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Chapter 1

Rheumatoid arthritis (RA), a worldwide distributed disease with an estimated prevalence
of 1-2%, is characterized by chronic systemic inflammations that primarily occur in the
synovial membranes of multiple joints. Although the mechanisms underlying the
development of this chronic inflammation remain largely unknown, RA is generally
considered an autoimmune disease initiated by CD4" T cells because of the association
with certain HLA genes and the presence of autoreactive antibodies (1-3). The chronic
inflammatory process and the appearance of autoantibodies suggest that the immune
regulation in RA patients is disturbed. Therefore, this thesis will focus on two aspects that
are involved in immune regulations 1) CD4'CD25" regulatory T cells and 2) antibody
glycosylations.

I. IMMUNE TOLERANCE

Immune tolerance refers to the non-immunological responses to self antigens.
Distinguishing self from non-self is a key trait of the immune system, which enables the
body to maintain immune responses against foreign antigens while being tolerant to self-
antigens. Tolerance occurs in two forms, central tolerance and peripheral tolerance.

Central tolerance is induced in the thymus and bone marrow, where developing T
and B lymphocytes are selected based on self-reactivity (4). In thymus, only thymocytes
bearing receptors with sufficient affinity for self MHC molecules are selected, a process
called “positive selection”. Next, developing T and B cells that recognize self antigens are
deleted, a process called “negative selection or clonal deletion”. These two mechanisms
ensure a broad T cell reactivity against external antigens while excluding potentially
autoreactive T cells from entering the periphery. Central tolerance is most active in fetal
life, but continues throughout the whole life span.

Although most T lymphocytes with the repertoire against self are deleted in the
thymus, some autoreactive T cells can escape from negative selection and enter the
periphery. Because these cells have the potential to cause autoimmune diseases once
reactivated, their functions need to be tightly controlled by multiple mechanisms, for
example, the induction of hyporesponsiveness/anergy in cells encountering antigen in the
absence of co-stimulation. These mechanisms play part in peripheral tolerance induction,
and are important to prevent the development of autoimmune diseases (5).

II. DIFFERENT SUBSETS OF T CELLS

After stimulation by antigens, naive CD4" T cells proliferate and differentiate into various
subsets of T cells characterized by the expression of distinct transcription factors/cytokines
as well as by distinct effector functions (Figure 1). This process is dictated by the antigen
(Ag, type/dose), antigen-presenting cells (APCs, type/status) as well as the local cytokine
milieu during the priming of naive T cells. In general, high dose of Ag presented by mature
APCs with high levels of co-stimulatory molecules will skew naive T cells towards
effector cells, whereas low dose of Ag presented continuously together with low co-
stimulatory signals favors the development of cells with a regulatory phenotype. Thl
differentiation occurs when naive cells are primed by APCs in the presence of high levels
of IL-12 and IFN-y, which trigger transcription factor T-bet expression via Stat4/1. Thl
cells produce large quantities of IFN-y, elicit delayed-type hypersensitivity responses,
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activate macrophages and are important for the eradication of intracellular pathogens.
These cells are also associated with the development of autoimmune diseases and graft
rejections (6). The transcription factor favoring Th2 development, GATA-3, is activated by
the cytokine IL-4 via Stat6. Th2 cells produce I1L-4/5/13 and are involved in atopic allergic
reactions and the host defense against parasites (6). Thl cells generally express the homing
receptors CXCR3, CXCRS5 and CCR6, while Th2 cells preferentially express CCR3,
CCR4, CCRS8 and the chemokine receptor-homologous CRTh2, a cognate receptor for
prostaglandin D2 (PGD,) (7).
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Figure 1. A schematic and simplified overview of the differentiation of CD4" T cell lineages.

Apart from the Thl and Th2 cells that have been proposed 20 years ago, several
new subsets of effector cells have been described recently. Th17 cells are a new lineage of
effector T cells characterized by the expression of transcription factor RORyt/RORC and
the cytokine IL-17. Murine Th17 cells are induced by the combination of TGF-3 and IL-6
or IL-21 and stabilized/expanded by IL-23, whereas TGF-f3, IL-6, IL-1f, IL-21 and IL-23
seem to be required to drive the differentiation of Th17 cells in humans (6,8-10). Th17
cells mainly express CCR4 and CCR6 and are important in mucosal defense against
extracellular pathogens. Ample evidence has also been accumulated in animal models
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supporting the idea that Th17 cells play a role in the pathogenesis of inflammatory
arthritis, multiple sclerosis and inflammatory bowel disease (6,7,11,12). Although IL-22
was originally considered to be produced by Thl or Th17 cells, a new subset of T cells,
Th22 cells, has been characterized by the secretion of IL-22, but not IL-17, IFN-y or IL-4
(13-15). These cells can be induced by plasmacytoid dendritic cells in an IL-6 and TNF-a
dependent manner. Th22 cells express the chemokine receptor CCR6 and the skin-homing
receptors CCR4 and CCR10, and are involved in epidermal immunity and remodeling.

Although Thl, Th2 and Th17 cells could all provide help to B cells in terms of
antibody (Ab) production and/or class switching, the presence of a separate lineage of T
cells with a unique ability to home to B cell follicles and to induce Ab production by B
cells has been suggested (16,17). These cells, termed T follicular helper cells (Tth),
express the chemokine receptor CXCRS and migrate towards high levels of its ligand
CXCL13 in germinal centers within B cell follicles of secondary lymph nodes and promote
the differentiation of B cells into antibody producing cells through the production of IL-
6/21. Tth cells express high levels of inducible T cell co-stimulator (ICOS) and their
development is dependent of IL-21/6 and the transcriptional factor Bcl-6. Moreover, the
combination of TGF-f and IL-4 induces a distinct IL-9-producing helper-effector T-cell
population, the so called “Th9” cells (18-20). These cells are related to Th2 cells in that
they require Stat6 and GATA-3 for development (18,19), but IL-9 production is regulated
by the ETS-family transcriptional factor PU.1 (20). Although the function of these “Th9”
cells remains largely unknown, it has been suggested that they are involved in allergic
reactions and tissue damages as mice with less IL-9-producing T cells display attenuated
allergic inflammation and adoptive transfer of these cells into RAG” mice induces colitis
and peripheral neuritis (18,20). However, the human counterpart for murine Th9 cells has
not been identified.

In addition to the effector cells described above, other cells with regulatory
function are involved in the control of unwanted immune responses. These regulatory T
cells (Tregs) are essential in maintaining immune tolerance by counteracting the function
of effector cells. Foxp3-expressing naturally occurring regulatory T cells (nTregs) are
generated in the thymus. Type 1 regulatory cells (Trl) could be induced by the repetitive
stimulation of naive cells by immature dendritic cells (DCs) or in the presence of IL-10.
Moreover, TGF-B and IL-2 could program naive cell into Foxp3" induced/adaptive Tregs
(iTregs), while Th3 cells are primarily induced from naive cells by orally-ingested Ag and
TGF-B. Trl and Th3 cells exert their immune suppressive function via the production of
IL-10 and TGF-B, respectively (6,21).

III. REGULATORY T CELLS

1. History: from suppressor to regulatory T cells

In 1970’s, Gershon and Kondo discovered that irradiated mice receiving a mixture of bone
marrow and thymocytes had a weaker response to antigen rechallenge than those received
bone marrow only (22,23). These data indicated the presence of a special subset of T cells
within the thymocyte population, which could suppress the immune responses. This notion
was supported by other studies showing that day 3 thymectomy resulted in the
development of autoimmune diseases, while adoptive transfer of T cells from the periphery
or thymus prevented the tissue damage (24-28). This population of T cells, called
“suppressor T cells”, was subsequently studied intensively. However, since the
hypothetical I-J molecule, which was supposed to be a key molecule involved in their
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function, could not be detected by modern molecular methods developed later in the
middle of 1980’s, the existence of suppressor T cells came to be questioned and thereby
the associated researches rapidly waned (29).

From the middle of 1980’s, Sakaguchi and colleagues performed some seminal
work which eventually confirmed the existence of suppressor T cells, now known as Tregs
(30-33). They found that adoptive transfer of splenocytes depleted of IL-2 receptor a-chain
(CD25)-expressing cells induced many kinds of autoimmune diseases in athymic nude
mice, while co-administration of CD4'CD25" T cells prevented the development of these
autoimmune symptoms in a dose-dependent manner. Day 3 thymectomy prevented the
appearance of this T-cell population in the periphery, thereby leading to the development
of autoimmune disorders (30,32,33). These findings not only confirmed the existence of a
special subset of T cells that could suppress the immune response, but also identified CD25
as a relevant surface marker. These CD4 CD25" T cells, which only account for ~10% of
CD4" T cells, are crucial in maintaining tolerance to self in the periphery, are now called
Tregs.

2. Development: is Foxp3 the decider?

In mice. The aforementioned findings that day 3 thymetomy prevents the appearance of
CD25-expressing cells in the periphery and thereby induces autoimmune disorders suggest
that, like conventional T cells, Tregs are produced by the thymus as a functionally mature
T cell subpopulation (34). Later, it was discovered that in addition to “naturally occurring
Tregs”, which are generated in the thymus, Tregs can also be generated in the periphery,
the so-called “adaptive/induced Tregs”. However, the molecular mechanisms governing
their development remain largely unknown until the discovery of the role of Foxp3
(forkhead box P3), which represents another milestone in Tregs research.

Foxp3, a member of the forkhead or winger-helix family of DNA-binding
transcription factors, was originally identified as the disease-causative gene for an X-linked
fatal multi-organ autoimmune/inflammatory disease in Scurfy mice in 2001. These mice
spontaneously develop aggressive, fatal lymphoproliferative disorders due to a single
mutation in Foxp3 gene on the X-chromosome (35). Given that the disease in Scurfy mice
can be transplanted into a T-cell deficient host upon the transfer of CD4" T cells (36), these
immunological similarities between Scurfy and abnormalities produced by depletion of
CD4'CD25" Tregs prompted several groups to investigate a possible role for Foxp3 in the
biology of CD4'CD25" Tregs (32,33,35). Shortly later, it was shown that 1) expression of
Foxp3 is highly restricted to, if not exclusively, Tregs (37-40); 2) Foxp3-deficient mice
lack functional-, while mice over-expressing Foxp3 posses more Tregs (37,40); 3) Foxp3
deficiency or over-expression in mice does not have an impact on the function of effector
cells (37,38); 4) ectopic expression of Foxp3 converts conventional CD4'CD25™ T cells
towards a regulatory phenotype (37,39,40). Moreover, depletion of Foxp3-expressing cells
in adult mice results in similar multiple autoimmune disorders as those in neonatal ones,
demonstrating their crucial importance in maintaining tolerance throughout the lifespan
(41). Together, these results indicate that Foxp3 is a master regulatory gene for cell lineage
commitment and function of CD4"CD25" Tregs in mice.

Recently, more insights into the roles of Foxp3 in Treg cell lineage commitments
have been gained by using genetically-engineered mice, in which Foxp3 is transcribed (as
indicated by the expression of inserted fluorescence protein under the control of Foxp3
promoter) but not functionally translated with the insertion of a stop codon. Studies from
the groups of Rudensky and Chatila have shown that the effector function but not the
lineage commitment of Tregs requires the expression of functional Foxp3 (42,43). Cells,
with disrupted Foxp3 protein expression, maintain the characteristic Tregs “genetic
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signature” but do not bear suppressor function. Likewise, Flavell’s group has shown that
attenuated Foxp3 protein expression results in the decrease in suppressive function, but
does not affect thymic development, homeostatic expansion/maintenance as well as in vitro
hyporesponsive properties of Tregs (44). Nonetheless, through modification of cell surface
and signaling molecules by directly binding to DNA and/or indirectly interacting with the
other transcription factors including NFAT (nuclear factor of activated T-cells) and AML1
(acute myeloid leukemia 1)/Runx1 (Runt-related transcription factor 1), Foxp3 to a larger
extent amplifies and fixes pre-established molecular features of Tregs, and thereby
stabilizes the Tregs lineage (42-49).

In humans. Similar to Scurfy mice, mutations in the human FOXP3 gene, the ortholog of
murine Foxp3, cause the chronic wasting disease termed immune dysregulation,
polyendocrinopathy, enteropthy, X-linked syndrome (IPEX) (50-52). However, unlike the
Scurfy mice in which Foxp3 mutation results in the lack of functional Tregs, the phenotype
and function of CD4'CD25™" T cells in IPEX patients depends on the type of mutations in
FOXP3 gene (53,54). CD4'CD25™" T cells from IPEX patients with FOXP3 expression
possess weak suppressive ability while those from FOXP3-negative patients do not.
Moreover, in contrast to Scurfy mice in which Foxp3 deficiency does not affect the
function of non-regulatory T cells, effector T cells from IPEX patients show altered
cytokine profile and sensitivity to suppression. These results not only demonstrate the
importance of FOXP3 in the development/function of Tregs, but also point to a possible
role of FOXP3 in the function of human effector cells (53,54). Indeed, at the bulk T cell
level up-regulation of FOXP3 expression has been observed in CD4'CD25 T cells after
activation, but conflicting data on the function of these cells have been reported (55-58).
Likewise, ectopic expression of FOXP3 in conventional T cells does not always result in
the acquisition of suppressive function (55,59). Therefore, the role of FOXP3 in human
Treg cell lineage commitment and function remains to be further elucidated.

3. Modes and mechanisms of suppression

The crucial role of CD25-expressing CD4" T cells in down-regulating immune responses,
as shown by in vivo adoptive transfer experiments in rodents (32,33), prompted the
establishment of a simple and reliable in vitro assay to further characterize this special T-
cell population, especially in humans. In 1998, two groups demonstrated that activated,
murine CD4'CD25" Tregs strongly inhibited the in vitro TCR-triggered proliferation of co-
cultured CD4/8 T cells (60,61). Besides this active suppression of other T cells, some other
important features of Tregs were also revealed by this in vitro model system, including 1)
the inability to produce IL-2 and other pro-inflammatory cytokines; and 2) the
anergy/hyporesponsiveness to TCR stimulation that can be reversed by the addition of high
dose of exogenous IL-2. This simple and reliable assay, called “suppression assay”, has
become the gold-standard assay widely used in Tregs research.

Soon after the establishment of the in vitro suppression assays (60,61), it has been
widely used to analyze the possible modes and mechanisms employed by Tregs to suppress
(62-64). Tregs were shown to be capable of inhibiting the proliferation as well as cytokine
production of co-cultured T cells in the absence or presence of APCs. Direct cell-cell
contact between suppressors and effector cells seems to be essential for the function of
Tregs in vitro because suppression is abrogated when they are separated by a semi-
permeable membrane (transwell system) that allows soluble factors to cross but not cells.
Activation via TCR ligands or anti-CD3 is essential for the initiation of Tregs function, but
the effector phase of suppression is antigen-independent as Tregs can inhibit by-stander T
cells both in vitro and in vivo (62,65). Multiple mechanisms have been demonstrated to
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contribute to the in vitro function of Tregs (Figure 2). However, one should be cautious to
extrapolate these data to the in vivo situation as increasing evidence has been accumulated
indicating that Tregs may employ different modes/mechanisms to exert their functions in
vitro as well as in different species.

IL-2. In vitro, it has been shown that Tregs inhibit the transcription of IL-2 in target cells
early after activation (61,66,67), and IL-2 production from effector cells seems to be
important to trigger the function of Tregs during suboptimal activation (67,68).
Deprivation of IL-2 by CD25 on Tregs could also induce apoptosis of target T cells,
thereby contributing to the suppressive activity of murine Tregs (69). In vivo, IL-2 plays an
essential role for the maintenance and functional integrity of Tregs because the survival
and expansion of Tregs in the periphery is dependent on IL-2 (70).

CTLA-4. CTLA-4 (cytotoxic T lymphocyte antigen-4) is constitutively expressed on
murine and human Tregs at high levels, however, its role for the suppressive function of
Tregs has only been appreciated recently (63,71-73). The requirement of CTLA-4 on Tregs
for their optimal function is illustrated by the spontaneously developed systemic and fatal
T cell-mediated autoimmune disease in mice with specific CTLA-4 deficiency in Foxp3”
Tregs (72). Although it remains largely unknown how CTLA-4 controls Tregs function,
the following mechanisms have been proposed (70,72,74): 1) ligation of CD80/86
expressed on activated effector cells by CTLA-4 on Tregs may deliver a “outside-in”
signal via CD80/86 and lead to suppression; 2) by competing with CD28 on effector cells
for binding to CD80/86 on APCs, CTLA-4 inhibits the activation of T cells; 3) interaction
between CTLA-4 on Tregs and CD80/86 on APCs blocks the up-regulation or even down-
regulates effector cell-induced CD80/86 expression on APCs, thereby reducing their T-cell
priming ability; 4) the receptor-ligand pair between CTLA-4 on Tregs and CD80/86 on
DCs induce the production of indoleamine 2,3-dioxygenase (IDO) by DCs, which depletes
the essential amino acid tryptophan and subsequently reduces T cell activation/expansion.
Moreover, cross-linking of CTLA-4 on Tregs enhances the accumulation of membrane
TGF-B (mTGF-p) at the site of suppressor-target cell contact, and thereby facilitates
mTGF-B-mediated cell-contact dependent suppression (75,76).

Granzyme and perforin. Cytolytic activity contributes to the contact-dependent suppression
of Tregs in some studies. Anti-CD3/CD46-, and to a lesser extent anti-CD3/CD28-,
activated human CD4 CD25'FOXP3" Tregs express granzyme A and kill autologous
target cells, including activated T cells, monocytes and DCs, in a perforin-dependent
fashion. This cytotoxicity is independent of Fas-FasL interactions but dependent on CD18
adhensive interactions (77). Likewise, activated murine Tregs can kill target cells via
granzyme B and/or perforin as well (78,79). The importance of this mechanism for the in
vivo function of Tregs remains to be determined.

TGF-fand IL-10. Although Tregs produce high levels of TGF-B and IL-10 upon
activation, most studies failed to identify their roles in the function of Tregs by using
transwell culture system, blocking Abs and responders from TGF- unresponsive mice
(60,61,64,80-82). In contrast, many other studies suggested that mTGF-f3, expressed on the
surface of both activated murine and human Tregs, contributes to their in vitro cell contact-
dependent suppression (75,76,83-89). Likewise, IL-10 has been implicated in the
suppression of some subsets of Tregs (84,90). In vivo, TGF-B1-deficient Tregs do not
protect mice from colitis in the SCID transfer model, and IL-10"" Tregs fail to control the
immune responses at environmental interfaces such as the colon and lungs (83,91-93).
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These observations may be related to the role of TGF- and IL-10 in maintaining Foxp3
expression and suppressive function of Tregs in vivo (94,95). In addition to the direct
inhibition on target cells, Tregs could also generate de novo CD4 Foxp3™ Tregs from naive
precursors via TGF-f and divert pathogenic T cells into IL-10-producing Tr1 cells (96,97).
This phenomenon, called “infectious tolerance”, may represent an important mechanism as
how Tregs maintain tolerance and amplify their suppressive abilities in vivo.

IL-35 and TNFRII. The newly discovered cytokine IL-35 is a heterodimer of Epstein-Barr-
virus-induced gene 3 (Ebi3) and the p35 subunit of IL-12. It is constitutively secreted by
murine Tregs and contributes to their suppressive function, because Tregs deficient in
either subunit (Ebi3 or p35) display significantly reduced regulatory activity in vitro and
fail to control homeostatic proliferation and to cure inflammatory bowel disease in vivo
(98). Interestingly, although activated conventional effector cells do not produce IL-35,
they augment IL-35 and IL-10 production by Tregs in a cell contact-dependent manner
(99). These observations indicate that direct contact with target cells is required to trigger
the optimal function of Tregs, albeit that suppression could be cell-contact independent. In
strikingly contrast to their murine counterparts, human Tregs do not express IL-35 (100).
Additionally, given that both murine and human Tregs express higher levels of TNFRII,
shedding of TNFRII that neutralizes biological activities of TNF-a, has been shown to be
involved in the suppression of inflammation by Tregs (101-103).

Adenosine/cAMP. Extracellular adenosine triphosphate (ATP), released from injured cells
as an indicator of trauma and cell death, functions as a “natural adjuvant” with multiple
pro-inflammatory effects for the immune system. Normally ATP is rapidly hydrolyzed into
adenosine monophosphate (AMP) by CD39 (ENTPDI, ectonucleoside triphosphate
diphosphohydrolase-1) expressed on neutrophils, and subsequently degraded into
adenosine by CD73 (ecto-5’-nucleotidases) which is expressed on the surface of
endothelial cells and some subsets of T cells at inflammatory sites or damaged organs.
Recently, Kobie and others showed that Tregs could also do so by degrading extracellular
ATP into adenosine via CD39 and CD73 expressed on their surface (104-106). In turn,
extra- or peri-cellular adenosine dampens immune responses by binding to adenosine type
1 purinergic G protein-coupled cell surface receptor A2A that is expressed on activated
effector T cells. Notably, CD39 is only expressed on a subset of human Treg cells with
effector/memory (CD45RO'CCR6") phenotype, indicating that conversion of extracellular
ATP to adenosine may represent one important mechanism for Tregs to control immune
reactions at sites of inflammation where effector/memory Tregs accumulate (105,107). In
addition, compared to effector cells, Tregs harbor high levels of intracellular cyclic AMP
(cAMP), a known potent inhibitor of T cell growth and function. Accordingly, transfer of
cAMP from Tregs to co-cultured target cells via cell contact-dependent gap junction
formation contributes to the immune suppressive function mediated by Tregs (108).

DCs. Although Tregs could directly suppress target T cells in the absence of APCs in vitro
through multiple mechanisms as described above, DCs seem to be essential for the control
of immune responses in vivo because active suppression can still be observed in the
absence of stable associations between Tregs and target T cells (109). Through surface
expressed LFA-1 (lymphocyte function associated antigen-1) and neuropilin-1 (Nrp-1),
Tregs preferentially aggregate on DCs, inhibit their maturation and the formation of stable
contact with effector cells, ultimately resulting in reduced priming of target cells (68,109-
111). This Treg-mediated modulation of DCs can be attributed to interactions between
LFA-1 and ICAM-1 (inter-cellular adhesion molecular 1), CTLA-4 and CD80/86,
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lymphocyte-activation gene 3 (LAG-3) and MHC-II (major histocompatibility complex
class II) on respective Tregs and DCs, as well as multiple soluble factors produced by
Tregs (68,110,112,113). Moreover, Tregs induce the production of IDO by DCs via
CTLA-4 and GITR (glucocorticoid-induced tumor necrosis factor receptor). In addition to
the depletion of the essential amino acid tryptophan for T cell function, IDO could also
activate, expand and generate de novo Tregs, thereby forming a positive feedback loop that
amplifies the suppression of Tregs (114-117).
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Figure 2. Proposed mechanisms for the functions of Tregs. Tregs can directly inhibit the
proliferation/function of effector T cells (Te) through 1) IL-2 inhibition/deprivation; 2) cell-contact
dependent interaction between mTGF-B/CTLA-4 on Tregs with the corresponding receptors on Te; 3)
production of soluble suppressive cytokines such as TGF-f3, IL-10 and IL-35; 4) cytolysis via the production
of granzymes and perforins; 5) metabolic disruption via the direct transfer of cAMP to target cells or the
indirect hydrolysis of ATP into adenosine. 6) Moreover, Tregs could also suppress Te through modulating
DCs via surface molecular interactions and/or soluble factors. 7) Furthermore, Tregs could dampen the
inflammation by secretion of soluble TNFRII, which antagonize the biological activities of TNF-a..

4. Roles and therapeutic potential of Tregs in various diseases

Given the essential role and function of Tregs in immune regulation/tolerance, it has been
shown that Tregs are involved in many models of autoimmune diseases, allergy, infectious
diseases, tumors as well as transplantations (118-122). Data from these models indicate a
strong role of Tregs in the prevention and progression of autoimmune diseases and graft
rejections. Moreover, Tregs down-regulate the immune reactions against invading
pathogens, thereby preventing/limiting the possible collateral tissue damage but could
concurrently allow the establishment of chronic infections owing to the hampered
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clearance of pathogens. Furthermore, induction/expansion of Tregs is one of the
mechanisms exploited by tumors to escape immune surveillance. Accordingly, these Tregs
present in tumor microenvironment represent one of the main obstacles tempering
successful immunotherapy and active vaccination against tumors. In line with the data
obtained from these disease models, many studies have indicated a deficit in the numbers
and/or function of Tregs in patients with autoimmune disorders like RA, multiple sclerosis
(MS) and type I diabetes (T1D), whereas an over-abundance of Tregs in patients with
tumors and chronic infections (118-123).

Thus, Tregs-based immunotherapy represents a potential treatment for patients with
disturbed immune balance. Adoptive transfer or preferential in vivo expansion of Tregs has
been successfully used in several animal models of graft rejections and autoimmune
diseases (103,124-128). Possibilities to translate these animal studies into the human
situation are being intensively investigated and some clinical trials have already been
ongoing or planned, in the context of both bone marrow transplantation and autoimmune
diseases (118,129-132). Moreover, both in mice and humans, inactivation of Tregs by
depletion or targeting molecules involved in their in vivo activity, such as CTLA-4, TGF-3
and IL-10, has often resulted in enhanced immune reactions against infections and tumors
(119,120,122,133).

IV. GLYCOSYLATIONS OF IMMUNOGLOBULING

The family of IgG Abs plays an important role in the host defense against pathogenic
microorganisms, but those specific for self-antigens (i.e., auto antibodies) are also involved
in chronic inflammatory processes and the destruction of tissues/organs in patients like RA
and systemic lupus erythematosus (SLE). Although the specificity of Ab is determined by
the variable region, antibody-mediated effector functions are crucially dependent on the
interaction of its constant region (Fc part) with the complement system and Fc receptors
(FcR) expressed on various innate immune cells (134). These Fc-mediated effects of IgG,
such as complement activation and antibody-dependent cellular cytotoxicity (ADCC), are
influenced by the amino acid sequence (i.e. Ab isotype and subclass) as well as the sugar
side chain attached to the asparagine 297 (Asn297) residue in the CH2 domain of each IgG
Fc portion (135).

The Asn297-linked sugar chain consists of a biantennary core sugar structure of N-
acetylglucosamine (GIcNAc) and mannose residues, with variable additions of terminal
and branching GIcNAc, fucose, galactose and sialic acid (Figure 3). In a single IgG
molecular, the two Asn297 sites may be differently glycosylated and contain two different
glycans from a family of 32. Depending on the presence/absence of galactose on one or
both arms of the glycan moiety, these 32 glycans have been assigned to three most
prevalent glycoforms, called IgG-GO (no galactose), IgG-G1 (one galactose) and IgG-G2
(two galactose) (135). These carbohydrate chains are crucial for the structure and
biological activity of Abs (135-137). Whereas IgG glycoforms lacking the branching
fucose show an enhanced ADCC through increased interaction with human FcyRIIlo and
mouse FcyRIV (138-140), glycans containing terminal sialic acid confers IgG an anti-
inflammatory activity (141,142). Moreover, removal of these sugar moieties by hydrolysis
or mutational deletion of the attaching site Asn297 changes the structure of Fc part,
resulting in a non-immunogenic Ab unable to interact with Fcy receptors and to trigger
significant cytokine release (136,143,144).
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Changes in IgG glycosylation have been shown to be associated with various
physiological and pathological conditions. The degree of galactosylation shows an age
dependency as evidenced by population studies: the levels of IgG-GO0 decreases in normal
human individuals from birth till age 25, whereas it increases thereafter (145,146). IgG
galactosylation falls during pregnancy and rises rapidly after delivery in both healthy and
arthritic woman, and moreover, this change is paralleled by pregnancy-induced remission
and post-partum recurrence of disease in arthritic patients (147-149). Likewise, the IgG-GO0
glycoforms in sera of RA patients correlate with the disease activity and reverse to normal
levels in patients undergoing remission, indicating that IgG-G0O glycoform may have the
potential to cause inflammation and joint damage (150-153). In line with these human
correlative data, agalactosylated glycoforms of IgG displayed an increased arthritogenicity
in a murine arthritis passive transfer model (154). This effect might be attributed to the
sialic acid residue because recent studies suggest that Fc sialylation rather than
galactosylation controls the activity of IgG by binding to a specific C-type lectin SIGN-R1
expressed on macrophages in the splenic marginal zone in mice (141,142,155).

Asn297

==~

< fucose

P,

B GIcNAc

@® mannose

O galactose
@ sialic acid

Figure 3. Schematic depiction of a monosialylated glycan chain linked to Asn297 of the IgG heavy
chain. The dotted line indicates the core sugar structure of N-acetylglucosamine (GlcNAc) and mannose
residues. An additional sialic acid residue can be attached to the second galactose residue, and an additional
GlcNAc residue (‘bisecting GIcNAc’) to the central mannose (not depicted).

Collectively, these findings not only underline the significance of Fc-coupled
glycan structures for antibody-mediated immune responses, but also indicate that
glycosylation profiles of IgG are tightly regulated by physiological and pathological
determinants. In line with the latter notion, active immunization reduces sialylation of IgG
in mice, thereby switching the steady-state serum IgG from an anti-inflammatory
phenotype to a pro-inflammatory state with the capacity to elicit an effective inflammatory
response (142). Moreover, this effect is specific for IgG and most prominent for those
targeting the antigen immunized (142). Thus, analyzing the glycosylation pattern of
pathology-related IgG (i.e., autoantibodies) and unraveling the underlying regulating
mechanisms could give more insights on their roles in disease induction and progression.
This may also identify potential targets for novel treatments.
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Chapter 1

V. AIM AND OUTLINE OF THIS THESIS

The current thesis consists of two parts, with respectively a focus on Treg cells (Part I) and
on IgG glycosylations (Part II).

Part I (Chapter 2-5). Given the conflicting data on the function of CD25" or FOXP3" cells
in patients with autoimmune diseases and limited numbers of Tregs for Treg-based
immunotherapy, this part is mainly dedicated to a better identification/characterization and
generation of human CD4 CD25" Tregs with potent suppressive activities in vitro. In
Chapter 2, we investigated the dynamics of endogenous FOXP3 expression and its
relation to the suppressive function in activated human CD4" T cells at a single-cell level.
Chapter 3 describes the relation between membrane-bound TNFa (mTNFa) and the
suppressive ability of CD4'CD25"" T cells as well as the effect of anti-TNFo therapy on
the cell composition of the CD4'CD25™" T cell compartment in RA patients. In Chapter 4,
we developed an efficient approach to generate large numbers of Tregs with potent and
stable suppressive function by conversion of effector cells or expansion of isolated
CD4'CD25™ T cells in a consistent manner across human donors. The underlying
mechanisms responsible for the donor-to-donor variation in Treg conversion were
unraveled as well. Chapter S is a follow-up of Chapter 4, and describes a simple and
efficient strategy to consistently obtain functional Foxp3" Tregs from total CD4" T cells in
three commonly used mouse strains through manipulation of the pathways responsible for
the strain-related differences.

Part Il (Chapter 6-7). This part aims to analyze the glycosylation pattern of anti-
citrullinated peptide antibodies (ACPA), which are highly specific for RA patients, and to
obtain more insights on how glycosylation is regulated during an active immune response.
Chapter 6 describes a method for the microscale purification and Fc-glycosylation
analysis of ACPA. In Chapter 7, by using an in vitro culture system resembling the in vivo
T cell-dependent antibody production from B cells, we identified some factors that can
influence the gylcan pattern of secreted IgG during the activation and differentiation of B
cells.

Chapter 8. Results obtained from Chapters 2-7 are summarized and discussed in this
chapter.
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