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ABSTRACT

Regulatory Tcells(T-reg)play a pivotal role in maintaining immune homeostasis and tolerance.
There has been a significant amount o$earch devoted to understanding their physiological
mechanisms of action and the causes of their dysfunction in disease settings as well as to
developing strategies for their therapeutic application. Glycosylation is ubiquitous in all
mammalian cells andusface glycan expression is involved in the regulation of many biological
processes. While it is currently well accepted that surface glycan expression influecelks T
development, trafficking and function, little is known about the relevance of glyatsylto

T-reg biology.The main goal of this thesis was to characterize the surface glycosylation
characteristics of -feg and to determine how the surface glycan expression profilere§ T

correlates with their suppressive functions.

Initially, the suface glycomes and relevant protein marker expression patternsrefyTand
conventional (norregulatory) Tcells were compared in mouse lymphoid organs and human
white blood cells by muktolour flowcytometryusing a panel of carbohydratanding proteirs
(lectins) and fluorescentiiabelled antibodies. Next, to evaluate the suppressive potencies of
different Treg subpopulations, Tcells and antigen presenting cells were isolated by
fluorescenceactivated cell sorting and were mltured to perform aange of functional assays.
The Treg subpopulations evaluated by purification and -calture included those with
differential levels of surface glycosylationvivoas well aghose in which surface glycosylation
was manipulated by treatment with the eymes neuraminidase and PNGase F. The
experimental results first revealed thatr&g surface glycosylation differs significantly from that

of conventional Tcells in the resting state and is further modified by activation stimuli. Following
this, correlatims were identified between higher surface expression levels of certain glycan
epitopes and higher expression of proteins known to be involved in mediatieg Suppressive
functions. Next, it was shown thatrég with highlevel binding of the lectins G$land PHA.

have greater suppressive potency than those with lower lectin binding levels. Finally, enzymatic
manipulation of mouse-feg surface glycosylation resulting in decreased surface expression of
sialic acids oN-glycans was found to significaptieduce their capacity to suppress conventional

T-cell activation through contaadependent mechanisms.

The novel findings of the thesis demonstrate an important role for glycosylatitgiermining
T-reg phenotype and function. They also indicate the potential to apply knowledge of surface
glycan expression profiles to better define and purifyed subsets with enhanced

immunotherapeutic potency.
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Chapter One

1.1. REGULATORYCOELL&MAINTAINING IMMUNE HOMEOSTASIS

Survival of an organism in this world depends on its ability to defend itself frgreag many
threats. Our lody is equipped with physical and chemical barriers to shelter us from harm, but
these can be damaged or breached by foreign agents. Protection against infectious agents and
other harmful substances is provided by a diverse array of cells and moleculetistitute

the immune system. Immune defence of the body against invaders requires interplay among the
components of the innate and adaptive immune systems for effective recognition of the threat
(immunological recognition) which must trigger adequatspenses (effector immunity) that

also need to be controlled (immune regulation) and to provide future protection (immunological

memory)(1).

While it is fundamental that strong immune respmsare elicited, it is of thetmost importance

that these are regulated in order to prevent excessive immune responses that may lead to injury
of healthy tissues. Moreover, adaptive immunity must discern between harmful and innocuous
antigens. Therefore, nthanisms need to be in place in order to avoid immunity in response to
self, food and environmental antigens as well as the normal gutamigta, against which no

response is required.

The adaptive immune response comprises the coordinated activities of B and T lymphocytes
which display antigen receptors characterized by an enormous variability in their spefijcity
Lymplocytes are generated in the primary lymphoid tissues (bone marrow and thymus) from
which they migrate to populate the secondary lymphoid tissues such as the spleen and the
lymph nodegq1). Theprecursors of these cells originate in the bone marrow and, whitelB
remain in that organ for the duration of their development, maturation efells occurs in the
thymus to which their precursors migraté). The development of -€ells in the thymus is a
stepwise process during whitihe antigerreceptor genes are rearranged followed by assembly

of the antigen receptarThisresultsin the development oflifferent T-cell lineages represéed

by the natural killer (NK)the 'Y + Yy R ( R-Gelisfl)Y¢ KS RS@St 2 LIvSeeii 2 7F
lineage involves positive and negative selection events to ensure that only functioajai;
histocompatibility complex M[HQ-restricted, sehtolerant cells are allowed to mature into
cluster of differentiation 4 (84) or CD8 Tcells and to migrate to the periphe(g, 2) However,

some autereactive Tcells escape deletion during the negative selection process in the thymus
and migrate to the periphery, where their activities need to be controlled. Despitexistence

of celkintrinsic mechanisms to maintain sétflerance and immune homeostasis in the
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periphery (e.g. the induction of anergy by engagement of theell receptor (TCR) by
seltantigen and the requirement for estimulation for successful-del activation) immune
homeostasis is only properly maintained as a result of the counteracting activities of a subset of
i KS -gellineage with immunomodulatory functions, known as regulatecgls (Treg) (1,

3). This introductory section of the thesis will focus on the discovery-r&gT on the current
knowledge regarding their identification, development and suppressive functions as well as on

the potential of Treg-based tinical therapeuticstrategies
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1.1.1. THE DISCOVERY OF A THYMIRIVED SUPPRESSQELL POPULATION

The initial evidence for the existence of a thynuesived suppressor immune population
SYSNBSR Ay GKS mMpTtnQa FTNRBY SELSNRYSyidlt REGE
studies(4-9). In these studies, mmatal thymectomy in mice resulted in tissue inflammation that
could be prevented by adoptive transfer of thymocytes or splenocytes &duft mice (4, 68,

10). Furthermore, allogeneic thymic epithelium transplantation experiments in chicken and mice
demonstated that tolerance induction ni alloreactive Tcells depended upon a
thymusgenerated Tcell population(9-11). The observed tolerance was then described to be
due tothe thymic epithelium chimeras being composed not only of gradictive cells but also

of a population equipped with suppressive abilities that, although being less abundant, was
capable of preventing rejectiofil). Additional studies led to thiglentification of a CD4T-cell
subsetwhich could prevent the development of wasting disease in immunodeficient rats and
mice (12, 13) Taken together, these studies supported the existence ofcallTsubset wh
suppressive abilities that couldot only regulate immune responses targetirsglf and graft
antigens but alsorestrain immunity againstftood antigens and e normal commensal

microbiota.
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1.1.2. REGULATORYCELICHARACTERBON

As described above, the existence of a thyrgaserated population with specialized functions

02 YFAYOGFIAY AYYdzyS (2t SNIyOS 4Fa FANBRG &dza33S
GK20 G2LA0OE 2F Ay@Saidaal (A 2y chay of ineidigrieuir® G K { K
(I-2) receptor) as a marker of CDBcells with suppressive abilities that were important to
maintain seltolerance and control immune responses to tralaspation in mice(14). These

cells were named -Teg and were shown in successive studies to prevent autoimmunity,
transplant rejection and ardiumour responses(15-23). However, as CD25 expression is
upregulated in all activated-dells its value as a specifier€g marker was limited by the inability

to distinguish regulatory and effector immune cells when immune activation occ(Breil)

A landmark of Feg investigation was the identification dhe forkhead/winged helix
transcription factor forkhead box P3 (FoxP3) as a crucial player in the development and function
of these cells in mic&5-27)and humang28, 29) The insight into the importance of FoxP3 for
immune tolerance was obtained from studies in which genetic mutations in the
X-chromosomelocated Foxp3 gene in Scurfy mutant mice and human patients with the
immunodysregulation, polyendocrinopathy, enteropathylinked (IPEX) syndrome correlated
with severe lethal autoimmunity and lymphocyte dysregulation manifested in rordén
immune pathologie$30). These observations prompted the investigation of FoxP3 expression
by mousederived TFcells and it was found to be consistently expressed at high levels by
CD4CD25T-reg while no expression was detected in naive and activated conventiarelsT
(T-conv) (25-27). Furthermoredeficiency in FoxP3 expression in scurfy mice correlated with
hyperproliferation of lymphocytes and reduced production of thymic TIDRRS cells
However,definitive proof of the essential role of FoxRBose from the observation that-feg

only differentiate from FoxR8ufficient precursors and that transgenic FoxP3 expression in
T-cells induces -feg phenotype and suppressive functio(®5-27). Additional proof of the
exclusive dependence of thergg lineage on FoxP3 and of the crucial role of these cells in
immune homeostasis has how been provided by many other studies. Fone¢mbtshowed

that the severe autoimmunity which afflicts neonatal FoxfeBicient mice can be mimicked by
T-cell targeted deletion of th&oxp3gene and is rescued by adoptive transfer o&g (24, 25)
Moreover, deficient FoxP3 expression in other cells such as thymic epithelial cells, dendritic cells
(DCs) and macrophages has been reported not to have any adverse conseq(Bndes

addition, FoxP3 ablation was found not to impact upon thymic negative selection or anergy
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induction in seHlreactive TFcells during development and not to affectc&ll activation,

proliferation and effector functions the periphery(24, 25, 31, 32)

Dependency on FoxP3 expression is not restricted-tegTthymic development. The stability

and level of expression of FoxP3 in committed, matwredrat the protein level has been
identified to be essential to maintain the-r€g phenotype and suppressivabilities.
Experimentally induced reduction in FoxP3 expression levels or ablation of its expression have
been associated with decreased inhibitory function and acquisition of effecteinfleonmatory
phenotype and function§33, 34) Moreover, depletion of the FoxP3-reg population in adult

healthy mice has been shown to result in immune pathology and d@&t37).

Regulatory Jcell identification by analysis of FoxP3 reporter mice, which are genetically
modified to coexpress fluorescent proteins with FoxP3, has demonstrated that FoxP3
expression is restricted to a subpopulati@inCD4 T-cells but is not exclusive to CD25 expressing
cells(24, 33, 38)Moreover, FoxP3ells which lack CD25 expression were shown to be as potent
as their CD25counterparts, further corroborating the value of FoxP3 but not of CD25 for
accurate identification of the-feg lineage in micé24). Although FoxP3 has been reported to
be expressed in other cell types (tumeinfiltrating macrophages, thymus stromal cells,
microglia and epithelial cells) inause, there is controversy regarding its expression by Ton
reg cells and, in general it is widely accepted as a highly speo#ficriarker within the murine
CD4 T-cell compartment(39-43). However, while mous€erived Fconv do not express
detectable levels of FoxP3, most humag€lls display transient expression ofghianscription
factor upon activation, rendering FoxP3 a less reliable marker for humay [44-46).
Moreover, being a transcription factor, the intracellular nature of FoxP3 expression requires that
cells are fixed and permeabilized for its detectigran approach that is incompatible with
isolation of viable cells for use in functional studies. Iditoh, even though multiple studies
report the presence of suppressivecglls within the human CD@D259" T-cell population(47-

50), CD25 is not sufficient to identify humarrdg, particularly those circulating in the peripheral
blood where CD25 expression has been reported in up to 20% of theTaeis (47, 51) In
2006, two distinct research groups described an alternative method for the idetidn of
human Treg from blood, lymph nodes, cord blood and thymus. These researchers
demonstrated that human CDA4T-cells which display high expression of CD25 and low
expression of CD127 (thechain of the interleukirv (IL-7) receptor) also expredsoxP3 and
have suppressive functior{82, 53) Since then, this combination has been widely accepted as

the best strategy to better define and identifyré&g in human blood sampl€54)
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In the resting state, when compared to the conventional counterpartged are also
characterized by higher expression levels of a number of molecules includiegttmeicleoside
triphosphate diphosphohydrolase (CD39), the membraoend ectep -fucleotidase (D73),
0 KS A ydi,$CDNB)Y theprogrammed deatHl receptor (PEL/ CD279) and its ligand
programmed death ligand (PDLY CD274/ B#1), the inducible cestimulator (ICOS/ CD278),
the glucocorticoidnduced tumour necrosis factaelated receptor (GIR/ CD357TNFRSF)8
cytotoxic T lymphocyte antigefh (CTLAI/ CD152and HelioslKZF2yvhich are involved in their

development, differentiation and functio(b5-60).

Regulatory Tells express high levels of GITR which is impofanT-reg differentiation and
expansion. Surface expression of GITR has proven useful for the identification of activated and
suppressive -feg, both in mouse and huma®5, 61, 62)During Freg development in the
thymus, the signalling event that triggers FoxP3 expression is dependent on the combined
expression of GITRymour necrosis factor receptor superfamily, member 4 (TNFRSB434/

0OX40, andtumour necrosis factor receptor @NFRJ}, all of which are membsrof the tumour
necrosis factor receptor superfamily (TNFRSF). These proteins are highly expressed by T
progenitors and their expression correlates with TCR signalling strength. Neutralization of the
engagement of these TNFRSF memlergivohas beenshown to have a negative impact in
T-reg thymic developmen{63). In fact, GITRnockout mice display lower numbers ofrfig
whereas overexpression of GlTBand (GITRL) has been shown to correlate with higher
numbers of Treg which are phenotypically activated and suppresgz 6466). The GITRL is
widely expressed in the immune system, being constitutively present at basal levels on
macrophages, monocytes, DCs and B lymphocytes and transiently upregulated under
inflammatory conditiong64). Even though both-feg and effector Tells are responsive BITR
activation, proliferation of FoxP3l-reg is favoured in mice treatedith GITRIEC [a fusion
protein of GITRLand a conserved functionaF¢§ immunoglobulin (Ig) fragment]67). The
identification of a CDLD2%5"GITR T-reg subset in human peripheral blood with relevant
adzZLILINB &2 aA PSS [oAfAGASE RSLISYRSYOZ2yiKGNI ¥a&F AN
T-reg precoating with antiGITR antibody, further supports the relevance of GITR as a marker
for suppressive -feg (68). However, this member of the TNFRSF has also been reported to be
up-regulated in activated CD&nd CD8effector T-cells. In these studies, GITRstimulation
triggered TCR activation, promoteeté&ll expansion and cytokine secretion and was associated

with exacerbated autoimmunity, inflammation and tumour rejecti@®, 61, 6974).
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Inducible cestimulator has been shown to be expressed by mousegland lack of expression

of ICOS is associated witeduced number of -Feg in mice. The reducedr&g number in
ICOSleficient mice was shown to be unrelated to impaired thymic development of these cells
but to result, instead, from compromised survival in the periph@&). Moreover, high ICOS
expression levels have been shown to correlate with increasesty Buppresise ability in a
model of contact hypersensitivity. In this study, the HE24P3COS T-reg subset was
distinguished from other FoxP8ells by the production of 110, 1:17 andinterferon gamma
(IFN+) (75). Expression of ICOS by human natured@ has been reported to enabthe division

of this regulatory population into two distinct subsets that differ in their molecular mechanisms
of suppression. The IC@8pressing -Feg subset displayed-Il0-mediated DC suppression and
TGHF -mediated Fcell suppression while the ICG8bset were restricted to TGF  LINE RdzO { A 2
(76). In a mouse model of experimental autoimmune encephalomyelitis (EAE), transfer of
CD4ICOScells had a protective effect which was believed to b&#tHmediated(77).

¢ KS A yd&BI103) plays an iopant role in mediating Tell localization within epithelial
compartments by interacting with the adhesion moleculedtlherin expressed by epithelial
cells (78, 79) Expression of CD103 has been reported to identify distinggTpopulations
characterized by increased suppressive abil{{832). Moreover, within the CD108xpressing
subset, it was observed thatr€g with different CD25 expression pliayed similar CTEA
expression, suppression ofcEll proliferationin vitro and protective effects in a mouse model
of colitis (80). A different study showed that, even though both CD188d CD103T-reg
displayed suppressive abilitiesvitro, only the CD103T-reg subset was able to control wagiin
diseasdn vivo(81). In a model of grafirersushost disease (GVHD), transfelimf¥ivoactivated
CD103T-reg was found to be more potent than transfer of freslsiglated orin vitro-activated
natural Freg in ameliorating the ogoing disease and in reducing the numbers of both T and B
lymphocytes in the target tissué82). Thein vivorelevance of CD103 expression foreg
ant-inflammatory activities may be primarily explained by the increased ability of the CD103

T-reg subset to migrate to sites of epithelial inflamioa (83).

Although multiple proteins habeen identified to have distinctive expression patterns on the
surface of some or all FoxPBreg, there is much left to be discovered regarding the detailed
composition of Treg outer surface membraneshis thesis foclesl on characterizing the surface
expression of carbohydrate structures by TID4P3 mousederived Treg and by
CD4CD259'CD12P"¥humanderived Treg.
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1.1.3. REGULATORYCELIDEVELOPMENT

It is now well accepted that there are at least two majered subtypeswhich differ in their
developmental processes: naturally occurringe@ (nFreg) which develop in the thymus and

induced Freg (iFreg) which originate from naivecbnv in the peripheryn vivo(Figure 11).

Thymus

Periphery

|
[
i

| -

i

e Naive CD4*
\ T-cell

nT-reg

Figure 11 ¢ Regulatory Tcell subtypeshave different developmental originsNaturally occurring -Feg
(nT-reg) develop in the thymus whereas inducede§ (iTreg) are generated ingflperiphery from naive
T-cell. Conversion of-Gonv into iTreg in the periphery occurs in the presence of eowinental cues such

as |2 in combination with TGF ¢ K A O K-ref de@®pddent aver differentiation into the other
effector Fcell subtypeqThl, Th2, Th17As shown both nTreg and iTreg share the expression of the
transcription factor FoxP3 whitbe other Th subtypes express other signature transcription factors (Tbet,
D! ¢! o0oX whw! (0®

During thymic Jcell development, the strength and duration of TCR signalling is known to
modulate CD4 and CD8 lineage specification, the differentiation into ffexett effector Fcell
subsets and the CD4-cEll commitment to a particular T helper (Th) phenoty{®. The
commitment to the Treg lineage is no exception and theachcteristics of TCR signallingve

been shown to play a determining role in the preseThymic development of ai€g is triggered

by highaffinity interactions with selpeptide presented in the context of MHCmoleculeg84,

85). Therefore, mice with defective negative feedback control of TCR signalling have been

reported to display increasedrég abundancé86). Further evidence of the specificity ofrég
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for selfantigens and the requirement for endogenous TCR exjmes$sr their development has

been provided by several studies using TCR transgenic mouse r(&sle8391).

There is a convincing body of evidence for the crucial role of TCR signalling in the induction of
FoxP3 expression and the commitment of thymic precursors toteg Tineage. Analysis of the
aS1ljdzSy0S 2F ¢/ wh OKIAya #egrdperdoieavishymodt dequénce® | N |
being distinct from those expressed bydnv (84, 9294). Moreover, even though transfection

of effector Fcells with Treg TCRs has been shown to correlate with severe pathogenesis in
lymphopenic recipient mice, these cells produced only weak response towards syngeneic
antigen presenting cells (APGg)vitro (84). In addition, the abundance of-fEg has been
observed to be increased in conditions in which negative selection was rendered inefficient by
reduced MH@I expression on medullary thymapithelial cells(95). In contrast, increased
negative selection as a result of deficidf®F aA 3yl ft ft Ay3d O2NNBtlGSR ¢
of FoxP3 T-reg (96). However, negative selection events have been shown to occur
independently of FoxP3 expression with TCRs that are typically expressedegyb&ing
displayed by Tonv in FoxP8leficient mice(31, 32, 97)Taken together, these observations
suggest that ¥eg diferentiation is mediated by signalling through seiftigenspecific TCRs

with resulting signal strengths that range between those required for positive selecticoarfvl

to those that mediate negative selection of sedfactive cells. Moreovethe ability of T-reg to

escape negative selection is not dependent on FoxP3 expression.

The differentiation of Treg and related induction of FoxP3 expression is not solely promoted by
the specific TCR signalling characteristitsalso involveshe integration of TCRierived
signalling eventwvith other signals from the environment or from the cell itself. The expression
of FoxP3 has been experimally induced by increased nuclear factor
kappalight-chainenhancer of activated Bells NF*B) signalling, decreasedeoxyribonucleic
acid DNA methylation and deficiency irmammalian target of rapamycinm(TOR and
sphingosinel phosphate receptor type 198102) In combination with the TCR, CD28
co-stimulation plays an important role in mediating thymic differentiation ofred. This process

is specifically dependent upon a CD28 cytoplasmitif that binds thelymphocytespecific
protein tyrosine kinasd.ck (103, 104) Murine models that lack this estimulatory pathway
either by deficiency of CB2r its ligands (CD80/CD86) display significantly reduced numbers of
T-reg (103, 104) Moreover, transcription factors activated by combined TCR/CD28 signalling
have been shown to bind to thEoxp3promoter [nuclear factor of activated-Gells (NFAY,

activator proteinl (AR1), forkhead box O1fgxol) andforkhead boxO3 (foxo3)] as well as to

10
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the conserved nostoding sequence 2 in th&oxp3locus foxol and 3,cyclic adenosine
monophosphatgcAMB response elemenbinding protein and activating transcription factor 1
(CREBATF1)] and to enhance its expssion(105-107)

Additional signals that promote AEg differentiation are provided by &, Il-7 and IE15.

Studies using murine models of2lor CD25 deficiency have suggested th&t ik.not absolutely

required fa T-reg thymic differentiation but is important forfleg maintenance in the periphery

(108, 109)However, disruption of the 46 NB O Lhdin AN 0 Kl & | LINR T 2 dz
T-reg numbers both in the thymus and in the periphery in a signal transducer and activator of
transcription 5 (STAT&lependent manner that can be rescued by transgenic expression of
FoxP3110, 111)Moreover, mice lacking the common gami®eK | A y 0 ‘shOvE corhpiete o H 0
loss of Treg differentiation demonstrating a crucial involvement of this cytokine receptor chain

(108, 110) In contrast, mice with individual deficiencies oflB, It 2 NJ-cliai $f their

receptors display normal-ieg frequencieg110, 112) The combined loss df-2 and IE15 or

IL-7 has also been reported to severely impageg proportions(110, 113, 114)}urthermore,
thelackof lh wi  &AA Ayl ft Ay3 KIFa 0SSy idnafapOwh G BERRGA( |
chains, which would be downregulated to normal levels upon the addition®{1l4) Taken

together, the different studies suggest a predominant, but not exclusive, roledfriLFreg

thymic differentiation to which H7 and IE15 alsocontribute by being able to compensate for

the absence of H. Another cytokine that has been described to be involved ifregT
development is TGF This cytokine specifically promotes the survival-oéd precursors in the

thymus by preventingB-cell lymphoma 2 (beR) interacting mediator of cell death

(BIM)-dependent apoptosis of setbactive thymocyte$96).

The development off-reg is not restricted to the thymus. Naivecdnv may be induced to
differentiate into iFregin the periphery Figure 1.). In contrast to the selfintigenrestricted
thymic development of nfeg, iFreg differentiation is believed to occur in resporiegforeign
antigens (allergens, dietary antigens and commensal microbiota) to which the immune system
must develop a measure of tolerand8, 115, 116) As with nTreg development, ifeg
generation has also bearported to require specific TCR signal characteristics. For example, it
was observed that ifeg generation correlates with TCR avidity and that the TCR repertoire of
iT-reg is distinct from those of both ABg and Tconv (84, 116118) Despite the similar
dependence on high affinity TCR signallinged differentiation differs from that of nfeg by a
requirement for suboptimal cetimulation generated by increased C¥4.And decreased CD28

signdling (115, 119122) Therefore, ifreg are considered to differentiate, under homeostatic

11
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conditions, from naive -Tells beaing TCRs with specificities for target antigens to which an
organism is chronically exposed. Such antigens are likely to include environmental and dietary
constituents as well as antigens derived from the commensal microbiota of the gastrointestinal
tract (3, 115, 123, 124)

There is also strong experimental evidence for the conclusion that, in addition to high avidity
TCR stimulation and suboptimal-stimulation, peripheral generation of 49 requires TGF
signalling115, 125127). The direct regulation ofhe Foxpgeneby TGF aA 3yl f t Ay 3 A a
through TGF -inducible early gene 1 (TIEG1) é8mha and Mad related protein (SMARinily

member 3 (Smad3) which upreguldexp3transcription by binding to the gene promoter and
enhancer regions(128, 129) Moreover, in vivopresence of TGF SELINBa&aAy 3 5/ a
reported to be sufficient for ifeg induction to occuf122, 130) This TGF-medated induction

of FoxP3 expression is also thought to be dependent-@nsignalling131, 132)The potential

roles of IE2 in the iTFregdifferentiation process may include the promotion of survival and cell
division, induction of STATBediated FoxP3 expression and skewing of activated” Todll
differentiation from Th17 (which occurs in the presence of combined TCR, TGF y&R L [
stimulus) to iFreg phenotype(3, 133, 134)Another molecule that has been described to
synergize with TGF A -&ansiretirfoic acid which promotes ifieg development through
inhibition of Fcell differentiation into the other Th effector lineagés22, 135137) Therefore,

iT-reg generation in the periphery is favoured in mucosal tissues wthereequired balance of
stimulatory and cestimulatory factors may be combined with chronic exposure to

non-threatening foreign antigeng).

Despite the clearly crucial role of FoxP3-ed biology, gene expression analyses have provided
evidence that its expression is not essential to promped lineage commitment but is
indispensable for the regulatory function and maintenance of these (8s97, 138, 139)
While differentiated Treg which lack FoxP3 or express truncatetsions of FoxP3 are reported

to resemble FoxP3-reg phenotype in their anergic behaviour in response to TCR signalling and
expression of certain surface molecules (low CD127 and high CD2% @id.&ITR), they were
observed to produce Th2 and Thl7eetor cytokines and to lack suppressive functig¢@g,

138) Therefore, FoxP3 expression is pivotal teed lineage stability by maintaining therdg
transcriptional signature and phenotypk this thesis, murine-fieg identification was mainly
performed baed on FoxP3 expression by using reporter mice transgenic foréxgm@ssion of

FoxP3 and green fluorescent protein (GFP).

12
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1.1.4. REGULATORYCELISUPPRESSIVE FUNCTIONS

Regulatory Tcellshave multiple specialized functions that serve to suppress the aeswitf
other effector immune cells, ultimately preventing autoimmunity, excessive immune responses
to infection and tissue injury. The molecular mechanisms-gimediated suppressioare
diverse and include those that are dependent on-cell contact,those mediated by the
secretion of inhibitory cytokines and those that involve competition for ligands and local growth

factors(Figurel.2) (140-143)
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Figurel.2 ¢ Reguatory T-reg displaya diverse arsenal ofimmunosuppressivestrategies Regulatory
T-cellscan inhibit Fcell activation by modulatingh) APC maturation and functide.g. production of IDO)
and by B) competing with other Tells for interactions with ABs. Mechanissof T-reg mediated
suppression also includé0 inhibitory costimulation (through CTLA and PEL1) (D) metabolic
disruption (IL-2 consumption and increased extracellular adenosine concentrati¢Bsproduction of

inhibitory cytokineqIL-:10, TGF

granzyme B)

| y3R)anid D) apoptosis induction (through galeetll, perforin and
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The mechanisms involved in cedlll contactdependentsuppressioncan be mediated by a
range of moleculesncluding CTLA, PD1, PDL1, CD73 and CD3mong others The
co-inhibitory receptor CTLA is a structural homologue of CD28 that displays higher affinity to
the same ligands, CD80 (BY and CD86 (BZ), which are primarily expressed by ARTG&+
147). Within the Fcell compartment, CTLAs constitutively expressed byrdg whereas onv
expression of this molecule is activationduced (148, 149) Thymic Treg development and
proliferation is CTLA independent since CT#Adeficient mice do not have depletedrdg
numbers(150, 151)Several mechanisms have been describeddthintrinsic CTLA-mediated
modulation of Fcell activation including competition with CD28 for the binding to CD80 and
CD86, inhibition of TCR signalling, suppression of proliferation adddkretion, as well as
limiting T-cell contact with APQ452-158) The mechanism for-legmediated suppression via
CTLA has been suggested to be through the desggulation of CD80/CD86 expression on
APCs, thus indirectly inhibitingcEll priming by APCs both vitroandin vivo(159-162). It has
also been propsed that Treg induce the expression of the tryptophaatabolizing enzyme
indoleamine 2,3ioxygenase (IDO) in DCs which, in turn, regulatesllTproliferation and
survival(163-165) The expression of the CT#Aigands has been described to lpgregulated

on activated Tcells, providing the means forr€g engagement and delivery of inhibitory signals
through CTLA (166, 167) Deficiency of CD80/CD86 expression on effectoells has been
reported to confer resistance toreBg suppression with adoptive transfer of these cells into mice
resulting in immune dysregulation that culminaiedethal wasting diseagd 66) Interestingly,
lentiviral reconstitution of B7 ligand expression rendered the previously resistant cells
susceptible to Freg regulatory function§166) However, there is controversy as to whether or
not CTLA4 is essential for-feg function(168) In mice, germline CTEfdeficiency is fatal in the
first month of life due to the deelopment of lymphoproliferative disorders and medtigan
tissue damagé€169, 170)Moreover, CTLA has beendentified as a susceptibility gene for the
development of autoimmune diseas€k/1) Multiple studies have suggested a role for GELA
in T-reg mediated suppression with blockade of GAL&ostimulatory activity resulting in
abrogation of Treg control of intestinal inflammatiom vivoand loss of suppression ofcbnv
proliferation in vitro (149, 150, 17A74) In addition, Winget al. showed that Freg-specific
CTLA deficiency in mice correlates with impaired€ly suppression manifested as disrupted
immune homeostasis characterized by hypeoliferative lymphocytes, lethal autoimmune
disease and enhanced aitimour immunity (162) Nevertheless, CTEA T-reg do ameliorate

disease in colis and EAE models, suggesting that other suppressive mechanisms compensate in
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the absence of the CTidApathway(174, 175)Despite the controversy, high CTA&Xpression
levels have been reported to be useful for the identification aled subsets with higher

suppressive abilities both in mouse and in hun@6, 177)

The surface receptorPD1 and its ligands RD1 and programmed death ligard (PDL2)
represent animportant inhibitory costimulatory pathway in the regulatioof the balance
between TFcell activation, tolerance and immusraediated tissue damaggL78, 179) In the
thymus,PD1 is expressed by immature COB8f @ YLIK2 O iS&8 RdzNAYy3I ¢/ wi
its expression is activatieinduced in peripheral -Tells, monocytesNKTcells, Bcells andDCs

by antigen receptor signalling and cytokirf@80-183). Resting, freshly isolatedr&ég display low
surface expression levels of BDbut high retention of the receptor in intracellular
compartments that gets translocated to the surface upon TCR stimulgit®&t) The ligands for
this receptorare expressed by a multitude of cell types with-PDbeing primarily expresséy
APCs while RDL1 is expressed by a variety of immune and-momune cell types. Constitutive
expression of PID1 is detected on-Band Fcells, macrophages, mesenchymal stem cells and
DCs and is increased upon activation of these cells and under infismnmconditions.
Non-hematopoietic tissues that express £D include endothelial, epithelial and neural cells
(185, 186) The PEL1: PBL pathway represents one of the mechanisms by whichglsuppress
effector TFcell. Upon TCR signalling, PD costimulation results in inhibition of -€ell
proliferation, survivalcytokine production and tglytic function(187) Engagement of RDon
T-cells has also been described to prevent the expressfdie antrapoptotic protein Becell
lymphoma extra large (ball) and of the transcription factor&ATA binding protein HATA3),
T-box expressed in-Gells -bet) and eomesodermin Eome$, which are associated with-Gell
effector functions, thus preventing-dell survival and differentiation into effector phenotypes
(188, 189) The PEL1: PBE1 pathway is believed to promoter&g differentiation, maintenance
and function.Francisceet al. reported that PBL engagement on naivecells, in the presence
ofantrkCD3 and TGFXZ &AAYATFAOlI yift e SyKIlyOSareginkiBol NJ O2 )
through the attenuation oprotein kinase BAkt)-mTOR and increased phosphatase anditens
homolog (PTEN) activitiloreover, their results support an important role of £ not only in

the induction but also in the maintenance BoxP3expression bothin vitro and in vivo(60).
Multiple studies support an important role of PDexpression for -feg function since the
suppressive abilities of-feg have been shown to be impaired bathvitro andin vivowhen
these cells lack RDexpression or when blocking antibodies are used to mask its pre§Ede

194) In a model of murine ischemiaperfusion injury (IRI), it was shown that preating of
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T-reg with antiPD1 blocking antibody prior to adoptive transfer abrogatesed protective
effects (192) The PEL1: PBL pathway has been show to play an important role ired
suppression of antiumour cytotoxic Tcell responses which could be overcome by -&iiL1

monoclonal antibody treatment in a murine model of acute myeleitkaemia(AML)(191)

Neuropilinl has been described to be preferentially expressed #ggTand to promote
prolongedinteractions of these cells with DCs. It has been proposed to be involvetetn T
suppression since blockade of this receptor undexcgliure conditions with limited antigen

resulted in decreased-feg mediated inhibition of respondercell proliferaion (195)

Anather surface molecule with a potential role in mediatingefy suppressive functions tise
lymphocyte activation gen8 (LAG3), a CD4 homologvhich has high affinity for MH(T
molecules(196, 197) Engagement of LA&and MHAI on immature DCBas been described
to regulate antigen presentation by prevemgj maturation and cetimulatory activity(197)
Moreover LAG3 deficiencyhas been associated witimpaired Freg functionwhile ectopic
expression of this molecule has beeasdribed to induce a suppressive phenotype on CD4
T-cells(196)

Helios (Ikaros family ziffinger protein 2 [IKZF2]) is acé&ll restricted member of the lkaros
transcription factor family, expressed by thecdll lineageduring early staes of development
(198201) In addition, multiple microarray comparisons have described selective Helios
expression by -feg when compared to-Tonv, with Helios representing a potential target for
FoxP359, 139202). There is no consensas b whether or not Helios is a specific marker for
discrete Treg subsets withsome studies supporting its expression to be kive to
thymusderivedT-reg, whereas othergeport Helios to be expressed both in m@&g and inT-reg
(203,204) In regard to Treg function, Helios has been shown to regulate epigenetic silencing
of IL-2 gene transcription while maintaining the characteristiged anergic phenotype.
Moreover, loss of Helios expression was accompanied by partial lossegf Jupprasive
functions(205) Although the mechanism is still unclear, reduced numbers of Hd8lio=g have
been associated with the developmieof autoimmune diseases including myasthenia gravis and
type | diabetes mellitu§T1D) suggesting that Helios expression bsed may be important for
immune homeostasif206, 207) Recently, Takatoet al.reported that in vitreinduced Helios
T-reg show higher expression levelsGIfT Rglycoprotein A repetitionpredominant GARPand
CD103 and lower levels of CD39 and CD73. In addition, the tdeliset was more suppressive
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than Helios T-reg in aFoxP3dependent manner indicating a potential role of Helios in

enhancingT-reg function(208)

Regulatory Tcellsmay also exert suppression bydudng immune cell apoptosis through the
expression ofhe cytolytic moleculegranzyme(A in humans an8in mouse)and perforin(209
212). Perforinmediatedapoptosis occlg through osmotic lysis resing fromthe insertion of
these moleculesnto the target cell membrane, forming pores through which small ions and
solutes andiffuseand leadto the disruption of nomal cellular gradient§213) Granzyme B is

a serine protease that can pass thgh the perforinformed pores and activate substrates,
ultimately leading to DNA fragmentation and apoptotic cell dgatt3) Expression afranzyme

B is absent on naive-ieg but has been found to be induced on activateted (209, 210)
Moreover, Caoet al. described a correlation between the expression of these cytolytic
molecules and -feg suppression of tumour clearandge vivg with prevention of tumour growth

by granzyme B deficien€211) The induction of immune cell apoptosis may also be mediated
through Freg expression of galectih which has been described to induce cell anergy and to
inhibit the production of preinflammatory cytokine®n responder Tells. Furthermore, it was
found that blocking of galectith activities or deficiency in its expression results in impairesgT
function, demorsii NI G A y 3 | -ghl&tbsile Bingdimg)prot&iidEgifunction(214)

Another interestingl-regsuppressive mechanism is the modulatiorcAMPlevels in the target
cells either by direct delivery of cAMP via gap junctiof2d5) or indirectly, by the local
generation ofextracellularadenosine(56, 57) Extracellular adenosine constitutes a negative
regulabr with immunosuppressive properties and its production fradenosine triphosphate
(ATB dephosphorylation is catalysed by CD39 and C218) CD39 is m ectonucleoside
triphosphate diphosphohydrolase that sequentially converts extracellular AT&l¢aosine
monophosphate AMP), which is further converted to adenosine by CD73 (membizmend
ecto-p Qucleotidase). The resulting adenosi exerts its immunosuppressive properties by
engaging type 1 purinergic (adenosine) receptors, suchaad&nosine receptor (AR), which

are expressed by most immune cdR46, 217)Regulatory ¥ellshave been found to express
high levels of these enzymes with the adenosine production leading to suppression of responder
T-cell proliferation, cytotoxicity and cytokine secretidb6, 57, 218)Abrogation of enzymatic
activity or adenosine ligatio to its receptor have been shown to impairdg suppressive
abilitiesin vivoandin vitro, attesting to the importance of this mechanism forég regulatory
functions (56, 57, 192) Extracellular adenosine stimulation of APCs has been associated wit

the acquisition of a suppressive phenotype by both macrophages and DCs. Adenosine effects
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result in decreased {12 andtumour necrosis factor alphd NF" ) secretion and enhanced-ll0
production by macrophages, whereas it inhibits DC maturationpaodnflammatory cytokine
secretion as well as D@ediated Thidifferentiation. AR activation is also associated with
decreased NK cell cytotoxicity and modulation of type T &l activity by promoting # and
TGF LINR RdzOG A 2y 0 &ibitihISR R17)MBriedver, adefosirfe Bas Alsb been
shown to promote Freg differentiation and enhancefEg inhibitory abilitie216, 219, 220)

Thesecretion of the inhibitory cytokirell-10, TGF I y3R hak eendentified as a crucial
contribution to T-reg suppressioin vivo(140, 142, 143)The cytokine H10, while not required

for systemic tolerance, has been found to be particularly important for the maintenaffic
mucosal homeostasis. For example, deficiency-@DbItenders Treg incapable of inhibiting the
development of experimental coliti®21-224) However, the requirement for 1L0 for Freg
mediated suppression is restricted to colitis driven by antigeperienced Tells and not
esential for Freg control of colitis mediated by naivec&lls(225, 226) In addition, the 1110
locus has been identified as a susceptibility locus for the development of ulcerative colitis in
humans and mutations to the -L0 receptor haveébeen shown to correlate with early onset
inflammatory bowel diseas€¢lBD) (227, 228) In the inflamed skin, -feg control of IFN
production by effector Thl cells required10 secretion while being dispensable for this same
regulatory function in the lymph rdes(229) Moreover, T-reg modulation of inflammation in
allergy and asthma models has been suggested to be, at least in part, dependenri®n IL
produdion eitherby the Freg orby other cell typesvhich are induced by-fleg to secrete H10
(223, 236232). Furthermore, 110 producing Feg have been reported to play an important

role in inhibiting anttumour immunity (233, 234)

Lymphocyte homeostasis is greatly dependent onTGFl & YA OS RSTABORNSH & & A ;
or responsiveness develop muitigan immune pathologief235) Regulatory Tells express

TGHF SAGKSNI Fa GKS I Ol A @ Sboan? fatednd dorSples, #hiched NJ | &
blocked, has been shown to partially abrogateitrosuppression of effector-tell proliferation

by both human and murine-fieg (236-238). In several studies,-fleg expression of TGFZ 2 NJ
induction of theexpression by other immune ceylpes has been showto be necessary for the
prevention of disease in colitis modéls/2, 239241) Moreover, effector cells unresponsive to

TGH & Shown to escape immune regulation, also the colitis model(242, 243) An
interesting finding by Jonuledt al.was that suppressive cells generated by infectious tolerance

(T-reg mediated conversion of conventionaic@lls into Treg) displayed effector funcions

involving TGF (244) A few yeaslater, a study by Andesonet al.showed ttat T-reg infectious
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tolerance was mediated by surface expression of membitaoend TGH (245) Furthermore,
some studies have alsassociated ¥eg production of TGF with the suppression of
anti-tumour immune responses in different cancers namely head and neck squamous cell

carcinoma, follicular lymphoma and lung can246-248)

The most recently described inhibitory cytokine i8H, which is preferentially expressed by
murine T-reg andis up-regulated during activeuppression while being absentéffector Fcells
(97, 249) It is a heterodimeric cytokine composed ofHLT -chain paired with Hm H -chain
(249) Deficiencyin any of the componestof the I35 heterodimer resulted in impaired
suppressive functions both vitroandin vivq suggesting an important role of this cytokine for
T-reg function. Moreover, induced 85 expression conferred suppressive abilities naive
T-cells and recombinant {85was sufficient for inhibition of-€ell proliferationin vitro (249) In
addition, I35 has been used to induce suppressive cells which suppress-3baalhd are
functional and stablén vivo(250) Furthermore, it has also been reported thatdg induce the
generation of 1£35-producing suppressive cells, bath vitroand in vivo,under inflammaory
conditions. In this study, 4B5-producing cells were involved in the inhibition of atutmour
immunity (250)

Competition for growth factors as also been implicated asezhanism for ¥eg suppression.
The constitutive high expression levels of CD25 -oegThas been suggested to provide them
with an advantage for the consumption of2l(251, 252) However, such competition does not
seem to be essential for suppression sineed are able to suppress-2Rdeficient T cells and
remain suppressive in the presence of exa@ssgenous H2 (253255) In a study by Pandiyan
et al.it was demonstrated that-feg mediated competition for growth factors results in effector
cell apoptosis. The observed cytokine deprivatiotuced apoptosis was described to be
BIM-dependent(256) However, others studies suggest thatdnv deprivation of H2 by Freg
occurs as a result of transcriptional dowagulation in the target -Eells rather than a

competitive mechanisni255, 257259).

Recently, murine -feg have also been shown to mediate regulatory effects through the
secretion of exosomegR60, 261)These Treg-derived extracellular vesicles were shown to have
immunomodulatory properties which were attributed to the presence of CD73 in one study and

to Let7d microribonucleic acidmiRNA) in anothef260, 261)

The degree and mechanisof T-reg suppression are influenced by the anatomical location, the

environmental cytokine milieu, antigen load and target cell number and activation gtbdQs
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143) Moreover, the diverse arsenal of suppressive strategies and differential requirements for
suppression in differenanatomical sites and pathological settinggpports a model where
multiple, distinct mechanisms are required for optimalef function and that individual-fieg
subsets, which are equipped with different suppressive mechanismy, braaspecialized to
suppresgarticularimmune response$l42, 262, 263)Thisprojectfocused a evaluating the
relevance of the surface expression of certain carbohydrate structures-réarmediated

suppressive functions.
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1.1.5. REGULATORYCELREGENERATIPROPERTIES

Recently, a novel function has been attributed to tissesident Freg in the protection of tissue
integrity not only by suppressing inflammatiainiven immunemediated collateral damage but
also by promoting tissue repair through the regulation of immune cell§264) For example,
visceral adipose tissuesident Tfreg have been suggested to play a ralepreventing the
development of insulin resistance through anllmediated modulation of the production of
pro-inflammatory molecules by adipocyt€265) Similarly, skeletal musclerég have been
described to be distinct from those found at other anatealisites and to be involved in muscle
regeneration. Regulatory-dell influence on the regenerative process has been found to be due
to a direct impact on muscle satellite cells in addition to the modulation of macrophage
phenotype (by promoting M2 over Mresponses). The mediator of theseel influences over
muscle satellite cells has been identified as amphireg(#66-268). The production of
amphiregulin by ¥eg has also been proposed to play a role in the repair of mucosal tissues in
the colon and lung268, 269) This recent evidence indicatesdg bblogical relevance extends
beyond that of regulating immune system activity and identifieed regenerative functions as

an exciting avenue for future research.
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1.1.6. REGULATORYCELBIOLOGICAL RELEVANNE CLINICAL APPLICATIONS

Regulatory Tcells play a indisputably crucial role in maintaining immune homeostasis by
controlling immune responses not only to satitigens but also to environmental antigens,
microbial constituents and allantigens. Their multiple specialized suppressive functions confer
T-reg with the ability to prevent autoimmunity, allergy, and excessive immune response to
infection and, in some settings, to induce tolerance to foreign transplanted tifd@e23, 54,
270-272). However, in certain circumstancesyrdg activities can havdeleterious effects by
interfering with the immunological clearance of pathogens or tumd@Rgs 273276). The pivotal

role of Freg in maintaining tolerance and immune homeostasis has led to a quest for the
development of Tregdirected therapeutic strategies; based either on the expansion of
functional Fregex vivoor on the promotion of Treg development and proliferatiom vivo(3,

54, 277)

1.1.6.1.REGULATORYCELIEOR CEBRASEOHERAPY

There are several different proposed approastfor Fregbased therapy277) These include
the infusion of high numbers @Xx viveexpanded autologous nieg; the administration oéx
vivo-generated antigerspecific autologous #feg; the infusion of high numbers of
exvivo-expanded thirdparty nFreg isolated from cryopreserved cord blood; the sifeecific
administration of autologous-fieg. This section summarizes the current state of production of

T-reg for immunotherapy and its potential application to severgbamant disease areas.

1.16.1.1. REGULATORYCELIDENTIFICATIONSOLATIOMND EXPANSION

Despite the dramatic advancements in theel field described in the previous sections, certain
factors have served as obstacles to the development of higifiéctive Fregbased therapies.
These have included: (@) the absence of markers to clearly distinguish from iFfreg, (b)the
considerable overlap of surface marker expression betwessgTand activated -€onv, (c) the
fact that the most specifid-reg marker is the intr&ellularly expressed transcription factor
FoxP3 and (d) the inherent resistance afed to conventionaln vitro stimulation conditions
(54, 277) Thus, existing protocols for the isolation of humareg for therapeutic applications
are still far from ideal. The methods employed fore§ purification are variable, including

magnetic beaebased cell enrichment tectiques and fluoresceneactivated cell sorting (FACS)
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approaches. Although magnetic cell sorting (MACS) devices are approved for clinical applications
in Europe and have validated protocols in place, the purity of thegTpopulation obtained by

this method is not optimal due to the nofi-reg restricted expression of CDZ54, 277)
Nonetheless, data ém clinical trials using nfeg isolated by MAC&ave shown promising
results in preventing GVHI278, 279) The purification of highly pure-fEg populations,
characterized by the combined expression levels of CD4, CD25 and CD127 as well as other
markers, can be achieved by FACS. However, unlike the MACS methobaBafurification

has na yet been approvedoy most European regulatory authorities for cellular product
manufacturing(54, 277) This relates to the challenge of developing FACS systemsaitmatyc

with good manufacturing practices (GMP). Currently, new @&btpatible FACBased systems

are being creatednd approval for FACS purification has already been achieved by research

groups in Poland and the United Sta{@37)

A critical challenge for adoptiver€g therapy is theex vivoexpansion of the relatively low
numbers of Treg that can be purified from the peripheral blood of patierfs!, 277) Even
though it has been demonstrated thatr&g expansion can be achieved by stimulation with
anti-CD3/antiCD28beads and H2 supplementation, this strategy also leads to the robust
proliferation of any contaminating-@onv (50, 54, 28Q)Supplementation of the cultures with

the mTOR inhibitor sirolimus has been suggested as a method to overcome unwared T
expansion and is currently being tested in clinicalsr(54). This is based on experimental
evidence demonstrating that sirolimus inhibitscdnv proliferation while preferentially
promoting Freg survival and expansion and preserving the stability and function of these cells
bothin vitroandin vivo(101,281-287). Other molecules undénvestigation for improved-feg

expansion and stability are the -tlns-retinoic acid and vitamin [54).

There has also been significant interest in the development of strategies foexheivo
generation and expansion of antigspecific ifreg fa therapeutic applicationg54, 277) The

first iT-reg clinical product was generated, in tketting of transplantation, by incubation of
donor perpheral blood mononuclear cells (PBMCs) with recipient PBMCs that had been
irradiated and depleted of-€ells, in the presence of-Il0 for 10 day$288) A different approach
described for iTreg ex vivogeneration involved culture of MAGrified human CDAT-cells

with tolerogenic DCs (known as 02@) which were generated from circulating monocytes in the
presence of granulocytmacrophage colongtimulating factor (GMCSF), 4 and IE10 (289)
Recently, a donespecific ifreg product has éen developed for allogeneic kidney

transplantation therapy in which recipient CDHcells were incubated with DTD generated
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from living kidney donorg290) Moreover, a clinical tria{NCT02188719) at University of
Californiais currently testing the use of selectively expanded-alitigenreactive Freg for
transplantation therapy in which the Ffeg are obtained by stimulation witiCBDiO ligand
(CDA40)-activated allogeneic-Bells(54, 291)

Even though initial clinical trials demonstrate a clear potential benefit for the therapeutic
application of Freg in multiple clinical settings (described in more detaihi&sectionsbelow),
T-reg-based therapy still faces obstacles at each step femtation to commercialization of the
product which will need to be addressed for this field to reach its full potential (summarized in
Table 1.1 (277) Given the current need for identification of further surfezpressed molecules
that enable the distinction of-fleg from Fconv and the identification and isolation ofrfig
subsets with eélevant suppressive abilities, the value of theregpion profile of carbohydrate

structures for these purposevas evaluated in this thasi
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Table 1.1¢ Obstacles that need to be overcome for the wiggpread clinical implementation of -feg based therapyAdapted from(277)

When

Clinical grade production of T-reg

Therapeutic administration of T-reg
in clinical trials

Monitoring the clinical outcome
of T-reg infusion

Commercialization of T-reg-based
therapies:

What

Difficult manipulation of T-reg under GMP conditions

Limited choice of suitable, approved purification systems
Need for high-speed purification of target cells

High cost of efficient reagents and disposables

Limited choice of operator-friendly procedures and equipment
Overcomplicated legislation for academic trials

Biological

Possibility that expanded T-reg revert to T-conv

Identification of unrecognized specific autoantigens for antigen-specific T-reg therapy

Risk of concomitant use of other immunosuppressive drugs interfering with T-reg

Side effects of T-reg infusion — risk of inhibition of protective immune responses against pathogens and cancer

Trial-related

Regulatory and ethics approval

Clinical protocol specifications, investigational medicinal product dossier, and release criteria
Design of clinical protocols to assess T-reg efficacy

Timing and dose of infusion

In vivo T-reg survival and distribution
Safety of therapy
Need for standardized analysis of eficacy

Development of a Targeted Product Profile

Need for data supporting aditional benefit over standard care strategies
Cost-effective manufacturing process

Business models suitable for T-reg-based cell therapies
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1.16.1.2. AUTOIMMUNINITY

The physiological maintenance of immune tolerance and prevention ctasgited immune
reactivity relies on the presence of appropriate numbers of fulhctional Freg that inhibitthe
development of autoimmunity while still allowing the beneficial f@tive roles of other
immune cells against foreign antigef® 14, 257, 258 herefore, environmatal insults and/or
genetic abnormalities which perturb-rég development, survival or effector functions play a
causal role in the pathogenesis of autoimmune dise§28s270, 292Moreover, selftolerance
canalsobe impaired by deficiency or altered functions ofstomulatory or accessory molecules
(as CTLA and GITR) and of cytokines (such &) Ilue to detrimental effects on the-rEg
compartment (23). In fact, genetic polymorphisms of the loci encoding certain of these
molecules have been associated with risk of autoimmunity bothuimans and rodent§l171,
293-298) In addition, impaired expression of2Land its receptors have also been identified as
a cause for defective-fieg function in patients with autoimmune diseases such as systemic lupus
erythematosis (SLE)T1Dand rheumatoid arthritis (RA299-303) In patients with RA and
multiple sclerosis(MS) even though Feg numbers have been found to be normal, the

suppressive functions of these cells were shown to be significantly imp@iodeB07)

The evident association betweenrdg dysregulation and the development of autoimmune
diseases led to an interest in developing therapies for autoimmunity which specifically target
the ablation of the detrimental effector-€ells while not affecting or even inducingrég
populations. Initially,such therapies were developed in the form of polyclonal antibody
preparations which, when administered, showed efficacy in preventing or ameliorating disease
in multiple cases of autoimmuni308-310). Despte their potential, there were unwanted side
effects associated with these preparations highlighting the need for therapies which more
selectively target pathogenic-Gell subsets. For example, treatment with humanized-@ii3
monoclonal antibody (mAb)ds been shown to selectively abrogate the effector populations
while sparing n¥eg and inducing ifeg development(311-313) Moreover, treatment of
human T1D patients with an€D3 mAb led to a slowing of disease progresé&add) Another
strategy that has been extensively investigated is theimistration of a soluble form of CT4A
joined to an IgFc tail (CTLAIg). This recombinant fusion protein has been shown to act by
inhibiting Fcell activation and by promotingdell apoptosis and anergy and has been approved
for the treatment of RA315, 316) However, most cell surface molecules are shared-bggT

and effector cells at some point of their development or activation and this greatly increases the

potential for adverse effects of such agelifl¥). A similar problem is faced when considering
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modulation of the cytokine milieu since many cyitwés (e.g. H2, I1-:10, I-6 and TGF 0 KI @S
pleiotropic effects that influence multiple cell typ€k7). Nevertheless, a successful example is
neutralization ofINF g KA OK Kl & akKz2gy STFFTAOFIO& FT2N G4KS 0
and has been found to promoter€g generation in soma vivosettings(317-319) However,

the effects of TN blockade can vary. For example, aftlF mAbshave been shown to
enhance the diseasseverity inMS patients(320) The potential use oéx vivodifferentiated
tolerogenic DCs for iTreg inducti@m vivohas also been tested. Clinical tri@ports to date

support the safety of this strategy in humans but have, thus far, not provided evidence of

clinicallyrelevant Freg immunomodulation(321)

The critical limitation of strategies which aim to promote the expansion and functiomegim
vivo is that most cestimulatory and cytokine signalling pathways are shared by both the
regulatory aml effector Fcell subsets. This represents an inherent risk of inadvertently boosting

the immune response one was trying to control in the first plgicg 322)

As mentioned above, the most appealing therapeutic strategy would be the adoptive transfer
of ex viveexpanded nireg or antigerspecific ifreg. The latter have been shown to prevent the
development of autoimmune diseases in mouse models of as{ii23) lupus(323) T1X324,

325), gastitis (326) colitis(327)and EAK328) Beyond their preventive role, ifeg have been
demonstrated to have beneficial effects for the treatment ofgwing pathologies such as lupus
(323, 329) EAE328) T1D(324, 39, 331)and gastritif332) Nonetheless, there is still the need

for extensive testing of the potential of-feg adoptive transfer for the treatment of human
autoimmune disease. Some promising results have been reported for T1D treatment by
Marek-Trzonkowskeet al. in human studies that observed increaseded§ frequencies ad
LINE & SN G A 2y -c&lFunctidn yagdnIBdministi@tioni of donaferived ex vivo
expanded CD€ED289"CD12P" T-reg to recentlydiagnosed childre(833, 334)Another phase

| clinical trial in T1D adult patients also supported the safety of infusiax afiveexpanded
autologous Treg (335) Additionally,ex viveinduced antigerspecific ifreg administration to
NEFNI OG2NE / NBPKyQa RAaSFHaS LI GASyGa o1 & acr

dosedependent efficacy with 40% of the enrolled individuals showing clinical resp(323&s
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1.16.1.3. TRANSPLANTATION TOLERANCE

The immunomodulatory functions of-fE€g can also be exploited for the control of immune
responses to foreign antigens (abmtigens) which are introduced when transplantation of
allogeneic organs, tissues or cells is perforrfied). The main challenge in organ transplantation
is the development of stratgies to achieve graft tolerance that resembles that of natural
selftolerance without the requirement for immunosuppressive drugs. ThuggTrepresent a
highly promising candidate to be used in therapeutic protocols which aim at achievintgtomg
graft survival while abolishing the toxicity associated with-lifeg immunosuppressio(b4). In
fact, adoptive transfer ofx viveexpanded human nfeg has been shown to prevent transplant
rejection in humanized mouse mod€B37-340) In humans, several clinical trials are currently
underway to evaluate the value and safety ofefy adoptive transfer in kidney and liver
transplant recipientg54, 277) Observations from one clinical trial in which liver transplant
recipients were infused with allantigenspecific ifreg demonstrated not only the safety of the
therapeutic stategy but also that it resulted in independence from immunosuppressive drugs
in 6 of the 10 patient$s4).

1.16.1.4. GRAFIVSHOST DISEASE

A different issue arises in the case of bone marrow and hematopoietic disorders, for which some
patients may require alle@neic hematopoietic stem cell transplantation (HSCT). In this case, the
allogeneic donor Eells have the ability not only to target the malignant cells of the recipient as
desired but also to attack the healthy recipient tissues, leading to the developoie€B@VHD

(277) Given their diverse immunoregulatory propertiesrelj adoptive transfer has been
considered as a potential therapeutic strategy for the prevention and/or modulation of GVHD
(341-343) Pre-clinical experimentation in mice has provided evidence that adoptive transfer of
ex viveexpanded Treg, particularly recipienspecific Treqg, effectively prevents GVHRB44

347) In humans, phase | clinical trials have provided encouraging results regarding the safety of
T-reg therapy and have also reported observations of beneficial effects in ameliorating the
symptoms and incidence of GVKIY8, 279, 288, 342, 3480). Although some complications
(increased incidence offiection and tumour development) were observed in two of these
studies this was not definitively attributed to ther&g therapy itself since immunosuppressive

drugs were also administergB850, 351)
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1.1.6.20THER AREAS OF BIOLOGICAL AND CLINICAL INTEREST
1.1.6.2.1. ALLERGY

The failure of TFeg to inhibit aberrant immune responses to otherwise innocuous
environmental antigens (allergens) is thought to be one of the canfs@ltergic disorders. These
inflammatory disorders are characterized by a -hdiated Fcell response which promotes
the production of allergesspecific IgE antibodies that activate mast cells and basophils leading
to their degranulation and secretiorf imflammatory mediatorg271) Studies in animal models
have provided evidence that, whilergdg may preventthe induction of Thaype immune
responses, they are ineffective in the clearance of inflammation once allexgesific effectors
have been activate¢R71) Similar conclusions have been drawn from human studies in which
T-reg from allergic individuals exhibited weak inhibition of allergen respoise#ro (271)
Cytokine expression is believed to play an important role-raglprotection against allergy.
Adoptive transfer of H10-producing ifreg or of CD4T-cells emgineered to overexpress-Il0 or
TGF Kl a 0SSy &K 2mediatdd hflaQagoiy NKeBpbnses K mi(@52-354) In
humans, the presence of -ll0 in the lung was shown to inversely correlate with the
development and progression of asthma as well as thigreactivity to allergen in the skin prick
test (355357) Moreover, when compared to healthy individuals, peripheral blood cells from
allergic patients displayed lower levels cflllLsecretion upoin vitroallergen stimulatior{358)
Therapies involving repeated exposure of mice to allergens have provided evidence of induced
tolerance by promotion of the differentiation of-Il0- and TGHF -producing Treg(359-362) In
humans, allergen immunotherapy was reported to inducé OLproduction by Tells. When
placed in culture, the inhibitory properties of immunotheraipygluced Fcells were prevented

by addition of antill-10 blockingantibodies(363, 364) Therefore, there is an interest in the
development of combinatorial immunotherapies with the ability to induce tolerance by
promotion of the development of antigespecific freg subsets that express10 and/or TG#F

and control excessivenmune responses to allergert871) A possibility could be the use of
allergens combined with glucocorticoidad the active form of vitamin Dwhich would result

in the induction of tolerogenic DC phenotypes that in turn would promote the generation of
IL-10 producing ¥eg(365367). As referred tgreviously for autoimmunity treatment, adoptive
transfer of ex vivoexpanded allergespecific ifreg also represents a potentially beneficia

therapy for allergic inflammatory disorde{368)
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1.16.2.2. STERILE INFLAMMATION

Sterile inflammation is locally triggered by innate immune cells (in particular macrophages) in
response to tissue injury in the absence of infectious pathog@@®) The inflammatory
response that arises under sterile conditioedmportant for the induction of tissue repair but
also serves to prevent the occurrence of infection in the susceptible damaged (BS2EA

role has been identified for-fieg in tissue repair under sterile inflammation conditso In
particular, experiments in mouse modeof IRI to the kidney suggest thatély promote repair.
However, there is some controversy as regards the precise mechanisms involved with some
researchers maintaining that the protection is due to modulatiénhe activities of the innate
immunity whereas others contend that it represents the inhibition of effectoell populations

(370, 371) Nevertheless, although different mechanisms have been identified, the studies
reported to date consistently demonstrate thatr&g ablation following kidney injury results in
enhanced ldney damage and compromised survival of the ng8, 371)In contrast, adoptive
transfer of Treg either before or after renal IRl was shown to have protective effects with
preservation of kidney function and/or improved recovery of thee(371, 372) Moreover,

while it remains somewhat controversial;rdg have also been found to have an important
protective role in preveting brain damage following ischemic brain injury (stroke) by
modulating the inflammatory respons€373, 374) These stdies suggest that-feg-based cell
therapy could be potentially beneficial in disease characterised by excessive or harmful sterile

inflammation.

1.1.6.2.3. CANCER

Regulatory icells have been implicated in the development and progression of cancer. As
neoplastic tumours originate from previously normal tissues, many caassociated

O0G G dz¥M2IRIA TAOE D | yiA 3 8efas beidBeiMifOs2agayhist WScR nodo & ¢
immune response should be mountégi75, 376)In fact, Freg frequencies have been shown to

be increased in multiple cancers such as gastric, pancreatic, breast, coloradtdurey
carcinomas among othe(877-383) Moreover, Freg abundance has been described to directly
correlate with breast cancer severity, recurrence and progression as well as with survival rates

in glioblasoma (384, 385) Furthermore, Freg depletion prior to tumour challenge in mice

results in the development of effective asttimour immune responses which do not occur when
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T-reg are presen(386-389) For example, Pastillet al. have reported elevated numbers of
activated suppressive-fEg both in the peripheral blood of colon cancer patients and in the
mouse model of colitimssociated colon cancé€890) In the mouse model, transient depletion

of T-reg during tumour development resulted in enhanced numbers of effector Gbélls and

inhibition of tumour progression390) Tumours have been reported to evade immune
surveillance by recruiting Afeg with specificity for the tissue of origin. This recruitment of

nT-reg hasbeen suggested to be mediated through the production of multiple chemokines by
tumour cells and other cells rent in the tumour microenvironmen{276, 391, 392)
Moreover, generation of ifeg from the infiltrating cell populations may be promoted in the

tumour microenvironment by the secretion of particular cytokines such asiTGH Y R 2 (1 K S

soluble factors (ke IDO) as well as by infectious tolerafi2é6)

Enhanced antiumour immunity has been observed when tumeuediated activation of -Feg

was prevented by blocking amphiregulin signalling with Gefiti(893) Treatment of
tumour-infiltrating T-reg with agonists for GITR and/or blocking antibodies to &Th#s also
been shown to reduce-fleg numbers and inhibitory properties and to promote effectecell
function ex vivoandin vivo(394-399) In humans, treatment of some cancers with daclizumab
(anti-CD25) and denildan diftitox (ONTAK, a fusion protein of diphtheria toxin and recombinant
human [E2) have shown some efficacy through the reduction &3 numbers(400, 401)
Cyclophosphamide, drug used in many cancer chemotherapeutic regimens, is also known to
cause decreasedEg numbers and functio@02405) Treatment of renal cell cancer patients
with a vaccination regimen that combined multiple tumeassociated peptides and
cyclophosphamide resulted in enhanced amtinour immune responses accompied by loss

of T-reg numbers and overall improved surviydD6) Another longestablished and broadly
effective modality of cancer treatment is irradiation. However, radiation therapy has been found
to enhance Treg abundance whitmay lead to tumour resistance to the treatmg@d07-409)
Treatment of metastatic melanoma patients with CHL_Alocking agents (such as the mAb
ipilimumab) in combination with conventional treatmeapproacheshas been shown to have
promising beneficial effect@10, 411)Neverthelessit may be crucial to develop localfcting
T-reg targeting therapies in order to avoid systemic impairment-oéd function due to their

pivotal role in preventing autoimmunity and allergy.
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1.1.6.2.4. INFECTION

A recognized role of-fieg is the control of active immune responses mounted against infectious
agents. In this case, immune regulation is paramount for the prevention of host tissue injury and
consumption of metabolic energy due to uncontrolled, excessinveunity (272274) However,

in the context of infection, -Feg can also have deleterious effects by preventing the complete
clearance of some pathogens ultimately leading to the devalemt of persistent, chronic
infections (272274). In fact, many pathogens includingeishmania mycobacteria, human
immunodeficiency virus (HIV) and influenzausihave been described to modulate the host
immune response by promoting Té&Hnediated iFreg generatior(273, 274)In contrast, other
infectious agents, such d@xoplasma gondican inflict severe damage by ablatingep (273)
Therefore, Treg manpulation could be of benefit in the context of infection not only whered
inhibitory activities are in deficit and unable to prevent collateral damage of healthy tissues but
also, when the regulatory activity is excessive and prevents immunologicahrubeaof the
pathogen(273, 274)
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1.2. GLYCOIMMUNOLOGY

For some time, molecular biology research has focused strongly on the study of the flow of
biological information from DNA tabonucleic acidRNA and from the RNA to proteins. This
central paradigm enables researchers to manipulate one class of madebaked on the
knowledge of others due to the templateased precision of this information flow. It also allows

for the prediction of function and evolutionary relationships based on the patterns of sequence
homology and relatednegg12) However, life as we know it would not exist in the presence of
nucleic acids, proteins and lipids alone as another major class of molecule is also required for
the viability of living organismé12) These molecules, the carbohydrates, serve multiple
purposes such as being intermediates for gene@nergy and acting as signalling effectors,
recognition markers, and cellular structural components. Moreover, carbohydaatesssential

to generate the enormous biological complexity necessary for the development, growth and
function of organisms thatvould not be possible with nucleic acids and proteins al@He,

413) Glycosylation is defined as the covalent attachment of carbohydrate structures to a
protein, lipid, carbohydrate or other organic compound, catalyzed by glycosyltransferases, using
specific sugar @hor substrateg414) However, as glycosylation is not templabéven, glycan
biosynthesis cannot be predictdzhsed on gene expression levels of the molecules involved in
the glycosylation pathways, giving rise to an enormous structural diveesi®) In addition,
glycosylation characteristics vary among species, among members of the same species and also
among tissues, cell types and molecules within the same orgddis®) Glycosylation is widely
present in every organism. Cell surfacesrsex] molecules and extracellular matrices tend to

be particularly rich in glycans and glycoconjugates. The carbohydrate moieties found on cell
surfaces are typically attached to the proteins, lipids, proteoglycans andriéRbred proteins

which compose pare associated with the membran&€ogether, these glycans constitute a
negatively charged and dynamic physical barrier known as glycdddl§x Therefore, due

to the diversity found in glycosylation, analysis of the composition of the glycocalyx can be used
to identify and distinguish between different cell typ@47) Moreover, the glycan composition

of mammalian cell glycocalyx is known to be dynamic, being subject to adtesadat various
developmental and differentiation stages as well as during physiological events such as cellular
activation, migration and apoptos{418429). Furthermore, changes in glycosylation have been
identified to occur in cancer and inflammation and to be associated with pathological cell

phenotypeq415, 430, 431)These concepts of diversity in glycosylation represent the rationale
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behind several of the experimental strategies employed in this thiesisvhich results are

described in ChapteiThree, Fouand Five

This introductory section of the thesis will focus on the importance of carbohydrates as building
blocks of life and on the glycosylation pathways that are responsible for their synthesis. It will
also address some of the multiple roles that aarpdrates play in regulating immune responses
and will summarise how abnormaicEll glycan expression is implicated in disease. Finally, it will

introduce the current knowledge onfEg glycosylation.
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1.2.1. CARBOHYDRATEBHE SWEET SIDE OF LIFE

Carbohydrates are very abundant biomolecules comprising most of the organic matter on Earth
and playing a range of essential roles in all forms of life. In particular, carbohydrates mediate
interactions among cells and between cells and other elementshén riicroenvironment
through being attached to many proteins and lipi@g82) There are three major classes of
carbohydrates according to their size: monosaccharides (which consist of a single polyhydroxy
aldehyde or ketone unit containing from three to nine carbon atoms aanging in size and
stereochemical configuration at one or more carbon centers), oligosaccharides (which consist
of short chains of2 to 20 monosaccharide units linked through glycosidic bonds), and
polysaccharides (which are sugalymers containing morthan twentyor so monosaccharide

units and can have up to hundreds or thousands of uit32,433)

Although the chemistry and metabolism of carbohydrates were prominent matters of interest
in the first part of the 28 century, these moleculesere thought to lack any biological function
other than being energy sources and structural componentss belief was due to the lack of
appropriate tools for studying carbohydrates which is difficult given their inherent structural
complexity and nofDNA templatebased biosynthesi§412) With the development of many

new technologies, glycobiology has finally emerged as a distinct field in health and life sciences
research. Glycobiology is defined as the study of the structure, biosynth@slegy, and
evolution of saccharides (sugar chains or glycans) that are widely distributed in nature and of

the proteins that recognize therf#12).

As we now know, carbohydrates have important biological roles that are essential for the
assembly of complex multicellular organs and organisms. The localization of many glycans to the
outer surface of cellular and secreted macromolecules confeemuhem a privileged position

to modulate or mediate a wide variety of events in ¢edlll, celtmatrix, and cemolecule
interactions that are critical to the development and function of multicellular organighg)

The unraveling of these saccharide structures, the discovery of their placement at specific sites
within proteins and the determination of their function remain the fundamentaltenges in

the field of glycobiology432)

35



Chapter One

1.2.2. MAMMALIAN GLYCOSYLATION PATHWAYS

Glycans exist either in the free form or in covalent complexes with proteins (glycoproteins and
proteoglycans) or lipids (glycoids), known as glycoconjugaté&sgure 1.3. The various types

of glycoconjugates are determined by the identity of the carrier molecule and by the type of
glycosidic linkag&30, 434)

The biosynthesis of glycoproteins occurs in #edoplasmic reticulumER and/or Golgi
apparatus and encompasses the productioMaflycansin whicholigosaccharides are attached

to asparagine (Asn) residues of nascent protei@gjlycans in which oligosaccharides are
attached to serine (Ser) or threonine (Thr) residues on many glycoproteins (but predominantly
on secreted and membrane bound mucira)d glycosaminoglycans (or proteoglycans) in which
the glycan structure is also attached to Ser or Thr but differs f@sghycans by consisting of
linear molecules which are often sulfat€d35437) Lipid glycosylation is also common and
results in the production of glycolipids, represented by glycogbligds and glycosphingolipids
(438) Other subtypes of glycoconjugates include glycosylphosphatidylinositol-l{@¢L)
proteins, which are proteins that bear a glycan linked to phosphatidylino$#89) An
additional form of protein glycosylatioi©{GlcNacylation) occurs in the cytoplasm and consists
on the modification of Seand Thr residues on cytoplasmic and nuclear proteins with
N-acetylglucosamine (GIcNA@)40) Protein O-GIcNAcylation is a shelitved highly regulated
posttranslational modification with multiple functions that has been shown to be necessary for

the viability of mammalian cel(gl41-443)
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Figure 1.3 Glycosylation generates diverse structuregich exist incovalent complexes with proteins
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constituents of extracellular matrixeReproduced with copyright clearanfrem (434)
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1.2.2.1N-GLYCOSYLATION

Among the various mechanisms of protein ptrsinslational modification, glycosylation is
considered to beone ofthe most prevalent. It has been predicted that more than half of all
eukaryotic proteins are glycoproteins and that about 90%me$e carryN-linked glycang444)

This high frequency dfi-glycans in glycoproteins (that often covefaage fraction of thecell
surface) makedN-glycosylation an extremely important pesanslational modification in
eukaryotic cellg445)

N-glycosylation is a complex biosynthetic process that is shared by the ER and the Golgi
apparatus. It consists of the attachment of oligosaccharite Asn residues within the
consensus sequence AXiSer/Thr where X stands fany amino acid other than proling45

448) The first stage of thé&l-glycosylation biosynthetic pathway in mammalian cells involves
the assembly of a 12 f A 32 &1 OOK | NHgRS 1.4 Thiz ddteéoligaksdharidechas a
clearly defined structure and is composed of a branched oligosaccharide unit made of three

glucoseqGlc) nine mannosefMan)and twoGICNAd445, 446, 449, 450)

Glucosidase | =

Glucosidase ”< J ER a-(1,2)-mannosidase |

. Mannose (Man)
@ Giucose (Gle)
. N-acetylglucosamine (GICNAC)

N ———Asn-X-Ser/Thr——C

Figure 1.4¢ Structure and composition of théN-linked core oligosaccharideAs depicted in the figure,
the core oligosaccharide has a common structure in all eukaryotes and is composed of a branched
oligosaccharide unit made of three Glc, nine Man and two GIcNAc.
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This core oligosaccharide structure is assembled in a mem#isawmed dolichylpyrophosphate

lipid precursor and results from the activity of monosaccharyltransferase enzymes that are
located on both sides of the ER membrgnd5, 449, 450)The synthesis of this core structure
begins on the cytosolic surface of the ER membrane with the addition oGileldAcand five
Manto the lipid carier. The oligosaccharide is subsequently flipped to the luminal side of the
membrane where the addition of the additional foMian and three Gltakes placeKigure 15)

(445, 446, 451)

When the nascengrowing polypeptide chain arises from the translocon into the lumen of the
ER, the oligosaccharyltransferase (OST) complex enzyme that is in association with the
translocon complex catalyses the transfer of the core oligosaccharide to the side chagrenitr

of the Asn residues of a protein through Brglycosidic bondHigure 15) (445, 451, 452)The

OST scans the emerging polypeptide for the consendlglycosylation sequence
(AsnX-Ser/Thr) and recognizes it in a specific conformation that is transiently achieved when
the protein is emerging from the transloco(47, 448) The required conformation is
characterized by the formation of a loop in the polypeptide chain so that the hydroxyl groups of
Seror Thr can interact with the Asn amide and render it more nuclébphThe required
formation of a loop stands as the reason why X {(&&er/Thr) can be any amino acid other that

proline as the presence of this amino acid prevents the formation of such(4et 446)
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Figure 1.5¢ Assemblyof the dolichylpyrophosphate lipid precursoffor the initiation of N-glycan
biosynthesis in the ERThe core oligosaccharidstructure is assembled in a membrabeund
dolichylpyrophosphatéDolP)lipid precursor and results from the activity of monosaccharyltransferase
enzymes that are located on both sides of the ER membrasieg nucleotide sugars (UHcNAC or
GDPMan) (ypper part) Once on the ER lumen, elongation of the oligosaccharide involves lipidB-(Dol
Man or DolP-Glc) instead of nucleotide sugars as donor substrates (lower patten the nascent
growing polypeptide chain arises from the translocon into the Ilumefh the ER, the
oligosaccharyltransferase (OSdgmplex enzyme that is in association with the translocon complex
catalyses the transfer of the core oligosaccharide to the side chain nitrogen of the Asn residues of a protein
through anN-glycosidic bond Adapted fom (453)
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After the translocation to the lumen andhe cotranslocational modification with core
oligosaccharide structusfFigure 1.@), proteins initiate the process of goanslational folding
with the assistance of Eflycanbinding proteins(446, 453) This process begins with the
removal ofthe two outermost Glaesidues from the core oligosaccharide structure kiye
activities ofh -glucosidase &nd Il(Figure 14). The resultingnonoglucosylated oligosaccharide
is then recognized by the chaperones calnexin and/or calreticulin that compodeRbtein
quality control systenfFigure 1.®) (445, 451, 454156). These homologous ER lectins sequester
the newly synthesid glycoprotein andtogether with the oxidoreductase ERp5a¢t as
molecular chaperones promoting correct folding, preventing aggregation of folding
intermediates, blocking premature oligomerization, regulating ER degradation and providing
quality controlby preventingexit to the Golgi apparatus of incompletely folded glycoproteins
(445, 451, 45457). The calnexin/calreticulichaperonedlissociate from theproperly folded
glycoproteinsvhen the remainingslcat the core oligosaccharide is removedbglucosidaseél.

In contrast, if a protein is not foldexbrrectly, it is recognized bthe glucosyltransferase uridine
diphosphate glucose: glycoprotein transferadgGGT)which re-glucosylats the unfolded
proteins, functioning as a folding sensor in the cyEligure 1.6). There-glucosylaion of the
glycoproteirs leads tae-associatiorwith the lectins and the cycle is repeated until the protein
achieves its proper foldin@54, 458460). If glycoproteins fail to fold or to oligomerizbgy are
retained in the ERnd targeted for degradation b¥RAD (ERssociated degradatior(fFigure
1.6d). This processencompasses three functionally distinct steps: the recognition of a
glycoprotein adbeingmisfolded, its retretranslocation to tke cybplasm, and the subsequent
ubiquitin-dependent degradation by the proteasor#61-466) This is crucial fopreveningthe

accumulation of unsalvageable, misfolded protehrest couldbe toxic to the cel445, 457, 467)
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Figure 1.6¢ Glycoprotein biosynthesis and quality control in the ERhis figure depictqa) the
cotranslational glycosylation of proteins as they emerge from the translocon into the ER lumen by
oligosaccharyltransferase (OS®) the quality control for correct protein folding that is initializeg
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being recognized by the lectins calnexin or calreticulin which act in complex with ERp57 and assist the
proteins to properly fold. Dissociation from the lectioscurs by removal of the last&lesidue from the
core oligosaccharide. Additional folding assistance is mediated by theldVER chaperone BiRVhen
correctly folded, glycoproteins are transported to the Golg); the reentry of incompletely folded

glycoproteins into the quality edrol cycle through

reglucosylation by the folding sensor

UDRGIc:glycoprotein glucosyltransferase (UGG Td))tHe disposal of glycoproteins that fail to fold or to
oligomerize, which are targeted for proteosomal degradation through consecutive mainiroseing by
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When correctly folded, a glycoprotein is no longer recognized byJB&Tand isallowed to
leave the ER and move to the Golgi appard#b, 446, 453, 459 he tansport offolded
proteins to the Golgi is further promoted by removal bfanby (i K S -@,2)médnnosidase. |
The altered glycan structure in the protein resultsbinding by the cargo receptor ERolgi
intermediate compartment 5XDa potein or lectin mannos#inding 1 (ERGI&3) which
facilitates the transport of proteins from the ER to the-G8lgi intermediate compartment
(ERGIC}468473)

Once in the Golgi apparatus, the glysamdergo further trimming, processirend elongation

by numerousglycosidases and glycosyltransferasegh asN-acetylglucosaminyltransferases
(GnTs)galactosyltransferases, sialyltransferases and fucosyltransferiBese enzymesact in

a stepwise manner, adding specific monosaccharides to specific sites inveellesychestrated
fashion(445, 446, 474, 475The resulting glycoproteins are then directed to theéd@stination
which may involve integration into the cell membrane, incorporation into lysosomes or
secretion(449, 474)Glycoproteins have multiple biological roles which are modulated by th
nature of their glycan modifications. For instancegell biology is profoundly influenced by the
Mgat5 gene product, GV, which catalyses the formation of teteantennary complei-glycan
structures Figure 1.7 and will be further discussed in thelsequent sections of this thesis
(476, 477) When mature, allN-glycanshave in common the same core oligosaccharide
sequenceMan-"-(1,6-{Man-h-(1,3}]JMan-i -(1,4}GIcNA€ -(1,4)}GIcNA6 -AsnX-Ser/Tht and
can be classified into three main groups: oligomannose orinighnose which display onlifan
residues attached to the core; complex type, in which branched structnitésted by GnTs are
attached to the core; and hybrid type, in which ordan resdues are attached to the
Man-h-(1,6) arm of the core and one or two branches are on the Ma#,3) arm(Figure 1.7

(475)
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Figure 1.7¢ N-glycan structural diversityAs depicted in the left panelhé N-glycosylation pathway begins in the ER with the addition of the core oligosaccharide structure to the
protein backbonecatalyzed bythe oligosaccharyltransferase (OSFurther elongatiorand branchingof the glycan takes place in the Golgi apparatus through the activities of
numerous enzymes, namely tiNacetylglucosaminyltransferases I, II, I, IV and V (GgiVg)g rise to a diversaray ofstructurallydiverse glycansslycan epitopes with relevant

biological implications are depicted in the purple boxedapted from(478)
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Each potentiaN-glycosylation site of a protein may carry diverse types of oligomannose, hybrid,
and compledN-3f @ OF yas NBadzZ G6Ay3 Ay GKS LKSy2YSyz2y
the high number of different possiblistructures that may be displayed by the same position of

a given protein. The composition and structure of the glycans carried by a protein at a given time
is highly influenced by multiple factors including environmental conditions, infection and the cel
and tissue by which it is being expressed. Morepieglycosylationin the Golgi apparatus is
controlled byseveral factors. These inclutiee availability of the nucleotidsugar donors; the
expression of the enzymes involved in the biosynthetic prectse competition between the

enzymes for common substrates athak catalytic requirement$474)
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1.2.2.2CHARACTERISTICSO@FalNAGGLYCOSYLATION

Protein O-glycosylation consists dhe posttranslational attachment ofmonosaccharides or
glycan structures to Ser or Thr residues of the protein backl§én@, 480) There are multiple
types of Olinked glycans (e.gO-GalNAc,0-GIcNAc,O-h-Fuc, O -Glc, G4 -Gal) Of these,
O-GalNAc ione of the most commonThis type of glycosylation has been reported to be
particularly frequent onsecreted and membranbound mucins that are rich in Ser and Thr
residues(414, 479, 48Q)The biosynthesis db-GalNAc glgan structures is initiated with the
transfer of N-acetylgalactosamine (GalNAc) framnidine diphosphate WDB-GalNAc to the
protein backbone by one of several polypeptiddl-acetybalactosaminyltransferases
(ppGalNACT)Ihe glycan structure can then be extended by addition of galactose GalAc

or GANAc to thenitial GalNAc residue leading to the production of eight core structiiigsife

1.8) (479, 480) The different core structures have been found to be differentially synthetized by
different tissueswith core 1 and 2 being the most common, core 3 and 4 being mostly found in
mucins and core-8 being very rar€479, 480) The addition of the first GalNAc to the protein
results in the formation of the Tn antigen which can be directly sigigléo originate the
sialytTn (STn) antigen. In normal glycoproteins the frequency of these antigens (Tn and STn) is
very low and increased expression of these structures is associated with ¢ahden 79, 480)
Synthesis of the core @-glycans (also known as Thomgeniedenreich, T antigen) is catalysed

0 & O2K®-gamctdsyltransferase (C1GalT) and is dependent on the expression of the
C1GalT specific molecular chaperone Coé484d-483). The T antigen is not very frequent in
normal cells because, once it is formed, it is either sialylated by sialyltransferases or converted
into core 2 structures throgh substitution vith GIcNAc by the core 2

i - (1,6)N-acetylglucosaminyltransferag€2GnT)The core 1 and core@glycan structures can

be further processed by multiple enzymes through the addition of different sugar residues
including fucose (Fuc), GIcNAc and sialic gdid8, 480) As for theN-glycosylation pathway,

the O-glycan structure to be displayed by a certain molecule at a certain time is variable and
dependent on multiple factors, in particular the atadility of the sugar donor substrates and

the expression, activity and location of the enzymes in the G&¥§i, 480, 484, 485)

Protein glycosylation is ubiquitous in mammalian cells displaying tissue andpeeific
features. One of the goals of thighesis was to identify particular glycan expression
characteristics that could represent a distinct feature afed when compared to their

conventional counterparts.
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Figure 18 ¢ Structural diversity ofO-GalNAc glycan structured\s dejicted, the biosynthesis 0B-GalNAglycan structures is initiated with the transfer of GalNAc to the protein
backbone by one of several ppGalNACT. The glycan structure can then be extended by addition of Gal, GIcNAc or Galial BalAc residukeading to the production of
eight core structuresThe core structures can be further modified giving rise to diverse structures. Glycan epitopes of biological relevargetackid¢he purple boxedapted

from (478)
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1.2.3. GLYCANRUNCTIONS

Glycosylation generates an enormous repertoire of glycan structures whose variety derives from
the nontemplate based biosynthesis described above, the availability of sugar substrates and
the cellspecific variable expression levels and intracellulartlonaof the enzymes involved.
Glycans are involved in great manydifferent biological functions with each glycan playing
different roles according to the molecule to which it is attached, the tissue where it is located,
the developmental stage and thedbdgical context. The extracellular location of many glycans

reflects their significance for diverse cellular interactiéh30, 486, 487)

The biological functions of glycans include the maintenance of cellular structural integrity;
glycoprotein folding and quality control; modulatioof protein solubility, stability and
susceptibility to enzymatic degradation; intracellular and intercellular communication;
regulation of receptor activation and signal transduction; and-gelfi recognition. In the latter
role, glycans and glycoproteifiequently act adigandsfor viruses €.g.herpes simplex virus),
bacteria (such ablelicobacter pyloiin gastric mucosa colonization) and tox{@#80, 431, 478,
486-491) Having so many important functions, structural changes to oligosaccharides may
interfere with key aspects of cell biology including proliferation, migration, differentiation and
tumour invasion, as well as hagtathogen interactions, cell trafficking, and tramembrane
signalling(492). Therefore, glycan alterations that take place in response to environmental and
genetic stimuli have been described to often correlate with the acquisition of altered cellular

phenotypes(430, 431)
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1.2.4. LETINS

For over 100 years, specialised proteins have been identified in virtually all living organisms
(including fungi, viruses, bacteria, plants and animals) as having specific and reversible binding
affinities for glycan structures. Such proteins are refeteds lectins and differ from antibodies

and enzymes in their structural and functional featu(é93-495) The classification of lectins,

due to their enormous diversity of structural, functional and binding specificitias, yet to

come to a consensyd94) The different classifications proposed so far include systems which
are based on lectin carbohydrate binding and specificity, on primary sequemmeldgy, on
topological similarities and on structural featur¢494) However, none of these systems

accommodates all known lectiri494)

The molecular recognition and binding of glycans by lectins provides a mechanism for an
organism to identify and decode the biological information encrypted in its cellular glycome and
to distinguish it from that of other organisn{g¢31) Moreover, lectinglycan interactions are
implicated in the regulation of many physiological and pathological processes including
fertilization, immune responses, viral replication, parasitic infection,coeditrix interaction,

celiccell adhesion and enzymatic activi#g94, 496501)

Elucidating glycan recognition is a challenging task given that the different building blocks are
not as distinct from eachther as amino acids, that they contain a limited number of functional
groups to modulate recognition and also that they display branched structures with inherent
flexibility (502) The specificity and affinity of lectinteractions with their glycan ligands are
determined by the structural and chemical features of their glybamling domaing503-505)

Most lectins possess multiple binding sites (multivalence) with distinct spatial distributions in
the protein which, together with steric exclusions, confer its carbohydbéneling specificity

(494, 502) Lectinglycan interactions can occur through hydrogen bonds, metal coordination
02yRaxX @Fy RSNJ 2+l ftQa FyR KE@RNRLK20AO Ayl
carbohydrat play a fundamental role in the specificity of the interaction by acting as acceptors
and donors of hydrogen bonds. The interactions established may be further enhanced by
stabilization of the lectin conformation by water molecules anét,®ar?*and Md¢*cations(494,

506). The affinity of lectirglycan interactions is usually low with dissociation constants (Kd) in
the millimolar range(502) In some cases, the affinity of leciyjtycan interactions can be
increased when, in addition to the primary binding siteagaition of a specific monosaccharide,

sub-site binding to other sugar residues of the glycan oc¢@4, 502) The multivalent nature
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of many lectinglycan interactions can be particularly relevant in the biological context by
promoting the clustering of thglycancarrying molecules at the surface of the cell and, thus,

mediating a modulatory effect on the signalling events trigge&ai-509)

Therefore, the carbohydrateinding properties and specificities of lectins can be extremely
valuable for glycoanalysis and have been extensively utilised in the field of glygybiGleer

the years, a wide variety of plant lectins have been identified and introduced into various
analytical and diagnostic approachd98, 499, 51413). Lectins can be used for the purification

of bioomolecules using methods such as affinity chromatography on immobilized lectin columns
for the fractionation of glycoproteins or oligosaccharidé4l, 514, 515)Their carbohydrate
binding propeties represent valuable tools in cancer diagnostics having been employed for the
identification of glycosylation chges that occur in malignant transformatiofsl6) One of the

best established applications @dtinsin clinical medicine is their usir blood group typing

The antigenic determinants of AB@blood groups are specified by the identity of the terminal
monosacharides that compose a common oligosacchariieeH antigen is represented by the
disaccharide FFuch-(1,2)D-GaH m KA OK Kl a 0SSy ¥ 2the&tindi2 06S
Sambucus nigrdJlex europeuand Anguilla anguillaThe A antigen is formed with the addition

of DD I f b ! -@,3inkagé to the Gal of the H antigen structure and is a ligand ®tetttins
Phaseolus limensigOtola lacteal and Crotolaria striata Modification of the H antigen
oligosaccharide withID I £ -(IA3flinkage to the Gal of the H antigen structure originates the

B antigen which is recognized 8yiffonia simplicifoliaPtilota plumoseand Salmo salatectins

(510) The glycoprofiling applications of lectirdso includetissue identificationby lectin
histochemistryand caegorization of cell stagdsy flow cytometrythat have been employed in

the study of diverse biological samplgal2, 513, 515622). Of particular interest to this study,
such methods have been used by other research groups to idegji€psylation changahat
accompany thymic differentiationnal alsathose a&sociated withl-cell apoptosig424, 520, 523

526). Recently, large panels of lectins have been incorporated into microarray platforms which
can be applied for the higthroughput piofiling of diverse biological samples such as intact
microorganisms and eukaryotic cells as well as extracellular ve&elg529) In this thesis, the
characterisition of Freg and Fconv cell surface glycosylation profiles was performed by flow

cytometric evaluation of lectin binding to the populatiorisnterest.
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1.2.5. GLYCOSYLATION AND IMMUNITY

Cell fate and function are dictated by changes in gene expression, protein production,
metabolism and postranslational modifications, with the latter being increasingly recognized
as a key determinant of cellulfmnction (476) The posttranslationalmodification of proteins

with carbohydrates by the glycosylation pathways can have profound influence on their
structure and function due to the modulation of inteand intramolecular steric effects and
also on the production of ligands for glyebimding proteins(431) In fact, glycan function not
only relies on the specific molecule to which it is attached but also on theaittions that are
established between the glycan motif and glydzinding proteins such as galectins, sialic acid

binding immunoglobulidike proteins (siglecs) andt@e lectin receptors (CLRS).

The proper development and function of the mammalian inmasystem depends both on the
dynamic regulation of the expression of glycan structures and glgiratting proteins as well as

on the interactions that arise between the(31, 478) Changes in the glycosylationtfgns

on the cell surface as well as of secreted molecules have been shown to positively and negatively
modulate the immune response by interfering with several fundamental processes. These
include the discrimination of self from neself; leukocyte migréon, homing and apoptosis;

B-cell receptor (BCR) and TCR activation; IgG Fc function and humoral immunitynédis@ed

antigen presentation; Band Fcell development through Notch signallingcdll differentiation

into different subsets; immune signialy pathway activatior431, 478, 490)

Glycan motifs play a crucial role in the recognition of#008 t T 0 a F2NBAIAYE O | y i A
certain glycan stretures expressed by microbial pathogens are commonly responsible for
primary activation of the innate immune system. This property derives from phylogenetic
divergence in the glycosylation machinery resulting in the absence of certain glycan epitopes in
different species. For instance, because humans, apes and Old World mdak&ythe
expression ofGath-(1,3)Gal disaccharidewhile other mammad express it abundantly, this
epitope has been identified as being responsible for antibodyiated rejection of
pigto-primate xenotransplantg530) Humans are also distinct from other species in their
inability to convertN-acetylneuraminic acid @uUAc) toN-glycolylneuraminic acid (NeuGc).
However, this sialic acid variant can be ingested in the diet and be incorporated into endogenous
proteins, eliciting the production of Neu&pecific humoral responseg31) Therefore,
abnormal production of lgcans has been implicated in the development of autoimmune

pathologies due to the recognition by the immune system of aberrant endogenous glycan
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structures as foreign antigens. In particular, the preventiohl-gfiycan maturation by absence

2 T -mannosidaell leads to accumulation of highannose N-glycan structures. These
structures are phylogenetically primitive and are recognized by manbmsgng lectin
receptors expressed by cells from the innate immune system resulting in a chronic
pro-inflammatory response that in mice causes an autoimmune syndrome that closely
resembles SLE32) Another example is the human Tn syndrome, an haematological-stdin
disorder in which mutation of the chaperon@eOSMGQeads to the synthesis of truncated
O-glycan structures (Tn antigen) which act as an epitope for the production of antibodies and
induction of cell lysis. Similar mechanisms of aberrant glycosylation are thought to play an
important role in the aetiology of the autoimmune kidney diseases IgA nephropathy and
HenochSchonlein purpurd482) Infectious agents have been reported to avoidedgion by

the immune system through the expression of glycans that resemble those expressed by the
host. Moreover, some pathogens are also able to interfere with the host glycosylation pathways

as a strategy to evade immune respon§g33)

Leukocyte trafficking both to the lymphoid organs during development and to peripheral
inflamed sites during immune responses is highly dependent on the establishment of
interactions with endothelial cells. These are required for the tethering and ralfingculating
leukocytes on the blood vessel walls and for the subsequent transmigration into underlying
tissues. The surfaeexpressed selectins are members of the CLR family and represent, along
with their glycan ligands, major players in mediating tha@geractions between the leukocytes

and the endothelium. Therefore, the regulation of selectin expression as well as of their glycan
ligands on endothelial and immune cell surfaces is crucial for leukocyte migration and homing
to different anatomical sdés (431, 478) The glycan structures recognized by the selectins are
sialylated fucosylated lactosamine core structures, the siawisX(sLé&), which is a ligand for

E and Rselectin and the &ulphosLérecognized by iselectin(431) These glycan motifs are
commonly found onO-glycans and their biosynthesis requires the concergativities of
multiple glycosyltransferases, in particulaf the fucosyltransferases FudIl and FuclV.
Therefore, individual or combined deficiency of the fucosyltransferases has been reported to
negatively impact immune cell homing and traffickingp34536) In addition,
inflammationdriven leukocyte trafficking has also been shown to be impaired in mice that lack
i KS SELINES a-@3)8afltrahferasekS$3Gal4 due to defective production of selectin

ligands(537-539) Moreover, the expressionf the carbohydrate motifs that act as ligands for
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the selectins by -Tells is differentially regulated during-cEll differentiation (discussed in

further detail in Chapteihree, section 3.6.

An important mechanism for the maintenance of immune homesistas the induction of cell
death by apoptosis both during immune cell development and also during resolution of immune
responseg540) Apoptosis induction in human-@ells has been shown t@sult in decreased
surface expression of sialic acids which correlates with increased uptake of the apoptotic cells
by monocytederived phagocyte$424) In addition, activated human CDZ-cells have been
reported to display increaseimountsof Tn antigen at their surface. This moiety acts as a ligand
for the binding of immunosuppressivétype lectin macrophage galacto$gpe lectin (MGL)
which, in turn, inhibits Tell effector function and promotes-dell death(425) Moreover,
galectins (galectid in particular) play a fundamental role in inducing€ll programmed cell

death as described in further detail @hapterFve (section 56).

During lymphocyte development, the maturation of both the BCR and the TCR involves the
posttranslational modification of the receptors with- and O-glycans. The carbohydrate
structures added during TCR and BCR glycosylatwa heen suggested to modulate their
cellular localization and trafficking, their intermolecular interactions and stability at the cell

surface and their activation and endocyto@S81)

During thymocyte development, the threshold for TCR activation is regulated by endogenous
galectinl which modulates TCR signalling strength and positive and negative selection events
(541) After T-cell maturation, the modification ofthe TCR withtetra-antennary complex
N-glycan structures (catalysed I®nTFV) promotes its association with galectihat the cell
surface which in turn regulates the threshold for activatidithe receptor(542) Abnormal TCR
glycosylation or disruption of its interaction with galee8irresultsin increased TCR clustering
and decreased threshold for TCR activation which culminates in increasell immune
responses and enhanced susceptibility to the development of autoimmune di$842¢ The
importance of GnV dependent complei-glycan synthesis in modulatingc@ll activation,
differentiation and function is further discussed in Chapaur (section 4.6 and is summarized

in Figure 1.9 Moreover, the modulation of-€ell activation is not only mediated by TCR glycan
modification as MHI N-glycosylation is required for binding @presentation of glycoantigens
(543)
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Figurel1.9 ¢ GnTFV mediated glycoswtion negatively regulates -Eell growth firstly by raising ell
activation thresholds and later by enhancing CFiAnediated growth arrest.In naive resting -€ells,
galectin3 is chemically crodinked to the TCR in a Gividependent fashion resulting in an increased
threshold for TCR activation that results from the prevention of spontaneous clustering of the receptor at
the immunological synapse. When MHC/peptide complexes overcome gaBectimpetition for TCR
binding, Tcells are activated and TCR signalling enhances the synthesis chmédranary complex
N-glycans (through wpegulation ofMgat5 gene and GnV expression). This leads to growth arrest
through increased surface retention of CTAAICNAc supplementatideads to increased activity of the
hexosamine pathway which mimics the outcome of TCR activafidaped with copyright clearance
from (544)

Similarly, galecti#8 can also control the effector activity of activated cytotoxic Chéells by
precluding the cdocalization of the TCR and CD8 and thus decreasing the binding of the
receptor to MHC/peptide complexes. The reduced effector activity that results from this has
been shown to be reversed when interactions with the galectmendisrupted in the presence

of galectin 3specific glycatigand mimetic4545)

On Becells, the threshold for BCR activation is modulated by the interactions established
between the receptor chains and other glycoproteins at the surfaiceparticular the lectin

CD22 (sigleR). This member of the siglec family is exclusively expressedcetisBand has an
inhibitory effect on BCR activatiqh46, 547) The glycan ligands for CD22 are synthetized by
h-26yaAl t 8t GNFryaFTSNIrasS {¢cDIfm KA QXKG)ioKagetof 8 &8 S &
Galresidues. This glycan configuration can be found on several glycoproteins including CD22

(548) It has been reported that CD22 preferentially recognizes the expression of the glycan
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motif on neighbouring CD22 molecules to fotmomotypic CD22 complexg$49) While
absence of CD22 expression results in dysregulation of BCR signalling and increabed B
responses, loss of CD22 glycan ligands due to ST6Gall deficiency results in reduced BCR
activation and humoral immunit{p48, 556552) The decrease in antibodgediated immunity

was found to result from increased association between the BCR and CD22 in the absence of the
glycan motif which leads to localization oktheceptor at clathrirenriched micro domains and

increased BCR endocytoigl8, 551, 552)

After activation, Bcells produce and secrete immunoglobulins (Ig) which are glycoproteins
(553) The glycan linkages present in IgG have been described to influence its effector functions
by modulating the binding to Fc receptors and to complement component 1q (C1q) as well as
complement activatior(554, 555) The identity of the glycans present at the Fc domain of the
antibody play a crucial role in determining the type of immune response to be elicitedtsace
glycan motifs dictate the binding affinity for different Fc receptor proteins. For instance, IgG
displaying tycan structures devoid of core Fskhowincreased affinity for Fc gamma receptor

C O whicH triggers antibodylependent celmediated cybtoxicity (ADCC)556, 557)
a2RATAOFGAZ2Y GAGK 0A&aSOGAYy3 Df Ob! O &aidNHzOG dzNB
ADCC but also neutrophicruitment and is involved in the development of collageduced
arthritis (558560 Ly O2y GNJ a0z {26Nikagg hak beaniassocaated withh 2 y
anti-inflammatory immunoglobulin properties which are believed to be m#s through
engagement by the CLR dendritic eglkcific intercellular adhesion molecte grabbing
non-integrin (DESIGN) expressed by macrophages @ds which in turn promote the
anti-inflammatory response (561-563) Inhibition of complement protein CEdriven
inflammation has been shown to be medidtdy IgG1l comples which mustbe hghly
galactosylated to have thisuppressive effect(564) The importance of this complex
glycandependent regulation of humoral immunity is further evident by the multiple
observations of abnormal immunoglobulin glycosylation in autoimmune and inflammatory

diseaseg553)

Lymphocyte development and lineage commitment are regulated by Notch signalling which in
turn is regulated by glycosylatiqb65) Notch receptors are podtanslationally modified with
O-Fucby a proteinO-fucosyltransferase Pofutl with this glycan modification being essential for
their signalling in mammalian celig22, 566, 567)The activation of the Notch receptors is
further regulated by extension of thHe-Fucresidue byGnTdelonging to the Fringe family wdin

add GIcNAc residues to the Fithe resultanO-FuecGIcNAc moietgan be further modified by
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addition of Galand subsequently sialic acifg68) Even though it is yet not fully understood,

the differential regulation of Notch receptor signallinguariousglycosyltransferases has been
shown to interfere with thymic -Eell development as well as with the formation of
marginaizone Bcells in the splee(665) The influence of glycosylation irc€ll development is

not restricted to modulation of Notch signalling as changes in glycosylation have also been

detected in the differenstages of Tcell life which are described in Chapiéree (section 3.1).

On DC, modification of cell surface molecules with sialic acids has been reported to change with
their differentiation and activation stat€569571) Highexpression levelsf sialic acids have

been associated with a tolerogenic phenotype and are decreased upon DC actii@tion
Indeed, removal of cell surface sialic acids by neuraminidase treatment triggers DC activation,
leading to transcriptional changes that promote priflammatory and Thiype immune
responseg375, 569)

The relevance of glycosylation for immune cell signalling is further evidenced by the
development of an emphyserdike disease in mice which lack the expresswminthe
fucosyltransferase Folet LLL ® ¢ KA & RS T A O[SYnked coneBuasyrithésis A y
which leads to impaired activation and signalling through-TGF NJ G |5d33Mbajeover,

not only loss of glycan modiation but also gain of new glycosylation sifleg genetic mutations
which generate new consensus sequeneeay have an impact in regulating receptor activation
and signalling transductiorizor instance, novel glycan modification of the interfegamma

receptor2(IFN wH O & | NBadzZ G 2F 3ISySimundingEis GA2Y

Taken together, these multiple exampléighlight the importance of glycosylation in the
development, maintenance and regulation of the immune system. Therefore, pathways
involved in shaping glycan structures and activities as well as those that influence the expression
of glycanbinding proténs can have a major impact on immune cell function. Despite the
knowledge acquired so far, there is still much to be understood about the mechanisms by which
glycan structures dictate the nature of immune responses and how the overall system is
regulated. In particular, little is known regarding-rég glycosylation and how glycan
modification may represent yet another phenotypic characteristic for the distinction of this
T-cell subset with regulatory activitietn this thesis, a comparative study was pemied to
assess the potential differences in the surface glycosylation characteristicegfifid fconv,

using lymphocyte isolates from multiple anatomical sites in mice and human peripheral blood

cells. In addition, activatiemduced changes in the gace glycome were also evaluated.
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1.2.6. T-CELL GLYCOSYLATION IN DESEAS

The effects of glycosylation changes on individual physiological processes is unpredictable being
dependent on the biological context and tissue environment in which they qd&) Loss of

genes related to glycosylation pathways leads to congenital disorders of glycosylation in humans
and mice and frequently results in severe pathology when not embryonically (@®a) 533,

575). Glycosylation changes have also been associated with iredeassceptibility to cancer
development (434) allograft rejection(576) autoimmunity (431, 577, 578)infection and
inflammation (533) Multiple studies have reported a role for the effects of abnormal
glycosylation in the -€ell compartment which are involved in the susceptibility to and

development of different pathologies.

DefectiveN-glycosylation has been associated with the development of autoimmune diseases.
Mouse strains susceptible to EAE development display reddegigcan branching of-gell
surface molecules that are associated with TCR hyperactivity which wdtyretcounts for the
observed inflammatory demyelination and neurodegeneratiB/7) The promotion of
N-glycan processing by GIcNAc administration has been shown to suppcefispiiming, to
enhance CTLA surface expression, to inhibit Thl andl¥ immune responses and most
importantly, to inhibit EAE and autoimmune diabe{(®§8, 579) In addition, a large body of
evidence has accumulated demonstrate that a range of environmental and genetic factors
contribute to MS pathogenesis by dysregulating Niglycosylation pathway580) Moreover,

the same risk factors (IL2RA*T, IL7RA*C, 4TAIA17, and vitaminddleficiency) have also been
associated with T1D susceptibility, suggesting a role of defeddiggycosylation in this
autoimmune diseasd580) In fact, Fcells from norobese diabetic mice display deficient
N-glycan branching and the development of autoimmune diabetes has been shown to be
prevented by GIcNAc supplementatiqh78) A role for defective GnV expression and
synthesis of complelsranchedN-glycans has also been found to correlate with ulcerative colitis
(UC) severity. People with active UC display lower complexity oNIgBRan maodification in

lamina propria cells compared to individuals with inactive disease or healthy con@di4)

Aberrant expressin of core2 O-glycans on -Eells has also been reported in human disease. For
example, Tcells of people suffering from acutec€ll leukaemia (ATL) or chronidyphocytic
leukaemia (CTL) display increased amounts of these glycan sesigthen compared to resting
mature Fcells from healthy individuals. Similarly, people with Wiskdtrich syndrome (WAS)

show aberrant Icell O-glycosylation that correlates with immune defects that may result from

57



Chapter One

enhanced Tcell apoptosis due to thencreased expressn of core2 branchedO-glycang581)
Moreover, HIVL infection has been reported to promote decreased sialylation -okllB
resulting in increased display obre 2 O-glycan structures on the cell surface rendering them
more prone to galectifi-mediated cell death(582) Virus infectionhas been reported to
correlate with increasedexposure of corel O-glycan structure by CD8 T-cells which is
associated with increased endogenous neuraminidase expresEms glycome characteristic is
maintained upon clearance of infection enabling the discrimination between” @B&ory

T-cells from the naive CD&-cells which do nexhibit this phenotypg418)

aAOS (NI ya3s yaDfucdsgithhsirazy thiyuddevelop spontaneous colitis
showing altered glycosylation of the mucosal barrier while maintaining normal intestinal
permeability. However, colitis development in these animals was due to effects on their
lymphocyte compartment (abnormal thymus and Idymphocyte numbers with aberrant
phenotype) and was prevented by reconstitution with wild type bone mar{s88) In IBD, a
colitis-associated glycomegrel O-glycans) has been identified on colonic memory Qbzklls

that leads to the expangh of these cells and exacerbation of intestinal inflammatiesy)

It is evident, therefore, thathanges in -Eell glycosylation represent an important factor for the
pathogenesis of immunreediated diseases due to the crucial roles that glycans play in
regulating Tcell development, activation, differentiation and effector function. However, the
effects of such glycosylation defects onefy have yet to be investigatedh this thesis, the
effects of manipulation of-Teg surface glycosylation on the suppressive functions of #e T

subset were evaluated in the healthy state.
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1.2.7. T-REGGLYCOSYLATIQEURRENT KNOWLEDGE

Even though several studibave described some characteri®ns of Tcell glycosylation during
their development and activation, all but a few have failed to evaluateglas a distinct-Cell
subset. However, a considible limitation arises from the absence of consensus in the strategy
used for the identification and purification ofrég. For example, many studies have defined
CD4CD25 T-cells as ¥eg when, as previously discussed (section 1.1.2), the conventibdal C

T-cells can share that same phenotype.

Regardless of this caveat, MA@8BIified human PBM@erived CDACD25 T-reg have been
RSAONAOSR (2 SELINEBAAQ&HihkeKsialia daitdf widcd aré Sighérf &
up-regulated after polyclonal stimuii@n in vitro(571) In this study, the authors suggest the use

2 F-(2/6)linkedsialic acid as a potentially valuable marker faed identification. In aifferent
report, JiméneaMartinez et al. proposed the use of the lectidmaranthus leucocarpus
lectin (ALL) which recognize$&atGalNAcor GalNAcon O-glycan structures as a strategy to
identify human CD4T-reg (585, 586)However, the results described do not support treue

of such strategy for-feg identification sincéhe observed levels of lectin binding to the relevant
cells were very lowapproximately 50% of the CBZD25FoxP3T-reg were AL and more than
30% of the CDALL* T-cells were not Feg (586) Recently, the sialic acid terminal modification
of CD6N-glycans has been desbed to be essential for its association with the S100A8/S100A9

complex, which is necessary fordg differentiation from human PBM@S87)

In mice, it has been described thallo-antigen activation of Feg results in upregulation of
h-(1,2ymannosidase expression at the transcriptional level. In additiaive CDZD25T-reg
displayed higher cell surfadé¢glycanexpressiorwhen compared to the CD@D25T-conv and
N-glycansexpressionwas further upregulated uporin vitro activation. Moreover,in vitro
inhibition of h-(1,2ymannosidaseactivity with kifunensine (KIF) treatment led to decreased
expression levels of -fleg surface N-glycan structures. Even though blocking of the
N-glycosylation pathway with KIF was shown to have no impact in the ability of-teg ©
suppress CDZD25T-conv proliferation, it had a negative impact irrdg ability to adhere to
intercellular adhesion molecule (ICAM) and mucosal vascular addedkadhesion molecule
(MADCAM)in vitro. The impaired ability of Kiffeated Treg to adhere to physiologically
relevant ligands was further corroborated by thevivoobservation that Treg homing to the
lymph nodes and ability to prevent skin graft jgetion was compromisedwhen

h-(1,2ymannosidasewas inhibited Taken together, these results support thalto-antigen
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activation of Treg leads to upregulation df-(1,2ymannosidaseexpression with increased
modification of surface molecules witk-glycans that are required for-fEg migration to the

site of inflammation and prevention of allograft rejection in m{B&6)

Glycosylation can also play an indirect role-red biology by influencing DCs to be tolerogenic
and to promote Treg differentiation. Recently, Perdicchéb al. have shown that exposure of
DCs to sialylated antigens (siatigens) prior to ceculture with naive ells leads to reduced
differentiation of IFN' * and TNFeffector Tcells and significantly increased induction ofed.
Moreover, anin vivotolerogenic effect with reduced effector-gell numbers and enhanced
T-reg frequencies was also achieved in mice, both by adoptive transfer of thatgignpulsed
DCs or by administration of sitigen alone. Of note, the induction of tolerance could be
achiewed both under homeostatic and inflammatory conditiorf888) Another indirect
glycanmediated mechanism for -leg induction has been reported whereby galeetin
contributes for the expansion ¢f-10¢producing Freg in mouse models of autoimmunity, foetal
loss and cancgb89591)

Given the crucial role of-feg for immune homeostasis and the increasing evidence of the
relevance of glycosylation in modulating immune responses, it shouttf mgerestand value

to better unravel the role of glycosylation onrdg biology.In this thesis, the surface
glycosylation of Feg was investigated using widedgcepted strategies for identification of
both murine and human-fieg with the intention ofnvestigating the roles of glycan expression

in T-reg phenotype and function.
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1.3. AIMS
1.3.1. RATIONALE ANDOVELTY

The relevance of -fleg suppressive function for the control of immune homeostasis and
maintenance of tolerance is indisputable. Despite hauegn ignored for some time, the
importance of glycosylation for cellular biology is becoming increasingly evident. A large body
of evidence shows that there are multiple roles for glycan modification in the development,
trafficking and function of-Tells However, the differences in the surface glycosylation between
T-reg and the other CD4I-cell populations that may underlie their different biological roles

remain poorly explored.

1.3.2. MAIN GOAL

The main goal of this study was to characterize the surfaa®gylation characteristics ofrég
and to determine how the surface glycan expression profile -ofgrl correlates with their

suppressive functions.

1.3.3. HYPOTHESES

I.  Surface Freg glycosylation is distinct from that ofcbnv and is altered upon activation.

Il.  Differential expression of surface glycan epitopes eed is associated with distinct
T-reg marker expression and suppressive abilities.

lll.  Manipulation of the Treg surface glycome has a negative impact eaglrsuppressive

functions.

1.3.4. SPECIFIRIMS

I. Identify glycosylation characteristics that distinguisine from TFconv in mouse and
human and evaluate changes in glycan expression that occur in responseetb T
activation.

II. Determine the relationships between-rég surface glycosylation profile and their
phenotypic and functional characteristics.

lll.  Evaluate the effects of altered-rég surface glycosylatioon their phenotype and

function.
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Detailed information on the ragents, materials, antibodies, letns and media/buffer

formulations, used in this project, can be found pp&ndies I to VI.

2.1. C57BL/6 FOXR&FP MICE AND ETHICAL APPROVAL

C57BL/6 FoxPTeCt GNJF ya3aSyAO0 YAOS 6SNB 3ISYySNI (SR
Marseille(592) and kindly provided by Dr. Karen English, Institute of Immunology, Maynooth
University, Ireland. These animals are genetically modified so that their cellsssgphanced
green fuorescent proteineGFPwhenever FoxP3 expression is triggered, \@BFP expression
being under the control of the same promoter as the FoxP3 gene. Hence, the identification of
T-reg from these animals is achieved 6gFP expression evaluatiavithin the CD24 T-cell
population (Figure 2.} (24) Experimental animals were housed and bred in a specific
pathogenfree facilityin the biomedical research unit (BRU) at National University of Ireland,
Galway (NUIGand were euthanized for lymphoid organ collection al® weeks of age.
Humane killing was performed by the chemical method ob @&§phyxiation for which the
animals were placed in a @Ghamber and subjected to a e@ow rate of 20% chamber
volume/minute until unresponsiveAll animal procedures were carried out under individual
authorization from the Health Products Regulatory Authority of Ireland and were approved by
the NUI Galway Animal Care Research Ethics Committee as well as the EnvironmestabRrot

Agency of Ireland@MO Register Number 532).

SYTOX® Blue

FSCA FSC-A FSC-A CD4 (APC) FoxP3 (eGFP)

Figure 2.1¢ Gating strategy for flow cytometric analysis @GFP expression andrég identification in
sampks isolated from C57BL/6 FoxP&EP miceCells were gated on the lymphocyte population
according to cell size (F&G and complexity (SS9, followed by cell aggregate exclusion by gating on
the single cell population [linear correlation between area ARy@ndheight (FCSH)]. The CD4T-cells
were selected based on ariD4APC binding and were further subdivided according to FoBEH)
expression into Tonv €GFP and Treg €GFP).
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2.2. HUMAN BLOOD SAMPLES AND ETHICAL APPROVAL

Peripheral blood samplesere collectedfrom a total of 13 adult volunteergith no current

symptoms of illness or prescription medication use and no chronic medical conditions.
Volunteers were aged between 24 a6d years The cohort consisted of 8 females and 5 males.

Blood samplesvere drawninto IGEDTA BD Vacutainer® tubesimdically qualified personnel

using standardrenepuncturetechnique. Collection of blood samples wasried out following

informed consent at NUI Galway under a protocol e§tiR & L YYdzy2f 23A Ol f NN
healthy hwl y 6 f 2 2tRat v@d$ Bdpraved, along with associated documents and
procedures by the NUIG Research Ethics Committee on 30/4/14 (Protocol No. 14/MAR/01)

Samples were processed within 1 hourcoflection.

2.3. MURINE EUK@YTE ISOLATION

Lymphocytes fronprimary and secondary lymphoid organs were isolated from 5 to 12 week old

mice. Single cell suspensions from spleen and thymus were obtained by mechanically disrupting
0KS 2NHIY 0SisSSy G¢g2 LASOSa 2F wmpn 20Ml { ST I
syringe plunger. Lymph nodes (subcutaneous and mesenteric) were dissociated between the
frosted edges of two glass microscope slides. Bone marrow cells were obtained by flushing the
femurs and tibiae using a 27 gauge (G) needle filled with complétiere medium. The resulting

cell suspensions were individually filtered through a 40 um Sefar petex mesh to remove any
debris and cellular aggregates. Erythrocytes were depleted from the cell suspensions by
incubation with red blood cell (RBC) lysis bufte 4 minutes at room temperature. Peripheral

blood leukocytegPBLsyvere obtained from mouse blood collected paabrtem from the right

ventricle, to which the red blood cell lysis buffer was applied twice.
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2.4. HUMAN PERIPHERAL BLOOD MONONUCLEARBQ@EATION

HumanPBMCsawere isolated from blood samples by density gradient separattogu¢e 2.2.
Briefly, the blood samples were gently placed on top of 4 ml of FRemjle Plus® in a 15 ml tube
and were centrifuged for 20 minutes d250 RCF 20 °C, without acceleration or brake.
Postcentrifugation, the various cellular constituents of the blood were separated in individual
layers, with the PBMCs (monocytes, lymphocytes and thrombocytes) lying in the interface
between the plasma and the Ficoll. THBNFCs were carefully collected from the interface using

a 5 ml pipette and were washed with FACS buffer then pelleted by centrifugation for 10 minutes

at512 RCF20°C.

Layers before Ficoll spin Layers after Ficoll spin
Pl
Blood asma
[ PBMCs (interphase)
Ficoll
Ficoll Granulocytes

\/ RBCs

Figure 2.2¢ Method of isolation of humanPBMCdy density gradient separationThe Bood is layered

on Ficoll(left panel)and centrifuged. Postentrifugation (right panel) the PBMCs are enriched in the
interphase between thelasma and Ficoll layers, while the granulocytes and red blood cells (RBCs) are
pelleted under the Ficoll layeReproduced with copyright clearance frf03)
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2.5. FLOW CYTOMETRIC ANALYSIS OF BIOLOGICAL SAMPLES

Flow cytometry is a technology that allows quantitative and qualitative analysis of cell
populations at a sifg cell level, providing muliparametric data based on measurements of
scattered light and fluorescent signals produced by cells as they pass through a laser light source.
A cytometer is composed of different components: the fluidics system that trarsparticles

in a stream to the laser beam for interrogation; the optical system which is composed of lasers
that illuminate the particles in the sample stream and the optical filters that direct the resulting
light signal to the appropriate detectors; tiedectronic system responsible for the conversion of

the detected light signals into electronic signals that can be further processed by the computer

and correlated to structural and/or functional parameterkthe cells

In the flow cytometric analyses fdinis project, viability dyes were used, whenever possible, to
exclude dead cells from the analysis, to reduce auto fluorescence phenomena, to limit
background signal from the nespecific binding of antibodies to dead cells and, for sorting
experiments, ® ensure that only viable cells were purified. Viability dyes are-affshity nucleic

acid stains that readily penetrate dead cells whose membrane integrity has been damaged, but

not viable cells, allowing the accurate identification of noable cell{Figure 2.3A

In order to ensure accurate data acquisition, appropriate controls were used in all experiments.
Single stain controls for each fluorochrome, using compensation beads or cells, were used to
attain accurate median fluorescence intensities duptracting the spectral spill over of each
fluorochrome Figure 2.3Bfrom the detectors of the other fluorochromes. This process is called
compensation and is performed to correct for the overlap of a fluorochrome into a second

channel due to its fluorgcence spectrum (emission spectral overlap).

When performing intracellular stains, the specificity of antibody binding was confirmed by using
isotype controlsKigure 2.&). The isotype control is composed of the same constant region as
the test antibody,conjugated to the same fluorochrome, but lacking the variable region that
confers the antigen binding site. Therefore, any binding detected with the isotype control should
be low, conferring a quality control for the specificity of the antibody used, Heipgrtant to

rule out constant regiommediated binding and other negpecific interactions.

To properly establish the gates for data analysis, FMO (fluorescence minus one) controls were
prepared Figure 2.3). These controls consist of cells labelled with all the fluorochromes but
one, from which can be inferred the contribution of the different stains to background signal

into the channel for which the fluorochrome is missing. These are helpful to ascdrtam
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compensation was adequate and to enable the proper identification of negative and positive

populations for each fluorochrome.

In the NUI Galway Flow Cytometry Core facility, where all cytometry and sorting experiments
described in the thesis were dermed, quality control checks are performageklyon theBD
FACSAriali@ll sorter(Becton Dickinson (BD) Biosciences, San Jose, G&jndS)5 C! / { 5A @I
Cytometer Setup & Tracking Research Beads (CS&T beads)b&fiperformance checks are
performed before every sort. Laser delays, area scaling factorplastdmultiplier tube PMT)

voltages are adjusted to ensure that the performance of the cytometer characterised during the
baseline remains the same. These fpemance checks ensure correct functioning of the

cytometer and consistency in the cytometer performance.

A B
Without With
compensation compensation
o w
3 o o
m " E " E 10
) 5 s ‘
[« Q ' o Qv | |
= o o ;
0 " Live cells "
FSC-A APC APC
C D
40 L
. wd ) PE FMO Sample
30 " N _— .
llll 500 :'I ‘s‘ PE positive e PE positive
20 1 I 1 — ‘ .
: 1 . .
: i g -1
oy " P = =~ | &
T 200 [ .| = 1 -
i h aw P ?.
B Y 0 Y \ - =1 a
B s n wt o i ; O "1 .
CTLA-4 (PE) PHA-L (eF710) -w’ﬂ" PE negative 03 PE negative
= === ||sotype control == | FMO control FoxP3 (eGFP) FoxP3 (eGFP)
— T-reg — T-reg

Figure 2.3; Overview of the flow cytometric analysis of biological sampksowing examples of the use
of a viability dye for dead cell exclusifd), single stain control for compensatioB)( isotype control ©),

and FMO controls) required for proper data acquisition.
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2.6. IDENTIFICATION OF THE POPULATIONS OF INTEREST FROM MOUSE AND HUMA

ORIGIN BY FLOW CYTOMETRY

Cell suspensions obtained frorthe different mouse organs, or human PBMCs, were
re-suspended in FACS buffer at a final concentration of 16 ¥ell6/ml and individual samples
for flow cytometric analysis were composed of 1 Xddls. Identification of the populations of
interest was achieved by incubating the samples for 30 minutes, at 4°C, with
fluorochromeconjugated antibodies to label surface markers. Murine cells from spleen, lymph
node and peripheral blood origin were labelled with amibuse CD4 antibody whereas thymic
T-cells were additionally labelled with anthouse CD& and bone marrow Tells were
identified by the concomitant expression of CD4 and-TCRable 2.1) Intracellular expression

of the transcription factor FoxP3, indicated 88FP expression, was useddentify the Freg
populations Figure 2.4, A). Human circulating -Tells were identified by labelling the isolated
PBMCs with antibodies against CD4, CD25 and CDI2able( 2.} so that the
CD4CD12P"CD259" subset corresponded to the-fEBg populationand the remainder of the

CD4 cells were considered to be thecbnv population Figure 2.4G

After the labelling process, cells were washed with FACS buffer and analysed WBihg a
C!'/ {/ lofBOCw / {/ I YO YISHSNE .5 C! / { ®riddckinsondc
(BD) Biosciences, San Jose, CA, US) and FlowJo® v7 or v10 software (Tree (Gtan,Inc.,

Switzerland).
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Table 2.1¢ Staining strategies for flow cytometric analysis of CDRcells isolated from C57B&
FoxP3.6FP mousspleen, subcutanass lymph nodesmesenteric lymph nodes, thymus, bone marrow
and PBLs, and for hum&BMCs

Sample | | o
- Organ/Tissue Fluorochromeconjugated antibodies
origin
Spleen CD4APC
Subcutaneous lymph nodes CD4APC
C57BL/6 Mesenteric lymph nodes CD4APC
FoxP3.6&6FP
mice Thymus CD4APC + C2BAPCeF780
Bone marrow CD4APC + TCRAPCeF780
PBLs CD4APC
Human PBMCs CD4FITC + CD1HE + CD2BE.Cy7
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2.7. REGULATORYCELL EXPRESSION OF MOLECULES ASSOCIATIHE®W/IDENTITY
AND FUNCTION BY FLOW CYTOMETRY

Regulatory Icels are known to express a range of surface and intracellular molecules which are
important for Freg identity and also to mediate their suppressive functifiig 140142, 594)
Expression of a number of these moleculdalle 2.2 by freshlyisolated lymphocytes or
FAC$urified T-cell populations was evaluated by labelling the cells with antibodies against the
markers of interest. Cells were incubated with appropriate fluorochramepled antibodies for

30 minutes, at 4°C. For CHLAnd Helios expression, the initialrace marker labelling was
T21t26SR o0& AYGNFrOSttdzZA I NJ AdFrAyAy3a gA0GK NBf .
Reagent. Briefly, surfaestained cells were fixed by incubation with reagent 1 for 10 minutes at
room temperature followed by a washirstep. Permeabilization and intracellular labelling were
performed simultaneously by incubating the samples with reagent 2 and the desired antibody
for 10 minutes at room temperature. After washing wjthosphatebuffered saline PB$ the

samples were ainsferred to FACS tubes and analysed usBB@! / { / | Yyioeheter, Bl

C!'/ {5AQ8ln @c az2Fiél NB FyR Ct26W21t a2F0g6I NSO
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Table 2.2¢ List of molecules important for -Feg identity or known to mediate Treg suppressive
function for which expression by moadymphocytes was evaluated by flow cytometry.

Molecule
Full Name
(alternative name)
CD39 Ectonucleoside triphosphate diphosphohydrolase
CD73 Ecto5'-nucleotidase
PD1 (CD279) Programmed cell death protein 1

PDL1 (CD274/ BH1) Programmedieathligand 1

ICOS (CD278) Inducible Tcell castimulator

GITR (CD357/ TNFRSF: Glucocorticoidnduced TNFHRelated protein

CTLA (CD152) Cytotoxic T lymphocyte antigeh

Helios (IKZF2) Ikaros family zin€inger protein 2

CD103 Integrin, alpha E

GARP (LRRC32)  Glycoprotein A repetitions predominant

LAP (CD121a/CD121b] Latencyassociated peptide
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2.8.  SURFACE GLYCOSYLATION CHARACTERISATION BY FLOW CYTOMETRY

Surface glycosylation of freskigolated CD4 T lymphocytes from the different mouse
anatomical sites and of human PBMCs was performed by flow cytometric analysis of lectin
binding to the populations of interesFigure 2.9(571, 576) An HAtagged, engineered chicken

single chairfragment scFvA4, was also used for surface glycan characterisation.sEReA4

was kindly provided by Stephen Cunningham and Lokesh Joshi (Glycosciences research cluster,
Biomedical Sciences, NUI Galway) and has been demonstrated to be highly spetifec for
Gal-h-(1,3)-Gal terminal motif(595) After surface labelling with the appropriate markers for

CD4 T-cell identification and any other markers of interest for specific experimdrablé 2.2,

the cells were washed with FACS buffer andubated individually with a panel of 17
biotinylated lectins (see appendix V for list of lectin preparations) or with pustiedA4for 15

minutes, at 4°C. The cells were then washed with FACS buffer and stained for 30 minutes, at 4°C,
with fluorochrome-coupled streptavidin (SA) in order to detect the lectin binding. JebivA4
labelling, an additional step of 15 minutes incubation with a biotinylated-ldAtiantibody was
required, prior to the SA incubation. After a final washing step, samples avetigsed using a

BDC! / {/ I ofB2OA / { / | yOQR2AWR YISUSNE .5 C!/ {5A0Fn @c

software.
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Figure 2.5; Strategy for the flow cytometric analysis of the lectin binding to spleen derived Chédells.
Examples of the results obtained for some of the lectins used are shown. Dot plots and histograms show
lectin binding by theeGFP (T-reg) and eGFP (T-conv) CD# splenic Fcell populations and are
representative of 1 in 8 samples evaluated. The medidadrescence intensities of the lectin binding

are plotted in the graphs which show results for splenic cells from multiple animals for each(heetin

8).
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2.9. CD4T-CELL ENRICHMENT BY MAGNETIC CELL SORTING (MACS)

Purification of CD4T lymphocytes by MAGBas performed on cell suspensions from both
mouse spleen and lymph nodes and on human PBM&sed on previously described
methodology(596) Cells were resuspended in MACS buffer at a concentration of 1.1 % 10
cells/ml (mouse lymphocytes) or 1.25 X télls/ml (human PBMCs) and incubated with anti
mouse or anthuman CD4 microtaals, respectively, for 15 minutes, at 4°C. Microb&sdatlled

cell suspensions were washed with MACS buffeisuspended at 2 X E@ells/ml, filtered

through a 150 um Sefar nitex mesh and separated using MS columns and an OctoMACS®
separator according t& I y dzF I Ol dzZNBENR& Ay aidNHzOGA2ya o6arfis
suspensions were added to a column placed within the magnetic field such that the CD4
cell/microbead complexes were retained. The negative fraction was collected by washing the
column three times with 500 pl of MACS buffer, followed by removal of the column from the
magnetic field and elution of the CDZ%-cells by adding 1 ml MACS buffer and flushing the
contents of the column into a collection tube using the plunger provided @atth column. The
purified populations (over 97% pure) weresaspended in FACS buffer for further analysis or

washed and resuspended in complete culture medium for culture experiments.
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2.10. FLUORESCENSETIVATED CELL SORTRAGS)

The different populatioa required for the functional assays were purified by FACS with various
sorting strategies being employed in accordance with the specific goal of each experiment (see
Table 2.3 Figure2.6and Figure2.7for details)(24). Cell suspensions from mouse spleen and
lymph nodes were labelled with the relevant fluorochrom@njugated antibodies then were

61 AKSRXZ FAf (GSNBRr petxNiesizand rduspended irlBORT{b&f@r lat the
appropriate concentration for separation using a BD FACSAriall®mandC! / { 5A @I x @c
The preparation of human PBMC samples followed the same protocol described above, with an
additional initial prification step of the CD4I-cells by MACS prior to labelling for separation by
FACS.

In order to ensure only viable cells were collected during the purification, the appropriate
viability dye (refer to Appendix Il for details of the viability dyes yiseas added to the cell
suspension before the separation process was initiatddhe end of the purification process,

the purity of the isolated cells was determined by flow cytometric analysis of an aliquot of each
population. The purity of FAGSblated cell populations used for the experiments described in

the thesis was consistently between 92% and 98%.
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Table 2.3¢ Summaries of nine different strategies for fluoresceneetivated cells sorting (FACSJ
murine (-VII) and humanVIll, 1 immunecell subsets.

FACS ) S
) N Fluorochromeconjugated | Viability
Strategy Populations purified o
antibodies Dye
#
CD4APC SYTOX®
| CD4ACD8APCs
CD8-APC Blue
CD4CD62119"FoxP3GSH"" T-reg CD4APC
CD4CD62l""FoxP3GSHY T-reg CDG62LPE.Cy7 SYTOX®
I
CD4CD621""FoxP3Responder Eells GSH-biotin Blue
CD4CD62"FoxP3Responder Eells StreptavidinPerCReF710
CD4APC
CD4CD62[9"FoxP3 scFvA4"9" T-reg
CDG62LPE
CD4CD620"FoxP3 scFvA4°" T-reg SYTOX®
1 scFvA4-HA
CD4CD62[i9"FoxP3Responder Eells Blue
HAbiotin
CD4CD62"FoxP3Responder Tells
StreptavidinPerCReF710
CD4CD8APCs
CD4FoxP3 T-reg CD4APC SYTOX®
v
CD4FoxP3Responder Eells CD8APGeF780 Blue
CD8 Responder Tells
FoxP3PHAL"S" T-reg PHAL-biotin SYTOX®
V
FoxP3PHAL" T-reg StreptavidinPerCReF710 | Blue
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Table 2.3¢ Summaries of nine different strategies for fluoresceneetivated cells sorting (FACSJ
murine (-VII) and humanVIIl, 1 immune cell subsets (conjd

FACS ) S
) N Fluorochromeconjugated | Viability
Strategy Populations purified o
antibodies Dye
#
CD4ACD8APCs
CD4FoxP3 T-reg
CD4APC
CD4CD62l""FoxP3Responder Tells SYTOX®
VI CD8APCeF780
CD4CD62I°*FoxP3Responder Tells Blue
) CDG62LPE
CD8CD62["9"FoxP3Responder Tells
CD8CD62P*FoxP3Responder Tells
CD4FoxP3 T-reg
CD4APC SYTOX®
Vi CD4FoxP3 Responder Tells
CD11eeF450 AADvanced
CD11¢DCs
CD4FITC
CD4CD239"CD12P¥PHAL"9" T-reg CD127PE
_ SYTOX®
VI CD4CD239"CD12P¥PHAL" T-reg CD25PE.Cy7 Bl
ue
CD4CD2%5%CD127 Responder Tells PHAL-biotin
StreptavidinPerCReF710
CD4CD239"CD12P¥PHAL"9" T-reg CDAFITC
CD4CD259'CD12P"PHALY" T-reg CD12#PE
| CP4CD25*CD127CD45RAResponder T CD2SPE.Cy7 SYTOX®
cells CD45RMPC Blue
CD4CD2%5%CD127CD45RAResponder T PHAL-biotin
cells StreptavidinPerCReF710
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Figure 2.6 Gating strategies used to FACS purify the different mowkgived immune cell populations
needed for the functional assaykivecells A) were gated by exclusion of those that bound to the viability
dye, followed by the single ceB)and lymphocyte@ gates. The samples were further subdivided, into
the different subsets to be purified, based on the binding of a panel of fliwore-conjugated
antibodies. The table describes the immune cell populations isolated and the corresponding gate.
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Figure 2.7 Gating strategies used to FACS purify the different hurderived immune cell populations
needed for the functional assaysive cells4) were gated by exclusion of those that bound to the viability
dye, followed by the single ceB) and lymphocyte@ gates. The samples were further subdivided, into
the different subsets to be purified, based on the binding of a panel wirdchromeconjugated
antibodies. The table describes the immune cell populations isolated and the corresponding gate.
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2.11. IMMUNE CELL LABELLING WITH FLUORESCENT ¢ w! / 9 5 9 {

For some experiments, FACS purified immune cells were labelledfviitilz2z NS & OSy i / St
R&Sa o6/ Stfte¢NIOSu /C{9x /St ft ¢NI-OF griortorcBltr§ G | y
SAGKSNI F2NJ 0KS LJzN1}2asS 2F S@lfdad adAay3a OStf L
identification of the individual populations, g flow cytometry, microscopy or imaging flow
Oeili2a2YSGiNRBD® ¢KS /Stte¢eNIOSu NBI3ISyia | NB FAEL
from proteins and other biomolecules that can be found intracellularly and at the surface of cells
(597, 598) The labelling protocol results in stable fluorescent staining suitable fortéongcell

labellingas reported by the manufacturers.

The protocols for the labelling of the cells with these dyes were similar with few exceptions (see
Table 2.4for detais). Briefly, cells were fsuspended in the appropriate prgarmed buffer at

1 X 16 cells/ml and were incubated with the appropriate amount of DM®€onstituted dye

at 37 °C, protected from light. The labelling reaction was stopped by adding twice&btigon
volume of complete culture medium and incubating (at the same temperature as the quenching
solution) for 5 minutes. The labelled cells were washed twice with complete culture medium
and were centrifuged a¥50 RCFfor 5 minutes. After courmg, the labelled cells were

re-suspended at the concentration required for the subsequent steps in each experiment.

O«
w»

Table 2.4c{ dzY Yl NB RSO Af 2F C!/{ LIzZNAFASR AYYdzyS
+A2tS4G yR [/ Stf C

¢SEl OSu CIFNJ wSR 551! h

Temperature of

o Reaction Working Incubation Time _
CellTk OS¥u _ qguenching
Buffer concentration (minutes) _
solution
/ St f¢NJ} 0.1%BSA
10 uM 10 Ice cold
CFSE In PBS
/ St f ¢ NI RoOM
PBS 0.5uM 20
Violet Temperature
/ Sttt ¢ NI Room
PBS 10 uM 30
Far Red DDAGE Temperature
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2.12. IN VITRO ACTIVATION OF-QELLS FOR FLOW CYTOMETRIC 3BIADF
CONCANAVALIN A MITOGENIC EFFECTS AND STIMUNBUCED GLYCOSYLATION
CHANGES

2.12.1. CONCANAVALIN A MITOGENIC STIMULATION

MACSpurified CD24 T-cells fromC57BL/6 FoxP33-P mice spleen and subcutaneous lymph
y2RSa 6SNB 1 0StfSR gAGK /Stt¢eNIOSu +A2ftSi
96-well roundbottom plates at 1 X X0cell/ml with a range of Concanavalin A (ConA)
concentrations (0, 0.25, 0.5, 0.75, 1, ,155, 5 and 7.5 (ql). After 5 days in culture, the

proportions and proliferation of -Feg and Tconv were evaluated by flow cytometry.

2.12.2. STIMULATIOMNNDUCED GLYCOSYLATION CHANGES

Naive (CD62E" CD4 T-cells were FACS purified and cultured irv@8l roundbottom plates

at 0.5 X 18cell/ml. The cultures were either left in complete culture medium with no further
stimulation (no activation controls) or were stimulated with 1.5 pg/ml ConA or glated anti-
CD3/antiCD28mADb (599) For the CD3/CD28 antibody activation, plates werequated 24

hour in advance with 1 pg/ml functional grade a@b3 mAb and 5 pg/ml functional grade
anti-CD28 mAb in sterile PBS then incubated &C3fbr two hours and left overnight af@.

Prior to preparing the cultures, the coated plates were washed with PBS to remove the unbound
antibodies.In these stimulatiorcultures, the cells were incubated at°®7 for 5 days followed

by flow cytometric analysis of lectin binding tedg and ¥conv.
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2.13. ENZYMATIC DIGESTIORNGASE F AND NEURAMINIDASE TREATMENT

Regulatory Tcellsurface glycosylation was manipulated by paElirtemoval oN-glycans or sialic

acids through treatment with the glycosidases PNGase F and Neuraminidase, respectively
(Figure 2.8 with reference to previously worK600) PNGase F, also known as Peptide:
N-Glycosidase F, is an amidase that is purified fidavobactetim meningosepticun(601) Its
enzymatic actionis to remove wholeN-glycan structures from glycoproteins by cleaving
between the innermosGIcNAaesidues and thédsnamino acid to which the higmannose,
hybrid, or compl& oligosaccharides are attach€602) PNGase F endoglycosidase actiiaty
inhibited when a Fuc residuefis(1,3)}linked to the target GIcNAc resid(@03)- a modification

that is characteristic of some plant and insect glycopratein

Neuraminidase is a sialidase that catalyses the hydrolydigefcresidues from glycoproteins
FYR 2ftA32al OOKF NARSa¥IR0 WIS c il kS8 InkatleNIis A Y
acetyheuraminyl hydrolase is cloned fro@lostridium perfringenand overexpressed iB. coli
(604 LG aK2ga Ol GI-(R2aul AlYYRIND FESNBKEIISiduEL2 NJ b

FACS purified-feg were washed with prevarmedPBS supplemented with 1 mM Mgd mM
CaGland 1%BSAPBS MCB) and were-saspended in PBS MCB at a concentration of 26X 10
cells/ml. The cells were plated in 9l flatbottom plates for enzyme digestion at 0.2 X610
cells/well with a final volumef reaction of 200 ul/well, to which 400 units of enzyme (2000
dzyAlakYf tbDFaS C 2NJ bSdzNF YAYARFaAaS0 6SNB |
incubated under the same conditions in the absence of enzyme. Enzyme treatment was carried
out by incubding the reaction for 1 hour at 37°C, 5% COreated cells were collected by
washing the wells multiple times using complete culture medium followed by washing and
re-suspension at the appropriate concentrations in a buffer suitable for the next expeinen

step.
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B a-(2,3)
a-(2,6)
>>>>0-(2,8)

& —R

Sialic acid (SA)

N-acetylglucosamine (GIcNAc)

He

N-acetylgalactosamine(GalNAc)

Galactose (Gal)

Mannose (Man)

Glucose (Glc)

>ee

Fucose (Fuc)
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Figure 2.8¢ Enzymatic actions of PNGase F and Neuraminidaké&h were used to manipulate-fEg

surface glycosylation by partial depletion of surfagg N-glycans andB) sialic acids, respectivelyd)(

PNGase F cleaves the linkage betwdlea innermost GlcNaC and the Asn remd on the protein

backbone. @ OF Gt @dAO0 OGAGAGE A& y20i | fBSidkagdButio @ (K¢
LINB@SYy (SR ¢KSy TFuspdkadge arldavheh tReRrdétmoit SIcNAC has beersfiiated
020K-0MEcb-(18)y B Neéuraminidas catalyses the hydrolysis of sialic acasidues from
Jte02LINRPGSAYa FYR 2fA323i200@2NA RISED linkakeS if shiisk S& S |
OFGFtedAod LRBOF SINGEY 'S NAEBRIINKed residues.
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2.14. FUNCTIONAL ASSAYS

The suppressive ability and behaviour in culture -0&J were evaluated by eoulturing FACS
purified cells, using different FACBalple 2.3 and ceculture strategies (sedable 2.5for
details) according to the aim of each specific experiment. Murired subsets studied included
sub-populations that naturally differed in surface glycosylation (showing high and low binding
to PHAL and GSLlectins and to thescFvA4) as well as -feg preparatbns in which surface
glycan expression had been modified by enzymatic treatmentheré/ relevant, partial
enzymatic digestion with PNGase F and/or Neuraminidase was performed pricctdtee as
desONA 6 SR® dab2 SyritréatéSEeg twith ngfiBthet manigulatidn after FACS

purification) were used as controls for the functional assays involving enzymatic treaded T

For these functional assays, respondecells were cecultured in complete culture medium

with varying numbers of-feg (speified in each results section) in the presence or absence of
CDACD8APCs (at a 4:1, APC: respondeell ratio) or of CD1Xd®Cs (at a 1:3, DCcElI ratio).
Responder Tells involved in these assays were either C@4CD8 T-cells that had been

purified as whole populations or were further sdivided, according to CD62L expression, into

the naive (CD62E" and memory (CD62Y) subsets. The cells were plated in complete culture
medium at the desired ratios in a 9&ell round-bottom plate T-cell cultures were activated

using functional grade, purified afti2 dza S / 508 4G F FAYylLf 02y OSyl
incubated for 24 hours or for 4 days at 37°C, 5%. E0Or experiments in which APCs were
omitted (coculture strategy VIII), Fcell activation was achieved by adding Dynabeads® Mouse

T ¢Activator CD3/CD28 at a 1:2, bead: respondeelTratio.

Human Tcell cocultures were also established ¢calture strategy IX and X) and involved CD4
responder Tcells subdided or not into naive (CD45RAnd memory (CD45RAubsets and
T-reg subdivided into high or low-glycan expressing subsets (purified according to-PHA
binding). These coultures were established in RPMI culture medium and were activated using
Dynabeas® Human dActivator CD3/CD28t a 1:5, bead:asponder Tcell ratio. Following the
intended culture period, supernatants were collected and stored2&t°C and cells were

removed from the wells and were washed with FACS Buffer.
2.14.1.24 HOURCGCULTURE

Samples incubated for 24 hours were used to determiwredrability to suppress responder
T-cell upregulation of the activation markers CD25 and CD69, as weltegs ékpression of

specific markers by flow cytometrydble 2.2.
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2.14.2.4-DAY CE&CULTURE

T-reg suppression of responder-céll proliferation was evaluated following-day culture
periods. In order to be able to measure respond&ell proliferation in culture, these cells were
froStftSR oAlGK [/ SftdoculiireOFfow cytorherit &nalysick INJhe sampled
yielded proliferation histograms based on dye dilution that could be quantitatively analysed
(Figure 2.9\). Using the-lowJo® vZoftware proliferation package, three different parameters
were determinedto quantify sample proliferation: (a) Division Indé&X { average number of
divisions for all the cells in the original starting population); (b) Proliferation Index (average
number of divisions of just the responding cells that correspond to the celtautiderwent at

least one division); (c) Percent divided (proportion of the total viable cells that had divided at
least once). Teg suppressive ability was calculated using the division index mefigdré
2.9B-D).

2.14.3. CONDITIONED MEDIRANSFER EXPERIMENTS

In order to evaluate the suppressive properties of soluble factors secreted by the cells in our
co-culture system, conditioned media (CM) were collected from experiments usiegltoe
strategy V Table 2.5 following 24 and 72 houncubations. The CM (or control media samples)
were then added to new coultures of CDED8 APCs with St f ¢ NI Odbeted malve f S i
(CD4CD62l9"FoxP3 or memory(CD4CD62P"FoxP3 responder Tcells, to constitute 10 or

50% of the final volume ofutture medium. These cultures were then incubated for 4 days prior

to flow cytometric analysis of respondecéll proliferation.

2.14.4. PD1 BLOCKING EXPERIMENTS

Signalling through RD engagement was blocked by two different strategies. In the first,
non-cellspecific PEL blocking was performed by adding 2 pg/ml of purified @il mAb to

the coculture wells(194) In the second,-Teg specific blocking was carried out by {oEating
purified Treg with 1 pg/ml of antPD1 mADb for 30 minutes on ice prior to initiatiorf the
co-cultures(192) In both cases, the ecultures of APCs-NB5 3 | Yy R / St-labelisd OS u
responder Tcells were incubated for 4 days and respondeell proliferation was eauated by

flow cytometry.
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Table 2.5 Coculture strategies for the functional assayResponder Tells were cecultured, in the presence or absence of antigen presenting cells, with or withied {varying
ratios) for 24 hours or 4 days. For every experiment, 3 replicates of each culture condition were prepared.

Coculture FACS
Strategy Strategy Coculture description/well* Activation
# #

CD4CD8APCs CDACD62lishFoxP3Responder -Eells +/-Anti-/ 508 ndm X
CD4ACD8APCs CDACD62kvFoxP3Responder Eells +/-Anti-/ 508 nadm X
CD4ACD8APCs CDACD62bighFoxP3Responder Eells + CDLD62MehFoxP3GSHNish T-reg +Antt/ 508 npdm k3

el CDACD8APCs CDACD62MdFoxP3Responder Tells + CDLD62LishFoxP3GSH'ow T-reg +Antt/ 508 napdm x3I
CDA4CD8APCs CDACD62k¥FoxP3Responder Eells + CDLD62MshFoxP3GSHhigh T-reg +AnttCGG o ndm k3
CDACD8APCs CDACD62"FoxP3Responder Eells + CDLD62Mi9hFoxP3GSHoY T-reg +Antt/ 508 ndm x3

*¥4:1 APC:Respondercéll ratio
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Table 2.5 Co-culture strategies for the functional assays (Contd.)

CD4CD8APCs + CBRoxP3 Responder Tells + CDLD62big"FoxP3PHAL T-reg
CD4CD8APCs + CBRoxP3 Responder Tells + CDLD62bishFoxP3PHALNSh T-reg

CDA4CD8APCs + CBBoxP3 Responder Tells + CDLD62big"FoxP3PHAL T-reg

Coculture FACS
Strategy Strategy Coculture description/well¥ Activation

# #
CDACD8APCs CDACD62Md"FoxP3Responder Tells +/-Anti-/ 508 nadm X
CDACD8APCs CDACD62lvFoxP3Responder Eells +/-Anti-/ 5 0 ¥ pgimtb m
CD4ACD8APCs CDACD62bighFoxP3Responder Eells +CD4CD62MehFoxP3 scFvA4iah T-reg +Antt/ 508 npdm k3

' e CDACD8APCs CDACD62bishFoxP3Responder Eells +CD4CD62M9"FoxP3 scFvA4°w T-reg +Antt/ 508 ndm x3
CDACD8APCs CDACD62lvFoxP3Responder Eells +CD4CD62M9"FoxP3 scFvA4hish T-reg +Anti/ 508 ndm x3I
CD4ACD8APCs CDACD62kvFoxP3Responder Tells +CD4CD62M"FoxP3 scFvA4ow T-reg +Antt/ 508 npdm k3
CD4CD8APCs + CBHEoxP3Responder Tells +/-Anti-/ 50¢ ndm X
CD4CD8APCs + CBBoxP3 Responder Tells +/-Anti-/ 50 ndm X
CDACD8APCs + CBRoxP3 Responder Eells + CDLD62bigFoxP3PHALNh T-reg +Antt/ 508 ndm x3

Il V&V

+Antt/ 508 ndm x 3

+Anti/ 508 ndm x 3

+Antt/ 508 ndm x 3

¥4:1 APC:RespondercEll ratio
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Table 2.5 Co-culture strategies for the functional assays (Contd.)

Coculture FACS
Strategy Strategy Co-culture description/well* Activation

# #
CDACD8APCs + CB8D62Md"~oxP3Responder Eells +/-Anti-/ 508 nadm X
CD4CDB8APCs + CB@D62kvFoxP3Responder Eells +/-Anti-/ 508 ndM X
CD4CDB8APCs + CB@D62bishFoxP3Responder Tells + No enzymerEg + Anti/ 5 8 pg/ml
CDACD8APCs + CBP@D62lishFoxP3Responder Eells + PNGase FragV +Antt/ 508 napdm x3I

v v CD4CDB8APCs + CB@D62bishFoxP3Responder Tells + Neuraminidaserég™ +Antt/ 508 npdm k3
CDACD8APCs + CB2D62kvFoxP3Responder Eells + No enzymefEg +Antt/ 508 nodm x 3
CDA4CD8APCs + CB@D62"FoxP3Responder Eells + PNGase FrdgV +Antt/ 508 nodm x 3
CD4ACDB8APCs + CB8D62kvFoxP3Responder ‘Eells + Neuraminidaserég™ +Antt/ 508 nodm x 3

¥4:1 APC:RespondercEll ratio; No enzyme treated-feg controlsUPNGase F treatedrBg; "™Neuraminidase Feg
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Table 25 ¢ Co-culture strategies for the functional assays (Contd.)

Coculture FACS
Strategy Strategy Co-culture description/well* Activation

# #
CD4CD8APCs + CBHEoxP3 Responder Tells +/-Anti-/ 50 ndm X
CDACD8APCs + CBBoxP3 Responder Eells +/-Anti-/ 508 nadm X
CDACD8APCs + CBHEoxP3 Responder Eells + No enzymefgg +Antt/ 508 npodm x3I

Y v CDACD8APCs + CPHBoxP3 Responder Eells + PNGase FrdgV +Antt/ 508 nodm x 3
CDACD8APCs + CBBoxP3 Responder Eells + No enzymefgg +Antt/ 508 npodm x3I
CDACD8APCs + CPBlBoxP3 Responder Eells + PNGase FrdgV +Antt/ 508 nodm x 3

¥4:1 APC:RespondescEll ratio: No enzyme treated-feg controls’PNGase F treatedrég
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Table 2.5 Co-culture strategies for the functional assays (Contd.)

Coculture FACS
Strategy Strategy Co-culture description/well* Activation

# #
CDACD8APCs + CB8D62Md"~oxP3Responder Eells +/-Anti-/ 508 nadm X
CD4CDB8APCs + CB@D62kvFoxP3Responder Eells +/-Anti-/ 508 ndM X
CD4ACDB8APCs + CB8D62bishFoxP3Responder Tells +/-Anti-/ 5 0 & pgfmid m
CDACD8APCs + CBBD62l"FoxP3Responder Tells +/-Anti-/ 50 ndm X
CD4ACDB8APCs + CB@D62bishFoxP3Responder Tells + No enzymerEg +Antt/ 508 npdm k3
CDACD8APCs + CBP@D62lisFoxP3Responder Eells + PNGase Fragl +Anti/ 508 ndm x 3

v v CDACD8APCs + CB8D62kvFoxP3Responder Eells + No enzymerEg +Antt/ 508 nodm x 3
CDACD8APCs + CP@D62k"FoxP3Responder Eells + PNGase FragY +Antt/ 508 nodm x 3
CD4CDB8APCs + CB8D62bishFoxP3Responder Tells + No enzymefEg +Antt/ 508 ndm x3
CDA4CD8APCs + CBBD62lishFoxP3Responder Eells + PNGase Fdgl +Antt/ 508 nodm x 3
CDACD8APCs + CB8D62kVFoxP3Responder Eells + No enzymefEg +Antt/ 508 nodm k3
CDACD8APCs + CBBD62k"FoxP3Responder Eells + PNGase FragY +Antt/ 508 nodm k3

¥4:1 APC:RespondercEll ratio;: No enzyme treated-feg controls’PNGase F treatedrég
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Table 2.5 Co-culture strategies for the functional assays (Contd.)

Coeculture FACS
Strategy Strategy Coeculture description/well Activation
# #
CD11tDCs + CDBoxP3 Responder Tells +/-Anti-/ 50 ndm X
VII¥ VIl CD11¢DCs + CDBoxP3 Responder Eells + No enzymefgg +Antt/ 508 npodm x3I
CD11¢DCs + CDBoxP3Responder Tells + PNGase Frdgl +Antt/ 508 npodm x3I
CD4FoxP3 Responder Eells +/- Dynabeads® 12
VI Vi CDFoxP3 Responder Tells + No enzymerEg + Dynabeads® 142
CD4FoxP3 Responder Eells + PNGase Frdagl + Dynabeads® 142

¥1:3, DC:%ell ratio; No enzyme treated-Tfeg controls’PNGase F treatedrég¥1:2 bead:Responder-dell ratio (Dynabeads® MousegActivator CD3/CD28)
01:5 bead:Responderdell ratio (Dynabeads® HumaActivator CD3/CD28)

92



Chapter Two

Table 25 ¢ Co-culture strategies for the functional assays (Contd.)

Coculture FACS
Strategy Straegy Coeculture description/well Activation
# #
CD4CD258*CD127Responder Tells +/- Dynabeads® 1%
CD4CD25*CD127Responder Tells + CDLD25ICD12PWPHALNI T-reg + Dynabeads® 175
IX Vil CD4CD258*CD127Responder Tells + CD€LD259"CD12PWPHALW T-reg + Dynabeads® 175
CD4CD258+*CD127Responder Tells + CDLD259"CD12PvPHALNgh T-reg + Dynabeads® 175
CD4CD25*CD127Responder Tells + CD€LD259CD12PWPHALW T-reg + Dynabeads® 175
CD4CD25*CD127D45RAg" Responder TEells +/- Dynabeads® 1%
CD4CD25*CD127CD45R Responder Tells +/- Dynabeads® 1%
CD4CD25+*CD127CD45R%sh Responder Eells + CDLD289"CD12PWPHALNgh T-reg + Dynabeads® 175
§ * CD4CD25*CD127CD45RMgh Responder Tells + CDLD25ICD12PWPHALW T-reg + Dynabeads® 175
CD4CD25+*CD127CD45RAY Responder Eells + CDLD2%9hCD12PwPHALNGh T-reg + Dynabeads® 175
CD4CD25+*CD127CD45RAY Responder Eells + CDLD259"CD12P¥PHALW T-reg +Dynabeads® 1%

01:5 bead:Responder@ell ratio (Dynabeads® HumarActivator CD3/CD28)
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A Regulatory T-cell : Responder T-cell Ratio
0:1 0:1 1:2 1:4 1:6 1:8 1:16
No Activation a-CD3 Activation

Proliferation (CellTrace™ Violet)

B Regulatory T-cell : Responder T-cell ratio

0:1 1:2 1:4 1:6 1:8 1:16
1.55 0.146 0.271 0.327 0.454 1.03
1.51 0.135 0.265 0.331 0.455 0.965
1.6 0.159 0.269 0.441 0.467 0.75

Division Index
(DN

C %Suppression = 100 - [(DI of the 1:X) / (DI of 0:1] X 100

in which 1:X represent co-cultures with Regulatory T-cells and 0:1 refers
to co-cultures with Responder T-cell alone.

100+
804
60
404

204

%Suppression

1:2 14 1.6 18 1:16
Regulatory T-cell : Responder T-cell Ratio

Figure 2.%; Responder Tcell proliferationg | & S @+ € dzZt 6 SR o6& YSI adz2NRy3 / St f
cytometry, @) both in the alsence and presence of different proportions efel, post 4day ceculture.

In the absence of anttD3 stimulation, there was no detectable cell division and all cells expressed similar
levels of the proliferation dye fligraph to the left). Once prolifation was triggered by the presence of
anti-CD3 in the culture, Respondeicélls divided giving rise to successive generations with gradual loss

2F / StfeNIOSu +A2fSG SELINBaaAzy o aegwnihdcultufefwh RA JA 3
the extent of inhibition being proportional to the number of these ceB.Division Index was calculated
using FlowJo® v7 for experimental replicates of each condition@B) % Suppression was calculated
based on division index.
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2.15. IMMUNE CEUNTERACTIONS ANALYSIS BY FLOW CYTOMETRY, IMAGING CYTOMETR
AND FLUORESCENCE MICROSCOPY

Immune cell interactions established betweernéelj, CD4 responder Tcells and DCs were
evaluated, in our culture systems, by flow cytometry, fluorescence microscopynaigihg flow
cytometry. The primary goal of these experimentas to investigate the effects of-reg
PNGasé treatment on the ability of-feg to interact with the other immune cellsCo-cultures
were prepared byplating FAC®urified cells (FACStrategy VII, Table 2.3 in 96well
round-bottom plates (sedlable 2.6for details).Based on a protocol published by Mittlebrunn
et al., the plates were briefly centrifuged 460 RCFRo create tight cell pellets in the bottom of

the wells and were then incubadl for 8 hours at 37°C, 5% £3605)

2.15.1. FLOW CYTOMETRY

Cocultures to be analysed by flow cytometry were prepared as describ@aliae 2.6using

/ St ¢ NI debelled N D/ St € ¢INIOOSIut SRA2K/SGF YR [/ St f
DDAGSElabelled CD4responder Tcells. After 8 hours incubation, the cultureedium was

washed off with PBS, the cells were fixed for 5 minutes in 2% paraformaldehyde (PFA) and were
transferred to FACS tubes using pipette tips with the ends cut off in order to prevent the
disruption of any celaggregates. Flow cytometric analysfdafte immune cell interactions was
performed usingBD C! / { / | ydytBrmeter Lahd FlowJo® software by evaluating the
fluorescence of the cell aggregates present in the different samples and by quantifying the

percentage of each type of interaction amongttotal interacting cells.

2.15.2. IMAGING FLOW CYTOMETRY

Immune cell interaction was also evaluated by imaging flow cytometry using the sacodae

strategy as for flow cytometric analygB06) After incubating the cells for 8 hours, the culture
medium was washed off with PBS and the cells were stained with Alexa Fluor® 568 phalloidin
for selective Factin labellingusi@ LY G NJ t NBLIM t SN¥YSI oAt AT GAZY
fixed by incubating with reagent 1 for 10 minutes at room temperature. The fixed cells were
washed then incubated for 30 mingevith PBS 19BSA to reduce nespecific background.
Permeabilizabn and Factin labelling were performed by simultaneous incubation with reagent

2and Lunit (066 I3k YE O 2F ! £t SEI Ctd2NX pcy LKIEf2ARA
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After washing with PBS, the samples were transferred to 1.5 ml rubes for andysis using a
FlowSight® Imaging Flow Cytometer and the IDEAS® Software (Merck Millipore, Molsheim,

France).

2.15.3. FLUORESCENCE MICROSCOPY

For observation of immune cell interactions by fluorescence microscopygulaares were
established as described Table2.6dza Ay 3 / St flabeNddONSBA Y T{Df f ¢ NI OSx
DDAGSElabelled DCs and unlabelled Respondeells. As forlbw cytometric analysis, afted

hours incubation, the cells were washed and fixed fariButes in 2% PEA he fixed cells were

carefully transferred to microscope slides to which histology mounting medium (Fluoroshield®
with DAPI) was added and gently mixed with the cells prior to placement of a coverslip.
Representative photographs of the interactions between the different pdpna studied were

acquired by fluorescence microscopy using an Olympus Fluoview 1000® Confocal Microscope

and the FV1000 viewer software (Olympus, Tokyo, Japan).

Table 2.6¢ Summary details of the caulture strategies used for the evaluation of immuneelt
interactions. FACS purified cells were-caltured for 2 and 8 hours. For each experiment, 3 replicates of
each culture condition were prepared.

Coculture description/welf Activation
CD4 Responders (100.000) + DC (50.000) +rfE(50.000) Anti-/ 5 0
CD4 Responders (100.000) + DC (50.000) + PNGaeg’51.000) | 01 HO/M!
CD4 Responders (100.000) + NEgr (50.000) Dynabeads@
CD4 Responders (100.000) + PNGaseeE{50.000) 12

¥1:3 DC:Tcell ratio ; 1:2 Freg:Responder-tell ratio

-No enzyme treated-feg controls

UPNGase F treatedrg

v1:2 bead:Responderdell ratio of Dynabeads® MouseActivator CD3/CD28
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2.16. CYTOKINE EXPRESSION ANALYSIS BY PROCARTAPLEX LUMINESSMMUNOA

Supernatants from caoulture strategies Il and VIT#ble 2.5 were collected after 4lay
incubation and were stored at20°C. Cytokine concentrations in these supernatants were
guantified using a mouse Th1/Th2 Extendeepldx, complemented with a ouse IE7 Simplex

and a mouse HLO Simplex Table 2.7, which was analysed using the Bid SEt a! Dt L -
Multiplex Reader (BiRad, Hercules, CA, USJhe samples were added to the assay plate at a

1:2 dilution, with each condition being represented by rividual replicates. These
ProcartaPlex Immunoassays consist of a magnetic microsphere technology that enables the
detection and quantification of multiple proteins present in a single sample. The results were
analysed using Bibf SE al y I 35 Nk (BiBRad)nand {th2 Eanaemtritions of the
different analytes were obtained in pg/ml based on standard curves obtained for that same

assay.
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Table 2.7¢ List of the analytes quantified by ProcartaPlex Immunoassaging a mouse Thl/Th2
Extended 11plex, coptemented with a mouse {Z Simplex and a mouse-10 Simplex.

Upper limit of quantification/

Cytokine Full name Lower limit of quantification
(pg/mi)
GM-CSF Granulocytemacrophage
2625/ 2.56
colonystimulating factor
IFN- Interferon gamma 15500/ 3.78
IL-m Interleukin1 beta 4200/ 1.03
IL-2 Interleukin2 5100/ 1.25
IL-4 Interleukin4 5500/ 1.34
IL-5 Interleukin5 14300/ 3.49
IL-6 Interleukin6 18600/ 4.54
IL-7 Interleukin7 22800 5.57
IL-10 Interleukin-10 13900/ 3.39
IL-12p70 Interleukin-12 active heterodimer 1625/ 1.59
IL-13 Interleukin-13 12100/ 2.95
IL-18 Interleukin18 38675/ 38
TNFh Tumour necrosis factor alpha 3425/ 3.34
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2.17. STATISTICAL ANALYSIS

The experimental work for the project generated data exclusively from primary mouse and
human cells. Many of the individual experiments involved rare cell populations sorted to a high
level of purity or required a large number of separate lectin stains q@mple. In some
experiments, this limited the number of replicates for each experimental condition to between

3 and 6, precluding a meaningful testing of hormalcy (Gaussian distribution). In order to ensure

a robust statistical analysis of the data, afcol 6 2 NI G A2y ¢ & SadlofAakKsS
biostatistician, HRB Clinical Research Facility, Galway. As an alternative to conventional
parametricand norLJl NI YSGNR O aidl GA&AGAOFKE GSadasz 5N h
were used to generataull-distributions of teststatistics for inference in accordance with
published approacheg607, 608) This involved permuting the group labels for a given
experimental factor and calculating the test statistic under each permutation. In all cases, the
difference in means was used as the test statistic of interest and the observed difference was
compared to the nultlistribution of differences under permutation. If an experiment involved

two factors in a factorial design, then resampling for inference ne tactor was stratified

within levels of the other factor and viegersa. If an experiment involved paired replicates, then

the resampling was performed adhering to this paired design. The family wise error rate within
each experiment was controlled by @lging the Holm correction to-palues pertaining to a

single experimental factor (controlling for all pairwise compariso(&)9) All unique
permuations were used to generate each nditribution, but if there were more than 10,000

unigue permutations a random sample of 10,000 was taken. These analyses were carried out
using R610) For all experiments, the relevant figure legends in Chapters Three aRdufive

indicate: (a) the numbers of technical replicates and/or animal and human subjects numbers
involved; (b) whether a paired or unpaired analysis was performed; (c) how many similar
experiments were performed; (d) statistical significance by pertantatesting, labelled as
F2ft264Y FLI OFLtdzS X ndmMT FfFpL) @OLtdzS ¢ nonpT F
NBLIX AOFGSa LISNI SELISNAYSyYyidlt O2yRAGAZ2YS NBad
interpreted as being significant if the difence observed was also present in one or more

similar experiments.
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3.1. INTRODUCTION

As described in more detail in Chaptene gycosylation of mammalian cell surfaces is known

to be dynamic and to undergo alterations at various developmental and differentiation stages,
during physiological events such as cellular activation, migration and apoptosis, and also during
cancer and inflmmation(415, 418431) T-cell development, differentiation and activation are
accompanied by changes in gene expression including differential regulation of the enzymes
involved in the glycosylation pathways which ultimately lead to altered cell glycosylation across
the various stages of-dell life (611-613). Studies using plant lectins have revealed increased
surface sialylation during -@ell differentiation. For example, immature double positive
CD4CD8thymocytes display coreO-3f @ OF ya | G ( KSA NJ-@3DNIylatos o K A
as they mature to single positivecElls. Having reached maturation;céll N-glycans show

Y2 RATAOI {26rigkedsidlid #€idsad decreased expression of ca@2@-glycang421,

520, 614) CD4 T-cell maturation has also been associated wit-@cetylation of sialic acids,

with this sialic acid esterification being predominant on the CD4 siragiiye cells both in the
thymus and in the periphery. In contrast, ti@4CD8 and the CD8 single positive subsets
express low levels of these structures in the thynf@$5) Activation throughTCR signalling
promotesN-glycan branchingby uNB 3 dzf | G A2y 2F (K $anyidsideSes and NE S
Mgat5) at the transcriptional level, while maintainitgw levels ofMgatl and Mgat2, which
compete for the same sugar substrat@l6) TheN-glycan biosynthetic pathway is crucial for
cytokine receptor stability at the cell surfa¢@l7) and its inhibition results in deficienytokine
secretion by activated -€ells (618) Small inhibitory RN#nediated knockdown ofo-inked

I -N-acetylglucosaminyltransferase (OGT) ircells results in impaired activation of the
transcription factors N&T andNF*B leading to reduced production of -B consistent with
prevention of Fcell activation(619) Maturation to memory phenotype is accompanidéy
decreased expression of cor2 O-glycans ad increased expression of cote O-glycans

compared to thenaivecounterparts(421)

The diverse repertoire of glycans serve as ligands for lectins, which are migrplaiat and
animakderived carbohydratéinding proteins that recognize specific glycan structures and act
as recognition macules inside cells, on cell surfaces and in physiological (48&8s 499) The
sugarspecificity is determined by the amiraxid compaosition in the vicinity of the lectin binding
site and the binding occurs without catalysing a modification of the glycan and with virtually no
conformational changes athe lectin(501) The binding specificities of individual lectins make

them useful tools for differentesearch applications that range from cell identification and
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separation; detection, isolation and structural studies of glycoproteins; investigation of
carbohydrates on cells and subcellular organelles; evaluation of cell surface phenotypes that are
chamacteristic of specific physiological or pathological phenomena and mitogenic stimulation of
lymphocyteq498, 499)

Lymphocyte activationin vitro is most often achieved by the combined action of
anti-CD3/antiCD28monoclonal antibodies, which are presented by AR®@sded in the soluble
form or immobilized on a solid plastic surface or be@#, 621) Some lectins have been shown

to promote in vitro lymphocyte stimulation. Phytohemagglutinin (PHB22)and ConA623)

were the first lectins to which this function was attributed in the 1960s. The discovery of the
mitogenic properties of ConA was of particular interest since its binding to lymphocytes could
be inhibited by low corentrations ofMan (624) providing eliable proof that the observed
effect was due to the binding of the lectin to the sugars displayed at the surface of the cell.
Moreover, not all lectins that bind to cells have a stimulatory effeatfact that supports the
need for specific sugdectin interactions to stimulate mitogenic activity. This constituted one

of the first revelations of the biological relevance of the cell surface glyqdat 499)

Over the years, increasing evidence hasrbgathered to demonstrate the diversified roles of
lectins and their binding to cedlurface carbohydrates. Microorganisms rely on lectins to bind to
host cell targets and cause infection. Plants use lectins as a defence mechanism but also as
mediators ofsymbiosis with nitrogeffixing bacteria. Animals have a more complex system
displaying a wide range of lectin families that are involved in different cellular biological
processes. Of particular relevance fecdll biology are the galectins, which regelaell growth,

cell cycle and apoptosis; the siglecs that mediate immune cell interactions; and the selectins
which are involved in lymphocyte homing to the lymphoid organs and trafficking to inflamed

tissueg(431, 490, 499)

T-cell activation results in dowregulation of honing receptor expression, loss of ability to bind

to high endothelial venules (HEV) and changes in cell surface glycosy&t&)nThe homing
receptor responsible for these phenomena would be subsequently identified-setettin
(CD62L), as having a crucial role in naive lymphocyte homing to secondary lymphoid organs and
as being the primary adhesion receptor required for the tethering anihgpbbf leukocytes on
activated endothelium(626) Regulation of CD62L expression has been widely used by
researchers for identification and study of the naive (CP¥pand effector/memory (CD62Y)

T-cell subsets.
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To date, most studies ondell glycosylation havnot focused on-feg as a distinct-€ell subset

and only a handful of such reports have been published. Moreover, the strategiesrégr T
identification vary greatly, with many research groups assuming @B T-cells as ¥eg
despite the fact that @onsiderable proportion of-€onv share that same phenotype, making it
difficult to draw any conclusions. Nevertheleas,described in detail in section 1.2Jénneret

al. have reported that human PBMderived tolerogenic, immature DCs and GQCIa25 T-reg
express higar amounts2 F-(26)}linkedsialic acids at their surface and proposed a role for that
glycan epitope in mediating toleran¢b71) In 2013 .0ne study was published suggesting that
ALLcould be used along with CD4 for the identification of human peripheral blaed) Tells
However, there was very a low level of lectin binding to the cells and the analysis of the
CD4CD25FoxP3 T-reg populaion showed, in fact, that approximately 50% of thee§j were

ALL" and over 30% of the CDALL* T-cells were not Feg(586) Recently, it has been described
that sialic acid capping of CDE3ylycans is essential for its association with the S100A8/S100A9
complexg an interaction that is required for the induction offeg differentiation from human
PBMCg587) The influence of surface glycosylation itédll biology and the lack of existing
knowledgeled to an interest in identifying surface glycosylation characteristics that distinguish
T-reg from Fconv in mouse and human, as well as in evaluating glycosylation changes that occur

on the TFreg surface following activation
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3.2. REGULATORY-CELL SURFACE GDSYLATION IS DISTINCT FROM THAT OF
CONVENTIONAL-CELLS IN PRIMARY AND SECONDARY LYMPHOID ORGANS OF HEALTH
MICE IN THE RESTING STATE

In order to broadly compare surface glycosylation characteristicsef BndT-convwithin the

major primary and secoraty lymphoid organs of mouse, cell suspensions of spleen,
subcutaneous lymph nodes (SLN), mesenteric lymph nodes (MLN), thymus, bone marrow (BM)
and PBLfrom C57BL/6-0xP3GFP mice were analysed by nwgblour flow cytometry using a
panel of 17 biotinyleed lectins(Table 3.). In order toensure thatcombined staining of cells

with both antibodies and lectindid not result in false positivethree staining strategies were
initially compared In all cases the fluorescence intensities obtained with coedbistaining

were compared to those obtained with antibody or lectin staining aldriee three strategies
compared were stainingrst with the antibodies followed by the lectins, the reverse staining
order and both antibodies and lectins simultaneoudlywas found that staining first with the
antibodies and then with the lectins was tbetimal experimental approach since it resulted in
staining levels thatvere most comparable tthose obtained for the different molecules when
stained aloneThe full dgéaset for these analyses expressed in terms of absolute fluorescence
values is collated iTables 3.2 and 3.3 A summary of the comparative intensities of lectin
binding to Freg and Tconv at the different anatomical sites is shownHigure 3.1in which
results are presented as the average median fluorescence intensity (MFI) differences between
the eGFP and eGFP CD4 T-cells. As shown, there were distinct leebinding differences
between TFreg and Tconv within each of five major carbohydeaaffinity groupings which, in
broad terms, were similar for spleen, SLN and MLN but more variable for thymus, BM and PBL
(Figures 3.14). Variability for the latter three sites resulted from higher binding of several
lectins to TFconv at these sites conaped to spleen, SLN and MLN as well as from higher binding

of a limited number of lectins (e.g. RQAo Treg (Table 3.2&3.3.
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Based on the recognized carbohydrate affinities of the lectins empl@laole 3.), the lectin
binding intensities observaddicated thatthe surface glycosylation profile ofrég from mouse
secondary lymphoid organs demonstrated several specific features when comparenbiw.T

These included:

a) HigherPSA binding suggestive of higher expressufrFuc-dependentterminal Man
containingglycanstructures(Figure 3.1A).

b) Higher GSH binding and lower Jacalin bindinguggestive of higheexpressionof
terminal Galand GaINAcCNB & A RdzSa I G (I GidSower gxgressionof A y | | =
sialylationtolerant Galresidues respectively(Figure 3.1B).

c) Higher SNAI binding and lower MAHI binding suggestive of higheexpressionof
h-(2,6)}linked sialic acid andower expressior2 ¥-(2/8}linked sialic acid respectively
(Figure 3.1C).

d) HigherDSL, PHA, PHA. and RCA binding,suggestve of broadly higherexpression
of GIcNAc containing carbohydraté (G NHzO G dzNB &> 6 A  KGalgFigurek 2 dzi
3.1D)

e) Higher AAL binding suggestive of higheexpression2 T -(1/6}linked Fucresidues
(Figure 3.1E).

Notably, glycan expressidalifferences between the two populations of interest from mouse PBL
samples were less evident, with bothrdg and Tconv showing an overall decreased intensity
of binding to all lectins involved in the studsiqure 3.2. Moreover, glycan expression varilitly
across the different anatomical sites was higher faronv than Treg with Fconv displaying

overall higher glycan expression when isolated from the thymus and bone mdfigure 3.2.

It was concluded that Foxp3-reg present in the major secondalymphoid reservoirs of mice
exhibit a surface glycosylation profile that is distinct from that of-negulatory CD#T-cells and

is primarily characterized by higheexpression of several physiologically important
carbohydratesasindicated by differenes in binding intensities efariouslectins In addition,

CD4 T-cells glycosylation was variable across different anatomical sites in healthy animals
Based on these observations in mouse, it was hypothesized that hdevived Freg surface

glycosylaibn characteristics are also distinct from those afohv.
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Table 3.1¢ Sugar binding specificities of the lectins

Abbreviation Carbohydrate pecificity Reference
Jacalin Gab -(1,3)GalNAe -Ser/Thr [T]GalNAe -Ser/Thr [Tn], GIcNAc-(1,3}GalNA€" -Ser/Thr{core 3], sialydT[ST] (627-629)
SJA GalNac in terminal linkage to GalNAc and Gal;Amthd antiB human blood group (630)
PNA Gab -(1,3)GalNA€e -Ser/Thr [T] (631, 632)

DSL I -D-GIcNAc, (GIcNAc(14)n, Gal -(14)-GIcNAc (633, 634)
NPL HighMannose Man-"-(1,6) (635)
GNL HighMannose Man-"-(1,3) (636)
ConA HighMannose, Mar-(1,6)-(Manh -(1,3)-Man, terminal GIcNAc (637)
PSA h-D-Man, Fue"-(1,6)-GIcNAch-D-Glc (638)
MAL-II Sialic acidh -(2,3)Gal Sialic acidh -(2,3}Gab -(1,4)-Glc(NAc)/GlcSialic acid'-(2,3), Sialic acid -(2,3}GalNAc (639, 640)
SNAI Sialic acidh -(2,6)}Gal/GalNAc (641)
PHAL Tri/tetra-antennaryi -Gal/Gad -(1,4)GIcNAc (642, 643)
PHAE Biantennary, bisectin@GIcNAc] -Gal/Gali -(1,4)GIcNAc (642, 643)
RCAl GahH -(1,4)GIcNAc (644)
AAL Fueh -(1,6)GIcNAdcore fucosg Fueh-(1,3)-(Gab -(1,4)-GIcNAc (645, 646)
AAA h-Fuc (647)
UEAI Fueh -(1,2)Gaki -(1,4)-Glc(NAc) (648)
GSH h-D I f-&alNA@nti-A and antiB human blood group (649, 650)
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Table 3.2¢ Summary of results of flow cytometric screening of lectin binding ta€fy and Fconv from healthy mouse spleen, subcutaneous lympbdes and

mesenteric lymph nodesSurface glycosylation was evaluated using lectin profiling by flow cytometry. Single cell suspensions were obtainedengrsusigietaneous lymph
nodesand mesenteridymph nodes from C57BL/6 FoxP3.eGFP mice. Mean valud§farSD are shown for both populatio(rs=4-8).

Spleen Subcutaneous lymph nodes Mesenteric lymph nodes
Lectin Major ligand(s)
T-conv T-reg p valuet T-conv T-reg p valuet T-conv T-reg p valuet
AAA  [h-Fuc 119.3+37.91| 1147+39.80| 05 | 99.56+53.81| 95.74%58.55| 0438 | 80.88+6.243| 73.24+1591| 0.3%
AAL | Fueh-(1,6) 39240 + 27420| 41880 + 26280 0.0312 | 39980 + 23590| 42830 + 22650 0.0156 | 30710+ 9222 | 31210+9772| 0492
UEAl | Fueh-(1,2) 118+47.38 | 1127+30.79| 0688 | 95.76+44.17| 9156+3854| 05 | 86.02+6.370| 71.18+11.00| 0.0625
MALII | Sialic acieh-(2,3)Gal 24480 + 7340 | 23920 +5484 | 0.734 | 27390 +9244 | 23770+8278| 0.00781 | 24250 +9175| 228108130 | 0.0234
SNAI | Sialic acié" -(2,6)Gal/GalNAc 8103+2232 | 11440 +3420 | 0.00781| 70352140 | 95872960 | 0.00781| 6777+2458 | 89253251 | 0.00781
ConA | Man 84853302 | 7687 +2427 | 0117 | 6890+1985 | 71132128 | 0.125 | 6509+3159 | 69923575 | 0.00781
GNL | Man-~(1,3) 10490 + 5006 | 9230 +4769 | 0.00781| 11100+5237 | 10790+5105| 0.109 | 9551+2899 | 9180+ 2923 | 0.0234
NPL  |Manh-(1,6) 55123214 | 5093+3372 | 0.266 | 5417+2862 | 5601+3138 | 0.234 | 4104+1115 | 41761145 | 0.289
PSA | Man (Fuedependeny 57580 + 12140 67230 + 13450 0.00781 | 52300 6627 | 63840+ 9781 | 0.00781 | 57690 + 14760 67150 + 15870| 0.00781
GSH [h-DF f-@alNAC 793.8+553.7 | 4076+2163 | 0.00781| 315.4+190.9| 2777+2089 | 0.00781| 366+128.4 | 24657028 | 0.00781
Jacalin | Gal (sialylatiortolerant) 1828 +795.2 | 1289+477.4 | 0.00781| 1543+675.0 | 1077 +440.1 | 0.00781 | 1568+659.4 | 1185+489.7 | 0.00781
PNA | Gab -(1,3)GalNAc 308.3+228.1| 456.5+112.4| 0352 | 2783+136.3| 398.3+136.9 | 0.00781 | 258.6+129.6| 369.4 +143.0| 0.00781
SIA | -GalNAc 124.4+30.35| 116.2+31.34| 0125 | 915217.91 | 82.62+20.58| 0.250 | 113.5+26.80| 97.44+26.24| 0.0625
DSL | GleNAc 1131+837.8 | 2532+ 1859 | 0.00781| 859.5+739.4| 25561877 | 0.00781 | 878.8+674.6| 2385+ 1681 | 0.00781
PHAE gi?mgré”.%g?fff?ﬁemN A 3207 £1024 | 11080 +1979 | 0.00781| 2508+ 1083 | 8868+2436 | 0.00781| 3281+1437 | 102203486 | 0.00781
PHAL ]Trg;?/té;?”(tﬂ”}agd\l A 2418 +2170 | 10720 +7480 | 0.00781| 1578+1749 | 8193+6805 | 0.00781| 1238+1076 | 6268+3932 | 0.00781
RCAl | Gah -(1,4)GIcNAC 25470 + 8410 | 32190 + 13250| 0.0234 | 25240+5776 | 32010+8086 | 0.00781 | 1239+1076 | 34920 + 11830/ 0.00781

W tafisticalanalysisvas performedby permutationtest with a paired design
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Table 33 ¢ Summary of results of flow cytometric screening of lectin binding te€g and Fconv from healthy mouse thymus, bone marrow and PB&srface glycosylation was
evaluated using lectin profiling by flow cytometry. Single cell suspensions were obtainedhfymus, bone marrow and PBLs fro8 £57BL/6 FoxP3.eGFP mice. Mean values for
MFI+ SD are shown for both populatio(rs=4-8).

Thymus Bone marrow PBLs
Lectin Major ligand(s)
T-conv T-reg p valuei T-conv T-reg p valuet T-conv T-reg p valuet
AAA  |h-Fuc 67.42+10.54| 63.76+31.49| 0812 | 459.8+302.7| 358.0+246.2| 0.125 | 56.02+4.333| 37.28+15.88| 0.125
AAL | Fuch-(1,6) 44430 +7963 | 45970 +8023 | 0.0781 | 42340+ 8793 | 43500+6293 | 0.750 | 19560 +5610| 16820+5716| 0.0625
UEAl | Fueh-(1,2) 84.46 £17.31 | 96.12+15.60| 0.4237 | 3285+101.1| 261.3+79.19| 0.125 | 55.48+1.827| 48.36+5.704| 0.125
MALIl | Sialic acieh -(2,3)Gal 14850 + 3683 | 28820 + 8197 | 0.00781| 19920 +5395 | 10990 +5675| 1.000 | 17750 +8531| 14080 +7292| 0.0625
SNAI | Sialicacid" -(2,6)Gal/GalNAc 9547 £3013 | 11280 +3156 | 0.00781| 8779+3462 | 13570 +5217 | 0.0156 | 3655+828.7 | 4643 +1298 | 0.0625
ConA |Man 8750 + 2534 | 7033+1950 | 0.00781| 7742+1981 | 7352+2309 | 0.266 | 3353+1530 | 3344 +1644 | 0.938
GNL |Manh-(1,3) 17860 £ 7294 | 9112+2927 | 0.0156 | 12960 +5416 | 84241386 | 0.0938 | 5657 +1391 | 4840 +1480 | 0.0625
NPL | Man-"-(1,6) 13130 £+5851 | 5900+ 3861 | 0.00781| 10840 8900 | 4277 +523.0 | 0.0625 | 2121+3355 | 1854+339.4 | 0.0625
PSA | Man (Fuedependent) 64150 + 12260| 73910 + 14490, 0.00781 | 80040 + 12000 98060 + 12400 0.0156 | 31940 + 13340| 33820 + 16870, 0.375
GSH |[h-DI f-GalNAC 2794 £ 1039 | 6242 +4267 | 0.00781| 5223 +7569 | 5132+945.6 | 1.000 | 127.2+26.71| 472.2+165.7 | 0.0625
Jacalin | Gal (sialylation tolerant) 2769 + 1038 1031 #415.2 | 0.00781| 1809 + 1086 1028 + 455.7 | 0.0156 929.6 £+174.9| 478.6+78.32| 0.0625
PNA | Gabi -(1,3)GalNAc 2457 £+571.8 | 904.5+243.4 | 0.00781| 1008 +663.3 | 752.7+134.0| 0.359 | 198+25.01 | 179.2+21.29| 0.0625
SIA |i-GalNAc 84.6+28.34 | 89.74+47.32| 0.750 | 386.3+147.9| 269.8+68.72| 0.125 | 60.88+11.48| 39.68+8.722| 0.0625
DSL | GlcNAc 2740+ 1747 | 2628+1684 | 0.180 | 1852+2036 | 1356+541.1 | 0.703 | 2306530 | 411.8+194.9| 0.0625
PHAE gi?”tggn_gggfdfgfzgsld\l A 14290 + 1714 | 143902378 | 0.836 | 9808 +6676 | 10770 +2607 | 0.594 | 791.6+321.7 | 2432+1272 | 0.0625
PHAL ]Trg;elltéaaﬁ“(tﬂ”;gd\l A 9928 +3047 | 11090 +3697 | 0.0391 | 4856+2962 | 8131+2373 | 0.0625 | 421+98.66 | 1682+816.8 | 0.0625
RCAl | Gak -(1,4yGIcNAC 54200 +19660 | 56520 + 18160| 0.578 | 37740+ 8898 | 69390 + 25060 0.0156 | 24260+ 9410 | 23730 +10190| 0.500

WStatistical analysiwas performediy permutation test with a paired design.
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Figure 3.1¢ Surface glycosylation of freshlisolated resting CD4T-cells from C57BB FoxP3.&FP
mouse spleen, subcutaneous lymph nodes, mesenteric lymph nodes, thymus, bone marrowWwBhg
was evaluated by lectin profiling using flow cytometkpalysis was performdaly excluding the dead cells
and cell aggregates followed by gating on the lymphocyte populatais from spleen, lymph node and
peripheral blood origin wergated on the CD4T-cell populationwhereas thymic Tells weregated on

/ 5 yGOD4 and bone marrow Tells were identified byhe concomitant expression of Claéhd TCR ¢
Discrimination between -feg and ¥conv was based on eGFP expressigasults are shown as the
difference in MFI of lectin binding betweerrdg (eGFP) and Fconv(eGFB (n=48 individual animals

Statisticalanalysisvas performecby permutation test with a paired desighp value 0.10 @ “ A RSy G A
the lectins with very low binding to the targetcElls.
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Figure 3.%; Surface glycosylation of freshly isolated resting CD4ells from C57Bb FoxP3.6FP mice
spleen, subcutaneous lymph nodes (SLN), mesenteric lymph nodes (MLN), thymus, bone marrow (BM)
and PBLsvas evaluated by lectin profiling using flow cytometry. Results are shown as the MFI of lectin
binding to Treg and ¥conv(n=4-8 individual ammals).
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3.3. REGULATORY-CELL SURFACE GLYCOSYLATION IS DISTINCT FROM THAT Ol

CONVENTIONAECELLS IN HUMAN PERIPHERAL BLOOD IN THE RESTING STATE

Comparative analysis of the surface glycosylation characteristicsreg &nd ¥conv from
humanPBMCsavas performel by multicolour flow cytometry using the same 17 biotinylated
lectin panel as for the mousaerived cells. The obtained median fluorescence intensities of
lectin binding to both populations studied are detailedTiable 34. The difference in glycan

expression between human peripheral bloogdg and ¥conv is shown ifrigure 3.3.

Considering the recognized carbohydrate affinities of the lectins empl@adale 3.1, the lectin
binding intensities to the populations studied suggested thatsurfaceglycosylation profile of
T-reg from human PBMCs display#tee distinct characteristics when compared tecdnv

(Figure 3.3. These included:

a) HigherPSA bindingsuggestive of higheexpressionof Fucdependent terminal Man
containing glycan structures
b) LowerMAL-ll binding suggestive of lower expressioof h -(2,3}inked sialic acid.

c) Lower DSLbinding, suggestive of loweexpressionof GICNAc containingtructures.

Human PBMCs showed high®nding by PSAn Treg andhigher intensities of MAL bindirg

on T-conv which reproduced the results obtained for the mouse blood samples. However, the
remainder of the lectins either showed no differential binding or the opposite binding trend than
that of the same lectin on mouse cells (RBAPHA., RCA, Jacah, SNA, and AAL)Despite

the discrepancies relative to the results obtained for mouse PBL, human-B&Wed Freg

and Fconv displayed distinct surface glycosylation featus indicated by differential lectin
binding,and thus it can be concluded that both mouse and hurdarived Freg and ¥conv ae
differentially glycosylatedl'hese findings and the fact th@D4 T-cell glycosylation was variable
across different anatomical sites in healthy migstigated an interst in evaluating the surface

glycome of Ireg in different functional states.
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Table 34 ¢ Summary of results of flow cytometric screening of lectin binding to€g and T
conv from human PBMCsurface glycosylation was evaluated using lectin profilingduy
cytometry. Single cell suspensions were obtained from human PBMCs. Mean vallwdd for

SD are shown for both populations (n=12 individual subjects)

_ o PBMCs
Lectin Major Ligand(s)
T-conv T-reg p valuet

AAA h-Fuc 52.5 + 47.10 98.5+55.30 | 0.032
AAL Fue"-(1,6) 44650 + 9838 | 53750 + 34163 | 0.470
UEAI Fueh-(1,2) 99.94 +93.78 | 407.99 +485.84| 0.012

MAL-I Sialic aciel'-(2,3)Gal 44991 + 13023 | 31350 + 10964 | 0.012
SNAI Sialic acief'-(2,6)Gal/GalNAc 13384 + 5365 | 12208 +4586 | 0.559
ConA Man 11235+ 5307 | 12148 +4961 | 0.649
GNL Man-"-(1,3) 181.93 + 86.84 | 309.83 + 135.05 0.011
NPL Man-" -(1,6) 85.05 + 66.49 | 169.76 +90.67 | 0.013
PSA Man (Fuedependent) 11913 + 8926 | 33468 +24794 | 0.005
GSH "-DI f-@alNAc 59.50 +54.91 | 103.28 +68.57 | 0.088

Jacalin Gal (sialylation tolerant) 1989 + 918.9 2414 +793.8 | 0277
PNA GakH -(1,3)}GalNAc 61.2+4512 | 122.57 +48.76| 0.006
SJA i -GalNACc 73.93 +73.15 | 147.53+135.41| 0.118
DSL GlcNAc 4864 + 1839 3352+1193 | 0.024

Biantennary, bisecting
PHAE Dt Ob-GaNEEH14)GIcNAC 22083 + 4212 | 22291 +3428 | 0.659
Tri-/tetra -antennary

PHAL i -GallGaH -(1,4)GIcNAC 17717 + 7849 | 14296 + 10198 | 0.350

RCAl Gah -(1,4)GIcNAC 186916 + 26637| 188250 + 28553 0913

{01 GA & was@eérformédyy peniutatioritest with a paired design.
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Figure 3.3¢ Surface glycosylation of freshly isolated resting CDHcells from humanPBMCswas

evaluated by lectin profiling using flow cytometAnalysis was performed by excluding the dead cells an

cell aggregates followed by gating on the lymphocyte populatiarman circulating-fegwere identified

asthe CDACD12P“CD259"subset and the remainder of the CDeells were considered to be thecbnv
population.Results are shown as thbfference in MFI of lectin binding betweenrdg and Tconv and

are representative of results from freshisolated PBMCé=12individual subjectp Statistical analysis

was performed by permutation test with a paired desigip LI @ £ dzS X 00% &P vajug <J DI £ d
0.01)
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3.4. REGULATORYCELLTRANSITION FROM NAIVE TO MBNE STATE RESULTS IN
ALTERED SURFACE GLYCOSYLATION FEATURES

The surface bindingntensities of lectins that were shown to be differentially bound by
spleenderived TFreg Figure3.1) were subsequently compared for splenic naive (CI¥6Rand
non-naive (CD621) CD4FoxP3cells Figure 3.4. As showiby the comparative analysis of the
average MFI of lectin binding to the naive and newaive Treg subsets,CD62['" T-reg
demonstrated generally loweamountsof surface glycans compared to CD82T-reg, most
notably the glycan targets for G8(1245 naive/S1845 nonnaive) SNA (1775 naive/S2116
non-naive) PHAL (4653 naivé/S6315 nonnaive)and the mannos#inding lectins Conf2428
naiveVS2879 nonnaive) GNL(6997 naive/S7593 nonnaive), NPL (3803 naiv4341 non
naive) and PSA59003 naivé/S67024non-naive) There were also a smaller number of lectins
for whichthe MFI of lectirbinding to CD62¥¢" T-reg was higher than to CD621T-reg. These
lectins were AAI42362 naive/S38004 nonnaive) Jacalin510 naivevVS461 nonnaive)and
MAL:Il (17083 naive/S14110 nopnaiveE G KS € I G GSNJ adZaA3Sada3r3a 29
linked sialicacids in nomaive Treg. The observation that the naive and noaive states were
associated with alterations of multiple aspects of thee surface glycome led tm enquiry of

whetherin vitro activation results in similar modulation ofcgll surfaceglycosylation.
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Figure 3.4¢ Surface glycosylation of freshly isolatedaive and nornaive T-reg from C57Bb6
FoxP3.&FP mice spleewas evaluated by lectin profiling using flow cytometdpper: Gating strategy

for flow cytometric analysis of theaive CD4CD62['9" (I) and nornaive CD4CD621 (11) eGFP T-reg
subsetsFlow cytometric analysis was performed by excluding the dead cells and cell aggregates, followed
by gating on the lymphocyte population and then on the CBeklls. Thédentification of the Freg subset

was based on eGFP expressiahich was further subdivided into naive and Agaive subsets according

to CD62L wpression leveld.ower:Graphs representing thelFlof lectin bindng for the individual lectins
(n=6individual animal¥ Statistical analysis was performed frgrmutation test with a paired design (*p

@ tdzS X nodOmMT FrL) @FtdzS ¢ nodnpo®
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3.5.  INVITRO ACTIVATION STIMULI RESULT IN A COMMON PATTERN OF SURFACE GLYC
MODULATION OF NAIVIREG AND-TONV

Preliminary expriments in which different concentrations of ConA were used to stimulate
MACSpurified CD4 T-cells demonstrated that-feg and Fconv differ in their susceptibility to
ConA activation in culturé-{gure 3.9. The proportions of-feg among CD4-cells i the culture
were enriched after 5 days, going from the original 16.6% to over 30% when cells were
stimulated with ConA concentrations ranging from 0.5 to 1.5 pgkidyre3.5A). However,
there was no detectable proliferation of-Gonv or Treg in cultues stimulated with ConA
concentrations of less than 0.75 ug/nitigure 3.58). The rate of Tell proliferation in the
cultures containing 0.72.5 pg/ml ConA was higher forrédg compared to -Eonv. Indeed
proliferation of Fconv was negligible for all CArconcentrations up to 1.5 pug/nFigure3.5B).

In contrast, higher ConA concentrations of 5 and 7.5 pg/ml stimulated both populations to
proliferate to similar extents and resulted in cultures that were mainly composedcoh¥ at

the end timepoint (Figure3.5). The observed differential responsiveness-0é¢d and Tconv to

1.5 pg/ml ConA resulting in preferential induction efeéfy proliferation and enrichment of their
proportion in culture, led to the selection of this ConA concentration for ussubrsequent

experiments.

To evaluate changes in surface glycosylation following activation-refy Tand Tconv,
CD4CD62L splenocytes from C57BL/6 Fox®BFP mice were purified, labelled with a
fluorescent indicator of proliferation and subjected to weg&lonA 1.5 pg/ml) and strong (plate
coated antiCD3/antitCD28 antibodies) activation stimuli in culture for 5 days followed by
analysis of surface lectin bindingigure 3.6. As shown irFigure 3.6B and 3.6C, the weak
stimulus failed to induce proliferatn of either Freg or Fconv but was associated with selective
survival of freg. The strong stimulus was associated with robust proliferation of both
populations with preferential expansion of-cbnv. The surface glycosylation patterns of
unstimulated andstimulated Freg and Tconv, as reflected in staining intensities for the lectins,
are summarized ifFigure 36D. Due to the large number of stains and the requirement of
triplicate measurements for each lectin within the 3 different experimental conustiot was

not possibleto test for Gaussian distribution of the data. Therefore, statistmalbability could

not be formally determinedfor this specific experimentHoweverclosely comparablehanges

in the lectin binding profiles under different adition stimuli wereobservedin two similarly
designed experiments involving stimulation of MACS purified CB@lenic Tcells. For

unstimulated cells, the differences in lectin binding observed in freshly isolated splenocytes
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persisted after 5 days of culte with the exception that -feg binding of Jacalin increased
beyond that of Tconv suggesting an increase of sialylatiolerant Galexpression. The weak,
sub-proliferative stimulus, was associated wighmodestincreasein AAL and DSL binding by
both T-reg and Tconv as well as modest increases in thiensities of the binding of multiple
lectins (SNAI, PSA, GSL PHAE and PHA) by Tconv only. Overall, however, the surface
glycosylation profiles of -fleg and Tconv remained distinctly diffent following sub
proliferative stimulation. In contrast, strong activation and proliferation, induced via CD3/CD28
ligation, resulted in broadly increased lectin bindingensitiesamong Treg and Tconv (which

the exception of Jacalin binding which wasiuced) such that only G$land DSL binding
remained higher on-feg Figure 36D).

It was concluded that -feg and Tconv display distinct susceptibilities to Ceméluced
mitogenic stimulation which resulted in preferential induction ofeg proliferation and
enrichment in culture at miggange ConA concentrations. In addition, the surface glycan
compositions of naive-fieg and Tconv were found to be broadly enrichéals indicated by lectin
binding intensitiesjollowing activation in a mannehat is dependent on strength of stimulus.
Furthermore, as the surface glycan characteristics-obriv subject to a strong, proliferative,
pro-survival stimulus changed to more closely resemble that of freshly isolaieglas reflected

by the similar ntensities of lectin binding to both populationg was concluded that the
enriched surface glycosylation profile of restingeg reflects a state of partial activation and/or

a lower activation threshold.
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Figure 3.5¢ Concanavalin A stimulatioof MACS purified CD4T-cell from C57BL/6 FoxP33~P mice
spleen and subcutaneous lymphodeswas tested by culturing the cells with different amounts of the
mitogen for 5 days and evaluating th&)(proportion and B) proliferation of Treg and ¥conv inthese
cultures Flow cytometric analysis of the @ultures was performed by excluding the dead cells and cell
aggregates, followed by gating on the lymphocyte population and then on the TBells. The
discrimination between -Feg (eGFB and Fconv (e&P) was based on eGFP expressi&esults shown

as mean + S[h=3technical replicates The experiment was performed 3 timegth consistent results
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Figure 3.6¢ Surface glycosylation andrpliferation of FACS sorted naiv€D4 T-cells from C57BL/6
FoxP3eGFP mouse spleemwas evaluated by lectin profiling using flow cytometry after 5 days in culture
with different stimuli. @) Gating sategy for FACS sorting of nai@®4CD62[!9" T-cells. B) Sorted cells
were stained with Cél ¢ N OSu A2t SG LINBEt AFTSNIrdA2y Reé&S FyR
of stimuli, with 1.5ug/ml Concanavalin A (syfroliferative stimulus) oranti-CD3/antiCD28 mAbs
(proliferative stimulus}low cytometic analysis of the coultureswas performedby excluding the dead
cells and cell aggregates, followed by gating on the lymphocyte population and then on th&¢ald.
The discrimination between-fieg (eGFP and Fconv (eGFfPwas based on eGFP expressiob4 T-cell
proliferation wasevaluated by flow cytometrydj T-reg and ¥conv densities after 5 days in the different
culture conditions were evaluated in terms of proportion of total CD<ells in culture. ) Graphs
represent theMFlof lectin binding to theeGFP(T-reg) andeGH (T-conv) cells cultured under the three
different stimuli(n=3technical replicates per condition, per lectikxperimental design did not allow for
robust statistical analysis. Howevesmparableresults were obtained in 2 similar experimeimsolving
stimulation of MACS purified CDsplenic Tcells.
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3.6. DISCUSSION

In this Chapterthe flow cytometric analysis of the surface glycosylation of freshly isolated
mouse CD#AT-cells showed that multiple lectins exhibited distinct binding patterns tegr
compared to Tconv. The most striking observation was that the cell surface of moueg T
contains higheexpressionleve® ¥ & S@SNI t 3t & OF y & (-GubzSidudsNS &
NGt eOoly a&adaaeddlydgNSSRa 24 Ahl &L 6)-fudofyhtiorlas/iklicai@a tyEhe h
higher intensity of binding by the lectins with specificity for those structufesour knowledge,
this is the first time such a comprehensive glycosylation profilingrefThas been performed.
Some of the lectins elaated (AAA, SJA and UBAvere found to display very low ability to bind
to the target cellsWhile all flow cytometry experiments were performed in PBS, atheve
used alternative buffers such &ss-buffered saline (TB$$51, 652)However the low binding
observed with such lectinsas not due to lack of function of the referred lectinsPBSince
they were observed to bind to other populations within teeamples analysed but not to the

CD4 T-cell compartment.

In the resting state, -feg are phenotypically distinct fromcbnv not only by the intracellular
expression of the transcription factor FoxP3 but also by higher expression levels of a number of
molecules such as CD25, CD39, CD73, CD1aR,MR.1, ICOS , GITR, GhLand Heliog55

60, 594) The observed distinct-fieg surface glycan repertoire adds a new distinlgirnig feature

to the characteriation of Freg when compared to the-@onv.Moreower, these observations

are consistent withthe diversity in glycosylatiomamong different cell types within a given

organismdescribed in Chaptédne

A second notable observation was that CD<4ell glycosylation is variable across different
anatomical sites in healthy mica findingwhich is in accordance with the concepttifsue
specific variability of glycosylatioin general, reg showed lower variability across different
anatomical ges when compared to-€onv, with the latter population showing highé&ctin
binding intensitiesvhen isolated from the thymus and bone marrow. Importantly, circulating
CD4 T-cells (PBLSs) displayed an overall decreased expression of glycan structhrésssar
degrees of lectin binding differences between the two populatidfts. example, PNA surface
binding was found to be higher on botkrdg and CD4T-conv in thymus and bone marrow. This
is in accordance withihe previous studies that haveeported high expression of cord
structures by developing-dells and by -Eells that have acquired a memory phenoty{@1,

653) The evidence of the intrhymic glycosylation changes duringdll development suggest
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that posterior TFcell differentiation and migration to different anatomical sites might also be
accompanied by changes in their surface glycan reper{di?d, 520, 614, 615)Variability of
T-cells across different anatomical siteas been reported in particular from the study of the
expression of lymphoid tissue homing receptors by different regulatory andregulatory
T-cell subsetq654, 655) Moreover, the expression of the same homing receptor has been
shown to be diferentially expressed by-feg and Tconv isolated from the same anatomical site,
both in the resting state and after immunizatig®54, 656) In addition, freg from mouse and
human have been shown to differ fromcdnv in their efficiency to upegulate memory,
inflammatiort, and nonlymphoid tissuerelated trafficking receptor$654, &7). Furthermore,
trafficking molecules expressed by leukocytes includiectins, which are transmembrane
glycoproteins that specifically bind to sialylated fucosylated lactosamine core structures.
Lymphocytes express CD62L (whichdbi 6sulphosLé structures and are involved in their
homing) along with carbohydrates ().¢hat act as ligands for-EBnd Rselectins (involved in
their trafficking, adhesion and signallingR1, 431) Pselectin ligands are biosynthesized by the

I OG A @ A-(,8)8icosyldrahsferase VII (FueTL L 0 -(2;3ysRlyltransferase IV (ST3GallV),
which are not expressed by naive CD4ells. Cytokinenediated Tcell differentiation leads to
differential upregulation of these enzymes by Th1 and Th2 cells, rendering Thl cells capable of
interacting with Pselectin and migrating to inflamed tissues, while Th2 cells remain unable to
express the selectin ligands due to lack of PdbTexpression612) Moreover, ST3G4l
expression, which inhibits the formation of the selectin ligands, isegplated during Th2 but
not Thl differentiation, further supporting the higheritity of the Thl subset to interact with
endothelial cell§611) Thus, it is reasonable to consider that differertédll subsets will be
induced to express a distinct range of molecules différentiation-associatedjlycans that will
equip them with the tools required to properly function and localize at thiedéht anatomical

sites.

Circulating human -€ells had distinct glycosylation patterns to those observed on mouse
PBLderived lymphocytes. Specifically, the differences in surface binding to humeg dnd
T-conv showed opposite trends to those of mouse most of the lectins examined with the
exception of PSA and MAIL Interestingly, the differences in surface glycan expression between
T-reg and Tconv were highly reproducible in all individuals tested. The negligibleimd@ridual
variability wasqguite surprising to observe considering that each sample was collected from a
healthy volunteer who originated from a different country to the others. Unlike Jeehat,
K2 NBLRZNISR KA fRu6RiMkbdSidlid aniis Dyamag?sy1) ®efsamples tested
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in this study consistently showed higher SNAnding to Tconv when comparetb T-reg. It is
possiblethat this discrepancy may be due to contamination of the TWD25 T-cells with

activated Tcells in the study of Jennet al.

In immunology research, mice are the animal model of choice to study different aspects of the
immune ystem. However, being evolutionarily distinct, mice and humans differ significantly in
multiple immune compartments. Nevertheless, experiments using mice have been of great
value in generating valuable knowledge about human immune respd6583% The disparity in

the findings of sudce glycan expression byrdg and Tconv from mouse and human blood
samples may represent one more aspect in which the mouse and human immune systems differ.
However, the notable diversity observed in the glycosylation profiles of mousdsTfrom the
different anatomical sites raises the possibility that such anatomical variability may also be
present in human. Moreover, mouskerived circulating lymphocytes displayed significant
differences in lectin binding profiles to those isolated from other lynmiglaygans. Indeed, the
differences inlectin bindingpatterns between Freg and Tconv that were evident in mouse
primary and secondary lymphoid organs were absent or diminished in the PBL samples from the
same animals. It will be of interest to determirterefore, whether Tcell glycosylation profiles

in humanlymphoid organs also differ significantly from those observed in PBMCs. Even though
glycans are produced by all living organisms, which share essentially the same genetic code, their
structures andexpression patterns vary significantly both within and between evolutionary
lineagesand speciesHowever, knowledge of this glycan diversity is far from detailed. Structures
found in prokaryotes diverge greatly from those found in eukaryotes, while ofaste major

glycan classes are shared by all eukaryotic organi$ig Moreover, as previously referred to

in Chapter One glycan diversity is found among different species, among members of the same
species and also among the egibes of an organisnSo far, there are no data available to
explain the differencesolind in these observations of mouse and human cit&iithg
lymphocytes. However, there is evidence of conserved glycosylation between mouse and
human lymphocytes to the extent that the glycosylation of Cantl CD8h i ¢ / wd/ 50 02 Yl
has been shown to be phylogenetically conserved. For instance, in thesR@BBof Rosgt al,,

similar antibodyo A Y RAY 3 RAFFSNBYyOSa 6SNB 20aSNIISR 0 ¢
primary CD4and CD8T-cells in humans, several ndruman primates and moug@59)

In stimulation culture experiments described in this Chapter, weak ConA stimulation of naive
mouse CDZ4 T-cells resulted in selective-rég survival although neither-fEg nor Fconv

demonstrated a proliferative response. Lymphocyte activation with ConA has been previously
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reported to be variable and partially dependent on the presence of APQ@= ioulture (660)
However, the observations using MAQ8ified spleerderived CD4T-cells in cultures to which

no APCs were added, showed a ddspendent ability of ConA to triggercEll prolferation

with T-reg being more responsive than-cénv at low concentrations of the mitogen.
Interestingly, prior to the identification of the-feg subset, Sakaret al.had reported the ability

of ConA to induce prprogrammed suppressor-@ells which reresented a hypeproliferative

T-cell subpopulation that was able to suppress the proliferation of otheell subset4661)
Concanavalin A admatration in vivohas been shown to induce hepatitis in mice resulting in
dosedependent liver injury mainly mediated by-CE€ll activation, in particular by Thl
differentiation (662666). In this particular study, even though splegerived Freg did not
express significantly higher levels of ConA ligands, these cells were more susceptible to ConA
mitogenic stimulation than-Tonv. In addition, both -€ell populations could be stimulated by
this lectin in the absence of APCs, with the proliferative response being derived fromainen
CD62k" cell division, since proliferation was absent when the naive CB¥6Pcells were
purified. Altogether, thee observations suggest that ConA stimulation-o&Il populations can
have distinct biological effects that depend on the dose of the mitogenic stimulus applied, with

low doses favouring the preferential survival of regulatory cells.

Transition from nai@ to nonnaive Treg phenotype resulted in modification of surface glycans
characterised by increased expression of several structures. Evaluation of those glycan changes
upon activation of Tells in culture further confirmed that-feg surface glycosylain is
modulated under different activation states of these cells in a manner that is dependent upon
the strength and nature of the activation stimulus. In fact, activation of humaell$ using
exogenous H2 and IL7 results in a transcription signatuthat leads to decreased expression

of tetra-antennary compledN-glycans, which is the opposite effect of that observed upon TCR
signalling(667)

Although naive -feg were moe prone than Jconv to survive following a syroliferative
stimulus, this was not accompanied by a dramagmodellingof the surface glycome. The
strong proliferative stimulus of platbound CD3/CD28 triggered proliferation and an extensive
increase irthe intensities of lectin bindingy both Fcell pgulations.Bindingby the GSH lectin
wasup-regulated on freshijsolated nornaive (CD621Y) T-reg as well as on-donv and Treg
after CD3/CD28 stimulatioim vitro. This observation is in accordane#&h previous studies in
whichin vitroactivation led taincreased expression of the @a{1,3)Gal terminal motif (GSL

ligand) by both CD4and CD8T-cells(419, 668) The observed activatieimduced increase in
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the bindingby PHAE, PHA. and PS#s supported by Comeléit al. who observed an overall
increase in genes involved wikkglycan production upon-gell activation. These genes ranged

from those coding for subunits of transferases responsible for the attachmeimeoflyycan to

the Asnresidue (DAD1, ribophorin I and II), those involved in the synthesis of thditijéatl

core oligosaccharide structurémannosyltransferases) and also those thezdtalyse the
branching of most completype N-glycans (419) Moreover, even though, in that same report,
matrix-assisted laser desorption/ionization time of fligmiass spectrometryMALDITOFMS)

analysis of the samples showed decreased capping difid & Ol y & (i NIZO)inteNBS & 4 A
sialic acids, an increased ST6GalNAc IV expression was observed, at the transcriptional level.
This is an example of a laok correlation between expression of glycosylatimtated gene
products and the final carbohydrate structures preseiatconcept that may also be relevant to

our own observation of enhanced@St f S E LINB & & A26)finket! SialicliaSidéNas y | €
evidenced by increased SNAinding) following activation. Assuming the results by Comielli

al. are correct andN-3f @ Ol y Ol L-@B}lyiked sialit adids i8 decreased with TCR
activation, it could be proposed that the activatiomduced increas&NAI bindingwhich was

observed is the result of increased sialylatiorODaglycan structures.

It was foundthat T-reg in the resting state expressed high surface levels of certain glycan
structures such adri-/tetra-antennary complexN-glycans which we also consistently
upregulated by Tconv following a strong proliferative stimulus. This observation, along with the
finding of enhanced -feg survival and proliferation in the presence of a weak activation
stimulus, suggests thatrEg exist in a statef partial activation and have a lower threshold for
activation when compared to their conventional, noegulatory Fcell counterparts. This
concept of a partialhactivated Freg phenotype is further supported by the higher expression
by TFreg of severhactivationassociated markers such as CD25, CD69, CD38, CT1R®&, 4
OX40, CD62.CD45RB GITR, and CD1(B4, 55, 263, 669)

Glycan modification phenomena associated witk€ell activation have not been extensively
investigated and some of the differences between the results desthibee and those reported

by other researchers might be explained by the differences in activation protocols used, in the
methods by which cells weneurified and in the subsets that were evaluated. Overall, several
novel conclusions can be drawn from tldkverse lectin binding profileslescribe in this
Chapter. In the resting state;r€g surface glycosylation is distinct from that edanv in primay

and secondary lymphoid organs of healthy mice as well as in the human peripheral blood.

Surface glycome remodelling uporc@ll activation is variable with the strength of stimulation
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and, related to this, -feg demonstrate higher responsiveness to weaikogenic stimulation
than Tconv. Mouse CD4T-cell surface glycan expression is heterogeneous across different
anatomical sites further reflecting the diversity ot@ll subsets and phenotypes that can be
found in different sitesTheseaesults are in &eping with and add to the existing literature which
documents that Icell activation results in glycosylatiwalated transcriptional changes that
mediate Fcell proliferation, cytokine expression and responsiveness and that ultimately results
in extensie remodelling of the glycan epitopes displayed on the surface of the cell. The
observed remodelling of the-feg surface glycome according to anatomical location and
activation state of the cells leth an interest,in the next Chapter, to test the hypothis that

T-reg glycosylation plays an important role in modulating the suppressive function of these cells.
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4.1. INTRODUCTION

Regulatory Tcells play a crucial role in regulating immune homeostasis by controlling
auto-reactive Tcells as well as the functions of immune effector cells in response to infectious
agents, environmental allerged food, normal gut flora, tumours and transplanted tissues.
Beyond the basic function of suppressing inappropriate immune responses,"Hendg3lisplay

substantial developmental, functional and phenotypic heterogen@6s)

Regulatory Tcell suppressive functions are diverse, affecting cells both from the adaptive and
innate branches of the immunsystem and being mediated by a range of different molecules
including CTLA, CD39, CD73:10, TGF | y3Rarrlorig other§140-142). This diversity, and

the failure to identify one central mechanism, which, when blocked, completely eliminatzs T
function, suggests that multiple, distinct mechanisms are required for optirnag Tunction.

Such functional heterogeneity provides evidence for the existencerefi Bubsets which are
equipped with different suppressive mechanisms and which may be specialized to suppress

distinct immune responses in certain anatomical s{ie®2, 262, 263)

Recent studies provide excellent examples eEd heterogeneity and subpecialisation of
function. Tolerance to commensal microbiota and food antigens in the gut mucosa seems to be
mainly mediated by HLO-producing Treg as, for instance, mice lackinglD expression
specifically in F¥eg develop spontaneoudBD (223) A distinct freg subset, localized to the
adipose tissue of healthy but not obese mice, has been characterized to express not only the
T-reg gene signature but also other gene products that reflect unique trafficking,
anti-inflammatory and lipid metholism properties(265) In fat, Freg depletion resulted in
enhanced inflammation and the development of insulin resistance wheregag Expansion
correlated with increased 110 expression and decreased glucose levels in the b{268)
Follicular Treg abiliy to control germinal centre responses irc@l follicles has been reported

to depend on the expression of the transcription factor Bclé and of the chemokine receptor
CXCRS5 and lack of the expression of these moleculesrdy fEsults in enhanced antibgd

production and accumulation of plasma c€B30672)

Additional heterogeneity can be found irrdg expression of chemokine receptors that regulate
the trafficking and homing of these cells to the different lymphoid and-lyomphoid tissues.
Migration from the thymus to the secondary lymphoid organs is promoted by a
CD62["CCRTCXCRZ phenotype. This phenotype is then completely remodelled once the

T-reg reach secondary lymphoid tissues to express a combination of several chemokine
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receptors andntegrins in response to the local antigenic stimulation. Some of the molecules
whose expression is uggulatedare/ / w2 [/ wpX [/ wcZX [ -/ wcZ [/ w
CD62L and CCRY7 are denegulated, thus promoting trafficking to ndgmphoid tissuesn

order to maintain peripheral immune homeostagi®4) The specific chemokine receptors that
are induced inT-reg in the periphery are modulated by local environmental signals and this
imprinting determines the tissues to which the cells will subsequently migrate. For example,
trafficking to the skin and lung is determined by CCR4 expression in the periphgshlhpdes

% K S NB | &ntedrimandrCCR9 in the mesenteric lymph nodes correlates with homing to the
small intesting673675). In EAE, CCR6 expression was shown to be essentialfigmigration

to the sites of ThlTnediated inflammation while CXCR3 expression influenaeg Tocalization

to the central nervous systerf676, 677) In an islet allograft model,-fBg migration to the
transplant site was mediated by CCR2, CCR5, CCR4amutiE3electin ligands while migration
from the graft to the draining lymph nodes, which was required for graft acceptance, was
dependent on CCRECR5 and CC®78)

Regulatory Icell subsets that express CD1i8se been reported to show preferential homing

to nonlymphoid tissues such as the skin and gastrointestinal mucosa, to express higher levels
of suppressive function mediators and to be more suppressive than the C#t, bothin

vitro and in vivo (80, 81, 83, 679, 680Analysis of the expression level of C-ALAas been
reported as being useful for the identification ofdg subsets with higher suppressive abilities
both in mouse and in humafil76, 177) Recently, a highkactivated Treg subset whose
differentiation depends on the expression of the transcription factoterferon regulatory

factor 4 (RF4 and B lymphocyteénduced maturation proteiril Blimp-1) has been identified.

This Blimp 1T-reg subset is characterized by high expression levels of CD103, CD44, ICOS and
GITR. Expression of Blirfipy Freg is upregulated by {2 stimulation and is further increased

in the presence of inflammatory cytokines such a$aLI-6 and It4. Theabsence of Blimg

does not abrogate the development of such-se§ subset but results in impaired suppressive
activity and reduced L0 production. On the other hand, IR8dficiency results in substantial

reduction in the number of this highlyctivaied Treg subse(681)

Regulatory Tcell subsets unable to express the transcription facteloefl IRF4, and STAT3 have
been shown to be selectively incapable of regulating Thl, &h& Th1l7 immune responses,
respectively(682-684) Expression of these transcription factors is essential to trigger the
expression of chemokine receptors on theef which are crucial for-feg localization at the

appropriate tissues where the immune response is taking place. Furthermore, these
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transciiptional regulators also regulate-rég expression of suppressive function mediators
important for the regulation of the distinct types of immune response associated with Th1, Th2
and Th17 effectors. For example, during Thl responsbst &xpression halseen shown to be
required for optimal expression of CF4AIl-10 and TG¥ (682) In contrast, targeted deletion

of IRF4 in “Feg results in impaired expression oflll and granzyme B necessary to abrogate
Th2 autoimmunity(683) Finally, inactivation of STAT3 signalling is accomgdnjialecreased
expression of HLO, granzyme B and perforin, resulting in impaired regulation of Th17 immunity
(684) These studies demonstrate thatrég use the canonical transcription factors associated
with the different Th subsets to regulate the respective polarized immune responses and to

restore homeostasis.

As summarised thus far, phenotypic and functional heterogeneity amosnggrlis substantial
and is based on differential expression of various molecules that directly or indirectly dictate
T-reg migration and distinctive suppressive phenotype at various anatdsites. Moreover,
individual Freg may undergo changes to the repertoire of molecules they express.
Environmental cues play a pivotal role in inducing the transcriptional changes requirecefpr T
to respond appropriately in specific settings.wasdemonstrated in Chaptefhree substantial
variability is also found in the terminal glycosylation patterns displayed on the surfaces®f T
isolated from the different mouse lymphoid tissues and also in different activation states.
However, there is no current knowledge regardinpether the TFreg surface glycosylation
profile has any relationship with-feg marker expression and suppressive function. With this
background, thereforeit wasnext sought to investigate the possible correlations between the
surface glycosylation charteristics of spleen and lymph nodierived mouse Feg and their
respective suppressive function and to determine their relevance for the identificationmeg T

sub-populations with different suppressive abilities.
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4.2. HIGHER CARBOHYDREXBRESSI@WN TREG SURFACE CORRELATES WITH HIGHER

EXPRESSION OF MOLECULES ASSOCIATERRBGTIBENTITY AND FUNCTION

Freshlyisolatedsplenocytes from C57BL/6 FoxPF3FP mice were stained with combinations of

9 biotinylated lectingAAL, SNA MALII, DSL, JacaliGSH, PHAE, PHA. and PSATpble3.1])

and 9 antibodies against specific-rég markers and were analysed by muglilour flow
cytometry as described in Chaptéro. As expected,-Teg displayed higher surface expression
levels of CD39, CD73, CD103;1PPDL1, ICOS and GITR as well as higher intracellular

expression of CTkAand Helios, when compared tecbnv figure 4.).

In order to evaluate -Feg marker expression according to the levels of surface glycan expression,
T-reg were subdivided into twor three subpopulations according to their binding intensities

for each of the individual lectins [negativé, low/mid (™) or high {%)]. The expression of the
different T-reg markers was then analysed within eacted subpopulation Figure 4.2. The
expression of all the-fleg markers studied, with the exceptions of CD103 and Helios, was found
to be higher in Freg with higher surface binding of the lectins SINAAL, DSL, PHEA PHA,,

GSH and PSAFigure 4.2AGG, I). Based on the known specificities of these lectins, the result

618 AYGSNLINBGSR | & Ay RAGPnkédsifld aciflsk-{1B)inket BLE S NJ €

residuesGIcNAc containingtructures, terminal -Gal GalNaaesidues andFrucdependent Man
structures on the surface of mouserdg correlate with higher expression of multiple markers
of suppressive function. In contrast;rédg populations subdivided according to MiAland
Jacalin binding failed to show any variability in the expressioneot-tleg markersKigure 4.2B
H). This suggested that surfaegpressiorof (2,3}linkedsialic acids and sialylatieginlerant Gal
residues do not correlate with-feg expression of suppressive proteins. From these results, it
was concluded that-feg marler expression is variable within ther@g population of mouse
spleen and lymph nodes and thatrdg which are enriched for certain glycsinuctures (such as

i S NJY AGaFdalNAcresidues and compleli-/tetra-antennary N-glycans) express higher
levelsof important Freg proteins including CD73, RDPDL1, ICOS, GITR and GZLAince
most of these molecules play very important roles wned development and suppressive
functions (140142, 594) these obserations led to the hypothesis that-rEg surface glycan

expression might correlate with-feg suppressive function.
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Figure 4.1¢ Surface or intracellular expression of proteins associated witlhe§ identity and function

by freshlyisolated Freg and Tconv from spleens and lymph nodes of C5TBEoxP3.&FP miceFlow

cytometric analysis was performed by excluding the dead cells and cell aggregates, followed by gating on

the lymphocyte population and then on the CDO4cells. The discrimination betweéehreg (eGFH and

T-conv (eGFP was based on eGFP expressi@Gnaphs of the mean + SD of the median fluorescence
intensities (MFI) of antibody binding tecbnv and Ireg are shown for each of the nine markérns9
technicalreplicates for each of Bdividual animals)Statistical analyis was performed by permutation
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