Regulatory CD4"FOXP3" T cells in
Helicobacter pylori-induced disease

Bert Kindlund

Department of Microbiology and Immunology, Institute of Biomedicine,

Sahlgrenska Academy at University of Gothenburg, Sweden, 2009

1



Printed by Geson Hylte Tryck, Gothenburg, 2009
ISBN: 978-91-628-7748-4



”...0roa Dig inte innan Du vet, och nar Du vet

ar det ofta forsent, -sa varfor oroa sig?...

handledarens ord till doktoranden






ABSTRACT

Helicobacter pylori colonize the gastric or duodenal mucosa of approximately half of the worlds’
population. Although most individuals are asymptomatic, H. pylori infection cause peptic ulcers or
gastric cancer in 10-15 % and 1-2 %, respectively, of the infected individuals. It has previously been
suggested by us and others that the life-long infection caused by H. pylori may be due to dysregulation
of the immune response and that the host often fails to eradicate the infection due to the presence of
regulatory T cells that down-regulate the proper immune response. In this thesis we have further
analyzed the suppressive capacity, frequency, location and proliferation of regulatory T cells both
locally at the site of infection and systemically in the blood in individuals with duodenal ulcer and
gastric cancer. We could show by immunohistochemistry that FOXP3-expressing CD4" T-cell
numbers increase in areas of duodenal gastric metaplasia compared to normal duodenal mucosa and
are associated to CD4" T-cell aggregates in the duodenum of Helicobacter pylori-infected duodenal
ulcer patients. The increase of FOXP3-expressing T cells in the antrum of infected individuals was
dependent on the presence of Helicobacter pylori, since eradication therapy resulted in 4-fold lower
levels of FOXP3 and IL-10 mRNA in the antrum. Higher numbers of CD4'FOXP3" T cells were
found in duodenal ulcer patients than in asymptomatic H. pylori infected individuals. These results
show that CD4"FOXP3" expressing T cells are increased at the site of infection and decrease when the
bacteria are eradicated.

When analysing patients with gastric cancer we found increased numbers of CD4"FOXP3" T cells in
the tumor compared to tumor-free gastric mucosa. We could determine that gastric CD4*'CD25"" T
cells expressed FOXP3 and were able to suppress H. pylori-induced T-cell proliferation and IFN-y
production. These regulatory T cells (Treg) expressed increased levels of the homing receptor L-
selectin and CCR4, which indicated that the increased levels of CD4"FOXP3" Tregs in tumors are due
to active recruitment to the tumor mucosa.

Suppressive activites of Tregs have been proposed to be exerted by the anti-inflammatory cytokines
IL-10 or TGF-B. To evaluate the immune response in individuals that developed gastric cancer
compared to asymptomatic individuals we stimulated T cells from both peripheral blood and gastric
mucosa of H. pylori-infected gastric cancer patients with H. pylori antigens. All T cells from gastric
cancer patients produced high amounts of 1L-10, while the 1L-10 production from blood T cells of H.
pylori-infected asymptomatic subjects was low. Furthermore, the mRNA levels of IL-10 were
increased in the gastric mucosa of GC patients and the frequency of activated CD8" T cells was
markedly reduced compared to asymptomatic individuals.

Finally, we analysed CD4"FOXP3" T cells from gastric cancer patients by flow cytometry. We found
that CD4"FOXP3" T cells from gastric cancer patients have significantly higher levels of proliferation
than CD4'FOXP3" T cells within the tumor, and that CD4"FOXP3" cells within tumors proliferate
significantly more than CD4"FOXP3" cells in tumor free mucosa and in blood. When CD4" T cells
were isolated directly from the tumor and tumor free mucosa and sorted into CD25"%" and CD25'""
populations we found that CD4*CD25 "™ T cells express higher transcription levels of both IFN-y and
TGF-p compared to CD4*CD25"%" T cells, but CD4*CD25"%" have a higher 1L-10 / IFN-y ratio, which
indicates a suppressive function. Furthermore, the tumor mucosa had a higher expression of the pro-
inflammatory cytokines IFN-y and IL-8 compared to tumor-free mucosa.

In conclusion, we show increased numbers of CD4"FOXP3" T cells both in the mucosa of duodenal
ulcer patients and in gastric tumor tissue. This increase is associated to the presence of H. pylori, local
inflammation or cancer, and is mediated by both increased recruitment into the mucosa and increased
proliferation of resident FOXP3" cells. Furthermore, the local CD4"FOXP3" T cells are associated to
IL-10 expression but lack of IFN-y, while TGF-p is produced to a larger extent by other T cells. We
believe that these findings contribute to increased understanding of the immunoregulatory processes
related to H. pylori-induced diseases.
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ABBREVIATIONS

AS Asymptomatic individuals
CD Cluster of Differentiation

CTLA-4 Cytotoxic T-Lymphocyte Antigen 4

DC Dendritic Cell

DGM Duodenal Gastric Metaplasia
DU Duodenal Ulcer

FCM Flow cytometry

FOXP3 Forkhead box P3
GC Gastric Cancer
H.p. Helicobacter pylori

HPRT1 Hypoxanthine-guanine phosphoribosyl transferase

IDO Indoleamine 2,3-dioxygenase

IL-8 Interleukin-8

IL-10 Interleukin-10

IFN-y Interferon- y

LPL Lamina propria lymphocytes
PBMC Peripheral blood mononuclear cells
Treg Regulatory T cells

TGF-B Transforming growth factor 3

TIL Tumor Infiltrating Lymphocytes
TREC T-cell receptor excision circles
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INTRODUCTION

Helicobacter pylori

Helicobacter pylori is a gram-negative, microaerophilic, curved and rod-shaped bacterium with
multiple polar flagellae. It is one of the most common pathogenic bacteria that infect the human
population and approximately half of the world’s population is estimated to be or to have been
infected (Kuipers, et al. 1995; Rothenbacher and Brenner 2003). H. pylori specifically colonises
humans and its only niche is the human stomach mucosa or the gastric-like metaplasia in the
duodenum (Steer 1984; Wyatt, et al. 1987). It expresses a number of virulence factors,
including, BabA2, SabA, HpaA and UreA that mediate the attachment to the gastric mucosa
and help the bacterium to survive in the acidic environment of the stomach, as well as a toxin
(VacA) and other host-affecting proteins such as CagA, which is injected into epithelial cells
through a bacterial type-1V secretion system. H. pylori infection is usually acquired in
childhood and is often life-long in absence of antibiotic therapy (Everhart 2000). Infection by
H. pylori infection is therefore regarded as a chronic disease.

H. pylori infections cause peptic ulcers or gastric cancers

All infected subjects will develop an inflammation (chronic gastritis) of the stomach mucosa in
response to the infection, but the majority do not experience any problems caused by the
infection, and can unknowingly carry the infection for years as asymptomatic carriers. It has
been estimated that approximately 85% of infected individuals are asymptomatic. However,
approximately 10-15 % of all infected individuals are at risk of developing gastric or duodenal
ulcer disease and another 1% will develop gastric adenocarcinoma as a consequence of H.
pylori infection(Peek and Blaser 2002; Suerbaum and Michetti 2002) The diseases risk seems
to vary with age, geographical location and ethnicity, so host susceptibility as well as
environmental and bacterial factors influence the outcome of infection (Graham, et al. 1994).
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Duodenal ulcer

One reason for the different outcomes of H. pylori infection is that in some subjects the
infection induces an antral predominant non-atrophic pattern of gastritis, and this result in
increased release of the gastric hormone gastrin and thereby increased acid secretion. This
phenotype is associated with an increased risk of duodenal ulcer disease but little, if any,
increased risk of gastric cancer (Uemura, et al. 2001). Peptic ulcers are divided into gastric
ulcers and duodenal ulcers, which develop in the stomach and duodenum, respectively.
Colonization of duodenum is much more complicated for H. pylori compared to colonization
of the stomach. Patients with an increased gastric acid secretion also have higher levels of
acid in the duodenum due to leakage from the stomach. When the epithelial layer is exposed
to increased acid levels in duodenum it may transform to be more of the same type as the
gastric epithelial layer. Such areas in the duodenum are referred to as duodenal gastric
metaplasia (DGM) and the gastric-like layer of DGM make it possible for H. pylori to
colonize these areas (Steer 1984; Wyatt et al. 1987).

Esophagus

Duodenum Cardia

Antrum Corpus

Figure 1:
The different compartments of the human
gastrointestinal tract mentioned in the text.
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Gastric Cancer

H. pylori-induced gastric cancer develops during several decades. After initial infection,
individuals will develop a chronic gastritis, which is predominantly located either in the
antrum or corpus of the stomach, or alternatively equally distributed in both locations (pan-
gastritis). Those with pan-gastritis or corpus-predominant gastritis may subsequently develop
atrophic gastritis — e.g. destruction and loss of the gastric glands. This histological picture is
associated with increased gastrin release but reduced or absent acid secretion and is associated
with an increased risk of developing gastric cancer (EI-Omar, et al. 1997; Uemura et al.
2001). In a subset of individuals with atrophic gastritis there is also development of intestinal
metaplasia, e.g. transformation of gastric epithelial cells into intestinal-like cells. The
metaplastic epithelium may then undergo further genotypic and phenotypic disarrangements
and thereby progress to dysplasia and malignant transformation, i.e. adenocarcinoma (Kuipers
et al. 1995). In a prospective study it was shown that the risk of developing gastric cancer
within 10 years is 15 and 35 times greater for individuals with pan-gastritis or corpus-
predominant gastritis compared to individuals with antrum-predominant gastritis, respectively
(Uemura et al. 2001).

Gastric cancer epidemiology

Gastric cancer is the fourth most common type of cancer with at least 900.000 new cases per
year, but the second most common in leading to death. There is a considerable geographic
variation in incidence of gastric cancer around the world, but almost two thirds of the cases of
gastric cancer occur in developing countries and 42% in China alone (Parkin, et al. 2005).
Areas of high-risk for development of gastric cancer are East Asia (China, Japan), Eastern
Europe, and parts of Central and South America (Parkin et al. 2005). In Sweden the numbers
of new cases of gastric cancer have decreased and today around 1000 new cases are reported
every year, indicating a reduction of cases to a third of the cases reported in 1970. People
moving from high-risk areas to low-risk areas have the same risk of developing gastric cancer
as the people who stay, but the children born in low-risk areas have the same risk of
developing gastric cancer as other people in their new country (Kamineni, et al. 1999). This

supports that environmental factors in early life are important for cancer development.
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Epidemiological, clinical, and animal studies have established a central role for H. pylori in
gastric carcinogenesis and provided insights into the mechanisms and biologic relationships
between bacterial infection, host genetics, nutrition, and environmental factors (Mbulaiteye, et
al. 2009). More than 90% of gastric cancers are characterized as adenocarcinoma, i.e. derived
from glandular epithelial cells (Dickson, et al. 2004). Gastric cancer is divided into cardia (the
esophagogastric junction) and non-cardia (distal part of stomach) cancer depending on the
location of tumor, and 65-85% of all gastric cancer cases are non-cardia cancer. It has been
estimated that more than half of the world-wide non-cardia gastric cancers are caused by H.
pylori infections (HCC-Group 2001).Non-cardia gastric cancer has a male to female ratio of
approximately 2:1 (Chandanos and Lagergren 2008). There are two histological main types of
gastric carcinoma, diffuse (undifferentiated) and intestinal (well-differentiated) (Lauren
1965). H. pylori infection increases the risk of developing non-cardia cancer but seems not to
be involved in cardia cancer (HCC-Group 2001) where smoking and obesity are risk factors
(Calle, et al. 2003; Gonzalez, et al. 2003). Factors related to diet and food preservation, such
as high intake of salt-preserved foods and dietary nitrite or low intake of fruit and vegetables,
are likely to increase the risk of stomach cancer (Brenner, et al. 2009; Jakszyn and Gonzalez
2006; Riboli and Norat 2003). Recently it has been shown that regular use of aspirin or other
NSAIDs have a protective function against non-cardia cancer but not against cardia cancer
(Abnet, et al. 2009).
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Immune responses to H. pylori infection

Infection with H. pylori generally leads to an immune response characterised by a large
infiltration of various immune cells into the infected gastric mucosa such as antibody producing
B-cells, neutrophils, macrophages, CD8" and CD4" T cells. The T cells and the general immune
response seem to be polarised towards production of Thl cytokines such as IL-12 and IFN-y in
infected individuals (Bamford, et al. 1998; Lindholm, et al. 1998). However, previous studies
from our group have shown that the presence of CD4*CD25"" regulatory T cells down-
regulate the T-cell response to H. pylori in the blood of asymptomatic H. pylori-infected
subjects (Lundgren, et al. 2003). Furthermore, the number of CD4*CD25"%" T cells were also
shown to be increased in the infected antral and duodenal mucosa compared to uninfected
mucosae (Lundgren, et al. 2005a). A working hypothesis further evaluated in this thesis is that
the regulatory T cells suppress the mucosal immune responses to minimise the tissue damage,
but at the same time this contribute to the persistence of H. pylori infection (Lundgren et al.
2005a) and increase the risk for development of gastric cancer by reducing the anti-tumor

immune responses.
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Regulatory T cells
History

Already in 1970, the first publications reporting the existence of specific T cells that not only
augmented but also dampened the immune response, and that these down-regulating T cells
were different from helper T cells (Gershon and Kondo 1970). The new T cell population that
dampened immune responses was called Suppressor T cells and was intensively studied
during a number of years, but then this line of research ended quite abruptly. The reason was
that the researchers did not find the I-J region in the MHC complex, which was assumed to
encode the 1-J molecule with the supposed suppressive function (Green, et al. 1983;
Kronenberg, et al. 1983) but also that no reliable cell surface markers for distinguishing
suppressor T cells from other T cells were found. However, a decade later in the 90s this line
of research was re-initiated by the findings of the oral tolerance-induction by TGF-$
producing T regulatory cells, called Th3 cells (Fukaura, et al. 1996; Miller, et al. 1992).
Finally, in 1995, Sakaguchi et al demonstrated that mouse T cells with suppressor activity was
confined to a minor subset of T cells that constitutively expressed the IL-2 receptor a subunit,
CD25 (Sakaguchi, et al. 1995), the CD4"CD25" T cells were termed regulatory T cells (Treg).
In humans, the Tregs were further recognized to be T cells with high expression of CD25 i.e
CD25"%" cells (Baecher-Allan, et al. 2001).

CD4" regulatory T cells are now categorized into two main classes; naturally occurring Tregs
(nTregs), which develop their regulatory function in the thymus, and the regulatory T cells
that up-regulate their regulatory function in the periphery or in vitro during various
experimental conditions, i.e. induced Treg (iTreg) (Shevach 2006). In addition there are also
Trl cells, characterized by high IL-10 production (Groux, et al. 1996) and Th3 cells which
produce high levels of TGF-B (Fukaura et al. 1996); the definitions of these cell populations
are overlapping and they are not all mutually exclusive. In humans, simulation may under
certain conditions be sufficient to induce FOXP3 expression in CD4"CD25T cells (Walker, et
al. 2003).
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Regulatory T cells markers

Regulatory T cells express CD25, FOXP3, GITR, CD27 and CTLA-4 but have low
expression of CD127 and CD49d, independent of whether they originated from the thymus or
were induced in the periphery. These markers are often used to define the Treg cell population
and high expression of CD25, the IL-2 receptor o chain, is one of the most extensively used
markers for the isolation and characterization of Treg both in mice and humans. However, one
major drawback is that activated effector T cells also express this receptor (Baecher-Allan et
al. 2001). Apart from CD25"%" the following markers may be used:

FOXP3, forkhead box P3, is a transcription factor and a characteristic marker, which control
phenotype and function of regulatory T cells (Buckner and Ziegler 2008) and has been linked
with a suppressive phenotype (Mahic, et al. 2006; Pillai, et al. 2007; Walker, et al. 2005;
Walker et al. 2003). In support of the use of FOXP3 as a marker for regulatory T cells the
immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is
caused by mutations of the FOXP3 gene (Bennett, et al. 2001). FOXP3 mutations in IPEX
patients result in dysfunction of CD4* CD25"%" cells and in effector T cells, which leads to a
high incidence of autoimmune or inflammatory diseases including type 1 diabetes, thyroiditis,
inflammatory bowel disease and allergic diseases (Bacchetta, et al. 2006). FOXP3 has
emerged as a useful marker for distinguishing Tregs but one major drawback is that
intracellular staining is needed, which means that living cells cannot be sorted with regard to
FOXP3 expression.

CTLA-4, Cytotoxic T-Lymphocyte Antigen 4, also known as CD152. CTLA-4 is similar to
the T-cell costimulatory protein CD28, and both molecules bind to CD80 and CD86 on
antigen-presenting cells. CTLA 4 transmits an inhibitory signal to T cells and to antigen-
presenting cells, whereas CD28 transmits a stimulatory signal (Alegre, et al. 2001; Levings, et
al. 2001b; Wing, et al. 2005; Zheng, et al. 2008).

GITR, glucocorticoid-induced TNFR-related protein, interaction of GITR on Treg with its
ligand (GITR-L) on APCs has the opposite effect compared to CTLA-4-CD80/86, since
signaling via GITR has an inhibitory effect on Treg suppression.
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CD27 together with CD25 are a useful combination for distinguish regulatory T cells from
effector T cells in inflamed tissue (Ruprecht, et al. 2005). However, Duggleby claim that
CD27 is most useful to identifying Treg in the cell lines obtained after expansion of CD4"
CD25" cells and its expression may not reliably identify the Treg cell population in other T-
cell populations such as those found in joints (Duggleby, et al. 2007).

Low levels of CD127, IL-7 receptor chain, have been shown on regulatory T cells surfaces
(Liu, et al. 2006; Seddiki, et al. 2006). In gastric cancer patient it was recently shown that
CD4*CD25'CD127""" can be used as a selective marker to enrich Treg (Shen, et al. 2009).

CD49d is a new marker that is expressed on proinflammatory PBMC but is absent on
immune-suppressive Treg cells. The combination of anti-CD49d with anti-CD127 makes it
possible to separate CD49d'CD127'°" cells as an “untouched” FOXP3" Treg cell population
free from contaminating effector cells (Kleinewietfeld, et al. 2009).

The identification of specific molecular markers of Treg remains an important goal in human
immunology and will not only aid in the elucidation of Treg but also provide novel targets for
immunotherapy (Knutson, et al. 2007).

Trl cells

Trl cells are characterized by producing particularly high levels of cytokine I1L-10 and are one
of the main T-cell mediators of cytokine-dependent immune regulation (Groux, et al. 1997).
Tr1 cells arise in the periphery when naive CD4" T cells are activated by tolerogenic antigen-
presenting cells (APCs) in the presence of IL-10 (Roncarolo, et al. 2006). Regulation of the
immune responses, in vivo and in vitro, is through secretion of IL-10 and transforming growth
factor-p (TGF-B), that have a suppressive capacity on both naive and memory T-cell
responses (Barrat, et al. 2002; Levings, et al. 2001a). The suppressive effects of Trl cells are
not completely dependent on IL-10 and TGF-B (Groux et al. 1997), additional mechanisms
such as cytotoxicity may also contribute (Grossman, et al. 2004b). Although Tr1 cells need to
be activated via the T-cell receptor (TCR) to exert their suppressive function, once activated,
they mediate bystander suppressive activity against cells that recognize other antigens.
Unfortunately, specific cell-surface markers of Trl cells are not known, and it is therefore not

possible to isolate the cells ex vivo.
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Suppressive mechanisms used by regulatory T cells

Suppressive mechanism that Treg may use can be divided into four different groups;
suppression by inhibitory cytokines, suppression by cytolysis, suppression by metabolic
disruption and suppression by modulation of dendritic-cell maturation or function (Vignali, et
al. 2008).

The inhibitory cytokines most important for Treg suppression are IL-10 and TGF-B
(Nakamura, et al. 2001; Zhang, et al. 2001; Zheng, et al. 2004). The role of cytokine
suppression by Treg has been thoroughly studied in several mouse models. Thus, both IL-10
and TGF- B are important for maintaining gut homeostasis and protect from inflammatory
bowel disease-like conditions in mice (Asseman, et al. 1999). In human, some studies have
shown that the natural Treg-suppression is independent of IL-10 and TGF-B (Enarsson, et al.
2007; Levings et al. 2001b) whereas other studies have shown that IL-10 and TGF-§ are
involved in the suppression (Strauss, et al. 2007). Recently in mouse experiments, IL-35 has
been proposed as a novel inhibitory cytokine that may be specifically produced by Treg cells
and is required for maximal suppressive activity (Collison, et al. 2007). However, human Treg
cells do not express detectable amounts of IL-35 (Bardel, et al. 2008).

Suppression by cytolysis is suggested to be carried out by granzyme A, granzyme B and
perforin. In human this has been shown on in vitro stimulated PBMC (Grossman, et al.
2004a). However, gastric mucosal CD4*CD25"%" T cells isolated from tumor and tumor-free
mucosa do not express Granzyme A, Granzyme B or Perforin (Enarsson 2005). It has also
been suggested that Treg may use two other cytotoxic mechanisms: the TRAIL-DR5 (tumor-
necrois-factor-related apoptosis-inducing ligand-death receptor 5) pathway (Ren, et al. 2007)
and galectin-1 (Garin, et al. 2007).

Suppression by metabolic disruption is described as a mechanism that mediate suppression
of the effector T-cell target (Vignali et al. 2008). The high expression of CD25 (IL-2Ra)
empowers Treg cell to “consume” IL-2 and therefore starve actively dividing effector T cells
by depleting the IL-2 they need to survive (de la Rosa, et al. 2004; Thornton and Shevach
1998) but this has been questioned by others (Fontenot, et al. 2005). The coordinated
expression of CD39/CD73 on Treg which generate the inhibitory molecule adenosine can
suppress effector T cells by binding to their A2A receptor (Deaglio, et al. 2007). Treg can also
use cyclic AMP (cCAMP) to suppress effector T cells by transfer through membrane gap
junctions (Bopp, et al. 2007).
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Suppression by modulation of dendritic cells is an indirect way for Treg to suppress effector
T cells by reducing dendritic cell activation-capacity. Treg cells down-modulate B7-
molecules on DCs in a CTLA-4-dependent way, thereby enhancing suppression of T-cell
activity (Oderup, et al. 2006; Read, et al. 2000). Treg can also in an CTLA-4-dependent way
induce up-regulation of indoleamine 2,3-dioxygenase (IDO) in DC, resulting in a suppression
of effector T cells (Fallarino, et al. 2003). IDO catalyses the degradation of tryptophan,
generating suppressive metabolites, which can anergize T cells or even induce the
differentiation of new Tregs (Munn and Mellor 2007). Neuropilin-1 which is expressed
mostly by Treg but not naive T cells, promote prolonged interaction with immature DC (iDC).
This will give Treg an advantage over naive T cells in modulating the function of DCs (Sarris,
et al. 2008).

Correlation between FOXP3 and a suppressive function in humans

The best marker for regulatory T cells, the transcription factor FOXP3, is presently
questioned, the issue being if all cells that express FOXP3 have a suppressive function.
FOXP3 is not only restricted to naturally occurring Tregs but can be expressed by
conventional T cells upon stimulation (Allan, et al. 2007; Gavin, et al. 2006; Mantel, et al.
2006; Morgan, et al. 2005; Pillai et al. 2007; Walker et al. 2003; Wang, et al. 2007). The
suppressive capacity of the induced FOXP3 expressing cells has been tested with varying
results, in some cases stimulation results in a transient FOXP3 expression and non-
suppressive function (Allan et al. 2007; Tran, et al. 2007). However, suppressive phenotypes
have been observed in induced CD4"FOXP3" cells in other experiments (Gavin et al. 2006;
Long and Buckner 2008; Mabhic, et al. 2008b; Pillai et al. 2007; Walker et al. 2005; Walker et
al. 2003). Different experimental set ups have been used in different studies, suppressive
function has been reported by using isolated induced CD4°CD25" cells, whereas lack of in
vitro suppressive function where reported when CD25" cells were not separated and a mixed
population of T cells were used as suppressors (Buckner and Ziegler 2008). Furthermore,
even CD8"CD25'FOXP3 T cells attain a transient FOXP3"CD25" state during activation and
acquire a suppressive function (Mabhic, et al. 2008a; Pillai et al. 2007). Regardless whether the
variation in suppressive capacity of induced FOXP3 expressing cells is due to different
stimulation conditions or to donor-dependent factors, it is now becoming increasingly
accepted that stable FOXP3 expression is prerequisite for a suppressive phenotype (Janson, et
al. 2008; Wang et al. 2007)
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Presence of regulatory T cells in cancer

Tumors has different strategies to avoid the anti-tumor immune response, one is to suppress
the immune responses by increasing the number of regulatory T cells. In ovarian cancer and
non-Hodgkin’s lymphoma, they have found that the tumor produce the chemokine CCL22
that serves to attract CCR4™ Treg into the tumor tissue (Curiel, et al. 2004) (Yang, et al.
2006). Furthermore, tumor cells and tumor-educated tolerogenic APC seems to use the same
mechanisms for inducing Tregs, both can secrete immunoregulatory cytokines such as TGF-
and IL-10, and both have been shown to express IDO (indoleamine 2,3 dioxygenase)(Munn
and Mellor 2007; Zou 2006). Our group has shown that H. pylori induced T cell migration
was dramatically reduced in gastric carcinoma patients compared to healthy individuals, but
restored after Treg depletion. The effect of Treg cells was largely dependent on cell-cell
contact, but not on IL-10 or TGF-$ (Enarsson et al. 2007). The results of a number of studies
looking at different cancer types show an increased number of Treg in PBMC in cancer
patients compared to healthy individuals whilst a minority of studies did not (Betts, et al.
2006). In gastric cancer patients, at least two studies apart from the reports presented in this
thesis have shown an increased number of Treg in PBMC in gastric cancer compared to
healthy individuals (Ichihara, et al. 2003; Sasada, et al. 2003). In gastric cancer, the
population of CD4"CD25" T cells in the tumor infiltrating lymphocytes (TIL) in advanced
disease was significantly higher than that in TILs of patients with early-stage disease (Ichihara
et al. 2003). In ovarian cancer, Curiel et al have shown a correlation between frequencies of
tumor infiltrating Tregs and survival (Curiel et al. 2004) whereas Sato observed a better
prognosis in patients with a high CD8" T cells to CD4"FOXP3™ T cells ratio (Sato, et al.
2005). Furthermore, gastric cancer patients with high frequencies of CD4*CD25"%" T cells in
PBMC demonstrated reduced survival compared to those classified as low (Sasada et al.
2003).

Treg in infections

The role of regulatory T cells in HIV pathogenesis is not fully elucidated. Persistent antigens,
such as HIV, are believed to promote the expansion and activation of antigen-specific Tregs
and several reports have described both beneficial and detrimental roles for Treg in HIV
pathogenesis (Seddiki and Kelleher 2008). In human cutaneous leishmaniasis, recent reports
indicate that IL-10-producing natural regulatory T cells may play critical roles in the
maintenance and loss of infection-induced immunity (Okwor and Uzonna 2008).
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AIMS OF THE THESIS

- To determine the number and localisation of mucosal CD4" T cells expressing the
transcription factor FOXP3 in duodenal ulcer patients and gastric cancer patients.

- To determine the local gene expression levels of anti- and pro-inflammatory cytokines and
the expression of FOXP3 before and after eradication of Helicobacter pylori.

- To investigate cytokine mRNA production, expression of FOXP3 and the capacity to
suppress H. pylori-induced T-cell response in human mucosal CD4*CD25"" regulatory T
cells from H. pylori-infected gastric cancer patients.

- To study whether those individuals that develop gastric cancer have an altered immune
response to H. pylori compared to individuals that remain asymptomatic

- To study the level of activity among the cytotoxic CD8" T cells and the relation between
CD4"FOXP3™ T cells and CD8" T cells in tumor compared to tumor-free gastric mucosa.

- To study the mechanisms behind increased levels of regulatory CD4"FOXP3™ T cells in the

gastric tumor mucosa.
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MATERIALS AND METHODS

Patients and volunteers

All experiments in this thesis were performed using biopsies from human duodenum and/or
gastric mucosa and/or blood samples collected from patients at the Sahlgrenska University
hospital, Gothenburg, or healthy volunteers. In the different studies, patients with non-cardia
gastric adenocarcinoma or pancreatic cancer, duodenal ulcer patients, H. pylori eradicated
duodenal ulcer patients and healthy controls were included (Table 1). All individuals were
tested for H. pylori infection as described below. None of the H. pylori-infected individuals
had taken any antibiotic medication prior to sampling of biopsy specimens or any anti-
secretory medication for at least 10 days prior to collection. Furthermore, none of the gastric
adenocarcinoma patients had undergone radiotherapy or chemotherapy prior to surgery. The
studies were approved by the Ethical review board for human research at Sahlgrenska
Academy, and informed consent was obtained from each subject before participation in the

study.

Table 1. Volunteers participating in the different studies

Study | Study |1 Study I11 Study IV
Number Age Number Age Number Age Number Age
(median) (median) (median) (median)
Hp- AS* 6 34 (25-55)
Hp+ AS 21 54 (26-86) 7 60 (35-75)

Hp+ DU° 11 50 (24-86)

Erad DU° 6 64 (59-81)

GC* 6 79 (63-85) 12 75 (55-82) 8 76 (49-84) 13 78(63-85)
Hp- PC* 5 72 (64-80)

Healthy 5 68 (57-75)
Total no. 50 12 20 18

2AS — Asymptomatic; DU - Duodenal Ulcer; °Erad — H. pylori-eradicated; GC - gastric
cancer, °PC — Pancreatic cancer

23



Diagnosis of H. pylori infection

For each patient, the H. pylori status was evaluated by different tests. Detection of antibodies
specific for H. pylori in plasma was done by using a commercial plasma quick-test for anti-H.
pylori 1gG (Status H. pylori, LifeSign LLC, Somerset, NJ, USA), in house ELISA methods
for detection of IgA and 1gG antibodies against H. pylori membrane proteins (Mattsson, et al.
1998) as well as with an EIA-G 111 ELISA kit (Orion Diagnostics, Finland). Biopsies from
gastric and duodenal mucosa were sonicated and cultured on Columbia-Iso agar plates, and
the number of H. pylori DNA copies in the biopsy-mix was quantified with an H. pylori-
specific quantitative real-time PCR method (Janzon, et al. 2009). A patient was scored as H.
pylori positive if positive in culturing or PCR analysis or positive in two of the antibody test.

Collection of mucosal tissue and blood samples

To collect samples for comparison of normal duodenum and duodenal gastric metaplasia
(DGM), areas of DGM were identified in the H. pylori-infected subjects by methylene blue
staining during endoscopy as previously described (Stromberg, et al. 2003a). This procedure
stained the normal mucosa dark blue but left areas of DGM unstained and pink, which
allowed for directed biopsy sampling from the different mucosa types. To collect biopsies for
measuring gene expression in the antral and duodenal mucosa, endoscopy without methylene
blue staining was performed. Collection of gastric tumor and tumor-free mucosa was
performed during gastrectomy operations of non-cardia gastric adenocarcinoma patients.
Gastric tumor-free mucosa was defined as tissue with normal visual appearance located at
least 5 cm from the nearby tumor. From the patients who underwent gastrectomy, 40 ml of
blood was collected and 10-30 ml of blood was taken from endoscopy patients.

Isolation of PBMC and LPL

Peripheral blood mononuclear cells (PBMC) were isolated from blood from the volunteers by
density-gradient centrifugation on Ficoll-Paque (GE Healthcare Bio-Sciences AB, Sweden).
Lamina Propria Lymphocytes (LPL) were isolated using collagenase/DNAse enzymatic
digestion, as previously described (Lundgren, et al. 2005b). Briefly, the tissue was first
stripped of any muscle or fat layers before being cut into small pieces and incubated with
Hank’s balanced salt solution (HBSS) without calcium or magnesium containing 1mM EDTA
and 1ImM DTT (Sigma, Sweden) to remove the epithelium and all intraepithelial
lymphocytes. Thereafter, the bottles were incubated for two hours at 37°C in a
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collagenase/DNAse solution (100 U/ml collagenase, 0,1 mg/ml DNAse, Sigma, Sweden),
releasing the LPL. The lymphocytes were then run through a nylon mesh to get rid of any
remaining tissue. This procedure gives an optimal yield of LPL with very little epithelium

remaining.
Immunofluorescence staining

The regulatory T cells in duodenal and gastric mucosa were identified by double staining with
anti-FOXP3 and anti-CD4 antibodies. Biopsies from duodenal and gastric mucosa frozen in
OCT compound (Tissue-Tek; Miles Inc., Elkhart, IN, USA) and stored at -70°C, were cut into
sections (6 pm thin), fixed in 4 % paraformaldehyde, and rinsed in PBS containing 0.1 %
saponin, followed by blocking of biotin in the tissue (Molecular Probes, Eugene, Oregon,
USA). Thereafter, the slides were incubated with mouse 1gG1 anti-FOXP3 (clone 236A/E7)
(Roncador, et al. 2005) or with mouse IgGl as a negative control (DAKO, Glostrup,
Denmark) followed by detection using tyramide-Alexa Fluor 488 amplification (TSA Kit,
Molecular Probes). The samples were then incubated with mouse IgG1 anti-CD4 (DAKO)
followed by goat anti-mouse 1gG1l Alexa Fluor 594 (Molecular Probes). The slides were
mounted using a DAPI-containing mounting medium (Molecular Probes) in order to visualise

the nuclei of the cells.
Microscopy and image analysis

The numbers of cells were counted using a conventional fluorescent microscope, Zeiss
Axiovert 100TV, and the area was measured using the Zeiss Axiovision software, crypts and
submucosa were not included in the analysis. The numbers of CD4"FOXP3" positive cells in
the lamina propria per mm? of total tissue were calculated. In Paper | each reported value
represents the mean of two separate sections of the same biopsy. In Paper Il the tissue sections
was 4-5 times bigger and each reported value represents one separate section. To receive high
quality images for publication, confocal microscopy (LSM META 510, Zeiss) was used at the
Centre for Cellular Imaging at University of Gothenburg.
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Flow cytometry

LPL and PBMC were stained extra- and intra-cellularly with fluorescent labelled antibodies.
Different combinations of antibodies were used in the papers;

Paper | Extracellular; a-CD4-FITC, a-CD8-PerCP, a-CD25-PE
Intracellular; a-FOXP3-APC

Paper 11 Extracellular; a-CD4-FITC, a-CD8-PerCP, a-CD25-PE, a-CD69-APC, a-
integrin-B7-PE, a-integrin-aE-FITC, a-L-selectin-PE, a-CXCR3-FITC, a-
CCR4-PE, 0a-CCR5-PE, a-CCR9-PE

Paper Il Extracellular; a-CD8-FITC, a-CD25-PE
Intracellular; a-Perforin-PE

Paper IV Extracellular; a-CD4-FITC, a-CD8-PERCP, a-CD25-PE, a-CD27-PE
Intracellular; o-FOXP3-APC, a-Ki67-PE, a-CTLA-4-PE

The cells were stained for cell surface expression using optimal concentrations of antibodies
followed by intracellular staining with FOXP3 permeabilization buffer kit (eBioscience, San
Diego, CA)(Paper I, Il and 1V) or Cytofix/Cytoperm solution (BD Bioscience)(Paper I11)
according to the protocol of the manufacturer. After staining, the cells were fixed in
formaldehyde and analyzed by flow cytometry using a FACSCalibur equipped with a blue
and a red laser (BD, San Jose, CA). The Flow Cytometry data were analysed by Flow Jo
(Flowjo, Oregon, US).

Isolation of RNA from biopsies and sorted cells

The mucosal tissue biopsies collected from gastric cancer patients were immediately placed in
RNAIlater (Ambion) and stored at -70°C until extraction of RNA. Isolated LPL and PBMC
were sorted into CD4"CD25"" and CD4*CD25""" T cells using a FACSVantage SE (BD
Bioscience) as previously described (Lundgren et al. 2005a). The cells were placed in lysis-
buffer with 1% p-mercaptoetanol and stored at -70°C until extraction of RNA. Isolation of
total RNA from biopsies was performed according to the description of the manufacturers
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). The biopsies were disrupted by a
glass mortar and pestle and filtered through a QIlAshredder column (Qiagen, Hilden,
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Germany) before RNA extraction to ensure proper lysis and disruption of the tissue. The
extracted tissue RNA was checked for integrity on a 1% agarose gel and the concentration
was measured using a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
The tissue RNA was kept at -70°C until further use. Total RNA from equal numbers of sorted
CD4"CD25"" and CD4*CD25"™"" T cells were extracted from each patient, using the RNeasy
Micro Kit (Qiagen, Hilden, Germany) according to the description of the manufacturers and
kept at -70°C until further use .

cDNA synthesis

Isolated RNA from biopsies were converted to cDNA by using the Omniscript Reverse
Transcriptase kit (Qiagen) and cDNA synthesis of RNA from sorted cells were done by the
Sensiscript Reverse Transcriptase kit (Qiagen). The instructions from the supplier were
followed and Random hexamers (cat.n0.79236, Qiagen, Hilden, Germany) were used as
primers. The cDNA were stored in -20°C until use.

Real-time RT PCR

The gene expression analysis was run on 7500 Real Time PCR System (Applied Biosystems)
and commercial Tagman gene expression assays (Applied Biosystems) were used. The gene
expression was measured on cDNA from both gastric and duodenal mucosal biopsies and
cDNA from sorted cell from LPL and PBMC. The analysed genes coded for FOXP3, CD4,
IL-10, TGF-B, IFN-y, IL-8 and HPRTL1. The real time PCR reactions were run in 96 well
plates using the standard amplification conditions described for the 7500 Real Time PCR
System (Applied Biosystems) and each reaction contained 1 pul cDNA (30ng), 1 x Universal
PCR Master Mix, 1 pl primer mix and ribonuclease-free water in a total volume of 20 ul . All
reactions were run in duplicate and the average Ct value, the fractional cycle number at which
the fluorescence passes the threshold, was calculated for each sample. HPRT1 was shown to
be the best housekeeping gene for gastric and duodenal mucosal biopsies, as judged by
analysis of the TagMan® Human Endogenous Control Plate (part no 4309199) that contain
assays for 11 different commonly used housekeeping genes. However, we found by
comparing expressions in tumor and tumor-free mucosa that HPRT1 expression increased in
tumor mucosa and hence, HPRT1 were used as the housekeeping gene in paper | and paper 11l
but not in paper 1V since samples from tumor mucosa were used for gene expression analyses
in this paper. In paper | and Ill; the difference between the target gene and the HPRT1

reference gene ACt) was always compared against a calibrator sample included and run on
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each individual plate to allow comparisons between results obtained from different runs. The
expression levels of the target genes were expressed as the ratio of target and reference gene
(2%“, according to the instructions from Applied Biosystems). In paper IV; the fold
difference between tumor and tumor-free sample for each patient and gene was calculated by
the Ct values (Bustin 2002). For analysis of gene expression in sorted cells, all reactions were
run in duplicate and the average Ct value for each sample was calculated. The fold difference
between CD4*CD25"" and CD4*CD25""" sample for each patient and gene was calculated
by the Ct values (Bustin 2002).

Suppression assay

For investigation of Treg suppressive activity, monocytes were used as APC and isolated
from PBMC by adherence of the remaining cell population after CD4 and CD8 cell depletion
using magnetic beads (Dynal, Oslo, Norway). Sorted CD4*CD25"%" cells, CD4"CD25"""
cells and CD4" cells were added to 96-well plates and stimulated with either anti-CD3 or an
H. pylori membrane preparation (MP), prepared as previously described (Mattsson et al.
1998). In co-culture experiments, CD4*CD25"%" or CD4'CD25""" cells were cultured
together with CD4*CD25""" cells. Replicated supernatants were then pooled after 48h and
stored at -70°C until analysis of IFN-y content with cytometric bead array (BD, Bioscience).
After 5 days of cultivation, cell proliferation was measured with a thymidine incorporation
assay.

T-cell stimulation

In paper 111, antigen-presenting cells (APC) were obtained by adding PBMC (CD4"- and
CD8*-T-cell-depleted) to round-bottomed, 96-well plates (NUNC, Aarhus, Denmark) at 10°
cells/well and incubated for 2 h at 37°C. Thereafter, the non-adherent cells were washed away
twice with PBS, and 10° cells of CD4" or CD8" T cells, isolated with Dynabeads (Lundin, et
al. 2002), per well were added. The cells were stimulated with 10 pg/ml of H. pylori MP heat-
killed H. pylori or H. pylori lysate (10° heat-killed or lysed H. pylori per well). As positive
control, 5ug of phytohemagglutinin (PHA) (Murex Diagnostics Ltd., Temple Hill, United
Kingdom) per ml was used and culture medium alone was used as negative control. The
plates were then incubated in 5% CO, at 37°C for 5 days. Forty-eight hours after the initiation
of culture, the supernatants from at least three wells were pooled and stored at -70°C until
analysis of cytokines. Proliferation was measured in parallel culture wells by adding tritiated
thymidine on day 5 followed by harvesting and analysis using a f—counter.
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Statistical analysis

Statistical evaluation was performed using the GraphPad PRISM 3 and 4 software. The used
tests were Wilcoxon matched pair test, Mann-Whitney Test and Student T test. P-values <
0.05 were considered to be statistically significant.
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RESULTS AND DISCUSSION
Localization and frequency of CD4"FOXP3" T cells in peripheral tissue

It is possible that the inability of the immune system to clear H. pylori infections is due to a
dysregulation of the immune response. In this thesis the presence and suppressive capacity of
regulatory T cells was studied in order to further determine the role of these cells in H. pylori
induced disease. Most studies in regulatory T cells have been performed on cells derived from
blood since they are easier to obtain, but since it is more relevant to study the cells at the site
of infection, this thesis is mainly focused on regulatory T-cells located in mucosal tissues and
their responses to H. pylori infection. In order to identify the regulatory T cell populations, we
have either used high expression of the IL-2 receptor o chain CD25 as a marker on CD4" cells
or alternatively recently described antibodies against the nuclear transcription factor FOXP3,
which is currently the most accepted marker for regulatory T cells (Buckner and Ziegler 2008;
Roncador et al. 2005).

FOXP3 expressing CD4" T-cells increase in H. pylori infected gastric mucosa

Detection of regulatory T -cells in antral and duodenal mucosa has been performed previously
in our group using anti-CD25 antibody staining of tissue sections (Lundgren et al. 2005a).
The cells detected with this method were mostly CD4*CD25"" T cells (Lundgren et al.
2005a; Stromberg, et al. 2003b), as confirmed using flow cytometry, and this cell fraction was
increased in H. pylori infected mucosal tissue (Harris, et al. 2008; Lundgren et al. 2005b).
However, when the antibodies directed against FOXP3 became available it was evident that
FOXP3 staining was not always associated with high expression of CD25. In initial studies
when we compared the profiles of CD25"%" and FOXP3" cells in blood as well as peripheral
tissue from cancer patients we could confirm that a large majority (more than 95%) of the
FOXP3-expressing cells were CD4™ T cells (Paper ). However, the flow cytometry analysis
showed that although 90% of the FOXP3-expressing cells in peripheral blood co-express
CD25, only 74% of the FOXP3-expressing cells in gastric mucosa do express CD25 (fig. 2).
This is novel information, and given that there is a high correlation between FOXP3-
expression and suppressive function (Gavin et al. 2006; Long and Buckner 2008; Mahic et al.
2008b; Pillai et al. 2007; Walker et al. 2005; Walker et al. 2003), these results may indicate
that a substantial fraction of gastric regulatory T cells are CD25-negative.
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Figure 2: Expression of FOXP3 and CD25 in CD4" T cells isolated from PBMC and tumor-free
gastric lamina propria of a H.p.+ gastric cancer patient.

Since we observed that a relatively large number of cells in the gastric mucosa were CD25
CD4"FOXP3™ T cells, the former stainings with CD25 may not have detected these cells.
Therefore, we decided to investigate the localization and frequency of CD4"FOXP3™ T cells
at the single-cell level in duodenal and gastric mucosa in tissue sections. To this end, we
established an immunofluorescence double staining method for simultaneous detection of
CD4 and FOXP3 which was then used throughout the studies (fig. 3).

A B C D

Figure 3: Immunofluorescence staining of FOXP3 and CD4 in stomach mucosa, stained as described
in the methods section. CD4 staining is red, FOXP3 staining green and nuclear staining (DAPI) is
blue. The images show the same area using red, green and blue filters (A), red and green filters (B),
only red filter (C) and only green filter (D). Both primary antibodies are mouse 1gG;, and because of

the sequential staining the red secondary antibody (AF594 goat-anti-mouse 1gG;) binds both primaries
(see C). This poses no problem, due to the differential localization of CD4 and FOXP3 expression.

Using this method, we initially investigated the FOXP3- and CD4-expression in the antrum.
The staining results showed that the numbers of CD4"FOXP3"™ T cells were increased in the
antrum of AS and DU subjects compared to uninfected subjects, demonstrating an increased
CD4"FOXP3™ T cell population in the antrum of H. pylori-infected individuals (fig. 4) (paper
[). This is agreeing well with the previous results from our group, which demonstrated
increased CD4*CD25™" frequencies in H. pylori-infected stomach mucosa (Lundgren et al.
2005a).
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Non-infected Antrum

Figure 4: A schematic drawing of non-infected and H. pylori-infected gastric mucosa.
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Increase of FOXP3-expressing CD4" T cell numbers in areas of duodenal gastric
metaplasia (DGM) of DU patients.

H. pylori colonize only the areas of duodenal gastric metaplasia (DGM) in the duodenum and
not the normal duodenal mucosa (Steer 1984; Wyatt et al. 1987). A way to differentiate
normal duodenal epithelia from DGM is application of methylene blue during gastroscopy.
The normal duodenum will then be stained blue while DGM is left unstained. The use of this
method made it possible for us to pick biopsies separately from normal duodenum and DGM.
In a previous study using this method of biopsy collection, the expression of CD25 and
CTLA-4 was analysed with immunohistochemistry staining. This revealed an increased
presence of CTLA-4 in duodenum of DU patients compared to Hp*AS, supporting an increase
of regulatory T cells in these patients (Stromberg et al. 2003b). To specifically enumerate
putative Tregs in duodenum, we now analyzed FOXP3-expressing cells using our established
immunofluorescence staining method, and compared areas of normal mucosa with DGM
areas in the different study groups (paper 1). The results showed that there was a 2-fold
increase in the numbers of CD4"FOXP3" T cells in the DGM from DU patients compared to
DGM in AS individuals, and both DU and AS patients had a higher number of CD4"FOXP3*
T cells in DGM compared to normal duodenum (fig. 5) (paper I). Previously, DU patients
have been shown to have 20-fold higher density of H. pylori in the duodenum compared to
AS individuals and a 4-fold higher extent of DGM in duodenum (Hamlet, et al. 1999).Taken
together, our results from both antrum and duodenum therefore indicate that increased
numbers of CD4"FOXP3" T cells are associated with presence of H. pylori.
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AS normal duodenum AS metaplasia

Figure 5: A schematic drawing of non-infected duodenum and normal and DGM areas of H.pylori-
infected DU and AS individuals. In both DU and AS the number of CD4"FOXP3" T cells are higher in
DGM compared to normal duodenal mucosa. There was a 2-fold increase in the numbers of
CD4'FOXP3* T cells in the DGM from DU patients compared to DGM in AS individuals.

@ - cD4'FOXP3" T cell O cD4" T cell
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FOXP3 cells decrease in the antrum when H. pylori is eradicated

To verify that H. pylori-infection gives increased number of CD4'FOXP3" T cells, we
analysed the expression of FOXP3 by real-time RT-PCR in H. pylori-infected DU patients
who had or had not been treated by antibiotics to eradicate H. pylori (paper I). The analysis
indicated that the increased numbers of FOXP3-expressing T cells in the antrum in infected
individuals were dependent on the presence of H. pylori bacteria, since antibiotic-treated DU
patients had 4-fold decreased levels of FOXP3 mRNA in the tissue. The MRNA level for CD4
was also decreased after eradication. So, these results indicate that the numbers of
CD4"FOXP3™ T cells and other T cells decline in parallel when the bacteria disappear from
the gastric mucosa. This was supported by analysis of the relation between FOXP3 and CD4
MRNA, as this relation did not change markedly after eradication (paper 1). In contrast to the
antral mucosa, FOXP3 mRNA levels in the duodenal samples remained unchanged after H.
pylori eradication treatment. This result was probably due to that the RNA analysis was
performed on a second set of biopsies that were not collected using methylene blue staining.
Since the extent of DGM is 15% in DU and only 4% in AS individuals (Hamlet et al. 1999), it
is likely that the biopsies were taken from areas of normal duodenal mucosa which was not
colonized with H. pylori. Therefore, the differences in mMRNA levels of eradicated and non-
eradicated DGM mucosa are expected to be greater than what was detected in the current
setting. Our data support the findings that FOXP3 mRNA expression is up-regulated in
antrum of H. pylori-infected compared to non-infected individuals (Kandulski, et al. 2008),
but to our knowledge we show for the first time that the FOXP3 expression decrease in
antrum after H. pylori eradication.
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Localization of FOXP3-expressing cells

The immunofluorescence staining provided information about the localization of
CD4"FOXP3" cells. A relatively large fraction of the CD4"FOXP3™ T cells were located in
aggregates of CD4" T cells, both in antral and duodenal infected mucosa. The formation of
aggregates or follicles is highly associated with H. pylori infection and has been shown to
correlate to both the severity of the gastritis and the density of bacteria (Sepulveda, et al.
2002; Zaitoun 1995). In DGM of DU patients, four out of five patients had more than 50% of
their CD4"FOXP3" T cells associated to aggregates, while none of the AS individuals reached
such a high frequency of aggregate association. Among antrum samples, there was
considerable variation in the association of CD4"FOXP3" T cells to CD4" T cell aggregates,
so there was no major differences observed between AS and DU individuals.

Gastric tumors showed increased levels of FOXP3 expressing cells

It has earlier been shown that CD4"CD25"%" T-cell numbers increase in gastric tumor mucosa
compared to tumor-free mucosa (Lundgren et al. 2005a). The higher expression of CD25 may
reflect increased numbers of Treg in the tumor mucosa, but could alternatively also be due to
increased number of activated T cells expressing high levels of CD25. For this reason, we
used CD4"FOXP3" staining to confirm an increase of regulatory T cells, as well as to

determine their localization in the tumor and the surrounding tissue.

By immunofluorescence double staining of tissue sections we found that H. pylori-infected
gastric cancer patients had significantly increased numbers of CD4"FOXP3" cells in the tumor
mucosa compared to tumor-free mucosa (paper 11). By analysing cells from gastric cancer
patients with flow cytometry, we confirmed an increased proportion of CD4"FOXP3™ T cells
among the CD4" T cell population in the gastric tumor mucosa compared to tumor-free
mucosa (fig. 6). The gastric cancer patients analyzed where both H. pylori positive and
negative, supporting that the tumor itself was the main cause of increased numbers of
CD4"FOXP3™ T cells in the tumor mucosa. This increase of CD4"FOXP3" cells induced by
the tumor is of high clinical relevance, since it has recently been shown that gastric cancer
patients with increased number of FOXP3" cells in gastric tumor mucosa are associated with
adverse prognosis (Perrone, et al. 2008) and that the level of FOXP3" Tregs cells decrease
after tumor resection (Shen et al. 2009).
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Figure 6: Flow cytometry analysis of FOXP3 frequency among CD4" T cells of tumor and tumor-free
gastric mucosa and of peripheral blood.

Three different cell groups could be identified among CD4"FOXP3™ T cells with respect to
CD25 expression: CD25"" CD25" and CD25™. The CD25"9" FOXP3" population
increased around two-fold in the tumor tissue compared to tumor-free mucosa. Furthermore,
the levels of FOXP3 and CD25 were correlating on an individual cell basis, i.e. the more
CD25 the more FOXP3 expression (paper 1V). This agrees with recent data indicating that
Treg are dependent on continuous STAT5-signaling provided by IL-2 or IL-15 (Goldstein
2009). Presumably this would occur to a higher extent in cells expressing high levels of
CD25, thereby explaining the increased FOXP3-expression levels of these cells.

In gastric cancer patients, many of the CD4"FOXP3" cells were equally scattered throughout
the lamina propria and 20 % of all CD4"FOXP3" cells were located in lymphoid follicles
(paper 11) which is similar to the median value for CD4"FOXP3" cells in aggregates for AS
and DU in antrum. The pattern was the same in all different groups, the CD4"FOXP3" cells
not located in aggregates/follicles were located in close contact to other CD4"FOXP3" cells,
CD4"FOXP3" or non-CD4" cells. It is presently unknown which non-CD4" cells are in close
contact with the CD4"FOXP3" cells, and this warrants further investigation. Nevertheless, the
location of CD4"FOXP3" cells and CD4"FOXP3™ cells suggest active interactions between
Treg and other T cells in the gastric mucosa in cancer as well as in tumor-free H. pylori

infected mucosa.
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It is evident that both H. pylori infection and the presence of a gastric tumor are factors that
increase the number of CD4"FOXP3" T cells. Presumably, both these conditions would gain
an advantage of inducing a suppression of the immune response against themselves. This is
supported by data showing reduced H. pylori numbers in mouse models were CD25" Tregs
have been depleted (Rad, et al. 2006; Raghavan, et al. 2003). Furthermore, reports showing
worse prognosis of cancer patients correlating to higher intratumoral numbers of Treg
demonstrate a benefit for the tumor inducing increased Treg-numbers (Perrone et al. 2008). In
addition, as a further complication in H. pylori-induced gastric cancer, a tumor developing in
the presence of an H. pylori infection would benefit from elevated levels of regulatory T cells
due to the infection.

One possible explanation for the increased number of Treg in H. pylori-infection and gastric
tumors are the expression of cyclooxygenase Il (COX-2), which increase in gastric tumors
(Chen, et al. 2001) and in H. pylori-infected mucosa (Sawaoka, et al. 1998). COX-2 is a key
enzyme in biosynthesis of PGE; which can upregulate IDO expression in DC (Braun, et al.
2005) and also induces FOXP3 in human CD4"CD25 T cells (Baratelli, et al. 2005). Induced
Treg upregulate the expression of COX-2 and produce PGE; which may both in an autocrine
and a paracrine way upregulate the expression of FOXP3 (Mahic et al. 2006). This may also
be linked to the increased expression of IL-8 observed both in H. pylori-infected mucosa and
in gastric tumors (Bartchewsky, et al. 2009; Crabtree, et al. 1993; Kido, et al. 2001; Takehara,
et al. 2006).
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Suppressive capacity and Treg function
Suppression assays indicate a suppressive function of FOXP3* CD4*CD25"" T cells

Based on our results we suggested that regulatory T cells increase as a response to local H.
pylori infection of the mucosa and that the outcome of this is that the immune response
against H. pylori is decreased (paper I). However, presence of FOXP3-expressing cells is not
a proof of ongoing active suppression in the tissue. Therefore, one important question is
whether the mucosal regulatory T cells in H. pylori-infected individuals are antigen-specific,
and have the capacity to suppress the proliferation and cytokine response - e.g. IFN-y
production - of H. pylori stimulated CD4"CD25" responder cells. To address this, the first step
was to characterize the CD4*CD25"%" cells with regard to the expression of FOXP3 which
had been directly linked to suppressive function (Walker et al. 2003). FOXP3 mRNA was
readily detected in CD4"CD25"%" cells in the tumor as well in the tumor-free mucosa, while
no or only weak FOXP3 expression could be detected in the CD4*CD25"" cells (paper I1).
Furthermore, analysis of the FOXP3 protein expression by flow cytometry showed that > 90%
of the CD4*CD25"%" cells in both tumor and tumor-free mucosa expressed FOXP3, whereas
< 20% of the CD4'CD25"“" cells expressed this marker (paper II). Interestingly,
CD4*CD25"%" cells from the tumor expressed higher FOXP3 levels compared to the tumor-
free mucosa, as shown by both mRNA analysis and flow cytometry (paper Il). Taken
together, analyses of both FOXP3 mRNA and protein expression support that CD4*CD25"9"
cells had a Treg phenotype. Based on this information, CD4*CD25"%" T cells were used as
regulatory T cells in the suppression assays. Since the antibodies against FOXP3 are used for
intracellular staining, the cells need to be permeabilized before staining, and they can
therefore not be used in experiments that demand living cells.

Lundgren et al previously showed that H. pylori-infected individuals have impaired peripheral
blood memory CD4" T-cell responses to H. pylori, which is linked to the presence of H.
pylori-specific regulatory T cells that actively suppress the responses (Lundgren et al. 2003).
Therefore, we wanted to investigate the suppressive function of gastric mucosal regulatory T
cells in H. pylori-infected individuals on H. pylori stimulated T cells. To receive sufficient
numbers of isolated lamina propria lymphocytes from gastric mucosa, H. pylori-infected
gastric cancer patients that went through gastrectomy were used. As shown in paper I,
depletion of CD4*CD25"9" T cells from isolated CD4" T cells from tumor-free gastric mucosa
lead to an increased proliferation in seven out of eight individuals and also to increased IFN-y
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production in six of eight patients. Furthermore, co-culture experiment with CD4*CD25""
and CD4"CD25""" (1:1) from both tumor and tumor-free mucosa stimulated with H. pylori
antigen showed a reduced proliferation and IFN-y production compared to stimulation of only
CD4+CD25""" cells. These results demonstrated that CD4*CD25"%" cells in H-pylori-
infected gastric mucosa have a suppressive function on effector CD4" T cells stimulated with
H. pylori antigen, and that expression of FOXP3 in vivo is associated to suppression. To our
knowledge, this was the first study that investigated antigen-specific suppression of immune
responses by local human Tregs in mucosal infection. Our results are supported by a recent
study showing that CD4"CD25'CD127'"" can be used as a selective marker to enrich human
Treg cells from blood and gastric mucosa and around 95% of the cells express FOXP3. The
authors used co-culture assays with anti-CD3 and anti-CD28 stimulation and found that
CD4'CD25'CD127""" T cells from gastric mucosa have a suppressive function on
CD4*CD25CD127"%" responder cells (Shen et al. 2009).

Gene expression of CD4"CD25"" Regulatory T cells

Stimulation of CD4"CD25"" T cells from gastric tumor-free mucosa with anti-CD3 induced
a very low proliferation and did not produce detectable levels of IL-10, IFN-y or IL-2 (paper
). In comparison, CD4*CD25"%" T cells from colon mucosa in ulcerative colitis patients
have shown similar results, with the exception that I1L-10 production could be detected
(Holmen, et al. 2006). Analogous findings have also been made by others (Shen et al. 2009;
Walker et al. 2003)

From this, the conclusion could be drawn that the CD4*CD25"%" T cells have a low cytokine
production, but we wanted to study this in vivo. Therefore, we sorted PBMC and LPL from
gastric tumor and tumor-free mucosa into CD4*CD25"%" and CD4*CD25""" T cells for
MRNA expression analysis. RNA from sorted cells of each population was converted to
cDNA and quantitative real-time RT-PCR was used to analyze the expression of IL-10, TGF-
B, IFN-y and the putative house-keeping gene HPRT1. We found that CD4*CD25"%" T cells
expressed higher levels of HPRT1 compared to CD4"CD25""" T cells in samples with the
same number of cells, and therefore was not appropriate to use as house-keeping gene (paper
IV). For this reason, the difference in gene expression between sorted CD4*CD25"%" and
CD4"CD25™" T cells was calculated from the difference in Ct values in equal numbers of
cells without reference to the HPRT1 Ct value, according to a previously described method

(Bustin 2002). Due to the low numbers of cells obtained by sorting from tumor tissue,
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different cell numbers of sorted cells were acquired, and for this reason gene expression
differences between various samples could not always be compared. Instead, comparisons
between different genes within a sample were performed (paper 1V). The results showed that
CD4*'CD25"" T cells had a higher ratio of IL-10 vs. IFN-y expression compared to
CD4"CD25""" T cells, which supports suppressive and effector functions of the CD25"%" and
CD25""" populations, respectively (fig. 7). Unexpectedly, TGF-p was expressed in higher
levels in CD4'CD25""" cells in both tumor-free mucosa and PBMC compared to
CD4'CD25"%" cells. The relative increase in IFN-y and TGF-B in the CD4*CD25"""" cells was
more pronounced in the tumor-free gastric mucosa compared to in PBMC, indicating a cell
specific up-regulation of both the Thl-cytokine IFN-y and the suppressive TGF-f in the

mucosa (fig. 7).
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Figure 7: Fold-differences of expression levels in sorted CD4'CD25"" T cells in relation to
CD4'CD25"" T cells. Gene expression levels of IFN-y, IL-10, TGF-p and HPRT1 from isolated
CD4'CD25"" and CD4*CD25""" cells of tumor free gastric mucosa and PBMC were analyzed with
Real-time RT PCR. The graphs show the fold difference of expression in CD4*'CD25"" (triangles)
compared to the expression of CD4"'CD25""" (circles) normalized to 1 for each paired sample, with
equal numbers of counted cells from each individual.
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The mRNA analysis of CD4*CD25"9" T cells from gastric tumor-free mucosa show increased
production of IL-10 but lower levels of IFN-y compared to CD4*CD25'"", This is opposite to
the results of the in vitro stimulations, which failed to detect any cytokine production by the
CD4"CD25™" T cells (paper 11). However, the reason for the low or absent amounts of
cytokines observed may be suboptimal in vitro culture conditions, and hence it is more
relevant to study cells isolated directly from the inflamed tissue (paper 1V). TGF-B is known
to be an important cytokine for the regulatory T cells (Nakamura, et al. 2004; Zheng et al.
2004). However, in our analysis, CD4*CD25""" T cells from the mucosa expressed higher
levels of TGF-B compared to CD4"CD25"%" cells. This was surprising, but in line with this, it
has been shown that the suppressive function of Treg cells from TGF-B-deficient mice can be
abrogated by anti-TGF-B monoclonal antibodies, indicating that functional TGF-f can be
provided by a non-Treg cell source (Fahlen, et al. 2005). Thus, our results show that
CD4*CD25"9" T cells are not the main producers of TGF-p in the gastric mucosa, and support
the possibility that regulatory T cells may use TGF-B from other cell sources to induce

suppression.
CD4"FOXP3" cells expressing CTLA-4 and CD27 support a suppressive function

Since FOXP3 recently has been debated as a marker for cells with suppressive capacity (Allan
et al. 2007; Tran et al. 2007), we were interested to study if the CD4"FOXP3" T cells express
other markers related to suppressive function. In paper 1V we analyzed the expression of
CTLA-4 and CD27 in FOXP3™ T cells by flow cytometry, since these markers have been
reported to be linked with suppressive activity (Duggleby et al. 2007; Levings et al. 2001b;
Ruprecht et al. 2005; Wing et al. 2005; Zheng et al. 2008). We could confirm that 85 % of the
analysed FOXP3 expressing cells in the tumor mucosa co-expressed CD27 and 100 % co-
expressed CTLA-4. Taken together, this strengthens our hypothesis that the majority of the
CD4'FOXP3" T cells in the tumor and tumor-free gastric mucosa have a suppressive
phenotype.

The unknown function of CD25 CD4"FOXP3"

From the flow cytometry staining it was obvious that CD4"FOXP3™ T cells belong to a
separate population of cells distinct from the CD4"FOXP3" T cells. In contrast, the expression
of CD25 in the FOXP3" population ranged from no expression at all to high expression of the
receptor, without occurrence of any separate populations. We decided to group the FOXP3*
cells into CD25", CD25"" and CD25"™%". It warrants further studies to investigate whether the
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CD25°CD4"FOXP3" cells have a suppressive function or if they are CD4™ FOXP3™ T cells
without a suppressive function. However, there are at the moment no surface markers to
distinguish and analyze these cells and it is impossible to sort cells based on FOXP3
expression without killing them. Hence, today it is not possible to do a co-culture assay to
measure the suppressive capacity of these CD25CD4'FOXP3" cells. Another way to
determine if these cells have a suppressive function might be to measure the level of
demethylation in the FOXP3 promotor. This genomic region is highly demethylated in natural
Treg, and only complete demethylation of the conserved FOXP3 promotor region support
stable long term FOXP3 expression and a committed Treg phenotype in humans (Janson et al.
2008). Furthermore, it has been proposed that CD4'CD25 T cells can be induced to
demethylate the FOXP3 promotor region and/or other regulatory regions upstream of the
FOXP3 gene (Lal, et al. 2009) and thereby up-regulate expression of FOXP3 and obtain a
suppressive phenotype (Gavin et al. 2006; Long and Buckner 2008; Mahic et al. 2008b; Pillai
et al. 2007; Walker et al. 2005; Walker et al. 2003). This is an important issue that may be
investigated in future studies.
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Immune-responses to H. pylori-stimulation in T cells from gastric cancer

patients

To find evidence for immunosuppression in patients with gastric cancer, we studied the
immune response to H. pylori in such patients. In PBMC, stimulation with H. pylori MP
induced production of higher levels of 1L-10 from both CD4" and CD8" T cells compared to
cells from AS individuals and H. pylori negative patients with pancreatic cancer (Paper IlI).
Production of IFN-y from MP-stimulated CD8" T cells was equal between the different
groups. In contrast, production of IFN-y from CD4" T cells of AS individuals were 250-fold
higher than cells of gastric cancer patients. Furthermore, the proliferation to MP was
suppressed among CD8" T cells from gastric cancer patients. It was not possible to compare
the responses of the gastric mucosa between AS individuals and gastric cancer patients, due to
lack of sufficient cell numbers from the non-cancer patients. Nevertheless, the analysis of
LPL from gastric cancer patients revealed a similarly high IL-10 production in the mucosal
cells, among both CD4" and CD8" T cells. The production of IFN-y was 10 fold higher among
CD4" T cells in gastric tumor-free mucosa compared to blood, but equal amount of IFN-y was
produced in CD8" T cells in blood and mucosa.

To overcome the lack of isolated gastric T cells from AS individuals, gastric mucosal biopsies
were taken from gastric cancer patients and AS for analysis of mRNA expression of IL-10
and IFN-y. The results showed a 3.5 fold increase of IL-10 mRNA in biopsies from gastric
cancer patients compared to AS individuals and these results confirm that gastric cancer is
associated with an increased production of IL-10 in the stomach mucosa. There were no major
differences in IFN-y mRNA expression between gastric cancer patients and AS. Furthermore,
when the IFN-y mRNA expression was compared in samples from tumors and from the
surrounding tumor-free area, an up-regluation of IFN-y mRNA expression was found in the
tumor (Paper 1V).

A possible reason for higher levels of IL-10 in gastric mucosa and higher production of IL-10
in CD4" and CD8" T-cell cultures of H. pylori-infected gastric cancer patients is that these
patients had a genetic predisposition for a high production of IL-10. However, this is unlikely,
since people with a gene polymorphism leading to low IL-10 production runs a higher risk of
developing gastric cancer (EI-Omar, et al. 2003). A more likely explanation to the increased
production of IL-10 is that the presence of the tumor induces an altered immune response that
involves higher IL-10 production. In support of this, recent data from a mouse model of breast
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cancer showed that as the tumor progressed there was induction of IL-10-producing cells both
among IFN-y secreting and non-secreting CD4" as well as CD8" T cells (Salazar LG et al, in
press), In addition, there may also be induction of 1L-10 producing CD4"Tr1 cells (Groux et
al. 1997) and CD8"I1L10" regulatory T cells (Wei, et al. 2005).

The IFN-y production was higher in T cells from the gastric mucosa than in cells from
peripheral blood of gastric cancer patients (paper I11). These results are supported by mRNA
analysis of sorted CD4"CD25"%" and CD4*CD25""" cells, which showed a 5-fold increased
expression of IFN-y mRNA in CD4"CD25""" cells of gastric mucosa compared to cells of
peripheral blood (paper 1V). Further studies are needed to determine the identity of the IL-10
producing cell populations of GC patients, including cellular and epigenetic regulation of
these cells.
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CDS8'T cell activity and suppressive milieu

Since we showed that there are increased numbers of CD4"FOXP3™ T cells in gastric tumor
mucosa compared to tumor-free mucosa (paper Il), we were interested in the effect of the
increased Treg-numbers on the total cytokine production and there by the anti-tumor immune
response. Therefore, expression of Treg-associated TGF-f and IL-10 and the pro-
inflammatory cytokine IL-8 and IFN-y were measured. RNA was isolated from whole
biopsies from gastric tumor- and tumor-free mucosa and quantified using real-time RT-PCR.
We found that all analyzed genes had higher mRNA levels in the tumor compared to the
corresponding tumor-free mucosa. Although FOXP3 gene transcripts were increased in the
tumor compared to tumor-free mucosa in the same patient, supporting the results from FCM
and immunofluorescence staining (paper Il), there was also a significant increase in
transcription of IFN-y and IL-8 in the tumor (paper IV). This indicates an increased pro-
inflammatory profile of the tumor compared to the tumor-free surrounding mucosa. The
increase of a range of pro-inflammatory cytokines in gastric tumor tissue has also been
detected in another recent study (Ellmark, et al. 2006). It is likely that an inflammatory
response promote tumor development and progression (Karin 2006), while the observed
increase of anti-inflammatory signals may be generated to counteract the tumor-specific

response.

CD4'CD25""" and CD8" T cells express higher levels of activation marker CD69 in

tumor mucosa compared to tumor-free mucosa

Effector CD4"CD25""" T cells and cytotoxic CD8" T cells are important cells for the anti-
tumor immune response. We were therefore interested to determine if the activity of these
cells was lower in Hp*GC compared to Hp*AS and in tumor mucosa in Hp*GC compared to
tumor-free mucosa, depending on increased numbers of Treg. In gastric tumor mucosa,
CD4'CD25""" T cells expressed lower amounts of the activation marker CD69 compared to
gastric tumor-free mucosa indicating a suppression of the effector CD4 T cells in the tumor
(paper 1), while gastric mucosal CD8" T cells expressed equal levels of perforin in both Hp*
GC patients and Hp® AS controls, indicating that the cytotoxic capacity was equal in both
groups (paper I11). However, analysis of the CD25 expression on CD8'T cells showed that
Hp® AS have 4 times more activated CD8" cells compared to Hp* GC irrespective of whether
the cells of the latter were isolated from gastric tumor or tumor-free mucosa. This
demonstrates diminished levels of activated mucosal CD8" T cells both in the tumor and
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outside the tumor of GC patients. Furthermore, there was a decrease in CD69 expression on
the CD8" T cells from tumor mucosa, indicating a more marked reduction of CD8 activity in

tumor compared to tumor-free mucosa.

The higher 1L-10 mRNA expression and lower CD8" T cell activity in Hp*GC compared to
Hp®AS indicate an inverse correlation between IL-10 expression and CD8" T-cell activity. In
line with this, an IL-10 knockout mouse model revealed that the cytotoxic capacity is
increased in the CD8" intraepithelial lymphocytes from IL-10-deficient compared to wild-
type mice, supporting that IL-10 can reduce the cytotoxic function in CD8" T cells
(Utermdhlen 2008). This matches well with the theory that the tumor cells up-regulate the

expression of I1L-10 to avoid clearance by an anti-tumor immune response.
The proportion of CD4"FOXP3" T cells vs. CD8" T cells is increased in gastric tumors.

Furthermore, the proportion of CD4"FOXP3™ T cells was also analyzed in relation to CD8"
cells in the tumor and tumor free mucosa. There was a three-fold increase of CD4"FOXP3" T
cells vs. CD8" T cells in the tumor mucosa compared to tumor-free mucosa, which had a
similar ratio as in the peripheral blood (paper V). This data again supports that the anti-tumor

response is suppressed in the gastric tumor mucosa.

The clinical importance of the Treg/CD8 ratio is highlighted by the fact that ovarian cancer
patients exhibiting a low such ratio had a better prognosis (Sato et al. 2005). In gastric cancer
this connection has not been studied, and it could not be done in the present study due to
insufficiently low patient numbers. However, it is possible that the H. pylori infection drives
the Treg/CD8 ratio towards higher values since we have seen that CD4" T cells stimulated in
vitro with heat killed H. pylori up-regulate expression of FOXP3, and that these cells have the
capability to reduce CD8" T-cell proliferation that occur in response to heat killed H. pylori
stimulation (unpublished data).

Our results suggest that the increased levels of IFN-y is not due to an increase in CD8" T-cell
numbers in the analyzed tumors, which also has been indicated by immunohistochemistry
analysis by our group previously (Enarsson, et al. 2006). Instead, our present results
demonstrate that the higher numbers of FOXP3" Treg and lower activity in the CD8™T cells
are concurrent with increased levels of pro-inflammatory cytokines in the tumor mucosa. This
apparent contradiction may be explained by a contribution of pro-inflammatory cytokines to
the enhancement of CD4"FOXP3" T cells or other immunomodulating factors within the
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tumor. IL-8 is known to favour angiogenesis (Li, et al. 2003) and it has been shown that IFN-
y can up-regulate the expression of FOXP3 in CD4°CD25 T cells (Ouaked, et al. 2009;
Wang, et al. 2006). This indicates that the role of IFN-y in tumors may be more complex than
previously anticipated. In addition, we found an indication of increase of TGF- gene
transcription when tumor tissue was compared with tumor-free tissue. Although the increase
was not statistically significant, the results indicate that TGF-f may be increased in the
tumors mucosa and play a role in tumor immunomodulation in gastric cancer, in line with

previous studies (Hawinkels, et al. 2007)
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Mechanisms responsible for increased levels of Treg in tumor mucosa

Recruitment of regulatory T cells

Although we had confirmed an increase of regulatory T cells at the site of H. pylori-infection
and in the tumor mucosa, the underlying mechanisms of this increase were not determined. In
theory, the increase of regulatory T cells within the tissue could be due to an increased
recruitment of the cells (Curiel et al. 2004), an increased proliferation of the FOXP3" cells
already present within the tissue (Cao, et al. 2007) or a induction of FOXP3 expression in
CD4"CD25 T cells present in the tissue (Mahic et al. 2008b). To study the mechanisms
responsible we initially investigated the probability of active recruitment of circulating
CD25"%" T cells by analyzing the homing receptors L-selectin and integrin a4f7.

We found increased frequencies of CD4*CD25"9" Treg expressing L-selectin compared to
CD4'CD25"" and CD4'CD25 cells but decreased frequencies of CD4'CD25"%" Treg
expressing the integrin a4B7 compared to CD4'CD25"" and CD4*CD25 cells in both tumor
and tumor-free tissue as well as in blood (paper Il). These results indicated that the secondary
lymphoid tissue homing receptor L-selectin may contribute to recruitment of Treg to the
gastric mucosa and that this receptor may be more important for mucosal recruitment than the
homing receptor a4p7. In support of this, the L-selectin counter-receptor PNAd has been
shown to be de novo expressed in H. pylori-associated gastritis (Kobayashi, et al. 2004) and
data from our group has shown that PNAd expression is up-regulated in gastric tumor
mucosa, compared to tumor-free mucosa of H. pylori-infected GC patients (Enarsson et al.
2006), indicating that both ligand and receptor are induced in the relevant cells types in H.

pylori infected GC patients.

The chemokine (C-C motif) receptor 4 (CCR4) is expressed on leukocytes and is a specific
receptor for chemokines CCL17 and CCL22. Tumor cells and macrophages produce the
chemokine CCL22 (Curiel et al. 2004) and CCL17 can be produced by epithelial cells,
fibroblasts and endothelial cells. Higher frequencies of CCR4" cells among the CD4*CD25"9"
population, compared to the CD25" and CD25™ population was found in tumor, tumor-free
mucosa and PBMC (paper Il) and when the concentration of the CCR4 ligands CCL22 and
CCL17 were analyzed in mucosal extracts, we found significantly higher concentrations of
CCL22 than CCL17 in both tumor-free and tumor mucosa compared to PBMC, while there
was no significant difference in CCL22 concentration in tumor compared to tumor-free

mucosa. Recently, Mizukami et al. has shown that the frequency of CCL17" and CCL22"
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cells among CD14" cells within gastric tumors was significantly higher compared to normal
gastric mucosa. Furthermore, there was a correlation between the frequency of CCL17" and
CCL22" cells and FOXP3" Tregs in tumor infiltrating lymphocytes (Mizukami, et al. 2008).
This study and our results support that CCR4 on Tregs increase the recruitment and that this
could be a mechanism to increase the levels of FOXP3" Treg cells in the tumor mucosa.

Proliferation

To further investigate the mechanisms behind the increased levels of regulatory T cells we
next investigated the level of proliferation of FOXP3" cells.

The rationale for looking at proliferation is that during tumor progression, a subset of
dendritic cells (DC) as been proposed to be recruited to draining lymph nodes and selectively
promote the proliferation of Treg cells in a TGF-B-dependent manner in mice and rats
(Ghiringhelli, et al. 2005). In humans, CD4*CD25"" regulatory T cells increase in PBMC in
hepatocellular carcinoma (HCC) patients and are positively correlated with tumor burden in
this disease. When PBMC are co-cultured with human hepatocellular carcinoma cell lines,
CD4*CD25"%" T cell population increase in frequency because of natural Treg proliferation
(Cao et al. 2007). Furthermore, Wolf et al claim that the increased frequencies of Treg in
PBMC of cancer patient are due to active proliferation rather than due to redistribution from
other compartments (Wolf, et al. 2006). They showed that Tregs had lower levels of T-cell
receptor excision circles (TREC), which indicated that the cells had undergone many cell
divisions, but the length of the telomere was preserved in Tregs from peripheral blood,
probable due to induction of telomerase activity. It has also been shown that peripheral blood
CD4"FOXP3" T cells have a higher expression of the proliferation marker Ki67 (Tuovinen, et
al. 2008). So, we were interested to study if CD4"FOXP3" T cells in the gastric tumor mucosa
have a higher proliferation compared to tumor-free mucosa and if this could be one
explanation to higher number of CD4"FOXP3" T cells in the tumor tissue.

Flow cytometric analysis of proliferation in different T-cell populations in PBMC by Ki-67
staining revealed that there was a high proportion of proliferating cells among CD4"FOXP3"
T cells in peripheral blood, and that 25-40% of all proliferating CD4" T cells were FOXP3";
the levels were not different between cells from gastric cancer patients and age-matched
healthy controls. Furthermore, the level of proliferation in CD4"FOXP3" PBMC was 8-fold
higher than the frequency of proliferating cells in the CD4"FOXP3™ population (paper 1V).
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In the mucosal compartment, there was around two-fold increase in proliferating
CD4"FOXP3" and CD4"FOXP3- cells in the tumor compared to the tumor-free mucosa.
Furthermore, the proliferation of the CD4"FOXP3" cells in tumor mucosa was increased
around 2-fold compared to the CD4"FOXP3" cells in the same site. These results indicate that
proliferation of CD4"FOXP3" T cells in tumor mucosa may contribute to the increased
frequency of this cell population.

Finally, we found by analyzing RNA extracted from equal numbers of sorted cells, from both
gastric mucosa and PBMC, that the CD4*CD25"%" cells had an increased expression of the
house-keeping gene HPRT1 compared to CD4'CD25""" cells. We suggest that this may
indicate a more active cell metabolism, which also support a higher proliferation of the
CD4*CD25"%" cells. Our study is, to our knowledge, the first to show that CD4*FOXP3* T
cells have a higher proliferation in the gastric tumor mucosa compared to the tumor-free
mucosa and that proliferation can be one mechanism mediating the increased number of
CD4"FOXP3™ T cells in the tumor.
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CONCLUDING REMARKS

Based on the work presented in this thesis, we have been able to advance the understanding of
Treg function in the human gastric mucosa in H. pylori-related duodenal ulcer disease and
gastric cancer. We have demonstrated that H. pylori infection and infection-induced disease is
associated with increased numbers of FOXP3-expressing T cells in the infected mucosa. The
infection induces production of a range of cytokines and chemokines, such as IL-8, by the
epithelial cells. The activation of innate immune activities will also lead to the recruitment of
lymphocytes, including CD4" and CD8" T cells. From our results it is not possible to
determine whether the increased FOXP3-numbers is caused directly by the presence of the
bacteria, or indirectly, through the induction of inflammation. The increase of Treg is
associated with increased numbers of bacteria both in the antral mucosa and in the duodenum
in areas of DGM, and the expression of FOXP3 diminishes when the infection is eradicated.
However, there is also a further increase of FOXP3-expressing T cells in the tumor mucosa of
gastric cancer patients, and these patients either lack H. pylori entirely or have markedly
diminished levels in their stomach. Since they still exhibit high and even increased levels of
IL-8 and other pro-inflammatory cytokines, it is likely that the inflammation is the main factor
that leads to increase of FOXP3" T cells due to H. pylori infection. Three possible
explanations to the increased number of CD4"FOXP3" T cells in the mucosa are recruitment,
conversion of previously FOXP3-negative cells and proliferation of Treg. Our data indicates
that both increased recruitment and increased mucosal proliferation of Treg are contributing,
and based on other reports it is likely that conversion of FOXP3-negative to positive CD4" T
cells is occurring as well. The recruitment of CD4*CD25"9"FOXP3" T cells into the mucosa
is suggested to be mediated by L-selectin, that binds to PNAd, and CCR4 interacting with its
ligand CCL22 (see “1” in fig. 8). CCL22 is expressed in the infected mucosa, and is increased
further in tumor tissue, similar to PNAd on the stomach endothelium (“2” in fig. 8).
Conversion of CD4"FOXP3™ into CD4"FOXP3" may occur in association to inflammation.
We hypothesize that this process may be mediated by PGE,-release due to COX-2 expression
(“3” in fig. 8) (Bartchewsky et al. 2009; Bryn, et al. 2008) or alternatively by induction of
nitric oxide (Niedbala, et al. 2007). It is intriguing to note that physiological concentrations of
ascorbate inhibit PGE; in response to H. pylori in gastric epithelial cells (Smith and Farthing
2005). It has also been reported that a low intake of vitamin C is associated to gastric cancer
development (Riboli and Norat 2003). One mechanism accounting for this phenomenon may
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be a lower induction of FOXP3 through reduced PGE;-levels, and thereby a more efficient

anti-tumor immune responses.

Interestingly, the anti tumor cytokine IFN-y has been proposed to amplify TGF-B-induced
FOXP3-expression in CD4" T cells via STAT1 (Ouaked et al. 2009). The conversion into
FOXP3" cells by IFN-y is presumably a general way of inducing feed-back inhibition in areas
of intense immune activation. In the context of gastric cancer this is detrimental: the high IL-
8-production within the tumor is associated with angiogenesis and thereby acts as a tumor-
promoting factor. Thus, certain aspects of inflammation are truly related to the “dark side” of
the force of the immune system.

We also found that the proliferation of CD4"FOXP3" cells is increased in stomach tumors
(“4” in fig. 8). This proliferation might be induced directly by the tumor cells or the H. pylori
infection, or indirectly by the inflammation induced by the tumor or the infection. The exact
mechanisms for the observed induction of proliferation is not known, but it has been shown
that tumor cells can have this effect in vitro (Cao et al. 2007), and we have observed similar
results in peripheral blood CD4"CD25""" T cells stimulated with H. pylori antigens (data not

shown).

It is still unknown whether the CD25-negative CD4"FOXP3" T cells have a suppressive
function or whether they are recently activated effector cells. Even if the FOXP3 expression is
transiently upregulated, the cells may have a suppressive function and this has been suggested
by other studies (Pillai et al. 2007). We intend to address the transient up-regulation by
measuring the level of demethylation in the FOXP3 promotor which is a method that can be
used to determine the origin of the different FOXP3" T-cell populations and if they have a
suppressive function (Janson et al. 2008; Lal et al. 2009)

Many of the CD4"FOXP3" T cells are located in aggregates/follicles of CD4" T cells, both in
antral- and duodenal-infected mucosa and in tumors (illustrated in fig 8). The endothelial cells
in lymphoid follicles that form in the stomach as a consequence of H. pylori colonization
express PNAd (Kobayashi, et al. 2009). We suggest that CD4*CD25""FOXP3" expressing L-
selectin can home to the PNAd expressing aggregates/follicles and that the H. pylori infection
drives the formation of follicles and aggregates in both antral and duodenal mucosa.

At present we do not have any data that demonstrate whether or not the increased numbers of
CD4"FOXP3" in DGM in DU patients are involved in the development of duodenal ulcer.
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Earlier findings in our group have shown that there is a markedly lower production of
cytokines, specially IL-8, in the duodenal epithelial cells of DU patients, and it was suggested
that this leads to accumulation of neutrophils in the mucosa since the lack of epithelial
cytokines would lead to inhibition of transepithelial migration of neutrophils into the gut
lumen (Stromberg et al. 2003a). Furthermore, there were indications that regulatory T cells
can inhibit IL-8 production by epithelial cells and thereby contribute to ulcer development
through this process (Stromberg, et al. 2005). However, our study is not supporting that the
reduction in cytokine production by epithelial cells is caused by the infiltrating Treg (paper I).
Thus, the increase of CD4"FOXP3" is only 2-fold in DGM from DU patients compared to in
DGM of AS individuals which seems too modest an increase to explain the total depletion of
epithelial cytokines observed in DU patients. Furthermore, there are few CD4"FOXP3" cells
located in close contact to the duodenal epithelium, they are mainly located deeper within the
lamina propria. In addition, the numbers of Treg are also increased markedly in the tumor
tissue, and these Treg are not inducing a reduction of IL-8 secretion in the tumor, as IL-8
levels are very high in this location. We believe that the increase of regulatory T cells is an
effect secondary to the local H. pylori colonization, and the Tregs act to reduce the degree of
inflammation induced by the bacterium. Since the inflammation is maintained at a controlled
level by the suppressive Treg, this effect may explain why H. pylori infections remain

chronic.

It is evident from our results that CD4"CD25""FOXP3* T cells in the gastric mucosa
suppress both proliferation and cytokine production of other T cells. However, the mechanism
of suppression is less clear. Two likely candidate mediators are CTLA4 and IL-10, as both
these were expressed by CD25""FOXP3* T cells in the mucosa. Unexpectedly, TGF-B
mMRNA was expressed in lower levels in Treg than in the CD4"CD25""" population. This
pattern was also seen in circulating cells from healthy controls, so it is not related to the
presence of a tumor. However, since we could not sort cells from the stomach mucosa of
individuals without cancer, we do not know if non-Treg-related TGF-B production in the

stomach is altered in gastric cancer relative to non-cancer patients.

The observed increase in 1L-10 production from H. pylori-stimulated CD4" and CD8" T cells
from gastric cancer patients support that CD4" Tr1 and IL-10-producing CD8" regulatory T
cells may be induced during tumor development, whereas in asymptomatic individuals we
found high IFN-y production from the CD4" T cells. This supports reduced anti-tumor

immune responses in the gastric cancer, which may be associated to tumor survival and
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progression. Similar findings were recently found in a mouse model of breast cancer, where
IL-10 blockade led to clearance of the tumor. The mechanism for the induction of suppressive
T-cell populations in gastric cancer could be further studied using a mouse model, such as the
gp130”°™F model which spontaneously develops stomach cancer (Howlett, et al. 2005).
However, it has not been described if the same phenomena of increased levels of IL-10 and
increased infiltration and proliferation of FOXP3™ T cells occur in this mouse model, so this

issue first needs to be addressed.

In conclusion, the results reported in this thesis have added to the understanding of the
process of immune regulation in relation to FOXP3-expressing regulatory T cells in H. pylori-
associated diseases. Although a lot of work remains, some of the findings may be useful for
development of vaccine against H. pylori or designing new therapies for gastric cancer. In
particular, blocking of Treg infiltration by inhibition of L-selectin — PNAd binding, blockage
of Treg proliferation in the mucosa, inhibiting the induction of FOXP3 expression by the use
of COX-2 inhibitors, or finally inhibition of IL-10 secretion are all theoretically possible.
Future studies may hopefully clarify the role of Tregs in the development of peptic ulcers
and/or gastric cancer and we hope that increased knowledge of the mechanisms behind the
immune response will contribute to reduce the cases of H. pylori induced diseases in the

future.
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