University
of Glasgow

i

https://theses.gla.ac.uk/9061/

Theses digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/thesesdigitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk/
research-enlighten@glasgow.ac.uk



https://theses.gla.ac.uk/
https://www.gla.ac.uk/myglasgow/research/enlighten/theses/thesesdigitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

Investigating the effects of Plasmodium chabaudi chabaudi AS-infected

erythrocytes on Dendritic Cell function in vitro

Yolume I

Caterina Di Lorenzo BSc (Hons)

A thesis submitted to the University of Glasgow for the degree of Doctor of Philosophy

Division of Immunology, Infection and Inflammation
University of Glasgow
Western [Infirmary

Glasgow

© Caterina Di f.orenzo

April 2006

et



ProQuest Numlker: 10320431

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10390431

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



Dedicated to Luisa




GLASGOW
UNIVERSITY
LIBRARY:



Declaration of Authorship

These studies represent original work carried out by the author and have not been
submitted in any form to any other University. Where use has been made of material

provided by others, due acknowledgement has been made.

Caterina D1 Lorenzo,
University of Glasgow,
April 2006

iii




Table of contents

Investigating the effects of Plasmodium chabandi chabaudi AS-infected erythrocytes

on Dendritic Cell function i1 VIfFo.cu.cvvviiviisecimirarnrainisersssiverissttsssnsencosens i
Declaration of AUthOYShiP...cverervesresceensorinaciosrssrnerssessssssssesssiossesssssrnensasves it
Table OF CONMEEMEB. cvrmueiursrasieasiunaniosnsantsancnssasssseransarecssrnnanssesssssessssnnsnnesanes iv
LSt O FRIres. . iiciieiriaicinssisierisieentertescessttnonansiostnsisnremsatsrsnnsacsrsonnssssnen xi
List 0F TADIES..occricisrsiiorsinarssnrtosirnrioencrsonssnsrarsasisscsstsersossnsssssnssestsssassass XV
Acknowledgments.uveieeriianiiinirieaieteiiiitinisiiiii s e et e ane xvi
ADDreviations..icveriivieinreietiiiaranrorcrerrsstierorsessasasnsrsrerassasssassnssssnnssnrans xvii
N s 5 L S O A xxii
1 Introduction.....ccceciumiinmerieiimciinimeeieioismemiiessiestsssioseneana 1
1.1 Plasniodium and MalaTifte......eercrnererneecsearniiseienesessiereresrseesessnncsnsean 2
1.1.1 | 3 Ry 2ol LT 2
1.1.2 Human malaria parasites. .. .oiiceiiiiiiiiiiiririir e ciceciraeciaea 5
1.1.2.1 Plasmodium VIVUX. ... ooveieriiiieririaiiisinresrimrressasrsiscarisraaes 5
1.1.2.2 Plasmodium ovale...........ocooviiviiiiiiiiiiiiiiiniceenar e 5
1.1.2.3 Plasmodium malariqe.........c.......ccccoccciviiiineennnnn PP 6
1.1.2.4 Plasmodium falcIiparum........o..oooiveeriiiniiniineriiiinn. 6
1.1.3 Geographic distribution of malaria.............coocciiiiiiiiiiiiiin. 7
1.1.4 Animal models of malaria..........occovviieciiiiniic 11
1.1.4.1 Murine models.....ooviviiiiniiin i e 11
1.1.5 Protective immunity to malaria.................evvvenn.. e en e 13
1.1.5.1 Immunity to pre-erythrocytic stages.........voveviiiririiniinierieneenna 13
1.1.5,1.1 Antibody-mediated Immunity........c.cooviiiii i 13
1.1.5.1.2 Cell-mediated IMMUNILY. .. ...covveverrereireeeeneseenreneererenesar e 14
1.1.5.1.2.1 Role of CD8Y T CellS.....uuiiiiiiiiiiiiiii et aenine s e 14
1.1.5.12.2  Role of D47 T eells...uuveruiiiriiiririeniremisaeeerenaeeraaeeeeasennnaeenn 19
1.1.5.12.3 Role of ¥8 T eell8...uinirie i i i 20
1.1.6.2 Immunity (0 erythrocytic Stages....ovueerirervrrvivririiirreiiienirnne. 21

iv

Az




1.1.6.2.1 Antibody-mediated Immunity.....ovviiviiiiiriiiin i, 21
1.1.6.2.2 Cell-mediated immunity. ... 26
1.1.62.2.1 Role of CDA" T CellS.....oovummiieriiiiiiiinree i e ne e 26
1.1.6.2.2.2 Role of y0 T Cells....oi i e v e s e 29
1.1.6.2.2.3 Role 0f CD8" T CellS....ceriiiiiriiiiiiaiiaeieisrtrereannesrs s s rvaas 30
1.1.62.2.4 Cytokines involved in protection of blood-stage malaria................ 30
1.1.7 Malaria-induced immuNOSUPPIESSION. 1eursiirierrecerrorsiorarenneannnnars 34
1.2 Dendritic cell DiologY.ouicrinirierionitismiamiaicrcisssnirstssrsseranercensosrsonsassasse 39
1.2.1 MIUEINE DSt et iiivieieieriiraererieeeeesirrrran s eneenn e esaeanrtseriesnn 39
1.2.2 UMD DO, ittt crene e bbb en e rens 41
1.2.3 Antigen uptake, processing and presentation........c.cveeiniiiiniiann. 44
1.2.4 DC maturatiofl........ccvveeen.. e 49
1.2.5 Qutcome of DC-T cell interaction........cccevivieeiieavienereirirersenenns 49
1.2.5.1 Induction of Th1/Th2 reSponSes....cccvivivivirerarreirieenrerraerniierann 49
1.2.5.2 Induction of regulatory T cells....c.oviiiiiiiiiiiiiii e 52
1.2.5.3 T Cell @NeTEY .. ivvicrsiiieierniireieiiir o e rsceeraesreesancsaensanarnens 54
1.2.54 Deletion/Apoptosis of antigen specific T cells......ccccoveievinnninnnen. 54
1.2.6 Pathogen-driven T cell TeSPOmSES. ...ovtvviirviieirrciaeiiiniairarranaenns 55
1.2.7 ‘Alternatively activated DCs’induced by pathogens............ovuvvesss 56
1.2.7.1 Pathogen-~driven immature regulatory DCs....ocovieiiiiiiiiiiiiiiinnn 56
1.2.7.2 Pathogen-driven mature regulatory DCs....oiiiiviviiiii e 57
1.2.8 Pathogen-induced host factors promoting the formation of regulatory

15 1 O 58
1.2.8.1 Role of eicosanoids on DC function........c.eeerrieininiinioricininnn. 59
1.2.82 Role of peroxisome proliferation-activated receptors on DC function.62
1.2.8.3 Indoleamine 2,3 dioxygenase-regulation of DC function................ 63
1.2.84 Nitric oxide-regulation of DC function..........evvveecieniininiuninnonin 65
1.2.8.5 TGF-fregulation of DC function......vvvernversiciiciciicniiecn e 67
1.2.9 Pathogen-induced T cell anergy............coceviniiiiiiiininiin. 68
1.2.10 Pathogen-induced apoptosis............... TP 69

2 Lt Lo




1.3  Plasmoditttt ANA DICSuerevervuerssssrssenrrorsasisstorransssesssirrnsrarcasssssssnssrsessss 71

1.3.1 Effect of baemozoin on phagocytic cells....c.coovvvviiiivaiiinnann... 73
1.4 AQm of ProJect..cccen i e ree e annaes 76
2. Materials and Methods......coviiiiiiciiiiiiiinicciciiiseciniececeninennane. 77
2.1  Tissue culturc..cveveeierireenaenss SeAkuasabnn in skn e ns A crenee 78
2.1.1 ANIMALS..eoeii i e et bbb e e aaae 78
2.1.2 Parasites....ooceneinrnnnns PP 78
2.1.3 Cryopreservation of Blood......c.ocovuiiviiiiiiiiii e, 78
2.14 Maintenance of P. chabaudi chabaudi AS.................ccovviviininnnn. 78
2.1.5 Determination of parasitaemia.........o.ovviveiiiiiienrenreierenererarennn 79
2.1.6 Challenge Infections. .....ooovei i s e e aanas 79
2.1.7 Generation of bone marrow-derived DCs.......c.ovvveiiniciiiiiiiennnn, 80
2.1.8 In vitro culture of CD40L-transfected fibroblasts with DCs............ 81
2.1.9 In vitro culture of DCs with fixed infected or non-infected

| W A o 0 G £ SO OO 81
2.1.10 Lymph node single cell suspension.........veveeiiiviiiniieniiennn. reeen 82
2,1.11 Antigen presentation ASSAY ... .vuuvivcersrietersriineerserestirnreeinrarennn 84
2.1.12 Thymidine InCoOrporation aSSaY . ... veveverrriiriieriiirrcesiiiieeeisenrnes 84
2.2  Cell viability/Apoptosis aSS2Y..seseserssvvsacasaarses aNnasananss P AT 85
2.2.1 Quantitation of viable DCS......coviviiiiiiiiniiainiicscerinirisaen e 85
222 Trypan Blue Exclusion ASsay..........cocvvvvenenenine. et 83
2.2.3 ANNEXIN V/PL ASSAY . .euiiiiiiiiirieirenrereiarsineseraeannsnseiensasnernse 85
2.3  FloW CYtOMElIY eoerrereraccratestnasonceannsacnsnossararsasosensssatonutosranasasassansas 86
2.3.1 Flow cytometric analysiS.......cvuveieriiiiininniiisariniiorinrnnaen 88
2.4  Preparation of erythrocyte ghosts from infected and non-infected mice......89
2.5 Haecmozoin preparation and quantitation.......cocecerirrinvrerincirererisinnan 89
2.6 Cytokine analysiS......c.ceciuees P P M O PGP 9%
2.7 Microscopic analysis....iveeverereetiirarictiiioiieiorisininisirirsearaeisianannaserasnns 92
2.7.1 Bright field microsCopy.....ccoiiiiiiieiiiiiiiii e 91

vi




2.7.2 FluOreSCeIIee MG OSCODY  cvveetrtiieeetennreieiraranisianierinaseanseennaans 92
2.8  Total RNA extraction from bone marrow-derived DCs....ccciiviiiniiinnnnnnn 92
2.9  Statistical ANalYSiS..c.ciivaiirisiiiiirariniiiranirarirrreetinccesracesrirenrtirarasesnes 93
2.9.1 Statistical methods for identifying differentially expressed genes in
MICTOAITAY AALA.. . e\t ettt ittt ettt e ea e e aata e e it e aae e eeaenenaa e ran 93
3. Assessing the effects of P. chabaudi AS-infected erythrocyte on DC funetion
BP VIIFO . avevecneenscencnssasrasssasiventesmarenerasesnsssssssasonsosensssassnsssnsnrsornsons 99
31 Iatroduetion.....ciccccrisiitiiiar e rre e ssa s insnsaana e s aaa s s nras vres 109
3 TN 711 1| £ T O PP 102
3.2.1 Optimisation of culture conditions........c...ccceiviiiininirnniiinninan.. 102
3,22 Effect of P. chabaudi AS-infected erythrocytes on resting DCs...... 106
323 Effect of P. chabaudi AS-infected erythrocytes on DC responses to LPS
R 1o PPN 109
3.2.4 Comparing the effects of P. chabaudi AS and P. chabaudi ER on DC
fUnCtion i VIO, oo e 119
3.3  Discussion...... ssustetsesvrrstTinrttTrsanne SeEsessrusENssRoeur R TP e ran s uRn RS ase 123
4. P. chabaudi AS-treated DCs fail to inducc functional T cell
FESPONSES I VIFO...ccerniverieriverrierivemimniserienneesiermeeasnisennasssssnnen 129
0 SR 44 16 (115 43 ) O PPN 130
4.2  ReSUltSiiciiracncncrrmmrarcissioretesrssstiorstostrmaensranrncesrsrsarorssssasssorssnssnns 132
4.2.1 The ability of DCs to induce the proliferation of naive TcR transgenic T
cells in vitro is affected by P. chabaudi AS infected erythrocytes....132
4.2.2 Cytokine production by TcR transgenic T cells in vitro is affected by P.
chabaudi AS infected erythrocytes.......ocoviiiieiniiiiiiiniiinin 134
4.2.3 TcR transgenic T cell viability is not affected by P. chabaudi AS-
treated DICS. . vviiiiniaiiierer i et e cas e na s 136
424 The expression of CD69 on TcR transgenic T cells in vitro is not
affected by P. chabaudi AS infected erythrocytes......oevivennnnn... 136

vii




4.2.5

4.3

5.1

52

52.1

5.2.2

523

524

5.2.5

5.2.6
5.2.7

5.2.8

5.2.9

3.3

6.1

P. chabaudi AS-treated DCs induce the development of anergic T cells
1 7 T PN 139

D S U S ION . o s vevanesaaceansarnosnasetibanenitassanasssnisensnsasnanssnnnassesssosassassrmns 141

Investigating the mechanisms by which P. chabaudi AS-infected
erythrocytes induce suppression of DC function in vitro............ 144

Tt O O OTI e eaeeeeinetuessinmaiiasascasassssonacsasassssonnsnnssasssnnsnnssssonnssrann 145

DCs incubated simultaneously with P, chabaudi AS and LPS retained
their ability to MAtUre i VItro........cocooviiiive i e 147
P. chabaudi AS-infected erythrocytes required 6h of incubation with
DCs to exert their suppressive effects......coicviiviiiiiciviiniinn, 147
Erythrocytes infected with P. chabaudi AS-ring stage suppressed the
LPS-induced maturation of DCs {2 ¥i1ro....ccoovviviviiciiiiiaiininiinn, 150
Fixed P. chabaudi-infected erythrocytes suppressed the LPS-induced
mataration of DCs......ooiii e e 152
Fixed-pRBCs required 6h of incubation with DCs to exert their
SUPPressive effectS. ..vv i e 154
Fixed-pRBCs inhibit the antigen presenting ability of DCs in vitro.. 156
pRBC-ghosts did not suppress the LPS-induced maturation of DCs in

L2 7 2T 156
Activation of DCs in response to LPS treatment i vitro was suppressed
bY RACIIOZOM. .. e iee et e e e e r e e e 159
A soluble factor(s) released by pRBCs-modulated the LPS-induced
maturation of DCS i VilFo...oovvvviviiiiiniiniiiiiiiniiii e, 163
DD IS CUSSIOM et acrnensareranssantssrarasasosssasasasnennsansansessnsnsassanesinasasacssensssns 170

Investigating the role of selected immunoregulatory molecules on

the LPS-induced activation of DCS ift Vifro.....ueeivrereiirvinnanen. 177
IO T O 0N s v enenceemnorvncssaerrnctnnsnriacnasacersnnsasnnnsinenansiobtonatedtasinssoons 178
viil

G wl gt

ety

AR A




0.2 RIS vt vuvnrererreeserarerrncnstassomnnrrancssssssssssennsrsnsornassasnnsosseesnsonsonan 180

6.2.1 PGE,-EPy signalling is not involved in the suppression of the LPS-
induced maturation of P. chabaudi AS-treated DCs in vitro........., 180
6.2.2 PPAR-y signalling is not necessary to induce suppression of LPS-
induced activation of DCs in Vitro....ccocvevneiiiiiiiviiiiciii i 183
6.2.3 Nitric oxide is not necessary to induce suppression of LPS-induced
activation 0f DCS i VIlFo...ccoovievi i et e 183
6.2.4 TGF-B is not necessary to induce suppression of LPS-induced
activation of DCS fn Vilro......cocvvviviininiiiiiriciniciioniiiien i, 187
6.2.5 Indoleamine 2,3-dioxygenase expression is not necessary to induce
suppression of LPS-induced activation of DCs in vitro................ 189
6.3  DISCUSSION...criirscnrirrnssnnisarisansssscnstoirsesesessnsesssrasassassnssanens S 191
7. Gene expression analysis of P. chabaudi AS-treated DCs.......... 196
7.1 Introduction....c..ciiieiiiiiiseiciiinmaioiniesssssasssrsrasssrsasossronsssrasnosensans 197
7.1.1 Spotted cDNA versus Oligonucleotide (Affymetrix) arrays............
199
7.2  ReSuMS.cccoiieccrerssversnansnarenasrossosassnrsetssstssssssntsenvassonsvossransrnatncsans 203
T ) T T T PO 211
7.3.1 Molecules involved in the modulation of DC functions.............o0n000n211
7.3.1.1 BicoSanoids. . c.oiiii i e e e e 211
7.3.1.2 Thrombospondin-l......cviiiiviirriiiiiiiciiiieninsinresaiorseoninnes 213
7.3.1.3 Haeme OXygenase=1.....cccviriiirieiriviriiriainininrieeaneaiaonnassonn 214
732 Molecules involved in the control of DC apoptosis..........cceeueee... 216
7.3.2.1 04 D L A O SR PO 216
7.3.2.2 B2 profeins. .. ..o.v i e 217
8.  ConClUSIONS...uereniiiiiierieiininiintnitirrteniarreresenanses s s ssassensaorasas 220
8.1 COonCIUSIONS. .. . cvseiiiicii i cra et s eeraas 221
REECYEIECES ve eenreriererrecrraressoenicruersornsoscrresianiorsnssencsnsssarssnsonnssnsssnsons 228

ix




PR SRR

T8 0) F 0T 11 1 VU 287
List of Figures
QUL d. e iuvainierniaeiniriiiiniaseirmenisiamieniersnranaesteresestasisssssarcaenanancssnnsnssrons 4
Plasmoditm 1ife CYClE........cocviiiiiiiiiriieiiiirie e iniareerr e eer e aea e e e e e e 4
FIZUIE L2 i iiririiiiinneanticiiireesnisientisnenstesssrsersissrnacisnsnsnnnsnsesvassarsasasnsonne 7 &
Malaria World diStiBUtON. .........c.evevvrresesesesseeeeesteseseesesseeesseseeeseseseeecerees 7
FiZUEE 130 iuieneiirmernieiirnierinesmectarsrmstesiennsasasaersismntesssstiossessarosnsntarsnne 47

Toll-like receptor-signalling pathway .....c..oooiici i e e eanne 47

FRZUEE Lid.ciiiorenrnvmrererararesnasirnsnrsirnrentorsesssmasearsssssvssssssetsanssnassnnennssssnnes 51

CD40 activation of NF-kB in Dendritic cells......civivriiiriiniiiiieiriinciirneesnsnes 51

L T I S 52

Dendritic cell-derived signals involved in T cell stimulation and

Th1/Th2 cell polatiSation. ... covevetie et ie i e e rrarar e nraeearsease 52

Figure 2.1....cccaiiainveannes U 83

Percentage of transgenic CD4" T cells in a DO11.10 SCID donor............oveevevvennenn. 83

FIZUIE 2.2, 0 e cierscissiasrnssasasnssnsiosnantnnsanrannanssnessesssssnssasssssansesussssnsnsssnsnnce 88

Flow cytometric analysis of CD40 expression on bone marrow-derived DCs............. 88

FRZUIE 2.3, 0uciiciiiienanisenieasssaraimesecieinetsentaassierssreesseossstsssssassiorsssssasrssnoncons 95

Principle of Rank Product analysis........co.ocveiiiiiiiiiiiiiiiiiiiiise e e 95

FRGUIE 2:4.ciiiiaeiiiariiriniriiieiieeitiieeniiitetisinrateeseriornsensasnnassisasasaranstaserans 97

Principle of Iterative Group analysis..........cccociiiiiiiiiniiiii e, 97 :
FHEUIE 3.1euvevevveerreseseasesesrenessssesaeserasssasesssessnssrensassrnesessesansasassanansons 103
Surface expression of MHC class II and CD40 on bone marrow-derived DCs.......... 103 .'
FREUTE 3.2 . ceuieisrsnmnrsininsseniiosisenisssesiuisseenstassasrorsrsnmmasssasesesessenossasnan 104

Surface expression of MHC class II and CD40 on bone marrow-derived DCs

following LPS stimulation......cccvcvviiiiniiinniiiin i 104

Figure 3.3...; ...................................................................................... 105

DC viability after incubation with P. chabaudi AS infected erythrocytes................ 105




3 0T I R 107
Surface expression of MHC class I1, CD40, CD80 and CD86 on bone marrow

derived DCs following incubation with non-infected or infected erythrocytes........... 107
Figure 3.5, ccvimiririmeintiertsniteriecsreresierisentatiseisisarsseasansarsares vesnsssncnsnses 108
Cytokine production by DCs following incubation with infected and

non-infected erythroCYIeS. ... uivu ittt et irrae e ceae e e eea s 108
Figure 3.6...cc0ierveinccniavannnes P LR MR PR 110

MHC class 11, CD40, CD80 and CID86 on bone marrow-derived DCs expressed

cither as the mean fluorescence intensity or as percentage positive cells following

LPS Stimulation. .. .c..oieiiiiiiiniiit it e p e e e e e 110
FREUEE 3.7 ceremarinerntestoiiorectanctiassiereersserartoocrasiansssausrssssssassnarsssnssnsnuns 112
Cytokine production by DCs following LPS stimulation after 24h pre-incubation

with infected and non-infected erythrocytes. ..o iiiiir e e e 112
FGIre 3.8. .0 cuvueiriiieriireiiitinteiensancairusretesssrasnansessiesssosresasassesesssssroranson 113
DC viability following LPS treatment after pre-incubation with P. chabaudi AS

infected or non-infected erythroCytes. .. v it e i cvee e verr i cre e e e varens 113
FIZUPe 3.9 0 ccetnieeranransiiorscosciescentsrorosesisoseasenssessronsanssesasussenssessntsosnssran 115
Surface expression of CD40 on bone marrow-derived DCs after 18h stimulation

with either LPS or CpG in ViFO. o cciviiiiiiiiiiiiiiiiiiin i icesie et v te e nn e e e e 115
Figure 3.10...ciciiiiiiinesnreiaienitiri e e e e s s rr e e n e s 117
P. chabaudi AS infected erythrocytes inhibit the LPS-induced maturation

of DCs independently of CD40 ligation.......cvvveeiiiiiiiiiiini e 117
Figure 3.11..ccciciciiiieriirrincnnecnmnninesnestarsrsesntasasessesensanassns sosvesssensacunes 118
Antigen presentation by DCs treated with P, chabaudi AS infected erythrocytes....... 118
FRgUEe 3,12, 00 ieiriinicriveissrianmecinerceiiimaricermneienconerarsarsanessesesnonasasnsonssaessnns 120
DC viability after incubation with different P, chabaudi strains...............ccoveiveinn 120
FIUIE 3,13, civirerasesrncaricocrosscsnsaonseconssasssassasnssccancossanssnnasnnsisnsssssssssas 121
Surface MHC class II expression on bone marrow-derived DCs following

LPS stimulation after 24h pre-incubation with different P. chabaudi strains............ 121
FIgUIe 3.1d . iccrtustiunenrecesarismireionsirssnsonesinssssssnsenesssssaeresannarerasssensssonsias 122

Antigen presentation by DCs treated with P. chabaudi AS or P. chabaudi

4|




ER infected erythrocy e, oo s it st enrnca e renreaeane i ranenaaans 122
Figure d.1...iiiciieironciececnertancanracnncacasarsnnncesnsssnes STTTT PP PRI PI PR 133
P. chabaudi AS infected erythrocytes inhibit the ability of DCs to induce

naive T cell proliferation.........cooviiiiiiiiii 133
FigUIe 4.2, e eeccerarecnreirmrssnentsranstomeninrovnreteerrsretninsrinsessraneraressssassorsessases 135
Cytokine production by T cells is downregulated following incubation with

P. chabaudi AS-treated DCs. . i.uiiiiiii i iesiicicicieni e cretce s e e e 135
FAgUIre 4.3, e ceveieereiiririansiceninsiiesiosnisiasisssssensssosimnsossnssnsessssns R 137
T cell viability is not affected following incubation with P. chabaudi AS-treated
0 S P 137
T 1 U 138
P. chabaudi AS-treated DCs do not affect T cell activation........cc.ooeeiiiiiiniiinininn, 138
FAZUIE 4.5 csisuvescrrraenansnrorssncraresaserisnmansssnssassnrassssnesossssrssessssassnnsosennnsves 140
P. chabaudi AS-treated DC induce anergic T cell responses...cvvveeeiiieienienriennenns 140
FigUre 5.0ieceeciiiiiiniiisoiecetioreessiiertsttniineisinirirsenstaiiseeranorarasasssrssasvsnnes 148
pRBCs did not immediately suppress the LPS-induce maturation of DCs in vitro...... 148
FIZUKE 5.2, 00 0ceeterarmrnecccestiresresntersnosncetnnsensnrnasensansnscorasssssnsossnssnrssssessson 149
pRBCSs required 6h incubation with DCs to downregulate the expression of
costimulatory molecules on DCs in response to LPS treament i vif70..........c..ovves, 149
FIBUIE 5.3 e iuirernintriiioniorsesnensioianiseresnsiotsorasaseinassrssntesssnssanrassssencssnsons 151
pRBCs harbouring early ring stages inhibited the LPS-induced maturation of DCs

R 7 7 151
FAGUTE 5ufurrverrenesrerersessssnsronesesmneesssessosssesssasasnsssenssssssasassssnsssasessenssas 153
Fixed pRBCs inhibited the LPS-induced maturation of DCs in vitro.. e, 153
FRZUIE 5.5, uriietiasrrsrssaniseinsariarancernsassoerasesrarsnsnssssassasnrorsssarasssasssesrasans 155
Fixed pRBCs required 6h incubation with DCs to downregulate the expression

of coétimlﬂatory molecules on DCs in response to LPS treament in vitro................ 155
FIGUIE 5.6.c0cusucairrmmrecnitiiiiiiiiiiniiiiisiiiiiieiinmssiisiseiisieas 157
Fixed Plasmodium chabaudi AS-infected erythrocytes inhibited antigen

presentation BY DCS. coivuiiii i 157

Xii




FREUEE 5.7 s erriritiuiticiiiietreratsiatactsstasaiotiorsentstsitassvoessatsarsonsersiassarnon 158
pRBC-ghosts did not affect the ability of DCs to mature in response to LPS

B A ITLCII, FH VI 0. 1t te e et ettt st ae e e s e aaeesas e aeetasassaseenaansesansnsesssssesssostnnnnanssennes 158
FAEUEE 5.8, i et iiieiiiniieiiiiiiiiiniiiiiatie it eses e rerarerseesesararessssesnrsssrnasesaane 160
Haemozoin (HZ) affected the ability of DCs to respond to LPS treatment in virro...... 160
FZUIE 5.9 uieeiienirrreianinrotertiirmitenniirrecerietinceerisrsresstnsrisessonsasisessnssnnsssors 166
pRBCs released a soluble factor that affected the ability of DCs to respond

10 LPS treatmICHIt {7 VIIFO ..o eiei ittt act et e vcraaeaereranacaatereensnsnannnnnns 166
FRGULE 6.l uerrinirmreriiiioreracersnisertassssestanisionseasrasanssorecsnonsasansossrsrsasessannm 182
Effect of PGE,-EP, signalling on the LPS-induced maturation of P. chabaudi AS-
treated DICS i VilFO. e eivriiie ittt ettt e n e e ea e aereas 182
FRGUIE 6.2u . crinenriiiniiasiieiineniieiaiesitititsiasstrtsnranrorstssssrerasessosnasssnssnnane 185
Effect of PPAR-y on the LPS-induced maturation of P, chabaudi AS- treated DCs

7R 112+ VOO OO US TR 185
FHGUIE 6.3 cuineneicimeeniieiituciieiointraieriniestniarimeseatmsasasssnsssssarssnessonsasassonn 186
Effect of NO on the LPS-induced maturation of P. chabaudi AS- treated DCs

Y 12 s YT P PO TP PU PP 186
FABULE Guduvcursienionnienereimsnnciveismerronaenracesesssratasonsasssmnsrsnsssssrasssssssanessonis 188
Effect of TGF-f on the LPS-induced maturaiion of P, chabaudi AS- treated DCs

AU VITFO . o1ttt ine e ar et et s et araa e s v e e eeraarasatecasanassesttarsoteriasrnnseteenan 188
FRGUIE 6.5, 0 criinrenreiiaisiiinisniorancetiisansiarisonatotnssnssssssansarssestaniasssraraasssnoss 190
Effect of indoleamine 2,3-dioxygenase on the L.PS-induced maturation of

P. chabaudi AS- treated DCS in vitro.............coviiiiiiniinnvneniinianes P 190
DiHagram 7.1 s ciieecitiierticeiceininisaisrisectctsoricenctneseieirsnsnictontsreinsrnrnsnren 198
Principle of microarray teChnolOZY......ocuivieiirniirrsiniiicriccerenrare e onvrneces 198
FIGUIE 7.0 curairriocairecrcanrencrrionsiasrnsnssasasnesessossssrssascasesrorssssssasrvosresassseen 204

Surface expression of MHC class II, CD40 and CD86 on bone marrow-
derived DCs following LPS stimulation 7 vitro.......ocveviiiiiiieiiniiiiiiiiiciineanens 204

xiii




List of Tables
TADIC Loduerainnenrnncrnrienssinsonstasssassnsnsnanssssssnesssttasnnansasescsnssnnesrononnaennsnonsns 43
Murine and human Dendritic cell SubLyPes. . ooui i e eve v een 43
TADIE 1,211 cicesacararennserssrrsasarssesnsensarnrosrnsarsetrsssronsasnsassssssensssnsrasnasasonsmnns 45
TLRs and their Hgands. ....oooiii i cee v vrees e r g ss s i e enransn 45
B 1 ) [ 0 46
TLR expression on DC subsets isolated from human blood and murine spleen............ 46
TADIE 2 0eeereenrriertaertioornencrmnnrarcnsanrosersnssessisssnssresssesrosnsnssasnnnensnsinsnnsesors 87
Monoclonal antibodies used for flow cytometry...ovviiiiiiiiiiiiiiiii e, 87
£ 1) e A Oy TP 201
Spotted cDNA versus Affymetrix oligonucleotide arrays: summary of
differences and HmMHationS. ..o cveeiriiinitiiiirriciir it it er e e e e e 201
TADIE 7.2 eerneasnarssrnsssnssosnssansannsonssssnsanssnssnrasssanssrsosvasonsess O 205
Upregulated genes expressed by DCs treated with 2. chabaudi AS-infected
erythrocytes for Oh.....ooiiiii i e 205
TADIE 7.3 iiierniavarcennensissnssstareressarserosserssosnsiceisannsras steonsssirasnacursrrsrenenes 205
. Downregulated genes expressed by DCs treated with P. chabaudi AS-infected
erythrocytes for 61, ....vuviiiriiviii e 205
TADIE Tehirrvreerseoernrconureanessasronsonsssrsrernssanssssesrersrereosssvsncsssorsssassrassasenss 2006
Functional classes of genes significantly upregulated by DCs incubated with
P. chabaudi AS-infected erythrocytes for 6h....o.viiiiiiiiiiinii i 206
TABIE 7.5 i caiieiiincsnrciorivarnrrsrsvenserseranrersnarenasssnsransansossassnsonansrsnnssnarrsesas 209

Functional classes of genes significanily downregulated by DCs incubated with P,
chabaudi AS-infected erythrocytes for 6h....ooviiviiiiiiii i e, 209

Xiv

3T




Acknowledgements

1 would likc to thank Prof. Paul Garside, Prof. Stephen Phillips and Dr Jim Brewer for
their advice and constant encouragement during my period of research and for their

constructive criticism and discussion during the preparation of this thesis.

Many thanks to everybody in lab 207, lab 301 and Mary Calder labs who have made

these three years extremely memorable for me. You all know who you are!
Many thanks are due to all staff at the Joint Research Facility for their assistance.

I am grateful to the Wellcome Trust for their provisions, which allowed this project to

proceed.




Abbreviations

Ab
ACAD
AICD
ANOVA
APC
CCL
CCR
CD
cDNA
CI'SE
cGMP
COX
cNOS
CpG

CR
CSP

CT

CTL
CTLA
DC
DC-SIGN
DNA
EBV
ELISA
ELISPOT
ER
FACS

Antibody

Activated cell autonomous death

Activation induced ccll death

Analysis Of Variance

Antigen Presenting Cell

CC-chemokine ligand

CC-chemokine receptor

Cluster of Differentiation

Complementary DNA

5-Carboxyfluorescein diacetate succinimidyl ester
Guanosine 3°, 5°-Cyclic Monophosphate
Cyclooxygenase

Constitutive nitric oxide synthase

A site where cytosine (C) lies next to guanine (G) in the DNA
sequence. P indicates that C and G are connected by a
phosphodiester bond

Complement receptor

Circumsporozoite Protein

Cholera Toxin

Cytotoxic T Lymphocytes

Cytotoxic T lymphocyte associated antigen
Dendritic Cell

Dendritic cell-specif ICAM-S-grabbing nonintegrin
Deoxyribonucleic acid

Epstein-Barr virus

Enzyme-linked immunosorbent assay
Enzyme-linked immunospot technigue
Endoplasmic reticulum

Fluorescence-activated cell sorter

Xvi




iv.
ICAM
IDO
IFN
Ig
iGA
IL
iNOS
IRAK
IRF
JNK
kDa

LFA
LPS
LSA

ManLAM
MAPK.
MFI
MHC

Foetal calf serum
Fluorescein isothiocyanate
Forward scatter

Green fluorescent protein

Granulocyte-macrophage colony-stimulating factor

Tritium

Human leukocyte antigen
Haeme-oxygenase

Intraperitoneal

Intravenous

Intercellular adhesion molecule
Indoleamine 2,3-dioxygenase
Interferon

Immunoglobulin

Iterative group analysis
Interleukin

Inducible nitric oxide synthase
Interleukin-1 Receptor Associated Kinase
Interferon regulatory factor
Ras-c-jun N-terminal kinase

Kilo Dalton

Keyhole limpet haemocyanin
Lymphocyte function-associated antigen
Lipopolysaccharide

Liver Stage Antigen

Malarial antigen

Monoclonal antibody
Mannosylated lipoarabinomannans
Mitogen-activated protein kinase
Mean fluorescence intensity

Major histocompatibility complex

Xvii




MIP
MM
mRNA
MSP
MT
MyD
NFAT
NF-kB
NIK
NO
oD
OVA
PAMP
PBMC
PBS
PE
PfEMP-1
PG

PI

PM
PPAR
pRBC
PRR
PS
RANTES

rIL
RIP

RP

Macrophage inflammatory protein
Mismatch probe

Messenger RNA

Merozoite surface protein

Methyl tryptophan

Myeloid differentiation factor

Nuclear factor of activated T cells
Nuclear factor kappa B

Nugclear factor kappaB-inducible kinase
Nitric oxide

optical density

Ovalbumin

Pathogen-associated molecular pattern
Peripheral blood mononuclear cell
Phosphate buffered saline
Phycoerythrin

P. falciparum exythrocyte membrane proiein-1
Prostaglandin

Propidium iodide

Perfect match probe

Peroxisome proliferation-activated receptor
Parasitised Red Blood Cell

Pattern recognition receptor

Phosphatidylserine

Reguiated on Activation, Normal T cell Expressed and Secreted

Red Blood Cell

Recombinant interleukin
Receptor interacting protein
Ribonucleic acid

Reactive nitrogen infermediates
Rank Product

Xviil




rRNA
rINF
RTQ-PCR
SCID
SDS
SLS
SSC
STAT
STRAP
TAP
TCR
Tg
TGF
Th

TIR
TIRAP
TLR
T™™B
TNF
TRAF
TRAIL
TRAM
TRANCE
TRAP
TRIF
TSP
uv
VCA

Ci

Ribosomal RNA

Recombinant tumour neciosis factor

Real-time quantitative polymerase chain reaction
Severe combined immunodeficiency

Sodium dodecy! sulphate

Sodium lauryl sulphate

Side scatter

Signal transducers and activators of transcription
Sporozoite threonine/asparagine-rich protein
Transporter for antigen presentation

T cell receptor

Transgenic

Transforming growth factor

T helper cell

Toll-IL-1 receptor

Toll-IL-1 receptor adapter protein

Toll like recepior

3,3°,5,5 -tetramethylbenzidine peroxidase
Tumour necrosis factor

Tumour necrosis factor receptor-associated factor
TNF-related apoptosis inducing ligand

TNF receptor apoptosis-mediating protein
TNF-related activation induced cytokine

Thrombospondin-related anonymous protein

TIR-domain containing adaptor inducing interferon-beta

Thrombospondin
Ultra-violet
Viral capsid antigen

Curie(s)

Xix




cpm Count per minute

< Less than

> More than

% Percentage point(s)

°C Degree centigrade

g gram

mg milligram

ug microgram

ng nanogram

M molar

mM millimolar

uM micromolar

mi millilitres

I Litres

g times gravity
density

XX




Abstract

During malaria infection there is significant depression of the host’s immune response to
concurrent infections and heterologous vaccine antigens as well as the response to the
parasite itself. Using the murine Plasmodium chabaudi chabaudi AS model, I examined
whether the malaria parasite can suppress immune responses via effects on dendritic cells
{DC), which are important for inttiating primary immune responses. As the morbidity and
moitality associated with malaria are derived exclusively from the asexual erythrocytic

stages, I investigated the effects that this stage has on DC function.

I found that malaria infected erythrocytes (pRBC) do not directly activate bone marrow-
derived DCs in vitro; rather, they inhibit the LP'S induced upregulation of Class II MHC
and costimulatory molecules (CD40 and CD86) on DCs and significantly reduce the
ability of these cells to induce proliferation and effector function of naive T cells.
Nevertheless, pRBC-treated DCs induce equivalent levels of the very early activation
marker CD69 on antigen-specific naive T cells compared with RBC-treated DCs,
indicating that T cells in both conditions are antigen experienced. Furthermore, the
proliferation of T cells cultured with pRBC-treated DCs could be recovered by the
addition of exogenous IL-2, suggesting that they are functionally anergic.

In search of a mechanistic explanation for this parasite-mediated inhibition of DC
function, [ investigated the possible role of selected parasite components. Haemozoin, the
end-product of the haemoglobin catabolism by intracrythrocytic malaria parasite, was
found to contribute significantly to the immunosuppressive effects induced in DCs. A
soluble factor(s) secreted by pRBCs was also found to affect the ability of DCs to mature
in response to LPS treatment ir vitro. Furthermore, following gene array analysis, [ have
identified a number of candidate molecules in pRBC-treated DC that may be involved in
the observed alterations in functional activity.

The present study provides a better insight of how the malaria parasite affects DC

function and identifies a number of parasite-induced changes in these cells related to their

XXi




decreased ability to induce effective primary immune responses. These observations may
therefore facilitate the development of more effective vaccines and immunisation

protocols. :
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1. Introduction




1.1 Plasmodium and malaria

1.1.1 Life cycle

Malaria is an arthropod-borne disease caused by protozoan parasites of the genus
Plasmodium (Wakelin, 1996). Four species infect humans: P. falciparum, P. vivax, P.
malariae and P.ovale. The life cycle of all species of human malaria parasites is
essentially the same (Phillips, 2001)(Figurc 1). It comprises an exogenous sexual phase
(sporogony) with multiplication in certain female dnopheles mosquitoes and an

endogenous asexual phase (schizogony) with multiplication in the vertebrate host.

Infection is initiatcd by inoculation of sporozoites through mosquito bites. The
sporozoites circulate in the blood for 30-45 minutes before invading liver cells
(hepatocytes) (Fairley, 1947; Sihden and Smith, 1982). Here they undergo a process of
development and multiplication known as ‘pre-erythrocytic schizogony’ leading to the

development of merozoites (Garnham, 1966).

In P. vivax and P. ovale infections, the sporozoites differentiate into ‘hypnozoites’ as well
as merozoites (Krotoski et al., 1982). The hypnozoites remain dormant in hepatocytes for
considerable periods of time. The mechanism of activating the growth of these parasites
is not known, When "reactivated" they grow and undergo ‘exo-erythrocytic schizogony’

forming a wave of merozoites that invade the blood and produce a clinical relapse.

In P. falciparum and P. malariae, hypnozoites are not formed and the parasite develops
directly into pre-erythrocytic schizonts. Upon reaching maturity, the schizonts rupture
releasing merozoites into the blood stream, where they invade erythrocytes and initiate a
schizogonic cycle in the blood. Within the circulating erythrocytes, the merozoite begins
to feed on haemoglobin leaving, as the product of digestion, a pigment called haesmozoin,
a combination of haematin with protein (Arese and Schwarzer, 1997). This iron-

containing pigment is seen in the body of the parasite in the form of dark granules, which




arc more obvious in the later stages of development.

During their development within the red blood cells, the parasites transform into a
uninucleated feeding stage called a“trophozoite’, shortly aficr which the nucleus begins to
divide into a variable number of small nuclei. This is soon followed by the division of the
cytoplasm, leading to schizont formation. In P, falciparum infections, mature trophozoite
stages disappear from the peripheral circulation and cytoadhere to endothelial cells lining
post-capillary venules within different organs, a process known as ‘sequestration’ (David
et al., 1983). When sequestration of infected erythrocytes occurs in the vessels of the
brain, it is believed to cause the severe disease syndrome known as cerebral malaria,
which is associated with high mortality (Garnham, 1966).

Mature schizonts are fully developed forms in which, as a result of segmentation of the
nucleus and the cytoplasm, a number of small rounded merozoites are produced. When
the process of schizogony is completed, the red cell lyses and the merozoites are released
into the blood stream (Dvorak ef al., 1975). The merozoites then invade fresh red cells in
which another generation of parasites is produced by the same process. This erythrocytic
cycle of schizogony can be repeated many times in the course of infection, leading to a
progressive increase of parasitaemia until the process is slowed down by the immune
response of the host (Phillips, 1983).

After several rounds of blood schizogony, a proportion of the merozoites develop into the
sexual stages of the parasites - the gametocytes. Microgametpcytes (male) and
macrogametocytes (female) circulate in the peripheral blood where they remain infective
for a limited period of time (Garnham, 1966). When these infective stages are taken up
by a mosquito, they develop into gametes and fertilization occurs. The resulting zygote
matures within 24h to the motile ookinete, which burrows through the stomach wall
leading to the formation of an ococyst (Sinden and Strong, 1978). Within the devcloping
oocyst many mitotic divisions occus, resulting in cocysts full of sporozoites. Rupture of
oocysts releases the sporozoites, which migrate to the mosquito’s salivary glands

(Vanderberg, 1975) to complete the cycle approximately 7 to 18 days after gametocyte




ingestion.

(o}
2. Sporozoites invade

\ ’ liver cells

-~
.
. » S
s v o~

1. Sporozoites injected into host
when infected mosquito feeds

12. Sporozoites released
from oocyst migrate to
mosquito’s salivary gland

10. Ookinete enters
stomach wall

9, Maturation into : S

Ookinete 2 ol

5. Some merozoites
develop into
gametocytes

SPOROGONY

C=>

8. Zygote formation

7. Fertilization m\/

Q’AJ%,-

Gametes

6. Gametocytes taken up
‘) by mosquito

Figure 1.1 Plasmodium life cycle

Hypnozoite

PRE-ERYTHROCYTIC
SCHIZOGONY

3. Exo-erythrocytic schizonts
release merozoites
into the circulation

e o
¢ L
L]
“
L
4. Erythrocyte  * ®
invasion > e ®
L] e L]
L
e .
C(de. j
v - .
//, ) \
. Schizont ST
V4 / \
¥ rupture '(.",f
/ Merozoites
A~ ERYTHROCYTIC j
(@- SCHIZOGONY
/ ey
- / (O ;
- '
Schizont =
Early ring
stage

LY
©

g

Mature
trophozoites




1.1.2 Human malaria parasites
1.1.2.1 Plasmodium vivax

P.vivax is found mostly in Asia, Latin America, and in some parts of Africa (Sina, 2002).
Because of the population densities, especially in Asia, it is probably the most prevalent
human malaria parasite (Sina, 2002). P. vivax (as well as P. ovale) has dormant liver
stages ("hypnozoites") that can activate and invade the blood ("relapse”) several months
or years after the infecting mosquito bite (Krotoski et al., 1982). It is a selective parasite
as it only invades young, immature erythrocytes (Kitchen, 1939). After an incubation
period of usually 10-17 days, the patient experiences influenza-like symptoms with
headache, muscle pain, nausea and vomiting (Garnham, 1966). As the infection
progresses, increased numbers of rupturing erythrocytes liberate merozoites as well as
toxic debris into the circulation. Together, these produce the typical pattern of chills and
fever. These symptoms usually re-appear periodically, every 48 hours, which is why P.
vivax is said to cause tertian malaria or benign malaria as most patients can tolerate the
attacks and can survive for years without treatment (Gamham, 1966). However, there are
occasional reports of severe and fatal P. vivax infections. These are associated with lung
injury and respiratory distress (Carlini et al., 1999; Torres ef al., 1997), splenic rupture
and associated pathology (Leclerc ef al., 1989), and even instances of cerebral malaria
associated with apparently pure P. vivax infections (Sachdev and Mohan, 1985). Thus,
under rare and yet poorly understood circumstances, P. vivax infections can present in

dangerous forms.

1.1.2.2 Plasmodium ovale

P. ovale is found mosily in Africa (especially West Africa) and the islands of the western
Pacific (Collins and Jeffery, 2005). It is biologically and morphological very similar to P.
vivax including its selectivity for young erythrocytes (Garnham, 1966). However,

differently from P. vivax, it can infect individuals who are negative for the Duffy blood




group, which is the case for many residents of sub-Saharan Africa (Collins and Jeffery,
2005). This explains the greater prevalence of P. ovale (rather than P. vivax) in most of
Africa. Following parasite invasion of erythrocytes, the host ccll becomes enlarged and
distorted, usually assuming an oval form (Garnham, 1966). It causes benign tertian
malaria and infection is similar to P. vivax. Untreated infections however last only about

one year (Collins and Jeffery, 2005).
1.1.2.3 Plasmodium malariae

P. malariae, in contrast to P.ovale and P. vivax, only infects mature erythrocytes
(Chwatt, 1948). The incubation period is the longest of the Plasmodia, usually 18 to 40
days, but possibly several months or years. The carly symptoms are influenza-like, with
fever cccurring every 72 hours and hence said to cause quartan malaria (Phillips, 1983).
Attacks are moderaie to severe and last several hours, It causes a long-lasting chronic

infection that in some cases can last a lifetime (Garnhum, 1966),

1.1.2.4 Plasmodium falciparum

P. falciparum is found in tropical and subtropical areas (Phillips, 1983). It demonstrates
no selectivity in host erythrocytes and invades any red blood cell at any stage in its
existence (Chwatt, 1948). The incubation period is the shortest of all the plasmodia
ranging from 7 to 10 days. After the early influenza-like symptoms, P. falciparum rapidly
produces daily chills and fever as well as severe nausea and vomiting. The periodicity of
the attacks then becomes tertian (Garnham, 1966). Although any malaria infection may
be fatal, P. falciparum is the most likely to result in death if left untreated. It is estimated
that every year 700,000 to 2.7 million people are killed by P. falciparum, especially in
Africa where this species predominates (Snow et al., 2005). P. falciparum can cause
severe malaria because it multiples rapidly in the blood, and can thus cause severe loss of
red blood cells (anaemia). In addition, the infected red cells can sequester in capillaries of

internal organs, attaching through ‘knobs’ on the red cell (Crabb et al., 1997). Thus,




' parasitized erythrocytes can obstruct small blood vessels and when this occurs in the

brain, cerebral malaria results, a complication that can be fatal.

1.1.3 Geographic distribution of malaria

Despite advances in understanding malaria ecology and development of interventions,
more than 50% of the world’s population is exposed to malaria. In many parts of the
world, changes in the environment, population migration and financial problems have led
to serious increases in malaria. For example, deforestation can increase human-vector
contact and create improved breeding conditions for several vector species (Collins and
) Paskewitz, 1995). Water management projects such as irrigation, impoundments and
dams can also create additional breeding grounds (Keiser et al., 2005). Furthermore,
economic and political stress often results in population migration, which increases
movement of non-immune individuals into malarious areas and of carriers into non-

endemic areas.

Malaria cases (per 100,000) by country, latest available data
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Intensive malaria is confined to the tropical and subtropical areas (Figure 1.2). The
African continent is the most affected, accounting for more than 90% of the burden
(Breman ef al., 2004). Recently, malaria outbreaks have been reported in some locations
of Africa that had been previously thought to be at elevations too high for malaria
transmission, such as the highlands of Kenya. This might be due to climatic change or to
human migration. Also, malaria has resurged in certain locations of Africa that previously
had effective control programmes, such as Madagascar, South Africa, and Zanzibar
(Kiszewski and Teklehaimanot, 2004).

Malaria epidemics generally afflict immunologically vulnerable populations. The very
instability of malaria epidemics exacerbates their clinical threat (Kiszewski and
Teklehaimanot, 2004). Long inter-cpidemic periods of low transmission allow immunity
to wane in populations. Thus in areas where malaria is trangmitted less stably, the risk of
severe disease in children is greater (Snow ef al., 1998), and older children and adults are

more likely to have cerebral manifestations that are often fatal (Imbert ez al., 1997).

In Africa, malaria is most prevalent in the highlands of the eastern and southern parts of
the continent. In the tropics, the upper limits of transmission are often set by an altitude
of approximately 2,000 metres, but anomalous weather conditions may oceasionally
render higher altitudes permissive for vector and parasite development (Fisher, 1985). In
east Africa, unstable highland malaria atfects Ethiopia, Eritrea, western Kenya,
southwestern Uganda, the highlands of Tanzania and much of Rwanda and Burundi
(Kiszewski and Tekichaimanot, 2004). Ethiopia has historically had. the most intensive
experience with recurrent malaria epidemics (Kiszewski and Teklehaimanot, 2004).
Localised malaria epidemics occur every year somewhere in Ethiopia with occasional
massive outbreaks affecting most of the country (Kiszewski and Teklehaimanot, 2004).
The highlands of Kenya are sometimes affected concurrently with the Ethiopian malaria
outbreaks, perhaps triggered by the same climatic determinants. Some reports have
suggested that Kenyan epidemics simply represent vnusually high peaks in seasonal

transmission (Hay et al., 2002a; Hay et al., 2002b). Others report a growing risk of




widespread malaria epidemics in Kenya due to environmental changes associated with
agricultural development that favour the breeding of the vector mosquitoes (Malakooti ef
al., 1998). Malaria eradication efforts apparently succeeded in temporarily interrupting
transmission in the highlands, which remained almost malaria free from the late 1950s to
the early 1970s (Roberts, 1964a, b, c). A trend of increasing transmission has developed
since then with an upsurge of epidemic outbreaks since 1990 (Brown ef al., 1998),

In Tanzania, epidemic malaria is concentrated in the highlands along the Rift Valley, an
area that includes approximately 8.4 million people, or approximately 25% of the
country’s population (Kiszewski and Teklehaimanot, 2004). Epidemic-prone districts in
Uganda are clustered in the southwestern corners of the country near the Tanzanian and
Rwandan borders. Generally malaria in Uganda is transmitted stably below 1,500 meters
in elevation, with less stable transmission occurring between 1,500 and 2,300 meters
(Kiszewski and Teklehaimanot, 2004).

In Southern Africa, unstable transmission affects parts of Mozambique, Malawi,
Zimbabwe, Swaziland and the northern provinces of South Africa, (Kiszewski and
Teklehaimanot, 2004). In Swaziland, epidemics may have strong links with human
factors, particular nutritional status (Packard, 1984, 1986).

Malaria epidemics have been regularly reported in the arid and semi-arid regions of Mali,
Sencgal, Chad, Niger and Sudan (Kiszewski and Teklehaimanot, 2004). Many other parts
of Africa have localised malaria epidemics including Angola, Botswana, Cape Verde,

Namibia, Somalia and Zambia (Kiszewski and Teklehaimanot, 2004).

In Asia, a diverse array of mosquito vectors imposes different dynamics on malaria
transmission, P. vivax occurs more frequently in Asia than in Africa where P. falciparum
dominates (Sina, 2002; Snow et af., 2005). Malaria epidemics have long afflicted parts of
India, Sri Lanka and Pakistan (Kiszewski and Teklehaimanot, 2004). Along the borders
of 'Thailand and Cambodia, increased malaria transmission has been associated with gem

mining and other human activities (Luxemburger et al., 1997). Population movements




from these sites to less endemic regions have also triggered localised outbreaks through
the return of infected people into vulnerable communities (Singhanetra-Renard, 1993).
Epidemic malaria transmission in Irian Jaya and Papua New Guinea is due to the
Anopheles punctulatus mosquitoes, occurring in extensive areas of populated highlands
(Bangs et al., 1996). Thus, epidemic malaria is usually diverse across Asia due to the

wide variety of mosquito vectors.

In South America, malaria transmission is less frequent than in Africa, but can break out
in occasional localised epidemics. P. vivax is the predominant cause of disease. In Brazil,
gold mining has regularly brought immunologically vulnerable people into seasonally
intense malaria transmission areas (Camargo ef al, 1994). Other nations that are
repeatedly afflicted with outbreaks of P.vivax and/or P. falciparum malaria include
Colombia, Venezuela, Peru and Ecuador (Kiszewski and Teklehaimanot, 2004).
Outbreaks in Colombia and Venezuela often severely affect isolated Native American
communities. Malaria in Venezuela has been concentrated in Roraima State where it
occasionally flares into epidemics mainly affecting the indigenous populations. Rain-fall
associated outbreaks of P. falciparum malaria occasionally occur along the Pacific coasts
of Peru and Ecuador, where malaria is generally much less stable than in the interior

Amazonian lowlands (Kiszewski and Teklehaimanot, 2004).

Malaria occurs in low-altitude areas of the countries of Central America including
Honduras, Nicaragua, and Guatemala. Limited numbers of cases occur in Panama, Costa
Rica, and southern Mexico. Active control programmes are in place in several of these
countries. P. vivax is the dominant species, and fortunately remains suscei)tible to

chloroquine (Kiszewski and Teklehaimanot, 2004).

Malaria has been eliminated from several countries of the Caribbean. However, P.

Jfalciparum occurs in H{;li'ti and there are a limited numbers of cases in the Dominican
Republic (I{iézewski and Teklehaimanot, 2004).
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Malaria eradication programmes during the 1940s and 1950s, along with widespread use
of screening, eliminated malaria from North America, and there is no year-to-year local
transmission. However, isolated, rare cases of local transmission have occurred. North
America, the Caribbean region, Europe, Australia, Mexico and Central America are the

major success stories of malaria vector control efforts (Collins and Paskewitz, 1995),

1.1.4 Animal models of malaria

Various animal model systems have been developed to examine the interaction of the
malaria parasite and its host. The most common host-pathogen combinations are simian
models, either with their natural parasites or adapted human parasites, and rodent models
with parasites isolated from African wild rodents (Langhorne, 1994). Rodent models,
particularly those using mouse and rat, offer an advantage over simian malaria models in
that they are easy and cheap to maintain and above all a great deal is known about their
immune system. Therefore dissective studies of mechanisms can be carried out
(Langhorne, 1994). However, all laboratory rodents are artificial hosts of malaria
parasites to which they have been adapted and care must be taken in extrapolating results

from these models to human malaria,

1.1.4.1 Murine models

Studies using murine models of malaria have greatly contributed to our understanding of
the immunobiology of host responses to the malaria parasite and. elucidation of the
mechanism of anti-malaria immunity. Analogous to four human Plasmodium species,
there are four rodent species, P. chabaudi, P. vinkei, P. yoelii and P. berghei, which
cause malaria infection in mice with varying degrees of morbidity and mortality
{(Stevenson, 1989). The outcome of infections with various strains of P. berghei, P. yoelii
and P. chabaudi has been described to depend on the genetic background of the host
(Stevenson, 1989). Moreover the sex of the host also influences the outcome of malaria
infection in mice as well as in humans, and testosterone has been found to be

immunosuppressive (Benten et al., 1993).
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Murine malaria parasites can be divided into two groups based on the immune response
required for control of acute infection and elimination of the parasite (Sherman, 1998).
Infection with P. yoelii and P, berghei cannot be controlled or eliminated in the absence
of B cells. Immunity to these parasites is therefore antibody-dependent. Acute infections
with P, chabaudi adami or P. chabaudi AS and secondary infections with P, vinckei can
be controfled in the absence of B cells, implicating antibody-independent mechanisms. In
the absence of B cells however, parasitaemia in the peripheral blood of P. chabaudi AS
infected animals is reduced to low levels but the parasites are not completely eliminated.
Coliectively these observations stress the importance of both antibody-independent and
antibody~dependent mechanisms of acquired immunity against blood-stage malaria

parasite as it has been extensively discussed in section 1.1.6.2.

The most characterised murine model is P. chabaudi AS, which can result in non-lethal
infections in mouse strains such as BALB/c, C57/BL6, C57/BL10 and NIH mice and
lethal infections in AZFand DBA/2 micc (Langhorne ef al., 2002). P. chabaudi AS has
been used in many studies as a model for examining acquired immunity to the asexual
erythrocytic stages of malaria parasites as it is considered to be the most similar to P.
Jalciparum infection in bumans. Like P. falciparum, P. chabaudi AS has been shown to
sequester in the post-capillary venules (Cox ef al., 1987) although with a different site of
sequestration. In the case of P. falciparum, the asexual stage-infected erythrocytes tend to
scquester in the heart, brain, lungs, kidneys, small intestine and liver (Aikawa ef al.,
1990; Pongponratn ef al., 1991) while P. chabaudi AS-infected erythrocytes
preferentially sequester in the liver, Both P. falciparum and P. chabaudi AS exhibit
antigenic variation during the asexual erythrocytic stage (McLean ef al., 1982) and in
resistant strains of laboratory mice recovery from the acute primary parasitaemia of a P,
chabaudi AS infection is followed by one or more patent recrudescences (Cox et al.,
1987; Gilks et al., 1990). Furthermore, P. chabaudi-infected erythrocytes have been
shown to be able to adhere to specific cell types and sequester by interacting with
molecules such as CD36 (Mota e al., 2000), which has been described to mediate
suppression of DC function by P. falciparum-infected erythrocytes (Urban et al., 1999).
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1.1.5 Protective immunity to malaria

The complex life cycle of malaria poses a number of challenges to the immune response.
Since stages in the cycle express varying antigen profiles and have different locations,
they require different effector mechanisms. Even with repeated infection, protective
immunity is non-sterile and it is species-, stage-, strain- and variant-specific (Andrysiak
et al., 1986; Fandeur and Chalvet, 1998; Rotman et al., 1999). Acquired protective
immunity induced by malaria parasites involves both antibody-mediated and cell-

mediated immunity.

1.1.5.1 Immunity to pre-erythrocytic stages
1.1.5.1.1 Antibody-mediated immunity

It has been known for many years that immunisation with irradiated sporozoites induces
protective immunity against malaria in both humans and animals (Clyde ef al., 1973;
Nussenzweig ef al., 1967). Early studies provided clear evidence that this protective
immunity is mediated by antibodies (Abs) that recognise sporozoite surface proteins,
thereby inhibiting the ability of the parasite to invade hepatocytes (Weiss, 1990). The
strongest evidence of an important role of anti-sporozoite antibodies in protective
immunity has been obtained in experiments showing that protection against sporozoites
occurred after passive transfer of monoclonal antibodies (mAbs)_against the repeat
domain of the circumsporozoite protein (CSP) of P. yoelii (Charoenvit ef al., 1987) and
by immunisation of mice with synthetic subunit vaccines designed to induce high levels
of anti-CSP antibodies (Zavala et al., 1987). In humans, more than 90% of the adult
population in West Africa was shown to have Abs to P. falciparum sporozoites in the
blood (Nardin et al., 1979). Less than half the children had this Ab indicating that
repeated exposure to sporozoites over many years is necessary to induce its formation

(Nardin ef al., 1979). Nevertheless, the observation that B cell-deficient mice could also
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mount a protective immune responsc after sporozoite immunisation strongly suggested

that T cells also played a protective role (Chen ef ¢l., 1977).
1.1.5.1.2 Cell-mediated immunity

1.1.5.1.2.1 Role of CD8" T cells

A number of studies using the rodent parasites P. yoelii and P. berghei have
demonstrated that CD§" T cells are critical for protective immunity against Plasmodium
liver stages, Early studies established that the in vivo depletion of CD8" T cells reduces
the immunity induced by immunisation with irradiated sporozoites (Schofield ef ol.,
1987; Weiss ef al., 1988). Furthermore, it was demounstrated that immunisation with
irradiated sporozoites induced CD8" T cells specific for defined epitopes located in the
CSP of P. berghei and P. yoelii. The identification of these epitopes allowed the
generation of epitope-specific CD8" T cell-clones that were used to study the in vivo anti-
parasite activity of these T cells (Rodrigues e al., 1991; Romero ef al., 1989; Weiss ef
al., 1992). Transfer of these CD8" T cell clones into mice subsequently challenged with
viable sporozoites, inhibited the development of liver stages and thus prevented infection
of red blood cells (Rodrigues ef al., 1991). This protective activity was shown to be
stage-specific as transfer of the T cells did not protect mice from a challenge with

infected erythrocytes.

The molecular mechanisms by which CD8" T cells inhibit the development of
Plasmodium liver stages of malaria remain to be elucidated. It is known that mice lacking
perforin or Fas molecules can still develop protective immunity against liver stages
{Doolan and Hoffman, 2000; Renggli et al., 1997). Furthermore, it has been
demonstrated that memory CD8" T cells lacking perforin and Fas, can still efficiently
inhibit the development of P. yoelii liver stages (Morrot and Zavala, 2004). These
findings raised the possibility that CD8" T cell-derived cytokines such as [FN-y may act
as effector molecules thus destroying intracellular parasites. In fact, early studies have

shown that injection of IFN-y in mice and rats infected with P. berghei sporozoites a few

14




hours before sporozoite challenge, inhibited the development of the exoerythrocytic
forms in the liver cells of the hosts (Ferreira ¢/ al., 1986). Instead, administration of
neutralising mAbs against IFN-y to immune hosts reversed sterile immunity to sporozoite
challenge, by allowing the growth of exoerythrocytic forms and thus the development of
parasitaemia (Schofield et al., 1987). Furthermore, a potential role for nitric oxide (NO)
as part of the downstream effector mechanisms associated with protection conferred by
attenuated sporozoites has also been proposed. Irradiated P. berghei sporozoite
immunised mice subsequently challenged with viable sporozoites developed parasitacmia
when treated orally with substrate inhibitors of nitric oxide synthase (NOS), suggesting
that the production of NO prevents the development of exoerythrocytic stages of malaria
in liver (Seguin ef al., 1994).

Studies in humans living in malaria-endemic areas indicate that CD8" T cell responses to
liver stages are rather restricted because they are generally found at very low levels, even
in individuals living in regions with intense malaria transmission (Lalvani ef al., 1996;
Plebanski et al., 1997). Limiting dilution analysis of CTL precursor frequencies was
performed on peripheral blood of previously identified West African responders to a wide
range of epitopes derived from different liver stage antigens (LSA-1, CSP, TRAP and
STRAP) (Plebanski et al., 1997). The results indicated that in this population there was
normally a low precursor frequency of specific memory CTL against any single malarial
epitope. By comparison, a secondary response to an influenza epitope in the same
population was 3-fold higher (Plcbanski et al., 1997). Interestingly, low CTL rcsponses
were found even in areas where malaria transmission is approximately 300-fold higher
(Lalvani ef al., 1996).

The situation found in human populations is not entirely different from that observed in
experimental rodent models. Immunisation of mice with irradiated P. yoelii spotozoites
induces rather low CD8" T cell responses, barely detectable by highty sensitive ex vivo
assays (Carvélho et al., 2001). The generation of transgenic (Tg) mice expressing a T cell
receptor (TCR) specific for the CD8" T-cell epitope located in the P. yoelii CSP has

proven to be a valuable tool to study basic features of this T-cell response such as the
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kinetics of differentiation and proliferation as it occurs in vivo.

It was shown that in contrast to memory cells, which can eliminate infected cells
immediately after antigen recognition natve CD8" T cells need to differentiate before
achieving effector status (Sano ef al., 2001). Nevertheless the time required for this
process was shown to be very short. In fact sporozoites induced a rapid activation of
naive CD8" T ecells, which in only 24h displayed clear signs of differentiation and
produced IFN-y and perforin (Sano et al, 2001). The maximum proliferation and
cytotoxic activity of specific CD8" T cells was instead observed 48h after immunisation
(Sano et al., 2001). Purthermore, the CDS" T ccll anti-parasitic activity was shown to
depend on the number of naive cell precursors transferred into mice before immunisation
(Sano et al., 2001). Therefore the limited efficacy of primary CD8" T cell responses
observed in humans and normal mice did not appear to be due to the time it takes for
naive cclls to achieve an effector status as this was attained after just 24h post
immunisation. Instead it was the low frequency of antigen-specific precursors present
before immunisation that seemed to limit the protective activity of primary CD8" T ccll
responses. Interestingly it was demonstrated that the proper development of this CD&" T
cel] response was strictly dependent on CD4" T cells (Carvalho ef al., 2002). BALB/c
mice were depleted of CD4" T cells by using a mAb specific for CD4 and were
immunised two days later with irradiated P. yoclii sporozoites. Epitope-specific CD8" T
cell responses were measured at different time points using an ELISPOT assay (Carvalho
et al., 2001) to dctect antigen-specific IFN-y secretion in the spleen. Parasite-induced
CD8" T cell responses were detectable in CD4-depleted and control mice with no major
differences in the responses in both groups. As this T cell response evolved, however, it
became evident that the absence of CD4" T cells greatly reduced the magnitude of the
CD8" T cell response (Carvalho ef al., 2002). The CD8" T cell response was in fact
reduced by 96% in CD4-depleted mice as compared to that in normal mice. Thus, CD4"
T cells are important in maintaining or enhancing arising CD8" 1" cell responses. It was
found that IL-4 secreted by CD4" T cells was essential for the full development of the
CD8" T cell fesponsc although it ig still not clear whether this cytokine acts directly on
CD8" T colls or through other cell types (Carvalho ez al., 2002).
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The findings described above are similar to those obtained by Bourgeois ef al. who re-
assessed the role of CD4" T cells on CD8" T cell responses and demonstrated that CD4*
T cells are absolutely essential for the generation of CD8 memory cells (Bourgeois and
Tanchot, 2003). Bourgeois and colleagues investigated the role of CD4" T cells in the
response of CD8" Tg T cells to the male antigen HY (Bourgeois and Tanchot, 2003). Tt
was shown that the absence of CD4" T cell help had no impact on the early events of the
primary immune response. Naive CD8™ Tg T cells stimulated in vivo by HY were able to
proliferate and eliminate the antigen in the absence of CD4" T cells. CD4™ T cells,
however, played a role in the expansion of CD8" T cells, since the recovery of CD8" Tg
T celis at the end of the primary response was 3-4-fold less in the absence of CD4" T
cells. Moreover, CD8" T cells primed in the absence of CD4" cells did not acquire the
properties of memory cells. They proliferated poorly both ir vitro and in vivo in
secondary immune responses, and their cytokine secretion upon i vifro re-stimulation

with the male antigen was very low and similar to that of naive cells (Bourgeois and
Tanchot, 2003).

Although it is clear that the magnitude of the primary CD8" T' cell response closely
correlates with the number of parasites used for immunisation (Sano ef al., 2001),
increasing the time of antigen presentation by daily immunisations did not enhance the
magnitude of this response (Hatalla et al., 2002). These results suggest that naive CD8" T
cells become refractory to further antigenic stimulation. Thus while recently activated T
cells continue their differentiation and proliferation process, naive T cells are somechow

prevented from being activated despite additional antigen supply.

The inability of CD8" T cells to expand further despite an increased antigen exposure
during the development of the primary response is reminiscent of what is observed in
endemic areas where very low frequencies of T cells against liver-stage antigens are
observed despite continued sporozoite inoculations through the bites of malaria-infected
mosquitoes (Lalvani et al., 1996; Plebanski et al., 1997). Indeed it was also demonstrated
in mice that repeated bites of infected mosquitoes failed to expand the number of

activated cells once a primary CD8" T cell response was established (Hafalla ez al.,
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2002). Transfer of primed spleen cells from infected mice into normal mice that
subsequently received naive specific-CD8" T cells and were then immunised with
parasites strongly inhibited the activation of the naive T cells (Hafalla ez al., 2003). These
results indicate that primed/activated antigen specific T cells themselves contributed to or
were dircetly responsible for preventing activation of natve CD8" T cells in immunised
hosts (Hafalla er ai., 2003).

To identify the inhibitory T cell population, spleen cells from parasite-immunised
animals were systematically depleted of different T cell populations before transfer into
normal mice. Depletion of NK cells, y& T cells and CD4"™ T cells did not affect the
inhibitory capacity of the primed spleen cells (Hafalla er al., 2003). However, depletion
of CD8" T cells allowed the naive CD8" specific T cells to proliferate normally. To
confirm this observation CD8" T cells purified from spleens of parasite~-immunised mice
were shown to inhibit the activation of naive CD8" T cells as efficiently as the whole
primed spleen (Hafalla ef al., 2003). Furthermore the expansion of naive CD8" T cells
was shown to decrease drastically as the number of transferred activated CD8" T cells
increased (Hafalla et al., 2003).

Interestingly, the transfer of large numbers of CD8 * T cell-specific peptide-loaded DCs

into the animals overcame the inhibitory effect exerted by activated cells on naive CD§"
T cells (Hafalla et al., 2003). These studies indicated that DCs play a key role in
mediating the self-regulatory mechanism among activated and naive CD8" T cells. They
also strongly suggested that the limited activation and proliferation of naive cells within
an immunogenic environment were not due to a functional disability that was induced
upon these T cells, i.e. anergy; rather, they appeared to be caused by limited access of

naive CD8" T cells to antigen presenting DCs (Hafalla ef al., 2003).

Collectively these results suggest that immediately after the initial clonal burst, and
together with the rapid development of CD8" T cell populations expressing effector
functions, inducible regulatory mechanisms are switched on to prevent the activation of

naive CD8" T cells after exposure to antigen. While these regulatory mechanisms may
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limit the magnitude of the anti-malaria primary response, they may also play a key
physiological role by preventing an overwhelming T cell activation that may be
deleterious to the tissues and organs infected by the parasite. However, while these
studies establish that competition between naive and activated CD8" T cells at the level
of APCs is an early regulatory mechanism, it is likely that additional regulatory
mechanisms are subsequently developed as the immune response evolves. In fact as
mentioned earlier, CD4™ T cells have been shown to be important in sustaining the

development of CD8" T cell responses after clonal expansion (Carvalbo et al., 2002).

1.1.5.1.2.2 Role of CD4™ T cells

CD4" T cells are known to play an important role in the induction of protective anti-
sporozoite antibodies. In fact, early studies using P. yoelii infection in mice have
demonstrated the importance of CD4" T cells in the induction of humoral responses
(Weiss et al., 1993). Mice treated with anti-CD4 mAbs prior to sporozoite immunisation
produced very little anti-sporozoite Abs (Weiss er al., 1993). This observation suggested
that CD4" 1 cells played a crucial role in protection against sporozoites by helping B
cells to induce anti-malaria humoral responses. However passive transfer of
hyperimmune serum containing high titres of anti-Abs revealed that CD4-depleted mice
were still not protected against small numbers of sporozoites (Weiss ef al., 1993). These
observations indicated that the defect in immunity observed in anti-CD4 treated animals
was not solely due to the lack of anti-sporozoite Abs and suggested that CD4" T cells can
exert an inhibitory effect upon the development of intrahepatocytic parasites. One of the
first studies demonstrating a direct inhibitory effect of CD4" T cells against liver stages
of malaria parasites described a CD4" T cell clone obtained from a mouse immunised
with irradiated P. berghei sporozoite that recognised an unidentified antigen shared by
sporozoites and blood-stages and differed from the CSP (Tsuji e al., 1990). Passive
transfer of these T cell clones into naive mice protected most of these animals against
sporozoite chéllenge. Furthermore, these clones were shown to display cytotoxic activity
upon stimulation with antigen, as they lysed antigen-pulsed B cells (A20.2] cell line) in
vitro. In addition, they produced TFN-y and IL-2 in vitro, and recognised the plasmodial
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antigen in the context of class II MHC (Tsuii ef al., 1990). Other studies using CD4™ T
cell clones specific for defined epitopes of the P. yoelii CSP also confirmed the ability of
CD4" T cells to inhibit the development of malaria liver stages directly both in vitro and
in vivo (Renia et al., 1993; Takita-Sonoda et ol., 1996). It was shown that some of these
clones eliminated liver stage parasites from cultured hepatocytes in an MHC restricted
manner (Renia ef al., 1993). Although MHC class II molecules are not normally
expressed at the surface of hepatocytes, the expression of these molecules was shown to
be induced by IFN-y during viral infections (Franco ef al., 1988). Therefore, it has been
proposed that activated, parasite antigen-specific T cells could produce cytokines that
induce class If expression in neighbouring infected cells (Renia ef al., 1993). Therefore,
CD4" T cells, as well as assisting and sustaining the proper development of CD8” T cell
responses, they help B cells to induce a high level of anti-malaria humoral response and

directly inhibit the development of liver stage parasites.

1.1.5.1.2.3 Role of 48 T cells

The role of y& T cells in protective immunity againgt the liver stages was studied in mice
deficient of af8 T cells (Tsuji ef al., 1994). off T cell-deficient mice were subjected daily
to the bites of irradiated malaria-infected mosquitoes for a period of two weeks. Mice
exposed to the bites of irradiated non-infected mosquitoes were used as controls. Five
days after the last exposure to mosquitoes, oo T cell-deficient mice and their respective
heterozygous counterparts, which develop normal aff T cells, were challenged
intravenously with viable sporozoites. As expected, parasite development in the liver of
sporozoite-immunised heterozygous mice was strongly inhibited. Most importantly, aff T
cell-deficient mice also mounted an immune response that significantly inhibited the
development of inirahepatocytic parasites (assessed by measuring plasmodial TRNA),
suggesting that y& T cells might be responsible for the observed decrease in liver-stage
parasites (Tsuji ef al., 1994). To define further the possible involvement of yd T cells in
protective immunity against liver stages, sporozoite-immunised off T cell-deficient mice
were transiently depleted of yd T cells by injection of a mAb specific for all TCR vy chains
(Tsuji et al., 1994). The injection of this anti-TCR y antibody into sporozoite-immunised
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af T cell-deficient mice abrogated the inhibition of liver stages induced by their
immunisation (Tsuji ef al., 1994). These findings suggest that y& T cells play an
important role in the anti-parasitic activity observed in sporozoite-immunised aff T cell-
deficient animals. Furthermore, when ¥8T cell clones, derived from spleen cells of
sporozoite-immunised af T cell-deticient mice, were transferred into normal mice, that
were later inoculated with viable sporozoites, parasite development was shown to be
significantly inhibited, confirming the protective role of y8 T cells against the liver stages
of malaria parasites (Tsuji ef al., 1994). Further studies in v& T cell-deficient mice
immunised with irradiated sporozoites, revealed that these animals had increased liver
parasite burden when challenged with P. yoelii sporozoites compared to similarly
challenged immunocompetent mice, suggesting that y8 T cells are a component of carly

immunity directed against malaria pre-erythrocytic parasites (McKenna et al., 2000).

1.1.6.2 Immunity to erythrocytic stages

1.1.6.2.1 Antibody-mediated Immunity

Early studies showed that passive immunisation with purified immunoglobulin obtained
from adults living in malaria endemic areas transferred clinical protection against P.
Jalciparum (Cohen ef al., 1961; Sabchareon ef al., 1991). Similarly, passive transfer of
mAbs against parasite antigens was shown to confer protection in naive mice (Narum et
al., 2000; Spencer Valero et al., 1998). Various studies using animal models further
confirmed the involvement of B cells in parasite clearance., Mice rendered deficient of B
cells due to a targeted mutation of the transmembrane exon of the IgM m-chain (m-MT
(Kitamura et al., 1991)), were unable to resolve a primary infection with the erythrocytic
stages of P. chabaudi AS (von der Weid et al., 1996). m-MT mice could reduce the initial
acute infection to relatively low levels of parasitaemia with kinetics similar to wild type
mice. Mutated animals however developed chronic unresolved infections characterised
by relapsing peaks of parasitaemia (von der Weid et al., 1996). This indicated that B ccii-
independent mechanisms of immunity were sufficient to reduce the acute parasitaemia of

a primary P. chabaudi AS infection, but were not able to resolve the infection (von der
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Weid er al., 1996). B cell transfers into these chronically infected mice demonstrated that
B cells were potent effectors of parasite clearance (von der Weid ef af., 1996). Studies in
B cell deficient mice also indicated that B cells played an essential role in switching from
Thi to Th2 responses, which is critical for the complete resolution of P, chabaudi
infection (Langhorne er al., 1998; Taylor-Robinson and Phillips, 1994),

It has been demonstrated that naturally acquired immunity to malaria in individuals living
in endemic areas depends on the acquisition of a repertoire of specific, protective Abs
directed against the polymorphic target antigen, P. falciparum erythrocyte membrane
protein-1 {(PfEMP-1)(Bull ef 4l., 1998). In 19806, Marsh and Howard (Marsh and Howard,
1986) showed that sera taken from children after an infection were able to agglutinate in
vitro RBCs infected with the same strain of parasite that the child was exposed to but not
strains to which other children were exposed. Sera taken from immune adults, by
contrast, were able to agglutinate most strains circulating in the community. It was
subsequently shown that each agglutinate formed with sera from immune adults
contained parasite of the same strain, suggesting that the immune sera does not recognise
a common epitope found on all infected RBCs, but epitopes that are strain specific
(Newbold es al., 1992). These strain-specific antigens were principally the ‘variant’
antigens that are termed PfEMP-1, which are expressed on the surface of trophozoite-
infected RBCs (Leech ef al., 1984) and encoded by approximately 60 genes of the ‘var’
multigene family (Smith ef al., 1995; Su ef al., 1995). PIEMP-1 has been shown to
mediate cytoadherence of infected RBCs to endothelial receptors such as CD36, and
ICAM-1 (Baruch et al., 1996), a process that is believed to be involved in the
pathogenesis of cerebral malaria and placental malaria, Abs to PfEMP-1were reported to
prevent the cytoadherence property of infected cells (Smith ef al., 2000). This may
therefore avoid the development of cerebral malaria (Smith et af., 2000) and presumably
allow infected cells to be removed by the spleen (David ef ai., 1983). Similarly, it was
reported that Abs disrupt spontaneous binding of uninfected RBCs to Plasmodium-
infected RBCs (rosetting) (Carlson ef al., 1990). This in vitre phenomenon is thought to
be associated with ccrebral malaria although its occurrence in vivo has not been

demonstrated yet.
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Typically, only a single PfEMP-1 antigen is expressed at any one time and the ability of
the parasite to switch expression from one variant to another is believed to be primarily
responsible for the ability of the parasite to evade immune responses, a strategy now
known as antigenic variation (Biggs et al., 1991). Thus immunity to the parasite develops
once an individual acquires Abs against multiple PfEMP-1 variants, which might explain
why natural immunity takes several years to develop. This idea is substantiated by the
fact that the levels of variant-specific Abs increase in an age dependent manner and
correlate with a decline in both the prevalence and density of parasitaemia (Piper ef ai.,
1999).

Therefore the degree of protective immunity in humans correlates with the level of Abs
against asexual blood-stage antigens, and has been shown to depend on Ab isotypes
(Astagneau ef al., 1995; Chizzolini ef al., 1988; Piper ef al., 1999). Various studies have
reported that Abs, which were protective in vivo by passive transfer of immune
immunoglobulin in humans had no effect in vitro on the growth of P. falciparum asexual
blood-stages, unless they were allowed to cooperate with blood monocytes by binding to
Fc receptors (Boubaroun-Tayoun ef al., 1990; Khusmith and Druilhe, 1983). It was also
shown that Abs, which were not protective in vivo were unable to exert an anti-malaria
effect in vitro by cooperation with monocytes (Bouharoun-Tayoun et al., 1990; Khusmith
and Druithe, 1983). For these reasons, the subclasses of Abs produced in response to
infection are of particular importance, since certain isotypes, being non cytophilic (i.e.
they do not have an affinity to cells), are unable to cooperaie with cells in parasite-killing
effector responses such as opsonization and antibody-dependent cellular inhibition
(Bouharoun-Tayoun ef al., 1990).

Resistance to P. falciparum infection in humans was reported to be mainly associated
with the ability to produce IgGl and IgG3, two cytophilic Abs, and to reduce the
proportion of the non-cytophilic isotypes [gG2, IgM and IgG4 of the same specificity
(Bouharoun-Tayoun and Druilhe, 1992). The non-cytophilic Abs were suggested to block

the effector mechanism induced by cytophilic isotypes because of their higher
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concentration in serum and their greater affinity to the target antigen, thus providing a
means of escape induced by the parasite (Bouharoun-Tayoun and Druithe, 1992).
Furthermore, the 1gG2 isotype appeared to be the main blocking Ab in some adult
patients, whereas, in young children, who are unable to produce high levels of 1gG2, the
parasite has been shown to induce the synthesis of IgM preferentially (Bouharoun-
Tayoun and Druilhe, 1992). Interestingly, IgG2 has also been reported to be associated
with low risk of infection and protcction against P. falciparum (Avcan et al., 2000). A
polymorphism of the gene encoding FcyRIla has been found that explains such

conflicting results.

FeyRIla (CD32) is expressed on the surface of lymphocytes and monocyte/macrophages,
and provides an important link between humoral and cellular immune systems
(Nimmerjahn and Raveich, 2006). It is a low affinity IgG receptor capable of binding
immunoglobulin subtypes IgG1.4. However the recognition of 1gG by CD32 is influenced
by a polymorphism within the gene (Cooke ef al, 2003). A single nucleotide change
within the CD32 molecule alters a histidine (H) to an arginine (R) residue at position 131
and changes its function in vitro. The presence of the H131 allele is essential for the
efficient binding of IgG2 subtypes (Warmerdam et a/., 1991). In its absence, those with
the R131 genotype have preferential affinity for IgG3 and IgG1 subtypes. Therefore the
functional activity of IgG subtypes is likely to depend, at least in part, on the CD32
genotype of the host.

In mice, the isotype IgG2a is associated with protection against Plasmodium infection
(Matsumoto ef al., 2000; Smith ef al.,, 1997; Su and Stevenson, 2000). 1gG2a is
predominant during the primary ascending parasitaemia in mice infected with P.
chabaudi AS followed by an 1gG1 response during the chronic stage of infection, as a
consequence of Thl to Th2 switching (Taylor-Robinson and Phillips, 1994). It has been
shown that IgG1 and IgG2b can confer protection against lethal challenge infection with
P. yoelii in mice immunised with MSP-1 (Hirunpetcharat ef al., 1997). IgG3 may also be
important as passive transfer of anti-MSP-1 IgG3 into naive recipient resolves P. yoelii
infection (Majarian ef al., 1984),




Ab responses directed against surface proteins of the merozoite may function either by
blocking RBC invasion or by making the merozoite susceptible to phagocytosis. MSP-1
is the best studicd of the merozoite antigens (Holder ef al., 1999). Following release from
infected RBCs, the membrane-bound component of MSP-1 is subjected to a single
proteolytic cleavage known as ‘secondary processing’ (Blackman et al., 1991a). The
cleavage product is shed prior to merozoite invasion (Blackman ef al., 1991b) and only
the small carboxyl-terminal 19 KDa domain MSP-1,s, is carried into the newly infected
RBC (Blackman ef al., 1990). It was shown that Abs inhibited merozoite invasion by
both binding to MSP-15 and blocking secondary processing of the MSP-1 protein
(Blackman et al., 1990; Blackman ef al., 1994). Similarly, Abs to the Duffy binding
protein, which is necessary for . vivax merozoite invasion of RBC (Michon e al., 2000),
may inhibit the establishment of P, vivax infections. Furthermore, it has been reported
that Abs use other mechanism to block merozoite invasion of RBCs, such as causing
complement-mediated damage and preventing merozoites release by causing

agglutination of merozoites in rupturing schizonts (Ramasamy ef al., 2001).

Despite the importance of Ab responses in malaria infection, it seems that not all Abs are
protective. Polyclonal Abs specific for MSP-2 but not mAbs specific to the same antigen
have been shown to enhance invasion of multiple merozoites into RBC (Ramasamy ef al.,
2001; Ramasamy ef al., 1999). Furthermore, high-titre Abs against MSP-2 fails to induce
complement-mediated damage (Ramasamy ef al., 1999). In this regard, it has been
suggested that merozoites might have evolved a mechanism to limit complement-
mediated damage by adopting strategies such as rapid shedding of the surface proteins
(Ramasamy ef al., 2001). To explain the increase in multiple invasion instead, it has been
proposed that merozoites crosslinked by anti-MSA-2 Abs can recognize RBC ligands, re-
orientate one or more of their apical surfaces to contact the RBC membrane and
successfully complete invasion together (Ramasamy ef al., 1999). Alternatively, Ab-
cross-linked merozoites attracted to the same RBC, might dissociate and invade the RBC
independently (Ramasamy ef al., 1999). The formation of ring-stages lying within

discrete parasitophorus vacuoles favours the latter model (Ramasamy ef al., 2001),
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Moreover it has been reported that Abs, which inhibit MSP-1 processing and crythrocyte
invasion can be blocked by naturally acquired antibodies (Guevara Patino ef al., 1997).
All of the above in vifro observations illustrate the importance of identifying epitopes that

induce protective Abs when designing a vaccine against malaria.

1.1.6.2.2 Cell-mediated Immunity

The role of cell-mediated immune responses directed against the erythrocytic stages of
malaria has been extensively studied in many experimental animal models (Taylor-
Robinson, 1995).

1.1.6.2.2.1 Role of CD4" T cells

Both Thl and Th2 cells have been shown to be involved in protective immunity against
blood-stage malaria. P herghei and P yoelii were reported to induce a rapid and strong
Th2 immune response whereas P. chabaudi adami a strong Thl response (Taylor-
Robinson, 1995). These findings were substantiated by the fact that severe combined
immunodeficient (SCID) mice reconstituted with enriched immune T cells suppressed
acute P. chabaudi adami parasitaemia, suggesting that T, but not B, cells are required to
clear this strain of malaria (van der lleyde et al., 1994). In addition, B cell deficient mice
were also shown to resolve P. chabaudi adami, P. vinckei petteri and P. chabaudi
chabaudi malaria at thc same rate as normal mice (van der Heyde et al., 1994).
Collectively, these observations establish that T cells alone ::an mediate the clearance of
acute malaria caused by these subspecies of Plasmodium. Moreover, the protective

immune response was shown to depend upon CD4" T cells, as B cell deficient mice

treated with anti~-CD4 mADb did not resolve their infections (van der Heyde ef al., 1994).

Nevertheless, several studies in P. chabaudi AS have shown that protective immunity to
blood-stage malaria requires both CD4" T cells and Abs, and sequential activation of Thl
and Th2 cells is critical for protection (Langhorne et al., 1998; Taylor-Robinson and

Phillips, 1994). The importance of Thl and Th2 cells in protection against P. chabaudi
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AS infection has been investigated in resistant and susceptible mice (Stevenson and Tam,
1993). It is now well established that in resistant mice, the acute phase of P. chabaudi AS
infection is predominantly characterised by the production of IFN~y during the first week
of infection, which declines as the parasitaemia decreases, and is replaced by IL~4 and
IL-10 production during the later stages of infection (Taylor-Robinson and Phillips,
1994). In contrast, mouse strains for which P. chabaudi infection is fatal, produced high
levels of IL-5 within the first week of infection (Stevenson and Tam, 1993). These
6bservations indicate that resolution of primary blood-stage P, chabaudi infection occurs
by sequential activation of Thl CD4" T cells followed by activation of the Th2 subset,
and that induction of a strong Th2 response early in infection may lead to a severe and
lethal course of malaria. Furthermore, the size of the infective dose, thus the level of
antigen presented to the immune system, was reported to affect significantly the nature of
the prevailing immune response to P. chabaudi infection (Taylor-Robinson and Phillips,
1998). In resistant mice, production of IFN-y was directly proportional to the size of the
innoculum whereas IL-4 production correlated indirectly with the size of the infective
dose (Taylor-Robinson and Phillips, 1998). In contrast, increasing the infective dose in a
susceptible mouse strain led to a prominent and accelerated up-regulation of IL-4

- production (Taylor-Robinson and Phillips, 1998).

It has been speculated that the initial Thl type response observed during P. chabaudi
infection could be due to the high concentration of antigens that the host is exposed o
following schizont rupture due to the synchronous nature of the asexual erythrocytic
cycle (Taylor-Robinson and Phillips, 1998). Conversely, Th2 type responses were
suggested to be due to the continuous and increasing stimulation with antigen which
would occur in asynchronous infections such as in P. berghei and P. yoelii infections.
Indeed there is strong evidence indicating that antigen dose affects Th1/Th2 responses
(Constant and Bottomly, 1997). However, there are no clear-cut conclusions regarding
whether ‘high’ or ‘low’ doses of antigen are best suited to induce each type of immune
response. Intérestingly, most of the studies in which low doses of antigen induced Thi-
like responses used parasites as immunogens, whereas low doses of soluble proteins

tended to skew toward Th2-type cells (Constant and Bottomly, 1997). Therefore, it may
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be that the antigen itself can influence the type of response initiated. However, whether
the type of the immune response elicited during malaria and the synchronicity of
bloodstream infection are linked requires further studics. Nevertheless, collectively these
results show that CD4™ T cellé are crucial for resistance to malaria, Both Thil and Th2
cells contribute to protective immunity at different times of infection and the balance

between these two subsets determines the outcome of the disease.

The tole of CD4™ T cells in immunity to malaria in humans is less well understood.
Individuals lacking previous exposure to P. falciparum, as well as malaria-exposed
individuals, have 1" cells that proliferate and secrete IFN-y in response to parasite antigen
and inhibit parasitc growth in vitro (Fell ef al., 1994). The degree of proliferation of
peripheral blood mononuclear cells (PBMCs) isolated from malaria-exposed individuals
and stimulated in vitro with parasite antigens, correlated with the number of previous
malaria episodes (Carvalho ef al., 1999). In children living in highly endemic areas,
protection against P. falciparum correlates with the level of antigen-specific proliterative
responses (Migot-Nabias et al., 1999). However, acute P. falciparum malaria is
associated with loss of in vitfro T cell responsiveness to antigenic stimulation as well as
reduction in the number of T celis in the peripheral circulation (Elhassan et al., 1994;
Hviid ef al., 1991). This cellular hyporesponsiveness has been associated with the
sequestration of T cells expressing the adhesion molecule leukoeyte function-associated
molecule-1 (LFA-1} on their surface (Elhassan ef al., 1994; Hviid ef ai., 1991).
Particularly, depressed frequencies of CD4™ T cells were observed in patients with
cerebral malaria (Hviid et al., 1997). After the clearance of parasitaemia, previously
sequestered cells re-emerge into the periphery, with subsequent restoration of immune
responsiveness, thus explaining why acute P. falciparum malaria is associated with a
transient inability of peripheral blood cells to respond to antigenic stimulation in vifro
(Elhassan ¢f al., 1994). A shift from a Th2 response to a more pronounced Thl response
has been suggested to resolve P. falciparum infection (Winkler et al., 1998).
Nevertheless,l the precise role of effector CD4" T cells in protection of humans against

malaria needs further investigation.
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1.1.6.2.2.2 Role of yd T cells

y8 T cells are found in increased numbers in the spleens of humans and mice infected
with malaria (Nakazawa et al., 1994), but their role in immunity to blood-stage infection
remains unclear. [t has been shown that depletion of y& T cells does not alter
parasitaemia, anaemia or survival rates of mice infected with the avirulent P.c. adami or
virulent P. c. chabaudi CB, whereas mice depleted of aff T cells had higher levels of
parasitaemia, lower RBC counts, and decreagsed survival rates (Sayles and Rakhmilevich,
1996). These results indicate that o.f but not yd T cells play an essential role in host
defence against P. chabaudi infection in mice (Sayles and Rakhmilevich, 1996).

In contrast, other studies emphasise the importance of this population of T cells in the
resolution of malaria. Mice lacking y& T cells were shown to develop chronic
parasitaemia following P. ¢. chabaud AS infection (Langhorne ef al., 1995; Seixas and
Langhorne, 1999). Proliferation of ¥ T cells was also associated with parasite clearance
from the blood in P. c. adami infected mice (Nakazawa ef al., 1994). As the parasitaemia
decreased, the number of vy T cells was shown to decline towards basal levels as
observed in immunohistochemical preparations of spleen sections (Nakazawa ef al.,
1994). The expansion of yd T cells was sugpested to require the presence of auf T cells
and was supported by the observation that the expansion of yd T cells did not occur in
anti-CD4 treated mice and by the finding of large numbers of y8 T cells in the spleens of
infected SCID mice which received CD4-enriched fractions containing few v T cells
(van der Heyde ef al., 1993b). Furthermore, the fact that the ap T cell population was
found to be maximally activated to become blast cells during the period of ascending
parasitaemia, whereas the maximal y8 T cell blast response was found during the period
of descending parasitaemia, suggests that these cells may function in the resolution of
blood-stage malaria (van der Heyde ef al., 1993b). The detection of high levels of y& T
cells only in models that resolve their infection further reinforces this possibility (van der
Heyde et al., 1993b).
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Human y8 T cells isolated from peripheral blood of malaria non-immune individuals can
inhibit growth of the late or extracellular stages of P. falciparum in vitro (Troye-
Blomberg et al., 1999). The inhibitory activity corrclates with the number of 8 T cells
present in the culture, suggesting that yd T cells contribute to the control of infection
(Troye-Blomberg et al., 1999). Thus a role of y8 T cells in providing protective immunity

against malaria cannot be excluded and requires further investigation.

1.1.6.2.2.3 Role of CD8" T cells

Regarding CD8" T cells, as described earlier, there is clear evidence for their contribution
to immune effector mechanisms aimed at pre-erythrocytic stages of the malaria life cycle.
Howevet, in contrast to CD4" T cells, CD8" T cells have been shown not to be essential
for control of asexual erythrocytic malaria parasites. $2-microglobulin (B2m) deficient
mice effectively lack major histocompatibility complex (MHC) class I molecules, thus
they virtually lack CD8 af§ T cells. When infected with P. ¢. adami, P. c. chabaudi or P.
yoelii 17xNL, B2m-deficient mice were as resistant to blood-stage infection as control
animals (van der Heyde et al., 1993a). Together with selective lymphocyte depletion
experiments performed with 2. ¢. chabaudi (Suss et al., 1988), these daia demonstrate
that CD8" T cells are not required to suppress blood-stage malaria and that the

suppression mechanism is not MHC class I-restricted.

1.1.6.2.2.4 Cytokines involved in protection against blood-stage malaria

T cells play a central role in the elimination of blood-stage malaria parasites through the
release of cytokines that activate other effector cells. Cytokines involved in immunity to
blood-stage malaria include TL-12, IFN=y and TNF-c.

(a) 11.-12

The major immunological role of 1L-12, that is of relevance to protective immunity to
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blood-stage malaria, is its ability to induce IFN-y production by both natural killer (NK)
and CD4" T cclls (Trinchieri, 2003). Systemic administration of IL-12 was shown to
protect susceptible A/J mice against lethal P. chabaudi AS infection (Stevenson et al.,
2001). Moreover, this IL-12-induced protection occurred through IFN-y, TNF-a, and
NO-dependent mechanisms, associated with Th1 cell-mediated immune responses (Sam
and Stevenson, 1999). Administration of anti-IL-12 to mice infected with P. berghei led
to increased parasitaemia and fatal outcome (Yoshimoto e al., 1998b). Anti-IL-12
treatment significantly reduced the secretion and mRNA expression of IFN-y, showing
that IL-12 is a potent inducer of IFN-y during malaria infection (Yoshimoto et al.,
1998b). In humans, the levels of IL-12 were found to be significantly elevated in patients
who suffered less severe disease whereas they were found to be lower in patients who

suffered more severely from the disease (Luty ef al., 2000; Malaguarnera et al., 2002).

While many studies provide evidence for a protective role of IL-12 in immunity to blood-
stage malaria, others have shown that IL-12 is also implicatcd in mediating pathology
during malaria. Yoshimoto ef al. demonstrated that I1-12p40 mRNA expression is
upregulated in the spleen and liver during early infection in mice inoculated with lethal
blood-stage P. berghei parasites (Yoshimoto ez al., 1998a). Infection with this parasite
was also found to upregulate mRNA expression of IFN-y, IL-4, IL-10, TNF-o. and iNOS
in these organs, Infected mice were found to experience severe liver damage, reduced
body weight and severe anaemia. Treatment of infected mice with mAb against IL-12
significantly decreased liver injury and prolonged survival, although all the animals
eventually succumbed. Anti-IL-12 treatment also significantly reduced mRNA
expression and secretion of IFN-y in the liver as well as the spleen (Yoshimoto ef al.,
19984). These results provide evidence that IL-12 is involved in the pathogenesis of liver
injury via production of [FN-y during lethal P. berghei infection. Therefore, while IL-12
has protective effects against blood-stage malaria, this molecule could also be involved in
malaria pathology due to its ability to induce excessive production of inflammatory

mediators.
(b) IFN-y

31




IFN-y plays an important role in resistance to blood-stage malaria infection. P.
falciparum erythrocytic stages were lethally susceptible to oxygen-dependent and
oxygen-independent mediators released by IFN-y-activated, monocyte-derived human
macrophages (Ockenhouse ef al., 1984). PBMCs from children with mild P. falciparum
infection produce high levels of IFN-y when stimulated in vitro with merozoite antigens,
and these children have a lower risk of re-infection (Luty et al., 1999). In contrast,
children with severe malaria show lower levels of IFN-y production by PBMCs and are
more susceptible to re-infection (Luty et al., 1999). In the mouse model, infection of IFN-
v deficicnt mice with P. chabaudi AS results in increased morbidity and mortality
indicating a role for this cytokine in protection (Su and Stevenson, 2000). Furthermore,
mice defective in IFN-y and its receptor show a predominantly Th2 response, which is
associated with susceptibility to P. chabaudi infection (Balmer et al., 2000; Su and
Stevenson, 2000). These results therefore provide evidence for a protective role for IFN-y

in blood-stage malaria.

(c) TNF-a

TNF-a production is greatly augmented during malaria infection, as shown by elevated
levels of TNT-c. in plasma of patients with malaria (Luty ef al., 2000; Perkins et al.,
2000) and infected mice (Choudhury et al., 2000; Stevenson ef @l., 1995). Malaria
parasites and their products, such as malaria pigment (haemozoin) (Pichyangkul ef al.,
1994) and glycosylpbosphatidyl-inositols (Schoficld and Hackett, 1993) can directly
induce the rclease of TNF-c¢ by macrophages. Early studies reported that parasites
incubated overnight with recombinant TNF-a (rTNF-ct) showed no loss of viability, but
repeated injection of rTNF-« into infected mice reduced parasitaemia and significantly
prolonged survival of mice infected with a lethal variant of P. yoelii parasite (Taverne ef
al., 1987). These observations suggested that TNF-a acted on blood-stage malatia ir vivo
via host cells, This hypothesis was confirmed in later studies where rTNF-¢ was shown

to cause an increase in the phagocytosis of P falciparum-infected erythrocytes by human

32




monocytes (Muniz-Junqueira ef al., 2001). The phagocytosis-enhancing effect of TNF-o.
was observed exclusively when anti-P falciparum antibody was present in the culture
(Muniz-Jungueira ef af., 2001). Other studies using neutrophils as phagocytic cells, also
observed an increase in phagocytosis induced by this cytakine (Kumaratilake et ol., 1991;
Kumaratilake et al., 1990), suggesting that TNF-« is an important component of the
phagocytic effector mechanisms, which are involved in the destruction of the malarial

parasite.

In addition to its protective role, TNF-a is also associated with pathology of malaria, The
balance between the protective and pathologic roles of TNF-a is dependent on the
amount, timing and location of TNF-o expression. In fact, resistant C57BL/6 mice had
higher levels of TNF-o mRNA in the spleen and liver early during infection than did
susceptible A/J mice, which succumb to the disease 10 days after initiation of infection.
Administration of anti-TNF-a Ab to these resistant mice abrogated the immunity,
indicating a protective role for TNF-a. (Jacobs et al., 1996). Furthermore, resistant
C57BL/6 mice also expressed high levels of IFN-y mRNA and low levels of IL-4 mRNA
in the spleen, whereas susceptible A/J mice had low levels of IFN-y mRNA but high
levels of TNF-ao mRNA. in the liver as well as having high levels of TNF-o protein in
serum, later during infection just before death occurred (Jacobs ef al., 1996). These
results demonstrate that a Thl-associated increase in TNF-o mRNA expression in the
spleen early during infection correlates with resistance to P. chabaudi AS, whereas
increased TNF-a mRINA levels in the liver and excessive levels of the TNF-a protein in

serum later during infection correlate with susceptibility.

Injections of peutralizing mAb against recombinant murine IFN~y in P. berghei infected
mice, markedly reduced serum levels of TNF-o, which led to reduced incidence of
experimental cerebral malaria, suggesting that these cytokines contribute to pathology in
P. berghei infection (Grau ef al., 1989a). Furthermore, experiments with blocking Abs
revealed that production of TNF-a during P. berghei blood-stage malaria infection was

responsible for weight loss and anaemia (Hirunpetcharat ef al., 1999). These findings
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concurred with P.falciparum infection in humans where gnalysis of post-mortem hurran
tissues showed expression of TNF-a in brains of patients with cerebral malaria (Brown et
al., 1999). In addition, high levels of TNF-a in children with P. falciparum malaria
correlated with hypoglycaemia and high mortality rates (Grau et al., 1989h),

Collectively, the data suggest that infection control is cell mediated but that immune
pathology from cell mediated mechanisms contributes to disease. To achieve desirable
outcomes, the balance of mediators that are involved in the immune response to malaria
must be tightly controiled. An understanding of the mechanisms by which cytokines
induce proteciion and/or pathology in malaria will prove to be fundamental for designing

vaccines and developing new therapies for malaria.

1.1.7 Malaria-induced immunosuppression

Asymptomatic and symptomatic malaria patients often show reduced immune responses
not only to malaria parasites but also to unrelated antigens, including vaccines
(Williamson and Greenwood, 1978), suggesting that an active immune suppression
mechanism may operate during the course of malaria, In humans, the depressed
respansiveness to heterologous antigens was originally reported in 1962 by measuring the
antibody responses of infected and uninfected children to vaccination with tetanus toxoid
(McGregor, 1962). Standard doses of the same batch of tetanus toxoeid failed to induce an
anti-toxin response in significantly more Gambian children with malarial parasitaemia
than in counterparts who had been kept free from malaria by continuous
chemoprophylaxis (McGregor, 1962). Later studies confirmed this diminished antibody
response to tetanus toxoid and also reported that children with acute malaria showed a
significantly reduced antibody response to the O antigen of Salmonella typhimurium
(Greenwood et al., 1972). However, their antibody response to the H antigen of S.

typhimurium and their cellular immune responses were normal (Greenwood ef al., 1972).

In an attempt to establish the duration of this immune defect, the immune response of

children with acute malaria to vaccination with S. #yphimurium and meningacoccal
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vaccines were studied at varying times after the onset of their illness (Williamson and
Greenwood, 1978). Children with acute malaria were randomly allocated to one of three
groups. Children in group [ were immunised at the time of their presentation at hospital.
Group 11 received the immunisations 7 days after presentation with acute malaria and
group III were vaccinated 28 days after presentation. All children were treated
immediately with chloroquine and weekly pyrimethamine was given to patients and
controls to prevent any further attacks of malaria during the study period. A significant
correlation was found between the level of parasitaemia and the degree of
immunosuppression, children with the highest parasitaemia making almost no antibody
response to vaccination. After treatment immune responsiveness to S. fyphimurium
vaccine rapidly returned. However, rccovery of immune responsiveness to
meningococcal vaccine was delayed, These results suggested that an attack of acute
malaria, even when treated promptly, could have a prolonged suppressive effect on the

humoral immune system (Williamson and Greenwood, 1978).

In addition to studies documenting impaired responses to heterologous antigens in
children with acute falciparum malaria (Greenwood et al., 1972; McGregor, 1962;
Williamson and Greenwood, 1978), there is also evidence of suppression of immune
responses to malaria-specific antigens (Brasseur ef al., 1983; Ho et al., 1986; Troye-
Blomberg ef «l., 1984). Malarial antigens (MA) were prepared from a natural isolate of P,
Jalciparum collected in eastern Thailand. PBMCs were collected from patients with acute
malaria or from healthy controls and stimulated either with a mitogen or with MA or a
control antigen prepared from cultured uninfected erythrocytes obtained from the same
donor who was used for parasite cultures. Patients with acute P. falciparim malaria were
found to have an antigen-specific T cell proliferative defect that persisted for more than
four weeks following treatment (Ho ef @l., 1986). The duration of this specific
immunosuppression correlated with the initial parasite count and the severity of clinical
illness and was more prolonged in patients with more serious disease (Ho ef al., 1986).
The antigen-épecific immunosuppression may explain the difficulty associated with the '
development of protective immunity to P. falciparum malaria. These results indicate that

blood-stage malaria infections may suppress responses important for immunity to malaria
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thereby allowing the parasite to survive. Furthermore, they suggest that patients infected
with P, falciparum may not respond as well to a malaria vaccine as would uninfected

individuals.

While malaria-induced immunosuppression may have evolved as a mechanism by which
the parasite can avoid immune-mediated clearance, it leaves malaria-infected individuals
more susceptible to secondary infections. Salmonella septicacmia was found to be more
common and more severe during outbreaks of malaria (Mabey ef al., 1987) and it has
been suggested that malaria-induced immunosuppression was one of the reasons for the
persistence of tuberculosis in malaria-endemic regions (Enwere ef al., 1999). In addition,
malaria infections have been implicated in the development of Burkitt’s lymphoma, a
tumour in which B lymphocytes, infected with Epstein-Barr virus (EBYV), proliferate
abnormally in immunosuppressed patients (Lam ez @/, 1991; Moormann ef al., 2005;
Whittle et al., 1984). An early study reported that during an attack of P. falciparum
malaria, T cell subpopulations are altered so that, in vifro, B lymphocytes infected with
EBV proliferate abnormally to secrete large amounts of Abs (Whittle er al., 1984),
PBMCs were obtained from patients during and three weeks after an acute attack of P.
falciparum malaria and were used in in vitro regression assays, which provide a measure
of the strength of T cell control of EBV-infected B cells, All patients had antibodies to
the viral capsid antigen (VCA) of EBV. It was found that regression indices were high
during the attack, denoting loss of T cell control, but they fell on recovery, signifying a
return to normal control (Whittle e al., 1984). These observations concurred with a later
study by Lam ef al that demonstrated that the numbers of EBV-infected B cells were
higher in acute malaria patients than in convalescent malaria patients and in healthy
control adults (Lam ef al., 1991). More recently, it was reported that elevated EBV loads
were found in children 1-4 years of age living in a region in Kenya where malaria is

endemic (Moormann et al., 2005).
The incidence of herpes zoster was also shown to be markedly increased in malaria-

infected individuals (Cook, 1985). Papua New Guinean children under 9 years of age

were reported to have developed herpes zoster following an episode of malatia, due to 2.
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Sfalciparum or P. vivax (Cook, 1985). The reactivation of the varicella-zoster virus in
these patients may reflect transient depression of cell-mediated immunity by these
malaria parasites. Furthermore, a high rate of parvovirus B19 and P. falciparum co-
infection has been reported in children from Nigeria (Jones ef a/., 1990) and patients with
malaria showed severe anaemia as a result of concomitant parvovirus B19 infection
(Scarlata et al., 2002). These results confirm the possibility that the depression of cell-
mediated immunity during P. falciparum malaria may favour the appearance of

opportunistic viral infections.

Hepatitis B virus carriage was found to be significantly increased among cases of severe
malaria (Thursz et al., 1995). It was suggested that in individuals with persistent hepatitis
B virus infection the protective role of cytotoxic T cells in lysing parasite-infected
hepatocytes could be impaired due to the reduced levels of HLA class I on hepatocytes
infected by hepatitis B virus, leading to increased susceptibility to severe malaria (Thursz
et al., 1995).

The pattern of immunosuppression observed in children with acute malaria is similar to
that observed in experimental animal models. At the time of maximal parasitaemia, P.
berghei infection in mice caused profound suppression of antibody response to some
antigens including human-y-globulin, but not to others, such as to keyhole limpet
haemocyanin (KLH)(Greenwood ef al., 1971). However, no suppressive effect of cell-
mediated immunity was demonstrated, as skin graft rejection and contact hypersensitivity

were not impaired (Greenwood et al., 1971),

Back in 1965, Kaye ef al. demonstrated lowered resistance to S. typhimurium in mice
infected with P. berghei (Kaye ef al., 1965). Depression of antibody responses to tetanus
toxoid was demonstrated in malaria-infected mice infected (Voller es al., 1972).
Similarly, a reduced immune response to sheep erythrocytes was reported during malaria
infection in mice (Salaman ef al., 1969), Acute P. yoelii and chronic P. berghei infections
in mice were accompanied by a reduced capacity to mount an antibody response to type

III pneumococcal polysaccharide (McBride ef al., 1977). P. yoelii infection in mice was
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shown to suppress the response to killed Borderella pertussis (whooping cough) vaccine
(Viens et al., 1974), depress the primary antibody response to alum-absorbed bovine
serum albumin (McBride and Micklem, 1977) and to have depressed immune responses
to Moloney leukemia virus (MLV), the latter resulting in the induction of lymphomas,
accompanied by reduced levels of circulating neutralising Ab to MLV and in particular
by the absence of IgG antibody (Bomford and Wedderburn, 1973).

'The observations described above suggest that repeated episodes of malaria-induced
immunosuppression may contribute to a high incidence of bac_terial infections and
recrudescence of viral infections, may interfere with vaccination programmes and may
have other long-term effects such as predisposing to the development of Burkitt’s
lymphoma. Furthermore, the demonstration that P. falciparum infection in humans is
associated with a similar type of immunosuppression observed in experimental animal
models support the view that animal experiments have relevance to human disease and
they may aid in determining and overcoming the mechanisms of malaria
immunosuppression as well as the development of a much needed effective vaccine

against malaria.

Dendritic cells (DCs) play a pivotal role in the activation of T cells and consequently the
induction of adaptive immune responses and immunity (Adams et al., 2005). Therefore, it
is reasonable to assume that DCs also play a critical role in initiating immune responses
to malaria. There is evidence that many pathogens have evolved mechanisms to subvert
the function of these important cells thereby modulating the host’s immune response to
their advantage (Rescigno, 2002; Rescigno and Borrow, 2001). Tﬁus, it is likely that
malaria parasites may modulate key functions of DCs that could potentially lead to or

contribute to more generalised immunosuppression observed in infected individuals,
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1.2 Dendritic Cell biology

Dendritic cells (DCs) are bone marrow-derived mononuclear cells that are found in
tissues throughout the body and are specialised for the uptake, transport, processing and
presentation of antigens to T cells (Adams ef al., 2005). 1t is now clear that DCs are a
heterogenous group of cells that vary in cell-surface marker expression and function.
Originally, they have been divided into two subpopulations, myeloid and lymphoid, as
they can efficiently derive from myeloid and lymphoid precursors respectively (Ardavin,
1997; Inaba ef al., 1993). The concept that DC subtypes are the product of entirely
separate developmental lineages however, has been challenged by studies showing that
both subsets can arise from common myeloid progenitors {Traver et al., 2000). Therefore,
a second model for the generation of functionally distinct DC subtypes has been proposed
whereby all DCs are thought to belong to a single haematopoietic lineage, the different
subtypes of DCs being generated by local environmental signals (Shortman and Liu,
2002). The reality is probably a mixture of these two models, and a large degree of
functional plasticity seems to be a general feature of both DCs and their precursors
(Shortman and Liu, 2002).

Despite the tremendous interest in DCs, there are great difficulties in studying the
development and lineage of a cell, which is present in such low numbers within multiple
tissues. The in vitro culturc of DC using cocktails of cytokines and growth factors has
provided a reliable source of these rare cells for functional studies. The majority of
studies to date have identified subsets of cells on the basis of cell surface phenotype or
function (Shortman and Liu, 2002).

1.2.1 Murine DCs

Murine DCs are defined by their expression of a range of cell surface markers including
CD11c (Metlay et al., 1990), CD11b (Crowley et al., 1990), CD205 (Inaba ef al., 1995)
and MHC class II (Pierre ef al., 1997). Furthermore, the T cell markers CD4 and CDS are
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also expressed on mouse DCs and are useful for segregating subtypes (Vremec ef af.,
2000). Using these surface markers, five DC subtypes are consistently found in the
lymphoid tissues of uninfected laboratory mice. Three common subtypes of CD11c"
MHCIH" DCs can be found in splecns and lymph nodes: CD4"CD8c’CD205°CD11b" DC,
CD4'CD8cCD205°CD11b" DC and CD4'CD8a"CD205°CD11b DC (Shortman and Liu,
2002). These are all thought to be blood-derived although it is unclear whether they
undergo maturation within the spleen or arrive in a mature state (Wilson and O'Neill,
2003). Both CD4'CD8o’CD205CD11b" DC and CD4'CD8a’CD205CD11b" DC
resemble myeloid lineage cells since they express myeloid markers such as CD11b and
F4/80 and because they lack CD8a. expression {Vremec et al., 2000). Therefore, CD8
DCs are generally referred to as ‘myeloid DCs’. The CD4"CD8c’'CD205CD11b" subset
differs from the CD4'CD8c’CD205°CD11b" DCs by their preater adhesion capacity,
higher levels of F4/80 expression (Vremec et al., 2000) and lower cytokine production
following stimulation (Hochrein et al., 2001). However both CD8a” subsets are efficient
stimulators of CD4" and CD8" T cells and show efficient MHC Class II presentation to
antigen-specific CD4" T cells (Kronin ef al., 1996; Pooley et al., 2001). Other reports
have shown that CD8a” DCs can induce Th2 type immune responses since they stimulate
- cells that produce IL-4 but little IFN-y (Maldonado-Lopez et al., 1999). Both subsets of
CD8a” DCs are located in the marginal zone of the spleen between the white and red pulp

(Vremec and Shortman, 1997) but they migrate into the T ccll zone on stimulation with
microbial products (Reis e Sousa et al., 1997).

CD4CD8a"'CD205'CD11b” DCs are generally referred to as ‘lymphoid’ DCs and are
concentrated in the T cell areas of the spleen (Vremec and Shortman, 1997). They exhibit
different functional capacities compared with CD8a” DCs. Freshly isolated CD8a™ DCs
can have regulatory effects on T cells. They activate both CD4" and CD8" T cells, but
can induce apoptosis in CD4" T cells (Suss and Shortman, 1996) and limit CD8" T cell
proliferation by reducing IL-2 production (Kronin es al., 1996). They have also been
identified as the DCs responsible for maintaining T cell tolerance in lymphoid organs in
the absence of infection (Belz ef al., 2002). In confrast, under conditions consistent with

activation, such as the presence of IL-2 (Pooley ef al., 2001), CD8«’ DCs can efficiently
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present antigen to CD8" T cells in the context of MHC class I (den Haan ef al., 2000;
Pooley et al., 2001). They can cross-present exogenous soluble antigens for stimulation
of cytotoxic T cells (den Haan et al., 2000) and it has been reported that they can induce
Thl type immune responses iz vivo, consistent with activated CD8a.” DCs being the

major producers of IL-12 (Hochrein ef al., 2001; Maldonado-Lopez et al., 1999).

In addition to the three subsets described in the spleen, lymph nodes contain two extra
DC subtypes: CD4'CD8cCD11b" DCs, which express moderate levels of CD205 and are
believed to be the mature form of tissue interstitial DCs and CD4"CD8ca°CD205'CD11b"
DCs, only found in skin-draining lymph nodes and express high levels of langerin, a
characteristic marker of epidermal Langerhans cells. This latier subset is believed to be
the mature form of Langerhans cells (Henri et af., 2001). Langerhans DCs in lymph
nodes are also distinguished by their high surface expression of MHC class II, CD40,
CD80 and CD86, typical characteristic of activated DCs (Henri et al., 2001).

Murine plasmacytoid DC represent a distinct class of DC recently identified in bone

marrow, thymus, spleen and lymph nodes. This population had been missed in mouse cell

- suspensions because it expresses B220 (CD45) (so might be eliminated along with B

cells during selection procedures), Gr-1 (so might be eliminated along with granulocytes)
together with only low levels of CD11e¢ and MHC class II (Martin et al., 2002; Nakano et
al., 2001; Nikolic e al., 2002). They have a typical morphology of large, round cells with
a diffuse nucleus and rare dendrites, with some cells expressing CD62L (Nakano ef ai.,
2001; Nikolic ef al., 2002). Murine plasimacytoid DCs, like their human counterparts,
have been shown to produce IFN-o following virus infection and thus may play
impottant roles in antiviral responses once activated (Nakano ef al., 2001). A summary of

mouse DC subsets is shown in Table 1.1.
1.2.2 Huma_n DCs

A direct comparison of human DCs with mouse DCs has been challenging at a number of

levels. First of all, there are relatively few studies on human DCs freshly isolated from
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tissues. Moreover, ex vivo DCs are likely to diffcr from their in vivo counterparts since
they are casily activated upon handling, leading to altered phenotypes. This problem
further emphasiscs the difficulties associated with subset analysis for both human and
murine DCs. Blood is the only readily available source of human DCs although it is more
a source of precursor DCs and even when some blood DCs are sufficiently mature, their
surface expression of different markers may represent differences in activation states
rather than separate DC subsets (Shortman and Liu, 2002). Another barrier to comparing
human DCs directly with mouse DCs is the lack of expression of CD8 on human DCs, so

the human DC equivalent of mouse CD8o” DC remains elusive.

In a few cases, human DCs have been isolated from lymphoid tissues and directly
analysed without any incubation steps that may promote their differentiation ex vivo.
Only in these cases it is possible to compare these DCs with murine DC subtypes directly
and there are now studies on human thymic DCs supporting the idea of subset
segregation, similar to that observed in the mouse (Bendriss-Vermare et al., 2001;
Vandenabeele et al., 2001). Most human thymic DCs are CD11¢'CD11b'CD45R0", lack
myeloid markers and therefore resemble mouse thymic CD8a" DCs. A minority of
human DCs are CD11cMCD11b"CD45RO™ and express many myeloid markers, so
resemble mouse CD8«” DCs (Shortman and Liu, 2002). However, most of the insights
into human DC subsets have not come from direct isolation of mature DCs from tissues

but from studies on their development in culture from immature DCs or precursors DCs,

Three different precursor-cells have been used to generate human DC in culture: CD34"
blood moroeytes and CD11¢TL-3R™ precursors (Shortman and Liu, 2002). CD34"
precursors yield different DC subsets depending on the combination of cytokines used.
Culture with GM-CSF and TNF-a. leads to the production of DCs resembling Langerhans
cells and interstitial DCs, the former strongly depending on TGF-B for development
(Shortman and Liu, 2002). Blood monocytes are the most common precursors used for
the generation of DCs in culture. They yield immature DCs following culture with GM-
CSF and IL-4 and final maturation is achieved by stimulation with pro-inflammatory

cytokines such as TNF-a or microbial products such as LPS (Shortman and Liu, 2002).
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The final pathway for human DC development involves culture of CD1 1¢TL-3Re™
precursors with IL-3, which leads to the formation of IFN-a producing plasmacytoid DCs

(Shortman and Liu, 2002). Human DC subsets are summarised below in Table 1.1.

Mouse DC subsets

Ck4 CDSc CD205 CD11b

Found in spleen and + ) B +
lymph nodes - - - + 3
- + + - ’:
{ - - modesate -+ — Interstitial DCs N
Found in lymph nod
oune I ymp notes - low “+ + — Langerhans Cells
B220+ (CD45)
Plasmacytoid DCs Gr-1+
CD1lc iow
MHC low

Human DC subsets in vitro

Preciursors
GM-CSF ___,  1nierstitial DC-like
TNF-a
CD34* .
%ESF ~—p Langerhans cell-like
TGF-§

TNF-ar, LPS
Blood monocyte ——— GM-CSF —» Immature DC -—-m—-g-ﬂ-ﬂ* mature DC

[L.-4

Cpile o, y13 Plasmacytoid DC
IL.-3Rohd

Table 1.1 Murine and human Dendritic cell subtypes

Although a niunber of different DC subtypes has now been identified, myeloid DCs are
the focus of the present study. Thus from this point onwards any reference to DCs should

be taken fo mean myeloid DCs, unless otherwise stated.
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1.2.3 Antigen uptake, processing and presentation

DC precursors from the bone marrow pass through the blood to peripheral tissues where
they reside as immature DCs, continuously sampling the antigenic environment.
Immature DCs have been shown to recognise invading pathogens via conserved pattern-
recognition receptors (PRRs) that recognise pathogen-associated molecular patterns
(PAMPs) within microbial carbohydrates, lipids and nucleic acids (Janeway and
Medzhitov, 2002). Toll-like receptors (TLRs) have emerged as a major family of PRRs,
recognising a wide range of molecules including prokaryote-derived lipoproteins,
glycolipids, flagellin, CpG DNA, and lipopolysaccharides (LPS) Akira et al., 2001).
There is now evidence that TLR expression is not uniform among DCs, raising the
possibility that different DC subtypes may be preferentially involved in recognition of
distinct classes of pathogens (Edwards et al., 2003; Kadowaki ef al., 2001). For instance,
plasmacytoid DCs uniquely express TL.R9 and TLR7, which allow them to respond to
viral CpG DNA and viral single-stranded RNA respectively (Coccia ef al., 2004; Ito et
al., 2005). However, plasmacytoid DCs do not express TLR4 and therefore respond to
LPS relatively weakly. In fact, myeloid DCs, which express TLR4, primarily mediate the
responses to bacterial infections (Pitha, 2004). A summary of the many TLR ligands and
the distribution of these receptors among the different DC subsets arc shown in Tables

1.2 and 1.3 respectively.




TLR Ligands

TLR-1 Tri-acyl lipopeptides (bacteria, mycobacteria)
Soluble factors (Neisseria meningitides)

TLR-2 Lipoprotein/lipopeptides (a variety of pathogens)
Peptidoglycan {Gram-positive bacteria)
Lipoteichoic acid (Gram-positive bacteria)
Lipoarabinomannan (mycobacteria)
A phenol-solubie modulin (Staphplococcus epidermidis)
Glycoinositolphospholipids (ZTrypanosoma cruzf)
Glycolipids (Treponema maltophilum)
Porins (Neisseria)
Zymosan (fungi)
Atypical LPS (Leprospira Interrogans)
Atypical LPS (Porphyromonas gingivalis)
HSP70 (host)

TLR-3 Double-stranded RNA (virus)

TLR-4 LPS (Gram-negative bacteria)
Taxol (plant)
Fusion protein (RSV)
Envelope proteins
HSPG6O (Chiamydia preumaoniae)
HSPE0 (host)
FISP70 (host)
Type I1I repeat extra domain A of fibronectin (host)
Oligasaccharides of hyaluronic acid (host)
Polysaccharide fragments of heparan sulfate (host)

Fibrinogen (host}
TLR-5 Flagellin (bacteria)
TLR-~6 Di-acyl lipopeptides (mycoplasma)
TLR-7 Imidazoquinoline (synthetic compounds)

Loxeribine (synthetic compounds)
Bropirimine (synthetic compounds)

TLR-8 2
TLR-9 CpG DNA (bacteria)
TLR-10 ?

Table 1.2 TLRs and their ligands as reported in reference (Takeda ez af., 2003).




Human blood - Mouse spleen

CDl11¢? PDC CD4* CD3a" CD4CD8ax PDC
TLR-1  high low moderate »
TLR-2 high - moderate >
TLR-3 high - low high moderate  low
T[R-4  moderate - low low low low
TLR-5 low - high low moderate ———»
TILR-6 low low high moderate >
TLR-7 - high low - low high
TLR-8 low - high low low high
TLR-9 - high moderate > high
TLR-10 low low N/A N/A N/A N/A

Table 1.3 TLR expression on DC subsets isolated from human blood and murine spleen

as reported in references (Edwards et al,, 2003; Kadowaki et al., 2001). PDC,
" plasmacytoid DCs; N/A, not applicable.

TLRs are members of the TLR-IL-1 receptor superfamily, all of which share an
intracytoplasmic Toll-IL-1 receptor (TIR) domain that mediates the recruitment of TIR-
containing adaptor molecules such as MyD88, TIRAP, TRIF and TRAM (Akira ef al.,
2001). These adaptor molecules function to recruit other signalling molecules, notably
the IL-1 receptor-associated kinase complex (IRAK), which activates the TRAF6 protein
that is required for DC maturation in response to a number of different stimuli
(Kobayashi et al., 2003). In mice, all TLRs can initiate signalling through the MyD3&8-
IRAK-TRAF6 pathway, which results in the activation of the transcription factor NF-kB
and mitogen-activated protein (MAP) kinases, inducing the transcription of genes such as
TNF-qa, IL-1 and IL-6 (Akira ef al., 2001). MyD88-independent signalling pathways have
also been described. For example TRIF controls a MyD88-independent pathway that is



unique to TLR3 and TLR4 signalling and is important for the secretion of IFN-f3 (Hoebe
et al., 2003; Yamamoto ef al., 2003) (Figure 1.3).

MyD88-independent TLR MyD88-dependent

[riF @‘@"
et | e
& @,

TRAF6 TRAF6

l MAP kinases
NF-

kB JNK/p38 NF-kB

! , t t I-—-> Nucleus

Membrane

Figure 1.3 Toll-like receptor-signalling pathways. Interaction of microbial products with
TLRs initiates two major signalling pathways. The MyD88-dependent pathway leads to
the phosphorylation of IRAK, recruitment of TRAF6, activation of NF-kB and JNK/p38
and release of pro-inflammatory cytokines. Activation of NF-kB can also occur via MyD-
88-independend pathway, which also leads to the activation of IRF3 and the induction of
IFN-B and RANTES.

Besides TLRs, immature DCs also express several C-type lectin receptors, which
recognise carbohydrate structures on pathogens (Figdor et al., 2002). Examples include
mannose receptor, DC-SIGN, DEC-205 and langerin (Geijtenbeek et al., 2000; Sallusto
et al., 1995; Valladeau et al., 2000). Once in contact with antigen, immature DCs use
several pathways to facilitate uptake. These include receptor-mediated endocytosis
through C-type lectins, Fc receptors (FcyRI, FeyRII, FeyRIIT) and complement receptors
(CR3) (Banchereau ef al., 2000; Peiser et al., 2002; Sallusto et al., 1995). They also have
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high capacity to non-specifically endocytose particulates and solutes through
phagocytosis and macropinocytosis (Sallusto er al., 1995). Although many of these
pathways are used for uptake of pathogen-related molecules, they may also be utilised for
uptake of self-antigens (Steinman e# /., 2000). Indeed, immature DCs express avp3- and
avp5-integrins and CD36, which help to facilitate continuous uptake of apoptotic
material in the immune steady state (Albert et al., 1998). These may be important in DC-

mediated maintenance of peripheral self-tolerance (Steinman ef af., 2000).

Following antigen recognition and uptake, DCs process protein antigens into peptides,
which are loaded onto MHC class I and 1I molecules and transporied to the cell surface
for recognition by antigen-specific T cells (Quah and O'Neill, 2005). Endogenous protein
antigens, which are processed onto MHC class I, are degraded into peptides by the
proteasome in the cytosol. These are then transported vie transporters for antigen
presentation (TAP) molecules into the endoplasmic reticulum (ER), where they are
loaded on MHC class I. The peptide-MHC I complexes are then transported from the ER
via the trans-Golgi network to the cell surface for presentation to CD8™ T cells (Quah and
O'Neill, 2005).

Exogenously acquired protein antigens are instead engulfed and processed in endosomes,
which then fuse with lysosomes, where proteascs degrade the proteins into peptides that
are loaded onto MHC It molecules (Quah and O'Neill, 2005). This requires proteolytic
degradation of the MHC Il-associated invariant chain that normally blocks access to the
peptide-binding pocket of MHC II (Guermonprez et al, 2002). Peptide-MHC II
complexes are then transported to the cell surface for presentation to CD4" T cells (Chow
et al., 2002), Exogenous antigens may also be processed by DCs onto MEC 1 (Albert et
al., 1998). This phenomenon called ‘cross-presentation’ or ‘cross-priming’ allows DCs to
elicit CD8" as well as CD4" T cell responses to exogenously acquired antigens
{Ackerman ef al., 2003; Fonteneau ef al., 2002; Guermonprez et al., 2003), Furthermore,
lipid antigené expressed on pathogens (such as mycobacterial mycolates) or self-tissues

(such as sphingolipids} are presented on DCs by CD1 molecules, which heterodimerise
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with f2-microglobulin and are structurally similar to MHC I (Joyce and Van Kaer, 2003;
Moody and Porcelli, 2003).

1.2.4 DC maturation

The antigen generally induces immature DCs to undergo phenotypic and functional
changes that culminate in the activation of immature DCs. This maturation process is
accompanied by cytoskeletal reorganization, reduced phagocytic activity, acquisition of
cellular motility, migration to lymphoid tissues, enhanced T cell activation potential and
the development of characteristic cytoplasmic extensions usually referred to as
‘dendrites’ (Quah and O'Neill, 2005). Mature DCs secrete cytokines that determine the
type of ensuing immune response and upregulate the expression of adhesion and
costimulatory molecules, which are involved in bidirectional signalling between DCs and
T cells, modulating both T cell activation and DC function (Quah and O'Neill, 2005).
Furthermore, maturation imparts on the peripheral DCs the ability to migrate from the
tissues to T cell zones of lymph nodes. This is accomplished through downregulation of
CCRI1 and CCRS and upregulation of CCR7, which belps localise DCs to Iymphatic
vessels and lymph nodes via chemokines CCL19 and CCL21. Maturation also induces
DCs to secrete chemokines such as IP-10, which recruits various T ¢cll subsets and
RANTES, MIP-loe and MIP-1f3, which recruit monocytes and DCs into the local

environment (Adams ef al., 2005).
1.2.5 Qutcomes of DC-T cell interaction

1.2.5.1 Induction of Th1/Th?2 responses

Effective priming of natve T cells results in their clonal expansion and differentiation into
cytokine secieting effector cells and memory cells. The ensuing T cell response is
dependent on many factors, including the conceniration of antigen on the DC, the affinity
of the T cell receptor (TCR) for the peptide-MHC complex, the duration of the DC-T cell
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interaction, the state of DC maturation and the type of DC maturation stimulus (Gell ef
al., 2003). Following priming, CD4" T cells may differentiate towards T helper 1 (Thi)
cells, which produce IFN-y and support CD®" cytotoxic T-lymphocyte (CTL) responses,
or toward T helper 2 (Th2) cells, which produce IL-4, IL-5 and IL-13, support humoral
immunity and downregulate Thl responses (Adams et al., 2005). The secreted cytokine
profile of the stimulating DCs determines the dircction of this Th polarization. IL-12, IL-
18 and IL-27 polarize toward Thl, whereas CCL17, CCL-2, and the absence of IL-12
skew the response toward Th2 (Adams ef al., 2005).

T cell stimulation and Th1/Th2 polarization requires three DC-derived signals: the
stimulatory signal 1, which results from the ligation of TCRs by pathogen-derived
peptides, presented by MHC class II molecules on the cell surface of DCs and determines
the antigen-specificity of the response (Kapsenberg, 2003); the co-stimulatory signal 2,
provided by molecules such as CD80/CD86 on the DCs interacting with CD28 on the T
cells (Harding ef al., 1992); and signal 3, which as mentioned above, is the polarising
signal that is mediated by various soluble or membrane-bound factors such as IL-12 or
CCL2 that promote the development of Thl or Th2 cells respectively (Kalinski et al.,
1999). Most T cell polarising factors are either weakly or transiently expressed after
pathogen recognition. High expression of such factors require a further signal as it has
been reported in the case of IL-12 (Snijders ef al., 1998). For optimal expression of Th-
cell polarising molecules during DC-T cell interaction, the primed DC requires intimate
cross-talk with the T cells involving ligation of CD40 by CD40L, which. is rapidly
expressed by the T cells after their activation by the DC-derived signals 1 and 2 (Grewal
and Flavell, 1998). Stimulation through CD40 results in a complex series of events within
the DC. Engagement of CD40 by its ligand, CI2154 (CD40L), leads to trimeric clustering
of CD40 and the recruitment of adaptor proteins known as TNF-receptor-associated
factors (TRAFS) to the cytoplasmic tail (Pullen ez al., 1998). Binding of TRAFSs results in
the formation of a signalling complex that includes multiple kinases such as NF-kB
inducing kinése (NIK), receptor interacting protein (RIP), members of the mitogen-
activated protein kinase (MAPK) family and possibly others (Quezada et al., 2004).

Clustering of these kinases then initiates a downsiream cascade of signalling events,
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resulting in activation of the MAPK and NF-kB pathways and finally transcription of
target genes, leading to physiological effects, such as production of inflammatory
mediators, DC survival and prolonged MHC/antigen complex presentation (Quezada et
al., 2004) (Figure 1.4).

osol
NIK Cyt
Others?
NF-kB
Survival and IL-12, IL-18
continued antigen Inflammation Nucleus
presentation |

Figure 1.4 CD40 activation of NF-kB in DCs.

A variety of surface molecules other than CD40-CD40L and CD80/CD86-CD28 on DCs
and T cells have been demonstrated to promote T cell and/or DC activation; these
molecules include several members of the TNF receptor family such as TRANCE
(Bachmann et al., 1999), 0X40 (Chen et al., 1999), 4-1BB (Cannons ef al., 2001) and
CD27 (Hendriks et al., 2000) and their corresponding ligands. A diagram of the events

involved in the induction of effector T cell responses is shown in Figure 1.5.
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Figure 1.5 Dendritic cell-derived signals involved in T cell stimulation
and Th1/Th2-cell polarisation modified from (Kapsenberg, 2003).

It has to be noted that Figure 1.5 represents a very simplistic and basic diagram of the
events involved in the induction of Th1/Th2 polarisation. In fact, it is now known that the
type of costimulation may also control T cell polarisation. For instance, ICOS may play
an important role in the development of Th2 cells (McAdam et al., 2000), although a
recent report showed that ICOS was upregulated on antigen-specific T and B cells
following Thl induction (Smith et al., 2005). CD40-CD40L interaction may instead
sustain Th1 responses (Grewal and Flavell, 1998).

1.2.5.2 Induction of regulatory T cells
During the last few years it has become clear that DCs not only play a role in the

promotion of effector Thl and Th2 cell responses but under some circumstances, the T

cell may be inactivated leading to immunological tolerance. Tolerance is a state in which

52




the immune system fails to make an active response to antigen and it is therefore critical
for preventing immune responses to tissuc antigens by self-reactive T cells as well as
preventing inappropriate responses to harmless forcign antigens, particularly when such
responses could lead to tissue damage (Fazekas de St Groth, 2001). The induction of
regulatory T cells plays an important role in the maintenance of tolerance (Sakaguchi,
2005; Schwartz, 2005). Two subsets of regulatory T cells can be distinguished: naturally
occurring and adaptive regulatory T cells (Bluestone and Abbas, 2003). Naturally
occurring T regulatory cells are CD4"CD25" cells that obtain their regulatory function in
the thymus and are primarily involved in tolerance to autoantigens (Bach, 2003).
Adaptive regulatory T cells include Tr1 cells, which secrete high levels of IL-10, and Th3
cells, which secrete TGF-{ (Jonuleit and Schmitt, 2003). In contrast to natural regulatory
T cells, adaptive regulatory cells originate, like Thl and Th2 cells, from uncommitted
peripheral naive or memory Th cells upon activation by antigen-presenting DCs in a
certain immunological context (Jonuleit and Schmitt, 2003). Adaptive regulatory T cells
may normally respond to innocuous foreign antigens and are therefore primarily

associated with tolerance to environmental antigens (Joauleit and Schmitt, 2003).

The current belief is that mainly immature or semi-mature DCs play a role in T
regulatory cell development. Several studies have suggested that immature DCs might
acquire chemokine receptors (e.g. CCR7) under homeostatic conditions, ecnabling their
migration towards lymph nodes (Dhodapkar and Steinman, 2002; Dhodapkar ef al., 2001;
Geissmann ef al., 2002). It has been hypothesised that because of itheir total lack of
expression of co-stimulatory and Th1/Th2 polarising molecules, immature DCs can drive
the development of adaptive T regulatory cells from naive T cells (Jonuleit et al., 2000).
Semi-mature DCs were also reported to induce T regulatory cell development. Immature
DCs exposed to tissue-derived TNF-a in the absence of pathogen acquire part of the
characteristics of fufly mature DCs, including the expression of co-stimulatory molecules
and the ability to migrate to draining lymph nodes (Lutz and Schuler, 2002). However,
they lack the ability to produce polarising signals and, as a conscquence, predominantly

drive the development of adaptive T regulatory cells,
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1.2.5.3 T cell anergy

Besides inducing functional Th1/Th2 cell responses and T regulatory cells, interaction of
DCs with T cells may result in failure of T cell activation leading to T cell anergy,
providing another important mechanism by which peripheral tolerance can be
maintained. T cell anergy is defined as a state in which the cell is viable but fails to
display certain functional responses (proliferation and IL-2 production) upon exposure to
its specific antigen and results from partial T cell activation due to a lack of adequate co-
stimulation (lack of signal 2) (Alegre et af., 2001; Lechler e al., 2001). This type of
anergy may be reversed by the stimulation of T cells with IL-2 (DeSilva et al., 1991),
Another form of anergy has also been described and is associated with the failure to
proliferate after activation, despitc the presence of co-stimulatory signals (Wells et al.,
2001). This division-arrest-associated form of anetgy cannot be reversed by IL-2 and is
dependent on CTLA-4 (Wells ez al., 2001).

1.2.5.4 Deletion/apoptosis of antigen-specific T cells

Activation through the TCR can result in apoptosis of T cells and in this regard it is
becoming clear that two pathways control the fate ol antigen-specific T cells: activation-
induced cell death (AICD) and activated T cell-autonomous death (ACAD) (Hildeman et
al., 2003; Hildeman ef al., 2002). AICD is driven by death receptors such as Fas (CD935),
which, once engaged, activate downstrcam pathways that lead to caspase activation and
cell apoptosis (Hildeman ef af., 2002). Furthermore, AICD requires repetitive or high
dose stimulation via the TCR (Hildeman et al., 2002). Conversely, ACAD does not
require death receptors. It is instead controiled by members of the Bel-2 family of
proteins, which induce apoptosis by releasing eytochrome ¢ and other apoptogenic factors
from mitochondria (Li et al., 2004a). Moreover, contrary to AICD, a single antigen
exposure is enough to cause cell death (Hildeman et al., 2002). Finally, in functional
terms, ACAD plays a major role in the removal of T cells at the end of immune
responses, whereas both AICD and ACAD seem to have a role in aute-reactive T cell
removal (Hildeman et al., 2002).
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1.2.6 Pathogen-driven T cell responses

There is accumulating evidence that microbes drive the development of protective Thi or
Th2 responses by directly affecting DCs at the time of pathogen encounter. Both Cholera
toxin (Gagliardi et al., 2000) and a phosphorylcholine~containing glycoprotein (ES-62)
secreted by the filarial nematode Ancanthocheilonema viteae (Whelan ef al., 2000) have
been shown to induce the maturation of DCs with the capacity to drive Th2 responses.
Convetsely, influenza virus was shown to activate DCs to drive polarised Th1 responses
(Cella et al., 1999). Furthermore DCs have been reported to interact with the fungus
Candida albicans in its different forms and to elicit different effector T cell responses
(d'Ostiani ez al., 2000). C. albicans can reversibly switch between unicellular yeast to
filamentous (hyphal) forms. Yeasts activated DCs for IL-12 production and priming of
Thl cells, whereas ingestion of hyphae inhibited IL-12 and Thl responses and induced
IL.-4 production (d'Ostiani er al., 2000).

More recently it has been demonstrated that microbial compounds induce Th cell
polarjsation vig the polarisation of DCs into committed Th1 cell-promoting or Th2 cell-
promoting effector DCs (de Jong et al., 2002). Soluble egg antigens (SEA) of the
helminth Schistosoma mansoni and Cholera toxin, both associated with Th2 cell
responses, promoted immature DCs to develop into functional effector cells with
polarised type 2 phenotypes (de Jong ef al., 2002). SEA induced the development of type
2 DCs, which promoted Th2 cells via the enhauced expression of OX40L, whereas
Cholera toxin induced Th2 responses vig an OX40L-independent mechanism (de Jong et
al., 2002). Instead, double-stranded RNA (poly (I:C), a mimic of viral RNA) aud the
toxin of the intracellular bacterium Bordetella pertussis, both associated with Thl cell
responses, promoted immature DCs to develop into functional effector cells with
polarised type 1 phenotypes (de Jong et al., 2002). The toxin from Bortdetella pertussis
induced the development of type 1 DCs with enhanced IL.-12 produetion, which promotes
Thl cell development, whereas poly (1:C) induced the developinent of extremely potent
Thl-inducing DCs without an enthanced IL.-12 production (de Jong et al., 2002).
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These observations suggest that analogous to the development of polarised Th cell
subsets from a single precursor population, DCs are guided by environmental stimuli to
acquire stable polarised functional effector phenotypes, supporting the concept that the

type of the immune response is optimally adapted to the type of the pathogen.
1.2.7 ‘Alternatively activated’ DCs induced by pathogens

Extending the concept that pathogens cause priming of immature DCs to become mature
effector DCs that drive Thl or Th2 responses, accumulating information suggest that
pariicular pathogens and /or tissue factors could prime for an alternative subset of DCs
that may not be able to induce appropriate effector T cell responses, Some of these
‘alternatively activated DCs’ may drive the generation of regulatory T cells, in which
case they are generally referred to as ‘regulatory DCs’. Pathogens were originally thought
to evade immunity by inducing T regulatory cells through inhibition of DC maturation.
However more recent studies suggest that certain pathogens and tissue factors can prime
for T regulatory cell development through inducing DC maturation into an ‘alternatively

activated’ state,
1.2.7.1 Pathogen-driven immature regulatory DCs

Immature regulatory DCs express low levels of MHC and co-stimulatory molecules and
therefore do not support substantial development of effector T cells from naive T cells
(Smits ef al,, 2005). However, they are different from steady-state immature DCs because
they are unresponsive to inducers of DC maturation, such as LPS (Smits ef a/., 2005).
Furthermore, on CD40 stimulation they show decreased 1L-12 production but increased
1evells of IL-10 (Smits ef al., 2005). These immature regulatory DCs can develop in
response to a varioty of pathogens or pathogen-derived compounds. Examples include
hepatitis C virus, Plasmodium jfalciparum and mannosylated lipoarabinomannans
(ManLAM) derived from Mycobacterium tuberculosis (Auffermann-Gretzinger et al.,
2001; Dolganiuc ef al., 2003; Geijtenbeek et al., 2003; Kanto et al., 1999; Nigou ef al.,
2001; Ocana-Morgner ef al,, 2003; Urban et al., 1999).
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Patients chronically infected with hepatitis C virus harbour IT-10 secreting CD4™ T cells
(MacDonald ef al., 2002). In vitro studies with human monocyte-derived DCs show that
DC [unctions, such as maturation, expression of co-stimulatory melecules, cytokine
production and T cell stimulatory capacity, are all severely hampered on exposure to
hepatitis C virus core protein and non-structural protein 3 (Dolganiuc et al., 2003).
Similar defects are observed in monocyte-derived DCs generated from hepatitis C virus-
infected patients and these defects cannot be overcome by stimulation with LPS,
suggesting a role of regulatory DCs in the induction of regulatory T cells in hepatitis C
virus infection (Auffermann-Gretzinger et al., 2001; Kanto ef al., 1999).

ManL.AM derived from M. tuberculosis and also from M leprae or M. bovis BSG
(Geijtenbeek et al., 2003; Nigou ef al., 2001), has been shown to bind to DC-SIGN
expressed on DC membrane. In the case of human monocyte-derived DCs, this
interaction inhibits the LPS-induced DC maturation and IL-12 production and enhances
DC expression of IL-10. In contrast fo ManL.AM, whole mycobacteria do not inhibit DC
maturation, but do have the same DC-SIGN-dependent effect on ¢ytokine production
(Geijtenbeek ef al., 2003; Giacomini ef al., 2001; Nigou e? al., 2001).

Plasmodium falciparum-infected erythrocytes have been shown to bind to CD36 on DCs
and inhibit the LPS-induced DC maturation and, thus, the capacity of DCs to stimulate
naive T cells (Urban ef al., 1999). Instead, infected erythrocytes induce high levels of IL-
10 production by DCs (Urban ef al., 1999). CD36 normally binds apoptotic cells,
preventing detrimental inflammation by regulation of DC function (Voll et al., 1997).
Apparently this system has been hijacked by Plasmodium parasites in order to evade
immune responses directed against infected erythrocytes (Urban ef al., 2001b). A detailed

analysis of Plasmodium-DC interaction is described further.
1.2.7.2 Pathogen-driven mature regulatory DCs

In contrast to pathogen-driven immature regulatory DCs, pathogen-driven mature

regulatory DCs normally express high levels of MHC and co-stimulatory molecules,
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although compared to fully mature immunogenic DCs, CD40 expression is somewhat
reduced in some studies (McGuirk e al., 2000). Studies with human monocyte-derived
DCs revealed that Schistosoma-derived lysophosphatidylserine primes, in a TLR2-
dependent fashion, for mature DCs that drive the generation of IL-10-producing
regulatory T cells (van der Kleij ef al., 2002). These DCs are characterised by decreased
IL-12 and increased IL-10 production.

In a recent study using Bordetella pertussis, the causative agent of whooping cough,
pathogen-specific Trl clones have been isolated from the lungs of infected mice
(McGuirk et al., 2002). These Trl cells were found to be specific for filamentous
haemagglutinin (FHA), a virulence factor. FHA enhances the maturation of mouse DCs,
inhibits IL-12 and induces some IL-10 production. These FHA-mature DCs drive the
development of regulatory T cells, which are capable of blocking Thl responses to
secondary, unrelated infections, such as influenza virus (McGuirk et al., 2002). Similar
effects have been described for adenylate cyclasc toxin from B. pertussis (Ross ef al.,

2004) and for cholera toxin from Vibrio cholerae (Lavelle er al., 2003).

- Measles virus is another example of pathogen that induces mature regulatory DCs.
Ligation of CD46, a complement regulatory transmembrane protein, by envelope
haemagglutinin of Measles virus strongly decreases IL-12 production in human
monocyte-derived DCs and murine DCs (Karp et al., 1996) and profoundly inhibits their
T cell-stimulatory capacity, despite normal maturation (Marie et al., 2001; Schnorr et al.,
1997; Servet-Delprat ef al., 2000).

1.2.8 Pathogen-induced host factors promoting the formation of regulatory
DCs

Besides directly affecting the activation state of DCs, pathogens may indirectly modulate
DC maturation and function by inducing host cells to secrete cytokines or express

molecules, which may, in turn, be responsible for the failure of DCs to mount an
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appropriate T cell response directed againsi the pathogen itself. Some examples of

possible ‘immunosuppressive factors’ secreted /induced by DCs are explained below.
1.2.8.1 Role of eicosanoids on DC function

Eicosanoids, which include prostaglandins (PGs) and leukotrienes (LTs), are potent
modulators of immune responses in addition to playing a role in numerous basic host
physiological processes (Funk, 2001). The biological functions of the E series
prostaglandins (PGE) have been the most intensively studied, PGE; being one of the best-
known eicosanoids to date. PGE; formation is initiated by the action of phospholipase A,
which releases arachidonic acid from the membrane phospholipid bilayer in response to
inflammatory stimuli (Murakami ef al., 1997). Free arachidonic acid is rapidly
metabolised to prostaglandin H, (PGHy) via the enzymatic activity of the cyclooxygenase
(COX) enzymes, of which there are 2 distinct isoforms encoded by separate genes: COX-
1 and COX-2 (Appleton et al., 1996; Vane et al.,, 1998). COX-1 is constitutively
expressed in most tissues and generates PGs for physiological homeostasis, whereas
COX-2 is an inducible gene that generates high levels of PGs during inflammation
(Seibert and Masferrer, 1994). Following formation of PGH, by COX, PGE. synthase
converts PGH; to PGEa (Smith er al., 1991).

In the immune system, eicosancids are predominantly produced by APCs and aci as
autocrine and paracrine lipid mediators. For many years macrophages have been the
focus of studies on the generation of arachidonic acid-derived mediators and these cells
were considered to be the major source of eicosanoids, which also drastically affect
macrophage functions (Humes ef al., 1977; Nathan, 1987). In fact exogenous PGE; has
been shown to inhibit macrophage proliferation (Pelus ef al., 1979), oxygen radical
generation (Smith and Weidemann, 1980), the production of 1L-1 (Kunkel ¢ a/., 1986a)
and the accumulation of LPS-induced TNF-a mRNA (Kunkel et al., 1988; Kunkel et al.,
1986b).
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There is now evidence demonstrating the ability of DCs to produce arachidonic acid
metabolites. In vitro generated DCs have been reported to possess the whole enzymalic
equipment necessary for the biosynthesis of eicosanoids starting with endogencus
arachidonic acid and produce a full range of arachidonic acid products, especially PGE;
(Harizi ef al., 2001). Furthermore, in vitro gencrated BM-DCs have been shown to
express all the PGE receptors (EP(, EP2, EP; and EP4) with EP; and EP, playing a central
role in the modulation of DC functions by PGE; (Harizi ef al., 2003; Mcja ef al., 1997).
Depending on the site of encounter and the maturation stage, PGT; has opposite effects
on DC activation. In peripheral tissues, PGIZ; appears to have stimulatory effects on DCs,
In fact PGE; cooperates with inflammatory cytokines, such as TNF-a, IL-1B and IL-6, to
promote DC maturation (Gualde and Harizi, 2004). Furthermore, PGE; upregulates the
DC expression of CCR7 chemokine receptor and promotes their migration to lymphoid
organs (Luft ef ai., 2002; Scandella ef al., 2002). Conversely, in lymphoid organs PGE;
plays an inhibitory role, reducing the activation of DCs and their ability to present
antigen to T cells (Harizi ¢f al., 2001). Another established action of PGE; on DC
function is the regulation of cytokine production, depending on the context and the
microenvironment. For instance, the presence of PGE; during the priming of DC with
antigen completely inhibits their ability to produce the Thl-driving cytokine 1L-12,
Instead PGE;-primed DCs have been shown to produce high levels of IL-10 (Katinski et
al., 1997). In addition to its potential to modulate the maturation, I1L.-12-producing
capacity and Th-cell-polarising ability of DCs, there is also evidence that PGE; inhibits
the production of inflammatory chemokines CCL3 and CCL4 in mouse bone matrow-
derived DCs (Jing et al., 2003).

Although PGE; is known as the major COX metabolite generated by APC, DCs can also
produce other prostanoids including thromboxanes Az (TXA;) and PGDs. It has been
demonstrated that DC-derived TXA; affects, in a paracrine manner, the activity of T cells
and modulates acquired immunity by negatively regulating DC/T cell interactions
(Kabashima ef a/., 2003a). Other studies have explored the effects of PGD; as a potential
regulator of the adaptive immune response through its action on DCs. PGD; has been

shown to affect the migratory properties of Langerhans cells (Angeli ef @f., 2001) and the
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maturation of human DCs (Gosset ef al., 2003). Moreover, it has been reported that PGD,
suppresses the CD40- and LPS-induced IL-12 secretion by murine splenic DCs (Faveeuw
et al., 2003).

The effects of PGE; on lymphocytes have also been extensively studied. PGE; has been
shown to induce B cell unresponsiveness (Schad and Phipps, 1989) and inhibition of B
cell proliferation and antibody production (Kurland ez al., 1977; Simkin et q/., 1987;
Thompson et al., 1984), Furthermore, PGE; inhibits not only T cell 1L-2 production
(Minakuchi ef al., 1990; Rappaport and Dodge, 1982), but also accumulation of 1L-2
mRNA (Minakuchi ef al., 1990), IL-2 receptor expression (Rincon et al., 1988) and
antigen- and mitogen-induced T cell proliferation (Ellner and Spagnuolo, 1979;
Minakuchi ef al., 1990).

Host cells are therefore one source of eicosanoids during infection. Pathogens may
induce the production of these lipid mediators, which could in turn act in an autocrine
manner and suppress some key functions of the secreting cell itself or in a paracrine
manner and modulate the biology of immune cells present in the local environment.
Another potential source of eicosanoids is the pathogen itself. Many reports have
suggested that pathogenic helminths, protozoa and fungi have the ability to produce
prostaglandins and prostaglandin-like molecules (Noverr et al., 2003), which may play a
role in suppression of the host immune response, inhibiting macrophages, DCs and T and
B cell functions or induce inappropriate T cell responses that could affect the severity of
the infection (Belley and Chadee, 1995). It is also possible that parasite-derived
eicosanoids are directly involved in the pathogenesis of parasitic diseases, regulating
physiological processes in host tissues that enable the parasites to disseminate, migrate,
reproduce and persist in the body (Belley and Chadee, 1995). Among the parasites known
to produce eicosanoids are 7. brucei (Kubata et al., 2000), S. mansoni (Fusco et al.,

1985), B. malayi (Liu et al., 1992) and P. falciparum (Kilunga Kubata ef al., 1998).
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1.2.8.2 Role of peroxisome proliferation-activated receptors on DC function

Some eicosanoids, such as PGJ; and 15-deoxy PG, are potent ligands of the
intracellular receptors peroxisome proliferation-activated receptors (PPARSs) (Daynes and
Jones, 2002). PPARs are ligand-activated transcription factors belonging to the nuclear
receptor superfamily (Oberfield et al., 1999). They function as regulators of lipid and
lipoprotein metabolism, glucose homeostasis, cellular differentiation and inflammatory
responses (Lemberger et al., 1996; Pineda Torra et al., 1999). So far three PPAR
isoforms have been identified and are encoded by separate genes on different
chromosomes: PPARa, PPARB/® and PPARy (Daynes and Jones, 2002). There is
evidence indicating a role of PPARs in the control of various types of inflammatory
responses. These functions are mediated largely through the abilities of PPARa and
PPARy isoforms to repress the activities of many activated transcription factors such as
nuclear factor-kB (NF-kB), signal transducers and activators of transcriptions (STATS),
activator protein 1 (AP-1) and nuclear factor of activated T cells (NFAT) (Daynes and
Jones, 2002).

Recent repoits have shown that DCs predominantly expressed the PPARy isoform and
that agonist-induced activation of PPARy can influence DC maturation (Gosset ef al.,
2001). Shorter PPARY activation periods was found to have milder immunological effects
on DCs mainly leading to the development of Th2 immune responses due to a down-
regulation of IL-12 secretion and to a selective inhibition of Thl lymphocyte-recruiting
chemokines in DCs (Gosset ef al., 2001). Sustained PPAR-~y activation, achieved by
generating human DCs in the presence of 15-deoxy PGJ: or synthetic PPARy agonists,
resulted in more profound effects on DC function causing impairment of the expression
of costimulatory molecules and cytokine production (including Th2 cytokines) and
affecting the ability of DCs to induce lymphocyte proliferation and antigen-specific T cell
responses (Nencioni ef al,, 2002). Therefore, it was suggested that sustained PPARy
activation in sz might result in induction of anergy/tolerance in T lymphocytes instead
of committing them toward type 2 cytokine- secreting cells. Furthermore, the activation

of PPARy was shown to reduce the élbility of murine splenic DCs to produce IL-12 in
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response to CD40 or LPS stimulation (Faveeuw ef al., 2000) and to alfect he maturation
of human monocyte-derived DCs by reducing the secretion of chemokines, such as CCL3
(Gosset et al., 2001). More recently Appel et al. (Appel et al., 2005) reported that TLR
ligand-induced activation and migration of human monocyte-derived DCs, as well as
their ability to initiate lymphocyte proliferation, was impaired upon PPARy activation.
Activation of PPARy resulted in down-regulation of costimulatory and adhesion
molecules by DCs and reduced secretion of cytokines and chemokines involved in T
lymphocyte activation and recruitment. These inbibitory effects on TLR induced DC
activation were shown to be mediated via inhibition of the NF-kB and MAP kinase
pathways (Appel ef al., 2005). Therefore, it is reasonable to assume that pathogens may
modulatc DC function by inducing activation of PPARy.This could potentially be
achieved either by inducing DCs to produce prostaglandins, which in turn can activate
PPARYy or in certain cases by prostaglandins produced by the pathogen itself as explained

in section 1.2.8.1,
1.2.8.3 Indoleamine 2,3 dioxygenase-regulation of DC function

Recently there has been a growing interest in investigating an immunosuppressive
mechanism, involving tryptophan catabolism by DCs through expression of the enzyme
indoleamine 2,3-dioxygenase (IDQ). It has been reported that PGE; induces mRNA
expression of IDO in DCs via interaction with the EP, receptor. Howcver, the enzyme
remained inactive (Braun ef al., 2005). A second signal through TNF receptor or a TLR
was shown to be necessary to activate the enzyme (Braun et al., 2005). Interestingly, the
use of TNF-o or LPS alone did not upregulate IDO expression (Braun ef al., 2005). Early
studies documented the ability of IDO to inhibit the proliferation of intracellular
pathogens and tumour cells in vifro through consumption of the essential amino acid
tryptophan (Taylor and Feng, 1991). Although many microorganisms can synthesize their
own tryptophan, some depend on exogenous sources. Such organisms are sensitive to the
tryptophan-depleting activity of IDO. Examples include Chlamydia pneumoniae,
Toxoplasma gondii and certain bacteria such as group B streptococei and mycobacieria
(Carlin et al., 1989; Gupta et al., 1994; Hayashi ez al., 2001; MacKenzie ef af., 1998;
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Pfefferkorn ef al., 1986). Furthermore, it has been reported that during viral infection,
IDO inhibits the replication of cytomegalovirus and herpes simplex virus in vitro (Adams
et al., 2004; Bodaghi ef al., 1999). Although tryptophan depletion was the first
mechanism recognized for IDO, other models suggested that toxic metabolites of
tryptophan played an important role in mediating its effects. Mouse thymocytes and
mouse CD4" T cell clones were shown to be sensitive to apoptosis induced by tryptophan
metabolites such as quinolinic acid (Fallarino ef gl., 2002). In the latter study, Th1 cell
clones but not Th2 cell clones were sensitive to metabolite-induced apoptosis, raising the
possibility that IDO might alter the Th1/Th2 balance. Human T cells were also found to
be sensitive to the anti-proliferative and cytotoxic effects of exogenously added
tryptophan metabolites (Frumento ef @f., 2002; Terness ef al., 2002), A third mechanism
by which IDO might exert its effects is by altering the biology of the IDO-expressing
APCs (Hwu ef al., 2000; Munn ef al., 1999) It has been reported that pre-activation of
CD8c" DCs in vitro with IFN-y, which has been shown to be a potent inducer of IDO
expression (Taylor and Feng, 1991), rendered them tolerogenic when subsequently
injected in vivo (Grohmann et al., 2000). This effect required IDO expression during the
in vitro pre-activation, as addition of a pharmacological inhibitor of IDO, 1-methyl
- tryptophan (1-MT), (Cady and Sono, 1991) during that time blocked the development of
tolerogenic activity (Grohmann et al., 2000). The effect of IDO, howcver, seemed to be
exerted on the DCs themselves rather than on the responding T cells as 1-MT was not
present when DCs were subsequently transferred into the recipient host (Grohmann ef al.,
2000). The nature of this effect is wnknown but it has been speculated to be mediated
either by intracellular tryptophan depletion, or by some effect of intracellular tryptophan
metabolites. IDO might, therefore, functionally alter the DC either by decreasing its APC
function or by upregulating the expression of suppressive ligands (such as CD95) or by
triggering the secretion of immunoregulatory cytokines (such as IL-10 or TGF-f).
Although these notions are speculative in the case of DCs, IDO has been shown to
regulate gene expression and cell biology in other cell types (Li et al., 2004b; Marshall et
al,2001).




IDO-dependent suppression of T cell responses has also been reported and might function
as a natural immunoregulatory mechanism (Mellor and Munn, 1999). Studies from a
range of mouse models demonstrated that IDO regulates adaptive T cell immunity
(Mellor and Munn, 2004). In many of these studics 1-MT was used to inhibit IDO
activity in vivo. Administration of 1-MT to pregnant mice resulted in rejection of
allogeneic fetuses (Mellor ef al., 2001; Munn ef af., 1998). In autoimmune models, 1-MT
treatment cxacerbated symptoms of experimental autoimmune encephalomyelitis
(Sakurai et al,, 2002) and markedly increased disease severity and lethality in a model of
T cell mediated colitis (Gurtner ef al., 2003). By contrast, overexpression of IDO results
in immunosuppression and tolerance. IDO-transfected cell lines suppressed antigen-
specific T cell responses in vifro (Mcllor ef al., 2002) and IDO overexpression in mouse

tumour cell lines rendered them resistant to immune rejection (Uyltenhove ef al., 2003).

1.2.8.4 Nitric oxide-regulation of DC function

Nitric oxide (NO) is a pleiotropic second messenger, that can exert its effects in an
autocrine or paracrine fashion on neighbouring cells (Korhonen er al., 2005). It is
generated intracellularly by NO synthases (NOS), which can be constitutive (¢cNOS) or
inducible (iINOS). ¢eNOS can produce only low levels of NO, whereas iNOS is expressed
primarily in response to pro-inflammatory cytokines or bacterial products and catalyses
the production of much higher amounts of NO (Korhonen et al., 2005). It is known that
NO can exert beneficial or detrimental effects on immune responses depending on the
timing and amounts of its production and the biological milieu in which it is released
(Korhonen ef al., 2005). In activated macrophages, NO and its metabolites have been
shown to mediate a number of host defence functions that include anti-microbial and
tumoricidal activity (Bogdan, 2001). Due to its anti-microbial effects, NO is an important
molecule of the innate immune system, Nevertheless, suppression of host immune
responses by NO and other reactive nitrogen intermediates (RNI) has also been reported
during many infections. They were shown to be involved in the immunosuppression of T
cell proliferative response in mice infected with 7. brucei (Stemberg and McGuigan,

1992) and L. monocytogenes (Gregory ef al., 1993). RNI were also reported to be
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responsible for the decreased prolifcrative responses of splenocytes observed in a murine

model of filariasis (O'Connor et af., 2000) and toxoplasmosis (Candolfi ef ¢d., 1994).

Evidence obtained from murine models, indicates that NO may also modulate DC
{unction. Bone marrow-derived DCs were shown to produce NO following IFN-y and
LPS stimulation in vitro and inhibited T cell proliferation (Bonham ef al., 1996). In
addition to its ability to inhibit T cell proliferation, NO was also shown to induce
programmed cell death in DCs (Bonham ef al., 1996; Lu ef al., 1996). The percentage of
DC apoptosis correlated with the level of NO in the cultures and was blocked by using
inhibitors of NOS (Bonham ef al., 1996). Other studies showed that NO, either
exogenous or produced by iNOS in DCs themselves, inhibited the antigen presenting
function of DCs (Holt et al., 1993; Lu ef af., 1996). More recent studies have confirmed
the inhibitory role that NO may play on DC function. NO has been reported to selectively
downregulate the expression of the costimulatory molecule CD86 on monocyte-derived
DCs in respone to LPS or soluble CD40 ligand and led to a decreased capacity of DCs to
stimulate T cells in vitro (Corinti ef al., 2003). Furthermore, NO inhibited the release of
IL-10 and IL-12p40 by mature DCs as well as the secretion of chemokines crucially
involved in T cell recruitment (IP-10/CXCL10 and RANTES/CCLS5) (Corinti ef al.,
2003). A subsequent study confirmed the involvement of NO in the suppression of IL-
12p40 production by murine macrophages and dendritic cells (Xiong ef al., 2004).
Splenocytes derived from iNOS-deficient mice were shown to produce increased IL-
12p40 protein and mRNA compared to wild type mice of the same strain. The inhibitory
effects of NO on I1.-12 production were reported to be independent of IL-10 Xiong et
al., 2004). Furthermore, NO was shown to inhibit TLR signal transduction through
inhibition of IRAK activity and consequent attenuation of the molecular interaction
between TRAF6 and IRAK (see Figure 1.3 for TLR signaling pathway) (Xiong et al.,
2004). These experiments suggest a role for NO in the regulation of Thl-type immunity
through inhibition of IRAK activity, NF-kB and consequently IL-12. The effects that NO
exert on plasmacytoid DCs has also been recently examined (Morita et al., 2005). NO
was reported 1o inhibit IFN-q, IL-6 and TNF-c. production by human plasmacytoid DCs
and polarized them toward a Th2-promoting phenotype partly via a Guanosine 3°, 5’-
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Cyclic Monophosphate (cGMP)-dependent pathway (Morita ef al., 2005). All the above
studies clearly indicate that NO can affect the outcome of the host immune response by
interfering with DC function and may therefore represent a potential mechanism used by

pathogens to subvert protective immune responses directed against them.

1.2.8.5 TGF~p regulation of DC function

TGE-B is a potent regulatory cytokine with a pivotal role in maintaining tolerance via the
regulation of lymphocyte proliferation, differentiation and survival (Li ef al., 2005). In
addition, TGF-P controls the initiation and resolution of inflammatory responses through
the regulation of chemotaxis, activation and survival of lymphocytes, NK cells, DCs,
macrophages, mast cells and granulocytes (1.1 ef al., 2005). It is produced by a wide range
of cells including macrophages, DCs, NK cells and T and B cells and is secreted in a
biologically inactive or latent form that must be cleaved and activated before interaction

with its receptor (Letterio and Roberts, 1998).

Many studies have reported the role of TGF- in affecting DC function. It regulates the
- maturation of differentiated DCs and DC-mediated T cell responses (Li ef al., 2005). DCs
differentiated from human haematopoictic progenitor cells or monocytes in the presence
of TGF-B have been shown to express predominantly intracellular MHC class II, low
levels of CD1d and costimulatory molecules CD80, CD83 and CD86 (Geissmann ef al.,
1999; Ronger-Savle ef al., 2005). These observations are consistent with murine studies
in which TGF-f inhibits maturation of DCs differentiated from bone marrow cells with
GM-CSF (Yamaguchi ef @l., 1997), demonstrating that TGF-B promotes the generation of
DCs with an immature phenotype. TGF-$ also regulates the antigen presenting function
of differentiated DCs in vitro. The presence of TGF-f in LPS-stimulated DC cultures
inhibits the expression of MHC class 1I and costimulatory molecules, which attenuates
the antigen presenting function of DCs (Geissmann et al.,, 1999). In addition, DC
maturation and [L-12 production induced by inflammatory cytokines such as IL-1 and
"TNF-c are inhibited by TGF-f (Geissmann ef al., 1999). In contrast, CD40L-induced DC
maturation or cytokine production is not affected by TGF-f (Geissmann ef al., 1999).
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CD40L represents a key T helper signal for DC maturation as explained earlier in section
1.2.5.1. Lack of TGF-f inhibition of CD40L-induced DC maturation implies that TGF-§

primarily suppresses non-cognate DC activation.

There is evidence that pathogens have evolved mechanisms to induce infecied host cells
to secrete active TGF-f, which in turn suppresses APC function, enhancing pathogen
survival. For example, infection of macrophages with the intracellular bacteria M. avium
increases macrophage production of active TGF-B and suppresses their antibacterial
activity (Champsi ef al., 1995). Parasites have also developed similar mcchanisms for
their survival and proliferation in the mammalian host. For instance, 7. cruzi directly uses
the host TGF-f signaling pathway to invade host cells (Ming ez al., 1995). T. cruzi is in
fact unable to invade cells lacking TGF-f receptors or cells in which the downstream
signaling of these receptors is interrupted (Ming ef al., 1995). Furthermore, 7, cruzi has
been shown to activate the TGF-§ signaling pathway directly to facilitate its entry into
mammalian cells (Ming ef al., 1995). Leishmania species have also been reported to be
potent inducers of TGF-p (Barral-Netto ef a/., 1992) and are able to activate latent TGF-B
directly to its bioactive form. Activation of TGF-f was linked to enhanced parasite
survival within macrophages (Ganlt ef al., 2003).

1.2.9 Pathogen-induced T cell anergy

The ability of pathogens to induce T cell anergy has been extensively reported. In a
recent study human rhinovirus was shown to significantly down-regulate the T cell
stimulatory capacity of DCs through the induction of a novel DC activation program
(Kirchberger et al., 2005). It was demonstrated that co-cultivation of DC with the virus
induces the expression of inhibitory receptors B7-H1 (PDL-1) and sialoadhesin (Sn,
Siglec-1, CD169) without affecting stimulatory receptors such as CD8Q or CD86. The
consequence .of this altered accessory repertoire on rhinovirus-treated DCs is that co-
cultured T cells acquire a deep anergic state, which is antigen-nonspecific and not
reversible by exogenous IL-2 (Kirchberger ef al., 2005). Hepatitis C virus provides

another example of a virus, which induces T cell anergy characterized by a decreased IL-
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2 response and impaired activation of the JNK signaling pathway (Sundstrom et al.,
2005). Similatly Helminth parasites have been shown to secrete substances, such as ES-
62, that render lymphocytes anergic (Harnett ef ol., 1998) and Leishmania antigens were

found to induce T cell anergy due defective antigen presentation (Pinheiro ez al., 2004),

Although induction of regulatory T cells, anergy and apoptosis play important roles in the
maintenance of central and peripheral tolerance by providing mechanisms to avoid
inappropriate immune responses to ‘self” or to harmless foreign antigens, it has become
clear that many pathogens have evolved the ability to use these mechanisms to their
advantage. Altering DC function is particularly advantageous to pathogens as these cells
have the unique ability to induce primary immune responses by efficient activation of
natve T cells. By interfering with DC functions, microbes can therefore avoid the
induction of immune responses directed against them, thus prolonging their survival and

increasing the possibility of transmission to other hosts.
1.2.10 Pathogen-induced apoptosis

Interaction of some pathogens with DCs has been reported to resuit in T cell apoptosis. A
recent report demonstrated that both inactivated and infectious HIV-1 stimulated
plasmacytoid DCs to secrete IFN-ct, which in turn regulated the expression of TRAIL
(TNF-related apoptosis-inducing ligand) by primary CD4"Tcells, leading to T cell
apoptosis (Herbeuval et al., 2005). This observation provided a umique role for
plasmacytoid DCs in TRAIL-mediated apoptosis of CD4™T cell in HIV-1 infection and
progression to AIDS,

DCs have also been shown to acquire killer functions via expression of TRAIL during
Measles infection, hence becoming cytotoxic cffector cells with the ability to kill facing
activated T cells (Vidalain et al., 2001). Furthermore, Measles virus-infected DCs have
been reported to undergo Fas ligand (FasL)-dependent apoptosis by up-regulation of Fas
following interaction with the virus. As activation up-regulates FasL expressed by T

cells, early apoptosis of Fas-sensitive infected DCs would prevent subscquent T cell
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activation and could account for the in vivo suppression of cell-mediated immunity
(Vidalain et al., 2001). Therefore, besides inducing the development of DCs with
‘regulatory”’ phenotype and inhibiting paive or activated T cell proliferation, Measles
virus induces the synthesis of TRAIL death factor in DCs, leading to activated T cell
apoptosis and finally induces FasL-dependent apoptosis of the DCs themselves (Vidalain
etal., 2001).

The ability to induce DC apoptosis is not unique to Measles virus. Vaccinia virus and
canarypox virus have both been associated with inhibition of DC maturation and DC
apoptosis (Engelmayer e al., 1999; Ignatius et al., 2000). Likewise, Streptococcus
preumoniae has been reported to induce DC apoptosis through two distinct mechanism: a
rapid caspase-independent mechanism, eritically dependent on bacterial expression of
pneumolysin, and a delayed-onset caspase-dependent mechanism associated with
terminal DC maturation (Colino and Snapper, 2003). The latter mechanism was found to
be independent of I'as/I'asL interactions and TNF-o and did not require bacterial
internalisation. Instead it was dependent upon interaction between bacterial subcapsular
components with a cell-surface receptor on DCs (likely a TLR) acting in a MyD88-
_dependent manner {Colino and Snapper, 2003).
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1.3 Plasmodium and Dendritic cells

As previously described in section 1.2, DCs are professional antigen presenting cells with
the ability to induce primary immune responses by efficient activation of naive T cells
(Adams et al., 2005). They are generally the first cells of the immune system to encounter
foreign organisms and their subsequent interaction with other cells of the immune system
is a major component of the immune response (Adams et al., 2005). Therefore, it is
reasonable to assume that DCs also play a crifical role in initiating immune responses to

malaria,

Urban et al. first showed that P. falciparum infected erythrocytes could prevent up-
regulatidn of MHC class II and co-stimulatory molecules CD83 and CD86 on human
DCs in response to LPS treatment in vitro (Urban et al., 1999). In addition to affecting
maturation, they impeded the ability of DCs to induce antigen-specific primary and
secondary T cell responses (Urban ef al., 1999), CD36 and CD51 were identified as the
receptors on DCs responsible for this inhibitory effect (Urban ef al., 2001b). These same
receptors were found to mediate the inhibitory effect of macrophages by decreasing TNF-
o. and IL-1 secretion during malaria infection (Schwarzer et al., 1992). It is interesting
that these molecules are responsible for the recognition of apoptotic cells by phagocytic
cells, which can also have suppressive effects on DC function and maturation (Voll ef ¢/.,
1997). Interaction of infected erythrocytes with human DCs also resulted in decreased IL-
12 secretion by DCs, which would otherwise promote adequate effector T cell
proliferation and differentiation towards a Thl phenotype as described in section 1.2.5.1.
Instead, an increase in IL-10 was obscrved, which could potentially directly suppress the
stimulatory function of DCs (Haase et al., 2002; McBride et al., 2002) as well as promote
the generation of T regulatory cells as previously explained in section 1.2.5.2. Moreover,
a study in malaria-exposed children showed that DCs in peripheral blood may have
down-regulated MHC class Il expression (Urban et al., 2001a), suggesting that DC

function can be impaired in vivo during the acute stages of malaria infection.
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These human studics provoked the generation of a number of animal models
investigating the function of DCs during malaria infection in vivo. Although there are less
than a handful published studies, there are already inconsistencies in the literature on the
effect of DC function after intcraction with malaria parasites. Seixas and colleagues
reported that bone marrow-derived DCs up-regulated the expression of MHC class II,
CD40 and CD86 after exposure to P. chabaudi infected erythrocytes (Seixas ef al., 2001).
Their ability to stimulate T cell responses was maintained and increased production of
TNF-a, IL-12 and IFN-y was observed (Seixas et al., 2001). Similarly Pichvangkul et al,
reported activation of murine bone marrow-derived and human plasmacytoid DCs
following interaction with P. falciparum schizonts in vitro as observed by the up-
regulation of CD86 expression and IFN-a production (Pichyangkul ef al., 2004), In this
particular study the schizont immune stimulatory effects were shown to require the
TLR9-MyD88 signalling pathway (Pichyangkul et al., 2004).

Luyendyk and colleagues focused on analysing splenic CD11b* and CDilct DC
subtypes after acute infection with I, yoelii infected mice. They found that MHC class IT
and CD80 molecules on DCs were up-regulated and supported {FN-y production
(Luyendyk ef al., 2002). A similar study carried out by Perry and colleagues confirmed
these results as they showed that DCs taken from P. yoelii infected animals expressed
high levels of co-stimulatory molecules, activated naive T cells to produce IL-2 and
supported high levels of IFN-y and TNF-a. production in an IL-12-dependend manner
(Perry ef al., 2004). Furthermore, in a subsequent study, Perry et al. showed that as the
infection progressed, DCs became refractory to TLR-mediated 1L-12 and TNF-«
production, while increasing their ability to produce IL-10 and retaining their capacity for

activation of naive T cells (Perry ef al., 2005).

The above observations contrast human studies with P. falciparum (Urban ef al., 1999) as
well as a study in mice carried out by Ocana-Morgner and colleagucs who showed that P.
yoelii infectéd erythrocytes inhibited the LPS-induced maturation of bone marrow-
derived DCs in vitro (Ocana-Morgner et al., 2003). Thus, there is disagreement in the

literature on the role of DCs in protective immunity to blood-stage malaria. Since the
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Plasmodia parasites have been shown to impair human (Urban et al,, 1999) and murine
(Ocana-Morgner ef al., 2003) DC maturation ir vifro, it has been suggested that DCs
cannot prime protective immunity during infection. However, Bruna-Romero and
colleagues have shown that DCs presenting P. yoelii sporozoite antigens can induce
protective immunity against liver-stage malaria in mice aﬁd can stimulate both CD4" and
CD8" T cell responses (Bruna-Romero and Rodriguez, 2001). Furthermore Pouniotis ef
al. have directly addressed the hypothesis that DCs can prime blood-stage malaria
immunity (Pouniotis ef al.,, 2004), Maturation-arrested DCs in vitro were used to
immunise animals, which were then challenged 10 days later with freshly isolated
infected erythrocytes. DCs pulsed with P. yoelii or P. chabaudi infected erythrocytes
were shown to be able to induce antigen-specific T cell responses, antibody responses
and potent protection against lethal blood-stage malaria challenge in vive despite an in
vitro parasite-induced maturation defect (Pouniotis ef al., 2004). It was suggested that
one possibility to explain the efficacy of the parasite-treated DCs immunisation was that,
although a maturation defect was evident in vitro, once returned to the in vive
environment, these DCs can eventually develop into mature DCs (Pouniotis ef al., 2004).
Thus, there may be a delay in maturation rather than a maturation arrest. These results
suggest that DCs may be involved in the induction of immunity against blood-stage
malaria parasites and further indicatc that targeting of parasite antigens to DCs may

provide an attractive approach for the development of blood-stage malaria vaccines.
1.3.1 Effect of haemozoin on phagocytic cells

Besides reports describing contrasting effects of Plasmodium-infected erythrocytes on
DC function, different outcomes have also been reported regarding the effects of

haemozoin on phagocytic cells.

The malaria parasite resides inside the erythrocytes of the infected host during the
asexual blood-stage of its life cycle and uses haemoglobin as a nutrient (Goldberg, 1993).
The parasite digests about 75% of the host haemoglobin but is unable to catabolize the

toxic free haeme, which is formed as a byproduct of haemoglobin degradation (Francis et
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al., 1997). To protect the parasite membranes against the toxic effect of haeme
molecules, the parasite converts the free hacme inio haemozoin (malaria pigment) using a
unique pathway referred to as the haeme polymerisation or biocrystallisation (Slater er
al., 1991).

Haemozoin cnters phagocytes either within parasitized erythrocytes or, after schizont
rupture, as a residual body and it has been reported to influence the immune rcsponses of
the host. Arese and colleagues have extensively studied the effects of haemozoin on
human monocyte/macrophage function. [rz vitro studies have shown that haemozoin-fed
monocytes are viable but functionally impaired (Arese and Schwarzer, 1997). They are
unable to digest haemozoin or to repeat phagocytosis (Schwarzer ef al., 1992), to
generate oxidative burst upon appropriate stimulation (Schwarzer and Arese, 1996) or to
kill ingested bacteria, fungi or tumor cells (Fiori ef al., 1993). Haemozoin-fed human and
murine monocytes/macrophages were found to release large amounts of TNF-a
(Pichyangkul ef al., 1994; Prada et al., 1995; Sherry et al., 1995), nitric oxide (Prada et
al., 1996), macrophage-inhibitory protein 1o and macrophage-inhibitory protein 1B
(Sherry ef al., 1995) and reduced amounts of IL-6 (Prada ef al., 1995). In addition,
monocyte protein kinase C, an effector of phagolysosome formation, lysosomal
acidification and lysosomal enzyme production (Gewert et al., 1995; Tapper and Sundler,
1995), was found to be inhibited after haemozoin phagocytosis (Schwarzer ef al., 1993).
Inhibition of protein kinase C activity was suggested 1o be responsible for the increased
levels of 4-hydroxy-nonenal in haemozoin-loaded monocytes, which was found to
depress expression of MHC class II proteins in monocytes (Schwarzer ef al., 1998;

Schwarzer et al., 1996).

More recent studies have confirmed the potent pro-inflammatory effects of haemozoin in
vivo (Jaramillo ef al., 2004) as well as demonstrating its involvement in the generation of
large amounts of bioactive peroxidation derivatives of polyunsaturated fatty acids that
inhibit monocyte function (Schwarzer e al., 2003). Furthermore haemozoin has been
reported to inhibit the proliferative response of mitogen-stimulated human peripheral

blood mononuclear cells via an [L-10-dependent mechanism (Deshpande ef al., 2004} as
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well as affecting the ability of monocytes to differentiate and mature to functioning DCs
(Skorokhod et al., 2004).

The effects that haemozoin exert on DC function have not been extensively investigated
and there are only two published studies to datc on this subject. Coban and colleagues
first reported that purified haemozoin from P. falciparum enhanced the maturation of
myeloid DCs in vitro as observed by the up-regulation of DC surface markers CD83,
CD386 and CD1a (Coban et al., 2002). Subsequently, the ability of haemozoin to activate
innate immune responses, resulting in the production of cytokines, chemokines and up-
regulation of costimulatory molecules, was confirmed iz vivo and demonstrated that

haemozoin exerted its effects through TLR9 (Coban et al., 2005).

All of the above studies clearly indicate that when ingested by phagocytic cells,
haemozoin is not inert but can either impair a number of functional parameters in the case
of monocytes and macrophages or activate immune responses by inducing DC maturation
and cytokine production. A better understanding of the mechanisms by which haemozoin
exerts its effects on immune cells may aid in the development of novel therapeutic

approaches and offer a new chance to control pathogenic mechanisms in malaria.
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1.4 Aim of project

The present study aims at examining the effects that P, chabaudi AS infection have on
DC function in vitfro, with the view that a better understanding of how the malaria
parasite affects DC function could have important implications for vaceine design and
immunotherapy and might aid in the development of effective DC-based vaccines.
Moreover, as the morbidity and mortality associated with malaria are derived exclusively
from the asexual erythrocytic stages, I examined whether intact, trophozoite-infected
erythroeytes modulate key functions of DCs that may potentially lead to or contribute to
more generalised immunosuppression in the host. In particular, the erythrocytic
trophozoite stage was selected for this study first because the majority of the parasite
induced changes in the infected erythrocytes have been shown to occur during this stage
(Newbold, 1984); secondly because trophozoite-infected erythrocytes are less fragile
compared to cells harbouring the schizont stage of the parasite (Newbold et al., 1982),
limiting the possibility that various metabolites released in the culture following schizont

rupture might be responsible for any effects observed on DC function.
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2. Materials and Methods
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2.1 Tissue culture
2.1.1 Animals

Female BALB/c mice were purchased from Harlan Olac (Bicester, U.K.). DO11.10
SCID mice, with CD4" T cells specific for OV Aszs.330 peptide in the context of I-AY
recognised by the KJ1.26 clonotypic antibody (Haskins ef al.,, 1983; Murphy ef al., 1990)
were bred in-house at the Central Research Facility, University of Glasgow. All mice
were Kept under specific pathogen-free conditions and first used between 6 and 8 weeks

of age in accordance with local and U.X. Home Office ethical regulations.

2.1.2 Parasites

Plasmodium chabaudi chabaudi AS strain was originally isolated from adult thicket rats
(Thamnomys rutilans) in 1967 by Professor David Walliker (University of Edinburgh)
from La Maboke, Central African Republic. The strain was subsequently established in
laboratory mice and cloned by limiting dilution (Walliker ef al., 1971). Stabilates of
parasites, derived from the original AS parent clone, were maintained by

cryopreservation in liquid nitrogen and subpassage through mice,

2.1.3 Cryopreservation of blood

Infected blood, at a parasitaemia of 20-25% containing ring stage parasites, were
collected by cardiac puncture from mice sacrificed in a CO; chamber into a sytinge
containing sodium heparin (1000 i.u./ml) in phosphate buffer saline (PBS, pH 7.2} as an
anticoagulant at 10 i.u. heparin per ml of blood. The infected blood was diluted with an
equal volume of a sorbitol-glycerol solution (38% glycerol, 2.9% sorbitol, 0.63% NaCl).
200l aliquots were dispensed into 1.2 ml cryopreservation vials (Nune, Hereford, UK).

The vials were snap frozen by immersion into liquid nitrogen and stored until needed.

2.1.4 Maintenance of P. chabaudi chabaudi AS
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For long term preservation, cryopreservation vials of blood infected with 2. chabaudi AS
parent were kept in liquid nitrogen (-196°C). Infected blood was recovered for
experimental nse by allowing the vials to thaw at room temperature, Once defrosted, an
cqual volume of a 17.5% sorbitol solution was added slowly with frequent mixing (Gray
and Phillips, 1981). The diluted blood was administered by i.p. injection into one or two
recipients naive BALB/c mice from which the experimental groups were infected once

the parasitaemia reached 20-30%.

2.1.5 Deternmination of parasitaemia

The level of parasitaemia of infected mice was determined by daily examination of
stained thin blood smears. Samples were taken belween 8:00 and 9:00 each day by
piercing the tip of the tail with a lancet (BD, Oxford, UK). A new lancet was used for
each expetimental group. A drop of blood was placed at one end of a glass microscope
slide (BDH, Poole, Dorset, UK), smeared and allowed to dry at room temperature. The
smear was fixed in 100% methanol (AnalaR, BDH Ltd) and then stained in Giemsa’s
stain (Gurr, BDH Lid) (1:10 of Giemsa’s stain in Glemsa’s phosphate buffer (3g
NayHPQy4, 0.6 KH,PO,, 11 distilled water, pH 7.2) for 15 minutes, The slide was then
rinsed in tap water, air dried and examined under oil immersion using x100 objective and
x10 eyepiece lenses on a Leitz S.M. Lux (Nutley, New Jersey, USA) binocular
microscope. Percentage parasitaemia was determined by counting total infected and non-

infected erythrocytes in a total of at least 10 fields containing around 300 RBC/field.
2.1.6 Challenge infections

Parasites from frozen stock were injected i.p. into BALB/c mice and the parasitaemia
monitored daily by examination of Giemsa’s stained thin blood smears, Plasmodium
chabaudi AS asexual erythrocytic stages grow synchronously. When a patent
parasitaemia developed, infected blood was recovered in heparin (10 iu./ml) by cardiac
punciure and diluted in PBS (Invitrogen, Paisley, UK) to the required concentration of

parasitised erythrocytes (pRBCs). Experimental mice were infected with pRBCs
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administered i.p. as a 0.25 ml inoculum. Infected mice were held in reverse light/dark
cycle so that parasites harvested at 08:00 hours were at the late trophozoite stage. Blood
was collected when parasitacmia was 30-40 %. In all experiments the ratio of pRBC to
DC was 100:1 unless otherwise stated.

2.1.7 Generation of bone marrow-derived DCs

GM-CSF was made by growing the x63 GM-CSF myeloma cell line transfected with
mouse GM-CSF cDNA (Lutz ef al., 1999) for 3-5 days in complete RPMI (cRPMI:
RPMI 1640 supplemented with 2-mercaptoethanol (2-ME, 50 uM), L-Glutamine (2 mM),
penicillin (100 ug/ml), streptomycin (100 ug/mi) (all from Invitrogen) and 10% foetal
calf serum (I'CS, Labtech International, East Sussex, UK)) supplemented with 0.8 mg/ml
(G418 (Sigma-Aldrich, Poole, UK) and then harvesting the supernatant,

Bone marrow-derived DCs were generated as previously described (Lutz er al., 1999).
Briefly, femurs and tibiae of BALB/c mice were removed aseptically and separated from
the surrounding muscle. The end of each bone was removed and the bone marrow flushed
out using a 26 gauge needle (BDH Microlance) and a syringe filled with RPMI 1640
(Invitrogen). Cell clusters were disaggregated by vigorous pipetting before passing the
cell suspension through sterile Nitex mesh (Cadisch & Sons, London, UK). Cells were
centrifuged at 450g for 10 minutes and resuspended in ¢cRPMI supplemented with 10%
GM-CSF. The cell concentration was adjusted to 5x10° cells/ml. 1ml aliquots were
distributed in six-well plates (Corning/Costar, Cambridge, MA) containing 1ml of cRPMI
supplemented with 10% GM-CSF and cultured at 37°C, 5%CQ; in air (37°C, 5%C0).
Fresh medium (2ml) was added to the cell cultures every three days. On day 6, DCs were
harvested and cultured at the required concentration with RBCs or pRBCs for each

individual experimental procedure as described below.

For DC maturation, 1 ug/ml of LPS (from Salmonella abortus equi; Sigma-Aldrich) or
3pM of CpG (Sweet et al., 2002) (Sigma-Genosys, Cambridge, UK) were added to the
culture and incubated for 18h at 37°C, 5%CQO,,
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In some experiments, 1M ONO-AE3-208 (PGE;-EP4 antagonist) (Kabashima et af.,
2003b), 10uM GW9662 (PPAR-y antagonist) (Calbiochem, San Diego, CA)(Hammad et
al., 2004), ImM L-NIL (L-NIL) (Calbiochem)}{Moore et ai., 1994), Sug/ml of anti-T'GF-
B antibody (R&D Sysiems, Minneapolis, USA) and 2oM 1-MT (a pharmacological
inhibitor of the enzyme indoleamine 2,3-dioxygenasc) (Sigma-Aldrich)(Cady and Sono,
1991) were cultured with DCs at the time of RBC or pRBC addition.

2.1.8 In vitre culiure of CD40L-transfected fibroblasts with DCs

The cell lines 3T3-CD40L and 3T3-SAMEN (Schulz ef al., 2000} were kind gifts from
Dr P. Hwu (NCI, Bethesda, MD). Cells were grown in cRPMI in T73 tissue culture flasks
(Helena Biosciences, Gateshead, UK) and, when confluent, harvested and distributed in
six-well plates (Corning Costar) at 2.5 x 10° cells/ml of cRPMI. Bone marrow-derived
DCs were prepared as previously described and cultured with infected (pRBC) or non-
infected erythrocytes (RBC) at a ratio of 1:100, After 24 h, DCs were harvested,
resuspended at 1x10° cells/ml and cultured in a 1:1 ratio with either 3T3-CD40L or 3T3-
SAMEN for a further 24 h. The level of CD40 expression on DCs was analysed by flow

cytometry and culture supernatants collected for IL-12 cytokine analysis.

2.1.9 In vitro culture of DCs with fixed infected or non-infected erythrocytes

Blood from Plasmodium chabaudi AS-infected mice was washed twice in PBS before
being resuspended in ¢cRPMI for addition to DCs. For fixation, infected blood was
washed three times in PBS and resuspended in 0.5 % parafonnaldehyde for 30 minutes at
4°C, Fixed erythrocytes were then washed in PBS, resuspended in 0.06% gly-gly (Sigma-
Aldrich) for 5 mimutes at 4°C and washed twice more in PBS before being resuspended in
cRPMI for addition to DCs. After 24 h of culture, DCs were stimulated with 1 pg/ml of
LPS (Sigma-Aldrich) and the expression of cell surface molecules on DCs analysed 18 h
later by flow cytometry. To confirm complete fixation, 2x107 fixed, infected erythrocytes
could not establish infection when injected i.p into a female BALB/c mouse.

31

iAo

ﬂ’_&:.. L G naf et e w2l s

SR

LB B RE R

e T T e e




2.1.10 Lymph node single cell suspension

Peripheral and mesenteric lymph nodes were aseptically removed from DO11.10
transgenic mice (Muwphy ef al., 1990} on the SCID background (Saparov ef al., 1999).
They were made into a single cell suspension by rubbing through Nitex mesh (Cadisch &
Sons, London, UK) in ¢cRPMI medium using a 2.5ml syringe plunger. Cells were
centrifuged for 5 minutes at 450g and resuspended in ¢cRPMI. The proportion of
transgenic T cells in a lymph node preparation from these mice is approximately 95% as
measured by flow cytometry (Figure 2.1). Cells were counted on a Neubauer
Haemocytometer (Hawksley & Sons, Sussex, UK) using a phase conirast microscope.

Viable cells were determined by Trypan Blue exclusion (see section 2.2.2 for details).
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Figure 2.1 Percentage of transgenic CD4'T cells in aDO11.10 SCID donor
The plots are of a lymph node preparation from a naive DO11.10 SCID mouse. Gate R1

is set around the population of viable lymphocytes. Gate R2 is set around transgenic T

cells (CD4'KJ"), after gating the plot on R1, and represent 94.4% of total cells.
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2.1.11 Antigen presentation assay

Bone marrow-derived DCs were cenirifuged at 450g, resuspended at 1x10° cells/ml and
500ul aliquots were distributed into 24-well tissue culture plates (Corning Costar) with
pRBCs or RBCs. After 24 h incubation at 37 °C in 5 % CO,, DCs were antigen pulsed
for 6 h with 5 mg/ml of LPS-free OVA (Worthington Biochemical, Freehold, NJ). An
OVA-specific T cell hybridoma (DO11-GFP; supplied by Dr D. Underhill, Institute for
Systems Biology, Seattle, WA) expressing green fluorescent protein (GFP) under the
control of NFAT (Underhill ef al., 1999), was added to the cultures to achieve 1:1 DC: T
cell ratio. A set of cells was pulsed with an equimolar concentration of OVA peptide (aa.
323-339) (40pg/mi)(Sigma-Genosys) prior to the addition of T cells. GFP expression by
CD4" T cells identified with PE-rat anti-mouse CD4 (BD Pharmingen, Oxford, UK) was
determined by flow cytometry.

2.1.12 Thymidine incorporation assay

2x10° DCs were cultured with 2x107 pRBCs or RBCs in a 96 well plate (Corning Costar)
for 24h at 37°C, 5%C0,. OVA-specific T cells were isolated from the mesenteric and
peripheral lymph nodes of DO11.10 transgenic mice (Murphy e? al., 1990) on the SCID
background (Saparov ef al., 1999) and cultured at a 1:1 ratio with DCs. T cell
proliferation was analysed after 48, 72, 96 and 120 h of culture and assessed by
incorporation of [*H} thymidine (0.5 uCi/well) (Radionucleotide Dispensary, Western
Infirmary, Glasgow) for the last 24 h of culture. In some experiments, 10ng/ml of ril.-2
or Sug/ml of anti-TGF-f (both from R&D Systems) were added at the beginning of the
proliferation assay. Cells were harvested onto filter mats (Wallac, Boston, USA) using a
Betaplate 96 well harvester (Wallac) and [*H] thymidine incorporation measured on a

Betaplate liquid scintillation counter {Wallac).
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2.2 Cell viability/Apoptosis assay

2.2.1 Quantitation of viable DCs

DCs were co-cultured with RBCs or pRBCs in 6-well plates (Corning Costar) for 24h at
37°C, 5% CO,. Cells were harvested following several washes with ice cold PBS
(Invitrogen). RBCs were lysed using Boyles’ solution (Tris-NH4Cl buffer) (Fonscca et
al., 2001) and the number of viable DCs recovered from each well quantified by Trypan
blue (Sigma-Aldrich) exclusion.

2.2.2 Trypan Blue Exclusion Assay

Cell viability was analysed by using the trypan blue exclusion assay since trypan blue is
excluded from viable cells. 50ul of cell suspensions were diluted with 50pl of 0.4%
trypan blue (Sigma-Aldrich). The number of cells excluding trypan blue was assessed

using a Neubauer Haemocytometer (Hawksley & Sons).
2.2.3 Annexin V/PI Assay

The Annexin V/Propidium Iodide (PI) assay was used to detect cell apoptosis, In
apoptotic cells, the inner membrane phospholipid phosphatidylserine (PS) is exposed to
the external cellular environment. Annexin V, a phospliolipid-binding protein conjugated
to FITC, binds to cells with exposed PS. Viable cells exclude PI (Vermes et al., 1995).
An Annexin V-FITC apoptosis detection kit was purchased from BD Pharmingen. Cells
to be tested for apoptosis were washed twice in cold PBS (Invitrogen) and resuspended in
binding buffer provided at a concentration of 1x10° cells/ml. 100pl aliquots of the cell
suspénsion were incubated with Spul of Annexin V-TFITC and 5ul of PI at room

temperature for 15 minutes prior to analysis by flow cytometry.
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2.3 Flow cytometry

Approximately 5x10° cells were transferred into 12 x 75mm polystyrene tubes (Falcon
BD, Oxford, UK), centrifuged at 450g and resuspended in 100u] FeR blocking buffer
(anti-CD16/32, clone 2.4G2, hybridoma supernatant, 10 % mouse serum (Alba
Bioscience, Edinburgh, UK) and 0.1 % sodium azide (Sigma-Aldrich)), to reduce non-
specific binding by Fc receptors, and the appropriate [luorochrome-conjugated or
biotinylated primary antibodies. Details of antibodies used are described in table 2.1, All
samples were incubated at 4°C in the dark for 20-30 minutes, washed with 2ml FACS
buffer (PBS, 2 % FCS, and 0.05 % sodium azide) and, where appropriate, biotinylated
antibodies were detected by incubation with 100ul of a 1/200 dilution of fluorochrome-
conjugated streptavidin (Pharmingen) at 4°C in the dark for 20-30 minutes. The cells
were then washed in FACS buffer and resuspended in 300ul FACSflow (BD) and data
acquired using a FACSCalibur flow cytometer cquipped with a 488 nm Argon laser and a
635 nm red diode laser and analysed using CcllQuest software (both from BD

Biosciences).

Prior to analysing labelled cells, forward scatter (FSC) and side scatter (SSC) were
adjusted so cells of interest could be gated on the screen. Unstained samples were used as
auto-fluorescence controls allowing settings to be adjusted so that auto-fluorescence
background was roughly within the first decade of the log scale of the fluorescence
intensity histogram. Unstained samples were compared with isotype and positively
stained controls to confirm the correct scale. Compensation settings were set such that on
an FL-1 vs FL-2 dot plot, an FL-1 positive population was negatively aligned with
negative population, and an FL-2 positive population was horizontally aligned with the

FL-2 negative population,
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Antigen Conjugate Clone Isotype
CD4 PE GK1.5 Rat IgG2ak
Cb4 FITC L3T4 Rat TgG2ak
CD40 PerCP RM4-5 Rat IgG2ak
CD69 FITC H1.2F3 Hamster IgG1A
1-A/I-E FITC 2G9 Rat IgG2ak
CD40 FITC 3/23 Rat IgG2ak
CD86 FITC B7.1 Hamster IgG 1A
CD86 FITC B7.2 Rat IgG2ak
CDllc PE HL3 Hamster IgG1A

Table 2.1 Monoclonal antibodies used for flow cytometry

All antibodies were purchased from BD Pharmingen and used according to

manufacturers’ guidelines.
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2.3.1 Flow cytometric analysis
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Figure 2.2 Flow cytometric analysis of CD40 expression on bone marrow-derived DCs.

Gate R1 is set around CD11c" cells (a), drawn using the isotype control (b). Dot plots (c-

f) and histograms (g-h) are gated on Rl to obtain the percentage of CDI 1c" cells
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expressing CD40 (¢-f} or the Mean Fluorescence Intensity (MFI) values (g). The marker
M1 is set using the isotype control (h). FL1=CD40 expression. Plots are representative of
three independent cultures, The obtained MFI and percentage posifive values are used to
plot the bar graphs shown throughout this thesis.

2.4 Preparation of erythrocyte ghosts from infected and non-infected

mice

Ghosts from infected and non-infected erythrocytes were generated as previously
described (Wunderlich ef al., 1985). Briefly, blood was collected by cardiac puncture and
washed three times in PBS. Infected and non-infected erythrocytes were concentrated in
PBS supplemented with 113 mM of Glucose (Sigma-Aldrich) and 3% FCS. Infected
erythrocytes were incubated in an equal volume of glycerol buffer (i.e. 10 % glycerol
(Sigma-Aldrich) supplemented with 5 % FCS in PBS) for 1h at 4°C. Parasites and ghosts
were separated in a continuous Perxcoll (Amersham Biosciences, Buckinghamshire)
gradient (p: 1.02-1.10 g/cm™) in intracellular medium buffer (IM: 20 mM NaCl, 120 mM
KCl, 1 mM MgCly, 10 mM Glucose, 5 mM Hepes, pH 6.7) and centrifuged at 5000 g for
30 minutes. Ghosts were then washed in IM buffer and layered on a two-step Percoll
gradient (p: 1.01+1.02 g/em™) to separate them from possible ghosts that still contained
parasites. Ghosts from non-infected erythrocytes were obtained by adding a 40-fold
voluime of phosphate buffer (5 mM NaH,PO4/Na,HPO4, 1 mM PMSF, 0.01 % Azide, pH
8.5). The suspension was centrifuged at 32000g for 30 minutes. Ghasts from infected and
non-infected erythrocytes were then washed three times in PBS before being resuspended
in ¢cRPMI for addition to DCs at a ratio of 100:1,

2.5 Haemozoin preparation and quantitation

Haemozoin was purified from supernatants obtained from cultures of Plasmodiunt
jalciparum gametocytes, which were kindly provided by Dr Lisa Ranford-Cartwright,

(Division of Infection and Immunity, IBLS, University of Glasgow, U.K) and endotoxin-
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free buffers and solutions used throughout. Supernatants were centrifuged for 20 minutes
at 450g. The pellet was washed three times in 2% SLS and resuspended in 6M Guanadine
HCL Following five to seven washes in PBS, the pellet was resuspended in PBS and
sonicated for 90 minutes using Soniprep 150, (Sanyo Scientific, Bensenville, IL) at an
amplitude of 5-8 microns to minimize aggregation and maintain the haemozoin in
suspension. Total haeme content was determined as previously described (Sullivan ef al.,
1996) by depolymerising haeme polymer in 1 ml of 20 mM NaOH/2 % SDS, incubating
the suspension at room temperature for 2h and then reading the OD at 400 nm using UV

visible spectrophotometer (Thermo Spectronic, HeAios, Cambridge, UK).

2.6 Cytokine analysis

For the detection of IL-12 (p40) and IL-10 produced by DCs, OptEIA™ ELISA kits
(BD) were purchased and standards and antibody pairs specific for the corresponding
cytokine were used according to manufacturer’s instructions. Briefly, 96 well plates
{Immulon-4 HBX, Dynex (West Sussex, UK)) were coated overnight at 4°C with
100ul/well of Anti-mouse IL-12 or Anti-mouse IL-10 monoclonal antibody diluted in
0.2M Sodium Phosphate (1:250 dilution for IL-12 and 1:125 for IL-10), pH 6.5. After 3
washes with PBS/0.05% Tween 20, non-specific binding sites were blocked for 1 hour at
room temperature by adding 200ul/well of PBS/10% FCS. After 3 washes with
PBS/0.05% Tween 20, 100u] of samples or serial dilutions of recombinant cytokine
standards (rIL-12 dilutions starting at 4000pg/ml, rIL-10 dilutions starting at 2000pg/ml)
were added to each well and incubated for 2 hours at room temperature. After incubation,
the plates were washed 6 times and incubated with 100pl of the apprdpriate anti-cytokine
detection monoclenal antibody + Avidin-horseradish peroxidase conjugate for 1 hour at
room temperature, Plates were washed a finther 6 times before the addition of 100ul/well
of substrate solution (TMB). 50ul/well of stop solution (Sulphuric acid, 0.4M) were
added before measuring the optical density (OD) at 450/630mn (dual wavelength mode)
using a Dynex microplate reader. The OD values were converted to pg/ml of cytokine in

supernatants by using Revelation software to analyse the standard curves obtained from




serial dilutions of the cytokine standards. Detection limits were 31.3 pg/ml for IL-12 and
15.6 pg/ml for IL-10.

For the detection of T cell cytokines (IL-4, IL-5, IL-10, IL-2, IFN-y and IL-12), Mouse
Th1/Th2 6-Plex Antibody Bead kit (Biosource) was used according to manufacturer’s
instructions. Brietly, all washing steps were performed by placing a 96 well filter-bottom
microplate provided on a filtration apparatus and applying a vacuum sufficient to gently
empty the wells, which have been pre-filled with 200ul of a Working Wash Solution
provided. All incubation steps were carried out in the dark at room temperature and by
placing the microplate on an orbital shaker. 25ul of the antibody-coéted beads were
added to each well. After washing the plate twice, serial dilutions of cytokine standards
(dilutions starting at 5.78ng/ml for IL-5, 11.47ng/ml for IL-4, 3.39ng/m! for IL-10,
4.75ng/ml for IL-12, 7.92ng/ml for IL-2 and 5.43ng/ml for [FN-y) and samples were
added to the appropriate wells and incubated for 2h. Following the incubation time, the
plate was washed twice and 100ul of diluted biotinylated detection antibody added into
each well and incubated for Ih. The wells were then washed twice before adding 100ul
Streptavidin-RPE (fluorescent), which was incubated for 30 minutes. Finally, the plate
was washed three times before addition of 100l of Working Wash Solution and then

loaded into the Luminex XY™ platform to read the analyte concentration.

2.7 Microscopic analysis

2.7.1 Bright ficld microscopy

5x10° DCs were dispensed onte 13mm polylysine (Sigma-Aldrich) coated coverslips
(BDH) in 24 well plates (Corning Costar) and left to adhere overnight at 37°C, 5% COa.
5x107 RBC or pRBC were added to DCs and incubated for a further 24h. Coverslips were
mounted onto glass slides (BDH) and examined by bright field microscopy using an
Axiovert S-100 Zeiss microscope {Carl Zeiss Ltd, Herifordshire, UK) using a 63x oil

immersion lens.
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2.7.2 Fluorescence microscopy

DCs and pRBC co-cultures were set up as described above. After 3h incubation at 37°C,
5% CO, DCs were stained with 0.5ng/ml of CTxB conjugated to Alexa Fluor 488
{Molecular Probes, Oregon, USA) and incubated for 15 minutes at 37°C in 5% CO,.
Cells were then fixed with 0.5% paraformaldehyde for 20 minutes at 4°C. RBCs were
stained with Sug/ml of biotin-conjugated rat anti-mouse TER-119 monoclonal antibody
(Pharmingen) for 10 minutes at 4°C. The biotinylated antibody was detected using
streptavidin-FITC (Vector Laboratories, CA, USA). Vectashicld containing DAPI
(Vector Laboratories) was used to stain cell nuclei. Coverslips were mounted onto glass
slides (BDH) and fluorescence microscopy performed using an Axiovert S-100 Zeiss

microscope using a 63x oil immersion lens,

2.8 Total RNA extraction from bone marrow-derived DCs

RNeasy Midi kit was purchased from Qiagen (West Sussex, UK) and used according to
the manufacturer’s instructions. Briefly, 2x10° bone marrow-derived DCs were cultured
“with 2x10® P. chabaudi AS-infected or non-infected RBCs for 6h at 37°C, 5%CQ,. Cells
were then harvested and centrifuged for 5 minutes at 300g. Supernatants were carefully
removed by aspiration and cells disrupted by adding 2ml of buffer RLT provided. Cells
were homogenised by passing the lysate through a 20 gauge needle (BDH) fitted to an
RNase-free syringe (BDH). 2ml of 70% ethanol (Sigma-Aldrich) was added to the
homogenised lysate and mixed thoroughly. Samples were then applied to an RNeasy midi
column and centrifuged for 5 minutes at 3000g. 2ml of buffer RW1 supplied, was used to
wash the column for 5 minutes at 3000g before carrying out on-column DNase digestion.
160l of DNase 1 incubation mixture provided wus added directly onto the RNeasy silica-
gel membrane and incubated for 15 minutes at room temperature. 2ml of buffer RW1 was
then added to the column and incubated for 5 minutes at room temperature, before
centrifuging it for 5 minutes at 3000g. The column was washed twice for 5§ minutes at
3000g with 2.5ml of buffer RPE supplied. To elute, the RNeasy column was transferred
to a new 15ml collection tube and 150pl of RNase-free water (Invitrogen) added directly
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onto the RNcasy silica-gel membrane and incubated for 5 minutes at room temperature.
The column was then centrifuged for 3 minutes at 3000g and the elution step cazried out
one more time using the same amount of RNase-free water. The total RNA extracted was
stored at ~20°C for gene array analysis. Mouse Genome 430 2.0 Array was purchased
from Affymetrix and experiments performed at the Sir Henry Wellcome Functional

Genomics Facility at the University of Glasgow.

2.9 Statistical analysis

Results are expressed as mean + standard error. Significance was determined by one-way
ANOVA in conjunction with the Tukey test, using Minitab. A p-value of p<0.05 was

considered significant.

2.9.1 Statistical methods for identifying differentially expressed genes in microarray
data.

Microariay technology certainly has the potential to greatly enhance our knowledge
about gene expression. Due to the ability of this technique to monitor the expression
levels of thousands of genes simultaneously, microarray experiments generate massive
amounts of data. Therefore methods are needed to determine whether changes in gene
expression are experimentally significant. Data obtained from microarray analysis has to
be interpreted cautiously. Fluorescence intensities from replicate microarrays cannot
generally be compared directly, but only after appropriate calibration (or normalization)
(Huber et al., 2002), duc to variation in sample treatment, labelling, dye efficiency and
detection. Furthermore, since different laboratories may use different array technologies
to profile the same genes, it would be beneficial to be able to combine expression
measurements within a single analysis, as utilization of data from different technologies
has the potential to reduce the need to duplicate experiments. However, this will require
the different measurements to be comparable. For instance, expression levels measured
by ¢DNA microarrays are usually reported as a ratio of the signal from a target mRNA

sample relative to one from a co-hybridized reference mRNA sample (Schena et al.,

93




1995). This method complicates a direct comparison with resulls from other lechnologies
as the reported ratios depend on the chosen mRNA reference. It is therefore extremely
desirable that a researcher has the best possible analytical tools available to make the

most of the information that this powerful technology has to offer.

As microarray data is often noisy and not normally distributed (Hunter ef al., 2001), it is
challenging to construct a statistical data model applicable to all microarray data sets. In
this context, non-parametric methods that do not assume a specific distribution of data are
particularly attractive. Recently, a powerful new test statistics, based on calculating rank
products (RP) from replicate experiments to define differentially expressed genes, has
been successfully implemented and is now used as the standard method for microarray
data analysis at ithe Sir Henry Wellcome Functional Genomics Facility at the University
of Glasgow (Breitling et al., 2004b). A major advantage of this new technique is the ease
with which results from different array technologies can be combined in one analysis, As
long as the results can be expressed as rank lists, it does not matter whether they are

produced by two-colour cDNA arrays or Affymetrix oligonucleotide chips.

The strength of the RP approach relies on making relatively weak assumptions about the
data. In an experimental setup, only a minority of the genes are assumed to significantly
change their expression levels (Breitling ef al., 2004b). This may seem relatively
restrictive, as if is easy to imagine experimental setups where the majority of the genes
are differentially cxpressed. However, in these circumstances, one will usually want to
know the most important genes. In this context, relevant changes are considered to be
always large, while small changes may have statistically but rarely biological
significance; thus significant gene regulation is almost a ‘switch-like’ process (Breitling
et al., 2004b). Equal variance for all genes, changes being independent of each other and
measurements being independent between replicate arrays are among the other weak
assumptions that makes this method a powerful statistical test for identifying
differentially expressed genes under two experimental conditions (Breitling et al.,
2004b), The principle behind the RP method is briefly described in Figure 2.3
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Rank Products

Replicate A Replicate B
Gene TPosition Gene Position Gene RP position

a 1 a 1 b 0.1 1
T b 2 g 2 d 0.2 2
c 3 c 3 f 0.3 3
FC d 4 b 4 h 0.4 4
e 5 e 5 » i 0.5 5
£ 6 f 6 a 0.6 6
g 7 d 7 c 0.7 7
h 8 i 8 e 0.8 8
i 9 h 9 g 0.9 9

Calculate RP = gene positionin A x gene position in B

n n

Figure 2.3 Principle of Rank Produet Analysis. Genes are sorted by
increasing/decreasing Fold Change (FC). The probabilily (p) of a gene to be found at the
top of the list if the lists were random is p = 1/n*, where » is the total number of genes
and k the number of replicales. This probability can be calculated as a Rank Product
(RP). The RP values can then be used to sort the genes in a new list where genes with the
smallest RP values are the most interesting candidates. In the examplc shown above the
RP for gene d is RPq = 4/9 x 7/9. The significance level (p’} is then calculated using a
permutation-based procedure and determines the likelihood of observing each gene so
high on the lists just by chance. For example, p’ for gene d is the probability that all the
other genes in the list are not at position 2. Once p’ has been calculated, the False
Discovery Rate (FDR) is determined, which identifies whether a gene has been randomly
regulated. For gene d, the FDR will define whether its position in the list is just an

artefact of the experimental procedure.

95




Another major advantage of the RI* method is that it provides data that are suitable to be
used in the Iterative Group Analysis (iGA) approach (Breitling e al., 2004a) (Figure 2.4).
This method is based on the idea that a concerted expression change of some members of
the same functional class is physiologically relevant (Breitling ef l., 2004a). Therefore,
iGA identifies functional classes of genes that are significantly changed and also which
of the class metnbers arc most likely to be differentially exprecssed (Breitling et al.,
2004a), thus facilitating, improving and accelerating the biological interpretation of

microarray experiments (Breitling et al., 2004a).
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Step 1

Step 2

Iterative Group Analysis

Position Gene

1 a

2 b

¢ e Class A

4 d

5 e

6 f

7 g

8 -ll Class B

9 i

Gene Position p value

a 1 0.3 Members of class A

b 2 ’ above position 5 are

= 0.9 differentially

¢ 3 0.5 expressed

d 4 0.8

: 3 Members of class B
6 g T above position 7 are

4 . We=— @ differentially

h 8 0.4 expressed

i 9 0.7
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.

PC=0.2

PC value of class A
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Figure 2.4 Principle of Iterative Group Analysis. Step 1. Genes are sorted by increasing

Fold Change (FC) values (or any other choice of metrics of differential expression) and

assigned to functional classes based on their GeneOntology assignments. Step 2. The p

value (i.e. the probability of observing members of a given class at a particular position in

the list by chance) for each gene belonging to a specific functional class is determined.

The position in the list that yields the smallest p value is used to determine the cut-off of

the class. All class members above that position are considered as ‘potentially

differentially expressed’. Step 3. The smallest p value determined is assigned as the PC

(Probability of Change) value of the class. Step 4. All classes are sorted by their PC

values and the classes with the lowest value are the most significantly changed.
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3. Assessing the effects of P. chabaudi AS-infected erythrocytes

on DC function in vitro.




3.1 Introduction

Host resistance against infectious organisms requires the development of an appropriate
immune response. As previously mentioned in section 1.2.5, DCs play a key role in
determining the type of induced response. These cells have evolved to monitor the
environment, detect pathogens and trigger T cell activation providing a link between the
innate and adaptive immune systems (Adams e a/., 2005). In turn, many pathogens have
evolved mechanisms to subvert the function of these important cells thereby modulating
the host’s immune response to their advantage (Rescigno, 2002; Rescigno and Borrow,
2001).

It is now widely accepted that encounter with parasites can strongly modify DC function
and lead to altered T cell responses (Sher ef al., 2003). Some parasites may lead to DC
activation. Nevertheless there is evidence indicating that although activated by pathogens,
mature DCs may either fail to respond or are functionally suppressed. IFor instance
Langerhans cells in the skin of mice infected with S. mansoni become activated but are
unable to migrate from the epidermis. This inhibition appears to be mediated by
prostaglandin D2 produced by the parasite and may help delay the subsequent adaptive
responsc (Angeli er al,, 2001). Similarly, infection with T. gondii selectively activates
human DCs by increasing MHC class I, CD86 and CD83 but not CD40, CD54 or CD80

expression. However, thesc DCs induce apoptosis of T cells (Wei et al., 2002).

Other parasites may instead avoid activating DCs in the first place. For instance, helminth
antigens do not appear to be able to directly induce DC maturation, at least as far as
increased expression of classical DC maturation markers such as MHC class II, CD80
and CD86 is concerned (MacDonald ef al., 2001; Whelan et al., 2000). Particularly
interesting is the inhibition of DC maturation induced by the malaria parasite P.
Sfalciparum (Urban et al., 1999). Malaria-infected erythrocytes were found to bind to the
surface of myeloid DCs in vitro and to markedly suppress the normal upregulation of
MHC class I molecules, adhesion molecules (e.g. ICAM-1) and costimulatory molecules
(CD83 and CD86) on DCs following LPS stimulation. The resulting DCs were severely
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impaired in their capacity to induce antigen-specific primary and secondary T cell
responses (Urban ef al., 1999). The receptors on the surface of DCs mediating this
inhibitory effect were shown to be the integring CD36 and CD51 (Urban ¢t al., 2001b).
The major parasite molecule interacting with these integrins appeared to be a functionally
conserved domain of P. falciparum erythrocyte membrane protein 1 (pfEMP1) (Urban
and Roberts, 2002), a molecule that undergoes antigenic variation (Biggs ef al., 1991).

DCs exposed to blood-stage malaria parasites were also shown to suppress CD8" T cell
responses against the liver stages of this parasite and inhibit CD8" T cell priming
following vaccination with irradiated sporozoites (Ocana-Morgner et al., 2003). As
effective liver-stage immunity is essential to protect against new infection, this method of
immunosuppression may benefit the parasite by leaving individuals open to constant re-
infection (Ocana-Morgner ef al., 2003). The ability of malaria parasites to inhibit the
* maturation of DCs could be involved not only in parasite-specific immunosuppression
(Ho et al., 1986), but also in the suppression of responses to heterologous antigens such
as vaccines as well as unrelated pathogens (Cook, 1985; Enwere et al., 1999; Greenwood
et al., 1972; Mabey ef al., 1987, McGregor, 1962; Thursz et al., 1995; Williamson and
Greenwood, 1978).

In this study I examined whether P. chabaudi AS-infected erythrocytes modulated key
functions of DCs that may potentially lead, or contribute to more generalised
immunosuppression. A better understanding of how the malaria parasite interferes with
DC biology may therefore contribute to the development of new therapeutic approaches

and aid in the development of a much needed malaria vaccine.
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3.2 Results

3.2.1 Optimisation of culture conditions

In order to investigate the effects that infected erythrocytes have on DC function,
preliminary experiments were carried out to determine the correct ratio of pRBC:DC in
co-culture systems. For this purpose, pRBCs or contrel uninfected RBC, were incubated
with bone marrow-derived DCs at a ratio of 1:1, 10:1 and 100:1. After a 24h incubation,
one set of cells was analyscd for the expression of the surface markers MHC class II and
CD40. Another set of cells was challenged with LPS and the levels of costimulatory
molecules analysed 18h later. DCs cultured in growth medium alone and those

challenged with LPS served as negative and positive controls respectively.

The results show that pRBCs did not induce DC maturation at any of the ratios tested
(Fig 3.1) as the levels of MHC class II and CD40 were the same as those of the untreated
control DCs and DCs treated with RBCs. However pRBCs were able to induce a dose-
dependent suppression of the ability of pRBC-treated DCs to respond to LPS stimulation
in vitro as seen by the reduced levels of MHC class II and CD40 (Fig 3.2). To ensure that
the viability of DCs was not affected by the presence of pRBCs in the culture system, the
number of viable DCs was quantified by trypan blue exclusion after 24h incubation with
pRBCs. DCs alone and DCs incubated with RBCs served as controls, The results show
pRBC and RBC did not have an effect on the number of viable DCs recovered after each
treatment (Fig 3.3).

The ability of pRBC-treated DCs to respond to LPS stimulation in vifro was consistently
found to be affected when using 100 pRBC : 1 DC hence this ratio was used in all the
experiments described in this thesis to further investigate the role of pRBCs in the
modulation of DC function in vitro.
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Figure 3.1 Surface expression of MHC class II (a) and CD40 (b) on bone marrow-
derived DCs after 24h of culture with non-infected (RBC) or P. chabaudi AS-infected
erythrocytes (pRBC). 5x10° DCs were incubated with 5x10°, 5x10° or 5x10” pRBC to
achieve a ratio of pRBC:DC of 1:1, 10:1 and 100:1 respectively. An equal number of
RBCs were used as controls. DCs treated with 1pg/ml of LPS (DC+LPS) and those
grown in medium only (DC) served as positive and negative controls respectively.
Results are expressed as the mean fluorescence intensity of duplicate cultures as

determined by flow cytometric analysis of gated CD11c" cells.
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Figure 3.2 Surface expression of MHC class II (a) and CD40 (b) on bone marrow-
derived DCs following LPS stimulation. DCs were cultured for 24h with non-infected
(RBC) or P. chabaudi AS infected erythrocytes (pRBC) as described in figure 3.1, then
treated with1pug/ml of LPS for a further 18h. Results were analysed as described in figure
3.1
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Figure 3.3 DC viability after incubation with P. chabaudi AS infected erythrocytes.
2x10° bone marrow- derived DCs were cultured either in growth medium alone (DC) or
in the presence of non-infected (DC+RBC) or P. chabaudi AS infected erythrocytes
(DC+AS) at a ratio of 1:100. After 24h incubation, DC viability was assessed by trypan
blue exclusion, Results show the mean value of viable cells & standard error of triplicate

cultures per group.
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3.2.2 Effect of P. chaboudi AS-infected erythrocytes on resting DCs

Having established that pRBCs did not induce DC maturation as observed by the levels
of MHC class II and CD40, I wanted to extend this observation to other costimulatory
molecules by examining the expression of CD80 and CD86 as well as MHC class I and
CDA40 in order to confirm previous results, DCs were pre-incubated with pRBCs and the
expression of surface markers examined 24h later by flow cytometry. The results show
that DCs expressed very low levels of surface MHC class I, CD40, CD80 and CD86
when cultured in growth medium alone, confirming their immature state in culture (Fig,
3.4). Stimulation with LPS promoted a significant increase in the expression level of all
of the costimulatory molecules tested. However, DCs incubated for 24h with RBCs or
pRBCs did not increase expression of MHC class II, CD40, CD80 and CD86, indicating
that pRBCs did not induce DC activation directly.

Cytokine production by DCs was also examined and the results show that DCs exposed
to RBCs or pRBCs produced small though detectable amounts of both IL-12 and IL-10
that were considerably lower than observed after LPS stimulation but not signiticantly
different than RBC-treated controls or untreated DCs (Fig. 3.5).
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Figure 3.4 Surface expression of MIIC class II (a), .CD40 (b}, CDBO (¢} and CD86 (d) on
bone marrow-derived DCs following incubation with non-infected (RBC) or P. chabaudi
AS infected erythrocytes (AS). 2x10° DCs were cultured with 2x10° infected erythrocytes
(DC+AS) or with an equal number of non-infected erythrocytes (DC+RBC) for 24h.
Control DCs remained unstimulated (DC) or were stimulaied with 1 pg/ml of LPS
(DC—i;LPS). Results show the mean fluorescence intensity = standard errors of triplicate
cultures per group as determined by flow cytometric analysis of gated CD11c" cells, *
p=0.05 significant difference between DC+LPS and DC.
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Figure 3.5 Cytokine production by DCs following incubation with infected and non-
infected erythrocytes, Concentration of 1L-12p40 (a) and IL10 (b) secreted by DCs alone
(DC), DCs stimulated with 1ug/mi of LPS (DC+LPS), DCs incubated with non-infected
erythrocytes (DC+RBC) or with P. chabaudi AS infected erythrocytes (DC+AS). 2x10°
DCs were cultured with 2x10* infected erythrocytes or with an equal number of non-
infected erythrocytes. DCs treated with LPS and those grown in medium only served as
positive and‘negative controls respectively. Afier 24h of culture, supernatants were
harvested for cytokine analysis. Error bars indicate standard errors of triplicate cultures
per group. * p=<0.05 significant difference between DC+AS and DC+LPS.
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3.2.3 Effect of P. chabaudi AS-infected erythrocytes on DC responses to LPS in vitro

Having demonstrated that pRBCs did not directly induce DC maturation, I examined
whether pRBC- treated DCs retained their ability to mature in response to LPS treatment
in vitro by examining the levels of MIIC clags I, CD40, CD80 and CD86. DCs were
exposed to RBCs or pRBCs for 24 h and subsequently challenged with LPS. After 18 h
of LIPS stimulation, the expression levels of all of the above molecules increased
significantly (Fig. 3.6). However, DCs pre-incubated with pRBCs and subsequently
challenged with LPS, showed significantly lower levels of expression of MHC class I,
CDA40, and CD86 compared to those observed when cells were not treated with pRBCs or
were pre-incubated with RBCs prior to LPS challenge.

Cytokine production following treatment with LPS was also analysed and the results
show that DCs treated with pRBCs were still able to produce appreciable levels of IL-12
and IL-10 in response to LPS although the amount of IL-12 produced was significanily
lower comparcd with the amount detected when DCs were pre-incubated with RBCs
(Fig. 3.7). To exclude the possibility that the reduced levels of costimulatory molecules
and cytokine production by pRBC-treated DCs was due to DC death following LPS
treatment, an Annexin V/ Propidiom Jodide assay was carried out for each experimental
group. The results show that similar levels of necrotic and apoptotic DCs were detected
in all the conditions tested (Fig. 3.8).

Having established that activation of DCs in response to LPS treatment in vitro is
suppressed by infected erythrocytes, I examined whether the observed result was specific
to the LPS response alone. I therefore decided to challenge pRBC-treated DCs with CpG,
which induces DC maturation through the TLRY signalling pathway as opposed to LPS,
which has been shown to mediate signatling through TLR4 (Akira ef al., 2001). DCs
were exposed to RBCs or pRBCs for 24 h and subsequently challenged with CpG. After
18 h of CpG stimulation, the level of surface CD40 increased in all control groups (Fig.
3.9). However, DCs pre-incubated with pRBCs and subsequently challenged with CpG,
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showed reduced CD40 expression compared to DCs, which were not treated with pRBCs

or were pre-incubated with RBCs prior to CpG challenge.
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Figure 3.6 MHC class 11, CD40, CD80 and CD86 on bone marrow-derived DCs

expressed either as the mean fluorescence intensity (a,c,e and g) or as percentage positive

cells (b,d,f and h) following LPS stimulation. DCs were cultured for 24h with non-
infected (RBC) or P. chabaudi AS infected erythrocytes (AS) as described in figure 3.4,
then trecated withlpg/ml of LPS for a further 18h. Control DCs remained unstimulated
(DC) or treated with 1 pg/ml of LPS (DC+LPS). Results are shown as the mean

fluorescence intensity + standard errors of triplicate cultures per group (a, ¢, € and g) or

a5 the mean percentage positive cclls + standard errors of triplicate cultures per group (b,
d, f and k). * p=0.05 significant differcnce between DC+AS+LPS and DC+RBCHLPS. ~

p=0.05, groups significantly different from DC.
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Figure 3.7 Cytokine production by DCs following LPS stimulation after 24h pre-
incubation with infected and non-infected erythrocytes. Concentration of 1L-12p40 (a)
and IL10 (b) secreted by DCs alone (DC), DCs stimulated with 1pg/ml of LPS (LPS),
DCs pre-incubated with non-infected erythrocytes (RBC+LPS) or P. chabaudi AS
infected erythrocytes (AS+LPS) and challenged with LPS. 2x10° DCs were cultured with
2x10% infected erythrocytes or with an equal number of non-infected erythrocytes. After
24h of co-culture, DCs were stimulated with tug/ml LPS for a further 18h and
supernatants harvested for cytokine analysis. DCs treated with LPS alone and those

grown in medium only served as positive and negative controls respectively. Error bars
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indicate standard errors of triplicate cultures per proup. * p=<0.05 significant differcnce

between AS+LPS and RBC+LPS .
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Figure 3,8 DC viability following LPS treatment after pre-incubation with P. chabaudi

AS infected or non-infected erythrocytes. 2x10° DCs were cultured with 2x10% infected

erythrocytes (DC+AS) or with an equal number of non-infected erythrocytes (DC+RBC)

for 24h then treated with 1 pug/ml of LPS. After 18h of culture, DCs were harvested and
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the percentage of apoptotic cells within each culture condition was measured using the
Annexin V/ PI staining assay. DCs stimulated with 1 pg/ml of LPS only (DC+LPS) were
used as controls. Jurkat T cells treated with camptothecin served as positive controls.

Flow cytometric data is shown, Results are representative of theee scparate cultures,

In all the groups tested, cells were primarily Annexin V-FITC and PI negative, indicative
of viable cells not undergoing apoptosis. A small percentage of cells were Annexin V-
FITC positive and PI negative, indicating cells undergoing apoptosis. A minot population
of cells were observed to be Annexin V-FITC and PI positive, indicating that they were
in end stage apoptosis or already dead (Vermes ef al., 1995).
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Figure 3.9 Surface expression of CD40 on bone marrow-derived DCs after 18h
stimulation with either LPS or CpG in vitro. 2x10° DCs were incubated with medium
alone (no RBC) or in the presence of non-infected (RBC) or P.chabaudi AS infected
erythocytes (AS) at a ratio of 1:100. After 24h of culture, DCs were treated with either
1pg/ml of LPS or 3uM of CpG for a further 18h. Control DCs remained unstimulated.

Results are shown as the mean fluorescence intensity of duplicate cultures per group.
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Since CD40-CDA40L interaction between DCs and T cells in vivo is known to play a
crucial role in the production of bioactive 1L-12 and upregulation of adhesion and
costimulatory molecules (Cella er al., 1996; Schulz er al., 2000), bone marrow-derived
DCs were stimulated with CD40L transfected fibroblasts (Figure 3.10). The results show
that DCs treated with RBCs significantly upregulated CD40Q expression in response to
CD40L and produced high levels of 11.-12 p40. CD40 ligation however did not rescue the
reduced maturation of DCs treated with pRBCs although, as previously observed with the
LPS treatment, these cells were still able to produce IL-12 p40 but to a lesser extent than
the control groups.

Antigen presentation by DCs plays a crucial role in initiating T cell priming (Banchereau
et al., 2000). 1 therefore investigated the ability of DCs to present heterologous antigens
to T cells after treatment with infected erythrocytes. Both OV A protein and OV A peptide
(aa.323-339) were used as the antigen. In order to detect antigen presentation independent
of costimulation, I took advantage of the OVA-specific T cell hybridoma (DO11-GFP)
that expresses green fluorescent protein (GFP) upon TcR ligation (Underhill ef al., 1999).
The results show that DCs pre-incubated with RBCs prior to OVA loading showed the

_same antigen presenting ability as cells that were grown in medium only. However, the
ability of DCs to activate the OV A-specific T cell hybridoma was significantly reduced
when they were pre-incubated with pRBCs before antigen loading (Fig. 3.11).
Furthermore, the degree of suppression was significantly greater when OV A protein was
used comparcd to OV A peptide, suggesting that the antigen processing machinery might
be affected, although further experiments will be required to confirm this hypothesis.
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Figure 3.10 P. chabaudi AS infected erythrocytes inhibit the LPS-induced maturation of
DCs independently of CD40 ligation. 1x1 0% DCs were cultured with 1x10° infected
erythrocytes (AS) before stimulation with CD40L-expressing fibroblasts (filled bars) or
control fibroblasts (open bars) at a 1:1 ratio of fibroblasts:DCs. Untreated DCs (Con) and
non-infected erythrocytes treated DCs (RBC) were used as controls. DCs were incubated

with fibroblasts for a further 18 h before analysing CD40 expression (a) and cytokine

production (b). CD40 expression on DCs is shown as the mean fluorescent intensity as

determined by flow cytometric analysis of gated CD11c¢" cells. IL-12 production is

shown as the mean Optical Density (OD) read at 450 nm. Results show the mean value =+

standard etror of triplicate cultures per group. *, p<0.05 (AS vs RBC).
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Figure 3.11 Antigen prescntation by DCs treated with P. chabaudi AS infected
erythrocytes. 5x10° DCs were cultured with 5x107 infected erythrocytes (AS). Untreated
DCs (control) and non-infected erythrocyte-treated DCs (RBC) were used as controls.
After 24 h of culture, the cells were antigen pulsed with (a) 5 mg/ml of OVA or (b) with
an equimolar amount of OVA peptide (40 ug/ml) for 6 h. The level of antigen
presentation was determined by incubating DCs with the OVA-specific DO11.10-GFP
hybridoma at 1:1 DC : T cell ratio and T cell activation assessed 24 h later by flow
cytometry. Results are expressed as the mean fluorescence intensity of GFP expression

by CD4" T cells + standard crror. * p=0.05 significant difference between AS and RBC.,
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~ significant difference between P. chabaudi AS-treated DCs pulsed with OVA (a) and
P. chabaudi AS-treated DCs pulsed with peptide (b).

3.2.4 Comparing the eflects of P. chabaudi AS and P. chabaudi ER on DC function in

vitro.

As previously described in section 1.1.4.1, P. chabaudi AS causes an acute primary
parasitaemia from which most mice recover. Conversely, P. chabaudi ER is a much more
virulent strain and it is fatal after the peak of parasitaemia (Beale et al., 1978). Having
these two parasite strains available, I decided to compare their effects on DC function
with the view of P. chabaudi ER having morc profound effects on DCs due to its

virulence.

I have previously shown that P. chabaudi AS did not affect DC viability (Fig. 3.3). I
therefore examined whether the same could be demonstrated using P. chabaudi ER. For
this purpose DCs were incubated with either P. chabaudi AS- or P. chabaudi ER-infected
erythrocytes or with uninfected controls and their viability was determined 24h later by
trypan blue exclusion. The results show that the same number of viable DCs was

recovered after each treatment (Fig. 3.12).

Since P. chabaudi ER infected erythrocytes did not affect DC viability, I wanted to
analyse whether this parasite strain suppressed the LPS-induced maturation and antigen
preseniing abilities of DCs to a greater extent compared to the effécts observed when
using P. chabaudi AS infected erythrocytes. The results show that the ability of (ER)-
pRBC- ireated DCs to respond to LPS stimulation in vitro was significantly affected as
deménstrated by the reduced levels of MHC class II. However, the suppression of MHC
class II expression was not significantly greater than the suppression induced by (AS)-
pRBCs (Fig. 3.13). The same result was obtained when comparing the antigen presenting
ability of DCs treated with (ER)- and (AS)-pRBCs (Fig. 3.14). Both parasite strains
inhibited the ability of DCs to present OVA to the OVA-specific T cell hybridoma,
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however the effect observed following treatment of DCs with the different parasite strains
did not differ significantly. Therefore parasite virulence did not seem to exert more
profound effects on some of the key functions of DCs compared to the less virulent
strain. Further experiments are necessary to elucidate the role of parasite virulence on DC
function. For the purpose of the present study it was sufficient to know that tlie effects
exerted by P. chabaudi ER infected erythrocytes were not dramatically different from
those induced by P. chabaudi AS thus the former could be used in future experiments if

required.
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Figure 3.12 DC viability after incubation with different P. chabaudi strains. 2x1 0° bone
marrow-derived DCs were cultured in the presence of non- infected (DC+RBC), P.
chabaudi AS (DCHAS) or P. chabaudi ER (DC+ER) infected erythrocytes at a ratio of
1:100. After 24h incubation, DC viability was assessed by trypan blue exclusion. Results

show the mean value of viable cells + standard error of triplicate cultures per group.
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Figure 3.13 Surface MHC class II expression on bone marrow-derived DCs following
LPS stimulation after 24h' pre-incubation with different P. chabaudi strains. 2x10° DCs
| were treated with either 2x10° P.chabaudi AS (AS expt, empty bars) or £, chabuudi ER
infected erythocytes (ER expt, filled bars). After 24h of incubation, DCs were stimulated
with Ing/ml of LPS and the expression of MHC class I examined 18h later by flow
cytometric analysis of gated CD11c" cells. DCs treated with LPS alone (DCHLPS) and
those pre-incubated with non-infected erythocytes (RBC) prior to LPS challenge served
as controls. Results are shown as the relative expression of MHC class II calculated as the
mean fluorescence intensity of DCs after the different treatments divided by the mean
fluoreseence intensity of DCs, which did not receive any activating stimulus + standard
errors of triplicate cultures per group. * p=0.05 significant difference between P.
chabaudi ER-treated DCs and the corresponding control RBC. + p=0.05 significant
difference between P. chabaudi AS-treated DCs and the corresponding RBC control.
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Figure 3.14 Antigen presentation by DCs treated with P. chabaudi AS or P. chabaudi
ER infected erythrocytes. 5x10° DCs were cultured with 5x10 infected erythrocytes (AS
or ER). Non-infected crythrocyte-trcated DCs (RBC) were used as controls, After 24 h of
culture, the cells were antigen loaded with 5 mg/ml of OVA (empty bars) and the level of
antigen presentation was determined as described in figure 3.10. One set of cells was
treated with 1pug/ml of LPS immediately after addition of T cells (filled bars). * p<0.05
significant difference between P. chabaudi AS- and P. chabaudi ER-treated DCs in the
LPS treated group compared to the corresponding RBC-treated DCs. ~ ps0.05 |
significant difference between P. chabaudi AS- and P. chabaudi ER-treated DCs
compared to RBC-treated DCs in the LPS negative group.
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3.3 Discussion

DCs are central to the initiation and regulation of the adaptive immune response during
infection (Adams et al., 2005). They are specialised for the uptake, transport, processing
and presentation of antigens to T cells (Adams ef al., 2005). DCs reside as immature cells
with high phagocytic capacity in all peripheral tissues. Encounter with pathogens triggers
DC maturation, characterised by phenotypic and functional changes that culminate in
their complete transition from antigen-capturing cells to cfficient antigen presenting cells.
This maturation process is accompanied by cytoskeletal reorganization, reduced
phagocytic activity, acquisition of cellular motility, migration to lymphoid tissues,
enhanced T cell activation potential and the development of characteristic cytoplasmic
extensions usually referred to as ‘dendrites’ (Quah and O'Neill, 2005). Furthermore,
mature DCs secrete cytokines that determine the type of ensuing immune response and
upregulate the expression of adhesion and costimulatory molecules, which are involved
in bidirectional signalling betweeit DCs and T ¢ells, modulating both T cell activation
and DC function (Quah and O'Neill, 2005).

The experiments described in this chapter were aimed at investigating how some of the
above functions of DCs are affected during blood-stage malaria infections. I initially
examined the ability of pRBCs to induce DC activation by analysing the expression of
MHC class II and costimulatory molecules CD40, CD80 and CD86 on their surface. The
results showed that pRBCs did not activate DC directly, which was also confirmed by the
lack of production of IL-12 and IL-1Q cytokines. This finding appeared to contrast
previous reports where P.chabaudi AS schizonts were found to cause direct activation of
DCs in vitro (Seixas et al., 2001). Similarly, DCs isolated from P. yoelii infected mice
during peak parasitaemia were also found to be activated and could efficiently process
and present antigen to naive T cells (Luyendyk et al., 2002; Perry et al., 2005; Perry ef
al., 2004). Since in this study DCs were exposed to trophozoite-infected erythrocytes,
collectively these reports indicate that not only different parasites (P.yoelii vs
P.chabaudi) but also different stages of the same parasite (irophozoites vs schizonts) may
exert different effects on DC function.
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The concept of chronologically different stages of the parasite life cycle interfering with
one another in the context of an on going infcction is not new to this field. Ocana-
Morgner ef al. (Ocana-Morgner ef al.,, 2003) have shown that P. yoelii blood stage
infection inhibited the establishment of a protective cytotoxic T cell response against the
initial liver stage, leaving the host susceptible for the next infection, [t is therefore
possible that specific blood stages might suppress DC function to protect the more
vulnerable stages (schizonts and merozoiles) in order to allow progression of the disease.
Supporting this hypothesis is the finding that human and rodent malaria parasites were
found to release pro-inflammatory exoantigens following schizont rupture, which
stimulated macrophages to secrete TNF-a in vitro (Bate ef al., 1988; Kwiatkowski ef al.,
1989; Taverne ef al., 1990b). In the same study, Ocana-Morgner and colleagues also
showed that infected erythrocytes did not activate DCs directly in vitro (Ocana-Morgner
et al., 2003), confirming observations reported in the present study but contrasting
previous reports by other authors (Luyendyk et al., 2002; Perry et al., 2005; Perry et al.,
2004). However, it is not clear what blood-stage of the parasite was used in the
experiments carried out by Ocana-Morgner ef al. On the other hand & possible reason for
these discrepancies might rely on the degree of parasitaemia achieved during infection. In
fact, although all of the studies above used the non-lethal parasite line 17X, experiments
were carried out in different strains of mice. Ocana-Morgner ef al. (Ocana-Morgner ef di.,
2003) used BALB/c mice, which develop a high parasitaemia (49%) when infected with
P. voelii 17X whereas other authors used B10.D2 mice, which instead develop a
relatively low parasitaemia (13%) (Luyendyk et al., 2002; Perry et al., 2005; Perry et al,,

2004), therefore genetic differences may account for the results obtained,

So far I have shown that pRBCs did not induce DC activation. The maturation process is
associated with many coordinated events such as production of cytokines, up-regulation
of co-stimulatory molecules, and increased ability to activate T cells (Banchereau ef al.,
2000). | therefore examined the ability of DCs to mature in response to LPS treatment in
vitro after incubation with pRBCs. The results demonstrate that DCs treated with pRBCs
prior to LPS challenge were severely impaired in their ability to upregulate the

expression of costimulatory molecules MHC class II, CD40 and CD86. In addition, the
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viability of these cells was maintained in both pRBC-treated and control cultures (as
examined by Annexin/PI staining). These findings supported previous studies with P.
Jaiciparum infected erythrocytes and human monccyte-derived DCs (Urban et al., 1999)
as well as in vitro and in vive studies of P.yoelii with murine DCs (Ocana-Morgner et al.,
2003). Nevertheless, in the present study pRBC-treated DCs were still able to produce
appreciable levels of IL-12p40 in response to LPS although the amount produced was
significantly lower than the control cultures. Furthermore, pRBC-treated DCs did not
produce significant levels of IL-10 cytokine. The latter result contrasts Ocana-Morgner et
al. (Ocana-Moxgner et al., 2003) and Perry ef al. (Perry et al., 2005) data where
inhibition of TL-12 production was observed in favour of production of high levels of I1L-
10. Once again [ reasoned that the differences observed may be attributed to the different
parasites used and that, although in Ocana-Morgner’s studies (Ocana-Morgner ef al.,
2003) P. yoelii was found to suppress the LPS-induced maturation of DCs in vitro as
observed with P. chabaudi AS in the present study, the causal effect of the parasites

might be by different mechanisms.

As explained previously in section 1.2.3, DCs can sense microbes directly by recognizing
molecular patters within microbial carbohydrates, lipids and nucleic acids using highly
conserved pattern-recognition receptors (Janeway and Medzhitov, 2002; Reis ¢ Sousa,
2001). Such receptors include Toll-like receptors (Thoma-Uszynski ef al., 2001;
Underhill and Ozinsky, 2002). TLR4 has been shown to mediate signalling through
interaction with LPS from Gram-negative bacteria (Akira et al., 2001). Unmethylated
CpG DNA motifs, highly represented in bacterial DNA, are instead TLR9 ligands (Akira
et al., 2001). The distribution of TLRs on DC subsets favours specialisation of each cell
type to respond to different pathogens. In patticular, human myeloid DCs express all
TLRs with the exception of TLRY, which is selectively expressed by plasmacytoid DCs
(Colonna et al., 2002). Accordingly, plasmacytoid DCs respond to CpG DNA but not to
LPS whereas myeloid DCs respond to LPS but not to CpG DNA (Colonna ef al., 2002).
By contrast, TLRY is shared by both myeloid and plasmacytoid DCs in the mouse and
they are both activated by CpG DNA (Sparwasser et al., 1998). To analyse whether
pRBCs affected TLR9 signalling specifically, pRBC-treated DCs were challenged with
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CpG and the levels of surface CD40 expression analysed 18h later by flow cytometry.
The results clearly show that even when stimulated with a TLR9 ligand, pRBC-treated
DCs were not able to mature efficiently as observed by their reduced levels of CD40
expression compared to control cells. This result demonstrates that pRBCs affects the
maturation of DCs independently of the TLR ligand used, inducing a generalised
suppression of DC activation. This observation may explain why malaria infected
individuals have suppressed immune responses to a number of different pathogens
(Greenwood et al., 1972; McGregor, 1962; Williamson and Greenwood, 1978) and why
they are more susceptible to secondary infections such as Salmonella septicemia (Mabey

et al., 1987), tuberculosis (Enwere et al., 1999), herpes zoster (Cook, 1985) and hepatitis
B (Thursz et al., 1995).

It has been suggested recently that during malaria infection in vive, DCs are activated
during early infection and then show TLR tolerance later in infection, becoming
unresponsive to LPS stimulation (Perry ef al., 2005). However, this does not seem to be
the case with P. chabaudi AS since, as explained earlier, there is no evidence of direct
maturation of DCs by pRBC in the present study. A possible explanation for the transient

increased expression of activation markers observed on DCs ex vivo might be the high
| concentration of pro-inflammatory cytokines caused by the early stage of infection
(Langhorne er al., 2004). In support of this, a recent report described that DCs activated
through inflammatory cytokines without pathogenic stimulation upregulated markers of
activation but were unable to drive CD4" T cell differentiation (Sporri and Reis e Sousa,
2005).

The ability of DCs to interact with CD40L on T cells in vive has also been proposed to
explain the diffcrences between in vive and in vitro studies (Perry et al., 2004).
Interestingly in the present study, DC maturation could not be rescued when pRBC-
treated DCs were treated with CD40L transfected fibroblasts, suggesting that the
suppressive effects exerted by P. chabaudi AS-infected erythrocytes may be more
profound than those induced by P. yoelii infection. The signalling events involved in DC

maturation following LPS and CD40l. stimulation have been previously described in
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Figures 1.3 and .4 respectively and undoubtedly represent an oversimplification of the
complex series of events that may occur realistically. Inhibition of DC maturation
following both LPS and CD401. stimulation suggests that pRBCs might alter the
interaction of specific signalling proteins shared by both pathways. For instance, TRAF6
is one of the signalling molecules recruited folowing both LPS and CD40L stiinulation.
pRBCs may therefore block DC activation by interfering with the recruitment of TRAF6
or with its interaction with other signalling molecules. Indeed, at the present time, this
possibility remains purely speculative and further studies are required to elucidate the

maturation signalling events that may be disrupted in DCs following pRBC treatment.

To investigate whether the observed effect on DC function could produce a defect in
antigen presentation, I analysed the ability of pRBC-treated DCs to induce proliferation
of a T cell hybridoma specific for OVA. These cells only require the presentation of
antigen by MHC for activation and are thus insensitive to the ability of APC to provide
costimulatory activity (Underhill ez af., 1999). The results show that the antigen
presenting ability of DCs treated with pRBCs prior to antigen loading was significantly
reduced, a result, which concurred with the reduced expression of MHC class II

previcusly found.

Collectively the results presented in this chapter demonstrate that pRBCs exert profound
effects on the ability of DCs to carry out key functions that are necessary for the
development of an appropriate immune response. It is now widely accepted that
encounter with parasites can strongly modify DC function and lead to altered T cell
responses both in vitro and in vive (Sher et al., 2003). This can be achieved by altering
the maturation state of DCs leading to alternatively functional T cells (such as regulatory
cells) or a failure of T cell activation leading to I’ cell anergy, as extensively described in
section 1.2.5. Parasites may induce these altered T cell responses as a mechanism to
avoid functional T cell responscs directed against them, thus enhancing their chances of
survival. Besides directly interacting with DCs, parasites may alter the development of
protective immune responses by rcleasing parasite products, which may modulate DC

function, or by inducing DCs to secrete immunoregulatory factors such as prostaglandins
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(Harizi and Gualde, 2002) and TGF-$ (1.1 ef al., 2005), which are known to suppress DC
function and therefore the induction of appropriate T cell responses. Since DCs play a
pivotal role in the induction of primary immune responses, it is reasonable to assume that
altered or suppressed T cell responses may result as a consequence of impairment of DC

function.

In subsequent chapters I directly analyse all of the above possibilitics by investigating the
phenotype of the T cell response induced by pRBC-treated DCs, the involvement of
selected parasite components, soluble parasite factors and immunoregulatory molecules
potentially secreted by DCs following interaction with pRBC, in the observed
suppression of DC function. A better insight of the mechanisms employed by the malaria
parasite to intetferc with DC biology may help to open new avenues for the
understanding of immunosuppression observed during malaria infection and develop new

treatment strategies.
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4. P. chabaudi AS —treated DC fail to induce functional T cell

responses in vitro.
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4.1 Introduction

The ability to prime naive T cells is a unique and critical function of DCs both in vitro
and in vivo (Adams et al., 2005). Effective priming of naive T cells results in their clonal
expansion and differentiation into cytokine secreting effector cells and memory cells
(Adams et al., 2005). As described in section 1.2.6, immune responses to different types
of pathogens are associated with different types of effector responses directed by
polarised Thl and Th2 cell subsets. Furthermore, DCs may induce the development of
‘alternatively’ functional T cells, which are commonly referred to as ‘regulatory T cells’.
These latter cells include Trl cells, which secrete high levels of IL-10, and Th3 cells,
which secrete TGF-p (Jomueit and Schmitt, 2003) (see section 1.2.5.2).

Besides inducing functional Th1/Th2 cell responses and T regulatory cells, interaction of
DCs with T cells may result in failure of T cell activation leading either to T cell anergy
or T cell apoptosis. T cell anergy is defined as a state in which the cell is viable but fails
to display certain functional responses (proliferation and 1L-2 production) upon exposure
to its specific antigen and results from partial T cell activation due to a lack of adequate
' co-stimulation (Alegre ef al., 2001; Lechler et al., 2001) (refer to sections 1.2.5.1 and
1.2.5.3 for more details). Deletion or apoptosis of antigen-specific T cells instead may be
induced following engagement of death receptors, such as Fas (Hildeman et al., 2002) or
may be controlled by members of the Bel-2 family of proteins (Li ef al., 2004a) (refer to
section 1.2.5.4 for more details). The induction of regulatory T celis, T cell anergy and T
cell apoptosis represent important mechanisms for the maintenance of central and
peripheral tolerance. Nevertheless, there is now evidence indicating that certain
pathogens adopt these mechanisms to avoid the establishment of effector T cell responses

directed against them (extensively discussed in sections 1.2.6-1.2.10).

In chapter 3, I analysed the effects that P. chabaudi AS-infected erythrocytes have on
DCs in terms of antigen presentation, expression of costimulatory molecules and cytokine
production, important requirements for activation and differentiation of naive T cells. I

showed that all of the above functions were downregulated following exposure of DCs to
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infected erythrocytes, suggesting that the ability of these cells to prime naive T cells into
effector 1" cells might be affected. In this chapter I addressed this issue directly by
analysing the phenotype of the T cell response induced by P. chabaudi AS-infected

erythrocytes,
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4.2 Results

4.2.1 The ability of DCs to induce the proliferation of naive TcR transgenic T cells in
vifro is affected by P. chabaudi AS infected erythrocytes

As mentioned earlier, DCs play a pivotal role in the induction of primary immune
responses by efficiently activating naive T cells (Adams er al., 2005). To evaluate
whether pRBC-treated DCs retained this ability, I assessed the capacity of these cells to
activate naive, OV A-specific TcR transgenic T cells. DCs were treated with RBCs or
pRBCs for 24 h and then pulsed with either OVA protein or OVA peptide for 6 h.
Untreated DCs were used as controls. OV A-specific transgenic T cells were added to the
culture and the proliferative response assessed after 72h of culture, DCs cultured in the
absence of RBCs, and DCs pre-treated with RBCs before OVA loading, had the same
ability to induce in vitro proliferation of naive OVA-specific T cells (Figure 4.1a).
However, this capacity was significantly reduced when DCs were pre-incubated with
pRBCs before antigen loading. In addition, the defect observed was greater when the
cells were pulsed with OVA protein than OV A peptide, suggesting that pRBCs may
| interfere with both the antigen processing and presentation pathways (Figure 4.1a).
Furthermore, to exclude the possibility that treatment of DCs with pRBCs could alter the
dynamics of the T cell proliferative response, I harvested the T cells at 48, 72, 96 and 120
h of culture (Figure 4.1b). The results clearly show that the ability of pRBC-treated DCs
to induce T cell proliferation was significantly downregulated compared to the control

group throughout the observation period.
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Figure 4.1 P. chabaudi AS infected erythrocytes inhibit the ability of DCs to induce
naive T cell proliferation. 2x10° DCs were treated with 2x107 P. chabaudi AS infected
(AS) or non-infected erythrocytes (RBC) for 24 h. {a - b). DCs were then pulsed with 5
mg/ml of OVA (a-b) or with 40pg/mi of OVA peptide for 6 h (a). OVA-specific
transgenic T cells were isolated from lymph nodes of DO11.10 SCID mice and added to
the culture to achieve 1:1 DC: T cell ratio. [*H] thymidinc was added for the last 18h of a
72h culture (a) or of a 48, 72, 96 and 120h cultures (b). Results show mean proliferation
of triplicate cultures + standard error. *, p=0.05 (AS vs RBC).
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4.2.2 Cytokine production by TeR transgenic T cells in vitro is atfected by P. chabaudi
AS infected erythrocytes

DCs treated with Plasmodium-infected erythrocytes or taken from infected mice have
been shown to present peptide derived from parasitc proteins to CD4" T cells (Bruna-
Romero and Rodriguez, 2001; Perry et al., 2004), Studies with bone marrow-derived DCs
(Scixas ef al., 2001) and with splenic DCs (Luyendyk ez al., 2002) also showed that P,
chabaudi- or P. yoelii- infected erythrocytes can induce increased expression of MHC
class II and costimulatory molecules by DCs as well as production of IL-12, which are
necessary for activation of naive T cells. Furthermore, splenic DCs isolated from P.
yoelii- infected micc have been shown to activate naive CD4" T cells to produce IL-2 and
can support production of IFN-y and TNF-a (Perry ef al., 2004). Collectively, these
observations suggest that the initial interaction of DCs with infected erythrocytes would
result in a Th1 CD4" T cell response, as observed during an early acute infection in vivo
(Langhorne ef al., 2002). For this reason, the major cytokines involved in Thl and Th2
responses were investigated. DCs were treated with RBCs or pRBCs for 24 h and then
loaded with OVA protein for 6 h. OVA-specific transgenic T cells were added to the
culture and the concentration of I1.-2, I1L-12, IFN-y, IL-5, IL-10 and IL-4 were measurcd
in supernatants harvested after 24, 48 and 72 h of culture (Figure 4.2a - ). The resulis
revealed that both Thl and Th2 cytokine production was downregulated in the pRBC-

treated groups compared to controls.

134




g a. [1.-2 b. IL-12
‘g? 1600 - 1600 - ~4+-RBC
= -0~ AS
.g 1200 - 1200 -
2
'g 800 $00 -
Ty
£ 400 400 -
g
5- Q¢ o
g} c. IFN-y
% 80 y 80 -
_Q
§ 60 -
o
2
8. 40 -
[:h)
=
< 20-
5 0 ¢ & &
24 48

£ e.IL-10 £, 1L-4
E 80 - 4 -
8
-§ 60 - 3 -
E 40 2
f=
;g 20 1 -
2 A

24 48 72

Time (hours)

Figure 4.2 Cytokine production by T cells is downregulated following incubation with P,
chabaudi AS-treated DCs. The concentration of (a) IL-2, (b) IL-12, (¢} IFN-y, (d) IL-5,
(e) IL-10 and (f) IL-4 secreted by OV A-gpecific T cclls after incubation with DCs treated
with non-infected (filled diamonds) or P. chabaudi AS-infected erythrocytes (empty
diamonds) were measured in supernatants harvested after 24, 48 and 72 h of culture.
Expen’mental. cultures were sct up as described in figure 4.1. The data show preliminary
results obtained from one experiment only. Results show the mean concentration of

duplicate cultures.
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4.2.3 TcR transgenic T cell viability 1s not affected by P. chabaudi AS-treated DCs

As mentioned earlier, apoptosis of antigen-specific T ceclls may provide a potential
mechanism used by pathogens to evade host protective immune responses directed
against them. In fact, apoptotic deletion of T cells has been suggested to be one of the
mechanisms responsible for the suppression of T cell rcsponses observed during malaria
Infection (Wipasa ef al., 2001). To investigate the possibility that the lack of T cell
proliteration and cytokine production previously observed was due to T cell death, an
Annexin V/ Propidium Iodide assay was carried out. Experimental cultures were set up as
described in 4.2.2. T cells were harvested after 24h and the percentage of apoptotic cells
within each culture condition was determined by flow cytometry. The results showed that
the previously observed reduction of T cell proliferation and cytokine production could
not be explained by T cell death as similar levels of necrotic and apoptotic T cells were

detected in each culture condition (figure 4.3).

4.2.4 The cxpression of CD69 on TcR transgenic T cells iz vitro is not affected by P.
chabaudi AS infected erythrocytes

Having established that pRBC-treated DCs were not able to induce OV A-specific T cell
proliferation ir vitro but did not induce antigen-specific T cell apoptosis, I examined
whether these DCs were still capable of providing T cell activating signals. One of the
earliest cell surface antigens expressed by T cells following activation is CD69, which is
detectable within one hour of ligation of the T cell receptor/CD3 complex (Ziegler et al.,
1994). Experimental cultures were set up as described in 4.2.2. T cells were harvested
after 24h of culture and the percentage of antigen-specific T cells expressing CD69
determined by flow cytomeiry. Surprisingly, the results revealed that there was not a
signiﬁcant difference in the percentage of OV A-specific T cells expressing CD69
between RBC and pRBC-ireated groups (Figure 4.4), suggesting that although the T cells
became equally activated, pRBC-treated DCs failed to induce efficient T cell

proliferation.
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Figure 4.3 T cell viability is not affected following incubation with P. chabaudi AS-
treated DCs. Experimental cultures were set up as described in figure 4.1. After 72h of
culture, T cells were harvested and the percentage of apoptotic cells within each culture
condition was measured using the Annexin V/ PI staining assay. Flow cytometric data is

shown. Histograms are gated on CD4" T cells. Results are representative of three separate
g p P

cultures.
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Figure 4.4 P. chabaudi AS-treated DCs do not affect T cell activation. DC-T cell co-
cultures were set up as described in figure 4.1. CD69 expression was assessed on
DO11.10 T cells harvest from SCID mice by flow cytometric analysis after 24h of DC-T
cell co-culture. Results are expressed as the percentage of antigen-specific cells
expressing CD69 in cultures stimulated OVA pulsed DC (OVA; filled bars) or DC only
(Control; cmpty bars). Results show the mean of triplicate cultures £ standard error,

138




4.2.5 P. chabaudi AS-treated DCs induce the development of anergic T cells in vitro.

To further characterise the phenotype of the T cell response induced by pRBC-treated
DCs, I tested whether the observed suppression of the OV A-specific T cell proliferation
could be rescued by addition of exogenous IL-2, a hallmark of anergic cells (DeSilva ef
al., 1991). Furthermore, as TGF-f is now known to be a potent regulatory cytokine
exerting suppressive effects on both DCs and T cells (Li et al., 2005), T also investigated
whether it played a role in the observed downregulation of the OV A-specific T cell
response. As explained in sections 1.2.6-1.2.10, pathogens may dive the development of
inappropriate (Th1 vs Th2) or ineffective (anergic T cells or regulatory T cells) T cell
responses that cannot support the development of a protective immune response. They
may achieved this by directly inducing DCs to produce TGF-$, which will in turn
suppress the development of protective T cell responses; alternatively they may alter the
activation state of DCs lecading them to favour the development of Th3 cells, which
secrete TGF-B (Jonuleit and Schmitt, 2003) (refer to section 1.2.7 for more details).
Moreover, it was recently shown that soluble components of P. falciparum, P. berghei
and P. yoelii infected erythrocytes activated both native (platelet-derived) and
.recombinant latent TGY-f directly, suggesting that malaria parasites may use this
cytokine to avoid protective immune responses being directed against their elimination
(Omer et al., 2003).

Experimental cultutes were set up as described in 4.2.2, Exogenous rilL-2 and anti-TGF-
B neutralizing antibodies were added at the beginning of the proliferation assay and T
cells harvested after 72h of culture. The results showed that DCs pte-treated with RBCs
before OVA loading induced normal proliferation of naive OVA-specific T cells,
However, this capacity was significantly reduced when DCs were pre-incubated with
pRBCs prior to antigen loading therefore confirming previous observations (Figure 4.5).
Treatment with anti-TGF-$ antibody did not rescue the T cell proliferative response,
therefore exciuding the possibility that this cytokine might be involved in the observed
suppression of the OVA-specific T cell proliferation. The proliferation of T cells was

instead increased to levels equal to those reached by contro! cultures when exogenous
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rIL-2 was added to the culture, This result suggested that pRBC-treated DCs induced the

development of T cells with an anergic phenotype.
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Figure 4.5 P. chabaudi AS-treated DC induce anergic T cell responses. 2x10° DCs wete
treated with 2x107 P. chabaudi AS infected (AS) or non-infected erythrocytes (RBC) for
24 h. 100g/ml of tIL-2 or S5ug/ml of anti-TGF-p were added at the beginning of the

proliferation assay. DCs were pulsed with 5 mg/ml of OVA. OV A-specific transgenic T

cells were isolated from Lymph nodes of DO11.10 SCID mice and added to the culture to
achieve 1:1 DC: T cell ratio. ["H] thymidine was added for the last 18h of a 72h culture.

Results show mean proliferation of friplicate cultures -+ standard error. *, p<0.05 (AS vs

RBC).
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4.3 Discussion

As extensively described in section 1.1.5, studies using murine models of malaria have
shown that T cells play a pivotal role in protective immunity to malaria. This knowledge
was substantiated by early experiments showing that parasitaemia could not be controlled
in T cell-deficient animals (Jayawardena ef al, 1977; Weinbaum ef al., 1976).
Nevertheless, T cell responses were shown to be suppressed during malaria infection in
both humans and experimental animal models. Suppression of T cell responses to both
parasite and heterclogous antigens was observed in P. falciparum infected individuals.
Patients with acute P. falciparum malaria were found to have a parasite-specific T cell
proliferative defect that persisied for more than four weeks following treatment (Ho e#
al., 1986). This observation suggested that blood-stage malaria infections might suppress
responses important for immunity to malaria to allow parasite survival as well as raising
the possibility that patients infected with P. falciparum might not respond as well to a
malaria vaccine as would uninfected individuals. Depressed responsiveness to
heterologous antigens was originally reported in 1962 by measuring the antibody
responses of infected and uninfected children to vaccination with tetanus toxoid
(McGregor, 1962). Later studics confirmed this observation as well as reporting reduced
antibody responses to the O antigen of Salmornella typhimurium in children with acute
malaria (Greenwood et al., 1972) (see section 1.1.7 for more details on malaria-induced

immunossuppression).

Many different mechanisms have been suggested to explain the suppression of T cell
proliferative responses during malaria infection. Apoptosis of T cells (Wipasa et al.,
2001), parasite inhibition of macrophage activation and antigen processing (Arese and
Schwarzer, 1997; Schwarzer et al., 1998; Schwarzer et al., 2003; Schwarzer ef al., 1992;
Scorza et al., 1999), inhibition of DC maturation or alteration of DC function (Urban et
al., 1999; Urban and Roberts, 2002, 2003; Urban ef al., 2001b) and involvement of T

regulatory cells (Hisaeda ef al., 2004) are among some possible explanations.
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In this chapter I investigated the phenotype of the T cell response induced by pRBC-
treated DCs. I showed that the interaction of pRBC-treated DCs with T cells resulted in
almost complete loss of T cell proliferation and cytokine production. More importantly,
this defect was not due to the failure of T cells to recognise antigen as they increased the
expression of the early activation marker CD69 fo the same extent as control cultures. i
These observations suggested that pRBC-treated DCs were able to induce T cell
activation, however the signalling events leading to T cell proliferation were somehow

impaired, resulting in failure to induce effector Th1/Th2 cell responses. Moreover, the

observed inhibition of T cell proliferation did not seem to be mediated by 1IL-10 as this
cytokine was not present in the culture, excluding the potential induction of IL-10-
secreting T regulatory cells by pRBC-treated DCs. Furthermore, the involvement of :
TGF-f, potentially produced either by the DCs themselves following interaction with s
pRBCs or following the development of Th3 regulatory T cells, was excluded by adding
a neutralising antibody to the culture, as it did not rescue the suppressed T cell
proliferative response. Instead, the proliferation of T cells returned to levels equal to
those reached by control cultures when exogenous rIL-2 was added to the culture system,
indicating that pRBC-treated DCs promoted the development of T cells with anergic
properties, As mentioned earlier, anergic cells result from partial T cell activation due to
a lack of adequate co-stitmulation (Alegre ef al., 2001; Lechler ef al., 2001) In this regard,
the data presented here are consistent with previous observations described in chapter 3,
where pRBCs were shown to affect DC maturation by down-regulating the expression of

costimulatory molecules CD40 and CD86.

In conclusion I have demonstrated that P. chabaudi AS-infected erythrocytes affected the
ability of DCs to induce an efficient T cell response, leading to the development of an
anergic rather than an effector T cell phenotype. This observation agrees with the
suppression of immunity observed in malaria-infected patients. The inability to mount an 5
appropriate T cell response may explain the reason why many infected individuals sufter |
increased secondary infections such as Salmonella and meningitis (Williamson and

Greenwood, 1978) as well as not being able to control viral infections such as EBV

(Whittle ef al., 1984). A better insight of the mechanisms employed by the malaria
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parasite to interfere with DC biology could therefore help to open new avenues for the
understanding of immunosupression observed during malaria infection and develop new

treatment strategies.
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infected erythrocytes induce suppression of

DC function in vitro.
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5.1 Introduction

In the past few years there has been growing interest in studying DC function in the
context of infections as these cells have a crucial role in the activation of naive T cells
and thereby, in the induction of adaptive immunity. It is becoming increasingly clear that
many pathogens have evolved immune evasion strategies that may be targeted at the
induction of the immune response by interfering with DC biology (Rescigno and Borrow,
2001; Sher et al., 2003).

It has been reported that soluble molecules from the eggs of the helminth parasite S.
mansoni (SEA) suppressed the LPS-induced activation of immature murine DCs,
including MHC class II, costimulatory molecules CD80 and CD86 as well as IL-12
production (Kane et al., 2004). T. gondii was also found to suppress the ability of
immature DC to participate in innate immunity and to induce adaptive immune responses
by rendering DCs resistant to subsequent activation by TLR ligands or CD40 ligation
(McKee et al., 2004). The functional consequences of T. gondii-mediated suppression of
DC activation were in fact manifested in a relative inability of infected immature DC to
activate naive CD4" T cells, or to secrete cytokines, such IL-12 and TNF-, that play
important roles in innate and/or adaptive immunity (McKee et al., 2004). Furthermore, it
has been demonstrated that infection of mature human monocyte-derived DCs by
cytomegalovirus resulted in a reduced ability to stimulate T cells in an allogeneic mixed
leukocyte reaction via a novel mechanism, the release of soluble CD83 (Sencchal et dl.,
2004). As mentioned in previous chapters, P. falciparum asexual erythrocytic stages were
shown to impair the ability of human DCs to undergo maturation on exposure o LPS in
vitro and it has been suggested that this effect was mediated through the binding of CD36
to a parasite-derived molecule (PfEMP1) on the infected erythrocyte surface (Urban ef
al., 1999; Urban et al., 2001b).

Understanding the actual mechanisms used by parasites to suppress DC function may aid

in the development of appropriate and effective vaccines. For instance, the effects of

immunosupptessive agents potentially used by pathogens to downregulate DC function
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could be reversed following their identification and knowledge of their mechanism of
action, leading to enhancement of DC function and improvement of DC-based
therapeutic treatments. In fact, with their powerful antigen presenting ability, DCs have
the potential to overcome parasite-induced suppression of immune responses and instead
induce effective anti-parasite immunity. Thus, DC-based therapies may provide a useful
approach to induce potent cell-mediated responses against parasite. In order to optimise
this approach, a thorough understanding of how parasites interact with DCs and the
mechanisms they adopt to induce DC suppression would be extremely beneficial for
future vaccine design.

In this chapter I investigated the role of selected parasite components in the parasite-
mediated inhibition of DC function. Both haemozoin, the end-product of the
haemoglobin catabolism by intraerythrocytic malaria parasite, and soluble parasite factors
secreted by pRBCs (which have not been identified yet) were found to contribute
significantly to the immunosuppressive effects induced in DCs, demonstrating that

products of the intra-erythrocytic stages of malaria parasites can directly alter murine DC

function in vitro.
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5.2 Resulis

5.2.1 DCs incubated simulianeously with P, chabaudi AS and LPS retained their ability

to mature in viiro.

Having established in previous chapters that pRBCs affected key DC functions, I focused
on dissecting the possible mechanisms used by the parasites to exert their effects. To
address this issue I initially examined whether pRBCs induced immediate suppression of
DC function by simultaneously incubating pRBCs and LPS with bone marrow-derived
DCs. The expression of MHC class IT and the costimunlatory molecules CD40, CD80 and
CD86 by DCs was examined 24h later by flow cytometry. The results showed that DCs
expressed low levels of surface MHC class II, CD40, CD80 and CD86 when cultured in
growth medium alone, thus confirming their immature state in culture (Fig. 5.1).
Stimulation with LPS promoted a significant increase in the expression of all of the
costimulatory motecules tested. Furthermore, DCs incubated simultaneously with pRBCs
and LPS retained their ability to mature /» vitro as they showed similar expression levels
of MHC class 11, CD40, CD80 and CD86 to DCs treated with RBCs and LPS or LPS
alone. This finding suggested that pRBCs required a longer pre-incubation period with
DCs to affect the LPS-induced maturation of DCs in vitro.

5.2.2 P. chabaudi AS-infected erythrocytes required 6h of incubation with DCs to exert

their suppressive effects.

In order to nvestigate when DC-pRBC interactions led to suppression of DC function,
DCs were incubated with RBCs or pRBCs for 6, 12 or 18h. Each experimental culture
was then stimulated with LPS for a further 18h and the expression levels of MHC class 11
and costimulatory molecules CD40, CD80 and CD86 analysed 24h later by flow
cytometry. The results showed that the ability of DCs to respond to LPS treatment in
vitro was significantly affected when DCs were pre-incubated with pRBCs for 6h before
LPS challenge as observed by the reduced levels of CD40 and CD86 expression (Fig.
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5.2). The upregulation of MHC class II and CD80 in response to LPS stimulation was

instead inhibited after 12h of incubation with pRBCs suggesting that the expression of

costimulatory molecules CD40 and CD86 might be more sensitive to the suppressive

effecets induced by pRBCs. Furthermore, although the expression of CD80 was

dowregulated atter 12h of incubation with pRBCs, it was not significantly affected when

DCs were pre-incubated with pRBCs for 18h prior to LPS challenge. This finding

suggested that the effects induced by pRBCs on the expression level of CD80 were

transient.
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Figure 5.1 pRBCs did not immediately suppress the LPS-induce maturation of DCs in

vitro. 2x10° DCs were cultured simultancously with 2x10% P. chabaudi AS-infected
erythrocytes and 1pg/ml of LPS (AS+LPS) or with non-infected erythrocytes and LPS
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(RBC+LPS) for 24h, Unstimulated DCs (DC) or DCs stimulated with 1 ug/ml of LPS
(DC+LPS) served as negative and positive controls respectively. Surface expression of
MHC class I (a), CD40 (b}, CD80 (c) and CD86 (d) on DCs was determined by flow
cytometric analysis of gated CD11c" cells. Results show the mean fluorescence intensity

+ standard errors of triplicate cultures per group.
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Figure 5.2 pRBCs required 6h incubation with DCs to downregulate the expression of
costimulatory molecules on DCs in response to LPS treament in vifro. 2x10° DCs were
cultured with 2x10* P. chabaudi AS-infected erythrocytes (AS) or with non-infected
erythrocytes (RBC) for 6, 12 and 18h. Each culture was then stimulated with 1ug/ml of
LPS for a further 18h. Surface expression of MHC c¢lass II (a), CD40 (b), CD80 (¢) and
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CD86 (d) on DCs was determined by flow cytometric analysis of gated CD11c" cells.
Results show the mean fluorescence intensity + standard errors of triplicate cultures per

group. * p=0.05 significant difference between RBC and AS at the indicated time point.

5.2.3 Erythrocytes infected with P. chabaudi AS-ring stage suppressed the LPS-induced
maturation of DCs in vitro.

As previously mentioned in section 1.4, trophozoite-infected RBCs were used in all the
experiments described in this thesis. However, it has been reported that P, chabaudi AS
schizonts activated DCs in vifro (Seixas er al., 2001), suggesting that different blood
stages might exert diffcrent effects on DC function. I therefore investigated the effects
that the early ring stage of the parasite’s intra-erythrocytic cycle had on the LPS-induced
maturation of DCs in vitro. DCs were incubated with RBCs or pRBCs. After 24h of co-
culture, DCs were stimulated with LPS and the expression of MHC class II, CD40, CD80
and CD86 examined 18h later by flow cytometry (Fig. 5.3). DCs incubated with RBCs
matured in response to LPS treatment as observed by the elevated levels of all of the
costimulatory molecules analysed. However, when DCs were incubated with pRBCs
- prior to LPS challenge, the expression levels of MHC class II, CD40 and CD86 were
significantly dowregulated. This finding suggested that the carly stages of the parasite’s
intra-erythrocytic life cycle (ring and trophozoites) led to suppression of DC maturation
in response to LPS treatment in vifro whereas, according to previous reports (Seixas et
al., 2001), morc mature stages (shizonts) led to DC activation. It is therefore possible that
specific blood stages might suppress DC function to protect the more vulnerable stages
(schizont and merozoites) in order to allow progression of the disease, as previously
discussed in chapter 3. The latter hypothesis can only be tested in viveo, as it is not clear
whether trophozoite-infected erythrocytes have the ability to mature to the schizont stage

in vitro under cell culture condition (refer to 5.2.9 for details).
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Figure 5.3 pRBCs harbouring early ring stages inhibited the I.PS-induced maturation of
DCs in vifro. 2x10° DCs were cultured with 2x10® P, chabaudi AS-infected erythrocytes
(AS) or with non-infected erythrocytes (RBC). After 24h of co-culture, DCs were
challenged with 1ug/ml of LPS for a further 18h. Surface expression of MHC class II (a),
CD40 (b), and CD86 (c} on DCs was determined by flow cytometric analysis of gated
CD11c" cells. Results show the mean fluorescence intensity + standard errors of triplicate

cultures per group. * p=0.05 significant difference between RBC and AS.
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5.2.4 Tixed P, chabaudi-infected erythroeytes suppressed the LPS-induced maturation of
DCs,

To analyse whether parasite viability or development was necessary to modulate DC
function, pRBCs (and RBC controls) were fixed with paraformaldehyde, which cross-
links proteins, normally through free amino groups and preserve cell structure. DCs were
incubated with fixed RBCs or fixed pRBCs for 24h and then stimulated with LPS for
18h. The expression of MHC class Il and co-stimulatory molecules CD40, CD80 and
CD86 were cxamined 18h later by flow cytometry. Non-fixed RBCs and pRBCs served
as controls. DCs freated with RBCs or fixed RBCs prior to LPS challenged matured
efficiently as observed by the high levels of all of the costimulatory molecules tested (Fig
5.4). As previously observed in chapter 3, treatment of DCs with viable pRBCs
sigpificantly downregulated the expression levels of MHC class II, CD40 and CD86
following LPS stimulation. The same result was observed when fixed-pRBCs were used
indicating that parasite viability was not a necessary requirement to induce supptression of
DC function in vitro. Furthermore, the data also indicate that the suppression of the LPS-
induced maturation observed when using viable pRBCs was not due {0 a more mature
erythrocytic stage of the parasite, which might have developed following adaptation to
cell culture conditions; pRBC fixation would in fact arrest parasite growth ensuring that
only trophozoite-stages are present in the culture. Therefore the above results indicate
that the observed suppression of the LPS-induced maturation of DCs is specifically

mediated by the trophozoite stage.
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Figure 5.4 Fixed pRBCs inhibited the LPS-induced maturation of DCs in vifro. 2x10°
DCs were treated for 24 h with non-infected (RBC; filled bars) or P. chabaudi AS-
infected erythrocytes (AS; open bars) that were non-fixed (intact) or fixed (fixed) prior to
stimulation with LPS (I ng/ml} for 18 h. DC activation was characterised by examination
of (a) MHC class II, (b) CD40, (¢) CD80 and (d) CD86 expression on the DC surface by
flow cytometric analysis of gated CD11c" cells. Results show the mean fluorescence
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5.2.5 Fixed-pRBCs required 6h of incubation with DCs to exert their suppressive effects,

To further confirm that trophozoite-infected erythocytes were responsible for the
modulation of DC functions previously analysed in chapter 3, I initially investigated
whether the dynamics of the LPS-induced suppression of DCs induced by fixed-pRBCs
were similar to those observed when using viable parasites. DCs were incubated with
fixed-RBCs or fixed-pRBCs for 6 or 12h. Each experimental culture was then stimulated
with LPS and the expression levels of MHC class II and costimulatory molecules CD40,
CD80 and CDR6 analysed 18h later by flow cytometry. The ability of DCs to respond to
LPS treatment in vifro was significantly affected when DCs were pre-incubated with
fixed-pRBCs. Particularly MHC class II and CD86 expression were affected after only 6h
of incubation of DCs with fixed-pRBCs (Fig. 5.5). The upregulation of CD40 in response
to LPS stimulation was instead inhibited after 12h of incubation with pRBCs. Contrary to
observations made with viable pRBCs, the expression of CD80 was not significantly
affected when DCs were incubated with fixed-pRBCs for 12h prior to LPS stimulation.
Overall, these findings suggested that the dynamics of suppression induced by fixed-
pRBCs were very similar to that induced by non-fixed pRBCs, confirming that viable
"pRBCs were not necessary to induce suppression of DC function in vifro and that

trophozoitc-stages are responsible for the observed effects.
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Figure 5.5 Fixed pRBCs required 6h incubation with DCs to downregulate the
expression of costimulatory molecules on DCs in response to LPS treament in vifro.
2x10° DCs were cultured with 2x10® fixed P. chabaudi AS-infected erythrocytes (AS fix)
or with fixed non-infected erythrocytes (RBC fix) for 6 and 12h. Each culture was then
stimulated with 1ug/ml of LPS for a further 18h. Surface expression of MHC class II (a),
CD40 (b), CDBO (c) and CD86 (d) on DCs was determined by flow cytometry. Results

show the mean fluorescence intensity + standard errors of triplicate cultures per group. *
p=0.05 significant difference between RBC and AS at the indicated time point.
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5.2.6 Fixed-pRBCs inhibit the antigen presenting ability of DCs ir vifro.

To further ensure that fixed-pRBCs suppressed DC functions in a manner similar to that
observed when viable pRBCs were used, the antigen presenting ability of fixed-pRBC-
ireated DCs was analysed by using DO11.10 OV A-specific T cell hybridoma cells that
express green fluorescent protein (GFP) upon TeR ligation (Underhill ¢t al., 1999) as
previously described in section 3.2.3. DCs were incubated with fixed-RBCs or fixed-
pRBCs for 24h and then pulsed with OVA. protein for 6h. Non-fixed RBCs and pRBCs
were used as controls. OVA-specific T cells were added to each culiure and GFP
expression, indicative of antigen presentation independent of co-stimulation, examined
24h later by flow cytometry. DCs incubated with RBCs or fixed-RBCs prior to antigen
loading efficiently presented OVA as observed by high levels of GFP expression by T
cells. However, the ability of DCs to activate the OV A-specific T cell hybridoma was
significantly reduced when they were incubated with pRBCs or fixed-pRBCs (Fig. 5.6),

indicating that viable and fixed-pRBCs might use a common suppressive mechanism,
5.2.7 pRBC-ghosts did not suppress the LPS-induced maturation of DCs in vitro.

In order to understand the mechanisms involved in the parasite-mediated modulation of
DC function, I initially analysed the effect that parasite proteins, expressed on the
erythrocyte membrane, had on DC function. DCs were exposed to plasma membranes
(ghosts) isolated from RBCs or pRBCs. After 24 h of culture, DCs were challenged with
LPS and the expression of costimulatory molecules examined 18 h later by flow
cytometry. Intact RBCs and pRBCs were used as controls (Fig. 5.7). DCs upregulated the
expression of costimulatory molecules MHC class IT and CD40 when they were
incubated with RBCs or RBC-ghosts prior to LPS challenge. pRBC-treated DCs were not
able 1o efficiently respond to LPS treatment as the levels of MHC class IT and CD40 were
significantly downregulated, confirming previous results. However, DCs exposed to
pRBC-ghosts retained their ability to respond to LPS stimulation as the levels of MHC
class II and CD40 were not significantly affected. This finding suggested that parasite

molecule expressed on the erythrocyte membrane did not modulate DC activation.
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Figure 5.6 Fixed Plasmodium chabaudi AS-infected erythrocytes inhibited antigen
presentation by DCs. 5x10° DCs were treated with non-infected (RBC; filled bars), or 2.
chabaudi AS-infected erythrocytes (AS; open bars) that were non-fixed (intact) or fixed
(fixed). After 24 h of culture, the cells were pulsed with 5 mg/ml of OVA for 6 h. The
level of antigen presentation was determined by incubating DCs with the OV A-specific
DO11.10-GFP hybrydoma at 1:1 DC : T cell ratio and T cell activation assessed 24 h
later by flow cytometry. Results are expressed as the mean fluorescence intensity of GFP

expression by CD4" T cells =+ standard error. *, ps0.05 significant differcnce between

RBC and AS.
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Figure 5.7 pRBC-ghosts did not affect the ability of DCs to mature in response to LPS
treatment ir vitro. 5x10°. DCs were incubated with intact erythrocytes (intact) or RBC
ghosts (ghosts) [rom non-infected (RBC; filled bars) or P. chabaudi AS-infected
erythrocytes (AS; open bars), for 24 h prior to stimulation with LPS‘(I ug/ml) for 18 h.
DC activation was characterised by analysis of (a) MHC class [l and (b) CD40 expression
on the DC surface by flow cytometry. Results show the mean fluorescence intensity +
standard errors of triplicate cultures per group. * p<0.05 significant difference between
RBC and AS.
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5.2.8 Activation of DCs in response to LPS treatment in vifro was suppressed by

haemozoin.

Having established that the LPS-induced maturation of DCs ix vitro could be modulated
by pRBCs, but was not due to the effects of parasite proteins expressed on the erythrocyte
cell membrane, 1 focused my attention on haemozoin (HZ), a byproduct of haemoglobin
digestion. One of the reasons that led me to investigate the role of HZ in the parasite-
induced modulation of DC function was the altered morphology of DCs following a 24h
incubation with pRBCs (Fig.5.8a-b). DCs were dispensed on polylysine-coated coverslips
and left to adhere overnight before addition of RBCs or pRBCs. After 24h of co-culture,
coverslips were transferred onto glass slides and examined by bright-field microscopy.
DCs showed their characteristic cell morphology with many long processcs when
cultured with RBCs. In contrast, incubation with pRBCs caused a dramatic change in cell
morphology with “black pigment” clearly visible inside DCs. This may be duc to the
uptake of pRBCs and HZ formation. To verify whether DCs could internalise intact
pRBCs, DCs and pRBCs co-cultures were set up as described above and incubated for
3h. DCs were stained with Choleratoxin, which stain lipid rafts and provide a clear cell
membrane staining, facilitating DC visualisation by fluorescence microscopy (Nichols,
2002; Ribi et al., 1988). pRBCs were instead stained with Biotin-conjugated rat anti-
mouse TER-~119 monoclonal antibody, which reacts with a 52-kDa molecule associated
with glycophorin A on cells of the erythroid lineage (Kina et al., 2000). Coverlips were
transferred onto glass slides using mounting medium containing DAPI to reveal cell
nuclei (Fig. 5.8¢). Examination of prepared slides by fluorescence microscopy revealed
the presence of pRBC inside DC as shown by visible blue stains inside the RBC,
indicative of parasite nuclei. To investigate the effects of I1Z on DC function, I initially
analysed its ability to activate DCs directly in vitro. DCs were treated with 1, 5, 10 or 20
uM of HZ and the expression of MHC class II and costimulatory molecules CD40 and
CD86 examined 24h later. DCs grown in medium only and those treated with LPS served
as negative and positive control respectively. DCs expressed very low levels of surface
MHC class 1I, CD40 and CD86 when cultured in growth medium alone, confirming their

immature state in culture (Fig. 5.8d-f). Stimulation with LPS promoted a significant
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increase in the expression level of all of the costimulatory molecules tested. However,
DCs incubated for 24h with HZ did not increase expression of MHC class II, CD40 and
CD86, indicating that HZ did not induce DC activation at any of the concentrations
tested. To ensure that DCs internalised HZ efficiently, DC were observed by bright-field
microscopy (Fig. 5.8g-j). Deposits of HZ were clearly visible, as black “spots” inside
DCs. Furthermore the magnitude of HZ deposition inside DCs seemed to be proportional
to the concentration of HZ added to the cultures. I then examined whether HZ-treated
DCs were still able to respond to LPS treatment in vitro (Fig. 5.8k-m). Experimental
cultures were set up as described above and stimulated with LPS for 18h. The results
clearly showed that as the concentration of HZ increased, the LPS-induced maturation of
DCs was downregulated, as observed by the reduced levels of MHC class 11, CD40 and
CD86. Collectively these findings suggest that HZ is a key factor involved in the

suppression of murine DC function in vitro.
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Figure 5.8 Haemozoin (HZ) affected the ability of DCs to respond to LPS treatment in
vitro. (a-b)1x10° DCs were incubated with P. chabaudi AS-infected ot non-infected
erythrocytes. After 24h of co-culture, cells were examined by bright-field microscopy
using a 63x oil immersion lens. {¢) Experimental cultures were prepared as described
above, After 3h of co-culture, DCs were stained with 0.5ug/ml of CTxB-Alexa Fluor 488
(green) and then fixed with 0.5% of paraformaldehyde. Infected erythrocytes were
stained with Biotinylated-TER-119 antibody, which reacts with a 52-kDa molecule
- associated with glycophorin A on cells of the erythroid lineage, and detected using
streptavidin-FITC (red). Cell nuclei were revealed using Vectashield with DAPI (blue).
Images were obtained using an Axiovert $-100 Zeiss microscope fitted with a 63x oil
immersion lens. (d-f) 2x10° DCs were cultured with IuM, SuM, 10uM and 20uM of HZ.
After 24 h, the level of expression of {(d) MHC class 11, (e) CD40 and (f) CD86 was
determined by flow cytometry. (g-) 2x10° DCs were cultured with (g) 1uM, (h) 5uM,
(1)10puM and (§) 20uM of HZ. After 24h of culture, cells were examined by bright-field
microscopy using a 63x oil immersion lens, (k-m) After 24h of culture with HZ, 1 pg/ml
of LPS was added to DCs and the levels of (k) MHC class II, (I} CD40 and (m) CD86
analysed 18 h later by flow cytomeiry. All resulis are shown as the mean fluorescence

intensily of triplicate cultures + standard error. *, p=0.05 (mM HZ vs LPS).
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5.2.9 A soluble factor(s) released by pRBCs modulated the LPS-induced maturation of

DCs in vitro.

Having established that HZ played an important role in modulating DC function, I
decided to investigate whether the parasite used additional mechanisms to efficiently
exert its suppressive effects on DC function. I addressed this issue by using a transwell
culture system where pRBCs and DCs were separated by a 0.4um pore size membrane.
This allowed me to investigate whether DCs had to interact directly with pRBCs to be
modulated. DCs were cultured in the lower compartment of a transwell culture plate,
pRBCs were added to the upper compartment and incubated for 24h. DCs were then
challenged with LPS and the expression of MHC class I and CD40 examined 24h later
by flow cytometry. Supematants were also collected for cytokine analysis, RBCs and
pRBCs cultured with DCs directly were used as controls.

DCs cultured directly with RBCs or separated by a membrane efficiently responded to
LPS challenged as observed by the high levels of expression of both MHC class II and
CD40 (Fig. 5.9a-b). Consistent with previous results, treatment of DCs with pRBCs
_significantly affected their ability to mature in response to LPS stimulation as the
expression levels of MHC class II and CD40 were significantly downregulated. In
addition, IL-12 production by DCs treated with pRBCs was significantly suppressed and
small amounts of I1.-10 were detected (Fig 5.9¢-d). The same results were found when a
membrane separated DCs and pRBCs, suggesting that a soluble factor(s) secreted by
pRBCs might also be involved in the modulation of DC function iz vitro. To ensure that
this was the case, further experiments were designed to rule out the-possibility that HZ
was causing the observed effects. In fact, although the size of P. chabaudi AS HZ has not
been reported, studics using different species of Plasmodium revealed that the average
size 6f HZ crystals ranged between 50 and 600nm (Neland ef a/., 2003). Having used a
0.4um pore size membrane to separate DCs from pRBCs, the possibility still remained
that during the 24h incubation period some pRBCs could have ruptured as a result of the
culture conditions, allowing HZ to pass through the membrane. Alternatively, the

parasites could have undergone schizogony during the incubation time, releasing HZ into
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the culture. Conflicting ideas exist regarding the ability of the parasites to undergo the
full erythrocytic cycle under cell culture conditions (i.e. 37°C, 5%CQ,). In fact
Plasmodium species are generally cultured in plates placed in a candle jar that provides
an atmosphere of 3% C02-17% Oz or in vials that allow for continuous flow of medium
into culture vessels with an atmosphere of 7% CO3-1% 02-92% N, (Schuster, 2002).
However, it is possible that some parasites might adapt to the new growth conditions and
be able to undergo schizogony (fig.5.9e-f). For these reasons, a series of experiments
involving high-speed centrifugations were designed to ensure that supernatants harvested

from pRBCs after 24h incubation under cell culture conditions were HZ-free.

RBCs and pRBCs were cultured for 24h at 37°C and 5%CO;, Cells were centrifuged for
10 min at 450g (later referred to as ‘low-speed centrifugation™). Supernatants were
collected and either added to DCs or centrifuged further at 32000g (later referred to as
‘high-speed centrifugation”) for 20 min before addition to DCs. To further ensure that
uncontaminated supernatants were used in the experiments, an additional set of
supernatants were prepared and subjected to high-speed centrifugation followed by filter
sterilisation through a 0.2pm pore size membrane filter before addition to DCs. A pellet

- was recovered following the high-speed centrifugation and was also incubated with DCs
to analyse whether it would suppress responses to LPS. After 24h incubation, DCs were
challenged with LPS and the levels of CD40 expression examined 18h later by flow
cytometry (Fig 5.9g).

DCs incubated with RBC supernatants derived from both the low- and the high-speed
centrifugations matured efficiently in response to LPS stimulation as observed by the
high levels of CD40 expression. However, DCs treated with pRBC supernatants obtained
following both low- and high-speed centrifugations showed significantly lower levels of
CD40 expression indicating that DCs were not able to respond to LPS treatment in vitro.
Visualisation of DCs by bright field microscopy revealed that pRBC supernatants derived
from the Iow;speed centrifugation contained parasite components as “black depositions”
were clearly visible inside DCs and these deposits could therefore be responsible for the

observed effect (Fig. 5.9h). However, pRBC supernatants derived from the high-speed
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centrifugation lacked parasitec contamination as DCs cleatly retained their churacteristic
cell morphology and lacked black depositions in the cytoplasm (Fig. 5.91). This finding
reinforced the idea that a soluble factor(s) might be responsible for the observed

suppression of DC maturation.

The pellct recovered from the high-speed centrifugation did not downregulate the
expression of CD40 (Fig 5.9g), indicating that DCs were able to mature efficiently in
responsc to LPS stimulation i vitro. This finding suggested either that the pellet did not
contain HZ or the amount of HZ released by pRBCs was not significantly high to induce
inhibition of DC function, the latter probably due to inappropriate culture conditions for
parasite growth. The notion of having a pellet, which did not contain or had very low
levels of HZ was further reinforced by the solubility of the pellet in the culture medium

where HZ. is instead insoluble.

To further characterise the nature of the soluble factor(s) released by pRBCs, I heat
inactivated the supernatants obtained following the high-speed centrifugation before they
were added to DCs. RBC and pRBC supernatants were prepared as described above and
heated to 100°C for 20min then centrifuged for 10 min at 450g and passed through a 0.2
um pore size membranc filter before addition to DCs. After 24h incubation DCs were

challenged with LPS and the expression of CD40 examined 18h later (Fig. 5.9j).

Confirming previous findings, DCs incubated with the pRBC supernatant preparations
derived from both the low- and high-speed centrifugations werc unable to mature
efficiently following LPS stimulation as observed by the downregulation of CD40
expression, However, when the supernatants were heat inactivated, DCs retained their
ability to respond to LPS treatment, as the level of CD40 expression by DCs was not
significantly different from the RBC control. This finding suggested that soluble parasite

factors must be in their native form to cause suppression of DC function i vitro.
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Figure 5.9 pRBCs released a soluble factor that affected the ability of DCs to respond to
LPS treatment in vitro. (a-b) DCs were treated for 24 h with non-infected (RBC; filled
bars) or P. chabaudi AS-infecied erythrocytes (AS; open bars), either directly (contact) or
separated by a 0.4 um pore size membrane (Transwell) prior to stimulation with LPS (1
ug/ml) for 18 h. DC activation was characterised by examination of (a) MHC class Il and
(b) CD40 expression on the DC surface by flow cytometric analysis of gated CD11¢"
cells. Results show the mean fluorescence intensity # standard errors of triplicate cultures
per group. * p=0.05 significant difference between RBC and AS. (c-d) Concentration of
IL~12p40 (c) and IL10 (d) secreted by DCs that were treated for 24 h with non-infected
(RBC; filled bars) or P. chabaudi AS-infected erythrocytes (AS; open bars) either
directly (contact) or separated by a 0.4 pm pore size membrane (Transwell) prior to
stimulation with LP8 (1 pg/ml) for 18 h. After 24h of culture, supernatants were
harvested for cytokine analysis. Error bars indicate standard errors of triplicate cultures
per group. * i)sG.OS significant difference between RBC and AS. (e-f) Giemsa’s stained
thin blood smears taken either directly from a P. chabaudi AS infected BALB/c mouse
(e) or after 24h incubation of pRBCs under cell culture conditions (37°C, 5%C05). Cells
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were photographed using an Axiovert 8-100 Zeiss microscope using a 63x oil immersion
lens. (g) DCs were treated for 24 h with supernatants derived from non-infected (RBC;
filled bars) or P. chabaudi AS-infected erythrocytes (AS; open bars) prior to stimulation
with LPS (1 pg/ml) for 18h. Supernatants were obtained after incubating RBCs or pRBCs
for 24h and subjecting them to either a 450g centrifugation (S/n-low) or a 32000g
centrifugation (S/n-high). An additional set of cells was centrifuged at 32000g followed
by filter sterilisation through a 0.2 um pore size membrane (S/n (high+ FS)). DC
activation was characterised by examination of CD4( expression on the DC surface by
flow cytometric analysis of gated CD11c" cells. Results show the mean fluorescence
intensity = standard errors of triplicate cultures per group. * p=0.05 significant difference
between RBC and AS. (h-1) DCs were incubated with the supernatant of P, chabaudi AS
infected erythrocytes derived either from a 450g centrifugation (h) or a 32000¢g
centrifugation (i). After 24h, cells were examined by bright-ficld microscopy using a 63x
oil imumersion lens. (j} DCs were incubated with P. chabaudi AS supernatants obtained
following a 450g or a 32000g centrifugation as described in (g). An additional set of
supernatants obtained following a 32000g centrifugation, was heated to 100°C and filter
sterilised through a 0.2 pin pore size membrane prior to addition to DCs (heated S/n
(high+FS)). Results show the mean fluorescence intensity + standard errors of triplicate
cultures per group. * p<0.05 significant difference between RBC and AS.
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5.3 Discussion

In previous chapters I showed that malaria infected erythrocytes did not directly activate
bone marrow-derived DCs i vitro; rather, they inhibited the LPS induccd upregulation of
Class II MHC and costimulatory molecules (CD40 and CD86) on DCs (chapter 3) and
significantly reduced the ability of these cells to induce naive T cell proliferation (chapter
4).

In search of a mechanistic explanation for these observations, I initially examincd
whether pRBCs induced immediate suppression of DC function. To address this issue
DCs were incubated simultaneously with pRBCs and LPS and the expression of MHC
class II and the the costimulatory moleculcs CD40, CD80 and CD86 examined 24h later
by flow cytometry, The results showed that pRBC-treated DCs were able to mature in
response to LPS treatment, as the levels of all of the costimulatory molecules tested were
significantly upregulated. This finding suggested that pRBCs required a longer
incubation period with DCs to exert their inhibitory effect. The above observation led me
to investigate the time that pRBCs required to interact with DCs in order to modulate
their function. DCs were incubated with pRBCs for 6, 12 and 18h. Each experimental
culiure was then challenged with LPS and the expression of MHC class II and the
costimulatory molecules CD40, CD80 and CD86 examined 24h later by flow cytometry.
The results showed that pRBCs had to interact with DCs for at least 6h before inhibiting
their ability to respond to LP'S stimulation in vifro, as observed by the reduced expression
of CD40 and CD86. The level of MHC class 11 was instead suppressed following a 12h
incubation period with pRBCs, perhaps indicating that CD40 and CD86 are more
sensitive to the suppressive effects induced by pRBCs. Alternatively, they might be
selectively downregulated by the parasites before significantly affecting MHC class II
expression to ensure that appropriate co-stimulation is not provided to T cells, thus
impeding the development of appropriate T cell responses directed against them.
Interestingly; the level of CD80 expression was also significantly downregulated
following a 12h incubation of DCs with pRBCs. Nevertheless, the latter appeared to be a

transient suppression, as the expression of CD80 returned to normal levels when analysed
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after an 18h incubation period. Whether these differences in kinetics reflect a specific
mechanism used by pRBCs to suppress DC function or merely represent differences in
their overall sensitivity to the parasite remains unclear. Nevertheless, these data sugpest
that in order to induce their suppressive effects, pRBCs have to interact with DCs for at
least 6h. The erythrocytic cycle of P. chabaudi requires 24h to complete within its host,
with the parasites developing into a more mature stage every 6h. Therefore, the observed
suppression of DC function might be the result of the interaction of a more mature
parasite form with DCs. Alternatively, following phagocytosis, trophozoite-infected
erythrocytes might remain viable within the DCs and actively suppress their function. I
therefore decided to examine whether the suppression of DC function was specifically

induced by the trophozoite stage and whether their viability was a necessary requirement,

To address the above questions, pRBCs were fixed and incubated with DCs prior to LPS
challenge. Fixed pRBCs were found to significantly affect the ability of DCs to mature in
response to LPS stimulation. Furthermore, they also required at least 6h of incubation
with DCs to exert their inhibitory effect and significantly reduced the antigen presenting
ability of DCs. Therefore fixed-pRBCs showed a similar pattern of modulation of DC
function observed when using non-fixed pRBCs. The lack of a requirement for viable
parasites confirmed that trophozoite-infected erythrocytes rather than a more mature
erythrocytic stage (schizont) were responsible for the observed suppression of DC
maturation. It also suggested that an isolatable parasite product was mediating this effect.
To address this issue, I initially focused on analysing the effect that parasite proteins

expressed on the erythrocyte membrane have on DC function.

It is known that the erythrocytic development of the parasites is coupled with changes in
the host cells, including the host cell plasma membranes (Wunderlich ef al., 1987). It is
also \;vell established that parasites express ‘neo-proteins’ on the host cell surface some of
which are reported to induce protective immunity (Aikawa and Miller, 1983; Schmidt-
Ullrich ef al., 1983; Sherman, 1985). Morcover, it has been suggested that the ability of
P. falciparum to inhibit DC maturation is mediated through the binding of CD36 to a
parasite-derived molecule (PfEMP1) on the infected erythrocyte surface (Urban ef al.,
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1999; Urban ef al., 2001b). Crythrocytes infected with P. chabaudi AS were also shown
to be able to adhere to specific cell types and sequester by interacting with molecules
such as CD36 (Mota ef al., 2000). To assess the involvement of parasite proteins present
on the erythrocyte membrane in the observed suppression of DC activation, I exposed
DCs to plasma membrane ghosts derived from infected or non-infected erythrocytes,
prior to LPS challenge. Ghosts isolated from infected erythrocytes did not alter the ability
of DCs to respond to LPS treatment ir vifro, suggesting that parasite antigens expressed
on the erythrocyte plasma membranes did not induce the suppression previously
described following contact with DCs in vitro. In support of this finding is the
observation that immunisation of mice with pRBC ghosts induced protection from
parasite challenge (Wunderlich er al., 1988), suggesting that ghosts, unlike intact

parasites, are not inhetently iramunosuppressive,

As mentioned earlier, trophozoite-infected erythrocytes were used in all the experiments
described in this thesis. In order to develop to this stage, parasites have to polymerise the
haeme, a toxic byproduct of haemoglobin digestion, into the non-toxic form known as
haemozoin (HZ), which accumulates into the parasite’s digestive vacuole (Francis ef al.,
1997; Olliaro and Goldberg, 1995; Slater ef af., 1991). Since fixed pRBCs had an effect
on the LPS-induced maturation of DCs and pRBC-ghosts did not, HZ seemed to be a
good candidate to investigate the mechanism involved in the parasite-induced modulation
of DC function. I therefore incubated DCs with HZ, purified from supernatants obtained
from culturcs of P. falciparum gamctocytes. The results showed that purified HZ did not
activate DCs directly, however it significantly inhibited the LPS-induced maturation of
DCs in a dose dependent manner. These observations are consistent with previous reports
suggesting that HZ is able to impair the ditferentiation and functional capacity of human
monoeytes and murine macrophages through the production of IL-10 and/or induction of
peroxisome proliferators-activated receptorwy (Deshpande ef al., 2004; Morakote and
Justus, 1988; Schwarzer ef al.,, 1998; Scorza er al., 1999; Skorokhod et al., 2004).
However, the precise mechanisms accounting for the suppressive effects of HZ remain to
be elucidated, although in an early study, HZ was reported to increase degradation of

protein kinase C, which plays a crucial role in signal transduction and expression of
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membrane antigens (Schwarzer et al., 1993). In addition, an other report by thc same
authors suggested thai accumulation of HZ within phagolysosomes indirecily caused a
defect in antigen processing through the generation of potent bioactive lipid derivatives
(Schwarzer et al., 2001). Both of the above studies were carried out using human
monocytes. Farthermore, a more recent report showed that HZ inhibited the maturation of
human monocyte-derived DCs (Skorokhod et al., 2004), Nevertheless, the involvement
of HZ in suppression of DC function remains controversial, as other investigators suggest
a pro-inflammatory role of HZ, possibly via TLR-9 activation (Coban et al., 2005; Coban
et al., 2002; Jaramillo et al., 2005; Jaramillo et al., 2003; Jaramillo er al., 2004;
Pichyangkul et al., 1994; Pichyangkul et al., 2004). One possible explanation for this
disparity in results may simply relate to differences in the HZ preparations. For instance,
Paolo Arese and colleagues prevented the complete removal of adherent membranes from
the HZ preparation as no phagocytosis of the pigment was observed in this case
(Schwarzer ef al., 1992), an approached also used in the present study. Conversely, other
investigators had additional incubation steps with proteinases and lipases in their

preparations (Coban e al., 2002; Jaramillo ef ai., 2003).

While carrying out the experiments described in this chapter, I realised that the observed
suppression of DC function was consistently greater when live infected erythrocytes were
used. This observation suggested that other parasite products could also be involved and
might therefore have cumulative effects on the suppression of DC function, In order to
address this issue, I initially examined whether interaction of DCs with pRBCs was
necessary to modulate DC function. DCs and pRBCs were separated by a 0.4um porc
size membrane and cultured for 24h prior to LPS stimulation. Thé ability of DCs to
mature in response to LPS freaiment /n vifro was significantly downregulated suggesting
that soluble parasite products could be present in the cultures and might mediate the
observed effect. However, It has been reported that the size of HZ crystals belonging to
different species of Plasmodium ranged between 50 and 600nm (Noland et al., 2003).
Although the ability of the parasites to undergo the full erythrocytic cycle under cell
culture conditions has not been reported yet, the possibility still remained that the

observed effect was due to HZ passing through the 0.4um pore size membrane used to
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separate the cells. For this reason, a series of experiments involving low- and high-speed
centrifugations were designed to ensure that pRBC supernatants were free from HZ. The
LPS-induced maturation of DCs was found to be significantly affected when DCs were
incubated for 24h with the supernatants derived from both the low- and high-speed
centrifugations. Particularly, it was clear that pRBC supernatants derived from the high-
speed centrifugation lacked HZ as visualisation of DCs by bright field microscopy
showed absence of black pigment within DCs and the cells retained their characteristic
motphology. This finding reinforced the idea that a soluble factor(s) might be responsible
for the suppression observed. Furthermore, the fact that the early ring stages were found
to suppress the LPS-induced maturation of DCs further supported the involvement of
soluble parasite factors in the observed modulation of DC function. To further
characterise the nature of this factor, pRBC supernatants obtained following the high-
speed centrifugation were heat-inactivated prior to addition to DCs. After 24h incubation
DCs were challenged with LPS and the level of CD40 expression on DCs analysed 18h
later by flow cytomeiry. The results obtained from this experiment showed that DCs
retained their ability to mature in response to LPS treatment in vitro when trcated with
heat-inactivated supernatants, suggesting that a soluble factor(s) potentially secreted by
the parasites has to be in its native form to induce suppression of DC activation.
Treatment of the pRBC-derived supernatant with proteinases and lipases would aid in the
identification of the nature of this potential immunosuppressive factor, an experiment,
which due to time constrains could not be carried out for the present study. Interestingly,
early reports have shown that blood-stage exoantigens from P. yoelii and P. falciparum
were pro-inflammatory and induced the release of TNF-ct from macrophages (Bate\;i‘ al.,
1992b; Taverne et al., 1990a; Taverne ef al., 1990b). The capacity of the exoantigens to
stimulate macrophages to secrete TNF-c did not require the presence of a protein or a
carbohydrate but was associated with a lipid, whose activity was shown to be abolished

by treatment with phospholipase C (Bate ef al,, 1992a; Bate ef al., 1992b).
More recent studies using P. yoelii infections showed that a soluble factor(s) specifically

inhibited IL-2 production by responding CD4" T cells (Luyendyk et af., 2002). The

authors used a transwell culture system where 1 cells purified from OVA TcR transgenic
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mice were cultured with spleen cells from uninfected mice in the inner well of the two-
chamber system. Spleen cells from infected mice were instead placed in the outer well.
The soluble factor was suggested to be produced by CD11b" cells purified from spleen
cells isolated from infected mice. The effect that pRBC alone had on the IL-2 production

by T cells was not directly examined in the above study.

Another study by Ocana-Morgner ef al. (Ocana-Morgner ef al., 2003) found that
interaction of blood-stage parasites with DCs induced the secretion of soluble factors that
inhibited the activation of CD8" T cells in vitro. The authors suggested that these factors
were secreted by DCs as the inhibitory activity was not found in the incubation medium
of pRBC alone thus confirming the results previously found by Luyendyk et al.
(Luyendyk et al., 2002). However, Ocana-Morgner ef al. carried out their study by
transferring incubation media onto fresh DCs, rather than using a transwell system and
they did not take into account the fact that other parasite products (such as HZ) could be
present in the culture media. Nevertheless it is still possible that the differences observed
between the above and the present studies were due to the dillerent parasite species used

in the experiments (. yoelii vs P. chabaudi).

In the present chapter I have demonstrated that haemozoin, rather that infected
erythrocyte membranes, is responsible for the observed suppression of DC activation in
vitro. Furthermore, soluble factors secreted by pRBCs also seem to contribute
significantly to the immunosuppressive effects induced in DCs. Although parasites may
affect DC function by actively secreting suppressive factors, they may also induce DCs to
secrete or express factors that could in turn modulate their activation state, resulting in an
overall inability of these cells to induce protective responses against the parasites. In the
next chapter I analyse this possibility directly by investigating the involvement of some
of the most common immunoregulatory agents, which could be potentially induced by
DCs following interaction with pRBCs, in the observed suppression of DC activation.
Identification, followed by a deep understanding of the mechanisms of action of these
suppressive agents, may be beneficial for future therapeutic {reatments and vaccine

designs where replacement of DC suppression in favour of DC activation would be
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particularly advantageous. Furthermore, the identification of specific immunosuppressive
factors released by DCs may also help in settings where immunosuppression would be

clinically beneficial, such as in the case of autoimmune diseases.
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6. Investigating the role of selected immunoregulatory

molecules on the LPS-induced activation of DCs in vitro
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6.1 Introduction

As previously described in section 1.2.6, pathogens generally cause priming of immature
DCs to become mature effector DCs that drive appropriate Thl or Th2 responses.
However, there is now evidence describing the ability of certain pathogens to prime for
an alternative subset of DCs, characterised by having altered activation states
(Auffermann-Gretzinger et al., 2001; Dolganiuc ef al., 2003; Geijtenbeek et al., 2003;
Karp et al., 1996; McGuirk ef al., 2000; Nigou ef al., 2001; Urban et 4l., 1999; van der
Kleij et al., 2002). These ‘alternatively activatcd DCs” may not be able to induce
appropriate effector T cell responses directed against various pathogens. Instead they may
drive the generation of anergic or regulatory T cells, or even induce T cell apoptosis,
providing a mechanism used by certain pathogens to avoid host immune responses
directed against their elimination. Examples of pathogens promoting the generation of
this type of DCs were extensively discussed in sections 1.2.7.1 and 1.2.7.2. P. falciparum
has been identified as being one of the pathogens belonging to this category as it has been
shown to suppress the maturation of DCs and therefore their ability to stimulate naive T
cells (Urban et al., 1999).

Besides directly modulating DC activation, pathogens may induce host cells to secrete or
express factors that will in turn affect the activation state of DCs. Production of PGE,,
NO and TGF-$, as well as PPAR~y activation and IDO expression by DCs, all represent
possible immunoregulatory mechanisms that pathogens may potentially use to suppress
DC function (Gosset ef al., 2001; Grohmann et a/., 2000; Harizi et af., 2003; Holt ef al.,
1993; Li et al., 2005). All of the above molecules and their potential involvement in
modulating DC functions have been previously discussed in section 1.2.8. Although they
could all have a direct effect on T cells, in this chapter I focus on their effects on the LPS-
induced maturation of DCs as a preliminary study, However, as it was not possible to use
positive controls in my experiments and as I have not replicated the above findings in the
system used ih the present study, some caution should be exercised when interpreting the
results presented in this chapter. Furthermore, due to time constraints, all the inhibitors or

antagonists were used at a single concentration previously shown to block respective
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activities by other investigators. To ensure the validity of the results presented herein,

optimal dilutions for each of the molecules tested should be determined in the future.

Understanding the involvement of the above mediators in the regulation of immune
responses in human diseases could have irportant consequences in the improvement of
therapeutic treatinents. Agonists of PPAR-y are already being used for the treatment of
type II (non-insulin dependent) diabetes and are also considered as potential therapeutic
agents for cancer treatment (Dubuquoy ef al., 2002; Murphy and Holder, 2000).
Moreover it has been shown that administration of rosiglitazone (a PPAR~y ligand)
reduces the severity of inflammation in patients with mild to moderate cases of ulcerative
colitis (Kornbluth, 2001; Lewis ef al., 2001). Similarly, encouraging results from phase [1
clinical trials were obtained by inducing IDO expression in autoimmune rheumatoid
arthritis (Kremer ef al., 2003), implying that it might be possible to induce IDO
expression in settings where immunosuppression would be clinically beneficial.
Therefore, the experiments presented in this chapter were designed with the view that a
better understanding of the involvement of these mediators following pRBC-DC
interaction could be useful for therapeutic approaches and help to improve the

- gffectiveness of potential malaria vaceines.
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6.2 Results

6.2.1 PGE»-EPy signalling is not involved in the suppression of the LPS-induced
maturation of P. chabaudi AS-treated DCs in vitro.

The role of host eicosanoids in modulating immunity is well documented and it is now
widely accepted that DCs produce lipid mediators, such as PGE,, which are well known
to be involved in immune suppression (Harizi and Gualde, 2004). Furthermore, DCs
themselves have been shown not to be refractory to the effects of PGE;. In fact,
exogenously added or endogenously released PGE; was reported to act on DCs by
inducing the production of endogenous IL-10, which suppresses IL-12 production and
alters antigen presentation by inhibiting MHC class II protein expression (Harizi ef al.,
2002). Moreover, many parasites, including P. falciparum (Kilunga Kubata ef al., 1998),
have been reported to produce prostaglandins and prostaglandin-like molecules (Noverr
et al., 2003), representing a possible mechanism used by parasites to alter DC function.
This knowledge prompted me to investigate whether the observed suppressive effects
induced by pRBCs on DC function were partly mediated by the action of PGE; that could
be potentially produced either by DCs following interaction with pRBCs or by the
parasite itseif.

PGE; exerts its action by binding to four different types of G-protein-coupled receptors
known as EP,, EPy, EP; and EP4 (Narumiya et @l., 1999). Although mouse bone marrow-
derived DCs express all four EP receptor subtypes, their production of cytokines and
expression of MHC class II molecules were shown to be modulated through EP,- and
EP4- dependent mechanisms (Harzi ef al., 2003). These data were proved by the use of
EP, and EP;4 agonists, which significantly promoted the production of endogenous IL-10
from bone marrow-derived DCs and decreased their expression of MHC class 11
molecules (Harizi et al., 2003) As an EP,-selective antagonist was readily available, I
decided to carry out a preliminary experiment to investigate whether PGE;-EP, signalling
was involved in the suppression of the LPS-induced maturation of pRBC-treated DCs.
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DCs were cultured with RBCs or pRBCs in the presence or absence of the EPy antagonist
for 24h and then stimulated with LPS in vitro. The expression of MHC class I and the
co-stimulatory molecules CD40 and CD86 were examined 18h later by flow cytometry.
The results showed that DCs cultured in growth medium in the presence or absence of the
EP4 antagonist expressed low levels of surface MHC class 1I, CD40 and CD86,
confirming their immature state in culture (figure 6.1). When stimulated with LPS, DCs
cultured alone or with RBCs upregulated the expression level of all of the costimulatory
molecules tested regardless of the presence of the EP; antagonist.. As shown previously,
DCs cultured with pRBCs had a significantly reduced ability to respond to LPS treatment
in vitre. Furthermore, the presence of the EP4 antagonist in the culture did not rescue the
ability of DCs to mature in response to LPS, suggesting that the PGFE,-EP4 signalling
pathway did not play a role in the modulation of DC function during incubation with
pRBCs. Nevertheless, as mentioned above, PGE; might exert its effects through other
receptors thus the involvement of PGE; in the observed inhibition of DC maturation
cannot be ruled out yet and further experiments will be required to elucidate the role of

PGE; in the modulation of DC function during interaction with pRBCs.
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Figure 6.1 Effect of PGE,-EP4 signalling on the LPS-induced maturation of P. chabaudi
AS- treated DCs in vitro. 2x10° DCs were cultured with 2x10® P. chabaudi AS-infected
erythrocytes (AS) or with non-infected erythrocytes (RBC) in the absence (vehicle) or
presence of 1uM ONO-AE3-208 (EP4 antagonist) (Kabashima ef af., 2003b). After 24h
of co-culture, DCs were challenged with 1pg/ml of LPS for a further 18h. Control DCs
remained unstimulated (DC) or treated with LPS alone (LPS). Surface expression of
MHC class Il (a), CD40 (b) and CD86 (c) on DCs was determined by flow cytometric

analy'sis of gated CD11c" cells. Results show the mean fluorescence intensity + standard

errors of triplicate cultures per group. * p<0.05 significant difference between RBC and

AS treated with the EP4 antagonist. ~ p=0.05 significunt difference between RBC and AS

treated with vehicle only.
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6.2.2 PPAR-y signalling is not necessary to induce suppression of LPS-induced activation

of DCs in vitro.

Recent reports have shown that DCs express PPAR-y and that agonist-induced activation
of PPARg can influence DC maturation (Gosset ef al., 2001). Furthermore Appel ef al.
(Appel et al., 2005) reported that TLR ligand-induced activation and migration of human
monocyte-derived DCs, as well as their ability to initiate lymphocyte proliferation, was
impaired upon PPAR~y activation. For these reasons I investigated the involvement of
PPAR~y activation in the reduced ability of pRBC-treated DCs to mature in response to
LPS challenge.

Experimental cultures were set up as described in 6.2.1 and a PPAR-y antagonist was
used to block PPAR~y activation. DCs cultured in growth medium in the presence or
absence of the PPAR-y antagonist expressed low levcls of surface MHC class I, CD40
and CD86 and when challenged with LPS, they upregulated the expression level of all of
the costimulatory molecules tested. However DCs cultured with pRBCs were not able to
respond to LPS trecatment in vifro even when PPAR-y activation was blocked (figure 6.2).
This result excludes the possibility that PPAR-y ligation is responsible for the observed

suppression of DC function during incubation with pRBCs.

6.2.3 Nitric oxide is not necessary to induce suppression of LPS-induced activation of

DCs in vitro.

Nitric oxide (NO) and other reactive nitrogen intermediates (RNI) have been reported to
suppress T cell proliferative responses during many infections (Candolfi ef al., 1994;
Gregory ef al., 1993; O’Connor et al., 2000; Sternberg and McGuigan, 1992) as well as
being involved in the modulation of DC function. NO was shown to selectively
downregulate the expression of the costimulatory molecule CD86 on monocyte-derived
DCs in response to LPS or soluble CD44 ligand and led to a decreased capacity of DCs to
stimulate T cells ir vitre (Corinti ef al., 2003). Furthermore, NO was reported to inhibit
the release of IL-10 and IL-12p40 by mature DCs as well as the secretion of chemokines
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crucially involved in T cell recruitment {TP-10/CXCI.10 and RANTES/CCI.5) (Corinti ef
al., 2003).

Here 1 examined the role of NO in the observed suppression of pRBC-treated DC
function by blocking the action of NO synthase, the enzyme responsible for its generation
(Korhonen et al., 2005). Experimental cultures were set up as previously described in
6.2.1. Cells were treated with L-NIL, a potent and selective inhibitor of NO synthase
(figure 6.3). DCs cultured in growth medium alone or with RBCs were able to upregulate
the expression of MHC class II, CD40 and CD86 following LLPS treatment regardless of
the presence of L-NIL in culture. However, blocking NO synthase activity did not reverse
the maturation defect observed in the pRBC-treated cultures as DCs did not upregulate
the levels of the costimulatory molecules tested in response to LPS challenge. This
finding suggests that NO does not play a significant role in the pRBC-induced

suppression of DC maturation.
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Figure 6.2 Effect of PPAR-y on the LPS-induced maturation of P. chabaudi AS- treated
DCs in vitro. 2x10° DCs were cultured with 2x10° P. chabaudi AS-infected erythrocytes
(AS) or with non-infected erythrocytes (RBC) in the absence (vehicle) or presence of
10uM GW9662 (PPAR~y antagonist) (Hammad et al., 2004). After 24h of co-culture,
DCs were challenged with 1pg/ml of LPS for a further 18h. Control DCs remained
unstimulated (DC) or treated with LPS alone (LPS). Surface expression of MHC class II
(a), CD40 (b) and CD86 (c) on DCs was determined as described in figure 6.1. Results
show the mean fluorescence intensity + standard errors of triplicate cultures per group. *

p=0.05 significant difference botween RBC and AS treated with the PPAR~y antagonist.
~ p=0.05 significant difference between RBC and AS treated with vehicle only.
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Figure 6.3 Effect of NO on the LPS-induced maturation of P. chabaudi AS- treated DCs
in virro. 2x10° DCs were cultured with 2x10° P. chabaudi AS-infected erythrocytes (AS)
or with non-infected erythrocytes (RBC) in the absence (vehicle) or presence of 1mM L-
NIL (L-NIL), a selective inhibitor of NO synthase (Moore et al., 1994). After 24h of co-
culture, DCs were challenged with 1pg/ml of LIPS for a further- 18h. Control DCs
remained unstimulated (DC) or treated with LPS alone (LPS). Surface expression of
MHC class 11 {a), CD40 (b) and CD86 (¢) on DCs was determined as described in Figure
6.1. Results show the mean fluorescence intensity + standard errors of triplicate cultures
per group. * ps0.05 significant difference between RBC and AS treated with L-NIL. ™
p=0.05 significant difference between RBC and AS treated with vehicle only.
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6.2.4 TGF-{ is not necessary to induce suppression of LPS-induced activation of DCs in

vitro.

TGF-$ has been reported to regulate the maturation of differentiated DCs and DC-
mediated T cell responses (Li ef al., 2005). The presence of TGF-f in LPS-stimulated DC
cultures inbibited the expression of MHC class II and costimulatory molecules, which
attenuated the antigen presenting function of DCs (Geissmann ef gl., 1999). In addition,
DC maturation and IL-12 production induced by inflammatory cytokines such as IL-1
and TNF-o were also shown to be inhibited by TGF-f (Geissmann ef af., 1999). It is
therefore reasonable to assume that pathogens may induce host cells to secrete active
TGF-B, which could potentially affect DC function and promote their survival. The
significance of TGF-f activation for parasite survival has recently been demonstrated for
malaria parasites (Omer ef al., 2003). Soluble components of P. falciparum, P. berghei
and P. yoelii infected erythrocytes were shown to be directly able to activate both native
(platelet-derived) and recombinant latent TGF-p (Omer et al., 2003).

Due to the involvement of TGF-f in the modulation of DC function, I investigated its
role in the observed suppression of the LPS-induced maturation of pRBC-treated DCs.
Experimental cultures were set up as described in 6.2.1 and an anti-T'GF-f antibody was
used to block any suppressive effects that this cytokine may exert on DC function. The
results clearly showed that the ability of pRBC-treated DCs to respond to LPS treatment
in vitro was not rescued by blocking TGF-p production as the levels of MHC class II,
CD40 and CD86 were significantly lower than control cultures (figure 6.4). This finding
suggests that TGF-f does not play a significant role in the inability of pRBC-treated DCs

to mature in response to LPS challenge in vitro.
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Figure 6.4 Effect of TGF-f on the LPS-induced maturation of P. chabaudi AS- treated
DCs in vitro. 2x10° DCs were cultured with 2x10® P. chabaudi AS-infected erythrocytes
(AS) or with non-infected erythrocytes (RBC) in the presence of Sug/ml anti-T'GF-B
antibody (anti-TGF-f) or IgG1 isotype control (Isotype). After 24h of co-culture, DCs
were challenged with Ipug/ml of LPS for a further 18h. Conti‘ol DCs remained
unstimulated (DC) or treated with LPS alone (LPS). Surface expression of MHC class II
(a), CD40 (b) and CD86 (¢) on DCs was determined as described in figure 6.1. Results
showl the mean fluorescence intensity =+ standard errors of triplicate cultures per group,
*p=0.05 significant difference between RBC and AS treated with the anti-TGF-
B antibody. "'pS0.0S significant difference between RBC and AS treated with the isotype

control.
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6.2.5 [ndoleamine 2,3-dioxygenase expression is not necessary to induce suppression of

LPS-induced activation of DCs in vitro.

Recently there has been a growing interest in investigating an immunosuppressive
mechanism, involving tryptophan catabolism by DCs that express the enzyme
indoleamine 2,3-dioxygenase (IDO). It has been reported that one mechanism by which
IDO exerts its immunosuppressive effects is by altering the biology of the IDO-
expressing APCs (Hwu ef al., 2000; Munn ¢f af., 1999). This notion prompted me to
investigate the role of IDO in the inhibition of DC function observed following treatment
with pRBCs. A pharmacological inhibitor of IDO (1-MT) (Cady and Sono, 1991) was
used to inhibit IDO activity in vitre. DCs were cultured with RBCs or pRBCs in the
presence or absence of 1-MT for 24h and then stimulated with LPS in viiro. The
expression of MHC class I and co-stimulatory molecules CD40 and CD86 were
examined 18h later by flow cytometry (figure 6.5). As previously shown, DCs cultured
with pRBCs were not able to respond to LPS treatment in vitro as the levels of MHC
class II, CD40 and CD86 were significantly lower than control cultures. Furthermore, the
presence of 1-MT in the culture did not reverse the maturation defect observed following
LPS stimulation, suggesting that IDO expression in DCs did not play a significant role in
the inhibition of DC activation following incubation with pRBCs.

189




Mean Fluorescence Intensify

Mean Fluorescence Intensity

400 4

300 -

204 -

140

36

20

10 -

a. MHCIIL

DcC

c. CD86

LPS

RBC

AS

RBC

30 1

20

10 +

b. CD40

e

LPS

RBC

0 Vehicle
mI-MT

AS

Figure 6.5 Effect of indoleamine 2,3-dioxygenase on the LPS-induced maturation of P,
chabaudi AS- treated DCs in vitro. 2x10° DCs were cultured with 2x10° P. chabaudi AS-
infected erythrocytes (AS) or with non-infected erythrocyies (RBC) in the absence
(vehicle) or presence of 2nM 1-MT (IMT) (Cady and Sono, 1991). After 24h of co-
culture, DCs wete challenged with 1ug/ml of LPS for a further 18h. Control DCs
remained unstimuiated (DC) or treated with LPS alone (LPS). Surface expression of
MHC class II (a), CD40 (b} and CD86 (c) on DCs was determined as described in figure

6.1. Results show the mean fluorescence intensity =+ standard errors of triplicate cultures

per group. *p=<0.05 significant difference between RBC and AS ireated with 1-MT.

“p=0.05 significant difference between RBC and AS treated with vehicle only.
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6.3 Discussion

In previous chapters I have demonstrated that P. chabaudi AS-treated DCs had timited
ability to mature in response to LPS treatment in vifro (chapter 3) and could not induce an
appropriate T cell response, leading to the development of an anergic rather than an
effector T cell phenotype (chapter 4). Subsequent studies revealed that haemozoin played
an important role in the observed modulation of DC biology (chapter 5). However
transwell experiments opened up the possibility that soluble factors, either secreted by the
parasites or the DCs themselves, might be involved in altering DC function thus exerting
cumulative effects on the observed suppression of DC function (chapter 5). In fact, due to
the long co-existence of the malaria parasite with its host, it is very likely that the parasite
has developed a number of mechanisms whereby it manipulates the host’s immune

response to enhance its chances of survival.

In this chapter [ investigated whether selected immunoregulatory molecules were
involved in the observed suppression of the LPS-induced maturation of pRBC-treated
DCs. I focused on the possible effects that PGE; (Harizi and Gualde, 2004) NO (Bogdan,
2001; Brunet, 2001) and TGF-g (Geissmann ef al., 1999) might have on DCs due to their
well-known involvement in immune regulation in many different infections. I also
investigated the role of PPAR-y (Appel et al., 2005; Gosset ef al., 2001) and IDO
expression (Hwu et al., 2000; Munn ef al., 1999) on the observe(_l suppression of DC

function due to their reported roles in immune modulation.

As extensively discussed in section 1.2.8.1, prostaglandins are well known
immunoregulatory molecules (Harizi and Gualde, 2004). DCs have been reported to
produce prostaglandins, especially PGE;, which can act in an autocrine manner and
suppress some key functions of the secreting cell itself or in a paracrine manner and
modulate the biology of cells present in the local environment (Harris ef al., 2002), P,
falciparum was shown to produce prostaglandins, both endogenously and exogenously
(Kilunga Kubata et al., 1998). Prostaglandin production was shown to be highest in the
trophozaite and schizont stages in the parasite life cycle (Kilunga Kubata er al., 1998).
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This observation raised the possibility that parasite-derived prostaglandins might play a
role in the modulation of the host defence mechanism against malaria infection. For
instance, an increased level of TNF-a during malaria infection was reported to suppress
parasite growth in vivo (Clark et al., 1987; Taverne ef al., 1994). Lowering the host TNF-
o production by parasite-produced PGE; would therefore be beneficial to the parasite,
since PGE; regulates the levels of TNF-a (Kunkel ef al., 1988; Renz et al., 1988). It is
therefore reasonable to assume that parasites may suppress immune responses directed
against them either by producing prostaglandins themselves or by inducing DCs to
secrete these lipid mediators, which will in turn suppress their function. For these
reasons, I investigated whether PGE, was responsible for the reduced ability of pRBC-
treated DCs to mature in response to LPS-treatment in vitro. Since PGE; was shown to
modulate DC function via the EP4 receptor subtype (Harizi ef al., 2003) and having an
EP4 antagonist readily available in the laboratory, I decided to examine whether the
observed suppression of DC function was partly mediated by the action of PGE; through
interaction with the EP4 receptor. In this context, the results showed that PGE,-EP,
signalling did not play a significant role in suppressing the LPS-induced activation of
DCs following incubation with pRBCs. Nevertheless, the involvement of PGE, in
parasite-induced suppression of DC function cannot yet be ruled out. In fact, DCs can
produce other prostanoids including thromboxanes A; (TXA;) and PGD,, which have
been reported to modulate the adaptive immune response through their action on DCs.
For instance, PGD, was reported to affect the migratory properties of Langerhans cells
(Angeli ef al., 2001) and the maturation of human DCs (Gosset et al., 2003), as well as
suppressing the CD40- and LPS-induced IL-12 secretion by murine splenic DCs
(Faveeuw et al., 2003). Moreover, PGE;-induced inhibition of DC function was also

reported to be mediated by interaction with the EP; receptor (Harizi et al., 2003).

A recent study reported the induction of IDO expression in DCs following interaction of
PGE, with the EP, receptor subtype (Braun et al., 2005). IDO-expressing DCs were
shown to suppress T cell proliferative response in vitro (Terness ef al., 2002) and were
tolerogenic when injected in vive (Grohmam et al., 2000). Using a pharmacological
inhibitor of IDO (1-MT), T investigated whether IDO expression could mediate the
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suppression of LPS-induced activation observed in pRBC-treated DCs. The results
demonstrated that the maturation defect could not be rescued following treatment of DCs
with 1-MT, excluding the involvement of IDO in the parasite-induced modulation of DC

function observed in the present study.

Like PGE;, NO can exert its effects in an antocrine or paracrine fashion on neighbouring
cells (Korhonen ef al., 2005). Both exogenous and endogenous NO have been reported to
suppress the antigen presenting function of DCs by selectively downregulating the
expression of costimulatory molecules in response to LPS or soluble CD40L in vitro as
well as inhibiting the release of IL-10 and IL-12p40 by mature DCs (Corinti ef al., 2003).
Therefore parasites may potentially induce the production of NO by DCs to subvert
immune responses directed against them. Using a selective inhibitor of NO synthase
activity, I tested whether NO played a role in the inability of pRBC-treated DCs to
mature in response to LPS challenge. Blocking NO synthase activity did not reverse the
maturation defect thus excluding the possibility that NO might be directly involved in the

modulation of DC function in the culture system used.

TGF- is a potent regulatory cytokine produced by a wide varicty of cells including DCs
(Li et ai., 2005) and it has been reported to affect DC function. For instance, the presence
of TGF-B in LPS-stimulated DC cultures was shown to inhibit the expression of MHC
class IT and costimulatory molecules, which attenuated the antigen presenting function of
DCs (Geissmann ef ¢l., 1999). In addition, TGF-p was also reported to be responsible for
the suppression of DC maturation and IL-12 production induced by inflammatory
cytokines such as IL-1 and TNF-a (Geissmann ef af., 1999). As previously discussed in
section 1.2.8.5, there is evidence that many pathogens have evolved mechanisms to
induce host cells to secrete active TGF-B, which in turn suppresses APC function,
enhancing pathogen survival. In particular, soluble components of P. falciparum, P.
berghei and P. yoelii infected erythrocytes werce shown to be directly able to activate both
native (platelét—derived) and recombinant latent TGF-B (Omer et al., 2003). However, in
the present study TGF-f did not seem to be an important factor involved in the

suppression of DC maturation observed following pRBC ireatment, as the addition of a
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TGFEF-p-neutralising antibody in the culture did not rescue the LPS-induced maturation of
pRBC-treated DCs.

The involvement of PPAR~y in the modulation of DC function has been previously
discussed in section 1.2.8.2. Activation of PPAR-y has been shown to inhibit the
maturation of both murine (Faveeuw et al., 2000) and human monocyte-derived DCs
(Gosset et al., 2001) A more recent report showed that TLR ligand-induced activation
and migration of human monocyte-derived DCs, as well as their ability to initiate
lymphocyte proliferation, was impaired upon PPAR-y activation (Appel ef al., 2005).
Activation of PPAR-y resulted in down-regulation of costimulatory and adhesion
molecules by DCs and reduced secretion of cytokines and chemokines involved in T

lymphocyte activation and recruitment (Appel ef al., 2005).

The involvement of PPAR-y activation during malaria infection has also been reported.
PPAR-y was found to enhance the phagocytosis of P. falciparum infected erythrocytes by
macrophages by upregulating the expression of CD36 (Serghides and Kain, 2001).
However, it was shown that P. falciparum infected erythrocytes inhibited DC maturation
.in vitro through the binding of CD36 to a parasite-derived molecule (PfEMP1) on the
infected erythrocyte surface (Urban ef al., 1999; Urban et al., 2001b). Therefore what
seems to be initially a protective mechanism induced by PPAR-y activation could
actually enhance parasite survival within the host by altering DC activation states.
Another study carried out by Paolo Arese and colleagucs showed that the parasite
pigment haemozoin inhibited the maturation of human monocyte-derived DCs via PPAR-
y activation (Skorokhod ef /., 2004). Haemozoin was also found to be responsible for the
suppression of DC function in the present study, as discussed in chapter 5. However,
PPAR-y did not seem to mediate this suppression as the use of a PPAR-y antagonist did
not rescue the ability of pRBC-treated DCs to respond to LPS treatment in vifro.

The results pfesented in this chapter clearly rule out the participation of some of the most

common immunoregulatory molecules studied in the suppression of pRBC-treated DC

function, although the role of PGE; requires further investigation due to its reported
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ability to module DC function via interaction with the EP; receptor subtype. Additional
studies are therefore necessary to gain a better understanding of the mechanisms by
which the malaria parasite exerls its immunosuppressive effects on DC function. The
events leading to DC hyporesponsiveness following interaction of DCs with infected
erythrocytes are undoubtedly complicated given the antigenic and developmental
complexity of the malaria parasite and the long co-evolution with its host. Improving the
knowledge of these events could have important implications for vaccine design and
immunotherapy and might aid in the development of effective DC-based vaccines. Since
none of the molecnles tested in this chapter had an effect on DC function, gene
expression analysis seemed to be an alternative way to gain an overall idea of the

molecular events involved during DC-pRBC interaction,
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7. Gene expression analysis of P. chabaudi AS-treated DCs
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7.1 Introduction

Gene array technology is a powerful method that provides researchers with the
opportunity to analyse the expression patterns of thousands of genes simultaneously in a
short period of time (Schena ef gl., 1995). In a clinical context, identification of
differentially expressed genes may lead to improved diagnosis and treatment guidance,
early discase detection and clinical outcomes prediction. Moreover, relating specific
groups of genes with specific biological states is a critical step toward understanding the
underlying molecular mechanisms characterising a specific disease and will therefore aid

in the identification of novel therapeutic targets (Troyanskaya et al., 2002).

Spotted long ¢cDNA microarray and in situ synthesis oligonucleotide arrays (Affymetrix)
are currently the most widely used array systems (Li ef al., 2002). The basic concept
behind the use of DNA arrays for gene expression is quite simple: labeled cDNA ‘“targets’
(derived from the mRNA of an experimental sample) are hybridized to nucleic acid
probes attached to the solid support. Multiple samples of interest arc labeled either with
different dyes and hybridized simultaneously agatnst a single array (spotted cDNA array)
or with the same dye and hybridized separatcly against multiple arrays (in situ
oligonucleotide arrays) (Huber ef al., 2002). In each case, the relative abundance of a
gene transcript in these samples is determined by comparing the corresponding

fluorescence intensities (Brown and Botstein, 1999) (Diagram 7.1).

The existence of different types of arrays for measuring gene expression makes
consistency and reproducibility across technology important issues. Being able to use
data interchangeably across techniques would be very beneficial, as this would
potentially reduce the need to duplicate experiments. Unfortunately, at the present time,
there are issues in both technologies that should be resolved before it is possible to
transform measurements from either technology to a general index of gene expression
(Kuo et al., 2002; Li et al., 2002).
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Spotted two-colour DNA array Affymetrix Oligonucleotide Array

Sample A Sample B
ampe AP 4a. Label samples with same dye and

@ . 1. Cell culture and hybridise to separate arrays
l harvest
”7 s
mRNA 2. Isolate mRNA from ATV s CDNA
e e samples to be compared il 4
e l i COCOOO OO0
COoOOOO0O DOoOOOOoOo
. COOoCo acoood
oy CPNA 3. Convert each mRNA into Sccooo cleoeos
labeled ecDNA via reverse /
transcription -
Probe
meee 4 Mix cqual amounts OR —> Mismatch at position 13 pair

~.

PM |{AGCCTAGCTGTACATGCCIAGTAGC
MM |AGCCTAGCTGTAAATGCCTAGTAGE

5. Hybridize labeled
cDNA to Array

Gene sequence

6. Detection and — Each gene or portion of gene is
quantification of the hybrid represented by 16-20 ‘prabe pair sets’
-DNA consisting of short fixed-length probes

\ including PM and MM probes.

Diagram 7.1 Principle of microarray technology. mRNA is isolated from samples of
interest and converted into labelled ¢cDNA, which is then hybridized to the array. The
DNA sequences spotted on the array are referred to as ‘probes’, whercas the nucleic acid
samples hybridized onto the array (whose identity/abundance is being detecied) are
generally referred to as ‘targets. When using a spotted-DNA array, labeled fargets are
mixed and hybridized simultaneously on a singlc array. If oligonucleotide arrays are
used, targets are hybridized onto separate arrays. The Affymetrix oligonucleotide array
uses ‘probe-pair sets’ consisting of a collection of ‘probe pairs’ (16-20) related to a
common gene or fraction of a gene. Probe pairs arc short fixed-length probes consisting
of a Perfect Match (PM, a 25 base-pairs oligonucleotide complementary to a sequence of
interest) and a Mismatch probes (MM, same as PM but with a single base change at

position 13, in order to achieve more homogeneous hybridization conditions. Regardless

198




of the type of array used, the relative abundance of a gene transcript is determined by
comparing the corresponding fluorescence intensities. In the spotted two-colour DNA
array, the ratio of the red and green fluorescence intensitics for cach spot is indicative of
the relative abundance of the corresponding DNA probe in the two nucleic acid target
samples (green, gene is over-expressed in green-labeled sample compared to red-labeled
sample; red, gene is over-expressed in red-labeled sample compared to green-labeled
sample; yellow, gene is equally expressed in both samples). In the case of oligonucleotide
arrays, the expression measures are generally based on differences of PM-MM, with the

intention to correct for background and non-specific binding,

7.1.1 Spotted cDNA versus Oligonucleotide (Affymetrix) arrays

Sensitivity and specificity are the two major features that researchers are concerned with
in performing microarray analysis. The length of the DNA employed as the probe
sequence on the arrays is a key factor in determining the specificity and sensitivity of the
two commercial arrays mentioned above (Li ef al., 2002). In spotted cDNA arrays, the
sequence of probes can vary from 500 to 5000 base pairs. One of the problems associated -
with having such large sequences is that it becomes difficult to control the hybridization
efficiency of various cDNA probes. Hybridization conditions are based on the length and
composition of nucleic acid fragments (Southern et al., 1999). As A-T pairs are known to
be less stable than G-C pairs (Southern et al., 1999), probes with higher G-C content tend
to have increased hybridization stability due to the higher proportion of stable base pairs
(Herwig et al., 2000).

The issue of non-specific hybridization is also an important limitation of the cDNA-based
arrays (Kuo et al., 2002; Li ef al., 2002). In addition to probe length affecting
hybridization efficiency, probe sequences with sequence homology to other probes may
further impinge on this issue (Schadt et al., 2000). Different genes may in fact encode
common domains and may have some degree of sequence identity with proteins from
other genes (Evertsz ef al., 2001; Kane ef al., 2000). As a result, gene families pose a

potential problem because in many cases these genes have a great degree of sequence
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identity and can only be distinguished ftom each other by the design and use of gene-
specific hybridization probes (Li et al., 2002). Spotting more specific cDNA probes of
the unique regions from a set of genes and reducing the length of the probe sequences
could reduce some of the limitations, which might be encountered when using ¢cDNA

arrays (Kuo et al., 2002).

In order to accomplish high sensitivity and specificity, Affymetrix introduced a system
that involves the use of a series of specific and non-specific gene probe sets that are
intended to result in a more accurate discrimination between true signal and random
hybridization. Each gene or portion of a gene in the Affymetrix system is represented by
16-20 oligonucleotides of 25 base-pairs (Kothapalli ef al., 2002). The fixed-length probes
are designed to be perfectly complementary to a target sequence, minimizing cross-
hybridization with highly homologous genes (Kuo e al., 2002; Li et al., 2002). A partner
probe that is identical except for a singlc base mismatch in its center, which theoretically
provides maximal disruption of hybridization (Kothapalli ef al., 2002), is generated for
each probe (see 4a in Figure 1). The difference in hybridization signals between the
partners, as well as their intensity ratios, serves as indicators of specific target abundance.
These probe pairs, called the Perfect Match probe (PM) and the Mismatch probe (MM),
are intended to give more homogeneous hybridization conditions in order to increase the
specificity and sensitivity of the assay (Li ef al., 2002). Unfortunately, the use of the
mismaich probe information can sometimes interfere with fold change calculations of
gene expression. For instance, the strong signal associated with some of the MM probes
can interfere with the detection of somc genes present in the samples (Kothapalli ef al.,
2002), (Table 7.1 summarises the main differences between the two microarrays
described).
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Spotted arrays Affymetrix arrays

One probe per gene 16-20 probe-pairs per genc
Probes of varying lengths Probes are 25 base-pair long
Large probe sequences reduce Fixed-length probes improve
hybridization efficiency and hybridization efficiency and
maximize cross-hybridization minimize cross-hybridization
with homologous genes with homologous genes

Problem: Sometimes strong
signals associated with MM
probe can interfere with
detection of some genes

Two target samples per array One target sample per array

Table 7.1 Spotted cDNA versus Affymetrix oligonucleotide arrays: Summary of

differences and limitations.

Despite potential disadvantages associated with the MM probes, the Affymetrix
oligonucleotide arrays seem to give a more accurate and comprehensive scenario of gene-
| expression profiles, which in turn ensures with a high probability that further research
work will proceed down the correct path (Kuo et al., 2002; Li et al., 2002). For these
reasons, the Affymetrix arrays were used in the present study to analyse the gene
expression profile of DCs following treatment with . chabaudi AS infected erythrocytes
or uninfected controls, to gain an overall idea of the molecular events involved during
DC-pRBC interaction. Although gene array technologies allow the simultaneous
measurement of the expression level of thousands of genes in a cell population, these
experiments may lead to a high level of ‘noise’ in the resulting data. This latter problem
may be worsencd if a number of variables are introduced in the experimental design,
therefore particular care must be taken when planning array experiments. To keep the
level of noise in the resulting data to a minimum, bone marrow-derived DCs were used in
the experiments described in this chapter, rather than DCs purified from infected animals.

This approach allowed the investigation of changes in DC gene expression, which are
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solely due to parasite interaction with the DCs, without being influenced by various other
factors, such as the presence of cytokines and other cells in the environment. The present
work was therefore designed with the view of gaining a deeper insight of the parasite-
induced changes in DCs and provides a way to select specific gene products, which may
potentially play an important role in the observed suppression of DC function, thus

providing the basis for future investigation.
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7.2 Results

Previous experiments have shown inhibition of the LPS-induced maturation of DCs
beginning to occur by 6h of incubation with pRBCs (chapter 5). Therefore gene
expression in these DCs must be either up- or down regulated by this time. Although
suppression of DC function was most marked after 24h, I was concerned that changes in
gene expression may have come and gone by this point. I therefore extracted RNA for
microarray analysis from DCs, which have been incubated with pRBCs for 6h. To ensure
that these DCs were functionally impaired, a set of cells was stimulated with LPS for a
further 18h and the expression of MHC class I and costimulatory molecules CD40 and
CD86 analysed by flow cytometry (Figure 7.1). The results show that CD40 and CD86
expression was significantly reduced in pRBC-treated DCs compared to RBC controls.
Instead, MHC class II expression was not affected at this time point. This finding is
consistent with previous results shown in chapter 5, indicating that after 6h incubation

with pRBCs, DCs begin to show signs of a functional defect.

Details on cell preparations and RNA extraction were described in chapter 2. The Sir
Henry Wellcome Functional Genomics Facility at the University of Glasgow performed
the microarray experiment and data analysis. Results shown in Table 7.2 and 7.3 were
selected based on their potential involvement in the modulation of DC function and were
obtained by using the Rank Product (RP) method, where data are expressed as rank lists
(Breitling et al., 2004b). Results shown in Table 7.4 and 7.5 were instead obtained by
using the iterative Group Analysis (i(GA) approach, which identifies functional classes of
gene that are significantly changed (Breitling ef al., 2004a). The basic principles of the

above methods were described in chapter 2.
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Figure 7.1 Surface expression of MHC class II (a), CD40 (b} and CD86 (¢) on bone
marrow-derived DCs following LPS stimulation in vitro. DCs were cultured for 6h with
non-infected (RBC) or P. chabaudi AS infected erythrocytes (AS) and then treated
withlpg/ml of LPS for a further 18h. Results were obtained by flow cytometric analysis
of gated CD11c" cells and are shown as the mean fluorescence intensity + standard errors

of iriplicate culturcs per group. * p=0.05 significaut difference between AS and RBC.
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Table 7.2 Upregulated genes expressed by DCs treated with P. chabaudi AS-infected
erythrocytes for 6h. Results shown were obtained using the Rank Products approach (RP) :
(Breitling ef al., 2004b).

RP Title Rank
4.58 COX-2 4
23.05 Thrombospondin-1 17
257.99 12-Lipoxygenase 153
266.79 Haeme Oxygenase-1 157
321.66 Clusterin 182

‘Table 7.3 Downregulated genes expressed by DCs treated with P. chabaudi AS-infected

erythrocytes for 6h. Results shown were obtained using the Rank Products approach (RP)
(Breitling e al., 2004b).

RP Title Rank
67.90 CD47 39
280.81 BNIP3 143
330.24 COX-1 173
500.66 Bel-2-like protein 11 261
557.61 Tyrosine-3 Mono-oXygenase 280
563.92 Cytochrome ¢ 286
710.17 Fis 1 352
816.90 Hipk2 404
1665.95. Caspase 3 500
1395.57 Tripartite motif protein 27 665
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7. 3 Discussion

The use of a whole mouse genome expression array allowed the investigation of over
39,000 genes, 587 of which were found to be upregulated and 723 downregulated in bone
marrow-derived DCs following treatment with pRBCs. Due to time constraints, a detailed
analysis of this data was not possible. I therefore selected to discuss some genes, which
encode molecules that may potentially affect DC function and are therefore worth further

investigation.
7.3.1 Molecules involved in the modulation of DC functions

7.3.1.1 Eicosanoids

The cyclooxygenases, COX-! and COX-2, are enzymes involved in thromboxane and
prostaglandin synthesis (Harizi and Gualde, 2004). Particularly, COX-2 is an inducible
gene that generates high levels of prostaglandins during inflammation, whereas COX-1 is
constitutively expressed in most tissues and generates prostaglandins for physiological
homeostasis (Seibert and Masferrer, 1994). In the present study, COX-2 gene expression
was found to be the 4™ most upregulated gene in pRBC-treated DCs (Table 7:2), whereas
COX-1 was downregulated (Table 7.3). This observation is particularly interesting in the
current study, as PGE; is known to affect the maturation, cytokine productioh, Th cell
polarising ability and migration of DCs (Harizi ef al., 2003; Harizi ef al., 2001; Harizi et
al., 2002). Although PGE; has been shown to exert its action by binding to four different
types of G-protein-coupled receptors, EPy, EP,, EP; and EP, (Narumij'ra et al., 1999), EP,
and EP4 have been reported to play a central role in the modulation of DC functions by
PGE, (Harizi et al., 2003; Meja ét al., 1997). The involvement of PGE; in the observed
suppression of DC function has been previously investigated by carrying out a
preliminary experiment using an EP4-selective antagonist (chapter 6). The results shown
in chapter 6 suggested that the PGE,-EP4 signalling pathway did not play a role in the
wodulation of DC function, as treatment of DCs with the EP; antagonist did not rescue

the ability of DCs to mature in response to LPS stimulation in vitro. However, since

211




PGE; also exerts its effects through the EP; receptor, the involvement of this molecule, as
well as other prostaglandins, in the observed suppression of pPRBC-treated DCs cannot be
excluded yet. Furthermore, prostaglanding might act directly on T cells to inhibit their
proliferation. In fact it has been reported that PGE;-EPy signalling in T cells potently
suppresses their activation and proliferation (Narumiya, 2003), providing a possible
mechanism used by the parasite Lo induce inappropriate T cell responses, as previously
described in chapter 4. Thus, the observation that COX-2 gene expression is upregulated
in pRBC-treated DCs further reinforces the possibility that prostaglandins might play a

significant role in the observed suppression of DC function.

Formation of prostaglandins is determined by the relative expression of pro-inflammatory
cytokines, which increase COX-2 gene expression and anti-inflammatory cytokines,
which instead decrease COX-2 expression (Harris ¢/ al., 2002). There is also evidence
that prostaglandins regulate chemokine receptor expression and migration of DCs. In the
presence of IL-1ae and TNF-a, PGE2 has been reported to upregulate the expression of
CCR7 and enhance DC migration in response to CCL19 or CCL21 (Harizi er al., 2002).
Therefore, the observed upregulation of the genes encoding the pro-inflammatory
cytokines IL-1c/p and TNF-a (Table 7.4) is consistent with the upregulation of COX-2,
which in turn concurs with the inereased expression of many chemokine ligands found in
pRBC-ircated DCs (Table 7.4).

Gene expression of 12-lipoxygenase, an enzyme that catalyses the production of pro-
inflammatory leukotrienes from arachidonic acid (Harizi and Gualde, 2004), was also
found to be increased in pRBC-treated DCs (Table 7.2). The relevance of this enzyme in
the progression of many human diseases such as cancer, atherosclerosis and rheumatoid
arthritis, has been demonstrated in the past (Yoshimoto and Takahashi, 2002). In a
murine model of helminth infection, 12/15-lipoxygenase was found to be responsible for
the suppressive activity of myeloid cells by generating lipid mediators, which triggered
PPAR-y activation {Brys ef al., 2005). Although the involvement of PPAR-y activation in
the suppression of pRBC-treated DC function has been previously excluded in the current
study (chapter 6), 12-lipoxygenase might exert its suppressive effects on DCs by using a
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mechanism other than PPAR-y activation. In this regard, it has been shown that lipoxin
production, which is catalysed by lipoxygenase, selectively affected chemokine receptor
signalling in murine DCs during 7. gondii infection, resulting in defective DC migration
and decreased 1L-12 responses (Aliberti ef al., 2002).‘

Therefore, the observed upregulation of COX-2 and lipoxygenase gene expression in
pRBC-ireated DCs suggest a possible role of these gene products in the modulation of
DC function, providing the basis for further investigation.

7.3.1.2 Thrombospondin-1

Thrombospondin-1 (TSP-1) was found to be the 17" most upregulated gene in PRBC-
treated DCs (Table 7.2). TSP-1 is an extracellular matrix glycoprotein, which was first
discovered as a stored protein of a-granules that was released upon platelet activation.
The first studies of its function therefore focused on its roles in platelet aggregation and
fibrin clot formation and also its effects on the endothelial and smooth muscle cells of
blood vessel walls (Tucker, 2004). These studies identified a multiplicity of functions
_including effects on cell attachment, motility, proliferation, cell-cell contact and cell

aggregation (Tucker, 2004).

DCs have been shown to be an abundant source of TSP-1, both in the steady state and
during activation by danger signals (Doyen et al., 2003). More importantly, endogenous
TSP-1 has been reported to actively render DCs refractory to subsequent stimulation thus
contributing to the arrest of the inflammatory response (Doyen e al., 2003). This notion
is particularly interesting in the present study, as it was previously shown that pRBCs
inhibit the ability of DCs to mature in response to LPS treatment in vitro as observed by
the reduced levels of MHC Class II expression on DCs as well as costimulatory
molecules CD40 and CD86 (chapter 3).

In view of the results obtained following gene array analysis, it scems reasonable that

pRBCs might stimulate DCs to release TSP-1, which will in turn act on the secreting DC
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itself as well as bystander cells. Indeed further experiments will be required to confirm
this hypothesis and understand the mechanism by which TS8P-1 exerts its
immunosuppressive effects on DCs. In this regard, it has been reported that ligation of
TSP-1 with CD47 and CD36 inhibited cytokine production and maituration of DCs in
response to bacterial stimulation (Armant ef al., 1999; Demeure et al., 2000; Doyen et al.,
2003). TSP/CD47 and TSP/CD36 ligation was found to prevent the upregulation of
costimulatory molecules, the loss of endocytic activity and the acquisition of an increased
capacity to stimulate T cell proliferation and IFN-y production (Demeure ef al., 2000).
These findings were also consistent with a report indicating that anti-CD36 monoclonal
antibody delivered a negative signal to DCs, resulting in decrease of IL-12 production
and phenotypic maturation (Urban et al., 2001b). Moreover, TSP-1 has been shown to
inhibit the expression of the early T cell activation marker CD69 through ligation of
CD47, which is also a costimulatory receptor on T cells (Li ez al., 2001).

The ability of pRBC-treated DCs to prime naive T cells in vitro has been analysed in
chapter 4 where it was found that the expression of CD69 on T cells was not significantly
affected by pRBCs. This finding therefore suggests that TSP-1 might not be involved in
the modulation of T cell responses in the context of blood stage malaria infections.
However, despite the observed upregulation of CD69, pRBCs were found to significantly
affect the ability of DCs to induce efficient T cell responses, leading to the development
of an anergic rather than an effector T cell phenotype. Interestingly, in a different report
TSP-1 was shown to promote the induciion of anergy in naive T cell (Avice et 4f., 2001),
leaving open the possibility that this molecule might play an important role in the
suppression of DC function and subsequent induction of inappropriate T cell responses

during blood stage malaria infection.

7.3.1.3 Haeme Oxygenase-1

Haeme oxygenase-1 (HO-1) is an intracellular enzyme that degrades hacme and inhibits
immune responses and inflammation i vivo (Kikuchi et al., 2005). In the present study,
HO-1 was found to be upregulated in DCs treated with pRBCs (Table 7.2). The
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upregulation of HO-1 gene expression seemed particularly interesting, as this molecule
has recently been reported to block DC maturation and to inhibit pro-inflammatory
immune responses (Chauveau ef al., 2005). Chauveau ¢t al, presented evidence that
induction of HO-1 expression in DCs interfered with the LPS-induced maturation process
in vitro, resulting in the downregulation of the phenotypic maturation markers, as well as
modulation of cytokine production critical for DC maturation and for efficient effector T
cell responses (Chauveau ef al, 2005). In the present study these changes were
consistently found in DCs following interaction with pRBCs, suggesting a possible role
of HO-1 in the modulation of DC function during blood stage malaria. Furthermore, since
HO-1 has been shown to degrade haeme to free divalent iron and carbon monoxide {(CO)
(Otterbein and Choi, 2000), it is possible that the inhibition of T cell proliferation and
cytokine production previously observed in chapter 4 might be due to CO formatien, as
CO has recently been reported to inhibit lymphocyte proliferation (Song et al., 2004),
Therefore HO-1 is not only a marker for immature DCs; instead it appears to have the

potential to affect DC functions by inhibiting T cell responses and inducing T cell anergy.

The induction of HO-1 in DCs following pRBC interaction may result as a mechanism to
degrade the haeme present in native haemozoin (HZ), which was shown to consist of a
core of polymerised haeme derived from host hacmoglobin (Arese and Schwarzer, 1997),
Several studies, conducted both in vive and in vitro have shown that phagocytes are
unable to digest HZ and alteration of certain important functions of the phagocytes may
be related to persistence of undigested HZ in these cells (Schwarzer et al,, 1998;
Schwarzer and Arese, 1996; Schwarzer et al., 1993; Schwarzer et al., 1992). Consistent
with the above reports, this study also showed that HZ suppressed the LPS-induced
maturation of DCs in vitro (chapter 5). Therefore, it is reasonable to assume that HZ
might activate FIO-1 due to the presence of haeme in its structure, leading to DC
suppression. However, Schwarzer and colleagues demonstrated in an early study that HZ
blocked the induction of HO-1 in human monocytes. However HZ did not result in a
generalised impa:irment of the mechanism of HO-1 activity as, HZ-laden cells were still
able to induce HO-1 activity when challenged with free haeme (Schwarzer ef al., 1999)

Furthermore, alkali-solubilised HZ was shown to be an efficient inducer of HO-1 when
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added to monocytes or monocyte-fed FHZ, strongly suggesting that the haeme component
of HZ is potentially capable of acting as an inducer of HO-1, but needs to be converted to
soluble free haeme in order to show these properties (Schwarzer ef al., 1999). Therefore,

the lack of HO-1 induction seems to be mainly due to the structural characteristic of HZ.

The above observations appear to contrast with the observed upregulation of HO-1 gene
expression in the present study. However, besides being induced by haeme itself, in most
cell types, HO-1 is inducible by inflammatory stimuli and oxidative stress (Kikuchi ef al.,
2005). In fact IL-1, IL-6 and TNF-o. were all shown to cause a marked induction of HO-1
mRNA in mouse liver (Rizzardini ef al., 1993). In this regard genes associated with the
inflammatory response pathway were found to be upregulated in the present study, a
result consistent with the upregulation of HO-1. Thercfore HO-1 may play an important
role in the suppression of DC function in the context of blood-stage malaria infection.
Indeed, induction of HO-1 in tissue macrophages and monocytes has been reported in
fatal P. falciparum malaria (Clark ef al., 2003). Nevertheless, whether pRBCs actually
modulate DC function by inducing HO-1 activity remains to be determined and should
therefore be the focus of future studies.

7.3.2 Molecules involved in the control of DC apoptosis

7.3.2.1 CD47

CD47 is a cell-surface molecule expressed on nearly all haematopoietic cells (Brown and
Frazier, 2001) and has been shown to be involved in DC apoptosis (Johansson et al.,
2004) as well as inducing cell death in many other different cell types including B cells
(Mateo et al., 1999), activated T cells (Petiersen ef al., 1999} and endothelial cells
(Freyberg et al., 2000). In the present study, CD47 géne expression was found to be
downregulated in pRBC-treated DCs (Table 7.3). This obscrvation is consistent with
previous fincﬁng shown in chapter 3 where pRBCs were found not to induce apoptosis

DCs in vitro.
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As mentioned earlier, it has been reported that CD47 also played a significant role in
modulating DC function through interaction with TSP-1 (Armant ef al., 1999; Demcure
et al., 2000; Doyen ef ai., 2003). The downregulation of CDD47 gene expression would
therefore suggest that, if TSP-1 truly mediated the observed suppression of DC function,
it might use a mechanism other than CD47 ligation. Alternatively, it is possible that
upregulation of CD47 gene expression might occur at an earlier/later time, as gene
expression analysis was only carried out after a 6h incubation period of DCs with pRBCs,
However, at the present time, the importance of TSP-1 and CD47 in the modulation of
DC function in the context of blood-stage malaria infections can only be speculated upon
and should be the focus for future studies.

7.3.2.2 Bcl-2 proteins

The Bcl-2 family of proteins includes the best-characterised regulators of apoptosis (Li et
al., 2004a). Proteins of this family directly regulate the release of mitochondrial
apoptogenic factors (Li ef al., 2004a). Many of the pro-apoptotic family members, such
as Bax, Bid, Bim and Bmf, are localised in the cytoplasm. Apoptotic stimulation results
in their iranslocation to the mitochondria and induction of the releasc of apoptogenic
factors, such as cytochrome c¢ (Li et al.,, 2004a). This will in turn activate the cysteine
protease family (known as caspases), probably by inhibiting anti-apaptotic members of
the family and activating multi-domain members like Bax (Antonsson ef al., 2000;
Antonsson et al., 2001; Li et ai., 2004a).

In the present study, the expression level of pro-apoptotic genes \;ras downregulated,
whereas anti-apoptotic genes were upregulated, further supporting the viability of DCs
following interaction with pRBCs (Hou and Van Parijs, 2004). For instance, the pro-
apoptotic genes, Bel-2-like protein 11 and BNIP3 were downregulated (Table 7.3). The
latter finding is particularly interesting not only because it supports the viability of DCs
in the culture system used but also because BNIP3 has been reported to induce T cell
apoptosis by binding to CD47 on T cells (Lamy ¢t al., 2003). The ability of pRBC-ireated

DCs to induce T cell responses in vifro has been previously investigated in chapter 4
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where T cell viability was not found to be affected. Thus, the downregulation of BNIP3
gene expression in pRBC-treated DCs fucther reinforces the idea that pRBCs do not

induce DCs to deliver apoptotic signals to T cells following their interaction.

Tyrosine-3 Mono-oxygenase (also known as 14-3-3 theta) is a cytoplasmic protein, which
has been reported to bind directly to Bax and to inhibit its translocation and integration
into the mitochondrial membrane, therefore blocking the release of apoptogenic factors
(Nomura et al., 2003). Thus, over-expression of Tyrosine-3 Mono-oxygenase could be
expected to inhibit Bax-induced apoptosis. In the present study however Tyrosine-3
Mono-oxygenase gene expression was found to be dowregulated (Table 7.3), possibly
indicating induction of Bax-induced apoptosis in pRBC-treated DCs. Nevertheless,
cytochome ¢ and caspase 3, which are expected to be activated following Bax
translocation into the mitochondria (Antonsson ef ai., 2000), were both found to be
downregulated (Table 7.3). Nevertheless, DC viability was further substantiated by the
downregulation of many other pro-apoptotic genes such as Tetratricopeptide repeat
domain 11 (Fis 1) (Table 7.3) (Lee ef al., 2004), Homeodomain interacting protein kinase
2 (Hipk2) (Table 7.3) (D'Orazi et al., 2002; Zhang et al., 2003), and Tripartite motif
protein 27 (Table 7.3) (Dho and Kwon, 2003). Furthermore Clusterin, which has been
associated with cell survival (Pearse ef ¢l., 1992) was found to be upregulated in pRBC-
treated DCs (Table 7.2), consistent with the observed viability of DCs in the experimental
culture tested. Indeed these ideas remain entirely speculative at the present time and they
might be over simplified. In fact the involvement of so many different genes encoding the
various apoptotic signals emphasises the complexity of the interactions that might take

place during this phenomenon.

Collectively, DNA microarray analysis of pRBC-treated DCs emphasised the induction
of a strong pro-inflammatory response ocecurring during the initial interaction of DCs
with pRBCs, a finding typically reported during malaria infection (Stevenson and Riley,
2004). Neveﬁheless, as explained above, some mediators of inflammation might in turn

inhibit DC function, perhaps at a later time point during infection, thus providing a
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possible mechanism used by the parasites to modulate the immune response to their

advantage.

The possible involvement of TSP-1, HO-1 and prostaglandins in the observed
suppression of DC function represent only a few interesting molecules, which have been
highlighted herein as a result of gene array technology. Undoubtedly, the microarray data
might contain information on many other genes encoding molecules, which could
potentially induce DC suppression following pRBC interaction. However due to the
limited amount of time available, detailed analysis of these results could not be
extensively carried out, Nevertheless, the data presented in this chapter shed light on
potential molecules that might be involved in the modulation of DC function, providing
the basis for future functional studies. Experiments using inhibitors of the molecules
described above and analysis of protein production will be required to gain a better
understanding of the involvement of these molecules during blood-stage malaria

infection.
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8. Conclusions
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8.1 Conclusions

During malaria infection there is significant depression of the host’s immune response to
concurrent infections {(Bomford and Wedderburn, 1973; Cook, 1985; Mabey ef al., 1987:
Whittle ef al., 1984) as well as the response to the parasite itself (Brasseur ef al., 1983;
Ho et al., 1986; Troye-Blomberg ef al., 1984). Furthermore, infection with Plasmodium
species impinges on the success of vaccination against unrelated organisms {(Greenwood
et ai., 1972; McGregor, 1962; Williamson and Greenwood, 1978), a significant obstacle
to initiatives aimed at expanding childhood immunisation in malaria endemic regions.
Using the murine P. chabaudi AS model, I examined whether pRBCs can suppress the
function of DCs, which are central to the initiation and regulation of the adaptive immune
response (Adams ef al., 2005). Impairment of DC function may therefore inhibit the
induction of adaptive immunity to heterologous antigens, providing a potential
explanation for epidemiological studies linking endemic malaria with secondary

infections and reduced vaccine efficacy,

The present study revealed that pPRBCs do not directly activate bone marrow-derived DCs
- in vitre; rather, they inhibit the LPS induced upregulation of Class II MHC and
costimulatory molecules (CD40 and CD86) on DCs, as well as the production of 11L.-12
and IL-10 cytokines (chapter 3), pRBCs also inhibit DC activation in response to CpG
and CD40 ligation indicating that multiple signalling pathways are affected, causing a
generalised suppression of DC function. Furthermore, interaction with pRBCs
significantly reduces the ability of DCs to induce OV A-specific T cell proliferation and
cytokine production (chapter 4). However, although pRBC-treated DCs have a reduced
ability to activate an OVA-specific T cell hybridoma, indicative of defective antigen
presenting function, these cells are still capable of inducing the expression of the early
activation marker CD69 on OV A-specific T cells (chapter 4). This finding suggests that
the observed proliferation defect is not due to the failure of T cells to recognise antigen
and that the émount of antigen presented, although significantly reduced, is sufficient to
activate naive T cells. Neverthelcss, pRBC-treated DCs induce an anergic rather than an

effector T cell phenotype (chapter 4), a result which is consistent with the suppression of
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immunity observed in malaria-infected patients (Bomford and Wedderburn, 1973; Cook,
1985; Lam er al., 1991; Mabey ef af., 1987; Moormann ef al., 2005; Thursz et al., 1995;
Whittle et al., 1984).

Since pRBCs were present in DC cultures during the assessment of the OV A-specific T
cell proliferation, I was aware of the possibility that the parasites might directly induce
inhibitory effects on the T cells rather than inhibiting their proliferation by affecting DC
function. I initially addressed this issue by lysing the pRBCs following a 24h incubation
period with DCs. However, this procedure induced DC activation, thus affecting the
outcome of the proliferation assay. I therefore carried out an APC-independent T cell
proliferation assay by coating tissue culture plates with anti~-CD3/anti-CD28 antibodies
(which mimic the signals that T cells would receive from functional DCs) prior to
addition of pRBCs and T cells (100:1, PRBC:T cell). Nevertheless, the results obtained
by using this system varied significantly among experiments, with some assays showing
control RBCs being as inhibitory as pRBCs when compared to cultures that did not
receive any erythrocytes. These different outcomes might be due to the large number of
RBCs non-specifically blocking the interaction of T cells with the antibodies. Although
the issue of whether pRBCs induce suppression of T cell proliferation by affecting DC
function or by having a direct effect on the T cells could not be resolved in vifro, ongoing
studies in our laboratory provide strong evidence supporting the former scenario. In fact,
results from ixn vivo experiments have shown that DCs purified from spleens of infected
animals and pulsed with OVA, could not induce effector OVA-specific T cell responses
when transferred into healthy recipients, which received CFSE-labelled OVA-specific
DO11.10 T cells (in press).

It is known that presentation of antigen to T cells is an essential step in the induction of
priméry immune responses (Obst ef al., 2005). Low levels of antigen presentation may
fail to induce a response, or stimulate only moderate levels of clonal expansion (Gett et
al., 2003). If the magnitude of the peptide:MHC signal received by T cells (signal 1) is
sufficiently strong, it may overcome the requirement for costimulation (signal 2) in T cell

priming (Bachmann et al., 1998) and it can also influence the Th1/Th2 polarisation of the
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resulting T cell response (Constant and Bottomly, 1997). Thus high doscs of
peptide:MHC can polarise towards Th1, with lower doses more likely to induce Th2
responses (Guery et al., 1996; Obst et al., 2005). Therefore, the dose and duration of
antigen presentation, can significantly affect the type of adaptive immune response
induced. In this regard, it is still not known how much antigen (heterologous and
homologous) is taken up by APCs during malaria infection and, more importantly, how
much is subsequently presented to T cells and for how long this presentation persists.
Clearly, these are important questions, which should be the focus of future investigations
in order to gain a deeper understanding of how the malaria parasite suppresses the

development of protective immune responses,

A new method for studying antigen processing and presentation has been recently
described (Itano et @l., 2003) in which a protein antigen and a peptide:MHC Il complex
derived from this antigen could be monitored simultaneously in vivo. This system uses
the YAe antibody, which specifically recognises the peptide Ecuss.6s (derived from the
MHC I-E molecule) in the context of I-A® (Murphy ef al., 1992; Rudensky ef al., 1991).
Linking the E« peptide with an appropriate fluorescent protein (e.g. Green Fluorescent
Protein-GFP) will allow the visualisation of both uptake and presentation of antigen.
Furthermore, TcR transgenic TEc mice, whose CD4* T cells recognise the Ea/I-A”
complex, are also available (Grubin et al., 1997). Thus, by using fluorescently labelled
antigen, the YAe antibody and these antigen-specific CD4™ T cells, it is possible to
monitor the uptake and presentation of antigen as well as visualising the interaction

between APCs and T cells both in vitre and in vivo.

The above system has been recently established in our laboratory and has been used to
examine how pRBCs affect the ability of DCs to process and present heterologous
antigen in vitro. When the proportion of DCs expressing Ea peptide was measured, no
significant difference between RBC and pRBC-treated DCs could be observed (C.
Millington, pérsonal communication). This does not necessarily contradict my findings in
which pRBC-treated DCs were less able to activate hybridoma T cells since the two

systems use different readouts of presentation; one is phenotypic, the other functional. As
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yet, no functional analysis on T cell activation has been carried out using the Ect system
and this would clearly be the focus of future studies. However, it is intriguing to think
that two experimental systems may respond differently to parasite inhibition since human
studies have revealed that certain vaccines appear to induce protective responses
irrespective of malaria status and hence the immunosuppressive cffect of malaria
infection may not extend to all antigens (Greenwood et al., 1972). In fact, while
diminished antibody response to tetanus toxoid and to the O antigen of S. typhimurium
were reported in children with acute malaria, their antibody response to the H antigen of
S. typhimurium and their cellular immune responses were normal (Greenwood et al.,
1972). The Ea system could therefore help us to gain a better insight in the uptake and
presentation of heterologous antigens during malaria infection iz vivo and depending on
the outcome of the Ea-specific T cell response induced by pRBC-treated DCs, it could
perhaps aid in understanding why T cell responses to certain antigens are not affected
during malaria. Furthermore, besides examining presentation ot heterologous antigens,
this system can be used to investigate presentation of parasite antigens ir vivo. This can
be achieved by developing transgenic parasites expressing Ea-GFP (currently underway
in our laboratory). The fluorescent moiety will allow tracking of parasites and antigen ir
vivo, while the expression of Ea. will help to investigate how this antigen is presented to
the immune system and how T and B cells respond, Moreover, the anatomical location of
uptake of Ea-GFP-expressing parasites and presentation of Eoa by APCs can be identified
by using laser-scanning cytometry (LSC) (Grierson et al., 2005; Smith ef al., 2004) and,
by using APC-specific markers, it is possible to characterise the phenotype of the APC
engaged in antigen presentation as well as determining the magnitude and duration of

antigen presentation during infection in vivo,

As mentioned earlier, the initial interactions between APCs and T cells determines the
nature of the developing immune response and studies in our laboratory have shown that
differences in the duration and/or frequency of these interactions underlie the outcome of
priming versus tolerancc (Zinselmeyer et af., 2005). The movement of CD4" T celis in
lymph nodes was imaged and compared during the induction of oral priming and

tolerance. Primed T cells were shown to form larger and longer-lived clusters compared
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to tolerised cells (Zinsclmeyer et al., 2005). This study was possible due to the use of
multi-photon microscopy, which allows to image fluorescently labelled cells in intact
tissue in real-time. The application of this technique during malaria infection is a logical
extension of the present study and will enable us to investigate whether pRBC-treated
DCs are capable of inducing the activation and clustering of T cells around the DCs and
examine the subtle differences underling the development of immune responses in
malaria infected animals compared to controls. Gaining further knowledge of the
mechanisms and requirements for the induction of immunological priming is critical to
improve therapeutic strategies for the prevention and treatment of malaria and for the

development of an effective malaria vaccine.

My initial experiments, which established that pRBCs do indeed inhibit DC function,
were followed by studies aimed at investigating the mechanisms of suppression. Fixation
of pRBCs immediately after harvesting enabled me to examine whether parasite viability
and development was a necessary requirement for the observed inhibition of DC
function. Isolation of pRBC-ghosts enabled me to analyse whether parasite-derived
antigens cxpressed in the erythrocyte membrane played an important role in modulating
DC function. Finally purification of haemozoin, a byproduct of haemoglobin digestion
and the use of a transwell system enabled me to analyse the involvement of haemozoin
and soluble factors potentially secreted by pRBCs in the suppression of the LPS-induced
activation of DCs in vitro. While neither parasite growth or parasite-derived antigens
expressed in the erythrocyte membrane are responsible for the observed modulation of
DC maturation, haemozoin, and soluble factors secreted by pRBCs, contribute
significantly to the immunosuppressive effects induced in DCs ir vifro. A deeper
understanding of the mechanisms employed by haemozoin to induce its effects is a
necessary step for finding ways to induce haemozoin degradation, in an attempt to rectify
the ﬁmctional impairment of DCs and should therefore be the focus of future studies.
Similarly, identification of parasite-derived soluble factors and investigation of their
mechanism of action would be worthwhile. In this regard, treatment of pRBC-derived
supernatants with proteases and lipases would provide a first step in their identification.

This could be followed by purification and identification of potential proteins and/or
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lipids. For instance, proteins may be purified by 2-D gel electrophoresis and either
enzymatically or chemically cleaved (Gevaert and Vandekerckhove, 2000). The obtained
peptide mixtures can then be analysed by mass spectrometric techniques, which will
retrieve possible candidate proteins (Gevaert and Vandekerckhove, 2000). Similarly,
analytical technologies have been developed for the detection and quantification of lipid
species, Lipid extracts can be separated on a chromatographic column and eluted species

identified and quantified by on-line mass spectroscopy (Hermansson et al., 2005).

Although haemozoin and parasite-secreted factors were found to suppress DC function, I
analysed potential mechanisms used by the parasite to exert these effects on DCs. I
therefore investigated whether interaction with pRBCs would induce DCs to secrete
immunosuppressive factors, which could potentially act in an autocrine manner and affect
the function of the secreting cell itself or in a paracrine fashion und suppress the function
of bystander cells (chapter 6). Since none of the most common immunoregulatory
molecules selected for this study (NO, TGF-p, PGE; acting through the EP4 receptor,
PPAR~y and IDO) seemed to be involved in the suppression of DC activation, gene
expression analysis seemed the most appropriate approach to gain an overall view of the
molecular events inveolved during DC-pRBC interaction, In this regard, microarray
analysis of pRBC-treated DCs shed light on some possible molecules that might play a
role in the observed suppression of DC function, such as TSP-1 and HO-1 (chapter 7).
Future work using enzyme inhibitors/blocking antibodies/receptor blockers should be
carried out to validate this information. Furthermore, although genomics studies may
provide important information on the expression of genes encoding proteins that might be
involved in the modulation of DC function, protein productioﬁ caniot be fully
characterised by gene expression analysis alone. Alternative splicing and post-
translational modification of proteins give rise to a large increase in protein diversity
resuliing in fewer protein-coding genes than there are proteins. For these reasons,
proteomics (i.e. the large scale study of proteins) is a useful tool and would therefore be
the ‘next step’ following genomic analysis. The 2-D Fluorescence Difference Gel
Electrophoresis (DIGE) system allows the separation of up to three protein samples on a

single 2-D gel. Protein samples are labeled with different fluorescent dyes, mixed and run
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on the same gel, which is then viewed by fluorescence at different wavelengths, much
like a microarray (Westermeier and Marouga, 2005). This method leads to highly
accurate qualitative and quantitative results as gel-to-gel variations are eliminated

(Westermeier and Marouga, 2005).

The identification of suppressive agents secreted either by the parasites or the DCs
themselves and understanding their mechanism of action could have important
implications for vaccine design and immunotherapy and might aid in the development of
effective DC-based vaccines against malaria. Furthermore, these suppressive agents may
have broader applications as potential therapeutic molecules in settings where
immunosuppression would be clinically beneficial, such as in the case of autoimmune
diseases. For instance, it would be interesting to analyse the effects of haemozoin
administration on diseases like rheumatoid arthritis, In this regard, experiments similar to
those carried out using ES-62 on the collagen induced arthritis model (Mclnnes ef al.,

2003) would be ideal for examining its therapeutic potential.

Similar to haemozoin, ES-62, a glycoprotein secreted by the rodent filarial nematode
Acanihocheilonema viteae, was shown 1o exhibit broad immunomodulatory activities in
vitro that were in general anti-inflammatory (Harnett ef al., 2003). In fact, ES-62 reduced
antigen-driven B and T lymphocyte proliferation, inhibited the ability of macrophages to
produce Thl/proinflammatory cytokines such as IL-12, TNF-«, and IL-6, modulated DC
maturation to preferentially elicit Th2-polarised responses, and induced spleen cells to
produce IL-10 (Harnett and Harnett, 2001). Filarial nematode infection was also shown in
some cases to modulate the human immune response to heterologous antigens, including
vaccines (Stewart ef ul., 1999). In vitro and in vive studies using the collagen-induced
arthritis model clearly demonstrated that ES-62 could potently suppress inflammation
(McInnes ¢t al., 2003), providing powerful proof of the concept that molecular
characterization of the host-parasite relationship offers therapeutic potential in the context

of autoimmune diseases.
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Abstract

Background: Dendritic cells (DCs) are central to the initiation and regulation of the
adaptive immune response during infection. Modulation of DC function may therefore allow
evasion of the immune system by pathogens. Significant depression of the host's systemic
immune response to both concurrent infections and heterologous vaccines has been
observed during malaria infection, but the mechanisms underlying this immune
hyporesponsiveness are controversial.

Results: Here, we demonstrate that the blood stages of malaria infection induce a failure of
DC function in vitro and in vivo, causing suboptimal activation of T cells involved in
heterologous immune responses. This effect on T-cell activation can be transferred to
uninfected recipients by DCs isolated from infected mice. Significantly, T cells activated by
these DCs subsequently lack effector function, as demonstrated by a failure to migrate to
lymphoid-organ follides, resulting in an absence of B-cell responses to heterologous antigens.
Fractionation studies show that hemozoin, rather than infected erythrocyte (red blood cell)
membranes, reproduces the effect of intact infected red blood cells on DCs. Furthermore,
hemozoin-containing DCs could be identified in T-cell areas of the spleen in vivo.

Conclusions: Plasmodium infection inhibits the induction of adaptive immunity to
heterologous antigens by modulating DC function, providing a potential explanation for
epidemiological studies linking endemic malaria with secondary infections and reduced vaccine
efficacy.
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Background

Malaria is the nmajor parasitic disease of humans throughout
the tropics and subtropics, mainly affecting children under
5 years af age and causing 500 million clinical cases and up
to 2.7 million deaths each year [1]. [n addition to infection-
induced mortality, malaria is also associated with public-
health problems resulting frem impaimment of immune
responses, Although this inynumosuppression may have
evolved as a mechanism by which the parasite can prevent
immune-mediated dearance [2-8], it leaves malaria-infected
individitals or experimental animals more susceptible to
secondary infections, such as non-typhoidal Selmonella [9],
herpes zoster virus [10)], hepatitis B virus [11], Moloney
leukemia virus [12] and neinatode infection [13], as well as
Epstein-Barr virus reactivation [14-17]. Because the efficacy
of heterologous vaccines can also be suppressed in malaria-
infected patients 118-21], children showing clinical signs of
malatia are rarely immunized until after anti-malarial
chemoprophylaxis, which can improve the response to vac-
cination {22]. In a recent study of a new conjugate vaccine
against pnewmnocoeci, efficacy was reduced duing the
malaria transmission season [23], demonstrating the possi-
ble impact of malaria infection on large-scale vaccne
regimes. Certaln vaccines, however, seem to induce protec-
tive responses imespective of malaria status and the
immunosuppressive effect of malaria infection might thus
not extend o all antigens [20}; studies in vivo are required to
investigate this controversy farther, Several animal studies
have described suppression of immune function by Plas-
niediunt parasites in vitro anxd in vivg | 24-34], but the mecha-
nismis involved remain unclear.

Dendritic cells {DCs) have a audal role in the activation of
T cells and consequently in the inducdon of adaptive
immune responses and immunity [35,36}. There is evidence
that many pathogens have evalved mechanisins that subvert
DC function, therebv modulating the host's immune
tesponse to their advantage [37,38]. Recent studies have
revealed that DCs are important in malaria infection, partic-
ularly during the early events of induction of the protective
immune response to infection 139,401, It has been reported
that red blood cells (RBGCs) infected with schizont-stage
Plasmodium  falciparusn  activate  plasmacytoid DCs as

http:ffiblal.comfcentent/5/2/5

detected by inaeased expression of the antigen CD86 and
the crtokine interferon-ae (1FN-ar) in vitro [41}. In contrast,
the asexual erythrocytic stages of P. fulciparum were shown to
impair the ability of human DCs to undergo maturation in
vitre [42]. Indeed, peripheral blood DCs of P. falciparunt-
infected children. showed reduced levels of the major histo-
compatibility complex {MHC) molecule HLA-DR compared
with uninfected contiols [43], suggesting a redured activ-
ation. state. Thus, the ability of imalaria parasites to inhibit
maturation of DCs could be involved not only in parasite-
specific immunosuppression but also in the suppression of
responses to heterologous antigens such as vaccnes and
unrelated pathogens |2,19,20]. As human malaria parasites
are hostspecific, however, observations on the effect of
human malaria on DCs are Jargely Hmited to studies in viro,

Here, we describe the mechanisn underlying this suppres-
sion of immunity in vitre and in wivo. DC activation is
dynamically altered by parasitized erythrocytes (pRBCs),
partly because of deposition of the malarial pigiment hemo-
zoin {H7) within these cells, Following presentation of het-
erologous autigen by pRBC-exposed DCs, there is less
expansion of CD4* ‘helper’ T cells that are essential for the
induction of adaptive inurwnity. Subsequently, migration
of 'I' cells to lymphaoid follicles is abrogated, leading to
defective B-cell expansion and «ifferentiation and a failure
of the antibody response. These studies explain why immu-
nity to malaba is slow o develop and why pretection
against secondary infections is reduced in Plasmodinm-
infected individuals.

Results

Suppression of heterologous immune responses
during malaria infection

We fliist examined the response to a heterologous antigen
during Plasmodium chabaudi (AS strain) infection {Tigure 1a)
to determine whether this nuarine model veflected the elini-
cal immunosuppression observed with P. falciparum infec
tion [18-21]. Mice were inmunized with the model antigen
ovalbumin {CVA} and lipopuolysaccharide (LPS) to act as
adjuvant at various times after infection, and OVA-specific
serum immunoglobulin G {IgG) was measured 21 days later.

Figure 1 {see figure on the foflawing page)

Suppression of immumity by P. chigbaudi infectlon. (@) BALB/c mice were infected with (¢ P, chabaudi (AS strain) parasltas by intra-peritoneal
Injection and the propertion of peripheral bload cells parasitized (parasitemia) was menitored by Giemsa's stain of peripheral blood smears.

{b) Uninfected (squares) or P. chabaudi-infected (circles) BALB/C mice were immunlzed with OVA/LPS at the Indicated times after infection, Three
weeks after immunization, sera were analyzed for QVA-speclfic 1gG., Data represent the mean of thres mice par graup 1 | standard deviation (s.d.)
and are representative of two similar experiments (*h =< 0.05, % = 0.005 uninfected versus P. chabuud-infected). {¢) Spleen cells from uninfected
{opcn bars) or P. chabaud-infected {filled bars) BALB/C mics Immwnized with OVA/LPS 10 days post-infection wore re-stitnulated in vitro as indfeated

and supernatants assayed for levels of IFN-y {left) and IL-5 (right) after 48 h.
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Uninfected, immunized animals generated OVA-specific IgG
responises, bul OVA and LPS administered 6 houwrs and 12
days after infection with P. chabaudi produced significantly
reduced levels of IgC (Figure 1b). Interestingly, suppression
was lower in mice immunized during increasing levels of
parasite infection (parasitemia; Figure 1b, 4 days). By 21
days post-infection, infected animals had regained immune
responsiveness and mounted antibody responses of a similar
magnitude to those seen in uninfected controls {Figure 1h,
21 and 28 days). Production of OVA-stimulated and con-
canavalin A (ConA} mitogen stimulated T-cell cytokines was
reduced in cultures of splenocytes taken from mice infected
with P chabgudi 10 days before immunization (Figure 1c).
‘thus, as desaibed for P. falciparum in humans, P. chabandi
infection in mice induces suppression of iromine responses,
although these studies reveal that, in the animal model at
least, this is a highly dynamic phenomenon.

Modulation of DCs in vitro by infected erythrocytes
DC activation is central to induction of adaptive immunity
[35], and previous studies have suggested that several pro-
tozoan pathogens have evolved mechanisms to suppress this
response and consequently to reduce immune-mediated pro-
tection [44]. [uman DCs cultwred with P. falciparum-
infected erythrocytes are hyporesponsive to stimulation with
LPS and less capable of stimulalng CD4* T-cell responses
[42]. This olservation remains controversial, however, as
studies using murine modefs have suggested that DCs may
be activated during increasing parasitemia in vivo {45] and
following culture in vitro with parasite schizont-infected
exrvthrocytes [40].

As the results above indicated that immune responsiveness
in vivo is dynamically vegulated during infection, we studied
the ability of P. chabaudi-infected erythrocytes to modulate
DCs directly, by examining the expression of MIHC class 11
and co-simulatory moelecules on DCs. Bone-marrow-
derived DCs were incubated with infected erythrocytes and
the expression of surface markers examined at various times
over the following 24 hours. Qur results show that DCs
expressed very low levels of surface MHC dlass 1f and the co-
stimulatory molecules CD40, €80 and CD86 when cul-
tured in growth medium alone, thus confirming the
immature state of these DCs in culture (Figure 2a-d). Stimu-
lation with IPS promoted a significant increase in the
expression level of all co-stimulatory molecules within 6
hours. DCs incubated with RBCs or pRBCs did not,
however, increase expression of MHC class 11, CD40, CD80
and CD&6, indicating that malaria parasites do not induce
DC activation directly. Analysis of cytokine production
showed that DCs exposed to RRG or pRBCs produce small,
though detectable, amounts of both interleuldins IL-12 and
I1L-10 that are a thousand-fold lower than those observed

htepif/jbiol.comicontent/5/2/5

after .S stimulation {Figure 2¢,{}, suggesting that the pres-
ence of parasites does not result in DC activation. ‘Lhe via-
bility of weated XCs and control cells was quantified after
24 hours of culture by trypan blue exclusion (Figure 2g) and
propidium iodide (PI} and annexin V staining {data not
shown} and was not significantly affected by pRBCs.

Having established that pRBCs at a ratic of 100:1 do not
direcdy induce DC maturation, we examined whether
PRBC-treated DCs retained their ability to mature in
response to 1PS treatment in vitro. DCs were exposed to
RBCs or pRBCs for 24 howms and subsequently challenged
with LPS. After 18 hows of LIS stinulation, the expression
levels of MFIC class 11, CD40, CD80 and CD86 increased
significantly {Figure 3a-d). DCs pre-incubated with pRBCs
and subsequently challenged with LPS, however, showed
significantly lower levels of expression of MHC class 1,
CD40, and CI286 compared with those observed when cells
were not treated wilh pRBCs or were pre-incubated with
RBCs before the LPS challenge (Figure Sa-d). Kinetic studies
demonstrated that the ability of pRBCs to induce this
hyporespornsive state in DCs required at least 6 hours pre-
incubation before the addition of IPS (data not shown).
Cytokine production following treatment with LPS showed
that, although DCs treated with pRECs could still produce
appreciable levels of 11-12 and 11-10 in response t¢ LPS,
the amount produced was significantly lower than that pro-
duced by NCs pre-incuibated with RBCs (Figure 3ef). As
the interaction between CD40 on DCs and its ligand
CD4OL on T cells in vivo is known to be cructal in the pro-
duction of bivactive 11-12 and upregulation of adhesion
andl co-stimulatory molecules |46,47], we stimulated bone-
marrow-derived DCs with CD40L-transfected fibroblasts
{(Figure 3gh). DCs treated with RBCs significantly upregu-
Tated CD40 expression in response to CDAOL and produced
high levels of the indudble 11-12p40 subunit. G40 liga-
tion, however, did not rescue the reduced maturation of
DCs weated with pRBCs, although, as previously observed
with the LPS weatment, these cells still producedt 11-12 p40
Imf tor a lesser extent than the control groups.

Modukation of DCs in vive during malaria infection

As owr results suggested that mualaria-infected erythrocytes
might modulate the responsiveness of DCs in vitro, we next
investigated the activation status of splenic 1DCs in wive
during a time-course of infection with P. chabaudi. 12Cs iso-
lated from spleens of mice 4 days after infection showed a
moderately aclivated phenotype, as demonstrated by
increased expression of CD40 and CD8O (Figwre 4a), con-
fitming previoos reports [45]. DCs isolated from infectex]
animals 12 and 20 days aller infection, however, showed a
reduced level of activation, with lower levels of CD40,
CDau, €D86 and MHC class 1T moleculey on their surface
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DCs isolated from the spleens of I. chabaudi-infected mice  infection, and the level of activation on DCs is teduced
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Figure 3

P. chabaudi-infected erythrocytss inhibit the LPS and CD40L-induced maturation of OCs. DCs were cultured with infected {(pRBC) o1 uninfected
(RBC) erythrocytes for 24 h, as described in Figure 2, then treaved with | pg/m! of LPS for a further 18 h. (a-f} Results were analyzed as described
In Figure 2 (*p = 0.05 pRBC versus RBC). {g,h) DCs (I x 10¢) were qultured with | x 1 Infected erythrocytes (pRBC) before stimulation with
CD40L-expressing fibroblases (filled bars} or control fibroblasts {(open bars) ata 1:i ratic of fibroblasts:DCs. Untreated DCs {Con) and uninfected
erythrocyto-treated DCs (RBC) were used as controls, DCs were incubated with flbroblasts for a further 18 b befare analyzing CD40 expression
and cytokine production. CD40 expression on DCs Is shown as the mean fluorascent intensity an TD1 le¥ cells. IL- (2 production Is shown as the
mean optlcal density {OD) read at 450 nm. Results show the mean value & s.e. of triplicate samples perr group {"p = 0.05 pRBC versus RBC).

Journal of Bivlogy 2006, 5:5

RN

:Mezai,

o

x
:
i
*
B
H
A
i
.3
w1
4
o
+



http://jbiol.eom/content/5/2/5

httpifjbiol com/content/5/2/5

Journal of Bivlegy 2008,

Volume 5, Attlcle 5

Millington exal, $.7

(@)

1.8+ D"’”
1.5+
T 1.2+
g
g 0.9-
4]
® 6
= 0
0.3
0
CD4{) CDBO CDBG MHC It
c
( )1_2_ Day 21
5 0.8+
2
5
2 0.4+
b U l
GD40 CDSO cD8s MHG i}
(d)
15 MHC I
g "
1 .g
k5
B 0.5-
#
a

Relative level

Unstimulatad

LPS-shmulatad

cpsgo

i

Unstimulated

|

LPS stimulated

-~
o
g

12 Day 12
T 0.8
§ E)
% .
3 0.4-
o

o T

CD40  CDBO  CDB6  MHG I

(e)

. CD4o

3

Relative level
P

{_

Unstimulated

E
LPS-stimulated

B CD86
-——«6_
(3]
5
g 4
] #
[0
2.

ol NI

Unstimulated  LPS-stimulated

Figure 4

Modulation of DC activation in viva during P. chabaudi infection, (a~¢) Splenic CD1 Ic* DCs were isalated from P. ¢habairdi infected mice at various
times (filled bars) or from uninfacted controls (open bars) and analyzed by flow cytometry for the indicaved markers. Data are expressed as mean
fluorescence intensity relative to uninfected samples 1 s.d. (*p = 0.05 uninfected versus P. chabaudi-infected). (d-g) Splenic DCs from uninfected
{open bars) or P. chabaudi-infected filled bars; 12 days post-infection) BALB/c mice were restimulated in vitre with LPS (I pg/mi) for 18 h before
analysis by flow cytometry for (d) MHC class I}, (8) CDA40, {f} CD8C and (g) CDA6. Data are expressed as mean fluorescence intensity relative to
uninfected, unstimulated samples 21 s.d. (*s = 0.05, #» = 0.005 uninfected versus P. chabaudiinfected for the same treatment).
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Figure 5

Identification of P. chabaudi components that inhibit LPS-Induced DC maturation. {a-c} DCs (2 x 10%) were treated for 24 h with uninfected RBC
{apen bars) or Infected RBC (pRBC; fllled bars) that were untreatad ar fixed before stimulation with LPS (1 pug/ml) for 18 h, DC acdvation was
charzacterized by analysis of (a) MMC chass Il (b) CD40, and (c) CDB6 expression on CD|ict DC surfaces by FACS (b = 0.05 pRBC versus RBC,
+p = 0.05 fixed pRBC versus fixed RBC). (d,e) DCs (5 x 10%) were incubated with Intact erythracytes or RBC ghosts from uninfected (open bars)
or Infacted erythracytes (filled bars), for 24 h before stimulation with LPS for |8 h. DC activation was characterized by analysis of (d) MHC class 1§
and (&) CD40 expression on the DC surface by FACS (* = 0.05 pRBC versus RBC).

following the peak of infection {days 12-20), and this
cannot be abrogated by microbial stimudation ex vivoe.

Identlfication of P. chabaudi components that induce
DC hyporesponsiveness

As we had demonstrated that malaria infection modulates
ltey aspects of DC function, we wanted to examine the pos-
sible ;mechanisms involved. Initially, to determine whether
maturation of the parasite from the trophozoite stage to the
schizont stage in vitre or some metabolic process within the
PRBCs was required for induction of DC hyporesponsive-
ness, pRBCs were fixed with paraformaldehyde and incu-
bated with DCs for 24 hours before the addition of LPS
(Figure 5a-c). The expression levels of MHC class II, CD40
and CD86 were significantly reduced when DCs were co-
cultured with fixed pRBCs before LPS challenge, confirming
that trophozoite-infected erythrocytes downregulate DC
activation in response to LPS treatiment and suggesting that

growth and maturation of the parasite into schizonts is not
required for suppression, In an attempt to understand the
mechanisms involved in the parasite-mediated maodulation
of DC function, we investigated the role of selected parastie
components on the LPS-induced maturation of DCs. We
addressed this question initially by analyzing the effect that
parasite proteins expressed on the erythrocyte surface mem-
brane have on DC function. DCs were exposed to RBC
membranes (ghosts) isolated from infected or uninfected
erythirocytes. After 24 hours of culture, DCs were challenged
with LUS and the expression of co-stimulatory molecules
analyzed 18 bows later {Bigure 5d,e). Our results cleatly
show that ghosts olated from pRBCs dicl not alter the
ability of DCs to respond to LPS treatmment in vite, as
observed by the levels of MITC class 11 and C1340, demon-
strating that proteins expressed on the surface membranes
af pRBCs are apparently not essential for the modulation of
DC fmetion.
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Figure 6

Deposition of HZ in DCs suppresses maturation. (a) HZ content in bone-marrow-derived DCs (In vitro), purified DCs (Ex vivo) and spleen sections
(In vivo) was visualized by light microscopy (top images) or by false-coloring malaria pigment viewed in bright-field image (red) and superimposing
over the fluorescent CD | | c image (green). (b) CDIIc* DCs were analyzed for size and granularity by flow cytometry |12 days post-infection with

P. chabaudi or in uninfected controls. Data are expressed as the mean forward scatter or side scatter of triplicate samples + 1 s.d. (*p = 0.05,

#p = 0.005 uninfected versus P. chabaudi-infected). (c-e) 2 x 10° DCs were cultured with | uM, 5 uM, 10 uM and 20 uM of HZ. After 24 h, the
level of expression of (¢) MHC class |I, (d) CD40 and (e) CD86 on CD| Ic* cells was determined by FACS analysis. (f-h) After 24 h culture with HZ,
| pg/ml LPS was added to DCs and the levels of (f) MHC class II, (g) CD40, and (h) CD86 were analyzed |8 h later by FACS. All resuits are shown
as the mean fluorescence intensity on CD | Ic* DCs in triplicate samples + s.e. (*p = 0.05 HZ versus LPS).

Journal of Biology 2006, 5:5



http://jbiol.eom/content/5/2/5

5.10 fournal of Biology 2006,

Yolume 5, Ardlcle 5 Millington ct ol

Having established that parasite proteins expressed on the
erythrocyte cell membrane are nat responsible for the mad-
ulation of LPS-induced maturation of DCs in vitre, we
focised our attention an 7, a by-product of hemoglobin
digestion. We observed that bone-marrow-derived DCs cul-
tured fn vitro with infected erythrocytes accumulated intra-
cellular malarial pigment (Figure 62). Hlow cytometric
analysis of splenic DCs, identified by CD11« expression,
also demonstrated an increase in the size and granularity of
DCs during infection (Ligure 6b), and DCs isolated ex vivo
as well as DCs in spleen sections showed conspicuous HZ
deposition (Figmre 6a).

In order to assess the role of HZ in the parasite-induced
modulation of DC function, we initially analyzed its ability
to activate DCs directly in vitro (Figure 6¢-¢). Bven at the
highest dose {20 pM), HZ did not induce DC matwation,
ay the levels of MHC dass II, CD40 and CD86 were the
same as the levels expressed by untreated controls, We then
examined whether HZ-treated DCs still responded to LPS
treatment in vitro (Figare 6f-h). Ow data clearly demoun-
strate a dose-dependent inhibition of the LPS-induced mat-
uration of DCs by HZ, as seen by the reduced levels of MBC
class II, CD40 and CD86. Taken together, these results indi-
cate that HZ, rather than pRBC meinbranes, is a key factor
involved in the suppression of murine DG function in vitre
and in vivo.

Failure of pRBC-treated DCs to induce T-cell
effector function

The above experiments clearly implicated 11Z-mediated sup-
pression of DC function in the failure of antibody production
and in the delayed acquisition of protective inumumity seen
during malania infection in vive. To examine the functional
consequences of malaia on DC function directly, we exam-
ined the ability of affected IDCs to activate naive, OVA-specific
T-cell receptor-transgenic 1' cetls, These cells allow monitoring
of the antigen-specific CD4* T-cell response as their antigen
specificity is known and they can be tracked using a cono-
typic antibody directed against their T.cell receptor. One of
the earliest cell-surface antigens expressed by T cells following
activation is €169, which is detectable within an hour of
ligation of the T-cell receptor complex [48]. Interestingly,
there was no significant difference in the percentage of QOVA-
specific T cells expressing CD69 between RBC-treated and
PRBC-treated groups (Figure 7a), showing that T cells inter-
acting with modulated DCs are equally activated.

To investigate whether treatment of DCs with pRBCs could
alter the dynamics of the 1-cell proliferative response, we
harvested the Y’ cells at 48, 72, 96 and 120 hours of culture
(Figure 7b}. The ability of pRBC-treated DCs to induce
T-cell proliferation was dramatically reduced compared to

hitpiffjblol comicontent/5/ 25

the control group throughout the observatian period {see
figure 7b). Analysis of T-cell production of I.-2, IL-5, IL-10
and IEN-y {Figwe 7c-f} revealed that each cytokine was
downregulated in the pRBC-trcated groups compared with
RBC-treated cantrols. The observed reduction in Ticell pro-
liferation and cytekine production could not be explained
by T-cell death, as similar levels of necrotic and apupiotic
cells were detected in both conditions by FAGS analysis off
propidium iodide and annexin staining (data not shown).
Thus, although DGCs pre-ueated with pRRCs in vitro can
induce initial activation of naive CD4+ T cells, causing upreg-
ulation of CDG9, these T cells fail to proliferate effectively
and] have a reduced ability to seaete effector aytokines.

Suppression of T- and B-cell proliferation during
malaria infection

‘To characterize fully the downsticam effects of HZ-induced

DC hyporesponsiveness on heterologous immune respon-
siveness, we directly investigated antigen spedfic '1*cell
responses i vivo by transferring traceable OVA-specific CD4+
T cells into redpient mnice [49]. This allows us to follow the
responge of a small, but detectable, number of antigen-
specific CD4* T cells during the induction of an adaptive
immune response. Cells were transferred into recipients fol-
lowing the initial peak of parasitemia (day 12 of infection)
and immunized 1 day later. In P. chabaudi-infected immu-
nized mice, OVA-spedlic CD4+ T cells underwent a similar
initial activation L that of antigen-specific T cells in vnin-
fected mice, as estimated by upregulation of CD69 (Figure
8a) and increased size/blastogenesis (also an indicator of
activation; data not shown), confirming the in vitre observa-
tion (see Figure 72). Antigen-specific CD4* T cells in fymplh
nodes and in spleen failed to expand to the same extent in
infected mice ay in uninfected contrals (Figure 8b), however,
partly because the antigen-specific CD4+ T cells made a
reduced number of divisions (Figure 8c). Interestingly, we
did not detect increased apoptosis (cdetermined by annexin
staining} of OVA-specific T cells vansferred into malarsia-
infected individuals (data not shown).

One of the most significant componerns of C4+ T-cell effec:
tor function is migration into primary lymphoid follides to
interaci with, and provide help {or, anligen-spedfic B cells
[50]. 'To track the effect of malaia infection on these popula-
tions, we transferred B-cell-receptor transgenic B cells specific
for hen egg-white lysozyme (HEL) taken from the MD4 tians-
genic mouse, together with the OVA-specific DO11.10°T cells
and immunized with OVA coupled to HEL [51]. B-cell expan-
ston in vuninfected animals peaked 5 days after immunization
(Figure 9a). Lxpansion of HEL-specific B cells was almaost
completely ablated in P, chabaudi infected animals immu-
nized with OVA-TIEL/LPS (Figine 9a}, however, suggesting a
defect in B-cell activation and/or T-cell help in infected mice.
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Figure 7

#. chabaudiinfected erythracytes inhibic the ability of DCs to efficiently activate naive T cells in vitra. DCs (2 % 10%) were treated with nfected
(PRBC} or uninfected (RBC) erythracytes for 24 h. DCs were then loaded with 5 mg/ml of OVA for 6 h. 5 x 10 untreated (Control), RBC or
pRBC-treated DCs and 5 x 105 DOV 1.10 lymph node cells were then co-cultured. (@) CD69 exprassion assessed on DO 1,10 T cells 24 h later by
FACS analysis. Results are expressed as the percentage of antigen-specific cells expressing CD69 in cultures stimulated by OVA-pulsed DCs {filled
bars) ar by DCs only (open bars), Residts show the mean of triplicate samples & s.e. {(b) [PH]thymidine was added for the last 18 h of culture; c.p.m,
counts per min. Resules show mean profiferation of OVA-speclfic T cells after incubation with DCs treated with uninfected RBCs (open cireles) or
pRBCs (filled circles) in triplicate sarnples * s.c. The concentrations of {c} IL-2, {d) IL-5 {e) IL-10, and (f) IFN-y sccreted by OVA-specific T cells
after incubation with DCs treated with uninfected RBCs (apen circles) or pRBCs {filted circles) were measured in supernatants harvested after 24,
48, and 72 h of culture.
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Figure 8

Suppression of CD4* T-cell expansion by P. chabaudi infaction in vivo. {a) Uninfected {open bars) or P. chabaudi-infected {filled bars) BALBfc mice
received DO11.10 T cells and remalned unimmunized or were Inmunized with QYA/LPS |2 days post-Infection. Expressian of CDé9 on splenic
OVA-specific T cells was assessed 18 h post-immunization. Results shown are the proporton of OVA-speclfic CDA*KJ1.26* T cells expressing CD4A9
and represent the mean of three mice por group 1 s.d. (b) Uninfected (squares) or P, chabavdi-Infected (clreles) BALBfc mice were transferred and
immunized (filled symbels} or remaincd unimmunized {open symbels) and the absalute number of OYA-specific T cells in spleen {left) and lymph
nodes (right) calculaved at varlous times. Results show the mean number of CD4Kj1.26" T cells and represent the mean of three mice per group
%1 5.d. (*p = 0.05,¥p = 0.005 uninfected and immunized vorsus P. chabaudiinfected and immunized), {c) Representative CFSE profiles of OVA-
specific T cells are shown (left) and data shown as the mean proportlon of CD4*K]1.26" cells under each CFSE peak in uninfected (open bars) and

P. chabaudi-infected (filled bars) following immunization (bottom histogram) or in unimmunized controls (upper histogram). Data represent the mean
of 3 mice per group | s.d. (" = 0.05, #p =z 0.005 uninfected and immumized versus P, chabaudi-infected and Immunized).
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Failure of heterologous antigen-specific T-cell
migration during malaria infection

Optimal expansion of antigen-specific B cells requires their
cognate interaction with CD4* T cells [52,53]; we therefore
examined the localization of OVA-specific CD4+ T cells fol-
lowing limmunlzation. Five days after inununization of
uninfected mice, clonal expansion of antigen-specific T cells
was evident by immunohistochemistry, and these cells had
begun to migrate into B-cell follicles (Figore 9b). In
P. chabaudi-infected mice, however, not only were there
reduced numbers of OVA-spedific T ¢ells, but these cells were
alimost completely excuded from B-cell follicles {see Figure
9b). Migration was quantified using laser-scanning cytome-
try [54,55]. As shown in Figure 9¢, the average proportion of
OVA-specific CD4* T cells in B-cell follicles was significantly
reduced in P. chabaudi-infected mice following immuniza-
tion compared with uninfected, immunized animals. This
demonstrates that in infected gnimals, CD4* T cells fail to
migrate into follicles and therefore fail to interact with
antigen-specific B cells, both essential steps in the induction
of protective, adaptive immunity. hmportantly, these failures
in T- and B-cell function are similar to sitwations in which
immune tolerance js induced [56-58), although few studies
have directly examined the interaction of T and B cells in vive
during the course of infections. It should be noted that, in
contrast to the carly inflammatory stage of the infection,
notmal lymphoid architecture was apparent when these
defects in migration were observed, with clearly distinguish-
able, intact B- and T-cell areas (see Figure 9b).

To investigate whether the failure of T-cell migration into
foilicles was simply due 0 a potential alteration in lym-
phoid architecture or chemokine gradients caused by
malaria infection, OVA-specific CD4+ T cells were initially
activated in vitro with bone-marrow-derived DCs and pRBCs
and then transferred into uninfected recipient mice. Expan-
sion of T cells stimutated in vigro with DCs cultured with
infecied RBCs was reduced following transfer compared
with expansion of OVA-specific T cells activated in the pres-
ence of uninfected erythrocytes (Figore 9d), and these cells
also failed 1o migrate into B-cell follicles (data not shown).

‘l'o address whether the defect in 'I-cell migration was due to
their activation in the context of parasite infection or to
modulation of DC function, highly pusified DCs from the
spleens of malaria-infected animals or uninfected controls
were pulsed with QVA and transferred into naive BALB/c
recipient mice along with DO11.10 T cells labeled with the
fluorescent dye 5,6-carboxy-sucdnimidyl-fluorescein ester
(CESE). Foliowing transfer of OVA-pulsed DCs from unin-
fected mice, 1' cells divided efficiently, as seen by CFSE dilu-
tion {Figure 9e}. In mice transferred with OVA-pulsed DCs
pwified from the spleens of malatia-infected mice,

Journd of Biology 2006,  Yelume §, Article 5

however, OVA-specitic CD4* ' cells failed to divide to the
same extent (see Figure 9¢), suggesting that DCs exposed to
malaria parasites are less capable of inducing effective T-cell
responses. Furthermore, DCs purified from in vitre culture
with pRBCs and pulsed with antigen were less able to
induce an optimal T-cell response upon transfer to unin-
fected recipients {data not shawn). Thus the defect in T-cell
function and migration js primarily due 1o the modulation
of DC function by the malaria parasite, and not simply the
result of activation of T cells in the conlext of infection.

Discussion

Several previous reports have suggested a generalized sup-
pression of numune responses during infection with Plas-
miodium {2-10,12-21,24-34,59]. One possible mechanism
vould be impairment of the function of DCy, a cell type that
is essential in the generation of the primary immune
responses [42]. But the significance of this observalion for in
vivo studies, the implications for downstrears immunologi-
cal fimction, and what (if any} parasite component mediated
this effect remainedt unclear. Here, we hiave shown that DCs
are modulated by the malaria parasite and are suppressed by
infection with P. chabaudi through the malarial pigment HZ,
Importantly, Plasmoditm infection also causes a significant
defect in the induction of immune tesponses i vivo: expan-
slon and migration of CD4* T cells is greatly reduced, resuit-
ing in a consequent reduction in the interaction between
these T cells and B cells and in the help they can provide to
the B cells. Despile severely impaired T-cell migration and
effector function, early stimulation of antigen-spedific CD4*
T cells is not affected by malaria infection, as T celis stimu-
lated in vitro and i vive upregulate CDG9, suggesting that,
despite suppression of DC function, there is sufficient
anligen presentation to induce initial T-cell activation.

Although the observed defect in CD4+ T-cell funciion seems
to be directly related to inhibition of DCs, it has alsc heen
sugges(ed that optimal T-cell expansion and differentation
requiires the interaction of T and B cells {60]. Thus it may be
that the failure of DCs to activate properly and subsequently
induce T-cell migration inte B-cell follicles also tesults in
the reduced expansion of CD4* T cells observed here
Nevertheless, the failure of opimal CD4* T-cell expansion
and migration during infection dearly results in the ahroga-
tion of B-cell expansion and a subseguent absence of anti-
body production at spedific time-points during infection.
Thus, protective, systemic imumunity against non-parasite
antigens, and presumably against parasite antigens, fails to
develop effectively.

Although alterations in the architecture of the spleen during
infection with P. chabaudi have been described [61}], these
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changes were less evident in our model, with intact B220+
B-cell follicles stilf clearly discernible by day 17 of infection
(see Figwe 9b). mterestingly, infected mice immunized on
day 4 of infection (when lymphoid structure is already dis-
ruptedl [61]) were able to generate antibody responses, sug-
gesting that despite the breakdown in architecture, immune
priming is still normal in these mice.

Our Important finding that activaied T cells fail to migrate
into follicles may in part be due w splenic alterations not
visualized in our immunohistochemical staining for B220,
or to alteration of chemokine gradients important for T-cell
migration in infected mice. To addiess these issues, we
transferred T cells that had been primed i vitro in the pres-
ence of malariz parasites into uninfected recipient mice
with nommal lymphoid achitecture. In addition, we immu-
nized naive, uninfected mice with OVA-loaded DCs which
had been cultured in vitro with infected erythrocytes. In all
of these situations we could separate the effect of parasites
upon DCs or T cells fiom the described disruption of lym-
phoid architecture (see Tigure 9). In each case, 'I' cells
primed in the presence of malaria pavasites or T cells primed
by DCs exposed to infection failed to differentiate fully fol-
lowing transfer into uninfected recipients. Thus, alteration
of splenic architecture alone cannet account for our obser-
vations, suggesting that the faiture in T-cell differentiation is
due to DC modulation.

Another possible explanaton for the ubserved defect in the
induction of immunity could be through competition for
access to antigen hetween adoptively twansferred OVA-
specific T cells and endogenous malatial antigen-specific T
cells. Thus, a large dose of blood-borne parasite antigens

Journal of Biology 2006,  Volume 5, Artlcle 5

could impede the induction of other (‘bystander’) immune
responses. But studies examiping bystander respomges in
other parasitic diseases {for example, [62-65]), as well as the
potent stimulatory capacity of mycobacieria-containing
complete Freunds” adjuvant [66], suggest that such inhibi-
tion of immunity does not occur, despite potentially laige
amounts of competing antigens. In our experiments, naive
OVA-specific CD4+ T cells activated in vitro and in vivo in the
presence of infected erythrocytes upregulated CD69 to the
same extent as T cells stimulated in. uninfected controls, sug-
gesting that sufficient access to antigen was available to ini-
tiate Tcell signaling cascades (see Figures 7 and 8).
Irthermare, transfer of T cells activated in the presence of
infected erythrocytes, or transfer of purified DCs from
infected mice into uninfected recipients, transferred the
immunosuppressive phenotype, suggesting that the effect
cannot be ascribed to out-competition of the OVA-specific’l
cells by malaria-specific cells (see Tigiwes 8 and 9).

Tn search of a mechanistic explanation for these observa-
tions, we initially focused on analyzing the effect that para-
site proteins expressed on the erythracyle meembrane might
have on DC function. It is known that the development of
the parasites within erythrocytes is coupled with changes in
the host cells, induding the host-cell plasma membranes
[67], and it is well established that parasites express ‘neo-
prateing’ on the host-cell surface, some of which are
reported to induce protective immunity [68-70]. Erythro-
cytes infected with the rodenlspecific swain P, chabaudi
adhere to specific cell types by interacting with inolecules
such as CD36 [71]; this is known as cytoadherence. Impor-
tantly, the interaction of P, Jalciparum-infected RBCs with
CD36 has been shown to mediate suppression of DG

Figure ¢
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P. chabaudi Infection causes reducedd expansion of B cells wkd fuilure of CD4* T-cell migration through medulation of DCs, (&) Uninfected (squarcs)
or . ¢habaudi-infected (circles) BALB/e mice recelved QVA-specific CD4* T cells and HEL-specific B cells 12 days after Infection and were
Immunized with OVA-1EL/LPS {filled symbals) 24 h later. Controls remained unimmunized (open symbols). Results shown are the absolute number
of HEL-specific B cells in the spleen {{oft) and ymph nodes (LN, right) and represent the mean of 3 mice per group +| s.d. and arc representative of
3 similar experiments (% = 0.05, # = 0,005 uninfected and immunized versus P. chabaudtInfected immunized). {(b) Five days after immunization,
spieens from the mice described in (a) were snap frozen and prepared for immunohistochemfstry. Sections wera stained using biotinylated-KJ 1,26
followed by Streptavidin-AlexaFluar 647 to detcet OVA-specific T cells (red) and B220-FITC to identify B-cell areas (green). linages shown are
representative of 3 mice per group from 2 similar esiperiments. () Sections stained as in (b} were analyzed by laser-scanning cycometry. Results are
expressed as mean proportion of OVA-specific T cells per unlt area in the regians Indlcated. The number of OVA~specific T cells contalned in
identically sizad regions af follicle and periartariolar lymphoid sheath (PALS) was calculated and expresserl as a proportion of total Kj1.26* eclls In
the section to avaid blas due to the difference in expansion between uninfected and infected spleens. Results represent triplicate readings of 3 mice
per group 11 s.d. (*p = 0.05 uninfected and immunized versus P. chabaudi-infecred and immunized). (d} Bone-marrow-derived DCs were cultured
with P. chabaudf pRBCs (circles) or RBCs (squares) for 18 h before pulsing with 5 mg/m! QYA (filled symbuols). Controls remained unpulsed {open
symbols). OVA-specific CD4* T cells were then added ata ratio of 11 and cultured for 72 h in vitro. T cells were fsolated, washed and transferred
Into uninfected reciplents immunized 48 h before transfer 1o synchronize the Immune response. Clonal expanstan was then assessed as described
above. Resulis show the mean proportion of CD41K]1.26* T celis and represent the mean of 3 mice per group | s.d, (fp = 0.05, RBC-cultured,
OVA-pulsed DCs versus pRBC-aultured, OVA-pulsed DC). (e} DCs were purified from spleens of uninfected or P. chahoudH-infected mice and
pulsed with 5 mg/iml OVA for 2 h. Cells were then harvested, washed and 5 x 105 DCs transferred into uninfected BALB/c mice along with
CFSE-labeled OYA-specific T cells. The level of CFSE In OVA-speclfic CD4* cells was amlyzed 5 days later, as described in Figure 8.
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function [72]. Examination of the P. chabaudi genome has
not, however, revealed any homologs of the P. falciparum
protein PIEMP1 [73], which is important in sequestration
{72]. Rather, a separate multigene family expressing suiface
antigens was identified in P. chabaudi [73], which may have
a role in cytoadherence [74].

Another important difference between P chabaudi (the
rodent-specific strain used here) and the human-specific
strain P. falciparum js the presence of surface complexes,
known as knobs, in P. falciparum.infected erythrocytes,
which strengthen interactions between pRBCs and receptors
expressed on other cells {75]. P. chabaudi-infected pRBCs
have no evident knobs [76]. Thus, although P. falciparum
ancl . chabaudi show specific differences in their mecha-
nisms of cytoadherence, pRBC mediated DC suppression
might occur through interactions with membrane mol-
ecules, such ag CD36. We therefore exposed DCs to erythro-
¢yte ghosts from infected or uninfected erythrocytes, before
the LPS challeuge. Ghosts isolated from pRBCs did not alter
the ability of DCs to respond to LPS treatment i vitro, sug-
gesting that pavasite antigens expressed on the erythrocyte
plasma membranes do not indice the suppression previ-
ously descibed following contact with DCs in vitro. In
support of this finding is the observation that immuniza-
tion of mice with pRBC ghosts can induce protection from
parasite challenge [77], suggesting that protein structure is
maintained on erythrocyte ghosts and that ghosts, unlike
intact parasites, are not inherently immunosuppressive.

As fixed pRBCs suppressed the LPS-induced matwration of
DCs wheteas pRBC membranes did not, HZ seemed o be a
good candidate to investigate when looking at the mecha-
nism of parasite-induced modulation of DC function. Previ-
ous repoits bhave suggested that HZ  impairs  the
differentiation and functional capacity of human mono-
cytes and nmurine macrophages through the production of
1110 andfor the induction of percxisome proliferator-
activated receptor-y {PPAR-y) |78-82]. The extrapolation of
these results to DCs remains somewhat controversial,
however, with other workers suggesting a proinflammatory
role for HZ, possibly via the Toll-like receptor-9 [83-86].
Our resuits suggest that intracellular parasite components,
including HZ, do indeed suppress DC matwration and func

ton in vitro. The exact mechanism involved in this suppres-
sion remains undefined, although it is interesting that
phagecytosis of HZ has been found to inmease degradation
of protein kinase C [87]. Thus, degradation of key intracel-
lular signaling molecules may be one mechanism by which
Dlasmodinm parasites suppress DC function. Together, these
results sugpest that in contrast to P, falciparum, intracellular
HZ rather than P. chabaudi-derived membrane-expressed
proteins is responsible for the suppression ol APG function.

htepiffjbiol.comfcontent/S/2/5

‘The results presented here dealy demonstrate that DC funce-
ton is dynamically todulated in vitro and in vivo by asexual
I3lood-stage malaria parasites. These findings support previ-
ous studies with P. falciparura-infected erythrocytes and
human monocyte-derived DGCs [42] as well as studies in
vitro and in vive of Plasmodiun yoelii with murine DCs [88].
Other studies suggest, however, that P. chabaudi schizonts
activate DCs in #itro [40]. Similarly, in previous studies
[15,89], DGCs isolated from P. yeelii-infected mice during
peak parasitemia were formd to be activated and to effi-
ciently process and present anfigen to naive ‘1' cells. In the
present study, DCs exposed (o trophozoite-infected erytlivo-
cytes show impaired maturation in response to stimulation,
indicatng that it Is not only different pavasites {P. yoelii
versus P. chabaudi) but also different stages (trophozoites
versus schizonts) that have different effects on DC function.
Interestingly, the observed dilferences in the ability of
PRRBCs to stimulate DC maturation may arise through con-
tamination of parasile matetial with mycoplasmas, which
are known (o contain potent Toll-like receptor (TLR) ligands
that efficiently activate DCs [90-92].

It l1as recently been suggested that, during malaria infection
in vivo, DCs are activated during early infection and then
show TILR lolerance later in infection, becoming unrespon
sive to LPS stimulation {93]. We believe this not to be the
case with P. chabaudi, however, because we seg no evidence
of direct maturation of the DCs by the parasite (see Figure
2). In addition, activated DCs show an increased ability ta
stimulate '1-cell proliferation and cytokine production {36].
neither of which were observed in the T-cell assays in the
current study. Rather, we suggest that the transient increased
expression of activation matkers on DCs ax vivo reflects the
high concentrations of pro-inflammatory cytokines caused
by the early stage of nfection [94]. ITn support of this, «
recent report described that DCs activated through inflam-
matory cywkines williout pathogenic stimulation upregu-
lated markers of activation but were unable to drive CD4*
T-cell differentiation [95].

‘The ability of DCs to interact with CD40OL on. T cells in vivo
las alse been used to explain the differences hetween in vivw
and in vitro studies [45]. Interestingly, in our study we could
not rescue DC maturation when pRBC-treated DCs were
stimulated with CD40Ttransfected fibroblasts, also suggest-
ing that 1LR tolerance (the refractory state of DCs w0 a
second stimulation with a TLR ligand) is notinvolved in the
failure of DCs to respond to stimulaton. This suggests that
the effects that . chabaudi-infected erythrocytes exert on DC
function i vitre might be mare profound than those
induced by P. yoelii infection. Whether these changes to the
CD11c* population as a whole reflect changes in individual
subsets of DCs awaits further investigation, Importantly, we
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have shown that the immunosuppiession seen is due to this
inhibition of DC function rather than w suppression of 1’
cells ar breakdown of splenic architecture, as transfer of T
cells activated in the context of parasitey in vitro or of DCs
from infected mice was sufficient to prevent subsequent
T-cell differentiation in uninfected recipients (see Figure ).

"The results presented here demonstrate, for the first time,
that suppression of immunity associated with 2. chabaudi
affects multiple populations of cells essential for develop-
wment of immunity. DC function is impaired during parasite
infection, as a result of ingestion of HZ, and although CD4+
T cells specific for a non-parasite antigen become activated
following immunization, they fail to expand clonally as effi-
ciently as in uninfected controls. Crucially, these T cells sul>-
sequently show a defect in their ability to migrate into B-cell
areas and, consequently, fail to provide effective help for
B-cell expansion and antibody production. These results
demnonsuale an overall defect in priming of heterclogous
immune responses during Plasitodium  infection and
provide an explanation for increased secondary infections
and the reduced efficacy of vaccines in areas where malaria
is endemic,

Materials and methods

Animals and challenge infections

Female BALB/c¢ mice were purchased from Halan Olac
(Bicester, UK). DO11.10 mice, with CD4+ T cells specific for
the OVA,,. 54, Peptide in the context of the MHC class I
molecule [-AY recognized by the KJ1.26 clonotypic antibody
[96] were obtained originally from M. Lycke, University of
Goteborg, Sweden. MD4 mice containing HEL-specific B
cells [51] were backcrossed onto the BALB/c background.
All mice were maintained at Biological Servicesy, University
of Clasgow, under specific pathogen-fice conditions and
first used between 6 and 8 weeks of age in accordance with
local and UK Tome Office regulations.

To initiate a malaria infection, mice were inoculated with
1 x 10% P. chabaudi As-infected erythrogytes intra-peritoneally.
Parasitemia was monitored by thin blood smears stained
with Giemsa's stain. Peak parasitemia occurred at 5-6 days
post-infection, after which time parasite levels decline] and
remained at low but vsually detectalsle levels for the
remainder of the experiments {se¢ Figure 1a), as previously
described [97]. Infected mice were held in a reverse
light/dark cycle so that parasites harvested at 08:00 h were
at the late trophozoite stage. For studies in vitro, blood was
collected when parasitemia was 30-40%. Infected blood was
recovered into heparin (10 IU/ml} by cardiac puncture and
diluted in phosphate-buffeved saline (PBS; Invitrogen,
Paisley, UK) to the required concentration of pRRBCs.
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At various times following malaria infection, mice were
immunized intravenously with 500 pg OVA  (Sigma-
Aldrich, Poole, UK), or a conjugate of OVA and HEL
{Biozyme, Gwent, UK) [50], along with 50 ng LPS (from
Salmonella equi abortus; Sigma-Aldrich},

Preparation of bone-marrow DCs

DCs were prepared from bone marrow as previously
described [98]. Cell suspensions were obtained from femuirs
and tibias of female BALB/c mice. The bone-marrow cell
concentration was adjusted to 5 x 107 celis/ml and cultured
in six-well plates (Corning Costar, New York, USA} in
conplete RPMT (¢RPMI: RPMI 1640 supplemented with
L-glutamine {2 mM), peniciliin (100 U/ml), streptomycin
(100 ug/mi) (all from Invitrogen) and 10% fetal calf serum
(T'CS; Labtech International, Ringmer, UK) containing 10%
of culture supematant from X63 myeloma cells transfected
with mouse granulocyte-inacrophiage colony stimulating
factor (CM-CSF) «DNA. Fresh medium was added to the
cel]l aultures every 3 days. On day 6, DCs were harvested and
cultured at the required concentiration for each individual
experimental procedure, as described below. This fechnique
generated a laige number of C11ct DCs largely free from
granolocyte and monocyte contammination, as previously
described [98].

In vitro culture of DCs with fixed infected or
uninfected erythrocytes

Blood from P. chabaudi AS-infected mice was washed twice
inn PBS before being resuspended in ¢RPMI for addition to
DCs. LFor fixation, infected bleod was washed three times in
PRS and resuspended in 0.5% paraformaldehyde for 30 min
at 4°C. Fizxed cryitwocyles were then washed in PRS, resus-
pended in 0.06% Gly-Gly (Sigma-Aldrich) for 5 min at 4°C
and washed twice more in PBS before being resuspended in
cRPMI for addition to DC. After 24 h culture, DCs were stim-
ulated with 1 pg/ml LPS and the expression of cell-surface
molecules was analyzed 18 h later by flow cytometry. 'To
conficm complete fixation, we showed that 2 x 107 fixed,
infected ervthrocytes could nuot establish infection when
injected intra-peritoneally into a female BALB/c mouse.

in vitro culture of CD40L-transfected fibrohlasts

with DCs

The cell lines 3T3-CD40OL and 3T3-SAMEN [46] were kind
gifts from P. Hwu (NCI, Bethesda, USA). Cells were grown
in ¢RPMI in T75 tissue culture flasks (Felena Biosciences,
Gateshead, UIK) and, when confluent, harvested and distrils-
uted in six-well plates at 2.5 x 107 cells/ml of cRPMI. Bone
marrow-derived DCs were cultured with infected or unin-
fected erythrocytes ac a ratio of 1:100. After 24 h, DCs were
harvested, resuspended at 1 x 10€ cells/ml and cultured in a
131 ratio with either 3T3-CD40L or 3T3-SAMEN cells for a
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further 24 h. The level of CD40 expression on DCs was ana-
lyzed by flow ytomety and culture supernatants collected
for IL-12 ¢ytokine analysis.

T-cell stimulation in vitre

Bone-marrow DCs were centrifuged at 450 x g, resuspended
at 1 x 109 cells/ml and 500 pl alicuots were distributed into
24-well tissue culture plaies (Corning Costar) with pRBCs
or RBGCs. After 24 h incubation at 37°C in 5% CO,, DCs
were antigen-loaded for ¢ h with 5 mg/ml OVA (Worthing-
ton Biochemical, Freehold, USA). OVA-specific T cells were
isolated from the mesenteric and peripheral lymph nodes of
DO11.10 ransgenic mice [96] on the SCID background and
cultured at a 1:1 ratio with DCs. ‘I-cell proliferation was
assessed after 48, 72, 96 and 120 h of culture and assessed
by incorporation of [H]thymidine {0.5 p.Cifwell) for the
last 24 h of calture. Cells were harvested using a Betaplate
0G-well harvester (wallac Oy, 'lurkw, PFinland) and
{®*H]thymidine incolporation measured on a Betaplate
liquid scintillation counter (Wallac).

Cytokine assay

For the detection of 1L-12 {p40 and p70) and II-10,
OpBIA™  enzyme-linked immunosorbent assay (ELISA)
kits (Beeton Dickinson, Oxford, UK) were used according to
the manufacturer’s instructions. For f-cell cytokines, Mouse
Thi/Th2 6-Plex kit {Biosource, Nivelles, Belgium] was tsed
according to the manufacturer's instructions. For analysis of
cytokine production ex wvivo, single-cell suspensions of
spleen cells were prepared by rubbing through Nitex mesh
(Cadisch & Sons, London, UK) in RPMI 1640 medium.
After washing, cells were resuspended at 4 x 106 cells/ml in
cRPMT, either alone or with 1 mg/ml OVA or 5 pg/ml con-
canavalin A (ConA; Sigma-Aldrich) and supernatants
sarpled after 48 h. These were stored at -20°C until analy-
sis by standard sandwich ELISA protocol (antibodies used:
for IFN-y capture, R4-6A2; for IFN-y detection, XMG1.2; for
IL5 capture, TRKES; for IL-5 detection, TRKFA; Pharmingen,
Oxford, UK) and the levels of cyteldne in supernatants cal-
culated by comparison with recombinant cytokine stan-
dards (R & D Systems, Abingdon, UK).

Flow cytometry

Aliquots of 1 x 10° cells in 12 x 75 mm polystyrene tubes
(Falcon BD, Oxford, TIK} were resuspended in 100 pd TACS
buffer (PBS, 2% FCS and 0.05% NaN,) containing Fc Block
(2.4G2 hybridoma supernatant) as well as the appropriate
combinations of the following antibodies: anti-CD4-PerCP
{cdlone RM4-5}, anti-CD11c-PE (done HLS], anti-CD40
FITC (clone 3/23), anti-CDGY9-PE (clone H1.2F3), anti-
CD80-BNC (done 16-10A1), anti-CD86-FITC {clone GL1),
anti-MHG-1I (clone 2G9), anti-B220-PLi {clone RA3-6B2),
Pr-hamster 1gC isotype control, FITC-rat 1gG2a, & isotype

htepdfjbiol.comicontent/$/2/5

control and FITC-hamster IgG1, A isotype control {anti-TNP)
(all Pharmingen), biotinylated Kj1.26 antibody or biotiny-
lated HLL. Biotinylated antibodies were detected by incuba-
tion with fluorochrome-conjugated streptavidin (Pharmingen).
After washing, samples were analyzed using a FACSCalibur
flow cytometer equipped with a 488 pm agom laser and a
635 nm red diode laser and analyzed using CellQuest soft-
ware {hath 131> BioSciences, Oxford, UK).

Preparation of erythrocyte ghosts from infected and
uninfected mouse hlood

Ghosts from infected and uninfected erytlnocytes were gen-
erated as previously described [67]. Briefly, blood was col-
lected into heparin by cardiac puncture and washed three
times in P'BS. Infected and uninfected erythrocytes weie
concentrated in PBS supplemented with 113 mM glucose
{Sigma-Aldrich) and 3% FCS. Infected erythrocytes were
incubated in an egual voliune of glycerol buffer (10% glyc-
erol (Sigma-Aldrich) supplemented with 5% FCS in PBS)
for 1 h at 4°C. Parasites and ghosts were separated in a con-
tinuous Percoll (Amersham Biosciences, Little Chaifont,
UK) gradient {p: 1.02-1.10 gfcn®) in intracellular medium
buffer (IM: 20 mM NaCl, 120 mM KCl, 1 mM MaCl,,
10 mM glucose, 5 mM Hepes pH 6.7) by centrifugation at
5,000 x g for 30 min. Ghosts were then washed in TM bufher
and layered on a two-step Percoll gradient {p: 1.01+1.02
g/em?) to separate them from ghosts that might still contain
parasites. Chosts from uninfected erythrocytes were
obtained by adding a 40-fold volume of phosphate buffer
(5 mM NaH, PO, /N, HPQ,, 1 1n1M PMSE, 0.01% azide, pH
8.5). The swspension was centrifuged at 32,000 x g for
30 min. Chosts from infected and uninfected erythrocytes
were then washed three times in PBS before being resus-
pended in cRPM1 for addition to DCs at a ratio of 100:1.

Hemozoin preparation

HZ way isolated from supernatants obtained from cultures
of P. falciparum gametocytes, kindly provided by Tisa
Ranford-Cartwright, (Division of Infection and Inmmunity,
University of Glasgow, UK). Endotoxin-free buffers and
salutions were used throughout. Supernatants were cen-
trifuged for 20 min at 450 x g. The pellet was washed three
tines in 2% SLS and resuspended in ¢ M guanidine HCIL.
Following 5-7 washes in PBS, the pellet was resuspendec in,
PBS and sonicated for 90 min using Soniprep 150 (Sanyo
Scientitic, Bensenville, USA) at an amplitude of 5-8 pm to
minimize aggregation and malntain the 11Z in suspension.
Total heme content was determined as previously described
{99] by depolymerizing heme polymer in 1 ml of 20 mM
NaOH and 2% SDS, incubating the suspension at rcom
temperature for 2 h and then reading the optical density at
400 nm using a UV-visible Helios spectrophotometer
(Themmo Spectronic, Cambridge, UK}, DCs were pulsed
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with 1-20 pM HZ - a concentration 1ange similar to that
seen when DCs were cultured at a 1:100 rado with pRBCs.

Assessment of antigen-specific antibody responses
Peripheral blood was collected and the plasma was sepa-
rated by centrifugation at 450 % g for 10 min and stored at
-20°C undl analysis. OVA-specific IgG was measured by
standard sandwich ELISA using a peroxidase-conjugated
anli-mouse total [gC {Sigma-Aldrich).

Adoptive transfer of antigen-specific lymphocytes

Iymph nodes and spleens were hamogenized and the result-
ing cell suspensions washed twice by centrifugation at 400 x
¢ for 5 min and resuspended in RPMI. The proportions of
antigen-specific T cells were evaluated by flow cytometry,
and syngeneic tecipienis received 3 x 10° antigen-specific
cells. In some experiments, cells were labeled with the fluo-
rescent dye CRSE (Molecular Probes, Oregon, USA) immedi-
ately before use [100]. The level of CFSE in cells was
analysed by Qow cytometry and expressed as the mean pro-
portion of antigen-specific T cells under each CFSE peak.

Immunohistochemisery

Spleens were frozen n liguid nitrogen in QCT embedding
medium {Miles, Elkart, USA) in ayomoulds (Miles} and
stored at -70°C. Tissue sections (8 pm) were cut on a ayo-
stat (lhermoShandon, Cheshire, UK) and stored at -20°C.
Sections were blocked and stained as previously described
|55, using B220-FITC to stain B-cell areas and biotinylated-
KJ1.26 to detect OVA-specific DO11.10 cells, and visualized
using Streptavidin-Alexa Fluor 647 (Meolecular Probes). All
photographs were taken at 20x magnification,

‘F'o visualize HZ deposition in DCs, cells were photographed
wsing an Axiovert $-100 Zelss microscope using a 63x oil-
imumersion fens by normal bright-field imaging. ‘1o image
HZ in splenic DC, & pm sections were cut as described
above and stained with Diotinylated-CD11c¢ followed by
Streptavidin-FIRP and finally tyramide-488 (PerkinFlmer,
Boston, LISA). Images were then taken of bright-field and
green fluorescence and the images merged by inverting and
then false coloring the brighefield image such that
depasited HZ appeared red and CD11c appeared green.

Laser-scartning cytometry

Sections were stained as described above. Sections were
then scanned on a laser-scanning cytometer equipped with
argon, helium, neon, and ultraviolet lasers {Compucyte,
Cambridge, USA) and visualized with the Openlab iinaging
system (Improvision, Coventry, UK}. The localization of
transgenic 1' cells and B-cell follicles were plotted. Using
these tissue maps the number of transgenic T cclis in
defined gates was calculated for three gates in periarteriolar
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Iymphoid sheath (PALS) and three B-cell follicle gales per
section, Data are plotted as the mean proportion of trans-
genic T cells in each gate relative to the number of wrans
genic T cells in the entire section and are the mean of
triplicate readings from three mice per group.

Isolation of DCs from spleen

Spleens were excised and sinple-cell suspensions obtained
as described above, Tn some experiments, cells were stimu-
lated with 1 pg/mi LPS for 18 h before analysis by flow
cytometry. To obtain purified DCs from spleens of mice,
single-cell suspensions were labeled using a CD11c isola-
tion kit (Miltenyi Biotec, Bisley, UK} according to the manu-
facturer’s instructions. DCs were then purified using twa MS
magnetic columns (Miltenyi Biotec) and found to be 85-
95% puwe by flow cytometric analysis.

Statistical analysis

Results are expressed as mean + standard etror or standard
deviation as indicated. Significance was determined by one-
way ANOVA in conjunction with the Tuley test using Minitab.
A p-value of less than 0.05 was considered significant.
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