Recruitment of regulatory and conventional T cells

to colon adenocarcinomas

Veronica Langenes

UNIVERSITY OF GOTHENBURG

Department of Microbiology and Immunology
Institute of Biomedicine
The Sahlgrenska academy, University of Gothenburg
Goteborg, Sweden 2013



Recruitment of regulatory and conventional T cells
to colon adenocarcinomas

© Veronica Langenes 2013
veronica.langenes@microbio.gu.se

ISBN: 978-91-628-8557-1

Printed in Gothenburg, Sweden 2013
Kompendiet



Till mina kdraste






Abstract

Colorectal cancer is one of the most common malignant diseases, with an annual
incidence of over one million cases worldwide. Although survival depends strongly on
tumor stage at diagnosis, lymphocyte infiltration has been clearly correlated to a
favourable prognosis in several studies. The aim of this thesis was to determine the
mechanisms for lymphocyte infiltration in colon adenocarcinomas, with emphasis on
the effect of regulatory T (Treg) cells on the recruitment of conventional T cells.

First, we characterized the lymphocyte infiltrate in human colon adenocarcinomas
compared to surrounding unaffected tissue. In tumors, we detected substantial
accumulation of CD4* FOXP3+*CTLA4+CCR4* CD39* Tregs with potential to suppress anti-
tumor immunity. Also, the frequencies of activated intratumoral, Thl like T cells,
important for anti-tumor immune responses, were decreased. The accumulation of
CCR4* Tregs may be due to increased production of the ligand CCL22 in the tumor.
Furthermore, MAdCAM-1 expression, an adhesion molecule used by lymphocytes to
migrate to the gut, was decreased in tumor tissue, potentially contributing to shaping
the repertoire of tumor infiltrating lymphocytes. Since directed lymphocyte migration is
controlled by chemokines and chemokine receptors, we decided to investigate
alternative mechanisms for lymphocyte recruitment to tumors by examining the mRNA
levels of chemokine decoy receptors D6, DARC and CCX-CKR. By using real time RT-PCR,
we detected strongly decreased levels of the chemokine decoy receptor D6, with affinity
for inflammatory chemokines, in human colon tumors compared to unaffected mucosa,
whereas there was no change in expression of DARC and CCX-CKR.

Further, we observed that Treg isolated from colon cancer patients inhibited
transendothelial migration of conventional T cells in vitro, while Tregs from healthy
control subjects had no such effect. Also, we detected elevated levels of the adenosine-
generating enzyme CD39 on circulating Tregs from cancer patients. Adenosine suppress
lymphocyte functions and indeed, exogenous adenosine resulted in inhibition of
conventional T cell migration in our system, while blocking of adenosine receptors
restored the migration of T cells from cancer patients.

To directly assess the function of Tregs in colon cancer, we crossed APCMin/* mice, a
model of intestinal cancer, with DEREG mice that allow selective depletion of Tregs. The
tumor tissue in these mice presents a similar distribution of T cells as human colon
tumors, since there is decreased infiltration of activated T cells and accumulation of
Tregs in intestinal tumor tissues. When depleting Tregs for 10 days, we detected
improved CD4* and CD8* lymphocyte infiltration to tumors, indicating that
accumulation of Treg impairs migration of conventional T cells into tumors.

Taken together, results from this thesis show differential lymphocyte composition in
colon tumors compared to surrounding unaffected mucosa, possibly induced by
accumulated Tregs and modulated chemokine decoy receptor and homing molecule
expression in the local environment.
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Abbreviations

APC adenomatous polyposis coli

ATP adenosine tri phosphate

CAM-1 cell adhesion molecule-1

cAMP cyclic adenosine mono phosphate
CCX-CKR  chemocentryx chemokine receptor
CDR chemokine decoy receptor

CRC colorectal cancer

CTLA-4 cytotoxic T lymphocyte associated antigen 4
DARC duffy antigen receptor for chemokines
DC dendritic cell

DEREG depletion of Treg

DPX 1,3-dipropyl-8-p-sulphophenyl

DT diphtheria toxin

FAP familial adenomatous polyposis

GALT gut associated lymphoid tissue

HEV high endothelial venule

HUVEC human umbilical vein endothelial cell
IBS inflammatory bowel syndrome
ICAM-1 inducible cell adhesion molecule 1

IEL intraepithelial lymphocyte

ILF isolated lymphoid follicle

[PEX immunodysregulation polyendocrinopathy enteropathy X-linked syndrome
iTreg inducible Treg

LP lamina propria

LPL lamina propria lymphocyte

MAdCAM-1 mucosal adressin cell adhesionmolecule 1
MDSCs myeloid derived suppressor cell

MHC major histocompatibility complex
MLN menesnteric lymph node

NSAID non steroidal aniinflammatory drug
nTreg natural Treg

PBMC peripheral blood mononuclear cell
PNAd peripheral lymph node adressin
PP peyer’s patch

PSGL-1 P-selectin glycoprotein ligand 1
RA retinoic acid

ROS reactive oxygen species

SI small intestine

TAA tumor associated antigen

TAM tumor associated macrophage
TCR T cell receptor

TLR toll like receptor

Treg regulatory T cell

VCAM-1 vascular cell adhesion molecule 1
VEGF vascular endothelial growth factor
vWF von Willerbrand factor

WT wild type



Introduction

Introduction to the immune system

The highly intricate processes constituting the immune system have evolved to defend
the organism against pathogens including bacteria, viruses and parasites. We are
constantly exposed to microbes and a major site for interactions between host and
bacteria are mucosal sites, especially the gastrointestinal system, which is colonized
with high loads of commensal bacteria. This requires efficient eradication of invading
pathogens as well as regulatory control to avoid excessive immune responses that might
lead to autoimmunity or pathologic inflammation due to repeated interaction with

otherwise harmless commensal bacteria.

Acute inflammation is immediately activated in response to infection or tissue damage
and mediated by innate immune cells including monocytes, macrophages and mast cells,
infiltrating peripheral tissues. Microbial molecules activate monocytes and macrophages
that respond by initiating inflammation, in part by secreting inflammatory cytokines to
further activate and recruit neutrophils, mast cells and NK-cells. Inflammation is
normally self-limiting and efficient in eradicating many pathogens, however, innate
immunity has a limited diversity and sometimes fails to completely eliminate the
inflammatory stimuli. Dendritic cells also infiltrate peripheral tissues and ingest
antigens before migrating to lymph nodes to activate adaptive immunity, characterized
by antigen-specificity, broad diversity and generation of memory. Adaptive immunity is
mediated by T- and B-lymphocytes that specifically recognize microbes as well as non-
microbial substances via their T-cell receptor and B-cell receptor, respectively. Activated
lymphocytes are recruited to effector sites like the gut lamina propria to protect the host
through several mechanisms referred to as effector functions. B-cells mediate humoral
immunity by the production of antibodies that neutralises microbes and toxins as well
as targets pathogens for phagocytosis. CD8* T-cells have a key role in cell-mediated
immunity with their cytolytic capacity and efficient killing of host cells that are infected
by pathogens. Another subset of T-cells, termed CD4* T helper cells, mainly function in
secreting cytokines to enhance the function of other immune cells. Also, one subset of T

helper cells, termed regulatory T cells, suppresses immune responses and is crucial in
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controlling immune responses and for inducing tolerance to commensal bacteria and

food antigens.

Although evolving from host-cells, tumor cells express antigens that are recognised as
foreign by the adaptive immune system and tumor specific cytotoxic CD8* T cells as well
as activated humoral immunity are observed in cancer patients. The factors determining
the balance between tumor growth and activated anti-tumor immunity, are still poorly
understood and are the focus of this thesis. Determining the processes by which tumors
avoid elimination by the immune system will provide molecular pathways to exploit in

the attempts to enhance tumor immunity in cancer patients.

Lymphocyte homing to the gut

Immature lymphocytes differentiate into mature, naive T- and B-cells in the thymus and
bone marrow respectively, to generate cells with the ability to recognise specific
antigens through surface bound receptors that in T-cells are termed T cell receptors
(TCR). When the maturation process in the thymus is complete, T-cells are released
from the primary lymphoid tissue into the circulation to re-circulate between blood and
tissue until it encounters its specific antigen. Naive T-cells are imprinted to continuously
recirculate through secondary lymphoid tissues, which they enter through high

endothelial venules (HEV), until their TCR recognises an antigen [1].

Induction of adaptive immunity in response to intestinal antigens takes place in gut-
associated lymphoid tissue (GALT) consisting of the mesenteric lymph nodes (MLN),
small intestinal Peyer’s patches (PP) as well as isolated lymphoid follicles (ILF) in the
colon [2]. Antigens captured by antigen presenting cells (APC) are concentrated in these
tissues via the afferent lymphatic vessels and presented via MHC class II to naive T-cells
(ThO) with the appropriate (TCR) [3]. Recognition of the cognate antigen by naive T-
cells in the context of appropriate co-stimulation results in proliferation and
differentiation into effector T cells [1]. Entry of naive lymphocytes to GALT requires the
interactions between lymphocyte L-selectin and its carbohydrate ligands PNAdJ,
expressed on HEV [4]. The entry process is further supported by the integrin a4f7,
expressed by lymphocytes that bind to the endothelial mucosal adressin cellular

adhesion molecule-1 (MAdCAM-1) [5]. Effector T cells activated in the GALT
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preferentially home to intestinal tissue due to imprinting at the inductive site, resulting
in up-regulation of integrins and chemokine receptors specific for the intestine [1].
Homing to the small intestinal mucosa requires lymphocyte expression of the integrin
a4p7 to facilitate binding to MAdCAM-1 expressed by endothelial cells throughout the
gut, and CCR9 to respond to the ligand CCL25 expressed on small intestinal post
capillary venules [6-8]. A subset of CD8* T cells referred to as intraepithelial
lymphocytes (IEL) express aEf7 (CD103) which makes them localize to the epithelium
[9]. The majority of LP regulatory T cells (Tregs) in mice also express aEf7, indicating a
role for this integrin in Treg recruitment [10]. Homing of lymphocytes to the colon also
depends on a4f7/MAdCAM-1 interactions, whereas most T-cells in the colon lack CCR9
expression as CCL25 is not produced by the colon epithelium to recruit CCR9 expressing
cells. Instead, CCL28 is present in the colon epithelium to recruit CCR10 expressing
lymphocytes, however the complete mechanism for lymphocyte homing to the colon is
still poorly defined. CCL28 is also produced in the small intestine where it is believed to
attract IgA lymphoblasts [11]. There is evidence that dendritic cells (DC) in the MLN or
PP are educated to induce the gut-specific homing receptor o437 and CCR9 in T cells
upon activation [12]. The mechanism behind the imprinting of homing-specific qualities
in T cells is not completely understood, but the production of retinoic acid (RA) by
lamina propria DCs seemingly plays an important role as RA alone induce a4f7 and

MAdCAM-1 in lymphocytes stimulated with anti-CD3 and anti-CD28 in vitro [13,14].

Transendothelial migration

The extravasation of lymphocytes is a multi-step process mediated by the adhesion
molecules expressed by lymphocytes and their ligands on the vascular endothelium.
Several distinct molecular steps are involved in the entry of lymphocytes into lymphoid
tissue via HEVs and peripheral effector sites such as the intestinal lamina propria;
rolling, activation, firm adhesion and transmigration [15]. The initiation of lymphocyte
rolling on the endothelium is mediated primarily by selectins, including L-selectin
expressed by naive lymphocytes and P-selectin as well as E-selectin expressed by the
activated endothelium. P- and E-selectin on the endothelium is recognized by
glycosylated P-selectin glycoptrotien ligand-1 (PSGL-1) present on all lymphoid cells
whereas L-selectin binds to a group of carbohydrate structures collectively termed

PNAd, exclusively expressed in HEV, present in secondary lymphoid organs. L-selectin
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is expressed on most lymphocytes except on effector memory cells [16]. In Payer’s
patches, MAACAM-1 also mediate rolling of lymphocytes through interactions with L-
selectin, which has not been observed in other lymphoid organs [5]. The primary
adhesion molecules, mediating rolling of lymphocytes on the endothelium, are
constitutively active and hence need no previous activation to bind their ligands. Rolling
on the endothelium significantly reduce the speed of travelling lymphocytes, enabling
their chemokine receptors to interact with chemokines immobilised on the endothelium.
Signalling through chemokine receptors is crucial for the activation of integrins on the
lymphocyte surface into a high affinity state, necessary for subsequent firm adhesion [1].
T cell homing to lymph nodes is facilitated through the constitutive expression of CCL19
and CCL21, present on the surface of HEVs to recruit CCR7 positive cells, including most
T lymphocytes. B cells on the other hand, express CXCR4 and CXCR5 and are recruited to
lymph nodes via interactions with CXCL12 and CXCL13 respectively [17,18]. Firm
adhesion is mediated via binding of aLp2 (LFA-1), a4pf1 (VLA-4) and, especially
important for intestinal homing, a4f7 to their respective ligand intercellular CAM-1
(ICAM-1), vascular CAM-1 (VCAM-1) and MAdCAM-1 [15]. Thus, MAACAM-1 can initiate
rolling of lymphocytes on the small intestinal PP HEV through L-selectin, whereas its
participation in firm adhesion requires activation of the a4f7 integrin. This cascade of
interactions will ultimately lead to the arrest and crossing of lymphocytes through the

endothelium.

Inflammation caused by infectious agents, autoimmunity or malignant transformation
causes multiple alterations in the mucosal vasculature. This results in the accumulation
of lymphocytes within the lymph nodes to enhance the probability of antigen encounter
by specific T- lymphocytes as well as promotion of effector cell extravasation into the
lamina propria. Up-regulation of P-selectin is detected within seconds after
inflammatory exposure whereas increased ICAM-1 expression typically starts within
hours [11]. E-selectin, ICAM-1 and MAdCAM-1 expression is also induced by
inflammatory cytokines such as LPS, IL-1 and TNF-a [19,20]. Both experimental models
of chronic colitits and inflamed intestinal tissue from patients suffering from IBD display
elevated MAdCAM-1 expression and elevated influx of a4p7* T cells [21,22]. The
importance of this infiltration route into inflamed intestinal mucosa is demonstrated in

animal models where blocking of a4 or B7 both reduce intestinal inflammation [23,24].

14



The molecular events determining lymphocyte traffic are similar in homeostatic and
inflammatory conditions, however, the phenotype of lamina propria lymphocytes reveal
differential expression of chemokine receptors described in the chemokines and

chemokine receptors section.

Lamina propria lymphocytes and intestinal immunity

The mucosal surface of the intestine is a critical barrier between the host and external
environment, making it a potential entry site for microbes. As the intestine is densely
colonized with harmless commensal bacteria, intestinal immune responses must be
tightly regulated to avoid excessive, tissue-damaging inflammation. The intestinal
mucosa consists of a single layer of epithelial cells and the lamina propria (LP)
harbouring lymphocytes and other immune cells (Fig 1 and 3A). Some or the epithelial
cells are termed goblet cells and produce mucus that protects the epithelium from
immediate contact with commensal bacteria. Another defence mechanism is provided
by secretion of antimicrobial peptides, among them defensins and cathelicidins,
produced by paneth cells, another type of specialized epithelial cells, localized to the
crypts. Also, secretory dimeric IgA is present in the intestinal lumen to block entry of
microbes and associated toxins to the intestine [25]. Invading bacteria that cross this
first line of defence will encounter non-circulating intraepithelial lymphocytes (IEL) that
are scattered around the epithelial lining. Although IEL is a heterogenous population,
the majority express CD8 and contains a higher proportion of yd T cell receptor
expressing cells compared to conventional T cells of the LP where the majority express
af TCR. IEL display less diversity in their antigen receptor than conventional T cells and
are believed to recognise antigens commonly encountered in the gut where some IEL
can respond to antigens without prior priming. The function of human IEL is not well
described but seemingly IEL are important for the integrity and healing of the
epithelium, as well as induction of immune responses against enteric pathogens [26]. B-
lymphocytes found in the LP are mostly IgA secreting plasma cells probably generated in
the PP, and are scattered throughout the LP although rarely in the villi [2]. The majority
of secreted IgA holds a dimeric structure and are secreted into the intestinal lumen, via
epithelial cells, to bind and neutralize bacteria, viruses and toxins [27,28]. The majority
of LP lymphocytes are MHC II restricted CD4* that are evenly distributed in the LP

compartment. LP MHC class I restricted CD8*af* T cells preferentially migrate to the
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epithelium, however some 40% of LP T cells are CD8* [2]. LP CD8* T cells harbours
cytolytic activity and compared to other tissues, the LP CD8* T cells mediate particularly
long lasting immunity and display enhanced survival in response to systemic viral
infection [29-31]. In fact, cells with an effector memory phenotype (CD62L-CCR7-
CD45R0*04p7*) predominates among LP T lymphocytes, suggesting that a major

proportion of the LPL are antigen-experienced [32].

Macrophages and dendritic cells, which are professional antigen presenting cells and
critical for T cell activation, are abundant in the LP and have the ability to induce both
protective immunity against invading pathogens and immune tolerance to harmless
commensal bacteria and food antigens [33]. Besides being a major source of TNF-a, LP
macrophages, in contrast to macrophages in other tissues, also produce significant
amounts of the anti-inflammatory cytokine IL-10 [34]. Functionally, macrophages in the
LP are characterized by their unique combination of high phagocytic capacity as well as

ability to hinder excessive inflammatory responses and induce oral tolerance [33,35].
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Fig 1 The colon mucosa. A single layer of epithelial cells protects the host from the outside
environment and from coming in direct contact with commensal bacteria, pathogens and food antigens
in the lumen. Beneath the epithelium is the lamina propria (LP) that harbours a wide range of immune
cells, but also secondary lymphoid tissue. The lamina propria is supported by the muscularis

mucosae, which also separates the LP from the submucosa, consisting of dense connective tissue
and some adipose tissue.
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Lamina propria T helper subsets

CD4* T helper cells orchestrate immune responses and are of particular importance in
regulating local intestinal immunity. All CD4+ subsets can be found in the intestinal LP
including Th1 controlling cell-mediated cytotoxicity against intracellular bacteria, virus
and tumor cells, Th2 inducing protection against helminth infection and allergy, Th17
producing inflammatory cytokines in response to extracellular bacteria and regulatory T
cells (Treg) guiding immune homeostasis and regulating immune responses [29]. The
CD4+ helper phenotype and function are determined by cytokines released from antigen
presenting DCs and surrounding cells during activation. However, CD4* are highly
plastic and although a certain phenotype was induced by DC activation, a change in the
surrounding cytokine profile may induce a shift in both phenotype and function in T
helper cells [36]. Further, antigen concentration and co-stimulatory signals also
influence differentiation of CD4+ T cells [37]. As already indicated, the lamina propria is
a highly complex immunologic site where control of immune responses is crucial. LP
DCs seem to be of significant importance in inducing the immunosuppressive nature of
the LP, through the release of RA during T cell activation [14]. Although several subsets
of DC are localized in the LP, they can be classified into two major populations based on
their ability to activate T-cells. In mice, CD11b* DCs induce Th1 and Th17 polarization
whereas CD103*CX3CR1- DCs are involved in the induction of Tregs [34].
CD103+CX3CR1- DCs has also been described as classical DCs that transport LP antigens
to the mesenteric lymph node (mLN) to induce adaptive immune responses [35]. Most
LP CD103* DCs in mice and humans express high levels of RALDH2 (retinal
dehydrogenase) and hence have the capacity to produce RA to control intestinal Th
differentiation. RA has been suggested to inhibit inflammatory Th17 induction and
promote Treg differentiation in vitro [38]. Further, rats deficient in the RA precursor
vitamin A display decreased Th2 responses [39] whereas supplementation of vitamin A
in mice inhibit Th1l but promote Th2 differentiation, indicating that RA protects the
intestine against exaggerated cell mediated immunity [40,41]. The major Th subsets

infiltrating the LP are described below (Fig 2).

17



Effector cytokines Inhibitory effect on

@ IFN-gamma, IL-2, IL12 Th2,Th17
@ IL-4, IL-5, 1L-13 Th1,Th17
@ IL17,1L-22,IL-6

/ZGf‘b@fa,
Ry O3 TGF-beta, IL10 Th1,Th2,Th17

Fig 2 Depending on the cytokine profile, dendritic cell (DC) activation of of naive CD4" T cells (T0)
results in the differentiation into distinct subsets of T helper cells (Th1, Th2, Th17, Treg). Each T
helper subset has their unique production of effector cytokines and subsequent impact on immune
responses. In addition, the cytokines produced by certain T helper subsets commonly inhibit the

differentiation of other T helper cell subsets.

Th1 cells are necessary in mounting cellular immune responses against intracellular
pathogens and tumor cells, and are induced by IL-12, TNF-a and IFN-y secreted by
antigen presenting DCs, macrophages and NK-cells in inflammatory lesions. Th1 cells
further contribute to the production of IL-2, IL-12 and IFN-y, resulting in enhanced
activation by macrophages and cytotoxic NK-cells. IL-2 and IL12 also induce
proliferation of CD8* T cells, the population mediating antigen specific cytotoxicity [42].
Th1 cells in the LP are crucial in efficient generation of protective CD8*af3* effector
memory responses [29]. However, many antigens that pass the mucosal barrier are
harmless and excessive Th1 responses are in part avoided via the presence of RA, IL-10
and TGF-f in the intestinal LP. Uncontrolled activation of Th1 may result in intestinal
inflammatory disease as shown in an experimental model of colitis where over-
expression of STAT-4, a transcription factor driving Th1l gene expression, results in
colitis due to excessive IFN-y production by CD4+T cells [43]. Moreover, administration
of IL-12 to mice with chemically induced colitis resulted in more severe inflammation
whereas antibody blocking of IL-12 completely abrogated inflammation [44]. Human
IBD is characterized by excessive levels of inflammatory cytokines including IL-12 and

IFN-y [45]. Further, in vitro stimulation of lamina propria CD4* isolated from IBD
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patients produce significantly more [FN-y but less of the Th2 cytokine IL-4, compared to
control CD4+ cells [46].

Th2 responses are fundamental for the induction of antibody production from B-cells in
response to extracellular pathogens but seemingly also to tumor cells as cancer patients
display tumor antigen specific antibodies (described later). IL-4 is essential for the
development of Th2 cells and its presence during DC priming induce the ability of T cells
to produce Th2 signature cytokines including IL-4, IL-5 and IL-13 [47]. Although the
participation of Th2 cells in the induction of colitis is not fully elucidated, it has been
reported that LP T cells from ulcerative colitis lesions produce elevated levels of IL-5
upon in vitro stimulation compared to controls. In contrast, LP lymphocytes from
Crohn’s disease lesions did not, indicating differences between intestinal compartments

[46].

In the LP, the differentiation of inducible Treg (iTreg) is promoted by TGF-f and IL-10,
produced by various cell types including recruited natural (nTreg), DCs, macrophages
and epithelial cells [48,49]. Tregs are indispensible for maintaining gut homeostasis and
to prevent the development of colitis in response to commensal bacteria, via their
production of TGF-B and IL-10 [29,50]. In contrast to wt, transfer of CD4+*CD25* Treg
from TGF-B1 deficient mice do not protect recipient mice from colitis [51]. However, IL-
10 expression in adoptively transferred Treg is dispensable but not the presence of IL-
10 in the LP, as blocking of IL-10 resulted in elevated Th1 cytokines and impaired wild
type (wt) Treg function [52].

Proinflammatory Th17 cells are, like iTreg, generated in response to TGF-f, but only in
the presence of the inflammatory cytokine IL-6. Also, IL-23 is important in supporting
the survival and effector functions of Th17 cells. [53]. Moreover, a recent publication
shows that IL-1f is required for Th17 differentiation of naive, human T cells in response
to Candida albicans stimulation but not to Staphylococcus aureus, indicating differential
requirements for T helper cell differentiation depending on the pathogen [54]. The
inflammatory qualities of Th17 responses are demonstrated in the EAE (experimental
autoimmune encephalomyelitis) model where T cell specific block of TGF-f results in

poor differentiation of Th17 cells and resistance to EAE [55]. Further, IL-6 deficient mice
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are also protected against EAE due to low numbers of Th17 cells and immune responses
dominated by Foxp3* cells. Th17 effector cytokines include IL-17, IL-22 and IL-6 and in
the intestinal lamina propria, Th17 cells protect the host against extracellular bacteria

and fungi [56,57].

The cytokines governing Th induction usually have counter-regulating effects as well.

IL-4 is not only an inducer of Th2 responses but simultaneously block differentiation of
Th1l cells by suppressing the expression of the IL-12RB2 chain, resulting in
unresponsiveness to IL-12 and inhibited IFN-y production. Similarly, IFN-y producing T
cells inhibit the differentiation of Th2 cells and possibly of Tregs by inhibiting IL-10
expression [58,59]. Conversely, Treg inhibit Th1l differentiation by secreting IL-10,
which reduces IL-12 production by APCs. Moreover, TGF-f is reported to suppress both
Th1 and Th2 responses [60]. Proinflammatory Th17 and regulatory Treg induction are
reciprocally connected and both induced by TGF-f. In the context of low TGF-f and
simultaneous availability of IL-6 and IL-21, CD4+* cells differentiate into Th17 while high
TGF-p levels suppress the Th17 phenotype in favour of Tregs [61]. Also, both IL-4 and
IFN-y seem to have inhibitory impact on Th17 differentiation [62,63]. Notably, the
induction of specialised properties and effector functions in CD4* cells are usually
studied in vitro and therefore lack the influence of complex in vivo immune processes,

which might affect the fate of CD4+* T cells.

Chemokines and Chemokine receptors

The human chemokine system is composed of more than 50 chemokines and 18
chemokine receptors. Chemokines are small, chemotactic molecules produced by most
cell types and are devided into subgroups based on their structural as well as functional
properties [64,65]. The major structural chemokine subgroups are C, CC, CXC and CX3C
which describes the conserved position of N-terminal cysteins [66]. Chemokines also
harbour distinct functions with homeostatic chemokines being constitutively expressed
and are involved in maintaining lymphocyte recirculation, important for antigen
sampling and immune surveillance. Inflammatory chemokines are released upon
inflammatory insult to guide the migration of effector cells to peripheral as well as
lymphoid tissues [67]. Except for the most recently discovered chemokine decoy

receptors, binding of chemokines is usually restricted within the structural subclass,
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with CC chemokines having affinity for CC chemokine receptors and so forth.
Chemokines may however bind several receptors and several chemokine receptors have
affinity for more than one chemokine [64,65]. The interaction between chemokines and
corresponding receptors induce cytoskeleton rearrangements and conformational
changes in membrane integrins, due to activation of G proteins. All conventional
chemokine receptors are G-protein coupled and induce migration of cells [65,68,69].
Chemokine receptor expression is commonly used to classify functional subsets of
lymphocytes. Th1 polarization of CD4* T cells in vitro induce the expression of CXCR3
and CCR5 [70]. Interestingly their ligands are produced in various inflammatory states
including colitis, where CXCL10 is dramatically up-regulated and infiltrating CXCR3* T
cells produce high amounts of IFN-y [71,72]. Th2 cells on the other hand express CCR4,
CCR8 and CCR3 [67,73]. Notably, CCR4 memory T cells also express CXCR3 and CCR5,
making it difficult to distinguish the effector subtypes solely based on their chemokine

receptor expression [74].

Chemokine decoy receptors

Chemokine decoy receptors (CDR) possess some unique features as compared to
conventional chemokine receptors as they promiscuously bind chemokines of different
structural and functional classes. When interacting with ligands, the CDR internalise the
complex without inducing cell migration. In contrast to other chemokine receptors the
CDR lack the functional DRYLAIV motif, necessary for down-stream G-protein coupling
and intracellular signalling [75]. The CDR family includes D6, Duffy antigen receptor for
chemokines (DARC) and ChemoCentryx chemokine receptor (CCX-CKR) [76]. With
varying affinity for over 15 pro-inflammatory CC chemokines, D6 is proposed to
facilitate resolution and limit inflammation. This protective role is mediated via
regulation of pro-inflamamtory CC chemokines, demonstrated in experimental models
of psoriasis-like dermal inflammation, autoimmune diabetes, autoimmune
encephalomyelitis and colitis [77-81]. Recently, D6 has also been shown to impair entry
of APCs from effector sites to lymph nodes during inflammation. D6-/- mice display
accumulation of CC-chemokines outside lymph nodes and retention of CCR7 expressing
APCs in the peripheral tissue [82]. D6 expression is observed in several types of tissues
including placenta, leukocytes, lung, skin and gut, partly on lymphatic endothelial cells

[83,84]. Little is known about the regulation of D6 expression, but Weber et al have
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Table I Chemokine receptors and their corresponding ligands (chemokines)

Chemokine receptor Chemokine
Inflammatory CXCR3 CXCL9, CXCL10
CXCR1,2 CXCL8
CCR4 CCL22
Homeostatic CCR9 CCL25
CCR10 CCL28
CCR7 CCL19, CCL21
Chemokine decoy D6 CCL22, CCL2, CCL3, CCL3L1,
receptors CCL4, CCL5, CCL7 CCL8, CCL11,

CCL13, CCL17, CCL23, CCL24

DARC CCL2, CCL5, CCL7, CCL11, CCL13,
CCL14, CCL17, CXCL5, CXCL6,
CXCL8, CXCL11

CCX-CKR CCL19, CCL21, CCL25

demonstrated constitutive cycling of D6 to and from the cell surface, independent of
surrounding chemokine concentrations [85]. Further, D6 expression has been connected
to GATA1 expression in leukocytes, a transcriptional regulator of hemopoietic cell
differentiation. Knocking down GATA1 in mouse DCs also block D6 expression in vitro
[84]. The function of DARC, expressed on blood endothelium, is partly regulatory as the
receptor is suggested to remove excess chemokines from the circulation [86]. In
addition, DARC has the ability to transport chemokines from the basal to the apical side
of endothelial cells to make them accessible to passing lymphocytes, which promotes
adhesion and transmigration [87]. CCX-CKR is expressed in the thymus, intestinal lymph
node and skin where it binds to and scavanges the homeostatic chemokines CCL19,
CCL21 and CCL25 [88,89]. CCX-CKR is suggested to be involved in the suppression of
Th17 immune responses as CCX-CKR/- mice display earlier onset of EAE due to

exaggerated Th17 immunity compared to wt controls [88]. Moreover, these mice display
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a spontaneous Sjogren’s syndrome like pathology, charecterised with lymphocytic
lesions as well as defect lymphocyte distribution in the thymus, indicating a role for

CCX-CKR in T cell regulation [90].

Colorectal cancer

With over a million new cases every year, colorectal cancer (CRC) is the third most
common malignancy worldwide and the fourth biggest cause of cancer mortality [91].
Despite detection and treatment advantages over the recent decades, the 5-year survival
is approximately 54% in Europe [92]. Risk factors for sporadic CRC, other than age and
gender (colorectal cancer is more prevalent in males) [93] are intake of high fat/low
dietary fibre diet, smoking, alcohol and inflammatory bowel disease (IBD) involving the
colon [94]. The most frequent type of sporadic tumors that arise in the colon is
adenocarcinoma, where the malignant transformation occurs in epithelial cells and
commonly found in ascending colon [94]. In addition to surgery, which is the primary
treatment for CRC, radiotherapy and chemotherapy are traditionally used to avoid

relapse and to prolong survival of the patient [93,94].

Studying the contribution of lymphocytes in colorectal cancer requires an appropriate in
vivo model. Approximately 20% of colorectal cancer cases are hereditary, where
mutation in the Adenomatous polyposis coli (APC) tumor suppressor gene is a major
cause of disease [93]. Also, the majority of sporadic colorectal cancer lack functional
APC which is considered an early event in tumor formation, as small colorectal
adenomas and late stage carcinomas display similar loads of APC mutations [95].
Inactivation of APC results in exaggerated Wnt-signalling and uncontrolled proliferation,
which in turn leads to the formation of benign adenomas [96]. Individuals with
hereditary familial adenomatous polyposis (FAP), who has a germ-line mutation in the
APC gene, can develop hundreds of adenomas at the age of 15 and most unscreened
patients have developed colorectal cancer at the age of 40 [97]. Carcinoma development
requires additional mutations, typically in genes controlling proliferation, apoptosis and
DNA integrity [98]. In this thesis we have used the APCMin/+ model of intestinal cancer,

which is heterozygous for APC and described in detail in the key methodology section.
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Tumor immunity

Lymphocyte recruitment to tumors

Effector T cells need to infiltrate tumors to have anti-tumor effects and both murine and
human data show that infiltration of CD4* and CD8* T cells is necessary for tumor
immunity [99,100]. In a mouse model of pancreatic cancer, intratumoral CD4+* T cells
induced the production of CXCL9 and CXCL10 through IFN-y that enhanced the
recruitment of CXCR3 expressing CD8* T cells [101]. In contrast, combined blocking of
CXCL9 and CXCL10 significantly inhibited the recruitment of tumor-specific effector
cells. The same study also showed that a combined blocking of CCL2, CCL3 and CCL5
inhibited effector cell recruitment, suggesting that multiple chemokine receptors and
chemokines are involved in recruitment of lymphocytes to tumor sites [101]. When
Galon et al investigated the impact of T helper associated gene clusters in CRC, they
found that Th1 associated genes were expressed in patients with better disease-free
survival. By immunohistochemistry they confirmed their finding as high infiltration of
CD8* cells in colorectal tumors strongly correlated with disease free survival [102].
Phenotypic examination of intratumoral effector T cells shows that CD8*CD45R0O*
memory cells are associated with absence of early metastasis and increased survival

[103].

Tregs are strongly accumulated in tumors and in the circulation of cancer patients [104].
Although a number of murine studies have demonstrated that Treg suppress anti-tumor
immune responses and promote tumor progression [105], the role of Treg in human
malignancies is still not obvious. Curiel et al demonstrated that infiltration of functional
Tregs in ovarian cancer correlates to tumor progression and reduced survival [106].
Subsequently, similar findings have been reported for a number of solid carcinomas
[107-111]. Circulating and tumor infiltrating Tregs isolated from cancer patients do not
produce IFN-y but produce significant amounts of IL-10 and TGF-f, suggesting that
Tregs are functional and inhibit immune responses in malignant disease [112,113]. A
critical question in tumor immunity is how Tregs and effector T cells are recruited to
tumors. Human CD4+*CD25* T cells isolated from healthy donor blood express CCR4 and
CCR8 and are chemotactically responsive to CCL22/CCL17 and CCL1 respectively [114].

Mature dendritic cells and macrophages, constituting a large proportion of the leukocyte
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infiltrate in tumors [115], produce these inflammatory chemokines and potentially
recruit Tregs to the tumor site [114]. Indeed, Tregs infiltrating ovarian and breast
tumors have a high expression of CCR4 and blocking of CCR4 reduced in vitro migration
of Tregs isolated from ovarian tumors [106,108]. CCR4* cells are attracted to CCL22 and
CCL17, however blocking of CCL22 but not CCL17 inhibited Treg migration in the in vitro
system, proposing a selective role for CCL22 in tumor immunity [106]. In vitro
suppression assays, where CD4+*CD25* Treg are co-cultured with autologous effector
cells, show that the increased fractions of circulating and intratumoral Treg isolated
from CRC patients are functional [116,117]. These findings indicate that Tregs impair
tumor immunity in colorectal cancer and have a negative impact on disease outcome.
However, in contrary to what is reported for other solid tumors, tumor infiltrating Treg
seem beneficial for disease outcome in CRC [118]. High density of tumor infiltrating
Foxp3+* lymphocytes is not only correlated with improved survival in patients with CRC
[118,119], but also seem to improve prognosis in patients in treatment with
chemotherapy or chemoimmunotherapy [120]. Reports are however inconclusive as a
recent study show that the suppressive ability of circulating Tregs correlates to disease

recurrence in CRC patients with liver metastasis [121].

Cancer associated inflammation

Already in the late 19t century, Rudolf Virchow noted that cancer commonly originates
from sites of chronic inflammation and that tumors harboured leukocytic infiltrates
[115]. Indeed, subsequent research revealed that inflammatory cells and mediators are
found in most solid tumors and that many cancers appear in tissues with a history of
chronic infection or inflammatory disease [115,122]. Patients suffering from IBD are
pre-disposed to colon cancer, and 20% of affected individuals develop malignant tumors
within 30 years of disease onset [91]. Further, several epidemiological studies strongly
links inflammation to cancer as they consistently show that regular intake of aspirin or
other NSAID’s (non steroidal anti-inflammatory drugs) reduces the risk as well as
overall mortality of colorectal cancer [123-125]. Another well-described inflammation-
associated cancer in humans is gastric cancer with a strongly elevated risk in H. pylori-
positive individuals with chronic gastritis compared to H. pylori-negative individuals

[126].
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The requirements for transformation of cells into tumor cells are described by Hanahan
and Weinberg and are referred to as the six hallmarks of cancer: sustained proliferative
signalling, evasion of growth suppressors, resistance to cell death, induction of
angiogenesis, replicative immortality and the ability to invade and metastasise [127].
Since the relationship between inflammation and cancer has grown increasingly strong,
the six hallmarks of cancer were recently extended, including inflammation as a seventh
hallmark [128,129]. The chronic inflammation associated with IBD or H. pylori infection
results in the recruitment of immune cells with the ability to produce mediators that
facilitates malignant transformation of local epithelial cells as well as support of the
progression and survival of solid tumors. Macrophages and neutrophils that are found at
sites of chronic inflammation release reactive oxygen species (ROS) that induce DNA
damage and genomic instability, which are held as critical driving forces behind tumor
initiation [130]. Macrophages are plastic and polarize into M-1 (classic inflammatory
response and anti-tumor) or M-2 (pro-tumor) depending on the local environment
[131]. In established tumors, tumor associated macrophages (TAM), that are polarized
into M-2, are the major cell infiltrate and they support tumor growth by secretion of the
Treg recruiting chemokines CCL17 and CCL22, induction of Tregs, secretion of
immunosuppressive IL-10, production of VEGF and TNF-a to induce angiogenesis and
induction of tissue remodelling to facilitate invasion and metastasis [132]. The
maturation of immature myeloid cells is partially blocked in patients with colorectal
cancer resulting in accumulation of MDSCs (myeloid derived suppressor cells) in the
circulation and inside tumors of the patients [133]. MDSCs are characterized by high
expression of arginase-I and iNOS (inducible nitric oxide synthase) and the ability to
suppress NK-cells as well as adaptive immunity [134,135]. Moreover, MDSCs has been
shown to induce Foxp3* Tregs [136]. Tumors also recruit immature dendritic cells (DC)
but block their otherwise subsequent maturation, leading to very few mature DCs in the
tumor that can initiate adaptive immunity. Instead, immature DCs release proangiogenic
cytokines that promote tumor survival [137,138]. Seemingly, the tumor
microenvironment in CRC favour polarization of chronic inflammation rather that acute

inflammation and subsequent activation of proper adaptive immunity.
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Immunosurveillance in cancer

Cancer incidence is significantly higher in individuals with congenital or acquired
immunodeficiency and immunosuppressed transplant recipients, compared to the
average population [139,140]. Further evidence for immunosurveillance in cancer
comes from Shankaran et al who elegantly demonstrated that chemically induced and
spontaneous tumors develop earlier and more frequent in Rag2-/- mice that completely
lack mature lymphocytes compared to wt controls [100]. Immune cells, preferentially
macrophages and lymphocytes, infiltrate tumors in response to malignantly
transformed cells with accompanying tissue destruction, hypoxia and release of
cytosolic content due to the high rate of necrosis in tumor cells [141]. Hence,
immunosurveillance of tumors is suggested to start with an inflammatory response with
subsequent activation of adaptive immunity that eliminates malignant cells before they
are detectable [142]. However, through mechanisms only starting to emerge, tumor
immunity fails to eliminate all tumor cells in the case of cancer disease and moreover,
tumor growth is even supported by certain immune cells, described above. These
interactions between the immune system and tumor cells is a process termed “The three
E’s of immunoediting”- Elimination, Equilibrium and Escape- proposed by Schreiber et
al [142]. Elimination represents successful immunologic elimination of tumor cells. The
equilibrium phase describes immunoediting of tumor cells; a process where tumor cells
evolve under the selective pressure of immune reponses, resulting in the survival of less
immunogenic tumor cell populations. In the escape phase, tumor cells that have acquired
the ability to circumvent recognition by the immune system progress into a detectable

tumor mass [142].

Anti-tumor immune responses in colorectal cancer

Tumors express immunogenic tumor-associated antigens (TAA) that are recognised by
the immune system [143] and CRC patients evidently mount humoral and cellular tumor
specific immune responses [144,145]. Besides NK-cells, dendritic cells and
macrophages, one crucial factor in the destruction of tumor cells is the activity of tumor-
specific CD8* lymphocytes, that recognise tumor cells via antigen presentation by MHC
class I molecules [146,147]. Control of tumor cells by CD8* cells require IFNy [100] and
is mediated via perforin, granzyme B, TRAIL or FasL dependent mechanisms, all which

induce apoptosis in target cells [148]. [FNy is secreted by NK-cells and T cells present in
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the tumor, and animal models where IFNy is deleted or tumors are made IFNy-
insensitive, display significantly more chemically induced and spontaneous tumors
compared to wt counterparts [142]. IFNy does not only activate cytotoxic immune
responses but also have direct anti-tumor effects, including anti-proliferative signals and
inhibition of angiogenesis as well as making tumor cells more immunogenic by inducing
MHC class 1 expression [142]. Th2 immune responses are proven inefficient in
protecting the host from malignancy, whereas infiltration of Th1l CD4* T helper cells
secreting IFNy, enhances tumor immune responses as they boost CD8* T cell activation
and proliferation [42]. CD4* T helper cells are also necessary for generating CD8*
memory cells, suggested to be superior to other CD8* T cells in the control of tumors
[149,150]. Clinical data reveals that high densities of CD3*CD45R0* memory T cells in
colorectal tumors correlates with improved overall survival of the patient. The
importance of Th1 responses in colorectal tumors is supported in the same report, as
patients that expressed high levels of intratumoral Th1-related genes (IFNy, CD3, CDS8,
granzyme B) in their tumors had a better prognosis than individuals with low
expression [151]. The role of Th-17 cells in tumor immunity is unclear as they harbour
both tumorigenic and anti-tumor functions. This dual role of Th17 cells in malignancy
seem to depend on the tumor microenvironment [152]. However, there is evidence that
the infiltration of Th17 cells correlates with poor prognosis in CRC patients [102,153].
Murine studies further indicate pro-tumorigenic qualities in Th17 cells as shown by
their ability to mediate tumor progression in spontaneous and bacteria induced colon

cancer [154].

Tumor immune escape

According to the model put forward by Dunn et al, immunoediting is responsible for
shaping non-immunogenic tumor cells that can avoid recognition from the immune
system through a number of mechanisms [142]. Tumor specific CD8+ T cells recognise
tumor cells through the presentation of tumor antigens via MHC class [ molecules.
Commonly, tumor cells lose MHC class I expression, or the ability to process antigens for
presentation on MHC [, and thereby circumvent detection by CD8+ T cells. MHC class I
signals “self” to the immune system and cells that lack expression are still recognised as
foreign by NK-cells, that normally respond with cytolytic attack [155]. However, tumors

also alter the MHC I expression and thereby NK-cells also fail to detect them [156]. Even
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within the same tumor, TAA expression is heterogenous, Tumors are known to alter the
expression of TAA and low levels or suboptimal combinations of antigens could avoid
detection by the immune system [157]. Moreover, tumor cells can resist T-cell mediated
killing by defects in death receptor signalling normally induced by Fas ligand (FasL) and
TRAIL, expressed on T-cells. By down-regulating Fas and TRAIL receptor 1 and 2 or
components in their signalling pathways, tumors become resistant to cell mediated
immunity [148]. Tumor cells produce numerous soluble mediators with
immunomodulatory properties, most notably TGF-f and IL-10 [158]. TGF-f abrogates T
cell effector functions as well as proliferation and differentiation. IL-10 inhibits the
priming of CD8* T lymphocytes by dendritic cells in vitro and levels of IL-10 in the
serum of cancer patients have a negative prognostic impact [159]. Another property of

IL-10 and TGF-p is that they promote the induction of regulatory T cells.

Regulatory T cells

In 1995, Sakaguchi et al discovered that maintenance of self-tolerance and control of
autoimmunity were dependent on a subpopulation of CD4* T cells co-expressing CD25,
the a-chain of the IL-2 receptor [160]. This discovery identified regulatory T cells (Treg)
that until then was only known as a certain population of CD4* T cells that seemed to
suppress immune responses rather than boosting them [161]. When transferring CD4+ T
cells, depleted from CD25* cells, into nude mice lacking functional T and B cells, they
developed multiple autoimmune disease that was prevented by restoring T cell
composition or by co-transfer with CD4+*CD25* lymphocytes [160]. A molecular
definition became available with the discovery that CD4+*CD25* Treg express the
transcription factor Foxp3 (forkhead box p3), which is now recognised as the master
regulator of Treg development and function [162]. Mutations in the Foxp3 gene results
in multiorgan autoimmunity as seen in in the Scurfy mouse or in the human equivalent
IPEX disease (immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome) [163].

The generation of Tregs in the thymus is indispensible for immune homeostasis and self-
tolerance. Thymus derived Tregs (nTreg) develop from Foxp3-precursors, expressing T
cell receptors with intermediate affinity for self-antigens [164]. This process is IL-2

dependent and generates cells that evidently maintain peripheral immune homeostasis
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[165]. It is now clear that a subset of CD4*Foxp3* Tregs develops outside the thymus in
peripheral tissues such as the gut. These inducible Tregs (iTregs) appear in the gut in
response to food antigens, in chronic inflammation and in malignant tissues. Conditions
known to favour iTreg development are chronic low dose exposure to antigens in
combination with suboptimal co-stimulation in the presence of TGF-f§ and IL-2. In the
gut, DCs are potent inducers of iTregs as they produce high amounts of TGF-$ and
retinoic acid that further enhance the induction of iTregs. iTregs are important in
mucosal tolerance and in suppressing immune responses to neo-antigens in tumors and
transplants [166,165]. However, it is not clear if Tregs of different origins have distinct
functions or if they act synergistically. Great effort has been made to find absolute and
specific markers to separate Tregs from conventional T cells (CD4*CD25/ow and
CD8*CD25-). To date, no such molecules are discovered and multiple markers are used
to identify Treg. Commonly, CD4+Foxp3* CD25* cells are regarded as regulatory T cells
in mice, however, human lymphocytes display a more heterogenous CD25 expression
and Treg are identified as CD4*Foxp3*CD25M [167,162]. Treg can also be identified by
their constitutive expression of CTLA-4 (cytotoxic T lymphocyte associated antigen-4)
and low expression of the IL-7 receptor CD127 [168,169]. In addition, the identity of
Treg is commonly verified by their high production of IL-10 and TGF-p and absence of
IL-2 and IL- 4 production [170,171].

Suppressive functions of regulatory T cells

Several mechanisms have been suggested for CD4*Foxp3* Treg mediated immune
suppression. Tregs are known for their hypoproduction of IL-2 and for inhibiting T cell
proliferation in vitro by limiting the access of IL-2 through the high expression of CD25
[172]. In vitro experiments show that when adding exogenous IL-2 to co-cultures of
Tregs and autologous conventional T cells, Treg suppression of the latter is abrogated
[173]. This is further evidenced by in vivo studies in mice where deletion of IL-2 or the
IL-2 receptor gene, disrupt immune regulation by Tregs and result in autoimmunity,

which can be reversed by adoptive transfer of wt CD4+*CD25+* T cells [174,175].
CTLA-4 is indispensible for Treg function, as evidenced by Wing et al who found that

mice with Treg specific deletion of CTLA-4 failed to control immune responses and

developed autoimmune disease [176]. Activation of T cells and antigen presenting cells
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depend on co-stimulatory signals mediated via CD28, expressed by T cells, that induces
immune activation through binding of CD80/86, present on the surface of antigen APCs.
CTLA-4, which is highly expressed in Tregs, out-compete CD28 due to stronger affinity
for CD80/86, leading to reduced activation of target cells [177]. In addition, Tregs seem
to enhance this effect by CTLA-4 mediated down-regulation of CD80/86 expression in
target APCs in vitro, making the effect even more significant [178]. However, the
suppressive function of human Treg in vitro has also been reported to be independent of

CTLA-4 [179].

Damaged or activated cells release ATP, which promotes immune responses in part by
inducing production of IL-2 [180]. ATP can be hydrolysed into adenosine through the
action of the ectoenzymes CD39 and CD73, preferentially expressed by Tregs in mice
[181]. Hence, ATP concentrations are reduced and instead adenosine, that has a
suppressive effect on T cell cytokine production and proliferation, becomes available.
Human Tregs can be divided into a CD39* and a CD39- fraction and expression of CD73
is low or absent [182]. However, endothelial cells among others express CD73 and
presence of Tregs can potentially facilitate the conversion of ATP into adenosine in

human tissues [183].

TGF-p and IL-10 are signature immune suppressive cytokines and although they are
produced by Tregs, their role in Treg suppressive function is somewhat unclear. We
have previously shown that human Tregs exert regulatory functions in vitro
independent of IL-10 and TGF-f, similarly to what others report on human Tregs
[179,184]. In contrary, in vivo murine expriments reveal that TGF-f is required for Treg
control of immune homeostasis and inflammation specifically in the intestine.
Interestingly, IL-10 is only essential for Treg suppressive activity in the intestine of mice
as IL-10/- mice develop severe intestinal inflammation but are free from multiple
autoimmune disease [185]. The discrepancy of results obtained from human in vitro
studies and murine in vivo models suggest that experimental setup affects Treg function,
and that differences between species might exist. Moreover, it is not clear whether

several subtypes of Tregs exist or if their function is merely context dependent.
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Aim of the thesis

The general aim of the thesis was to determine the mechanisms for conventional and
regulatory T cell infiltration in colon adenocarcinoma, compared to surrounding
unaffected mucosa, and possible effects of CD4*Foxp3* T cells on conventional T cell

migration.

The specific aims were to:

* Determine the phenotype of intratumoral lymphocytes and the mechanisms for
their recruitment to human colon tumors.

* Define the expression of chemokine decoy receptors in human colon tumors.

* Determine the role of circulating CD4+*CD25" T cells on in vitro migration of
conventional T cells in colorectal cancer patients.

* Examine the effect of Foxp3* T cells on homing of conventional T cells to

intestinal tumors in a mouse model of intestinal cancer.
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Key methodology

Volunteers

Thirty-one (Paper I) and forty-one patients (Paper II), with some overlap, were included
in these studies after informed consent and approval from the local Regional Board of
Ethics in Medical Research in west Sweden (Paper I, Table I, Paper I, Table I). Blood was
collected from cancer patients before surgery or one year post tumor resection and from
age- and sex matched healthy donors. All patients had histologically verified
adenocarcinoma and none of the participants had a history of autoimmune disease.
Patients who received chemotherapy or radiation therapy within the last three years
before surgery were excluded from the study. During or immediately after partial
colectomy, strips of tissue were collected together with unaffected mucosa, minimum 5
cm away from the tumor, for downstream applications prior to LPL isolation (Fig). In
this study, all parameters analysed in tumor mucosa (also referred to as tumor) are

compared to unaffected mucosa from the same patient.

The APCV"™* mouse model of intestinal cancer and DEREG mice

The APC multiple intestinal neoplasia mouse (APCMin/+) is heterozygous for a nonsense
mutation in the APC gene, which is a homologue of the human APC [186]. Similarly to
humans, impaired function of APC in C57BL/6 mice manifests in the formation of 30-
100 adenomas along the small intestine. The colon usually display a low number of
adenomas (1-4) that instead grow considerably larger compared to those in the small
intestine [187]. The APCMin/* mouse adenomas rarely progress into invasive
adenocarcinoma and have not been reported to metastasise [187]. APCMin/+ males,
kindly provided by Professor Sven Pettersson, Karolinska Institute, were bred to
C57BL/6 females at the Department of Experimental Biomedicine, University of
Gothenburg. To enable specific depletion of Foxp3* T cells we crossed APCMin/* males
with female “depletion of Treg” (DEREG) mice, kindly provided by Professor Tim
Sparwasser, Hannover University. DEREG mice express green fluorescent protein (GFP)
and a high affinity Diphteria toxin (DT) receptor under the control of the Foxp3
promoter [188]. DEREG Tregs can be tracked by their GFP expression but also
selectively depleted by administration of DT. Genotyping was performed in 4 weeks old

mice by flow cytometry (detecting GFP expressing Treg) or PCR (heterozygosity of APC
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allele). For flow cytometry and co-culture experiments, mice were sacrificed at week 10,
14, 18 and 22. The Government Animal Ethics Committee, Goteborg, approved all animal

handling.

Unaffected LP Tumor LP

i

= o
intestine APCMin/+ Colon APCMin/+

Smallintestine WT

Fig 3 A. Staining of MAdACAM-1 in tumor and unaffected colon mucosa from the same patient,
counterstained with hematoxylin. The unaffected colon mucosa display normal architecture with the
epithelial lining (1) separating the intestinal lumen from the underlying lamina propria (2) which is
infilirated with lymphocytes. Below the lamina propria is the muscularis mucosae (3) and submucosa
(4). Colon tumors commonly display patches of epithelial cells (6) interspersed with stromal cells (5).
Lymphocytes rarely infiltrate the tumor epithelium but tend to cluster in the stroma. B. Proximal small

Min/+

intestine, and colon (whole length) longitudinally opened from WT (left), and APC mice (middle and

right). Tumors are indicated by arrows.

In vivo depletion of Tregs

Administration of 0.02 mg/kg bodyweight on four consecutive days or day 1,2, 7 and 8,

efficiently depleted Tregs in DEREG mice. In parallel, control animals were identically
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DT treated. To confirm Treg depletion by flow cytometry analysis on whole blood, blood
was collected at day 5. At day ten, mice were sacrificed and, spleen, MLN and intestines
were collected for FACS analysis. Intestines were also collected for tissue

immunofluorescence and LPL isolation.

Isolation of human PBMC and lamina propria lymphocytes

Peripheral blood mononuclear cells (PBMC) were isolated by density-gradient
centrifugation on Ficoll-Paque (Pharmacia). Dynabeads (Dynal Biotech AS) were used
for depletion of CD4* and CD8* T cells and CD14* monocytes according to
manufacturer’s protocol (Paper III). Human colon LP was cut into pieces before
incubation in HBSS (Sigma), containing 1mM EDTA/DTT, to remove epithelial cells and
IEL. Subsequent isolation of LPL was performed with collagenase III/DNAse digestion
(Sigma) at a concentration of 100U/ml and 0.1U/ml respectively, for 2 h or until tissue
was completely resolved, at 37°C. This isolation procedure results in optimal yield of
LPL, with minimum contaminating IEL and without altering surface expression of the

markers analysed in this thesis [189].
Isolation and co-culture of mouse lymphocytes

After removal of PP, the small and large intestine were cut into small pieces for isolation
of LPL. First, tissue was incubated in HBSS containing 2 mM EDTA (Gibco), 10% FCS and
1,5% HEPES (Gibco) at 37°C, to remove epithelial cells and IEL. The remaining small
intestine was digested with collagenase D (Roche) whereas the large intestine was
digested with collagenase VIII (Sigma). Cell debris was removed by filtration through a

nylon mesh and lymphocytes were counted using trypan blue.

For co-culture experiments, single cell suspensions were prepared from spleen and
subsequently filtered through nylon mesh before red blood cell lysis in 0.07 M NH4Cl.,
pH 7.3. The autoMACS cell separating system was used for isolation of CD4+ T cells
according to manufacturer’s protocol (Minltenyi). Subsequently the CD4+ fraction was
further separated into CD4+*CD25* and CD4+*CD25- populations using anti-CD25 (PE)
antibodies detected with anti-PE microbeads (Miltenyi). Remaining CD4-CD8- cells were
irradiated at 1000 rad and used as APCs for down stream in vitro assays. 5x10%

responder CD4+*CD25- cells were incubated with 2x105 APC, 0.5ug/ml soluble anti-CD3
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and CD4+*CD25* Tregs at various Treg:T responder ratios (1:1, 1:2, 1:4, 1:8) in 96 well
plates for 72 h. In parallel whole speen cell fraction cells were incubated alone with anti-
CD3 and APC. Thymidine (1uCi) was added during the last 6-8 hours of incubation.
Plates were harvested in the Tomtec/Wallac system and proliferation through

thymidine incorporation was measured by Trilux 1450 Micro beta counter system.

Murine Helicobacter infection

The Helicobacter pylori Sydney strain 1 (SS1) [190], adapted to infect mice was grown
on Columbia Iso-A agar plates for 3 days before cultured in liquid Brucella broth (BD)
over night, at micro-aerophilic conditions. The infection dose was determined by optical
density (OD) and adjusted to OD 1,5, corresponding to approximately 1 x 10°
bacteria/ml. Before infection, viability was assessed microscopically and bacteria were
also titrated onto Columbia Iso-A culture plates for CFU quantification. Lastly, bacteria
were intra-gastrically administered to 8 week old C56/Bl6 pathogen-free females
(Harlan, Netherlands) at a dose of 3 x 108 bacteria/ml, via a feeding-needle under
anaesthesia. The Helicobacter felis strain CS1 (ATCC) was grown on Columbia-Iso plates
for 40-48 hours before washed with 1 ml PBS/plate and suspension was adjusted to OD
1 before infecting C56/B16 pathogen-free females with 200 ul as described above. One
third of the longitudinal stomach was collected at day 1, 3, 5 and 7 post-infection (ss1)
or week 4, 6 or 8 post-infection (H.felis) for RNA extraction and down-stream real time
PCR. Histological scoring and urease test verified Helicobacter infection. All infected

animals were successfully infected whereas control animals were free from Helicobacter.

Flow cytometry

Human LPL from both tumor and unaffected mucosa were incubated with anti-CD4,
CD8, CD19, CD56, CD69, CD45RA, CD45R0, CD103, CXCR3, CD127, CD25, CD39 (AbD
serotec), CD73, CCR4, CCR5 and CD31 (BD Biosciences). Integrin a437 was detected by
biotinylated monoclonal antibody ACT-1, kindly provided by Dr. Picarella, Millenium Inc,
Cambridge. Mouse cells were incubated with anti- CD4, CD8, CD25 and CD69. For
downstream intracellular staining of Foxp3 (clone PCH101 (human), clone FJK-16s
(mouse) eBioscience) and CTLA-4 (BD Biosciences), human and mouse cells were
fixated and permeabilized using the Foxp3 staining buffer kit, according to

manufacturers protocol (eBioscience). Lastly, human cells were incubated in cellfix (BD
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Bioscience) and aquired on FACS Calibur or LSR II before analysis using the Flow Jo
software (Tristar). Lymphocytes were identified by their characteristic forward and side
scatter and 7AAD* (Sigma) or Live/Dead* (Live/Dead Cell Stain Kit, Invitrogen,

Molecular probeS) cells were considered dead, and excluded from analysis in Flow Jo.

Flow cytometric cell sorting

CD4+CD25M Treg was separated from PBMC by flow cytometric sorting on a FACSAria
(BD Biosciences). Cells were sorted using anti-CD4, CD8 and CD25. CD4+*CD8-CD25" cells
were sorted as Treg and remaining cells were collected as a Treg depleted fraction

(Paper 111, Fig 3A).

Immunohistochemistry and immunofluorescence

After excision, human and mouse tissue was immediately frozen in OCT and stored in

-80°C until use. Human tumor and unaffected mucosa was analysed for the expression of
Foxp3 (eBioscience), CD4, CD8 (DAKO), MAdCAM-1 (clone 10G3 kindly provided by Dr.
Sirpa Jalkanen, University of Turku), PNAd (MECA-79), Lyve-1 (R&D systems),
biotinylated vWF (DAKO) and DARC (Everest biotech). 8 um tissue sections were fixed
in ice-cold acetone before rehydrated in PBS following blocking of endogenous biotin
(Molecular probe, Invitrogen). For detection with DAB, tissue peroxidases was blocked
in glucose peroxidase buffer, before incubation with primary antibodies for 30-60 min.
Double staining with DARC and vWF primary antibodies were detected with donkey
anti-mouse DyLight 549 and streptavidin-Alexa Fluor® 488 for 30 min. When
performing double stainig with Foxp3 and CD4 or CD8, Foxp3 staining was enhanced
using a tyramide Alexa Fluor® 488 TSA kit (molecular probes, Invitrogen) and CD4 or
CD8 was detected with goat anti-mouse IgGl Alexa Fluor® 549 (Molecular probes,
Invitrogen). Lastly, sections were mounted with DAPI containing ProLong® Gold
(Molecular probes, Invitrogen). For immunohistochemical detection, sections were
incubated in streptavidine-HRP (ABC, Elite, Vectastain) for 45 minutes before incubation
with DAB (Histolab). Sections were then counterstained with hematoxylin and mounted
with Mountex (Histolab). Suitable isotype controls were used in parallel with all the
above-mentioned primary antibodies. Images were acquired using the Axiovision 4.7.2

(Carl Zeiss) software and quantification was made in Biopix 2.0.21.
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RNA isolation and real time PCR

Strips of tissue were incubated in RNA later (Ambion) over night at 4°C and
subsequently stored in -80°C until use. Before RNA isolation, using the RNeasy mini kit
(Qiagen), frozen tissue was mechanically homogenised (Tissuelyser II, Qiagen).
Obtained RNA was run on agarose gels to confirm integrity, DNAse treated to eliminate
contaminating DNA and concentration was spectrophotometerically measured
(Nanodrop ND-100). 500 ng RNA template was used to synthesise cDNA using the
Omniscript kit (Qiagen) in a total volume of 20ul. Real time PCR analysis on human
material was performed on 40 ng cDNA in a reaction mixture of 1 x Tagman Universal
PCR Master Mix and 1 ul Tagman primer (Table II, Applied Biosystems). Mouse mRNA
expression was analysed using 40 ng cDNA, 1 x Power SYBR green mastermix (Applied
Biosystems) and oligonucleotide primers (Table II) to detect MAACAM-1 and f-actin.
Mouse primers were designed in Primer Express software 2.1 (Applied Biosystems) and
ordered from Eurofins MWG (Germany). Difference in gene expression was calculated
using the comparative CT (threshold cycle) method, also termed 2-AACt [191]. Data are
presented as fold change, normalised to 18s or (-actin, which are stably expressed in
both tumor and unaffected intestinal mucosa. Assays were run at standard thermal

cycling conditions, described for the 7500 real time PCR system (Applied Biosystems).

Detection of cytokines and chemokines

Human proteins were extracted by incubation in 2% saponin, 100 ug/ml soybean
trypsin inhibitor, 350 ug/ml pefabloc and 0.1% BSA (Sigma) over night at 4°C.
Suspensions were centrifuged and supernatants were subsequently collected for
detection of chemokines. CCL22 and CCL8 were detected using Duoset ELISA (R&D
Systems) according to manufacturer’s protocol. The chemokine concentrations were
normalized to total protein as measured with the BCA protein assay (Thermo Fisher
Scientific) following desalting on Zeba™ micro desalt spin columns (Thermo Fisher
Scientific). CCL2 and CCL5 were detected with cytometric bead array (CBA) chemokine
analysis (BD Biosciences), also according to manufacturer’s protocol. Mouse cytokines
were measured in supernatants from co-culture experiment using CBA Flex set (BD

Biosciences) targeting soluble IL-10, [FNy, IL-1, I[L-17A and IL-13. CBA and CBA Flex set
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samples were acquired on LSR II and data was analysed using the FCAP software (BD

Biosciences).

Table II Primers used for mRNA detection in Tagman (human) and Sybr Green (mouse) based assays.

Human Mouse

Target Primer ID Target Primer sequence

D6 Hs00174299_m1 MAdCAM1 | Forward

DARC Hs01011 079_31 5AACTGGTGCTGACCCATAGAAAGGAY

MAdCAM1 | Hs00369968_m1 Reverse

18 s H399999901_S1 5GGGCTCAGCAGAGGTCGTGTT3

CCX-CKR |Hs00356608_g1 Beta-actin | Forward
5'CTGACAGGATGCAGAAGGAGATTACT3’
Reverse
5'GCCACCGATCCACACAGAGT3’

Transendothelial migration (TEM) assay

TEM was analysed in an in vitro transwell chamber system [192,184]. HUVEC cells were
subcultured from the first passage and subsequent passage 4-6 were used for TEM
experiments were they were grown to confluence on fibronectin coated filters of the
upper chamber in 6-well transwell plates before the start of experiments. Basolateral to
the upper chamber, either 5 x 107 CFU H. pylori Hel312, 100 ng/ml TNF-q, IL-1p, IL-8, 1
and 0.1 ug/ml LPs or 30 ug/ml polyl:C was added 4 h prior to addition of 106 PBMC at
the apical side of the confluent endothelium. At 37°C, PBMC (whole fraction, CD4+*CD25hi
depleted or CD4*CD25- cells reconstituted with CD4+*CD25h) were allowed to migrate
through the endothelium for 16 h before collected, counted and identified by flow
cytometry. To estimate the quantity of migrating cells, migrated cells were counted
using True Count beads (BD Biosciences) during FACS analysis. In some experiments,
PBMC were stained with 1 uM CSFE for 30 min at 37 °C prior to TEM, to enable detection
of proliferating cells. To examine the role of adenosine in mediating migration in our
system, 10 uM of the stable adenosine analogue 2-chloro-adenosine (Tocris) was added
to the migrating PBMC from healthy donors at the start of the experiment. In other
experiments we blocked adenosine receptors in migrating lymphocytes from cancer
patients, by addition of 25 uM 1,3-dipropyl-8-(p-sulphophenyl) xanthine (Sigma), which

is a general adenosine receptor antagonist, 30 min before the start of the experiment.
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Statistical analysis

To determine statistical significance between groups in paper [, I and II, the non-
parametric tests, Wilcoxon Signed rank test or Mann Whitney was applied. In Paper 1V,
2-way ANOVA and Bonferroni post-test were applied for multiple comparisons and
Student’s t test for calculating statistical significance between two groups. P values of
<0.05 were considered statistically significant and are indicated in graphs by asterix. All

statistical analyses were performed in Prism GraphPad 5 or SPSS 14.0.
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Results and discussion

Lymphocyte frequencies in tumor and unaffected colon mucosa

Tumor infiltrating lymphocytes strongly correlate to disease outcome in CRC and even
seem to have a superior predictive power of prognosis than more conventional methods
[151]. Recent studies reveal that type, density and location are crucial for clinical
outcome and therefore we examined the lymphocyte infiltrate in colon tumors
compared to that of unaffected lamina propria from the same patient [102]. When
performing a general characterization of intratumoral lymphocytes in colon tumors we
found no difference in CD4+ or CD8* T frequencies between tumor and unaffected colon
mucosa. The distribution of CD45R0* memory cells was also similar between the two
tissues, and so was the fraction of CD3-CD56* NK-cells among lymphocytes. CD19* B-
cells were on the other hand significantly decreased in tumor compared to unaffected
tissue (p<0.001) (Fig 4). The ratio CD8/Foxp3 seems to be a strong prognostic marker
for patient outcome in addition to absolute frequencies, meaning that relative
frequencies of CD8* T cells in relation to other lymphocyte subsets are highly relevant
and perhaps more so than the frequency of CD8* T cells alone [193-195]. Therefore,
although not low compared to unaffected tissue, the relative density of CD8* T cells
might be too low for effective anti-tumor activity. Further, the fraction of CD45R0* T
cells inside colorectal tumors are also correlated to survival in patients with CRC and
even if frequencies here are similar to unaffected colon mucosa, proper tumor immune-
responses might depend on the relative frequency of CD45R0*. Again, this means that if
the ratio between memory T cells and suppressive cells is low, there might be poor
immune resonses in the tumors examined. Also, considering that tumors mount immune
responses and that the tumor microenvironment harbours activated, inflammatory cells,
it is remarkable that the lymphocyte infiltrate is similar to that of adjacent resting tissue
[196]. In contrast to T cells, CD19+ B cells are not considered crucial for tumor immunity
[197]. Still, B cells are reported to contribute both to tumor progression, in part by
inhibiting anti-tumor cytotoxic lymphocytes [198,199], and to correlate with improved
survival in ovarian cancer, making the role of B-cells in cancer somewhat diffuse [200].
We have previously demonstrated decreased frequencies of CD19+ B cells also in gastric
cancer [201] and even if not further discussed in this thesis, studies to examine the role

of B-cells in CRC are ongoing in our lab.
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Fig 4 Lymphocyte subsets in tumor and unaffected mucosa. Frequencies of CD4" and CD8" T cells,
CD3'CD56"NK cells, CD19" B cells, and CD45RA" or CD45R0O" CD4" and CD8" T cells among LPL
from tumor and unaffected mucosa from patients with CRC were evaluated using flow cytometry. The
bar graph represents the mean value = SD of 10 patients for each cell subset and tissue source.

** p<0.01

Treg are accumulated in colon tumors and stably express Foxp3

The identification of human Treg is more demanding than in mice, not only because of
heterogeneous expression of CD25 in human CD4+* T cells (Fig 5) but also that Foxp3 is
transiently expressed in activated conventional T cells [202,203]. Still, in tumor and
unaffected mucosa we found that CD4+*CD25M cells invariably expressed Foxp3 and had
a low expression of CD127, making them putative Treg (Paper I, Fig 1B) [169]. We found
that CD4*Foxp3*CD25M Tregs were significantly accumulated in colon tumors (p<0.001)
compared to unaffected mucosa (Paper I, Fig 1A), as we have previously reported for
gastric tumors [184]. To verify that the CD4*Foxp3*CD25" cells detected were not
activated conventional cells we determined the methylation status of the Foxp3
promoter region by Ms-SNUPE (methylation sensitive single nucleotide primer
extension analysis). Analysis revealed that the promoter region of CD4*Foxp3* was

almost completely demethylated (97-100% demethylation compared to 53-100% in
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CD4+Foxp3- cells) (Paper I, Fig 1D), suggesting that Foxp3 expression is stable and that

the cells we detect are therefore Tregs [204].

Intratumoral Treg are CCR4'CTLA4"CD39" and preferentially localized to the
tumor stroma

When characterizing tumor-infiltrating Tregs we found clear differences compared to
Tregs isolated from unaffected colon mucosa. The integrin agf7 (CD103) anchors
intraepithelial lymphocytes to E-cadherin on epithelial cells [205] and is further
suggested to identify antigen experienced memory/effector Treg that develops in the
periphery [206]. We noted that the fraction of agf37* Tregs was larger in tumor compared
to surrounding unaffected tissue (p<0.05), suggesting that these Tregs are induced
locally in the tumor (Paper I, Fig 4A). In a murine model of colon cancer, where tumor
cells were subcutaneously injected, the majority (~90%) of tumor-infiltrating Tregs
were agf}7* [10]. This is in contrast to our results where Tregs only partially express agf7,
and might depend on the fact that the murine tumor was induced by injected cells or on
differences between species. Some murine tumor-associated Tregs express Granzyme B
that appears to be involved in their suppressive activity [207]. However, in this study no
detectable levels of Granzyme B were found in human Tregs (data not shown). In
contrast, we observed high expression levels of CTLA-4 on Tregs infiltrating colon
tumors, similar to that of Tregs from unaffected tissue, and virtually all Tregs were
CTLA4+ (Paper I, Fig 3D/ data not shown). CTLA-4 in Tregs is indispensible for Treg
mediated suppression of autoimmunity and anti-tumor responses [176] and high
expression levels in tumor infiltrating Tregs indicate that active suppression of immune
responses is on-going. To assess the potential of intratumoral Tregs to use adenosine for
suppression of immune responses, we determined the expression of CD39 on
CD4+CD25h cells. Virtually all tumor infiltrating Tregs expressed CD39 and the
expression was significantly higher (p<0.001) compared to that of Tregs isolated from
unaffected tissue (Paper III, Fig 5D). In contrast and opposite to what is reported for
murine cells [181], CD73 was low on Treg isolated from either tissue (Paper IlI, Fig 5A).
However, since endothelium express CD73, Tregs in colon tumors still have the potential
to facilitate conversion of ATP into adenosine [208]. Fibroblasts could be an additional
partner to Tregs in the conversion of ATP to adenosine as one report observed that

fibroblasts in the breast tumor stroma was strongly CD73 positive [209]. A relevant
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question is whether CD39* Tregs are recruited to tumors or if the ectonucleotidase
expression is induced once the Tregs infiltrate the tumor. Comparing chemokine
receptor expression between CD39* and CD39- circulating Tregs from cancer patients
indicated that CD39* Tregs are selectively recruited to colon tumors as expression of
CCR4 (p<0.01) and CCR6 (p<0.01) were upregulated compared to CD39-Tregs (data not
shown). This is further supported by previous reports, showing that the ligands for both
CCR4 and CCR6 (CCL22 and CCL20) are produced by colon tumors as well as our
present data, observing increased intratumoral levels of CCL22 in colorectal cancer
[210,211]. CD39* Tregs also expressed higher levels of CTLA-4 (p<0.01) compared to
CD39- Tregs suggesting that CD39* Tregs have multiple suppressive effects (Paper III,
Fig 6).

A number of studies suggest that Treg mediated suppression depends on cell-cell
contact and hence Tregs need to be in close vincinity of target effector T cells to control
immune responses. Immunofluorescent staining of colon tumors revealed that Tregs are
accumulated in the stromal compartment of the tumor and that they rarely infiltrate the
tumor mass, similar to what has been observed by others [212]. CD4* and low numbers
of CD8* lymphocytes were also localized to the tumor stroma and sometimes in close
contact to Tregs indicating that cell-cell dependent regulation is facilitated (Paper I, Fig

2).

Intratumoral conventional T cells display decreased frequencies of CD69" and
CD25™ cells and increased expression of CTLA-4

As T lymphocytes are central in tumor immunity we evaluated the degree of activation
in the T cell populations of both tumor and unaffected colon mucosa. In contrast to
CD4+CD25M putative Treg, activated conventional T lymphocytes display intermediate
CD25 expression and were clearly and significantly reduced in colon tumors (p<0.001)
compared to healthy tissue (Paper I, Fig 1C). A recent publication suggests that the
majority of circulating human CD4+CD25t T cells is memory T cells as they
simultaneously expressed CD95 and CD45R0O [213]. Memory T cells correlate with less
metastasis in patients with CRC and are held as the most potent anti-tumor cell

[150,149]. Therefore, having decreased frequencies of CD4+*CD25"t lymphocytes
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possibly means that both activated T cells and memory T cell activity may be present in

low numbers, favouring tumor progression.
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Fig 5 Upper panel: FACS plot showing characteristic CD25°" (resting), cD25™ (activated) and
CcD25" (Treg) expression in CD4" T cells, among human PBMC (left). The right plot shows Foxp3®
cells in the CD4'CD25" gate, which is the majority. Lower panel: Mouse lymphocytes (here isolated
from the spleen) have a different distribution of CD25 compared to human lymphocytes, with CD25
(conventional T cells) or CD25" (Treg) CD4" T cells. The right plot shows Foxp3® cells in the
CD4'CD25" population.

In addition, the recently activated CD69* T cell fraction among CD8* and especially CD4+
T cells was significantly decreased (p<0.05 and p<0.01 respectively) in tumor compared
to unaffected mucosa (Paper I, Fig 3A). Although frequencies of T cells displaying
activated phenotypes are decreased in colon tumors, we found that Granzyme B
expressing CD8* T cells were more abundant among lymphocytes in tumors (p<0.01),
showing the precense of putative cytotoxic effector cells at the location (Paper I, Fig 3B).
However, the ratio of CD8*Granzyme B* T cells to CD4+*CD25" Treg was higher in the
unaffected tissue than the tumor mucosa (p<0.01, Paper I, Fig 3E). Thus, although CTL

are present, based on their Granzyme B expression [214], Tregs may still outnumber
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these cells and create a favourable environment for malignant progression. One cause of
insufficient cytolytic effects could be the increased CTLA-4* frequencies among
intratumoral conventional T cells (p<0.001, Paper I, Fig 3C),suggesting them to be more
susceptible to down-regulation of effector functions through ligation of their CTLA-4,
compared to cells in unaffected colon mucosa [215]. Our data describes a tumor
microenvironment where tumor immune responses and immune suppression co-exist
and disease outcome probably depends on the balance between these intricate

processes.

Simultaneous decrease of endothelial MAACAM-1 and infiltration of c.4p7"
conventional T cells in colon tumors

Compared to homing of lymphocytes to healthy colon mucosa, little is known about
lymphocyte homing to colon tumors. To improve the knowledge about recruitment of
lymphocytes to colon tumors, we analysed adhesion molecule expression in tumor
infiltrating conventional CD4* and CD8* T cells as well as CD4*Foxp3*CD25M" Tregs
compared to lymphocytes isolated from adjacent unaffected colon mucosa. In addition,
endothelium from both tumor and unaffected tissue was analysed for the expression of
the homing molecule MAdCAM-1. Again, like we previously reported for gastric tumors
[216], we observed a significant decrease in ouf7 expressing CD4* T cells (p<0.05) in
tumors compared to unaffected mucosa (Paper I, Fig 4A). Also, among Tregs the
frequency of a4f37 expressing cells was decreased in tumors from 4 out of 9 patients, and
expression of o4f}7 was occasionally as low as 50% of that detected in Tregs from
unaffected mucosa (p<0.05, Paper I, Fig 4A). MAACAM-1, expressed by endothelial cells
in the gut, mediates homing of o437 expressing cells and decreased frequencies of a4f37*
lymphocytes in tumors could be explained by down-regulation of MAACAM-1 on tumor
blood vessels. Indeed, the mRNA levels of MAACAM-1 were decreased in the majority of
tumors (p<0.05), which was also confirmed by immunohistochemical detection of
MAdCAM-1 (Paper I, Fig 5A,B). These data demonstrates differences in homing
mechanisms between unaffected and malignant colon mucosa that in part can be
explained by changes in the tumor-associated endothelium. Down-regulation of
MAdCAM-1 might be one of several mechanism used by tumors to avoid infiltration of
gut-homing effector T cells. Apparently, Tregs still accumulate in tumors and may not be

as dependent on a4f37/MAdCAM-1 interactions as Tregs infiltrating normal LP.
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Besides integrins and selectins, lymphocyte homing is navigated by expression of
chemokine receptors and available chemokines. An altered production of these
chemokines in the tumor microenvironment could thus explain differential homing of
lymphocytes to colon tumors compared to surrounding mucosa. The chemokine
receptor CXCR3 is expressed by activated Th-1 lymphocytes and cytotoxic lymphocytes
and CXCR3* lymphocytes are abundant in normal intestinal mucosa [217]. We found
that CXCR3* conventional CD4* and CD8* T cell frequencies were clearly lower in tumors
compared to unaffected tissue (p<0.01, Paper I, Fig 6A). In vitro studies imply that the
host benefit from intratumoral CXCR3+*CD4+* Th1 helper cells, with their ability to expand
CD8+ T cells and induce IFN-y production [218]. Interestingly, as IFN-y is crucial for
control of malignant growth, a shift in the CXCR3* fraction of lymphocytes might
contribute to tumor progression through inadequate local production of IFN-y. It has
been shown in gastric cancer tissue supernatants that compared to non-cancerous
gastric tissue, there is a shift in Th-responses [219]. Malignant gastric tissue produced
the Th-2 related cytokine IL-4 but only modest levels of IFN-y. One possible explanation
for impaired recruitment of CXCR3* lymphocytes to tumors would be decreased
production of the CXCR3 ligands CXCL10, CXCL9 and CXCL11. However, in contrary to
what was expected, CXCR3 ligands were present in higher levels inside tumors
compared to surrounding tissue from colon cancer patients, and could thus not explain
the low CXCR3 frequency (data not shown). Interestingly, CXCR3* T cells have been
reported to be evenly distributed in normal colon tissue whereas in colon tumors this
population is mainly localized at the invasive margin of the tumor, indicating poor
ability to infiltrate the tumor tissue [220]. The chemokine receptor CCR4 is
preferentially expressed on Th-2 helper T cells and Tregs and cells expressing CCR4
migrate towards CCL22 and CCL17. We previously reported that gastric tumors harbour
more CCR4* lymphocytes and CCR4 recruiting chemokines compared to surrounding
tissue [221]. Here, we demonstrate that lymphocytes infiltrating colon tumors also
display a Th2/Treg chemokine profile as CCR4 was significantly higher in CD4+* T cells
isolated from tumors compared to unaffected mucosa (p<0.001, Paper I, Fig 6B). A
parallel finding was that the corresponding CCL22 but not CCL17 tissue concentration
was three-fold upregulated in tumor tissue (p<0.001, Paper II, Table II) Further, we

observed that intratumoral Tregs had significantly higher expression of CCR4 than Tregs
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in surrounding tissue (p<0.05), indicating that CCL22 and CCR4 contribute to Treg
recruitment (p<0.001, Paper I, Fig 6B). CCL22 is mainly derived from macrophages and
dendritic cells [222] commonly infiltrating colon tumors, but can also be secreted from

Th2 T cells [223,70].

Chemokine decoy receptor D6 is decreased in colon tumors

Chemokines are regulated by chemokine decoy receptors that each has an exceptional
ability among chemokine receptors to recognise a wide range of chemokines. To find
mechanisms for altered lymphocyte recruitment and accumulation of Tregs in colon
tumors, we determined the mRNA expression levels of D6, DARC and CCX-CKR
compared to unaffected mucosa. We found that D6 mRNA expression was significantly
elevated in tumors compared to surrounding tissue (p<0.001) with a median decrease of
15-fold (Paper II, Fig 1A). In contrast, no differential expression was detected for DARC
or CCX-CKR, which demonstrates that D6 expression is selective and not due to general
down-regulation of chemokine decoy receptors (Paper II, Fig 1B,C). Our initial analysis
included 13 patients, revealing decreased D6 levels (p<0.05, Fig 6) but similar DARC and
CCX-CKR expression, we expanded the D6 study group to enable correlation analysis

between D6 and tumor/patient parameters.
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Not long after the discovery of D6, the receptor was reported to suppress malignant
transformation in mice treated with the skin irritant 12-O-tetradecanyol phorbol-13-
acetat. D6/- animals were highly susceptible to tumor formation of the skin following
exposure compared to wild type controls, implying that absence of D6 results in an
imbalance of chemokine levels that supports tumor development [224]. More recently,
D6 expression was positively correlated to disease-free survival in breast cancer
patients, further indicating that D6 contribute to the control of tumor progression [225].
Another study demonstrates that D6 expression is positively associated with absence of
lymph node metastasis, tumor stage and relapse-free survival [226]. A recent
publication revealed that hepatic tumor induction in D6-/- mice, results in accumulation
of intrahepatic macrophages and decreased infiltration of neutrophils in liver tumors,
compared to wt controls [227]. In contrast to the reports above, Vetrano et al reported
increased D6 expression in human IBD-associated colon tumors compared to unaffected
tissue [228]. However, in support of our observations, the same study also showed that
D6 deficient mice are more susceptible to chemically induced colon cancerogenesis than
wild type mice [228]. Still, the human data from Vetrano et al are contradictory to our
results, which clearly show that D6 mRNA is substantially and significantly decreased in
tumor mucosa. The discrepancy may depend on the fact that the patients included in the

present study have no history of IBD.

D6 expression in murine Helicobacter infection

Helicobacter pylori chronically colonize the stomach mucosa and although causing
gastritis in all infected individuals, most of them are asymptomatic. However, in 2 % of
infected individuals, which is half the world’s population, H. pylori causes gastric cancer
[229]. Due to the strong relationship between H. pylori induced gastritis and and cancer,
the bacterium is classified as a class I carcinogen for humans [230]. Since D6 have been
shown to induce resolution and block the development of inflammation-induced skin
tumors, we investigated the role of D6 in murine Helicobacter infection. We observed no
difference in mRNA D6 expression in mice infected with the Helicobacter pylori SS1
strain at day 1, 3, 5, and 7 post-infection compared to wt controls (Fig 7) or week 2, 4, 6

and 8 as well as 6 months post-infection (data not shown). The H. pylori SS1 strain is
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originally isolated from humans and has been adopted to also infect mice, who are not
naturally colonized with Helicobacter [190]. Therefore, we reasoned that SS1 may not be
optimal in the examination of inflammatory responses, as the murine infection only
causes mild gastritis [231]. To increase the grade of inflammation in the stomach
mucosa, we infected mice with Helicobacter felis, which cause more severe gastritis
compared to H. pylori SS1 [231,232]. However, similar to SS1, we detected no alterations
in D6 mRNA expression in H. felis infected mice compared to wt controls at week 4, 6 or
8 (Fig 7) or day 3, 5 and 7 post-infection (data not shown). Interestingly, and similar to
our results, D6 mRNA is not altered in mice infected with M. tuberculosis, but still
controls the infection, as D6 deficient mice display more severe inflammation and
increased mortality in response to M. tuberculosis compared to wt controls [233].
Seemingly, the receptor needs not to be up-regulated to regulate inflammation, while its
absence, results in excessive inflammation. Therefore we can perhaps not exclude a role

for D6 in Helicobacter infection, although not further examined in this thesis.
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Fig 7 Expression of stomach D6 mRNA in C57/BI6 mice infected with Helicobacter pylori SS1 (left) or
Helicobacter felis (right) at selected time points. D6 mMRNA was analysed on day 1, 3, 5, and 7 post-
infection (H. pylori) or week 4, 6 and 8 post-infection (H. felis) Values are calculated using the AACt
method and shown as fold change relative to a calibrator sample, using p-actin as endogenous

control. Lines show mean values.

Lymph vessel density is elevated in tumor mucosa
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Angiogenesis is a prominent feature in solid tumors, and colon tumors secrete
angiogeneic mediators, including VEGF that promotes generation of both blood and
lymph vessels. As D6 and DARC are mainly expressed by lymph endothelium and blood
endothelium respectively in the gut [83], we examined the possibility that our results
reflected changes in vessel density rather than regulation of chemokine decoy receptors.
Decreased D6 expression in the tumor mucosa could not be explained by any decrease in
lymph vessel density, as immunohistochemical staining of the lymph endothelial marker
Lyve-1 [234] revealed higher lymph vessel density in tumor compared to unaffected
mucosa (p<0.05, Paper II, Fig 2A). Thus, if lymph vessels are the principal source of D6
in the colon, the decreased D6 expression detected is even more pronounced on a per
cell basis. An altered blood vessel density in colon tumors could conceal possible
alterations of DARC expression and thereforee we determined the blood vessel density
in tumors and surrounding mucosa. Double immunofluorescent staining with DARC and
von Willebrand Factor (vVWF) revealed that blood vessel density was elevated in some
tumors compared to unaffected mucosa, although it was not significantly altered
between the groups (Paper I, Fig 2B. Appedix Fig 1). Further, when related to vWF,
DARC protein expression confirmed our mRNA data, as differential protein expression
related to blood vessel density was not detected (Paper II, Fig 2C,D). Attempts to
perform the corresponding staining procedure for D6 have been made, without reliable

detection of D6 protein in colon tissue.

D6 expression correlates to tumor stage and location

The majority of tumors examined in this study featured decreased D6 mRNA expression,
but not all and therefore we examined possible correlations between strongly decreased
D6 in the tumor and tumor characteristics. To date, it is not clear whether there are age
or gender specific differences in decoy chemokine receptor expression in humans. As D6
expression in unaffected colon mucosa varied considerably between individuals, we
correlated D6 expression to gender and age of the patient without finding any
relationship (data not shown). To compensate for the individual variation of D6
expression, we used the difference in D6 expression between unaffected and tumor
mucosa when relating D6 expression to different tumor parameters. D6 expression was
correlated with tumor stage and D6 expression was significantly lower in T3 and T4

staged tumors compared to T1 and T2 (p<0.05, Paper II, Fig 3A ). The more advanced
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the tumor, the less D6 mRNA was expressed. In addition to tumor stage, location of
tumors had a significant impact on D6 expression, as levels were significantly lower in
tumors from sigmoid colon compared to the cecum (p<0.05, Paper II, Fig. 3C). Further,
although no significant correlation was observed, a trend towards less D6 expression
was seen in medium differentiated tumors as compared to poorly differentiated and
mucus-producing tumors. Even though D6 expression was clearly heterogeneously
expressed in unaffected colon mucosa, it is important to emphasise that D6 expression
in tumor associated colon was consistently lower independent of tumor or patient

characteristics.

Treg/Th2 recruiting CCL22 is elevated in tumor mucosa

The contributing mechanisms of chemokine decoy receptors in tumor development and
progression are largely unknown. D6 is proposed to scavenge CC chemokines to avoid
excessive inflammation and hence increased availability of inflammatory CC chemokines
is a possible consequence of decreased D6 expression [235]. We used protein extracts
from tumor and unaffected colon mucosa to determine and compare the levels of
selected D6 chemokines sequestered by D6. CCL22 that recruits CCR4 expressing
lymphocytes is sequestered by D6 and was three-fold upregulated in colon tumors
compared to unaffected mucosa (p<0.001, Paper II, Table II). CCL22 is secreted by tumor
infiltrating macrophages [236] but has been shown to be secreted by intestinal
epithelium and some cell lines of colon cancer in vitro but it is not known if it occurs in
vivo [237]. However, simultaneous production of CCL22 and suppression of D6
expression by colon tumor cells would be a sophisticated strategy to recruit
immunosuppressive Tregs. This indicates that decreased D6 expression within the
tumor environment could be a mechanism used by tumors to recruit Tregs and Th2
lymphocytes. Also, CCL2 was elevated in some colon tumors although statistical
significance was not achieved (Paper II, Table II). Why some, but not all CC chemokines
sequestered by D6 are elevated in tissues with decreased D6 could depend on the
varying affinity spectrum of D6 specific chemokines. CCL22 and CCL2Z display
particularly high affinity for the D6 receptor and thereforee they would probably be the
chemokines most affected by D6 expression [81,238]. In mice with allergic inflammation
of the lung, CCL22 regulation by D6 occurs only at certain concentration spans, which

might be the case also in colon tissue [239]. The concentrations of CCL5 and CCL8 were
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not different between tumor and unaffected tissue, which is partly consistent with data
in murine models where D6 expression has no effect on CCL5 levels during pregnancy
and in allergic inflammation of the lung [240,239]. Moreover, reduced D6 expression
might result in poor induction of immune responses to tumor antigens, due to impaired

migration of antigen presenting cells to lymph nodes, as recently reported [241].

53



Treg impair the migration of conventional T cells through activated
endothelium

We have previously demonstrated that circulating Tregs from patients with gastric and
colon adenocarcinoma inhibit migration of conventional T cells through Helicobacter
pylori activated endothelium in vitro [184]. Hence, besides suppressing immune
responses inside tumors, this observation offers another mechanism by which Tregs
could reduce T cell infiltration into colon tumors. To exclude that the suppressive effect
on T cell migration is H. pylori specific, we first induced TEM with LPS and Polyl:C
[242,243] and could confirm that migration of CD4* and CD8* T cells, from healthy
subjects, was strong and similar to that of H.pylori induced TEM (Paper III, Fig 1B,C).

LPS and Polyl:C was subsequently used to induce and compare TEM of gastric and colon
cancer patient T cells, to that of T cells from healthy controls. LPS and Polyl:C induced
only minor migration of CD4* T cells from cancer patients compared to CD4* cells from
healthy volunteers, similar to that induced with H. pylori (Paper III, Fig 2A). CD8* T cell
from cancer patients also had a reduced migration capacity with all stimuli examined
compared to their counterparts from healthy volunteers (Paper IlI, Fig 2A) although not
as pronounced as for the CD4* T cells. None of the migrating PBMC presented any cell
division activity during experiments, as visualized by staining with CFSE prior to TEM,
regardless of stimuli (data not shown). Together, these results demonstrate a reduced T
cell TEM in cancer patients compared to in healthy volunteers, regardless of the

stimulus used to activate the endothelial cells.

Having established an in vitro system for detecting T cell migration through endothelium
activated with LPS and Polyl:C, we examined the influence of Treg from colon cancer
patients on the migration of conventional T cells. When patient PBMC populations were
depleted of CD4+CD25" cells, TEM of CD4* T cells subsequent to activation by LPS or
Poly:IC was significantly increased compared to the whole PBMC fraction (p<0.01 and
p<0.05 respectively. Migration levels of Treg depleted PBMC from patients were thereby
similar to those of healthy controls. Addition of CD25h Tregs to the CD4*CD25/low
fraction resulted in a significant decrease of migration that was almost back to the level
of whole PBMC fractions (Paper III, Fig 3C). The same effect was also observed for CD8*
T cell migration through LPS activated endothelium (p<0.05, Paper III, Fig 3E). In
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contrast, migration of conventional T cells isolated from healthy individuals was similar
with and without depleted CD25M Tregs, indicating that suppression of TEM by Tregs
from cancer patients is not simply due to higher frequencies but also dependent on

differences in Treg function compared to healthy controls (Paper IlI, Fig 3B,D).

Having observed increased frequencies of CD39 on intratumoral Tregs, we also
examined the presence of the ectonucleotidases CD39 and CD73 on circulating
CD4+CD25" Tregs. Indeed, CD4*CD25M Tregs from cancer patients expressed
significantly more CD39 compared to corresponding cells from healthy individuals
(p<0.05, Paper III, Fig 5A). Depending on experimental setup, Tregs have been shown to
facilitate immune suppression through surface-bound or secreted TGF-f or CTLA-4,
Granzyme B cytotoxicity, transfer of cAMP through gap junctions or production of IL-10
or adenosine [244-246,181,247]. It is not clear whether Tregs have the ability to use all
of these effector mechanisms or if distinct subsets of Tregs with different suppression
functions exist. We have previously reported that the Treg effect on TEM of conventional
T cells in gastric cancer patients is independent of IL-10 and TGF-f, and hence
suppression is mediated via other pathways. Adenosine is a potent immunomodulatory
substance that acts on both T cells and dendritic cells to reduce T cell mediated immune
responses [248-252]. During the last years, it has become increasingly clear that CD39-
mediated hydrolysis of ATP to adenosine is an important effector mechanism for human
Treg even though they lack CD73 [182]. CD39* Tregs seem to be particularly important
for suppression of Th1l7 immune responses in autoimmunity, but have also been
detected in patients with head and neck carcinoma [182]. Interestingly, in a mouse
model of delayed type hypersensitivity, Tregs were shown to mediate suppression of T

cell migration to the skin via adenosine [253].

Adenosine potentially mediates impaired TEM of conventional T cells from
CRC patients

To evaluate the immediate effects of adenosine on TEM, we simultaneous added
exogenous adenosine and T cells to transmigration assays, which demonstrated that
adenosine strongly reduced TEM of both CD4* and CD8* from healthy individuals
through LPS activated endothelium (p<0.05, Paper IlII, Fig 7A). To further confirm the

inhibitory effect by adenosin we instead added the general adenosine receptor
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antagonist 1,3-dipropyl-8-(p-sulphophenyl) xanthine (DPX) to the TEM assays together
with T cells from patients with colorectal cancer. Blocking of adenosine receptors during
transmigration more than doubled TEM by conventional T cells from cancer patients
compared to untreated migration in preliminary experiments, as evident by increased
migration of both CD4* and CD8* T cells (Paper IlI, Fig 7B). Adenosine hydrolysis by
intratumoral Tregs probably contribute to tumor progression by mediating direct
immunosuppressive effects, but can also stimulate angiogenesis [254-257]. Moreover,
murine studies show that blocking of A2aAR signalling in cytotoxic T cells enhance their
recognition and binding to tumor cells [250]. Further supporting a role for CD39
induced adenosine is that deletion of CD39 on Tregs promote antitumor cytotoxicity in

experimental systems [258].

Min/+

Lymphocyte distribution in APC mice

To examine the effect of Tregs on conventional T cell migration in vivo, we used the
APCMin/*mouse model of spontaneous intestinal cancer. Tumor formation due to deleted
APC is a result of uncontrolled wnt-signaling [259,260], a pathway also involved in
immunological processes, not only during lymphocyte development but also in antigen
responses [261,262]. Therefore, we first determined lymphocyte distribution and
frequencies as well as functional properties in regulatory and conventional T cells in
APCMin/* mice compared to wt controls. In our animal facility, APCMin/+ mice start to
present visible tumors in the small intestine (SI) at 12 weeks of age, and at week 18 all
animals have formed multiple tumors along the SI. At week 22 tumors are large and
more numerous and at this age some mice have to be euthanized due to blocking of the
intestine, commonly the colon. To include both early events in tumor development as
well as established tumors we studied four different time poins: week 10, 14, 18 and 22.
Over time, frequencies of CD4* T cells in the SI were similar between APCMin/+and wt
mice whereas CD8* T cells seemed to decrease with age in both groups (Paper IV. Fig 1).
We observed that both splenic CD4 and CD8 T cells decreased with age in APCMin/+ mice
as previously reported by others [263]. This decrease of splenic T cells was not detected
in wt animals (Paper 1V, Fig 1). Circulating CD4+ and CD8* lymphocytes were similar
between APCMin/+ and wt mice (Paper IV. Fig 1). When studying the subpopulations
within the CD4+ lymphocyte fraction more closely, we observed that CD4*Foxp3* Tregs

were clearly accumulated (p<0.05) in APCMin/* intestines compared to wt at week 22
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(Paper IV. Fig 2A). At this time point, APCMin/*S[ also harboured decreased frequencies
of recently activated CD4*CD69+* lymphocytes. We also noted that the decrease in
CD4+CD69* T cells in the SI coincided with an increase of circulating CD4+*CD69* T cells
in the same animals (Paper IV, Fig 2A). Tumors were not separated from unaffected
lamina propria for these analyses. Still, while no difference in lymphocyte frequencies
was observed at earlier time points, the shift in Treg/recently activated T cells probably

reflects the high tumor load of the older mice.

A feature that is repeatedly reported to correlate to poor disease outcome in colorectal
cancer is a low effector T cell to Treg ratio. Here we observed that SI adenomas in the
APCMin/+* mouse also harboured low frequencies of conventional T cells in relation to
Foxp3* Tregs as mean ratios of CD4/Treg and CD8/Treg were only 50% to that detected
in wt SI (Paper IV, Fig 2B). We used immunofluorescence to evaluate the infiltration of
lymphocytes in SI tumors compared to that of unaffected lamina propria within the
same mouse and wt lamina propria. Similar to what we have observed in human colon
tumors, frequencies (expressed as cells/mm?) of CD4* and CD8* T cells in colon
adenomas were similar to that of unaffected lamina propria (Paper IV, Fig 3A). Instead,
like also detected in human tumors, the B cells (CD220+) were significantly decreased in
both SI and colon adenomas (p<0.01, Paper 1V, Fig 2C). As already discussed in relation
to human tumors, efficient tumor clearance is depending on the quality of the immune
response but still, numbers of cells would probably also make a difference. Having
similar numbers of CD4*Foxp3- and CD8* T cells in tumors as in normal tissue might
therefore indicate low immunogenicity and/or successful immune escape. In contrast to
the findings in colon, SI adenomas displayed decreased infiltration of CD4* T cells as
well as significantly decreased CD8* T cells (p<0.05, Paper 1V, Fig 2A,B). The murine
colon harbours low numbers of T cells, in particular CD8* T cells, in homeostatic
conditions and therefore decreased numbers might be difficult to detect compared to
the SI which is densely infiltrated by T cells. Further, we detected accumulation of
CD4+*Foxp3* Tregs in colon adenomas (p<0.01), whereas the increase in CD4+Foxp3*
Tregs in SI adenomas was only modest (Paper IV, Fig 4A). However, the frequency of
CD4+*Foxp3* Tregs in the CD4* fraction was strongly elevated in both SI and colon

adenomas in APCMin/* mice (p<0.01 and p<0.001, Paper 1V, Fig 4B). Consistently
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throughout these analyses, no difference in lymphocyte infiltration between wt and

unaffected APCMin/+]amina propria was observed (Paper 1V, Fig 3A,B).

APCM™/* Tregs are functional and suppress the proliferation of conventional
cells in vitro

To determine that APCMin/+ Treg are functional, we evaluated their suppressive ability of
splenic CD4*CD25* Treg from both APCMin/* mice and wt controls in co-culture
experiments. Responder CD4+CD25- T cells were cultured with Tregs, antigen presenting
cells and anti-CD3 at Treg:Tresponder ratios of 1:1, 1:2, 1:4 and 1:8. APCMin/+ Treg had
strong and similar suppressive effect as compared to wt controls as only 15-40 %
proliferation was detected in responder cells at all time points (Paper IV, Fig 5A). The
distribution of CD25 expression in splenic CD4* T cells is showed in Fig 4 (lower panel).
The suppressive effect rapidly declined with lower concentrations of Treg and at the 1:4
ratio, the responder T cells proliferated almost as good as responder cells alone
independent of age or tumor burden (Paper IV, Fig 5B). Still, it should be noted that
important differences may exist in vivo as Tregs from APCMin/+ animals do not prevent
colitis equally well as wt Treg [264]. To examine APCMin/+responder cells compared to
wt, we cultured responder cells from each of the genotypes together with APCMin/* Treg
ata 1:1 ratio. APCMin/*responder T cells were consistently more resistant to suppression
with 55-70% remaining proliferation compared to only 10-40% in the wt responder
cells. This effect was particularly pronounced at week 18 (p<0.01, Paper IV, Fig 6). Our
data suggests that impaired Treg function in APCMin/* mice might depend on low
responsiveness in responder cells rather than defects in the Treg themselves. Actually,
responder T cells isolated from joints in patients suffering from juvenile idiopathic
arthritis have been reported to resist suppression from Tregs due to hyperactivation of
protein kinase B, caused by inflammatory cytokines [265]. In addition, Smad7
dependent unresponsiveness in responder mononuclear cells to Treg suppression in the
colon of patients with IBD has been reported [266]. Since the microenvironment in
APCMin/+ adenomas is not reported to harbour any strong inflammatory response and
the fact that we detected low responsiveness also at early time points with no visible
tumors, other mechanisms for inducing low responsiveness in T cells might exist. The

apc mutation itself may induce low responsiveness in addition to other abnormalities
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reported, such as decreased cytotoxicity of effector CD8* T cells and increased IL-17

secretion from CD4+ T cells [264,267].

When evaluating the cytokine production in responder T cells in co-culture with
APCMin/+ or wt Tregs, we could determine that independent of genotype, Tregs
suppressed IFN-y and TNF-a equally well, while there was only little effect on IL-13
secretion. In contrast, IL-17A levels from conventional T cells were increased in the
supernatants where Tregs were present (Paper IV, Fig 7). Isolated Tregs alone produced
some [L-17A (108+ 124 pg/ml) after stimulation but were not responsible for the whole
increase seen in co-cultures (data not shown). IL-17 has recently been shown to
promote tumorigenesis in APCMin/* mice [263,264] and Th17 cell infiltration in human
CRC predicts a poor outcome [102]. I[FN-y, TNF-q, IL-10 and IL-13 levels were low or

undetectable in all cultures of Tregs alone (data not shown).

Min/+

Treg depletion increase homing of CD4" and CD8 T cells to APC"""* adenomas

After having demonstrated that APCMin/+ Tregs are accumulated in intestinal adenomas
and are functionally intact, we wanted to evaluate the effect on conventional T cell
homing to tumors in vivo. We crossed APCMin/+ mice with DEREG mice, to enable
selective depletion of Treg in tumor bearing mice through DT administration. Efficient
depletion of Tregs was observed on day five with 83% of circulating Treg depleted, after
DT administration on four consecutive days (data not shown). Ten days after the start of
Treg depletion, there was increased infiltration of both CD4* and CD8* conventional T
cells into small intestinal tumors as compared to DT treated APCMin/+ controls, assessed
by flow cytometry and immunofluorescence (Paper 1V, Fig 8A-B, D-E). Interestingly,
Treg depletion has recently been reported to increase CD4* and CD8* T cell infiltration
in experimental thymomas and chemically induced sarcomas [268,269]. We also noted
that Tregs had started to reappear at the time of analysis (Paper 1V, Fig 8C,F) but the
frequency of Treg among CD4* lymphocytes was still lower in tumors from the DT-
treated APCMin/+/DEREG mice compared to DT treated APCMin/+ controls (Paper 1V, Fig
8G). To examine possible mechanisms for increased T cell infiltration to small intestinal
tumors after Treg depletion, we analysed endothelial expression of the mucosal
adhesion molecule MAACAM-1 by immunofluorescence, as the expression is decreased

in human gastric and colon adenocarcinoma [221,270]. We detected similar MAdCAM-1
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expression in tumors and unaffected lamina propria both in DT treated APCMin/*/DEREG
and APCMin/* control animals, which was also confirmed by real time PCR (Paper 1V, Fig
8D/ data not shown). Thus, it remains to be determined if depletion of Treg restores the
expression of other endothelial adhesion molecules or chemokines to facilitate
recruitment of T lymphocytes, or if the increased frequencies of T cells detected are
rather caused by local expansion of T cells in tumors when the suppressive activity of

Treg is removed.

Concluding remarks

Infiltration of lymphocytes to effector sites is crucial for mounting successful immune
responses, but dysregulation of the lymphocyte homing process might also be harmful
to the host and induce chronic inflammation, tumor development and resistance of
tumor cells to anti-tumor immunity. Immunotherapy against tumors have had little
success, as both vaccine induced immunity and administration of in vitro stimulated
effector T cells result in poor infiltration of effector T cells into tumors. This thesis
addresses the homing mechanisms of lymphocytes in colorectal adenocarcinoma as
compared to surrounding unaffected tissue as well as possible effects from Tregs on

conventional T cell homing.

Effector and in particular effector/memory T cell infiltration in colon tumors are
beneficial for disease outcome whereas low ratios of CD8* effector cells or memory T
cells to Tregs are not. However, the consequence of mere accumulation of intratumoral
Tregs in CRC is not completely defined and seem to diverge from what is reported on
other solid tumors, where accumulation of Tregs is associated with poor outcome.
Instead, gathering data suggest a positive correlation between infiltrating Tregs and
patient disease free and overall survival. One possible mechanism to why Tregs are
beneficial in colorectal cancer, but not in other solid tumors, could be the balance of Th
subsets in the microenvironment. Most solid tumors are sterile, whereas colon tumors
grow in an environment enriched in commensal bacteria. Tumor tissue is characterized
by necrosis and hence, tissue damage may result in constant bacterial insult known to
drive Th17 differentiation. Th17 mediated inflammation seem to favour tumor

progression and the presence of intratumoral Tregs may suppress Th17 inflammation
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leading to a less favourable environment for tumor growth. There is little data on tumor-
infiltrating Treg function in colorectal cancer, most likely due to difficulties to obtain
sufficient numbers of primary cells for functional evaluation. However, one recent study
proved the importance of Treg phenotype and function in predicting clinical outcome,
since the suppressive ability of circulating Tregs from CRC patients with metastasis after
tumor resection was higher than in patients who remained disease free [121]. We
observed diverse phenotypes of Tregs between tumor and unaffected mucosa with
accumulation of Foxp3*CCR4* Tregs in colon tumors as well as elevated levels of the
CCR4 ligand CCL22 that was not observed in surrounding unaffected tissue. Except for
indications regarding the route of entry, we also detected elevated expression of CD39
and high expression of CTLA-4 in intratumoral Tregs, suggesting that their regulatory
function is enhanced compared to Tregs in unaffected tissue. Indeed, suppressive
function has been shown in Tregs isolated from human colon tumors as they suppress
conventional T cell proliferation in vitro. Moreover, another finding suggesting that
Tregs may have a negative impact on tumor progreesion is that tumor infiltrating Tregs

correlates with Duke stage in CRC [117].

Therapeutic strategies to overcome immune suppression by intratumoral Tregs would
probably be blocking of Treg function rather than depletion. Treg depletion with
Diphteria toxin-conjugated anti-CD25 in patients with renal carcinoma did enhance DC
vaccine induced anti tumor T cell responses [271]. However, the risk with prolonged
anti-CD25 administration is depletion of activated T cells [272]. Interestingly,
vaccination of mice with Foxp3 mRNA-transfected DCs induced cytotoxic T cells specific
for Foxp3, which resulted in decreased density of intratumoral Tregs and enhanced
protective immunity [273]. Whether this approach would be suitable in humans remains
to be determined, but would probably be superior to CD25 based therapy in selectively

depleting Tregs.

Our results suggest that homing of Tregs to colon tumors partly depends on
CCR4/CCL22 as a CCR4* Tregs were more accumulated in tumors compared to
unaffected tissue. Tumors also displayed elevated CCL22 levels in parallel with much
decreased levels of CCL22 sequestring CDR D6. Together, our data indicate that colon

tumors are protected from immune mediated rejection by CCL22 induced recruitment of
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Tregs to the tumor site and might have therapeutic value. The forced expression of D6
may restore chemokine balance in the tumor microenvironment to facilitate proper
entry of effector T cells. There is conflicting data on the importance of D6 in colon cancer
as the study by Vetrano et al of IBD-associated colon cancer show that D6 expression in
these tumors is elevated. Colon tumors in IBD-patients are probably detected earlier
than spontaneous colon tumors due to regular medical check-ups within this category of
patients. This means that colon tumors in IBD-patients are likely to be less advanced
compared to spontaneous tumors at the time of diagnosis and might explain the
discrepancy between the two studies as low D6 expression is correlated to tumor stage.
We show here that the D6 expression is more decreased in advanced T3 and T4 tumors
compared to T1 and T2 tumors. If IBD-associated tumors are detected at an early stage,
D6 may still be up-regulated to scavange proinflammatory CC chemokines in response
to IBD-induced inflammation. Still, as Th17 and Treg immune responses are intricately
and inversely connected, there is a major risk that blocking of Treg migration to tumors
may induce strong Th17 immunity, resulting in tumor progression. Thus, blocking entry
of Tregs into tumors would probably demand the simultaneous blocking of Th17

differentiation in the treatment of CRC.

Blocking of Treg functions could perhaps reverse the impaired infiltration of activated
conventional T cells into colon tumors. Our observation that CD39* Tregs are
accumulated in colon adenocarcinoma in addition to blocking TEM of conventional T
cells makes CD39 a potential molecular target for colon cancer immunotherapy. We
detected less infiltration of activated CD4+* and CD8* T cells in tumors compared to
unaffected mucosa that might be a result of Treg mediated inhibition of migration as
well as inhibition of effector functions via the production of adenosine. Indeed, when
depleting Tregs in APCMin/* mice we detected enhanced infiltration of CD4* and CD8* T
cells, supporting the role of Tregs in suppressing T cell migration. Hence, successful and
non-toxic blocking of CD39 would abrogate immunosuppression by CD39 derived
adenosine in the tumor in parallel to inducing effector T cell infiltration. Still, anti-CD39
therapy might also result in opposing effects as accumulation of ATP might induce
excessive induction of inflammatory Th17 cells as well as impaired functions in DCs
[274,275]. Adenosine receptors are expressed in several cell types involved in anti

tumor activity including monocytes/macrophages, DCs, NK-cells and lymphocytes,
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making them targets for Treg CD39 mediated suppression [276]. Hence, blocking of
adenosine receptors would be a strategy to avoid suppressive effects of Treg derived
adenosine and enhance effector cell infiltration into colon tumors and still circumvent
local accumulation of ATP. Considering that intratumoral Tregs express high amounts of
CTLA-4, indispensible for suppressive functions of Tregs, CTLA-4 qualifies as a
candidate target in immunotherapy. Indeed, antibody mediated blocking of CTLA-4 in
patients with melanoma, renal cell cancer and prostate cancer enhance tumor immunity,
unfortunately there is also severe autoimmunity mediated side effects due to enhanced

activation of conventional T cells [277,278].

This thesis contributes to the current knowledge on T cell homing to colon
adenocarcinomas, by showing differential recruitment of Tregs compared to unaffected
tissue, and that Tregs impair the migration of conventional T cells in colon cancer. Since
therapy induced protection against tumors requires the infiltration of activated T cells
into tumors, and possibly abrogation of Treg mediated suppression, results from this

thesis will hopefully aid in the successful design of future immunotherapies.

63



esodNW uojod pajdayeun

|9ssaA poo|g

Q

L-WVDPVYW

sTad

"'s8aJ]

|eJowniesiul pue 3uilejnaJ
JO uonejnwnloe pue
s1031d2234 Aodap aupjowayd
‘s9|ndsjow uolsaype
|el]2y1opua 4O suollelayje

uo 3uipuadap Ajpsed ‘esoonw
pald29jjeun 3ulpunosuns

0} paJedwod sJown} uojod 0}
S||92 1 |euolluUdAUOD pue 3aJ]
JO JUBWIINJIBI |BIIUBIBYIP
sasodoud sIsays siyL

64



Acknowledgements

[ wish to express my gratitude to the many people at the Department of Microbiology
and Immunology, as well as outside, who helped and supported me during my PhD
studies, especially:

Marianne my fantastic supervisor, for your guidance and support during these years
and for being truly enthusiastic during both ups and downs. I really admire your rare
ability to stay professional although you at the same time create a friendly and fun
atmosphere to work in. I have really enjoyed the opportunity to work with human
studies and being a part of the MQ lab. Thank you for always boosting my confidence,
and for knowing when it was most needed!

Samuel Lundin my co-supervisor, for providing new ideas to my project and help
during thesis writing. Also for training advice, even though I will probably never run
bare-foot or in sandals. [ enjoy my bumpy shoes!

Patrik Sundstrom, my great, great co-worker who makes the late evenings at the lab
not seem so bad. Thank you for incredible patience when I cannot find anything or feel
the urge to rearrange our antibodies ;) and for excellent teamwork fixing my glasses that
gave up the day before printing! It has been great to work with someone so neat and
stringent when it comes to experiments but so much fun to be around.

Sukanya Raghavan, your helpfulness and kindness have been much appreciated. Thank
you for experimental help with the H-felis infection model in the middle of vacation as
well as expertise when answering all my T cell and mouse questions.

Asa Sjoling for all your help with molecular methods as well as always asking how
things are going. Your expertise and cheerful ways have really made Microbiology and
Immunology a great place to go to everyday!

Carl-Fredrik Flach for great help with real time PCR analysis (ddCT) and for taking the
time everytime I "realized my calculations were all wrong”. I hope I have been through

that paranoia for the last time now.

Lars Borjesson, Bengt Gustavsson, Hillevi Bjorkqvist and Ann-Louise Helminnen
for excellent help in collecting clinical samples.

Mats Bemark, Anna Lundgren and Lena Ohman for kindly answering questions on T
cell biology and flow cytometry, all your knowledge is truly inspiring and have helped

me over some bumps along the way.

Gudrun Wiklund, Karin Schén, Susannah Leach and Syster Hillevi Hallberg for help
with blood sampling from the tricky ones ©.

Natascha Svensson for help with western blots.
Kristina Nystrom for help running and analysing real time PCR data on

glycosyltransferases.

65



Anneli Stensson for teaching me how to make “cinnamon buns” and for help on IHC
matters. But perhaps more importantly, for keeping me in shape!

Anna-Karin Ostberg for sharing cDNA from Helicobacter infected mice.
Joanna Kaim and Jennie Adamsson our lab gurus on third floor, what would lab life be
without you stepping in when I have run out out of reagents or IQ ©

Malin S and Hanna S, our post-docs for sharing all your great knowledge on flow
cytometry and cell sorting and for always helping out.

All present and former members and students of the MQ group. Especially Helena, for
nice company in the lab and good collaboration on Paper I and II. Hope to see you in a
lab somewhere soon! Paulina for nice work on the APCMin project, hejja hejja! Astrid
for putting so much effort into the IHC quantifications of the APCMin project, thank you.

All my fantastic roomies, Tobbe and Susannah for initiatives outside work as well as
teaching me movie lines, still crap at it though.... Anders, Bert and Malin H for
welcoming me as a new PhD student. Maria M for nice company and encouragement
during the thesis writing. Lasse, thank you for your consideration when deadline was
approaching.

Jessica and Ellen, my immunology book club companions. Thank you for not giving up
despite stressful schedules. It was a very nice way of learning basic immunology again!

Susanne U, Tinna och Anita, for your kindness and for always finding ways to solve
problems!

Madde, Peter, Tobbe, Joanna, Helena, and everyone else who joined in playing beach
volley!

All former and present PhD students and colleagues at the department for social
initiatives as well as scientific discussions. Thank you for creating a friendly and joyful
atmosphere!

All the PhD students forming Doktorandradet over the years, it has been a great
experience to work with you.

Marie and Emma, for being such good friends! It's been great to share the ups and
downs of science with two such talented, encouraging and understanding scientists as
you two!

All my dear friends, new and old. Having shared so many fantastic experiences,
occasions, and adventures with you is what really matters! “Ingen ndmn- ingen glomd” ;)
Thank you!

Familjen Hallberg for gemenskap och omtanke. Sarskilt tack till Tore och Hillevi, ni ar

superfina och har gjort skrivdimman hanterbar genom att vara varldens basta farmor
och farfar, TACK!

66



Mina omtinksamma bréder som jag ser upp till och som ar mig valdigt kara. Tack
Daniel for att du alltid trycker mina posters “by night” och foér hjidlp med illustration och
disposition av avhandlingen och Magnus som alltid stéller upp som min privata IT help
desk.

Bestemor och Bestefar, for att ni varit sd fina forebilder och for riktiga Bullerby-
somrar!

Mamma och pappa, for all er kdrlek och uppmuntran och for att ni alltid trott pa mig
oavsett vad det galler. Tack pappa for ditt intresse i allt som ar vetenskapligt och som
smittat av sig och sarskilt tack till mamma som passat Wilhelm sd mycket under mitt
avhandlingsarbete. Vet inte hur det skulle gatt utan dig!

Min fantastiska Calle, som statt ut med mina sena kvallar och helger pa labbet, inte
minst nu under skrivtiden. Skulle det gd att fi en PhD i pappalogi skulle du vara
overlagsen! Tack for att du tar sd val hand om var harliga Wilhelm nér jag jobbar hela
tiden och for att vi har s& himla kul tillsammans! Alskar dig massa - DIN

This work was supported with grants from The Swedish Research Council, Swedish
Cancer Society, Sahlgrenska Hospital Funds for Clinical Research, the Assar Gabrielsson
Foundation for clinical Research, Professor Nanna Svartz Foundation, the Signhild
Engkvist Foundation, Kungliga och Huvitfeldtska stiftelsen, Lindhés Advokatbyr3,
Willhelm och Martina Lundgren Foundation and Mary von Sydow, fodd Wijk,
Foundation.

67



References

1. Butcher EC, Picker L] (1996) Lymphocyte homing and homeostasis. Science 272
(5258):60-66

2. Mowat AM (2003) Anatomical basis of tolerance and immunity to intestinal antigens.
Nature reviews Immunology 3 (4):331-341. doi:10.1038/nri1057

3. Germain RN, Stefanova I (1999) The dynamics of T cell receptor signaling: complex
orchestration and the key roles of tempo and cooperation. Annual review of
immunology 17:467-522. d0i:10.1146 /annurev.immunol.17.1.467

4. McEver RP, Moore KL, Cummings RD (1995) Leukocyte trafficking mediated by
selectin-carbohydrate interactions. The Journal of biological chemistry 270 (19):11025-
11028

5. Berg EL, McEvoy LM, Berlin C, Bargatze RF, Butcher EC (1993) L-selectin-mediated
lymphocyte rolling on MAdCAM-1. Nature 366 (6456):695-698. d0i:10.1038/366695a0
6. Pabst O, Ohl L, Wendland M, Wurbel MA, Kremmer E, Malissen B, Forster R (2004)
Chemokine receptor CCR9 contributes to the localization of plasma cells to the small
intestine. The Journal of experimental medicine 199 (3):411-416.
doi:10.1084/jem.20030996

7. Berlin C, Berg EL, Briskin MJ], Andrew DP, Kilshaw PJ, Holzmann B, Weissman IL,
Hamann A, Butcher EC (1993) Alpha 4 beta 7 integrin mediates lymphocyte binding to
the mucosal vascular addressin MAdCAM-1. Cell 74 (1):185-195

8. Stenstad H, Ericsson A, Johansson-Lindbom B, Svensson M, Marsal ], Mack M, Picarella
D, Soler D, Marquez G, Briskin M, Agace WW (2006) Gut-associated lymphoid tissue-
primed CD4+ T cells display CCR9-dependent and -independent homing to the small
intestine. Blood 107 (9):3447-3454. doi:10.1182/blood-2005-07-2860

9. Cepek KL, Parker CM, Madara JL, Brenner MB (1993) Integrin alpha E beta 7 mediates
adhesion of T lymphocytes to epithelial cells. ] Immunol 150 (8 Pt 1):3459-3470

10. Anz D, Mueller W, Golic M, Kunz WG, Rapp M, Koelzer VH, Ellermeier ], Ellwart JW,
Schnurr M, Bourquin C, Endres S (2011) CD103 is a hallmark of tumor-infiltrating
regulatory T cells. International journal of cancer Journal international du cancer 129
(10):2417-2426.doi:10.1002 /ijc.25902

11. Salmi M, Jalkanen S (2005) Lymphocyte homing to the gut: attraction, adhesion, and
commitment. Immunological reviews 206:100-113. doi:10.1111/j.0105-
2896.2005.00285.x

12. Johansson-Lindbom B, Svensson M, Wurbel MA, Malissen B, Marquez G, Agace W
(2003) Selective generation of gut tropic T cells in gut-associated lymphoid tissue
(GALT): requirement for GALT dendritic cells and adjuvant. The Journal of experimental
medicine 198 (6):963-969. doi:10.1084 /jem.20031244

13. Eksteen B, Mora JR, Haughton EL, Henderson NC, Lee-Turner L, Villablanca E],
Curbishley SM, Aspinall Al, von Andrian UH, Adams DH (2009) Gut homing receptors on
CD8 T cells are retinoic acid dependent and not maintained by liver dendritic or stellate
cells. Gastroenterology 137 (1):320-329. doi:10.1053/j.gastro.2009.02.046

14. Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY (2004) Retinoic acid
imprints gut-homing specificity on T cells. Immunity 21 (4):527-538.
doi:10.1016/j.immuni.2004.08.011

15. Springer TA (1994) Traffic signals for lymphocyte recirculation and leukocyte
emigration: the multistep paradigm. Cell 76 (2):301-314

68



16. Mackay CR, Marston WL, Dudler L (1990) Naive and memory T cells show distinct
pathways of lymphocyte recirculation. The Journal of experimental medicine 171
(3):801-817

17. Forster R, Davalos-Misslitz AC, Rot A (2008) CCR7 and its ligands: balancing
immunity and tolerance. Nature reviews Immunology 8 (5):362-371.
doi:10.1038/nri2297

18. Okada T, Ngo VN, Ekland EH, Forster R, Lipp M, Littman DR, Cyster JG (2002)
Chemokine requirements for B cell entry to lymph nodes and Peyer's patches. The
Journal of experimental medicine 196 (1):65-75

19. Mori N, Horie Y, Gerritsen ME, Anderson DC, Granger DN (1999) Anti-inflammatory
drugs and endothelial cell adhesion molecule expression in murine vascular beds. Gut 44
(2):186-195

20. Butcher EC, Williams M, Youngman K, Rott L, Briskin M (1999) Lymphocyte
trafficking and regional immunity. Advances in immunology 72:209-253

21. Shigematsu T, Specian RD, Wolf RE, Grisham MB, Granger DN (2001) MAdCAM
mediates lymphocyte-endothelial cell adhesion in a murine model of chronic colitis.
American journal of physiology Gastrointestinal and liver physiology 281 (5):G1309-
1315

22.Rivera-Nieves ], Olson T, Bamias G, Bruce A, Solga M, Knight RF, Hoang S, Cominelli F,
Ley K (2005) L-selectin, alpha 4 beta 1, and alpha 4 beta 7 integrins participate in CD4+
T cell recruitment to chronically inflamed small intestine. ] Immunol 174 (4):2343-2352
23. Apostolaki M, Manoloukos M, Roulis M, Wurbel MA, Muller W, Papadakis KA,
Kontoyiannis DL, Malissen B, Kollias G (2008) Role of beta7 integrin and the
chemokine/chemokine receptor pair CCL25/CCR9 in modeled TNF-dependent Crohn's
disease. Gastroenterology 134 (7):2025-2035. doi:10.1053/j.gastro.2008.02.085

24. Hesterberg PE, Winsor-Hines D, Briskin M], Soler-Ferran D, Merrill C, Mackay CR,
Newman W, Ringler D] (1996) Rapid resolution of chronic colitis in the cotton-top
tamarin with an antibody to a gut-homing integrin alpha 4 beta 7. Gastroenterology 111
(5):1373-1380

25. Mantis NJ, Rol N, Corthesy B (2011) Secretory IgA's complex roles in immunity and
mucosal homeostasis in the gut. Mucosal immunology 4 (6):603-611.
doi:10.1038/mi.2011.41

26. Cheroutre H, Lambolez F, Mucida D (2011) The light and dark sides of intestinal
intraepithelial lymphocytes. Nature reviews Immunology 11 (7):445-456.
doi:10.1038/nri3007

27. Kett K, Brandtzaeg P, Fausa O (1988) J-chain expression is more prominent in
immunoglobulin A2 than in immunoglobulin A1 colonic immunocytes and is decreased
in both subclasses associated with inflammatory bowel disease. Gastroenterology 94
(6):1419-1425

28. Kraehenbuhl JP, Corbett M (2004) Immunology. Keeping the gut microflora at bay.
Science 303 (5664):1624-1625. d0i:10.1126/science.1096222

29. Cheroutre H, Kronenberg M (2005) Mucosal T lymphocytes--peacekeepers and
warriors. Springer seminars in immunopathology 27 (2):147-165. doi:10.1007 /s00281-
005-0205-7

30. Kim SK, Schluns KS, Lefrancois L (1999) Induction and visualization of mucosal
memory CD8 T cells following systemic virus infection. ] Immunol 163 (8):4125-4132
31. Rose JR, Williams MB, Rott LS, Butcher EC, Greenberg HB (1998) Expression of the
mucosal homing receptor alpha4beta7 correlates with the ability of CD8+ memory T
cells to clear rotavirus infection. Journal of virology 72 (1):726-730

69



32. 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):708-712. doi:10.1038/44385

33. Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B (2007) Lamina propria
macrophages and dendritic cells differentially induce regulatory and interleukin 17-
producing T cell responses. Nature immunology 8 (10):1086-1094. doi:10.1038/ni1511
34. MacDonald TT, Monteleone I, Fantini MC, Monteleone G (2011) Regulation of
homeostasis and inflammation in the intestine. Gastroenterology 140 (6):1768-1775.
doi:10.1053/j.gastro.2011.02.047

35. Schulz O, Jaensson E, Persson EK, Liu X, Worbs T, Agace WW, Pabst O (2009)
Intestinal CD103+, but not CX3CR1+, antigen sampling cells migrate in lymph and serve
classical dendritic cell functions. The Journal of experimental medicine 206 (13):3101-
3114.doi:10.1084/jem.20091925

36. O'Shea JJ, Paul WE (2010) Mechanisms underlying lineage commitment and
plasticity of helper CD4+ T cells. Science 327 (5969):1098-1102.
doi:10.1126/science.1178334

37. Abbas AK, Murphy KM, Sher A (1996) Functional diversity of helper T lymphocytes.
Nature 383 (6603):787-793. d0i:10.1038/383787a0

38. Cassani B, Villablanca EJ, De Calisto ], Wang S, Mora JR (2012) Vitamin A and immune
regulation: role of retinoic acid in gut-associated dendritic cell education, immune
protection and tolerance. Molecular aspects of medicine 33 (1):63-76.
doi:10.1016/j.mam.2011.11.001

39. Wiedermann U, Hanson LA, Kahu H, Dahlgren UI (1993) Aberrant T-cell function in
vitro and impaired T-cell dependent antibody response in vivo in vitamin A-deficient
rats. Immunology 80 (4):581-586

40. Nikawa T, Odahara K, Koizumi H, Kido Y, Teshima S, Rokutan K, Kishi K (1999)
Vitamin A prevents the decline in immunoglobulin A and Th2 cytokine levels in small
intestinal mucosa of protein-malnourished mice. The Journal of nutrition 129 (5):934-
941

41. Iwata M, Eshima Y, Kagechika H (2003) Retinoic acids exert direct effects on T cells
to suppress Th1 development and enhance Th2 development via retinoic acid receptors.
International immunology 15 (8):1017-1025

42. Keene JA, Forman ] (1982) Helper activity is required for the in vivo generation of
cytotoxic T lymphocytes. The Journal of experimental medicine 155 (3):768-782

43. Wirtz S, Finotto S, Kanzler S, Lohse AW, Blessing M, Lehr HA, Galle PR, Neurath MF
(1999) Cutting edge: chronic intestinal inflammation in STAT-4 transgenic mice:
characterization of disease and adoptive transfer by TNF- plus IFN-gamma-producing
CD4+ T cells that respond to bacterial antigens. ] Immunol 162 (4):1884-1888

44. Neurath MF, Fuss I, Kelsall B, Meyer zum Buschenfelde KH, Strober W (1996) Effect
of [L-12 and antibodies to IL-12 on established granulomatous colitis in mice. Annals of
the New York Academy of Sciences 795:368-370

45. Strober W, Fuss I, Mannon P (2007) The fundamental basis of inflammatory bowel
disease. The Journal of clinical investigation 117 (3):514-521. d0i:10.1172/JCI30587

46. Fuss 1], Neurath M, Boirivant M, Klein |S, de la Motte C, Strong SA, Fiocchi C, Strober
W (1996) Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in
inflammatory bowel disease. Crohn's disease LP cells manifest increased secretion of
[FN-gamma, whereas ulcerative colitis LP cells manifest increased secretion of IL-5. |
Immunol 157 (3):1261-1270

70



47. Zheng W, Flavell RA (1997) The transcription factor GATA-3 is necessary and
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89 (4):587-596

48. Li MO, Wan YY, Sanjabi S, Robertson AK, Flavell RA (2006) Transforming growth
factor-beta regulation of immune responses. Annual review of immunology 24:99-146.
doi:10.1146/annurev.immunol.24.021605.090737

49. Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A (2001) Interleukin-10 and the
interleukin-10  receptor. = Annual review of immunology  19:683-765.
doi:10.1146/annurev.immunol.19.1.683

50. Rubtsov YP, Rasmussen JP, Chi EY, Fontenot ], Castelli L, Ye X, Treuting P, Siewe L,
Roers A, Henderson WR, Jr.,, Muller W, Rudensky AY (2008) Regulatory T cell-derived
interleukin-10 limits inflammation at environmental interfaces. Immunity 28 (4):546-
558.d0i:10.1016/j.immuni.2008.02.017

51. Nakamura K, Kitani A, Fuss I, Pedersen A, Harada N, Nawata H, Strober W (2004)
TGF-beta 1 plays an important role in the mechanism of CD4+CD25+ regulatory T cell
activity in both humans and mice. ] Immunol 172 (2):834-842

52. Fuss I], Boirivant M, Lacy B, Strober W (2002) The interrelated roles of TGF-beta and
IL-10 in the regulation of experimental colitis. ] Immunol 168 (2):900-908

53. Veldhoen M, Hocking R], Atkins C], Locksley RM, 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):179-189. d0i:10.1016/j.immuni.2006.01.001

54. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M, Monticelli
S, Lanzavecchia A, Sallusto F (2012) Pathogen-induced human TH17 cells produce IFN-
gamma or IL-10 and are regulated by IL-lbeta. Nature 484 (7395):514-518.
doi:10.1038/nature10957

55. Li MO, Wan YY, Flavell RA (2007) T cell-produced transforming growth factor-betal
controls T cell tolerance and regulates Th1- and Th17-cell differentiation. Immunity 26
(5):579-591. d0i:10.1016/j.immuni.2007.03.014

56. Curtis MM, Way SS (2009) Interleukin-17 in host defence against bacterial,
mycobacterial and fungal pathogens. Immunology 126 (2):177-185. doi:10.1111/j.1365-
2567.2008.03017 x

57. O'Mahony C, Scully P, O'Mahony D, Murphy S, O'Brien F, Lyons A, Sherlock G,
MacSharry ], Kiely B, Shanahan F, 0'Mahony L (2008) Commensal-induced regulatory T
cells mediate protection against pathogen-stimulated NF-kappaB activation. PLoS
pathogens 4 (8):e1000112. doi:10.1371 /journal.ppat.1000112

58. Mosmann TR, Coffman RL (1989) TH1 and TH2 cells: different patterns of
lymphokine secretion lead to different functional properties. Annual review of
immunology 7:145-173. doi:10.1146/annurev.iy.07.040189.001045

59. Szabo §J, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH (2000) A novel
transcription factor, T-bet, directs Th1 lineage commitment. Cell 100 (6):655-669

60. Gorelik L, Fields PE, Flavell RA (2000) Cutting edge: TGF-beta inhibits Th type 2
development through inhibition of GATA-3 expression. ] Immunol 165 (9):4773-4777
61. Zhou L, Lopes JE, Chong MM, Ivanov, II, Min R, Victora GD, Shen Y, Du ], Rubtsov YP,
Rudensky AY, Ziegler SF, Littman DR (2008) TGF-beta-induced Foxp3 inhibits T(H)17
cell differentiation by antagonizing RORgammat function. Nature 453 (7192):236-240.
doi:10.1038/nature06878

62. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, Wang Y, Hood L, Zhu Z, Tian Q,
Dong C (2005) A distinct lineage of CD4 T cells regulates tissue inflammation by
producing interleukin 17. Nature immunology 6 (11):1133-1141. d0i:10.1038/ni1261

71



63. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, Weaver
CT (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):1123-1132.
doi:10.1038/ni1254

64. Zlotnik A, Yoshie O (2000) Chemokines: a new classification system and their role in
immunity. Immunity 12 (2):121-127

65. Murphy PM, Baggiolini M, Charo IF, Hebert CA, Horuk R, Matsushima K, Miller LH,
Oppenheim ]J, Power CA (2000) International union of pharmacology. XXII.
Nomenclature for chemokine receptors. Pharmacological reviews 52 (1):145-176

66. Rollins B] (1997) Chemokines. Blood 90 (3):909-928

67. Moser B, Loetscher P (2001) Lymphocyte traffic control by chemokines. Nature
immunology 2 (2):123-128. doi:10.1038/84219

68. Constantin G, Majeed M, Giagulli C, Piccio L, Kim JY, Butcher EC, Laudanna C (2000)
Chemokines trigger immediate beta2 integrin affinity and mobility changes: differential
regulation and roles in lymphocyte arrest under flow. Immunity 13 (6):759-769

69. Servant G, Weiner OD, Herzmark P, Balla T, Sedat JW, Bourne HR (2000) Polarization
of chemoattractant receptor signaling during neutrophil chemotaxis. Science 287
(5455):1037-1040

70. Sallusto F, Lenig D, Mackay CR, Lanzavecchia A (1998) Flexible programs of
chemokine receptor expression on human polarized T helper 1 and 2 lymphocytes. The
Journal of experimental medicine 187 (6):875-883

71. Gerard C, Rollins BJ (2001) Chemokines and disease. Nature immunology 2 (2):108-
115.d0i:10.1038/84209

72. Papadakis KA, Targan SR (2000) The role of chemokines and chemokine receptors in
mucosal inflammation. Inflammatory bowel diseases 6 (4):303-313

73. von Andrian UH, Mackay CR (2000) T-cell function and migration. Two sides of the
same coin. The New England journal of medicine 343 (14):1020-1034.
doi:10.1056/NEJM200010053431407

74. Andrew DP, Ruffing N, Kim CH, Miao W, Heath H, Li Y, Murphy K, Campbell J],
Butcher EC, Wu L (2001) C-C chemokine receptor 4 expression defines a major subset of
circulating nonintestinal memory T cells of both Th1 and Th2 potential. ] Immunol 166
(1):103-111

75. Allen SJ, Crown SE, Handel TM (2007) Chemokine: receptor structure, interactions,
and antagonism. Annual review of immunology 25:787-820.
doi:10.1146/annurev.immunol.24.021605.090529

76. Comerford I, Litchfield W, Harata-Lee Y, Nibbs R], McColl SR (2007) Regulation of
chemotactic networks by ‘atypical' receptors. BioEssays : news and reviews in
molecular, cellular and developmental biology 29 (3):237-247. d0i:10.1002 /bies.20537
77. Singh MD, King V, Baldwin H, Burden D, Thorrat A, Holmes S, Mclnnes IB, Nicoll R,
Shams K, Pallas K, Jamieson T, Lee KM, Carballido JM, Rot A, Graham GJ (2012) Elevated
expression of the chemokine-scavenging receptor D6 is associated with impaired lesion
development in psoriasis. The American journal of pathology 181 (4):1158-1164.
doi:10.1016/j.ajpath.2012.06.042

78. Lin GJ, Huang SH, Chen YW, Hueng DY, Chia WT, Chien MW, Yen BL, Sytwu HK (2011)
Transgenic expression of murine chemokine decoy receptor D6 by islets reveals the role
of inflammatory CC chemokines in the development of autoimmune diabetes in NOD
mice. Diabetologia 54 (7):1777-1787. d0i:10.1007/s00125-011-2166-9

72



79. Bordon Y, Hansell CA, Sester DP, Clarke M, Mowat AM, Nibbs R] (2009) The atypical
chemokine receptor D6 contributes to the development of experimental colitis. ]|
Immunol 182 (8):5032-5040. doi:10.4049/jimmunol.0802802

80. Liu L, Graham GJ, Damodaran A, Hu T, Lira SA, Sasse M, Canasto-Chibuque C, Cook
DN, Ransohoff RM (2006) Cutting edge: the silent chemokine receptor D6 is required for
generating T cell responses that mediate experimental autoimmune encephalomyelitis. |
Immunol 177 (1):17-21

81. Nibbs R]J, Wylie SM, Yang ], Landau NR, Graham G] (1997) Cloning and
characterization of a novel promiscuous human beta-chemokine receptor D6. The
Journal of biological chemistry 272 (51):32078-32083

82. Savino B, Castor MG, Caronni N, Sarukhan A, Anselmo A, Buracchi C, Benvenuti F,
Pinho V, Teixeira MM, Mantovani A, Locati M, Bonecchi R (2012) Control of murine
Ly6C(high) monocyte traffic and immunosuppressive activities by atypical chemokine
receptor D6. Blood 119 (22):5250-5260. d0i:10.1182/blood-2011-10-388082

83. Nibbs R], Kriehuber E, Ponath PD, Parent D, Qin S, Campbell JD, Henderson A,
Kerjaschki D, Maurer D, Graham GJ, Rot A (2001) The beta-chemokine receptor D6 is
expressed by lymphatic endothelium and a subset of vascular tumors. The American
journal of pathology 158 (3):867-877

84. McKimmie CS, Fraser AR, Hansell C, Gutierrez L, Philipsen S, Connell L, Rot A,
Kurowska-Stolarska M, Carreno P, Pruenster M, Chu CC, Lombardi G, Halsey C, McIlnnes
IB, Liew FY, Nibbs R], Graham GJ] (2008) Hemopoietic cell expression of the chemokine
decoy receptor D6 is dynamic and regulated by GATA1. ] Immunol 181 (11):8171-8181
85. Weber M, Blair E, Simpson CV, O'Hara M, Blackburn PE, Rot A, Graham G]J, Nibbs R]
(2004) The chemokine receptor D6 constitutively traffics to and from the cell surface to
internalize and degrade chemokines. Molecular biology of the cell 15 (5):2492-2508.
doi:10.1091/mbc.E03-09-0634

86. Dawson TC, Lentsch AB, Wang Z, Cowhig JE, Rot A, Maeda N, Peiper SC (2000)
Exaggerated response to endotoxin in mice lacking the Duffy antigen/receptor for
chemokines (DARC). Blood 96 (5):1681-1684

87. Pruenster M, Mudde L, Bombosi P, Dimitrova S, Zsak M, Middleton ], Richmond A,
Graham G]J, Segerer S, Nibbs R], Rot A (2009) The Duffy antigen receptor for chemokines
transports chemokines and supports their promigratory activity. Nature immunology 10
(1):101-108. d0i:10.1038/ni.1675

88. Comerford I, Milasta S, Morrow V, Milligan G, Nibbs R (2006) The chemokine
receptor CCX-CKR mediates effective scavenging of CCL19 in vitro. European journal of
immunology 36 (7):1904-1916. doi:10.1002/€ji.200535716

89. Heinzel K, Benz C, Bleul CC (2007) A silent chemokine receptor regulates steady-
state leukocyte homing in vivo. Proceedings of the National Academy of Sciences of the
United States of America 104 (20):8421-8426. doi:10.1073 /pnas.0608274104

90. Bunting MD, Comerford I, Seach N, Hammett MV, Asquith DL, Korner H, Boyd RL,
Nibbs R], McColl SR (2012) CCX-CKR deficiency alters thymic stroma impairing
thymocyte development and promoting autoimmunity. Blood. doi:10.1182 /blood-2012-
06-434886

91. Terzic |, Grivennikov S, Karin E, Karin M (2010) Inflammation and colon cancer.
Gastroenterology 138 (6):2101-2114 e2105. doi:10.1053/j.gastro.2010.01.058

92. Berrino F, De Angelis R, Sant M, Rosso S, Bielska-Lasota M, Coebergh JW,
Santaquilani M (2007) Survival for eight major cancers and all cancers combined for
European adults diagnosed in 1995-99: results of the EUROCARE-4 study. The lancet
oncology 8 (9):773-783. d0i:10.1016/S1470-2045(07)70245-0

73



93. Cunningham D, Atkin W, Lenz HJ, Lynch HT, Minsky B, Nordlinger B, Starling N
(2010) Colorectal cancer. Lancet 375 (9719):1030-1047. doi:10.1016/S0140-
6736(10)60353-4

94, Labianca R, Beretta GD, Kildani B, Milesi L, Merlin F, Mosconi S, Pessi MA, Prochilo T,
Quadri A, Gatta G, de Braud F, Wils | (2010) Colon cancer. Critical reviews in
oncology/hematology 74 (2):106-133. d0i:10.1016/j.critrevonc.2010.01.010

95. Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM, Hamilton SR, Thibodeau SN,
Vogelstein B, Kinzler KW (1992) APC mutations occur early during colorectal
tumorigenesis. Nature 359 (6392):235-237. d0i:10.1038/359235a0

96. Segditsas S, Tomlinson I (2006) Colorectal cancer and genetic alterations in the Wnt
pathway. Oncogene 25 (57):7531-7537. d0i:10.1038/sj.0nc.1210059

97. Cruz-Correa M, Giardiello FM (2003) Familial adenomatous polyposis.
Gastrointestinal endoscopy 58 (6):885-894

98. Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumorigenesis. Cell 61
(5):759-767

99. Knutson KL, Disis ML (2005) Tumor antigen-specific T helper cells in cancer
immunity and immunotherapy. Cancer immunology, immunotherapy : CII 54 (8):721-
728.d0i:10.1007/s00262-004-0653-2

100. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old L], Schreiber RD (2001)
[FNgamma and lymphocytes prevent primary tumour development and shape tumour
immunogenicity. Nature 410 (6832):1107-1111. do0i:10.1038/35074122

101. Bos R, Sherman LA (2010) CD4+ T-cell help in the tumor milieu is required for
recruitment and cytolytic function of CD8+ T lymphocytes. Cancer research 70
(21):8368-8377.d0i:10.1158/0008-5472.CAN-10-1322

102. Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S, Bindea G, Berger A,
Bruneval P, Fridman WH, Pages F, Galon J (2011) Clinical impact of different classes of
infiltrating T cytotoxic and helper cells (Th1, th2, treg, th17) in patients with colorectal
cancer. Cancer research 71 (4):1263-1271. doi:10.1158/0008-5472.CAN-10-2907

103. Pages 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 PH, Trajanoski Z,
Fridman WH, Galon ] (2005) Effector memory T cells, early metastasis, and survival in
colorectal cancer. The New England journal of medicine 353 (25):2654-2666.
doi:10.1056/NE]JMoa051424

104. Baecher-Allan C, Anderson DE (2006) Regulatory cells and human cancer. Seminars
in cancer biology 16 (2):98-105. doi:10.1016/j.semcancer.2005.11.003

105. Nishikawa H, Sakaguchi S (2010) Regulatory T cells in tumor immunity.
International journal of cancer Journal international du cancer 127 (4):759-767.
doi:10.1002/ijc.25429

106. Curiel T], Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, Evdemon-Hogan M,
Conejo-Garcia JR, Zhang L, Burow M, Zhu Y, Wei S, Kryczek I, Daniel B, Gordon A, Myers
L, Lackner A, Disis ML, Knutson KL, Chen L, Zou W (2004) Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced
survival. Nature medicine 10 (9):942-949. d0i:10.1038/nm1093

107. Gobert M, Treilleux I, Bendriss-Vermare N, Bachelot T, Goddard-Leon S, Arfi V,
Biota C, Doffin AC, Durand [, Olive D, Perez S, Pasqual N, Faure C, Ray-Coquard I, Puisieux
A, Caux C, Blay JY, Menetrier-Caux C (2009) Regulatory T cells recruited through
CCL22/CCR4 are selectively activated in lymphoid infiltrates surrounding primary
breast tumors and lead to an adverse clinical outcome. Cancer research 69 (5):2000-
2009.doi:10.1158/0008-5472.CAN-08-2360

74



108. Hiraoka N, Onozato K, Kosuge T, Hirohashi S (2006) Prevalence of FOXP3+
regulatory T cells increases during the progression of pancreatic ductal adenocarcinoma
and its premalignant lesions. Clinical cancer research : an official journal of the American
Association for Cancer Research 12 (18):5423-5434. do0i:10.1158/1078-0432.CCR-06-
0369

109. Petersen RP, Campa M], Sperlazza |, Conlon D, Joshi MB, Harpole DH, Jr., Patz EF, Jr.
(2006) Tumor infiltrating Foxp3+ regulatory T-cells are associated with recurrence in
pathologic stage I NSCLC patients. Cancer 107 (12):2866-2872. doi:10.1002 /cncr.22282
110. Gao Q, Qiu SJ], Fan ], Zhou ], Wang XY, Xiao YS, Xu Y, Li YW, Tang ZY (2007)
Intratumoral balance of regulatory and cytotoxic T cells is associated with prognosis of
hepatocellular carcinoma after resection. Journal of clinical oncology : official journal of
the American Society of  Clinical Oncology 25 (18):2586-2593.
doi:10.1200/]C0.2006.09.4565

111. Perrone G, Ruffini PA, Catalano V, Spino C, Santini D, Muretto P, Spoto C, Zingaretti
C, Sisti V, Alessandroni P, Giordani P, Cicetti A, D'Emidio S, Morini S, Ruzzo A, Magnani M,
Tonini G, Rabitti C, Graziano F (2008) Intratumoural FOXP3-positive regulatory T cells
are associated with adverse prognosis in radically resected gastric cancer. Eur ] Cancer
44 (13):1875-1882. d0i:10.1016/j.ejca.2008.05.017

112. Liyanage UK, Moore TT, Joo HG, Tanaka Y, Herrmann V, Doherty G, Drebin JA,
Strasberg SM, Eberlein T], Goedegebuure PS, Linehan DC (2002) Prevalence of
regulatory T cells is increased in peripheral blood and tumor microenvironment of
patients with pancreas or breast adenocarcinoma. ] Immunol 169 (5):2756-2761

113. Ichihara F, Kono K, Takahashi A, Kawaida H, Sugai H, Fujii H (2003) Increased
populations of regulatory T cells in peripheral blood and tumor-infiltrating lymphocytes
in patients with gastric and esophageal cancers. Clinical cancer research : an official
journal of the American Association for Cancer Research 9 (12):4404-4408

114. Iellem A, Mariani M, Lang R, Recalde H, Panina-Bordignon P, Sinigaglia F,
D'Ambrosio D (2001) Unique chemotactic response profile and specific expression of
chemokine receptors CCR4 and CCR8 by CD4(+)CD25(+) regulatory T cells. The Journal
of experimental medicine 194 (6):847-853

115. Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420 (6917):860-
867.d0i:10.1038/nature01322

116. Clarke SL, Betts GJ], Plant A, Wright KL, El-Shanawany TM, Harrop R, Torkington ],
Rees Bl, Williams GT, Gallimore AM, Godkin A] (2006) CD4+CD25+FOXP3+ regulatory T
cells suppress anti-tumor immune responses in patients with colorectal cancer. PloS one
1:€129.d0i:10.1371/journal.pone.0000129

117. Ling KL, Pratap SE, Bates G]J, Singh B, Mortensen NJ, George BD, Warren BF, Piris ],
Roncador G, Fox SB, Banham AH, Cerundolo V (2007) Increased frequency of regulatory
T cells in peripheral blood and tumour infiltrating lymphocytes in colorectal cancer
patients. Cancer immunity 7:7

118. Ladoire S, Martin F, Ghiringhelli F (2011) Prognostic role of FOXP3+ regulatory T
cells infiltrating human carcinomas: the paradox of colorectal cancer. Cancer
immunology, immunotherapy : CII 60 (7):909-918. d0i:10.1007/s00262-011-1046-y
119. Salama P, Phillips M, Grieu F, Morris M, Zeps N, Joseph D, Platell C, lacopetta B
(2009) Tumor-infiltrating FOXP3+ T regulatory cells show strong prognostic
significance in colorectal cancer. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology 27 (2):186-192. d0i:10.1200/]C0.2008.18.7229
120. Correale P, Rotundo MS, Del Vecchio MT, Remondo C, Migali C, Ginanneschi C,
Tsang KY, Licchetta A, Mannucci S, Loiacono L, Tassone P, Francini G, Tagliaferri P

75



(2010) Regulatory (FoxP3+) T-cell tumor infiltration is a favorable prognostic factor in
advanced colon cancer patients undergoing chemo or chemoimmunotherapy. ]
Immunother 33 (4):435-441. doi:10.1097/C]J1.0b013e3181d32f01

121. Brudvik KW, Henjum K, Aandahl EM, Bjornbeth BA, Tasken K (2012) Regulatory T-
cell-mediated inhibition of antitumor immune responses is associated with clinical
outcome in patients with liver metastasis from colorectal cancer. Cancer immunology,
immunotherapy : CII 61 (7):1045-1053. doi:10.1007/s00262-011-1174-4

122. Pages F, Galon ], Dieu-Nosjean MC, Tartour E, Sautes-Fridman C, Fridman WH
(2010) Immune infiltration in human tumors: a prognostic factor that should not be
ignored. Oncogene 29 (8):1093-1102. d0i:10.1038/0nc.2009.416

123. Elwood PC, Gallagher AM, Duthie GG, Mur LA, Morgan G (2009) Aspirin, salicylates,
and cancer. Lancet 373 (9671):1301-1309. doi:10.1016/S0140-6736(09)60243-9

124. Reimers MS, Bastiaannet E, van Herk-Sukel MP, Lemmens VE, van den Broek CB,
van de Velde CJ, de Craen A], Liefers GJ (2012) Aspirin use after diagnosis improves
survival in older adults with colon cancer: a retrospective cohort study. Journal of the
American Geriatrics Society 60 (12):2232-2236. do0i:10.1111/jgs.12033

125. Bastiaannet E, Sampieri K, Dekkers OM, de Craen A], van Herk-Sukel MP, Lemmens
V, van den Broek CB, Coebergh JW, Herings RM, van de Velde C], Fodde R, Liefers G]
(2012) Use of aspirin postdiagnosis improves survival for colon cancer patients. British
journal of cancer 106 (9):1564-1570. d0i:10.1038/bjc.2012.101

126. Chiba T, Marusawa H, Ushijima T (2012) Inflammation-associated cancer
development in digestive organs: mechanisms and roles for genetic and epigenetic
modulation. Gastroenterology 143 (3):550-563. doi:10.1053/j.gastro.2012.07.009

127. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100 (1):57-70

128. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144
(5):646-674.d0i:10.1016/j.cell.2011.02.013

129. Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A (2009) Cancer-related
inflammation, the seventh hallmark of cancer: links to genetic instability. Carcinogenesis
30(7):1073-1081. doi:10.1093/carcin/bgp127

130. Hussain SP, Hofseth L], Harris CC (2003) Radical causes of cancer. Nature reviews
Cancer 3 (4):276-285. doi:10.1038/nrc1046

131. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M (2004) The
chemokine system in diverse forms of macrophage activation and polarization. Trends
in immunology 25 (12):677-686. do0i:10.1016/j.it.2004.09.015

132. Savage ND, de Boer T, Walburg KV, Joosten SA, van Meijgaarden K, Geluk A,
Ottenhoff TH (2008) Human anti-inflammatory macrophages induce Foxp3+ GITR+
CD25+ regulatory T cells, which suppress via membrane-bound TGFbeta-1. ] Immunol
181 (3):2220-2226

133. Peddareddigari VG, Wang D, Dubois RN (2010) The tumor microenvironment in
colorectal carcinogenesis. Cancer microenvironment : official journal of the
International Cancer Microenvironment Society 3 (1):149-166. doi:10.1007/s12307-
010-0038-3

134. Movahedi K, Guilliams M, Van den Bossche ], Van den Bergh R, Gysemans C, Beschin
A, De Baetselier P, Van Ginderachter JA (2008) Identification of discrete tumor-induced
myeloid-derived suppressor cell subpopulations with distinct T cell-suppressive
activity. Blood 111 (8):4233-4244. d0i:10.1182 /blood-2007-07-099226

135. Gabrilovich DI, Bronte V, Chen SH, Colombo MP, Ochoa A, Ostrand-Rosenberg S,
Schreiber H (2007) The terminology issue for myeloid-derived suppressor cells. Cancer
research 67 (1):425; author reply 426. doi:10.1158/0008-5472.CAN-06-3037

76



136. Huang B, Pan PY, Li Q, Sato Al, Levy DE, Bromberg |, Divino CM, Chen SH (2006) Gr-
1+CD115+ immature myeloid suppressor cells mediate the development of tumor-
induced T regulatory cells and T-cell anergy in tumor-bearing host. Cancer research 66
(2):1123-1131.d0i:10.1158/0008-5472.CAN-05-1299

137. Gabrilovich D, Ishida T, Oyama T, Ran S, Kravtsov V, Nadaf S, Carbone DP (1998)
Vascular endothelial growth factor inhibits the development of dendritic cells and
dramatically affects the differentiation of multiple hematopoietic lineages in vivo. Blood
92 (11):4150-4166

138. Curiel T], Cheng P, Mottram P, Alvarez X, Moons L, Evdemon-Hogan M, Wei S, Zou L,
Kryczek I, Hoyle G, Lackner A, Carmeliet P, Zou W (2004) Dendritic cell subsets
differentially regulate angiogenesis in human ovarian cancer. Cancer research 64
(16):5535-5538. doi:10.1158/0008-5472.CAN-04-1272

139. Gatti RA, Good RA (1971) Occurrence of malignancy in immunodeficiency diseases.
A literature review. Cancer 28 (1):89-98

140. Penn I, Starzl TE (1972) Malignant tumors arising de novo in immunosuppressed
organ transplant recipients. Transplantation 14 (4):407-417

141. Zitvogel L, Casares N, Pequignot MO, Chaput N, Albert ML, Kroemer G (2004)
Immune response against dying tumor cells. Advances in immunology 84:131-179.
doi:10.1016/S0065-2776(04)84004-5

142. Dunn GP, Old L], Schreiber RD (2004) The three Es of cancer immunoediting.
Annual review of immunology 22:329-360.
doi:10.1146/annurev.immunol.22.012703.104803

143. Cheever MA, Allison JP, Ferris AS, Finn O], Hastings BM, Hecht TT, Mellman I,
Prindiville SA, Viner JL, Weiner LM, Matrisian LM (2009) The prioritization of cancer
antigens: a national cancer institute pilot project for the acceleration of translational
research. Clinical cancer research : an official journal of the American Association for
Cancer Research 15 (17):5323-5337. d0i:10.1158/1078-0432.CCR-09-0737

144. Sahin U, Tureci O, Schmitt H, Cochlovius B, Johannes T, Schmits R, Stenner F, Luo G,
Schobert [, Pfreundschuh M (1995) Human neoplasms elicit multiple specific immune
responses in the autologous host. Proceedings of the National Academy of Sciences of
the United States of America 92 (25):11810-11813

145. Bonertz A, Weitz ], Pietsch DH, Rahbari NN, Schlude C, Ge Y, Juenger S, Vlodavsky I,
Khazaie K, Jaeger D, Reissfelder C, Antolovic D, Aigner M, Koch M, Beckhove P (2009)
Antigen-specific Tregs control T cell responses against a limited repertoire of tumor
antigens in patients with colorectal carcinoma. The Journal of clinical investigation 119
(11):3311-3321.doi:10.1172/]CI39608

146. Shrikant P, Mescher MF (1999) Control of syngeneic tumor growth by activation of
CD8+ T cells: efficacy is limited by migration away from the site and induction of
nonresponsiveness. ] Immunol 162 (5):2858-2866

147. Diefenbach A, Jensen ER, Jamieson AM, Raulet DH (2001) Rael and H60 ligands of
the NKG2D receptor stimulate tumour immunity. Nature 413 (6852):165-171.
doi:10.1038/35093109

148. Khong HT, Restifo NP (2002) Natural selection of tumor variants in the generation
of "tumor escape" phenotypes. Nature immunology 3 (11):999-1005.
doi:10.1038/ni1102-999

149. Perret R, Ronchese F (2008) Memory T cells in cancer immunotherapy: which CD8
T-cell population provides the best protection against tumours? Tissue antigens 72
(3):187-194. d0i:10.1111/j.1399-0039.2008.01088.x

77



150. Gerloni M, Zanetti M (2005) CD4 T cells in tumor immunity. Springer seminars in
immunopathology 27 (1):37-48.d0i:10.1007 /s00281-004-0193-z

151. Galon ], Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C,
Tosolini M, Camus M, Berger A, Wind P, Zinzindohoue F, Bruneval P, Cugnenc PH,
Trajanoski Z, Fridman WH, Pages F (2006) Type, density, and location of immune cells
within human colorectal tumors predict clinical outcome. Science 313 (5795):1960-
1964. doi:10.1126/science.1129139

152. Zou W, Restifo NP (2010) T(H)17 cells in tumour immunity and immunotherapy.
Nature reviews Immunology 10 (4):248-256. doi:10.1038/nri2742

153. Liu ], Duan Y, Cheng X, Chen X, Xie W, Long H, Lin Z, Zhu B (2011) IL-17 is
associated with poor prognosis and promotes angiogenesis via stimulating VEGF
production of cancer cells in colorectal carcinoma. Biochemical and biophysical research
communications 407 (2):348-354. doi:10.1016/j.bbrc.2011.03.021

154. Wu S, Rhee K], Albesiano E, Rabizadeh S, Wu X, Yen HR, Huso DL, Brancati FL, Wick
E, McAllister F, Housseau F, Pardoll DM, Sears CL (2009) A human colonic commensal
promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nature
medicine 15 (9):1016-1022. d0i:10.1038/nm.2015

155. Karre K, Ljunggren HG, Piontek G, Kiessling R (1986) Selective rejection of H-2-
deficient lymphoma variants suggests alternative immune defence strategy. Nature 319
(6055):675-678. doi:10.1038/319675a0

156. Momburg F, Ziegler A, Harpprecht ], Moller P, Moldenhauer G, Hammerling G]
(1989) Selective loss of HLA-A or HLA-B antigen expression in colon carcinoma. ]
Immunol 142 (1):352-358

157. Topfer K, Kempe S, Muller N, Schmitz M, Bachmann M, Cartellieri M, Schackert G,
Temme A (2011) Tumor evasion from T cell surveillance. Journal of biomedicine &
biotechnology 2011:918471. d0i:10.1155/2011/918471

158. Stewart T], Abrams SI (2008) How tumours escape mass destruction. Oncogene 27
(45):5894-5903. doi:10.1038/0nc.2008.268

159. Gajewski TF, Meng Y, Blank C, Brown I, Kacha A, Kline ], Harlin H (2006) Immune
resistance orchestrated by the tumor microenvironment. Immunological reviews
213:131-145.d0i:10.1111/j.1600-065X.2006.00442.x

160. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M (1995) Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune
diseases. ] Immunol 155 (3):1151-1164

161. Gershon RK, Kondo K (1970) Cell interactions in the induction of tolerance: the role
of thymic lymphocytes. Immunology 18 (5):723-737

162. Sakaguchi S, Yamaguchi T, Nomura T, Ono M (2008) Regulatory T cells and immune
tolerance. Cell 133 (5):775-787.d0i:10.1016/j.cell.2008.05.009

163. Ochs HD, Ziegler SF, Torgerson TR (2005) FOXP3 acts as a rheostat of the immune
response. Immunological reviews 203:156-164. doi:10.1111/j.0105-2896.2005.00231.x
164. Hsieh CS, Lee HM, Lio CW (2012) Selection of regulatory T cells in the thymus.
Nature reviews Immunology 12 (3):157-167. doi:10.1038/nri3155

165. Josefowicz SZ, Rudensky A (2009) Control of regulatory T cell lineage commitment
and maintenance. Immunity 30 (5):616-625. d0i:10.1016/j.immuni.2009.04.009

166. Curotto de Lafaille MA, Lafaille JJ (2009) Natural and adaptive foxp3+ regulatory T
cells: more of the same or a division of labor? Immunity 30 (5):626-635.
doi:10.1016/j.immuni.2009.05.002

78



167. Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA (2001) CD4+CD25high
regulatory cells in human peripheral blood. ] Immunol 167 (3):1245-1253

168. Alegre ML, Frauwirth KA, Thompson CB (2001) T-cell regulation by CD28 and
CTLA-4. Nature reviews Immunology 1 (3):220-228. doi:10.1038/35105024

169. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, Gottlieb PA, Kapranov P,
Gingeras TR, Fazekas de St Groth B, Clayberger C, Soper DM, Ziegler SF, Bluestone JA
(2006) CD127 expression inversely correlates with FoxP3 and suppressive function of
human CD4+ T reg cells. The Journal of experimental medicine 203 (7):1701-1711.
doi:10.1084/jem.20060772

170. Bacchetta R, Bigler M, Touraine JL, Parkman R, Tovo PA, Abrams ], de Waal Malefyt
R, de Vries JE, Roncarolo MG (1994) High levels of interleukin 10 production in vivo are
associated with tolerance in SCID patients transplanted with HLA mismatched
hematopoietic stem cells. The Journal of experimental medicine 179 (2):493-502

171. Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, Roncarolo MG
(1997) A CD4+ T-cell subset inhibits antigen-specific T-cell responses and prevents
colitis. Nature 389 (6652):737-742. doi:10.1038/39614

172. Setoguchi R, Hori S, Takahashi T, Sakaguchi S (2005) Homeostatic maintenance of
natural Foxp3(+) CD25(+) CD4(+) regulatory T cells by interleukin (IL)-2 and induction
of autoimmune disease by IL-2 neutralization. The Journal of experimental medicine 201
(5):723-735. d0i:10.1084/jem.20041982

173. Thornton AM, Shevach EM (1998) CD4+CD25+ immunoregulatory T cells suppress
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. The Journal of
experimental medicine 188 (2):287-296

174. Sadlack B, Merz H, Schorle H, Schimpl A, Feller AC, Horak I (1993) Ulcerative colitis-
like disease in mice with a disrupted interleukin-2 gene. Cell 75 (2):253-261

175. Malek TR, Yu A, Vincek V, Scibelli P, Kong L (2002) CD4 regulatory T cells prevent
lethal autoimmunity in IL-2Rbeta-deficient mice. Implications for the nonredundant
function of IL-2. Immunity 17 (2):167-178

176. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, Nomura T,
Sakaguchi S (2008) CTLA-4 control over Foxp3+ regulatory T cell function. Science 322
(5899):271-275.doi:10.1126/science.1160062

177.Zheng Y, Manzotti CN, Liu M, Burke F, Mead KI, Sansom DM (2004) CD86 and CD80
differentially modulate the suppressive function of human regulatory T cells. ] Immunol
172 (5):2778-2784

178. Schneider H, Valk E, da Rocha Dias S, Wei B, Rudd CE (2005) CTLA-4 up-regulation
of lymphocyte function-associated antigen 1 adhesion and clustering as an alternate
basis for coreceptor function. Proceedings of the National Academy of Sciences of the
United States of America 102 (36):12861-12866. doi:10.1073/pnas.0505802102

179. Suri-Payer E, Cantor H (2001) Differential cytokine requirements for regulation of
autoimmune gastritis and colitis by CD4(+)CD25(+) T cells. Journal of autoimmunity 16
(2):115-123. d0i:10.1006/jaut.2000.0473

180. Yip L, Woehrle T, Corriden R, Hirsh M, Chen Y, Inoue Y, Ferrari V, Insel PA, Junger
WG (2009) Autocrine regulation of T-cell activation by ATP release and P2X7 receptors.
FASEB journal : official publication of the Federation of American Societies for
Experimental Biology 23 (6):1685-1693. doi:10.1096/fj.08-126458

181. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, Chen JF, Enjyoji K,
Linden ], Oukka M, Kuchroo VK, Strom TB, Robson SC (2007) Adenosine generation
catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune

79



suppression. The Journal of experimental medicine 204 (6):1257-1265.
doi:10.1084/jem.20062512

182. Mandapathil M, Szczepanski MJ, Szajnik M, Ren ], Lenzner DE, Jackson EK, Gorelik E,
Lang S, Johnson ]JT, Whiteside TL (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):6348-6357.d0i:10.1158/1078-0432.CCR-09-1143

183. Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, O'Farrelly C, Tubridy N,
Mills KH (2009) CD39+Foxp3+ regulatory T Cells suppress pathogenic Th17 cells and
are impaired in multiple sclerosis. ] Immunol 183 (11):7602-7610.
doi:10.4049/jimmunol.0901881

184. Enarsson K, Lundin BS, Johnsson E, Brezicka T, Quiding-Jarbrink M (2007) CD4+
CD25high regulatory T cells reduce T cell transendothelial migration in cancer patients.
European journal of immunology 37 (1):282-291. doi:10.1002/eji.200636183

185. Barnes M], Powrie F (2009) Regulatory T cells reinforce intestinal homeostasis.
Immunity 31 (3):401-411. d0i:10.1016/j.immuni.2009.08.011

186. Luongo C, Moser AR, Gledhill S, Dove WF (1994) Loss of Apc+ in intestinal
adenomas from Min mice. Cancer research 54 (22):5947-5952

187. Boivin GP, Washington K, Yang K, Ward |JM, Pretlow TP, Russell R, Besselsen DG,
Godfrey VL, Doetschman T, Dove WF, Pitot HC, Halberg RB, Itzkowitz SH, Groden ],
Coffey R] (2003) Pathology of mouse models of intestinal cancer: consensus report and
recommendations. Gastroenterology 124 (3):762-777.d0i:10.1053/gast.2003.50094
188. Lahl K, Loddenkemper C, Drouin C, Freyer ], Arnason |, Eberl G, Hamann A, Wagner
H, Huehn ], Sparwasser T (2007) Selective depletion of Foxp3+ regulatory T cells
induces a scurfy-like disease. The Journal of experimental medicine 204 (1):57-63.
doi:10.1084/jem.20061852

189. Lundgren A, Stromberg E, Sjoling A, Lindholm C, Enarsson K, Edebo A, Johnsson E,
Suri-Payer E, Larsson P, Rudin A, Svennerholm AM, Lundin BS (2005) Mucosal FOXP3-
expressing CD4+ CD25high regulatory T cells in Helicobacter pylori-infected patients.
Infection and immunity 73 (1):523-531. doi:10.1128/1A1.73.1.523-531.2005

190. Lee A, O'Rourke ], De Ungria M(C, Robertson B, Daskalopoulos G, Dixon MF (1997) A
standardized mouse model of Helicobacter pylori infection: introducing the Sydney
strain. Gastroenterology 112 (4):1386-1397

191. Pfaffl MW (2001) A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic acids research 29 (9):e45

192. Enarsson K, Brisslert M, Backert S, Quiding-Jarbrink M (2005) Helicobacter pylori
induces transendothelial migration of activated memory T cells. Infection and immunity
73 (2):761-769. doi:10.1128/1A1.73.2.761-769.2005

193. Suzuki H, Chikazawa N, Tasaka T, Wada ], Yamasaki A, Kitaura Y, Sozaki M, Tanaka
M, Onishi H, Morisaki T, Katano M (2010) Intratumoral CD8(+) T/FOXP3 (+) cell ratio is
a predictive marker for survival in patients with colorectal cancer. Cancer immunology,
immunotherapy : CII 59 (5):653-661. doi:10.1007 /s00262-009-0781-9

194. Zeestraten EC, Van Hoesel AQ, Speetjens FM, Menon AG, Putter H, van de Velde (],
Kuppen P]J (2011) FoxP3- and CD8-positive Infiltrating Immune Cells Together
Determine Clinical Outcome in Colorectal Cancer. Cancer microenvironment : official
journal of the International Cancer Microenvironment Society. doi:10.1007/s12307-
011-0071-x

195. Sinicrope FA, Rego RL, Ansell SM, Knutson KL, Foster NR, Sargent DJ (2009)
Intraepithelial effector (CD3+)/regulatory (FoxP3+) T-cell ratio predicts a clinical

80



outcome of human colon carcinoma. Gastroenterology 137 (4):1270-1279.
doi:10.1053/j.gastro.2009.06.053

196. Koch M, Beckhove P, Op den Winkel ], Autenrieth D, Wagner P, Nummer D, Specht S,
Antolovic D, Galindo L, Schmitz-Winnenthal FH, Schirrmacher V, Buchler MW, Weitz ]
(2006) Tumor infiltrating T lymphocytes in colorectal cancer: Tumor-selective
activation and cytotoxic activity in situ. Annals of surgery 244 (6):986-992; discussion
992-983. d0i:10.1097/01.51a.0000247058.43243.7b

197. Hung K, Hayashi R, Lafond-Walker A, Lowenstein C, Pardoll D, Levitsky H (1998)
The central role of CD4(+) T cells in the antitumor immune response. The Journal of
experimental medicine 188 (12):2357-2368

198. Zhang Y, Eliav Y, Shin SU, Schreiber TH, Podack ER, Tadmor T, Rosenblatt JD (2013)
B lymphocyte inhibition of anti-tumor response depends on expansion of Treg but is
independent of B-cell IL-10 secretion. Cancer immunology, immunotherapy : CII 62
(1):87-99. d0i:10.1007/s00262-012-1313-6

199. Shah S, Divekar AA, Hilchey SP, Cho HM, Newman CL, Shin SU, Nechustan H,
Challita-Eid PM, Segal BM, Yi KH, Rosenblatt JD (2005) Increased rejection of primary
tumors in mice lacking B cells: inhibition of anti-tumor CTL and TH1 cytokine responses
by B cells. International journal of cancer Journal international du cancer 117 (4):574-
586.d0i:10.1002/ijc.21177

200. Nielsen ]S, Sahota RA, Milne K, Kost SE, Nesslinger NJ, Watson PH, Nelson BH
(2012) CD20+ tumor-infiltrating lymphocytes have an atypical CD27- memory
phenotype and together with CD8+ T cells promote favorable prognosis in ovarian
cancer. Clinical cancer research : an official journal of the American Association for
Cancer Research 18 (12):3281-3292. doi:10.1158/1078-0432.CCR-12-0234

201. Quiding-Jarbrink M, Sundstrom P, Lundgren A, Hansson M, Backstrom M, Johansson
C, Enarsson K, Hermansson M, Johnsson E, Svennerholm AM (2009) Decreased IgA
antibody production in the stomach of gastric adenocarcinoma patients. Clin Immunol
131 (3):463-471. d0i:10.1016/j.clim.2009.01.010

202. Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R, Roncarolo MG,
Levings MK (2007) Activation-induced FOXP3 in human T effector cells does not
suppress proliferation or cytokine production. International immunology 19 (4):345-
354.d0i:10.1093/intimm/dxm014

203. Gavin MA, Torgerson TR, Houston E, DeRoos P, Ho WY, Stray-Pedersen A, Ocheltree
EL, Greenberg PD, Ochs HD, Rudensky AY (2006) Single-cell analysis of normal and
FOXP3-mutant human T cells: FOXP3 expression without regulatory T cell development.
Proceedings of the National Academy of Sciences of the United States of America 103
(17):6659-6664. doi:10.1073 /pnas.0509484103

204. Janson PC, Winerdal ME, Marits P, Thorn M, Ohlsson R, Winqvist O (2008) FOXP3
promoter demethylation reveals the committed Treg population in humans. PloS one 3
(2):e1612.d0i:10.1371/journal.pone.0001612

205. Agace WW, Higgins M, Sadasivan B, Brenner MB, Parker CM (2000) T-lymphocyte-
epithelial-cell interactions: integrin alpha(E)(CD103)beta(7), LEEP-CAM and
chemokines. Current opinion in cell biology 12 (5):563-568

206. Siewert C, Lauer U, Cording S, Bopp T, Schmitt E, Hamann A, Huehn ] (2008)
Experience-driven development: effector/memory-like alphaE+Foxp3+ regulatory T
cells originate from both naive T cells and naturally occurring naive-like regulatory T
cells. ] Immunol 180 (1):146-155

81



207. Cao X, Cai SF, Fehniger TA, Song ], Collins LI, Piwnica-Worms DR, Ley TJ (2007)
Granzyme B and perforin are important for regulatory T cell-mediated suppression of
tumor clearance. Immunity 27 (4):635-646. doi:10.1016/j.immuni.2007.08.014

208. Algars A, Karikoski M, Yegutkin GG, Stoitzner P, Niemela ], Salmi M, Jalkanen S
(2011) Different role of CD73 in leukocyte trafficking via blood and lymph vessels. Blood
117 (16):4387-4393. doi:10.1182 /blood-2010-11-321646

209. Kruger KH, Thompson LF, Kaufmann M, Moller P (1991) Expression of ecto-5'-
nucleotidase (CD73) in normal mammary gland and in breast carcinoma. British journal
of cancer 63 (1):114-118

210. Wagsater D, Dienus O, Lofgren S, Hugander A, Dimberg ] (2008) Quantification of
the chemokines CCL17 and CCL22 in human colorectal adenocarcinomas. Molecular
medicine reports 1 (2):211-217

211. Ghadjar P, Rubie C, Aebersold DM, Keilholz U (2009) The chemokine CCL20 and its
receptor CCR6 in human malignancy with focus on colorectal cancer. International
journal of cancer Journal international du cancer 125 (4):741-745.
doi:10.1002/ijc.24468

212. Naito Y, Saito K, Shiiba K, Ohuchi A, Saigenji K, Nagura H, Ohtani H (1998) CD8+ T
cells infiltrated within cancer cell nests as a prognostic factor in human colorectal
cancer. Cancer research 58 (16):3491-3494

213. Triplett TA, Curti BD, Bonafede PR, Miller WL, Walker EB, Weinberg AD (2012)
Defining a functionally distinct subset of human memory CD4+ T cells that are CD25P0S
and FOXP3NEG. European journal of immunology 42 (7):1893-1905.
doi:10.1002/€ji.201242444

214. Cullen SP, Brunet M, Martin S] (2010) Granzymes in cancer and immunity. Cell
death and differentiation 17 (4):616-623. doi:10.1038/cdd.2009.206

215. Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH (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):541-
547

216. Enarsson K, Johnsson E, Lindholm C, Lundgren A, Pan-Hammarstrom Q, Stromberg
E, Bergin P, Baunge EL, Svennerholm AM, Quiding-Jarbrink M (2006) Differential
mechanisms for T lymphocyte recruitment in normal and neoplastic human gastric
mucosa. Clin Immunol 118 (1):24-34. doi:10.1016/j.clim.2005.08.001

217. Shibahara T, Wilcox JN, Couse T, Madara JL (2001) Characterization of epithelial
chemoattractants for human intestinal intraepithelial lymphocytes. Gastroenterology
120 (1):60-70

218. Yoon SH, Yun SO, Park ]JY, Won HY, Kim EK, Sohn HJ, Cho HI, Kim TG (2009)
Selective addition of CXCR3(+) CCR4(-) CD4(+) Thl cells enhances generation of
cytotoxic T cells by dendritic cells in vitro. Experimental & molecular medicine 41
(3):161-170. d0i:10.3858/emm.2009.41.3.019

219. Ren Z, Pang G, Clancy R, Li LC, Lee CS, Batey R, Borody T, Dunkley M (2001) Shift of
the gastric T-cell response in gastric carcinoma. Journal of gastroenterology and
hepatology 16 (2):142-148

220. Musha H, Ohtani H, Mizoi T, Kinouchi M, Nakayama T, Shiiba K, Miyagawa K, Nagura
H, Yoshie O, Sasaki I (2005) Selective infiltration of CCR5(+)CXCR3(+) T lymphocytes in
human colorectal carcinoma. International journal of cancer Journal international du
cancer 116 (6):949-956. doi:10.1002/ijc.21135

221. Enarsson K, Lundgren A, Kindlund B, Hermansson M, Roncador G, Banham AH,
Lundin BS, Quiding-Jarbrink M (2006) Function and recruitment of mucosal regulatory

82



T cells in human chronic Helicobacter pylori infection and gastric adenocarcinoma. Clin
Immunol 121 (3):358-368. doi:10.1016/j.clim.2006.07.002

222. Andrew DP, Chang MS, McNinch ], Wathen ST, Rihanek M, Tseng ], Spellberg ]P,
Elias CG, 3rd (1998) STCP-1 (MDC) CC chemokine acts specifically on chronically
activated Th2 lymphocytes and is produced by monocytes on stimulation with Th2
cytokines IL-4 and IL-13. ] Immunol 161 (9):5027-5038

223. D'Ambrosio D, lellem A, Bonecchi R, Mazzeo D, Sozzani S, Mantovani A, Sinigaglia F
(1998) Selective up-regulation of chemokine receptors CCR4 and CCR8 upon activation
of polarized human type 2 Th cells. ] Immunol 161 (10):5111-5115

224. Nibbs R], Gilchrist DS, King V, Ferra A, Forrow S, Hunter KD, Graham GJ (2007) The
atypical chemokine receptor D6 suppresses the development of chemically induced skin
tumors. The Journal of clinical investigation 117 (7):1884-1892. d0i:10.1172/JCI30068
225. Wu FY, Ou ZL, Feng LY, Luo JM, Wang LP, Shen ZZ, Shao ZM (2008) Chemokine
decoy receptor d6 plays a negative role in human breast cancer. Molecular cancer
research : MCR 6 (8):1276-1288. doi:10.1158/1541-7786.MCR-07-2108

226.Zeng XH, Ou ZL, Yu KD, Feng LY, Yin WJ, Li ], Shen ZZ, Shao ZM (2011) Coexpression
of atypical chemokine binders (ACBs) in breast cancer predicts better outcomes. Breast
cancer research and treatment 125 (3):715-727. doi:10.1007 /s10549-010-0875-2

227. Schneider C, Teufel A, Yevsa T, Staib F, Hohmeyer A, Walenda G, Zimmermann HW,
Vucur M, Huss S, Gassler N, Wasmuth HE, Lira SA, Zender L, Luedde T, Trautwein C,
Tacke F (2012) Adaptive immunity suppresses formation and progression of
diethylnitrosamine-induced liver cancer. Gut 61 (12):1733-1743. doi:10.1136/gutjnl-
2011-301116

228. Vetrano S, Borroni EM, Sarukhan A, Savino B, Bonecchi R, Correale C, Arena V,
Fantini M, Roncalli M, Malesci A, Mantovani A, Locati M, Danese S (2010) The lymphatic
system controls intestinal inflammation and inflammation-associated Colon Cancer
through  the chemokine decoy receptor D6. Gut 59 (2):197-206.
doi:10.1136/gut.2009.183772

229. Ernst PB, Gold BD (2000) The disease spectrum of Helicobacter pylori: the
immunopathogenesis of gastroduodenal ulcer and gastric cancer. Annual review of
microbiology 54:615-640. doi:10.1146/annurev.micro.54.1.615

230. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans I (1994)
Schistomas, liver flukes and Helicobacter pylori.

231. Court M, Robinson PA, Dixon MF, Crabtree JE (2002) Gastric Helicobacter species
infection in murine and gerbil models: comparative analysis of effects of H. pylori and H.
felis on gastric epithelial cell proliferation. The Journal of infectious diseases 186
(9):1348-1352.doi:10.1086/344321

232. Mohammadi M, Redline R, Nedrud ], Czinn S (1996) Role of the host in pathogenesis
of Helicobacter-associated gastritis: H. felis infection of inbred and congenic mouse
strains. Infection and immunity 64 (1):238-245

233. Di Liberto D, Locati M, Caccamo N, Vecchi A, Meraviglia S, Salerno A, Sireci G,
Nebuloni M, Caceres N, Cardona PJ, Dieli F, Mantovani A (2008) Role of the chemokine
decoy receptor D6 in balancing inflammation, immune activation, and antimicrobial
resistance in Mycobacterium tuberculosis infection. The Journal of experimental
medicine 205 (9):2075-2084. doi:10.1084/jem.20070608

234. Tomita T (2008) Immunocytochemical localization of lymphatic and venous vessels
in colonic polyps and adenomas. Digestive diseases and sciences 53 (7):1880-1885.
doi:10.1007/s10620-007-0078-9

83



235. Jamieson T, Cook DN, Nibbs R], Rot A, Nixon C, McLean P, Alcami A, Lira SA,
Wiekowski M, Graham GJ (2005) The chemokine receptor D6 limits the inflammatory
response in vivo. Nature immunology 6 (4):403-411. doi:10.1038/ni1182

236. Mantovani A, Gray PA, Van Damme ], Sozzani S (2000) Macrophage-derived
chemokine (MDC). Journal of leukocyte biology 68 (3):400-404

237. Berin MC, Dwinell MB, Eckmann L, Kagnoff MF (2001) Production of MDC/CCL22
by human intestinal epithelial cells. American journal of physiology Gastrointestinal and
liver physiology 280 (6):G1217-1226

238. Bonecchi R, Locati M, Galliera E, Vulcano M, Sironi M, Fra AM, Gobbi M, Vecchi A,
Sozzani S, Haribabu B, Van Damme ], Mantovani A (2004) Differential recognition and
scavenging of native and truncated macrophage-derived chemokine (macrophage-
derived chemokine/CC chemokine ligand 22) by the D6 decoy receptor. ] Immunol 172
(8):4972-4976

239. Whitehead GS, Wang T, DeGraff LM, Card JW, Lira SA, Graham GJ, Cook DN (2007)
The chemokine receptor D6 has opposing effects on allergic inflammation and airway
reactivity. American journal of respiratory and critical care medicine 175 (3):243-249.
doi:10.1164/rccm.200606-8390C

240. Martinez de la Torre Y, Buracchi C, Borroni EM, Dupor ], Bonecchi R, Nebuloni M,
Pasqualini F, Doni A, Lauri E, Agostinis C, Bulla R, Cook DN, Haribabu B, Meroni P,
Rukavina D, Vago L, Tedesco F, Vecchi A, Lira SA, Locati M, Mantovani A (2007)
Protection against inflammation- and autoantibody-caused fetal loss by the chemokine
decoy receptor D6. Proceedings of the National Academy of Sciences of the United States
of America 104 (7):2319-2324. doi:10.1073/pnas.0607514104

241. Lee KM, McKimmie CS, Gilchrist DS, Pallas K], Nibbs R], Garside P, McDonald V,
Jenkins C, Ransohoff R, Liu L, Milling S, Cerovic V, Graham G] (2011) D6 facilitates
cellular migration and fluid flow to lymph nodes by suppressing lymphatic congestion.
Blood 118 (23):6220-6229. d0i:10.1182 /blood-2011-03-344044

242. Tissari ], Siren ], Meri S, Julkunen [, Matikainen S (2005) IFN-alpha enhances TLR3-
mediated antiviral cytokine expression in human endothelial and epithelial cells by up-
regulating TLR3 expression. ] Immunol 174 (7):4289-4294

243. Hijiya N, Miyake K, Akashi S, Matsuura K, Higuchi Y, Yamamoto S (2002) Possible
involvement of toll-like receptor 4 in endothelial cell activation of larger vessels in
response to lipopolysaccharide. Pathobiology : journal of immunopathology, molecular
and cellular biology 70 (1):18-25. doi:66000

244. Sakaguchi S (2008) Regulatory T cells in the past and for the future. European
journal of immunology 38 (4):901-937. doi:10.1002/eji.200890012

245. Bopp T, Becker C, Klein M, Klein-Hessling S, Palmetshofer A, Serfling E, Heib V,
Becker M, Kubach ], Schmitt S, Stoll S, Schild H, Staege MS, Stassen M, Jonuleit H, Schmitt
E (2007) Cyclic adenosine monophosphate is a key component of regulatory T cell-
mediated suppression. The Journal of experimental medicine 204 (6):1303-1310.
doi:10.1084/jem.20062129

246. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, Giometto R,
Hopner S, Centonze D, Bernardi G, Dell'Acqua ML, Rossini PM, 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):1225-1232.
doi:10.1182/blood-2006-12-064527

247. Gondek DC, Lu LF, Quezada SA, Sakaguchi S, Noelle R] (2005) Cutting edge: contact-
mediated suppression by CD4+CD25+ regulatory cells involves a granzyme B-
dependent, perforin-independent mechanism. | Immunol 174 (4):1783-1786

84



248. MacKenzie WM, Hoskin DW, Blay ] (1994) Adenosine inhibits the adhesion of anti-
CD3-activated killer lymphocytes to adenocarcinoma cells through an A3 receptor.
Cancer research 54 (13):3521-3526

249. Kagi D, Ledermann B, Burki K, Seiler P, Odermatt B, Olsen K], Podack ER,
Zinkernagel RM, Hengartner H (1994) Cytotoxicity mediated by T cells and natural killer
cells is greatly impaired in perforin-deficient mice. Nature 369 (6475):31-37.
doi:10.1038/369031a0

250. Ohta A, Sitkovsky M (2001) Role of G-protein-coupled adenosine receptors in
downregulation of inflammation and protection from tissue damage. Nature 414
(6866):916-920. doi:10.1038/414916a

251. Panther E, Corinti S, Idzko M, Herouy Y, Napp M, la Sala A, Girolomoni G, Norgauer |
(2003) Adenosine affects expression of membrane molecules, cytokine and chemokine
release, and the T-cell stimulatory capacity of human dendritic cells. Blood 101
(10):3985-3990. doi:10.1182 /blood-2002-07-2113

252. Zhang H, Conrad DM, Butler J], Zhao C, Blay ], Hoskin DW (2004) Adenosine acts
through A2 receptors to inhibit IL-2-induced tyrosine phosphorylation of STAT5 in T
lymphocytes: role of cyclic adenosine 3'5'-monophosphate and phosphatases. ]
Immunol 173 (2):932-944

253. Ring S, Schafer SC, Mahnke K, Lehr HA, Enk AH (2006) CD4+ CD25+ regulatory T
cells suppress contact hypersensitivity reactions by blocking influx of effector T cells
into inflamed tissue. European journal of immunology 36 (11):2981-2992.
doi:10.1002/€ji.200636207

254. Ethier MF, Chander V, Dobson ]G, Jr. (1993) Adenosine stimulates proliferation of
human endothelial cells in culture. The American journal of physiology 265 (1 Pt
2):H131-138

255. Pueyo ME, Chen Y, D'Angelo G, Michel JB (1998) Regulation of vascular endothelial
growth factor expression by cAMP in rat aortic smooth muscle cells. Experimental cell
research 238 (2):354-358. doi:10.1006/excr.1997.3864

256. Barcz E, Sommer E, Sokolnicka I, Gawrychowski K, Roszkowska-Purska K, Janik P,
Skopinska-Rozewska E (1998) The influence of theobromine on angiogenic activity and
proangiogenic cytokines production of human ovarian cancer cells. Oncology reports 5
(2):517-520

257. Grant MK, Christopoulos A, El-Fakahany EE (1999) Regulation of acetylcholine
binding by ATP at the muscarinic M(1) receptor in intact CHO cells. Brain research 839
(1):94-99

258. Sun X, Wu Y, Gao W, Enjyoji K, Csizmadia E, Muller CE, Murakami T, Robson SC
(2010) CD39/ENTPD1 expression by CD4+Foxp3+ regulatory T cells promotes hepatic
metastatic tumor growth in mice. Gastroenterology 139 (3):1030-1040.
doi:10.1053/j.gastro.2010.05.007

259. Rakoff-Nahoum S, Medzhitov R (2007) Regulation of spontaneous intestinal
tumorigenesis through the adaptor protein MyD88. Science 317 (5834):124-127.
doi:10.1126/science.1140488

260. Li Y, Kundu P, Seow SW, de Matos CT, Aronsson L, Chin KC, Karre K, Pettersson S,
Greicius G (2012) Gut microbiota accelerate tumor growth via c-jun and STAT3
phosphorylation in APCMin/+ mice. Carcinogenesis 33 (6):1231-1238.
d0i:10.1093/carcin/bgs137

261. Staal FJ, Luis TC, Tiemessen MM (2008) WNT signalling in the immune system:
WNT is spreading its wings. Nature reviews Immunology 8 (8):581-593.
doi:10.1038/nri2360

85



262. Manicassamy S, Reizis B, Ravindran R, Nakaya H, Salazar-Gonzalez RM, Wang YC,
Pulendran B (2010) Activation of beta-catenin in dendritic cells regulates immunity
versus tolerance in the intestine. Science 329 (5993):849-853.
doi:10.1126/science.1188510

263. Chae W], Bothwell AL (2011) IL-17F deficiency inhibits small intestinal
tumorigenesis in ApcMin/+ mice. Biochemical and biophysical research communications
414 (1):31-36.d0i:10.1016/j.bbrc.2011.09.016

264. Chae W], Gibson TF, Zelterman D, Hao L, Henegariu O, Bothwell AL (2010) Ablation
of IL-17A abrogates progression of spontaneous intestinal tumorigenesis. Proceedings
of the National Academy of Sciences of the United States of America 107 (12):5540-
5544.doi:10.1073/pnas.0912675107

265. Wehrens EJ], Mijnheer G, Duurland CL, Klein M, Meerding |, van Loosdregt ], de Jager
W, Sawitzki B, Coffer PJ, Vastert B, Prakken BJ], van Wijk F (2011) Functional human
regulatory T cells fail to control autoimmune inflammation due to PKB/c-akt
hyperactivation in effector cells. Blood 118 (13):3538-3548. d0i:10.1182/blood-2010-
12-328187

266. Fantini MC, Rizzo A, Fina D, Caruso R, Sarra M, Stolfi C, Becker C, Macdonald TT,
Pallone F, Neurath MF, Monteleone G (2009) Smad?7 controls resistance of colitogenic T
cells to regulatory T cell-mediated suppression. Gastroenterology 136 (4):1308-1316,
e1301-1303. doi:10.1053/j.gastro.2008.12.053

267. Marsh L, Coletta PL, Hull MA, Selby PJ, Carding SR (2012) Altered intestinal
epithelium-associated lymphocyte repertoires and function in ApcMin/+ mice.
International journal of oncology 40 (1):243-250. d0i:10.3892/ijo.2011.1176

268. Li X, Kostareli E, Suffner |, Garbi N, Hammerling G] (2010) Efficient Treg depletion
induces T-cell infiltration and rejection of large tumors. European journal of
immunology 40 (12):3325-3335. doi:10.1002/€ji.201041093

269. Teng MW, Ngiow SF, von Scheidt B, McLaughlin N, Sparwasser T, Smyth M] (2010)
Conditional regulatory T-cell depletion releases adaptive immunity preventing
carcinogenesis and suppressing established tumor growth. Cancer research 70
(20):7800-7809. doi:10.1158/0008-5472.CAN-10-1681

270. Svensson H, Olofsson V, Lundin S, Yakkala C, Bjorck S, Borjesson L, Gustavsson B,
Quiding-Jarbrink M (2012) Accumulation of CCR4(+)CTLA-4 FOXP3(+)CD25(hi)
regulatory T cells in colon adenocarcinomas correlate to reduced activation of
conventional T cells. PloS one 7 (2):30695. d0i:10.1371 /journal.pone.0030695

271. Menetrier-Caux C, Curiel T, Faget ], Manuel M, Caux C, Zou W (2012) Targeting
regulatory T cells. Targeted oncology 7 (1):15-28.d0i:10.1007/s11523-012-0208-y
272.Dannull ], Su Z, Rizzieri D, Yang BK, Coleman D, Yancey D, Zhang A, Dahm P, Chao N,
Gilboa E, Vieweg ] (2005) Enhancement of vaccine-mediated antitumor immunity in
cancer patients after depletion of regulatory T cells. The Journal of clinical investigation
115 (12):3623-3633.doi:10.1172/]C125947

273. Nair S, Boczkowski D, Fassnacht M, Pisetsky D, Gilboa E (2007) Vaccination against
the forkhead family transcription factor Foxp3 enhances tumor immunity. Cancer
research 67 (1):371-380. doi:10.1158/0008-5472.CAN-06-2903

274. Schnurr M, Toy T, Shin A, Hartmann G, Rothenfusser S, Soellner ], Davis ID, Cebon ],
Maraskovsky E (2004) Role of adenosine receptors in regulating chemotaxis and
cytokine production of plasmacytoid dendritic cells. Blood 103 (4):1391-1397.
doi:10.1182/blood-2003-06-1959

86



275. Atarashi K, Nishimura ], Shima T, Umesaki Y, Yamamoto M, Onoue M, Yagita H, Ishii
N, Evans R, Honda K, Takeda K (2008) ATP drives lamina propria T(H)17 cell
differentiation. Nature 455 (7214):808-812. d0i:10.1038/nature07240

276. Stagg ], Smyth M] (2010) Extracellular adenosine triphosphate and adenosine in
cancer. Oncogene 29 (39):5346-5358. d0i:10.1038/0nc.2010.292

277.Kavanagh B, O'Brien S, Lee D, Hou Y, Weinberg V, Rini B, Allison JP, Small EJ, Fong L
(2008) CTLA4 blockade expands FoxP3+ regulatory and activated effector CD4+ T cells
in a dose-dependent fashion. Blood 112 (4):1175-1183. doi:10.1182/blood-2007-11-
125435

278. Maker AV, Attia P, Rosenberg SA (2005) Analysis of the cellular mechanism of
antitumor responses and autoimmunity in patients treated with CTLA-4 blockade. ]
Immunol 175 (11):7746-7754

87



