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Abstract

Haematopoietic stem cell transplantation (HSCT) is used to treat malignant and non-
malignant diseases. Apart from clinical and human leukocyte antigen (HLA)-related
factors, non-HLA Immunogenetics is increasingly recognized to play a role in the outcome
of HSCT. A gene that may be relevant for the outcome of HSCT is TGFB1, which encodes
transforming growth factor -1 (TGF-f1), a cytokine that is central in the regulation of
numerous immune processes. In order to understand the role of TGFB1 polymorphism in
HSCT, I studied the effect of this variation in the production of this cytokine by regulatory
T cells (Treg) and also in the outcome of a cohort of HSCT patients and donors.

This study has found evidence of differential surface expression of TGF-1 by activated
Treg bearing TGFB1 +29C as compared with those lacking this variant. Also, the analysis of
a cohort of HSCT patients and donors revealed that patients carrying TGFBI allele p001
had reduced overall survival and increased non-relapse mortality. Interesting additional
discoveries include the lack of induction of TGFB1 messenger ribonucleic acid upon T cell
receptor-mediated activation in Treg, the presence of preformed intracellular latent TGF-
B1 both in Treg and effector cluster of differentiation (CD)4+CD25- cells, and the kinetics
of transient surface latent TGF-B1 expression on Treg in the context of an in vitro
suppression assay. The typing of TGFB1 alleles in more than 1000 unrelated samples gives
the first large-scale glimpse of the diversity of TGFB1 polymorphism in the population.
Likewise, this study discovered the presence of novel polymorphic positions and novel
alleles of the human TGFB1 gene, adding to the current knowledge on the diversity
associated with it. Additional contributions are also the design of a novel TGFBI
regulatory region and exon 1 sequencing-based typing strategy and the generation of an
informatics tool for the easy assignment of allelic genotypes for this ~3000 base region

based on the individual variant genotypes at 18 polymorphic positions.
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Chapter 1. Introduction

1.1 The human immune system

The human immune system is a complex array of tissues, cells and molecules whose
combined aim is to detect, respond to and eradicate invasion by potentially pathogenic
organisms and malignant autologous cells. It is composed of two interwoven types of

immune response: an innate response and an adaptive response.

The immune system is organised in primary and secondary organs {Boehm et al., 2012).

Primary organs are the sites where immune cells are generated and, in the case of
lymphocytes, acquire the expression of receptors consistent with functional and
phenotypic maturity. Primary organs include the bone marrow, where most mature
immune cells are generated from a common haematopoietic stem cell in the adult
individual, and the thymus, where a subset of lymphocytes mature and are selected based
on their capacity to recognise ‘foreign’ molecules known as antigens.

Secondary lymphoid organs are the sites where lymphocyte responses to foreign antigens

are initiated and developed. These organs include the spleen and the peripheral lymph

nodes (Ruddle & Akirav, 2009). The spleen surveys the central circulation while the lymph

nodes are served by a network of specialized vessels that drain fluid from tissues, which is
later poured into the central circulation. Other secondary lymphoid organs with special
regional characteristics are the skin and the mucosae such as that of the gastrointestinal
(GI) tract. These sites also concentrate the different cells and soluble factors required for

the construction of immune responses.

1.1.1 Cytokines

Cytokines are secreted proteins that bind to receptors on other cells and elicit a response.
These proteins allow the communication between cells and are soluble mediators and
regulators of the immune response. Broadly, they include the interleukins (IL), tumor
necrosis factors (TNF), interferons (IFN), stem cell and precursor growth factors, and
transforming growth factor (TGF)-f. Cytokines can be pleiotropic or redundant, antagonic

or synergistic. Cytokines usually act as short distance signaling molecules, in autocrine or

paracrine fashions [Abbas, 2012). However some can act in an endocrine manner if

sufficient amounts are produced. Cytokines are relevant actors in the immune system in
the production, development, maturation, activation and differentiation of immune cells.
They also participate actively both as mediators and regulators of immune responses.

Cytokines can be classified according to various structural and functional characteristics.
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Functionally, immune cytokines can be inflammatory or anti-inflammatory, innate or
adaptive, humoral or cellular. Other cytokines act as growth factors and participate in
haematopoiesis. Of note, the same cytokine can participate both in innate or adaptive
responses and be produced by different kinds of cells. Moreover, much of their action is

context dependent, limiting the applicability of these classification schemes.

1.1.2 Cells of the immune system

The cells of the immune system are classified into several categories related to their

function, but also to their maturation status. Phagocytes, i.e. cells that can recognise,

engulf and destroy whole foreign organisms, include macrophages and neutrophils {Dale

et al., 2008). Mononuclear phagocytes called macrophages are derived from circulating

monocytes that enter tissues and are ready to respond to microorganisms that enter these
tissues. Macrophages also produce cytokines and can act as antigen-presenting cells
(APC). They also play a role in tissue repair and angiogenesis. Neutrophils, also known as
polymorphonuclear leukocytes, are part of the granulocytic lineage (neutrophils,
basophils and eosinophils). Neutrophils are very abundant and respond quickly to
bacterial infection by phagocytosis, but also by release of microbicidal components of their
intracellular granules.

Other granulocytes, such as basophils and eosinophils, contain granules that secrete
inflammatory and antimicrobial substances, and play a role in the immune response to
specific threats such as helminthes but also in allergic reactions.

Dendritic cells (DC) are specialised in the uptake of pathogenic antigens and their
transportation from the tissues to the secondary lymphoid organs, where they present

them to lymphocytes. They are the most important APC and play a central role in linking

innate and adaptive immune mechanisms {Palucka & Banchereau, 1999).

Lymphocytes can be either naive (not having previously encountered the antigens for
which they are specific for) or mature. Naive lymphocytes circulate through the peripheral

lymphoid organs where they can encounter antigens and mature to form short-lived

effector or persistent memory lymphocytes (Surh & Sprent, 2008). Mature lymphocytes

circulate in the blood and can translocate to and be kept at sites of microbial entry.

Lymphocytes express clonally distributed receptors for foreign antigens and this diversity

is generated by genetic recombination mechanisms unique to these cells (Nemazee, 2006

Lymphocytes can be classified into various subsets: thymus-derived (T)-lymphocytes: the
mediators of cellular immunity, bursa-derived (B)-lymphocytes: producers of antibodies,
and innate cytotoxic natural-killer (NK) cells and glycolipid-specific NK T cells. T-
lymphocytes express the highly diverse T-cell receptor (TCR) and are classified into af§
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and y6 TCR-expressing cells. aff T-lymphocytes can be further classified into cluster of
differentiation (CD) 4 (helper) and CD8-expressing (cytotoxic) subsets.

At least 4 different kinds of CD4-expressing T helper (Th) lymphocytes are known, each of
which plays a different role in the immune system: Th1, Th2, Th17 and regulatory T cells

(Treg) (Zhu & Paul, 2008). Each of these subsets expresses a characteristic master

transcription factor thought to confer them their specific characteristics and roles. Th1
cells express T-bet, produce IFN-y and participate mainly in the coordination of cell-
mediated responses against intracellular pathogens, but also in autoimmunity. Th2 cells
express GATA-3, produce IL-4 and coordinate mainly humoral responses and immunity
against parasites, but also play a role in allergy and asthma. Th17 cells express retinoic
acid receptor-related orphan receptor yt (RORyt), produce IL-17 and IL-21 and are
thought to play a role in the responses against fungi and extracellular bacteria, with a
supposed participation in some autoimmune diseases as well. Finally, Treg express

forkhead box P3 (FOXP3), produce TGF-1 and play a central role in immune tolerance,

lymphocyte homeostasis and regulation of immune responses {Zhu & Paul, 2008).

1.1.3 Innate and adaptive immune responses

The innate immune responses constitute the first line of defense against pathogens. It
consists of cellular and biochemical factors that are in most cases ready before the
encounter with the pathogen. This readiness ensures that the threat is faced immediately,
whilst a more specific response is set up. Innate immunity is elicited by epithelial barriers,
phagocytes (neutrophils and monocytes), DC, NK cells and humoral factors such as the
complement system and cytokines. Innate responses are triggered not only by signature
pathogen components, but also by molecules suggestive of cellular damage.

Adaptive immunity involves the participation of lymphocytes, to which antigens from
foreign organisms are presented by APCs. The adaptive immune response involves
specificity towards the particular agent facing the immune system. It also implies the
construction of immunological memory, which allows for stronger and quicker responses

upon re-exposure to the same pathogen, which are subsequently cleared with little

damage to the host (Litman et al., 2010). The central effectors of the adaptive immunity

are lymphocytes and their products, such as antibodies. Moreover, adaptive immune
responses can be classified in two types, namely, humoral responses and cell-mediated
immunity. Humoral responses involve the activation of B-lymphocytes and their
production of antibodies specific to epitopes present in molecular components of
pathogens. Cell-mediated immunity is mediated by T lymphocytes and is mostly aimed at

pathogens capable of escaping humoral mechanisms, such as intracellular pathogens.
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A cardinal feature of adaptive immunity is the capacity to recognise a huge repertoire of
pathogen components by the generation of a diverse array of molecules that bind these
components. This diversity is attained by genetic recombination mechanisms that produce
variation in molecules such as antibodies or TCR. Additionally, most nucleated cells, and
especially APC, express molecules that are able to present a large repertoire of foreign

peptides by means of the Human Leukocyte Antigens (HLA) to lymphocytes. The HLA

molecules are very polymorphic with over 12,000 known alleles {Holdsworth et al., 2009

Robinson et al, 2013), allowing for the accommodation of a very large diversity of

peptides from potentially pathogenic organisms. In this way, lymphocytes that carry TCR

specific for that pathogen peptide can be activated and start a response against it.

1.1.4 The human leukocyte antigens

The HLA molecules are part of the Major Histocompatibility Complex (MHC), and are
classified as classical and non-classical HLA. There are two types of classical HLA: class [
HLA, including the products of genes HLA-A, HLA-B and HLA-C, are expressed by most
nucleated cells and present peptides derived from the intrinsic peptide catabolic way to
CD8-expressing T-lymphocytes. Class II HLA, including the products of genes HLA-DRA,
HLA-DRB1,3,4,5, HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPRBI1, are expressed mainly
by APC and present peptides derived from an extrinsic, phagocytic, catabolic way to CD4-

expressing T-lymphocytes (Klein & Sato, 2000). The activation of CD8 and CD4-expressing

lymphocytes promotes the destruction of the infected cell by cytotoxic lymphocytes or the
coordination of an antibody-mediated response by B-lymphocytes. In addition to their role
in the presentation of foreign and self peptides, HLA molecules and their high
polymorphism constitute the main barrier to transplantation of cells, tissues and organs
by eliciting a strong response in recipients that are not matched for the specific variants
expressed by the transplanted cells. HLA incompatibility can cause rejection in organ
transplantation, as well as the inverse effect (graft-versus-host) in stem cell therapy.

Both adaptive and innate immune responses work together in order to provide defense
against potentially harmful organisms and the development of malignant cells. Innate
mechanisms will trigger the first line response, but will also promote the activation of the
adaptive mechanisms. For example, a phagocyte such as a macrophage can recognize and
engulf a pathogen and destroy it, but it will also activate and present peptides from this
pathogen to CD4 lymphocytes, which will, in turn, coordinate the activation of cytotoxic
and B-lymphocytes that will mount an adapted response, specific for the pathogen

involved.
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1.2 Haematopoietic stem cell transplantation

Haematopoietic stem cell transplantation (HSCT) is a medical technique used to treat

malignant and non-malignant haematological diseases, congenital immunodeficiency

syndromes, solid tumors, and metabolic diseases (Ljungman et al, 2010}, and in many

cases it is the only available therapy to treat these patients.

Allogeneic HSCT (allo-HSCT) aims to replace the patient’s immune and haematological
systems with those of a donor, which can be a relative, an unrelated donor (UD) or cord
blood unit. Due to the greater degree of genetic disparity between patient and donor in the
UD allo-HSCT setting, such transplants may have a higher incidence of immunological
complications than those using sibling donors. Alternatively, this disparity may contribute
to a decrease in disease relapse mediated through the graft-versus-malignancy (GVM)

effect.

1.2.1 Uses of haematopoietic stem cell transplantation (HSCT)

According to a survey of transplant use worldwide (71 countries) in 2006 [Gratwohl et al,

2010), out of 50,417 transplants performed 42.7% of the transplants were allogeneic and

57.3% autologous. Fifty-four point five percent were indicated for lymphoproliferative
disorders, 33.8% for leukaemias, 5.8% for solid tumors, and 6.1% for non-malignant
disorders and other conditions (e.g, immune deficiencies, haemoglobinopathies,
autoimmune and disorders inherited diseases of metabolism). Among the allo-HSCT,
57.3% were performed with cells from UD and 70.7% were used to treat leukaemias

Gratwohl et al,, 2010).

1.2.2 Stem cell sources in haematopoietic stem cell transplantation (HSCT)

Allogeneic HSCT can be performed with HLA-identical sibling (or other family member),
or unrelated donors (UD). In general, UD donors are selected firstly on the degree of high-
resolution HLA matching, 10/10 or 9/10 being the best choice. In the cases where several

donors are available, preference is usually given to young, male, ABO-matched,

cytomegalovirus (CMV) infection status-matched donors (Gluckman, 2012].

Stem cells for transplantation were originally harvested from bone marrow by aspiration

from the posterior iliac crests in most cases. However, nowadays about 71% of allo-HSCT

are performed with mobilized peripheral blood stem cells (PBSC) {Gluckman, 2012). An

HLA-matched sibling donor is still the preferred stem cell source. However, matched UD-

HSCT show comparable survival rates as those performed with HLA-identical siblings,
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despite some studies reporting higher GVHD rates for the former [Kiehl et al., 2004/ Hows

et al., 2006][Walter et al., 2010||Zhang etal., 2012).

Overall, when peripheral blood is used as a source of stem cells, the median CD34+ cell
content as well as the median CD3+ content are several times higher than when bone

marrow is used (2-3 x 10¢ vs 8 x 10¢ / kg CD34+ content; 25 x 106 / kg vs 2.5 x 106 / kg

CD3+ content, respectively) (Gluckman, 2012).

Studies in HLA-identical sibling transplants have associated the use of PBSC with higher

risk of cGVHD when compared to bone marrow [Flowers et al.,, 2011|). A large recent study

has also found the use of PBSC in combination with myeloablative conditioning regimes as

a significant risk factor for the development of aGVHD after sibling and UD-HSCT (Jagasia

etal, 2012). However, in a large multi-center study, no survival difference between PBSC

and bone marrow was found in UD-HSCT (Anasetti et al., 2012).

1.2.3 Conditioning regimes in haematopoietic stem cell transplantation (HSCT)

HSCT involves a conditioning step in which the patient is treated with chemo and/or
radiotherapy in order to eliminate the original haematopoietic cell, including malignant
ones, and prepare a space for the graft. The goals of conditioning are immunosuppression
of the recipient and long-term disease control, especially in malignancies and disorders
that involve a hyperplastic marrow. Because of their significant toxicity, conditioning
regimes are often a cause of mortality in HSCT, and can significantly modify the way that
immune reconstitution and other outcomes of the transplant develop. Moreover, a degree
of immunosuppression is required in order to reduce rejection of the graft. Of note, the
risk of rejection is increased in T cell-depleted HSCT and in patients that have received

multiple blood products prior to the transplant, but it is in turn decreased with high stem

cell and T cell doses {(Gratwohl, 2012). Although in the past most patients received the

same conditioning regime, nowadays it has become clear that different regimes should be
applied to patients with different disease-related and transplant-related risks.
Classic intensified conditioning regimes usually involve the use of total-body irradiation

(TBI) in combination with one or two drugs, most commonly cyclophosphamide, or a

combination of cyclophosphamide and busulfan instead of TBI {Lowsky, 2010).

Because of the detrimental effects of these intensified regimes, reduced-intensity
conditioning (RIC) regimes based on the use of fludarabine in combination with low-dose
TBI or low doses of other cytotoxic drugs supported by donor-lymphocyte infusions, are

becoming more common in clinical practice, especially for elderly patients and patients

with co-morbidities {Gratwohl, 2012).
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T cell depletion is used in some HSCT protocols aiming at reducing GVHD, but it is also
associated with increases in graft rejection (when performed ex vivo) and disease
recurrence. T cell depletion can be achieved by in vitro or in vivo techniques. In vitro
depletion options usually involve either the selection of CD34+ cells or the depletion of
CD3+ and CD19+ cells using magnetic cell separation columns. Anti-thymocyte
immunoglobins, polyclonal antibodies against antigens on human T cells (and other
immune cell subsets) produced in animals, are used both as in vitro and in vivo means of T

cell depletion. Monoclonal antibodies against lymphocyte antigens like CD52

(alemtuzumab) are also used as a means of T cell depletion {Barge et al., 2006|[von dem

Borne et al, 2006).

Anti-thymocyte immunoglobins and monoclonal antibodies are mainly used for GVHD

prevention {Sheng et al.,, 2013). However, they can also be used as a conditioning agent to

facilitate engraftment, especially in high failure risk transplants such as T cell-depleted
grafts, CB-HSCT, RIC-HSCT or in cases where there is allo-immunisation of the patient.
However, its use is hampered by side effects such as anaphylaxis, cytokine release

syndrome, viral reactivations, lymphoprolipherative disorders, and increased risk of

relapse {Chakraverty et al, 2001}|Seidel et al., 2005 Gratwohl, 2012)). On the contrary, the

use of alemtuzumab as an in vitro depleting agent has been associated with durable

engraftment and reduced GVHD without affecting immune recovery to the same extent as

its in vivo use (Chakrabarti et al., 2004).

1.2.4 The outcome of haematopoietic stem cell transplantation (HSCT) and its

complications

The aim of HSCT is to achieve engraftment and immune reconstitution in patients.
However, several potentially fatal complications can also affect patients treated with
HSCT. Complications post-HSCT include graft failure, relapse, acute (a) and chronic (c)
graft-versus-host disease (GVHD), infections, and organ damage. Long-term complications
such as secondary malignancies such as solid tumors may also occur.

For statistical purposes, the outcome of HSCT can be categorized in several probability
measures. The key events that take place after an HSCT are neutrophil and platelet
engraftment, aGVHD , relapse or progression, death, and cGVHD.

Early complications after HSCT are usually caused by the conditioning regimens include
mucositis, haemorragic cystitis, veno-occlusive disease of the liver (sinusoidal obstructive
syndrome), capillary leakage syndrome, engraftment syndrome, diffuse alveolar

haemorrhage, and HSCT-associated thrombotic microangiopathy, and idiopathic

pneumonia syndrome {Carreras, 2012).
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Intermediate complications include infections, GVHD and rejection, while long-term
complications include cataracts, kerato-conjunctivitis, thyroid dysfunction, gonad
dysfunction and infertility, bronchiolitis obliterans and other pulmonary conditions, heart
failure, cerebrovascular and cardiovascular disease, chronic kidney disease, iron overload,
avascular necrosis of the bone and osteoporosis, and late malignant complications and

solid tumors (Tichelli, 2012).

Infections post-HSCT occur pre and post-engraftment. In the former case, they are
promoted by neutropenia and natural barrier breakdown, while in the latter low
lymphocyte counts, functional asplenia, and GVHD and its treatment predispose HSCT
patients. Both Gram-negative and positive bacteria, fungi such as Aspergillus spp, Candida

spp and Pneumocystis jiroveci, and viruses, especially herpesviridae, are main etiologic

agents in HSCT patients (Rovira, 2012].

1.2.4.1 Graft-versus-host disease (GVHD)

GVHD is the consequence of three events: (1) the administration of a graft containing

immunocompetent cells, (2) immunological disparity between the donor and the

recipient, and (3) an immunosuppressed recipient (Billingham, 1966). Immunological or

tissue disparity arises from differences in major (i.e. HLA) and minor histocompatibility
antigens.

Acute (a)GVHD is directly or indirectly the main cause of short term mortality after allo-
HSCT and occurs in approximately 40% of all recipients of allo-HSCT, albeit with variable
frequencies depending mainly on the type of donor and the prophylaxis used. One paper

has stated that aGVHD occurs in 35-45% of HLA-matched sibling HSCT and in 60-80% of

one-antigen mismatched UD-HSCT despite the use of prophylaxis (Ferrara et al., 2009)).

aGVHD develops as a three-stage process. Firstly, conditioning regimes damage the host’s
tissues. This in turn activates the host’'s APC, which activate donor T cells. Host APC
activation is boosted in mucosae (e.g. the GI tract) by means of the resident
microorganisms and the release of their inflammatory stimuli. Donor T cells proliferate
and produce an inflammatory cytokine storm. Finally, these cytokines cause tissue

necrosis, while activated effector cells migrate to target tissues and also directly attack the

host’s tissues {Ferrara et al., 2009).

The main risk factor for the development of aGVHD is HLA disparity between the donor
and the recipient, increasing with increasing degrees of incompatibility. Other well-known

risk factors are older patient age, prior allo-immunisation of the patient, and the type of

GVHD prophylaxis employed (Apperley, 2012). Moreover, increasing intensity of the

preparatory regime, and recipient seropositivity for CMV have also been proposed as risk
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factors for aGVHD. Recent large multi-center studies have found that, with current

practice, donor age, use of PBSC, and sex-incompatibility (i.e. a female donor for a male

recipient) are rather associated with chronic (c)GVHD risk [Flowers et al., 2011 Jagasia et

al,, 2012).

aGVHD is clinically characterised by the sole or combined presence of an erythematous

skin reaction, cholestatic liver disease and gastro-intestinal dysfunction {Apperley, 2012].

The clinical grading of aGVHD is made based on a revised set of criteria combining organ-

specific staging in an overall 4-category grading system (Przepiorka et al., 1995). aGVHD

grade [ is usually limited to the skin and does not require systemic treatment. Clinically
relevant (moderate to severe) aGVHD includes grades II-1V, while severe aGVHD is limited
to grades Il and IV and is associated with high risk of mortality.

cGVHD occurs in 30-70% of recipients of allo-HSCT. It involves features of both
autoimmunity and immunodeficiency and is the main cause of late NRM and morbidity
after allo-HSCT, mainly by infection. Its pathophysiology is less well understood, but
seems to involve not only T cells but also donor B cells. Risk factors for cGVHD include

previous aGVHD, HLA mismatch, older patient age, previous splenectomy, CMV

seropositivity, female-to-male donation, and use of PBSC {Apperley, 2012).

Clinically, it involves manifestation in the skin, mucosae, eyes, GI tract, liver, lungs,

muscles, fascia and joints. Diagnosis and staging criteria have been proposed [Filipovich et

al., 2005), but the classical extension-based characterisation (i.e. limited vs extensive) is

still commonly used. cGVHD occurs more frequently and has an earlier onset in UD-HSCT
when compared to HLA-identical sibling HSCT. In about 73% of the cases, cGVHD appears

after a hiatus following aGVHD resolution or is transformed from it directly, but it also has

a de novo onset in 27% of the cases (Apperley, 2012).

1.2.4.2 Immune reconstitution

The ultimate goal of HSCT is to achieve immune reconstitution in the patient. Several
factors influence the immune reconstitution. Host factors include age, sex, type of
conditioning regimen, and the initial pathology. In RIC, despite a milder myeloid
suppression, lymphoid depletion tends to be as deep as with myeloablative regimens.
Immune reconstitution is also affected by the degree of genetic incompatibility between

the recipient and the graft. Stem cell source, T cell depletion and transplant manipulation

can also modify immune reconstitution {Toubert, 2012). In fact, T cell depletion is

associated with delayed immune reconstitution. Finally, post-HSCT events such as GVHD,

relapse and infections play a role in immune reconstitution.

24



Myeloid engraftment, evaluated via neutrophil counts, usually occurs within 21 days post-

HSCT. Platelet engraftment can occur much later. A haemoglobin level of at least 8 g/dL

without transfusion is also considered a threshold for engraftment (Lowsky, 2010).

NK cells are the first lymphocyte population to be reconstituted, usually within 3 months
after transplant. The fast recovery of NK cells after transplant is due to expansion of the
CD56MCD16- cytokine-producing subset. The process of NK cell education (also known as
licensing), in which they acquire mature characteristics, is fully active after HSCT and is
dependent on donor ligands for NK receptors, allowing for a long-term GVM effect

Toubert, 2012).

B cell reconstitution occurs after a decline in the first several months after HSCT, and
antibody levels against antigen typically found after transplantation (e.g. anti-CMV) return
to normal levels within the first year. However, antibodies against other antigens such as
vaccines continue to decline, and re-vaccination is usually needed. In general, serum total

IgG and IgM levels return to normality by 1 year after transplantation, but IgA production

can take longer to normalize {Toubert, 2012). Moreover, defects in IgA production in

patients with cGVHD are related with mucosal infections in the respiratory and digestive
tracts, and the use of immunosuppressive drugs for cGVHD treatment can further delay
immunoglobulin recovery. CD19+ B cells usually normalize within the first year after

HSCT (Lowsky, 2010).

The vast majority of HSCT recipients see their lymphocytes almost eradicated, and must
rely on mature cell expansion and lymphoid progenitors in the graft. T cell reconstitution
takes place initially by expansion of memory subsets present in the graft or left over in the
recipient despite the conditioning regime in cases where T cell depletion of the graft was
used. Donor lymphocyte infusion (DLI) is also a source of T cell expansion. Donor-derived
T cells drive expansion in myeloablative HSCT as well as in those receiving DLI; in RIC-

HSCT it is usually also driven by recipient cells. T cell expansion is triggered both by

antigen encounter and homeostatic proliferation in response to lymphopenia (Krenger et

al, 2011).

However, the expanded memory subsets will have a skewed repertoire of specificities
with limited capacity of response against infections. Hence, for long-term reconstitution, it
is necessary that a full repertoire of naive T cells is educated in a functional thymus.
Because the thymus itself can be a target of allo-reactivity, it is crucial that this is
controlled for optimal recovery of the T cell ontogeny. GVHD targeting the thymus directly
affects the reconstitution of the naive compartment, and thymic involution affects immune
reconstitution in older patients. De novo T cell production is more efficient in younger

patients and can usually be readily detected from day 100 onwards. However, T cell
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reconstitution is a long process, usually taking more than a year to reach a plateau. Pre-

HSCT irradiation and chemotherapy also negatively affect the quantity and quality of

thymopoiesis, mainly by disruption of thymic epithelial cells (Krenger et al., 2011).

1.2.4.3 Graft failure

Graft failure is defined upon the engraftment measures mentioned before. Graft failure can
be defined as primary or secondary. Late failure and can be related to graft rejection,
persistent or progressive disease, low donor yield, medication side effects, infection or
GVHD. Because RIC-HSCT is associated with persistence of recipient cells, graft failure
assessment relies not only on neutrophil, platelet and haemoglobin measurements, but

also on the assessment of donor chimerism.

1.2.4.4 Relapse

Relapse in HSCT is the main cause of treatment failure. Between 40-45% of recipients of

HLA-matched siblings and approximately 35% of recipients of UD-HSCT will relapse with

their original malignancy (Barrett & Battiwalla, 2010). Relapse treatment after allo-HSCT

has worse results, and second myeloablative HSCT have high toxicity-related mortality.
DLI is successful in treating relapse in some diseases such as CML. Relapse can also occur
after a period of anti-malignancy effect if the immune system is weakened or becomes
tolerant to the residual disease, or the disease undergoes immune escape through clonal
selection of immune-resistant progenitors. Prognosis in relapsed patients depends on the

time from HSCT to relapse, the disease type, the disease burden and the conditions of the

first transplant (Barrett & Battiwalla, 2010).

1.2.5 Factors that affect the outcome of haematopoietic stem cell

transplantation (HSCT)

Various factors, both clinical and genetic, influence the outcome of HSCT. Clinical factors in
patients and donors known to influence the outcome of HSCT are the type and stage of

disease, age, comorbidities, sex mismatching, conditioning regime, CMV status, and stem

cell source (Anasetti, 2008). Survival risk scores based on clinical factors have been

validated to predict the chances and risks for HSCT patients (Gratwohl, 2012). Moreover,

genetic factors affecting HSCT can be classified according to whether they belong to the

human leukocyte antigen (HLA) system or to other genetic systems.
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1.2.5.1 Genetic factors that affect the outcome of haematopoietic stem cell
transplantation (HSCT)

The main obstacle when performing allo-HSCT is donor-patient compatibility as defined

by the HLA system (Lee et al, 2007](Petersdorf EW, 2007](Shaw et al., 2010). The HLA

system is part of the Major Histocompatibility Complex, a region of the genome that

includes over 200 genes mostly involved in immune functions. The HLA system includes

the most polymorphic genes in the human genome (Robinson et al, 2011) and, since it

plays a central role in the immune system, specifically in adaptive immune responses, self-

recognition, and rejection of foreign antigens, it has been thoroughly studied and its role in

allo-HSCT is now well characterised (Lee et al.,, 2007||Loiseau et al.,, 2007]|Petersdorf EW,

2007)[Shaw et al., 2010). Antigenic and allelic differences between HLA molecules can be

readily recognised as foreign by both the patient’s immune system as well as by the graft,
thus being able to elicit strong immune responses against them. It has become clear that
an additive survival disadvantage is produced by any degree of HLA incompatibility at
HLA-A, -B, -C, and -DRB1, with allelic (i.e. not recognised by serological techniques) having
the same effect as antigenic ones (except for HLA-C) (Shaw, 2012). The effect of HLA-DQB1

incompatibility has not been found to be as strong as that caused be the four previously
mentioned loci and its effect seems to be relevant only in the presence of other
mismatches. In turn, HLA-DPB1 matching has been associated with increased relapse,

while its mismatch has been shown to increase GVHD, and survival at least in some studies

Bettens et al., 2012). This, in addition to the difficulty of finding matched donors due to its

reduced linkage disequilibrium with other HLA genes, means that HLA-DPB1 matching is
not currently routinely performed in clinical settings. Nevertheless, recent evidence shows

that epitope matching analysis for HLA-DPB1 defines permissive and non-permissive

mismatches that have an impact on the outcome of UD-HSCT (Fleischhauer et al., 2012).

Extensive compatibility at HLA-A, -B, -C, -DRB1 and -DQB1 between patient and donor is

usually sought in order to minimise the occurrence of graft rejection and GVHD (Shaw,

2012). The gold standard is an allele-level compatibility for the 5 loci (i.e. 10/10 match),

but incompatibilities may be tolerated if the reduction on the probability of survival is not

enough to justify a different therapeutic option (Lee et al, 2007]|Bray et al, 2008).

Moreover, in the interest of prioritizing speed of transplant over compatibility, defining

permissive and non-permissive mismatches has attracted considerable attention,

especially in epitope matching (Shaw, 2012).

Despite a high degree of compatibility in terms of HLA, GVHD occurs in a significant
proportion of the transplants. In addition, GVHD occurs even in well-matched, sibling

transplants. Thus, it is likely that the outcome of allo-HSCT is still hampered by other
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genetic factors that intervene in the immune reconstitution process. The field that studies

the effect of these other genetic systems is called non-HLA immunogenetics.

1.2.5.1.1 Non-HLA immunogenetics

The discovery of an important degree of variation between human genomes, reaching on

average nearly 1 SNP every 300 base pairs (bp) (Kruglyak & Nickerson, 2001}, as well as

of several other forms of variation, has prompted the interest in the consequences of these
differences on the expression and function of proteins in cells in both normal and
pathological conditions. Consequently, nearly every field in Medicine has now seen the
advent of the study of the effect of polymorphism on diseases and the response to medical
therapies and treatments. HSCT is thus an area where a significant amount of research on
the effects of genetic variation on its outcome has been carried out.

Many different genes or genetic systems other than HLA that are likely to influence several
processes involved in HSCT have been recognised. For instance, tissue compatibility

defined by minor rather than major (i.e. HLA) histocompatibility antigens has been

implicated in organ and stem cell rejection and GVHD (Hambach et al,, 2007][Spierings,

2008).

Genes whose products are related to the immune system are evidently likely to be
involved in the various immune processes that occur prior, during, or after the transplant.

Importantly, the genes for cytokines and their receptors bear a considerable amount of

polymorphism, and have been associated with transplantation outcome (Dickinson &

Holler, 2008). Innate immunity genes that are polymorphic, such as toll-like receptors

Mensah et al.,, 2009) or the NOD/CARD15 system (Mayor et al., 2007), have been widely

studied. Steroid receptors such as the vitamin D receptor {Bogunia-Kubik et al., 2008),

which are involved in the development of the immune system, and killer-cell

immunoglobulin-like receptors, which play a central role in natural killer cell

immunosurveillance (Cooley et al,, 2010), have been associated with different outcomes

following HSCT.

Polymorphism in enzymes that are involved in the absorption, distribution, metabolism,
and excretion of drugs used in the various stages of HSCT have been recently recognised
to affect patients’ response to these drugs, and, thus, the outcome of the treatment.
Specifically, polymorphisms in the enzyme methyl-tetrahydrofolate reductase, which

metabolises the immunosuppressive GVHD-prophylactic drug methotrexate, have been

associated with complications and GVHD after HSCT {Murphy et al, 2006||Kim et al,

2007).
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One of the genes that may play an important role on the outcome of allo-HSCT is TGFB1,
which encodes TGF-B1. Polymorphism in TGFB1 among individuals may determine the
way their “old” immune system responds to conditioning regimens and chemotherapy, but
also how their “new” immune system recovers after an allo-HSCT and potentially causes
GVHD. In fact, as previously mentioned, several functional polymorphisms in TGFB1 have

been identified, and these SNPs are known to cause alterations in cytokine secretion in

several settings (Shah et al., 2006).
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1.3 Regulatory T cells (Treg)

Regulatory activity exerted by T-lymphocytes has been known for several years now and
constitutes one of the most important findings in immunobiology in the last twenty years.
Treg are necessary for the prevention of autoimmune disease, immunopathology, and
allergy, as well as for the maintenance of allograft and fetal-maternal tolerance as they are
able to suppress the activation, proliferation and function of CD4+ and CD8+ lymphocytes,

NK, NK-T and B cells {Sakaguchi et al., 2010).

1.3.1 Discovery and history of regulatory T cells (Treg)

In 1995, the first description of a regulatory T-lymphocyte lineage was made upon the

identification of a subset capable of preventing the development of autoimmune diseases

in mice {Sakaguchi et al., 1995)). These cells were reported to express high levels of the IL-

2 receptor alpha chain (CD25) and their depletion from an allograft caused the receptor
athymic mice to develop autoimmune diseases. Moreover, reconstitution of the CD25+
subset could prevent the autoimmune manifestations in a dose-dependent manner, albeit
only if reintroduction of the regulatory subset was performed within a restricted time

window after the transplant. Foxp3 was found later on to be the master transcription

factor of these murine cells (Fontenot et al., 2003||Hori et al.,, 2003), and mutations in the

gene encoding this transcription factor in mice and humans were found to be the cause of

both the autoimmune phenotype of the Scurfy mice (Brunkow et al., 2001) as well as the

immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome in a

human patient whose symptoms included diarrhea, insulin-dependent diabetes, thyroid

disorders and eczema (Bennett et al,, 2001). Human Treg were later discovered in 2001,

also as CD4+CD25+ T cells {Baecher-Allan et al., 2001{{Jonuleit et al.,, 2001||Levings et al.,

2001[Ngetal, 2001).

1.3.2 Types of regulatory T cells (Treg)

A number of cells with the capability of antagonising effector cell functions have been

described. Naturally occurring, thymic-derived Treg (nTreg) express a diverse TCR

repertoire that is specific for self-antigens (Hsieh et al, 2004) and were the first

regulatory subset that was described. These are CD4+ cells that express high levels of
CD25, low levels of CD127, and the transcription factor FOXP3. In addition to nTreg, the
peripheral induction of Treg (iTreg) from naive CD4 cells activated in the presence of TGF-
1 and the absence of inflammatory cytokines with the concomitant induction of FOXP3

expression has also been described and is now a well-established mechanism of Treg
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generation (Chen et al, 2003). Recently, the TGF-3-independent generation of iTreg has

also been described (Schallenberg et al, 2010). However, iTreg usually have a more

restricted specificity for cells, tumors, or foreign antigens. Hence, iTreg are thought to be
mediators of the contraction phase of specific immune responses, and believed to play a

complementary role to that of nTreg by the expansion of the regulatory TCR repertoire

demonstrated by little TCR subset overlap in murine colitis models {(Haribhai et al., 2011).

Apart from naturally occurring Treg, mature T cells can acquire immunoregulatory
functions in the periphery. This is the case of CD4+ TGF-f31-secreting Th3 cells generated
in murine oral tolerance models, IL-10 secreting Tr1 cells, and certain CD4-CD8- and

CD8+CD28- T cells (Liu et al, 1998||Vieira et al., 2004||Fischer et al, 2005). Th3 cells

produce TGF-1 and not IL-4 nor IFN-y, and are generated by a mechanism involving oral

tolerance (Chen et al., 1994), while the main feature of Tr1 cells is their production of IL-

10 and may represent a certain state of each of the other lineages rather than a distinct

subset (Zhu & Paul, 2008]). Unless stated otherwise, the term Treg will henceforward refer

tonTreg.

1.3.3 Biological aspects of regulatory T cells (Treg)

Treg are the main actors of peripheral tolerance. Human Treg comprise 5-10% of

peripheral CD4+ lymphocytes (Sakaguchi, 2004) and their most distinctive marker is

transcription factor FOXP3 {Fontenot et al., 2003)). These cells are hyporesponsive to TCR-

derived proliferation and have reduced cytokine production. Continuous expression of

FOXP3 is necessary for Treg suppressive function (Williams & Rudensky, 2007).

1.3.3.1 FOXP3 as a master regulator of regulatory T cells (Treg)

FOXP3 forms a homo-oligomer and interacts with several transcription factors including
the nuclear factor of activated T cells (NFAT), runt-related transcription factor 1/acute
myeloid leukaemia 1 (Runx1/AML-1), the histone acetyl transferase/histone deacetyl

transferase (HAT/HDAC) complex, and the nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-kB) (Piccirillo, 2008). NFAT and NF-«kB jointly initiate the expression

of genes encoding IL-2, IL-4 and cytotoxic T-lymphocyte antigen (CTLA-4) during T cell

activation. FOXP3 suppresses the expression of IL-2 by binding to NFAT (Wu et al,, 2006

and to Runx1/AML-1 {Ono et al., 2007). Consequently, Treg depend upon exogenous IL-2

for their thymic generation, survival and function. Unlike murine Treg, human Treg

express 2 different FOXP3 splice variants, with one of the forms lacking exon 2, but both

being independently able to induce anergy in CD4 cells {Allan et al., 2005).

Of note, despite its fundamental role in Treg, FOXP3 messenger ribonucleic acid (mRNA)

and protein has been discovered in human CD4+CD25- and CD8+ cells upon activation
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Morgan et al, 2005]|Pillai et al, 2007). However, the in vitro regulatory properties of

these cells have been disputed [Allan et al., 2007H Tran et al.,, 2007)), and it seems that these

expression is a side effect of activation rather than the start of a regulatory phenotype in

these cells (Wang et al., 2007). Moreover, the existence of these human non-regulatory

FOXP3+ CD4 cells in the periphery has been confirmed in vivo, and the main difference

between them and Treg seems to be the incomplete demethylation status of two enhancer

elements of the FOXP3 gene in the former (Miyara et al, 2009). FOXP3 is completely

demethylated in nTreg and fully methylated in naive and Th conventional T cells [Baron et

al, 2007). High and sustained expression of FOXP3 seems to be the key for the

development of the Treg program (Gavin et al., 2006).

The FOXP3 locus contains 5 conserved non-coding regulatory sequences, including 3
enhancers, one promoter and one pioneer element, and it has been shown that nTreg and
iTreg depend on distinct regions for their generation. TCR stimulation, CD28

costimulation, IL-2 and TGF-1 are all extracellular signals that induce modification or

interaction of cellular components with these regulatory regions {Regateiro et al., 2011}.

Recently, FOXP3 expression has been detected in epithelial cells, mesenchymal stromal

cells, NK-T cells and macrophages (Monteiro et al., 2010)[Manrique et al, 2011||Sundin et

al, 2011})|Lal et al., 2013]), possibly indicating that its regulatory program can be mounted

in other cells at least partially.

Of note, FOXP3 expression has been shown to be reversible in Treg under certain

conditions (Zhou et al.,, 2009|(Addey et al., 2011). Indeed, the differentiation of the Treg

cell lineage is not necessarily considered terminal, as developmental and functional
plasticity with the perturbation of FOXP3 and its complex at a transcriptional,

translational and post-translational level by inflammatory signals in the periphery has

been postulated (Gao et al.,, 2012).

1.3.3.2 Thymic development of regulatory T cells (Treg)
nTreg are generated in the thymus and require high-affinity interaction between their TCR
and HLA molecules presenting self-peptides on thymic stromal cells. Rather than

undergoing clonal deletion during negative selection as their non-regulatory counterparts,

nTreg are thought to upregulate FOXP3 upon recognition of self-antigen {Jordan et al.,

2001]|Ribot et al, 2006). However, a role for nTreg in the tolerance to antigens produced

by intestinal commensals has recently been proposed (Cebula et al, 2013). TCR

stimulation and co-stimulatory signals are required for thymic development of Treg cells

Yuan & Malek, 2012). IL-2 and IL-7 are required for the development of Treg in mice,

while in humans thymic stromal lymphoprotein secreted by Hassall's corpuscles in the
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thymic medulla activate CD11c+ DC that induce FOXP3 expression in immature CD4+CD8-

CD25- thymocytes {Hanabuchi et al, 2010). These activated DC are responsible for the

positive selection of Treg with high affinity for self-antigens. Human thymic Treg

development starts in utero as early as the thirteenth week of gestation and Treg

colonisation of peripheral organs can be found by the fourteenth week (Darrasse-Jeze et

al., 2005).

1.3.3.3 Phenotypic markers and regulatory T cell (Treg) subsets

Treg constitutively express high levels of CD25. However, adult human CD4+CD25+ cells
can include not only FOXP3+ cells but also FOXP3- memory cells. Moreover, since FOXP3 is
an intranuclear marker, it cannot be used for isolation of these cells. Consequently, other
markers have been sought for their characterization. Low or absent IL-7 receptor a chain
(or CD127) expression has been recognised to be a feature of Treg and a 90% correlation

between low expression of CD127 and FOXP3 in CD4+CD25+ lymphocytes has been

established (Liu et al, 2006| [Seddiki et al, 2006). However, conventional (i.e. non

regulatory) T cells tend to down-regulate CD127 upon activation, thus making this marker

less useful in settings that implicate T cell activation (Mazzucchelli & Durum, 2007|{Aerts

et al., 2008). Expression of CD62L by Treg can help to differentiate them from activated

conventional T cells, which express low levels of this marker (Hamann et al., 2000). CD27

expression has also been shown to discriminate between regulatory and non-regulatory

cells after expansion of human Treg {Duggleby et al, 2007). Treg also express CTLA-4

(constitutively), glucocorticoid-induced tumor necrosis factor receptor family-related

gene (GITR), and folate receptor 4, and CD95, all upregulated upon activation. However,

these markers can also be induced upon activation of naive CD4 cells {Zhu & Paul, 2008).

1.3.3.3.1 Regulatory T cell (Treg) subsets

Treg have been divided into subsets according to their expression of CD45RA and

CD45RO. It has become clear that human CD45RA+ Treg are a naive subset that possesses

strong suppressive capacity and are prevalent in umbilical cord blood (Seddiki et al,

2006). These naive Treg express lower levels of FOXP3 and most express CD31, a cell

marker specific for recent thymic emigrants. They also proliferate after in vitro TCR

stimulation and are highly resistant to apoptosis, whereas ‘mature’ CD45R0+ Treg are

hyporesponsive and susceptible to apoptosis upon activation {Miyara et al, 2009).

CD45RA+ Treg transform into CD45RO+ and upregulate FOXP3 after stimulation.
Subsequently, it appears that Treg can attain a terminal state analogous to that of memory
conventional T cells in which they express HLA-DR. About one third of mature Treg

express HLA-DR and these cells are suppressive and more ready to secrete cytokines than
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their HLA-DR- counterparts {Baecher-Allan et al., 2006). Naive and mature Treg follow an

inverse proportion tendency throughout life, the former decreasing while the latter

increase (Miyara et al., 2009).

Another marker reported to allow discrimination of functionally different Treg subsets is
the inducible costimulator (ICOS) molecule. ICOS+ Treg have been reposted to use
primarily IL-10 for DC suppression and TGF-f1 for T cell suppression, whereas ICOS- Treg
produce only TGF-$1 (Ito et al, 2008).

Finally, a member of the Ikaros transcription factor family, Helios was initially found to be

differentially expressed in nTreg and not in iTreg (Thornton et al, 2010). Helios was

reported to be upregulated in microarray studies of Treg {Sugimoto et al, 2006} Getnet et

al, 2009). However, its specificity for nTreg was later challenged by its induction in

transgenic murine CD4 cells stimulated in the presence of IL-2 and TGF-1 (Verhagen &

Wraith, 2010), and also by its absence in a proportion of human nTreg (Himmel et al,

2013). Despite this controversy, murine Helios+ Treg have been shown to express higher

levels of CD103 and GITR proteins, higher TGF-B1 mRNA, and higher suppressive

capability when compared to Helios- Treg (Zabransky et al., 2012).

1.3.4 Regulatory T cell (Treg) control of immune responses

Treg are able to control the proliferation and effector functions of many immune cells.

Evidence suggests that Treg can control conventional CD4+ and CD8+ T cells [Takahashi et

al, 2000), NK T cells {Azuma et al.,, 2003)), B cells {Lim et al, 2005), DC ({Fallarino et al,

2003), monocytes/macrophages (Taams et al, 2005), and NK cells (Ralainirina et al,

2007). Consequently, Treg must possess a diverse arsenal of molecular mechanisms in

order to be able to control such a diverse group of cells. Although there are still gaps in the
knowledge of Treg mechanisms of action on some of these cells, much progress in the

control of T cell responses has been made.

1.3.4.1 Mechanisms of action of regulatory T cells (Treg)
Several mechanisms have been proposed to contribute to Treg control of immune
responses. At least 4 general models of Treg-mediated modulation of effector T cell

activity have been identified: a) metabolic disruption, b) cytolysis, c) targeting of DC, and

d) production of inhibitory cytokines (Vignali et al, 2008). These mechanisms can be

broadly divided into those that target T cells (inhibitory cytokines, metabolic disruption,
cytolysis) and those that primarily target antigen-presenting cells (APC) (decreased
costimulation or decreased antigen presentation). Most of these mechanisms are thought

to require cell contact or proximity between Treg and their target cells, and none of them
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have resulted in complete abrogation of regulatory activity when blocked or deleted

despite significant reductions thereof.

1.3.4.1.1 Suppression by metabolic disruption

Metabolic disruption of effector T cells by Treg has been proposed as one of the
mechanisms used by these cells to control immune responses. The first proposal of such a
mechanism was derived from the fact that Treg express high levels of CD25, part of the IL-
2 receptor. Since effector T cell expansion is dependent on IL-2 supply, local consumption
of IL-2 by Treg has been hypothesised as an effect of their high receptor levels and its
consequence on IL-2 availability would have a quenching effect on effector cell activation.
Whether high CD25 levels are a suppressive characteristic of Treg or just a phenotypic
trait derived from their impaired IL-2 production has been a matter of debate. Some

studies have suggested that Treg can exert cytokine deprivation and subsequent apoptosis

Pandiyan et al, 2007), while others have not confirmed this assumption (Oberle et al,

2007).

Apart from IL-2 deprivation, the release of adenosine nucleosides has been proposed as

another metabolic mechanism of inhibition by Treg. Adenosine is synthesized by CD39

and CD73, ectoenzymes expressed on Treg (Deaglio et al, 2007). Adenosine suppresses

effector T cell function including via binding to adenosine receptor 2A (Hoskin et al,

2008). Additionally, Treg have been shown to be able to transfer cyclic adenosine

monophosphate (cAMP), which is a potent inhibitory messenger molecule, to effector cells

via membrane gap junctions (Bopp et al, 2007). Moreover, inhibition of cAMP production

by inhibition of adenylate cyclase activity or augmentation of cAMP degradation through
ectopic expression of a cAMP-degrading phosphodiesterase reduced the suppressive

activity and anergic state of human Treg both in vitro and in a humanized mouse model in

vivo (Klein et al, 2012). Prevention of cAMP degradation was shown to improve Treg

suppressive function (Bopp et al, 2009).

1.3.4.1.2 Suppression by cytolysis
Cytotoxic T-lymphocytes and NK cells use the protease granzyme in order destroy virus-
infected cells by unleashing apoptosis within them. Granzyme is aided by the cytolytic

protein perforin to reach the target cell’'s cytoplasm and thereupon activate caspases.

Activated nTreg have been shown to produce granzyme and perforin {Grossman et al.,

2004), and these proteins have been shown to be important for Treg-mediated

suppression of tumor clearance in mouse models {Cao et al, 2007). While murine Treg

express granzyme B, their human counterparts express the A isoenzyme. Also, studies on

B-lymphocyte control by Treg showed that the latter are able to kill B cells in a granzyme-
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perforin-dependent way (Zhao et al., 2006). Granzyme has also been implicated in Treg

control of pulmonary immune responses against viral pathogens such as respiratory

syncytial virus, and the deficiency of granzyme appears to play an immunopathogenic role

in children with bronchiolitis secondary to this viral infection {Loebbermann et al., 2012}.

Other studies have identified additional molecules used by Treg to induce apoptosis of
their target cells. Induction of apoptosis in autologous CD8+ T cells by human Treg has

been shown to be mediated by death receptor family member CD95/CD95L interaction

Strauss et al., 2009)). Another study aimed at analysing the role of tumor necrosis factor-

related apoptosis inducing ligand/death receptor 5 as one of the mechanisms for the
suppression and cytotoxicity induced by Treg confirmed that CD95/CD95L-independent
apoptosis was one of the effects of Treg and that blocking of tumor necrosis factor-related

apoptosis inducing ligand/death receptor 5 reduced their immunosuppressive power in

vitro (Ren et al., 2007). The researchers confirmed that this Treg cytolytic mechanism also

occurred in an in vivo model of allogeneic skin grafts, resulting in reduced Treg-mediated
survival of the grafts by addition of death receptor 5 blocking antibodies.

Finally, a protein called galectin-1, member of the family of beta-galactoside binding

proteins and known to cause apoptosis in T cells [Perillo et al., 1995)), has been found to be

upregulated in murine and human Treg (Garin et al., 2007)). Blockade of galectin-1 binding

was found to reduce the inhibitory effects of murine and human Treg, and galectin-1-

homozygous null mutant mice showed reduced suppressive action by Treg.

1.3.4.1.3 Suppression by dendritic cell (DC) function targeting

As previously mentioned, DC are the most efficient activators of naive T-lymphocytes
through their uptake and presentation of foreign antigens and provision of the adequate
secondary signals for this end. Consequently, modulation of their function is likely to be a
strategy to control adaptive immune responses, as was suggested early in Treg history

Cederbom et al., 2000).

There is evidence that Treg can exert influence on DC, both on their maturation and

function. Studies have reported that interaction between DC and CTLA-4-expressing Treg

hampers the stable DC-naive T cell interactions (Tadokoro et al., 2006). Just as the co-

stimulatory second signal receptor CD28 does when T cell activation occurs, CTLA-4 binds

to[|CD80|and|CD86|(B7-1 and B7-2 antigens, respectively) on APC. However, unlike CD28,

CTLA-4 transmits an inhibitory signal to T cells. Moreover, conditioning of DC with Treg

has been shown to induce down-modulation of CD80 and CD86 molecules on DCs in vitro,

resulting in a diminished capacity of naive T cell stimulation {Oderup et al, 2006).

Experimental blocking of CTLA-4 with antibodies or the use of CTLA-4-deficient Treg
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cause reduction of DC-mediated effector cell suppression, implying a role of this molecule
in this type of Treg suppression mechanism.

Another strategy that Treg might use in order to modify DC function is the induction of the
expression of indoleamine 2,3-dioxygenase by DC. This molecule favors the depletion of
tryptophan in local tissue microenvironments and the production of proapoptotic

metabolites of tryptophan, known as kynurenines, which can suppress effector cell

activation (Fallarino & Grohmann, 2011). Kynurenines and tryptophan starvation can

induce Treg from CD4+CD25- cells (Fallarino et al, 2006), and Treg-induced expression of

indoleamine 2,3-dioxygenase can make the DC develop a regulatory phenotype.
A further mechanism in which Treg could modulate DC function may involve lymphocyte
activation gene 3 (LAG-3, CD233), which is expressed upon Treg activation. LAG-3 is a

molecule capable of binding MHC class Il in a fashion similar to that of CD4, and its

expression by Treg has been shown to be required for full suppressive capacity (Huang et

al, 2004). Binding of LAG-3 to HLA class Il expressed on immature DC suppresses their

maturation and stimulatory capacity (Liang et al., 2008). Similarly, differential expression

of neuropilin-1 by nTreg (Weiss et al., 2012||Yadav et al., 2012) allows them to establish

prolonged interactions with immature DC, which would strengthen their capacity to

modulate DC before naive T cell stimulation (Sarris et al., 2008).

Apart from the effects of Treg on DC, there is some evidence that Treg might also affect the

function of monocytes (Pommier et al, 2013) and macrophages (Taams et al., 2005

Tiemessen et al.,, 2007}, possibly by CTLA-4.

1.3.4.1.4 Suppression by inhibitory cytokines
Suppressive cytokine-mediated mechanisms of Treg action include the production of
cytokines such as IL-10, IL-35 and TGF-f. These cytokines have also been implicated in the

stimulation of Treg development and the induction of peripheral iTreg populations. The

role of Treg derived IL-10 in suppression was shown in colitis {Annacker et al., 2003)) and

allergy and asthma models (Hawrylowicz & O'Garra, 2005} Rubtsov et al.,, 2008), although

the source of IL-10 has been disputed as potentially being the suppressed effector cells

rather than the Treg (Kearley et al, 2005). The role of Treg-derived IL-10 has also been

recognised in infectious disease models, in tumor microenvironments, and in feto-

maternal tolerance, and its importance appearing to depend on the target organism or

disease (Vignali et al., 2008).

The IL-12 family member IL-35 is a novel inhibitory cytokine associated with Treg
function. This heterodimeric cytokine is preferentially expressed by murine FOXP3+ Treg

and upregulated upon activation of these cells, and not by resting or activated effector
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cells {Collison et al., 2007). Its role in Treg function is not completely clear and currently

under scrutiny {Chaturvedi et al., 2013).

Early studies exploring the role of TGF-1 in Treg function by using neutralisation of the

cytokine or TGF-(B-deficient Treg suggested a limited role of TGF-f1 in Treg function

Piccirillo et al., 2002). However, other studies, especially in vitro ones, suggested that

TGF-B1 plays an active role in suppression of effector cells by Treg [Fahlen et al., 2005

etal., 2007). The relationship between Treg and TGF-1 will be presented in a subsequent

section.

1.3.5 Regulatory T cells (Treg) in disease
As shown in immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome (IPEX) patients, FOXP3 and, consequently, Treg dysfunction can be a cause for

disease as FOXP3+ Treg are dominant effectors of self-tolerance. Consequently, Treg have

been involved in autoimmune/inflammatory diseases such as psoriasis (Mattozzi et al,

2013), atherosclerosis (Pastrana et al, 2012), juvenile systemic sclerosis (Reiff et al,

2013), autoimmune hepatitis {Muratori & Longhi, 2013), type I diabetes (Kornete et al.,

2013), multiple sclerosis (Buc, 2013}, immune thrombocytopenia (Nishimoto & Kuwana,

2013), inflammatory bowel disease [Mayne & Williams, 2013)) and allergy [Thorburn et al.,

2013), as well as some infectious diseases (Rai et al, 2012}|de Lima Silva et al, 2013

Larson et al, 2013). CD25 deficiency has also been reported as causing Treg deficiency

and chronic and severe inflammatory lung disease (Bezrodnik et al., 2013).

Nonetheless, because of its role in suppression cytotoxic immune cells, Treg normal
function has also been related to pathogenic processes such as tumor-induced immune

suppression. FOXP3 expression and Treg have been related to progression in melanoma

Gerber et al,, 2013), breast cancer (Lal et al., 2013), lymph node metastasis in gastric

cancer (Zhou et al.,, 2013, colon cancer (Xu et al., 2013), ovarian cancer {Govindaraj et al,

2013), human non small cell lung cancers (Ganesan et al, 2013), and haematological

malignancies (Kelley & Parker, 2010), amongst others.

In addition, problems with Treg function appear to be involved in pregnancy loss and

miscarriage (Lee et al., 2011){Inada et al, 2013" Lu et al., 2013).

1.3.6 Regulatory T cells (Treg) in transplantation

Transplantation of organs, tissues or cells inherently involves the participation of the
immune system. Consequently, Treg are likely to play a role in the outcome of these
medical procedures. In fact, donor Treg are believed to be able to generate recipient

tolerogenic DC, which have an immature phenotype with low expression of HLA class I,
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CD40, CD80/86 and IL-12, limiting their immunogenicity upon encountering donor

antigen (Ichim et al., 2003||Min et al., 2003). These tolerogenic DC are in turn believed to

induce Treg development, and this positive feedback loop is thought to play an important

role in the maintenance of graft tolerance. Moreover, Treg have been identified as

tolerance mediators in murine kidney (Hu et al., 2013), cardiac (Fu et al., 2013)), and skin

grafts (Graca et al.,, 2002), with evidence of their involvement in containing graft rejection

Shalev et al., 2012).

Transplantation of haematopoietic stem cells bears the peculiarity that immune cells are
the main product of these procedures, and the restrictions and specific immune events
that can develop after the transplant makes it inherently different from solid organ
transplantation. Because of this difference and because it is the aim of this thesis, Treg

role in this setting is treated in a separate section.

1.3.6.1 Regulatory T cells (Treg) in haematopoietic stem cell transplantation

Haematopoietic stem cell transplantation (HSCT) has a number of complications that
affect its success, some of which are immune derived. Graft-versus-host disease (GVHD) is
one of the most important complications of HSCT. HSCT conditioning regimes create a
massive release of proinflammatory cytokines that activate the patient’s innate immune
system, including APC. When the donor-derived T cells in the graft interact with activated

APC, they recognise patient antigens as ‘foreign’ and become activated, unleashing a

systemic immune response from the graft against the host, or GVHD (Billingham, 1966

Ferrara et al., 2009]).

1.3.6.1.1 Regulatory T cells (Treg) in graft-versus-host disease (GVHD) models

Studies in mice have identified a decrease in Treg during acute GVHD (aGVHD), allowing
the proliferation of autoreactive inflammatory Th1l and Th17 donor T cells and the

transition to chronic GVHD (cGVHD) {Chen et al.,, 2007). Moreover, depletion of CD25+ T

cells from the graft both before the transplant (ex vivo) and in vivo after the transplant

were associated with worsening of GVHD, while adoptive transfer of ex vivo expanded

Treg was beneficial in the control of the disease in this murine model [Taylor et al., 2002).

[t was later confirmed that the adoptively transferred Treg must be of donor origin and

able to produce IL-10 in order to prevent lethal aGVHD in murine models [Hoffmann et al,

2002). Additionally, Treg suppression of GVHD was shown to be more effective if Treg

were supplied early in the process (Edinger et al., 2003). Later studies identified CD62Lhi

and not CD62Ll Treg as the main mediators of this in vivo protective effect against GVHD,

implying that Treg trafficking to secondary lymphoid organs was necessary for

alloreactive T cell control (Taylor et al.,, 2004||Ermann et al., 2005). Nonetheless, efficient
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Treg expression of chemokine receptors such as CXCR3, CCR5, and CCR6, which enable T

cells to travel to GVHD target organs such as the liver, the lungs or the intestine, has also

proven necessary for Treg protection from GVHD (Wysocki et al, 2005}|Varona et al,

2006)|Hasegawa et al., 2008).

Using a human in vitro skin GVHD model, the role of Treg in CD8 T cell-mediated GVHD

prevention was confirmed, and it became clear that the presence of the Treg at the

priming stage of the immune response was necessary for it to ensue (Wang et al., 2009).

Moreover, murine models of GVHD have also shown the necessity of alloantigen

expression by the host APC, which is sufficient for induction of GVHD protection by donor

Treg (Tawara et al., 2010).

In a different HSCT model, transplantation of haematopoietic stem cells (HSC) performed
with bone marrow-derived facilitating cells (defined as CD8+/TCR-) was shown to
promote splenocyte TGF-f1 expression and induction of Treg-related genes CTLA-4, GITR

and FOXP3, allowing for improved engraftment and prevention of GVHD by in vivo

induction of Treg {Colson et al., 2004).

The role of iTreg has also been studied in the context of GVHD by in vitro induction of
these cells followed by adopted transfer into mice. Interestingly, there have been
contradicting results with respect to the nTreg experiments mentioned previously. In fact,
administration of in vitro generated iTreg along with bone marrow grafts has not resulted
in significant protection from GVHD, and these cells have been shown to have limited

survival and to revert their FOXP3 expression in vivo shortly after transplantation

Koenecke et al, 2009). Notably, this FOXP3 expression reversion has also been

determined for murine nTreg, a phenomenon that appears to be driven by the

inflammatory cytokine milieu to which these cells are infused (Laurence et al., 2012).

Furthermore, FOXP3-expressing CD8+ T cells, initially described to suppress T cell

responses in murine models of autoimmunity and allergic diseases (Hahn et al, 2005

Laurence et al, 2012), have recently been reported to arise by induction early in the

development of GVHD. These cells have been shown to mitigate the severity of this disease

along with CD4+ Treg in MHC-mismatched HSCT murine models, in which they comprise

up to 70% of the iTreg population (Beres et al., 2012)[Robb et al., 2012||Sawamukai et al.,

2012). These findings have been also confirmed with human CD8+ FOXP3+ T cells in a

humanized mouse model {Zheng et al., 2013).

1.3.6.1.2 Regulatory T cells (Treg) in graft-versus-host disease (GVHD) patients

The important role of Treg in the control of immune responses and the evidence of their

capacity to ameliorate GVHD from murine models have also prompted research into their
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quantitative and qualitative behavior in patients that undergo HSCT aiming at identifying
early biological signals that could precede the onset of this complication. A number of
studies have reported a decrease in the frequency of Treg in the peripheral blood of HSCT

patients that develop high-grade aGVHD in comparison with those of HSCT patients with

no or mild disease (Li et al, 2010]|Bremm et al., 2011). In another study, patients that

underwent autologous HSCT or allogeneic HSCT without GVHD had higher Treg
frequencies (defined as CD4+CD25hFOXP3+ cells) in peripheral blood when compared to

allogeneic HSCT patients with GVHD [Magenau et al., 2010)). Treg frequencies and absolute

numbers in this study were reported to decrease linearly with increasing grades of GVHD
at onset, and to correlate with the maximum grade of GVHD. Also, the frequency of Treg at
the onset of GVHD was able to predict the response to GVHD treatment. Moreover,
patients with Treg frequencies less than the median had higher non-relapse mortality
(NRM) than patients with Treg greater than the median, resulting in an inferior survival 2
years after transplantation. Another study also reported a marked depletion of naive Treg
in patients developing aGVHD compared with tolerant patients. Despite their lower

frequency, single-cell profiling showed that CD4+FOXP3+ T cells maintain the Treg gene

expression signature and Treg suppressive activity was preserved [Dong et al., 2013). As a

proxy for Treg persistence and reconstitution, FOXP3 mRNA expression in PBMC after
HSCT has been studied. FOXP3 mRNA expression was reported to be significantly
decreased in PBMC from patients with either allogeneic GVHD or autologous GVHD

compared with patients without GVHD. Expression of Foxp3 correlated negatively with

the severity of GVHD but did so positively with recent thymic emigrants (Miura et al,

2004).

Findings similar to those reported for aGVHD have also been published in the setting of

cGVHD (Zorn et al, 2005). Moreover, patients transplanted from HLA-identical sibling

donors with higher nTreg (defined as FOXP3+Helios+ cells) counts and higher thymic

output of Treg presented lower incidence of cGVHD when compared to patients whose

donors had lower levels {Mclver et al., 2013).

One recent study assessed the role of Treg reduction before GVHD onset (Fujioka et al.,

2013). According to this report, the authors measured Treg (CD4+FOXP3+ cells) in

peripheral blood at the second week after transplantation, and found that patients with
aGVHD had significantly lower Treg/CD4+ T cell ratios than those without aGVHD.
Moreover, the cumulative incidence of aGVHD in patients with ratios lower than 9% was
significantly higher than that in patients with ratios higher than 9%. Since these
differences were seen before the development of aGVHD, the authors propose that these

ratios could actually predict the incidence of aGVHD.
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In a study of the genetic profile of Treg in patients after HSCT {Ukena et al., 2011), the

authors monitored the transcriptome of these cells in consecutive monthly blood samples
for a six-month period. Using microarray technology, the genetic expression profile of
isolated Treg (CD4+CD25+CD127'°) was shown to be stable and highly correlated between
GVHD and no GVHD groups at several time points after transplantation. However, detailed
analysis of the transcriptomes of these groups revealed that Treg isolated from patients
with severe GVHD showed downregulation of molecules related to migration and homing
to sites of inflammation and secondary lymphoid organs such as CCR5, CXCR3, CCR3,
CXCR6 and CCR1. Moreover, a downregulation of the expression of molecules associated
with Treg suppressive mechanisms, such as LAG3, CD44, galectin-1, and granzyme A, was
also identified in cells from GVHD patients. On the contrary, the upregulation of molecules
such as granzyme A, CXCR3 and CCR5 at the mRNA and protein levels was observed for
immune tolerant patients early after HSCT (less than 100 days). Taken together, these
data are proposed as evidence that impaired migration of Treg to GVHD development sites
could prevent control of alloreactive T cells.

Another study of Treg in GVHD focused on telomere length and telomerase activity in
HSCT patients with severe cGVHD. The authors found that telomere length was reduced
and telomerase activity increased in Treg when compared to conventional T cells.
Moreover, Treg number and telomerase activity were inversely correlated with the

severity of cGVHD, suggesting that failure to activate Treg telomerase could restrict their

proliferative capacity and, consequently, hamper control of allo-reactive T cell [Kawano et

al, 2011).

Another study investigating Treg behavior in cGVHD after myeloablative HSCT found that
thymic generation of naive Tregs was markedly impaired, and reconstituting Tregs
showed a predominantly activated/memory phenotype. The authors also report that Treg
underwent higher levels of proliferation than conventional T cells in response to CD4+
lymphopenia after HSCT, but Treg undergoing homeostatic proliferation also showed
increased susceptibility to Fas-mediated apoptosis. Monitoring of CD4+ T cell subsets at 3,
6, 9, 12, 18, and 24 months post-transplant revealed that Treg expanded rapidly and
achieved normal levels by 9 months after HSCT, but Treg levels subsequently declined in
patients with prolonged CD4+ lymphopenia. The authors claim that this resulted in a

relative deficiency of Treg, which was associated with a high incidence of extensive

chronic GVHD in their study cohort {(Matsuoka et al., 2010).

Other studies have examined the role of Treg in tissues rather than in peripheral blood of
HSCT patients with GVHD. In one study, the authors assessed the number of infiltrating

Treg in the intestinal mucosa by using intestinal biopsies from HSCT patients and
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compared them to healthy controls and patients with infectious inflammation. Patients
with infectious intestinal inflammation showed a concomitant increase of CD8+ T cells and
Treg (CD3+FOXP+ cells). However, patients with acute and cGVHD displayed a
FOXP3+/CD8+ T-cell ratio identical to control subjects screened for other intestinal

conditions. In contrast, specimens without histologic signs of GVHD demonstrated

increased numbers of FOXP3+ per CD8+ T cells (Rieger et al., 2006).

In contrast, a number of studies evaluating Treg in GVHD in humans have had opposite

results as to those aforementioned. Some studies have actually found an increase in

peripheral blood Treg in HSCT patients with cGVHD. In an early study (Clark et al., 2004),

the authors evaluated the number of Treg more than 100 days after allogeneic
hematopoietic stem cell transplantation. Patients with cGVHD showed markedly elevated
numbers of donor-derived CD4+CD25h T cells as compared to patients without GVHD.
Interestingly though, in contrast to controls, CD4+CD25h T cells in patients with cGVHD
were characterized by lower surface CD62L expression. As mentioned earlier, CD62L
expression was reported as necessary for GVHD mitigation in mouse models. Also, their
characterisation of Treg did not involve FOXP3 or CD127, and the possibility remains that
non-regulatory T cells were included in their analysis. In another small study, the recovery

of CD4+CD25hCD127' Treg in the peripheral blood of patients was assessed every 30

days for the first 6 months after HSCT (Ukena et al, 2011). Despite progressively

improving, the Treg count in GVHD patients always remained lower than in patients who
never developed GVHD. In contrast, cGVHD patients who had not developed aGVHD
displayed significantly increased Treg cell numbers at the onset of chronic inflammation.
The authors interpret these results by stating that Treg counts after HSCT are associated
with the development of acute but not chronic GVHD. In a study that used FOXP3 mRNA
quantification in peripheral blood after HSCT as a proxy for Treg reconstitution, the
authors found that the relative expression levels of FOXP3 mRNA did not significantly
correlate with the occurrence of GVHD, and suggested that Treg frequency in peripheral

blood relative to total leukocytes or T cells is not indicative of the development of GVHD

Arimoto et al, 2007). Finally, with respect to Treg in tissue, one report examining

FOXP3+ Treg in blood and in gastric antral biopsies in a cohort of 60 allogeneic HSCT
patients did not find any difference in the expression of this marker with or without GVHD

involving the upper gut. Furthermore, there was no correlation of Treg frequency with the

histologic or clinical severity of GI GVHD in these patients (Lord et al., 2011}.
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1.3.6.1.3 Regulatory T cells (Treg) as prognostic factor for graft-versus-host disease
(GVHD)

Despite the evidence of the potential usefulness of monitoring Treg frequencies or
absolute numbers early after HSCT as a means of identifying those in higher risk of
developing GVHD, the evidence for the role of Treg in GVHD pathogenesis is hampered by
the fact that Treg behaviour before, during and after GVHD onset could be the cause or
part of the cause, but also a consequence of GVHD. GVHD involves the massive expansion
of activated effector T cells, which could mean that the Treg population is overwhelmed by
this outburst. Also, the inflammatory milieu characteristic of GVHD could impair the
generation of iTreg, and could also potentially revert FOXP3 expression in nTreg, further
affecting these subsets’ numbers. Additionally, damage to tissues such as the thymus
during GVHD (or previously during conditioning regime application) could hamper their
capacity to generate Treg. Furthermore, the place of Treg assessment (i.e. peripheral
blood, lymph nodes, thymus, GVHD target tissues, etc.) and the timing of these
measurements could give different pictures and have different relevance in terms of the
specific GVH process. All these caveats must be taken into account when critically
analysing data from studies that report changes in Treg related to GVHD and/or HSCT
outcome. More precise research into this matter is necessary.

Apart from the post-HSCT assessment of Treg frequency or counts, the Treg content of the
graft before transplantation by measurement of Treg in the blood of stem cell donors has
also been explored as a prognostic factor for GVHD. Some reports have found a correlation

between higher frequencies of CD4+FOXP3+ Treg in peripheral blood of the donors

Rezvani et al., 2006) or in cryopreserved aliquots of the donor grafts both in unrelated

Pabst et al, 2007) and sibling transplants (Wolf et al, 2007) and lower incidences of

GVHD in their recipients, especially in myeloablative transplants. However, in one of the

studies, the correlation did not hold in multivariate analysis (Pabst et al,, 2007). A study

examining CD62Lhi Treg (CD4+CD25hCD45RA+) in HSCT grafts found that patients infused
with lower concentrations of these naive Treg exhibited an increased incidence of aGVHD,
and that delayed reconstitution of these subset in patients was associated with the

development of aGVHD (Lu et al.,, 2011).

1.3.6.1.4 Regulatory T cells (Treg) in the prevention and treatment of graft-versus-
host disease (GVHD)
The evidence of Treg involvement in GVHD control has evidently prompted research into

the manipulation, production or promotion of Treg function in order to help improve the

outcome of HSCT (Edinger & Hoffmann, 2011).
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In an animal model study, the authors used recipient spleen cells to stimulate a mixed
leukocyte reaction to generate antigen-induced Treg in the presence of TGF-B1 and
retinoic acid, and found that the CD11chi DC fraction induced high numbers of alloreactive
Foxp3+ cells. These induced CD4+CD25+Foxp3+ cells were purified and shown to be
suppressive in vitro in an antigen-specific manner. After transfer into allogeneic mice, the
induced Treg persisted for 6 months and prevented GVHD caused by co-transferred
effector T cells. Similar findings were made when the Treg cells were transferred after

onset of GVHD (Sela et al, 2011).

For human trials, strategies such as in vivo induction of Treg or Treg ex vivo expansion
followed by re-infusion have been explored as potential therapeutic alternatives.
However, concerns about the correct way to phenotypically define Treg, Treg source,
heterogeneity (e.g. nTreg vs iTreg), stability both in vitro and in vivo, the right timing for
Treg infusion, as well as the efficiency of industrial and clinically-approved production of
Treg derivatives continue to hold back broader application of this therapy. Nevertheless,

progress in the first small clinical trials has been promising in some areas, proving the

safety and preliminary efficacy of Treg transfusion {Brunstein et al., 2011}|Di Ianni et al.,

2011{|Di Ianni et al., 2011). Also, the sub-cutaneous application of daily low-dose IL-2 has

been explored as a way to favor Treg development in vivo, altering the Treg:Tcon ratio in

glucocorticoid-refractory cGVHD patients with some success, albeit in a small pilot study

Koreth et al, 2011). Also, in a mouse HSCT model, the transfer of in vitro expanded

human cord blood Treg was shown to significantly prevent aGVHD and to correlate with

increases in TGF-B1 production and FOXP3 expression in CD4+ cells, polarizing the

Treg/Th17 balance toward Treg (Yang et al., 2012).
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1.4 Transforming growth factor-f1 (TGF-1)

TGF-B is a cytokine that has three homologous isoforms, which are encoded by three
different genes in mammals: TGF-B1, TGF-B2, and TGF-B3. TGF-f1, together with TGF-32
and TGF-B3, is a member of a highly pleiotropic family of proteins, including bone
morphogenic proteins, activins, and growth differentiation factors that are involved in the

regulation of numerous immunomodulatory processes, in addition to having pleiotropic

effects on cell proliferation, differentiation, migration and survival [Li et al, 2006|). TGF-$1

is produced by, and acts upon, a wide variety of cells. The processes in which TGF-1 plays

a central role include embryogenesis, hematopoiesis, angiogenesis, fibrosis, wound

healing, carcinogenesis, immune responses, and transplantation (Li et al.,, 2006).

The TGF-f system is evolutionarily very old, thought to have appeared approximately one

billion years ago, previous to the divergence between arthropods and vertebrates and to

the development of lymphocyte-based adaptive immunity [Newfeld et al., 1999)). TGF-$1 is

the predominant isoform expressed in the immune system (Li et al., 2006), and its role in

the control of immunity was confirmed since the 1990s when experiments in mice with a
homozygous mutation preventing TGF-f1 production showed no major developmental

abnormalities, but died early after birth because of a wasting syndrome accompanied by a

multifocal inflammatory cell response with tissue necrosis, leading to organ failure (Shull

etal, 1992).

1.4.1 Biology, structure and function of transforming growth factor-p1 (TGF-

B1)

1.4.1.1 Production, structure and activation of TGF-p1

As all three TGF-fs, TGF-B1 is synthesized as a 390-amino acid pre-pro-TGF-f1 {Annes et

al.,, 2003). The pre region contains a signal peptide (amino acids 1-29). The 75-kilo Dalton

(kDa) pro-TGF-fB1 is cleaved in two portions by furin-like proteases in the trans Golgi
apparatus. The N-terminal portion is called latency-associated peptide (LAP, amino acids
30-278), and a homodimer of this molecule binds non-covalently to a homodimer of the
mature TGF-B1 (amino acids 279-390) of 24 kDa. This forms an inactive complex called
the small latent complex (SLC) that can be secreted as such or form the large latent
complex (LLC) when bound to a latent TGF-$1 binding protein (LTBP). Cysteines in LAP
form disulphide bonds with specific cysteines in the LTBP. The LLC covalently targets
TGF-B1 to the extracellular matrix. Figure 1.1 shows a schematic representation of TGF-

B1’s precursor as well as its SLC and LLC.
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Figure 1.1 Molecular organization of transforming growth factor-1 (TGF-1). (A) The TGF-31 precursor
and its components. (B) Molecular organization of the processed TGF-f1 precursor and its activation by
integrins. Cleavage of the TGF-B1 precursor produces LAP and mature TGF-B1. Mature TGF-B1 dimers are
enclosed in a protective straightjacket structure by LAP dimers (the SLC), covalently linked by disulphide
bonds. The SLC can be in turn attached to a LTBP, also by disulfide bonds (the LLC). The LLC is bound to the
ECM by isopeptide bonds. Integrins on the surface of cells bind RGD motifs on LAP and exert a force capable of
extending LAP and opening the SLC’s straightjacket, thus releasing the mature and biologically active TGF-f1
dimer. ECM, extracellular matrix; LAP, latency-associated peptide; LLC, large latent complex; LTBP, latent
TGF-B1-binding protein; SLC, small latent complex; SP, signal peptide.
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Hydrophobic residues on one side of the LAP molecule, which form an amphipatic a-helix,
interact with the mature TGF-1 to form the SLC, while TGF-B1-induced conformational

changes in LAP expose ionic residues on the other side of the helix, which, in turn, interact

with the LTBP (Walton et al., 2010). Covalent dimerization of LAP is necessary for the

stability of the LLC. Recent progress in defining the crystal structure of the TGF-1 latent
complex has revealed that its conformation is that of a ring-shaped straightjacket, in which
LAP shields the mature cytokine and prevents it from interacting with receptors. Release

of TGF-B1 from this structure requires tensile force and the unfastening of the

straightjacket (Shi et al., 2011), concomitant with LLC binding to the extra-cellular matrix

Buscemi et al., 2011) (See Figure 1.1).

TGF-B1 is inactive whilst bound to LAP or in the LLC. These complexes form

intracellularly, and TGF-f1 that fails to form a complex with these structures is

inefficiently secreted (Kim et al, 1992). Activation of latent TGF-f1 is dependent on its

liberation from these molecules by the action of other molecules, extreme pH or
temperature. Physiologically, the activation may be carried out by interaction with

thrombospondin, proteolytic cleavage by transglutaminase, plasmin, or traction mainly by

ovfe or avPsintegrins, as well as by reactive oxygen species (Annes et al., 2003}|Shi et al,

2011).

LAP contains integrin binding sites bearing the sequence RGD (arginyl-glycyl-aspartic

acid). Six integrins can bind the SLC: o3, auBs, avfs, ovPs, avf1, agP1, the first four being

actually able to release TGF-f1 (Worthington et al, 2011). a.Bs-mediated activation

involves a conformational change in LAP and not the release of mature TGF-B1 from the

complex, and assumes a cell-contact dependent presentation of active TGF-1 (Munger et

al, 1999). A different strategy is employed with a,Bsintegrin, in which participation of

metalloproteinases that degrade LAP is necessary, and that allows for a more distant reach

of the released active TGF-B1 (Mu et al, 2002). o,f3¢integrin is expressed in a subset of

epithelial cells, whereas oyf3sis expressed in many immune cells, including T cells and
myeloid DC. Of note, an indispensable role for integrins in the in vivo activation of TGF-1
has been recognised in mice with a homozygous mutation of TGFBI that disrupts the

integrin-binding motif in LAP and causes a lethal inflammatory phenotype

indistinguishable of TGF-B1-deficient mice (Yang et al, 2007].

1.4.1.2 Signaling and function of transforming growth factor-p1 (TGF-B1)

The members of the TGF-f1 superfamily of cytokines mediate their effect via receptors
that are type I or type Il serine/threonine kinases. Five type I (activin receptor-like kinase,

ALK1-5) and seven type Il TGF-f3 superfamily receptors have been described. TGF-f31, 2,
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and 3 mediate their signaling mainly through ALK5 and TGF-f receptor II (TBRII) {Chang

et al.,, 2002). For the signaling process to take place, active dimeric TGF-1 molecules bind

TBRII first, and then, recruit ALK5 molecules to form a tetrameric receptor complex. The
binding of the TGF-f1 molecules causes TQBRIl to activate recruited ALK5 by
phosphorylation. Subsequently, the type [ receptor phosphorylates intracellular
transcription factors Smad2 and 3, which then associate with Smad4 and this complex
translocates to the nucleus in order to bind to a Smad-binding element in DNA and to
other transcription factors, activating or repressing target genes. On the contrary, Smads 6
and 7 are inhibitory for TGF-B1 signaling. Smad7, which is not phosphorylated by the
receptors, is induced by and suppresses TGF-f1 signaling by competition with Smad2 and
3 for the binding of ALKS5, and by recruitment of Smurf- containing E3 ubiquitinase

complexes that cause ALK5 degradation, thus participating in a negative feedback loop to

control TGF-B1 responses (Nakao et al, 1997||Kavsak et al., 2000}|von Gersdorff et al,

2000). Smad?7 is also induced by inflammatory cytokines INF-y, TNF-q, and IL-6 (Ulloa et

al, 1999||Bitzer et al., 2000{|Dominitzki et al., 2007). In mice, Smadé6 interferes with the

phosphorylation of Smad2 and the subsequent heteromerization with Smad4, but does not

inhibit the activity of Smad3 (Imamura et al., 1997). Of note, Smad-independent signaling

pathways using mitogen-activated protein kinase, PI3K kinase, PP2A phosphatase, Rho

family proteins, and the epithelial polarity protein Par6 have also been described for TGF-

B1 (Yuetal, 2002||Derynck & Zhang, 2003), but involvement of Smadé in the regulation of

some of these non-canonical pathways suggests cross control with Smad-dependent

signaling (Jung et al., 2013).

TGF-B1 signaling inhibits the proliferation of epithelial, endothelial and hematopoietic
cells, and regulates the differentiation of neural, immune, mesenchymal and epithelial

cells. TGF-B1 signaling can also initiate apoptosis in specific contexts, and participates in

chromosomal stability maintenance {Massague, 2000). However, depending on the local

environment and concentration, as well as the target cell, TGF-B1 can also stimulate

proliferation and be anti-apoptotic, as well as increase or decrease the function of

terminally differentiated cells {Ruscetti et al., 2005). Accordingly, TGF-B1 signaling has

been implicated in the pathogenic processes of various cancers and haematopoietic

malignancies by targeting of the malignant cell, the tumor stromal cells or by modulation

of angiogenesis {lkushima & Miyazono, 2010). TGF-B1 is the most potent inhibitor of cell

cycle progression in committed hematopoietic progenitors, potentially through an

autocrine mechanism (Ruscetti et al., 2005), and the disruption of TGF-B1 signaling is

known to play a role in malignant transformation. The current paradigm suggests that
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TGF-B1 acts as a tumor suppressor in early stages of tumorigenesis, but promotes tumor

growth during cancer progression (Bierie & Moses, 2006).

The presence of receptors for TGF-f1 on early haematopoietic progenitors throughout all
their maturation stages suggests that this cytokine plays an important role in their
biology. Indeed, bone marrow cells from neonatal mice with deleted TGF-f1 showed
impaired hematopoietic stem cell short- and long-term reconstitutive activity. This was

associated with a parallel decrease in in vivo homing capacity of these cells, as well as

reduced survival of immature progenitors in vitro [Capron et al., 2010|). Moreover, myeloid

and lymphoid stem cells seem to respond differently to TGF-B1: TGF-B1 stimulates

myeloid stem cell proliferation but inhibits their lymphoid counterparts {Challen et al,

2010).

Another relevant target of TGF-B1 are thymic epithelial cells. As mentioned previously,
epithelial cells in the thymus participate in the education of lymphoid precursors and the
production of naive T cells. TGF-B1 signaling has been shown to promote thymic
senescence in mice, and to hinder early thymic reconstitution after myeloablative
conditioning and subsequent HSCT. Moreover, inhibition of TGF-$1 signaling appears to

decelerate age-related thymic involution and could favor the reconstitution of thymic

output after the transplant (Hauri-Hohl et al., 2008).

1.4.1.3 Regulation of transforming growth factor-p1 (TGF-B1) production and activity

In line with its relevance in many biological processes, the regulation of the expression of

TGF-B1 has been shown to be tightly controlled. In T cells, TGF-f1 production upon

activation has been known since early studies (Kehrl et al., 1986). CD69, a marker of

activation, has been shown to induce TGF-B1 production upon cross-linking, both in CD4+

and CD8+ cells (Esplugues et al., 2003)). CTLA-4 engagement has been a disputed induction
stimulus for TGF-f1 production (Chen et al, 1998||Sullivan et al, 2001). Also, Thl

conditions inhibit TGF-B1 production, while Th2 conditions appear to enhance it (Seder et

al, 1998). In fact, T-bet-deficient CD4+ cells produce more TGF-B1 than normal ones in

colitis models (Neurath et al., 2002).

Little is known about the transcriptional control of TGF-f1 expression. The activator

protein 1 complex (jun and fos proteins) has been implicated in TGF-31’s autoinduction of

transcription (Kim et al, 1990). However, negative regulation of TGFB1 expression by the

activator protein 1 complex has also been proposed (Shah et al., 2006|). Recently, the early

growth response 3 transcription factor has also been recognised to intervene in the

expression of TGF-B1 in both murine and human CD4+ T cells in vivo {Sumitomo et al.,

2013).
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Several studies have suggested the presence of post-transcriptional regulation for TGF-1

and an unusually long and GC-rich 5’-untranslated region (5’UTR) in its mRNA has been

implicated in these processes (Kim et al., 1992)). TGF-1 mRNA is poorly translated, and its

5'UTR has been shown to form stable secondary structures that inhibit translation by

altered binding to the YB-1 protein (Jenkins et al., 2010). Moreover, the 3’'UTR in TGF-1

mRNA has also been implicated in post-transcriptional regulation, with two forms (short

and long) that are differentially expressed and serve as targets for micro RNA 744, which

strongly represses TGF-$1 translation (Martin et al,, 2011).

The production of TGF-B1 in the form of the SLC and the LLC, in which it is inactive and
requires specific stimuli or molecules for its activation, are another level of control that is
added to this cytokine’s system. In fact, human tissues contain relevant amounts of latent

TGF-B1, but only a minor fraction is normally activated in biological processes.

1.4.1.4 Genetics of transforming growth factor-g1 (TGF-1)

TGF-B1 is encoded by the TGFB1 gene located in chromosome 19q13.1-q13.3 (Shah et al,

2006). TGFB1 has 7 exons, and regulatory activity for this gene has been mapped to

approximately 3.0 kilobases (kb) from positions -2665 to +423 (+1 being the translation
start site). This region includes two promoter sites, flanking the major transcription site,
two negative regulatory elements and two enhancers lying upstream of the first promoter.
The TGFB1 promoters contain activator protein 1 binding sites, allowing for the binding of
transcription factors such as c-jun and c-fos. In addition, stimulatory protein 1, early
growth response gene 1 and upstream stimulating factor 1 are thought to also participate

in TGFB1 gene regulation (Shah et al, 2006).

1.4.1.4.1 TGFB1 polymorphism and its functionality

According to GeneCards Human|Gene Database|({http://www.genecards.org/|v. 3.10.108,
24 October 2013) (Safran et al., 2010), 624 polymorphisms have been described in TGFB1

and its surrounding and regulatory regions, most of which (65%) are located in introns. At
least 57 of these polymorphisms cause amino acid changes. Most of the polymorphisms
are single nucleotide polymorphisms (SNPs), and at least 20 of them lie within the 2.7 kb

regulatory region and exon 1 and have been described to be arranged in at least 17 alleles

Shah et al., 2006" Shah et al.,, 2009). Figure 1.2 shows a schematic representation of these

polymorphisms in TGFB1’s regulatory region. The variant id numbers of these positions
and their location in chromosome 19 are given in Appendix A.

Many of the polymorphisms found within TGFB1’s regulatory region appear to influence
the expression of TGF-B1 and to explain inter-individual differences in the levels of this

cytokine. The -1347C>T (also known as -509C>T) of the transcriptional start site is
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considered as +1; rs1800469) located in the proximal negative regulatory region, has been

shown to mediate differences in TGF-1 plasma and transcription levels [Grainger et al.,

1999||Silverman et al., 2004). Individuals bearing the T allele present higher plasma levels

than those who bear the -1347C. In fact, normal individuals with a homozygous TT

genotype for this SNP had almost twice the amount of circulating TGF-B1 than CC

individuals (Grainger et al., 1999). Moreover, the -1347T allele has been associated with a

30% increase in transcription as analysed by reporter constructs and transient

transfection in experiments using human lung carcinoma cells and bronchial epithelial

cells (Silverman et al, 2004). Additionally, this polymorphism, as well as -2726G>A and -

2389_-2391dupAGG, is predicted to alter DNA-protein complex formation in

electrophoretic mobility shift assays (Healy et al., 2009). In in silico modeling analyses,

alleles -2726A and -1347T were predicted to cause the loss of specific binding sites for
repressor complex proteins AP1 and AP4, and thus promoting TGFB1 expression.
However, in a study carried out in a cohort of Chinese individuals, the -1347C allele
showed higher reporter gene activities in plasmid experiments, as well as higher plasma
TGF-B1 concentration in hepatitits B virus-infected liver cirrhosis patients that had this
allele (Wang et al., 2008).
Another two SNPs in the regulatory region of TGFB1, -1287G>A and -387C>T, which are

common in African Americans, have been shown to modify the binding affinity of

transcription factor complexes and, consequently, the expression levels of this gene in

reporter vector experiments {Shah et al., 2006)). The -1287A allele showed a 78% increase

in gene expression with respect to those constructs containing the G allele, which was
explained by the higher affinities of two DNA binding factors to the former. The -387 C>T

allele showed differential binding of nuclear proteins, including Sp1 and Sp3, which are

known regulators of TGFB1 expression (Kim et al., 1989).

Two polymorphisms within TGFBI1's signal peptide region, +29T>C (rs1982073) and
+74G>C (rs1800471), cause changes to the amino acid sequence of the pre-pro-TGF-f1,
and have also been associated with differential production of this cytokine. The +29T>C
causes a change from a leucine (Leu) to a proline (Pro) in TGFBI’'s codon 10, and

experiments with HeLa cells have shown that cells bearing the C allele see a 2.8-fold

increase in TGF-B1 production (Dunning et al, 2003). Another study found that among

Japanese male myocardial infarction patients and controls, the serum concentration of

TGF-B1 was significantly increased in +29 CC individuals when compared to +29 TT or TC

subjects (Yokota et al, 2000). Conversely, in a study performed in postmenopausal

German women, Hinke et al. (2001) found that serum levels of TGF-31 were higher in

women with the +29 TT genotype than in those with a CC (Hinke et al,, 2001).
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Figure 1.2 The TGFB1 regulatory region and exon 1 (-2,665 to +423). Position +1 is the translation start site. Exon 1 (box) encodes the 5’ untranslated region (5’ UTR), signal
peptide (SP) and part of the pro-protein. Regulatory elements include the promoters (P1 and P2), two negative regulatory regions (N1, N2) and the enhancer regions (E1, E2). The
relative positions of SNPs are indicated. Figure is not to scale. Modified from Shah R. et al. (2006).
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Similarly, lymphocytes isolated from individuals homozygous for the +74G allele, which
encodes an arginine at position 25 of the TGF-f1 precursor, and stimulated in vitro

produced significantly higher amounts of TGF-B1 after stimulation when compared to

lymphocytes from heterozygous individuals who bear a Pro (Awad et al, 1998). The

functional effect of other polymorphisms has not been sufficiently addressed yet.
Given the diverse involvement of TGF-f31 in physiological processes, changes in its levels
have been associated with disease generation and progression. Consequently,

polymorphisms in TGFB1 have in turn been associated with the development or

modification of several diseases, mostly related to fibrotic {(Arkwright et al, 2000

Gewaltig et al, 2002]|Eurich et al., 2011), immune (Arkwright et al., 2001||Pulleyn et al,

2001||Crilly et al, 2002|[Sugiura et al., 2002|(Silverman et al., 2004), endocrine {Yamada

2000{|Jia et al. 2011), neurologic ({Luedecking et al., 2000), vascular {Yokota et al, 2000

Holweg et al., 2001{|Holweg et al., 2001{|Niu, 2011) or neoplastic processes (Saha et al.,

2004|[Berndt et al., 2007|Wei et al., 2007)). TGFB1 polymorphism has also been associated

with pregnancy loss (Magdoud et al., 2013).

More specifically, the -1347C>T has been associated with increased susceptibility and

severity of asthma (Silverman et al.,, 2004, risk of developing breast cancer (Saha et al,

2004) and Alzheimer’s disease [Luedecking et al., 2000). Also, polymorphism at codon 25

has been associated with atopic dermatitis [Arkwright et al, 2001) and progression of

graft fibrosis after liver transplantation {Eurich et al., 2011).

The presence of a Pro at codon 10 of TGF-f1 has been associated with protection from

osteoporosis (Yamada, 2000), reduced incidence of rheumatoid arthritis {Sugiura et al.,

2002), increased risk of systemic sclerosis (Crilly et al, 2002), asthma (Pulleyn et al,

2001), pulmonary dysfunction with cystic fibrosis {Arkwright et al., 2000)), progression of

liver fibrosis in hepatitis C {Gewaltig et al.,, 2002), myocardial infarction and heart failure

Yokota et al., 2000)[Holweg et al., 2001), hypertension Niu, 2011}, graft vascular disease

after heart transplant (Holweg et al,, 2001), advanced colorectal carcinoma (Berndt et al.,

2007]), esophageal squamous cell carcinoma (Wei et al., 2007) and diabetic nephropathy

Jiaetal, 2011).

1.4.2 Transforming growth factor-B1 (TGF-B1) in immune responses

All leukocytes produce at least one form of TGF- (Li et al, 2006), and TGF-B1 is the

predominant isoform expressed in the immune system. This cytokine intervenes in

multiple processes during immune responses, and nearly all leukocytes respond to it.
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TGF-B1 inhibits B cell proliferation, induces apoptosis of immature and resting B cells, and

blocks of B cell activation and antibody class switching (except to immunoglobin (Ig) A,

which is promoted in human cells) (Lebman & Edmiston, 1999). TGF-1 prevents both B

lymphocyte progenitors and mature B cells from proliferating by cell cycle arrest. By
preventing antibody class switching, TGF-f1 plays an important role in preventing B cell

responses to low-affinity antigens and the promotion of B cell tolerance to self-antigens in

vivo (Li et al, 2006). On the contrary, TGF-B1 strongly promotes IgA when B cells are

optimally stimulated by antigen and cytokines, playing a central role in the prevention of

mucosal infection and immunity to orally or intranasally administered antigens

Borsutzky et al., 2004). Moreover, polyclonal stimulation of B cells induces TGF-1

production, and autocrine TGF-1 signaling seems to be important in promoting IgA class

switching (Zan et al., 1998). In vitro experiments have also allotted some relevance to the

amount of TGF-B1 present: low doses seem to promote rather than to inhibit antibody

secretion (Snapper et al., 1993).

TGF-B1 exerts inhibition of NK cell functions via attenuation of cytolytic activity and

antagonisation of IL-12-induced IFN-y production (Bellone et al, 1995 |Hunter et al.,

1995). TGF-B1 also inhibits NK expression of the INF-a receptor and a chain of the IL-2

receptor (Rook et al.,, 1986(Ortaldo et al., 1991)), thus impairing cytokine-driven activation

of these cells. TGF-B1 regulates NK cell cytolytic activities via inhibition of the expression

of receptors NKp30 and NKG2D (Castriconi et al, 2003). NK cells also constitutively

produce TGF-B1 (Gray et al, 1998), thus opening the possibility of autocrine or paracrine

control of NK immune function.
TGF-B1 supports the development of Langerhans cells, specialised DC in skin and other

epithelia, from monocytes, and regulates the maturation of differentiated DC and DC-

mediated responses (Strobl & Knapp, 1999). TGF-B1 affects the maturation status of DC,

promoting the generation of an immature phenotype in these cells. When TGF-f31 is added
to in vitro cultures in which DC are stimulated with bacterial components, antigen

presentation is attenuated. Moreover, TGF-B1 prevents DC maturation and IL-12

production induced by IL-1 and TNF-a (Geissmann et al, 1999). Once more, TGF-B1 is

produced by DC in general and at higher levels by bone marrow-derived immature DC

Morelli et al., 2001), and it has been proposed that DC-derived TGF-31 could regulate T

cells in a paracrine way, or that the immature state of DC is maintained in an autocrine

way by this cytokine (Li et al, 2006).

TGF-B1 has a dual effect on monocytes/macrophages depending on their maturation state.

TGF-B1 stimulates and recruits resting monocytes, but inhibits phagocytosis, activation,

and antigen presentation in activated macrophages (Ashcroft, 1999). TGF-$1 functions as
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a chemotactic attractant to monocytes and induces expression of adhesion molecules and

matrix metalloproteinases, promoting their attachment to the extracellular matrix and

their migration to and through tissues [Wahl et al., 1993). Of note, TGF-1 induces IL-1, IL-

6 and leukotriene C4 synthase in monocytes, thus promoting inflammation through these

cells (Turner et al., 1990|[Wahl et al., 1993||Riddick et al., 1999). On the contrary, TGF-1

reduces phagocytosis by macrophages and their activation through the down-regulation of
IgG and scavenger receptors, as well as by the inhibition of the expression of inflammatory

cytokines and chemokines, the down-regulation of the production of reactive oxygen and

nitrogen species, and the attenuation of toll-like receptor-4 signaling (Bottalico et al.,

1991]|Bogdan et al., 1992]|Vodovotz et al., 1993||Tridandapani et al., 2003|[Naiki et al.,

2005). TGF-B1 also affects macrophage antigen presentation by inhibiting IFN-y-induced

expression of MHC class Il molecules and of costimulatory CD40 and IL-12 by these cells

Nandan & Reiner, 1997[|Takeuchi et al., 1998).