favourable separation of the
T cell subsets and hence indicated a good quality gene profiling with low gene expression
variability amongst triplicates (Fig. 7). Furthermore, PCA demonstrated qualitatively that
killer CD4*Trpl T cells isolated from the tumour or lymph nodes were highly distinct from

naive, tolerant and helper CD4*Trpl T cells.

58



e . PC2 Figure 7 | Tumour infiltrating
MR 0.7
Ncwﬁ CD4*Trpl effector T cells from the

killer condition are transcriptionally

KnllaTlL
Knlls‘1ﬁTlL

distinct from CD4*Trpl cells from
naive TRP1 mice and the tolerant
and helper condition. 3D PCA plot of

the different phenotypically diverse

*:W%\.‘N —_— ‘_04 CD4 subsets (tolerant, helpers, killers,

Hel@m O gs naive) from different sites (tumour

§E::::::E“L H%@Hu (TIL) and lymph nodes (LN)) using the
OHZ:S::?I& / gene expression values from the
:Lc:s;a?éélN pc1/ GeneChip® Mouse Genome 430 2.0

0.8

Array. C57BL/6 mice were challenged
with B16/BL6 and treated with killer, helper and tolerant regimens as described in chapter
4.1. Mice were sacrificed 8 days after adoptive transfer and RNA was isolated from GFP-
CD4*Trpl effector cells and used for the GeneChip® Mouse Genome 430 2.0 Array.
Naive GFP~ CD4"Trpl cells were isolated from lymph nodes of Trpl FoxGFP mice. n=8-

10 mice per group. Experiments were performed in triplicates.

4.2.1 Transcriptome analysis of killer CD4*Trpl TILs reveals a mixed Th
and CD8* CTL phenotype

In order to investigate the phenotype of the killer CD4*Trp1 further and examine potential
similarities to CD4* helper subsets and CD8* T cells, the expression values of key
transcription factors, effector molecules and cell-type specific markers of ThO, Thl, Th2,
Th9, Th17, Th22, follicular helper (Tfh) and regulatory CD4* T cells (Treg) as well as

cytotoxic CD8" T cells were analysed.

To provide a comprehensive overview, the different T cell subsets are presented as heat
map analyses, each depicting a panel of genes encoding characteristic markers for each
subset. For this analysis the functions heatmap.2 and breaks of the CRAN package
gplots were used in R. In the heat maps, the scaled expression value (Row Z-Score) is
illustrated in a red and green colour scale, red denoting high and green low expression

of the respective gene.
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It is important to note that as the expression values were standardised per individual
probe set (gene), the expression values of a gene can be compared across samples but
the expression levels cannot be directly compared between genes.

In the heat maps each column represents a sample, for instance ‘Tolerant.LN1’ denotes
the microarray data from CD4" T cells which were isolated from lymph nodes (LN) from
mice of the tolerant cohort from experiment 1 out of 3, and each row represents a probe

set corresponding to a specific gene.

4.2.1.1 Examination of ThO, Thl and Th2 marker expression

Killer CD4*Trpl in the tumour (Killers.TIL1/2/3) and in the periphery (Killers.LN1/2/3)
show higher expression of Zbtb7b, which encodes CD4" lineage transcription factor
ThPok, than tolerant, helper and even naive CD4*Trpl T cells (Fig. 8). Between the two
killer groups (LN and tumour), Zbtb7b expression was higher in the tumour infiltrating T
cells than in the periphery. This suggests that the acquired cytotoxic phenotype was not

caused by the loss of the CD4* lineage specific transcription factor.

Emphasising the highly plastic phenotype of the cytotoxic CD4*Trpl T cells, ThO related
cytokines such as TNF-a (encoded by Tnf) and —8 (Lta), IFNy, IL-13, IL-2, IL-3, IL-4, IL-
5, IL-6 and GM-CSF (Csf2) were highly expressed in the tumour infiltrating Killer
CD4*Trpl (Fig. 8). But not only cytotoxic CD4*Trpl T cells but also helper CD4*Trpl
TILs (Helpers.TIL1/2/3) showed upregulation and comparable expression of GM-CSF,
IFNy, IL-2, IL-3, IL-5 and IL-13 to the CD4" killer T cells in the tumour which points to a
possible involvement of the tumour microenvironment on cytokine expression of
CD4"Trpl. IL-4 and IL-6 expression, however, was significantly increased on killer TILs

while TNF-B expression was highest in helper TILs.

When examining the expression of characteristic Thl makers, killer CD4*Trpl T cells in
the tumour display a striking Thl-like expression pattern (Fig. 8): Thl lineage
transcription factor T-bet (encoded by Thx21) expression was elevated at a similar level
across killer CD4*Trpl T cells from lymph nodes and tumour and helper TILs and was
only slightly reduced in tolerant and helper CD4*Trpl T cells in the periphery (LN).

Similarly, IRF4 expression was increased in killer TILs and the other differentiated T cell
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Figure 8 | Heat map analysis of microarray data using a panel of genes encoding
ThO markers and CD4* T cell lineage marker ThPok. Displayed are genes encoding
ThPok (Zbtb7b), GM-CSF (Csf2), IFNy (Ifng), IL-13 (1113), IL-2 (112), IL-3 (1I13), IL-4 (114),
IL-5 (1I5), IL-6 (116), TNF-B (Lta) and TNF-a (Tnf). Colour coding is used to display high

(red) and low (green) expression of a genes across the experimental groups: tolerant,

Tolerant.LN3

helper, killer and naive CD4*Trpl effector T cells extracted from tumour (TIL) or lymph
nodes (LN) from treated mice (treatment regimens as described in chapter 4.1). Mice
were sacrificed 8 days after adoptive transfer and RNA was isolated from GFP-
CD4*Trpl effector cells and used for the GeneChip® Mouse Genome 430 2.0 Array.
Naive GFP~ CD4*Trp1 cells were isolated from lymph nodes of Trpl FoxGFP mice. n=8-

10 mice per group. Experiments were performed in triplicates, each indicated by 1/2/3.

subsets (tolerant, helper) except for naive CD4*Trpl T cells. Ets transcription factor ERM
(encoded by Ermn) expression was upregulated in killer CD4*Trpl in the tumour and LN
and slightly lower in helper TILs. Also STAT4 expression was upregulated on killer and
helper TILs but also in tolerant CD4*Trpl T cells. Transcription factor HLX was
significantly upregulated in killer TILs in comparison to helper TILs and killer CD4*Trp1
T cells from the LN (Fig. 9). The specific high expression of these transcription factors
on tumour infiltrating CD4*Trp1 T cells suggests a potential importance for these proteins
for the development and/or maintenance of the cytotoxic CD4* phenotype.
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Figure 9 | Heat map analysis of microarray data using a panel of genes encoding
Th1l markers. Displayed are genes encoding GM-CSF (Csf2), chemokine receptors
CCRS5 (Ccr5) and CXCR3 (Cxcr3), CD226 (Cd226), ERM (Ermn), TIM3 (Havcr2), HLX
(HIx), IFNy (Ifng), IFNy R2 (Ifngr2), IL-10 (1110), IL-12R (l112rb2), IL-2 (lI2), IL-27 R-
a/WSX-1 (l127ra), IL-3 (113), IRF4 (Irf4), TNF-B (Lta), Chandra (Ms4a4b), STAT4 (Stat4),
T-bet (Tbx21) and TNF-a (Tnf). Colour coding is used to display high (red) and low
(green) expression of a genes across the experimental groups: tolerant, helper, killer and
naive CD4"Trpl effector T cells extracted from tumour (TIL) or lymph nodes (LN) from
treated mice (treatment regimens as described in chapter 4.1). Mice were sacrificed 8

days after adoptive transfer and RNA was isolated from GFP~ CD4*Trpl effector cells

62



and used for the GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~ CD4*Trp1 cells
were isolated from lymph nodes of Trpl FoxGFP mice. n=8-10 mice per group.
Experiments were performed in triplicates, each indicated by 1/2/3.

Besides transcription factors, also Thl cytokines GM-CSF (Csf2), IFNy, IL-2, TNF-a
(Tnf), IL-10 and IL-3 were all highly expressed in tumour infiltrating killer CD4*Trp1 T
cells. Tnf and 1110 expression was significantly increased in killer TILs in comparison with
helper TILs while Lta (encoding TNF-§3) expression levels were significantly higher in the
helper T cells (Fig. 9).

Also expression of the co-inhibitory molecule TIM-3 (encoded by Havcr2) and chemokine
receptors CCR5 and CXCR3 was increased on killer TILs. Ccr5 upregulation was
statistically significantly in comparison with all experimental group on the array. The co-
stimulatory molecule CD226 showed significantly higher expression in killer CD4"Trpl1 T
cells from the tumour and the periphery (LN) than in any other group (Fig. 9).
Interestingly, as typically seen in Thl, killer TILs show a distinct downregulation of the
second chain of IFNy receptor (IFNy R2), encoded by Ifngr2, while the IL-12 receptor
(IL-12R, l112rb2) whose expression is specific for Thl and is lost in Th2 T cells (Szabo
et al. 1997; Usui et al. 2006) was highly expressed in helper TILs and killer CD4* T cells
from the tumour and lymph nodes (Fig. 9).

However, CD4*Trpl Kkiller TILs only displayed low expression of the IL-12 receptor
homologue IL-27 R-a (WSX-1), encoded by [127ra, which is normally found highly
expressed on Thl T cells. Similarly, the expression of the CD20 homologue Chandra
(encoded by Ms4a4b) which has been shown to be exclusively expressed on Thl but
not Th2 T cells (Venkataraman et al. 2000; Xu et al. 2006), however, was low on
CD4"Trpl killers in the tumour and only slightly elevated in the periphery (LN) (Fig. 9)
and therefore might not be necessary for the killer CD4* functionality.

Examination of Th2 markers revealed a partially Th2 skewed phenotype: cytotoxic
CD4"Trpl TILs did not display high levels of Th2 specific transcription factor Gata3
MRNA but other Th2 associated transcription factors such as Amphiregulin (encoded by
Areg), Gfil, IRF4, JunB, c-Maf (Maf), STAT5 and STAT6 were moderately to highly
expressed (Fig. 10) and might thus be important for the differentiation of the CD4*
cytotoxic phenotype.

Also important type 2 cytokines IL-3, IL-4, IL-5, IL-6, IL-13 and IL-25 were highly
abundant in killer CD4*Trp1 TILs; the expression of IL-4, IL-6 and IL-25 transcripts was

even significantly increased in comparison with helper CD4*Trpl TILs. On the other
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Figure 10 | Heat map analysis of microarray data using a panel of genes encoding
Th2 markers. Displayed are genes encoding Amphiregulin (Areg), Dec2 (Bhlhe41l),
chemokine receptors CCR3 (Ccr3), CCR4 (Ccr4), CCR8 (Ccr8) and CXCR4 (Cxcr4),
Gata3 (Gata3), Gfil (Gfil), TIM1 (Havcrl), ICOS (Icos), IL-13 (l113), ST2 (ll1rl1), IL-24
(1124), 1L-25 (1125), IL-3 (113), IL-31 (1131), IL-4 (114), IL-5 (1I5), IL-6 (116), IL- 9 (119), IRF4
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(Irf4), JunB (Junb), c-Maf (Maf), STATS (Stat5), STAT6 (Stat6) and TIM2 (Timd2). Colour
coding is used to display high (red) and low (green) expression of a genes across the
experimental groups: tolerant, helper, killer and naive CD4*Trpl effector T cells
extracted from tumour (TIL) or lymph nodes (LN) from treated mice (treatment regimens
as described in chapter 4.1). Mice were sacrificed 8 days after adoptive transfer and
RNA was isolated from GFP~ CD4*Trpl effector cells and used for the GeneChip®
Mouse Genome 430 2.0 Array. Naive GFP~ CD4*Trpl cells were isolated from lymph
nodes of Trpl FoXxGFP mice. n=8-10 mice per group. Experiments were performed in

triplicates, each indicated by 1/2/3.

hand, Th2 associated cytokines IL-31, IL- 9 and IL-24 showed only low levels of
expression on killer CD4* TILs (Fig. 10).

Also the characteristic Th2 chemokine receptors CCR3, CCR4 and CCRS8 and the Toll-
like receptor superfamily member ST2 (lilrll) were highly expressed on tumour
infiltrating killer CD4*Trpl cells, only CXCR4 mRNA levels were found to be low.
Despite the highly activated state of CD4*Trpl TILs, the immune checkpoint and Th2
associated molecules TIM1 (encoded by Havcrl) and TIM2 (Timd2) displayed only
moderate and low expression in comparison to helper CD4*Trpl TILs, respectively, and

ICOS expression was only slightly increased (Fig. 10).

4.2.1.2 Examination of Th1l7, Th22 and Th9 marker expression

Killer CD4*Trpl TILs do not display a Th17 phenotype on transcript level as only few
Th17 markers were found to be expressed: cytokines IL-17 (encoded by Il17a) and IL-
21 and chemokine CCL20 were not upregulated in comparison to helper TILs but IL-6
and TNF-a (Tnf) were significantly increased (Fig. 11).

Th17 specific transcription factor RORyt (Rorc) was slightly downregulated on the killers
in the tumour and TCF-1 (Tcf7) expression was the lowest in comparison to all
experimental groups; high expression was only observed in naive and tolerant and
helper LN. This suggests that RORyt does not play an important part in the development
and/or maintenance of the cytotoxic CD4* phenotype and fits with published research
which shows that TCF-1 expression is rapidly downregulated in effector T cells (Willinger
et al. 2006).

Other transcription factors such as BATF, AHR, IRF4, RORa and STAT3 which are not
exclusive to Th17 cells displayed very similarly high expression values in the both tumour
infiltrating T cell datasets (helper and killer). The Th17 and NK receptor CD161 (Klrblc),
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Figure 11 | Heat map analysis of microarray data using a panel of genes encoding
Th17 markers. Displayed are genes encoding BATF, (Batf), AHR (Ahr), CCL20 (Ccl20),
IL-17 (ll17a), IL-21 (1121), IL-6 (1I6), IRF4 (Irf4), c-Maf (Maf), CD161 (Klrblc), RORa
(Rora), RORyt (Rorc), STAT3 (Stat3), TCF-1 (Tcf7) and TNF-a (Tnf). Colour coding is
used to display high (red) and low (green) expression of a genes across the experimental
groups: tolerant, helper, killer and naive CD4*Trp1 effector T cells extracted from tumour

Tolerant.LN3
Helpers.TIL1
Helpers.TIL2
Helpers.TIL3

(TIL) or lymph nodes (LN) from treated mice (treatment regimens as described in chapter
4.1). Mice were sacrificed 8 days after adoptive transfer and RNA was isolated from
GFP~ CD4*Trpl effector cells and used for the GeneChip® Mouse Genome 430 2.0
Array. Naive GFP~ CD4*Trpl cells were isolated from lymph nodes of Trpl FoxGFP

mice. n=8-10 mice per group. Experiments were performed in triplicates, each indicated
by 1/2/3.
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however, was only weakly expressed on killer CD4*Trpl1 TILs (Fig. 11) and emphasises
the notion that Th17 signature is not part of the highly plastic killer CD4*Trp1 phenotype.
CD4"Trpl killers in the tumour also showed only little resemblance to Th22 cells:
expression of the transcription factor Ahr which was found important for Th22
differentiation and maintenance, was moderately high but not increased in comparison
to any differentiated subset (Fig. 12).

Of the Th22 characteristic chemokine receptor combination of CCR10, CCR4 and CCR6
(Duhen et al. 2009; Ramirez et al. 2010) only Ccr4 expression was increased on Kkiller
CD4*Trpl TILs while Ccr6 was significantly downregulated and Ccrl0 only slightly
increased in comparison with helper TIL (Fig. 12).

Genes encoding Th22 cytokines TNF-a and IL-13 (Eyerich et al. 2009; Duhen et al.
2009), however, were significantly upregulated in killer CD4*T cells (Fig. 12).
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Figure 12 | Heat map analysis of microarray data using a panel of genes encoding

Tolerant.LN3
Helpers.TIL1
Helpers.TIL2
Helpers.TIL3

Th22 markers. Displayed are genes encoding aryl hydrocarbon receptor AHR (Ahr),
chemokine receptors CCR10 (Ccrl10), CCR4 (Ccr4) and CCR6 (Ccr6), I1L-13 (1113) and
TNF-a (Tnf). Colour coding is used to display high (red) and low (green) expression of a
genes across the experimental groups: tolerant, helper, killer and naive CD4*Trpl
effector T cells extracted from tumour (TIL) or lymph nodes (LN) from treated mice
(treatment regimens as described in chapter 4.1). Mice were sacrificed 8 days after
adoptive transfer and RNA was isolated from GFP~ CD4*Trpl effector cells and used for
the GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~ CD4*Trpl cells were
isolated from lymph nodes of Trpl FoxGFP mice. h=8-10 mice per group. Experiments
were performed in triplicates, each indicated by 1/2/3.
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Unfortunately, it was not possible to analyse IL-22 expression as the 1122 probe was not
included on the gene array.

Furthermore, killer CD4*Trpl TILs only showed little resemblance to Th9 cells based on
their expression of Th9 markers (Fig. 13): the expression values of the characteristic Th9
cytokine 119, chemokines Ccl17 and Ccl22 as well as chemokine receptor Ccr6 and
suggested Th9 specific transcription factor PU.1 (endocded by Spil) (Chang et al. 2010)
were significantly decreased in comparison to helper CD4*Trpl TILs while the

expression values of 1121, Cxcr3 and transcription factors Irf4 and Stat6 were increased
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Figure 13 | Heat map analysis of microarray data using a panel of genes encoding
Th9 markers. Displayed are genes encoding CCR3 (Ccr3), CCR6 (Ccr6), CXCR3
(Cxcr3), CCL17 (Ccl17), CCL22 (Ccl22), IL-10 (1110), IL-21 (1122), I1L-9 (119), IRF1 (Irf1),
IRF4 (Irf4), PU.1 (Spil) and STAT6 (Stat6). Colour coding is used to display high (red)

and low (green) expression of a genes across the experimental groups: tolerant, helper,

Tolerant.LN3
Helpers.LN1
Helpers.LN2
Helpers.LN3
Helpers.TIL1

Helpers.TIL2

Helpers.TIL3

Killers.TIL1
Killers.TIL2
Killers.TIL3

killer and naive CD4*Trpl effector T cells extracted from tumour (TIL) or lymph nodes
(LN) from treated mice (treatment regimens as described in chapter 4.1). Mice were
sacrificed 8 days after adoptive transfer and RNA was isolated from GFP~ CD4*Trpl
effector cells and used for the GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~
CD4*Trpl cells were isolated from lymph nodes of Trpl FoxGFP mice. n=8-10 mice per
group. Experiments were performed in triplicates, each indicated by 1/2/3.
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but not statistically different. 1110, Ccr3 and Irfl expression, however, was high on tumour

infiltrating killer CD4*Trpl T cells and significantly increased in comparison with helper
TILs (Fig. 13).

4.2.1.3 Examination of Tfh and Treg marker expression

When analysing the microarray data in respect to follicular helper T cell (Tfh) markers, it
became clear that killer CD4*Trpl TILs also did not resemble Tfh cells based on their
gene signature as their expression levels of crucial Tfh markers BCL-6 and CXCR5
(Breitfeld et al. 2000; Schaerli et al. 2000; Johnston et al. 2009; Nurieva et al. 2009; Yu
et al. 2009) as well as Tfh associated molecules CD200 and BTLA were very low in the
tumour and LN (Fig. 14). Also the expression of CCR7, a molecule which can be

expressed highly on Tfh depending on the microenvironment (Breitfeld et al. 2000), was
low on killer CD4*Trpl T cells.
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Figure 14 | Heat map analysis of microarray data using a panel of genes encoding

follicular B helper T cell (Tfh) markers. Displayed are genes encoding BATF (Batf),
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BCL-6 (Bcl6), BTLA (Btla), CD200 (Cd200), CCR7 (Ccr7), CXCR5 (Cxcr5), ICOS (Icos),
IL-10 (1120), IL-21 (1121), IL-4 (114), IRF4 (Irf4), c-Maf (Maf), PD-1 (Pdcdl) and STAT3
(Stat3). Colour coding is used to display high (red) and low (green) expression of a genes
across the experimental groups: tolerant, helper, killer and naive CD4*Trpl effector T
cells extracted from tumour (TIL) or lymph nodes (LN) from treated mice (treatment
regimens as described in chapter 4.1). Mice were sacrificed 8 days after adoptive
transfer and RNA was isolated from GFP~ CD4*Trpl effector cells and used for the
GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~ CD4*Trpl cells were isolated
from lymph nodes of Trpl FoxGFP mice. n=8-10 mice per group. Experiments were

performed in triplicates, each indicated by 1/2/3.

Other Tth markers such as the co-stimulatory and co-inhibitory receptors ICOS and PD-
1, inflammatory cytokines IL-10, IL-21, IL-4 and transcription factors IRF4, STAT3, BATF
and MEF were highly expressed in tumour infiltrating killer TILs and all showed lower
levels in the periphery (LN) except for IRF4, BATF and c-Maf. However, out of these
markers, only IL-10 was expressed significantly higher in killer TILs in comparison with
helper TILs (Fig. 14).

When analysing regulatory T cell markers, it was expected that due to the electronic
sorting for GFP- CD4* effector T cells (Foxp3* cells are GFP*) prior to mRNA collection,
that there was only very little expression of Treg specific molecules. This was validated
as tumour infiltrating killer CD4*Trpl T cells displayed only very low Foxp3 expression
level and are therefore not regulatory T cells (Fig. 15). Also the expression level of other
Treg markers such as CCR6, IL-9 and CD103 (encoded by Itgae) was very low in the
killer subset. Interestingly and in keeping with recent literature (Roychoudhuri et al.
2013), Bach2 expression was particularly low in killer CD4* T cells in the lymph node
(LN) and tumour which further emphasises their effector and not regulatory function.

However, killer CD4*Trpl TILs showed high expression of markers which are
characteristically found on Tregs but are not exclusive to this subset: immune checkpoint
suppressors/activators CTLA-4, ICOS, GITR (Tnfrsf18) and OX40 (Tnfrsf4) as well as
the cytokines IL-10 and TGF-B (Tgfbl) were all expressed in killer CD4" T cells in the
tumours (Fig. 15). Also the expression of effector T cell markers such as CD25 (l12ra)
and CD39 (Entpdl), CD71 (Tfrc) and transcription factors AHR and STAT5 and
chemokine receptor CCR4 was high but LFA-1 (Itgal) was significantly upregulated in
killer TILs in comparison to helper TILs (Fig. 15) and therefore might play a role in the

novel killer CD4* T cell phenotype.
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Figure 15 | Heat map analysis of microarray data using a panel of genes encoding

Tolerant.LN3
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Helpers.LN2

Helpers.LN3
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regulatory T cell (Tregs) markers. Displayed are genes encoding Bach2 (Bach2), AHR
(Ahr), CCR4 (Ccr4), CCR6 (Ccr6), CTLA-4 (Ctla4), CD39 (Entpdl), Foxp3 (Foxp3),
ICOS (Icos), IL-10 (1110), CD25 (l12ra), IL-9 (119), CD103 (Itgae), LFA-1 (Itgal), STATS5
(Stat5), CD71 (Tfrc), TGF-B (Tgfbl), GITR (Tnfrsf18) and OX40 (Tnfrsf4). Colour coding
is used to display high (red) and low (green) expression of a genes across the
experimental groups: tolerant, helper, killer and naive CD4'Trpl effector T cells
extracted from tumour (TIL) or lymph nodes (LN) from treated mice (treatment regimens
as described in chapter 4.1). Mice were sacrificed 8 days after adoptive transfer and
RNA was isolated from GFP~ CD4*Trpl effector cells and used for the GeneChip®
Mouse Genome 430 2.0 Array. Naive GFP~ CD4*Trpl cells were isolated from lymph
nodes of Trpl FoxGFP mice. n=8-10 mice per group. Experiments were performed in
triplicates, each indicated by 1/2/3.
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4.2.1.4 Examination of CD8* marker and effector molecule expression

Because of their cytotoxic potential in vivo, it was critical to analyse CD4"Trp1 T cells in
regards to their expression of CD8* T cell markers.

CD8* lineage transcription factor Runx3 was highly expressed on tumour infiltrating killer
CD4*Trpl cells (Killers.TIL) but was also detected in only slightly lower levels on the
helper TILs and killer CD4* T cells in the periphery (Helpers.TIL, Killers.LN, Fig. 16). This
data emphasises the likely importance of the characteristic CD8" transcription factor for
the killer CD4*Trpl phenotype and correlates with previous studies which showed its

direct link with GzmB expression and overall cytotoxic potential of T cells (Wang et al.
2008; Cruz-Guilloty et al. 2009).
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Figure 16 | Heat map analysis of microarray data using a panel of genes encoding

CD8" T cell markers. Displayed are genes encoding Runx3 (Runx3), T-bet (Thx21),
Eomesodermin (Eomes), BATF (Batf), MEF (EIf4), IFNy (Ifng), TRAF3 (Traf3), GzmB
(Gzmb) and Perforin (Prfl). Colour coding is used to display high (red) and low (green)
expression of a genes across the experimental groups: tolerant, helper, killer and naive
CD4*Trpl effector T cells extracted from tumour (TIL) or lymph nodes (LN) from treated
mice (treatment regimens as described in chapter 4.1). Mice were sacrificed 8 days after
adoptive transfer and RNA was isolated from GFP~ CD4*Trpl effector cells and used for
the GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~ CD4'Trpl cells were
isolated from lymph nodes of Trpl FoOXGFP mice. h=8-10 mice per group. Experiments
were performed in triplicates, each indicated by 1/2/3.
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Also two other important and often co-expressed CD8* transcription factors, T-bet and
Eomes, displayed a unique expression pattern: as reported earlier, Thx21 (encoding for
T-bet), which is not only important for Thl differentiation but also instrumental for effector
CD8" T cell development (Cruz-Guilloty et al. 2009), was highly expressed while
transcription factor Eomes (Eomesodermin) expression was very low in killer CD4*Trpl
TILs (Fig. 16). AP-1 transcription factor Batf, was expressed at moderately high level in
killer TILs and displayed an expression range across all samples which was very similar
to Thx21. This suggests that, together with Runx3, T-bet is important but Eomes
dispensable for the cytotoxic CD4* phenotype.

Furthermore, expression of Elf4 (encoding transcription factor MEF) was low and
significantly decreased in killer CD4*Trpl TILs in comparison with helper TILs (Fig. 16).
Killer CD4*Trpl TILs also highly expressed TNF receptor-associated factor 3 (Traf3)
MRNA, which was found to be essential for optimal T cell immunity (Xie et al. 2011).
High levels of CD8* CTL effector molecules Gzmb, Prfl (encoding Perforin) and Ifng
transcripts were found in the tumour infiltrating killer and helper CD4*Trpl subsets.
Gzmb was also expressed to a lesser extent on killer CD4* T cells in the lymph nodes
(Fig. 16).

To have a further look into the expression of cytotoxic molecules expressed by killer
CD4*Trpl TILs, a new heat map was created. The analysis indicated that killer CD4*
TILs displayed particularly high levels of mRNA from all cytotoxic molecules we
analysed: FasL, GzmA-K, Perforin (encoded by Prfl) and TRAIL (Tnfsf10) (Fig. 17).
However, it is important to note that most of these genes, with the exception of Gzma
and Gzmk, were also highly expressed on helper TILs. Killer CD4*Trpl T cells from the
lymph nodes were devoid of cytotoxic molecule expression except for Gzma, Gzmb and
Gzmk. Remarkably, Gzma and Gzmk are the only two genes which were significantly
higher expressed in killer CD4*Trpl T cells from the tumour and lymph node in

comparison to helper TILs (Fig. 17).

Taken together, the microarray analysis demonstrated that tumour infiltrating Killer
CD4*Trpl T cells display a high degree of activation by expressing a multitude of
inflammatory cytokines along with the cytolytic molecules GzmA — K, Perforin and even
FasL and TRAIL, although the latter two were previously shown to be dispensable for
CD4*Trpl effector function (Quezada et al. 2010). Interestingly, killer CD4" T cells in the
lymph node, however, lacked transcripts of all cytokines and Perforin and only expressed

a minority of Granzymes (Fig. 17); this underscores the importance of the tumour micro-
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Figure 17 | Heat map analysis of microarray data using a panel of genes encoding

CD8* cytotoxic effector molecules. Displayed are genes encoding FasL (Fasl), GzmA
- K (Gzma — Gzmk), Perforin (Prfl), TRAIL (Tnfsf10). Colour coding is used to display
high (red) and low (green) expression of a genes across the experimental groups:
tolerant, helper, killer and naive CD4"Trp1 effector T cells extracted from tumour (TIL) or
lymph nodes (LN) from treated mice (treatment regimens as described in chapter 4.1).
Mice were sacrificed 8 days after adoptive transfer and RNA was isolated from GFP-
CD4*'Trpl effector cells and used for the GeneChip® Mouse Genome 430 2.0 Array.
Naive GFP~ CD4*Trp1 cells were isolated from lymph nodes of Trpl FoxGFP mice. n=8-

10 mice per group. Experiments were performed in triplicates, each indicated by 1/2/3.

environment on the differentiation of the CD4*Trpl T cells into a cytotoxic phenotype.

In conclusion, tumour infiltrating, cytotoxic CD4*Trpl T cells expressed Thl, Th2 and
CD8* CTL specific transcription factors and effector molecules on transcript level. These
results indicate that cytotoxic CD4*Trpl T cells do correlate with one specific T cell

subset alone but exhibit a complex multifunctional phenotype.

4.2.1.5 Unbiased analysis of gene array data

Beyond the assessment of expression of a hand-curated selection of T cell subset

markers, the microarray was further analysed in an unbiased approach. After
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normalisation, gene expression values of tumour infiltrating CD4*Trpl1 T cells from mice
receiving the killer treatment (Killers.TIL1-3) and mice receiving the helper therapy
(Helpers.TIL1-3) were compared and genes with a significant change in expression value
(p value < 0.05) between the two cohorts were selected. The 75 most differentially
expressed (up- or downregulated) genes on Kkiller TILs in the context and direct
comparison with helper TILs are presented in figure 18.

Interestingly, the gene with the highest increase in expression in comparison to helper
CD4*Trpl T cells was the cytotoxic molecule encoding gene Gzma (Fig. 18). Additionally
to GzmA, the unbiased analysis revealed two more members of the Granzyme family,
GzmK and GzmB in the top 75 highest expressed genes on killer TILs. This further
confirms the crucial difference in cytotoxic potential of killer CD4* T cells in comparison
with helper CD4" effectors.

Furthermore, chemokine receptors CCR2 and CCR5, which have been found connected
with an active Thl phenotype, were highly expressed on killer CD4"* effectors but not on
helper TILs (red, Fig. 18). In addition, genes associated with metabolism such as the
thiamine transporter TC1 (encoded by Sic19a2), Glut3 (Slc2a3) and Hif-2a (Epasl) were
also found significantly upregulated in killer TILs. This could be due to the induced
lymphopenia of the host prior to T cell transfer which might induce homeostatic
proliferation and thus increased metabolic rate of the T cells.

On the opposite end of the scale, for instance Ccr6 and 1d3 stand out: Th9/22 and Treg
chemokine receptor CCR6 and memory marker 1d3 (Ji et al. 2011; Hu & Chen 2013)
show especially low expression on killer TILs in comparison with helper TILs. This might
suggest that these molecules are not involved/not important for the cytotoxic CD4*
phenotype and further emphasises the previous analysis showing a Th1/Th2 rather than
Th9/22 or Treg skewing of the killer CD4*Trpl T cells.
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Figure 18 | Unbiased analysis of the most differentially expressed genes in tumour
infiltrating killer CD4*Trp1 T cells in comparison with helper TILs. Displayed are the
top 75 most up- (red) or downregulated (green) genes, respectively, of killer CD4*Trpl

effector T cells extracted from tumours from treated mice in the context of the gene
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expression in helper CD4*Trpl TILs (treatment regimens as described in chapter 4.1).
Genes are displayed in ascending order of fold change between expression values of
killer TILs vs helper TILs. All depicted genes display statistically significant differences
(p value below 0.05) in expression values between triplicates of the groups between
helper and killer TILs. Mice were sacrificed 8 days after adoptive transfer and RNA was
isolated from GFP~ CD4*Trp1 effector cells and used for the GeneChip® Mouse Genome

430 2.0 Array. n=8-10 mice per group. Experiments were performed in triplicates.

4.2.2 Killer CD4*Trpl T cells display a transcriptional signature
resembling CD8" rather than CD4* T cells

Based on the directed and unbiased analyses killer CD4*Trpl T cells display a mixed
phenotype which is not skewed towards one particular CD4* subset but rather illustrates
a multi-functional phenotype. Their cytotoxic potential and resemblance with CD8* T cells
were further striking features of this killer CD4* T cell population. Therefore, we chose to

investigate the similarities to CD4" and CD8* T cells more extensively.

For further investigation of gene signature Canonical Correspondence Analysis (CCA),
a multidimensional method which allows the analysis of interrelationships between
several sets of gene array data, was chosen. The adaptation of CCA for microarray
analysis, CCA on Microarray data (CCAM), has previously proven effective when it was
used to reproduce and visualise known relationships between lymphocyte differentiation,

leukaemia subtypes and specific genes (Ono et al. 2013).

In order to determine the ‘CD4*- or CD8"-likeness’ of the cytotoxic CD4*Trpl T cells by
CCAM, the transcriptomic expression profiles of the tolerant, helper and killer CD4*Trpl
cells from both tumour and lymph nodes were compared with specific microarray data
subsets from the ImmGen database (Heng et al. 2008). The naive CD4*Trpl T cell
samples were removed from the analysis at this point because they were too
phenotypically diverse in comparison to the other antigen-experienced subsets.

To stay as close to the original experimental set up as possible, the two data sets used
for comparison were T.8.T1.B16 and T.4.TI.B16 which originate from tumour infiltrating
CD8* (CD4~ TCRB*" CD45*) and CD4" (CD8  TCRp* CD45%) T cells. Likewise, the
implanted tumour was B16/BL6 melanoma and grew as subcutaneous implant on 6 week
old C57BL/6 mice (Heng et al. 2008).
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Masahiro Ono performed the CCAM according to his established method in (Ono et al.
2013; Ono et al. 2014).

Before the CCAM, the microarray data was first normalised and background noise was
removed (see chapter 3.8) before differentially expressed genes were extracted from the
context of two experimental groups, for example Killer.TIL (killer CD4*Trp1 cells isolated
from the tumour) and Helper.TIL (helper CD4*Trpl cells isolated from the tumour). A
total of 7228 significant genes were filtered from the following comparison sets:
KillerVsHelper.TIL, KillerVsHelper.LN and KillerVsTolerant.LN. Furthermore, the two
ImmGen datasets (T.8.T1.B16 and T.4.TI.B16) were treated in the same fashion to obtain
a reference data set (CD8vsCD4.TIL).

A CCAM is performed with a minimum of two sets of data, one microarray of interest (the
‘response variable’) and another transcriptomic dataset which is used to define the
context of the analysis (the ‘explanatory variable’) (Ono et al. 2013). In this case, the
microarray dataset for tolerant, helper and killer CD4* T cells represents the response
variable and CD8vsCDA4.TIL (T.8.TI.B16 - T.4.T1.B16) was used as explanatory variable
for CCAM to investigate the relationships between the 7228 differentially expressed
genes from the microarray and the CD4/CD8 transcriptomic ImmGen data.

The CCAM revealed that tumour infiltrating killer CD4*Trp1 cells (Killers.TIL) showed
more resemblance to tumour infiltrating CD8* T cells than to CD4* T cells. This is
illustrated in figure 19 by the position of the data points: the higher the score on the
CD8vsCDA4.TIL axis, the more correlation exists between the particular subset and the
tumour infiltrating CD8* phenotype. Interestingly, the CCAM also revealed a higher
correlation of genes expressed in CD4*Trp1l killer cells in the lymph node (Killers.LN)
and helper CD4*Trpl TILs (Helpers.LN) with the CD8* than with the CD4* ImmGen
dataset (Fig. 19). Based on this analysis, only the expression profiles of tolerant and
helper CD4*Trpl from the lymph nodes resembled the gene set of the B16/BL6
infiltrating CD4* cells.
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Figure 19 | CCAM result
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(T.8.TI.B16) and CD4* T cells (T.4.TI.B16); T.8.TI.B16 - T.4.TI.B16 (CD8vsCD4.TIL) was
used as explanatory variable. RNA was isolated from GFP~ CD4*Trp1l tolerant, helper
and killer CD4*Trpl effector T cells extracted from tumour (TIL) or lymph nodes (LN)
from treated mice (treatment regimens as described in chapter 4.1). Mice were sacrificed
8 days after adoptive transfer and RNA used for the GeneChip® Mouse Genome 430
2.0 Array. n=8-10 mice per group. Experiments were performed in triplicates.

Although the tumour infiltrating CD8* dataset from the ImmGen database was useful for
the CD4/CD8 comparison, it is unclear which level of activation and which effector
phenotype the CD8* T cells possessed. In order to better understand which CD8*
phenotype (effector / memory) the killer CD4*Trpl T cells share the most phenotypical

and genetic properties with, further investigation was required.

4.2.3 The genetic signature of cytotoxic CD4*Trp1 T cells correlates with
an effector, not a memory or less mature CD8* T cell phenotype

To determine the transcriptional similarities of tumour infiltrating killer CD4*Trpl cells
with effector and memory CD8" phenotypes, an array of InmGen data sets were used.
These data sets encompass the genetic signature of antigen-specific OT-1 CD8* T cells
from different time points of a CD8* mediated response against Ova expressing
recombinant Vesicular Stomatitis Virus (VSV-ova). CD8" T cells from the TCR transgenic
OT-I model are MHC Class | restricted T cells that express a TCR reactive to the Ovaysy.
264 peptide SIINFEKL derived from ovalbumin. The ImmGen data sets present OT-1 CD8"
T cells (CD4- CD45.1%) from the spleen of VSV-ova infected 6 week old C57BL/6 mice.

As the recombinant Vesicular Stomatitis Virus (VSV-ova) is engineered to encode and
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induce the expression of Ovazsz.2e4, adoptively transferred OT-1 CD8* T cells mount an
immune response against VSV-ova infected cells which present Ovassz.os4 peptide in
MHC | (Kim et al. 1998; Clarke et al. 2000).

At the time point of analysis no tumour-specific CD8" data sets were readily available
from the ImmGen database, therefore this VSV-ova and OT-| data set was chosen to
model the immune response of antigen-specific CD8" T cells.

Again, the 7228 differentially expressed genes from the microarray were used for this
second CCAM to compare the gene signatures of tolerant, helper and killer CD4*Trpl T
cells with four time points of the course of the antigen-specific OT-1 CD8" response: day
5 (d5.1 and d5.2, duplicates from the same day), day 6, day 8 and day 15 after
infection/OT-I CD8" transfer (T.8Eff.Sp.OT1.d5.VSVOva, T.8Eff.Sp.0OT1.d6.VSVOva,
T.8Eff.Sp.0T1.d8.VSVOva, T.8Eff.Sp.0OT1.d15.VSVOva) (Heng et al. 2008). These
fours data sets include CD8* effectors at different stages of their activity: the d5 data sets
are expected to exhibit the gene expression pattern of an early effector CD8* while the
data sets from d6 and 8 should portray the fully differentiated effector phenotype; the
d15 data set correlates with a clear development from effector to memory cell fate
(Turner et al. 2006).

The result of the multiple dimension CCAM is displayed as a two-dimensional triplot: the
map illustrates the relationships between genes, CD4*'Trpl subsets and OT-I CD8*
phenotypes based on the day after adoptive transfer. The OT-1 CD8"* effector/memory
phenotypes present the explanatory variables in this analysis which are depicted as

vectors in the triplot.

In order to draw a conclusion from the map, it is important to note the proximity of a gene
or a CD4*Trpl subset to a vector and its direction. Furthermore, the higher the distance
of the genes/subsets from the cluster in the midpoint of the graph, the higher the
correlation with the respective vectors (ImmGen data set). Taken together this means,
the closer two components are on the triplot, the more correlated they are. For instance,
the CCA illustrates that the expression of Egr2, a tolerance gene which is expressed on
CD44Mo" effector and memory CD8* T cells (Zhu et al. 2008), (Fig. 20, orange dotted
square) is associated with the ImmGen data set from d8 of the VSV-ova infection as it
situated very close to the d8 vector and almost lies in its linear extrapolation. On the
other hand, Egr2 does not show a correlation to the data sets from d5.1 and d5.2 as
these vectors point in the opposite direction. However, rather than correlating specific

genes with a phenotype, this analysis is aimed at revealing qualitative relationships be-
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Figure 20 |

relationships between tolerant,

CCAM triplot illustrating
helper
and Killer CD4*Trp1 T cells with different
CD8* phenotypes. The 2D plot presents the
CCAM of the 7228 differentially expressed
genes from the microarray in context with
ImmGen data sets taken from different time
points of the OT-I CD8* response against
VSV-ova: day 5 (d5.1, d5.2), day 6 (d6), day
8 (d8) and day 15 (d15) after adoptive
transfer of OT-1 T cells. These datasets
were used as explanatory variables. RNA
was isolated from GFP~ CD4*Trp1 tolerant,
helper and killer CD4*Trpl effector T cells
extracted from tumour (TIL) or lymph nodes
(LN) from treated mice (for treatment regi-
mens see chapter 4.1). Mice were sacrificed
8 days after adoptive transfer and RNA used
for the GeneChip® Mouse Genome 430 2.0
Array. n=8-10 mice per group. Experiments

were performed in triplicates.



tween the OT-1 CD8" T cell signatures and the tolerant, helper and killer CD4"Trp1
subsets.

Remarkably, the different explanatory variables, i.e. the vectors depicting OT-I CD8*
gene signatures of day 5, 6, 8 and 15 after adoptive transfer, are well separated on the
CCAM triplot (Fig. 2): while the two d5 vectors had a very similar directed and were both
located in the second quadrant of the plot (positive values on the CCA2 axis and negative
values on the CCA1 axis), d6 and d8 vectors were contained in the direct opposite fourth
quadrant of the triplot (positive CCA1 and negative CCA2 values). The direction of the
d15 vector was separate from all others and situated in the first quadrant (positive CCA1
and CCA2 values).

The CCAM map illustrates that helper CD4*Trpl T cells from the tumour (Helpers.TIL)
and killer T cells from the lymph node (Killers.LN) were mostly situated in the second
gquadrant and close to the d5 vectors (Fig. 20). This suggests a higher correlation of those
two sets with the genetic footprint of an early effector CD8* rather than a fully
differentiated effector.

The tumour infiltrating killer CD4*Trp1 cells (Killers.TIL), however, were located closer to
the origin of the CCA1 and 2 axes and the d6 and d8 vectors than any other vector (Fig.
20). This emphasises an association with the gene signature of dé and slightly d8, the
proposed peak of the OT-1 CD8" response.

The tolerant and helper CD4*Trpl from the lymph nodes (Helpers.LN and tolerant.LN)
were mostly situated in quadrant 1, between the d8 and d15 vectors; tolerant CD4* T
cells were located closest to the d15 vector. This points towards higher correlation with
a more resting late effector/early memory CD8* phenotype. However, it is important to
note that these two data sets were previously found to be most correlated with a CD4*
rather than CD8* T cell signature (Fig. 19); it is therefore difficult to draw specific

conclusions about these subsets.

The expression profiling by CCAM thereby confirmed that the overall transcriptomic
signature of the cytotoxic CD4*Trpl cells in the tumour is positively correlated to an

effector CTL rather than an early effector or memory CD8" signature.

A more detailed analysis of the expression values of effector and memory fate markers
overall confirm the effector phenotype of killer CD4*Trpl TILs: activation and effector
markers such as T-bet (encoded by Thx21), 1d2, CD25 (ll2ra), LFA-1 (ltgal), CD11b
(Itgam), CD11c (Itgax), KLRG1, CD69, Blimp-1 (Prdm1) and proliferation marker Ki67
(Mki67) were all moderately to highly expressed. Of these effector molecules, LFA-1,

CD11c, KLRG1 and CD69 were significantly upregulated in killer TILs in comparison to
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Figure 21 | Heat map analysis of microarray data using a panel of genes encoding

Tolerant.LN3
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Helpers.TIL3

effector and memory T cell markers. Displayed are genes encoding effector markers:
T-bet (Tbx21), 1d2 (Id2), CD25 (ll2ra), Ki67 (Mki67), LFA-1 (Itgal), CD11b (Itgam), CD11c
(Itgax), KLRG1 (Klrgl), CD27 (Cd27), CD69 (Cd69), CXCR3 (Cxcr3) and Blimp-1
(Prdm1) and memory markers: BCL-6 (Bcl6), Eomesodermin (Eomes), Klf2 (Klf2), 1d3
(Id3), CD62L (Sell), CD103 (Itgae), CD122 (ll2rb), CD44 (Cd44), CCR6 (Ccr6), CCR7
(Ccr7), and CXCRS5 (Cxcrb). Colour coding is used to display high (red) and low (green)

expression of a genes across the experimental groups: tolerant, helper, killer and naive
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CD4*Trpl effector T cells extracted from tumour (TIL) or lymph nodes (LN) from treated
mice (treatment regimens as described in chapter 4.1). Mice were sacrificed 8 days after
adoptive transfer and RNA was isolated from GFP~ CD4*Trpl effector cells and used for
the GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~ CD4*Trpl cells were
isolated from lymph nodes of Trpl FoxGFP mice. n=8-10 mice per group. Experiments
were performed in triplicates, each indicated by 1/2/3.

helper TILs (Fig. 21). Interestingly, both CD69 and KLRG1 are not only associated with
a CD4* and CD8* effector phenotype (Simms & Ellis 1996) but also acts as stimulatory
receptor and activation marker for another subset of cytotoxic cells: Natural Killer (NK)
cells (Blaser et al. 1998; Borrego et al. 1999).

On the other hand, the expression levels of memory markers such as BCL-6, Eomes,
KIf2, 1d3, CCR6, CCR7 and CXCR5 were particularly low on tumour infiltrating killer
CD4*Trpl T cells, but only CCR6 was significantly decreased in context with helper TILs
(Fig. 21).

A direct comparison of the expression of the CD8" T cell effector and memory
differentiation regulators T-bet and Eomes (Pipkin & Rao 2009; Ansel et al. 2006) and
the reciprocally antagonistic Blimp-1 and BCL-6 (Johnston et al. 2009) reveals a very
clear CD8" effector-like phenotype on CD4*Trpl killer TILs: high expression of T-bet and
Blimp-1 and simultaneous low expression of Eomes and BCL-6 (Fig. 21).

Other memory markers (CD122 (112rb) and CD44), however, displayed increased
expression on killer CD4" TILs (Fig. 21). Interestingly, CD122 and CD44 were
moderately to highly expressed on all antigen-experienced subsets originating from
tumour and lymph nodes, only naive CD4*Trpl did not show any expression. This
suggests that these markers are inherently upregulated in adoptively transferred
CD4*Trpl T cells — irrespective of their phenotype.

Alongside the high expression of CD44, low expression of CD62L (encoded by Sell) was
detected which suggests an effector memory phenotype (Seder & Ahmed 2003). Also
the low expression of CD103 (encoded by Itgae) points towards a CD8" memory
phenotype but CD103 has been shown to have different expression pattern and
associated functionality in CD4" T cells, for instance in naive Tregs (Lehmann et al.
2002).
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Taken together, the CCAM and the individual analysis of effector and memory markers
illustrate that cytotoxic CD4*Trpl cells in the tumour represent a new CD4* subset which
closely correlates with the gene signature of a CD8" effector CTL rather than memory

phenotype.

4.2.4 Protein expression of selected microarray target genes correlates

with their observed transcript level

Analysis of gene expression is a powerful tool to qualitatively and quantitatively
investigate expression patterns on transcript level, however, observed mRNA levels do
not always directly correlate with the level of expression and activity of the corresponding
protein. Transcript quantities often do not directly translate into the same protein
abundance due to regulation of protein expression through post-transcriptional and post-
translational modifications as well as protein degradation (de Sousa Abreu et al. 2009;
Vogel & Marcotte 2012). These potential discrepancies between transcript and protein
level make it critical to assess and compare the expression of selected genes on protein

level.

To assess whether the up- or downregulation of important CD4* and CD8* T cell, effector
and memory marker genes on the microarray correlated with expression of the
corresponding protein, tumour infiltrating CD4*Trpl T cells from the killer cohort were
analysed via multicolour flow cytometry. According to chapter 4.1, B16/BL6 tumour
bearing C57BL/6 mice received 5 Gy RT, 6x10* CD4*Trp1 T cells and aCTLA-4. After
the mice were sacrificed on day 17 or 18, the tumours and lymph nodes were dissected
and processed as outlined in chapter 3.4.3.

CD4'Trpl TILs were gated on viable CD45.1" Foxp3~ CD4* singlets to exclude
endogenous CD4", CD8* and regulatory T cells as well as tumour cells and debris. The
expression of a protein on CD4*Trp1l effector T cells was compared with the expression
of the target in an appropriate reference T cell population. The reference subset varied
depending on the specific protein in accordance with its established expression pattern:
For ThPok and Runx3, for instance, tumour infiltrating endogenous CD8" T cells from
the tolerant cohort were chosen as the reference subset because peripheral, antigen-

experienced CD8" T cells have a high abundance of CD8* lineage transcription factor
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Runx3 while lacking expression of CD4" lineage transcription factor ThPok (Wang et al.
2008; Cruz-Guilloty et al. 2009).

Overall, the protein expression of selected CD4*, CD8*, effector and memory markers
on tumour infiltrating CD4*Trpl T cells correlated with their transcript level in the
microarray in the vast majority of cases. The high abundance of CD4* and CD8* lineage
transcription factors mRNA encoding ThPok and Runx3 was also detected protein level
with up to 98 % CD4*Trpl TILs expressing ThPok and 79 % expressing Runx3 (Fig. 22).
This level of Runx3 expression was similar to the expression in the endogenous CD8* T
cell and significantly higher than in the endogenous CD4* compartment (Fig. 23 B).

Up to 86 % of killer CD4*Trpl TILs expressed Thl transcription factor T-bet and,
surprisingly, it was found that the majority of the T-bet® CD4* T cells co-expressed the
Th2 specific transcription factor Gata3 (Fig. 23 C). 78 % (= 8.3 % SD) of CD4"Trpl T
cells co-expressed Gata3 and T-bet while the endogenous CD4* T cells only showed T-
betand Gata3 co-expression in up to 10 % of the cells (Fig. 23 C).

As seen on the microarray, CD4"Trp1 TILs did not express Eomes (Fig. 22). It was further
evident that GzmB protein levels correlated with Runx3 and T-bet: 91 % of the Runx3*
CD4*Trpl T cells also expressed GzmB™ and 89 % of the T-bet expressing CD4*Trpl
effectors co-expressed GzmB (Fig. 23 A).

The specific effector T cell expression pattern of memory and effector associated
transcription factors Blimp-1 and BCL-6 was also validated by flow cytometry: no BCL-6
protein was detected while Blimp-1 was expressed in up to 70 % of tumour infiltrating
CD4*Trpl T cells (Fig. 22) and highly co-expressed with GzmB (Fig. 23 A).

Also the expression of another activation marker, KLRG1, showed high correlation with
the microarray: up to 56 % of Killer TILs expressed KLRG1 and 73 % of KLRG1*
CD4*Trpl T cells also expressed T-bet. It was previously demonstrated that high levels
of T-bet expression in CD8* T cells induced a short lived, KLRG1"9" effector cell state
with increased expression of KLRG1 and effector rather than memory potential (Joshi et
al. 2007). This strongly correlates with the described gene and protein expression pattern
observed in cytotoxic CD4*Trpl T cells.

Examining two more effector/memory markers, FACS analysis showed that, as on the
gene array, CD27 expression was very low and only expressed in up to 15 % of
CD4*Trpl TILs. Cd25 expression, however, was high on transcript level but translated
poorly into CD25 protein expression resulting in only up to 7 % CD25" CD4*Trpl TILs
(Fig. 22).
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Figure 22 | Protein expression of
selected CD4", CD8", effector and
memory markers on tumour
infiltrating CD4*Trpl T cells
correlates with their transcript
level on the microarray in most
cases. C57BL/6 mice were
challenged with 2.5x10° B16/BL6
cells and received treatment to
differentiate CD4*Trpl T cells into
tolerant, helper or killer T cells (see
chapter 4.1). Mice were sacrificed
on day 17 or 18. CD4*Trpl T cells
isolated from the tumours of mice
receiving the Kkiller treatment were
gated on CD45.1* Foxp3 (purple).
The reference T cell population
(blue) for ThPok, Runx3, Eomes,
Bcl-6, KLRG1, CD62L, CD44 and
Ki67 were endogenous CD8* TILs
from the tolerant cohort; the
reference set for T-bet, Gata3,
Blimp-1, IFNy, TNF-a and IL-2 were
endogenous CD4* effector TILs
from the tolerant cohort; the
reference T cell population for CD25
were endogenous Tregs from the

LN of killer treated mice and the

CD27 reference set were endogenous CD8* T cells from the LN of the killer cohort.

Presented is representative data from four independent experiments which were each

repeated two or three times, n=3 mice per group; with the exception of ThPok: the

staining was only performed in one experiment.

In regards to Thl cytokines, the results from the gene expression profiling were also

reproduced on protein level: up to 92 % of tumour infiltrating killer CD4*Trpl T cells ex-
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Figure 23 | Protein expression of CD8" lineage and effector transcription factors
Runx3 and Blimp-1 and Thl and Th2 specific transcription factors T-bet and Gata3
on tumour infiltrating killer CD4*Trpl T cells. C57BL/6 mice were challenged with
2.5x10° B16/BL6 cells and received treatment to differentiate CD4*Trp1 T cells into killer
T cells (see chapter 4.1). Mice were sacrificed on day 17 or 18. CD4*Trpl T cells were
isolated from the tumours and were gated on CD45.1* Foxp3™ to exclude Tregs. A:
Representative contour and pseudo colour plots depicting the co-expression of GzmB
and transcription factors Runx3, T-bet and Blimp-1 on CD4*Trpl TILs. B: Percentage of
Runx3 expressing tumour infiltrating CD4*Trpl effector T cells. C: Representative
contour plot detailing T-bet and Gata3 expression on endogenous and CD4*Trp1 effector
T cells isolated from the tumour. Presented is representative data from four independent
experiments which were each repeated two or three times, n=3 mice per group. To
calculate statistical differences a one way ANOVA with Bonferroni post-test was
performed: * : P < 0.05.

pressed IFNy and TNF-a after re-stimulation. IL-2 expression was slightly lower with up
to 40 % of killer CD4* TILs producing the cytokine (Fig. 22).
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The high expression of Mki67 (encoding Ki67) mRNA on the microarray could be
validated on protein level as well: the vast majority of killer CD4*Trpl TILs (up to 95 %)

expressed the proliferation marker (Fig. 22).

To summarize, in keeping with the transcriptome analysis, the high expression on protein
level of inflammatory Thl cytokines, GzmB and transcription factors T-bet, Runx3 and
Blimp-1 in tumour infiltrating killer CD4*Trpl T cells combined with the lack BCL-6
expression points towards a CD8" effector rather than a traditional CD4* Thl- or Th2-
like phenotype. Importantly, and contrary to previous reports (Qui et al. 2011;
Hirschhorn-Cymerman et al. 2012; Curran et al. 2013), the absence of Eomes
emphasises that cytotoxic CD4*Trpl TILs present a new, multi-functional subset which,

despite strong similarities, is distinct from CD8* CTLs.

4.3 The role of mMTORC1 in the acquisition and maintenance

of CD4*Trpl cytotoxicity

Previously, an association of the serine/threonine kinase mammalian target of rapamycin
(mTOR) with T cell differentiation was illustrated (Delgoffe et al. 2009; Araki et al. 2009)
and recent reports correlate mMTORC1 inhibition with a decrease in GzmB and T-bet
expression in CD8* CTLs (Rao et al. 2010). As these findings support a role for mTORC1
signalling in the differentiation of cytotoxic CD8" T cells, they also point to a potential role
of this pathway in the acquisition of killer activity by CD4*Trpl T cells due to their high
similarity to CD8" CTLs (see chapter 4.2.3 and 4.2.4).

4.3.1 Effects of rapamycin induced mTORC1 inhibition on CD4*Trpl T

cells

In order to address the role of mTOR activity in the cytotoxicity and proliferative potential
of CD4*Trpl cells, naive CD4*Trpl T cells were stimulated with their cognate antigen in
an in vitro activation assay and treated with Rapamycin (RAPA). RAPA inhibits mTOR
complex 1 (mTORC1) signalling by binding to the immunophilin FKBP12 (Schreiber
1991) which in turn binds mTORC1 and prevents phosphorylation of mTORC1
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substrates. mTOR complex 2 (MTORC2) signalling, however, is insensitive to inhibition
by RAPA as the FKBP12-rapamycin complex only binds to mTORC1 (Jacinto et al.
2004).

4.3.1.1 Rapamycin induced mTORC1 inhibition diminishes GzmB

expression in vitro

For the in vitro activation assay, naive CD4*Trp cells were isolated from spleen and
peripheral lymph nodes from TRP1 SRT, TRP1 LUC or TRP1 DTR mice and labelled
with CFSE (carboxyfluorescein succinimidyl ester) or CellTrace violet to allow precise T
cell proliferation analysis. The fluorescent succinimidyl ester dyes CFSE and CellTrace
violet diffuse through the cell membrane, bind to intracellular proteins and thereby mark
live cells. As the labelled cells divide, the fluorescence signal is diluted with each
daughter cell receiving approximately half the fluorescence of the parental cell. The
resulting generations can be detected by individual sharp peaks via flow cytometry
(Lyons & Parish 1994; Graziano et al. 1998; Lyons 2000; Quah & Parish 2012).

The CFSE labelled CD4*Trp cells were specifically stimulated by adding exogenous
dendritic cells (DCs), irradiated, IFNy-treated B16 cells and 2 uM TRP1 peptide. To
inhibit mMTORC1 signalling, 0.5 uM was added to the cell suspension; GzmB expression
and proliferation were examined after 3 days of incubation.

The specific activation of the CD4*Trpl cells with their cognate antigen presented by
DCs induced a high proliferation rate of up to 7 divisions over 72 hours (CD4" act, red,
Fig. 24 A). 87 % of the CD4"Trp1 T cells showed a fluorescence intensity correlating to
6 and 7 cell divisions and almost no cells were detected with a higher fluorescence signal
corresponding to cells with less than 5 cell divisions (red, Fig. 24 A).

Treatment with RAPA slightly reduced the proliferative capacity of the CD4*Trpl cells as
the T cells only reached a maximum of 5 divisions and peaked at the 4th cell division
(CD4" act + RAPA, blue, Fig. 24 A). Additionally, evidenced by a peak of high
fluorescence signal, there was a small population (9 %) of T cells in the RAPA treated
sample which did not divide over the 72 hour incubation period. Non-stimulated T cells
did not proliferate, as indicated by a singular peak of high fluorescence intensity (CD4",
orange, fig. 24 A).

Activated CD4*Trp1 T cells produced high levels of GzmB with up to 90 % of the cells
expressing the cytolytic molecule (CD4* act, red, Fig. 24 B). Inhibition of mMTORCL in ac-
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Figure 24 | Inhibition of MTORCL1 in activated CD4*Trpl cells slightly reduces
proliferation and diminishes GzmB expression. Purified naive CD4*Trp1l cells from
lymph nodes and spleen of Trpl SRT/LUC/FoxDTR mice were labelled with CellTrace
violet, left unstimulated (CD4*, orange) or were activated for 72 hours with B16 pulsed
DCs and 2 uM TRP1 peptide (CD4* act, red) and treated with 0.5 uM rapamycin (CD4*
act + RAPA, blue). A: Depiction of cell divisions by decreasing fluorescence of CellTrace
violet with each division. B: GzmB expression in activated CD4*Trpl T cells without
(CD4" act, red) and with RAPA treatment (CD4* act + RAPA, blue). C: Geometric mean
fluorescence intensity (MFI) of Ser235/236 S6 phosphorylation (pS6) in activated
CD4*Trpl T cells without (CD4" act) and with RAPA treatment (CD4* act + RAPA).
Shown are representative graphs of one out of three independent experiments, all
conditions were performed in duplicates or triplicates. A Student’s t test was used to

determine statistical significance: *: P < 0.05, **: P < 0.01.

tivated CD4*Trpl T cells by RAPA treatment caused a distinct decrease of GzmB* T
cells (CD4* act + RAPA, blue, Fig. 24 B).

Inhibition of MTORCL1 signalling was verified by staining for the presence of the
Ser235/236 phosphorylation of S6 (pS6), the target of the mTORCL1 substrate S6K. To
measure the S6 phosphorylation per cell, the pS6 geometric mean fluorescence intensity
(MFI) was calculated. In comparison with the activated control sample (CD4+ act), RAPA
treatment inhibited mMTORCL1 signalling as evidenced by a mean reduction in pS6 MFI of
63.3 % (= 5.6 %) in CD4*Trpl T cells (Fig. 24 C).
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4.3.1.2 mTORC1 inhibition decreases GzmB expression in vivo whilst

preserving the production of effector cytokines

To assess whether the decrease of GzmB caused by mTORCL1 inhibition observed in
vitro also translates into a functional difference in cytotoxic activity in vivo, RAPA was
administered to mice receiving the ‘killer’ treatment. As outlined in chapter 4.1, B16/BL6
tumour bearing C57BL/6 mice received 5 Gy RT, 6x10* CD4*Trp1 T cells and aCTLA-4
and received additional daily i.p. injections of 375 ug/kg RAPA from day 12 on. The mice
were sacrificed on day 17 or 18 and the tumours and lymph nodes were dissected and

processed according to chapter 3.4.4.

The concentration of 375 pg/kg/d rapamycin was chosen based on multiple previous
studies of mMTORCL1 inhibition in T cells in vivo; the concentration of i.p. RAPA treatment
typically ranged from 75 or 750 pg/kg/day (Araki et al. 2009; Li et al. 2011; Li et al. 2012;
Keating et al. 2013; Chaoul et al. 2015; Pollizzi et al. 2015). Preliminary experiments with
the highest concentration 750 ug/kg/d showed that this concentration caused such a
drastic decrease in the number of tumour infiltrating CD4*Trpl T cells that there were
too few cells to analyse. Therefore, the intermediate concentration of 375 pg/kg/d was

used for further experiments.

The RAPA treatment significantly decreased the infiltration of CD4"Trp1l effector T cells
into the tumour (Fig 23 A) in comparison to the non-RAPA treated cohort.

In keeping with previous reports on CD8* CTL (Rao et al. 2010), RAPA treatment during
the immune response significantly reduced GzmB expression on both endogenous CD8*
as well as CD4*Trpl T cells in the tumour (Fig. 25 B). A reduction of up to 56.0 % of
GzmB expression was observed, from 67.6 % (= 10.8 % SD) of CD4*Trpl effector T
cells expressing the cytolytic molecule down to 29.7 % (+ 13.7 % SD) (Fig. 25 B, C).
Despite the lower infiltration rate, CD4*Trpl T cell proliferation, as measured by Ki67
expression, was only slightly reduced in the tumours of the RAPA treated mice and
statistically not significant (Fig. 25 D, E).

The impact of RAPA treatment on T-bet expression of CD4'Trpl effector T cells,
however, did not correlate with the published CD8* T cell data from Rao et al. which
showed significant decrease of T-bet expression upon RAPA treatment (Rao et al. 2010):
There was no significant change in T-bet expression in CD4*Trpl killer T cells in the
RAPA treated cohort (Fig. 25 F).
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Figure 25| Inhibition of mMTORC1 activity by rapamycin treatment causes reduction

of CD4'Trpl infiltration into the tumour and GzmB expression on tumour

infiltrating lymphocytes but does not affect their proliferation. C57BL/6 mice were

challenged with 2.5x10° B16/BL6 tumour cells and received only the killer (RT +
CD4*Trp1 transfer + aCTLA-4, chapter 4.1) treatment (Killer, red) or the killer treatment

with additional daily i.p. injections of 375 pg/kg rapamycin (+RAPA, blue) from day 12

until the end of the experiment. Mice were sacrificed on day 17 or 18. A: Quantification
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of the absolute number of tumour infiltrating Foxp3- CD4*Trpl effector cells per gram
tumour. B: Percentage of GzmB expressing CD4*Trp1l effector and endogenous CD8*
T cells in the tumour. C: Dot plot detailing GzmB expression of CD4*Trpl effector T cells
from tumours treated with (blue) and without RAPA (red). D: Histogram depicting Ki67
expression on CD4*Trpl effector T cells from tumours treated with (blue) and without
RAPA (red). E: Percentage of Ki67 expressing tumour infiltrating CD4*Trpl effector T
cells. F: Percentage of T-bet expressing CD4*Trpl effector T cells in the tumour. G: MFI
of pS6 in tumour infiltrating CD4*Trpl T cells. Presented is pooled (A, B, E-G) or
representative (C, D) data from one of three independent experiments, n = 3-5 mice per
group. Numbers of tumour infiltrating T cells were calculated as described in Materials
and methods. A one way ANOVA with a Bonferroni post-test was performed to calculate
statistical differences between groups: *: P <0.05, **: P < 0.01, **: P <0.001, *™**: P

< 0.0001, ns: not significant.

Unfortunately, it was not possible to verify the actual inhibition of mMTORC1 activity in
CD4"Trpl T cells by RAPA treatment. The direct ex vivo staining of mTORC1
downstream target pS6 after the processing of the tissues was poor and yielded only a
slight and statistically not significant decrease in pS6 MFI of CD4*Trpl1 T cells from RAPA
treated mice (Fig. 25 G). This result could suggest that the administered RAPA
concentration of 375 pg/kg/d was not sufficient to downregulate mTORC1 activity.
However, it is also possible that the overall decreased staining of pS6 was caused by
the lengthy process of extracting the lymphocytes from the tumours, which included 30
minutes incubation of the tumours at 37 °C and gradient centrifugation at RT. The
processing and change of temperatures might have allowed intracellular phosphatases

to remove the phosphorylation of S6 before the FACS staining.

In order to analyse the cytokine expression, CD4*Trpl T cells from tumour and lymph
node samples were re-stimulated with exogenous DCs and TRP1 peptide for 4 hours
without adding any additional RAPA.

Due to the lower number of infiltrating CD4*Trpl effector T cells it was not possible to
split the tumour and perform two different FACS staining panels (direct ex vivo staining
and after re-stimulation) from the same sample (tumour). This is important to note as it
means that these re-stimulation results, unlike the other re-stimulation data presented in
this study, do not show cells from the same population (tumour) as in the direct ex vivo

analysis.
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The direct stimulation through the TCR by DCs presenting the cognate antigen in in MHC
Il results in mMTORC1 activity (Chi 2012), this is illustrated in the untreated killer CD4*Trpl
T cells and, interestingly, the re-stimulated CD4*Trpl T cells from RAPA treated mice
showed a distinct and significant downregulation of pS6: tumour infiltrating CD4"Trpl
cells from the RAPA treated cohort showed a mean reduction of pS6 MFI of 33.5 % (*
20.5 % SD) in comparison to the non-treated killer cohort (Fig. 26 B). This illustrates that
enough RAPA was retained in cells throughout the lymphocyte isolation process to inhibit
MTORC1 activity when the cells were re-activated. This furthermore strongly suggests
that although there was no difference in pS6 MFI detectable in the direct ex vivo analysis
of the CD4*Trp1 T cells (Fig. 25 G), the RAPA treatment was probably sufficient to induce
MTORC1 inhibition in T cells in vivo. The observed loss of S6 phosphorylation
conceivably was not due to a lack of mTORCL1 inhibition but to the lengthy tissue
processing before the FACS staining.

After re-stimulation, the tumour infiltrating CD4*Trpl T cells from the RAPA treated
cohort exhibited a mean reduction of GzmB expression of 52,4 % (x 20.3 % SD) in
comparison with the non-treated killer cohort (Fig. 26 A). This reduction in GzmB
expression was almost identical to the observed decrease in the directly ex vivo stained
tumour samples (Fig. 25 B). This combined data supports and emphasizes the negative
impact of mMTORC1 inhibition on the cytotoxicity of CD4*Trp1 T cells in vivo.

However, despite the persistent effect of mMTORCL1 inhibition on GzmB expression, the
production of inflammatory cytokines IFNy, IL-2 and TNF-a after re-stimulation was not

significantly reduced (Fig. 26 C).

It is important to note, however, that the pleiotropic nature of mTOR and the systemic
administration of RAPA in this experiment make it difficult to conclude with certainty that
the GzmB down-regulation was exclusively due to mTORC1 inhibition in the transferred
CD4*Trpl T cells. Furthermore, a negative effect of RAPA on B16 melanoma
proliferation in vitro and growth and metastasis in vivo which was demonstrated in
previous studies (Eng et al. 1984; Busca et al. 1996; Guba et al. 2002; Yang et al. 2010).
The observed effect could therefore also be caused or increased by an interplay of
different intercellular factors caused by the ubiquitous mMTORC inhibition in other cells,
including for instance endogenous lymphocytes, myeloid and tumour cells.

Because of this lack of specificity of mMTORCL1 inhibition, | chose to genetically engineer

CD4*Trpl T cells to decrease mTORCL1 activity in these cells exclusively.
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Figure 26 | Re-stimulated CD4*Trpl T cells from RAPA treated tumours display
decreased ability to express GzmB whilst maintaining the capacity for cytokine
production. C57BL/6 mice were challenged with 2.5x10° B16/BL6 tumour cells and
received only the killer (RT + CD4*Trp1 transfer + aCTLA-4, see chapter 4.1) treatment
(Killer, red) or the killer treatment with additional daily i.p. injections of 375 pg/kg
rapamycin (+RAPA, blue) from day 12 until the end of the experiment. Mice were
sacrificed on day 17 or 18 and tumour infiltrating lymphocytes were re-stimulated for 4
hours with exogenous DCs and 2 pM TRP1 peptide. A: Percentage of GzmB expressing
tumour infiltrating CD4*Trpl T cells after re-stimulation. B: MFI of pS6 in tumour
infiltrating CD4*Trpl T cells after re-stimulation. C: Percentage of tumour infiltrating
CD4*Trp1 T cells expressing IFNy, IL-2 or TNF-a after re-stimulation. Presented is
pooled data from two independent experiments, n = 3-5 mice per group. A one way
ANOVA with a Bonferroni post-test was performed to calculate statistical differences
between groups: *: P <0.05, * : P <0.01, ™ : P < 0.001, *™** : P < 0.0001, ns: not

significant.
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4.3.1.3 Genetic approach of CD4'Trpl T cell-selective mTORC1
inhibition

To assess the impact of mMTORCL1 inhibition on the acquisition and maintenance of the
cytotoxic phenotype more selectively and avoid systemic mTORC1 dysregulation, the
CD4"Trpl T cells were genetically engineered prior to the adoptive transfer. The
transgenic CD4" T cells were transduced with the inducible MoMLYV retroviral plasmid
iPRAS40 to overexpress proline-rich Akt substrate of 40 kDa (PRAS40), a negative
regulator of mMTORCL1 activity (Wang et al. 2012). The expression vectors iPRAS40 and
the respective control vector iGFP which lacks the Pras40 transgene were designed,
validated and kindly provided by Pedro Velica (Royal Free Hospital, London, UK) and
were used in vivo for selective mTORCL inhibition in murine tumour specific CD8* T cells
in a recent publication (Velica et al. 2015). Both vectors iPRAS40 and iGFP encode a
Q8 tag, a fusion protein of human CD8a and CD34, as transduction marker and GFP as
induction marker which is only expressed alone (iGFP) or along with the Pras40
transgene (iPRAS40) upon treatment with doxycycline (DOX) (see chapter 4.1) (Philip
et al. 2014; Velica et al. 2015).

To test the effect of inducible PRAS40 expression on mTORC1 signalling in CD4*Trpl
T cells, CD4" T cells were purified from naive Trpl SRT/LUC or DTR mice and were
transduced with the retroviral plasmids iGFP and iPRAS40 after 24 hour specific
stimulation with exogenous DCs and TRP1 peptide (see chapter 3.4.4). The cells were
expanded for 72 hours supplemented with 100 u/ml IL-2 in vitro and subsequently rested
overnight without IL-2. The cells were then left untreated (CD4") or re-stimulated with
exogenous DCs and 2 uM TRP1 peptide (CD4* act) and received treatment or not with
0.5 pM RAPA (+ RAPA) and/or 1 pg/ml doxycycline (+ DOX) for 24 hours. 1 pg/ml
doxycycline was previously validated to be the ideal DOX concentration for maximum

induction in vitro with these vectors (Velica et al. 2015).

The transduction efficiency in CD4*Trpl T cells was typically 65-90% for iGFP and 60-
80 % for iPRAS40 vectors. In the absence of DOX, no GFP expression and no effect on
pS6, i.e. MTORCL1 activity, was observed in iPRAS40 and iGFP transduced cells (Fig.
27 A, B, grey). Upon treatment with DOX, GFP expression was induced in both cell types
but only iPRAS40 transduced cells showed a decrease in pS6 expression cells (Fig. 27
A, B dark red/blue). Treatment with RAPA robustly reduced mTORC1 activity and thus
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when treated with DOX (CD4* act + DOX) or not (CD4* act). B: Histograms depicting the
phosphorylation of S6 (pS6) on CD4*Trpl T cells after re-stimulation and treatment with
DOX and/or RAPA. Shown are representative graphs of one out of two independent

experiments, all conditions were performed in duplicates or triplicates.

phosphorylation of S6 (pS6) in both IGFP and iPRAS40 transduced cells (Fig. 27 B,
CD4* act + RAPA).
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Addition of RAPA to the induction with DOX did not decrease pS6 significantly more than
RAPA treatment alone (Fig. 27 B, CD4" act + DOX + RAPA).

In comparison with RAPA treated T cells, mTORCL1 inhibition by inducible PRAS40
expression pS6 was not completely downregulated (Fig. 27 B, CD4* act + DOX, blue).
This suggests that iPRAS40 transduced CD4*Trpl T cells retain residual, but still highly
reduced mTORCL1 activity in comparison to non-induced iPRAS40 transduced T cells
and induced iGFP CD4*Trpl T cells (Fig. 27 B, CD4* act, grey and CD4" act + DOX,
dark red).

As inducible PRAS40 expression resulted in a successful reduction in pS6 and hence
MTORCL1 inhibition of up to 80 %, the iIPRAS40 transduced CD4*Trpl T cells were

considered effective enough to use in functional in vivo experiments.

4.3.1.4 iPRAS40 CD4*Trpl T cells display reduced GzmB expression in

vivo but maintain ability to produce IFNy

In order to test the effect of CD4*Trpl T cell specific mTORC1 inhibition on the
development and maintenance of the cytotoxic phenotype in vivo, iPRAS40 transduced
CD4"Trpl T cells were injected instead of naive T cells in the ‘killer treatment. As
described in chapter 4.1, B16/BL6 tumour bearing C57BL/6 mice received 5 Gy RT and
aCTLA-4 i.p. and received adoptive transfer of either 6x10* naive CD4*Trpl T cells as
reference cohort (‘naive killer’), 3x10° iGFP transduced CD4'Trpl T cells as control
cohort (‘iGFP killer’) or 3x10° iPRAS40 transduced CD4*Trp1 T cells ('iPRAS40 killer’)
for the experimental mMTORC1 inhibition cohort. Additionally, all groups received 2 mg/ml
DOX in the drinking water from day 12 on until the end of the experiment to induce
PRAS40 expression in iPRAS40 transduced CD4*Trpl T cells. The mice were sacrificed
on day 18 or 19 and the tumours and lymph nodes were dissected and processed
according to chapter 3.4.4.

After transduction and subsequent 72 hour in vitro culture of CD4*Trp1, the T cells were
purified based on the transduction marker CD34. The CD4* and CD34" purity of
iPRAS40 and iGFP transduced T cells that were then adoptively transferred typically
reached 90 to 100 %.

In order to achieve a similar number of transduced tumour infiltrating CD4*Trpl T cells

as in the naive killer cohort, the number of adoptively transferred T cells was increased
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from 6x10* to 3x10° as preliminary experiments showed a decreased infiltration and
engraftment of transduced cells at lower numbers of adoptively transferred transduced
CD4A*Trpl T cells.

Analysis of the lymph nodes and tumours demonstrated an efficient engraftment of
transduced T cells in both tissues and a successful induction of transgene expression as
measured by the transduction marker Q8 (CD34) and induction marker GFP (Fig. 28 A,
mid blue). A large proportion of engrafted tumour infiltrating CD4*Trpl T cells (85 % of
iIGFP and 62 % of iPRAS40) was CD34* GFP* (Fig. 28 A); only this CD45.1* CD4* CD34*
GFP* population (mid blue) was used for subsequent analysis of marker expression. The
engraftment of T cells was reduced in comparison with the naive killer (red) in the
iPRAS40 transduced cohort (blue) while the iGFP transduced group (green) showed no
significant change in tumour infiltrating T cell numbers (Fig. 28 B).

Direct ex vivo staining of GzmB of tumour infiltrating lymphocytes showed that
significantly less iPRAS40 transduced and induced (CD34* GFP*) CD4"Trpl T cells
expressed the cytotoxic molecule than the mock control iGFP and the reference naive
killer cohort (Fig. 28 C). The percentage of GzmB expression CD4*Trpl1 T cells reduced
from 51.4 % (£ 11.9 % SD) in the iGFP cohort to 35.3 % (+ 8.9 % SD) in the iPRAS40
group. This significant decrease in GzmB expression upon mTORC1 inhibition is in
agreement with the rapamycin induced mTORCL1 inhibition data and further supports the
hypothesis that mTORCL1 activity is instrumental for the acquisition or maintenance of
the cytotoxic phenotype.

The proliferative status of the transferred cells, as evidenced by Ki67 expression, differed
significantly between the naive and transduced CD4*Trpl T cells (Fig. 28 D). Although
iPRAS40 transduced cells showed a further decrease of proliferation in comparison to
the IGFP control group but an average of 76 % IPRAS40 CD4*Trpl effectors still
displayed high expression of Ki67 (Fig. 28 D). This is an important piece of data as it
demonstrates that despite the mTORCL1 inhibition the tumour reactive cells maintain an
overall high proliferative status.

Interestingly, the significant reduction in GzmB expression between the naive killer
reference group and the iGFP mock control cohort illustrates that the transduction
process and/or in vitro culture prior to the adoptive transfer already compromises
CD4*Trpl T cell cytotoxic to a certain extent (Fig. 28 C).
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Figure 28 | mTORCL1 inhibition via overexpression of PRAS40 induces a reduction
of GzmB+ CD4*Trpl T cells whilst maintaining the production of IFNy after re-
stimulation. CD4*Trp1 T cells were transduced with retroviral plasmid iPRAS40 and the

control plasmid iGFP (see chapter 3.6.4) and were kept for 72 hours supplemented with
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100 u/ml IL-2 in vitro. C57BL/6 mice were challenged with B16/BL6 tumour cells and
received the killer treatment (RT + CD4*Trp1 transfer + aCTLA-4, chapter 4.1) with 6x10*
naive CD4*Trpl T cells (naive killer, red) or 3x10° iGFP/ iPRAS40 transduced CD4*Trp1l
T cells (iIGFP killer/iPRAS4O0 killer). Additionally, all groups received doxycycline (DOX)
from day 12 until the end of the experiment to induce the expression of the PRAS40
transgene. Mice were sacrificed on day 18 or 19 and to measure cytokine expression,
tumour infiltrating lymphocytes were re-stimulated for 4 hours with exogenous DCs and
2 UM TRP1 peptide. A: Representative depiction of the expression of transduction
marker CD34 and induction marker GFP on iGFP/IRPAS40 transduced and induced
tumour infiltrating CD4*Trpl T cells. B: Quantification of the absolute number of tumour
infiltrating CD4*Trpl cells per gram tumour. C: Percentage of GzmB expressing tumour
infiltrating CD4*Trpl T cells. D: Percentage of Ki67 expressing tumour infiltrating
CD4"Trpl T cells. E: Percentage of tumour infiltrating CD4*Trp1 T cells expressing IFNy
after re-stimulation. Presented is representative or pooled data from three independent
experiments, n = 3-6 mice per group. A one way ANOVA with a Bonferroni post-test was
performed to calculate statistical differences between groups: * : P < 0.05, ** : P < 0.01,
*** . P <0.001, ****: P <0.0001, ns: not significant.

To re-stimulate and analyse inflammatory cytokine expression of tumour infiltrating
CD4*Trpl T cells, half of the tumour samples were incubated with exogenous DCs and
2 uM TRP1 peptide for 4 hours without adding any additional DOX. As also observed
when inhibiting mTORC1 by administration of RAPA, also the CD4*Trpl T cell specific
MTORCL1 inhibition on iPRAS40 CD4*Trp1 T cells showed no impact on IFNy expression

in comparison to the naive killer reference and iGFP mock control (Fig. 28 E).

4.3.1.5 Genetic engineering of CD4*Trpl1 T cells causes reduced in vivo

anti-tumour activity and loss of long-term protection

To assess the impact of mMTORC1 inhibition on the in vivo anti-tumour activity of CD4Trpl
and their ability to reject established tumours, we tracked tumour growth and overall
survival after therapy over a period of 100 days. Due to the observed significant
difference in GzmB expression upon mTORCL1 inhibition (Fig. 28 C) the protection
experiments aimed to determine whether the observed reduction of cytotoxicity marker

GzmB translated into a decreased potential in tumour eradication and recurrence. This
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was an essential question as GzmB expression was not completely ablated in the
iPRAS40 transduced CD4*Trpl T cells, but only reduced; it was therefore possible that
the residual GzmB expression, along with potential compensation mechanisms, could
still reduce or control tumour growth. Furthermore, it was critical to determine if the
transduction process and the decreased GzmB expression in iGFP CD4*Trpl killer T
cells in comparison with the naive CD4*Trpl killer T cells (Fig. 28 C) impaired the in vivo
functionality of the transduced T cells.

The experimental set up of the tumour survival experiments was identical with the
previous functional experiment: B16/BL6 tumour bearing C57BL/6 mice received the
killer treatment (5 Gy RT + aCTLA-4 + CD4*Trp1 T cell transfer) with either 6x10* naive
CD4*Trpl T cells as reference cohort (‘naive killer + DOX’), 3x10° iGFP transduced
CD4*Trp1 T cells as control cohort ('iGFP killer + DOX’) or 3x10° iPRAS40 transduced
CD4*Trp1 T cells (‘iPRAS40 killer (+ DOX)’). All groups except for a subgroup of the
iRPAS40 cohort (‘iPRAS40 killer’) received 2 mg/ml DOX in the drinking water from day
12 on until the end of the experiment to induce PRAS40 expression in iPRAS40
transduced CD4*Trpl T cells. The mice were closely monitored and tumour size of
individual animals was recorded every 2-3 days throughout the 100 days of the
experiment.

In keeping with previous work (Quezada et al. 2010), the reference cohort (naive killer +
DOX) rejected the implanted tumours efficiently. One out 10 mice in this group had to be
euthanised on day 30 due to poor wellbeing and despite having a regressing tumour
(red, Fig. 29 A, B). The control group iGFP + DOX showed a heterogeneous response
with 3 out of 12 mice completely rejecting their tumours whist the rest showed only
temporary control of tumour growth and subsequent outgrowth (green, Fig. 29 A). Overall
this resulted in long-term survival of 25 % of the iGFP + DOX cohort (green, Fig. 29 B).
The additional control group which only received iPRAS40 transduced cells but no
induction of PRAS40 expression through DOX (iPRASA40 killer) yielded similar results: 7
out of 10 mice eventually succumbed to the outgrowth of transiently controlled tumours
but 30 % displayed tumour eradication and long-term survival (purple, Fig. 29 A, B). The
experimental cohort which received iPRAS40 transduced cells and DOX (iPRAS40 killer
+ DOX) did not differ significantly from the control iGFP killer + DOX and the iPRAS40
killer groups: the majority (8 out of 12 mice) displayed temporary tumour control followed
by consequent outgrowth while 33.3 % saw tumour rejection and survival for 100 days
(blue, Fig. 29 A, B).
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Figure 29 | Genetic engineering of CD4*Trpl T cells results in loss of complete
tumour rejection and long-term protection. CD4*Trpl T cells were transduced with
retroviral plasmid iPRAS40 and the control plasmid iGFP (see chapter 3.6.4) and were
expanded for 72 hours with IL-2 in vitro. C57BL/6 mice were challenged with B16/BL6
tumour cells and received the killer treatment (RT + CD4'Trp1 transfer + aCTLA-4
chapter 4.1) with 6x10* naive CD4*Trpl T cells (naive killer) or 3x10° iGFP/ iPRAS40
transduced CD4*Trpl T cells (iGFP killer/iPRAS40 killer) and DOX or not from day 12
until the end of the experiment to induce the expression of the PRAS40 transgene. A:
tumour growth (volume) over time in individual mice from one representative experiment.
B: Cumulative survival of mice from two independent experiments. Presented is
representative or pooled data from two independent experiments, n = 5-6 mice per
group. Tumour survival data was analysed with the Kaplan-Meier method and a log-rank
(Mantel-Cox) test was performed to calculate statistical differences between survival
curves, *: P<0.05, **: P <0.01.

These results demonstrate that in this model, mMTORC1 inhibition did not have a
statistically significant impact on tumour eradication and long-term survival when
compared to the two control groups (iPRAS40 killer + DOX vs iPRAS40 killer or iGFP

killer + DOX). However, it is important to note that there was a drastic loss of tumour
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protection and survival advantage in the control groups iPRAS40 killer and iGFP Kkiller +
DOX in comparison to the naive killer + DOX reference cohort (Fig. 29 B).

The loss of the characteristic potent anti-tumour activity of killer CD4*Trp1 T cells in all
the cohorts receiving transduced T cells (irrespective of mTORC1 inhibition) strongly
suggests that the in vitro transduction process (either the expansion, the viral
transduction or both) reduced the transduced T cells’ ability to fully eradicate the
established tumours. A potential explanation would be the exhaustion of the transduced
T cells due to long-term in vitro expansion in high IL-2.

It is important to note that the end point of the functional experiment was on day 18/19
after tumour inoculation, a time point at which all experimental groups display a decrease
in tumour size (Fig. 29 A). This tumour protection and survival experiment illustrates that
the percentage of GzmB producing transduced CD4*Trpl T cells at this time point
(d18/19) does not directly correlate with the T cells’ capacity to control, reduce or
eradicate the tumours. Despite a low variance in GzmB expression at d18/19 (Fig. 28
C), each experimental cohort which received transduced T cells displayed very
heterogeneous results with some mice successfully rejecting the tumour while others
within the same group displayed only a temporary decrease and control of tumour size

before succumbing to unregulated tumour growth (Fig. 29 A).

Taken together, these data demonstrate that mTORCL1 inhibition by inducible PRAS40
expression does not have a negative effect on tumour eradication and survival in
comparison to the transduced controls. However, this study further illustrates that the
process of transduction and in vitro expansion of CD4*Trpl T cells prior to adoptive
transfer impairs their functionality in vivo and results in a critical loss of tumour rejection

and long-term survival.

5 Discussion

Harnessing cytotoxic, tumour-specific CD4* T cells to treat cancer has great potential to
improve current T cell therapies which are largely based on the transfer of CD8" T cells.
In this PhD project, | endeavoured to characterise and define cellular and molecular

mechanisms underlying the development of CD4* cytotoxic T cells.
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Here we demonstrated that that tumour reactive killer CD4*Trpl cells induced by
lymphopenia and treatment with aCTLA-4 exhibit a multifunctional effector phenotype in
vivo which is distinct from helper and hyporesponsive CD4* phenotypes.

Killer, and not helper or tolerant, CD4*Trpl cells are able to eradicate established
B16/BL6 melanoma lesions by infiltrating the tumour in high numbers and acquiring
cytotoxic activity in form of GzmB expression (Fig. 5, 6).

Both transcriptome and protein analysis of tumour infiltrating cytotoxic CD4*Trp1 T cells
showed mixed phenotypical characteristics: while expressing the CD8* and CD4" lineage
specific transcription factors Runx3 and ThPok, respectively, also Thl and Th2 key
transcription factors T-bet and Gata3 were co-expressed in up to 85 % of cells (Fig. 6).
Furthermore, high GzmB expression at transcriptional and protein level did not correlate
with Eomes expression as is found on CD8" CTLs; CD4*Trpl cells lacked expression of
Eomes entirely (Fig. 6).

Tumour infiltrating killer CD4*Trpl T cells further expressed transcripts of a large variety
of inflammatory cytokines correlating with different T helper subsets: GM-CSF, IFNy,
TNF-a, IL-2, IL-3, IL-4, IL-5, IL-6, IL-21, IL-25, IL-17, IL-13 and IL-10 (Fig. 8-15).
However, only a high expression of IFNy, TNF-a and IL-2 was verified so far also on
protein level (Fig. 22). Furthermore, killer CD4*Trpl TILs did not express transcripts of
Th17, Th9, Tth and Treg specific transcription factors RORyt, PU.1, BCL-6 and Foxp3
or Th22 exclusive chemokine receptor pattern of CCR10, CCR4 and CCR6 (Fig. 12).
Together with the high cytotoxic molecule (e.g. GzmB) expression, these results
emphasise the multi-functional highly plastic, Th1/Th2 phenotype of cytotoxic CD4*Trpl
T cells.

Canonical Correspondence Analysis of Microarray data (CCAM) demonstrated a higher
correlation of tumour infiltrating CD4*Trp1 CTLs with the gene signature of CD8" rather
than CD4* T cells (Fig. 19). Another CCAM further illustrated that cytotoxic CD4*Trpl
TILs highly correspond with full effector, antigen-specific CD8* T cell transcriptional

signature and not a memory phenotype (Fig. 20).

Due to the crucial role of mTOR signalling in CD8* effector differentiation, the importance
of MTOR signalling for cytotoxic CD4*Trpl T cells was assessed. Disruption of mMTORC1
activity via treatment with rapamycin or genetic engineering of CD4*Trpl cells to
overexpress mTORCL1 inhibiting PRAS40 caused a down-regulation of GzmB whilst the
production of inflammatory cytokines IFNy, TNF-a and IL-2 was maintained in vitro and

in vivo (Fig. 26, 28). The impact of the inhibition of MTOR signalling on GzmB expression
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suggests a potential involvement of the mTOR pathway in the acquisition or maintenance
of cytotoxic activity on the CD4* T cells.

This study underscores the complexity of the unconventional Th1/Th2/CTL phenotype of
tumour reactive cytotoxic CD4*Trpl T cells but also highlight the benefit of their multi-

functionality in immunotherapy of melanoma.

A recent publication criticised that although cytotoxic CD4* T cells were relevant in
human disease, they might not be clinically translatable as this subset would not be able
to perform a ‘traditional helper function’ (Kline et al. 2012). However, we demonstrate
that cytotoxic CD4*Trpl T cells not only express cytolytic molecules but also a large
variety of cytokines which we hypothesise enables this CD4" subset to provide ‘classical’
help to other lymphocytes.

Cancer immunotherapy with cytotoxic CD4* T cells could have several advantages over
CD8* T cells therapies: Rosenberg and colleagues illustrated that tumour protection was
often incomplete in patients with melanoma, even when transferring tumour antigen-
specific and not polyclonal CD8" T cells (Rosenberg et al. 2005). Furthermore, the
generation of a large number of autologous tumour-specific CD8* T cells for adoptive
transfer is a lengthy and complicated ex vivo process as this tumour reactive subset is
present at very low frequencies in peripheral blood. Most methods are too elaborate and
time-consuming to be employed in the clinic or even induce activation induced apoptosis
of the expanded CD8" T cells (Cebecauer et al. 2005; Vinay et al. 2015).

As previously published and based on the results of the current study, tumour reactive
cytotoxic CD4* T cells are not only able to eradicate large established, poorly
immunogenic tumours and promote long-term protection (Fig. 5 A) (Quezada et al.
2010), they are also producing inflammatory cytokines (Fig. 6 E-G) and have a
transcriptional T helper profile (Fig. 8-15) which could enable them to simultaneously
orchestrate the function of other immune cell compartments (CD8, NK cells, B cells) in
the immune response to cancer. Furthermore, the CD4'Trpl T cell induced tumour
rejection is independent from CD8" T cells, only requires a low number of T cells and
does not involve extensive in vitro expansion of manipulation of differentiation prior to T

cell transfer (Quezada et al. 2010).
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In addition, CD4* T cells benefit from their proficiency to recognise antigens presented
on MHC class Il molecules instead of class | as CD8* T cells. Antigen recognition in MHC
I / 1l constitutes a critical difference as CD8" T cell cytotoxicity depends predominantly
on the presentation of intracellular, endogenous antigens in MHC Class | molecules on
the surface of target cells which, e.g. in the case of cancerous cells, display high genetic
instability. Due to uncontrolled mutagenisis in the tumour cells, defects in antigen
processing and presentation can occur; for instance affecting antigen processing key
proteins B2-microglobulin, TAP1, and TAP2 activity or even causing the loss of MHC |
chains (Korkolopoulou et al. 1996; Cabrera et al. 2003). Collectively, these attributes can
cause tumour cells to be unreliable targets for CD8* CTLs (Restifo et al. 1996; Muranski
& Restifo 2009; Iwai et al. 2002).

CD4* T cells on the other hand, recognise antigens presented in MHC Il on professional
antigen presenting cells (APCs), for instance dendritic cells, which capture antigen by
taking up exogenous, tumour derived fragments by phagocytosis and present them in
MHC Il (Savina & Amigorena 2007). Furthermore, it was demonstrated that tumour cells
are also able to present endogenous peptides in MHC Il by taking up fragments of
apoptotic tumour cells via autophagy (Nuchtern et al. 1990). Although CD4"* cells are
then likewise affected by the unreliable expression of MHC Il and presentation of
antigens on cancer cells, it has been shown that, even though most solid cancers do not
express MHC Il constitutively, the expression of the molecule is upregulated in many
tissues and tumours when exposed to IFNy (Propper et al. 2003; Boehm et al. 1997,
Boss 1997). As shown also by Quezada and colleagues, presence of IFNy was
indispensable for MHC Class Il up-regulation on B16/BL6 melanoma cells (Quezada et
al. 2010).

This further emphasises the importance of the mixed phenotype of the tumour reactive
CD4*Trpl T cells presented in this study: the cytotoxic CD4*Trpl cells not only express
GzmB but simultaneously high levels of IFNy rendering the tumour cells susceptible to
CD4" T cell cytotoxic activity by upregulating MHC Il (Fig. 5 A, 6 E-G). Even if the tumour
fails to express MHC II, the tumour stroma and accessory macrophages will cross-
present tumour antigens. Importantly, destruction of the tumour stroma by cytotoxic
lymphocytes was shown to also lead to the elimination of tumour cells as bystanders
(Spiotto & Schreiber 2005).
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Collectively, this suggests that cancer therapy with cytotoxic CD4* T cells can overcome
traditional CD8" CTL complications and offer an effective way to treat even poorly

immunogenic tumours such as B16/BL6 melanoma.

5.1 The tolerant, helper and killer CD4" phenotype model

The three different CD4* T cell subsets, tolerant, helper and killer, were generated by
adoptive transfer of naive CD4*Trpl T cells in three different treatment cohorts. As
expected, tolerant CD4" T cells presented a hyporesponsive phenotype with very low
tumour infiltration and hardly any effector molecule production while helper CD4*Trpl T
cells displayed moderate expression of inflammatory Thl cytokines (Fig. 5 A, 6 E-G).

The treatments used to give rise to the three phenotypically diverse subsets were very
different: only adoptive transfer of CD4*Trpl T cells for the tolerant, adoptive transfer in
combination with GVAX and aCTLA-4 for the helper and radiation therapy (RT), adoptive
transfer and aCTLA-4 for the killer (chapter 4.1). It is important to acknowledge that in
this model, there were no control groups receiving only RT, only aCTLA-4, only GVAX
or RT + GVAX in addition to the adoptive transfer of CD4*Trpl T cells which would allow
to precisely compare tolerant, helper and Killer cohorts with each other. However, the
conclusions drawn from this model were not directed towards the effect of a specific
treatment as anti-tumour therapy but rather used to compare two phenotypically different

T cell subsets (tolerant and helper) with the published killer CD4*Trpl T cell phenotype.

A crucially different part of the killer CD4*T cell inducing treatment in comparison with
the helper and tolerant therapy is the irradiation (RT) prior to adoptive transfer. As
previously reported, cytotoxicity, tumour eradication and substantial proliferation was
also induced in CD4*Trpl T cells when transferred into tumour bearing RAG™ mice
instead of irradiated C57BL/6. As the only difference between RAG” animals and
C57BL/6 is the lack B and T cells (Mombaerts et al. 1992), it is suggested that irradiation
is mostly needed to deplete the endogenous B and T cell compartment of the recipient
(Quezada et al. 2010). The lymphodepletion caused by RT is thought to induce
homeostatic proliferation of the transferred naive T cells (Goldrath & Bevan 1999;
Marrack et al. 2000). This characteristic rapid expansion of T cells in lymphopenic
recipients has been correlated with differentiation of naive lymphocytes into effector T
cells (Murali-Krishna & Ahmed 2000; Gudmundsdottir & Turka 2001; Min et al. 2005) and
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reversal of tumour-induced anergy of antigen-specific T cells (Brown et al. 2006; Kline
et al. 2008). Interestingly, the avidity of the TCR is an important determinant of the
degree of homeostasis induced proliferation; the higher the avidity, the more extensive
the expansion of T cells (Ge et al. 2001; Kassiotis et al. 2003).

In light of these reports, it is proposed that naive CD4*Trp1 T cells, which carry the highly
avid Trpl TCR, undergo rapid homeostatic expansion due to the lymphodepletion and
presentation of their cognate antigen in the tumour bearing recipients. It is further
suggested that this homeostatic expansion might have an important role in the
development of the highly plastic, multi-functional CD4" killer phenotype.

A distinct feature of cytotoxic CD4*Trpl T cells is the co-expression of Thl and Th2
transcription factors T-bet and Gata3 (Fig. 23 C). As Kanhere et al. recently elaborately
demonstrated, a multitude of key immune regulatory genes such as transcription factors
(Blimp-1, BATF, IRF1, BCL-6, STAT4, STAT5, ...), cytokines (IL-4, IL-5, IL-13), and
cytokine and chemokine receptors (IL1RL2, CCR2, CCRS5, ...) display T-bet and Gata3
binding domains and thereby display the possibility of regulation through the Thl and
Th2 specific transcription factors (Kanhere et al. 2012). Cytotoxic CD4" T cells thus have
potential to highly benefit from the expression of both transcription factors to gain
Th1/Th2 dual functionality.

Furthermore, Jenner et al. previously elucidated a set of shared target genes between
Gata3 and T-bet and emphasised the importance of T-bet and Gata3 expression,
exclusively or simultaneously to control the development of T cell fates. The authors
verified previous studies (Cousins et al. 2002; Messi et al. 2003; De Fanis et al. 2007)
showing Gata3 expression in both human Thl and Th2 cells but added that nearly all
Gata3 expression in Thl cells coincides with T-bet expression (Jenner et al. 2009).
Interestingly, a similar co-expression pattern of the previously considered ‘exclusive’
Th17 and Treg specific transcription factors RORyt and Foxp3 emerged to be essential
for the functionality of a subset of regulatory T cells (Zhou et al. 2008). This suggests
that T helper phenotype commitment is not a static, single transcription factor induced
event but is caused by a more complex interplay between transcription factors, such as
Gata3 and T-bet, and their exclusive and shared target genes. These studies emphasise
the great extent in which the simultaneous expression of Gata3 and T-bet might

precipitate or contribute to the highly plastic, multifunctional killer CD4*Trpl phenotype.
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5.2 The microarray analysis

The microarray analysis revealed a highly plastic, multi-functional helper and CTL
phenotype of tumour infiltrating killer CD4*Trp1 T cells and a high correlation of cytotoxic

CD4* T cells with the genetic signature of effector CD8* T cells.

The tolerant and helper subsets were suitable and crucial for the comparison with the
killer CD4*Trpl T cells, however, the tumour infiltrating helper CD4*Trpl T cells appear
to not completely fit one type of ‘traditional’ CD4* helper T cells: Although helper
CD4*Trpl T cells did not develop anti-tumour activity or promoted tumour protection,
they appeared to be in a strongly activated state and up to 32 % of TILs expressed GzmB
(Fig. 6 A). It is overall difficult to define a subset as ‘general’ helper population as there
are distinct phenotypic differences between CD4 helper subsets Thl, Th2, Thl7, Tfh,
Th9, Th22 and regulatory T cells. Based on the transcriptional expression of T helper
subset markers, helper TILs most resembled Th1l T cells by expressing Thl transcription

factor T-bet as well as most Thl but also a variety of Th2 cytokines (Fig. 9, 10).

However, it was surprising to find the helper CD4*Trpl TIL gene signature correlated so
highly with CD8* related genetic patterns in the CCAM. A potential explanation for this
discrepancy lies in the nature of the comparison with the ImnmGen dataset T.8.TI.B16: it
is unknown which phenotype the CD8" T cells had which were used to generate this
dataset — they could be effector, memory or exhausted CD8+ T cells or even constitute
of a mix of the three. Furthermore, this result could be due to the particularly high
transcript expression of cytotoxic molecules on helper TILs and the similarities in CD8*
T cell marker expression pattern between helper and killer TILs (Fig. 16, 17).

In the second CCAM, the helpers were shown to correlate with an early effector CD8*
phenotype (Fig. 20). This activated cell state might be due to the very avid transgenic

Trpl TCR which causes chronic stimulation of helper CD4*Trpl T cells in the tumour.

Among the large number of T helper and CD8 T cell markers expressed on cytotoxic
CD4*Trpl T cells, there are several which stand out due to their exclusive expression of
killer (and not helper) TILs or their connections with (cytotoxic) effector T cells:

Interestingly, CD4*Trpl TILs highly express the CD8" lineage specific transcription factor
Runx3 on transcript and protein level. Previous reports show that Runx3 was imperative

for GzmB expression (Wang et al. 2008) but also that Runx3 expression alone is not
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sufficient to drive cytotoxic activity of CD8* effectors (Kohu et al. 2005; Grueter et al.
2005; Taniuchi 2009). In this study, expression of Runx3 coincided with GzmB
expression on up to 91 % of cytotoxic CD4*Trpl effectors in the tumour while T-bet was
co-expressed with GzmB in up to 89 % of CD4"Trpl TILs (Fig. 23). When simultaneously
expressed as observed on killer CD4*Trpl TILs, Runx3 and T-bet were shown to
cooperate to induce CTL differentiation by induction of IFNy, GzmB and Perforin
expression (Cruz-Guilloty et al. 2009) This strongly suggests an association of Runx3
and T-bet with the cytotoxic CD4* T cell fate. However, the importance of the
transcription factors for the acquisition of cytotoxic activity remains to be investigated for
instance by knock down of one, two or all three (Runx3, T-bet, Gata3) of the transcription
factors via shRNA in CD4*Trpl T cells prior to adoptive transfer.

The microarray analysis revealed an up-regulation of Gfil (growth factor independent-1)
on killer and helper CD4" T cells in the tumour (Fig. 10). Gfil is a transcriptional repressor
which is induced by IL-4/STAT6 and was shown to promote expansion of Gata3
expressing cells and Th2 responses (Zhu et al. 2006). A recent study demonstrated that
TCR-mediated upregulation of Gfil supports Th2 cell differentiation by enhancing Gata3
stability (Shinnakasu et al. 2008). This points to a potential role of Gfil expression in
driving or supporting the Th2 branch of the mixed Th1/Th2/CTL CD4" phenotype by
stabilising Gata3 whilst T-bet is expressed. Whether Gfil expression contributes to the

acquisition of the cytotoxic activity, however, is not clear and still needs to be examined.

Contrary to other reports on cytotoxic CD4* cells (Qui et al. 2011; Hirschhorn-Cymerman
et al. 2012; Curran et al. 2013; Weiskopf et al. 2015), Eomes was not expressed on the
killer CD4*Trpl TILs. This lack of Eomes expression suggests that the transcription
factor is not necessary for the cytotoxic effector function in this model. In fact, Eomes
has not been portrayed as an exclusive effector marker at all: In several studies of
lymphocytic choriomeningitis virus (LCMV) infection, Eomes and T-bet were both found
to be expressed in effector and circulating memory CD8* T cells. However, Eomes
expression was higher in memory cells while T-bet transcripts were increased in effector
CD8" cells (Intlekofer et al. 2005; Joshi et al. 2011).

Furthermore, Pipkin et al. observed higher T-bet, but not Eomes, expression upon TCR
stimulation while only several days after TCR engagement Eomes was upregulated
(Pipkin et al. 2010). Eomes deficient memory CD8* cells were also shown to have

several functional memory defects such as reduced long-term persistence and
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expansion rate after antigen-reencounter and less capacity to localize or populate the
memory T cell niche in the bone marrow (Banerjee et al. 2010). Based on these reports,
an inverse correlation of T-bet and Eomes in effector and memory CD8* T cells emerges:
T-bet expression is high and Eomes expression low (not necessarily absent) in effector
CD8" T cells and conversely, Eomes expression increases and T-bet decreases as the
cell fate changes to a memory phenotype. Thus, itis clear that high expression of Eomes
is not a hallmark of effector but memory CD8" T cells, although Eomes is most likely not
a master T cell memory regulator such as BCL-6. The strong evidence of Eomes
involvement in memory, not effector, functionality combined with the results from this
immunotherapy study suggest that tumour reactive CD4" T cells do not depend on
Eomes expression to develop cytotoxic activity. However, as CD4*Trp1 T cells were only
analysed at a time point when cytotoxic activity is already acquired, one cannot rule out
the possible involvement of Eomes in the induction and development of the cytotoxic
phenotype at an earlier time point without further experiments such as knock down via
shRNA.

The expression of CD4" lineage specific transcription factor ThPok was high on killer
CD4*Trpl T cells in the tumour and the periphery, likewise, on transcript and protein
level (Fig. 8, 22). This data stands in contrast with previous publications which
emphasised the important role of ThPok in suppressing CD8* CTL fate in CD4* T cells
in the periphery by blocking Perforin and GzmB expression (Wang et al. 2008; Sun et al.
2005; He et al. 2005). However, these studies also often report high expression of Eomes
on cytotoxic CD4* T cells which killer CD4*Trp1 characteristically lack in this presented
work (Fig. 22) and depict Runx3 as orchestrator of gene expression of cytotoxic
molecules such as GzmB in ThPok-deficient CD4* T cells (Wang et al. 2008).

The co-expression of ThPok and Runx3 was recently reported in CD4* T cells found in
the intestine (IELs, intraepithelial lymphocytes) (Reis et al. 2013). Killer CD4"Trp1 TILs
partially resemble IELs as both T cell populations exhibit high expression of CD69,
GzmB, Runx3, T-bet and Thpok; however, CD4*Trpl TILs lack IELs characteristic
CD103 expression (Reis et al. 2014) (Fig. 15).

Interestingly, Mucida and colleagues further illustrated that activated IELs lose
expression of ThPok, and thereby caused de-repression of the CD8* CTL lineage. The
emerging cytotoxic potential in IELs was a result of potent or repetitive antigen specific

activation of the CD4* effector T cells. However, cytotoxic IELs lacking ThPok displayed
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decreased expression of T helper (Thl, Th2, Th17 and Treg) gene signatures (Mucida
et al. 2013).

In light of these results and the data presented in this study, ThPok expression appears
to not be required for CD4" cytotoxicity but drives or contributes to the Th component of
the highly plastic killer CD4*Trp1 phenotype.

Interestingly, transcript expression of IL-12R B2 is high on Killer.TIL, killer.LN and
helper.TIL. Loss of the beta subunit of IL-12R is a characteristic Th2 phenomenon which
is highly connected with the cytokine milieu in the microenvironment: IL-4 inhibits while
IFNy helps to maintain IL-12R B2 expression during early Th2 development (Szabo et
al. 1997). The high expression of IL-12R 32 on killer CD4"Trp1 TILs was expected as its
expression is specifically induced by TCR stimulation (Usui et al. 2006) and CD4*Trpl
killer TILs express a large variety of cytokines but particularly high levels of IFNy which
stimulates its expression. However, IL-12R B2 expression is inhibited by Gata3 and
stimulated by STAT4 (Usui et al. 2006) — two molecules which were shown to be highly
expressed on the killer CD4*Trpl TILs. This suggests a phenotype which is in a delicate
balance between positive and negative regulation of gene expression due to

simultaneous expression of T-bet, Gata3, Runx3 and ThPok.

Recent studies emphasized the importance of chemokine receptor CCR5 on CD4* T
cells expressing GzmB, Perforin and the degranulation marker LAMP-1: Zaunders and
colleagues detected this phenotype in human HIV-1 and CMV-specific CD4*T cells while
Naito et al. demonstrated that CCR5 expression was instrumental for CD4* T cell
recruitment to the tumour site and intratumoural migration mediated by CCL3 (Zaunders
et al. 2004; Naito et al. 2015). Interestingly, not only do killer CD4*Trp1 TILs express
high levels of CCR5 transcript but also of CCL3 (Fig. 9). This data suggests that CCR5
could also be involved in CD4*Trpl T cell migration but also proposes the possibility of
CD4*Trpl TILs recruiting more killer CD4* T cells to the tumour site by production of
CCL3. To validate this hypothesis, CCL3 and CCR5 expression should be analysed via
flow cytometry and, if found upregulated, knocked down/out to investigate their

importance for the CD4*Trpl cytotoxic phenotype.

Another molecule which is highly expressed only on killer CD4*Trp1 T cells in the tumour
and periphery is CD226 (Fig. 9). CD226 is a co-stimulatory molecule expressed on Thl
CD4*, CD8" T cells and NK cells and shares the ligand CD155 (PVR) with co-inhibitory
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receptor TIGIT (Gilfillan et al. 2008). In fact, similar to the CTLA-4 and CD28 axis, the
key mechanism of action of TIGIT is the interference with CD226 homodimerisation
required for co-stimulation (Johnston et al. 2014). Gilfilan and colleagues further
demonstrated CD226 co-stimulation to be instrumental for directing CD8" effector
functions against non-professional APCs and NK targets which evade
immunosurveillance (Gilfillan et al. 2008). The very selective expression of CD226 on
only killer CD4" T cells suggests a potential involvement of CD226 in the development
and/or maintenance of the highly plastic phenotype of cytotoxic CD4*Trpl T cells.

Also the CD226 associated integrin LFA-1 (CD11a) (Shibuya et al. 2003) was
significantly higher expressed on transcript level in killer CD4*Trp1 TILs in comparison
to helper TILs (Fig. 15, 21). LFA-1 was found to be crucial for mediating the release of
cytolytic granules in the immune synapse between CD8" CTLs and their target cell
(Anikeeva et al. 2005). The function of LFA-1 could contribute of the highly cytotoxic
activity of CD4*Trpl T cells. Both CD226 and LFA-1 expression still remain to be verified

on protein level.

Furthermore, CD4*Trpl TILs lack CD62L expression on protein and transcript level. This
phenotype on CD4* T cells was reported to be accompanied with a high expression of
effector molecule expression, for instance IFNy, in comparison with CD62L" cells
(Hengel et al. 2003) which aligns with the high IFNy expression of killer CD4*Trpl1 T cells.
Yang et al. further illustrated that CD62L is cleaved from the cell surface tumour specific,
lytic CD8* T cells after antigen encounter and that the shedding was directly correlating
with the expression of degranulation marker LAMP-1 (CD107a) (Yang et al. 2011). It is
unclear whether CD62L shedding also occurs on killer CD4*Trpl T cells as CD62L
expression was also very low on transcript level. However, without further experiments
such as investigating the presence of CD62L in the supernatant of restimulated cells by
ELISA, the possibility of shedding cannot be excluded. Moreover, LAMP-1 (CD107a)
expression was low on transcript level but was detected when stained together with
LAMP-2 (CD107b) after restimulation of CD4*Trpl T cells ex vivo (Fig. 6 B).

Expression of another memory marker, CCR7, was particularly low on killer TILs on
transcript level (Fig. 21). This data not only suggests an effector phenotype but more
specifically correlates with a report by Harari et al. demonstrating that the vast majority
of antigen specific CD4* T cells which highly express IL-2 and IFNy are CCR7~ in vitro

and in vivo (Harari et al. 2004).
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Furthermore, killer CD4*Trpl TILs expressed significantly higher levels of the effector
markers KLRG1 and CD11c on transcript level than helper TILs (Fig. 21). The two
molecules were previously shown to be co-expressed and highly upregulated on CD8 T
cells. Increased expression of T-bet in CD8" T cells was further demonstrated to induce
a short lived, KLRG1M¢" effector cell state (Huleatt & Lefrancois 1995; Joshi et al. 2007).
These data strongly correlates with the described gene and protein expression pattern
observed in cytotoxic CD4"Trpl T cells and suggests a potential role of KLRG1 and
CD11c in the acquisition and/or maintenance of the cytotoxic phenotype.

Besides specific markers, the microarray also illustrated the importance of the TRP1
antigen-rich microenvironment of the tumour as crucial component for the development
of CD4*Trpl cytotoxicity: killer CD4*Trpl cells in the lymph node lacked transcripts or
expressed significantly lower levels of most cytokines and cytotoxic molecules, with only
few exceptions, in comparison to killer TILs (Fig. 8-12, 21). Collectively, this emphasises
the importance of the tumour microenvironment on the cytotoxic activity of CD4*Trpl T

cells.

5.3 The mTORCL1 inhibition experiments

As it was recently demonstrated that mTOR signalling is associated with T cell
differentiation (Delgoffe et al. 2009; Araki et al. 2009) and GzmB and T-bet expression
in CD8" CTLs (Rao et al. 2010), we inhibited mTORCL1 by treating mice killer condition
(RT + CD4*Trp1 + aCTLA-4) with rapamycin to investigate the potential role of mMTORC1
signalling in the differentiation of the cytotoxic CD4*Trpl1 T cells.

Inhibition of MTORC1 in vivo by administration of rapamycin ablated GzmB expression
without impacting the effector-typical high T-bet expression or cytokine secretion (Fig.
25, 26). However, it is not possible to distinguish if the observed effect of GzmB down-
regulation were due to mTORC1 inhibition or an interplay of different factors caused by
ubiguitous mTORC inhibition. Nonetheless, the reduction of GzmB was confirmed in vitro
when CD4*Trpl T cells were activated and cultured with rapamycin (Fig. 24). The finding
that inhibition of mMTORCL1 ablates GzmB expression therefore suggests that mTORC1

activity might be important for the acquisition or maintenance of cytotoxicity.
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Interestingly, and in contrast to (Rao et al. 2010), there was only a mild change in the
expression of the T-bet with rapamycin treatment (Fig. 25 B). Conversely, prolonged T-
bet expression could not override the effect of mTORCL1 inhibition and induce GzmB
expression. This suggests that in killer CD4*Trpl T cells either T-bet controls GzmB
expression via mTORC1 signalling or that T-bet expression is independent from GzmB

and vice versa.

Genetically engineering of CD4*Trpl T cells to overexpress PRAS40, a negative
regulator of mMTORC1 activity, instead of treatment with rapamycin limited the mTORC1
inhibitory effect to only transduced CD4*Trpl T cells and avoided systemic mTORC1
dysregulation.

Forced PRAS40 expression in killer CD4+Trpl T cells (iPRAS40 killer) produced
correlating results with the preceding rapamycin experiments: iPRAS40 killer CD4*Trpl
T cells displayed significantly decreased GzmB expression in vivo whilst IFNy expression
was maintained (Fig. 28 C, D).

iPRAS40 transduced CD4*Trpl T cells were then used in a long-term survival
experiment to investigate the effects of mMTORC1 inhibition on tumour eradication and
protection. It was demonstrated that mTORCL1 inhibition did not have a statistically
significant impact on tumour eradication and long-term survival when compared to the
two control groups (iPRAS40 killer + DOX vs iPRAS40 Kkiller or iGFP killer + DOX).
Surprisingly, however, there was a drastic overall loss of tumour protection and survival
advantage in all the groups which received transduced T cells, irrespective of their
transgene or DOX treatment (Fig. 29 B).

This loss of the characterised killer functionality of the CD4*Trpl1 T cells in all the cohorts
which received transduced T cells, irrespective of mMTORCL inhibition, demonstrates that
the genetic engineering had severe side effects which impaired the transduced T cells’
ability to eradicate the tumour. This could be due to exhaustion of the transduced T cells
caused by receiving the first TCR specific stimulation in vitro, expanding for several days
with high survival stimulus (IL-2) in vitro and finally undergoing homeostatic expansion

and receiving chronic stimulation with their cognate antigen in vivo.

Gattinoni and colleagues have shown that tumour specific Pmel CD8* T cells which are
activated and kill target cells efficiently in vitro, are not as effective in tumour eradication
in vivo (Gattinoni et al. 2005). High expression of Granzymes and IFNy in particular was

correlated with decreased anti-tumour activity in vivo. The authors suggest this effect is
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due to either an inability to produce IL-2 and respond to homeostatic cytokines such as
IL-7 and IL-15, a downregulation of co-stimulatory and lymphoid-homing molecules or
differentiation into an exhausted, pro-apoptotic state with impaired proliferation.

As it was necessary to transfer 5x more transduced cells to reach a comparable
CD4*Trpl T cell number to the naive killer in tumour and lymph node on day 18/19 of
the experiment, it is possible that transduced CD4*Trpl T cells indeed possess a
decreased proliferative potential early after the transfer. After 10 days in vivo (day 18/19),
however, proliferative capacity of iGFP and naive CD4"Trpl T cells was identical as
evidenced by high Ki67 expression in both cohorts (up to 95 % Ki67*, Fig. 28 D).
Interestingly, the authors suggest that the use of IL-15 instead of IL-2 for the in vitro T
cell culture equally expanded the lymphocytes and delayed the differentiation into an
effector state (Gattinoni et al. 2005). The exchange of IL-2 with IL-15 in the transduction
protocol could be tested to investigate if it can restore CD4" T cell effector function in

Vivo.

It is notable, however, that 30 % of the mTORCL1 inhibited cohort (iPRAS40 killer + DOX)
did eradicate the tumours in a timely manner equivalent to not only the transduced
control groups but even to the reference ‘naive killer’ subset (Fig. 29). This could be due
to the residual GzmB expression (35.3 % + 8.9 % SD) and high cytokine expression
which was detected on d18/19 (Fig. 28). High IFNy expression in itself can contribute to
tumour eradication by other immune cell subsets (Mumberg et al. 1999; Dighe et al.
1994; Coughlin et al. 1998; Qin et al. 2002; Zhang et al. 2008; Kline et al. 2012) and
could play an important part in this scenario. Furthermore, although GzmB is used as a
marker for cytotoxicity in this study, there are a number of different Granzyme (A-K)
molecules which were found upregulated on transcript level in killer CD4*Trpl T cells.
So although mTORC1 inhibition has an effect on GzmB expression, we did not study
any of the other Granzyme molecules in this context. There could be an occurrence of
compensation mechanisms such as an increased expression of other Granzymes,
Perforin, or even TRAIL or FasL. Although the latter two were previously described to be
dispensable for cytotoxic CD4*Trpl mediated tumour eradication (Quezada et al. 2010),
TRAIL and FasL could still have a role as compensatory anti-tumour mechanism in this

setting.
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As mTOR is widely associated with metabolic changes in T cells and homeostatic
proliferation potentially plays a part in the development of the cytotoxic phenotype, this
data connects CD4" killer activity with cellular metabolism.

Interestingly, T cells change their metabolism upon activation: Following antigen
encounter, CD8" and CD4" T cells change from naive, quiescent cells to effector cells
with various new functions. Effector T cell characteristics such as enhanced proliferation,
directed migration, cytotoxic molecule and cytokine production and secretion require
more energy. In order to keep up with the metabolic demand, effector lymphocytes switch
their ATP synthesis from the universal mitochondrial oxidative phosphorylation to aerobic
glycolysis (Cham et al. 2008; Finlay & Cantrell 2011). This enables activated T cells to
meet their energy requirements even in hypoxic environments as aerobic glycolysis
allows ATP production from glucose regardless of oxygen availability (Vander Heiden et
al. 2009).

It has not been clear why T cells switch to the much less efficient glycolysis even during
abundant oxygen supply when they require higher ATP levels. Recently, however,
Chang et al. illustrated the significance of the glycolysis enzyme GADPH
(Glyceraldehyde 3-phosphate dehydrogenase) on inflammatory cytokine production.
When GAPDH is not engaged in aerobic glycolysis, thus in naive, unactivated T cells, it
binds AU-rich elements within the 3’ UTR of Ifng and 112 mRNA and thereby inhibits their
translation. It was demonstrated that only during occupation of GAPDH in the aerobic
glycolysis pathway, IFNy and IL-2 production is permitted. Therefore, aerobic glycolysis
appears to be a metabolic regulator for effector T cell function (Chang et al. 2013; Nagy
& Rigby 1995).

These findings indicate the change to aerobic glycolysis serves as a switch to an effector
function gene/protein set and highlights the potential role of GAPDH or other multi-
functional glycolysis enzymes in the acquisition of cytotoxicity on CD4* T cells via post-
transcriptional gene silencing.

In keeping with these results, transcriptional analysis of in vitro stimulated CD8* T cells
demonstrated a direct dependence of GzmB and perforin with active glycolysis: glucose
deprivation during stimulation caused a significant down-regulation of the cytolytic

molecules (Cham et al. 2008).

Interestingly, the microarray analysis in the current study did not only reveal high

expression of the mTORC1 downstream proteins Hypoxia inducible factors 1a (Hif-1a)
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Figure 30 | Tumour infiltrating killer CD4*Trp1 cells highly express mTORC1
downstream proteins involved in metabolism. Displayed are genes encoding HIF-1a
(Hifla), HIF-2a (Epasl), thiamine transporter TC1 (Slc19a2), Glutl (Slc2al) and Glut3
(Slc2a3). Colour coding is used to display high (red) and low (green) expression of a
genes across the experimental groups: tolerant, helper, killer and naive CD4*Trpl
effector T cells extracted from tumour (TIL) or lymph nodes (LN) from treated mice
(treatment regimens as described in chapter 4.1). Mice were sacrificed 8 days after
adoptive transfer and RNA was isolated from GFP~ CD4*Trpl effector cells and used for
the GeneChip® Mouse Genome 430 2.0 Array. Naive GFP~ CD4'Trpl cells were
isolated from lymph nodes of Trpl FoxGFP mice. n=8-10 mice per group. Experiments
were performed in triplicates, each indicated by 1/2/3.

and 2a (Hif-2a, encoded by Epasl) on tumour infiltrating killer CD4*Trp1 T cells but also
of its metabolic target genes glucose transporter type 1 (Glutl encoded by Slc2al) and
type 3 (Glut3 encoded by Slc2a3) (Fig. 30) (lyer et al. 1998; Dodd et al. 2015). Up-
regulation of Glutl was previously shown to be an essential process in CD8" T cell
activation (Jacobs et al. 2008). Additionally to Glutl and Glut3, thiamine transporter 1
(TC1, encoded by Slc19a2), another metabolically important transporter, was also highly
abundant (Fig. 30). All three genes Sic2al, Slc2a3 and Slcl9a were differentially
expressed on the killer CD4*Trpl cells in comparison with the tolerant and helper
subsets in the lymph node or tumour and the killer T cells in the lymph node (Fig. 30). In
fact, Slc2a3 and Slc19a2 were found in the top 75 genes which were significantly higher
expressed on killer CD4*Trpl TILs in comparison to helper TILs (Fig 18).
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The killer CD4* TIL restricted expression pattern was also detected for the transcripts of
Hif-1a and Hif-2a (Fig. 30). Hif-1a and -2a represents the a-subunits of an oxygen-
responsive, heterodimeric transcription factors complex which either factor forms with
the constitutively expressed B subunit ARNT. The complex binds hypoxia response
elements (HREs) on the DNA to induce expression of specific genes involved in
erythropoiesis, apoptosis, glycolysis and proliferation. This can only occur under hypoxic
conditions as Hif-1a and Hif-2a proteins are rapidly degraded in the presence of oxygen.
This mechanism is based on the hydroxylation on three specific proline residues of both
Hif-1a and Hif-2a by prolyl-4-hydroxylase (PHD) which requires molecular oxygen (lvan
et al. 2001). The pVHL (von Hippel-Lindau protein) then binds the hydroxylated sites and
induces polyubiquitination of Hif-1a and Hif-2a by E3 ubiquitin ligases, marking the
proteins for rapid proteosomal degradation (Salceda & Caro 1997; Maxwell et al. 1999).
Hif-1a and Hif-2a each target some unique and some overlapping genes, Hif-1a, for
instance, induces glycolytic gene expression while Hif-2a does not (Maltepe et al. 1997;
Semenza & Wang 1992; lyer et al. 1998; Hu et al. 2003; Semenza 2000).

In this study, the Hifla and Epasl1 gene up-regulation on killer CD4*Trp1 TILs is probably
only partly due to the potentially hypoxic environment in the tumour because the helper
TILs display significantly lower expression of the oxygen-responsive transcription
factors; especially Hif-2a expression is significantly (P < 0.05) increased (Fig. 18, 30).
However, because regulation of Hif-1a/2a is mainly post-translational (lyer et al. 1998),

it is vital to analyse the protein expression and activity of Hif-1a and Hif-2a.

Hence, whilst killer and helper CD4*Trpl TILs display a similar gene profile for some
effector cytokines, Hif-1a, Hif-2a and the metabolically essential glucose/thiamine
transporters Glutl, Glut3 and TC1 seem to be preferentially upregulated in the killer
setting. Based on these preliminary data Hif-1a, Hif-2a, Glutl, Glut3 and TC1 are
promising new targets for the characterisation of the molecular mechanisms underlying

the CD4" cytotoxic phenotype.

Interestingly, recent findings illustrate novel functions of HIFs in lymphocytes: Hif-1a and
-2a protein expression is induced by TCR stimulation in a mTORC1-dependent manner
under hypoxia in peripheral T cells in vitro and in vivo (Lukashev et al. 2001; Nakamura
et al. 2005; Lukashev et al. 2006). Shi and colleagues further demonstrated that the Hif-
1a induced glycolytic pathway was crucial for the differentiation of Th17 and regulatory

T cells (Shi et al. 2011). Hif-1a also plays an important role in T cell survival by inhibiting
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activation induced cell death (Makino et al. 2003). In fact, CTLs which differentiate in a
hypoxic environment and display high levels of Hif-1a were shown to have increased
cytotoxic capacity (Caldwell et al. 2001).

This data correlates with recent reports that Nur77, an orphan nuclear hormone receptor
which is rapidly expressed after TCR stimulus (Osborne et al. 1994; Au-Yeung et al.
2014), binds pVHL and thereby inhibits ubiquitination and subsequent degradation of
Hif1-1a. The stabilisation of Hif-1a by Nur77 allows for activity of the transcription factor
resulting in increased expression of Hif-1a targets such as Glut1 (Kim et al. 2008).
Furthermore, Nur77 expression was found to directly correlate with the strength of TCR
stimulation (Moran et al. 2011). In light of these combined results, it seems possible that
the high Hif-1a and Glut1 expression on killer CD4*Trpl TILs (Fig. 30) is the result of
strong stimulation of the Tg Trpl TCR causing increased expression of Nur77 which in

turn inhibits Hif-1a degradation and allows elevated expression of Glutl.

Preliminary in vitro experiments with the Hif-1a and Hif-2a small molecule inhibitor
Chetomin (Kung et al. 2004), however, did not result in a differential expression of GzmB
on activated CD4*Trp1 T cells upon treatment.

54 Outlook

Although this present study has revealed specific characteristics of the highly plastic,
cytotoxic CD4*Trpl phenotype and underscored the importance of mMTORC1 signalling
in the acquisition and maintenance of cytotoxic potential, there are further experiments

to be done to further elucidate the mechanisms underlying this CD4* effector subset.

The high expression of GzmB and other Granzyme proteins is a crucial component of
the cytotoxic potential of CD4*Trpl T cells. Therefore it would be interesting to analyse
transcription factor binding sites on the Granzyme A-K gene promoter sequences in
silico, as for instance outlined by Whitfield and Rao and colleagues (Rao et al. 2008;
Whitfield et al. 2012), to find specific transcription factors involved in the expression of
the cytolytic molecules. In addition, this analysis would greatly benefit by performing a
DNA pull-down (Drewett 2001; Deng et al. 2003) or chromatin immunoprecipitation
(ChIP) assay (Kuo & Allis 1999; Wells & Farnham 2002; Dryer & Covey 2006) followed
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by mass spectrometry on either in vitro activated or in vivo differentiated killer CD4*Trpl

T cells to identify in detail the transcription factors bound to the GzmA-K promoters.

Due to the importance of mTORCL1 signalling and homeostatic expansion for the
cytotoxic phenotype, further studies into downstream proteins of mMTORC1 could reveal
more of the molecular mechanisms connected with metabolism underlying CD4*
cytotoxicity. It would be interesting to investigate Glutl, Glut3 and TC1 expression on
killer CD4*Trpl T cells to verify the transcriptional data on protein level (Fig. 30) and
assess potential co-expression of these proteins with transcription factors Runx3, T-bet
and Gata3 and effector molecules such as GzmB, IFNy, IL-2 and TNF-a.

Although preliminary experiments with HIF-1a and HIF-2a inhibitor Chetomin did not
show any inhibitory effect on GzmB expression of CD4*Trpl T cells in vitro, another
inhibitor or genetically ablating/knocking down HIF-1a and/or HIF-2a via TALEN or
CRISPR technology or shRNA knock down should be attempted. Chetomin was highly
toxic and problematic to use on the T cells so another inhibitor such as PX-478 or
103D5R (Tan et al. 2005; Koh et al. 2008) could be used instead, although a knock
down/out of the gene by shRNA or TALEN/CRISPR, respectively, would be a more
specific option which could be carried further into functional in vivo experiments.
Likewise, it would be interesting to investigate the impact on cytotoxic potential of
overexpression of HIF-1a, HIF-2a or also other molecules which were exclusively
expressed on killer CD4*Trpl TILs such as CCR5, CD226, LFA-1, KLRG1 or CD11c in
either a) helper or tolerant CD4*Trpl cells or b) polyclonal naive or B16/BL6 tumour
sensitised CD4" cells from C57BL/6 mice in the killer setting (RT + CD4* T cells + aCTLA-
4). Hu and colleagues, for instance, created plasmids carrying oxygen independent
mutant HIF-1a or HIF-2a which could be used for these experiments (Hu et al. 2007).
These experiments could pinpoint the potential involvement of said molecules in the
acquisition and maintenance of cytotoxic activity on the CD4*Trp1 T cells and investigate

their importance for the development of the effector phenotype.

However, the negative impact of the transduction procedure on CD4* T cell anti-tumour
activity observed in the mTORCL1 inhibition studies via PRAS40 expression poses a
problem for future clinical applications. We hypothesise that the highly avid Trpl TCR is
a key component for the acquisition of the cytotoxic phenotype as it allows directed killing
activity of tumour cells in an MHC Il dependent manner, enhances homeostatic

expansion and increases mTORCL1 signalling. Therefore, it will be necessary to
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transduce a polyclonal population with a tumour-reactive TCR prior to T cell transfer into
patients to elicit CD4*Trpl-comparable responses. This emphasises the need to further
improve the transduction protocol but also test to transduce polyclonal with different
TCRs reactive to known tumour associated proteins such as NY-ESOL1 or even neo-
antigens (Hunder et al. 2008; Linnemann et al. 2015) or chimeric antigen receptors
(CARSs) (Kalos 2012).

124



6 Bibliography

Affymetrix®, 2004. GeneChip® Mouse Genome Arrays Data Sheet. , pp.0—4.

Akiba, H., Takeda, K., Kojima, Y., Usui, Y., Harada, N., Yamazaki, T., Ma, J., Tezuka,
K., Yagita, H. & Okumura, K., 2005. The Role of ICOS in the CXCR5+ Follicular B
Helper T Cell Maintenance In Vivo. The Journal of Immunology, 175(4), pp.2340—
2348.

Albritton, L.M., Tseng, L., Scadden, D. & Cunningham, J.M., 1989. A putative murine
ecotropic retrovirus receptor gene encodes a multiple membrane-spanning protein
and confers susceptibility to virus infection. Cell, 57(4), pp.659—-666.

Anderson, A.C., Lord, G.M., Dardalhon, V., Lee, D.H., Sabatos-Peyton, C.A., Glimcher,
L.H. & Kuchroo, V.K., 2010. T-bet, a Th1 transcription factor regulates the
expression of Tim-3. European journal of immunology, 40(3), pp.859—66.

Anikeeva, N., Somersalo, K., Sims, T.N., Thomas, V.K., Dustin, M.L. & Sykulev, Y.,
2005. Distinct role of lymphocyte function-associated antigen-1 in mediating
effective cytolytic activity by cytotoxic T lymphocytes. Proceedings of the National
Academy of Sciences of the United States of America, 102(18), pp.6437—-42.

Ansel, K.M., Djuretic, ., Tanasa, B. & Rao, A., 2006. Regulation of Th2 differentiation
and 114 locus accessibility. Annual review of immunology, 24, pp.607—656.

Antony, P.A., Piccirillo, C.A., Akpinarli, A., Finkelstein, S.E., Speiss, P.J., Surman,
D.R., Palmer, D.C., Chan, C.-C., Klebanoff, C.A., Overwijk, W.W., Rosenberg,
S.A. & Restifo, N.P., 2005. CD8+ T cell immunity against a tumor/self-antigen is
augmented by CD4+ T helper cells and hindered by naturally occurring T
regulatory cells. Journal of immunology (Baltimore, Md. : 1950), 174(5), pp.2591—
601.

Anz, D., Mueller, W., Golic, M., Kunz, W.G., Rapp, M., Koelzer, V.H., Ellermeier, J.,
Ellwart, J.W., Schnurr, M., Bourquin, C. & Endres, S., 2011. CD103 is a hallmark
of tumor-infiltrating regulatory T cells. International Journal of Cancer, 129(10),
pp.2417-2426.

Appay, V., 2004. The physiological role of cytotoxic CD4+ T-cells: the holy grail?
Clinical and Experimental Immunology, 138(1), pp.10-13.

Araki, K., Turner, A.P., Shaffer, V.O., Gangappa, S., Keller, S.A., Bachmann, M.F.,
Larsen, C.P. & Ahmed, R., 2009. mTOR regulates memory CD8 T-cell
differentiation. Nature, 460(7251), pp.108-112.

Aruga, A., Aruga, E., Tanigawa, K., Bishop, D.K., Sondak, V.K. & Chang, A.E., 1997.
Type 1 versus type 2 cytokine release by Vbeta T cell subpopulations determines
in vivo antitumor reactivity: IL-10 mediates a suppressive role. Journal of
immunology (Baltimore, Md. : 1950), 159(2), pp.664—73.

125



Asseman, C., Mauze, S., Leach, M.W., Coffman, R.L. & Powrie, F., 1999. An essential
role for interleukin 10 in the function of regulatory T cells that inhibit intestinal
inflammation. Journal of Experimental Medicine, 190(7), pp.995-1004.

Athie-Morales, V., Smits, H.H., Cantrell, D.A. & Hilkens, C.M.U., 2003. Sustained IL-12
Signaling Is Required for Thl Development. The Journal of Immunology, 172(1),
pp.61-69.

Au-Yeung, B.B., Zikherman, J., Mueller, J.L., Ashouri, J.F., Matloubian, M., Cheng,
D.A., Chen, Y., Shokat, K.M. & Weiss, A., 2014. A sharp T-cell antigen receptor
signaling threshold for T-cell proliferation. Proceedings of the National Academy of
Sciences of the United States of America, 111(35), pp.E3679-88.

Bach, E.A., Szabo, S.J., Dighe, A.S., Ashkenazi, A., Aguet, M., Murphy, K.M. &
Schreiber, R.D., 1995. Ligand-induced autoregulation of IFN-gamma receptor
beta chain expression in T helper cell subsets. Science (New York, N.Y.),
270(5239), pp.1215-8.

Ballif, B.A., Roux, P.P., Gerber, S.A., MacKeigan, J.P., Blenis, J. & Gygi, S.P., 2005.
Quantitative phosphorylation profiling of the ERK/p90 ribosomal S6 kinase-
signaling cassette and its targets, the tuberous sclerosis tumor suppressors.
Proceedings of the National Academy of Sciences of the United States of
America, 102(3), pp.667—-672.

Banerjee, A., Gordon, S.M., Intlekofer, A.M., Paley, M.A., Mooney, E.C., Lindsten, T.,
Wherry, E.J. & Reiner, S.L., 2010. Cutting edge: The transcription factor
eomesodermin enables CD8+ T cells to compete for the memory cell niche.
Journal of Immunology, 185(9), pp.4988—4992.

Basu, R., O’Quinn, D.B., Silberger, D.J., Schoeb, T.R., Fouser, L., Ouyang, W., Hatton,
R.D. & Weaver, C.T., 2012. Th22 cells are an important source of IL-22 for host
protection against enteropathogenic bacteria. Immunity, 37(6), pp.1061-75.

Bauquet, A.T., Jin, H., Paterson, A.M., Mitsdoerffer, M., Ho, I.-C., Sharpe, A.H. &
Kuchroo, V.K., 2009. The costimulatory molecule ICOS regulates the expression
of c-Maf and IL-21 in the development of follicular T helper cells and TH-17 cells.
Nature immunology, 10(2), pp.167-75.

Becskei, A. & Grushy, M.J., 2007. Contribution of IL-12R mediated feedback loop to
Th1 cell differentiation. FEBS letters, 581(27), pp.5199-206.

Benitez, R., Godelaine, D., Lopez-Nevot, M.A., Brasseur, F., Jimenez, P., Marchand,
M., Oliva, M.R., Baren, N., Cabrera, T., Andry, G., Landry, C., Ruiz-Cabello, F.,
Boon, T. & Garrido, F., 1998. Mutations of the 8 2 - microglobulin gene result in a
lack of HLA class | molecules on melanoma cells of two patients immunized with
MAGE peptides. Tissue Antigens, 52(6), pp.520-529.

Betz, B.C., Jordan-Williams, K.L., Wang, C., Kang, S.G., Liao, J., Logan, M.R., Kim,
C.H. & Taparowsky, E.J., 2010. Batf coordinates multiple aspects of B and T cell

126



function required for normal antibody responses. The Journal of experimental
medicine, 207(5), pp.933—-42.

Blank, C., Gajewski, T.F. & Mackensen, A., 2005. Interaction of PD-L1 on tumor cells
with PD-1 on tumor-specific T cells as a mechanism of immune evasion:
implications for tumor immunotherapy. Cancer immunology, immunotherapy : Cll,
54(4), pp.307-14.

Blaser, C., Kaufmann, M. & Pircher, H., 1998. Virus-activated CD8 T cells and
lymphokine-activated NK cells express the mast cell function-associated antigen,
an inhibitory C-type lectin. Journal of immunology (Baltimore, Md. : 1950),
161(12), pp.6451-4.

Boehm, U., Klamp, T., Groot, M. & Howard, J.C., 1997. Cellular responses to
interferon-gamma. Annual review of immunology, 15, pp.749-795.

Bollig, N. et al., 2012. Transcription factor IRF4 determines germinal center formation
through follicular T-helper cell differentiation. Proceedings of the National
Academy of Sciences of the United States of America, 109(22), pp.8664—9.

Borrego, F., Robertson, M.J., Ritz, J., Pefia, J. & Solana, R., 1999. CD69 is a
stimulatory receptor for natural killer cell and its cytotoxic effect is blocked by
CD94 inhibitory receptor. Immunology, 97(1), pp.159-65.

Borsellino, G., Kleinewietfeld, M., Di Mitri, D., Sternjak, A., Diamantini, A., Giometto, R.,
Hoépner, S., Centonze, D., Bernardi, G., DellAcqua, M.L., Rossini, P.M., Battistini,
L., Rotzschke, O. & Falk, K., 2007. Expression of ectonucleotidase CD39 by
Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppression.
Blood, 110(4), pp.1225-32.

Boss, J.M., 1997. Regulation of transcription of MHC class Il genes. Current opinion in
immunology, 9(1), pp.107-113.

Bossaller, L., Burger, J., Draeger, R., Grimbacher, B., Knoth, R., Plebani, A., Durandy,
A., Baumann, U., Schlesier, M., Welcher, A.A., Peter, H.H. & Warnatz, K., 2006.
ICOS Deficiency Is Associated with a Severe Reduction of CXCR5+CD4 Germinal
Center Th Cells. The Journal of Immunology, 177(7), pp.4927—-4932.

Breitfeld, D., Ohl, L., Kremmer, E., Ellwart, J., Sallusto, F., Lipp, M. & Forster, R., 2000.
Follicular B Helper T Cells Express Cxc Chemokine Receptor 5, Localize to B Cell
Follicles, and Support Immunoglobulin Production. Journal of Experimental
Medicine, 192(11), pp.1545-1552.

Briles, E.B. & Kornfeld, S., 1978. Isolation and metastatic properties of detachment
variants of B16 melanoma cells. Journal of the National Cancer Institute, 60(6),
pp.1217-22.

Brown, |L.E., Blank, C., Kline, J., Kacha, A.K. & Gajewski, T.F., 2006. Homeostatic
proliferation as an isolated variable reverses CD8+ T cell anergy and promotes

127



tumor rejection. Journal of immunology (Baltimore, Md. : 1950), 177(7), pp.4521—
9.

Brown, K.D., Zurawski, S.M., Mosmann, T.R. & Zurawski, G., 1989. A family of small
inducible proteins secreted by leukocytes are members of a new superfamily that
includes leukocyte and fibroblast-derived inflammatory agents, growth factors, and
indicators of various activation processes. Journal of immunology (Baltimore, Md. :
1950), 142(2), pp.679-87.

Bristle, A., Heink, S., Huber, M., Rosenplanter, C., Stadelmann, C., Yu, P., Arpaia, E.,
Mak, T.W., Kamradt, T. & Lohoff, M., 2007. The development of inflammatory
T(H)-17 cells requires interferon-regulatory factor 4. Nature immunology, 8(9),
pp.958-66.

Bryant, V.L., Ma, C.S., Avery, D.T., Li, Y., Good, K.L., Corcoran, L.M., de Waal Malefyt,
R. & Tangye, S.G., 2007. Cytokine-Mediated Regulation of Human B Cell
Differentiation into Ig-Secreting Cells: Predominant Role of IL-21 Produced by
CXCR5+ T Follicular Helper Cells. The Journal of Immunology, 179(12), pp.8180—
8190.

Burchill, M.A., Yang, J., Vogtenhuber, C., Blazar, B.R. & Farrar, M.A., 2006. IL-2
Receptor -Dependent STATS Activation Is Required for the Development of
Foxp3+ Regulatory T Cells. The Journal of Immunology, 178(1), pp.280-290.

Burnet, F.M., 1970. The concept of immunological surveillance. Progress in
experimental tumor research, 13, pp.1-27.

Busca, R., Bertolotto, C., Ortonne, J.P. & Ballotti, R., 1996. Inhibition of the
phosphatidylinositol 3-kinase/p70(S6)-kinase pathway induces B16 melanoma cell
differentiation. The Journal of biological chemistry, 271(50), pp.31824-30.

Butz, E.A. & Bevan, M.J., 1998. Massive expansion of antigen-specific CD8+ T cells
during an acute virus infection. Immunity, 8(2), pp.167-175.

Cabrera, C.M., Jiménez, P., Cabrera, T., Esparza, C., Ruiz-Cabello, F. & Garrido, F.,
2003. Total loss of MHC class | in colorectal tumors can be explained by two
molecular pathways: beta2-microglobulin inactivation in MSI-positive tumors and
LMP7/TAP2 downregulation in MSI-negative tumors. Tissue antigens, 61(3),
pp.211-219.

Caldwell, C.C., Kojima, H., Lukashev, D., Armstrong, J., Farber, M., Apasov, S.G. &
Sitkovsky, M. V, 2001. Differential effects of physiologically relevant hypoxic
conditions on T lymphocyte development and effector functions. Journal of
immunology, 167(11), pp.6140-6149.

Callan, M.F.C., Steven, N., Krausa, P., Wilson, J.D.K., Moss, P.A.H., Gillespie, G.M.,
Bell, J.1., Rickinson, A.B. & McMichael, A.J., 1996. Large clonal expansions of
CD8+ T cells in acute infectious mononucleosis. Nature Medicine, 2(8), pp.906—
911.

128



Calvo, C.R., Amsen, D. & Kruisbeek, A.M., 1997. Cytotoxic T lymphocyte antigen 4
(CTLA-4) interferes with extracellular signal-regulated kinase (ERK) and Jun NH2-
terminal kinase (JNK) activation, but does not affect phosphorylation of T cell
receptor zeta and ZAP70. The Journal of experimental medicine, 186(10),
pp.1645-53.

Cannarile, M. a, Lind, N. a, Rivera, R., Sheridan, A.D., Camfield, K. a, Wu, B.B.,
Cheung, K.P., Ding, Z. & Goldrath, A.W., 2006. Transcriptional regulator |d2
mediates CD8+ T cell immunity. Nature immunology, 7(12), pp.1317-1325.

Carlson, M., 2011. mouse4302.db: Affymetrix Mouse Genome 430 2.0 Array
annotation data (chip mouse4302).

Casazza, J.P., Betts, M.R., Price, D.A., Precopio, M.L., Ruff, L.E., Brenchley, J.M., Hill,
B.J., Roederer, M., Douek, D.C. & Koup, R.A., 2006. Acquisition of direct antiviral
effector functions by CMV-specific CD4+ T lymphocytes with cellular maturation.
The Journal of experimental medicine, 203(13), pp.2865-2877.

Castellani, M.L., Felaco, P., Galzio, R.J., Tripodi, D., Toniato, E., De Lutiis, M.A.,
Fulcheri, M., Caraffa, A., Antinolfi, P., Tete, S., Felaco, M., Conti, F., Pandolfi, F.,
Theoharides, T.C. & Shaik-Dasthagirisaheb, Y.B., 2010. IL-31 a Th2 cytokine
involved in immunity and inflammation. International journal of immunopathology
and pharmacology, 23(3), pp.709-13.

Cebecauer, M., Guillaume, P., Hozak, P., Mark, S., Everett, H., Schneider, P. &
Luescher, I.F., 2005. Soluble MHC-Peptide Complexes Induce Rapid Death of
CD8+ CTL. The Journal of Immunology, 174(11), pp.6809-6819.

Celik, C., Lewis, D.A. & Goldrosen, M.H., 1983. Demonstration of immunogenicity with
the poorly immunogenic B16 melanoma. Cancer research, 43(8), pp.3507-10.

Cham, C.M., Driessens, G., O'Keefe, J.P. & Gajewski, T.F., 2008. Glucose deprivation
inhibits multiple key gene expression events and effector functions in CD8+ T
cells. European journal of immunology, 38(9), pp.2438-2450.

Chambers, C.A., Sullivan, T.J. & Allison, J.P., 1997. Lymphoproliferation in CTLA-4—
Deficient Mice Is Mediated by Costimulation-Dependent Activation of CD4+ T
Cells. Immunity, 7(6), pp.885—895.

Chang, C.-H., Curtis, J.D., Maggi, L.B., Faubert, B., Villarino, A. V., O’Sullivan, D.,
Huang, S.C.-C., van der Windt, G.J.W., Blagih, J., Qiu, J., Weber, J.D., Pearce,
E.J., Jones, R.G. & Pearce, E.L., 2013. Posttranscriptional control of T cell
effector function by aerobic glycolysis. Cell, 153(6), pp.1239-1251.

Chang, H.-C., Sehra, S., Goswami, R., Yao, W., Yu, Q., Stritesky, G.L., Jabeen, R.,
McKinley, C., Ahyi, A.-N., Han, L., Nguyen, E.T., Robertson, M.J., Perumal, N.B.,
Tepper, R.S., Nutt, S.L. & Kaplan, M.H., 2010. The transcription factor PU.1 is
required for the development of IL-9-producing T cells and allergic inflammation.
Nature immunology, 11(6), pp.527-34.

129



Chaoul, N., Fayolle, C., Desrues, B., Oberkampf, M., Tang, A., Ladant, D. & Leclerc,
C., 2015. Rapamycin Impairs Antitumor CD8+ T-cell Responses and Vaccine-
Induced Tumor Eradication. Cancer research, 75(16), pp.3279-91.

Chattopadhyay, S.K., Oliff, A.l., Linemeyer, D.L., Lander, M.R. & Lowy, D.R., 1981.
Genomes of murine leukemia viruses isolated from wild mice. Journal of virology,
39(3), pp.777-91.

Chen, W., Jin, W., Hardegen, N., Lei, K.-J., Li, L., Marinos, N., McGrady, G. & Wahl,
S.M., 2003. Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+
regulatory T cells by TGF-beta induction of transcription factor Foxp3. The Journal
of experimental medicine, 198(12), pp.1875-86.

Cherwinski, H.M., Schumacher, J.H., Brown, K.D. & Mosmann, T.R., 1987. Two types
of mouse helper T cell clone. lll. Further differences in lymphokine synthesis
between Thl and Th2 clones revealed by RNA hybridization, functionally
monospecific bioassays, and monoclonal antibodies. The Journal of experimental
medicine, 166(5), pp.1229-44.

Chessel, D. & Dufour, A.-B., 2004. The ade4 package-I- One-table methods. R News,
4, pp.5-10.

Chevalier, N., Jarrossay, D., Ho, E., Avery, D.T., Ma, C.S., Yu, D., Sallusto, F., Tangye,
S.G. & Mackay, C.R., 2011. CXCR5 expressing human central memory CD4 T
cells and their relevance for humoral immune responses. Journal of immunology
(Baltimore, Md. : 1950), 186(10), pp.5556—68.

Chi, H., 2012. Regulation and function of mTOR signalling in T cell fate decisions.
Nature reviews. Immunology, 12(5), pp.325—-338.

Cho, B.K,, Rao, V.P., Ge, Q., Eisen, H.N. & Chen, J., 2000. Homeostasis-Stimulated
Proliferation Drives Naive T Cells to Differentiate Directly into Memory T Cells.
Journal of Experimental Medicine, 192(4), pp.549-556.

Christensen, J.E., Andreasen, S.O., Christensen, J.P. & Thomsen, A.R., 2001. CD11b
expression as a marker to distinguish between recently activated effector CD8(+)
T cells and memory cells. International immunology, 13(4), pp.593-600.

Chtanova, T., Tangye, S.G., Newton, R., Frank, N., Hodge, M.R., Rolph, M.S. &
Mackay, C.R., 2004. T follicular helper cells express a distinctive transcriptional
profile, reflecting their role as non-Th1/Th2 effector cells that provide help for B
cells. Journal of Immunology, 173(1), pp.68—78.

Clarke, S.R., Barnden, M., Kurts, C., Carbone, F.R., Miller, J.F. & Heath, W.R., 2000.
Characterization of the ovalbumin-specific TCR transgenic line OT-I: MHC
elements for positive and negative selection. Immunology and cell biology, 78(2),
pp.110-117.

130



Collins, A. V., Brodie, D.W., Gilbert, R.J.C., laboni, A., Manso-Sancho, R., Walse, B.,
Stuart, D.l., van der Merwe, P.A. & Davis, S.J., 2002. The Interaction Properties of
Costimulatory Molecules Revisited. Immunity, 17(2), pp.201-210.

Cooney, L.A., Gupta, M., Thomas, S., Mikolajczak, S., Choi, K.Y., Gibson, C., Jang,
I.K., Danziger, S., Aitchison, J., Gardner, M.J., Kappe, S.H.l. & Wang, R., 2013.
Short-lived effector CD8 T cells induced by genetically attenuated malaria parasite
vaccination express CD11c. Infection and immunity, 81(11), pp.4171-81.

Cosmi, L. et al., 2008. Human interleukin 17-producing cells originate from a
CD161+CD4+ T cell precursor. The Journal of experimental medicine, 205(8),
pp.1903-16.

Coughlin, C.M., Salhany, K.E., Gee, M.S., LaTemple, D.C., Kotenko, S., Ma, X., Gri,
G., Wysocka, M., Kim, J.E., Liu, L., Liao, F., Farber, J.M., Pestka, S., Trinchieri, G.
& Lee, W.M., 1998. Tumor cell responses to IFNgamma affect tumorigenicity and
response to IL-12 therapy and antiangiogenesis. Immunity, 9(1), pp.25-34.

Cousins, D.J., Lee, T.H. & Staynov, D.Z., 2002. Cytokine Coexpression During Human
Th1/Th2 Cell Differentiation: Direct Evidence for Coordinated Expression of Th2
Cytokines. The Journal of Immunology, 169(5), pp.2498—-2506.

Crotty, S., Johnston, R.J. & Schoenberger, S.P., 2010. Effectors and memories: Bcl-6
and Blimp-1 in T and B lymphocyte differentiation. Nature immunology, 11(2),
pp.114-120.

Cruz-Guilloty, F., Pipkin, M.E., Djuretic, .M., Levanon, D., Lotem, J., Lichtenheld, M.G.,
Groner, Y. & Rao, A., 2009. Runx3 and T-box proteins cooperate to establish the
transcriptional program of effector CTLs. The Journal of experimental medicine,
206(1), pp.51-59.

Curran, M. a, Geiger, T.L., Montalvo, W., Kim, M., Reiner, S.L., Al-Shamkhani, A., Sun,
J.C. & Allison, J.P., 2013. Systemic 4-1BB activation induces a novel T cell
phenotype driven by high expression of Eomesodermin. The Journal of
experimental medicine, 210(4), pp.743-755.

Dardalhon, V., Awasthi, A., Kwon, H., Galileos, G., Gao, W., Sobel, R.A., Mitsdoerffer,
M., Strom, T.B., Elyaman, W., Ho, I.-C., Khoury, S., Oukka, M. & Kuchroo, V.K.,
2008. IL-4 inhibits TGF-beta-induced Foxp3+ T cells and, together with TGF-beta,
generates IL-9+ IL-10+ Foxp3(-) effector T cells. Nature immunology, 9(12),
pp.1347-55.

Dardalhon, V., Schubart, A.S., Reddy, J., Meyers, J.H., Monney, L., Sabatos, C.A.,
Ahuja, R., Nguyen, K., Freeman, G.J., Greenfield, E.A., Sobel, R.A. & Kuchroo,
V.K., 2005. CD226 Is Specifically Expressed on the Surface of Thl Cells and
Regulates Their Expansion and Effector Functions. The Journal of Immunology,
175(3), pp.1558-1565.

Dariavach, P., Mattéi, M.G., Golstein, P. & Lefranc, M.P., 1988. Human Ig superfamily
CTLA-4 gene: chromosomal localization and identity of protein sequence between

131



murine and human CTLA-4 cytoplasmic domains. European journal of
immunology, 18(12), pp.1901-5.

Davidson, T.S., DiPaolo, R.J., Andersson, J. & Shevach, E.M., 2007. Cutting Edge: IL-
2 Is Essential for TGF- -Mediated Induction of Foxp3+ T Regulatory Cells. The
Journal of Immunology, 178(7), pp.4022—-4026.

Deaglio, S., Dwyer, K.M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.-F.,
Enjyoji, K., Linden, J., Oukka, M., Kuchroo, V.K., Strom, T.B. & Robson, S.C.,
2007. Adenosine generation catalyzed by CD39 and CD73 expressed on
regulatory T cells mediates immune suppression. The Journal of experimental
medicine, 204(6), pp.1257-65.

Delgoffe, G.M., Kole, T.P., Zheng, Y., Zarek, P.E., Matthews, K.L., Xiao, B., Worley,
P.F., Kozma, S.C. & Powell, J.D., 2009. The mTOR kinase differentially regulates
effector and regulatory T cell lineage commitment. Immunity, 30(6), pp.832—844.

Deng, W.-G., Zhu, Y., Montero, A. & Wu, K.K., 2003. Quantitative analysis of binding of
transcription factor complex to biotinylated DNA probe by a streptavidin—agarose
pulldown assay. Analytical Biochemistry, 323(1), pp.12-18.

Dighe, A.S., Richards, E., Old, L.J. & Schreiber, R.D., 1994. Enhanced in vivo growth
and resistance to rejection of tumor cells expressing dominant negative IFN
gamma receptors. Immunity, 1(6), pp.447-56.

Dillon, S.R. et al., 2004. Interleukin 31, a cytokine produced by activated T cells,
induces dermatitis in mice. Nature immunology, 5(7), pp.752—60.

Dodd, K.M., Yang, J., Shen, M.H., Sampson, J.R. & Tee, A.R., 2015. mTORC1 drives
HIF-1a and VEGF-A signalling via multiple mechanisms involving 4E-BP1, S6K1
and STAT3. Oncogene, 34(17), pp.2239-50.

Donello, J.E., Loeb, J.E. & Hope, T.J., 1998. Woodchuck hepatitis virus contains a
tripartite posttranscriptional regulatory element. Journal of virology, 72(6),
pp.5085-92.

Dranoff, G., Jaffee, E., Lazenby, A., Golumbek, P., Levitsky, H., Brose, K., Jackson, V.,
Hamada, H., Pardoll, D. & Mulligan, R.C., 1993. Vaccination with irradiated tumor
cells engineered to secrete murine granulocyte-macrophage colony-stimulating
factor stimulates potent, specific, and long-lasting anti-tumor immunity.
Proceedings of the National Academy of Sciences of the United States of
America, 90(8), pp.3539-3543.

Dray, S. & Dufour, A.-B., 2007. The ade4 package: implementing the duality diagram
for ecologists. Journal of Statistical Software, 22(4), pp.1-20.

Dray, S., Dufour, A.-B. & Chessel, D., 2007. The ade4 package-Il: Two-table and K-
table methods. R News, 7(2), pp.47-52.

132



Drewett, V., 2001. DNA-bound transcription factor complexes analysed by mass-
spectrometry: binding of novel proteins to the human c-fos SRE and related
sequences. Nucleic Acids Research, 29(2), pp.479-487.

Dryer, R.L. & Covey, L.R., 2006. Use of chromatin immunoprecipitation (ChIP) to
detect transcription factor binding to highly homologous promoters in chromatin
isolated from unstimulated and activated primary human B cells. Biological
procedures online, 8, pp.44-54.

Dudley, M.E. et al., 2005. Adoptive cell transfer therapy following non-myeloablative
but lymphodepleting chemotherapy for the treatment of patients with refractory
metastatic melanoma. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology, 23(10), pp.2346—-2357.

Dudley, M.E. et al., 2002. Cancer regression and autoimmunity in patients after clonal
repopulation with antitumor lymphocytes. Science, 298(5594), pp.850—-854.

Duhen, T., Geiger, R., Jarrossay, D., Lanzavecchia, A. & Sallusto, F., 2009. Production
of interleukin 22 but not interleukin 17 by a subset of human skin-homing memory
T cells. Nature immunology, 10(8), pp.857-63.

Dunn, G.P., Old, L.J. & Schreiber, R.D., 2004. The three Es of cancer immunoediting.
Annual review of immunology, 22, pp.329-60.

Eddahri, F., Denanglaire, S., Bureau, F., Spolski, R., Leonard, W.J., Leo, O. & Andris,
F., 2009. Interleukin-6/STAT3 signaling regulates the ability of naive T cells to
acquire B-cell help capacities. Blood, 113(11), pp.2426-33.

Egawa, T. & Littman, D.R., 2008. ThPOK acts late in specification of the helper T cell
lineage and suppresses Runx-mediated commitment to the cytotoxic T cell
lineage. Nature immunology, 9(10), pp.1131-1139.

Eller, K., Wolf, D., Huber, J.M., Metz, M., Mayer, G., McKenzie, A.N.J., Maurer, M.,
Rosenkranz, A.R. & Wolf, A.M., 2011. IL-9 production by regulatory T cells
recruits mast cells that are essential for regulatory T cell-induced immune
suppression. Journal of immunology (Baltimore, Md. : 1950), 186(1), pp.83-91.

Van Elsas, A., Hurwitz, A.A. & Allison, J.P., 1999. Combination immunotherapy of B16
melanoma using anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and
granulocyte/macrophage colony-stimulating factor (GM-CSF)-producing vaccines
induces rejection of subcutaneous and metastatic tumors accompanied. The
Journal of experimental medicine, 190(3), pp.355—-366.

Elyaman, W., Bradshaw, E.M., Uyttenhove, C., Dardalhon, V., Awasthi, A., Imitola, J.,
Bettelli, E., Oukka, M., van Snick, J., Renauld, J.-C., Kuchroo, V.K. & Khoury,
S.J., 2009. IL-9 induces differentiation of TH17 cells and enhances function of
FoxP3+ natural regulatory T cells. Proceedings of the National Academy of
Sciences of the United States of America, 106(31), pp.12885-90.

133



Eng, C.P., Sehgal, S.N. & Vézina, C., 1984. Activity of rapamycin (AY-22,989) against
transplanted tumors. The Journal of antibiotics, 37(10), pp.1231-7.

Eto, D., Lao, C., DiToro, D., Barnett, B., Escobar, T.C., Kageyama, R., Yusuf, |. &
Crotty, S., 2011. IL-21 and IL-6 are critical for different aspects of B cell immunity
and redundantly induce optimal follicular helper CD4 T cell (Tth) differentiation.
PloS one, 6(3), p.e17739.

Ettinger, R., Sims, G.P., Fairhurst, A.-M., Robbins, R., da Silva, Y.S., Spolski, R.,
Leonard, W.J. & Lipsky, P.E., 2005. IL-21 Induces Differentiation of Human Naive
and Memory B Cells into Antibody-Secreting Plasma Cells. The Journal of
Immunology, 175(12), pp.7867-7879.

Eyerich, S., Eyerich, K., Pennino, D., Carbone, T., Nasorri, F., Pallotta, S., Cianfarani,
F., Odorisio, T., Traidl-Hoffmann, C., Behrendt, H., Durham, S.R., Schmidt-Weber,
C.B. & Cavani, A., 2009. Th22 cells represent a distinct human T cell subset
involved in epidermal immunity and remodeling. The Journal of clinical
investigation, 119(12), pp.3573-85.

De Fanis, U., Mori, F., Kurnat, R.J., Lee, W.K., Bova, M., Adkinson, N.F. & Casolaro,
V., 2007. GATA3 up-regulation associated with surface expression of
CD294/CRTH2: a unique feature of human Th cells. Blood, 109(10), pp.4343-50.

Fantini, M.C., Becker, C., Monteleone, G., Pallone, F., Galle, P.R. & Neurath, M.F.,
2004. Cutting Edge: TGF- Induces a Regulatory Phenotype in CD4+CD25- T
Cells through Foxp3 Induction and Down-Regulation of Smad7. The Journal of
Immunology, 172(9), pp.5149-5153.

Fidler, 1.J., 1975. Biological behavior of malignant melanoma cells correlated to their
survival in vivo. Cancer research, 35(1), pp.218-24.

Fidler, 1.J., 1973. Selection of successive tumour lines for metastasis. Nature: New
biology, 242(118), pp.148-9.

Finlay, D. & Cantrell, D. a, 2011. Metabolism, migration and memory in cytotoxic T
cells. Nature reviews. Immunology, 11(2), pp.109-117.

Flavell, R.A., Sanjabi, S., Wrzesinski, S.H. & Licona-Limon, P., 2010. The polarization
of immune cells in the tumour environment by TGFbeta. Nature reviews.
Immunology, 10(8), pp.554-67.

Fontenot, J.D., Gavin, M.A. & Rudensky, A.Y., 2003. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nature immunology, 4(4), pp.330-
6.

Fontenot, J.D., Rasmussen, J.P., Williams, L.M., Dooley, J.L., Farr, A.G. & Rudensky,
A.Y., 2005. Regulatory T cell lineage specification by the forkhead transcription
factor foxp3. Immunity, 22(3), pp.329-341.

134



Fort, M.M., Cheung, J., Yen, D., Li, J., Zurawski, S.M., Lo, S., Menon, S., Clifford, T.,
Hunte, B., Lesley, R., Muchamuel, T., Hurst, S.D., Zurawski, G., Leach, M.W.,
Gorman, D.M. & Rennick, D.M., 2001. IL-25 Induces IL-4, IL-5, and IL-13 and
Th2-Associated Pathologies In Vivo. Immunity, 15(6), pp.985-995.

French, R.R., Chan, H.T., Tutt, A.L. & Glennie, M.J., 1999. CD40 antibody evokes a
cytotoxic T-cell response that eradicates lymphoma and bypasses T-cell help.
Nature medicine, 5(5), pp.548-53.

Gajewski, T.F., Lancki, D.W., Stack, R. & Fitch, F.W., 1994. “Anergy” of THO helper T
lymphocytes induces downregulation of TH1 characteristics and a transition to a
TH2-like phenotype. The Journal of experimental medicine, 179(2), pp.481-91.

Galon, J., Costes, A., Sanchez-Cabo, F., Kirilovsky, A., Mlecnik, B., Lagorce-Pages,
C., Tosoalini, M., Camus, M., Berger, A., Wind, P., Zinzindohoué, F., Bruneval, P.,
Cugnenc, P.-H., Trajanoski, Z., Fridman, W.-H. & Pagés, F., 2006. Type, density,
and location of immune cells within human colorectal tumors predict clinical
outcome. Science (New York, N.Y.), 313(5795), pp.1960-4.

Gattinoni, L., Klebanoff, C.A., Palmer, D.C., Wrzesinski, C., Kerstann, K., Yu, Z.,
Finkelstein, S.E., Theoret, M.R., Rosenberg, S.A. & Restifo, N.P., 2005.
Acquisition of full effector function in vitro paradoxically impairs the in vivo
antitumor efficacy of adoptively transferred CD8+ T cells. The Journal of clinical
investigation, 115(6), pp.1616—26.

Gautier, L., Cope, L., Bolstad, B.M. & Irizarry, R.A., 2004. affy-analysis of Affymetrix
GeneChip data at the probe level. Bioinformatics (Oxford, England), 20(3),
pp.307-15.

Ge, Q., Rao, V.P., Cho, B.K., Eisen, H.N. & Chen, J., 2001. Dependence of
lymphopenia-induced T cell proliferation on the abundance of peptide/ MHC
epitopes and strength of their interaction with T cell receptors. Proceedings of the
National Academy of Sciences of the United States of America, 98(4), pp.1728—
33.

Gebhardt, T., Wakim, L.M., Eidsmo, L., Reading, P.C., Heath, W.R. & Carbone, F.R.,
2009. Memory T cells in nonlymphoid tissue that provide enhanced local immunity
during infection with herpes simplex virus. Nature immunology, 10(5), pp.524—-30.

Gerdes, J., Lemke, H., Baisch, H., Wacker, H.H., Schwab, U. & Stein, H., 1984. Cell
cycle analysis of a cell proliferation-associated human nuclear antigen defined by
the monoclonal antibody Ki-67. Journal of immunology (Baltimore, Md. : 1950),
133(4), pp.1710-5.

Gessner, A., Blum, H. & Rdllinghoff, M., 1993. Differential regulation of IL-9-expression
after infection with Leishmania major in susceptible and resistant mice.
Immunobiology, 189(5), pp.419-35.

Geusz, M.E., Fletcher, C., Block, G.D., Straume, M., Copeland, N.G., Jenkins, N.A,
Kay, S.A. & Day, R.N., 1997. Long-term monitoring of circadian rhythms in c-fos

135



gene expression from suprachiasmatic nucleus cultures. Current Biology, 7(10),
pp.758-766.

Ghanekar, S.A., Nomura, L.E., Suni, M.A., Picker, L.J., Maecker, H.T. & Maino, V.C.,
2001. Gamma interferon expression in CD8(+) T cells is a marker for circulating
cytotoxic T lymphocytes that recognize an HLA A2-restricted epitope of human
cytomegalovirus phosphoprotein pp65. Clinical and diagnostic laboratory
immunology, 8(3), pp.628-31.

Gilfillan, S., Chan, C.J., Cella, M., Haynes, N.M., Rapaport, A.S., Boles, K.S., Andrews,
D.M., Smyth, M.J. & Colonna, M., 2008. DNAM-1 promotes activation of cytotoxic
lymphocytes by nonprofessional antigen-presenting cells and tumors. The Journal
of experimental medicine, 205(13), pp.2965-73.

Gingras, A.-C., Raught, B. & Sonenberg, N., 1999. elF4 initiation factors: Effectors of
MRNA Recruitment to Ribosomes and Regulators of Translation. Annual review of
Biochemistry, 68, pp.913-963.

Glimcher, L.H., Townsend, M.J., Sullivan, B.M. & Lord, G.M., 2004. Recent
developments in the transcriptional regulation of cytolytic effector cells. Nature
reviews. Immunology, 4(11), pp.900-911.

Goding, S.R., Wilson, K.A., Xie, Y., Harris, K.M., Baxi, A., Akpinarli, A., Fulton, A.,
Tamada, K., Strome, S.E. & Antony, P.A., 2013. Restoring immune function of
tumor-specific CD4+ T cells during recurrence of melanoma. Journal of
immunology, 190(9), pp.4899-909.

Goldrath, A.W. & Bevan, M.J., 1999. Selecting and maintaining a diverse T-cell
repertoire. Nature, 402(6759), pp.255-62.

Goldrath, A.\W., Bogatzki, L.Y. & Bevan, M.J., 2000. Naive T Cells Transiently Acquire
a Memory-like Phenotype during Homeostasis-Driven Proliferation. Journal of
Experimental Medicine, 192(4), pp.557-564.

Golgher, D., Jones, E., Powrie, F., Elliott, T. & Gallimore, A., 2002. Depletion of CD25+
regulatory cells uncovers immune responses to shared murine tumor rejection
antigens. European journal of immunology, 32(11), pp.3267-75.

Golstein, P., Wigzell, H., Blomgren, H. & Svedmyr, E.A.J., 1972. Cells mediating
specific in vitro cytotoxicity: Il. Probable autonomy of thymus-processed
lymphocytes (T cells) for the killing of allogeneic tartget cells. Journal of
Experimental Medicine, 135(4), pp.890-906.

Gorentla, B.K., Wan, C.-K. & Zhong, X.-P., 2011. Negative regulation of mTOR
activation by diacylglycerol kinases. Blood, 117(15), pp.4022—-4031.

Goswami, R., Jabeen, R., Yagi, R., Pham, D., Zhu, J., Goenka, S. & Kaplan, M.H.,

2012. STAT6-dependent regulation of Th9 development. Journal of immunology
(Baltimore, Md. : 1950), 188(3), pp.968-75.

136



Grayson, J.M., Murali-Krishna, K., Altman, J.D. & Ahmed, R., 2001. Gene expression in
antigen-specific CD8+ T cells during viral infection. Journal of Immunology,
166(2), pp.795-799.

Graziano, M., St-Pierre, Y., Beauchemin, C., Desrosiers, M. & Potworowski, E.F.,
1998. The fate of thymocytes labeled in vivo with CFSE. Experimental cell
research, 240(1), pp.75-85.

Greene, J.L., Leytze, G.M., Emswiler, J., Peach, R., Bajorath, J., Cosand, W. & Linsley,
P.S., 1996. Covalent dimerization of CD28/CTLA-4 and oligomerization of
CD80/CD86 regulate T cell costimulatory interactions. The Journal of biological
chemistry, 271(43), pp.26762-71.

Grueter, B., Petter, M., Egawa, T., Laule-Kilian, K., Aldrian, C.J., Wuerch, A., Ludwig,
Y., Fukuyama, H., Wardemann, H., Waldschuetz, R., Moroy, T., Taniuchi, .,
Steimle, V., Littman, D.R. & Ehlers, M., 2005. Runx3 regulates integrin
{alpha}E/CD103 and CD4 expression during development of CD4-/CD8+ T cells.
Journal of Immunology, 175(3), pp.1694-1705.

Grusdat, M. et al., 2014. IRF4 and BATF are critical for CD8* T-cell function following
infection with LCMV. Cell death and differentiation, 21(7), pp.1050-60.

Guba, M., von Breitenbuch, P., Steinbauer, M., Koehl, G., Flegel, S., Hornung, M.,
Bruns, C.J., Zuelke, C., Farkas, S., Anthuber, M., Jauch, K.-W. & Geissler, E.K.,
2002. Rapamycin inhibits primary and metastatic tumor growth by
antiangiogenesis: involvement of vascular endothelial growth factor. Nature
medicine, 8(2), pp.128-35.

Gudmundsdottir, H. & Turka, L.A., 2001. A closer look at homeostatic proliferation of
CDA4+ T cells: costimulatory requirements and role in memory formation. Journal
of immunology (Baltimore, Md. : 1950), 167(7), pp.3699-707.

Hamann, D., Baars, P.A., Rep, M.H., Hooibrink, B., Kerkhof-Garde, S.R., Klein, M.R. &
van Lier, R.A., 1997. Phenotypic and functional separation of memory and effector
human CD8+ T cells. The Journal of experimental medicine, 186(9), pp.1407-18.

Hanahan, D. & Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell,
144(5), pp.646-74.

Hanahan, D. & Weinberg, R.A., 2000. The Hallmarks of Cancer. Cell, 100(1), pp.57—
70.

Hara, K., Maruki, Y., Long, X., Yoshino, K., Oshiro, N., Hidayat, S., Tokunaga, C.,
Avruch, J. & Yonezawa, K., 2002. Raptor, a binding partner of target of rapamycin
(TOR), mediates TOR action. Cell, 110(2), pp.177-189.

Harada, H., Andersen, J.S., Mann, M., Terada, N. & Korsmeyer, S.J., 2001. p70S6
kinase signals cell survival as well as growth, inactivating the pro-apoptotic
molecule BAD. Proceedings of the National Academy of Sciences of the United
States of America, 98(17), pp.9666—9670.

137



Harari, A., Vallelian, F. & Pantaleo, G., 2004. Phenotypic heterogeneity of antigen-
specific CD4 T cells under different conditions of antigen persistence and antigen
load. European Journal of Immunology, 34(12), pp.3525-3533.

Harrington, L.E., Hatton, R.D., Mangan, P.R., Turner, H., Murphy, T.L., Murphy, K.M. &
Weaver, C.T., 2005. Interleukin 17-producing CD4+ effector T cells develop via a
lineage distinct from the T helper type 1 and 2 lineages. Nature immunology,
6(11), pp.1123-1132.

Harris, T.J., Grosso, J.F., Yen, H.-R., Xin, H., Kortylewski, M., Albesiano, E., Hipkiss,
E.L., Getnet, D., Goldberg, M. V., Maris, C.H., Housseau, F., Yu, H., Pardoll, D.M.
& Drake, C.G., 2007. Cutting Edge: An In Vivo Requirement for STAT3 Signaling
in TH17 Development and TH17-Dependent Autoimmunity. The Journal of
Immunology, 179(7), pp.4313-4317.

Hartenstein, B., Teurich, S., Hess, J., Schenkel, J., Schorpp-Kistner, M. & Angel, P.,
2002. Th2 cell-specific cytokine expression and allergen-induced airway
inflammation depend on JunB. The EMBO journal, 21(23), pp.6321-9.

Hastings, W.D., Anderson, D.E., Kassam, N., Koguchi, K., Greenfield, E.A., Kent, S.C.,
Zheng, X.X., Strom, T.B., Hafler, D.A. & Kuchroo, V.K., 2009. TIM-3 is expressed
on activated human CD4+ T cells and regulates Th1l and Th17 cytokines.
European journal of immunology, 39(9), pp.2492-501.

Hay, N. & Sonenberg, N., 2004. Upstream and downstream of mMTOR. Genes &
development, 18(16), pp.1926—1945.

Haynes, N.M., Allen, C.D.C., Lesley, R., Ansel, K.M., Killeen, N. & Cyster, J.G., 2007.
Role of CXCR5 and CCR7 in Follicular Th Cell Positioning and Appearance of a
Programmed Cell Death Gene-1High Germinal Center-Associated Subpopulation.
The Journal of Immunology, 179(8), pp.5099-5108.

He, T.C., Zhou, S., da Costa, L.T., Yu, J., Kinzler, KW. & Vogelstein, B., 1998. A
simplified system for generating recombinant adenoviruses. Proceedings of the
National Academy of Sciences of the United States of America, 95(5), pp.2509—
14.

He, X., He, X., Dave, V.P., Zhang, Y., Hua, X., Nicolas, E., Xu, W., Roe, B.A. &
Kappes, D.J., 2005. The zinc finger transcription factor Th-POK regulates CD4
versus CD8 T-cell lineage commitment. Nature, 433(7028), pp.826—833.

Vander Heiden, M.G., Cantley, L.C. & Thompson, C.B., 2009. Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science,
324(5930), pp.1029-1033.

Heider, A. & Alt, R., 2013. virtualArray: a R/bioconductor package to merge raw data
from different microarray platforms. BMC bioinformatics, 14(1), p.75.

Heinz, N., Schambach, A., Galla, M., Maetzig, T., Baum, C., Loew, R. & Schiedlmeier,
B., 2011. Retroviral and transposon-based tet-regulated all-in-one vectors with

138



reduced background expression and improved dynamic range. Human gene
therapy, 22(2), pp.166—-76.

Heitman, J., Movva, N.R. & Hall, M.N., 1991. Targets for cell cycle arrest by the
immunosuppressant rapamycin in yeast. Science, 253(5022), pp.905-909.

Heng, T.S.P., Painter, M.W. & The Immunological Genome Project Consortium, 2008.
The Immunological Genome Project: networks of gene expression in immune
cells. Nature immunology, 9(10), pp.1091-1094.

Hengel, R.L., Thaker, V., Pavlick, M. V., Metcalf, J.A., Dennis, G., Yang, J., Lempicki,
R.A., Sereti, I. & Lane, H.C., 2003. Cutting Edge: L-Selectin (CD62L) Expression
Distinguishes Small Resting Memory CD4+ T Cells That Preferentially Respond to
Recall Antigen. The Journal of Immunology, 170(1), pp.28-32.

Hildemann, S.K., Eberlein, J., Davenport, B., Nguyen, T.T., Victorino, F. & Homann, D.,
2013. High efficiency of antiviral CD4(+) killer T cells. PloS one, 8(4), p.e60420.

Hirota, K., Yoshitomi, H., Hashimoto, M., Maeda, S., Teradaira, S., Sugimoto, N.,
Yamaguchi, T., Nomura, T., Ito, H., Nakamura, T., Sakaguchi, N. & Sakaguchi, S.,
2007. Preferential recruitment of CCR6-expressing Th17 cells to inflamed joints
via CCL20 in rheumatoid arthritis and its animal model. The Journal of
experimental medicine, 204(12), pp.2803-12.

Hirschhorn-Cymerman, D., Budhu, S., Kitano, S., Liu, C., Zhao, F., Zhong, H.,
Lesokhin, A.M., Avogadri-Connors, F., Yuan, J., Li, Y., Houghton, A.N.,
Merghoub, T. & Wolchok, J.D., 2012. Induction of tumoricidal function in CD4+ T
cells is associated with concomitant memory and terminally differentiated
phenotype. The Journal of experimental medicine, 209(11), pp.2113-2126.

Ho, I.-C., Hodge, M.R., Rooney, J.W. & Glimcher, L.H., 1996. The Proto-Oncogene c-
maf Is Responsible for Tissue-Specific Expression of Interleukin-4. Cell, 85(7),
pp.973-983.

Hodi, F.S. et al., 2010. Improved survival with ipilimumab in patients with metastatic
melanoma. The New England journal of medicine, 363(8), pp.711-723.

Hori, S., Nomura, T. & Sakaguchi, S., 2003. Control of regulatory T cell development
by the transcription factor Foxp3. Science, 299(5609), pp.1057-1061.

Houghton, A.N., 1994. Cancer antigens: immune recognition of self and altered self.
The Journal of experimental medicine, 180(1), pp.1-4.

http://clinicltrials.gov, 2016. Clinical trials. Available at: http://clinicltrials.gov [Accessed
March 10, 2016].

Hu, C.-J., Sataur, A., Wang, L., Chen, H. & Simon, M.C., 2007. The N-terminal
transactivation domain confers target gene specificity of hypoxia-inducible factors
HIF-1a and HIF-2a. Molecular Biology of the Cell, 18(11), pp.4528-4542.

139



Hu, C.-J., Wang, L.-Y., Chodosh, L.A., Keith, B. & Simon, M.C., 2003. Differential roles
of hypoxia-inducible factor lalpha (HIF-lalpha) and HIF-2alpha in hypoxic gene
regulation. Molecular and cellular biology, 23(24), pp.9361-9374.

Hu, C.-M,, Jang, S.Y., Fanzo, J.C. & Pernis, A.B., 2002. Modulation of T cell cytokine
production by interferon regulatory factor-4. The Journal of biological chemistry,
277(51), pp.49238-46.

Hu, G. & Chen, J., 2013. A genome-wide regulatory network identifies key transcription
factors for memory CD8* T-cell development. Nature communications, 4, p.2830.

Hu, H., Rudd, C.E. & Schneider, H., 2001. Src kinases Fyn and Lck facilitate the
accumulation of phosphorylated CTLA-4 and its association with PI-3 kinase in
intracellular compartments of T-cells. Biochemical and biophysical research
communications, 288(3), pp.573-8.

Hu, J.K., Kagari, T., Clingan, J.M. & Matloubian, M., 2011. Expression of chemokine
receptor CXCR3 on T cells affects the balance between effector and memory CD8
T-cell generation. Proceedings of the National Academy of Sciences of the United
States of America, 108(21), pp.E118-27.

Huang, A., Golumbek, P., Ahmadzadeh, M., Jaffee, E., Pardoll, D. & Levitsky, H.,
1994. Role of bone marrow-derived cells in presenting MHC class I-restricted
tumor antigens. Science, 264(5161), pp.961-965.

Huang, Z., Vafai, A., Lee, J., Mahalingam, R. & Hayward, A.R., 1992. Specific lysis of
targets expressing varicella-zoster virus gpl or gplV by CD4+ human T-cell clones.
Journal of virology, 66(5), pp.2664—2669.

Huleatt, J.W. & Lefrancois, L., 1995. Antigen-driven induction of CD11c on intestinal
intraepithelial lymphocytes and CD8+ T cells in vivo. Journal of immunology
(Baltimore, Md. : 1950), 154(11), pp.5684—93.

Hunder, N.N., Wallen, H., Cao, J., Hendricks, D.W., Reilly, J.Z., Rodmyre, R.,
Jungbluth, A., Gnjatic, S., Thompson, J.A. & Yee, C., 2008. Treatment of
metastatic melanoma with autologous CD4+ T cells against NY-ESO-1. The New
England journal of medicine, 358(25), pp.2698—-2703.

Inoki, K., Zhu, T. & Guan, K.-L., 2003. TSC2 mediates cellular energy response to
control cell growth and survival. Cell, 115(5), pp.577-590.

Intlekofer, A.M., Takemoto, N., Wherry, E.J., Longworth, S. a, Northrup, J.T., Palanivel,
V.R., Mullen, A.C., Gasink, C.R., Kaech, S.M., Miller, J.D., Gapin, L., Ryan, K.,
Russ, A.P., Lindsten, T., Orange, J.S., Goldrath, AW., Ahmed, R. & Reiner, S.L.,
2005. Effector and memory CD8+ T cell fate coupled by T-bet and eomesodermin.
Nature immunology, 6(12), pp.1236-1244.

Ise, W., Kohyama, M., Schraml, B.U., Zhang, T., Schwer, B., Basu, U., Alt, F.W., Tang,
J., Oltz, E.M., Murphy, T.L. & Murphy, K.M., 2011. The transcription factor BATF

140



controls the global regulators of class-switch recombination in both B cells and T
cells. Nature immunology, 12(6), pp.536—43.

Itoh, M., Takahashi, T., Sakaguchi, N., Kuniyasu, Y., Shimizu, J., Otsuka, F. &
Sakaguchi, S., 1999. Thymus and autoimmunity: production of CD25+CD4+
naturally anergic and suppressive T cells as a key function of the thymus in
maintaining immunologic self-tolerance. Journal of immunology (Baltimore, Md. :
1950), 162(9), pp.5317-26.

Ivan, M., Kondo, K., Yang, H., Kim, W, Valiando, J., Ohh, M., Salic, A., Asara, J.M.,
Lane, W.S. & Kaelin, W.G.J., 2001. HIFa targeted for VHL-mediated destruction
by proline hydroxylation : implications for O2 sensing. Science, 292, pp.464—468.

Ivanov, L.l., McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A., Lafaille, J.J., Cua,
D.J. & Littman, D.R., 2006. The orphan nuclear receptor RORgammat directs the
differentiation program of proinflammatory IL-17+ T helper cells. Cell, 126(6),
pp.1121-1133.

Iwai, Y., Ishida, M., Tanaka, Y., Okazaki, T., Honjo, T. & Minato, N., 2002. Involvement
of PD-L1 on tumor cells in the escape from host immune system and tumor
immunotherapy by PD-L1 blockade. Proceedings of the National Academy of
Sciences of the United States of America, 99(19), pp.12293-12297.

lyer, N. V, Kotch, L.E., Agani, F., Leung, S.W., Laughner, E., Wenger, R.H.,
Gassmann, M., Gearhart, J.D., Lawler, A.M., Yu, A.Y. & Semenza, G.L., 1998.
Cellular and developmental control of O2 homeostasis by hypoxia-inducible factor
1 alpha. Genes & development, 12(2), pp.149-162.

Jacinto, E., Loewith, R., Schmidt, A., Lin, S., Riegg, M.A., Hall, A. & Hall, M.N., 2004.
Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin
insensitive. Nature cell biology, 6(11), pp.1122-1128.

Jacobs, S.R., Herman, C.E., Maciver, N.J., Wofford, J.A., Wieman, H.L., Hammen, J.J.
& Rathmell, J.C., 2008. Glucose uptake is limiting in T cell activation and requires
CD28-mediated Akt-dependent and independent pathways. Journal of
Immunology, 180(7), pp.4476—4486.

Jager, A., Dardalhon, V., Sobel, R.A., Bettelli, E. & Kuchroo, V.K., 2009. Thl, Th17,
and Th9 effector cells induce experimental autoimmune encephalomyelitis with
different pathological phenotypes. Journal of immunology (Baltimore, Md. : 1950),
183(11), pp.7169-77.

Jagodzinski, P.P. & Trzeciak, W.H., 2000. Differential expression of chemokine
receptor CXCR4 in Thl and Th2 subtypes of CD4+ lymphocytes. Folia
histochemica et cytobiologica / Polish Academy of Sciences, Polish Histochemical
and Cytochemical Society, 38(1), pp.21-3.

Jefferies, H.B., Fumagalli, S., Dennis, P.B., Reinhard, C., Pearson, R.B. & Thomas, G.,

1997. Rapamycin suppresses 5TOP mRNA translation through inhibition of
p70s6k. The EMBO journal, 16(12), pp.3693—-3704.

141



Jenner, R.G., Townsend, M.J., Jackson, I., Sun, K., Bouwman, R.D., Young, R. a,
Glimcher, L.H. & Lord, G.M., 2009. The transcription factors T-bet and GATA-3
control alternative pathways of T-cell differentiation through a shared set of target
genes. Proceedings of the National Academy of Sciences of the United States of
America, 106(42), pp.17876-17881.

Ji, Y., Pos, Z., Rao, M., Klebanoff, C.A., Yu, Z., Sukumar, M., Reger, R.N., Palmer,
D.C., Borman, Z.A., Muranski, P., Wang, E., Schrump, D.S., Marincola, F.M.,
Restifo, N.P. & Gattinoni, L., 2011. Repression of the DNA-binding inhibitor 1d3 by
Blimp-1 limits the formation of memory CD8+ T cells. Nature immunology, 12(12),
pp.1230-7.

Johnston, R.J., Comps-Agrar, L., Hackney, J., Yu, X., Huseni, M., Yang, Y., Park, S.,
Javinal, V., Chiu, H., Irving, B., Eaton, D.L. & Grogan, J.L., 2014. The
Immunoreceptor TIGIT Regulates Antitumor and Antiviral CD8+ T Cell Effector
Function. Cancer Cell, 26(6), pp.923-937.

Johnston, R.J., Poholek, A.C., DiToro, D., Yusuf, |., Eto, D., Barnett, B., Dent, A.L.,
Craft, J. & Crotty, S., 2009. Bcl6 and Blimp-1 are reciprocal and antagonistic
regulators of T follicular helper cell differentiation. Science, 325(5943), pp.1006—
1010.

De Jong, R., Brouwer, M., Hooibrink, B., Van der Pouw-Kraan, T., Miedema, F. & Van
Lier, R.A., 1992. The CD27- subset of peripheral blood memory CD4+
lymphocytes contains functionally differentiated T lymphocytes that develop by
persistent antigenic stimulation in vivo. European journal of immunology, 22(4),
pp.993-9.

Joshi, N.S., Cui, W., Chandele, A., Lee, H.K., Urso, D.R., Hagman, J., Gapin, L. &
Kaech, S.M., 2007. Inflammation directs memory precursor and short-lived
effector CD8(+) T cell fates via the graded expression of T-bet transcription factor.
Immunity, 27(2), pp.281-295.

Joshi, N.S., Cui, W., Dominguez, C.X., Chen, J.H., Hand, T.W. & Kaech, S.M., 2011.
Increased numbers of preexisting memory CD8 T cells and decreased T-bet
expression can restrain terminal differentiation of secondary effector and memory
CDS8 T cells. Journal of Immunology, 187(8), pp.4068—-4076.

Kallies, A., Xin, A., Belz, G.T. & Nutt, S.L., 2009. Blimp-1 transcription factor is required
for the differentiation of effector CD8(+) T cells and memory responses. Immunity,
31(2), pp.283-295.

Kalos, M., 2012. Muscle CARs and TcRs: turbo-charged technologies for the (T cell)
masses. Cancer immunology, immunotherapy : Cll, 61(1), pp.127-35.

Kanhere, A., Hertweck, A., Bhatia, U., Gokmen, M.R., Perucha, E., Jackson, I., Lord,
G.M. & Jenner, R.G., 2012. T-bet and GATAS3 orchestrate Thl and Th2
differentiation through lineage-specific targeting of distal regulatory elements.
Nature communications, 3, p.1268.

142



Kaplan, M.H., Sun, Y.L., Hoey, T. & Grusby, M.J., 1996. Impaired IL-12 responses and
enhanced development of Th2 cells in Stat4-deficient mice. Nature, 382(6587),
pp.174-7.

Kappes, D.J., He, X. & He, X., 2006. Role of the transcription factor Th-POK in
CD4:CD8 lineage commitment. Immunological reviews, 209, pp.237-252.

Kara, E.E., Comerford, I., Bastow, C.R., Fenix, K.A., Litchfield, W., Handel, T.M. &
McColl, S.R., 2013. Distinct chemokine receptor axes regulate Th9 cell trafficking
to allergic and autoimmune inflammatory sites. Journal of immunology (Baltimore,
Md. : 1950), 191(3), pp.1110-7.

Kassiotis, G., Zamoyska, R. & Stockinger, B., 2003. Involvement of avidity for major
histocompatibility complex in homeostasis of naive and memory T cells. The
Journal of experimental medicine, 197(8), pp.1007-16.

Keating, R., Hertz, T., Wehenkel, M., Harris, T.L., Edwards, B.A., McClaren, J.L.,
Brown, S.A., Surman, S., Wilson, Z.S., Bradley, P., Hurwitz, J., Chi, H., Doherty,
P.C., Thomas, P.G. & McGargill, M.A., 2013. The kinase mTOR modulates the
antibody response to provide cross-protective immunity to lethal infection with
influenza virus. Nature immunology, 14(12), pp.1266—76.

Keith, C.T. & Schreiber, S.L., 1995. PIK-related kinases: DNA repair, recombination,
and cell cycle checkpoints. Science, 270(5233), pp.50-51.

Khademi, M., lliés, Z., Gielen, A.W., Marta, M., Takazawa, N., Baecher-Allan, C.,
Brundin, L., Hannerz, J., Martin, C., Harris, R.A., Hafler, D.A., Kuchroo, V.K.,
Olsson, T., Piehl, F. & Wallstrom, E., 2004. T Cell Ilg- and mucin-domain-
containing molecule-3 (TIM-3) and TIM-1 molecules are differentially expressed
on human Thl and Th2 cells and in cerebrospinal fluid-derived mononuclear cells
in multiple sclerosis. Journal of immunology (Baltimore, Md. : 1950), 172(11),
pp.7169-76.

Khong, H.T. & Restifo, N.P., 2002. Natural selection of tumor variants in the generation
of “tumor escape” phenotypes. Nature immunology, 3(11), pp.999-1005.

Kim, B.Y., Kim, H., Cho, E.J. & Youn, H.D., 2008. Nur77 upregulates HIF-alpha by
inhibiting pVHL-mediated degradation. Experimental & molecular medicine, 40(1),
pp.71-83.

Kim, C.H., Rott, L.S., Clark-Lewis, I., Campbell, D.J., Wu, L. & Butcher, E.C., 2001.
Subspecialization of Cxcr5+ T Cells: B Helper Activity Is Focused in a Germinal
Center-Localized Subset of Cxcr5+ T Cells. Journal of Experimental Medicine,
193(12), pp.1373-1382.

Kim, D.-H., Sarbassov, D.D., Ali, S.M., King, J.E., Latek, R.R., Erdjument-Bromage, H.,
Tempst, P. & Sabatini, D.M., 2002. mTOR interacts with raptor to form a nutrient-
sensitive complex that signals to the cell growth machinery. Cell, 110(2), pp.163—
175.

143



Kim, J.I., Ho, I.-C., Grusby, M.J. & Glimcher, L.H., 1999. The Transcription Factor c-
Maf Controls the Production of Interleukin-4 but Not Other Th2 Cytokines.
Immunity, 10(6), pp.745—-751.

Kim, J.M., Rasmussen, J.P. & Rudensky, A.Y., 2007. Regulatory T cells prevent
catastrophic autoimmunity throughout the lifespan of mice. Nature immunology,
8(2), pp.191-7.

Kim, S.-K., Reed, D.S., Olson, S., Schnell, M.J., Rose, J.K., Morton, P.A. & Lefrancois,
L., 1998. Generation of mucosal cytotoxic T cells against soluble protein by tissue-
specific environmental and costimulatory signals. Proceedings of the National
Academy of Sciences, 95(18), pp.10814-10819.

King, I.L. & Mohrs, M., 2009. IL-4-producing CD4+ T cells in reactive lymph nodes
during helminth infection are T follicular helper cells. The Journal of experimental
medicine, 206(5), pp.1001-7.

Kishikawa, H., Sun, J., Choi, A., Miaw, S.-C. & Ho, |.-C., 2001. The Cell Type-Specific
Expression of the Murine IL-13 Gene Is Regulated by GATA-3. The Journal of
Immunology, 167(8), pp.4414—4420.

Kleinewietfeld, M., Puentes, F., Borsellino, G., Battistini, L., Rotzschke, O. & Falk, K.,
2005. CCR6 expression defines regulatory effector/memory-like cells within the
CD25(+)CD4+ T-cell subset. Blood, 105(7), pp.2877-86.

Kleinschek, M.A., Boniface, K., Sadekova, S., Grein, J., Murphy, E.E., Turner, S.P.,
Raskin, L., Desai, B., Faubion, W.A., de Waal Malefyt, R., Pierce, R.H.,
McClanahan, T. & Kastelein, R.A., 2009. Circulating and gut-resident human Th17
cells express CD161 and promote intestinal inflammation. The Journal of
experimental medicine, 206(3), pp.525-34.

Kline, J., Brown, I.E., Zha, Y.-Y., Blank, C., Strickler, J., Wouters, H., Zhang, L. &
Gajewski, T.F., 2008. Homeostatic proliferation plus regulatory T-cell depletion
promotes potent rejection of B16 melanoma. Clinical cancer research : an official
journal of the American Association for Cancer Research, 14(10), pp.3156-67.

Kline, J., Zhang, L., Battaglia, L., Cohen, K.S. & Gajewski, T.F., 2012. Cellular and
molecular requirements for rejection of B16 melanoma in the setting of regulatory
T cell depletion and homeostatic proliferation. Journal of Immunology, 188(6),
pp.2630—-2642.

Knell, J., Best, J.A., Lind, N.A., Yang, E., D’Cruz, L.M. & Goldrath, AW., 2013. 1d2
influences differentiation of killer cell lectin-like receptor G1(hi) short-lived CD8+
effector T cells. Journal of immunology (Baltimore, Md. : 1950), 190(4), pp.1501—
9.

Koh, M.Y., Spivak-Kroizman, T., Venturini, S., Welsh, S., Williams, R.R., Kirkpatrick,
D.L. & Powis, G., 2008. Molecular mechanisms for the activity of PX-478, an
antitumor inhibitor of the hypoxia-inducible factor-1 . Molecular Cancer
Therapeutics, 7(1), pp-90-100.

144



Kohu, K., Sato, T., Ohno, S., Hayashi, K., Uchino, R., Abe, N., Nakazato, M., Yoshida,
N., Kikuchi, T., Iwakura, Y., Inoue, Y., Watanabe, T., Habu, S. & Satake, M., 2005.
Overexpression of the Runx3 transcription factor increases the proportion of
mature thymocytes of the CD8 single-positive lineage. Journal of Immunology,
174(5), pp.2627-2636.

Koizumi, H., Horta, M.F., Youn, B.S., Fu, K.C., Kwon, B.S., Young, J.D. & Liu, C.C,,
1993. Identification of a killer cell-specific regulatory element of the mouse perforin
gene: an Ets-binding site-homologous motif that interacts with Ets-related
proteins. Molecular and cellular biology, 13(11), pp.6690-701.

Kong, K.-F., Fu, G., Zhang, Y., Yokosuka, T., Casas, J., Canonigo-Balancio, A.J.,
Becart, S., Kim, G., Yates, J.R., Kronenberg, M., Saito, T., Gascoigne, N.R.J. &
Altman, A., 2014. Protein kinase C-n controls CTLA-4-mediated regulatory T cell
function. Nature immunology, 15(5), pp.465-72.

Korkolopoulou, P., Kaklamanis, L., Pezzella, F., Harris, A.L. & Gatter, K.C., 1996. Loss
of antigen-presenting molecules (MHC class | and TAP-1) in lung cancer. British
journal of cancer, 73(2), pp.148-153.

Korn, T., Oukka, M., Kuchroo, V. & Bettelli, E., 2007. Th17 cells: effector T cells with
inflammatory properties. Seminars in immunology, 19(6), pp.362—71.

Kornete, M., Sgouroudis, E. & Piccirillo, C.A., 2012. ICOS-dependent homeostasis and
function of Foxp3+ regulatory T cells in islets of nonobese diabetic mice. Journal
of immunology (Baltimore, Md. : 1950), 188(3), pp.1064—74.

Krummel, M.F., 1995. CD28 and CTLA-4 have opposing effects on the response of T
cells to stimulation. Journal of Experimental Medicine, 182(2), pp.459—-465.

Krummel, M.F., 1996. CTLA-4 engagement inhibits IL-2 accumulation and cell cycle
progression upon activation of resting T cells. Journal of Experimental Medicine,
183(6), pp.2533—-2540.

Kuchroo, V.K., Umetsu, D.T., DeKruyff, R.H. & Freeman, G.J., 2003. The TIM gene
family: emerging roles in immunity and disease. Nature reviews. Immunology,
3(6), pp.454-62.

Kung, A.L., Zabludoff, S.D., France, D.S., Freedman, S.J., Tanner, E.A., Vieira, A.,
Cornell-Kennon, S., Lee, J., Wang, B., Wang, J., Memmert, K., Naegeli, H.-U.,
Petersen, F., Eck, M.J., Bair, KW., Wood, A.W. & Livingston, D.M., 2004. Small
molecule blockade of transcriptional coactivation of the hypoxia-inducible factor
pathway. Cancer cell, 6(1), pp.33—-43.

Kuo, M.H. & Allis, C.D., 1999. In vivo cross-linking and immunoprecipitation for
studying dynamic Protein:DNA associations in a chromatin environment. Methods
(San Diego, Calif.), 19(3), pp.425-33.

Kurachi, M., Barnitz, R.A., Yosef, N., Odorizzi, P.M., Dilorio, M.A., Lemieux, M.E.,
Yates, K., Godec, J., Klatt, M.G., Regev, A., Wherry, E.J. & Haining, W.N., 2014.

145



The transcription factor BATF operates as an essential differentiation checkpoint
in early effector CD8+ T cells. Nature immunology, 15(4), pp.373-83.

Kurachi, M., Kurachi, J., Suenaga, F., Tsukui, T., Abe, J., Ueha, S., Tomura, M.,
Sugihara, K., Takamura, S., Kakimi, K. & Matsushima, K., 2011. Chemokine
receptor CXCR3 facilitates CD8(+) T cell differentiation into short-lived effector
cells leading to memory degeneration. The Journal of experimental medicine,
208(8), pp.1605-20.

Kwon, E.D., Hurwitz, A.A., Foster, B.A., Madias, C., Feldhaus, A.L., Greenberg, N.M.,
Burg, M.B. & Allison, J.P., 1997. Manipulation of T cell costimulatory and inhibitory
signals for immunotherapy of prostate cancer. Proceedings of the National
Academy of Sciences of the United States of America, 94(15), pp.8099—-103.

Kwon, H., Thierry-Mieg, D., Thierry-Mieg, J., Kim, H.-P., Oh, J., Tunyaplin, C., Carotta,
S., Donovan, C.E., Goldman, M.L., Tailor, P., Ozato, K., Levy, D.E., Nutt, S.L.,
Calame, K. & Leonard, W.J., 2009. Analysis of interleukin-21-induced Prdm1 gene
regulation reveals functional cooperation of STAT3 and IRF4 transcription factors.
Immunity, 31(6), pp.941-52.

Lacorazza, H.D., Miyazaki, Y., Di Cristofano, A., Deblasio, A., Hedvat, C., Zhang, J.,
Cordon-Cardo, C., Mao, S., Pandolfi, P.P. & Nimer, S.D., 2002. The ETS Protein
MEF Plays a Critical Role in Perforin Gene Expression and the Development of
Natural Killer and NK-T Cells. Immunity, 17(4), pp.437-449.

Langrish, C.L., Chen, Y., Blumenschein, W.M., Mattson, J., Basham, B., Sedgwick,
J.D., McClanahan, T., Kastelein, R.A. & Cua, D.J., 2005. IL-23 drives a
pathogenic T cell population that induces autoimmune inflammation. The Journal
of experimental medicine, 201(2), pp.233-40.

Leach, D.R., Krummel, M.F. & Allison, J.P., 1996. Enhancement of antitumor immunity
by CTLA-4 blockade. Science, 271(5256), pp.1734-1736.

Lee, K.M., Chuang, E., Griffin, M., Khattri, R., Hong, D.K., Zhang, W., Straus, D.,
Samelson, L.E., Thompson, C.B. & Bluestone, J.A., 1998. Molecular basis of T
cell inactivation by CTLA-4. Science (New York, N.Y.), 282(5397), pp.2263-6.

Lee, Y.-B., Glover, C.P.J., Cosgrave, A.S., Bienemann, A. & Uney, J.B., 2005.
Optimizing regulatable gene expression using adenoviral vectors. Experimental
physiology, 90(1), pp.33—7.

Lehmann, J., Huehn, J., de la Rosa, M., Maszyna, F., Kretschmer, U., Krenn, V.,
Brunner, M., Scheffold, A. & Hamann, A., 2002. Expression of the integrin alpha
Ebeta 7 identifies unique subsets of CD25+ as well as CD25- regulatory T cells.
Proceedings of the National Academy of Sciences of the United States of
America, 99(20), pp.13031-6.

Leveson, S.H., Howell, J.H., Paolini, N.S., Tan, M.H., Holyoke, E.D. & Goldrosen, M.H.,
1979. Correlations between the leukocyte adherence inhibition microassay and in
vivo tests of transplantation resistance. Cancer research, 39(2 Pt 2), pp.582-6.

146



Li, B., Tournier, C., Davis, R.J. & Flavell, R.A., 1999. Regulation of IL-4 expression by
the transcription factor JunB during T helper cell differentiation. The EMBO
journal, 18(2), pp.420-32.

Li, Q., Rao, R., Araki, K., Pollizzi, K. & Odunsi, K., 2011. A central role for mTOR
kinase in homeostatic proliferation induced CD8+ T cell memory and tumor
immunity. Immunity, 32, pp.541-553.

Li, Q., Rao, R., Vazzana, J., Goedegebuure, P., Odunsi, K., Gillanders, W. & Shrikant,
P. a, 2012. Regulating mammalian target of rapamycin to tune vaccination-
induced CD8(+) T cell responses for tumor immunity. Journal of Immunology,
188(7), pp.3080-3087.

Liao, F., Rabin, R.L., Smith, C.S., Sharma, G., Nutman, T.B. & Farber, J.M., 1999. CC-
chemokine receptor 6 is expressed on diverse memory subsets of T cells and
determines responsiveness to macrophage inflammatory protein 3 alpha. Journal
of immunology (Baltimore, Md. : 1950), 162(1), pp.186—94.

Linnemann, C., van Buuren, M.M., Bies, L., Verdegaal, E.M.E., Schotte, R., Calis,
J.J.A., Behjati, S., Velds, A., Hilkmann, H., Atmioui, D. El, Visser, M., Stratton,
M.R., Haanen, J.B.A.G., Spits, H., van der Burg, S.H. & Schumacher, T.N.M.,
2015. High-throughput epitope discovery reveals frequent recognition of neo-
antigens by CD4+ T cells in human melanoma. Nature medicine, 21(1), pp.81-5.

Liu, Z., Li, Z., Mao, K., Zou, J., Wang, Y., Tao, Z., Lin, G., Tian, L., Ji, Y., Wu, X., Zhu,
X., Sun, S., Chen, W., Xiang, C. & Sun, B., 2009. Dec2 promotes Th2 cell
differentiation by enhancing IL-2R signaling. Journal of immunology (Baltimore,
Md. : 1950), 183(10), pp.6320-9.

Liyanage, U.K., Moore, T.T., Joo, H.-G., Tanaka, Y., Herrmann, V., Doherty, G.,
Drebin, J.A., Strasberg, S.M., Eberlein, T.J., Goedegebuure, P.S. & Linehan,
D.C., 2002. Prevalence of Regulatory T Cells Is Increased in Peripheral Blood and
Tumor Microenvironment of Patients with Pancreas or Breast Adenocarcinoma.
The Journal of Immunology, 169(5), pp.2756—-2761.

Lloyd, C.M. & Hessel, E.M., 2010. Functions of T cells in asthma: more than just TH2
cells. Nature Reviews Immunology, 10(12), pp.838-848.

Loetscher, P., Uguccioni, M., Bordoli, L., Baggiolini, M., Moser, B., Chizzolini, C. &
Dayer, J.-M., 1998. CCRS5 is characteristic of Thl lymphocytes. , 391(6665),
pp.344-345.

Loewith, R., Jacinto, E., Wullschleger, S., Lorberg, A., Crespo, J.L., Bonenfant, D.,
Oppliger, W., Jenoe, P. & Hall, M.N., 2002. Two TOR complexes, only one of
which is rapamycin sensitive, have distinct roles in cell growth control. Molecular
cell, 10(3), pp.457-468.

Léhning, M., Stroehmann, A., Coyle, A.J., Grogan, J.L., Lin, S., Gutierrez-Ramos, J.C.,
Levinson, D., Radbruch, A. & Kamradt, T., 1998. T1/ST2 is preferentially
expressed on murine Th2 cells, independent of interleukin 4, interleukin 5, and

147



interleukin 10, and important for Th2 effector function. Proceedings of the National
Academy of Sciences of the United States of America, 95(12), pp.6930-5.

Lohoff, M., Mittricker, H.-W., Prechtl, S., Bischof, S., Sommer, F., Kock, S., Ferrick,
D.A., Duncan, G.S., Gessner, A. & Mak, T.W., 2002. Dysregulated T helper cell
differentiation in the absence of interferon regulatory factor 4. Proceedings of the
National Academy of Sciences of the United States of America, 99(18), pp.11808—
12.

Long, X., Ortiz-Vega, S., Lin, Y. & Avruch, J., 2005. Rheb binding to mammalian target
of rapamycin (MTOR) is regulated by amino acid sufficiency. The Journal of
biological chemistry, 280(25), pp.23433—-23436.

Loreni, F., Thomas, G. & Amaldi, F., 2000. Transcription inhibitors stimulate translation
of 5 TOP mRNAs through activation of S6 kinase and the mTOR/FRAP signalling
pathway. European Journal of Biochemistry, 267(22), pp.6594—6601.

Lukashev, D., Caldwell, C., Ohta, a, Chen, P. & Sitkovsky, M., 2001. Differential
regulation of two alternatively spliced isoforms of hypoxia-inducible factor-1 alpha
in activated T lymphocytes. The Journal of biological chemistry, 276(52),
pp.48754—63.

Lukashev, D., Klebanov, B., Kojima, H., Grinberg, A., Ohta, A., Berenfeld, L., Wenger,
R.H., Ohta, A. & Sitkovsky, M., 2006. Cutting edge: hypoxia-inducible factor
lalpha and its activation-inducible short isoform 1.1 negatively regulate functions
of CD4+ and CD8+ T lymphocytes. Journal of Immunology, 177(8), pp.4962—
4965.

Lyons, A.B., 2000. Analysing cell division in vivo and in vitro using flow cytometric
measurement of CFSE dye dilution. Journal of immunological methods, 243(1-2),
pp.147-154.

Lyons, A.B. & Parish, C.R., 1994. Determination of lymphocyte division by flow
cytometry. Journal of immunological methods, 171, pp.131-137.

M’Hidi, H., Thibult, M.-L., Chetallle, B., Rey, F., Bouadallah, R., Nicollas, R., Olive, D. &
Xerri, L., 2009. High expression of the inhibitory receptor BTLA in T-follicular
helper cells and in B-cell small lymphocytic lymphoma/chronic lymphocytic
leukemia. American journal of clinical pathology, 132(4), pp.589-96.

Mach, N., Gillessen, S., Wilson, S.B., Sheehan, C., Mihm, M. & Dranoff, G., 2000.
Differences in Dendritic Cells Stimulated in Vivo by Tumors Engineered to Secrete
Granulocyte-Macrophage Colony-stimulating Factor or Flt3-Ligand. Cancer Res.,
60(12), pp.3239-3246.

Mackay, L.K., Rahimpour, A., Ma, J.Z., Collins, N., Stock, A.T., Hafon, M.-L., Vega-
Ramos, J., Lauzurica, P., Mueller, S.N., Stefanovic, T., Tscharke, D.C., Heath,
W.R., Inouye, M., Carbone, F.R. & Gebhardt, T., 2013. The developmental
pathway for CD103(+)CD8+ tissue-resident memory T cells of skin. Nature
immunology, 14(12), pp.1294-301.

148



Maggi, E., 1998. The TH1/TH2 paradigm in allergy. Immunotechnology : an
international journal of immunological engineering, 3(4), pp.233—44.

Makino, Y., Nakamura, H., Ikeda, E., Ohnuma, K., Yamauchi, K., Yabe, Y., Poellinger,
L., Okada, Y., Morimoto, C. & Tanaka, H., 2003. Hypoxia-inducible factor
regulates survival of antigen receptor-driven T cells. Journal of Immunology,
171(12), pp.6534-6540.

Maltepe, E., Schmidt, J. V, Baunoch, D., Bradfield, C.A. & Simon, M.C., 1997.
Abnormal angiogenesis and responses to glucose and oxygen deprivation in mice
lacking the protein ARNT. Nature, 386(6623), pp.403—407.

Mandapathil, M., Szczepanski, M.J., Szajnik, M., Ren, J., Lenzner, D.E., Jackson, E.K.,
Gorelik, E., Lang, S., Johnson, J.T. & Whiteside, T.L., 2009. Increased
ectonucleotidase expression and activity in regulatory T cells of patients with head
and neck cancer. Clinical cancer research : an official journal of the American
Association for Cancer Research, 15(20), pp.6348-57.

Mangan, P.R., Harrington, L.E., O’Quinn, D.B., Helms, W.S., Bullard, D.C., Elson,
C.0., Hatton, R.D., Wahl, S.M., Schoeb, T.R. & Weaver, C.T., 2006. Transforming
growth factor-beta induces development of the T(H)17 lineage. Nature, 441(7090),
pp.231-4.

Marengeére, L.E., Waterhouse, P., Duncan, G.S., Mittrticker, H.W., Feng, G.S. & Mak,
T.W., 1996. Regulation of T cell receptor signaling by tyrosine phosphatase SYP
association with CTLA-4. Science (New York, N.Y.), 272(5265), pp.1170-3.

Margolin, K., Ernstoff, M.S., Hamid, O., Lawrence, D., McDermott, D., Puzanov, .,
Wolchok, J.D., Clark, J.I., Sznol, M., Logan, T.F., Richards, J., Michener, T.,
Balogh, A., Heller, K.N. & Hodi, F.S., 2012. Ipilimumab in patients with melanoma
and brain metastases: an open-label, phase 2 trial. The Lancet. Oncology, 13(5),
pp.459-65.

Marie, J.C., 2005. TGF- 1 maintains suppressor function and Foxp3 expression in
CD4+CD25+ regulatory T cells. Journal of Experimental Medicine, 201(7),
pp.1061-1067.

Marrack, P., Bender, J., Hildeman, D., Jordan, M., Mitchell, T., Murakami, M.,
Sakamoto, A., Schaefer, B.C., Swanson, B. & Kappler, J., 2000. Homeostasis of
alpha beta TCR+ T cells. Nature immunology, 1(2), pp.107-11.

Martins, G.A., Hutchins, A.S. & Reiner, S.L., 2005. Transcriptional Activators of Helper
T Cell Fate Are Required for Establishment but Not Maintenance of Signature
Cytokine Expression. The Journal of Immunology, 175(9), pp.5981-5985.

Masson, F., Minnich, M., Olshansky, M., Bilic, I., Mount, A.M., Kallies, A., Speed, T.P.,
Busslinger, M., Nutt, S.L. & Belz, G.T., 2013. Id2-mediated inhibition of E2A
represses memory CD8+ T cell differentiation. Journal of immunology (Baltimore,
Md. : 1950), 190(9), pp.4585-94.

149



Mathur, A.N., Chang, H.-C., Zisoulis, D.G., Stritesky, G.L., Yu, Q., O’'Malley, J.T.,
Kapur, R., Levy, D.E., Kansas, G.S. & Kaplan, M.H., 2007. Stat3 and Stat4 Direct
Development of IL-17-Secreting Th Cells. The Journal of Immunology, 178(8),
pp.4901-4907.

Matsushita, H. et al., 2012. Cancer exome analysis reveals a T-cell-dependent
mechanism of cancer immunoediting. Nature, 482(7385), pp.400-404.

Maxwell, P.H., Wiesener, M.S., Chang, G.W., Clifford, S.C., Vaux, E.C., Cockman,
M.E., Wykoff, C.C., Pugh, C.W., Maher, E.R. & Ratcliffe, P.J., 1999. The tumour
suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent
proteolysis. Nature, 399(6733), pp.271-5.

Mbitikon-Kobo, F.-M., Vocanson, M., Michallet, M.-C., Tomkowiak, M., Cottalorda, A.,
Angelov, G.S., Coupet, C.-A., Djebali, S., Marcais, A., Dubois, B., Bonnefoy-
Bérard, N., Nicolas, J.-F., Arpin, C. & Marvel, J., 2009. Characterization of a
CD44/CD122int memory CD8 T cell subset generated under sterile inflammatory
conditions. Journal of immunology (Baltimore, Md. : 1950), 182(6), pp.3846-54.

McHugh, R.S., Whitters, M.J., Piccirillo, C.A., Young, D.A., Shevach, E.M., Collins, M.
& Byrne, M.C., 2002a. CD4(+)CD25(+) immunoregulatory T cells: gene
expression analysis reveals a functional role for the glucocorticoid-induced TNF
receptor. Immunity, 16(2), pp.311-23.

McHugh, R.S., Whitters, M.J., Piccirillo, C.A., Young, D.A., Shevach, E.M., Collins, M.
& Byrne, M.C., 2002b. CD4+CD25+ Immunoregulatory T Cells. Immunity, 16(2),
pp.311-323.

Mearns, H., Forbes-Blom, E.E., Camberis, M., Tang, S.-C., Kyle, R., Harvie, M.,
Kleinschek, M.A. & Gros, G. Le, 2014. IL-25 exhibits disparate roles during Th2-
cell differentiation versus effector function. European Journal of Immunology,
44(7), pp-1976-1980.

Messi, M., Giacchetto, I., Nagata, K., Lanzavecchia, A., Natoli, G. & Sallusto, F., 2003.
Memory and flexibility of cytokine gene expression as separable properties of
human T(H)1 and T(H)2 lymphocytes. Nature immunology, 4(1), pp.78-86.

Meyers, J.H., Chakravarti, S., Schlesinger, D., llles, Z., Waldner, H., Umetsu, S.E.,
Kenny, J., Zheng, X.X., Umetsu, D.T., DeKruyff, R.H., Strom, T.B. & Kuchroo,
V.K., 2005. TIM-4 is the ligand for TIM-1, and the TIM-1-TIM-4 interaction
regulates T cell proliferation. Nature immunology, 6(5), pp.455—64.

Min, B., Yamane, H., Hu-Li, J. & Paul, W.E., 2005. Spontaneous and homeostatic
proliferation of CD4 T cells are regulated by different mechanisms. Journal of
immunology (Baltimore, Md. : 1950), 174(10), pp.6039—44.

Mombaerts, P., lacomini, J., Johnson, R.S., Herrup, K., Tonegawa, S. & Papaioannou,
V.E., 1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell,
68(5), pp.869-77.

150



De Monte, L., Reni, M., Tassi, E., Clavenna, D., Papa, |., Recalde, H., Braga, M., Di
Carlo, V., Doglioni, C. & Protti, M.P., 2011. Intratumor T helper type 2 cell infiltrate
correlates with cancer-associated fibroblast thymic stromal lymphopoietin
production and reduced survival in pancreatic cancer. The Journal of experimental
medicine, 208(3), pp.469-78.

Moran, A.E., Holzapfel, K.L., Xing, Y., Cunningham, N.R., Maltzman, J.S., Punt, J. &
Hogquist, K.A., 2011. T cell receptor signal strength in Treg and iNKT cell
development demonstrated by a novel fluorescent reporter mouse. The Journal of
experimental medicine, 208(6), pp.1279-89.

Morgan, R.A., Dudley, M.E., Wunderlich, J.R., Hughes, M.S., Yang, J.C., Sherry, R.M.,
Royal, R.E., Topalian, S.L., Kammula, U.S., Restifo, N.P., Zheng, Z., Nahvi, A., de
Vries, C.R., Rogers-Freezer, L.J., Mavroukakis, S.A. & Rosenberg, S.A., 2006.
Cancer regression in patients after transfer of genetically engineered
lymphocytes. Science, 314(5796), pp.12612-12619.

Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A. & Coffman, R.L., 1986. Two
types of murine helper T cell clone. I. Definition according to profiles of
lymphokine activities and secreted proteins. Journal of Immunology, 136(7),
pp.2348-2357.

Mucida, D. et al., 2013. Transcriptional reprogramming of mature CD4* helper T cells
generates distinct MHC class ll-restricted cytotoxic T lymphocytes. Nature
immunology, 14(3), pp.281-289.

Mullen, A.C., Hutchins, A.S., High, F.A., Lee, H.W., Sykes, K.J., Chodosh, L.A. &
Reiner, S.L., 2002. Hix is induced by and genetically interacts with T-bet to
promote heritable T(H)1 gene induction. Nature immunology, 3(7), pp.652-8.

Mumberg, D., Monach, P.A., Wanderling, S., Philip, M., Toledano, A.Y., Schreiber,
R.D. & Schreiber, H., 1999. CD4(+) T cells eliminate MHC class Il-negative cancer
cells in vivo by indirect effects of IFN-gamma. Proceedings of the National
Academy of Sciences of the United States of America, 96(15), pp.8633—8638.

Murali-Krishna, K. & Ahmed, R., 2000. Cutting Edge: Naive T Cells Masquerading as
Memory Cells. The Journal of Immunology, 165(4), pp.1733-1737.

Muranski, P. et al., 2011. Th17 cells are long lived and retain a stem cell-like molecular
signature. Immunity, 35(6), pp.972-85.

Muranski, P., Boni, A., Antony, P. a, Cassard, L., Irvine, K.R., Kaiser, A., Paulos, C.M.,
Palmer, D.C., Touloukian, C.E., Ptak, K., Gattinoni, L., Wrzesinski, C., Hinrichs,
C.S., Kerstann, KW., Feigenbaum, L., Chan, C.-C. & Restifo, N.P., 2008. Tumor-
specific Th17-polarized cells eradicate large established melanoma. Blood,
112(2), pp.362-373.

Muranski, P. & Restifo, N.P., 2009. Adoptive immunotherapy of cancer using CD4(+) T
cells. Current opinion in immunology, 21(2), pp.200-208.

151



Nagy, E. & Rigby, W.F., 1995. Glyceraldehyde-3-phosphate dehydrogenase selectively
binds AU-rich RNA in the NAD(+)-binding region (Rossmann fold). The Journal of
biological chemistry, 270(6), pp.2755-27563.

Naito, T., Baba, T., Takeda, K., Sasaki, S., Nakamoto, Y. & Mukaida, N., 2015. High-
dose cyclophosphamide induces specific tumor immunity with concomitant
recruitment of LAMP1/CD107a-expressing CD4-positive T cells into tumor sites.
Cancer letters, 366(1), pp.93-9.

Nakamura, H., Makino, Y., Okamoto, K., Poellinger, L., Ohnuma, K., Morimoto, C. &
Tanaka, H., 2005. TCR engagement increases hypoxia-inducible factor-1 alpha
protein synthesis via rapamycin-sensitive pathway under hypoxic conditions in
human peripheral T cells. Journal of immunology, 174(12), pp.7592—7599.

Nakamura, K., Kitani, A. & Strober, W., 2001. Cell contact-dependent
immunosuppression by CD4+CD25+regulatory T cells is mediated by cell surface-
bound transforming growth factor. Journal of Experimental Medicine, 194(5),
pp.629-644.

Nishikomori, R., Usui, T., Wu, C.-Y., Morinobu, A., O’'Shea, J.J. & Strober, W., 2002.
Activated STAT4 has an essential role in Thl differentiation and proliferation that
is independent of its role in the maintenance of IL-12R beta 2 chain expression
and signaling. Journal of immunology (Baltimore, Md. : 1950), 169(8), pp.4388-98.

Norris, P.J., Sumaroka, M., Brander, C., Moffett, H.F., Boswell, S.L., Nguyen, T.,
Sykulev, Y., Walker, B.D. & Rosenberg, E.S., 2001. Multiple effector functions
mediated by human immunodeficiency virus-specific CD4(+) T-cell clones. Journal
of virology, 75(20), pp.9771-9779.

Nuchtern, J.G., Biddison, W.E. & Klausner, R.D., 1990. Class || MHC molecules can
use the endogenous pathway of antigen presentation. Nature, 343(6253), pp.74—
76.

Nurieva, R.l., Chung, Y., Hwang, D., Yang, X.O., Kang, H.S., Ma, L., Wang, Y.,
Watowich, S.S., Jetten, A.M., Tian, Q. & Dong, C., 2008. Generation of T
Follicular Helper Cells Is Mediated by Interleukin-21 but Independent of T Helper
1, 2, or 17 Cell Lineages. Immunity, 29(1), pp.138-149.

Nurieva, R.l., Chung, Y., Martinez, G.J., Yang, X.O., Tanaka, S., Matskevitch, T.D.,
Wang, Y.-H. & Dong, C., 2009. Bcl6 mediates the development of T follicular
helper cells. Science, 325(5943), pp.1001-1005.

Odegard, J.M., Marks, B.R., DiPlacido, L.D., Poholek, A.C., Kono, D.H., Dong, C.,
Flavell, R.A. & Craft, J., 2008. ICOS-dependent extrafollicular helper T cells elicit
IgG production via IL-21 in systemic autoimmunity. The Journal of experimental
medicine, 205(12), pp.2873-86.

Onizuka, S., Tawara, I., Shimizu, J., Sakaguchi, S., Fuijita, T. & Nakayama, E., 1999.
Tumor rejection by in vivo administration of anti-CD25 (interleukin-2 receptor
alpha) monoclonal antibody. Cancer research, 59(13), pp.3128-33.

152



Ono, M., Tanaka, R.J. & Kano, M., 2014. Visualisation of the T cell differentiation
programme by Canonical Correspondence Analysis of transcriptomes. BMC
genomics, 15(1), p.1028.

Ono, M., Tanaka, R.J., Kano, M. & Sugiman, T., 2013. Visualising the cross-level
relationships between pathological and physiological processes and gene
expression: analyses of haematological diseases. PloS one, 8(1), p.e53544.

Osborne, B.A., Smith, S.W., Liu, Z.-G., McLaughlin, K.A., Grimm, L. & Schwartz, L.M.,
1994. Identification of Genes Induced during Apoptosis in T Lymphocytes.
Immunological Reviews, 142(1), pp.301-320.

Ossendorp, F., Mengedé, E., Camps, M., Filius, R. & Melief, C.J., 1998. Specific T
helper cell requirement for optimal induction of cytotoxic T lymphocytes against
major histocompatibility complex class Il negative tumors. The Journal of
experimental medicine, 187(5), pp.693—702.

Ouyang, W., Jacobson, N.G., Bhattacharya, D., Gorham, J.D., Fenoglio, D., Sha, W.C.,
Murphy, T.L. & Murphy, K.M., 1999. The Ets transcription factor ERM is Th1-
specific and induced by IL-12 through a Stat4-dependent pathway. Proceedings of
the National Academy of Sciences of the United States of America, 96(7),
pp.3888-93.

Ouyang, W., Kolls, J.K. & Zheng, Y., 2008. The biological functions of T helper 17 cell
effector cytokines in inflammation. Immunity, 28(4), pp.454—67.

Ozaki, K., Spolski, R., Ettinger, R., Kim, H.-P., Wang, G., Qi, C.-F., Hwu, P., Shaffer,
D.J., Akilesh, S., Roopenian, D.C., Morse, H.C., Lipsky, P.E. & Leonard, W.J.,
2004. Regulation of B Cell Differentiation and Plasma Cell Generation by IL-21, a
Novel Inducer of Blimp-1 and Bcl-6. The Journal of Immunology, 173(9), pp.5361—
5371.

Pageés, F., Berger, A., Camus, M., Sanchez-Cabo, F., Costes, A., Molidor, R., Mlecnik,
B., Kirilovsky, A., Nilsson, M., Damotte, D., Meatchi, T., Bruneval, P., Cugnenc,
P.-H., Trajanoski, Z., Fridman, W.-H. & Galon, J., 2005. Effector memory T cells,
early metastasis, and survival in colorectal cancer. The New England journal of
medicine, 353(25), pp.2654—66.

Pardoll, D.M. & Topalian, S.L., 1998. The role of CD4+ T cell responses in antitumor
immunity. Current opinion in immunology, 10(5), pp.588-94.

Pargmann, D., Yucel, R., Kosan, C., Saba, I., Klein-Hitpass, L., Schimmer, S., Heyd,
F., Dittmer, U. & Mordy, T., 2007. Differential impact of the transcriptional
repressor Gfil on mature CD4+ and CD8+ T lymphocyte function. European
journal of immunology, 37(12), pp.3551-3563.

Van Parijs, L. & Abbas, A.K., 1996. Role of Fas-mediated cell death in the regulation of
immune responses. Current opinion in immunology, 8(3), pp.355—361.

153



Parman, C., Halling, C. & Gentleman, R., 2011. affyQCReport: QC Report Generation
for affyBatch objects.

Parry, R. V, Chemnitz, J.M., Frauwirth, K.A., Lanfranco, A.R., Braunstein, I.,
Kobayashi, S. V, Linsley, P.S., Thompson, C.B. & Riley, J.L., 2005. CTLA-4 and
PD-1 receptors inhibit T-cell activation by distinct mechanisms. Molecular and
cellular biology, 25(21), pp.9543-53.

Paul, W.E. & Seder, R.A., 1994. Lymphocyte responses and cytokines. Cell, 76(2),
pp.241-51.

Pear, W.S., Nolan, G.P., Scott, M.L. & Baltimore, D., 1993. Production of high-titer
helper-free retroviruses by transient transfection. Proceedings of the National
Academy of Sciences of the United States of America, 90(18), pp.8392-6.

Pearce, E.J., M Kane, C., Sun, J., J Taylor, J., McKee, A.S. & Cervi, L., 2004. Th2
response polarization during infection with the helminth parasite Schistosoma
mansoni. Immunological reviews, 201, pp.117-26.

Pene, J., Gauchat, J.-F., Lecart, S., Drouet, E., Guglielmi, P., Boulay, V., Delwalil, A.,
Foster, D., Lecron, J.-C. & Yssel, H., 2004. Cutting Edge: IL-21 Is a Switch Factor
for the Production of IgG1 and IgG3 by Human B Cells. The Journal of
Immunology, 172(9), pp.5154-5157.

Pernis, A., Gupta, S., Gollob, K.J., Garfein, E., Coffman, R.L., Schindler, C. &
Rothman, P., 1995. Lack of interferon gamma receptor beta chain and the
prevention of interferon gamma signaling in TH1 cells. Science (New York, N.Y.),
269(5221), pp.245-7.

Philip, B., Kokalaki, E., Mekkaoui, L., Thomas, S., Straathof, K., Flutter, B., Marin, V.,
Marafioti, T., Chakraverty, R., Linch, D., Quezada, S.A., Peggs, K.S. & Pule, M.,
2014. A highly compact epitope-based marker/suicide gene for easier and safer T-
cell therapy. Blood, 124(8), pp.1277-87.

Piao, H.-L., Tao, Y., Zhu, R., Wang, S.-C., Tang, C.-L., Fu, Q., Du, M.-R. & Li, D.-J.,
2012. The CXCL12/CXCR4 axis is involved in the maintenance of Th2 bias at the
maternal/fetal interface in early human pregnancy. Cellular & molecular
immunology, 9(5), pp.-423-30.

Pipkin, M.E. & Rao, A., 2009. SnapShot: effector and memory T cell differentiation.
Cell, 138(3), pp.606.e1-606.e2.

Pipkin, M.E., Sacks, J.A., Cruz-Guilloty, F., Lichtenheld, M.G., Bevan, M.J. & Rao, A.,
2010. Interleukin-2 and inflammation induce distinct transcriptional programs that
promote the differentiation of effector cytolytic T cells. Immunity, 32(1), pp.79-90.

Pollizzi, K.N., Patel, C.H., Sun, I.-H., Oh, M.-H., Waickman, A.T., Wen, J., Delgoffe,

G.M. & Powell, J.D., 2015. mTORC1 and mTORC2 selectively regulate CD8* T
cell differentiation. The Journal of clinical investigation, 125(5), pp.2090-108.

154



Propper, D.J., Chao, D., Braybrooke, J.P., Bahl, P., Thavasu, P., Balkwill, F., Turley,
H., Dobbs, N., Gatter, K., Talbot, D.C., Harris, A.L. & Ganesan, T.S., 2003. Low-
dose IFN-{gamma} induces tumor MHC expression in metastatic malignant
melanoma. Clin. Cancer Res., 9(1), pp.84-92.

Purwar, R., Schlapbach, C., Xiao, S., Kang, H.S., Elyaman, W., Jiang, X., Jetten, A.M.,
Khoury, S.J., Fuhlbrigge, R.C., Kuchroo, V.K., Clark, R.A. & Kupper, T.S., 2012.
Robust tumor immunity to melanoma mediated by interleukin-9-producing T cells.
Nature medicine, 18(8), pp.1248-53.

Qin, Z. & Blankenstein, T., 2000. CD4+ T cell--mediated tumor rejection involves
inhibition of angiogenesis that is dependent on IFN gamma receptor expression
by nonhematopoietic cells. Immunity, 12(6), pp.677-86.

Qin, Z., Kim, H.-J., Hemme, J. & Blankenstein, T., 2002. Inhibition of
methylcholanthrene-induced carcinogenesis by an interferon gamma receptor-
dependent foreign body reaction. The Journal of experimental medicine, 195(11),
pp.1479-90.

Quah, B.J.C. & Parish, C.R., 2012. New and improved methods for measuring
lymphocyte proliferation in vitro and in vivo using CFSE-like fluorescent dyes.
Journal of immunological methods, 379(1-2), pp.1-14.

Quezada, S. a & Peggs, K.S., 2011. Tumor-reactive CD4+ T cells: plasticity beyond
helper and regulatory activities. Immunotherapy, 3(8), pp.915-917.

Quezada, S. a, Peggs, K.S., Simpson, T.R. & Allison, J.P., 2011. Shifting the
equilibrium in cancer immunoediting: from tumor tolerance to eradication.
Immunological reviews, 241(1), pp.104-118.

Quezada, S. a, Simpson, T.R., Peggs, K.S., Merghoub, T., Vider, J., Fan, X., Blasberg,
R., Yagita, H., Muranski, P., Antony, P. a, Restifo, N.P. & Allison, J.P., 2010.
Tumor-reactive CD4(+) T cells develop cytotoxic activity and eradicate large
established melanoma after transfer into lymphopenic hosts. The Journal of
experimental medicine, 207(3), pp.637—-650.

Quezada, S.A., 2006. CTLA4 blockade and GM-CSF combination immunotherapy
alters the intratumor balance of effector and regulatory T cells. Journal of Clinical
Investigation, 116(7), pp.1935-1945.

Qui, H.Z., Hagymasi, A.T., Bandyopadhyay, S., St Rose, M.-C., Ramanarasimhaiah,
R., Ménoret, A., Mittler, R.S., Gordon, S.M., Reiner, S.L., Vella, A.T. & Adler, A.J.,
2011. CD134 plus CD137 dual costimulation induces Eomesodermin in CD4 T
cells to program cytotoxic Th1l differentiation. Journal of Immunology, 187(7),
pp.3555-3564.

Quigley, M.F., Gonzalez, V.D., Granath, A., Andersson, J. & Sandberg, J.K., 2007.
CXCR5+ CCR7- CD8 T cells are early effector memory cells that infiltrate tonsil B
cell follicles. European Journal of Immunology, 37(12), pp.3352-3362.

155



Quintana, F.J., Basso, A.S., Iglesias, A.H., Korn, T., Farez, M.F., Bettelli, E., Caccamo,
M., Oukka, M. & Weiner, H.L., 2008. Control of T(reg) and T(H)17 cell
differentiation by the aryl hydrocarbon receptor. Nature, 453(7191), pp.65—71.

Qureshi, O.S., Zheng, Y., Nakamura, K., Attridge, K., Manzotti, C., Schmidt, E.M.,
Baker, J., Jeffery, L.E., Kaur, S., Briggs, Z., Hou, T.Z., Futter, C.E., Anderson, G.,
Walker, L.S.K. & Sansom, D.M., 2011. Trans-endocytosis of CD80 and CD86: a
molecular basis for the cell-extrinsic function of CTLA-4. Science (New York,
N.Y.), 332(6029), pp.600-3.

R Core Team, 2013. R: A language and environment for statistical computing.

Rabinovich, G.A., Gabrilovich, D. & Sotomayor, E.M., 2007. Immunosuppressive
strategies that are mediated by tumor cells. Annual review of immunology, 25,
pp.267-96.

Ramirez, J.-M., Brembilla, N.C., Sorg, O., Chicheportiche, R., Matthes, T., Dayer, J.-
M., Saurat, J.-H., Roosnek, E. & Chizzolini, C., 2010. Activation of the aryl
hydrocarbon receptor reveals distinct requirements for IL-22 and IL-17 production
by human T helper cells. European journal of immunology, 40(9), pp.2450-9.

Rao, J.S., Karanam, S., McCabe, C.D. & Moreno, C.S., 2008. Genomic promoter
analysis predicts functional transcription factor binding. Advances in
bioinformatics, 2008, p.369830.

Rao, R.R., Li, Q., Odunsi, K. & Shrikant, P. a, 2010. The mTOR kinase determines
effector versus memory CD8+ T cell fate by regulating the expression of
transcription factors T-bet and Eomesodermin. Immunity, 32(1), pp.67-78.

Rasheed, A.-U., Rahn, H.-P., Sallusto, F., Lipp, M. & Miller, G., 2006. Follicular B
helper T cell activity is confined to CXCR5(hi)ICOS(hi) CD4 T cells and is
independent of CD57 expression. European journal of immunology, 36(7),
pp.1892-903.

Redpath, S.A., van der Werf, N., Cervera, A.M., MacDonald, A.S., Gray, D., Maizels,
R.M. & Taylor, M.D., 2013. ICOS controls Foxp3(+) regulatory T-cell expansion,
maintenance and IL-10 production during helminth infection. European journal of
immunology, 43(3), pp.705-15.

Reis, B.S., Hoytema van Konijnenburg, D.P., Grivennikov, S.I. & Mucida, D., 2014.
Transcription factor T-bet regulates intraepithelial lymphocyte functional
maturation. Immunity, 41(2), pp.244-56.

Reis, B.S., Rogoz, A., Costa-Pinto, F.A., Taniuchi, I. & Mucida, D., 2013. Mutual
expression of the transcription factors Runx3 and ThPOK regulates intestinal
CD4" T cell immunity. Nature immunology, 14(3), pp.271-80.

Rengarajan, J., Mowen, K.A., McBride, K.D., Smith, E.D., Singh, H. & Glimcher, L.H.,
2002. Interferon regulatory factor 4 (IRF4) interacts with NFATc2 to modulate

156



interleukin 4 gene expression. The Journal of experimental medicine, 195(8),
pp.1003-12.

Restifo, N.P., Marincola, F.M., Kawakami, Y., Taubenberger, J., Yannelli, J.R. &
Rosenberg, S.A., 1996. Loss of functional beta 2-microglobulin in metastatic
melanomas from five patients receiving immunotherapy. Journal of the National
Cancer Institute, 88(2), pp.100-108.

Ribas, A. et al., 2013. Phase Ill randomized clinical trial comparing tremelimumab with
standard-of-care chemotherapy in patients with advanced melanoma. Journal of
clinical oncology : official journal of the American Society of Clinical Oncology,
31(5), pp.616-22.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W. & Smyth, G.K., 2015.
limma powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Research, 43(7), p.e47.

Robert, C. et al., 2011. Ipilimumab plus dacarbazine for previously untreated metastatic
melanoma. The New England journal of medicine, 364(26), pp.2517-2526.

Romagnani, S., 1991. Human TH1 and TH2 subsets: doubt no more. Immunology
today, 12(8), pp.256—7.

Romagnani, S., 1999. Th1/Th2 cells. Inflammatory bowel diseases, 5(4), pp.285-94.

Rosenberg, S.A., 2011. Cell transfer immunotherapy for metastatic solid cancer--what
clinicians need to know. Nature reviews. Clinical oncology, 8(10), pp.577-85.

Rosenberg, S.A., Packard, B.S., Aebersold, P.M., Solomon, D., Topalian, S.L., Toy,
S.T., Simon, P., Lotze, M.T., Yang, J.C. & Seipp, C.A., 1988. Use of tumor-
infiltrating lymphocytes and interleukin-2 in the immunotherapy of patients with
metastatic melanoma. A preliminary report. The New England journal of medicine,
319(25), pp.1676-1680.

Rosenberg, S.A., Sherry, R.M., Morton, K.E., Scharfman, W.J., Yang, J.C., Topalian,
S.L., Royal, R.E., Kammula, U., Restifo, N.P., Hughes, M.S., Schwartzentruber,
D., Berman, D.M., Schwarz, S.L., Ngo, L.T., Mavroukakis, S.A., White, D.E. &
Steinberg, S.M., 2005. Tumor progression can occur despite the induction of very
high levels of self/tumor antigen-specific CD8+ T cells in patients with melanoma.
Journal of immunology (Baltimore, Md. : 1950), 175(9), pp.6169-76.

Roychoudhuri, R. et al., 2013. BACH2 represses effector programs to stabilize Treg-
mediated immune homeostasis. Nature, 498(7455), pp.506-510.

Sagoo, P., Ali, N., Garg, G., Nestle, F.O., Lechler, R.l. & Lombardi, G., 2011. Human
regulatory T cells with alloantigen specificity are more potent inhibitors of
alloimmune skin graft damage than polyclonal regulatory T cells. Science
translational medicine, 3(83), p.83ra42.

157



Sahoo, A., Lee, C.-G., Jash, A., Son, J.-S., Kim, G., Kwon, H.-K., So, J.-S. & Im, S.-H.,
2011. Stat6 and c-Jun mediate Th2 cell-specific IL-24 gene expression. Journal of
immunology (Baltimore, Md. : 1950), 186(7), pp.4098-109.

Salceda, S. & Caro, J., 1997. Hypoxia-inducible factor 1alpha (HIF-1alpha) protein is
rapidly degraded by the ubiquitin-proteasome system under normoxic conditions.
Its stabilization by hypoxia depends on redox-induced changes. The Journal of
biological chemistry, 272(36), pp.22642—7.

Sallusto, F., Lenig, D., Forster, R., Lipp, M. & Lanzavecchia, A., 1999. Two subsets of
memory T lymphocytes with distinct homing potentials and effector functions.
Nature, 401(6754), pp.708-12.

Sancak, Y., Thoreen, C.C., Peterson, T.R., Lindquist, R.A., Kang, S.A., Spooner, E.,
Carr, S.A. & Sabatini, D.M., 2007. PRAS40 is an insulin-regulated inhibitor of the
MTORCL1 protein kinase. Molecular cell, 25(6), pp.903—-915.

Sansom, D.M. & Walker, L.S.K., 2006. The role of CD28 and cytotoxic T-lymphocyte
antigen-4 (CTLA-4) in regulatory T-cell biology. Immunological reviews, 212,
pp.131-48.

Sarbassov, D.D., Ali, S.M., Kim, D.-H., Guertin, D.A., Latek, R.R., Erdjument-Bromage,
H., Tempst, P. & Sabatini, D.M., 2004. Rictor, a novel binding partner of mTOR,
defines a rapamycin-insensitive and raptor-independent pathway that regulates
the cytoskeleton. Current biology : CB, 14(14), pp.1296—-1302.

Savina, A. & Amigorena, S., 2007. Phagocytosis and antigen presentation in dendritic
cells. Immunological reviews, 219, pp.143-56.

Schaerli, P., Willimann, K., Lang, A.B., Lipp, M., Loetscher, P. & Moser, B., 2000. Cxc
Chemokine Receptor 5 Expression Defines Follicular Homing T Cells with B Cell
Helper Function. Journal of Experimental Medicine, 192(11), pp.1553-1562.

Schmitt, E., Germann, T., Goedert, S., Hoehn, P., Huels, C., Koelsch, S., Kihn, R.,
Muller, W., Palm, N. & Rude, E., 1994. IL-9 production of naive CD4+ T cells
depends on IL-2, is synergistically enhanced by a combination of TGF-beta and
IL-4, and is inhibited by IFN-gamma. Journal of immunology (Baltimore, Md. :
1950), 153(9), pp-3989-96.

Schneider, H., da Rocha Dias, S., Hu, H. & Rudd, C.E., 2001. A regulatory role for
cytoplasmic YVKM motif in CTLA-4 inhibition of TCR signaling. European journal
of immunology, 31(7), pp.2042-50.

Schneider, H., Smith, X., Liu, H., Bismuth, G. & Rudd, C.E., 2008. CTLA-4 disrupts
ZAP70 microcluster formation with reduced T cell/APC dwell times and calcium
mobilization. European journal of immunology, 38(1), pp.40-7.

Schneider, H., Valk, E., Leung, R. & Rudd, C.E., 2008. CTLA-4 activation of

phosphatidylinositol 3-kinase (PI 3-K) and protein kinase B (PKB/AKT) sustains T-
cell anergy without cell death. PloS one, 3(12), p.e3842.

158



Schober, S.L., Kuo, C.T., Schluns, K.S., Lefrancois, L., Leiden, J.M. & Jameson, S.C.,
1999. Expression of the transcription factor lung Kruppel-like factor is regulated by
cytokines and correlates with survival of memory T cells in vitro and in vivo.
Journal of Immunology, 163(7), pp.3662—-3667.

Schraml, B.U., Hildner, K., Ise, W., Lee, W.-L., Smith, W.A.-E., Solomon, B., Sahota,
G., Sim, J., Mukasa, R., Cemerski, S., Hatton, R.D., Stormo, G.D., Weaver, C.T.,
Russell, J.H., Murphy, T.L. & Murphy, K.M., 2009. The AP-1 transcription factor
Batf controls T(H)17 differentiation. Nature, 460(7253), pp.405-9.

Schreiber, S.L., 1991. Chemistry and biology of the immunophilins and their
immunosuppressive ligands. Science, 251(4991), pp.283-287.

Seder, R.A. & Ahmed, R., 2003. Similarities and differences in CD4+ and CD8+
effector and memory T cell generation. Nature immunology, 4(9), pp.835—-42.

Sehgal, S.N., 2003. Sirolimus: its discovery, biological properties, and mechanism of
action. Transplantation proceedings, 35(3), p.7S-14S.

Semenza, G.L., 2000. HIF-1 and human disease: one highly involved factor. Genes &
development, 14(16), pp.1983—-1991.

Semenza, G.L. & Wang, G.L., 1992. A nuclear factor induced by hypoxia via de novo
protein synthesis binds to the human erythropoietin gene enhancer at a site
required for transcriptional activation. Molecular and cellular biology, 12(12),
pp.5447-5454.

Servier, 2015. Servier Medical Art.

Setoguchi, R., Tachibana, M., Naoe, Y., Muroi, S., Akiyama, K., Tezuka, C., Okuda, T.
& Taniuchi, ., 2008. Repression of the transcription factor Th-POK by Runx
complexes in cytotoxic T cell development. Science, 319(5864), pp.822—-825.

Shankaran, V., Ikeda, H., Bruce, A.T., White, J.M., Swanson, P.E., Old, L.J. &
Schreiber, R.D., 2001. IFNgamma and lymphocytes prevent primary tumour
development and shape tumour immunogenicity. Nature, 410(6832), pp.1107-11.

Sheridan, B.S. & Lefrangois, L., 2011. Regional and mucosal memory T cells. Nature
immunology, 12(6), pp.485-91.

Shevach, E.M., 2002. CD4+ CD25+ suppressor T cells: more questions than answers.
Nature reviews. Immunology, 2(6), pp.389-400.

Shi, L.Z., Wang, R., Huang, G., Vogel, P., Neale, G., Green, D.R. & Chi, H., 2011.
HIFlalpha-dependent glycolytic pathway orchestrates a metabolic checkpoint for
the differentiation of TH17 and Treg cells. The Journal of experimental medicine,
208(7), pp.1367-1376.

Shibuya, K., Shirakawa, J., Kameyama, T., Honda, S.-l., Tahara-Hanaoka, S.,
Miyamoto, A., Onodera, M., Sumida, T., Nakauchi, H., Miyoshi, H. & Shibuya, A.,

159



2003. CD226 (DNAM-1) is involved in lymphocyte function-associated antigen 1
costimulatory signal for naive T cell differentiation and proliferation. The Journal of
experimental medicine, 198(12), pp.1829-39.

Shiku, H., 1975. Expression of T-cell differentiation antigens on effector cells in cell-
mediated cytotoxicity in vitro. Evidence for functional heterogeneity related to the
surface phenotype of T cells. Journal of Experimental Medicine, 141(1), pp.227—
241.

Shilling, R.A., Pinto, J.M., Decker, D.C., Schneider, D.H., Bandukwala, H.S.,
Schneider, J.R., Camoretti-Mercado, B., Ober, C. & Sperling, A.l., 2005. Cutting
edge: polymorphisms in the ICOS promoter region are associated with allergic
sensitization and Th2 cytokine production. Journal of immunology (Baltimore,
Md. : 1950), 175(4), pp.2061-5.

Shimizu, J., Yamazaki, S., Takahashi, T., Ishida, Y. & Sakaguchi, S., 2002. Stimulation
of CD25(+)CD4(+) regulatory T cells through GITR breaks immunological self-
tolerance. Nature immunology, 3(2), pp.135-42.

Shinnakasu, R., Yamashita, M., Kuwahara, M., Hosokawa, H., Hasegawa, A.,
Motohashi, S. & Nakayama, T., 2008. Gfil-mediated stabilization of GATA3
protein is required for Th2 cell differentiation. The Journal of biological chemistry,
283(42), pp.28216-28225.

Simms, P.E. & Ellis, T.M., 1996. Utility of flow cytometric detection of CD69 expression
as a rapid method for determining poly- and oligoclonal lymphocyte activation.
Clinical and diagnostic laboratory immunology, 3(3), pp.301—4.

Simpson, T.R,, Li, F., Montalvo-Ortiz, W., Sepulveda, M. a, Bergerhoff, K., Arce, F.,
Roddie, C., Henry, J.Y., Yagita, H., Wolchok, J.D., Peggs, K.S., Ravetch, J. V,
Allison, J.P. & Quezada, S. a, 2013. Fc-dependent depletion of tumor-infiltrating
regulatory T cells co-defines the efficacy of anti-CTLA-4 therapy against
melanoma. The Journal of experimental medicine, 210(9), pp.1695-710.

Sledzinska, A., Menger, L., Bergerhoff, K., Peggs, K.S. & Quezada, S.A., 2015.
Negative immune checkpoints on T lymphocytes and their relevance to cancer
immunotherapy. Molecular Oncology.

Smyth, G.K., 2004. Linear models and empirical bayes methods for assessing
differential expression in microarray experiments. Statistical applications in
genetics and molecular biology, 3, p.Article3.

Smyth, M.J. & Trapani, J.A., 1995. Granzymes: exogenous proteinases that induce
target cell apoptosis. Immunology today, 16(4), pp.202—206.

Soares, A., Govender, L., Hughes, J., Mavakla, W., de Kock, M., Barnard, C., Pienaar,
B., Janse van Rensburg, E., Jacobs, G., Khomba, G., Stone, L., Abel, B., Scriba,
T.J. & Hanekom, W.A., 2010. Novel application of Ki67 to quantify antigen-specific
in vitro lymphoproliferation. Journal of Immunological Methods, 362(1-2), pp.43—
50.

160



Sofer, A., Lei, K., Johannessen, C.M. & Ellisen, L.W., 2005. Regulation of mTOR and
cell growth in response to energy stress by REDD1. Molecular and cellular
biology, 25(14), pp.5834-5845.

Soler, D., Chapman, T.R., Poisson, L.R., Wang, L., Cote-Sierra, J., Ryan, M.,
McDonald, A., Badola, S., Fedyk, E., Coyle, A.J., Hodge, M.R. & Kolbeck, R.,
2006. CCRS8 Expression Identifies CD4 Memory T Cells Enriched for FOXP3+
Regulatory and Th2 Effector Lymphocytes. The Journal of Immunology, 177(10),
pp.6940—6951.

Sotomayor, E.M., Borrello, I., Tubb, E., Rattis, F.M., Bien, H., Lu, Z., Fein, S.,
Schoenberger, S. & Levitsky, H.1., 1999. Conversion of tumor-specific CD4+ T-cell
tolerance to T-cell priming through in vivo ligation of CD40. Nature medicine, 5(7),
pp.780-7.

De Sousa Abreu, R., Penalva, L.O., Marcotte, E.M. & Vogel, C., 2009. Global
signatures of protein and mRNA expression levels. Molecular bioSystems, 5(12),
pp.1512-26.

Spencer, L.A. & Weller, P.F., 2010. Eosinophils and Th2 immunity: contemporary
insights. Immunology and cell biology, 88(3), pp.250-6.

Spiotto, M.T. & Schreiber, H., 2005. Rapid destruction of the tumor microenvironment
by CTLs recognizing cancer-specific antigens cross-presented by stromal cells.
Cancer immunity, 5, p.8.

Sprent, J., 1993. Lifespans of naive, memory and effector lymphocytes. Current
Opinion in Immunology, 5(3), pp.433—438.

Sprent, J. & Surh, C.D., 2002. T cell memory. Annual review of immunology, 20,
pp.551-79.

Staudt, V., Bothur, E., Klein, M., Linghau, K., Reuter, S., Grebe, N., Gerlitzki, B.,
Hoffmann, M., Ulges, A., Taube, C., Dehzad, N., Becker, M., Stassen, M.,
Steinborn, A., Lohoff, M., Schild, H., Schmitt, E. & Bopp, T., 2010. Interferon-
regulatory factor 4 is essential for the developmental program of T helper 9 cells.
Immunity, 33(2), pp.192—-202.

Stein, P.H., Fraser, J.D. & Weiss, A., 1994. The cytoplasmic domain of CD28 is both
necessary and sufficient for costimulation of interleukin-2 secretion and
association with phosphatidylinositol 3’-kinase. Molecular and cellular biology,
14(5), pp.3392-402.

Street, S.E., Cretney, E. & Smyth, M.J., 2001. Perforin and interferon-gamma activities
independently control tumor initiation, growth, and metastasis. Blood, 97(1),
pp.192-7.

Street, S.E.A., Trapani, J.A., MacGregor, D. & Smyth, M.J., 2002. Suppression of
lymphoma and epithelial malignancies effected by interferon gamma. The Journal
of experimental medicine, 196(1), pp.129-34.

161



Sugiyama, D., Nishikawa, H., Maeda, Y., Nishioka, M., Tanemura, A., Katayama, 1.,
Ezoe, S., Kanakura, Y., Sato, E., Fukumori, Y., Karbach, J., Jager, E. &
Sakaguchi, S., 2013. Anti-CCR4 mAb selectively depletes effector-type
FoxP3+CD4+ regulatory T cells, evoking antitumor immune responses in humans.
Proceedings of the National Academy of Sciences of the United States of
America, 110(44), pp.17945-50.

Sun, G., Liu, X., Mercado, P., Jenkinson, S.R., Kypriotou, M., Feigenbaum, L., Galéra,
P. & Bosselut, R., 2005. The zinc finger protein cKrox directs CD4 lineage
differentiation during intrathymic T cell positive selection. Nature immunology,
6(4), pp.373-381.

Swift, S., Lorens, J., Achacoso, P. & Nolan, G.P., 2001. Rapid production of
retroviruses for efficient gene delivery to mammalian cells using 293T cell-based
systems. Current protocols in immunology / edited by John E. Coligan ... [et al.],
Chapter 10, p.Unit 10.17C.

Szabo, S.J., Dighe, A.S., Gubler, U. & Murphy, K.M., 1997. Regulation of the
interleukin (IL)-12R beta 2 subunit expression in developing T helper 1 (Thl) and
Th2 cells. The Journal of experimental medicine, 185(5), pp.817-24.

Szabo, S.J., Kim, S.T., Costa, G.L., Zhang, X., Fathman, C.G. & Glimcher, L.H., 2000.
A novel transcription factor, T-bet, directs Thl lineage commitment. Cell, 100,
pp.655—669.

Takahashi, T., Tagami, T., Yamazaki, S., Uede, T., Shimizu, J., Sakaguchi, N., Mak,
T.W. & Sakaguchi, S., 2000. Immunologic self-tolerance maintained by
CD25(+)CDA4(+) regulatory T cells constitutively expressing cytotoxic T
lymphocyte-associated antigen 4. The Journal of experimental medicine, 192(2),
pp.303-10.

Takeda, A., Hamano, S., Yamanaka, A., Hanada, T., Ishibashi, T., Mak, T.W.,
Yoshimura, A. & Yoshida, H., 2003. Cutting Edge: Role of IL-27/WSX-1 Signaling
for Induction of T-Bet Through Activation of STAT1 During Initial Thl
Commitment. The Journal of Immunology, 170(10), pp.4886—4890.

Takeda, I., Ine, S., Killeen, N., Ndhlovu, L.C., Murata, K., Satomi, S., Sugamura, K. &
Ishii, N., 2004. Distinct Roles for the OX40-OX40 Ligand Interaction in Regulatory
and Nonregulatory T Cells. The Journal of Immunology, 172(6), pp.3580-3589.

Tan, C., Aziz, M.K.,, Lovaas, J.D., Vistica, B.P., Shi, G., Wawrousek, E.F. & Gery, I.,
2010. Antigen-specific Th9 cells exhibit uniqueness in their kinetics of cytokine
production and short retention at the inflammatory site. Journal of immunology
(Baltimore, Md. : 1950), 185(11), pp.6795—801.

Tan, C., de Noronha, R.G., Roecker, A.J., Pyrzynska, B., Khwaja, F., Zhang, Z.,
Zhang, H., Teng, Q., Nicholson, A.C., Giannakakou, P., Zhou, W., Olson, J.J.,
Pereira, M.M., Nicolaou, K.C. & Van Meir, E.G., 2005. Identification of a novel
small-molecule inhibitor of the hypoxia-inducible factor 1 pathway. Cancer
research, 65(2), pp.605-12.

162



Taniuchi, 1., 2009. Transcriptional regulation in helper versus cytotoxic-lineage
decision. Current opinion in immunology, 21(2), pp.127-132.

Taylor, J.M., Ziman, M.E., Canfield, D.R., Vajdy, M. & Solnick, J. V, 2008. Effects of a
Th1l- versus a Th2-biased immune response in protection against Helicobacter
pylori challenge in mice. Microbial pathogenesis, 44(1), pp.20-7.

Terabe, M. & Berzofsky, J.A., 2004. Immunoregulatory T cells in tumor immunity.
Current opinion in immunology, 16(2), pp.157-62.

Tesciuba, A.G., Subudhi, S., Rother, R.P., Faas, S.J., Frantz, A.M., Elliot, D.,
Weinstock, J., Matis, L.A., Bluestone, J.A. & Sperling, A.l., 2001. Inducible
costimulator regulates Th2-mediated inflammation, but not Th2 differentiation, in a
model of allergic airway disease. Journal of immunology (Baltimore, Md. : 1950),
167(4), pp.1996-2003.

Thomas, L., 1982. On immunosurveillance in human cancer. The Yale journal of
biology and medicine, 55(3-4), pp.329-33.

Thoreen, C.C., Kang, S. a, Chang, J.W., Liu, Q., Zhang, J., Gao, Y., Reichling, L.J.,
Sim, T., Sabatini, D.M. & Gray, N.S., 2009. An ATP-competitive mammalian target
of rapamycin inhibitor reveals rapamycin-resistant functions of mMTORC1. The
Journal of biological chemistry, 284(12), pp.8023-8032.

Tivol, E.A., Borriello, F., Schweitzer, A.N., Lynch, W.P., Bluestone, J.A. & Sharpe, A.H.,
1995. Loss of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan
tissue destruction, revealing a critical negative regulatory role of CTLA-4.
Immunity, 3(5), pp.541-547.

Topalian, S.L. et al., 2012. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. The New England journal of medicine, 366(26), pp.2443-54.

Trapani, J.A., Jans, D.A., Jans, P.J., Smyth, M.J., Browne, K.A. & Sutton, V.R., 1998.
Efficient nuclear targeting of granzyme B and the nuclear consequences of
apoptosis induced by granzyme B and perforin are caspase-dependent, but cell
death is caspase-independent. The Journal of biological chemistry, 273(43),
pp.27934-27938.

Trifari, S., Kaplan, C.D., Tran, E.H., Crellin, N.K. & Spits, H., 2009. Identification of a
human helper T cell population that has abundant production of interleukin 22 and
is distinct from T(H)-17, T(H)1 and T(H)2 cells. Nature immunology, 10(8),
pp.864—71.

Turner, A.P., Shaffer, V.O., Araki, K., Martens, C., Turner, P.L., Gangappa, S., Ford,
M.L., Ahmed, R., Kirk, A.D. & Larsen, C.P., 2011. Sirolimus Enhances the
Magnitude and Quality of Viral-Specific CD8+ T-Cell Responses to Vaccinia Virus
Vaccination in Rhesus Macaques. American Journal of Transplantation, 11(3),
pp.613-618.

163



Turner, D.L., Cauley, L.S., Khanna, K.M. & Lefrancois, L., 2006. Persistent Antigen
Presentation after Acute Vesicular Stomatitis Virus Infection. Journal of Virology,
81(4), pp.2039-2046.

Usui, T., Preiss, J.C., Kanno, Y., Yao, Z.J., Bream, J.H., O’Shea, J.J. & Strober, W.,
2006. T-bet regulates Thl responses through essential effects on GATA-3
function rather than on IFNG gene acetylation and transcription. The Journal of
experimental medicine, 203(3), pp.755—66.

Végran, F., Apetoh, L. & Ghiringhelli, F., 2015. Th9 cells: a novel CD4 T-cell subset in
the immune war against cancer. Cancer research, 75(3), pp.475-9.

Végran, F., Berger, H., Boidot, R., Mignot, G., Bruchard, M., Dosset, M., Chalmin, F.,
Rébé, C., Dérangére, V., Ryffel, B., Kato, M., Prévost-Blondel, A., Ghiringhelli, F.
& Apetoh, L., 2014. The transcription factor IRF1 dictates the IL-21-dependent
anticancer functions of TH9 cells. Nature immunology, 15(8), pp.758—66.

Veldhoen, M., 2010. Interferon regulatory factor 4. combinational control of lymphocyte
differentiation. Immunity, 33(2), pp.141-3.

Veldhoen, M., Hocking, R.J., Atkins, C.J., Locksley, R.M. & Stockinger, B., 2006.
TGFbeta in the context of an inflammatory cytokine milieu supports de novo
differentiation of IL-17-producing T cells. Immunity, 24(2), pp.179-89.

Veldhoen, M., Uyttenhove, C., van Snick, J., Helmby, H., Westendorf, A., Buer, J.,
Martin, B., Wilhelm, C. & Stockinger, B., 2008. Transforming growth factor-beta
“reprograms” the differentiation of T helper 2 cells and promotes an interleukin 9-
producing subset. Nature immunology, 9(12), pp.1341-6.

Veliga, P., Zech, M., Henson, S., Holler, A., Manzo, T., Pike, R., Santos E Sousa, P.,
Zhang, L., Schiedimeier, B., Pule, M., Stauss, H. & Chakraverty, R., 2015. Genetic
Regulation of Fate Decisions in Therapeutic T Cells to Enhance Tumor Protection
and Memory Formation. Cancer research, 75(13), pp.2641-52.

Venkataraman, C., Schaefer, G. & Schindler, U., 2000. Cutting Edge: Chandra, a
Novel Four-Transmembrane Domain Protein Differentially Expressed in Helper
Type 1 Lymphocytes. The Journal of Immunology, 165(2), pp.632—636.

Vesely, M.D., Kershaw, M.H., Schreiber, R.D. & Smyth, M.J., 2011. Natural innate and
adaptive immunity to cancer. Annual review of immunology, 29, pp.235-71.

Vinay, D.S. et al., 2015. Immune evasion in cancer: Mechanistic basis and therapeutic
strategies. Seminars in cancer biology.

Vocanson, M., Rozieres, A., Hennino, A., Poyet, G., Galllard, V., Renaudineau, S.,
Achachi, A., Benetiere, J., Kaiserlian, D., Dubois, B. & Nicolas, J.-F., 2010.
Inducible costimulator (ICOS) is a marker for highly suppressive antigen-specific T
cells sharing features of TH17/TH1 and regulatory T cells. The Journal of allergy
and clinical immunology, 126(2), pp.280-9, 289.e1-7.

164



Vogel, C. & Marcotte, E.M., 2012. Insights into the regulation of protein abundance
from proteomic and transcriptomic analyses. Nature reviews. Genetics, 13(4),
pp.227-32.

Voice, J., Donnelly, S., Dorsam, G., Dolganov, G., Paul, S. & Goetzl, E.J., 2004. c-Maf
and JunB Mediation of Th2 Differentiation Induced by the Type 2 G Protein-
Coupled Receptor (VPAC?2) for Vasoactive Intestinal Peptide. The Journal of
Immunology, 172(12), pp.7289-7296.

De Waal Malefyt, R., Abrams, J.S., Zurawski, S.M., Lecron, J.C., Mohan-Peterson, S.,
Sanjanwala, B., Bennett, B., Silver, J., de Vries, J.E. & Yssel, H., 1995. Differential
regulation of IL-13 and IL-4 production by human CD8+ and CD4+ ThO, Thl and
Th2 T cell clones and EBV-transformed B cells. International immunology, 7(9),
pp.1405-16.

Walker, L.S.K. & Sansom, D.M., 2015. Confusing signals: recent progress in CTLA-4
biology. Trends in immunology, 36(2), pp.63-70.

Walunas, T.L., Lenschow, D.J., Bakker, C.Y., Linsley, P.S., Freeman, G.J., Green,
J.M., Thompson, C.B. & Bluestone, J.A., 1994. CTLA-4 can function as a negative
regulator of T cell activation. Immunity, 1(5), pp.405-13.

Wang, H., Kavanaugh, M.P., North, R.A. & Kabat, D., 1991. Cell-surface receptor for
ecotropic murine retroviruses is a basic amino-acid transporter. Nature,
352(6337), pp.729-31.

Wang, H., Zhang, Q., Wen, Q., Zheng, Y., Lazarovici, P., Philip, L., Jiang, H., Lin, J. &
Zheng, W., 2012. Proline-rich Akt substrate of 40kDa (PRAS40): a novel
downstream target of PI3k/Akt signaling pathway. Cellular signalling, 24(1),
pp.17-24.

Wang, L., Harris, T.E., Roth, R.A. & Lawrence Jr, J.C., 2007. PRAS40 regulates
MTORCL1 kinase activity by functioning as a direct inhibitor of substrate binding.
Journal of biological Chemistry, 282, pp.20036—20044.

Wang, L., Wildt, K.F., Castro, E., Xiong, Y., Feigenbaum, L., Tessarollo, L. & Bosselut,
R., 2008. The zinc finger transcription factor Zbtb7b represses CD8-lineage gene
expression in peripheral CD4+ T cells. Immunity, 29(6), pp.876-887.

Warnes, G.R., Bolker, B., Bonebakker, L., Gentleman, R., Liaw, W.H.A., Lumley, T.,
Maechler, M., Magnusson, A., Moeller, S., Schwartz, M. & Venables, B., 2012.
gplots: various R programming tools for plotting data. http://CRAN.R-
project.org/package=gplots.

Waterhouse, P., Penninger, J.M., Timms, E., Wakeham, A., Shahinian, A., Lee, K.P.,

Thompson, C.B., Griesser, H. & Mak, T.W., 1995. Lymphoproliferative Disorders
with Early Lethality in Mice Deficient in Ctla-4. Science, 270(5238), pp.985-988.

165



Wei, L., Laurence, A., Elias, K.M. & O’Shea, J.J., 2007. IL-21 is produced by Th17 cells
and drives IL-17 production in a STAT3-dependent manner. The Journal of
biological chemistry, 282(48), pp.34605-10.

Weiskopf, D., Bangs, D.J., Sidney, J., Kolla, R. V, De Silva, A.D., de Silva, A.M., Crotty,
S., Peters, B. & Sette, A., 2015. Dengue virus infection elicits highly polarized
CX3CR1+ cytotoxic CD4+ T cells associated with protective immunity.
Proceedings of the National Academy of Sciences of the United States of
America, 112(31), pp.E4256-4263.

Wells, J. & Farnham, P.J., 2002. Characterizing transcription factor binding sites using
formaldehyde crosslinking and immunoprecipitation. Methods (San Diego, Calif.),
26(1), pp.48-56.

Whitfield, T.W., Wang, J., Collins, P.J., Partridge, E.C., Aldred, S.F., Trinklein, N.D.,
Myers, R.M. & Weng, Z., 2012. Functional analysis of transcription factor binding
sites in human promoters. Genome biology, 13(9), p.R50.

Willimsky, G. & Blankenstein, T., 2005. Sporadic immunogenic tumours avoid
destruction by inducing T-cell tolerance. Nature, 437(7055), pp.141-6.

Willinger, T., Freeman, T., Herbert, M., Hasegawa, H., McMichael, A.J. & Callan,
M.F.C., 2006. Human naive CD8 T cells down-regulate expression of the WNT
pathway transcription factors lymphoid enhancer binding factor 1 and transcription
factor 7 (T cell factor-1) following antigen encounter in vitro and in vivo. Journal of
immunology (Baltimore, Md. : 1950), 176(3), pp.1439-46.

Wohler, J., Bullard, D., Schoeb, T. & Barnum, S., 2009. LFA-1 is critical for regulatory T
cell homeostasis and function. Molecular Immunology, 46(11-12), pp.2424—2428.

Woo, E.Y., Yeh, H., Chu, C.S., Schlienger, K., Carroll, R.G., Riley, J.L., Kaiser, L.R. &
June, C.H., 2002. Cutting Edge: Regulatory T Cells from Lung Cancer Patients
Directly Inhibit Autologous T Cell Proliferation. The Journal of Immunology,
168(9), pp.4272-4276.

Wu, H., Xu, L.-L., Teuscher, P., Liu, H., Kaplan, M.H. & Dent, A.L., 2015. An Inhibitory
Role for the Transcription Factor Stat3 in Controlling IL-4 and Bcl6 Expression in
Follicular Helper T Cells. Journal of immunology (Baltimore, Md. : 1950), 195(5),
pp.2080-9.

Xie, P., Kraus, Z.J., Stunz, L.L., Liu, Y. & Bishop, G.A., 2011. TNF receptor-associated
factor 3 is required for T cell-mediated immunity and TCR/CD28 signaling. Journal
of immunology (Baltimore, Md. : 1950), 186(1), pp.143-55.

Xie, Y., Akpinarli, A., Maris, C., Hipkiss, E.L., Lane, M., Kwon, E.-K.M., Muranski, P.,
Restifo, N.P. & Antony, P.A., 2010. Naive tumor-specific CD4(+) T cells
differentiated in vivo eradicate established melanoma. The Journal of
experimental medicine, 207(3), pp.651-667.

166



Xu, H., Williams, M.S. & Spain, L.M., 2006. Patterns of expression, membrane
localization, and effects of ectopic expression suggest a function for MS4a4B, a
CD20 homolog in Th1 T cells. Blood, 107(6), pp.2400-8.

Yamamoto, J., Adachi, Y., Onoue, Y., Adachi, Y.S., Okabe, Y., Itazawa, T., Toyoda,
M., Seki, T., Morohashi, M., Matsushima, K. & Miyawaki, T., 2000. Differential
expression of the chemokine receptors by the Thl- and Th2-type effector
populations within circulating CD4+ T cells. J. Leukoc. Biol., 68(4), pp.568-574.

Yamazaki, T., Yang, X.O., Chung, Y., Fukunaga, A., Nurieva, R., Pappu, B., Martin-
Orozco, N., Kang, H.S., Ma, L., Panopoulos, A.D., Craig, S., Watowich, S.S.,
Jetten, A.M., Tian, Q. & Dong, C., 2008. CCR6 regulates the migration of
inflammatory and regulatory T cells. Journal of immunology (Baltimore, Md. :
1950), 181(12), pp.8391—-401.

Yang, C., He, D., Yin, C. & Tan, J., 2015. Inhibition of Interferon Regulatory Factor 4
Suppresses Thl and Th17 Cell Differentiation and Ameliorates Experimental
Autoimmune Encephalomyelitis. Scandinavian Journal of Immunology, 82(4),
pp.345-351.

Yang, S., Liu, F., Wang, Q.J., Rosenberg, S.A. & Morgan, R.A., 2011. The shedding of
CD62L (L-selectin) regulates the acquisition of lytic activity in human tumor
reactive T lymphocytes. PloS one, 6(7), p.e22560.

Yang, X.0., Panopoulos, A.D., Nurieva, R., Chang, S.H., Wang, D., Watowich, S.S. &
Dong, C., 2007. STAT3 regulates cytokine-mediated generation of inflammatory
helper T cells. The Journal of biological chemistry, 282(13), pp.9358—63.

Yang, X.0., Pappu, B.P., Nurieva, R., Akimzhanov, A., Kang, H.S., Chung, Y., Ma, L.,
Shah, B., Panopoulos, A.D., Schluns, K.S., Watowich, S.S., Tian, Q., Jetten, A.M.
& Dong, C., 2008. T helper 17 lineage differentiation is programmed by orphan
nuclear receptors ROR alpha and ROR gamma. Immunity, 28(1), pp.29-39.

Yang, Z., Lei, Z., Li, B., Zhou, Y., Zhang, G.-M., Feng, Z.-H., Zhang, B., Shen, G.-X. &
Huang, B., 2010. Rapamycin inhibits lung metastasis of B16 melanoma cells
through down-regulating alphav integrin expression and up-regulating apoptosis
signaling. Cancer science, 101(2), pp.494-500.

Yokosuka, T., Kobayashi, W., Takamatsu, M., Sakata-Sogawa, K., Zeng, H.,
Hashimoto-Tane, A., Yagita, H., Tokunaga, M. & Saito, T., 2010. Spatiotemporal
basis of CTLA-4 costimulatory molecule-mediated negative regulation of T cell
activation. Immunity, 33(3), pp.326-39.

Yoshida, H., Hamano, S., Senaldi, G., Covey, T., Faggioni, R., Mu, S., Xia, M.,
Wakeham, A.C., Nishina, H., Potter, J., Saris, C.J. & Mak, T.W., 2001. WSX-1 is
required for the initiation of Thl responses and resistance to L. major infection.
Immunity, 15(4), pp.569-78.

167



Youn, B.S., Kim, K.K. & Kwon, B.S., 1996. A critical role of Sp1- and Ets-related
transcription factors in maintaining CTL-specific expression of the mouse perforin
gene. Journal of immunology (Baltimore, Md. : 1950), 157(8), pp.3499-509.

Yu, D., Rao, S., Tsai, L.M., Lee, S.K., He, Y., Sutcliffe, E.L., Srivastava, M., Linterman,
M., Zheng, L., Simpson, N., Ellyard, J.I., Parish, lLA., Ma, C.S., Li, Q.-J., Parish,
C.R., Mackay, C.R. & Vinuesa, C.G., 2009. The transcriptional repressor Bcl-6
directs T follicular helper cell lineage commitment. Immunity, 31(3), pp.457—68.

Yusuf, I., Kageyama, R., Monticelli, L., Johnston, R.J., Ditoro, D., Hansen, K., Barnett,
B. & Crotty, S., 2010. Germinal center T follicular helper cell IL-4 production is
dependent on signaling lymphocytic activation molecule receptor (CD150).
Journal of immunology (Baltimore, Md. : 1950), 185(1), pp.190-202.

Zaiss, D.M., Yang, L., Shah, P.R., Kobie, J.J., Urban, J.F. & Mosmann, T.R., 2006.
Amphiregulin, a TH2 cytokine enhancing resistance to nematodes. Science (New
York, N.Y.), 314(5806), p.1746.

Zaunders, J.J., Dyer, W.B., Wang, B., Munier, M.L., Miranda-Saksena, M., Newton, R.,
Moore, J., Mackay, C.R., Cooper, D. a, Saksena, N.K. & Kelleher, A.D., 2004.
Identification of circulating antigen-specific CD4+ T lymphocytes with a CCR5+,
cytotoxic phenotype in an HIV-1 long-term nonprogressor and in CMV infection.
Blood, 103(6), pp.2238-2247.

Zeng, H., Yang, K., Cloer, C., Neale, G., Vogel, P. & Chi, H., 2013. mTORCL1 couples
immune signals and metabolic programming to establish Treg-cell function.
Nature, 499(7459), pp.485—-490.

Zhang, B., Karrison, T., Rowley, D.A. & Schreiber, H., 2008. IFN-y— and TNF-
dependent bystander eradication of antigen-loss variants in established mouse
cancers. Journal of Clinical Investigation, 118(4), pp.1398-1404.

Zhang, D.H., Yang, L. & Ray, A., 1998. Differential responsiveness of the IL-5 and IL-4
genes to transcription factor GATA-3. Journal of immunology (Baltimore, Md. :
1950), 161(8), pp.3817-21.

Zhang, L., Yu, Z., Muranski, P., Palmer, D.C., Restifo, N.P., Rosenberg, S.A. &
Morgan, R.A., 2013. Inhibition of TGF- signaling in genetically engineered tumor
antigen-reactive T cells significantly enhances tumor treatment efficacy. Gene
therapy, 20(5), pp.575-80.

Zhang, X., lzikson, L., Liu, L. & Weiner, H.L., 2001. Activation of CD25+CD4+
Regulatory T Cells by Oral Antigen Administration. The Journal of Immunology,
167(8), pp.4245-4253.

Zhang, X., Sun, S., Hwang, I., Tough, D.F. & Sprent, J., 1998. Potent and Selective
Stimulation of Memory-Phenotype CD8+ T Cells In Vivo by IL-15. Immunity, 8(5),
pp.591-599.

168



Zheng, S.G., Wang, J., Wang, P., Gray, J.D. & Horwitz, D.A., 2007. IL-2 Is Essential for
TGF- to Convert Naive CD4+CD25- Cells to CD25+Foxp3+ Regulatory T Cells
and for Expansion of These Cells. The Journal of Immunology, 178(4), pp.2018—
2027.

Zheng, W. & Flavell, R.A., 1997. The transcription factor GATA-3 is necessary and
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell, 89(4), pp.587—
596.

Zheng, W. -p., Zhao, Q., Zhao, X., Li, B., Hubank, M., Schatz, D.G. & Flavell, R.A.,
2003. Up-Regulation of HIx in Immature Th Cells Induces IFN- Expression. The
Journal of Immunology, 172(1), pp.114-122.

Zheng, Y., Chaudhry, A., Kas, A., deRoos, P., Kim, J.M., Chu, T.-T., Corcoran, L.,
Treuting, P., Klein, U. & Rudensky, A.Y., 2009. Regulatory T-cell suppressor
program co-opts transcription factor IRF4 to control T(H)2 responses. Nature,
458(7236), pp.351-6.

Zheng, Y., Danilenko, D.M., Valdez, P., Kasman, |., Eastham-Anderson, J., Wu, J. &
Ouyang, W., 2007. Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced
dermal inflammation and acanthosis. Nature, 445(7128), pp.648-51.

Zhou, L., Lopes, J.E., Chong, M.M.W., Ivanov, L.I., Min, R., Victora, G.D., Shen, Y., Du,
J., Rubtsov, Y.P., Rudensky, A.Y., Ziegler, S.F. & Littman, D.R., 2008. TGF-beta-
induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgammat
function. Nature, 453(7192), pp.236—40.

Zhu, B., Symonds, A.L.J., Martin, J.E., Kioussis, D., Wraith, D.C., Li, S. & Wang, P.,
2008. Early growth response gene 2 (Egr-2) controls the self-tolerance of T cells
and prevents the development of lupuslike autoimmune disease. The Journal of
experimental medicine, 205(10), pp.2295-2307.

Zhu, C., Anderson, A.C., Schubart, A., Xiong, H., Imitola, J., Khoury, S.J., Zheng, X.X.,
Strom, T.B. & Kuchroo, V.K., 2005. The Tim-3 ligand galectin-9 negatively
regulates T helper type 1 immunity. Nature immunology, 6(12), pp.1245-52.

Zhu, J., Cote-Sierra, J., Guo, L. & Paul, W.E., 2003. Stat5 activation plays a critical role
in Th2 differentiation. Immunity, 19(5), pp.739-48.

Zhu, J., Guo, L., Min, B., Watson, C.J., Hu-Li, J., Young, H.A., Tsichlis, P.N. & Paul,
W.E., 2002. Growth factor independent-1 induced by IL-4 regulates Th2 cell
proliferation. Immunity, 16(5), pp.733-744.

Zhu, J., Yamane, H., Cote-Sierra, J., Guo, L. & Paul, W.E., 2006. GATA-3 promotes
Th2 responses through three different mechanisms: induction of Th2 cytokine
production, selective growth of Th2 cells and inhibition of Thl cell-specific factors.
Cell research, 16(1), pp.3-10.

Zingoni, A., Soto, H., Hedrick, J.A., Stoppacciaro, A., Storlazzi, C.T., Sinigaglia, F.,
D’Ambrosio, D., O'Garra, A., Robinson, D., Rocchi, M., Santoni, A., Zlotnik, A. &

169



Napolitano, M., 1998. The chemokine receptor CCRS is preferentially expressed
in Th2 but not Thl cells. Journal of immunology (Baltimore, Md. : 1950), 161(2),
pp.547-51.

Zou, W., 2006. Regulatory T cells, tumour immunity and immunotherapy. Nature
reviews. Immunology, 6(4), pp.295-307.

Zubiaga, A.M., Munoz, E., Merrow, M. & Huber, B.T., 1990. Regulation of interleukin 6
production in T helper cells. International immunology, 2(11), pp.1047-54.

170



