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ABSTRACT

Some antigens can induce@Sf t | OGA @Gl GA2Y YR yiAo2Re& LINER
hence are called-ihdependent (TI) antigenSimilarlyto bacterial capsular polysaccharidesti-
IgD-conjugated dextrart ¢t -DEXis aTl type2 mimic whichstimulates B lymphocytes by cress

linking of numerous Bell receptor moleculesThis thesisdemonstrates that" - -DEXactivated

B-cells directly inhibit TCRhducedCD4 T-cell proliferation and activatioimn vitro. Experiments

performed with purified cé £ LJ2 LJdzf | G A 2y a S E Of-DER Sdiing diécy ohJ2 8 & A 6 .
CD4¢ feyvyLKz208GSa yR O2yTANYSR-DEXTbria period bf@d LIK 2 O &
hours become activated and acquire a suppressive phenotype. Interestingly, these suppressor B

cells appear to be effective even when they are present at numbers below the physiological T:B

ratio. Although the exact mechanism of action remains obsdtnis,is the first evidence of Tl type

2 antigen activated Rells mediating inhibition of actation and proliferation of helper T

lymphocytes

Neisseriameningitidisis a bacterium which rarely causes invasive disease and sépsis
perpetuates colonitionin the nasopharynky avoiding immune recognition and killing. Because
severalN. meningitidisonstituentsare Tl type 2 antigens and/or provide second signals¢elB

via TLRs, it washypothesizd that paraformaldehyde fixedmeningococcuscould exert
immunomodulatory propertiesA deep suppression dED4 T-cell responsesccurred when

h | Bstmulated PBMCs where incubated with small meningoaomants (ratiosetween 0.1 to
10:1 bacteria per cell). Alear T1 cytokine profile and HLO secretion was observed in
supernatants from these culturednterestingly, outer memiane vesicles (OMVs) from.
meningitidisand N. lactamicareplicated the suppression phenomenon induced by the whole
organismBacterial apsule, lipooligosaccharides afgha are not responsible for the suppressive
effect. Depletionof B-cells, monocytesr NK cells doesot reverse the meningococcusediated

inhibition in PBMC cultures.

Several bacterial components stimtdanitric oxide (NO) productiomoweverN. meningitidisan

counteract the bactericidal effect of reactive nitrogen intermediatesabyartial denitrification
pathway.Since NO is also produced as a result of TCR engagement, it was investigatest wheth
NOdonation or inhibitioncould influenceCD4 T-cell responsesA novel specific eNOS inhibitor
(Cavtratin)derived from the caveolii structurewas testedfor the first time in PBMC cultures

I @GN GAY O2y OSy (NI (A 2syrliferation oft @D4 T lyniphooytes amca A Yy ON
reduce the percentage of cell deaththe PBMC culturafter antitCD3 stimul@on.
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CHAPTER 1: INTRODUCTION

1.1 ADAPTIVEMMUNE RESPONSES

1.1.1 Innate and adaptive immune system

Sincethe early 1890s, two distinctive immune systems were identified: the innate and the
adaptive. The innate immune response is a rapid first line of defence, recruits immunancklls
triggers inflammation at the site of infection. Dendritic cells, macrophages, monocytes,
neutrophils, eosinophils, basophils, mast cells and natural killers all play a role in the innate
immunity. Most of the cells from this system recognise and pipk common microbial
constituents through pattern recognition receptors, such as -lil@l receptors, scavenger
receptors, mannose and glucan receptddaneway & Medzhitov 2002Apart from the well
known phagocytosis, secreted preformed molecules satmtimicrobial enzymes (lysome,
phospholipase 4, antimicrobial peptides (defensins, cathelicidins and histatins) and the

complement system, are mechanisms that the innate system uses for the lysis of microorganisms.

In contrast, the adaptive immune sgsh evolves during the lifetime of an individual, specifically
targetingpathogens or its products and providing letegm protection (immunological memory).
Adaptive immune responses are initiated in peripheral lymphoid tissues where antigen presenting
cels (APCs) or free antigens become in contact and induce activation of T and B lymphocytes,
respectively.T and B lymphocytes are tledfector cell types of the adaptive immune system: T
cells produceegulaory pro/anti-inflammatory cytokines and lyse atdted cells, whereas-eells

are specialisd in producing antibodies.

Even though the adaptive and innate immune systems are functionally different, they work
together in a sequence of events integrating a complex cooperation network to mount the

offensive against invasive microorganisms.

1.1.2 T lymphocytes

T lymphocytesindergo their maturation and differentiation in the thymus, where selictive
cells will be eliminated whilst functional competent cells capable of recognising foreign antigens

are selected and allowed to matu(€arpenter & Bosselut 2010)

T lymphocyts recogniseantigensand become activated by engagementtioéir T-cell receptor

(TCR)TCR is a complex of membrane proteins, composed of igafid/ & A y 3 & dzo dzy A ( &

3

(
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which determine the affinity for antigens antdree proximal CD3 signallingrirso * ¢ = 1+ s | Yy R VYV
(Call et al. 2002Janeway 1992)tia Ay (GKS (GKeévYdza ¢KSNB (KS 3ISyS N
chains occurs by random sxciation of genesresulting in a large TCR diversity *fL@gainst

antigens(Delves & Roitt 2000)

Through a majohistocompatibility complex (MHC), APCs will expose antigenic peptidesaits T

and trigger the TGRBependent intracellular signalling that leads to activation, proliferation and
differentiation into effector Tcells(section 1.1.4)T-cells can also becivated by certain mitogens

which non-specifically bind to TCR but induce proliferation ofcells. For example,
phytohaemagglutinin (PHA), concanavalin A (ConA) and superantigens such as staphylococcal

enterotoxin B (SEB).

1.1.2.1 Tcell subsets

Basedon the expression of surface markers and their functibong & Martinez2010) have

described 10 distinctive-Gell subsets: Naive, Helper, Cytotoxic, Regulatory (Treg), Natural killer T
6bYet0us aSY2NEBI /5yhh 3 AlthoughitivasokgitallgzarsiGeratat ¥ R | Y SNH A
cells will differentiate into only one effector subset, nowadaysngnakcells have been

characteried and reported to evolve from one phenotype to another or to be a mixture of two

subsets. Such quality has received th&fa  2-@S faf¢  LIHirahaiaheOal. 2@ 2)n this

section however, we will only revise some of the major populations

Depending on their restriction to bind to MHfass | or Il is that thymocytes differentiate into
CD8 or CD4, respectivelyfCarpenter & Bosselut 201M0aive T lymphocytes (either Cit CD8)

are cells that have not encountered their specific antigen yet; they have just left the thymus and
started traffic towards lymphoid tissue. Once in contact with the antigen they beaffeetor

cells and preferentially migrate to peripheral tissu€he function of CD8ytotoxic Tcells is to

kill infected cells expressing pathogenic molecules on the surface of MHC class |. Cytoatizic T
destroy infeted cells byinducing apoptosivia deathreceptors ligation(mainly Fas) andby
delivering cytotoxic granules (containingranzymesand perforir) into endosomes which get
released in the cytoplasm of the affected délbarari et al. 2009Russell & Ley 20QRouvier et al.
1993. Incontrast, CD4Helper TFcells recognise molecules on MHC class Il and their function is

not to kill but to regulate other immune cells.

Depending on the cytokines they produce and their function, Helper CDymphocytes can
further differentiate into 11, Tu2, 19, Tu17, ®22, Ex(follicular) or iTreg (antigemnduced Treg)
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Whether a T differentiates along any of thesgathways is influenced by many factgrsuch as:
the amount, type and affinity of antigen recognitiaihe APC which presents the antigen, the
cytokine environmentand direct DNA or histones modifications (epigenet{¢fyahara et al.
2013; Kaiko et al. 2008)

After exposure to two different antigens, Del Prete eti®i91)corroborated the existence aivo
opposite T Helper populations in humangl &nd T2, which were previously described in mouse
(Mosmann & Sad 19981osmann et al. 1986)T1 are characterisd by IE2, IFN! YR ¢bcC
production, thus evoking a cetiediated immunity and phagocyependent inflammation. 12
secrete |4, L5, IL6, IL9, I1-:10 and IE13 which promotelgEantibody poduction IFN+ Z-12L [
and TGF R NJL deSelopngent, whilst K4 induces 2 differentiation. After commitment into
one lineagecytokines produced by one pathwagll switch off the cytokine gene transcription of
the other pathway (Nakamura et al. 1997¥or example]L-4 from T2 cells promotes a2
responsebut inhibits expression of the IL-12 receptoucial for Tl cells whereas IFN from Tl
inhibits T2 responsivenes<ell mediatedlyl responses are mainly involved in the clearance of
intracellular organisms and in the pathogenesis of organ autoimmune diseasbmsydd
hypersensitivity responsesiHumoral 2 responses &ve been associated with allergic disorders
such as asthm@Akdis et al. 2004Walker et al. 1991and are important fo the clearance of
extracellular pathogendt has been suggested that if naivecdlls get primed by dendritic cells
they will tend to alyl differentiation; whilst priming by-Bells will lead a predominantiZ lineage
(Hilkens et al. 199'Macaulay et al. 1997Stockinger et al. 1996; Heufler et al. 199@pwever,
the Tu1/Tu2 outcome seems to be more complex, as a reciprocal feedbackobetween the T

cell and the antigen presenting cé@Rissoan et al. 1999)

Tul7 cells were identified by the productiaf large quantities of the pro-inflammatory cytokine
IL-17 (IL-17A and I17F), 1121 and also by the induction of many chemoki(@sttelli et al. 2008;
Park et al. 2005)rhe simultaneous presencd TGH | IyBRnitiates Tl 7 differentiation, but

it is I1-23 and IE21 that maintain their developmentin contrast, products of thesI and T2
lineages (12, Il-4 and IFN 0 oT§12dévklopment(Harrington et al. 2005; Park et al. 2005)
Since theTyl7 subset also secreteli-6, IL-1, TNFh | Y Ry A TulNJeals havebedR S T
implicatedin autoimmune diseasesavolvingneutrophil recruitment metalloproteinases activity
and subsequent tissue inflammatipsuch agencephalomyelitis(Bettelli et al. 2008;Park et al.
2005 Langrish et al. 2005)

Firstly described by the Sakaguchi grq@p95) T-regulatory cells (Trgghave acquired major

importance in the last decade due to their role as downregulators of immune responses and
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maintenance of selffolerance as lack of Tregs in the periphery results el mediated
autoimmunity and allergic disorderéSakaguchi et al2008) Foxp3 was found to be the
transcription factor responsible of the development and suppressive function in {FFegsnot

et al. 2003) Tregs can be naturally created in thymus or induced in periphery from naivie T
Tregsuppressive phenotypeith induction of Foxp3in naive helper cells can be achieved in the
presence of H2 together withTGH wmand can be synergized by retinoic acid produced by
dendritic cells in the guBenson et al. 2007; Marie et al. 2Q0@&ntini et al. 2004 ActivatedTregs
express high amounts of the surface receptors CD28R1). and CTLA (Shevach 2009After
antigenstimulation Tregs mediate suppression by secretioargfinflammatory cytokineglL-10,
TGH , IL-35), by repression of i2, I-:4 and IFN X & &cleGBest, by inducing anergy or by
cytolisis(Shevach 20Q%Bakaguchi et al. 2008aylor et al. 2006)

Follicular Helper “Eells Ty only produce small amoustof cytokines but are speciais in

travelling to lymphoid nodes and germinal centtesrovide support to Bells in the production
of IgA and IgG antibodid8reitfeld et al. 2000)Thus, Try are associated to the expressiaf

several molecules important for-&Il coestimulation (CXCR%", ICO%" PD19" BTLA

CD2069" SLANM™). A type | Interferon signalling idendritic cells and -B interactions with
expression of the transcription factor Bcl6 driligdevelopment(Johnston et al. 200 ucak et
al. 2009)

TH9 is arecently identifiedT-helper subst that preferentiallysecretedL-9 (Dardalhon et al. 2008)
which isinvolved inthe resistance against parasites but is pathologjiqgaksent inallergic airway

and gut diseaselStaudt et al. 2010)Although they also produce-1I0, no suppressive properties
have been obseed in this populatiorfDardalhon et al. 20089 differentiation is initiated by a
combination ofTGHF and IL-4 (Stassen et al. 2012put it is the expression of the transcription
factor Interferon regulatory factor 4 (IFR4) that lead® lproductionin these cell{Staudt et al.
2010) In vivg -9 enhances the activity of mast cells, induces mucus and chemokine production
in lung epithelial cells, expands thecBll subset 1 and increases secretion of IgE an@StESsen

et al. 2012)

Finally,the Tu22 subset is charactersl by their large H22 secretion and moderate amounts of

IL-10, 1:13 and TN# (Eyerich et al. 20Q9Trifari et al. 2009) IL-m i | YRlead fo the

development of k22 producing Tcells from naive Tells(Trifari et al2009) IL-22 is a member of

the IL-10 family, which in combinatonwith TNF 8 SSY G2 LX & |y AYLRNIIFyYyad |
of keratinocytes. Thus, is believed to influence regenerative and inflammatory responses in skin

conditions, such as psoriafByerich et al. 2009 rifari et al. 2009)
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Even though each of the;Subsets are represented by key regulators or featuresent evidence
has shown thait is not infrequent for one cell to coain more than one key regulator marker
LYRSSRX® aBKiQa | CALMEP | CsKnplistia #h& dndeteSimaze® tBeNplasticity Bf
cells(Hirahara et al. 2013Moreover,balance between subsets offiElper is delicate and broken
balance (such as less Tregs and more Thl or Th2) can lead to diskdiset al. 2004) Some
publications suggest that the strong activation signals aweaecthe downregulation of Tregsd

so they proposét will be possible to treat allergic disorders imgreasing Tregs and decreasing

Th2simulatenously(Ling et al. 2004)

Figure 1.1 illustratean overview of some of the effector Helpec@lls.
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CD4* HELPER T-CELLS IL-2
IL-23 IL-17
%
IL-6 +TGF-B [Ml
IL-35
IL-2 —>| IL-10
TGF-B

IL-5 IL-6 IL9 IL-10 IL-13I

Phagocytosis
TNF-a

Release of granules Ig class switching

Figurel.l: Major CD4 T-cell subsets and their cytokines.

Upon antigen presentation and in the presencdle?, T40 cells polarize intmne of theseveral
Tusubsets Depending on the cytokines present at the environméi can differentiate into J1,

T2, TH17 or Treg among others. Cytokines produced by these subsets will have secondary effects
on cells from the innate and adaptive immune system.

Tu=Helper CD4T-cell, CD8= Cytotoxic CD83-cell Treg=T-regulatory cetlB= Bcell, NK= Natural
killer cdl.
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1.1.3 B lymphocytes

B lymphocytesire produced and differentiated in the bone marrdlwwvough the immature stages
pro-B and pre-B where the rearrangement of immunoglobulin genes occurs um@édching
completematurity (Delves & Roitt 2000Auto-reactive B lymphocytes are eliminated in the bone
marrow, while mature effective B lymphocytes are sentthe circulation to finally home in

peripheral lymphoid tissue

B lymphocytes are well knowby their ability to produce antibodiethat directly neutralie the
pathogenic action or antibodies which opsonise thieroorganism facilitating phagocytosis and
compkementmediated killing. Antibodiesan be induced by previous infections or vaccination
and play an important role in secondaresponses. B lymphocytes can ap@form as APCs
displaying the antigen to-gells and driving their differentiatiofsection 1.1.4)in particular late

at the primary response or in a secondary respofRiwera et al. 2001)n this respectrecent

evidence halucidatedthe importanceof B-cellsas regulators of -Cells.

B-cells can modulate thintensity and quality of the -€ell response to antigens via antibady
independent mechanisms, such as secretion of cytokines or direetaghct (co-stimulatory
molecules). Upon antigen recognition, effectorc@ls can secrete cytokines which lead to
polarization of naive CDA lymphocytes into qL or Tu2 (section 1.1.2.1)Theimportance of B
regulation hasbeen recognised in severalc€ll medated autoimmune disorders, either by
influencing Ty differentiation, Tcell activation or the number of Tredund & Randall 2010)
Moreover, Bcells have been considered essential effectors in the regulatiorcefl Expansion
(Crawford et al. 2006.inton et al. 2003) T-cell re-activation and generation of lorgrm T-cell
memory against certain virudVhitmire et al. 2009lijima et al. 2008 Thomsen et al. 1996 A
mouse model of encephalomyelitis which depleteddls before and after the instalmenf the
disease, determined a biphasic therapeutic role @elBs capable of suppressing or exacerbating

auto-reactive TFcells over the course of the autoimmune dise@lgtsushita et al. 2008)

1.1.3.1 Bcell subsets

B effectorl cells (Bel) secrete IFNY X -12| [-10, 16 and TNFh which enhanceTul
differentiation and further production oTul cytokines Bel cellsare present in mucosal tissue,
pleural and peritoneal cavities, and their differentiation is not driven by T lympho¢ytesl &

Randall 2010Harris et al. 2000)
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In contrast, B effecto? cells (B&) secrete 2, Lymphotoxin", |4 and IE13 in large

concentrations, butminimal amounts of-m 1 = ¢ b G&(Luhdy&RRanddll 201®arris et al.

2000) ThusBe2 cellscan act as APCs aexlert a preferentiallu2 differentiation (Macaulay et al.

1997) Be2 cells arethe main B population found in peripha lymphoid organs and their
development is dependentn T cells that produce . and engagment of CD40 as well as
CD80/CD8 moleculegHarris et al. 2005)section 1.1.48).

Bregulatory cells (Bregs or B10) are a newly accepted subset -otllB with
immunoregulatoryimmunosuppressive propertiegMauri & Bosma 2012)present in small
numbers in spleen angeritoneal cavity butare in blood or lymph nodg#1atsushita et al. 2008)
Theinhibitory functionof Bregs is mediated to a great extetitrough 11-:10 secretion(Bouaziz et
al. 201QFillatreau et al. 2002However, TGF1 production, celcontactsuppression via CD40 or
CD80/86 molecules, dampening of deitidr cell activity and neutralisg antibodies against
harmful factors are also well supported mechanisms of downregulatiair et al. 2010
Mizoguchi & Bhan 2006)L-10 is a suppressive cWime which blocks {L polarization by
suppressing HL2, also downregulates proflammatory cytokines (TNF, IL-1, 1:6 and IE8)
produced by neutrophils, macrophages and other ganulogy@sd suppresses antigen
presentation (Asadullah et al. 2003Aninteraction FB cell is essential to occur, #% main
stimulus for IE10 production in Bregs is provided by CD40 engagen@Blair et al. 2010)
NowadaysBregs have éen phenotypically identified by a combination of markers, sucG28
CD199"CD249"CD389"CD1d (Mauri & Bosma 201 Blair et al. 2010Yanaba et al. 2008)

Plasna cells are terminally differentiated erstage cells, they do not divide and their lifespan is
between few days up to month3heir main function is antibody producti@nd these cells lack
many of their development transcription factors and the receptors for antigen presentation
(Galame 2001)XBP1 andBlimp-1 are key transcription factors for the differentiation ofcBlls

into antibodysecreting plasma cells withinnhph nodegReimold et al. 20QTTurner et al. 1994)

Memory B-cells are mature longjved cellsmainly originated at the germinal centres and which

can be reactivated to become plasma cells after secondary challenge. Their main featuigois to

under Ig class switchirngection 1.1.3.2and produce highly spefic antibodies for a long period

of time. Development of a memory-&ll requires Tell coda G A Ydzf F A2y 2NJ WKSt LIQZ
through binding of their CD4@eceptor (sections 1.1.4.and 1.1.5.1) andy some Tderived

cytokines such as -4, I5 and IE6. Although markers for this subset seetm be highly

heterogeneous, lossf IgD and expression of CD27 and/or IgG can be considered good indicators

10
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of Bcell memory. Achievement and nméenance of memory is driven by several factors, such as
GKS yGdA3aSyQa OKI NF OGSNXA&GAOa(YdshidR etalRGl0)a G NBy 3G K

Figure 1.2 illustratethe cytokine profile and the action of thesecBll subsets.

1.1.3.2 Antibodis

Antibodies (secreted immunoglobulins) goeoteins produced by the terminally differentiated
and effector B lymphocyte or plasncall (section 1.1.3.1Although some antibodiesao directly
neutraliee pathogens or toxinotherscoatthe surface of the pathogeto facilitate phagocytosis
(opsonisation)r induce complement activation to destroy bacteria by permeabilising the cell

wall.

Based on their heavy chain, fiddferent classes of immunoglobulins (Ig) with different biologica
properties are produced. IgM is the first class expressed by immature B lymphocyiesdn
marrow, is the most widely secreted Iggrimary antibody response$gD is expressed on the cell
surface together with IgM, and denotescBIl maturity to respad to antigen in peripheral
lymphoid organs (naive -ells). IgG is secreted in large quantities in secondary humoral
responses, activates the complement system and is the only one capable to confer passive
immunity to fetus by crossing the placenta barrikyA is the most abundai saliva, tears, milk,
respiratory and gut secretions. Secreted IgE binds to the surface of mast cells and basophils as

passive receptor of antigens, leaditmgtheir activation and secretion of histamine and cytokines.

In gegminal centres, upon activation of B lymphocytes by the antigen, membrane IgD is lost and
BOStta OFy SAGKSNI LINRRdzOS 2dzald L3a 2N wOfl aa
followed by DNA recombination and somatic hypermutation (point mutejp which together

aim to produce new IgG, IgA or IgE with higher affinity for a specific antigen and memory cells
(Shih et al. 2002.iu et al. 1996)Indeed, this secondary antibody response lasts longer and results

in higher titers.

1.1.3.3 B-cell receptor engagement

The Bcell receptor (BCR) is comprised by a membrane bound immunoglobulin which confers the
FydA3Sy NBO23IyAlAz2zy FyR (62 FRelOSy(l &adodzyAda
Diverse specificities of the antigen egtors are produced by gene rearrangements during the

early developmental stages of the lymphocyeit further diversity takes place by splicing as B

11
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cells continue to maturéDelves & Roitt 2000he BCR of mature B lymphocytes is composed by
membranebound IgD and IgM, but is the former the one that has been attributed with the most

of the signalling propertieGeisberger et al. 200&im & Reth 1995)
B cells becomactivated via BCR creBsking after encountering an antigemhe outcomeof the

BCR engagement is influenced by a combination of factors, such as positive and negative
regulators or cestimulatory molecules, the abundance of the antigen, the antigenic epitopes and
the extension of the BCR crdasking. Moreoverjt has been pposed that the strength of the

BCR signal received by the antigen sets a threshold of susceptibility-teasitity that varies in

each individua{Grimaldi et al. 2005)

The intracellular cascade after BCR engagement starts with the phosphorgiatiel. 31 | y R L 3]
tyrosinebased activation motifs (ITAMs) by protein kinases ofShefamily. This event recruits

and activates Syk, a tyrosine kinase that activates other targets such as BLNK, phosphelipase C

FyR GKS . NYzi 2y Qa Thisdedd doAngsBol ttiphosphateS()Rpéodudtibnoad

subsequent CaArelease, which activates the protein kinase C cascade and downstream nuclear
transcription factors, suchas NFi | Yy R (G KS vy dzOf S lkctlls (RFATHa2Mdto2 T | OG A €
et al. 2004) The mitogen activated protein kinase (MAPK) is &-i@dependent downstream

pathway also involved after BCR engagement, especially though its membéGRERE et al.

2002)

BCR is further modulated by a-teceptor complex formed by CD19, CD2& &¢ w L(Grimaldi

et al. 2005) CD19 is a transmembrane glycoprotein which stays in proximity with BCR, gets
phosphorylated upon BCR engagement and helps IgM/IgD receptmen microclusters
formation (Depoil et al. 2008)CD19 works as an adapiidee protein, initiates activation of
phosphatidylinositol &inase (RBK) needed forC&" mobilisation and also establishes BCR
mediated Btk activatior{Fujimoto et al. 2000Buhl & Cambier 1999Tuveson et al. 1993)n
contrast, CD22 hagyrosinebased imctivation motifs (TIMs) which if get activated by Lyn (a
member ofSrcfamily), they result in inhibition of BCR signalli@grnall et al. 1998)With a similar

Lyn mechanism as CDZ2 Rllbis another negative regulator of antigémduced Bcell activation,

acting by limiting Camobilisation and preventing FFaccumulatio (Nakamura et al. 2000)

12
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B LYMPHOCYTE SUBSETS
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Figure 1.2 Major B-cell subsets andkteir role.

Upon antigen recognition arontact with effector Icells, B lymphocytes become effector cells.
Cytokines produced by the subsets-Band Be2 induce polarization of-tells into 1 and T2,
respectivelyBreg exerts inhibitory properties mainhalL-10 secretion. Antibody prodtion and
immune memonyare the major roles of plasmatic Bells.

Be= Effector Bell; Breg= Begulatory cellTy=Helper CD4T-cell.
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1.1.4 Interactions between antigen presenting cells and T lymphocytes

For a T lymphocyte to beconagtivated it requires to be exposed to its TCR specific antigen and

a series of cstimulatory signals. Antigen presenting cells (APCs) will accomplish this task by taking
up the pathogen (section 1.1.4.1) and then processing it into peptides that catispéayed in

MHC molecules on the cell surface (section 1.1.4.2). Once the MHC bound peptide gets in contact
with the antigenbinding site of the TCR, several nmlkes will intervene to stabils the
interaction and to provide further caetimulation tothe T-cell (section 1.1.4.3). Finallyc&ll signal
transduction pathways will be initiated to produce transcription factors needed foellT

activation and differentiation (section 1.1.4.4).

1.1.4.1 Pathogen recognition by APCs

Dendritic cells, maophages andnonocytes are all APCs specitisn the phagocytosis and
destruction of pathogens but incapable of developing immunological memory. APCs take up the
antigen by either phagocytosis (complemanediated), macropinocytosis (liquid egulfment) or

by using signalling receptors.

APCs recognise pathogens though a set of constitutively expressed pattern recognition receptors
(PRRs). Common microbial constituents known as pathageaciated molecular patterns
(PAMPSs) are molecules detected by BRFRom all the PRRs, Tlikke receptordTLRS) are the best
characteried and can be found in several immune cells, such as dendritic cells, macrophages, B
lymphocytes and even some subsets of T lymphocytes. TLRs can be expressed extracellularly or
assogated to intracellular vesicles, but upon antigen recognition all lead downstigigmalling
cascades via one of the 4 adapters (MyD88, TRIF, TRAM or TIRAP). In humans, 10 different TLRs
have been identified and categodd depending on the molecules thégrget. For example the
extracellular located TR TLR and TL® mainly bind to lipoproteins; whilst TERTLR7, TLR

8 and TLM are intracellular and bind to double or single stranded nucleic &8kdsa et al. 2006)

Of relevance is the extraceldul TLR4 which recognises LPS and heat shock proteins, both involved

in the pathogenesis of sepdisu et al. 2008Leon et al. 2008)From the TLR adapter molecules
MyD88 is the most common to all TLRs, although combinations among the other adaptdspare a
common.In general, TLRs pathways culminate with the activationgfNF | y R a!t Ayl aSx

in turn induce transcription of prinflammatory cytokinegKawai & Akira 2011)

14
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As mentioned previously,-8ells can function as competent ARCéesnut &rey 1981priming

naive TFcells preferentially with proteingConstant et al. 1995nd being almost as effective as
dendritic cells(Cassell & Schwartz 1994y contrast to the innate APCs;cBlIs recognise and
perform endocytosis of the antigen thrgh their BCR. Indee® lymphocytes do not phagocytose
the antigen and only use the TLRs as accessory actigioals (section 1.1.5.2.Burthermore,

it has been published that the same TLR stimulation results in a distinctive cytokine profile
betweendendritic cells and Bells, as they seem to prefer distinct signalling pathw@gsr et al.

2007)

1.1.4.2 Processing of antigen and its expression on MHC molecules

Once the antigen is internadid by the APC, pathogens will get degraded into small peptides that

can be bound to MHC molecules. Finally, the complex arigld@ is exported to the cell surface.

The two MHC molecules differ in their cellular distribution, structure and function. M&ksS | is
contained in every cell type in the body, apart from erythrocytes; whilst MHC class Il is restricted
to dendritic cells, macrophages, monocytes andeBs. MHC class | molecules bind to peptides
from intracellular pathogens that have been dedgd in the cytosol by the proteasome, for
example virusegGrommé & Neefjes 2002)n contrast, MHC class Il bind to peptides from
extracellular pathogens that have been degraded by digestive enzymes in endocytic acidified
vesicles, such as most bactefislladangos 2001)n the case of Bells, the crostinked BCRsi
rapidly internaligd into early endosomes and finally transported to reach the MHC class Il loading

compartments(Cheng et al. 1999)

APCs expressing MHC class | will present the antiig@D8 Cytotoxic T lymphocytes, whereas

the ones with MHC class Il will preseéatCD4 Helper T lymphocytes. Although B lymphocytes
and macrophages constitutively express high levels of MHC class |l tidecelts are the most
specialied in antigerprocessing and presentation to naivecdlls. Dendritic cells can present on
MHC class | or Il molecules, are able to phagocyte any pathogen and constitutively express co

stimulatory molecules for-€ells.

1.1.4.3 TCR activation and the need ofstomulatory molecules

The activation process starts when an APC become in physical contact with a T lymphocyte, so the

first activation signal is provided wheha MHC bound peptide is recogatsby its specific TCR.

As mentioned irsection 1.1.2, TCRfoty SR 6@ (G(KS FyiA3ISYy o0AYyRAYy3dI NB3
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expression with theCD3 signalling di;iINE 0 ' & X Upos TCR Yigatiorproteindkinases

become activated and trigger production of transcription factors (section 1.1.4.4).

Beyond the binding etween MHC and TCR, a second signal via severatincolatory
ligands/receptors pairs and adhesion molecules is required to achieve compteleaktivation,
differentiation and expansioriSchwartz 1990Huet et al. 1987)If no specific binding occurs
between the MH@ound peptide and the TCR, the celldl wapidly dissociate. Howeveif, the

TCR has encounter a compatible antigen then 3igRalling will be triggered1® signal)and
additional cestimulation(2" signal)will take placeo make the mteraction more durablelf only

the first TCR signal is provided the T lymphocyte will enter into anergy/tolerance; indeed, naive
lymphocyte must engage both antigen andstonulatory ligands on the same APC. A reciprocal
constant regulation between AP@ad T lymphocytes occurbrbugh cestimulatory molecules

and cytoknes.

Duringthe contact between APC andcéll, TCRCD3 complexes cluster on the cell surface to be

in close contact with MHC molecules, facilitating also intracellular kinases to inteithcthe
cytoplasmic domainfustin 2008Monks et al. 1998)Simultaneously he cereceptorsCD8 and

CD4 bind to the invariant lateral region of the MHC class | and Il, respectively. Since CD4/CD8 are
physically associated to the TCR, their bindintpsién stabilising the MHTCR interaction
(Janeway 1992)n addition, the intracellular adhesion moleculdCAM1) is known to be central

to achieve a persistent polarization between APC and naive T lymph@uys&n 2008)

Just after the specifi@ntigenTCR ligation takes place, T Helper lymphocytes upregulate
expression of the integral membrane protein CD{&40 known as CD40 ligand or CDA0DWYOL

binds to the transmembrane glycoprotein CD40 present on dendritic cells and B lymphocytes. This
provides a feedback signal to boost their maturation increasing their antigen presentation
capacity, to perpetuate APCs survival and to induce cytokine produ@oazada et al. 2004)
Moreover, CD40 engagement enhances clonal expansiowwell$ trigges their Igclass switching

and generates lontived/memory plasma cellElgueta et al. 20Q%Garside et al. 199&llen et

al. 1993) As discusseith section 1.1.5.1, ithis cognate interaction what defines adépendent

B-cell response. Reciprocallyhet APC will upregulate eiimulatory molecules to inducexT
differentiation, proliferation and cytokine production. Therefore, blocking of CD40L with a
monoclonal antibody results in deep suppression of T responses via diverse mechanisms; for
example, by abolishing the CDdépendent IE12 production from APC&uber et al. 1996)
Manipulation of the CD40/CD40L has been studied for the treatment of autoimmune disorders,

to enhance tolerance in transplants and to target cancer ¢Eligueta et al. 200%Quezada et al.
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2004). In addition to the above mentionedhé OX40lmolecule upregulatedn Bcells after CD40
ligation, has been implited in Fcell expansion, survival andZldevelopmen{Linton et al. 2003
Gramaglia et al. 2000)

CD28 is expressed constitutivedp most of the CD4Helper Tcells and on 50% of the CD8
Cytotoxic Tcells.CD28 is a strong esiimulatory molecule for -Eells as gets involved with the TCR
signalling to boost proliferation, cytokine production (particulari2)land resistance to apoptosis
(Rudd et al2009 Jenkins et al. 1991.insley et al. 1991)n support, CD28 deficient mice suffer
ablated Tdependent antigen responsé&reen et al. 1994)V/hen CD28 binds to its pair of ligands
B7-1 (CD80) and BZ (CD86) on the surface of AROssley et al. 191), it becomes activated by
phosphorylation at its cytoplasmic domain, leading to a very sinjlasine kinasesactivation

pathway as the TC{Rudd et al. 2009kection 1.1.4.4)

CytotoxicT lymphocyteassociated antigen £TLA4) is the secondholecule that also binds to-B

7 ligandg(Linsley, Brady, Urnes, et al. 1991t)is not expressed on resting T lymphocytes but in
activated ones and resides iimracellular membranefefore migratingto the cell surface after

TCR ligatiofRudd et al. 208). CTLA} has higher affinitthan the CD28 interactiofLinsley, Brady,
Urnes, et al. 19910 acts as an important negatifeedback system by blocking CR@8pendent
stimulation(Linsley et al. 1992)part from blocking CD28 binding it has been proposed that-CTLA
4 exerts its inhibitory effects by other means. For example, it might limit the physical contact
between T lymphocyte and APC by affectingell adhesion or by reversing the FRuced
sigrals(Rudd et al. 2009)

Program deatHL (PD1), is also a member of the CD28 family which is upregulated in activated T
lymphocytes. PEL can bind to two B7 homologs: RD (B7H1) and PELL2 (B7DC). PHEL is an
immunoinhibitory receptor, engagement of PIDby both of its ligands leads to suppression of
CD3mediated TFcell proliferation by stopping the cell cycle progression, not by apoptosis
(Latchman et al. 2001Freeman et al. 2000)PD1 blocks activation of F8K, an important
molecule needed to prodie enough intracellular glucose during the proliferation stggdey
2009) The PEL pathway might also act by reducing production of cytokines, in particular the key
Thl cytokine IE2. Therefore, it is believed that PDis involved in controlling toleree, blocking

activation of sekreactive T lymphocyte@Riley 2009Latchman et al. 2001

Inducibleco-stimulator (ICOS)another member of the CD28 family, is astinulatory molecule
expressed upon-tell activation. In contrast to CD28, ICOS stitimrafails to induce longerm

T-cell expansion because does not induce froduction(Hutloff et al. 1999)Rather than in -T
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cell priming, ICOS might be more important in later stages of the response or in those scenarios

where T clonal expansion haslie limited(Riley & June 2005)

TheB- and T-lymphocyte attenuator (BTLAg the lastmember of the CD28 family, expressed on

T and B lymphocytes. BTLA binds to the tumour necrosis factor herpes virus entry mediator
expressed on APCs, including naBreells(Sedy et al. 2005BTLA exerts inhibitory properties
similar to PBL and CTLA, attenuating Tcell proliferation dependent on {2 production
(Watanabe et al. 20033nd reducing phosphorylation of Syk after BCR dinksg in Bcells
(Vendel ¢ al. 2009)

1.1.4.4 Tcell downstream activation

Similar to the activation process occurred after BCR dimoking (section 1.1.3.3.J;CR ligation
results in signal transduction pathways involvingpathway of mitogenic tyrosine kinase
(MAPKS)

Immediately after TCR ligation, ITAMs motifs at the CD3 and CD28 cytoplasmic tails get
phosphorylated by Lck, resulting in the ZA®P recruitment to the membrane, binding and

activation. ZAF0 is a tyrosine kinase member of the Syk family that phosphesyk couple of

adapter proteins (LAT and SE6), which in turn phosphorylate thghospholipase € ® ! O A @I (G SR
phospholipase € f S R& (2 Ay 2 @ pradddtion ardFubiequent dtdrnal&a 6 L t
release. Simultaneously, diacylggyol (DAG) raaits protein kinase C and leads to Ras activation

pathway. Finally, the transcription factorsflF ¥ b C! -Tinducg &end transcriptiof®mith

Garvin et al. 2009)

At the end, is this gene transcription that determines the fate of a T lymphocytarttsvan

effector cytokine producing cell, a memory cell or simply apoptosis
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o okines
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Antigenscé? ~ TLR

Figure 1.3: Major molecules involved at the interaction betwe@b4+ Tcell and APC

APCs recogreésand capture the antigenic particles trough pattern recognitieceptors, such as
TLRs. The antigen is then processed and presented toTClpdhphocytes on a MHCII molecule.
The TCRCD3 complexrecognigs the antigenic particle and initiates intracellular signalling.
Second signalsia several cestimulatory ligandsfeceptors pairs and adhesion molecules are
required to achieve complete-dell activation At this point, some molecules could provide
regulatory signals, inhibiting-@ellresponses rather than activating, for example G#lahd Pb

1. Production of cytkines is the final result of the interaction betweercdlls and APEC
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1.1.5 TFDependent and Tindependent Bcell responses

1.1.5.1 Tdependent(TD) responses

As mentioned irsection 1.1.4 cellcontact between a Tcelland an APC isequired to trigger

activation of T lymphocytes,qdifferentiation and clonal expansiorsimilarly B lymphocytes

cannot be fully activated by the antigenic créisk of their BCR only a5 |j dzA NB NB OA LINR O €
KSfLIQ (G2 RSGSt 2 LiryislsiThe intdraktianybetwelen/amhelpEKSEY and a B

OStf &LISOAFAO FT2N) GKS &lYS FyGdA3aSy owO23ylFaGS Ayl
B lymphocytesVia co-stimulatory molecules and cytokinesc&lls induce Bell differentiation

intoshortf A @SR FyiAo2Re LINRRUOYKSY LI Kazy2 NIOS {-NB & ¢ A S
lived memory cell§McHeyzeiWilliams & McHeyzewilliams 2005)Be-2 cells are the major-B

cell subset involved in-dependent (TDjesponses (section 1.1.3.1).

From the secondary estimulatory signals which induce Ig class switching, the most important
comes from the CD4QDA40L interaction between the-d&ll and the Helper-€ell (Allen et al.
1993)(section 1.1.43). CD40 engagement recruits the adapter proteins TRAFs, which lead cluster
and activation of several kinases followed by downstream signalling through MAPK or NFI Y R

finally gene transcriptiofiElgueta et al. 2009)

In addition to CD40, other moleculssich as the B8ell activating factor (BAFF), OX4@D25p
and the inducible costimulator ligand (ICOSL) play a role for the cognate primingetls B
(McHeyzeiWilliams & McHeyzeWilliams 2003 Cytokines H4, 11-21, IFN' I ¥1R aré dlso
involved n the class switching to 1gG, IgA and IgE; whilst 116 and IE2 are more involved in
the maintenance of specific Ig producing célzaki et al. 20QZerutti et al. 1998Takeda et al.
1996 McHeyze#Williams 1989 Sonoda et al. 1989Moreover, Pasare & Medzhito2005)
describe a critical role of TLRs in TD antigigecific antibodies, suggesting that TLR activation is

essential for the production of some Ig classes (especially IgG and IgM).

Overall,TDantigensrequire a large number of secdary signals buenerateB lymphocytes with

the potential to developmmunological memory antb mountsecondary antibody responses.

1.1.5.2 Tindependent (Tl) responses

Fewl yiA3ISya FNB OFLIO6tS 27F AY Rdedhey@hdHenteidred 2 R&  LINE

called Findependent (TI) antigen@Mond et al. 1995)These antigens do not require cognate
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interactions to induce fully Bell activation and a rapid but shddsting antibody production (in

particular IgM).

Be-1 cells (section 1.1.3.1gre usuallyclassified as effectors of Tl responses, although some
evidence has demonstrated thalhey are also capable of performing some TD responses and
secrete IgA and IgG isotyp@derzenberg 2000)

Tl antigens are fther classified as type 1 (T) and type 2 (FR) antigens on the basis of their
antigenic properties and the way they stimulate B lymphocyli¢snd et al. 1995)

1.1.5.2.1 Tltype 1 antigens

In large concentrations these antigens act as mitogens, inducingantigen specific polyclonal
B-cell activation and antibody production, even in neonaf{®ond et al. 1995)The typical
examples include bacterifibopolysaccharide(LPS) and bacteriBINA which crosdink the BCR
(1% signal) but can be alsbe recognigd by TLRs {2signal) expressed on B lymphocytes
(BekeredjiarDing & Jego 200%93ections 1.1.4 an#l.1.5.2.2) LPS activate B lymphocytdésdugh
TLRA4 signallindChow et al. 1999hile bacterial DNA does it via FRRRuprecht & Lanzavecchia
2006)

LPS can directly exert polyclonat@l proliferation and IgM antibody productioiGoud et al.

199@Q Dziarski 1982Coutinho et al. 1974More importantly, LP&ctivated Bcells can gin Fcell
modulatory properties depending on the LPS amount they are exposed to. Low LPS concentrations
direct T2 polarization, whereas high concentrations induce-{FN I Y1& sedrdting Tells that
resemble a Treg phenotyd&u et al. 2008)

1.1.5.2.1 TItype 2 antigens

Tl type 2antigens consist of largdlexible, slowly degradedmolecules with highly repetitive
identicalantigenic epitopeswhichcan alsaactivate the complement cascad®lond et al. 1995
Dintzis et al. 1983)| type 2antigensactivate mature B lymphocytemly, thusthey fail to induce

an immune response in neonateBolysaccharides from the bacterial capsule and from the cell
wall are the classic example of Tl type 2 antigens, but atkemples include dextran and Bic

(Mond et al. 1995)

The major activatiorsignalstartswhen the antigen crosknks severalBCRsimultaneouslyin a
multivalent mannerDintzis et al. (1983pund that a minimum o20 epitopes distributed in a two

dimensional spacing of50nm should be contained in a molecule in order to be Tl immunogenic.
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This translates into a minimum of 10 BCR bound to a single ligand to achosliesBmulation
(Sulzer & Perelson 1997As revigved in section 1.1.3.3BCR engagement is followed by protein
tyrosine kynas activity and subsequentctivation ofBtk, dependent on  RAK(Li et al. 1997)
Because Btk allows extracellular calcium to enter into the(Eélickiger et al. 1998jt plays an
important role in BCR signal transduction, proliferation and IgM respofishan 2001Khan et

al. 1995) Tl type 2 antigens generate multivalent Ig clusters that attract and activate several Btk
molecules, thus resulting in persistent calcium irfla and subsequent recruitment of nuclear
transcription factors, such as NFi(Bajpai et al. 2000Vos et al. 2000)The fact that TI type 2
antigens require functional Btk involvement is what differentiates them from the Tl type 1 group

(Rawlings et all993)

BCR crosbnking with Tl type 2 antigens might be enough to indueeeB proliferation, but a
second signal is essential to trigger antibody productitos et al. 2000 LR&xpressed in human
B-cells can recognise bacterial compone(ssctionl.1.4.1)and indeed provide a secondary aid
for B-cell proliferation, differentiation, Ig class switching and migration (homing) to specific
lymphoid tissue(BekeredjiarDing & Jego 2009)For example, addition of TiZRand/or TLF®
agonists together witBBCR engagement (adg) resulted in enhanced-I0 secretion, extensive
sustained Bell proliferation and Ig class switchifigang et al. 201, Bouaziz et al. 201®Ruprecht

& Lanzavecchia 2006)loreover, TLR activity via MyD88 was found to be asgtsiimuli as Btk
to induce secretion of pathogespecific IgMAlugupalli et al. 2007 Howeverjt has been shown
that the effects of TLRs stimulation vary depending on theelB subset, their phenotypic
receptors and the tissue where they hor@@anleylLeal et al. 2006)

Moreover, Fcells can be recruited and respond to the presence of multivalent anti@gihisiano

et al. 1985) secreting cytokines that influence Ig producti@ike & Nossal 1984The Snapper
group has demonstrated thai+-derived IL-2, 11-3, IL-4, IL-5, I1-6, 11-10 and IFN canmodulate Ig

secretionafter Tl type 2 stimulatioVos et al. 2000

In conclusion, Tl type 2 antigens which are also recognised by TLRs and/or induce secretion of
cytokines by other leukocytes or dendritic cells, will successfully lead secondary intracellular
pathways to enhance -Bell activity, differentiation and Ig classwitch. There is also some
evidence from model systems thigresponses against capsular polysaccharigey depending

if the polysaccharides are presented on whole organisms or in a purified(fnem et al. 2004)

A publication has reported that Type 2 responses can even generate a big pool of me#ikazy

B-cells with the special feature of becoming downregulated in their secondary response by IgG
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antibodies specific to the immunisy antigen, thus avoiding antibody overproduction

(Obukhanych & Nasenzweig 2006)
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1.2 NEISSERIMENINGITIDIS

1.2.1 Generalities and epidemiology

Neisseria meningitidi$N. meningitidis meningococcus) is an encapsulated diploccocus gram

y S 3| dPkog@&bacterium whiclexclusively infects humarasd is the leading cause of bacterial

meningitis Bacterial meningitis haa prewalence of 4 to 6 casgser 100,000 adultsand from

those,80% are caused Hy. meningitidior S. pneumonia¢van de Beek et al. 20Q6)lorbidity

rates for meningococcal meningitis are reported as 3 to 7%, represehtthgnillion cases per

annum worldwide with a prevalence of1PR cases/100,000 (1,000/100,000 in African epidenics

(Stephens et al. 200'Rosenstein et al. 2001After the vaccine intvduction, the incidence of
meningococcal disease in the UK remdaws (2.05 cases/100,0000 ¢ | STt 6 K t N2PGSOGA2Y
2012) Adolescent$l5-24 years old) and infants betweenaBd 7monthshave the highest rate

of diseasdStephens et al. 2007

The first official description of meningococcal meningitidis occurred in 1805 when Vieusseux
reported an outbreak of cerebrospinal fever in Gen@vigusseux 1806However, it was not until
1887 that Anton Weichselbaum first isolated the bacterium from theebmospinal fluid of a
patientwith meningitis, calling this organisBiplococcus intracellular{&Veichselbaum 1887t

was in1909when C. Dogdr first reported the presence of theameningococcus in thGuman

nasopharynXDopter 1909)

Twelve serogroupshave been established based on the immunochemisifythe capsular
polysaccharidedut only six (A, B, C, X, W and Y) are responsible of causing more than the 90% of
meningococcainvasive disease worldwidglarrison et al. 201,35tephens et al. 20070f these

12 serogroupspathogenicstrains from the groups A, B, C and X have been fully sequenced.

Serogroup A shows a tendency to cause latme epidemics in deloping countries, being the
zone of the Africart Y Sy A y 3 xhé ana with $é highest prevalence of the diseaseids
aged between 7 and 14 years. In contrastogroups B, C and Y are associated withragio
disease osevereoutbreaksin North AmericaZealand, South AmeracandEurope. Serogroup

is endemidn indugrialised countries it isresponsible for 3810% of all meningococcal disease
casedn the Unied States30¢80% in the European Union and some epidemic outbreakatin
American countrie§WHO 2012Harrison et al. 2009)slobal incidence of eningococcus B has

been estimatedat 20 000 and 80 000 caspsr year, accounting for 20@@000 deaths annually
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(Stephens et al. 200'Rosenstein et al. 2001)ost serogroup B cases are sporadic aldng

lasting hyperendemic wave of disease may occur

Further daracteristion of N. meningitidisserotypeshas been accomplished on the basis of
multilocus sequence typinga modern techniqueperformed through DNA sequencing in
housekeepingienes iaiden et al., 1998 Genes such d2orA, PorBNadA, fHBPGNA2132and
FetAare included in this mappingdarrison et al. 20Q9Caugant 2008)

1.2.2 Colonisation and meningococcal disease

The human nasopharynx is the only natural reservoir Normeningitidis so spread of the
bacterium occurs person to pgwn by droplets of respitary tract secretions. Whether or nobe
infectionis acquireddepends on the type of contact with the carrier, the virulence of the strain,
its effective evasion of the immune system response andythreeticsusceptibility of he host. At
the colonisation stagemeningococci proliferate on the surface of human rulated epithelial
cells, forming small microcolonies at the site of initial attachm@uatsenstein et al. 2001n most
cases, the organism is carried asymptomadljcan the nasopharynx. Between 10 and 30% of
healthy individuals will card. meningitidisn the upper respiratory tract at any tim€augant et
al. 1994) The duration ofthe carriage state can be chronic, intermitteoit transient.Most of the
times, the colorsgation is transient and ends up in elimination of the meningococGameration

of natural immunity is thought to bthe result of cumulative immuniisg episodedy recurrent
meningococcicolonistion in nasopharynxThus, nairal generation of protective IgG serum

bactericidal antbodies (SBA) against the coldngsstrain is accomplishg@obinson et al. 2002)

Occasionallyin the presence of certain factors that impdlire integrity of the nasopharyngeal
mucosaor whenimmune mechanisms against tibacteriaare unsuccessfuN. menimitidis can
gain entry to the blood stream. Meningocci can penetratehe epithelial barrier bymoving
through epithelial or endothelialcell junctions by transcytosis orbeing carried acrosshe

epithelialand endothelial barriers inside immumrellssuch as monocytes

Meningococcal disease wally occurs within 14 days posacquisitionof the bacterium, but its
diagnosis is often missed or confused because the early stages of dméa®ecommonviral
infections such as influenz®nce in the blood streantacteriacan multiply and cause diverse
forms of meningococcal diseagEigure 1.4 Meningococcal meningitigss the most common

disease formand occurs when the bacterium cross the didebrain barrier to establish inhe
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meninges Classical clinical features in adults include fever, severe headache, nausea/vomiting,
dislike of bright lights, eck stiffnessdrowsiness altered mental status (Glasgow scale below 14)
and a nonrspecific ormaculepapular rash(van de Beek et al. 2004)ess severénfections such

as purulent or immunaerthritis, pneumonia, purulent pericarditis, conjunctivit@djtis, sinusitis

and genitourinary infectionare less common

Meningococcal sepsis is the mosevere and lifethreatening form of the disease It is
characteried by an abrupt onset of fever andhan-blanchingpetechial or purpuric rash thahay
progress to purpura fulminangpllowed by arapid onset of hypotension and acute adrenal
haemorrhage Meningococcemia is triggerdal activation of the complement anthe excessive
release of preinflammatory cytokines, among which TNFIRN- Z-1i LZ[6, LL-B and 1:12p70
play a crucial rol¢Hellerud et al. 2008van Deuren et al. 1995Carrol etal. (2005)found that

this initial preinflammatory profile is altered in patients with severe meningococcal sepsis as
higher levels of the anihflammatory IELR are present in blood, perhaps as a manner of
downregulation and counterbalancEulminant maeingococcal septicaemia is chaterised by a
rapid proliferation of the meningococan circulatian, with bacterial numbers up t@0°¢10%/mL
andhigh levels ofmeningococcal endotoxin (3 QL0°EU/mL)Hellerud et al. 20085tephens et al.
2007). Septt pdients with high endotoxirconcentrationswill suffer dissenriated intravascular
coagulationdue to activation of the coagulation system and concomitant down regulation of the
fibrinolytic system Later progressive circulatory collapse and severe coagtlgpcan result in
multiple organ failure, thrombosis, necrosis and dewafithin a few hours(Hellerud et al. 2008
Stephens et al. 20Q7Despite the use of antibiotics fatality ratés meningococcal diseasge

still high(3 to 15%), rising up to 40% in the case of meningocaeegaic shockvan de Beek et al.
2004) Up to 25% of the survivors are left with permanent sequellagudinghearing loss, motor
nerve deficits, visual impairment, cognitive impairment and limlpatations as result of necrosis
(Stephens et al. 2007
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COLONISATION
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Figurel.4: Progression of meningococcal disease.

Meningococci colonise the nasopharynx aachains silenavoidingkilling by the immune system
(carriage stage) Occasionally the bacterium crosses intdhe bloodstream and causes
meningococcal diseasermeningitis and/or meningococcal gicaemia. Rlease of pre
inflammatory cytokines and nitric oxide play an important riol¢he severity of the disease
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1.2.3 Diagnosis, treatment and &ccination

Although te clinical presentation of meningococcal meningitis is well known, datjnosisn
infants can balifficult due to a lateonset d the classical symptoms and because the course of the
disease is not alwes the same Hence, ahazardouslumbar puncture withisolation of the
pathogenwill be required to confirma meningococcaheningitiscase(van de Beek et al. 20Q6)
Recently suspeted cases of meningococcal disease have hdimitively confirmed and fyed

by PCRCorless et al. 20QMaiden et al. 1998)r multilocussequence typingMaiden et al. 1998

Parenterl benzylpenicillin should be givémsuspected meningococcal diseaseefingitis with
non-blanching rash or meningococcal septicaemidealth Protection Agenc012. Once
confirmed, the antibiotic therapy includesa third-generation cephalosporin (ceftriaxone or
cefotaxime)with or without adjunctive dexamethason@heilen et al. 2008)ntensive care is
needed to restore electrolytesmbalance andmonitor neurological, cardiovascular and

respiratory functionsn those patients sufferingeptic shock.

Due tothe severity of the disease and its unpredictable coupevention through vaccation is

the best option to control the dise® byN. meningitidi® Ly GKS mdcnQas GKS TANEHI
based on meningococci capsular polysaccharides against serogroups A, C, W and Y were
administrated. However, these vaccines resulted to be poorly immunogenic in children under 2

years old as they only eliciteal TFindependent type 2 response, with no memory and with low
antibodiestiters (section 1.1.5.2.1). Thuthe susceptibility to meningococcus is higher in infants

and young children than adults.

Conjugated vaccines combining capsular polysaccharidesawitiotein were manufactured to
overcome this problenand to achieve an effective-dependent longasting response (section
1.1.5.1).The MenC vaccine was the first of this type to be introduced and be succagafabt

the serogroup C, proving to be efttive to induce longerm protection in 1 year old children and
with a single doséMiller et al. 2002)Nowadays, two conjugated tetravalent vaccines against the
serogroups A, C, Y and W have been licensed and are effective in infants. MeBASANOf
Pasteur) contains polysaccharides of the 4 serogroups conjugated to diphtheridRaxigl et al.
2009) MenACW-CRM(Novartis) isnade from oligosaccharides from the capsule but linked to a
diphtheria mutantcarrier protein (CRM97) and with the additiorof an adjuvant (aluminum
phosphate)Pace et al. 2009; Snape et al. 2008 cently, a conjugated vaccine against the same
serogroups but using tetanus toxoid (MenAGWI suggested a slightly broadsffectiveness

when compared taMienACWYCRM(Knuf etal. 2013) Another vaccine of this type has been
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manufactured to control epidemic outbreaks of the meningitidisserogroup A in the African
WY Sy AY 3G ANMenaird/acis@ffordibEhasahown to be safe until now and is now part

of an extensiveraccination campaigWHO 2013)

Regardless of the success of these conjugated vaccines, a polysactizaedeapproach against

the serogroup Bs impossible to use, as the major component of its serogroup capsule is a
O02YY2y O Nb BHnkdd Nhcéty® nedramic acid) present in mammalian brain cells
(Serrato et al. 2004Gotschlich et al. 1969)The fact thatthis polysaccharidesi poorly
immunogenic, plughe risk of eliciting autoimmunity against this component on the host cells, has

prevented the development of a MenB vaccine under the conventional appidachet al. 2010)

Novel vaccineagainst the serogroup Bave been under development based oertain proteins
contained within theNeisserisouter membrane vesicleOMVs) (section 1.2.4.6). Althouttey

have been effective in controlling epidemics caused by a single strain like thieatrmecurred in

New Ze#and (Holst et al. 2009)these vacinesrepresent major problems owing to the high
variability of the immunodominant componentfUrwin et al. 2004) Indeed, within a vaccine
formulationit will be necessary to include multiple variants of a single antigen to account for its
diversity; for example different types of PorA proteffian et al. 2010)New engineered
approaches havbeen additive into the effort of improvin@MVs vaccines againstenB. The
identification of immunogenic candidates by the reverse vaccinology techiRjaea et al. 2000)

is possibly the main exampl&eleased in January 2013, Bexs@xmvartis)is the newest
successfubvaccine formulatiorwhich is immunogenic in iafits, children, adolescents and adults.
Bexsero contains 3 antigens identified by reverse vaccinotathesin A (Nadifactor Hbinding
protein (fHbp) andheisserial hepariindingantigen (NHBA), in addition to OMVs from the New
Zealand vaccine contaig PorA P1.4Gorringe & Pajon 201 Ziuliani et al. 2006)This vaccine

has been already licenséud Australia and Europleut not yet inthe UK TheJCVhas advice that
toddler routine vaccination with Bexsero is unlikelybi® costeffective in the UKas it will only
reduce up to half of the cases in infants and does not prevent acquisition of the bacterium in
adolescents (JCVI 2013).
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Figure 15: Schematicrepresentation of the major outer membrane constituentsof N.
meningitidis.
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1.2.4 Main virulence and immunogenic factors dfi. meningitidis

The mainN. meningitidiscomponents and a schematic representation of its Gram negative

structure is presenteih Figurel.5.

1.2.4.1 Capsule polysaccharide

The majority ofserogroupB, C, Y and W135 isolates have a capsule composed of polysialic acid
and derivativegGotschlich et al. 1969 owever, the meningococcus capsule has to be absent to
effectively adhere and colonise epithelial cells in the nasophaf@iaus et al., 2002Non-
capsulated organisms have been isolated from the nasopharynx of ca@ilengs et al. 2002)
whereasisolates from blood and cerebrospinal fluid from patients with meningococcal disease
are aiost exclusively capsulaté@artwright et al. 1987)This dichotomy can be explained by the
meningococcus ability of switching on/off the capsular polysaccharide expression via a genetic
modification within theSiaDand SiAgenes(Hammerschmidt et all996) The @psule plays an
importantrole in invasive meningococcal disease, as once in the bloodstream the capsule protects
the microorganism from phagocytosis and from being destroyed by the congplesystem
(section 1.2.5).

1.2.4.2 Lipooligosaccheyde

Lipooligosacchade (LOS) constitutes 50% of the meningococcal outer membtase&omposed
of a hydrophobic lipid A anchored to the membrane and linked sti@rt hydrophilicchain of 8
12 sacchdde units exposed on the surface. Although LO8dgferently referredto as LPS by
many authorsmeningococcus lacks of@peatng Opolysaccharide regiopresent inenteric LPS
(Zughaier et al. 200Brandtzaeg et al. 2001Protein LpxA is responsible for adding thdirked
3-OH fatty acid to UDR-acetylglucosamine, which is the first step in the lipid A syntt{8&seeghs
et al. 1997)

Twelve different immunotypediave been detected based on the LOS structure, being the
immunotypes L3, L7 and L9 the most associated with rapid progressive misrangisepticaemia

due to serogroups B and C; whereas the L1, L8 and L10 immunotypes are mainly seen in carriers
(Mackinnon et al. 1993)This can be explained by the aggressive immunotypes inducing higher
levels of TN | y6Ras tofpared with otheimmunotypes(Braun et al. 2002)Moreover,

several immunotypes can mask their terminal lactosanyeadding sialic acid on their LOS
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structure, a condition that reduces antibody opsonisation and complement actisstabrook et

al. 1997)

The lipid A fom LOS is the endotoxin which triggers a strong systemic inflammation responsible
of many of the clinical features in bacterial septicaemia, such as coagulopathy, endothelial
disruption, hypotension and organ failuréhe presencef LOS in blood can beaegnigd by the
soluble LP$binding protein, by theanembranereceptor CD14 and by the TMRIn monocytes,
macrophages and granulocyte§D14together with TLR4 and the soluble TL-R associated
protein MD-2, form a complex toecognise L&(Zughaier et al2004) But it is the TIR domairfo

the TLRA thattriggers intracellular signallingptough adaptor proteins. Signalling via the adaptor
aes5yy FTOGAGIGSa GNIyaONRLIiAZ2Y FIFOG2NER -bCci
inflammatory cytokines TNF H-6, Il-:8 and IE12p (Lu et al. 2008)On the other side, signalling
through the adaptor TRIF induces interferon type | transcription, important for antibacterial and
antiviral responseqLu et al. 2008 LOS variations from different strains can influenhe
magnitude of the TLR signalling and the cytokine oufputdmore et al. 2003Similarly to the
observationn monocytes, infection by meningocoauiluces maturation and secretion ofél_11-

8and TN® T NR Y R ShkidiriKinime@rSdil.t2002 KolbMaurer et al. 2001)
Proinflammatory cytokines such as T™NF: -m L p-6 ahd[ -8 are extremely upregulated in
patientswith meningococcal septicaemia and high plasmatic levels of LPS/LOS. But as a counter
balance, the antinflammatory cytokines 1110 and IE1 receptor antagonist (HLRA) are also
elevated in those patient8randtzaeg et al. 2001Thus, the balance among these cytokines and
the compartment in whiclthey are being secreted (blood cerebrospinal fluidiplay an important

role in the clinical prognosis.

1.2.4.3 Piland adhesins

Adherence of capsulateneningoccoci to nonciliated columnar cells in the nasopharynx is
dependenton and driven by longhin homopolymeridlexible filaments type IV pjlivhichextend
from the inner menbrane to the bacterial surfadg€arbonnelle et al. 2009pilus isrucial to the
niche specialation of the meningococci becausi mediates tropism, specifically for human

respiratory tract epitheligVirji et al. 1991Rayer et al. 1995Stephens & McGee 1980 onstant

OAYRAYI FYR NBGNIOGAZ2Y 2F (KS LMAfda ltt264a |

whereby bacteria crawl over a surface to spread along the apical cell sifeeeet al. 2005)
Althoughit was firstsuggestedhat pilus bind4o the membrane cofactor protein CD46 expressed

on all human cells except erythrocyteswas later discover that other CD#4&lependent binding
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mechanisms exigKallstrom et al. 199 Kirchner et al. 2005)Type 1V pilus is alsavolved in the
bacteriabacteria interaction and in the formation of the polarity complex (cytoplasmic proteins

and adhesins) on microvascular endothelial ¢€lisureuiletal. 2008) LG ONBF GSa | w02 |
that protects bacterial colonies fromhé blood flow shear and induces opening of -cell

junctions (Lécuyer et al. 2022Merz et al. 1999)In addition, pili are essential fonatural

competence and DNA transformation; antigenic variations in pili alwneningitidigo colonise

different niches and avoid clearan¢dassif et al. 1994)

Apart from pili, Opa an®pcare considered major meningococcal adhegssction 1.2.4.4);
whereasNeisserighia homolog ANhhA (Scarselli et al. 2006HrpA (Schmitt et al. 2007and

Neisserial adhesin @NadA (Franzoso et al. 2008)e referred as minor adhesins

1.2.4.4 Outer Membrane Proteins Opa and Opc

After the pili initial attachment, the opacity associated adhesin prot€pa and Opgenerate a

tight secondary binding that lead to meningmrci engulfment otranscytosisghroughout host
cells(Sadarangani et al. 201Carbonnelle et al. 2009They participateén the meningococcus
internalisation and synergisthe action of pil (Rowe et al. 2007)Opais an eightstranded

G NI y &Y S Yoarhlstyuturéwith four surfaceexposed loopswhileOpcisa 1@ & NI Yy RS R |

barrel molecule with five surfaeexposed loops.

Opc facilitates bacterial adhesion and invasiorepithelial cellsand brain-derived endothelial
cellsby interacting withheparan sulfate proteoglycans (HSP(@®) Vries et al. 1998)ntegrins,
cytoskeletal proteingnd the extracellular matrix proteins vitronectin and fibronedtiinkmeir,

Latsch, et al. 2002)

Opa is a highly diverse protein becald¢emeningitidiscontairs 4 differentopa alleles with the

capacity of going through phase variati(@adarangani et al. 201L1Although Opa can also bind

to HSPGs, the majority of Opa variants binctcémcinoembryonic antigerelated cell adhesion
molecules (CEACAMEarbonnekt et al. 2009 GrayOwen et al. 1997) The CEACAMs are
members of the immunoglobulin superfamily with cell adhesion propeligesauchemin et al.

1999) From the group, CEACAM1, CEACAM3, CEACAMS5 and CEACAMG6 have been shown to bind
to Neisseria sp®pa varmnts (Bos et al. 2002)CEACAMS is expressed only on neutrophils and
CEACAMS exclusively on epithelial cells; whereas CEACAM 6 is expressed on both. CEACAML is
widely found on epithelial and endothelial cells, as well as on granulocytes and activated
lymphocytes(Sadarangani et al. 2011n the presence of prinflammatory cytokines, such as

TNFh | y2RCEBCAM expression become upregulated in endothelial cells, activated@ CD4
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cells, CD19%B-cells and Niells(Muenzner et al. 200Kammerer et al1998) Since high levels of
CEACAML1 are also induced upon -T@Rslinking, it has been suggested to be involvedéelll
signalling and proliferatio(Nagaishi et al. 20Q&ammerer et al. 1998CEACAM1 can express a
long cytoplasmic tail with an inhiioiry motif (ITIM), thus Op&EACAM1 binding has been
associated to -Eell suppressiofLee et al. 2008\agaishi et al. 20Q6lakajima et al. 20QBoulton

& GrayOwen 2002 However, Tcell costimulation has been reported to occur in the presence
of Opaor if a monoclonal antibody is directed against CEAC@Mhda et al. 200Kammerer et

al. 1998 Wiertz et al. 1996)Indeed, the outcome seems to depend on the balance among
CEACAML1 splice variants (long or short cytoplasmic tail), the amounts of ab€ipd proteins

and the cellular environmer{fNagaishi et al. 2@) Muenzner et al. 2000

1.2.4.5 Outer Membrane Proteins PorA and Por B

The porins PorA and PorB are the most abundant outer membrane proteins, with PorB being the
most important ofthe two. Meningococcus is capable of expressing the two porin proteins
simultaneously: Por A (class 1) and one of two mutually exclusive PorBB@&r RNt meningitidis
classification into semuktypes is done based aime phasevariablePorA, whilst smtypes are
based on PorBFrasch et al. 1985orins are located irme bacterial outer membrane tallow

small hydrophilic nutrients to diffuse into the cedind they might be alsbe involved in bacterial

up-take by rearranging thecytoskeleton

PaA binds a complement inhibitor to reduce complemanédiated bactericidal activity and thus
improving bacterial survival in plasnf#arva et al. 2005PorB targets hostells tolocalige within
the mitochondrial inner membrane, litinds to the voltagedependent anion chanel and thus can
modify the mitochondrial membrane potential. Both papoptotic (KozjakPavlovic et al. 2009)

and antiapoptotic(Massari et al. 200@®ffects have been associated to PorB.

Both porins are immunogenic, enhance expressibrCD86 on APCs and induce -P2IR.R1
downstream signallingnitough MyD88Massari et al. 2008Netzler 1994)therefore have been

used in the past as vaccine adjuvants to enhandependent responsed-usco et al. 1997)

1.2.4.6 Outer Membrane Vesies

During logphase growth and as a virulence mechanid, meningitidisreleases into the
surrounding medium blebs or vesicles from its outer membrane. Outer membrane vesicles
(OMVs) are primarily composedby LOS(50%), in addition toouter-membrane proteins,

phospholipids and capsular polysacchari(fessenstein et al. 20Q0lindeed,releasedOMVs from
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rapidly growing meningococci contributes to the very high plasmatic levels of endotoxin
(LOS/LPS)Wwhich charaterise fatal meningococcal septicaem{@lamork & Brandtzaeg 2002;
Brandtzaeg et al. 1989)

The biological effects ddMVsare similar to the ones of purified meningococcal LPS, as OMVs
inducesecretionof TNF", -6 and procoagulant activity indsedependent manne(Bjerre et

al. 2000) If LOS is removed from the vesicles, the #@S components will be still able to
generate a pranflammatory response TNFh, Il-m I yR), althGBugh much higher

concentrations of the vesicles will be requirgtellerud et al. 2008Sprong et al. 2001)

Several studies have shown that proteins contained within OMWs good immunogenic
candidates (section 1.2.3) amigat whole OMVs can be safely used in vaccine preparations after
LOS removal, either by detergeextraction or using LO&eficient engineeredstrains (van de
Waterbeemd et al. 20120Ithough is well known that porins are the major inducers of bactericidal
antibodies Marzoa et al(2012)suggests that protein complexes formed by porins and accessory
proteins (RmpM, CxChap or FetA) offer the advantage of preserving the conformational structure
seen in native OMVs. This principle facilitates exposure of epitopes and indeed promotes a more

efficient immune response, with complement activation and opsonophagocytosis.

1.2.4.7 Bacterial genome and phase variation

N. meningitidihas one of the most dynamic genomes studied so far, possessing many hundreds
of repetitive elements and phase nable genes, plus the ability of perfomng horizontal DNA
transfer(Tettelin et al. 2000Caugant 2008)nterestingly, meningococci have acquiietlA from
commensalNeisseria spp from other bacteria (e.gHaemophilus and fromphages.Genome
plasticity and phenotype diversity result in evolution of a pool of genes implicated in cellular
invasion or virulence of the straias well asn a differential survival of variant genotypes within

a clonal complex over an extended time per{@dickee et aR008) Buckee et a2008 proposes

a selective model built on the assumption that strains with slight differences in transmissibility
and which could cinfect a host, are in constant competitionehte, a small subset of the most
transmissible strain Wipersist during longerm and will become the centralersisting genotype.

It has been previouslpbservedthat populations of carried meningococci comprise multiple
lineages, whereas meningococcal isolates from cases of invasive disease typicaltyactmited
subset of lineageg@lolley et al., 2005vazdankhah et al., 2004)he maingococcuserogroupB

wild type strain MC58 has a genormo£2,272,351 bp and 2158 predicted coding regions with an
average & content of 51.5%. It has 2158 ORFs identified, from which 71% are similar to ORFs
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from gProteobacteria (mainlyH. influenzag suggesting a common ancestor for these two
microorganismgTettelin et al. 2000 Genome analysis shows that strain MC58 has a far greater
number of phasesariable genes and contains several putative phRge NA @ S (Rlasigvad € &

al. 2001) Several phase variation events take place dufhgneningitidisinfection, including
modifications to LOS, outer membrane proteins and pilin, as well as on/off expression of the

capsule(van der Woude & Baumler 2004)

1.2.5 N. meningitidisis capable of evading some immune responses.

N. menngitidismust evade the immoe system to invade host cells and induce systemic disease
The presence of a capsulis fundamental to many of the bacterial survival mechanisms.
Meningococcus capsulelimits the adhesion with phagocytic cells andmpairs
complement-mediated Kkilling bwlocking antibody binding and complement deposition; thus
reducingopsonisation and subsequent phagocytosistcrophagesnd dendritic cell§McNeil

and Virji, 1997Read et al., 1996)

In addition to the capsuld,OS is an important mechanism to escape innate immune responses.
Meningococci strains containing sialylated LOS phenotypes avoid immune recognitionb@anti
antibodies and they becomeagtected against caplementmediated bacteriolysi¢Estabrook et

al. 1997%. When LOS are sialylated, phagocytosis and phagocytic killing become restricted, most
likely because sialylation masks Opa and Opc proteins and reduce their interactions with
polymarphonuclears, monocytes and dendritic célllnkmeir, Latsch, et al. 20p®IcNeil & Virji

1997)

In order to survive and replicate inside epithelial cells, meningococcus overcome the action of
bactericidal lysosomes. The meningocodgéllprotease preventphagosonal maturation and
bacterial lysis by cleaving and reducing the amounysé®©me-associated membrane proteins
(LAMP3¥and affecting other lysosome structurédyala et al. 1998)n addition, IgAl proteases

degrade immunoglobulmproduced in mucosal surfaces.

Phase variatiorof many of theN. meningitidigenesmay confer it advantage to escape from the
recognition by the immuneystem (section 1.2.4.7). Fexample, a recent publication has found
a phase variant of PorA witleduced levels of surface expression that allows the bacterium to

avoid killing by specific PorA bactericidal antibodiesuseef et al. 2013)
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1.2.6 N. meningitidisand nitric oxide

Nitric (NO) has been directly implicated in the pathogenesis of sepkiock becausk increases
vascular permeability, reduces cardiac contractility and generates hypotension with
hyporesponsiveness to systemic vasoconstric{@etros et al. 1994)n this contexthigh levels
of NQ nitrate and nitrite have been detected biood and cerebrospinal fluid fropatients with
severe meningococcal disease and sefisleng et al. 1996Kornelisse et al. 199®etros et al.

1994)

In addition to its vasodilator properties, NO is well known as a bactericidal molézmdgon
1.3.3. Mononuclear cells, but mostly macrophages are responsible of the NO overproduction
during infectionsWithin the nasopharynx at the site b meningitiliscolonisation mononuclear
cellsand macrophageaccount for between 14.8% of the total celléPipkorn et al. 1988)ndeed,

the nitric oxideoutput is particularly high due tohe presence of NO producer cells and the
abundance of commensal organisig@onisingthe nasopharynBusch et al. 200Q.undberg &
Weitzberg 1999)

Bacterial LOS/LPS and pnflammatory cytokines, are the main stimuli for NO production during

bacterial infections. However, NO production is not always dependent on the amouRSand

is more correlated to the source of LPS, free calcium levels and the celAzgeabor et al. 2009

Zughaier et al. 2004IFN' A& (G KS YI 22NJ alGAYdzZ dza Ffhmpdh LINER
al. 1988) In meningococcal disease TNFE L @dl-mi  F NB NBO23ayA &SR YIF 22N
induction of NO production in different cell typ@swon et al. 2001Taylor et al. 1998le Vera et

al. 1996) Vice versalocal variations in NO levels can alter the pattern of theldgpes secreted

by macrghages For instance, macrophages treated with small amounts of an NO donor secreted

less IK10 but more 112 and TN Ay O 2 Y LI NA &drdayed doiirdl kSinde ifectioh 2 v

with N. meningitidisreduces the overall amount of NO present in the eminent by a
denitrification sytem (section 1.2.6.1)it is expected for the N@elated cytokines to suffer

modifications(Stevanin et al. 2007)

1.2.6.1 N. meningitidishas a partialdenitrification system
Several pathogens have evolved a varietgtadtegies to counteract the bactericidal effect of the
reactive nitrogen intermediatesfdheir host cell. Microbes can inhidtO swythesis by blocking

or reducing the enzymes or substrates necessary for NO production, by presenting a LRS phase
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variantthat no longer induces NGnd by repairing DNA damage caused by reactive nitrogen

products(Chakravortty & Hensel 200Briksson et al. 200@Cowley et al. 1996)

N. meningitidisposses alevelopedpartial denitrification system that allows the reduction of
solublenitrite into nitric oxide and finally intaon-bactericidalN.O. Moreover,this denitrification
system seems physiologically relamt to enhance meningococcus survival during mucosal
colonisation and within macrophages. &n meningococcusis likely to encounter
microenvironments rich in NO but reduced in oxygéme bacteriumhas become adaptetb
support growthby using the denitrificatiorpathway (Anjum et al. 2002)Denitrification is a
respiratory process which involvéise use of nitrogen oxides as alternative electron acceptors
under oxygerimited conditions(Rock et al. 2005Yhe N. meningitidisdenitrification system is
comprisedof two stages, each catalysed by a distinct enzyBarth et al. 2009Anjum et al. 2002
Berks et al. 1995Within the process, the substrates at each step can serve as electron acceptors

to supplement bacterial growth:

1. NG to NQ, by the nitrite reductase #A).
2. NOto N0, by the nitric oxide reductase (xB).

AniA wasfirst identified in Neisseria gonooheae, as a coppecontaining inducible nitrite
reductase which isittached to the outer membrane and reside in the periplagBoulanger &
Murphy 2002) It is coded by the gereniA(NMB1623)Tettelin et al. 200) and its expressiois
induced by anaerobiosidlouseholder et al. 1999The homologue of the fumarate and nitrate
reductase regulato(FNR) is a transcriptional regulator that controls the expression of 11 genes
involved inanaerobic respiration andarbon metabolism, and has been demonstrated to act as a
transcriptional activator for the expression ahiA (Lissenden et al. 2000FNR is normally
regarded as an oxygesensitive activator protein, but has been shown to be sensitivid@by
reaction d its [4Fe4S]2+ cluster with NQCruzRamos et al. 2002Reaction ofFNR with NO
lowers the affinity ofFNR to its DNA binding sequence, the&¥Rbecome inactivated ané no

longer able to induce anifanscription

GenenorB(NMB1623) codes fahe nitric oxide reductase NorBvyhich is part of the superfamily

of haem/copper cytochrome oxidasédouseholder et al. 200®an der Oost et al. 1994NorB is
bound to the membrane and its structure consists of 12 transmembrane helices that contain six
invariant histidines at defined positions. Using electrons derived from soluble electron donors and
as part of the respiratory chain, NorB catalyses the reduction of two molecules of N tand
water. Although NorB is expressed in all theisseria sppthe meningococcal reductase activity

is one of the most powerfyBarth et al. 2009 NorBis the major player within the denitrification
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system because has dual role in both the protection against the bactericidal effect of
maciophagederived NO andHte utilisation of internally generated NO as part of a bacterial
metabolic pathway. As compared with wild type straim&rB mutants are killed more by
macrophages in the early stage of infecti@tevanin et al. 2005Furthermore, NorB together
with PorBprevent macrophage apoptos#nd prolong survival of the phagocyted meningococci
(Tunbridge et al. 2006)n infected macrophages, NorB activity and the subsequent reduction in
NO levels results in high concentrations of-MQulated preinflammatory cyt&ines such as TNF

h Z-12lapd CCLEStevanin et al. 2007)

NsrR(NMB0437) codes for the N&ensitive repressor protein (NsrR) member of the Rrf2 family
of putative transcription regulatorg¢Tettelin et al. 200D The NsrR regulon ™. meningitidis
contains oty a very small number of geneend regulates the transcription of the two
denitrification genes, aniA and norB in add€endent mannefHeurlier et al. 2008Rock et al.
2007) Whenthe concentration of NO is very loMsrRbinds to DNA and pmressgene expressign

in particularnorB In contrast, oncentrations above-1uM cause the protein to dissociate from
the DNA, allowing the expression of the detoxification gdirtsurlier et al. 20081n this context,

to ensure that AniA does not overproduce NO from nitrat@Aexpression is tightly regulated by
both FNR and Nsr(Rieurlier et al. 2008Rock et al. 2007
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1.3 NITRICOXIDE

Nitric oxide (NO) is a simple diatomic gas, composed of one atom of nitrogen and one atom of
oxygen. NO is poorly soluble in water, does not go undergo hydration reaction and as an
uncharged molecule is capable of traversing cellular membranes, makirggliy fiffusible. In

addition, NO contains an unpaired electron and is therefore a highly reactive free radical.

The biological synthesis of NO was first studied by the Igriggnarro et al. 1987and Mocada
groups(Palmer et al. 1987when they identified that the Endothelium Derived Relaxant Factor
(EDRF) which exhibited vasorelaxant properties was in factitN@as in 1992 when NO was
named the molecule of the year, after discovering its role as biological messenger in many
physiobgical and pathological conditior{&ibaldi 1993Culotta & Koshland 1992)n biological
tissues the half life of NO is only53seconds, owing to the propensity of the molecule to rapidly
react with the metal centres (free iron, iron within ir@ulphur centres, or iron within
haemproteins) and with the superoxide radicab{{@Ignarro et al. 1993)in aqueous solution, in

the presence of oxygen, NO is oxidised almost entirely to nitrite-{N@th very low levels of
nitrate (NQ-) (Ignarro et al. 1993)Under mildly acidic conditions, B@an be reduced to NO and

the same cycle continues.

1.3.1 Production of NO

In mammalian organisms, NO is produced by the family of enzymes cdiiecbride synthases
(NOS). In the presence SADPH and £ening as cesubstrates, NOS oxidize one moleculelef
arginine to produce MOHL-arginine as an intermediate, which is further oxidized to yield one
molecule of NO and-titrulline (Knowles & Moncada 1994)

Three different cytoplasmatic isoforms of NO® defined: the 13kD neuronal NOS (nNOS or
NOS1)the 13%D inducible NOS (iNOS or NCG&1) the 140kD endothelial NOS (eNOS or NOS3).
Each isoform is well conserved among species9@®@ identity) but have fewer similarities

between the isoforms in any\gn species (560%)(Knowles & Moncada 1994)

Each NOS polypeptide consists of atefninal oxygenase domain and até@minal reductase
domah, separated by 80-40 amino acids long recoijion sequence for calmodulim Ca*
binding protein(Bredt & Snyder 1990)Dimerisation is needed to achieve the active state of all

three NOS and involves the interaction between the oxygenase domains and the formation of the
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activesite pocket for binding of-arginine and haen{Stuehr 1997 Masters et al. 1996)The
binding regions of calmodulin act as a hinge between therhhinal axidase and @erminal
reductase. In this mannecalmodulinbindingtriggers electron transfer to the haem group by
bringing the domains into alignmeigAbuSoud et al. 1994)nNNOS ath eNOS are constitutively
expressed and dependent in their activity on increased intracellulaf flties (Salerno et al.
1997) In contrast,iNOSrequires a stimuluso be expressed ani$ considered G4 independent
Whilst nNOS and eNOS produce smadbants of NO during short periods of time, iINOS has the
ability to produce large quantities and remain permanently active due tmlat irreversible

calmodulinrCa* binding(Salerno et al. 197) (Figure 16 and Table 11).

Among cells from variouperipheral tissues and brain, basal levels of each of the three NOS
MRNAs and proteins expressed are different in their sizes and sequences, suggesting the

possibility that these variants are produced by alternative splifftagk et al. 2000)

iINOS is mialy present within macrophages, denitic and natural killers cell@Bogdan 2001)

Although \arious bacterial componentgvia TLR recognition) and several cytokimeduce

activation of theiNOSpromoter (Bogdan 2001)the combination of LPS, TNFX -/La@dbllm i

remain known as the major stimyie et al. 1992)ranscriptional activation of the human iNOS

3SyS NBIldzANBa (KS LINBaAaSyOS 2F Oed2l1AyS NBaLR\
upstreamof the gene(Taylor et al. 1998YAmong the iINOS liibitors, TGF | Y Ra2 dytiikie ¢

IL-4 are recognised as the most potef@ogdan 2001)iNOS has been found to be elevated in

bacterial meningitis and iING&rived NO has been suggested to be involved in the disruption of

the bloodbrain barrier and irthe secretion of preinflammatory cytokinegWinkler et al. 2001)

eNOSis located as a membrarenchored protein in the Golgi apparatus and in plasmalemmal
vesicles (caveolae), amslheavily expressed by vascular etigklial cells and -Eell lines(Bogdan

2001) eNOS is reversibly inhibited Bynitrosylation (section 1.3.2) inesting cells, being targeted

to caveolae by reversible thiopalmitoylation of eNOS Cysl5 and Cys26. But after agonist
stimulation, eNOS undergoes denitrosylation and is transpadedternal membrane structures
(Erwin et al. 20065uch translocation to the cytoplasmic compartment is indispensable for eNOS
denitrosylation and requires the presence of the @®smembrane domain (CENyr) (Erwin

et al. 2006) Later on, the membranassocited eNOS is raitrosylated andreturns to its basal
state.eNOS&derived NO has beettoroughlystudied within cardiovascular conditions for many
years, whereas the implication of eNOS haell activation and TCR signallihgs been just

recently pointed oti(section 1.3.}.
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The role of nNOS is almost exclusively limited to the central and peripheral nervous systems as is
widely expressed in neurons, spinal cord, sympathetic and adrenal g@tgbavles & Moncada
1994). nNOSderived NO plays a role in synaptic plasticity, acts as a neurotransmitter and controls

blood pressure in the brai(Garthwaite 2008)

1.3.2 S-Nitrosylation

In the presence of a strongly oxidizing cofactor, the NO ahdicovalently attacheditt cysteine

thiol residues of proteins, peptides @amino acids, forming stable lowolecular weightS

nitrosothiol (SNO) compoundStamler et al. 1992 he Snitrosylation process provides a route

through which N@lerived bioactivity is not restricte the site of its production and represents

a form of reversible podtranslationalmodification of proteinsShitrosylation is implicated in

NOS regulatiorand diverse cell responses, suchaasivation of soluble guanylate cyclase and

cGMP productioni N} YAONR LG A2y | f | @guktdi of &aspAses abdCdther | Yy R (0 F
apoptotic factorgHess et al. 200%1. W. Foster et al. 2009)

A related chemical everis &i NJ y & y A (wKiBhdnVvolvds ghg leterolytic cleavage of the S
nitrosothiol bond to yield nitrosium (NQthat is later transferred to another thiolArnelle &
Stamler 1995)The major example of this, is telectively denitrosylation & nitrosoglutathione
(GSNO) by thaglutathionedependent alcohol dehydrogenase or GSNO reductase, which is
capable of catalyzing the NADH/NAD&#bendent degradation of GSNO to GSSG and ammaonia
(Jensen et al. 1998)he predominant low moleculareight Snitrosothiol GSNO works as a

resenoir of NO within celland is maintained in balance by the action of its GSNO reductase.
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Figurel.6: Nitric oxide (NO)production.

Nitric oxide is produced by the family of nitric oxide synthases (NOS), which catalyze the oxidation
of L-ariginine into kcitrulline. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are constitutively
expressed within cells and require Cor its activity. In contrast, transcription of the inducible
NOS (iNS) requires external stimuli anglnot Ca’/dependent.

Table 1.1: Features of human Nitric Oxide Synthases (NOS)

Nitric

Oxide Gene Cellular expression (Subcellular Stimuli for induction Role of the NO produced
locus localisation)
Synthases
12q Neuronal cells and myocytes - Neurotransmitter/neuromodulator in
nNOS 24.2- (Cytosol, endoplasmic reticulum, Constitutively expressed and both the central and the peripheral
(NOS1) . - Ca2+ dependent
31 postsynaptic densities, sarcolemma) nervous systems.
Cytotoxic or cytostatic effector in the
iNOS 179 Macrophages (Phagosomes), Cytokines, cellular activation, immune system. Not typically
11.2- - expressed in resting cells, must be
(NOS2) dendritic cells and NK cells TLR engagement, etc - ] ; A
12 induced by cytokines or microbial
products.
eNOS Endothelial cells, cardiomyocytes - . ) )
7q L Constitutively expressed and Vasodilator in the cardiovascular
(NOS3) 35-36 and platelets (Golgi apparatus, Ca2+ dependent system.

plasmalemmal caveolae)
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1.3.3 Bactericidal activy of NO

NO is well known as a bactericidalent becausexertsinhibitory, cytotoxic and genotoxic effects

on microorganisms. NO has been shown to inhibit cellular respiration by reversible inhibition of
cytochrome c oxidase (complex IV in the mitochondrial respiratory cli@iegter et al. 1994)
mobilises intracellular zinc targeting DNvnding zinc metalloproteingSchapiro et al. 200&nd

cause deamination of deoxynucleotides resulting in DNA muta(idfisk et al. 1991)

Antimicrobial properties have been attributed to the various reactmoducts of NO oreactive
nitrogen intermediates, such as NONOatesjtrosothiols, peroxynitritenitrite and nitrous acid.
Interaction between reactive oxygen species and reactive nitrogen species seems to play a
synergisticrole inrespiratory burstand NO synthesifuring a response against infection, high
concentrations of NO an@, radicals can interact to increase their bactericidal actiditne rapid
reaction of NO witlD, generategperoxynitrite (ONOGQ), an effectivepotent oxidizingcompound

for SH groups, lipids and DNéapable of causing nitration of tyrosine residues of proteins
(VazqueZTorres et al. 1995With the oxygen intermediatebO,, NO can be synergized to cause
doublestranded DNA breakage, bacteriabFelease,depletion ofthe antioxidant glutathione

and death irE. coli(Pacelli et al. 1995)

1.3.4 NO as a regulator of intracellular pathways

Through Snitrosylation (section 1.3.2)NO has been implicated in numerous physiatadi
conditions, especially amtracellular messenger modulating large number of downstam
signallingpathways(Figure 1.). Nitrosylation/denitrosylation as a redox switch, are dynamically

regulated and can lead to activation of some proteins but inhibition of otft&tiemler et al. 2001)

Themain example of intracellular signalling is the NO binding to the ferrous state of the heme
LNPAGKSGAO 3INRdAzLI 2F (GKS i m &dzodzyAd 2F &a2ftdzot$
02y aSljdzSy i LINE R dzO dckcicymordphosphatd (yGVIR)A Aftgease i EGIVIR

causes downstream activation of cGMPBpendent protein kinase (PKG) andrtier

mitochondrial hyperpolaretion (Friebe & Koesling 2003)

Studies have demonstrated that NFisitesare essentiain the promder region of theNOSgene
to induce its transcriptiorfide Vera et al. 1996Because bth activation and inhibition of Nf i

have been observed in response to N&Widencesuggess that high levels of NO may derm a
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negative feedback on NFi T 4 #o® KJels énhace the TN# or PMA induced NE iDNA
binding activity and transactivatia@danssesHeininger et al. 2000Proposed mechanisms for NF
1 linhibition are Snitrosylation on the p50 protein that would obstruct N ibinding to DNA
(DelaTorre et al. 199'8nd Snitrosylaion of the subunit IKKat the IKK complefReynaert et al.
2004) Similarly the presence of eNOS causssitrosylaion at the TIR domain of MyD88,
resultingin negative functioning by retarding MyD&@pendent signdihg events, such as the NF
1 Tand TNF pathways. Thusni&osylation of TIR may represent a control for the acpkase

inflammatory responseéinto et al. 2008)

1.3.5 hvolvement of NOin mitochondrial respiration and function

Since NO ialsoproduced withinthe mitochondrig some studies have suggested that eNOS may
be targeted to the mitochondrial outer membran@Gao et al. 2004)or that a specific
mitochondrial NOS (mtNOS) isoform may exist at the mitochondrial inner mem{Eanié/i et al.

1998) NO has an important rolim controlling mitochondrial biogenesis and cellular respiration.

Long exposure to eNGfrived NO has been found to be responsiblérigigeringmitochondrial
biogenesisdue to its ability to generate cGM®hich interacts with the mai mitochondrial
regulators (Nisoli et al. 2003)Nisoli et al.(2004) reported that this NO/cGMfependent
mitochondrial biogenesiincreasesO, consumption, cellular respiration and ATP contelmt
support, eNO% mice presented a metabali syndrome phenotype charactesid by low
mitochondrial numbers, small mitochondrial size, reduced energy expendure, obsesity and insulin

resistancéNisoli et al. 2004Nisoli et al. 2008

NO has been recogmid as a controller for mitochondrial respiratidiecause the respiratory
chainoffers 40 different potential metahrget sites among théour respiratory complexe@rown

2001, Henry & Guissani 1999)onationof NO causes an immediate oxygegpendent inhibition

of respirationand ATP synthesis a variety of cell§Brown 2001) A reversible inhibition of
complex | is driven b$nitrosylation of essential thiolBrown 2001 Henry & Guissani 1999he
complex IV (cytochromeoxidase) is also reversibly inhibited when NO competes with oxygen at
the oxygen binding site of cytochree coxidasg(Brown & Cooper 1994)n contrast peroxynitrite
irreversibly inhibits mitochondrial respiration by causing oxidative damage to all the respiratory
complexes, disrupts the inner mitochondrial membrane potential, induces permeability tramsitio
and calcium release with ROS accumulatigim et al. 2001 Ghafourifar et al. 1999)Such

reversible/irreversible nature of the respiratory chain inhibition, will mainly depend on the
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relation between NO and oxygen and on how long the complex has lepeessedBeltran et al.
(2000) proposed that under conditions of cellular stress, inhibition of cytochrarbg NO may
exert an early protective action on mitochondria by reversal of the ATP synthase, maintaining the

mitochondrial transmembrane potentiaind avoidingts collapse.

1.3.6 NO involvement in cell death

NO has been described as a bifunctional modulator either stimulating or inhibiting apoptosis
(Figure 1.7.

The NO antapoptotic effect nvolves several mechanisms, such cidMPRdependent cyclic
nucleotideg Dimmeler et al. 1998pregulation othe antiapoptotic proteinBct2 (Genaro et al.
1995) upregulation ofheat shock proteingKim et al. 2001)inactivation of caspasedy S
nitrosylation(Mannick et al. 2001and nhibition of Fasnduced apoptosigMannick et al. 1997)
Shnitrosylation on catalytic sites ohspase memérsis a wellknown example where NO exhibits
anti-apoptotic properties. In resting celtae majority of mitochondrial Caspageand Caspase
arenormally inhibited by&nitrosylation preventing their auteactivation inside the mitochondria
and an uncontrolled apoptotic activitiMannick et al. 200 Fas is able to reverse the effect,
stimulating denitrosylation at the caspasetived A (1 S {iKKA 2£f (Madidkyet a). 2001
Mannick et al. 1999)A similar example of apoptosis downregulation, occurs on the apoptosis
signalregulating kinase 1 (ASK1L)niBosylation of ASK1 inhibits further binding to its substrate
kinasegPark et al. 2004)

The proapoptotic NO effect haseen attributed toseveral mechanisms, such dsect DNA
damaggKim et al. 200}, activation and expression of the tumour suppressor gene(Messmer

et al. 1994) proteasome inhibitior{Glockzin et al. 199@ndlipid peroxidation(Ghafourifar et al.
1999. NO inducesnitochondria hyperpolariation and reactive oxygen specipduction (Perl

et al. 2004) At high concentrations NO induces changes in the mitochondrial transmembrane
potential, leading to cell neosis by inhibiting yfochrome cactivity and releasing itrom the
mitochondriainto the cytosolBrookes et al. 200@hafourifar et al. 1999Jshmorov et al. 1999)
Peroxynitrite (ONO€) alsopromotes irreversible mitochondrial damage and the openinghef
permeability transition pore, llowing calcium and cytochronerelease(Ghafourifar et al. 1999
Finally, cytochrome release can result in apoptosis by the activation of casp#ke8 and-9
(Ushmorov et al. 199%Chlichlia et al. 1998vielino etal. 1997) Intracellular NO can also signal
apoptosis bySnitrosylation of GAPDH, triggering its binding with the E3 ubiquitin ligase (Siah1l)
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and making it more stable to degrade nuclear protdiHara et al. 2005)Other example of NO
leading to apoptos is the conversion of the inactive guanosine diphospiatend Ras to the
active form guanosin triphosphateound (Williams et al. 2003)At last and depending on the ATP

storages, cells make a death decision either for apsistATRIependent) or necrsis.

The switch between apoptotic or ardpoptotic effects is probably cell type dependamidseems

to beinfluenced by theconcentrations of NO antthe time of exposure to NO dono(Kim et al.
2001). NO at low concentration&1 pM)and for short peridsis considered antapoptotic and

may inhibit cytochrome oxidasein a reversible manner; where&ggh levels of N@1 puM)and

for a prolonged exposure may generate an irreversible inhibition of respiration and severe
mitochondrial damagéBrown 2001 Melino et al. 1997 Cleeter et al. 1994 Depending orthe
concentration, GSNO is alsapable of controlling the apoptosis switch that occurs during the
natural selection of thymocytes. Low intracellular concentrations of GSNO (<0.6 mmol/L)
promotes acidication of thymocyte lysosomes and triggers apoptosis; whilst higher

concentrations (>2 mmol/L) prevent apoptosis of thymocy®andau & Briine 1996)

1.3.7 T lymphocytesrad NO.

Within the immune system and under both healthy and pathologicanditions,
nitrosylation/denitrosylation reactionshave been reportedto influence cell proliferation,
differentiation, activation andapoptosisof immune cell§Hess et al. 20Q5V. W. Foster et al.
2009)

In Tcells, TCRrosslinking via CD3/CD28 estimulation results in a series of mitochondrial
events 1) Mitochondrial hyperpolaration; 2) Elevation of cytoplasmatic and mitochondrial*Ca
3) reactive oxygen intermediates (R@tpduction; and 4Expressionf constitutive NOS with the
correspondindNO productionSena et al. 20%3biza et al. 2008 erl et al. 2004\agy et al. 2003)
(Figure 1.8
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Figure 17: The dual role oNO in celkignalling and apoptosis.

NO is able toregulate intracellular processeda the signalling molecule cGMP and through
nitrosylation of proteins. N@eads to activation or inhibition of diverspathwaysand becomes
regulated trough feedback loops. From thes§SNO and activath of sGC are the major
feedback signalDepending orNO concentrations,both apoptotic and antapoptotic effects

have been observed.itdosylation of caspases and inhibition of the Fas pathway represent the

mainmechanisms for avoiding apoptosighilst inhibitionof mitochondrial respiration is the key

event for NGinduced apoptosis
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Figure 1.8 NO production and activity at the moment of TCR crdisking.

TCR crosbnking leads to NO prodtion, mitochondrial hyperpolaraion, ROIs production and
increased intracellular Ga NO isproduced in the cytoplasm by eNOS, which requires &al
calmodulin (calm) for its activation. NO produced is mainly involved mwitié mitochondrial
hyperpolaryation and reversible inhibits the respiratory chain, causing ATP depletion and ROIs
production. In addition, NO regulates several proteins hyit®sylation, induces transcription of
some cytokines and is present at the immunological synapse. Howd@produced by other

cells (such asnacrophages) codl lead to suppression of-dell proliferation and activation
Reaction of NO with £generates ONOQwhich cause irreversible damage to the respiratory
complex.
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Nagy et al(2003 demonstrated thatreatment of activated T lymphocytegth aNOdonor (NOE
18, 600uM)increased cytosolic anghitochondrial Cg levels, ROgienerationand mitochondrial
hyperpolaristion. In contrastinhibition of NO by a specific NO chelatofR0O) caused a deeply
inhibitory effect on mitochondrial hyperpolarsion and ROl q@duction, also blocking elevatio
of cytoplasmatic and mitochondrial €devels.Therefore it is likely that TG&ttivationrinduced
mitochondrial hyperpolgsation is mediated through N@nd that NO is primarily regulated by
Ca*and ROls.

Gytoplasmic and mitochondrial €devels incease rapidlyfive to ten minutesafter TCRcross
linking,lasting at least 48 hougmboden & Weiss 1987La" works as an intracellular messenger
activating some molecules, such as protein kinasea@inodulinand the calmodulirdependent
protein kinasgPremack & Gardner 1992s mentionedn section 1.3.lintracellular presence of
Ca" and subsequent calmodulin bindingre essential to achieve an active state on the
constitutively expressed NOBhus, is not surprising to find the constitutive eNB&ie dominant
producer of NO in -Eells(lbiza et al. 2006Nagy et al. 2008 Reiling et al(1996)and Nagy et al.
(2003 confirmed the presence &NOSand nNOS but absence of iND$rimary human B and T
lymphocytes.eNOS undergoea rapidspecificand sustained activation in response to the TCR
engagement and in a €adependent manneviathe PI3KAkt pathway through phosphorylation
of Ser(lbiza et al. 2006Fulton et al. 1999)eNOS protein levelincreased up to 1%old by
CD3/CD28 cstimulation, and a si¥old increment of NO levels was detectedT-cells activated
via CD3/CD28 estimulation for a period of 24 hour@Nagy et al. 203; Reiling et al. 1996

In peipheral lymphocytes, a transitory incrementthe mitochondrialtransmembrane ptential

occurs in twocontradictory senarios,either triggered by cellular activation or as an early event

in apoptosis(Perl et al. 2004 Mitochondrial hyperpolariation is followed by just @ransient
inhibition of FOF4ATPase, ATP depletion armbnsitimtion to necrosis(Gergely et al. 2002)
However, in pathological conditions like systemic lupus erythematosus, an elevated and constant
Ca"flux into the mitochondria induces pessent mitochondrial hyperpolaration and disruption

of the mitoclondrial transmembrane potentigdNagy et al. 2004Gergely et al. 20QZFinally, this

leads to ROI overproductiorATP depletion, spontaneous apoptosis and necrdblagy et al.
2004) Using human Jurkat celBanki et al(1999)showedthat mitochondrid hyperpolarigtion

together with an increment in ROIs accumulatiorgedes Faghduced apoptosis.

Forty minutes after TCR engagement, either by superantigens or CD3/CBfghalation, NO
can be foundat a concentration of 20 nM in highly purified Tighoblasts angbrimary humant

lymphocyteqlbiza et al. 2006 eNOS isormally present in the Golgi apparatiogt is translocted
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to the membranewhen contact between -€ell and antigerpresentingcell occurs, remaining at

that sitefor at least 30 mirflbiza et al. 2006)I'he onsite production of NO by eNOS promotes and
synergizesLIK2 A LIK2NEf | GA2Yy 27F  (-ROS followed Yoy dOwastraayh |y R
phosphorylation of the ERpathway (section 1.1.4.4). lymphoblasts from eNG&ficient mice

and T-cellsincubated witha NOS inhibitor(N-nitro-L-arginine, 500 uMXid not maintain ERK
activation (lbiza et al. 2006)eNOSderived NQOacts on the redoactive Cysesidue 118 at the
Golgiocalied NRas, achieving its activation and the consequent downstrectivation of the

ERK pathway towards cell deaflbiza et al. 2008Lander et al. 1997)TheC118 residue is so

critical that mutations on this site leads to impaired activatiof NRas and abolish TER

dependent apoptosiglbiza et al. 2008)

In additionto the involvement in TCR activatiand mitochondrial hyperpolaiagion, NO habeen
suggested to be a regulator for the cytokines balance amefigaiid T2 cells As mentionel in
section 1.2.6NO production can be dtuced by the mainill cytokine IFN (van der Veen, Dietlin,
Pen, et al. 2000Niedbala et al(1999)established that high concentrations of a NO donor (SNAP,
500 uM) lead to suppression of IFNroduction by Tl cells whereas low concentrations of SNAP
(10 uM) increase IFN Within thismodel, culture of a 1 cell linein the presence ofl.-12 and
SNAP (10 uM) enhanced even more thedFN LIN2 RdzOG A2y T K2gS@SNJ ft Ad Gt S
the T2 line or on proliferation of both il and T2 cells. The explanation to this phenomenon
carre in a later work that showed holew levels of NO selectively enhancemld wi & cGdR |
dependent mechanism during-T differentiation (Niedbala et al. 20Q02Niedbala et al. 2006)
Similarly, overexpression of eNOS increased Ipfdduction while redued I1-2 production(lbiza

et al. 2006) On the other hand Gomes et al(2006) demonstrated that incubation of /R
lymphocytes with NO donors generates high levelstodaellular cGMP, which triggarsustained
Ca' response and subsequent expression of thg €ytokine Ik4. Controversiatesults were
reportedearlierby (Nukaya et al. 1995)vho found that addition of a NO dond8RP, 0.1uMwas
enough to mhibit IL=4 production in the {2 clone, but did ot inhibit IL-2 production in 1 cells.
Moreover, T2 cells were more susceptible detrimental NO effects and sufferadore inhibition

of DNA synthesim comparison with the dL clone(Nukaya et al. 1995

Other studieshave suggested that NO may regulateel function but is not #1/Tw2 selective,
neither for proliferationnor for cytokine productionMacphail et al. 2003van der Veen et al.
1999;Bauer et al. 1997)an der Veen et al1999)did not find any significant difference on the
in vitro secretionof Tyl or T2 cytokines when a NO donor was added td &nd T2 clones
activated with an antiCD3 antibodyln anin vivomodelwhere mice were injected in the footpad

with carrageenin to induce local inflammatidianaro et al(1994)observed that cells obtained
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from the draining lymph node from injected mice with carrageenin plus a NOS inhibNdAA)
developed a differenpattern of cytokine production but notsI or &2 specific. In comparison
with carrageenin controls, cells vdh were exposed to-NMMA stowed reduced secretion of-IL
1, 12, IL6 and IFN' but increased H10 production.Surprinsinglyl-NMMA did reduce local
edema formation d#hough dmost no effect was seen on thmumber of ells at the inflammation
site,IL-4, TNFP 2 NI ¢ D 8adphaidl ab al(2003 proposes that the effects seen onITand
T2 lymphocytes depend mainly on the exposure time to N@uldation with NO donors prior to
stimulation abolishesproliferation of both Ty populations in a timedependent manner.

Simultaneously, reduction di-2 mRNA, H1I3 mRNAand IFN  Ywb! A & 20 AaNONBWSR

exposureincreasegMacphail et al. 2003)

NO has also been associated witaell suppression because NO production fromacrophages
(van derVeen, Dietlin, Dixon Gray, et al. 20@ngisser et al. 199&trickland et al. 1998sobe
& Nakashima 1992Xuppressor monocytefSlaney et al. 20189nd myeloidderived suppressor
cells(Movahedi et al. 2008Vlazzoni et al. 2002)ausesnhibition of Fcell proliferation via N©
dependent dephosphorylation of intracellular signalling molecules or prot&irgyisser et al.
(1998)and Mazzoni et al(2002 describe that NO induces awersible type of Eell anergy by
reducing phosphorylation of tyrosineesidues in Jak3/STAT@n essential molecule for
proliferation and cycle progression in activateddlls(Moriggl et al. 1999)Even in presence of
mesenchymal stem cells which generally suppresslproliferation, addition of a NOS inhibitor
(LNAME)restored not only the Tell proliferation but also Stat5 phosphorylati¢S8ato et al.
2007) Similarly Strickland et al(1996) observed that alveolar macrophagkerived NO reversibly
blocks downstream phospinglation of the IE2 receptorassociated prteins.van der Veen et al.
(1999, also reportedthat the NO donorSNAP at a concentration ap to 0.1mM inhibitedthe
proliferation of T1 and T2 clones; whereakigher concentrations induced apoptosis of both
cellular subtypesln prostate cancerthe immunosuppression/anergy d2D8 tumor-infiltrating
cytotoxic lymphocytes against cancer celias reverted byinhibiting the activity of the enzyme
arginase andby addingNOS inhibitorgBronte et al. 2005)Thesuppressive effect on-dells could
beindirectlyrelated to the karginine deprivation caused anincreased NOS enzymatic activity.
Choi et al(2009)reported thatin the absence of-arginineT-cells cannot be activated, proliferate

or produce cytokingefficiently.

Valenti et al.(2005 suggest that NO blockscEll proliferation by arresting the cells in late G1
phase of the cell cycle, just before DNA synthesis. These cells will be committed to apoptosis or
necrosis if the harmful NO stimulus persists, as the protein p53 starts tonataie (Valenti et al.

2005) Niedbala et al(2002) reinforced that Tcell exposure to high concentrations of NO (NOC
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18 >100uM) consistently increased the level of apoptosis; whilst low concentrationsI8IOC
<10uM) enhanced the differentiation of the @D8 cytotoxic Fcells Earlier work reported that a
NOS inhibitor ANMMA) protected mature T lympuitytes from TCiiggered deathby reducing

the TCRstimulated expression of functional Fas ligand and thus stopping the downstream

apoptosis signallinfVilliams et al. 1998)

1.3.8 Paradoxical effect of nitric oxide in bacterial toxin inducedisease

For some time glucocorticoids have been used in the treatment of toxic shock syndrome, due to
its ability to prevent NO production induced Byaphylococus aureugoxins or LP&embowicz
& Vane 1992However, animal models that studied the effect of N@aphylococcal enterotoxin

B-induced shock and L&luced cytotxicity derived controversialonclusions.

Someauthors repored that administration d a NOS inhibitor affords a protective effect against
endotoxemia, preventindiypotension andsecondary organ failuréKilbourn et al. 1990)In
contrast,others demonstratd that endogenous NO is beneficial and that NOS inhibition increases
thrombosis andmortality rates in Tcelkdependent shock induced by superantigér$orquin et

al. 1994 Shultz & Raij 1992; Billiar et al. 1990lorquin et al(1994) showed that NOS inbition
with LNAME enhancetFN* |y R prédic@on inducingethal prothrombotic events in mice.
This observation together with the fact that IFN | y R narrbally induces NO synthesis,
denotes that NOmight downregulatelFN I Y R tot do@hteract their prothrombotic
properties (Florquin et al. 1994)JTo ovecome this problem,Jaimes et al(2001) propose that
prevention of glomerular thrombosis and restitution of vascular tone can be achiewadowith
concomitant administration of a NO and TNnhhibitors. Sundrani et al(2000)observed that
superfuson of a nonrselective NOS inhibitor is dédgious in septic rats becausecreases
leukocyte rolling and leukocyte adhesi@@risham et al. 1998)esulting in long lasting stickier
leukocytes that an block the microvasculaturén the other hand Bras et al(1997) found that
administration of NOdonors to mice injected withSaphylococcal enterotoxinB have
contradictory effecs, inducing thymicclonal expansionof CD4 thymocytes but inhibiting
proliferation of peripheral #1 lymphocytes Presene of NO donors delay@aphylococcal

enterotoxinB-triggered apoptosis and replenish the pool of thymocyisas et al. 1997)
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1.4 AIMS OF THIPROJECT

Well established models of-&ll stimulation using-independent antigens have been reported

in the literature. The finding that became of big interest in our lab was t@tbinationof T-
independent type 2 nmics with TCR Tell stimulation (antCD3+ anti-C[28), unexpectedly
resultsin suppression off-cell proliferation and activatiorwithin a PBMC cultureThe work
described in Chapter 3 aims to identify the cells involved in the T cell suppression causéd by TI

mimics and if possible to identify the mechanism of action.

N. meningitidigs a bacterium which rarely causes invasiveedse and sepsibut perpetuates
colonisation in the nasopharynx by avoiding immune recognition and killing. Because ddveral
meningitidisconstituentsare Tl type 2 antigens and/or provide second signals-telBvia TLR

it washypothesized thaparaformaldehyde fixed meningococcosuld exerimmunomodulatory
properties Chapter 4 aims to explore this possibility and intends to elucidate bacterial

constituents that could function as immunosuppressor molecules.

Several bacterial compents stimulatenitric oxide production; howeverN. meningitidiscan
counteract the bactericidal effect of reactive nitrogen intermediates by a partial denitrification
pathway. Nitric oxide isproducedin T-cellsas a result of TCR engagemehtictuations of NO
concentrdions have been associated to activation or inhibition of several intracellular pathways
which lead to either proliferation oapoptosis. Chapter 5 investigatedrether NO donation or

inhibition could influence&CD4 T-cell responses and provide aliwith bacterial infections

It is expected that the knowledge generated from this project will help to understand those
bacterial infections that initiate colonisation and evade the immune the system. In particular
those bacteria whictNB Y I A y in¥h& hobtBejbie tducing severe and rapidly pressive

systemic infectionssuch asepsis.
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2.1 ISOLATIONOFPERPHERAIBLOODMONONUCLEARELLS

For allexperiments, an amount of peripheral blood wesken from the cubital vein oadult
healthyvolunteers and collected into 50 ml tubes containing heparin (10 IU of heparin per ml of
blood). At room tenperature, blood was diluted 1\ith sterile PBS and slowly poured onto half
the volume of lymphocyte separation mediunbytmphoprep, BioWhittaker, Lonza UK).
Centrifugation at 400 r¢ ACCN=0, Brake=P0°C for 35 min allowed layers formation. The layer
of peripheral blood mononuclear cells (PB#/|docated at the interface between the lymphocyte
separation buffer and the plasma, was carefully remmb with a plastic pasteur pipette. Plasma

wasalso removed and storednace for cell culture media preparation

ollectedPBMG were washed foutimes with20ml sterile chilledPBScentrifugation at600 rcf,
ACCN=8, Brake=8&C, 10 min)After discarihg supernantant, be final pellet was resuspended

in 1 ml of cell culture medipreparation: RPM1640 media (BioWhittaker, Lonza, Wéhtaining
20%autologous plasmand supplemented with 2 mM-Glutamine (Lonza, UK). On the basis of
tryptan blue (0.1%Sigma, UK), live PBM®ere counted with an improved Neubauer chamber,
and were further resysended in theRPMIpreparation to obtaira final concentration of 1 x 10

cellsperml.

Students and rambers of the staff athe Medical Schodtom SheffieldUniversityand the Royal
Hallamshire Hospitajlave informed consent and participated as voluntatgod donors The

procedure was approved by the Central Office for Research Ethics

2.2 ISOLATION OPRIMARYCELLTYPES

2.2.1 Enrichment of celpopulations

In all casemnegative selection wageferredto purify cell populationgrom PBMCsNithout using
columns but using antibody complexes linkéd2 Y I 3y SGA O LI, NelerhodlE S &
Technologies)crosslinked undesired cells remainegttached to the magnethile desiredcells

were found freein the supernatant.
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Briefly the procedure is as folloywsells wereplaced in a sterile polystyrene rowtmbttom tube
andresuspended it KS NB O2 YYSYRSR (6t&ikk PRSY* 2t ftaldide Serum +
1 mM EDTA, calcium and magnesium freé8)ibsequent incubatiofor 10-15 min with the
provided antibody cocktaitargetedthe phenotypic antigens frorall the undesired PBMG$able
2.1). At thisstage, the magnetidextrannanoparticles wereadded and incubated fdurther 5-10
minto allow formation of magnetiantibody complexeBefore magnetic separatiory¢ mixture
was gently mixed with a pipette and are RoboSep medium waadded according to
YI ydzF I OG dzNB D& EagyRataiINS2O(SA B yY I Iy Siun 6+ a LINBFSNNBR
becauseit allows maximal recovery out from small numbers of cells. After 10 min oipltie
magnet, supernatants wereollectedfrom the wellsand washed with RPMI media obtain a cell
pellet. Following Y I y dzF | O dzNB NI286% pungé and Ndgalecell popuations were

obtained

Table2.1: Enrichment of cell populations.

Cell population Negative selectiorKit Antibodies contained
to be purified (9 I & & {Sterhdrll Technologips in the cocktail(anti-)
CD4 T-cells Human CD4+-gell enrichment Kit. D8, CD14, CD16, CD]
Cat# 19052 CD20, CD36, CD56, CD6
CD123, ¢/ w! Kk &and
glycophorin A
B-cells Human Bcell enrichment kit. CD2, CD3, CDi4, CD|
Cat# 19054 CD36, CmB, CD56, CD66
andglycophorin A
Monocytes Human Monocyte enrichment Kit. CD2, CD3, CD16CD19,
Cat#19059 CD20, CD56;D66b, CD12
and glycophorin A

2.2.2 Depletion of cell populations

Cell aébpletions were achieved byerforming apositive selectioron the undesiredcell type The
cell fraction to be depleted was labeled wittntibody complexes linked to magnetic particles
(EasySep®, Stemcelichnologiesand remained attached to the magnet, while the unlabelled

PBMCs wereollected from the supernatant.
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Similaty to the enrichmentprocedure PBMCs were incubated for 15 minutes with the antibody
of interest and then labeled witthagneticdextran nanoparticlefor 10 minutes. Next, the sample
tube was placed in the magnet and left on the side T0rminutes. Finalljthe depleted fraction

was poured out from the tube whilst the targeted undesired cells remained attached to the sides
of the magnet. This last step was repeated twice in order to increase purity of the depleted

fraction. Table 2.2contains a full descrijin of the depletiorkits used for this procedure

Almost absolute cell removal waachieved ¥99%) by 6llowing Y I y dzF | OdepleNd NX &

procedure.

Table2.2: Depletion of cell populations.

Cell population Positive selectiorKit Antibodies contained
to be depleted (9 I & & {Stérhdell Technologigs in the cocktail (anti-)
B-cells HLA Bcell positive selection kit. CD19 and CD20
Cat# 18454HLA
Monocytes Human CD14 selection kit. CD14
Cat#B058
NK cells Human CD56election kit. CD56
Cat #8055

2.3 STIMULATION OF ANDB-CELLS

2.3.1 Stimulation of Tcells

2.3.1.1 antiCD3

Purifiedanti-human CD3 a@h A 6 2GD8) (Idittogen, UK) was used to achielzeellactivation by
direct binding with the cell surface CD3nolecule and sibsequent engagementof the TCR
(Geppert & Lipsky 1987More effectiveli K Yy FNB S -0 7 dny@®3A Berhdpl Heda®e
the tissue culture flat bottom providesghysical platform upon which the purified antibodsn

be easily exposed to-dells and bemsslinked (Vayuvegula et al. 1990)

59



CHAPTER 2: METHODOLOGY

A 48well tissue culture platavas precoated with 0.10.3x 3 k Y {CD2i¥ stefile PB&llowing
incubation at 4Cfor at least 18 hourso achieve plate bindingPrior toperforming the assay,

wells containing thémmobilised " CD3were carefully vashed 3 times with sterile PBS.

It wasdemonstrated previously in our Ig8.B. Wing and R.A. Foster, unpublished d#taj these
concentrationsof plated 2 dzy @D3stimulate CD# T-cells sufficiently to prine them. The
resultant proliferation and activation are suboptimal and so all@etecting changes in both

directions.

2.3.1.2 Concaavalin A
Concaavalin A (ConAjs a lectinextracted from castobears, whichinteracts with receptors
containing mannose carbohydrate€onA povides a on-specific mitogenic effeabn CD4 and

CD8 Tcells but only in presence of accessory celhtact(Chatila et al. 1987)

At a final concentration of 5 pg/mGonA(Sigma, UK) was directly addedwvells containing 500
of cell culture media andl x1¢ PBMG.

2.3.1.3 S. aureusEnterotoxin B

Staphylococcus aureus enterotoxin B (SEB) was selémtdpbinga classicasuperantigen TCR

agonistin humansSuperantigens are proteirg bacterial or viral origiwhichengagea particular

regionof the variable chairat the TCRY +domair), locatedoutsidethe peptidebinding groove

(Choi et al. 1989)hus, egardless thentigenspecificity of thereceptor, superantigens are able

stimulate up to 20%f the total Fcell populatonRSLISY RAy 3 2y (GKS i Tl YAf @

superantigen is reactive to

At a final concentration cf00 ng/mISERSigma, UK) was directly addedwvells containing 500
of cell culture media andl x16 PBMG.

2.3.1.4 h/ 5 o@D28Dynabeads

Evidence suggests that highly purified primagellsare unresponsivio solid-phase bound CD3
alone (Palacios 1985)However, simultaneouscrosslinking of the CD28 moleculeith a
monoclonal antibodyaugments Jcell stimuldion by providing a helper signalAn anti-C28

Iy G A 0 eDR@willarimic the CD80/86 cestimulation even in absence of accessory cells

(Jenkins et al. 199Baroja et al. 1988
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Therefore, in every assay performed wigurified T lymphocyted)ynabeads®uman TActivator
CD3/CD28 (Invitrogen, UK) were preferred overubeal plated 2 dzyCR3 Dynabeads® Human
T-Activator CD3/CD28 are magnetic beads coated with-@B8 and amtCD28 monoclonal
antibodies that mimicin vivo T-cell activation from antigen presenting cellsdaprovide an

effective TCR signalling

Prior addition of enriched -Tells (1 x1®per well) Dynabeads® HumanrAEtivator CD3/CD28
were washed once with PBS, resuspende®RifMI1640 mediaand added direity to the cell

culture well at a ratio of 1:1 bead percell.

2.3.2 B-cell stimulation with T-independent mimics

2.3.2.1 Anti-lgD-conjugated dextran

Anti-lgD-conjugated @xtran { -t -deX) isa Tindependent type Imimic (section 1.1.8.1) which
consists ofmultivalent anti-lgD antibodies onjugated to a dextran molecul@ehe et al. 1990
Brunswick et al. 198§8Whenprepared as previously describ@decanha et al. 199%napper et
al. 1992) aconcentration of 1 pg/mwas sufficient for EBell stimulation when added directly to
a well containing 1 xfPBMG (R. a Foster et al. 2009)

For this work -1 -dex was manufactured anckindly provided by Dr. Andrewees, Biosynexus
(Gaithersburg, MD, USA)

2.3.2.2 MoraxellalgD-binding protein

The hgh molecular weighadhesinsurfaceprotein MoraxellalgD-binding protein (MID) displays

a high affinity for soluble and surfat®und IgD(Forsgren et al. 2001)Thetetrameric MID
sequence containinthe aminoacid residue®62to 1200, has been detected asthssentialgD
binding subunibf this protein(Nordstrom et al. 2002)Atruncated protein containinghe amino
acidsMID?6#12%0 has been shown to induce-dll activationand proliferationin a Findependent
fashion Concentrations of0.51 pg/ml are enough to detect an effectn peripheral blood
lymphocytegNordstrom et al. 2006)

For this work, MIB#?12% (from now on only referred as MID) was manufactured and kindly

provided byKristian Riesbed.und University, Sweden).
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2.4 PROLIFERATIOASSAY

To quantify proliferation of T and B cells, a protocol based on carboxyfluorescein diacetate
succinimidyl ester (CFSE) was auplCFSE is a nflmorescentmoleculewhichpassively diffuses

into cells and reacts with intracellular amindasside the cells, its succinimidyl ester group is
hydrolyzed by nosspecific esterases to becomdlaorescentconjugate The dye is themetained
anddivides equally between daughter cells upon divisioties(Lyons & Parish 1994)hus,CFSE
labeling allows identification of cell populations which have undergone multigends of

meiosis being possible to tradkp to 10 generationgLyons 2000)

I OO2NRAY3 G2 YIydzZFlI OGdzZNBNRA AyadaNdzOiAaAzya oaz2f SOd
solution was prepared witB0O pl of sterile high quality NSO and stored frozen in aliquots. From
these, a 0.1mM CFSE solution was prepared on the day witthesRBS. Following extraction,
washing and resuspension of PBMECRPMI (section 2.1), 20 ul of the CFSE solution was added
per 1 x 10cells per ml, obtaining a final CFSE concentration of 2 uM. Immediately after, PBMCs
were incubated at 37TC for 10 mirin the dark.Next, the reaction was quenched with an equal
volume of cold autologous plasma and incubated for other 10 min at room temperature in the
dark. After centrifugation (600 rcf, 20 for 10 min) and decanting of supernatant, pellets were
washed thiee times with 10 ml of the RPMI preparation (section 2.1). The resultant pellet was
then resusgnded in 1ml of RPMiInd cells were counted as described before (section Bidally,

1 X10° PBMCswere addedto 48-well flat-bottomed cell culture plats (TCtreated, sterile; Costar

UK) in a final volume of 500 pl of RPMI preparation per well, allowing cell incub&ma&,6%

CQ) until further flow cytometricanalysis.

In flow cytometry, he sequential halving of CFSE fluorescence inteisitypresented as ma
histogram withseries of distributions or peaksvhich can be analysd using aproliferation
analysis packaglom a specialied software (FlowJo 7.®).All proliferation results and graphs
were reported as division index, which is defines the average number divisions undergone

in the starting populationincludingundivided cell§section 2.5.5)
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2.5 ANALYSIS OBAMPLES BMULTICOLORLOWCYTOMETRY

Except where otherwise nied, cells wereseededat 1 x 10 cellsper wellin a final volume of 504
of RPMI preparatiorand incubated aB7°C, 5% COn a humidified atmospheréor 96 hours
before harvesting. Incubation of PBMCs for 4 days has previously demongtradte@nough to
detect maximalcell proliferation and activi#on, before excessive numbers of celle and the

culture media becme exhaustedJ.B. Wing and R.A. Foster, unpublished Ydata

2.5.1 Flow Cytometer LSRII

For all samples, FACS analysis was done with$ifdl flv cytometer (BDbiosciences, UK). The
BD LSHlis fully configurable and comes with 4 lasers (UV, violet, blue and red), allowing analysis
up to 13fluorochromessimultaneously Along the project, multicolar panels were design to
assess several phenotypic, activation and viability parametamgltaneouslyTable 2.3howsthe

instrument settings at the Core Flow Cytometry facilities at the University of Sheffield.

In every experiment, digital acquisition and experimental layoas werformed with the FACS

5 L % software (BDbiosciences, UK).

Table2.3: BD LSRII Flow Cyteter customigd setup

Laser Excitation channel (nm) Flters

uv 355 450/50
530/30
Violet 405 450/50
525/50
Blue 488 530/30
575/26
610/20
660/20
695/40
780/60
Red 633 66020
730/45
780/60
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2.5.2 Extracellular staining for phenotypic and activation markers

An extracellular staining was required to label surface molecules that determine cell phenotype
and expression of activatiomarkers.Table 2.4 providea full descriptionof the antibodies and

their fluorochromes

Cells were harvested from the 48ell plates and transferredhto 1.1 mlrackedmicro test ubes
(ElkayLaboratories UK for immunofluorescencdabeing. Then, samples weravashed three
times with Fluorescence Activated Cgorting FACYouffer [PBS supplemented with @dlbovine

serum albumin (First Link, UK)]

1 x 16 cells were stained with 1 pl (approx 0.025 pg) of each of the desired antibodies into 80 pl
of FACS tiffer, which also contained a cell viabilidye (section 2.6.1)Afterincubaion for 1 hour
in the darkat 4°C, cellsvere washed three times with FACS bufferemoveunbound antibodies.

Finally, samplewere fixed with300ul of 2% paraformaldehyde anahaly®d by flow cytometry.

2.5.3 Intracellular staining

Only ina couple ofexperiments(sectiors 5.4.3 and %.4), an intracellular staining protocol was
carried outto assessxpression of Foxp®ithin T-cells APCFoxp3 antibody (eBioscience, UK)
together with a Foxp3 staining buffer kit (eBioscience, UK), were used accor@ingY I y dzF I O (i dzNB NX

instructions at a concentration @.5 pg per 1 x fells

2.5.4 Selection of fluorochromes

Seeking for the begiossible combination of fluorophores to investigate T arzkBs interactions
within a single assaynaxtensive opimisation of multicoloupanelshas been carried out in our
lab. Along this research work, further optimisation and modificatioiesthe initial multicolour

matrix were madeto cover the aims of tis project (Table2.4).
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Table 2.4: Description of the fluorescentifabeledantibodies used.

Molecule Antigen Fluorochrome FACS Channe Supplier
Location
CD4 EC Allophycocyanin conjugat( Red 660/20 Invitrogen
(APC)
CD4 EC PerCP Cy 5.5 Blue 695/40 eBioscence
CD19 EC PE Cyr Blue 780/60 Invitrogen
CD20 EC APC Red 660/20 eBioscence
CD14 EC Pacific blue conjugate (PB Violet 450/50 | Invitrogen
CD56 EC Brilliant Viole 510 Violet525/50 | Biolegend
CD25 EC R Phycoerythrin PE) Blue 575/26 eBioscence
CD86 EC PE Alex&00 Blue 695/90 Invitrogen
IgD EC PE Blue 575/26 Invitrogen
Foxp3 IC APC Red 660/20 eBioscence
Free amines IC LIVE/DEAD® Fixable Bl UV 450/50 Molecular probes
Dead Cell Stain Invitrogen
(UV dead/live)
Nucleic acids IC TOPRE3 Red 660/20 Molecular probes
Invitrogen
Phospholipid IC AnnexinV Blue 575/26 BD Pharmingen
phosphatidylsering

EC= extracellulatC= intracellular

2.5.5 Postacquisition analysis

Collected data was anald with the FlowJo 7® Windows software (TreeStar Inc, USAa

powerful, fastand reliableprogramdedicated to digital analysis of FACS data.

Asin any polychromaticflow cytometry matrix, compensation was necessary to correct for
spectral overlap. Compensatiowmas dore posthoc with the dedicatedtool of FlowJo 7.6
software, in conjunction witlanti-mouselgz compensation bead6CompBeads, BDbiosciences,
UK) isotype controlsand cell basedsinglestaining in thecases of CFSE, UV Live/Dead, AnAéxin
and TOPRG3. After compensation,biexponential transformation (logicle implementation)
improved visualiation and clusteringof populations with negativealues. Suclkransformation
causes the scale to compress in the lower rangeistiloutions around zerare seen, thus the

comparisornin between low and high fluorescence looks more peci

Applying a consequential gating strategy to all individual experimetite different cell

populations were establisheid the following order
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Gating cellsRSGAreaversusSS@reg > Doublet discriminatiorand singlets inclusio(FSEArea
versus=S@Height)> selectionof live cells by gating on tHaV Live/Deadbw population> Gating
on CD14 negative cells excludeCD14monocytes> and finally, gatingf T-cells CD4 CD19
andB cells (CDI€D4) (Figure 2.1

Cell proliferation was evaluated lige CFSEhethod (section 2.4)singa proliferation platform

also contained within the FlowJo 7.6 softwalidhe tool provideO2 y a (i | 5fF & (1 @0 S& il S &

CFSE histogranbut has the advantage of being adjabte for the numbers of peaks (cell
generations), thepeak 0(generation 0), the ratios between adjacent peaks and the width of each
peak.For this project, division index was the proliferation parameter chosen to report as it reflects
what the entire system is dog, including the nomesponding cell§i.e., includes the cells in peak

0 that neverdivided)(section 2.4).

2.6 VIABILITYASSAYS

2.6.1 Cell death

As a routine, the vidlity dye LIVE/DEAD® Fixable Blue Dead Cell StaforKitV excitation
(Molecular Probes, Invitrogen, UKasvincluded in every experimetd monitor cell death Such
dye reacts with free aminesyielding intense fluorescence fromells with compromised
membranesin whichthe dye reacts with free amines both in the cell inbe and on the cell
surface In contrast, viable celisill show relatively dimtainingasthe dye's reactivity is restricted
to the cellsurface amineqPerfetto et al. 2006)On this basis results were expressed as

percentage of live cells.

Toreconstitute the reactive dyeb0 pl of IMSO were added diretly to the vialand small aliquots
were frozen for future use. On the dalge stock was diluted 1:500 in FACS buffer. Subsequently,
all fluorochromesincluded in theextracellular stainingpanel(section 2.5.2were incorporated

into this FACSixable blue solution
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Figure 2.1S=quential gating strategy

Example of the gating strategy applied to detect the different cell populati@aing cellsKSE
AreaversusSSEAred >Doubletdiscriminationand singlets inclusion (F@Ceaversus-ScHeight)

> selection of live cells by gating on the diye/dead> Gating on CD14 negative cells to exclude
CD14 monocytes > and finally, gatirg T-cells CD4 CD19 andB cells (CDI¥D4).
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within each gate.
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2.6.1 Apoptosis

For more specific and sensitiv@ability assaysapoptosiswas evaluated after 24, 48, 72 dnd

96 hour incubatin. Detection of membrane disruption as an indicator of cell death was conducted
by using simultaneous staining with Annexirand TA@PRG3 (Vermes et al. 2000).0ss of plasma
membrane integrity occurs as an early event in apoptotic cells, and is chasadt by the
translocation of phospholipid phosphatidylserine (PS) residues from the inner to the outer leaflet
of the plasma membrane. Annexihis a C& dependent phospholipighinding protein withhigh
affinity for those externalisd PS and thus serves detection of early apoptotic cellé/ermes et

al. 1995) TOPRG3 isa cellimpairmentcyanine single dye which has strong affinity for DNA. Thus,
whenthe cell membrane integrity is brokeand becomes leakyTOPRE incorporates with the
nuclear DNAand becomes fluoresceriMatsuzaki et al. 1997Positive cells foTOPRG3 are
indicative of going through late apoptosis or necrosis; however, does istihglish between

both stageqVermes et al. 2000

After the usual extracellular stainimgotocol (section2.5.2) but without fixation, 4 pl of Annexin

V antibody (BD Pharmingen, UK) into 80 pl of 1X Annexin binding buffer (BD Pharmingen, UK) were
added to each sample. Incubation in the dark for 30 mimoam temperature was enough to

allow binding.A 100nM stock solution of FBPRG3 (Molecular probes, UK) was prepared into 1X
Annexin binding buffer. Immediately prior to flow cytometmalysis 200 pul of this TAPRG3

solution was added to each sample.

2.7 CYTOKINEANALYSIS

Measurement otytokines in collected supernatants was carried out using Cytometric Bead Array

(CBA) Flexsets SOt 2y 5 A 01 A ya 2y0 OR!NR{A YIANNI2E wr | yREFulksO (i dzNB N &
were collected on 8D FACSArray using BD FACSArray software for acquisiti®@CARdarray

software (Soft Flow) for analysiResults were reported as median fluorescence intensity and

cytokine concentration (pg/ml).

Run and analysis of samples was carried out by the technical support team (Sue Clark and Kay

Hopkinson) at the Flowy@metry facilities, Medical School, University of Sheffield.
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2.8 BACTERIAGSTRAINS ANDERIVEOCOMPONENTS

2.8.1 Neisseria meningitidis

2.8.1.1 Strains

Different strains of the bactedm N. meningitidiswere used along this project:

a)

b)

Wild typeserogroup B meningmcci(strainMC59:

The MC58 strain was originally isolated in 1991 from a confirmed case of meningococcal
meningitisin the UK(McGuinness et al. 199&8nd its genome was later fully sequenced
(Tettelin et al. 2000)

LP&deficient nutant and its parentaktrain H44/76

An LPS deficient strain wadsndly provided and manufactured yr. Peter van der Ley
(National Institute of Public Health, The Netherlands). Briefly, the mutant was constructed
as anlpxAknockout by inserting a kanarainresistance cassette at position 293 in the
IpxA gene contained in glasmid. The resultg plasmid (pLAK33) was lineadsand
transformed to strain H44/7€¢Steeghs et al. 1998for this project, absence of thaxA

gen was further confirmed in our lab bglection of kanamycin resistanblonies and PCR

of the IxpAfragment(section4.5).

Similar to MC58, the wild type serogroupniningococciH44/76 strain was initially

isolated in Norway from patients with invaesi meningococcal infectiofiHolten 1979)

Opadeficientserogroup Rstrairs MC58/h18.180pal and¢2):

The MC58 Opdeficient strain is a capsulatqaliated variant from MC58/h18.18, which
was isolated through a procedure of receptorerlay colony blat using soluble CEACAM
1Fc constructgBradley et al. 2005Virji et al. 199%

The ¢2 Opadeficient strainwasalsoincluded in our assaysli{aracteried by Virji et al.
(1995. ¢2 is a meningococcus Opa negative variant froe MC58 group (B15:P1.7,16)
whichlacks of capsule by mutation, but expresses Opc and Pili.

Absence of Opa proteinBom both strains wagreviously confirmed in our lab by

immunoblotting(J Laver and Green).
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In our lab, frozen stocks ofable bacteria werenaintained in cryoprservaton fluid (Protect",

TSC) ai80°C until their use.

2.8.1.2 Bacterial growth

The frozen bacteria stocks were allowed to thand thenstreaked overColumbia blood agar
(CBAplates In case of the LR&ficient mutant CBA plates wersupplemented with kanamycin
(50 pg/mhfor antibiotic selectionStreak plates were incubated &1°C, 5% C£or 16-20 hours,

when bacterial colonies rea@éhmacroscopicize of approximately -3 mm.

Mueller-Hinton Broth(MHB)(Oxoid UK)was prepared by ating 21 g of powdered MHB to bt
distillated water. Thesspension was mixed and stedi by autoclaving at 120°C fbs minand
stored inglass bottles at room temperaturdndividual bacterial colonies (between &hd 8
colonies) vere randomly takenfrom the plate and inoculated into 10 ml of MHBhe tube was
then incubatedat 37°C under a 5% g@ondition and with mild agitation provided by a plate

mixer.

In case of these three strains, rimy phaseculture was reached in abo.50r 3 hourswith an

averageabsorbance@Dsoonm)=0.3 t0 0.4

2.8.1.3 Stock preparation for experiments

The midlog phase culture was pelleted and washed 3 times with sterile PBS. Fixation was
performed by adding 2% paraformaldehyde solution and incubating for 25 minutesaufiser

of colony forming unitsafu) perml was determined by the Miles and Mistachnique.A stock
solution of 5 x1®bacteria/ml wasprepared in PBS or RPblllture media. Aliquots were frozen

at -20°C and defrosted on the day of the experiment.

2.8.2 Streptococcus pneumoniae

The Sreptococcuspneumonia virulent serotype 2 gstain D39 was chosen due to its widely
accepted use in research as a model strain to study pathogertitigin D39 wasbtained from

a clinicalsolatein 1916 but notsequencedintil 2007(Lanie et al. 2007)

We thank . David Dockre{Medical School, the University of Sheffield) for providing us with the

strain.
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2.8.2.1 Bacterial growth
The frozen bacteria stocks were allowed to thaw and then streaked over CBA plates containing

horse blood Platesvere incubated over night &7°C and 5% C@©

From the plate, around-8 colonies ofs. pneumonia®39 were selected and inoculated ir20
ml of BrainHeart Infusion (BHBroth supplemented with20% heat inactivated fetal calf serum
Mid-log phase was typically reached at 5 or 6 honcsibationwith mild agitationat 37°C andb%

CQ. An average absorbanc®ionm of around 0.50.6 wasreachedin about 4 hours.

2.8.1.3 Stock preparation for experiments

Same as described fol. meningitidigsection 2.8.1.3).

2.8.3 Escherichiacoli

Thenon-pathogenicEscherichiacoli serotype O6 biotype $train (ATCC 2592ZATCC 2012yas
used in this project.
We thank Dr. Mark Thomas (Medical School, the University of Sheffield) for providing us with the

strain.

2.8.3.1 Bacteriaggrowth

The frozen bacteria stocks were allowed to thaw and then streaked over LB plates. Plates were
incubated over night a87°C and 5% GO

From the plate, around-8 colonies oE. coli25922were selected and inoculated in0 ml of

MHB broth. Withmild agitation at 3?C and 5% GOmid-log phase was typically reached at 2

hours withan average absorbanc®ionm) of around 0.50.6.

2.8.3.3 Stock preparation for experiments

Same as described fo. meningitidigsection 2.8.1.3).
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2.8.4 Outer membrane vesicles

hdzi SNJ YSYONI yS @SaArA0ftSa oha+xaov | NRRoseosteiBetd Q TNRY
al. 200] (section 1.2.4.6).

Purified OMVs from botiN. meningitidigMC58strain) andNeisseria lactamicéstrain NL1009)
were produced and&indly donated by Andrew Gorringel€alth Protection Agency Uk3orringe
et al. 2009 Oliver et al. 2002)

2.9 NITRICOXIDE(NO)DONATION ANONHIBITION

2.9.1 Nitric Oxide donor

2,2NjHydroxynitrosohydrazino)bisthanamine or NOQ8 (SigmaAldrich, UK) was selected as the
NO donor in our sstem because it is a stable Nthine complex that spontaneously releases 2
molecules of NO under physiological conditions. N®@ a slow NO generator, with a half life of

21 hours at 37C and undr a pH of 7.4.

' OO2NRAY 3 (2 YI ydzF I Qf wablBiltd dnto 0.y M INaQEGHdAsDREGIN b h /
aliquots, frozen and protected from light. A titration of the compound was performed from 1uM
to 1000 pM, selecting 300 uM as optimal concentrafionnot causing cellular death aneéping

a maximakffect (sectiorb.4.1).

2.9.2 Nitric Oxide synthasesinhibitors

¢ts2 GARSEt & dza SR | -NiBoAyrgining mdthyl ledte? I§dizshickde-MAME)
and NGmonomethyl Larginine citrate (iINMMA) were selected as inhibitors of NO synthades.
arginine analogues work by competitive interaction with the substtaéeginine, binding at the
NOS catalytic site, avoidingatginine uptake by the enzyme and further NO format{Bees et
al. 1990)(Kerwin & Heller 1994)indeed, INAME and INMMA are capable of blocking NO
production from the three NO synthases (iINOSOS and nNOS).
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C2tft26Ay 3 YI ydzF I Ol dANBEARIVK), IMANE anblBrd\iAsalutiéns wefe A 3 Y |
freshly prepared and diluted into RPMI. A titration eXIAME was performed from 0.5 mM to 10

mM, choosing 10 mM as optimal concentration for shayvihe maximal inhibitory effect.

2.9.3 Cavtratin Peptide

The caveolifl-derived peptide named cavtratin and designed(Bucci et al. 2000kontains the
amino acids sequence (&D1) corresponding to the scaffolding domain of cavedlin
(DGIWKASFTWFIKYWFYR), attacheto the antennapedia internalidion sequence
(RQIKIWFQNRRMKWKK). Amino acidd&Xrom the caveoliti sequence have been shown to
interact directly with eNOS and block its catalytic activity via inhibition of calmodulin binding

(Bucg et al. 2000Kwoket al. 2009Ju et al. 1997)

The peptide was custormad and manufacturedby Genecust (Luxembourg) with a purity >80%
Additionally, a secongeptide was manufactured containing the cavedlimomain but lacking

internalisation sequencgSl Biologics, United Kingdam)

According to manufactures instructions, both peptides were resuspemdB¥S0 and stored in

small aliquots frozen.

2.10 STATISTICAANALYSIS

Graphics and statistical analysis were performed using the GraphPad Prism 5® software.

Experiments witlonly two groups wereompared by a paired studebttest, while experiments
containing more than 2 groupsere compared by one way ANOWApaired ANOVA. laddition,
the posttests5 dzy y $whén@eémpared to a control data set) and?2 y ¥ S Nshl@ctédi paies

comparisonsyvere applied

In all cases, significance was defined Iprvalue<0.05 and the following significance intervals
p=0.01-0.05,** p=0.001-0.01,*** p=<0.00L. Along thisnvork, graphics arshown as means and

standard errors of the mean (SEM)
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3.1 INTRODUCTION

Section 1.1.4 hasxplained in detail how T and B lymphocytes interact in synergy with each other

to coordinate immune responses against pathogeycrmally, the TCRiill bind to a compatible
antigenMHC complex on Bells, triggering intracellular pathwaywithin T lymphodgs and

ultimately producinghe up or downregulation of surface tigens and cytokines whiatan in turn

regulate Bcell and other immune cells. Simultaneously aralco-stimulatory molecules such as

CD40, B lymphocytes will gairc@® WK St LJQ F2NJ FdzZNIKSNI | OGA G GA2Y

memory Bcells or antibody producing plasma cells.

There are two broad types of antigen, distinguished by the necessity-@ST f WKSf LIQ
delivered to Bcells before the Bells can respongroperly. Responses to-dependent (TD)

antigens require DSt f WKSELIQ o6& Sy3al 3SVY-&WbytteTD4 kgdnd/ 5 n n
(CD154) on DSt f & &KG82 ARG D a8 O Gonteast, TindeperdentbWil) abtigdns”

activate Beells in theabsence of Tef f WKSt LIQ 0aSO0A2Yy MOMPp dH U ®

Tl antigens are further classified as type 1 &mk 2 (section 1.1.5.2). Hipe 1 antigensuchas
bacterial cell wall components induce polyclonaldll responsesiacrosslinking TLRs along with
the Bcell receptor (BCR). Tl type 2 antigens argd molecules with repeating epitopes

polysaccharides which extensivelgrosslink surface immunoglobulins within the BCR

Anti-lgD-conjugated dextrart {{ -DEX is a nodel Tl type 2 antigen that stimulates B lymphocytes
by crosdinking of numerous Bell receptor molecule a similar manner to bacterial capsular
polysaccharidegPecanha et al. 199®) -1 {DEXconsists of multivalentanti-lgD antibodies
covalently linked to a high molecular weight dextran molec(@Brunswick et al. 1988) -1 {DEXs

a potentstimulator of resting B celihichcan be used in cellular function assays as a polyclonal
B-cell mitogen and activatofPecanha et al. 1991although does not itiate immunoglobulin
production or isotype switchingSnapper & Mond 1996)

LG KIFa 0SSy LINE QA 2-dmaExdducBsSeifetiyeiaitiddtion Snd pralifération h
of B-cells in a PBMC culture and that such response can be strongly synergistialitneous

bystander Tcell help occur$R. a Foster et al. 2008Snapper et al. 1995)

The finding that became of big interest in our lab was tr@hbination2 ¥-1 -DEXvith TCR Tell
stimulation (antiCD3t anti-C[28), unexpectedly results suppression of-cell proliferation and

activationwithin a PBMC culture. In comparison with the control sample containing TCR activators
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only, additional BOSf f & ( A Y dztDEX feduged theh divisionindex and expression of
activation markers bCD4 T-cells (Figure 3.1) (J.B. Wing and R.A. Foster, unpublished data).

In the recent years before the start of this Phibjpct, several experimentsarried out by a
colleague in our lab (Dr. J\WWing, unpublished data) aimed identifying the mechaism of action
08 BKAOK ¢L GeLIS H--DBEKlarid®BPcdaid reSirairdligraifgriian add
activation. Among of the most relevant observations made, was the fact that botha®@B4 D8

T lymphocytes appeared to be inhibited by TI sifimion. An extensive cytokine analysis also
NBGZSIfSR GKIFG al YLX S a-Dexhadsducedsuperriatank craznirations? y
of IL-5, IL-10, 11:13, 117 and TNfa as compared with the samples with TCR stimulation.only

LJX dza

Levels of IFN remaned uraffectedacross the board, while release ofML gra KAIKE& AYyR

0 e -L-DEX even oits own (Figure 3.2). Althougtime precise role of 8ells in inducing this
suppression remained uncertain, activatiomducedT-celldeathand involvement of Fegulatory

cells were excluded as possible mechanismactbn (J.B. Wing, unpublished data).

The work described in this chapter aimed to further identify the cells involved in the T cell

suppression caused by-ZImimics and if possible to identify thearhanism of action.
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CD4* T-cell proliferation CD4* T-cell activation

0.6+ 5000+
@ 4000+
S 04 T
S 0.4+ m
= 3000+
B >
5 o
A, 2000+
S 024 8
a

O 10004

0.0~ 0=
a-8-dex = + I + £ + a-5-dex 2 + 3 + = +
Anti-CD3 - = + + + + Anti-CD3 g = + + + +
Anti-CD28 | - 5 2 . + + Anti-CD28 | - E . 2 + +

Figure 3.1: Tcell proliferation and activation by TCR receptor stimulation is suppresse@ ¢
dex stimulation of Bcells(J.B. Wing, unpublished data)

PBMCs were extracted from human blood and stimulake2 NJ doc K2 dzNBA G036 K LJX I
hCD28 and/or tB THL L I y (i A 3 S-dex. PralifératiorE of CD4T-cells was reported as

division index; while expression of the CD25 kearas median fluorescence intensityFI)

represented Tcellactivation.Bars represenmeans and SEM, n=53. ANOB#nferronRad a St SOG SR
pairs.*p<0.05, **p<0.01, ***p<0.001.
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Figure 3.2: Tl type 2 activation of-&lls blocks release of severalcEll cytokines(J.B. Wing,

unpublished data)

PBMCsvere extracted from human blood and stimulated for 96 howith plate bound ati-CD3
+anti-GGHY FYRk2NJ G§KS ¢ L -idéxLISpematahtyviere Thénycollatied and =
cytokines assayed by Cytometric Bead ArBay's represent mans and SEM,#22 PairedANOVA,
Bonferoni's Multiple Comparison Testp<0.05, **p<0.01, ***p<0.001.
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3.2 GENERAIMETHODOLOGY

PBMCsvere isolated from fresh heparinised blood by centrifugation with lymphocyte sejpar
media and removal of the bufigoat (sectior2.1). Cellsvere washed 3 times and resuspended in
RPMI media supplemented withdlutamine and 20% of autologous plasma. PBMCs were then
stained with the proliferation dy€FSE (section 2.4), followley 3 washes to remove the excess
dye. Finally, ells were enumerated by hemocytometeand added to 48well plates at a

concentration of X1 cells per welln a final volume of 5001 RPMpreparation

T-cells were stimulated witl®.1-0.3 pg/ml platebound anttCD3 (section 2.3.1.1) evith anti-
CD3LCD28dynabeads (section 2.3.1.4) in tlease of enriched CD4l-cells Tl type 2B-cell
stimulation was provided by [1g/ml a-K-DEX (section 2.3.2.1) dugml MID (section 2.3.2.2)n

the presence or absence ®fcell stimulatorsThe negative control for all experiments consisted

of PBMCs in the complete absence of stimuli, cells which will not divide or become activated at
all. On the other hand, the positive control was represented by the sample contairiey T
stimulators (pate boundh CD3 orh CD3h CD28dynabeads) which will induce a constantdll

division and large expression of the surface activation marker.

Except where otherwise ned, cells were incubated at 3¢ and5% C@ in a humidified

atmosphere for 96 hours beferharvesting.

Extracellular immunofluorescence staining for flow cytometric analysis was performed by
incubating 1x16 PBMCs with the relevarntibodies (section 2.5.2). Thequential gating
strategy excluded doublets, deadells and monocytes (CDJl4from the analysis, allowing

identification of live T and B lymphocytes (CBdd CD19%espectively) (section 2.5.5).

Employing a CFSE dilutimethod (section 2.4), proliferatiowas reported as thaverage number
of cell divisiongdivision index) for &nd Bcell populations. Median fluorescence intensity (MFI)
of the surface markers CD25 and CD86 represented T -&ed Bctivation, respective\CD25 is

i K Schain of the I1-2 receptor which getsover-expressed during-Tell activationand in a
depencent manner to the presence of-B.(Robb et al. 1984)Thus, measurement of CD25 is
widely used as an activation marker in T lymphocy&imilarly, expression of the7 molecule
CD86is known to be enhanced on activated B lymphocytes after CD40 ligdiigneta et al.
2009)

See Figure 3.3 for a simplifietethodology flow chart.
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T-CELL B-CELL
STIMULATION: STIMULATION:
Plate-bound aCD3 or o-8-DEX
aCD3/aCD28 dynabeads (1 pg/ml)

—

days

2 1 37°C
5% CO
EXTRACELLULAR 2 9 !
ELOWCYTOMETRY STAINING INCUBATION

Figure 3.3: Schematitiagram of the general methodology applied appliéd Chapter 3.

Human PBMCs were isolated from peripheral blood using LymphBpraéensity gradient
centrifugation. Fcellswere stimulated with antCD3 {CD3) or antCD3+ anti-CD28 {CD3 +
h CD28) coated dynabeadsghile Bcells received Tl type 2 stimulation waRK-DEX or MIDCells
were plated and incubatetbr 96 hours at 37C and 5% C® Finally, amples were stained with
the desiredfluorescentlylabeledantibodies and anased by flow cytometry
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3.3 T-INDEPENDENTYPEZ2 STIMULATION OFB-CELLYNHIBITST-CELL
ACTIVATION ANPROLIFERATION

This section aimed to reproduce the observation previously recorded in our lab, in which addition

2 T-1-DEX in the presence of ac@ll stimulus (platdooundh CD3) resulted in proliferation and

activation of Bcells but suppression ofdell responses to CD3 credgsing(section 3.1).

Figure 3.4A shows the proliferationindexof CD19 f @ YLIK2 Oe G Sa GKI G -KIF @S o
1-DEX for 96 hours, in the mence or absence 6f 50 ® | & $ DEXRabiediduedma
substantial Bcell proliferation as compared with the negative control (rsiimulated PBMCs).
a2NB20SNE | a@ySNHAAGAO -+ DERHBAND3 were pres2nd, oSl S R 4 K
dueto activated Tcells that provided cognate estimulation (TFcell help) to Bcells.

Figure 3.4B represents the level of&ell activation reported by CD86 expression. The same trend

Oy ©S aSSy KSNBz--DEX ¥chigvasimllladivayod o iksowén but the

presence of a-Eell stimulus results in a boost for suclt@| response.

The finding of greatest relevance to this thesis, however, occurred ohTals. In comparison

with the group containind' CD3 only in which-gells prolifeated as expectediia TCR cross

linking, the group exposedtd 5 o I yDRX ghowed at least a 50% reduction of their division

index (Figure 34\). There was a corresponding, dramatic fall in the expression of the activation

marker CD25 by-@ells (Figte 3.5B) in those samples containing both stimuli. It is important to

Y Sy i A 2 yi-DEXOon iis own did not have any effect on CBekll proliferation or activation.

Thus it was possible to reproduce the observation made by previous colleaguedabaratory,
AY 6KAOK ¢L GeL¥58- aidvaml 688y . sAaKLIK2020GS4

(@]
o

derived Fcell responses (Figure 3.6).
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Figure 3.4CD19 B-cell proliferation and activation are induced by the Tl type Il mirhi¢ -DEX.

A. Proliferation CD19B-cells reported as division indeB. Activation CD19 B-cells expression
of the CD86 marker as median fluorescence intensity (MFI). Bars reprasant and SEM, n=8.
PairedANOVA, Bonfeoni's Multiple Comparison Testp<0.05, **p<0.01, ***p<0.001.

-VE= negative control, ned (1 A Y dzf | (i S{RDEX= Reell stinsilation 1 pg/ml.hCD3 = Tell
stimulation, platebound 01 pg/ml.
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A Proliferation CD4" T-cells
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Figure 3.5: CD4I-cell activation and proliferation by TCR receaptstimulation is suppressed by
a-K-DEXstimulation of Bcells.

A. Proliferation CD#T-cells reported as division indeB. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFI). Bars represams and SEM, n=8.
PairedANOVA, Bonfeoni's Multiple Comparison Testp<0.05, **p<0.01, ***p<0.001.

-VE= negative control, nestimulatedt . a / d&-DEX&E Bell stimulation,1 ug/ml.hCD3 = Tell
stimulation, platebound 01 pg/ml.
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Figure 3.6: Examplesof overlaid histograms presenting B and cell responsedollowing
incubation with various stimuli.

A. Proliferation assessed by the CFSE dilution methtiee x axis represents intensity of CFSE
fluorescenceand the y axi8o of maximumB. Activation as MFI of activation markerthe x xis
represents intensity of CDZBE or CD8PE Alexa700luorescence while the y axis % of
maximum.Representative examples from 4 different experiments and 4 different donors.
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3.4 CD80,CD86 AND IL-1 bo NoT APPEAR TOPLAY A ROLE AS
SUPPRESSOMOLECULES

From the molecules at the immunological synapse, it is well kntvankinding of the B7 ligands
CDB80/CD86 t&TLA expressed on the surfacactivated T lymphocytasediates a suppressive
activity on these cellgLinsley et al. 1992(section 1.1.4.3) Thus a blocking experiment was
designed in order to investigatd an engagement between CD¥&D86 and CTLA was

responsible for the inhibition.

Blockade of the CD80 an@®86 molecules was carried out withw endotoxin, azide free purified
monoclonal anti#2 R A CDID (Biolegend, clone 200 | ¥B86 (Biolegendslone 1T2.2
respectively At concentrations of 10g/ml, these monoclonal antibodies were added directly to

the wells containind) CD3stimulated PBMCs pllist -DEX and incubated over a 96 hour period.

Although this experiment is representative of onlgddors, there is no evidence that blocking of
CD80 or CD86 could overcome thee€ll suppression induced by -DEXAsshown in Figure 3.7,
not even a slight recovery was detected oiwell proliferation or activation in the presence of

these monoclonahntibodies.

In addition and in relation to the previous finding thatMli NXBf S &S 4 ah4KA IKE &
DEX (Figure 3.1), we aimed to block this cytokine using recomblaameteptor antagonist (1L

1RA). The protein{1RA naturally competes with-m i F 2igdo &hé& i1 Receptor, preventing
downstream signalling and subsequent inflammatory effects mediatedIL-m i (Goldbach

Mansky 2012)

IL-1RA was produced and kindly provided by Dr. Martin Nicklin (Medical School, the University of
Sheffeld). Based on personal communication and advice with Dr. NickibhRA ata final
concentration ofLO ng/ml was added to the well containing PBMCs stimulated WtB3 and -

1-DEX

As showrin Figure 3.7, HLRA waslso unable to restore-gell prolferation and activation if -1 -

DEX was present in the cell culture.

Even though the sample size is small for this set of conditions, it can be suggested that CD80, CD86

and the IE1 receptor do not play an essential role in theé -DEXnhibitory phenomenon.
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Figure 3.7: Blockade of the-&ell molecules CD80 and CD86 does not restore the suppression
induced byh-1-DEXon CD4 T lymphocytes Similarly, blockade of Hl receptor does not
reestablish normal Tcell proliferation or activation

A. Proliferation CD#T-cells reported as division indeB. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intengit§FI). Lines represent means=2.
PBMCs were stimulated withCD3 (platebound 01 pg/ml), in the presence df-L -DEX 1 pug/ml)
and one of the following: purified an@€D80 10 pg/ml), purified anttCD86 (1Qug/ml) or IL:1
receptor antagonist (ILLRA, 10 ng/ml). The group containihn@D3 only represents our positive
control (red squares), while the group containihGD3+ -1 -DEX (green triangles) provides the
baseline of suppression to compare against
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3.5 APOSSIBLIMINOREFFECDFINTERLEUKHLO (IL-10)

Although a previous cytokine analysis from supernatants did not reveal an increasé&(n IL
production afterh -1 -DEXstimulation (Figure 3.1), the impact of thisc&ll downregulatory

cytokine as a possible mechanism gpgression in our system was further examined.

For this set of experiments-00 blocking was performed using a functional grade -Hati0
Y2y 2O0f 2y f -10yeBidsceack donedJEHR3]), added directly to the wells containing
hCD3 and -t -DEX. Three different concentrationsdt-10 were tested (5, 10, 20 pg/ml) and
compared against the isotype control (Rat IgG1, 20 pg/ml) or the positive coht@iD3

stimulated).

¢ KS | RRAILLA thay ha¥ef had a small effect in reversing thppsession of T cell
proliferation caused by - -DEX but this was only statistically significant at one of the three
concentrations assessed (10ug/ml). Even in this case T cell proliferation remained significantly

suppressed in comparison with the/ 5 o troOgRoyp (Figure 3-8\)

Iy -10lblpckade benefit was unclear foc&ll activation, since not even a partial recovery was
found on expression of CD25 for any of the dose groups when compared with the isotype control
(Figure 3.8B0 @ Ly O2ylidkh @RI hBpzwmalilOyaGAlf AyONSIas
aGAYdzZ F SR . OSHDBEXFye3®RS | 6aSyOoS 27F

89

Ay



CHAPTER 3:GELL INHIBITION BY Tl TYPEELB ACTIVATION
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Figure 3.8: A possiblminor effect ofIbm n A y- -DEKribitory effect.

A. Proliferation CD#4T-cells reported as division indeR. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFI). Bars represams and SEM, &
Paired ANOVA, Dunnett's Multiple Comparisbast ¢s. "CD3 orh/ 5 o-b-DEX+isotype).
*p<0.05, **p<0.01, **p<0.001, ns= not significant.

PBMCs were stimulated withCD3 (platebound 0.1ug/ml), in the presence df-L -DEX 1 pug/ml)
and one of the following'IL-10 at 5, 10 or 2@ug/ml (blue bars) or the isotype control at 2@/ml
(Isot, green empty bar)rhe group containingCD3 only represents the positive control (red filled
bar), while the group containinCD3+h-1-DEX (green filled bar) provides the baseline of
suppression to ampare againstThe additional control sample (n= 3) contaimir@D3+ IL-10 at

10 pg/mlis also shown (empty red bar).
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3.6 h4-DEXDOESNOT HAVE ADIRECTSUPPRESSIVIBFFECT ONPURIFIED
CD4 T-CELLS

I £ (i K 2-dd3EKshduld bind to and déct only cells expressing IgD, we wanted to be certain
there was no direct effeabn T lymphocytesTo address this question, a simple experiment was

carried out with purified CD4I-cells.

Primary human CD4I-cells were enriched from PBMCs using a negative selection kit (section
2.2.1), obtaining a final purity greater than 95% in all cases (Figure 3.9). As mentioned in section
2.3.1.4,"CD3hCD28 dynabeads were preferred over ptamund "CD3 to induce cell
proliferation and activation on purified populations. A ratio of 1:1 dynabead per cell was sufficient
to provide a good baseline to assess changes-oglldivision index and CD25 expression, thus it

was chosen as our positive control.

Figure 3.10 provides strong evidence tHatR R A (i A 2-BEX hdd ndt direct effect on T
lymphocytes. Neither proliferation nor activation of purified CD4ells were diminished in the
LINE & S y-QO@EEX aveér 4 days of incubation.

Therefore it can b2 y Of dzZRSR G KI G Ay (KS 1IDBXad®es@de ahyF | OO S

suppressor effect on CDZ%-cells.

91



CHAPTER 3:CELL INHIBITION BY TI TYPEELB ACTIVATION

10”3 cD19+ . - -
E 0.068% % -k 7 F

PRI T

FPRT YT By rem |

Comp-Blue 780_60-A: CD19
=

Comp-Blue 780_60-A:: CD19
=
|

AR

Cd4

E- UL bl A | SRR ik LR Lo N L, N t. -..I.. T ,..,.,,Ig?.',zzv...l +
- 0 100 10 10° egative Enriched N D M
PBM S Comp-Red 660_20-A" CD4 + Comp-Red 660 20-A~ CD4
e CD4*T-cells come 200
105‘: P e de
Edt selection 01 i ¢
4 0.024%

-
o
ul

Comp-Blue 780_60-A: CD19
o ©°
Qoo sutod o

Comp-Blue 780_60-A:: CD19
o ©°
Soa oo sl

T P

Comp-Red 660_20-A:: CD4 Comp-Red 660_20-A: CD4

Figure 3.9: Dot ploexamples of primary human enriched CDBcells illustrating purity greater
than 95%.

Purified CD4T lymphaytes were obtained from PBMCs by negatetction. After a sequential
gating strategy for exclusion of doublets and dead cells, dot plots illustrate the final gating for
selection of CD4cells & axis=CD4APQ vsCD19 cells ¢- axis= CD19 PE Cg). Plots are
representative examples from 2 donors.
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A Proliferation of purified CD4" T-cells
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C A 3 dzNJ5- -DEEdegs Yiot thave a direct suppressive effect on purified CD4ells.

A. Proliferation of enriched CDZ-cells reported as division indeB. Activation of enriched CD4
T-cells expression of the CD25 marker as median fluorescence intensity (MFI). Bars represent
mears, n=/. Paired student-test, ns= notsignificant.

Primary CD#4T-cells were enriched by negative selection from PBMCs and stimulated with
h CD3h CD28 dynabeads (1:1 ratieads:cells)in the absence or presencefof -DEX T pg/ml).
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3.7 PURIFIEB-CELLS AREAPABLE OSUPPRESINGT-CELLPROLIFERATION
BUT ONLY WHERRIMED WIT N-1-DEX

I I Ay 3 SEOf dzRS R -EDES colldRadiett/Fals\dirgetly &seciibi 3.6J, wé aimed
to investigate whether activated-8 St f & S ELDEX®W siib8equently suppressiCh

cells.

As in the previous experiment, purified negative selected*Tm4lls were obtained from whole
PBMCs on day 0. Similarly, CDdr@d/or CD20B-cells were enriched on the same day using also
a negative selection principle (section 2.2.1theconditions containing both populations, T and
B-cells were seeded at an approximate 6 to 1 ratio, up to 1%c&ls per well in total. These T
cell : Becell proportions were ultimately chosen based on the proportions of these lymphocytic
populations found in whole peripheral blood, 72§54.9684.030 CD3 T-cells and 11% (4-0
20%) CD19or CD20 B-cells (Bissetet al. 2004) Figure 3.11 shows how optinaison of the
protocol was achieved and how the initial T:B ratios were more or less maintained over 4 days of
incubation. For this experiment,CD3/ CD28 Dynabeads were used again faell stimulation

and as psitive control. In all conditions, 1 x4Beads were placed in each well on day 0 just prior
to T-cells. From the moment-@ells were enriched and stimulated (day 0), 96 hours of incubation

took place before analysis.

Preliminary expriments accomplishedotoptimise T and Bell ratios, raised the suspicion that

RANBOU | RY MYDEX th plire T Ar2téells &ilf not'show a suppressive effect (data not

shown). Therefore two main conditions were tested: Purifiecklls plus Bells both isolated on

RFEe n Ay GKS LINBDEX and-telisNsblatedl & gayds plud gaetivated B

OStta A&azzftliSR 2y RI & -1/DEXToM® ¥4 hoursafod a sSHermadica SR G 2

representation of this protocol, see Figure 3.12.

From the data in Figer 3.13A and in compar@n with the control group containing only
stimulated CD4T-OSf f a3 A U A-BEXSvEsAuRaSly af gedekating anhinhibitory effect
when the culture contained only purified nestimulated B and -Eells. However, when-Bells

g SNBE FANRBRUG -IDER M & pregende Of wihole PBMCs, thoseaptiwated Bcells
acquired a suppressive phenotype that markedly decreaseallPproliferation. More importantly,
since the activatiorbeads were present in the well 24 hours befdhe primed cells were co
cultured with Fcells (Figure 3.12), it can biderred that those preactivated Bcells were powerful

enough to restrict cell division that had already started.
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Irrespective of whether Bells were prd O G A @ (-SBEX lefie tiviks nd change on CDR
cell activation as measured by CD25 expression in relation to the cagntop (Figure 3.1-B).
This might be explained, by the fact that oxexpression of activatioomarkersis an early
phenomenon so the presence of acel stimulus for 24 hours prior eoulture with preactivated

B-cells could had been sufficient for starting an unstoppable activation cascade.

Thesefindingssuggé G G KIF G | O0S&aaz2Ne OS«-OEX stimiaBon di&yd tdzh NB R
induce a suppresve phenotype on B lymphocytes but once the phenotype is acquired then

enriched Bcells are sufficient to inhibit-Eell proliferation.
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Figure 3.11Dot plot examplesllustrating different ratios between enriched CD4" and CD19
B lymphocytes.

Purified CD4T and Blymphocytes were obtained from PBMCs by negadiglection on day 0 and
cultured over 4 days. Labels represent T:B ratios at which the cells were seeded on day 0, while
the plots show the proportion of bt populations after 4 days in incubation. After a sequential
gating strategy for exclusion of doublets and dead cells, these dot plots illustrate the final gating
for selection of CD4T cells X- axis=CD4APQ andCD19 Bcells §- axis=CD19 PE Cg).
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Day 0
T stimulation T stimulation
-/+ a-8-DEX
Day1
Day 2 v |
Day 3 Incubation
Day 4 Staining and analysis

Figure 3.12: Schematiepresentation ofthe experimental protocolinvolving purified T and B
lymphocytes in the presence d&f-1 -DEX

1%t condition: Enriched CDZ and B lymphocytes were obtained from PBMCs on day 0, following
co-culture and stimulation witih CD3h CD28 dynabeads plus/mintist -DEX over 4 days'®?

condition: PBMCs were stimulated withi-59 - 2 @SNJ I Hn K2dzNAR - LISNA 2R
I OG A @kelisSvBr&enriched and transferred to a well containing purified Tm@4lls isolated

on day 0 and which already containe@D3/ CD28 dynabeads. Finally, 3 more days were allowed

in coculture before analysis. Although is not illustrated within thisesah, a well containing only

enriched Tcells plug CD3/ CD28 dynabeads was used a positive control.

T= CD#T-cell, B= Rell, pB= -1 -DEXpre-activated Bcell, X= accessory cell.
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Figure 3.13: Rellsare capable of suppressing proliferation of purified CD4cells, but only when
LINA Y S R--BEXG K h

A. Proliferation of enriched CD4I-cells reported as division indeR. Activation of enriched CD4-
cells expression of the CD25 maar as median fluorescence intens{tyiFl). Bars represent means,
n=3. Paired ANOVADunnett's Multiple Comparison Tests( T); *p<0.05, ns= not significant. All
conditionswere stimulated withh CD3h CD28 dynabeads (1:1 rati®imary CD4T and B lymphocytes
were enriched by egative selection from PBMC red, contol group containing -Tells alone In
blue, cecultures of T andBells without and with -t -DEXIn green, ceculture of T and practivated
Bcells, after 2K 2 dzZNBA S E LUDBXZNIEDZicall, B: Reell, pB= - -DEXpre-activated Beell.

C and D. Histograms of representative exampl€s.CD4+-tell proliferation assessed by the CFSE
dilution method, the x axis represents intensity of CFSE fluorescence and the y axis % of maximum.
Activation as MFI of activation marker CD2he x axis represents intensity of CBRE, while the y
axis % of maximum
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3.8 THE SUPPRESSIVEFFECT OFh-1-DEX PREACTIVATEIB-CELLS IS
CONTACTDEPENDENT

AsSNB L2 NI SR Ay &aSO0GA2Yy o ®rIEX in the pffedaimétof PBMG3 dvasl G A 2 Y
sufficient to achieve Bell stimulation and subsequent suppression of purifiezklls. To attempt
to determine whether Bell mediated this suppression through esdll contact orviaa soluble

mediator a supernatant transfer experiment was designed.

After 24 hours incubation (day 1), supernatants from o A Y dzf | -(-3ERstinfulsted h

PBMCs were transferred to wells containing purified CD4ymphocytes and CD3h CD28
ReyloSIRad !'a +y SEGNI 02y i NBXEX toyfdexhaudt ary Eed t dzR S
culture media component, the supernatant from a well without cells and just RPMI preparation

LJ d2&DEX was also transferred. In all conditions, enlyn >t 2 F & dzLISNY I GF yid ¢
to avoid that the culture media became exhausted faster over the remaining 3 days of incubation.

¢tKS FTRRAGA2YLFE onn >t 2F (GKS dzadzr £ wtal LINBLI N
already present in thevell from day 0 when purified CD%-cells were seeded. In total, from when

T-cells were enriched and stimulated (day 0), 4 days of incubation passed before flow cytometric

analysis. For a better understanding of the overall experimental protocol refeéigtore 3.14.

Within this experiment, purified CDZ-cells were also coultured with either non preactivated
B-OS f f-&-DEX Ndmsétivated Beells, both enriched from PBMCs on day 1. In the same way as
previous experiments, the overall purity for estted populations was kept equal to or above 95%

and the starting ratio was 6:1-Gells:Bcells (Figure 3.15).

From Figure 3.8 which presents the proliferation of purified CO4ymphocytes, we were able
tore-t & & dzNB i K- -DEX [pieziiiaedBSaisare able of restraining-Fell division in co
culture, as there was a significant difference between the nongutévated and preactivated
groups. Unexpectedly, exulture with B lymphocytes taken from unstimulated PBMCs resulted in
a small but gnificant fall in the number of cell divisions in comparison with the positive control
group containing onlgnriched CD4T-cells. Some possible explanations could be given about
these non preactivated Bcells which also decreasedcé&ll proliferation(discussed in section
3.16).

Similar to the observation in section 3.7cdll activation did not differ between unstimulated and

pre-activated B lymphocytes or against the control sample containing ecdig.(Fgure 3.16B).
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To confirm the fact that"-1-DEX acts through a-dllcontact mechanism, no significant
differences were found in any of the groups receiving supernatants. Division index and expression
of CD25 remaing unaffected, even after transfer of the supernatant coming from an h-i-
DEXstimulated sampleRigure 3.16).

Simultaneous analysis of the marker CD86 expressedlgmhocytes reassures that 24 hour
Ay Odzo | i M DEX iggehaiigh tofactivatdBnphocytes. In comparison with enricheetBlls

that were not exposed tdahe Tl mimic, preactivated Bcells had a 2.5 fold increment on the
expression of CD86 on day 4 of the experimé&igure 3.16C). Arelevant finding was that these

h-L -DEX preactivated Bcells did not proliferate (data not shown).

In summary, such evider supports that celtontact is required to suppresscEllresponses and
suggests that ngoluble factor seems to be responsible for the effect. Moreover, these results
O2yazf AR ( S-4-BBEX$riming idthe piegemcé of Accessory cells gereaaspecial B

cell phenotype sufficient to deeply inhibitingc€ll proliferation.
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PBMCs

Media a-6-DEX
2ah)/ OR\ (24h)
Enrichment

Day 0

Day1

Day 2
Day 3

|

Day 4 Staining and analysis

Figure 3.14:Schematt representation ofsupernatant transfer experimeninvolvingh -t -DEX

Enriched CD4T lymphocytes were obtained from PBMCs on day 0, following stimulation with

h CD3h CD28 dynabeads. On the same day, PBMCs were incubated in the presence or absence of
h-L-DEX. After a 24 hours incubation, non jactivated Bcells and preactivated Bcellswere

enriched and ceultured with the purified CD4T-OSt t a® Ly LI NX €€ St wnn >
those wells containing PBMCs plus/mirfius-DEX were transferred to purified CDAcells that

Ftf NEF Ré& KIFIR onn >f 27F wtustatedndiid s dcheina, i gdditioh f (1 K 2 dz
to the usual control group including-cElls only and'CD3hCD28 dynabeads, a single well
containing no cells but only RPMI media &rd-DEX functioned as a secondary control.

T= CD4T-cell, B= Rell, pB= -1 -DEXpre-activated Bcell, X= accessory cell.
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Figure 3.15:Dot plot examples demonstrating enriched CDZ-cells in ceculture with non-
stimulated oNJ- BEDEXpre-activated CD19B-cells.

Purified CD4T and CD19B lymphocytes were obtainedeparatelyfrom PBMCs by negative
selection and ceultured at an approximate 6 to 1 ratio. After a sequential gating strategy for
exclusion of doublets and dead cells, dot plots illustrate the final gating for selection 6fTCD4
cells & axis=CD4APQ and CD19 B cells ¢- axis= CD19 PE €F). Note that purity of both T+B
lymphocytes exceeds 95% in both conditions.

T= CD4T-cell, B= Rell, pB= -1 -DEXpre-activated Bcell.
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Figure 3.16h -1 -DEX preactivated Bcells suppress proliferation of purified CD4-cells by a cell
contact dependentmechanism

A. Proliferation of enriched CD4-cells reported as division indeR. Activation ofenriched CD4T-

cells expression of the CD25 marker as median fluorescence intensity (ARALtivation CD1'9B-

cells expression of the CD86 marker as median fluorescence intensity (MFI). Bars represent means

and SEM, n=&aired ANOVA dzy y S @Al R . 2y FSNNRB Y A Q& *pa0dab, G A LI S/
** n<0.01, **p<0.001, ns= not significantPrimary CD4T and B lymphocytes were enriched by

negative selection from PBMCs and all conditiaese stimulated withh CD3) CD28 dynabeadsn

red (solid bar) control group containing -Eells aloneln blue(solid bar) co-culture of T andon pre
activatedB-cells In green(solid bar) coculture2 ¥ ¢ - IDEXRpreictivated Beells Square bars

represent the wells containing-Gells plus theaspective PBMCs supernatant, with and withBeit-

DEXT= CD#T-cell, B= Rell, pB= -1 -DEXpre-activated Bcell.

103



CHAPTER 3:GELL INHIBITION BY Tl TYPEELB ACTIVATION

3.9 TI-lI MImMICSSTILLHAVE ANEFFECT OB-CELIDEPLETEPBMG

MoraxellalgDbindingprotein (MID) is an outer membrane protein witpecific affinity for human

IgD (Forsgren et al. 2001A truncated form of this protein containing the amino acid residues

962-1200 binds to soluble and membrane IgD, inducirceBB activation and proliferation in a

culture of peripheral blood lymphocytddlordstrém et al. 2006Nordstrém et al. 200 It had

previously been reported by colleagues in our lab that MID shares very sina#dr ihibitory

LINE LISNI A Sa (2 (KS-DEXy(BE3 WiRgSungiblishedSdRta), B@ydekting in this

manner ad SYSNA O ¢L LIKSyYy2YSy2y 4-REXigKoPexy. Thirefofe, tby A &2f |
establish that only Bells were capable to respond to Tl type Il stimulation and subsequently

restrain CDAT responses, ®Sf f RSLI SGSR t . a/DEX ahNNBhefdsebf2 8 SR (2
aL5 ¢2dZ R | fa2 KStL (2 -SBEXprepardtonhkda cad@aigantord £ A Ge&

that the effect was unspecifida FCR or the dextran molecule.

0 ®pPwDEX suppresses-dell responses even in#ell depleted PBMCs,

although the effect is stronger when B lymphocytes are present.

Almost absolute Bell removal from PBMCs (<1% CDd8lIs left) was achieved from day O
64SO0GA2Yya HOHDPH YR o®d®mMn0 YR NBYIAYSRDER2f{f24AY:
0 m > drkpdrallal,dwhdle PBMCs were exposed to the same Tl stimuli and used as control

groups.

Figure 3.17 compares-&Il depleted groups against whole PBMCs, showing proliferation and

activation of CD4¢ f @8 YLIK2 02 (1Sa &KOEXY Is hBHiSXigaBvRerelth® most

striking observation was found. Even aftetOBS t f St A YA Y| HIDEX resulBRIA G A2y 2 F
impaired TFcell proliferation and activation. Around 50% reduction of division index and CD25

expression occurred in those samples lacking-céIB.

In relation to the respective positive control containihgD3 alone, PBMCs free from B
lymphocytes and stimulated with/ 5 o  LJf-DZX induced a dramatic drop on the division
index of CD4T-cells. Furthermore, there was no difference between sluppression reported by
the B-cell depleted sample and whole PBMCs (Figure-8)1Exactlythe same trend can be
observed for the activation marker CD25, which alstiered a large reduction on its expression
regardless the absence of B lymphocytes (@dRi17B). Againno statistical difference was

detected between the nomlepleted and depleted groups containih@D3 plug -1 -DEX
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Ly F FdNIKSNI I GGSYLI G 2 -DRAiBhDIDY &gt vaFthelsan® nBY (0 Sy &
cell depleted PBMChan in whole PBMCs, a statistical analysis was carried out comparing not
division index or CD25 expression levels but percentageself ihhibition in relation to thé CD3

positive control. Thus, thé CD3sample which proliferated and activated nornyathad 0%
suppression, while the samples exposetl o5 o-b-DEX were plotted as % of the reduction they

caused in relation with their pairedCD3 control (Figure 3.18). From this approach, it was able to
determine that although downregulation of-Gell reponses occurs in PBMCs lacking of B
fevyLKz20eGSaz I GNBYyR (2 I RDEXIIBYISad pietedtS STTFS
within the coculture. In the case of CDZ%-cell proliferation, there was a statistical difference of

means for the % of gypression shown by the whole PBMCs sample (69.76%4698) versughe

B-cell depleted sample (52.98%, €3.0) (Figure 3.13). However, the significance between

these two groups appeared logi<0.08) when the same % of suppression was quantified-for

cell activation (Figure 3.1B). Since expressiaf activation markers is always more variable, a
fFNBSNJ al YLX S aAl § O2dzZ R a-@EXirhibitgry diféctSrivedbsi B A 6 A £ A
lymphocytes.

In summary, these data indicate thab& T-OSt t NBalLlRRyasSa OlFly 0% aAA3IYyAT
DEX regardless of whether almost all of B lymphocytes are removed. However, the inhibition is

stronger when B lymphocytes are present in the culture.

3.9.2 MID also inhibits dcell responses irB-cell depleted PBMCs.

In order to clarify if such unexpected phenomenon waslusive2 -\hDEX, MID was investigated

as a second Tl type 2 mimic under the same conditions.

First,MID activity as Bell stimulant was tested on whole PBMCs and comiRard: 3 [-ADEX.(G h
Over a 4 day period, PBMCs were stimulated With5 0 LJf dza -DEXA juddnd)Nd MID @
pg/ml) (section 2.3.2.2).

Even though MID failed to significantly augmentdll proliferation compared with thé CD3

control, Figure 3.19 coniins the ability of MID to induce an effective CDBcell activation

almost as potent as the one induced'by -DEX. Most importantly, according to the data in Figure

3.20 it was possibl® confirm what was reported previously in our lab, that MID algomsesses
CDAT-OStf LINRPEAFSNIGA2Y YR | ODBXOI GAZ2Y 6AGK | &A
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Once established thenhibitory properties of MID as Tl mimic, the sameell depletion
experiment as the one described in section 3.9.1 was performeztllB wee removed from
PBMCs by positive selection (section 2.2.2) and stimulated™@3 and MID for 4 days before

analysis. In addition, equivalent groups were prepared using whole PBMCs.

From Figure 3.2A, is evident that addition of MID resulted in an inmedi T-cell division index

even among Eell depleted PBMCs. In parallel, expression of the activation marker CD25 was
sharply decreased by MID regardless of whether B lymphocytes were present or not within the
culture (Figure 3.2:B). Similar tdhe expery’ Sy (i & -DEXKgrdups containifigCD3 plus MID

did not show significant differences in CDBcell proliferation or activation between-gell

depleted and nordepleted PBMCs.
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C A 3 dzNJ5- -DE#suppréssiteproperties still occuron Bcell depleted PBMCs.

A. Proliferation CD#T-cells reported as division indeB. Activation CD4 T-cells expression of

the CD25 marker as median fluorescence istgn(MFI). Bars representaars and SEMPBMCs

groups n=5; ®Sff RSLI SGSR yryeo hyS gF& ! bhx!3s . 2YyF
*p<0.05, **p<0.01, ***p<0.001, ns= not significant.

Whole PBMCs (in red) andcBll depleted PBMCs (in blue) were stimulated withD3 (plate
bound 0.3ug/ml) and/orh-L -DEX I pg/ml). Groups containing CD3 only represent the positive
control (filled bars) under each condition.
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Figure 3.18: Comparisoaf the % of suppression between whole PBMCs dgdell depleted
PBMCsstimulated witK -thDEX

A. Proliferation CD#T-cells reported as % of suppressidh.Activation CD4T-cells reported as
% of suppression. Bars represenéans and SEM, n= Raired student- test; *p<0.05, ns= not
significant.

Whole PBMCs (in red) andcBll depleted PBMCs (in blue) were stimulated WitbD3 (plate
bound 0.3ug/ml), with or withouth -t -DEX I pg/ml). Groups containing CD3 only represent a
0% suppression baseline under each condition.
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Figure 3.19: CD1®-cell activation isinduced by the Tl type Il mimidID.

A. Proliferation CD19B-cells reported as division indeB. Activation CD19 B-cells expression
of the CD86 marker as median fluorescence intensity (MFI). Bars represant and SEM, n=5
PairedANOVA, Bonfeoni's Multiple Comparison Testp<0.05, **p<0.01, ns= not significant.

-VE= negative control, nestimulated PBMC$.CD3 = platdound 0.2ug/ml. h -t -DEXA pg/ml.

MID=2 pgml.
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Figure 3.20: MIBuppresses proliferation and activation of CD4+ T lymphocytes in a simitgr
I a-t-bEX

A. Proliferation CB" T-cells reported as division indeR. Activation CD4* T-cells expression of
the CD25 marker as median fluorescence intensity (MFI). Bars represams rand SEM, n=5
PairedANOVA, Bonfeoni's Multiple Comparison Testp<0.05, **p<0.01, ***p<0.001, ns= not
significant.

-VE= negative control, nestimulated PBMC$.CD3 = platéoound 0.2ug/ml. h -t -DEX=1 pg/ml.
MID=2 pg/ml.
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Figure 3.21: MIBuppressiveproperties still occuron B-cell depleted PBMCs.

A. Proliferation CD#4T-cells reported as division inde®. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFI). Lines represams,m= 3.Paired
ANOVA, BonfeNR Yy A Q&
significant.

a dzf 0 A LI $<0.052 ¥p<l-ONA*%E&G001¢ B3 Hot

Whole PBMCs (in red) andcBll depleted PBMCs (in blue) were stimulated withD3 (plate
bound 0.3ug/ml) with or withoutMID (2 pg/ml).
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3.10 CONFIRMATION OBEPLETIONEFFICIENCY ANBXCLUSION ORARE
CD19 CELLEXPRESSINGED

Since both TI type 2 mimics had an effect coeB depletedPBMCs, teturned to ched the
efficacy of thedepletion prdocol. The kit used for thesexperiments (section 2.2.2), pasitly
selects for cells expressing CD19 and CD20, which are classical phenotypic markers of B

lymphocytes in peripheral bloo@isset et al. 2004)

The numberof CD19 lymphocytesremaining was evaluated on day O immediately after
performing the depletiorprotocol, having auccessful outcome of only 0 to 0.1% events within
the CD19 gate as compared with its PBMC equivalent. In correlation, no more than 1% events

were found within the CD19 gate after 4 days of incubation (Figure 3.22).

{ Ay ©-BEXrand WD act by multiple crosinking of surface IgD on B lymphocytes, persistence

of cells expressing IgD was another investigated aspect. It was first excluded the existence of rare
non Bcells which could interact with the Tl mimics, being C®t3CD20but expressing IgD
molecules on their surface. As Figure 3.23 illustrates, among PBMCs less than 0.5% events will be
either CD19or CD20 but IgD; a situation which remains unmodified irrespective of the
stimulation withh/ 5 0 LJ dz&kDEX. ¥uitdecohfirmation of this was achieved when no
events lacking the phenotypic marker CD19 but expressing IgD were discovered in any of the
depleted samples on day 4 pesicubation, in the absence or presence of any stimulus (Figure
3.24). From the nostimulateR | Y R samples,ds clear that the depletion protocol achieves
almost absolute removal of CD18nd IgDO St f a® a2 NB2ISNE gK2fS t. al
1-DEX and MID corroborate that both Tl mimics bind to IgD, as the staining of IgD molecules

becames masked.

This ®ctionallowed us to confirm the efficacy of ourpletion protocol in removing almost all B
lymphocytes expressing IgD on their suria@lreover, it was possibléo exclude the existence
of rarecells CD1%nd CD20but IgD which coud interact with the Tl mimics.
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Figure 3.22: Representativéot plot examples of the efficiencyof our depletion protocolat day
0 and day 4 from nosstimulated PBMCs

Top plots illustrate PBMCs on day 0 before and after the depletion proceBattam plots are
representative of nordepleted PBMCs and depleted PBMCs on day 4-iposbation. After a
sequential gating strategy for exclusion of doublets and dead cells, dot plots show the final gating
for selection of CD4ells & axiss=CD4APQvsCD19cells §- axis=CD19 PE €%).
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Figure 3.23: Representative dot plot examples of whole PBMCs showing less than 0.5% rare
events being CDI%r CD20but expressing IgD

Top row illustrates whole PBMCs stained for theeBphenotypic marker CD19-(axis,PE Cyr)

and surface IgDx{ axis, PE). Bottom row shows expression of CD20 as second B lymphocyte
marker & axis, APQ and IgD X- axis, PE). To exclude the possibility of inducing more IgD
expression after stimulation,BMCs were inspected under different conditions: no stimulus-  (
VE)h CD3 platebound (0.2ug/ml) orh CD3 + -1 -DEX 1 pug/ml).
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Figure 3.24:Representativedot plot examples of PBMCs before and after-8ell depletion,
proving almostcomplete elimination of CD19gD’ events.

To leave out the possibility of inducing more IgD expression after stimulation, PBMCs were inspected
under different conditions: no stimulusg) " CD3 platebound (0.2ug/ml),h -4 -DEX1 pg/ml) or MID

(2 ng/ml). After exclusion of dead cells, dot plots show the final gates for selection of*CBIIQy-

axis, PE CY¥) expressing lgD-axis, PE).
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3.11 IL-10 ANDB-CELIDEPLETION

Basedon the fact that 110 mightK I @S | Y A y 2 NJ -BEX Suppbessivel nfechanie® b
(section 3.5), it was decided to explore whether ependuction of IE10 was taking place within
B-cell depleted samples and was responsible foell suppression. We hypothesized that-gdll
inhibition was due to large amounts of1D being produced by cell populations other than B
lymphocytes, then blockade of this cytokine could reverse the negative effect amaet) B
depleted PBMCs.

A similar IE10 blocking experiment to the one describedsection 3.5 was designed, but this time
using Bcell depleted PBMCs. fAnctional grade antlL-10 monoclonal antibodyh(L-10) at 10
pg/ml waschosen for this set of experiments due to the partial but significant restoration effect
that this concentréion showed for Icell proliferation (Figure 3:A). Whole PBMCs andadgll
depleted PBMCs were stimulated with 5 o LJt-Dd2¥, in'the presence of eithell-10 or its

isotype control.

From the data in Figure 3.25, it can be observed hetOlblockingailed to restore CD4T-cell
proliferation or activation when Bells are not present in the culture. Even though a trend could
be suspected! IL-10 did not significantly increase the division index of CDigmphocytes in the
presence of -1 -DEXFigure3.25A). Equally, expression of the activation marker CD25 remained
low despite the addition of IL-10 (Figure 3.248). No differences were reported either between

the whole PBMCs groups containihgD3+ -1 -DEX+ IL-10 and its Bell depleted equivalents

To further support the inefficacy of-l0 blocking in the absence of B lymphocytes, exactly the
same experiment was carried out using MID. Although the sample size is smaller, additibn of
10 resulted in partial restoration of-dell proliferation n comparison with the isotype control
(Figure 3.26A). Howeversuch positive effect disappeared against the sample that was only
stimulated withh CD3 plusMID. Surprisingly, whole PBMCs anddl depleted PBMCs containing

h CD3+MID+"[L-10 were also significantly different by their division index. In contrast, inhibition
of T-cell activation was not reversed by10 blocking and none of the compared groups were

statistically different.
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Figure 3.25: BlockingfIbLm n  R2 S & vy 2 DEXMIB@@HNE Bcellhdepleted PBMCs.

A. Proliferation CD4T-cells reported as division inde®. Activation CD4 T-cells expression of
the CD25 marker as median fluorescertensity (MFI). Bars representeans and SEM, &
Paired ANOVA, Bonferroni's Multiple Comparison Tresst; not significant.

Whole PBMCs (red bars) and@| depleted PBMCs (blue bars), were stimulated W@bD3 (plate
bound 0.3ug/ml) plush -t -DEX T pg/ml) in the presence of eithérlL-10 (10pg/ml) or the isotype
control (10ug/ml). The groups containifgCD3 alone represent the positive controls (solid bars),
while the group containind CD3+" -1 -DEX provides the baseline of suppression to compare
against
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Figure 3.26: Blockingf IL-10 does not reverse MID effect amongd®ll depleted PBMCs

A. Proliferation CD4T-cells reported as division indeR. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFI). Lines represams,nm=3. Paired
ANOVA, Bonferroni's Multiple Comparison Tegp<0.05, **p<0.01, ***p<0.001, ns= not
significant.

Whole PBMCs (red groups) andadl depleted PBMCs (blue groups), were stimulated W@b3
(plate-bound 0.3ug/ml) plus MID(2 pgml) in the presence of eitherIL-10 (10ug/ml) or the
isotype control (1Qug/ml). The groups containingCD3 alone represerthe positive controls,
while the group containing CD3+MID provides the baseline of suppression to compare against
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3.12 ASSESSING THMINIMALNUMBER OB-CELLIREQUIRED TACHIEVE
SUPPRESSION

To further address the ability and strength'of -DEXpre-activated B lymphocytes to suppress

enriched CD4T-cells, two opposite titration experiments were performed.

The first assay was designed to determine how many Tagtigated B-cellsis the minimal
number to achieve inhibition of-ell proliferation. Following the same protocol to the one in
section 3.7 -1 -DEX preactivated B lymphocytes were put in-calture with enriched CD4T
lymphocytesbut this time larger ratios of T to Blts were evaluated: 6:1, 18:1, 54:1, 162:1 and
486:1. Since both donors reached the maximal effect at the physiological T:B ratio of 6:1, it is
possible to infer that the inhibition on-dell proliferation is dependent on the number bft -DEX
pre-activated B lymphocytes (Figure 3-A). It is important to point out that whilst one donor was
moderately repressed by low numbers of getivated Beells (ratios 18:1 and 54:1) (Figure 3.27
B), the other donor remained unaffected. As we found previously (E$g8i13 and 3.16) addition
of pre-activated B lymphocytes on day one was unable to suppress-tie#l Activation marker
CD25 (Figure 3.2Q).

In all the experiments using -DEXpre-activated Bcells, these were added one day aftecdll
stimulatonw & AYAUGAlFIGSR gAGK h/50kh/5Hy REylIoSIRA
whether the degree of inhibition could be enhanced by adding tkelllstimulus on the same day

as theh -1 -DEXpre-activated Bcells. In this assay we compared proliferation autivation of
enriched CD4T-cells stimulated one day prior addition oft -DEXpre-activated B lymphocytes

(day O)versusTI-cells stimulated on the same day of the-@ature with preactivated Bcells (day

1). Figure 3.28\ demonstrates that Tl activaleB-cells arecapable of dampening proliferation
irrespective whether Tell stimulation was initiated one day prior-calture or on the same day.
Interestingly and as observed in previous experiments;DEXsuppressive Bells do not reduce

CD25 expresion not even when the activation stimulus was added on the same day as the- T:B co

culture began (Figure 3.2B).
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C A 3 dzNJ5- -DEEpreradtivated B lymphocytes mighguppress CDAI-cell proliferation even
at small nonphysiological numbers.

A. Proliferation of enriched CD4T-cells reported as division indexB. Histogram of
representative exampleCD4 T-cell proliferation assessed by the CFSE dilution method &xés
represents intensity of CFSE fluorescence and the y axis % of max@néwtivation of enriched
CD4 T-cells expression of the CD25 marker as median fluorescence intensity (Mikés
represent means, n=2.

On day 0, all conditions were stimulated wit@D3h CD28 dynabeads (1:1 ratio). Primary CD4
and B lymphocytes were enriched by negative selection from PBMCsd, control group
containing Tcells aloneln greenco-culture groupof CD4 T-cells pls different ratios of 24
hourh -t -DEX preactivated Bcells:6:1, 18:1, 54:1, 162:1 and 486:1cFB cell.
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C A 3 dzNJ5- -DEX preadtivated B lymphocytes suppress CO4cell proliferation, even when
T-cell stimulation is initiated 1 day prior ceculture. However, -1 -DEX pre-activated B
lymphocytes do notrestrain CD25 expression in any situation.

A. Proliferation of enriched CD4I-cells reported as division indeB. Activation of enriched CD%
T-cells expression of the CD25 marker as medianriéscence intensity (MFI). Linespresent
means, n=2.

Enriched CD4I-cells were stimulated with CD3h CD28 dynabeads (1:1 ratio) one day prior co
culture (day 0) or on the sanday (day 1)In red the control groups containingcElls alone and
in green the ceculture groups of Tells plugd -1 -DEXpre-activated Becells(ratio 6:1).

T= CD#4T-cell, pB="-1 -DEXpre-activated Bcell.

121



CHAPTER 3:GELL INHIBITION BY Tl TYPEELB ACTIVATION

3.13 PURIFIEC "-1-DEX PREACTIVATEODMONOCYTES DNOT SUPPRESS
T-CELLS

I f (i K24dEEK is & biological compound which should exclusively act on and stimaelis, B

it was decided to perform an experiment with purified monocytes to exclude any remote chance

of an efect on these accessory cells, perhaps through the dextran molecule or through a Fc
NEOSLIIi2NJ AYGSNY OGA2Y S 2-NDEXfrépBratrdhk | O2y Gl YAY Ll yi

A similar protocol to thene described in section 3.7 was followed. Briefly, purified*Qils

were enriched from PBMCs by negative selection on day 0 and stimulated @id3) CD28
dynabeads. On the same day, PBMCs were incubated for a 24 hour period in the absence or
LINE & S y -O-BEX2Then,h\CD'1thonocytes were negatively selected from thoBBMCs as
described in section 2.1.1. Finally, monocytes and purified T lymphocytes weuttwed on day

1, leaving 3 more days in incubation before analysis. The right ratio between purifidts Bnd
monocytes was chosen again based on what theditee reports as normal range in peripheral
blood of healthy adults, from all leukocytes-20% Tcells against-8% monocytes. Indeed, a ratio

of 6 to 1 Fcells to monocytes was decided. Figure 3.29 illustrates a schematic representation of

the methodolay applied.

Data in Figure 3.38 demonstrates the division index ®€D3) CD28 stimulated purified CD%
lymphocytes alone and in emltured with CD14monocytes that had or had not been exposed
i 2-1-DEX. Surprisingly and similarly to what we weres @bldetect with non preactivated B
cells (section 3.8), even natimulated monocytes significantly reduceedll proliferation when
compared against the sample containingélls. However, such inhibition does not seem to be
I aaz2OAl ( SIFDEXefedt &nce there Wwas no statistical difference between the monocyte
INRdzL) G KI G ¢ &-DEX dDdiddelorie $hRt washat. K b

As seen in previous experiments, expression of the activation marker CD25 remained unaffected
regardless caulture with nonocytes (Figure 3.3B). Again, thisnay have been due to an early
activation from day O (prior coulture), which led to an irreversible expression of the surface

marker despite contact with monocytes.

In conclusion, there is no evidence to assume thera | R-DEXSI@liencé on CD14
monocytes. But the question whether non paetivated enriched cells (either B lymphocytes or
monocytes) could develop spontaneous suppressive phenotypevitro stills remains unclear

(discussed in section 3.16).
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Figure 3.29:Schematicrepresentation of the experimental potocol involving purified T
lymphocytesand monocytes in the presence 6f1 -DEX

Enriched CD4T lymphocytes were obtaimefrom PBMCs on day 0, followed $tymulation with

h CD3h CD28 dynadads. On the same day, PBMCs were incubated in the presence or absence of
h-L -DEX. After a 24 hour incubation, non faetivated monocytes and practivated monocytes

were enriched and coultured with the purified CD4T-cells. Although is not illustratedithin

this schema, a positive control group includinge€lls alone and CD3N CD28 dynabeads was

included.

T=CD4T-OSf f =

al Y 2--BEXprén&ivated daofocyte.
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Figure3.30: " -1 -DEXpre-activated monocytes do not suppress proliferation or activation of
purified CD4T-cells.

A. Proliferation of enriched CDZ4-cells reported as division indeB. Activation of enriched CD4

T-cells expression of the CD25 nkar as meéan fluorescence intensityMFI). Bars represent

means and SEM, n=Paired ANOVA, 2 Y T SNNR Yy A Qa a dzf Gpc06,$p<0.@Y LI NR &2y
*** p<0.001, ns= not significant.

Primary CD4T lymphocytes and monocytes were enriched by negative selettonPBMCs and
all onditions were stimulated with CD3/ CD28 dynabeadsn red, control group containing T
cells only. In blue, coulture of T and non practivated monocytedn green, ceculture of T and
h-1 -DEXpre-activated monocytes.

T= CD#4T-cel, M= monocyte, pM h -l -DEXpre-activated monocyte.
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3.14 MONOCYTEDEPLETIONREDUCEYROLIFERATION ANACTIVATION
BASELINEEVELS IN TH® VITROMODEL

I f (0 K2 dzA3 K - DExXNkektvadd B lymphocytes could exerc@ll suppression, because
suppression could not be completely ablated by depletion -cEBs, we wanted to investigate

whether other cells within the PBMC fraction might be involved engbppression induced by

1 -DEX Monocytes are known tbave suppressive properties, so we decided to further explore

any possible role they might play. Although section 3.13 concluded that enriched* CD14
monocytes failed to inhibit -Eell proliferation & G SNJ W n K2 dzNJ A-DEXYidetas (G A 2 Y

decided to reinforce this by performing a monocyte depletion experiment.

CD14 monocytes were depleted from the PBMC fraction using a positive selection protocol
(section 2.2.2), achieving almost absolute morieaemoval (<1% CD1dells left) (Figure 3.31

C) Whole PBMCs as well as the monocyte depletion fraction were stimulated withbplabel

h/f 50X GAGK ABSN-gOMK2dEK Yt 0 | yR AyOdzoml 6§SR 2@3SNJ n

In comparison with whole PBMCs, the positive cohtof the monocytedepleted fraction
dGAYdzZ F SR gA0GK h/50 f2yS akKz2ga I avYlft RNERLJ
of CDAT-OSt ft &ad ¢KAA aAlddzZ GA2Yy YI {-S-BEXRMCEFithOitah G G2 S
still occurs after monocyte removal (Figure 3.31). If individwdnors and their patterns are
O2yaARSNBR ¢S O y-+-DEK 8fféct ia defl defehdent dnkthelpredence of

monocytes. However, more repeats are necessary to clarify the involvement of these cells.
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Figure 3.31: Monocytelepletion reduces proliferation and activation baseline levels in tive
vitro model.

A. Proliferation CD#T-cells reported as division indeB. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFRepresentativedot plot exampleof
the efficiency of thedepletion protocol at day 4non-stimulated cells;x-axis FS@ and yaxis
CD14 (Pacific bluelines represent rears, n=3.

Whole PBMCs (in red) and CDdbnocytedepleted PBMCs (in blue) were stimulated withD3
(plate-bound 0.3 pg/ml), with or without h-t-DEX 1 pg/ml). Groups containing' CD3 only
represent thepositive control, whilst nosstimulated groups repregent the negative controt{E).
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3.15DEPLETION ONKCELLS DOENOTAFFECT THBUPPRESSIONNDUCED
BY N-1-DEX

Searching for another candidate within the PBMC populations that doflicence the activity of
Tl stimulated B lymphocytes, NK cells were next studedpper & Mond1996) reported that
NK cellsecrete IFN  d gyanulocytemacrophage colongtimulating factor (GMC%) that are

essential folgM secretionbyh -1 -DEX aévated B lymphocytes.

Similarly to the experimentperformed in sections 3.9 and 3.14, CDBKK cells were depleted

from the PBMC fraction applying a positive selection procedure (section 2.2.2), allowing almost
absolute NK removal (<1% CD%ells left) (Figure 3.32C). Whole PBMCs as well as the NK
depletion fraction were stimulated with plateound"/ 503 @A i K A5NI- ¢ 0 MK 2 d&ik Y 0

incubated over 4 days.

CNRY CA3IdZNB odon S OFy O02yO0Of dzRPEXInkethanistofY OSft f
action. Although the sample size is small, it wessar for the 3 individual donors that both
proliferation and activation of CDZ-OSt f & ¢ S NB -DESwasipteSdrt. As @n intidental
observation, it appears that removal of NK cells increasesaseline levels otdell division and

/| 5up SELINB&a&aA2y | FGSNIh/ 50 &GAYdA I GA2Yy ®
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C A 3 dzNX - -DEXsuppYessiveproperties still occur after depletion of CD36IK cells

A. Proliferation CD4T-cells reported as division indeR. Activation CD#4T-cells expression of
the CD25 marker as median fluorescence intensity (MFRepresentative dot plot example of
the efficiency of the defetion protocol at day 4 norstimulated cells;x-axis FS@ and yaxis

CD56 (Brilliant Violet 510). Lines represeams, n=3.

Whole PBMCs (in red) and CD58¢<cell depleted PBMCs (in blue) were stimulated viitD3

(plate-bound 0.3 pg/ml) with or without h--DEX 1 pg/ml). Groups containing' CD3 only
represent the positive control, whilst nestimulated groups represent the negative contr/[).
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3.16 DISCUSSION

Somel yGAISya OFyYy AYyRdzOS | ¥ GeN befoRndl hehdblBr&kcaled-k 2y & A
independent (TI) antigengMond et al. 1995)(section 1.1.5.2)Anti-lgD-conjugated dextran

0 4 -dex) and the truncatetloraxellalgD-binding protein (MID) are Tl type Il mimics that induce

activation and proliferation oB ymphocytes by crostinking of numerous Bell receptor

moleculesin a similar manner to bacterial capsular polysaccharides (sections 1.1.5.2.1 and 3.1).

h -1 -DEX consists on multivalent aigD antibodies conjugated to a dextran molec{iRehe et al.

1990 Brunswick et al. 1988whilst MID consists othe IgD binding sit¢éaminoacids 92.200)of

the outer membrane IgEindingprotein from the bacteriumMoraxellacatarrhalis (Nordstrom

et al. 2006 Nordstrom et al. 2002

It was previously observed in our lab that8ll activation by these Tl type 2 mimics resulted in
inhibition of Fcell responses to TCR stimulatiorvitro (J.B. Wing and R.A. Foster, unpublished
data) (section 3.1). However, since the mechanidraction by which B lymphocytes could
downregulate T lymphocytes had not been determined, the work presented in this chapter
focused on assessiitiggo main possibilities: a cetiontact dependent mechanisandthe role of

soluble factors.

This initial obseration was corroborated, demonstrating that the Tl type 2 mifmic-DEXwas
effective in enhancing CD1B-cell proliferation and activation but suppressing Ti@Riced CD%4

T-cell proliferation and activation within a PBMlture (section 3.3). The sameatern was
observed in the presence of MID, another Tl type 2 mimic that was able to activate B lymphocytes
while simultaneously inhibiting CD4T lymphocytes (section 3.10.2). In this manner, we
established that the phenomenon might be a general TI tygeadperty rather thanh -1 -DEX

specific.

The Bcell molecules CD80 and CD86 -(Band B72) can cestimulate or downregulate T
lymphocytes depending if they bind to the ligand CD28 or &Téspectively (section 1.1.4.3).
In our assay, antibody dtkade of CD80 and CD86 had no effect on tHeDEXmediated

inhibition in 2 separate donors (section 3.4)

Whether IL1 was involved in the mechanism of suppression was investigated becausz@ase
in IL-m i LINE RdzOG A2y 61 & RS Viesyantaimidd 4 SRX ahdY/25 A @EKSO @A 2
3.1). Howeverthis increase in HL appears to be coincidental sincelllblocking using soluble

IL-1RA had no impact on the suppressive effect of themBs(section 3.4)
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IL-10 is by far the mospleiotropic anttinflammatory cytokine because selectively inhibits the
transcription factor N i(Driessler et al. 200ang et al. 1995)L-10 blocks production of pro
inflammatory cytokines and the expression of adhesion andtitoulatory molecule®n almost

all cell types, reduces the antigen presenting capacity and promotes the developmegtcgllE
whilst blocking #L polarigtion (Asadullah et al. 20Q3Voore et al. 2001)IL-10 is produced in
high amounts by the immunomodulatory regulatoryrighocytic subsets Tre(Ehevach @09,
McGeachy et al. 2008nd BregBouaziz et al. 201 Fillatreau et al. 2002 1L-10 is also secreted

by effector lymphocytes, such dshelper F2 cells (section 1.1.2.1);é8fector 1 cells (section
1.1.3.1) andnonocytes/macrophage@sadullah et al. 2003Df majorrelevancefor this work is

the well known property ofL-10 to suppres3-cell expansion by affecting secretion oRILFN' X
IL-4 and IE5 mainly(Taylor et al. 2006Asadullah et al. 200R\kdis &Blaser 1999)Taking all this
into consideration, it was important to excludelD as the suppressive soluble factor in bur-
DEXn vitromodel. In contrast to the negative effect on T lymphocytedQlpromotes growth of

B lymphocytes and functionsaa secondary signal to boost Tl type 2 responses after BCR cross
linking. The Snapper group has demonstrated thatlerived IL-2, IL-3, 11-4, 11-5, Il-6, I-:10 and
IFN- act as secondary signatsmodulate Ig secretionfter Tl type 2 stimulatiofiVoset al. 2000)

If further TLR signaling occurs, thesults in enhanced {10 secretion, extensive sustaineec8l|
proliferation and Ig class switching after BCR engageifhgarig et al. 201;1Bouaziz et al. 2010
Ruprecht & Lanzavecchia 2Q08nderour experimental conditions, we concluded thatlQ has,

if any role at all, only a very minor role in the suppression inducédib{DEX gection 3.5) There
waslk KAy (O 2F LI NIHADEX suphtessiSnNak CDlcell2plifetaios by blocking
IbLmn> odzi GKA& gl a 2yteé aAIYAFAOFYyG-1GnAbAKS YARRE
pg/ml) used. However, no effect was observed in the expression of-ttedl &ctivation marker,
SPSYy 6AGK (GKS KA IKGEMA Q2 oo TheNdsuitsistggestaiat-10 is |
not the responsible mechanism involved in thedll suppression and that its minor effect might
02 YS vy 2 d-DEXNaRtiVated -Bells, but from naturally present Tregs, Bregs or accessory

cells which produce 110 independently to the culture environment.

The next part of this chapter aimed to confirm that Tl type 2 mimics induce a suppressive
phenotype on IgDB lymphocytes and that these cells are the ones which inhibit proliferation and

activation of CD4+ T lymphocgte

Experiments performed with purified CD%cells showed that -1 -DEX is unable of restraining
h / 5 o k h-indBcadyproliferation and activation in the absence of otfBMCgqsection 3.6).

Since CD4T lymphocytes lack IgD expression, they are not expected to respond in any way to the
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presenceof41-59 - ® ¢KSNBEF2NB>X ¢S Ol y O2pEghenSmeione NB2S
on CDAT lymphocytes.

Duringthe last few yearsseveral publications haygovided evidence of an immunomodulatory
role exerted by B lymphocytes, either upregulating or downregulating the intensity and quality of
T-cell responses. In non pathological conditiongeBs act as antigen presenting cells providing
co-stimulation duing TCR downstream activatiorgcseting cytokines to initiatd polarisation

and reactivating memory -Gells (sections 1.1.3 and 1.1.4.3). Autoimmudgsorders such as
idiopathic thrombocytopenic purpurand systemic lupus erythamatosus are examplasghith B
lymphocytes activate and maintaiRcEll responses even to sealfitigens. In these diseases8ll
RSLX SGA2Yy 6AGK wAUGdzEAYLF O o0h/5Hn0 ¢gla akKz2gy (2
reactive Tcells (producers of #t and IFN 0 ¢ Khariciagithe Buyhber of Treg producers of IL

10 (Lund & Randall 20300n the other hand, L0 producing Eells (Bregs) act as a brake,
suppressing effector T lymphocytes and promoting expansion of Tregs from pedlle(Tund &

Randall 2010Fillatreauet al. 2003 (section 1.1.3.1).

One of the most relevant findings within this chapter is that additioh -@fDEXinto a mixed

PBMC culturénduces a suppressive phenotype on B lymphocya#ier just 24 hour stimulation

with h -1 -DEXenriched CD19CD20 B-cells are capable of restrainitige proliferation of purified

CD4 T-cells in ceculture (sections 3.7 and 3.8n comparison with the enriched B lymphocytes
that were notexposed td' -1 -DEX, Tl type 2 activated B lymphocytes reduced tbellTdivisbn

index by a thirdUnexpectedly, these practivated B lymphocytes failed to reduce the expression

of the activation marker CD25 (discussed below). Of major importance is the fact that priming in
a PBMC culture is essential, as addition-0fDEXo a pure coculture of Becells and CD4-cells

had no effect (sections 3.7). Indeed, this phenomenon suggests that accessory cells might be
playing a role during the-1 -DEX priming stage, perhaps by secreting cytokines or byarehct
interactions. In comBst to the strong Eell responses observed in PBMC cultures containing
h-1-DEX, these primed B lymphocytes had enhanced CD86 expression but did not proliferate

(section 3.8), perhapsecause 24 hours stimulation was not sufficient to triggelifaation.

In relation to this, recent studies have explained that Bregs only become suppressive and secrete
IL-10 after appropriate BCR engagement and secondary signals (Mauri & Bosma 2012
CD406dependent cognate interactionéroshizaki et al. 2@1 Blair et al. 2010Fillatreau et al.
2002, the presence of {21 (Yoshizaki et al. 2012nd TLR activatio(Yanaba et al. 200%re
examples of events which drive the generation of functional Bregsipropoulou et al(2008)

demonstrated that Bellsare able to produce L0 and suppress CDZ%-cells after TLR and
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TLRO engagement with LPS and CpG, respectively; and that the degree of suppression was
proportional to the exposure time and the concentration of the TLR agonists. Moreover, it was
found that the resultant MyD8&ignallingin B-cells appears to block MyB8activation in T
lymphocytes, limiting -Eell proliferation and differentiation into 4L and F17 cells in a mouse
model of autoimmune encephalomyelitftampropoulou et al. 2008Yhus, it might be possible

that h -1 -DEXactivatedB lymphocytes are receng a secondary signal from other PBMCs present

at the preactivation stage, which in turn triggers a suppressive phenotypecil|B.

A transfer experiment clearly demonstrated that treipernatant from 24 houth -1 -DEX
stimulated PBMCs does not reducedgbiferation or activation of enriched CDZ%-cells (section
3.8). Based on this finding, along with those in section 3.5 it is unlikely ti#& ¢ any other
inhibitory soluble molecules are essential for thé -DEXsuppressiormechanism. These findings
fitted with the hypothesis that celtell contact was required for thé -l -DEXmediated

suppression.

A similar work to ourgs the one published bffretter et al. 2008)which showedhat largehighly
activated CD25B cellsstimulated withS aureusCavan | antiger(polyclonal activation) are able
to inhibit proliferation of pure CD4T-cellsin vitroviainduction oflonglasting cell division arrest
and apoptosis Although we found no evidence ofcéll apoptosis (James B. Wing, unpublished
data) andexpression of activation markers was addfiected in the phenomena we have described
in this chapter, our results are consistent with thoseToétter et al. (2008 in that constant

presence and celfontact between T and practivated Bcells is requiredo achieve suppression.

The possibility of Bells inducing a suppressiveall phenotype within the PBMC culture was also

addressed. Tregs constitute an effecterstibset that can deeply suppress other effecterells

(section 1.1.2.1)Tregsmediate suppression by secretion aiti-inflammatory cytokinegIL-10,

TGH ,IL-35), by repression of 12, I-4and IFN = o6& OStf O& OfSBevacmMNWP®a i 2 NJ 0 &
Sakaguchi et al. 200&aylor et al. 2006 AllogeneicCD40Bactivated Bcells cargenerate human

Tregs (CD4CD25 FoxRB" CD45ROCCRY from a naive CD4CD25 T-cell population(Tu et al.

2008) Chen et al(2009)demonstrates that is possible to expand suppressive FokEalls using

allogeneic Beells in ceculture, at a Bo-T celratio of 4:1 and addingea G A Ydzf | GA 2y A GK N
+ 1:2. Work performed in our laboratory indicated that an increase in FoxP3 expressioodig T

2 OO dzNAE -1JDEX rdodeldmM48 hours posstimulation onwards. However, we concluded

that induction of Tregs is not the primamechanism of suppression, as depletion of these cells

had no impact on the suppressiaetion ofh -t -DEX (James B. Wing, unpublished data).
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To further confirm vether B lymphocytewere the only cell population abte directly suppress
Tcells G KS & 4-WEX pheactivation experiment was performed with enriched CD14
monocytes Three monocyte subsets have been identified, each one differing in their cytokine
profile and the migration/nhoming pattern. CDT€D16 are termed classical monocytes and
account for 90% of all monocytes. The other 10% are TIMU6 monocytes which can be further
divided into intermediate (CDI4CD16) and nonclassical (CD1@D16%), both secreting more
TNFh |y R-10 &8 aoénpatefl witthe classical subséZieglerHeitbrock et al. 201,®iegler
Heitbrock 2007Geissmann et al. 2003Jhus, CDX4D16 monocytes have been associated with
autoimmune diseases and severe bacterial infections, such as $@psigerHeitbrock 2007
Fingele et al. 1993)Like Bcells,monocytes express vesicles with MHCII molecules and present

antigens to T lymphocytg8unbury et al. 2009)

Under the same experimental conditions as the above mentionecelB preactivation
experiment, purified CDI4monocytes which were exposed for 24 hourshte -DEXfailed to
further reduceproliferation of purified CD4T-cells as compared with the monocytes that were
not exposed to the TI mimic (section 3.13). Thus, the initial hypothesi$ thddEX generates a

suppressive phenotype exclusively oedlls was supported

An unanticipated finding among this set of getivation experiments (sections 3.8 and 3.13) was
the fact that enriched CDI&LD20 B lymphocytesand CD1%4 monocytes reduced the
proliferation baseline of purified CD4-cells, even thouglhey were not exposed td -1 -DEX or

any other stimulantlt is actually difficult to understand this phenomenon but might be related to
exogenous conditions unrelated to the assay itself. An explanation ceuttids their inherent
inhibitory properties become evident if taken out from their PBMC environment, in the absence
of accessory cells which might normally prevent such phenotype. In the cagmel$ Bhis is more
likely due to the presence of naturalfyeripheral suppressive B lymphocytes which became
activated under our ‘B coculture conditions. As mentioned above, Bregs circulate in blood
without much activity in healthy individuals; however several stimuli or secondary signals can
trigger their suppessive functiorfMauri & Bosma 20121t has been also reported that monocytes
can modulate Tells and polaristowards an antinflammatory lineage. For example, naive blood
CD11bLy6Gmonocytes suppress CDED8 T-cell proliferation induced by peptédpresentation

2NJ 6& h/ 50kh/ 5iag celd doktactdaiechanisigSiarey et al. 2091 Similarly,
myeloidderived suppressor cells which resemble inflammatory monocytes restrain antigen
driven TFcell responses by production of nitric oxi(ovahedi et al. 2008 Binding of CD83 (a
glycoprotein found on activated T and B lymphocytes) to a putative CD83 receptor expressed on

monocytes, initiates prostaglandin E2 secretion which in turn decreased proliferation and
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production of IE2 andIFN*  dzLJ2 y  h28 dhiroulatioh iB a PBMC cultu(€hen et al. 2011)
Indeed, several suppressive mechanisms could have become activated in purdiedis Br
monocytes that may justify the drop incEll proliferation in the absence 6f -DEX Although

the three purifiedpopulations were obtained as untouched cells by negative selection and without
using columns (section 2.2.1), one remote possibility is that the physical stress during the

enrichment procedure affects how&lls and monocytes functioin coeculture with CD4T-cells.

Another point to consider in these purification experiments is that in contrast to the assay
performed with PBMCs in which bothcéll proliferation and activation were dampened, the
AYKAOAG2NRE STDEK@eactaded SHIRIDIOBIyRphdcytes was only evident

at the proliferation parameter. We initially attributed this finding to the experimental design, as
purified CD4 T lymphocytes were activated withCD3/ CD28 dynabeadsom one day prior
additionof the pre-activated B lymphocytes and so it was thought the activation signaling cascade
and expression of CD25 was unstoppable (sections 3.7 and 3.8). However, this hypothesis was
disproved by a subsequent experiment which showeat #ven wherh CD3) CD3 beads and

h -1 -DEX preactivated Bcells are put in ceulture with Fcells on the same day, the expression of
CD25 does not become downregulated. Moreover, there is a tendency for upregulation on this
activation marker (section 3.12). Therefqret is likely that 24 hourh -1 -DEXactivated B
lymphocytes are only able to directly restraincdll proliferation while the repression on
activation occurs as a secondary phenomenon driven by other PBMCs in c8iiyret al(2013)
elucidates that even though-dell proliferation and cytokin@roduction are both initiated as a
consequence of CD3 signalling after phosphorylation of ITAMs (section 1.1-defl)agtivation

can occur without proliferationGuy et al. (2013gstablistes that initiationof activation starts

with as few as 2 or 3 functional phosphorylated ITAMS. In contrast, proliferation requires around
10 ITAMS to activate the Notch pathway aniflyc, which ultimately leads to a more complex
cascade of cytoskeleton mifitations. Alternatively it might be the case thaic8lls require

O 2 y & (HI-DEX stimulation to downregulate the expression afell activation markers and
thus the presence of the Tl type 2 mimic for only 24 hours was not sufficient. In supporis of th
hypothesis, we observed that the amount of thec®I activation marker CD86 expressed on
enriched preactivated cells is less than half in comparison with the amount detected on B
feyYLK208dSa GKI G -5-5BEXRor4days v dzai/hblé FBRIGuseNsédtions 3.3

and section 3.8).

Contrary to expectations, depletion of CD1GD20 B lymphocytes did not prevent-cell
suppression from occurring. Addition'oft -DEX or MID tboth whole PBMCs andd®Il depleted

PBMCs resulted in a significaeduction of CD#T-cell proliferation and activation (sections 3.9.1
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and 3.9.2). However, a further analysis on these experiments found that a larget 9%6DEX
induced suppression occurs whercé@ls are present than when they are removed from PBMCs
(section 3.9.1). Due to this unexpected observation, we assessed whetheramlir dpletion
protocol was efficient enough to remove all CD'29* B lymphocytes which express surface IgD.
By performing a simultaneous CDC®20IgD staining on day 0 anday 4 after the Eell
depletion protocol it was possible to confirm its efficacy because no more than 0.1% positive

events for CD19, CD20 or IgD were detected (section 3.10).

A titration experiment using enriched CDHBcells and' -t -DEXpre-activated Bcells at low ratios
T-to-B cells (from 6:1 down to 486:1), showed that the suppression-adliTproliferation is
dependent on the ratio -fo-B lymphocytes. A maximal inhibitory effect is observed when more
B-cells are included into the eculture (ratio 1:6, while the effect disappears at ratios of around
18:1 to 54:1 (section 3.13)n this respect, the suppressive effect of these suppressor B
lymphocytes might be more obvious as we increased the numbercel8 per Tcell. Blair et al.
(2010 observed hat BregdCD19 CD24' CD38) inhibit TNF" |y R prad@tion fromCDA4T
cellsin a ratio dose dependent fashion. In similawvitro settings to the ones used in this chapter,
Blair et al.(2010 detected an inhibitory effect only in ratios between 1:1 and 4tb-Breg In
support, the same ratio of 4:1 PBM&Breg was found to reduce the percentage of CD8ells
producers of IFN R dzNA y3 OKNER y A @DaKed all2@12)hus aur h- -DEX/pFeS O G A 2 v
activated B lymphocytes might be even more powerful in dampening Thigoypes than these

characteried Bregs.

Monocyte and NK depletion experiments were also performed due to the possible involvement
2T | O0Saaz2Nk -OBHEXpréactikated B Igniphdtysed to develop a regulatory
function. The monocyte depletion assay also ainwdxcludeany remote chances of undesired
effects on monocytes, perhaps through the dextran molecule, through Fc receptor interaction or
08 | O2yidl YAYIl yi -OBREXpreparstiSnRAItiodgh Ke rgsultd dbined from
this experimentdo not suggest that -t -DEX mediated suppression is dependent on the presence
of monocytes gection 3.14) this assumption should be reonfirmed with a larger sample size.
Especially because in our vitro settings, removal of monocytes will result in a lack of co
stimulatonvialc 2NJ / 5ynk/ 5yc Y2fSOdz Sa GKIFG Yk& AYRA
induced Tcell proliferation and activatiofdenkins et al. 199Baroja et al. 1988 On the other
hand, several regulatory functions have been attributed to NK cellsrgitfomoting or inhibiting
T-cell responses and regulating antibody production, in particular during autoimmune disorders
related to autoreactive Tells or auteantibodies(Linemann et al. 20Q0%Qiu et al. 2006Shi et al.

2000) Moreover, IFN | GMFCE secretal by NK cells have been recogumisas important
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a2t dotS TrHOG2NE (2 aiAYdzDEXESvatedBlymphidtShagmer 3 S ONB G A

& Mond 1996. In this chapter, an NK depletion assay was conclusive in showing that NK cells are

not necessary to achieve-t -DEXdependent inhibition on CD4-cells(section 3.15)

In summary, even though we were unable to explain the mechanism of action by which Tl type 2
mimicsh -t -DEXand MIDdownregulate CD3/CD28duced CD4T-cell responseswe discovered

that h-1 -DEX acts on B lymphocytes triggeringmamunomodulatoryphenotype.Soluble factors

contained in supernatants, such aslil are not responsible for the suppressive effect and cell

contact between CD4T-OSf f & - -DEX Rreactivated Bceells is essential. Since these B
feyYLK20eiGSa 2yfteé o0S-OREXPradidtioniNde piesedc® of PBMES NJ h

is possible that accessory cells are involvegroviding secondary signals to initiate a regulatory

B-cell phenotype. @y 2 0 iSa yR byY OSffta R2-PRXinhibitbdISI NI {2
effect, but they do influence the baseline levels aféll proliferation and activation in thia vitro

Faadlred h@SNIffxX 2dzNJ FAY RADE pherommdrdsScaniplexiaiidisi ( KA &
influenced by the ratio To-B lymphocytes in coulture. Moreover, the degree of the suppression

varies among individual donors and seems to depend on the amountell Bctivation induced

by the TI type 2mimic. Unsolved until navas the unexpected observation in which addition of

h-1-DEX to Rell depleted PBMC still resulted in a moderate inhibition afell responses,

regardless of almost absolute removal of all CB@B20/1gD" cells. Clearly, suppression can be

mediated in sme donors at quite low ratios of B cells to T cells and although our depletion
appeared to remove almost all B cells expressing IgD, it is possible perhaps that a few residual cells

(not detected by our FACS CD19 antibody) were the effector cells. Aammingith the purified

h -1 -DEX preactivated Bcells that were stimulated for only one day, the few contaminating B cells

fSTOG FTFOUGSNI 6KS RSLX SUA2Y YR 6KAOK-A-BEXImMBER Ay O

have expanded up slightly and exertind residual suppressive effect.
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CHAPTER K. MENINGITIDEBUPPRESSECELLS

4.1 INTRODUCTION

Asreviewed in section 1.1.5.2;independent(TI) antigens are those which fail to associate with
MHC Il molecules but are capable of inducing antibody production by-tinégzg the Bcell
receptor (BCR) in the absence 6D f  Butkefaf chjQudar polysaccharides are examples
Tl type 2 antigens becausieey contain highly repetitive epitopes that interact simultaneously
with a large number of surface immunoglobulins on B lymphocffes et al. 2000Mond et al.

1995)

As reported in the literatureN. meningitidissurvives in humans by evading immune responses
(section 1.2.5).For example, avoids immune recognition and lysis through sialylation of
lipooligosaccharidedJnkmeir, Kdmmerer, et al. 200Rstabrook et al. 1997overcome the action

of bactericidal lysasmes by preventingghagosonal maturation(Ayala et al. 1998and induces
phase variable genes to increase virulence and survival at the colonisatiofBsikee et al.
2008. In particular, the meningococcus capsule limits the adhesion with phagocytcacel
impairs complement-mediated Killing by blocking antibody binding and complement deposition

(Unkmeir, Kdmmerer, et al. 200®IcNeil and Virji, 1997, Read et al., 1996

The capsule froml. meningitidisonsists of repeating carbohydrate moieties, so contains multiple
identical antigenic epitopes. During natlurafection, polysaccharides from this encapsulated
bacterium will ligate the BCR and TLRs @elB, launching a Tl response in addition to cytokine
production from the innate immune systetfBrunswick et al. 1988Snapper & Mond 1996)
Capsular polysacehides are recognisedia TLR2 and TLR/MD-2 pathway(Zughaier 2011)
providing positive downstream signalling tecBlls and other antigen presenting celitowever,

a parallel downregulatory role has been identified for themeningitidiscapsuleIn comparison

with capsuledeficient meningococgicapsulatedserogroups (A, B and C) genexhte weaker
IL6,I-8and TNE  O& (21 AYS &S ONRUnATRIy KamerdR StAIRORidgrdna OSf f
et al. 2001)and monocytegKocabas et ak007)

The Bcell response towards Tl type 2 antigens benefits from a secondary 8igrsagt al. 2000)
indeed other immunogenic components such as lipooligosaccharides (LOS) could provide this
extra boost(Snapper & Mond 1996LOS constitutes 50% thfe meningococcal outer membrane

but large concentrations are also secreted into the host ingigicles (section 1.2.4.2). LOS is a
major stimulus for inflammation and is responsible for the sevenitsepticaemigBrandtzaeg et

al. 1989 by producindarge quantities of prenflammatory cytokines such asMJ 36, Il8[and

TNFh (KolbMaurer et al. 2001Unkmeir, Kammerer, et al. 200Bellerud et al. 2008LOS has a
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1000fold greater bioactivity br TLR4 than capsular polysaccharidéZughaier2011) and its
recognition occursiathe complex CD14 TRMD-2 whichleadsl 2 R2 gy aUNBEODYABECUA 2 Y
(Zughaier et al. 20Q4€alvano et al. 20Q®ridmore et al. 2003ridmore et al. 2001)

In additin to the capsule and LO&herNeisseri&components carnhancea Tl type Zresponse

by providing secondgignal through TLRs present on APCs such as dendritic cells or monocytes,
which in turn induce activation on other immune cells like lymphocyitesng a LOS deficient
meningococci strairpiong et al.(2001) demonstrated that norLOS bacterial components from

the outer membrane layer alsmduce a substantial secretion of prmflammatory cytokines

IlLm i Z -h @ardd @ainly IFN.

Neisserisouter membrane vesicle@©MV3 are blebdrom the outer membrane, which contain
mainly LOS and all the associated proteins from this layer (section 1.2008)s have been
recognised as important immunogenmomplexes and its uséas been successfuh the
development ofeffective vaccines againbt meningitidisserogroup BHolst et al. 2009Giuliani

et al. 2006)section 1.2.3). Faxample, thenovelBexserovaccinewhich is immunogenic botln
adults and infantscombines OMVs with the highly immunogenic conserved surface proteins
factor H binding protein (fHbpNeisseriaadhesin A (NadA) andeisserieneparin binding antigen
(NHBA)Serruto et al. 2012PorBis anotherouter membraneprotein (section 1.2.4.5)hichalso
stimulates antibody production by binding tiee TLR2/TLR1 complex, triggering-Bell activation
via MyD88 signalling, increasing8Lsecretion andip-regulating expression of CD86 and MHC Il
moleculegMassari et al. 2006Massari et al. 200Snapper et al. 1997)

28§ KI @S RSY2YyadGN}GSR Ay [/ KI-LIEXNhd avIDYi $uppeess ¢ L G & LJ
proliferation and activation of CD4T lymphocytes whilst inducing-dll proliferation and

activation.Since some bacterial constituenare Tl typ& antigens and/or provide second signals

to B-cellsvia TLR, we have hypothesized that exposure of PBMCs to paraformaldehydélfixed

meningitidiscould have a similar inhibitory effect.

To our knowledge, the colony opaci#gsociated adhesinOpa) (sectin 1.2.4.4) isthe only

neisserialbuter membrane protein that has been linked to suppression of T lymphocytes: Gray
hgSyQa NB&SINOK 3INRdzZL) Kl & Lzt AaKSR GKFdG O0AYRA:
CEACAMIcércinoembryonic antigerelated cell atiesion moleculg present on Tcells, results

in a restrained proliferation and activatioffadarangani et al. 201GrayOwen & Blumberg

2006) However, this data is considered conflicting by others who believe the suppression by
meningococci is only traitery and not exclusive on the O2EACAM interactiofYoussef et al.

2009) In addition, recent work has shown that exposure of dendritic cells.tgonorrhoeae
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ablates the ability of these APCs to induce proliferation on T lymphocytescultcoe (Zhuet al.
2012)
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4.2 GENERAIMMETHODOLOGY

Within this chapter, the same genenalethodology described in Chapter 3 was applied. First, a
buffy coat layer was obtained from fresh heparinised blood by density centrifug@gation 2.1).
PBMCs were then washed, resuspended in RPMI media supplemented with 20% autologous
plasma and stained with the proliferation dye CFSE (section 2.4). Ultimately, PBMCs were counted
and added to 48vell plates at a density of 1x46ells per wvell in a final volume of 500 pl RPMI

media supplemented with 20% autologous plasma.

T-cells were stimulated with 0:0.3 pg/ml plated 2 dzy R h/ 50 0&aSO0GA2Yy H PO
h/50kh/5Hy ReylFoSIRa 0aSO0A 2¥celisdbedeg@eicontrdly (G KS OF
for all experiments consisted of PBMCs in the absence of stimuli, whereas the positive control was
represented by the sample containingDiISt t QG A G 12N&R oh/ 50 2NJ h/ 50K
addition to TFcell triggers, cells were exposed tofdient ratios of paraformaldehydéxed N.

meningitidis:0.1:1,1:1, 10:1 and 100:1 bacteria per cell.

Cell cultures were incubated at 87 and 5% GOn a humidified atmosphere for 4 days before
harvesting. Extracellular immunofluorescence stainingléaw tytometric analysis was performed

by incubating 1x10PBMCs with the relevant antibodies (section 2.5.2).

A sequential gating strategy selected for the relevant T or B lymphocyte populations and excluded
dead cells and monocytes (section 2.5.5). Likehapter 3 (section 3.2), cell proliferation was
assessed by the division index obtained from the CFSE dilotethod; whilst T and Bell
activation were reported as median fluorescence intensity (MFI) of the surface markers CD25 and

CD86, respectively.

Using this assayifferent wild type bacterial straingnutants and derived components (section

2.8) were studied in each of the subsections along this chapter.

Figure 4.1 describes a general overview of the experimental steps
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T-CELL STIMULATION

Plate-bound aCD3 or

aCD3/aCD28 dynabeads

days
370C
EXTRACELLULAR 5%C0, U
FLOWCYTOMETRY STAINING INCUBATION

Neisseria
meningitidis

PF fixed @ Ratios:
0.1:1,1:1,10:1,100:1

Figure 4.10verviewof the experimental methodologyapplied in Gapter 4.

Human PBMCs were isolated frdnesh peripheral blood using Lymphopr&pdensity gradiat
centrifugation. Fcell stimulation was achieved withCD3 oth CD3+ " CD3 coated dynabeads.
Simultaneously, cells were exposed to paraformaldehyde (PF) Nixedeningitidisat different
ratios bacteria per cell: 0.1:1, 1:1, 10:1 and 10Q4lls were plated and incubatéor 96 hours at
37°C and 5% GCrinally, amples were stained with the diesd fluorescentlylabeledantibodies

and analged by flow cytometry
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4.3 SMALL INOCULA ORNILD TYPEN. MENINGITIDISSUPPRESS-CELL
PROLIFERATION ANACTIVATION WITHOURACTIVATINA-CELLS

4.3.1 Small inocula oN. meningitidissuppress Tcell proliferation and

activation.

In Chapter 3, we demonstrated how fype || mimics are capable of suppressirgell responses.
Since bacterial polysaccharides argyple llantigens (sections 1.1.5.2 and 4.1), we hypothesized
that exposure of PBMCs to paraformaldehyde fikkaneningtidis could have a similar inhibitory

effect.

To address this question we performed a simple experiment incubating PBMCs wittqolae

h | 5 ecelléstimulator), in the presence or absence of wild tioeneningitidigstrain MC58) and

at different ratios of bacteria per cell: 1:1, 10:1 and 100:1 (section 2.8.1). A sample containing
h/ 50 HIDEXAwad also included in this experiment to compare the degree of suppression

observed with Ftype Il mimics.

Figure 4.2A shows how the smallest ratio bacteria per cell (1:1) resulted in profound inhibition of
CD4T-08Stft RAGAAAZY 6KSYy O2YLI NBR gAGK &S I N dzLJ
proliferated normallyia TCR crosknking. Similarly, a significant 50%auetion of division index

was found with the next inoculum 10:1 bacteria per cell. In contrast, the highest bacterial count

(100:1) failed to affect-Eell proliferation as no significant difference was detected against the

h/ 50 LRaAaAGADS O2y(NRf @

Expressin of the activation marker CD25 followed the same suppressive trend (FiguB).4r2
NEBflGA2y (G2 (KS -tell dotivatiod 2etlindtiPafier exge@udzidslow bacterial
counts (1:1 and 10:1). Again, expression of CD25 seemed to be restoretheviargest ratio of

100:1 bacteria per cell.

From the data in Figure 4.2 it is atehat the presence of wild typd. meningitidisat 1:1 and 10:1
ratios resulted in a dramatic reduction of CO4cell proliferation and activation, just like the one

iy’ R dzO S R-DBX Mdreover, the smallest bacterial count 1:1 had a significantly greater effect
i K I -~DEX on restraining celivision (Figure 4:2.).

To establish iN. meningitidishad a stimulatory Tltype Il effect, proliferation and activatiorf o

CD19B-cells were examined. Figure 4A3 illustrates clearly how small numbers of meningococci
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(1:1 and 10:1 ratios) are incapablessihancing the division index of B lymphocytes. However, the

largest bacterial inoculum (100:1) intensifieec® proh F SNI G A2y (G2 H-DBEXA YA I NJ ¢

Expression of the -Bell activation marker was not induced by bacterial ratios of 1:1 and 10:1
(Figure 4.3). A mild but significant increase of CD86 expression was detected with the largest
meningococcal inculum (100:1), although this activation was not as powerful as the one achieved
g A (-KDEX.

I Aad23INrYa AffdzZAONIGAYT ¢ FYyR . OSff NBaLRyaSa

of N. meningitidiscan be seen in Figure 4.4.

In summary, thes findings suggest that the CDBcell suppression observed in the presence of
low numbers of fixed wild typ®&. meningitidisis unlikely to be related to an enhanceecall

activity, as seems the case for thetyipe 11 mimics.

4.3.2 N. meningitidisand h -1 -DEX suppressive effects do not appear to

be synergistic.

An experiment combiningl. meningitidis- y Rt -DEX was designed to further confirm lack of
enhancement of proliferation and activation of B lymphocytes, and to address possible synergism

between them.

During 96 hours, PBM@S NS a (G A Ydzf | § SR @ADEK (1 ug/n8)omenidigatcei S A G K S

(ratio 1:1 bacteria per cell) or both.

CNRY CA3IdzNBE nodp 6! FyR . 0+4-DEX and @eniRgbobpdcus iskadt i O 2
synergistic in daeasing Icell proliferation or activation than each individually, but it can be
concluded thatN. meningitidis| y R--DEX were at a maximal inhibitory level at the

concentrations used.

In support of the conclusions made from the data shown in Figuretife3;ombination of both
stimulidid not resultinmore®St f LINR2EATFTSNI GA2Y 2N I QUA@BF A2y
DEX (Figure 46 and D). As previously shown, bacteria failed to trigger responses on B

lymphocytes.

Although it is clear tht bacteria do not induce -Bell responses, another experiment using
suboptimal amounts of meningococci (ratigs 10:1) and of the Tl mimic (reducing the

concentration by half), could address whether a synergistic suppression exists between them.
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Division index

15000+

125004

100004

75004

CD25 expression (MFI)

-VE acCD3

Proliferation CD4"* T-cells

aCD3

>
10:1 100:1

a dDEX ptl
N. meningitidis

Activation CD4"* T-cells

a dDEX }

>

1:1 10:1 100:1

N. meningitidis

Figure 4.2:CD4 T-cell proliferation and activation by TCR stimulation is suppressedshyall
inocula of fixed wild typeN. meningitidis

A. Proliferation CD4T-cells reported as division inde®. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFI). Bars represams rand SEM, r¥6.

PairedANOVA5 dzy' y S (G Q&

a dzf A MENS 5/020Y LhAER et RESSREX

vsN. meningitidisl:1). *p= 0.020.05, **p= 0.0010.01, ***p=<0.001, ns= not significant.

-VE= negative control, neé G A Ydzft G SR t .
0.1 pg/ml). N. meningitidis PF fixed, ratios 1:1, 10:1 and 1D®acteria per cell (blue bars).

h-1 -DEX= Rell stimulation { pg/ml).
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A Proliferation CD19* B-cells
0.8

0.74 *k%k

0.5+

0.4+

0.3+

Division index

0.2+

o1 ns
' ns

0.0~

-VE aCD3 >
a dDEX . L1 10:1  100:1

N. meningitidis

B Activation CD19" B-cells

125004 *kk

CD86 expression (MFI)

-VE  aCD3 >
adpEx (L1 101 1001

N. meningitidis

Figure 4.3Smallinoculaof wild type N. meningitidisdo not induceCD19 B-cell proliferation or
activation.

A. Proliferation CD19B-cells reported as division indeB. Activation CD19 B-cells expression
of the CD86 marker as median fluorescence intensity (MFI). Bars represansamd SEMn=>6.
PairedANOVAS dzy' y S G Q& a dzf (A (3.'S/ 5 thev@0EoNB, &*@=y0.0000504, (i
*** n=<0.001, ns= not significant.

-VE= negative control, neéa G A Ydzft | G SR t . a/ & -call étimuladidn (piatebdlibdd h / 50T
0.1 pg/ml). N. meningitidis PF fixed, ratios 1:1, 10:1 and 100:1 bacteria pdr(b&ie bars).
h-1 -DEX= Rell stimulation { pg/ml).
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Figure 4.4: Examplesf overlaid histograms illustrating T and Eell responsesfollowing
incubation withh CD3 plus different ratios di. meningitidis

A. Proliferation assessed by the CFSE dilution methtiee x axis represents intensity of CFSE
fluorescenceand the y axi8o of maximumB. Activation as MFI of activation markerthe x xis
represents intensity of CDZABE or CD8PE Alexal0 fluorescence while the y axis % of
maximum.
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Figure 4.5N. meningitidisl y" Rt -DEX suppressive effects do not appear to be synergistic

A. Proliferation CD#4T-cells reported as division inde®. Activation CD4 T-cells expression of
the CD25 marker as median fluorescence intensity (MFIRroliferation CD1'®B-cells reported

as division indexD. Activation CD19 B-cells expression of the CD86 marker as median
fluorescence intensity (MFI). Lines represerdars, n=4

-VE= negative control, neéa (i A Ydzf | (4 SR
h-1 -DEX= Rell stimulation { pg/ml). N. meningitidis ratio of 1:1 bacteria per cell.

t-celbstinuldtiorh (plabewolind @1 pg/ml).
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4.4 N.MENINGITIDI®DOESNOTAFFECTELLVIABILITY

To excludeN. meningitidisnducedcell death as the reasomf the inhibitory effect we assessed
percentagesof cell death using a dead/live dye which strongly stains cells with compromised
membranes going intoell death (section 2.6.1). Although this method reflects the totality of dead
PBMCs and does not allow us to differentiate compromised® @Rdlls withn the cell culture,

we decided to include this viability dye as routine in every experiment to monitor cell death.

Figure 4.6 is representative of 14 different donors and illustrates the percentages of total cell
death found on day 4 of the assay, aftepegure to three different meningococcal inocula. As is
evident, none of the groups containing bactereported a significant higher percentage of cell
RSIFGK Ay NBflLGA2y G2 GKS h/50 O2yiNRf ALK y?2

(100:1)had a small but significant reduction on the % of cell death.

Therefore, we can infer that the presence Nf meningitidisdoes not appear to suppress

responses of CDZ lymphocytes by inducing cell death.
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A Cell death induced by N. meningitidis
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Figure 4.6N. meningitidisdoes not affect viability of PBMCs.

A. Percentage of cell death induced B meningitidis,at ratiosof 1:1, 10:1 and 100:1 bacteria per cell
FNE NBLINBaSyd YSiya [yR {9a3 ¢Cdmparisbn Tesvg NBR*pt bh+! I 5
0.01-0.05, **p=0.0010.01, ***p=<0.001, ns= not significarVE= negativeontrol, nonstimulated PBMCs.
h CD3= Tell stimulation (platebound 0.2 pg/ml)B. Dot plot examples showing the live/dead gate applied
for all conditions,on the y-axis fluorescence of the UV dead/live dye and on xfexis FS®@. These 4
samples are representative of 1 single donor and show % of live cells within the gate.
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4.5 LOSISNOTINVOLVED IN THRIECHANISM OBUPPRESSION

In order to discover iNeisseridipooligosaccharyd@ O$ is implicated in inducing a suppressive
response, we investigated the outcome of a td@8cient mutant strain made as a complete IpxA
knockout by insertion of a kanamyciresistance cassettéSteeghs et al. 1998In this way,
blockade on the first step of lipid A biosynthesis occurs and the mutahsILPS completely
(sectiors1.24.2 and 28.1.1).

Although the LO8eficient colonies were always selected by Kanamycin resistance, we further
corroborated the absence of the IpxA gene by H&ifire 4.7 shows the expectgakA gene bands

of around 650pb for the genomic DNA extracts from the wild type &try a/ py Yy R Ydzil y
parental wild type strain H44/76. The largest band of around 1800pb was obtained from the LOS

deficient mutant and corresponds to th@XA gene insertion with a Kanamycin cassette.

Having established disruption of the IpxA gene in mutant, our basic experiment was carried
out comparing the LO8eficient mutant against its wild type parental strain H44/76 and our
standard wild type strain MC58 (section 2.8.1.1). As before, bacterial ratios of 1:1, 10:1 and 100:1

were tested.

Figure 48 demonstrates how the L@fficient mutant is still effective in restraining CD4cell

responses in a similar manner to the wild type strains. Again, the smallest inoculum (1:1) had the

largest inhibitory effect on T lymphocytes by reducing their @imisndex by less than half in

O2YLI NRaA2Yy HAGK (GKS h/50 O2yiNRBf 3INRBdzZIJd ¢KS &l Y.
mutant, as the largest bacterial count (100:1) was unsuccessful in stopoielydivision (Figure

4.8A).

This is consistent witthe large reduction of -Eell activation observed after exposure to the LEOS
deficient mutant at ratios of 1:1 and 10:1; an effect which disappeared at the highest ratio of
100:1 bacteria per cell (Figure 483.

In addition, no statistical differensewere found among the same ratios for both of wild type
strains MC58 or H44/76 and the L@&icient mutant, neither for proliferation nor for activation.
Therefore, we can conclude that LOS does not play a critical role in the suppression mechanism

induced byN. meningitidis
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Figure 4.7: Insertiorof the kanamycin cassetteto the IpxA genewas confirmed by PCR

From left to right:HyperLadder (Bioline)p¥A knockout mutant (LOS deficient strain), parental
wild type strain H44/76, wild type strain MC58, HyperLadder (Bioline).

For the 3 strains, genomic DNA was isolated using the E.Z.N.A. Bacterial DNA protocol and
F2tf26Ay3 Y ydzF | (Beitizl BNWMIKE, OMBGA Bkt Z0nighly2 spetific PCR
NEIFOGA2Yy 61 & | OKASOSR dzaAy3a w xt 2F 5b! GSYLX |
PCR cycles were run under the next conditions: initial denaturatiodC 96r 1 minute,
denaturation 958C br 15 seconds, annealing %5 for 15 seconds and extension°@2for 10

seconds. Primers for the IpxA gene segment included the insertion site for the kanamycin cassette:

IpxA_F- TGACCCTCATCCACCCGAPKIGR GCGGTAAAACCGTTGCGGCG.

A 1% garose gel wakadedwith the PCR productand ran for 90 miates at 70 volts. Finally,
DNA bands were stained with ethididsnomide and revealed.
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Figure 4.8: LOS i®t the mechanism of suppression. L&@gficient meningococci inhibiCD4 T-
cell proliferation and activatia just as wild type strains do

A. Proliferation CD#4T-cells reported as division inde. Activation CD4 T-cells expression of

the CD25 markeas median fluorescence intensity (MFI). Bars represeamiand SEM; n=6 for

MC58 and LOS mutant, n=4 for H44/P&iredANOVAS5 dzy' y SG G Q& adzZ GAME S / 2 YLI N
h / 5 dps @010.05, **p= 0.0010.01, ***p=<0.001, ns= not significant.

For 96 hours PBMCs were stimulated with plat@ dzy’ R " jugind) an@l exgpased to PF fixed

bacteria N. meningitidiswild type MC58strain (blue bars)LOSdeficient strain-lpxA knockout

mutant (@reenbars) or parental wild type strain H44/{purple bas). For all groups, ratios of 1:1,

MAYM YR mMmanYm oFOGSNARF LISNJI OSttd wSR o6FNJ O2y il A
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4.6 OMVSCONTAIN THESUPPRESSIVEACTOR

To discoverif the suppressor element was contained within the outer meamws of the
meningococcus, we conducted a more specific approach by using purified outer membrane
vesicles(OMVsha+a FFNB WofSo0aQ 2F GKS oF OGSNAIE 2dziSN
of phospholipids, LOS and outeembrane proteins (section 1.2.4.6

Assuming that the suppressive bacterial factor could be contained inside the vesicles, different
concentrations of purified OMVs frol. meningitidisvild type strain MC58 (section 2.8 wgre

added directly to PBMCs and incubated over 4 days in theepe of TOSt t a G AYdzZ | GA2Yy
plate-bound).

Because it is expected that secreted OMVs will contain part of the bacterial capsugnaad
capsular polysaccharides are the major example of Tl type 2 antigens, we decided to include non
capsulatedNeisseriaOMVs within this experiment. The related npathogenicN. lactamica
differs stricturally fromN. meningitidisn the absence of capsu{&im et al. 1989)ndeed, OMVs
from this organism were ideal to be assessed under the same conditions. Arange of
concentrations were tested along this assay, going from 0.001 up to 50 pg/ml in the case of

meningococcal OMVs and from 0.001 to 25 pug/ml for lactamica OMVs.

It is apparentfrom Figure 4.9A that proliferationof CD4 T-cells was dramaticallynpaired by
both N.lactamicaand N.meningitidisOMVs irrespective of the concentration. Even the smallest

concentration of OMVs (0.001 pug/ml) was sufficient to achieve significance.

Similarly, expression of thecell activation marker was clearly reduced M.meningitidisand
N.lactamicaOMVs in a dosdependent fashion. All concenmations, apart from the lowest

reported significanRA F FSNBYy OSa O2YLI NBR (G2 GKS h/50 O2yidN
(Figure 4.9B)

These results indicate that purifigdMVs from bothN. meningitidisand N. lactamica contain an
outer membrane component capable of inhibitingcdll proliferation and activation in a similar
manner to whole fixed bacteria. In additioN. lactamicaOMVs allowed indirect exclusion of
capsuleinvolvement within this assay as no significant differences were found between the

concentrations of OMVs from meningococcus and lactamica.

Taking an educated guess about the bacterial component responsible for inducing the suppressive

mechanism, we thoght on the outer membrane proteins as first candidafgections 1.2.4.4 and
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1.2.45). Therefore, we opted for heating the OMVs as a singgproach of protein

denaturalistion and exclusion of thermolabile elements.

Daa in Figure 4.10 reveals thieating of purified OMVs does not reverse the inhibitory effect on

CD4 T-cell responses, neither fdd. meningitidisnor for N. lactamica In comparison with our

dzadzt f h/ 50 O2yGNRfSX Fff 3ANRdzZIA O2yll Ayhbletd KSI (SR
irrespective of the concentration used (Figure 440 The same phenomenon was observed for

T-cell activation, as all the groups incubated with heated vesi€lpsrtedvery low expression of

CD25 against the positive control which was OMVs frigri(& 4.10B).

Overall, it appears that the suppressive factor is heat stable and that high temperatures are not

enough to ablate its inhibitory properties.
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Figure 4.9: OMV&om both N. meningitidisand N. lactamicacontain the suppressive factor.

A. Proliferation CD#T-cells reported as division indeB. Activation CD4 T-cells expression of

the CD25 marker as median fluorescence intensity (MFI). Bars represams and SEM, r=.

One wayANOVAS5 dzy' y S G Q& adzf (A MPMS 5/6R500H0.06) 52 Q00M.81A G ¢
*** p=<0.001, ns= not significant.

For 96 hours PBMCs were stimulated with plat@ dzy’' R " fughnd) andl exgased to different
concentrationsof purified OMVs, fromN. meningitidig(blue bars) or fromN. lactamica(green
oFNEO®D® wWSR 0FNJO2yidlAyAy3a h/50 yR y2 haz+xad NBL
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Figure 4.10: Thenhibitory effect on CD4T-cells is not reversed when OMVs are heated

A. Proliferation CD4T-cells reported as division inde®. Activation CD4T-cells expression of the CD25

marker as median fluorescendetensity (MFI). Bars represent means and SEMzdn©ne wayANOVA,

5dzy y S Qa adz GALEMN 5/0DYUIYNR & 2W FISNNR y& Q &p=6.0#0.66A LI S O2 Y L.
**p=0.0010.01, ***p=<0.001, ns= not significant.

For 96 hours PBMCs we stimulated with platebound hCD3 (0.2 pg/ml) and exposed different

concentrations of freslisolid barspr heated(square barspurified OMVs, fronN. meningitidigblue bars)

or fromN. lactamicggreen bars). On the day of the experiment, OMVs virmated at 100C for 15minutes

using a dry block heateRed bar containingCD3 and no OMVs represents {hasitive control.
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4.7 OPACITYPROTEIN INOTRESPONSIBLE FOR THHEPPRESSION

Given the fact that purified OMVs seem to contain the bacterial component responsible for
restraining Tcell proliferaton andactivation (section 4.6), we sought to determine whether a
common surface determinanopacity protein (Opa) is involvea the suppressiorA strong Opa
CEACAM interaction is important to facilitate adherence of capsuld@sseria spfo epithelal

cells and invasion into the blood streafBradley et al. 2005 Moreover, binding of Opa with
CEACAM1 has been previously reported to have inhibitory consequences in activation and

proliferation on HymphocytegSadarangani et al. 201 (section4.1)

To discover if Opa is a key element within the inhibitory mechanism, we carried out an assay to
evaluate the effect of an Opdeficient capsulated MC58/h18.18 variant (section 2.8.¢etpus
GKS gAf R (@&L)S al/ ptyulaied RBMES/ahd goifipnya Feryhsall moculum

of 0.1 bacteria per cell up to 100, the results from this experiment are shown in Figure 4.11.

Proliferation of CD4T lymphocytes had a dramatic fall of between 50 to 75% for all the groups
exposed to Opaleficient bacteria irrelation to the positive control (Figure 4.44). However

there were no significant differences among the bacterial ratios of thed@baient and the wild

type.

A very similar trend was observed with activation (Figure 4B)L1Again, both strains were not

different when similar pairs of inocula were compared.

To further exclude a role for Opa in the inhibition another @edicient strain from the same
MC58 bakground was examined. Unlike the strain used above, ¢Bi©padeficient bacteria
lacks of capsule (section 2.8.1.1), so we could examine a possible Tl type 2 effect driven by capsular

polysaccharides.

Figure 4.12A demonstrates that cell diven of T lynphocytes can be stopped by bacterial ratios
from 0.1 to 10 othe noncapsulated Opdaleficient strain. Although the inoculums 1:1 and 1:10
were not significant for -Tell activation, the smallest count 0.1 significantly restrained CD25

expression Figure.22-B.

In conclusion, these data support that Opa is not involved in leading suppression dff CD4

lymphocytes.
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Figure 4.11 Opa isnot the bacterial factor involved in the suppression mechanism of CD4
lymphocytes(1).

A. Proliferation CD#4T-cells reported as division indeR. Activation CD4 T-cells expression of

the CD25 marker as median fluorescence intensity (MFI). Baresent nears and SEM; n=5.
PairedANOVAS dzy' y S G Qa adzf A LE."S/ 5 @00, 3*p=y0.00¢004,0 6
*** p=<0.001, ns= not significant.

For 96 hours PBMCs were stimulated with plat@ dzy R " fugind) ardl exppased to PF fixed
baderia, N. meningitidisvild type MC58strain (blue barspr MC58/h18.18 Opaleficient strain
(greenbars). For all groups, ratios of 0.1:1, 1:1, 10:1 and 100:1 bacteria per cell. Red bar containing
h/50 YR y2 o6FOGSNAI NBLINBaSyGa (GKS LRaAAGAOS
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Figure 4.12 Opa isnot the bacterial factor involved in the suppression mechanism of CD4
lymphocytes(2).

A. Proliferation CD#4T-cells reported as division inde. Activation CD4 T-cells expression of

the CD25 marker as median fluorescence intensity (MFI). Bars represams rand SEM; n=8.
PairedANOVAS5 dzy' y S (1 Qa a dzf A L#."S/ 5 hdy@OL0NB, 2*p=y0.008004,0 6
*** n=<0.001, ns= not significant.

For 96 hours PBMCs were stimulated with plat@ dzy’ R " jugind) anil expased to PF fixed
non-capsulated MC58t2 Opadeficient bacteriagreenbars), at different ratios: 0.1:1, 1:1, 10:1

FYR mnann¥Ym o0FOGSNREF LISNJ OSt f eriawepresents lthBlposit®e/ (G | A y A
control.
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4.8 MENINGOCOCCUS DONST HAVE ADIRECTSUPPRESSIVEFFECT ON
PURIFIEDCD4 T-CELLS

To address the question whether bacteria acts directly on T lymphocytes, purifiedT€B’s
were incubated for 4 days with emingococciwild type MC58 strain) at ratio of 1:1 bacteria per

cell.

Primary human CD4-cells were enriched from fresh PBMCs using a negative selection kit (table
2.1), obtaining a final purity greater than 95% in all cases (FigureG).1Section 2.1.4 explains
GK& h/50kh/5HYy ReylIoSIRaA2dz$RBN LIBB T E6ANS RR8z8S NLINE f

activation on purified Tells.

Figure 4.13A shows that addition of the bacteria did not reduce the division index of purified CD4
T-cells. Similayl, expression of the activation marker was not altered by exposure to the

meningococcus (Figure 4-8).

Indeed, we have provided evidence to confirm thdit meningitidisis not suppressing-dell

responses by a direct interaction.
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Figure 4.13N. meningitidisdoes not have a direct suppressive effect on purified CD4ells.

A. Proliferation of enriched CD4l-cells reported as division indeB. Activation of enriched CD4
T-cells expression of the CD25 marker as median fluorescence intensity (MFI). Lines represent

means, n=5Paired studentt-test. *p= 0.020.05, **p= 0.0010.01, ***p= <0.001,

ns= not

significant.C. Dot plot examples of pmary human enriched CD4T-cells illustrating purity
greater than 95%CD4 cells & axis=CD4APQ vsCD19 cells §- axis=CD19 PE €%). Plots are
representative examples from 2 donors.

Primary CD#4T-cells were enriched by negative selection from PBMCs and stimulated with

h/ 50kh/ 5HY
type MC58 strain (1:1 bacteria per cell).
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4.9 N. MENINGITIDIDOESNOT INDUCE ASUPRESSIVIPHENOTYPE OB
LYMPHOCYTES

We next explord the role of B lymphocytes within the suppression mechanism induced by
meningococciAlthough section 4.3 demonstrates that the presence of small bacterial counts are
unable to trigger a substantiagtimulation of CD19B-cells, we carried out an experiment with

purified populations to further exclude any involvement of B lymphocytes.

Figure 4.14 illustrates the methodology followed for this assay. Briefly,” Tiodlls were

negatively selected frolfF NBa K t.a/a YR aidAYdzZ | SR 6A0GK h/ 50
Simultaneously, PBMCs were exposed to eifdemeningitidigstrain MC58 at ratio of 1:1) or

RPMI media (as negative control) for a period of 24 hours. From those PBMCs groupgs, CD19

and/or C20* B lymphocytes were enriched by negative selection (table 2.1) and theunltoed

with the purified CD#% T-cells on day 1. In eculture, a physiological proportion of one B

lymphocyte per six T lymphocytes was chosen for this assay (explainediam 3=c).

We have previously reported in section 3.8 that enriched nongmtévated B lymphocytes can
stop the division index of CD% lymphocytes in coulture, maybe due to spontaneous activiity

vitro of natural Bregulatory cells. Using different kmteers and in a posterior assay, Figure 4.16

A reinforces such phenomenon as addition of non stimulated purifiedlB to a pure culture of
T-cells resulted in a significant drop in proliferation. But what is relevant for this experiment is that
enriched Bcells which were primed with a small inoculum of meningococci did not achieve a

further inhibition (Figures 4.15 and 4-19.

Activation of purified CD4l' lymphocytes was not significantly affected by any of the two co
culture conditions. Neither on-stimulated nor meningococcestimulated Bcells reduced
expression of CD25 (figures 4.15 and 4)6This may be due to an early ongoing activation
signalling from day O (prior exulture), which ledo an irreversible expression of thec€ll surface

marker despite contact with B lymphocytes.

In summary, we can infer th&t. meningitidisloes not act by inducing a suppressive phenotype

on B lymphocytes, as seems the case for Tl type 2 mimics
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Figure 4.14Schematiaepresentation ofthe experimental protocolinvolving purified T and B

lymphocytes in the presence df. meningitidis

Enriched CD4T lymphocytes were obtained from PBMCs on day 0, following stimulation with

h/50kh/5Hy ReylIroSIRa® hy

iKS

a lrasé&hceRirabsEncaof a / &

PFN. meningitidisstrain MC58, ratio of 1:1 bacteria per cell. After a 24 hours period, non pre
activated Bcells and preactivated Bcells were enriched and emultured with the purified CD4
T-cells. Finally, 3 more days were alkxhin coculture before analysis. Although is not illustrated

within this schema, a well containing only enriche®® f f

a positive control.

a

LJ dza

T= CD4T-cell, B= Rell, pB= MC58 practivated Bcell, X= accessory cell.

h/ 50kh/ 5HY
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Figure 4.15Examplesof overlaid histograms illustratingT-cell responses following incubation
with hCD3h CD28 dynabeadplus non preactivated and meningococcus piactivated Bcells.

A. Proliferation assessed by the CFSE dilution methtiee x axis represents intensity of CFSE
fluorescenceand the y axi®o of maximumB. Activation as MFI of CD25 expressithe x xis
represents intensity of CDZBE, while the y axis % of maximun.Dot plot illustrating purity of
enriched CDAT and CD19B lymphocytes.

T= CD4T-cell, B= Rell, pB= MC58 practivated Bcell.
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Figure 4.16N. meningitidisdoes not induce a suppressive phenotype oAyBphocytes.

A. Proliferation of enriched CDZ4-cells reported as division indeB. Activation of enriched CD4
T-cells expression of the CD25 nkar as median fluorescencatensity (MFI). Bars represent
meansand SEMn=8.Paired ANOVARonferroni's Multiple Comparison Tesp= 0.020.05, **p=
0.0020.01, ***p=<0.001, ns= not significant.

All onditions were stimulated witth CD3M CD28 dynabeads (1ratio). Primary CD4T and B
lymphocytes were enriched by negative selection from PBMCs. In red, control group containing T
cells alone. In blue, eculture of T and non practivated Bcells.In green, ceculture of T and pre
activated Bcells, after 2ours exposure ttN. meningitidigratio 1:1).

T= CD4T-cell, B= Rell, pBaMC58pre-activated Bcell.
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4.10 B LYMPHOCYTES ARNOT IMPLICATED IN MENINGOCCUSNDUCED
SUPPRESSION

Throughout this Chapter, it has been shown tleat bacterial counts bmeningococci (ratios 1:1
and 10:1) do not induce proliferation or activation of B lymphocytes (section 4.3) and do not seem

to generate a suppressive phenotype on those cells either (section 4.9).

To definitely exclude any role of B lymphocytes, Chf8 CD20cells were depleted from fresh
PBMCs (section 2.2.2) and incubated for 4 days pldte-6 2 dzy R h / 50 LJ dza (KS dza dz
ratios. Simultaneously, whole PBMCs were treated under the same cargliéi® comparison

groups. Efficiency of this@&lldepletion was widely described in section @.1

As expected, removal of B lymphocytes did not reverse the negative effdttraEningitidison
CD4 T-cell proliferation (Figure 4.1-A). All bacterial inocula, including the largest 100:1,

diminished the @ision index of T lymphocytes.

From Figure 4.1B whichcompares activation of T lymphocytes frorrc@l depleted groups
against whole PBMC, is clear that CD25 expression also declined by at least 50% in the absence of

B lymphocytes irrespective of the bacterial count.

Moreover, there were no significant diffences among any of the meningococcal inocula from
whole PBMC or-Bell depleted PBMC, neither for proliferation nor for activation. Therefore, it is
concluded that B lymphocytes are not necessary to initiateNheneningitidissuppressive effect

on CD4T-cells.
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Figure 4.17N. meningitidissuppressiveproperties still occur with Bcell depleted PBMC

A. Proliferation CD#T-cells reported as division indeB. Activation CD4 T-cells expression of

the CD25 marker as median fluorescemuensity (MFI). Bars represent @ars and SEM, n= 5.

t I ANBR ! bhz! 3 . 2y FSNNEY ApQ 6.02@ 0% ~{pA00018.01/ *2p=LI NR & 2 )
<0.001, ns= not significant.

During 4 days, whole PBMC (in green) arceBdepleted PBMC (in pink) were stimulated with

h / 50 -bdulidD.§ugml) and meningococcus (strain MC58) at ratios of 1, 10 and 100 bacteria

per cell. Under each condition,saing & O2y Gt AyAy3 y2 oF OGSNAF NBLINE
(filled bars).
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4.11 MONOCYTESRIMED WITHN. MENINGITIDISDO NOT SUPPRESS
PURIFIEDCD4 T-CELLS

Since B lymphocytes did not appear to be the main cell type responding to meningococcus
stimulation, at this stage it was logical to explore thele of specialisd cells in bacterial
recognition. Monocytes are highly capable of phagocytosis and recognition of bacterial
components (sections 1.2.4 and 4.1). They also present antigenic peptidégnpfocytes and
are major producers of cytokines, thus eliciting the cooperation between the innate and acquired

immune systems.

A very similar protocol to the one used in section 4.9 was followed to investigate the role of

monocytes in our systenurified CD4T-cells were enriched from PBMCs by negative selection

2y RId8 n FyYR adAaYdzZ I §SR 6A0GK h/ 50kh/5Hy ReYylIoSt R
either N. meningitidigstrain MC58 at ratio of 1:1) or RPMI media (as negative control) fati@dpe

of 24 hours. Then, CD1¢honocytes were negatively selected from those PBMCs as described in

section 2.1.1. Finally, purified monocytes and purified T lymphocytes wetalttoed on day 1,

leaving 3 more days in incubation before analysis. The T:monocyte ratio of 6:1 was bhssdn

on normal ranges within peripheral blood of healtults (explained in section1®). Figure 4.18

gives a schematic representation of the methodology applied.

Datain Figure 418 dem2 Y A i NI 1S4 (KS RAGA&AZ2Y AYRIET2F h/ 50k
lymphocytes alone and in emlture with CD14monocytes (the later with and without exposure

to N. meningitidi¥. In agreement with data described section 313, coculture with non

stimulated monocytes reduced-cell proliferation by around 50%ompared to the sample

containing Tcells alone. However, such inhibition does not seem to be associated with exposure

to meningococci, as the monocytes exposed to the bacteria failed to induce a deeper inhibition of

cell division.

Unlike previous experimés, there was a small but significant increase in activation in the sample
containing meningococcestimulated monocytes as compared to the control group (Figure-4.19
B).No significant difference was observed between thestimulated and stimulated morayte

groups.

In summarypurified CD14 monocytes primed wititN. meningitidisvere incapable of restraining

T-cell proliferation or activation in pure eculture.
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Figure 4.18: Schematicepresentation of the experimental protocol involving purifiedr
lymphocytes andnonocytesin the presence ofN. meningitidis

Enriched CD4T lymphocytes were obtained from PBMCs on day 0, following stimulation with
h/50kh/5Hy ReYyFI6SIFIRa® hy (GKS aryvyS RIFI&X t.ala ¢
meningococas strain MC58 ratio of 1:1 bacteria per cell, over a 24 hours period. Then, non pre
activated monocytes and practivated monocytes were enriched and-coltured with the

purified CD4 T-cells. Although is not illustrated within this schema, a positive control group
includingTOSt ta t2yS IyR h/50kh/5Hy REeYylFIoSIFIRa& gl a .

T= CD4T-cell, M= monocyte, pM= MC58 peetivated monocyte.
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Figure 4.19: Purifie€D14 monocytes primed withN. meningitidiswere incapable of restraining
T-cell proliferation or activation in pure ceculture.

A. Proliferation of enriched CDZ4-cells reported as division indeB. Activation of enriched CD4

T-cells expression of the CD25 marker as median fluorescanteasity (MFI). Burs represent

means and SEM, n=Baired ANOVA, 2 Y TFSNNR VA Q& a dzf éps 0BEG05/9dY LI NR a2y
0.001-0.01, ***p=<0.001, ns= not signdant.

Primary CD4T lymphocytes and monocytes were enriched by negative selection from PBMCs and
all conditions were stimulated withCD3/ CD28 dynabeads. In red, cortgroup containing T

cells only In blue, ceculture of T and nosstimulatedmonocytes.In green, ceculture of T andN.
meningitidispre-activated monocytes.

T= CD4T-cell, M= monocyte, pMMC58pre-activated monocyte.
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4.12MONOCYTES AHREQUIREDOD O INDUCET-CELLRESPONSES T LARGE
MENINGOCcOCCUROCULUMOF100:1BACTERIA PEGELL

Sections 1.2.4 and 4.1 explain that marfiyhe N. meningitidis sppomponents are detected and
trigger cell signallingia pattern recognition receptors, such as the membrane receptor CD14 and

TLRs (TR 2 and 4) expressed on monocytes.

To further onfirm that monocytes were not responsible for the inhibition after exposure to
meningococcusCD14 monocytes were depleted from the PBMC fraction using a positive
selection protocol (section 2.2.2). In this manner, almost absolute monocyte removal 146 C
cells left) was achieved (Figure 429 Whole PBMC as well as the monocyte depletion fraction
were stimulated with plateboundh CD3 and the usual PF wild type meningococci inocula 1:1, 10:1

and 100:1 bacteria per cell.

As compared with whole PBMCGK 8 LJ2 a A (i A @S -n® Ragteridy Bff the dnbnodyte
depleted fraction shows a small drop in the proliferation and activation of Tiodlls. Therefore

it is more difficult to determine the degree of suppression occurring with the smallest
meningococcs ratio (Figure 4.20). If individual donors and their patterns are considered, then we
can suggest that even in the absence of monocytes the suppressiecetifrésponses still occurs.
However, more repeats are necessary to clarify whether monocyte ram@werse theN.
meningitidissuppressive effect at the ratio of 1:1 bacteria per cell. In contrast, the fact that
monocyte depletion blocks -Gell proliferation and activation against the largest bacterial

inoculum (100:1) was an evident finding (Figdr20).
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Figure 4.20: Monocytesare requiredto induce TFcell responses to a large meningococcus
inoculum of 100:1 bacteria per cell

A. Proliferation CD4T-cells reported as division indeR. Activation CD4 T-cells expression of

the CD25 marker as median fluoresceintensity (MFI).C.Representativedot plot exampleof

the efficiency of thedepletion protocol at day 4non-stimulated cells; x-axis FS®@ and yaxis

CD14 (Pacific bluelines represent rears, n=3.

During 4 days, whole PBMC (in green) and monocyte depleted PBMC (in pink) were stimulated

g AGK "/ Haund®.Big/miji #d meningococcus (strain MC58) at ratios of 1ard® 100

oF OGSNARAI LISNJ OStftd ! yRSNI SIOK O2yRAGAZ2Y I al YLIX
positive control.
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4.13 N.MENINGITIDI®OESNOTREQUIRENK CELLS T®GUPPRESED4 T
LYMPHOCYTES

NK cells were also studied because it has been repdhatda distinct small fraction of NK cells
can exert downregulatory actions on CO4ymphocytes, in a similar manner as T{i@gniz et al.
2008)

Similarly to the experimentgerformed in sections 4.10 and 4.12, CDBK cells were depleted
from the PBMGraction applying a positive selection procedure (section 2.2.2), allowing almost
absolute NK removal (<1% CD%glls left) (Figure 4.2C). Whole PBMC as well as the NK
depletion fraction were stimulated with plateoundh CD3 in the presence of the ttealifferent

PF meningococci ratios (1:1, 10:1 and 100:1) and incubated for a period of 4 days.

Figure 4.21A shows that in the absence of NK cells low bacterial counts of 1 and 10 restrain
division of CD4T lymphocytes, in a similar manner to whole PBMontrast, the NK depletion
effect is not so clear for the expression of the activation marker CD25 (Figur8}.2tthough
more repeats are needed, if we consider individual donors and their patterns NKdoetist
appear essential in suppressingdll activation either. A clear observation was the fact that in
comparison with whole PBMC, NK depletion appears to enhance sligbélly groliferation and
FOGAD@IGAR2Y (2 h/50 aAGAYdZ I GA2Yy ®
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Figure 4.21N. meningitidis suppressiveproperties still occur ilNK depleted PBMC

A. Proliferation CD#T-cells reported as division inde®B. Activation CD4 T-cells expression of

the CD25 markersamedian fluorescencatensity (MFI).C.Representativedot plot exampleof

the efficiency of thedepletion protocol at day 4 nonstimulated cells;x-axis FS@ and yaxis
CD56 (Brilliant Violet 510). Lines represeams, n=3.

5d2NAy3 n RI&az ¢gK2fS t.a/ oAy 3ANBSYyOL |yR by
(plate-bound 0.3ug/ml) and meningococcus (strain MC58) at ratios of 1, 10 and 100 bacteria per

cell. Under each condition, samples containing no bacteriaregiése 1 KS h/ 50 L2 aAGA D
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4.14THEMECHANISM BY WHIGH. MENINGITIDISUPPRESS LYMPHOCYTES
APPEARS TBE CELECONTACTDEPENDENT

To investigate whether soluble factors were intervening and whether cell contact was essential

within the suppression echanism, a supernatant transfer experiment was designed.

As usual, CD4T lymphocytes were enriched on day 0 from fresh PBMC and stimulated with

h/ 5okh/ 5HYy .AR&séctiodsl4R and 4.1RBMCs were either exposed or notlb
meningitidis (MC58 strain, ratio of 1:1). After 24 hours incubation, supernatants from-non
stimulated PMBC or froomeningococcugrimed PBMC were transferred to wells containing the

purified T lymphocytes. @y 200> f 2 F & dzLISNY I G yd 6SNB G NdeydaTSNN
usual RPMI preparation to complete a final volume of 500 LISNJ 6 St t = 6SNB | f NB
day 0 when purified CD4l-cells were seeded. In total, from the point at whickedlls were

enriched and stimulated (day 0), 4 dafdncubation passed before flow cytometric analysis.

From Figure 4.22 which represents the proliferation of that supernatant from PBMC exposed to
meningococcus purified CD# lymphocytes, it is confirmed that the supernatant does not contain
asolubleF  OG2NJ OF LI 68 2F NBAGNIAYyAy3I OStft RADAEAZ
resulted in a significant increase ot@&ll proliferation as compared with the control group. Since

the supernatant from nosstimulated PBMC also showed the sainend, this is probably an

incidental feature unrelated t&\. meningitidigpriming.

Neither significant reduction nor increase was observed for the expression of the activation
marker CD25 in any of the groups (Figure 822No differences were detected in samples

containing supernatantgersushe control containing purifie€D4 T lynphocytes alone.

Overall we have not found evidence to suspect of a soluble suppressive factor being released by

PBMCs, at least not at the initial 24 hours after exposurd.tmeningitidis
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Figure 4.22: Supernataritom PBMCprimed for 24 hours withN. meningitidisdoesnot suppress
CD4 T-cell responses

A. Proliferation of enriched CDZ-cells reported as division indeB. Activation of enriched CD4

T-cells expression of th&€D25 mater as median fluorescence intensityiFI). Bars represent

means and SEM, n=Baired ANOVA, 2 Y TSNNR Y A Q& a dzf épk0B1G05/*pY LI NR a2y
0.002-0.01, ***p=<0.001, ns= not significant.

Primary CD4T lymphocytes were enriched Imggative selection from PBMCs and alhditions
were stimulated withh CD3h CD28 dynabeads. In red (solid bar), control group containicel§
alone. In blue T-cells plus superatant from nonstimulated PBMCIn green T-cells plus
supernatant fromPBMQrimedwith N. meningitidigratio 11).
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4.15 N.MENINGITIDIENHANCESH1 CYTOKINES ANH-10 PRODUCTION
BUuT SUPPRESSER12 CYTOKINES

To address whether the different ratios Bf meningitidisnducea change in cytokine profiles,
samples from 6 randonly chosen volunteers were anafg to determine cytokines

concentrations wthin cell culture supernatants.

PBMCsvere stimulated with plated 2 dzyCR3 plushe usualratios ofwild type N. meningitidis
(strain MC58 0.1, 1,10 and 100 bacteria peell. Nonstimulated PBMCs werused as negative
O 2 y (i N2PCD3stimfilRted"PBMCs as positive control. Superntgamere collectedit the time

of cell harvest (after 4 days incubation) and wetered frozen at20°C until the day of analysis.

Concentraions of 10 cytokines were determined simultaneously by a multiplex cytometric bead
FNNF &8 6aSO0GA2Y HPTO® ! OO2NRAY3I (G2 GKKISSHYIE[Y dzF | O
6, I:8, IL:10, 1:12p70, IE13, [17A, IFN | YR GBODS aslirepatmdinRg/miAfter

the beginning of this study it was decided that supernatants should be tested for TGF I @S NEB
unstable molecule, but the supernatants had been stored in such a way that it was impossible to

do this assay.

Several differencewere found among the different inocula and in comparison with the positive

control containing no meningococcus (Figure 4.23).

Il-m 1 36 amd[IE8 were overproduced in the presence &f. meningitidiand were found to have

a similar pattern. In comparisod A G K 0 KS L-3@nukatédicgnfol, saimples containing

0.1:1, 1:1 and 10:1 bacteria per cell had increased levélsaodnd IE3 up to 35 and 4 times more,
respectively. Only the sample with the largest bacterial count of 100:1 did not showificsigt

rise in IL6 or I8 levels. Similarly, 17 LINR RdzOG A2y ¢ & ZFodS)lwhene | dz3Y
PBMCs were exposed kb meningitidisounts equal or larger than 1:1. In contrast, botb land

IL-13 concentrations decreased dramatically in athples containing meningococci, irrespective

of the size of the inoculum.

As compared with the positive control, IFN F Yy R  ¢C2G/ OSY (i N} G A2y a KIFR Iy
proportional to the number of meningococci. TNF LINR RdzOG A2y &l & &aA3IYATFA
samples containing 10:1 and 100:1 bacteria per cell, whilst IFNg | & 2y f & aA3IyATFAC

sample with the largest ratio.
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Interestingly, about 3 times higher1I0 concentrations were detected in the presence of bacterial
counts of 1:1 and 10:1. Thargest inoculum of 100:1 reverse this effect, as no significant

difference existed between this sample and the positive control.

IL-12p70 remained unaffected, minimal concentrations were detected across all conditions
(including the norstimulated conditim) and no significant differences were found. Although IL
17 appears to be reduced by small meningococci inocula, none of the groups demonstrated

significant differences against the positive control.

In summary, these results suggest that bacterial ¢egh0:1 meningococcus induce polaaigon

towards Tl cytokines, abolishment ofZ responses and a simultaneous overproduction-dfdL
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Figure 4.23N. meningitidisinduces 1 cytokines and H10 production, but blocks q2 cytokines.

PBMCs were stimulated with plate 2 dzy’ R

h /50

LJt dza

RA T RSmeBingitidis(stdaiti A 2 &

MC58): 0.1, 1, 10 and 100 bacteria per cell. Supemataere collected on dag and stored at-20°C.

Cytokines assayed by Cytometric Bead Array. Bars represent means and SEM, n=6.FP&ired! >

Multiple Comparison Test$.h / 5 dpg @010.05, **p= 0.0010.01, ***p=<0.001, ns= not significang

t . a /-céll stmulatibndred)NT meninggidisTPF fixed atatiosof 1:1,
10:1 and 100:1 bacteria per cell (blue).

VE=nona G4 A YdzZf | G§ SR
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4.16 T-CELLSUPPRESSIONNDUCED BYN. MENINGITIDISIS PARTIALLY
REVERTED BN.-10 BLOCKING

Sincesection 4.15 demonstrated an elevatedlQ production in those samples containing small
inocula of meningococcus, it was necessary to address whether the suppression-ias IL

dependent.

For this set of experiments -Il0 blocking was achieved using a functional grade-la+itd

Y2y 20f 2y f -10)eBidsdeicR @onedJEHAIT), added directly to the wells containing

h CD3 pludN. meningitidisat 1:1 bacteria per cell. Three differe®t2 y OSy (i NI -fiodmerg & 2 F h L
G§SaGSR o0pX MnX Hn x3IkYEO | YR -10ahebodliecontrd A yad

(hCDg3stimulated and no bacteria).

Figure 4.24A shows that addition df L-10partially restored the inhibition of CDZ lymphocytes.
Bven the smallest 10 concentration of 5ug/ml was sufficient to significantly increase the
division index of Tellsas compared with the group containing meningococcus buthn@1pD.
However, IE10 blocking was not sufficient to compddy reverse the inhibition induced by.
meningitidisand a significant difference persisted against the positive control that did not contain

bacteria.

On the other hand, expression of thecg&ll activation marker CD25 was not significantly increased
byl y & 2 F10@&de@ntriatior]s in comparison with the sample exposel.tmeningitidibut
without IL-10 blocking Eigure 4.248).

¢CKS FRRAGAZ2YFE O2y i NP0 did nbtsigrdtitantlj éRancadipioieration 5 0 | y R

or activation of CD4T-cells.
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Figure 4.24: Tell suppressiorinduced byN. meningitidiswas partially revertedby anti- IL-10
antibody.

A. Proliferation CD#T-cells reported as division indef. Activation CD4T-cells expression of the

CD25 marker as median fluorescence intensity (MFI). Bars represent means and SEM, n=6. Paired
ANOVA, Bonferroni's Multiple Comparison T&pt0.05, **p<0.01, ***p<0.001, ns= nosignificant.

PBMCs were stimulated withCD3 (platebound 0.2ug/ml), in the presence of ME meningitidigratio

1:1) and one of the following:IL-10 at 5, 10 or 20 pg/ml (blue bars). The group contaihi@®3 only
represents the positive control (refdled bar), while the group containifgCD3N. meningitidigratio

1:1) (green filled bar) provides the baseline of suppression to compare against. The additional control
sample containing CD3N .meningitidis+ [1-10 at 10 pg/ml is also showrréd empty bar).
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4.17 THESUPPRESSIMEFFECTSNOTEXCLUSIVE TN. MENINGITIDIS

We were particularly interested to determine whether the suppression phenomenon was
exclusive td\N. meningitidisTherefore, we examined a different Gram negative organism and also

a Gram positive organism in relation to the response observed with meningococcus (MC58 strain).

Over a period o4 days, PBMCs were stimulated with pkite2 dzy R h/ 50 Ay (GKS
different bacterial counts of the Gram positive organiStneptococcupneumoniae wild type

strain D39 (section 2.8.2) and the nrpathogenic Gram negatiéscherichia colyild typestrain

ATCC 2592@&ection 2.8.3).

As can be seen in Figure 4.85E. colihad a very similar inhibitory trend in comparison o
meningitidis The smallest bacterial inoculuned 0.1 and 1 bacteria per cell were the most
effective in reducing proliferation of CD# lymphocytes, whilst large inocula of 10 and 100 failed
to stop cell division. Interestingly, the Gram positive orgarfis penumoniagenerated an inverse
pattern, in which only large bacterial counts of 10 and 100 were capable of restraitely T

proliferation.

A very similar pattern igeflected in Figure 4.2B, again small bacterial inocula froh.
meningitidisand E. colinduced a dramatic fall in-Gell activation. But again a different pattern
was observed witls. pneumoniaeyith the largest ratio of 10®acteria per cell being the most

effective in decreasing CD#cell activation.

In summary, we have prakéd evidence to shovthat the suppressive effect is exhibited by
bacteria other tharN. meningitidis (E.coli and S. pneumoniaéfough the resultant inhibition is

dose sensitive andhight varyamongGram positive and Gram negatigeganisms.
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Figure 4.25The suppressive effect is exhibited by bacteria other tHdnmeningitidis (E.coli and

S. pneumoniag although the resultant inhibition is dose sensitive and varies among organisms.

A. Proliferation CD#4T-cells reported as division inde. Activation CD4 T-cells expression of

the CD25 marker as median fluorescemansity (MFI). Bars represent @arns and SEM; n=9.
PairedANOVAS dzy Yy S0 G Q& a dzf G A L#."S/ 5 par@OLONB, £*p=y0.008004,0 0o

*** n=<0.001, ns= not significant.

For 96 hours PBMCs were stimulated with plat@ dzy R h fugind) ardl exppased to PF fixed

bacteria N. meningitidigblue bars) E. col(greenbars) orS. pneumoniaépurple bars). Foall
IANRdzLJAZX NI GA24Y ndmMYMEI MYMZ manYm FYyR manyYm ol Ol
is the positive control.
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4.18 DisSCcUSSION

4.18.1 Main findings

Based on the findinggom chapter 3 in whictB-cell activation by Tl type 2 mimics resulted in
suppression of CD4I-cell responses, the work described in this fourth Chapter intended to
discover whether bacterial components or whole organisms that inducellBactivity in a T

independent fashionauld also restrain proliferation and activation of T lymphocytes.

We were able to demonstrate that paraformaldehyde fixédmneningitidiss capable of inhibiting
TCRnduced proliferation and activation of CD®cells. A deep suppression otéll reponses,
O2YLI NFXo6fS (2 (KSI520¢S 226CCHIMNANSHRRUGEREIBRMCY whére
incubatedwith low bacterial counts (0.1:1, 1:1 and 10:1 bacteria per cell). However, in contrast
g A (-KDEX those bacterial inocula failed to trigger prodif@m or activation of B lymphocytes
(section 4.3.1). Interestingly, we found that incubation with a large bacterial count (100:1 bacteria
per cell) results in a strongdll proliferation and activation but does not reduce proliferation or
activation ofCD4 T lymphocytes (section 4.3.1). It can be surmised that a large bacterial load
enhances bystander primflammatory activity among accessory cells and overcomes the
inhibitory phenomenon. Overall, these findings suggest that tleellTsuppression obseed in

the presence of low numbers ™. meningitidisvas not related to enhanced-&ll activity as
seems the case for the-fpe Il mimics, and so revealed the existence of another underlying
mechanism of action. In support, no synergy was observed WhefDEX and low counts of

meningococcus were added together (section 4.3.2).

Since a range of 4.a10.00 x16leukocytes per ml is considered normal in human peripheral blood
and from those around 40% are PBMCs, all our experiments performed with® PBMCs per
condition could offer a clinical insight regarding the different bacterial inocula used in these
experiments. Hence, our ratio of 1:1 bacteria per cell (1*ka6teria) could be closely related to

an MOI of 1 in relation to the number of PBM@s<liml of blood. Moreover, our largest ratio of
100:1 bacteria per PBMC reflects the previously reported count of abadIN. meningitidis

DNA copies per ml of plasma among patients with fiaémt meningococcal septicaen(@vstebg

et al. 2004) Of clnical relevance is the fact that the numberé¢isseriaDNA copies determined

by quantitative PCR positively correlates with the severity and prognosis of systemic

meningococcal diseag®arton et al. 2011vstebg et al. 2004 ackett et al. 2002)
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Purified capsular polysaccharides were initially considered as the optimal modeté&ir B type

2 activation and proliferatiorfBrunswick et al. 19§8However, it was later discovered that-co
stimulatory pathwaywia TLR signalling, TCR crbskingor certain cytokines were necessary to
achieve Ig switching and fulld@ll maturation(Pecanha et al. 199Becanha et al. 1991Recently,

the Snapper groupArjunaraja et al. 2013)iscovered that polysaccharides present on whole heat
inactivated meningcoccus serotype C can elicit ianvivoprimary Findependent response with
mainly IgM secretion, but also &dependent like response with lg@aetion after secondary
immunisation. They demonstrated TtRinvolvement within the primary response, whiBD40,
CD28 and ICOS interactions were critical for the boosted secondary response. Together with other
YAONR2NBI YA &YaQ SSpadmunidetit deXpertdgdaipKeontiudles that purified
polysaccharides behave differently from those found on theasgrof intact bacteria, which could
trigger a late TD response due to covalent attachment to immunogenic outer membrane proteins

(Snapper 2012)

Inthis chapter, we studied the role of polysaccharides by the use of twecapsaulated\Neisseria
spp the non-pathogenic norcapsulatedN. lactamica and the capsule and Opa deficient mutant
N. meningitidisstrain ¢2. As shown in sections 4.6 and 4.7, in compangtn wild type N.
meningitidis capsulelacking bacteria dmot seem to reverse the detrimental effect orcélls
Therefore it iqunlikely that TI type 2 Bell activation driven by capsular polysaccharidésne is

responsibleor the inhibition onCD4+ T lymphocytes.

The nextquestion addressed for this work waslated to NeisseriaLOS and its immunogenic
properties as endotoxin. Through binding with the complex CDILB4/MD-2 on antigen
presenting cells and leading downstream|NF | O (i(Aughlaiér Bty 200£Lridmore et al.

2003 Calvano et al. 200®ridmae et al. 200}, it is widely known that LOS is the main bacterial
constituent to induce secretion of pamflammatory cytokines such dism i 26, Ilk8[and TN

from monocytes and dendritic celfslellerud et al. 2008Unkmeir, Kdmmerer, et al. 200Rolb
Maurer et al. 2001)In support of such specific and fast inflammatory response, a clinical
association has been pointed out regarding the cocentration of LPS/LOS detected in plasma or
cerebrospinal fluid and the severity of meningococcal diseasaiinans(@vstebg et al. 2004
Brandtzaeg et al. 1989Sprong et al(2001) determined that 10 x1®meningococci (serogroup B
wild type strain H44/76) will contain approximately 1ng of LPS and reports that bacterial counts
of more than 10will be the mospotent stimuli forll-m iand TNFh production as compared with

purified LPS and a L@8&ficient mutant.
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In section 4.5 athis chapter, experiments performesith a LOSleficient mutant (bxA knockout)
proved that even in absolute lack of LOS, small irrootil and 10 bacteria per cell are still capable

of restraining proliferation and activation of CDHBcells in the same fashion as the parental wild
type strain. From this experiment it was also of relevance, the fact that the largest count of 100
LOSdeficient bacteria was still able to overcome the suppressive effect, refuting that LOS is
responsible for a restoration in cell division and expression of the activation marker. Having said
this, a large inoculum of this IpxA mutant ({0L0° bacteria) should still induce some secretion of
pro-inflammatory cytokinesvia TLR2 rather than TLR/MD-2 (Zughaier 2011Hellerud et al.

2008 Pridmore et al. 20G1ngalls et al. 2001presumably because of the presence of other outer

membrane protems (Pridmore et al. 2003

Polysaccharides and LOS interact in conjunction and in strict regulation to escape from the

immune system, and it can be postulated that the bacterium is adapted to suppresaddieged

immune activation to avoid recognition ardlling. For example, meningococcal serogroGp

capsular polysaccharide inhibits -B8uced It6 and TNE A SONB A2y FTNRY Y2y208@.
/' 5mMn I @FAfFOATAGE | yKocaind & Gl 20074 camPared with hahy | £ £ A y 3
capsulated strainsencapsulated strains induce a weakiks6, I1-8 and TNP a4 SONBiGA2y o8&
dendritic cells and monocytd&ocabas et al. 200Unkmeir, KAmmerer, et al. 200&iardina et

al. 200). Therefore, although neither the capsule nor LOS appeared to be individesplynsible

for the T-cell inhibition observed in our system, these data should be interpreted with caution as

we did not perform an experiment in which both capsule and LOS were absent.

Having excluded a direct involvement of meningococegdsule and LOS within the inhibitory
phenomenon, it was essential to investigate other bacterial components. Work published by
Hellerud et al(2008 andSprong et al(2001) is clear about notPS membrane structures that

also contribute to cytokine prattO G A2y YR ¢[w &aAdaylrfttAy3a gAGK bC
sections 1.2.4 and 4.1, mameisseria sppouter membrane proteins have been recognised as
immunogenic molecules an@iLR agonistsso they have been suggested as possible vaccine
candidateqHdst et al. 2009Giuliani et al. 2006PorB is the classical example of a strong specific
TLR2/TLR1 ligand, providing intracellular signal transductiona b C¢ i X 9NJ 2 Wy 1 2
phosphorylation and 1B secretion(Massari et al. 2006Massari et al. 2002 In addition, the
complexPorA/PorB has a synergistic immunogenic effect generating passive imrfMaizoa et

al. 2012. Other surface proteins that have proven induction of bactericidal antibodies include

factor H binding protein (fHbplNeisseriadhesin A (NadA) arideisseriaheparin binding antigen

(NHBA), all discovered by the novel approach of reverse vaccir@agiani et al. 2006nd now

integrated into the 4CMenB vaccindSerruto et al. 201R Indeed, irtact Neisseriaouter
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membrane vegles OMVs) which contain all those proteins across the outer membrane layer

represent an excellent tool for studying immune responses.

This chapter explored whether purified. meningitidisOMVs could have a similar inhibitory
activity as the one observed with intabacteria. Section 4.6 establishéésat Neisseriavesicles
contain the suppressive element and thus suggest an outer membrane location. Even in the
presence of very low OMVscd¢ G NI G A2y & OFNBY nodnnam >3IkYE O
was detected in proliferation and activation of CO4cells. Moreover, heating of OMVs did not
reverse the negative effect and implying that a heat stable factor is responsible. In panailel,
same experiment performed witN. lactamicaDMVs resulted in a very similar pattern, restraining
cell division of T lymphocytes and reducing expression of their activation mdirém
concentrations between. 00M | Y R 1 @ n mN. fagtlamEdisdnofi-dagsdaed and non
pathogenic microorganism, we could propose that the immunosuppression observed is not
related to the bacterial pathogenicity and certainly not to capsule or PorA expression, as they are

both absent inN. lactamicaTroncoso et al. @2 Kim et al. 198p

After a literature search, only one publication was found to report suppressioftell fesponses

by NeisseriaOMVs. Our results are consistent with thoseLef et al.(2007) who observed a
dosedependent reduction of cell numbgrand activation of TGRimulated CD#4T-cells in the
presence of meningococcal and gonorrhoeal OMVs, over a period of 120 hours. However, their
study was unable to detect the same phenomenon in those groups exposédaotamicaDMVs.

It seems possibléhat this discrepancy is due to phenotypic differences among the outer
membrane proteins present in thiactamicastrain Y92 1009 that we both usedaughan et al.
(2006)explains that some genes that encode outer membrane proteins such as Opa, are highly
phase variable and so it can be expected that protein expression will vary from one batch of
NeisseridOMVs to another. Perhaps, in our batci\bflactamicaODMVs the Opa framshift could

have been “on” while for them it was “off .

Grayh ¢ S yr@sgarch grop attributes such suppression o€D4 T-cells to binding of
meningococcal Opa proteins to the cellular receptor CEACAaAiloembryonic antigerelated

cell adhesion moleculd) expressed on-gells. Opais a major adhesin located at the eut
membrane ofNeisseria sppnd is involved in the contact with host cells and bacterial adherence
(Sadarangani et al. 201Carbonnelle et al2009 (section 1.2.4.4). Ophas showed to elicit
specific antibody production so is considered a good caneidatigen in vaccines against invasive
meningococcal diseasgCallaghan et al. 201Xallaghan et al. 20Q08Viertz et al. 1995 In

bacterial colonisation, Opa binds to CEACAMs expressed on epithelial cells and allows bacterial
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trancytosis into themucosalayer (section 1.2.2). CEACAM B member of the Ig CEACAM super
family and isthe only one present inhuman lymphocytes. Itontainstwo antagonist tyrosine
residues at the cytoplasmic tail; the activation motif (ITAM) will induce positive signeiting
tyrosine kinases, whilst thi@hibitory motif (ITIM) binds to tyrosine phosphatases and blocks cell
activation cascadefSadarangani et al. 2011Thus, a dualistic role is attributed to this receptor
and might be dependent on the CEACAML isoform exprksy the cel(Nagaishi et al. 2006
Chen & Shively 2004kxpression of CEACAML1 on Thdells is rapidly upregulated to the cell
surface after TCR crebisking and correlates with the degree of activati@oulton & GrayOwen
2002 Nakajima et al. 208) Kammerer et al. 1998

To our knowledge, Opa is the only protein within tReisseriaouter membrane layer that has
been linked to a downregulation of T@Rluced CD4T lymphocyte responses. Experiments
carried out with whole gonococeaind N. gonorrhoeaeor N. meningitidisOMVs, have suggested
that T-cell division and expression of the activation marker CD69 are restricted by an Opa
CEACAML1 interactiofLee et al. 2007Boulton & GrayOwen 2002 A proposed explanatory
theory is that crosdinking of CEACAML1 by Opa reclutes tyrosine phosphatase4 ShtPSHR,
leading to subsequent phosphorylation of ITIM and opposhuglTactivatiion(Lee et al. 2008
Chen & Shively 2004 However some published works have questioned such findings, as
antibodies against Opa can enhance di@&Riced activation of T lymphocytéKammerer et al.
1998 and vaccines containing Opa elicit an immune respg8adarangani et al. 201€allaghan

et al. 2011) RecentlyYoussef et al(2009)has showrthat a transitorysuppression may occur,

but at the end heakilled gonococciand its OMVs will induce sustained CD<ell proliferation

and cytokine production irrespective of the presence or absence of Opa.

Based on such evidence and since Opa proteins are present ilNbateningitidisandlactamica
(Toleman et al. 2001)wve decided to investigate whether Oplaficient meningococcus are still
capable of limiting proliferation and activation of CD<4ells.Analysis of twdN. meningitidiOpa
deficient strains (capsulated and ngapsulated) revealed a similar pattern to the wild type strain;
proliferation and activation of T lymphocytes hadramatic fall of between 50 to 75% among all
groups exposed to satl inoculums of Opdeficient bacteria (section 4.7Therefore, we have
provided evidence to believe that Opa is not the key repressive element under our experimental

conditions.

In order to clarify whether meningococcus acts directly on T lymphocyie4’ T-cells were
enriched from PBMCs and exposed to what we had considered an inhibitongningitididoad

(ratio 1:1 bacteria per cell). In contrast to the experiments performed with whole PBMC, this assay
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failed to restrain Icell division or CD2&xpression (section 4.8 herefore, we conclude that.

meningitidisdoes not directly suppress CDHcells.

Such finding differs from the ones publishedBiulton & GrayOwen(2002 who corroborated a
reduction of cell division and expression of CD69@RJtimulated purified CD4T-cells after
incubation with N. gonorrhoeaeexpressing a CEACAM1 spediiga However, important
differences can be pointed out between our assay and theirs; for example the useguriveocci
allowing infection for just 3 hours and the fact that they only observeITinhibition with an

inoculum larger than 50 bacteria/cell, reaching a maximal suppressive effect at 200 bacteria/ cell.

Other investigators have founthat APCscan downregulag T-cells if primed with bacterial
components. For exampl8ryn et al. (2008¥pund that LPS treated monocytes restratdlls by
induction of regulatory Foxpg3ymphocytesthrough a prostaglandin £Zdependent mechanism.
Similarly,exposure of dendriticells to different MOIs oN. gonorrhoeadrom 1 to 100 bacteria

per cell and over a 24 hours period, results in a elbspendent reduction of proliferation of
purified Fcells when put in ceulture (Zhu et al. 2012 Increased HLO levels within supemtants

and elevated PR ligand expression on dendritic cells, suggested anergy and/or apoptosis
induction as possible mechanisms of act{@hu et al. 201 In relation to the well known poor
immunogenic properties of group B meningococcal polysacchasadecent publication found
that murine Beells treated with meningococcal polysaccharide suffered a blockade-pfiNE ¢ A { K
downregulation ofcyclophilin ligand interactor (TACB-<cell activator factor (BAFFR) and the
proliferation ligand (APRIL); afl which are key molecules involved inntlependent activation,

Ig switching, maturation and survival of B lymphocyf€answal et al. 2011Yhus, we aimed to
investigate whetherN. meningitidiscould be affecting -Tells by first acting oAPCsin our

experimental model.

Coculture experiments between enriched T lymphocytes and enriched B lymphocytes or
monocytes were performed. Singpeiming of whole PBMC appeared to be essential to induce an

h - -DEXinhibitory phenotype on B lymphocytes (sixt 3.7), the sam@pproach was taken in
these assays. Thus, PBMCs were incubated with meningococbagietia cell) over a period of

24 hours before enrichment of CD1&nd/or CD20B-cells and CDI4nonocytes. Sections 4.9

and 4.11 describe that eculture of pure CD4T lymphocytes with either primed B lymphocytes

or primed monocytes do not reproduce the same negative phenomenon obses/adth whole
PBMCs. An overall reduction of cell division was clear, but this was independent of bacterial

priming
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Since the responsible cell type could be difficult to discover by-@ultare approach, we then
aimed for exclusion experiments in which B lymphocytes, monocytes and NK cells were depleted

from PBMCs before incubation with meningococci.

Chapter 3 hasalready discussed in detail how B lymphocytes might acquire a repressive
phenotype and downregulate T@fduce TFcell activation. In this chapter, it was demonstrated
that meningococcivere still able to stop proliferation and activation even after removiaB
lymphocytes (section 4.10). Indeed was concluded that Bells are not implicatedn the

mechanism by whicN. meningitidisuppresses CDZ-cells.

Monocytes are essential in bridging innate and adaptive immune responses, by presenting
antigens o T-cells and by secreting cytokines which stimulate T and B lymphocytes. From the total
CD14 monocyte population, 10% of them will also express CariLéheir surface. This CD16
monocyte subset is known as inflammatory because secretes more TNF y &R1-:10 &sa
compared with the CD1@lassical subsdZieglerHeitbrock et al. 201,0Geissmann et al. 200.3
Indeed, CD14CD16 monocytes have been associated with autoimmune diseases and severe
bacterial infectiongZieglerHeitbrock 200}. For exampleexpansion of CDX6nonocytes has
been reported in sepsigShalova et al. 201ZFingerle et al. 1993)In addition, @pletion of
inflammatory monocytes in mice, resulted in ineffectivéndiependent Bcell activity towards
pneumococcal polysaccharides antsca CD4 T-dependent IgG response to pneumococcal
proteins(Chen & Snapper 2013)he depletion protocol performed in this chapter selected and
removed all CDI4monocytes and so CD142D16 cells were also excludefiom the PBMC
fraction. Undeour experimental settingsN. meningitidisloesnot seemto depend on monocytes

to exert its inhibitory effectoutl €  NEASNJ a1 YL S 6AGK kh KEngtSNI 02y OS
be necessary to overcome the reduction on the baseline levelsell proliferation andctivation
(section 4.12). From this experiment we were able to confirm that monocytes are required to
induce TFcell responses to a large meningococcus inaoulin comparison with whole PBMC, the
monocyte depleted fraction did not show enhanced proliferation and CD25 expression after
exposure to 100:1 bacteria per cell (section 4.12). Because monocytes wilippgeveral of the
bacterial componentsia pattern recognition receptorsit was hypothesized that in the presence

of large number of meningococci monocytes will become activated and will induce-a pro

inflammatory state, activating bystander cells by cell contact and/or secretion of cytokines.

Simihkr to the T1 and T2 polaristion that derives from naive T helper cells (section 1.1.2.1), NK
cells undergo differentiation in the presence of2lor 11-4 into NK1 or NK2 subsets respectively

(Peritt et al. 1998)NK1 are producers of IPNX -CB&, TNF | YR [ ¢T KAt &d byYw L
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IFN' 0 dzii -5vaAdNE3 (Rehiz et al. 200Peritt et al. 1998 Deniz et al(2008)described a

small fraction of NK cells more likely from the NK2 lineage whtabit antigen specific CDZ-

cell proliferation.These reglatory NK cells were charactegis by expression of inhibitory NK
receptors KIR, CD158and IL10 production Invariant NK T cells (iNKT) are a special subset of T
OStfa GKIFIG SELINBaa +y Ay@FNRFyG erobial glycolipi&k | Ay &
antigens, but they do not generate memory and lead to an intiteresponse with secretion of

IL-4 and IFN (Kronenberg & Kinjo 2009Moreover, iINKT express variable amounts of markers
found classically on NK cells, such as CD56; @idin particular CD1§Montoya et al. 2007)

iINKT cells become activated either by direct glycolipid recognition or by APCs which secrete
cytokines after TLR engagement with bacterial compongfitgo et al. 201 1Kronenberg & Kinjo

2009. iNKT cellsnay act as a bridge between the innate and adaptive systems because they can
inhibit the response of CD8-cells(Goubier et al. 201;3Bjordahl et al. 20123nd neutrophils
(Wintermeyer et al. 2009)'he NK depletion experiment performed in this chapgtowed that
removal of CD56NK cells do not affect the suppression mechanism of actidw efeningitidis

Small bacterial countgl:1 and 10:1)epressed proliferation of CD4-cells just as whol®BMC

did (section 4.13)

From the above experiments werclude that PBMCs act in a complex network to encounter and
respond to microorganisms, so is not always easy to separate the individual cell contributions from
the overall effect. For example, in an autoimmune murine model it was found ttiatagion of
B-cellsvia TLR4 and TLFB using LPS fror&. coli CpG oligonucleotides or even héaactivated
Mycobacterium tuberculosisuppress Xell proliferation, but only when dendritic cells are also
present (Lampropoulou et al. 2008Indeed, the depletion experiments presented here may

underestimate compensation scenarios driven by the remaining cell populations.

Since B lymphocytes, monocytes and NK cells were excluded as leading cells within the
suppression mechanism, we investigdtwhether a soluble factor was being produced by whole
PBMC in the presence of small inoculumsNof meningitidisand was responsible for the
suppression phenomenon. However, transfer of supernatant rejected this possibility and advised
a celicontact degndent mechanismSupernatant from PBMCs incubated with meningococci
(ratio 1:1) for 24 hours, did not contain a soluble factor capable of restraining proliferation and
activation of enriched CDA lymphocytes (section 4.17his finding is consistent witmost of

the scientific evidence discussed herein, which mainly suggestsotgtict interactions among
immune cells in response to bacterial antigens. However, because the supernatant used in this

experiment was obtained only after 24 hours incubatiathvthe bacterium, exists the possibility
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that the suppressive factor is released at a later time point and that was not present in the 24

hour mixture.

A broad cytokine analysis from supernatants of PBMC cultures exposed to the different
meningococci ratis, provided information about cytokines that could be mediating the
suppression.Upon analysis of supernatants, many differences were found in the samples
containingN. meningitidiscounts<10:1versusthe highest ratio of 100:1 or the positive control
coyiF AyAy3a h/ 50 (sedidn¥.dF Superhaayits frofn PBME cultures exposed to
0.1:1, 1:1 and 10:1 meningococcus per cell reported an overproducfitime proinflammatory
cytokines Ikm i 36 amd[the chemokine 48. Interestingly, levels dhese 3 interleukins decreased
with the largest meningococcus inoculum of 100:1. Concentrations of the clasgaaltdkines,

IL-5 and 113, decreased dramatically in all samples containing meningococci irrespective of the
size of the inoculum. On thetlter hand,IFNY | Yy R WBN® RdzOGA2Y ¢l & aGNRy3If
the sample containing the largest bacterial inoculum (100:1). Using a whole blood model and a
wild type N. meningitidisserogroup B strairiellerud et al(2008) reported very similar patterns

for TNFh Z-m L B6 ahd[IL8 concentration in relation to a scale of“up to 1& bacteria per ml.

Indeed, N. meningitidisratios equal to 1:1 but minor than 100:1 bacteria per cell induce a
dominant Rl profile and blok the T2 response(section 1.1.2.1)This 1 responsemight be
required for macrophage stimulation and phagocytosis of the meningococci. Meningococcus
induces dendritic cell maturation with expression of CD40 @b86Cand 1112 production, which

stimulates Th1l developmen(Dixon et al. 2001)

The most striking result is the large production ofllLin those samples containing bacterial
counts of 1 and 10 bacteria per cell and so this findémgarks the possibility of an-ll0-mediated
mechanism of suppression. During infectious diseases, the rolel6fifLto keep an inflammatory
balance and protect against uncontrolled responses against the pathogen. In septicaemia, in
particular during tke initial phase of fulminant meningococcal septic shockOllevels are

correlated with the severity of the inflammatory respon@erre et al. 2004Derkx et al. 1995)

It has been widely discussed along this work the role-dDllas a pleiotropic anrinflammatory
cytokine, secreted mainly by monocytes, macrophages, Treg, BregiamegulationslL-10 is a
potent inhibitor of the most inducible prinflammatory interleukins and chemokines produced
by T lymphocytes, monocytes, macrophages and ngiiits during inflammation. For example,
ILmi 34, IL6[ I8, II:12, IFN' | Y R ¢ ING Fefulated?og ¢ (Asadullah et al. 2003
Moore et al. 200). Since H10 restrains the expression of-stimulatory molecules on the surface

of APCs, -Tell proliferation and secretion of-Gell cytokines are greatly affectédsadullah et al.
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2003. Moreover, IE10 has been implicated in induction of endotoxin tolerafiélk et al. 2000)

and TFcell unresponsiveness or anerdyoss et al. 20Q0Akdis &Blaser 1999 IL-10 also de
activates monocytes and enhances the presence of-iafitimmatory factors, such as-1L
receptor antagonisfMoore et al. 2001Cassatella et al. 1998y blocking CGXgene expression,

IL-10 blocks PGHproduction and the shisequent extracellular matrix turnover by monocytes and
macrophagegNiiro et al. 1995)In contrast, H10 acts as a stimulatory dactor for B lymphocytes

for proliferation, Ig production and surviv@Kobayashi et al. 200Rousset et al. 1992 his
chapter demonstrated thablocking of IELO usingIL-10 partially reverses the meningococeus
mediated inhibition of CD4T-cell proliferation but not Tcell activation (section 4.16A possible
explanation is related to the fact that-1l0 only inhibits Tcell proliferation and cytokine secretion
from those T lymphocytes stimulateda CD28, but not from the ones stimulated witD3 alone

(Joss et al. 200@skdis et al. 2000)L-10 avoids tyrosine phosphorylation of CD28 (section 1.1.4.3)
and thereforedownstream activatiorfJoss et al. 2W0; Akdis et al. 2000 In agreement, it is known

that IL-10 blocks release ofuT and T2 cytokines after CD28 egimulation (Joss et al. 20Q0
Schandené et al. 1994n conclusion, it might be the case that in @mirvitro experiment IE10
blocking resulted beneficial only for those T lymphocytes that established interactions with APCs
viaB7/CD28 molecules, and for those T lymphocytes that did not enter into an irreversible anergy
state induced by HLO.

Perhapsone of the major contributions of this chapter is the fact that the inhibiteffect is
exhibited by bacteria other thaN. meningitidis(section 4.17)Incubation withE. coliat counts of

0:1 and lbacteria per PBMC also caused a deep blockade onivieibth and expression of the T

cell activation marker. Interestingly, a different pattern was observed with the Gram poSitive
pneumoniae The maximalnhibitory effect was obtained with an inoculum of between 10 and
100 S. pneumonia@er cell,indicating that Tcell downregulation is dosesensitive and possibly
dependent on the bacterial Gram structurén support, infection with the Gram negative
Salmonellaenteric serovar Typhi is a well documented case in which an inhibition of TD4
lymphocytes occurén vitro (Eisenstein 2001 Moreover, arin vivomodel in mice has suggested

that Salmonellaonly primes the immune system and generates an environment towards
suppression, but that the real inhibitory signal and blockade@f IEN' | yFR BNR RdzOG A 2y
is evident only after exposure to a secondary combined stimulus of a flagellin peptide plus LPS

(Srinivasan & McSorley 2007)

In summary, paraformaldehyde fix& meningitidisat ratios of between 0.1 and 10 bacteria per
PBMC suppress T@kediated CD4T cell proliferation and activation; induce alTresponse

suppress #2 cytokinesandincreasesecretion of 1110. Neither B lymphocytes nor monocytes nor
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NK cells appear to be isolated cell types responsible for the inhibitory effect,santhe
suppression may be the result of collective PBMCs interactions. Inhibition 0T€B#iresponses

via IL-10 seems to be only a partial mechanism of action. Therefore, other unknown-down
regulatory processes might be taking place simultaneousbmFfhe meningococci components,
the capsule and LOS are not the inhibitory elements. The suppressive factor is containe.inside
meningitidisand N. lactamicaouter membrane vesicles, and is noteffed by temperature
denaturalistion. To our knowledgeQpa is the onh\N. meningitidiscomponent that has been
reported to exert immunosupressor properties. However, meningococcus strains that lacked Opa
expression were still capable of restrainingéll responses in thia vitromodel applied along this
project. Finally, the suppression phenomenon is likely to be common to pathogens othelthan
meningitids, suggestinga critical component of bacterial pathogenesis involved in the “silent’

colonisation of some mucosal surfaces.
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5.1 INTRODUCTION

Apart from the well known properties as vastador and bactericidal agent, nitric oxide (NO) is a
pleiotropic intracellular messengecapable ofSnitrosylation of proteins (section 1.3.2). In
particular, NO leads intracellular signals by activating sb&ible guanylatecyclase, which
converts GTP into cyclic GMPpotent second messengéfriebe & Koesling 2003rhus NO has
been considered an important regulator of cell function and vigbi{Stamler et al. 2001
Published work has shown that nitrosylation/denitrosylation as a redox switch is dynamically
regulated and can lead to activation of some proteins but inhibition of otfMraN. Foster et al.
2009 Hess et al. 2005 Thus, NO plys a role inseveral processes ithin cells, such as
mitochondrialbiogenesigNisoli et al. 200¢ mitochondrialrespiration and membrane potential
(Brown 2001 Beltran et al. 2000nd apoptosiviacaspasefMannick et al. 2001Kim et al. 2001

NO isgenerated by the conversion bfarginine toL-citrulline bya family of enzymes called nitric
oxide synthasesNOS) (section 1.3.1). Fraimese enzymes, the inducible NOS (iING& been
widely characteried for being responsible faNO production n macrophages, demiic and
natural killers cells; whilst the role dhe endothelial NOS (eNO®yesent in activated T
lymphocytes has not been fully understadie work ofNagy et al(2003 and Ibiza et al(2006
demonstrated NO productionand eNOS xpression in Tells after TCRengagement with
h/50kh/5Hy 2NJ &dzZLJSNI yiA3ISyas gKAOK f SIDWth (2
subsequent downstream phosphorylation of the ERK pathway (section 1.THeNO produced
during the interactionbetween T lymphocyteand antigen presenting cellscts on theredox
active Cygesidue 118 of the Golgpcalied N-Ras protein, which becomes activatédtRas in
turn causes activatioof the ERK pathwapushing the cell toward theell deathpathway(Lander

et al., 1997, Ibiza et al., 2008

Some publications focus on NO as an inhibitory molecule-agllTresponses. Reports have
describal that NO induces a reversible type o€dll anergy, reducing phosphorylation of tyrosine
residues in Jak3/STATE® Tlymphocytesexposed to N&@roducing cells, such as macrophages
and myeloid suppressor celke unable to proliferatéMazzoni et al. 200Bingisser et al. 1998
Strickland et al. 1996Even inthe presence of mesenchymal stem cells which genesalppress
T-cell proliferation, addition of a NG8hibitor restored not only the Tell proliferation but also
Stat5 phosphorylatior{Sato et al. 200)f Macrophagederived NO supports-g@ell proliferation,
but is also capable of reprdsg it as aregulabry feedback inthe presence of Staphylococcal

enterotoxins (Isobe & Nakashima 19%92In addition, balance of dL/T42 cytokinesand the
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resultant Fcell differentiation can be altered via cGMP depending on NO levels and its exposure
time (Niedbala et al2006 Macphail et al. 2003gudieshave suggested that NO may regulate T
cell function but is not J1/Tv2 selective, neither for proliferationor for cytokine production
(Macphail et al. 200Bauer et al. 1997)

Infection by N. meningitidis and in paticular some bacterial components such as
lipooligosaccharide (LOS), trigd¢®production in innatammunecells (section 1.2.6). However,

the meningococcus cazbunteract the bactericidal effect of reactive nitrogen intermediates by a
partial denitrificaion pathway(section 1.2.6.}, wherebythe soluble nitrogen oxidaitrite (NQ)
isreduced into NO and finally expelled agdBerks et al. 1995This mechanism allowNeisseria

to not onlyavoid killing by N@elated compoundsbut to supplement thanicroaerobic growth

of the organismby utilisation of NG, as a terminal electron accept@Anjum et al. 2002 In the
NG-rich environment of the human nasopharynx, this pathway facilitates meningococcal survival

and perpetuates the carrier sta{&tevanin et al. 2005

The regulation that NO exerts on-lls inthe presence of bacterial infections a critical eea

which is undetinvestigated.SinceN. meningitidicomponents stimulate NO pduction andNO

is also produceds a result ofl-cell activation, this chapter intended to study if NO donation or

inhibition could have a suppressive effect on T lymphocyted indeed explain part of the

inhibitory phenomenon observed in ChapterT our knowledge, there are few reports studying

whether NO production after bacterial infection oin vitro exposure could lead to -del
suppression.rhmunosuppressioras been observed in mouse modelsSaimonellainfection

and NOhas been attributed as a responsible compourichmunigtion with attenuated

Salnonella typhirnuriumactivates murinemature macrophageandinducesa large production

of NQ which results iprofound suppression of T andd@ll responses to mitogerfatRamadi et

al. 1992) During bacterial infections, IFN & S O NBlin&dRiKcéllg is the major stimulus for

NO production from macrophagé®ing et al. 1988)Consistently the N@nediated inhibitory

effect can be reversed by simultaneous addition ef JlantilFN¢ | YR | O2 YLISGAGA @S
NO production(a-Ramadi et al. 192); or by depletion of NK cells producers of 4FN LIt dza | y i A
IFNY  (Schwacha et al. 1998)Similarlymacrophagederived NO from mice chronically infected

with M. tuberculosisablated the proliferative response of CDBlymphocytes whilst blocking of

NO synthesis restored-dell responses in this animal modblabeshima et al. 1999)
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5.2 METHODOLOGY

The same general methodology describedhapters 3 and 4 was applied. First, a buffy coat layer
was obtained from fresh heparinised blood tgnsity centrifugation (section 2.1). PBMCs were
then washed, resuspended in RPMI media supplemented with 20% autologous plasma and stained
with the proliferation dye CFSE (section 2.4). Ultimately, PBMCs were counted and added to 48
well plates at a denssi of 1x1Gcells per well in a final volume of 500 pl RPMI media supplemented

with 20% autologous plasma.

T-cells were stimulated with 0:0.3 pg/ml platebound ant/ 50 o6h/ 500 06aSOGAZ2Y
Concanavalin A (ConA) (section 2.3.1.2p5t@phylococcuaureusenterotoxin B (SEB) (section

2.3.1.3). Simultaneously, PBMCs were incubated in the presence or the absence of NO, using
NOGC18 as NO donor (section 2.9.1) and the arginine analdg/dMA or LNAME as inhibitors of

NO production (section 2.92 The negative control for all experiments consisted of -non
stimulated PBMCs, whereas the positive control was represented by the sample contaasithg T

activators.

Cell cultures were incubated at 87 and 5% Can a humidified atmosphere for 96 houbgfore
harvesting. Extracellular immunofluorescence staining for flow cytometric analysis was performed

by incubating 1x10PBMCs with the relevant antibodies (section 2.5.2).

A sequential gating strategy selected for the relevant T or B lymphocyte pamdand excluded
dead cells and monocytes (section 2.5.5). As in chapters 3 and 4, cell proliferation was assessed
by the division index obtained from the CFSE dilution method; whilst T -aed &ctivation were

reported as median fluorescence index (M#lthe surface markers CD25 and CD86, respectively.

Figure 5.1 illustrates a genémaverview of the experimental steps.
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T-CELL
STIMULATION:

DONATION

Plate-bound aCD3,
ConAor SEB + %
- D

INHIBITION

: 4 days

37°C

5% CO
EXTRACELLULAR 2 |
FLOWEYTOMETRY STAINING INCUBATION

Figure 5.1: Overviewf the experimental methodology applied in this chapter

Human PBMCs were isolated frdnesh peripheral blood using Lymphopr&pdensity gradiat
centrifugation. Fcell stimulation was achieved with afiD3 { CD3) Concanavalin A (ConA) $r
aureus enterotoxin B (SEBBimultaneouslyPBMCswere incubated inthe presence orthe
absence oNO,using NO€18 as NO donor andNIMMA orL-NAME as inhibitors of NO production.
Cellswere plated and incubatetbr 96 hours at 37C and 5% GOFinally, amples were stained
with the desiredfluorescentlylabeledantibodies and anaged by flow cytometry
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5.3 NON-STIMULATECDA* T-CELLRREUNRESPONSIVE ™O DONATION
ORINHIBITION

We first explored whether donation of NO or inhibition of its productionldanduce proliferation
or activation in resting-tells.Different concentratios of the NO donor NOE8 from 1.25 to 156
pUM) or the NO synthase inhibitorNNMMA (from 0.5 to 10 mM) were added to netimulated

PBMCs and incubated for 96 hours befaralysis.

Figure 5.2 illustrates that in the absence of stimulation, CDi¢mphocytes are unresponsive to
either NO donation or NO inhibition. Regardless of the concentration used, no change in the
division index was observed after incubation with NCBor LLNMMA. Similarly, expression of the
T-cell activation marker CD25 remained unaffected in comparison with the negative control (data

not shown).

The lack of response to NO donation and inhibition in resting T lymphocytes was anticipated, as
the scientfic evidence describes a major NO effect only after TCR-linti®y (section 5.1),

Therefore, we next focus on assessing the role of NO in activatedTcioHs.
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Figure 5.2Representativeproliferation histograms illustrating hownon-stimulated CD4T-cells
are unresponsive tdNO donation or NOnhibition.

Non-stimulated PBMCs were exposed to graded concentrations dilfbelonor NO€18 (A) and
the NO synthase inhibitor INMMA (B) Proliferationwasassesed by the CFSE dilution method;
the x-axis represents intensity of CFSE fluorescesoe the y-axis % of maximum. Data is
representative of two experiments.

-VE= negative control, nestimulated PBMCs.
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5.4 BEFFeECT ONODONATION INACTIVATED LYMPHOCYTES

5.4.1 Selection of maximum possible concentration of NQ8 as NO

donor.

NOC18is a stable N@mine complex whickpontaneously releases 2 neglles of NO under cell
culture conditionsand has a halife of 21 hours. Based on similar experiments with human
lymphocytes using NOIB as NO donofFujiwara et al. 2006)we aimed to determine the

maximum possible concentration of NQ8 to use without inducing cell death in our assay.

PBMCs were stimulated with plated 2 dzy@®3 &nd incubated for 96 hours in the presence of
graded concentrations oNOC18. A dose curvefrom 5 to 1000 pM demonstratedhat
concentrations>500 UM reduce viabil (i @  2-Fimulated RBMCs, reflectdny a markedoss

of total cell numbers and a reduction in the percentage of live cells as measured by UV dead/live

staining (Figure 5.3).

5.4.2 Effect of NO donation in-€ell proliferation.

Knowing that 300 uM was our maximum permitted concentration, cells werahated with
plate6 2 dzy R h/ 50 | YR 3 NJ -RS Rom 1.3 tdzy812 &uM. 2ARhoubhhthis
exploratory assay did not find significant differences among the groups containind 8N2Gus
the h CD3 control, a dosdependent pattern was observed towarda increment in division index

of CD4 T-cells (Figure 5-4A and B).

To assure a real influence of the NO donor in activated" TDdnphocytes, additional and larger
experiments were carried out usifigCD3, ConA and SEB as mitogenic stimuli. Due talibee
results, 300 uM was chosen as the maximal optimal ®¢€oncentration capable of achieving

an effect but without inducing cell death.

Although we observed a small increase in proliferation among individual samples containing the
NO donor, there waso statistical evidence that NGIB enhanced proliferation of CDZ-cells

(Figure 5.4C).
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Figure 5.3: Concentrationsf NOCG18 >500 pMinduce cell death\ y

hstindulated PBMCs.

Dot plot examplesshowing the dead/live gate applied for all conditionspn the y-axis
fluorescence of the UV dead/live dye and on #axis FS®. Plotsare representative of 1 single

donor (out of 2 experiments) and show % of live cells within the gate

h | BstimulatedPBMCs were incubated withiggled concentrations of NGB (5, 50, 50, 300,

500, 750 and 1000 puM) over 96 hours.
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