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ABSTRACT

Plasmodium falciparum malaria is a major cause of mortality and morbidity in children
under the age of five years in malaria endemic areas of sub-Saharan Affica. Clinical
immunity to malaria develops in holoendemic areas by the age of 5 years and 1is
characterized by diminished disease severity and less frequent infections. Protective
immunity against P. falciparum malaria is mediated by both antibodies and cytokines.
IFN-y is considered a key cytokine that mediates protection, however, the development of
immunologic memory may involve differentiating functional aspects of T cell subsets.
Naive and memory T cells can be categorized into subsets based on surface marker
expression and ability to secrete cytokines. This study aimed at investigating the
development and regulation of P. falciparum merozoite surface protein-1 (MSP-1) 42kDa
3D7 strain specific memory T cell subsets in a population exposed to holoendemic
malaria. To do this, a cross-sectional study was designed to evaluate children of different
age groups and adults from Kanyawegi, a malaria holoendemic region in western Kenya.
Isolated peripheral blood mononuclear cells were either freshly stained for ex vivo T cell
surface molecules or stimulated with P. falciparum MSP-1 for IFN-y ELISPOT and
intracellular cytokine staining enumeration of T cell subsets by flow cytometry. Culture
supernatants were tested for the presence of Thl and Th2 cytokines. Results showed that
MSP-1 stimulated both CD8" and CD4" T cells to produce IFN-y, however, the
phenotype of these antigen-specific T cells differed by age. The frequency of IFN-y
producing T cells to MSP-1 increased with age and was associated with overall T cell
maturation from a naive (Tn: CD62L+/CD45RA+) to differentiated effector (Tew:

CD62L-/CD45RA-) or central memory (Tem: CD62L+/CD45RA-) T cell phenotypes.




CD4 T ex vivo mature Tey and Tgy significantly increased while Ty decreased with age
(p =0.0001, 0.0002 and 0.0003, respeotively). Within CD8 subsets, only Ty significantly
decreased with age (p = 0.0046). There was a strong negative correlation between ex vivo
CD4 and CD8 Ty and both Tem and Tgy. The frequencies and magnitude of IFN-y
responses to MSP-1 measured by ELISPOT increased signiﬁcan.tly ‘with age (p = 0.023
and 0.0011, respectively). The prevalence of MSP-1 specific IFN-y producing CD4 and
CD8 Teum an’d Tewm subsets were similar across the age groups but only CD4 but not CD8
e significantly decreased Wi_th. age (p =0.0119 and 0.246, respec’riVely). Correlation of
ail H[FN-y producing CD4 and CD8 cell subsets and ];FN-}./ ELISPOT reSponses across the
! b.a.ge‘ groups were not signiﬁcant. No significant _differences Were observed irl the surface
expreSsion of T cell c'ostimulatory molecules: CD28, CD152 and.CD15_4 across the age
grou.p‘s‘ (all p > 0.05) but the ratio of _CD154/CD152 CD4T oell suose’r were significantly
‘lomer 1n infants and adults compared to ehildren between »t:he age of 1 arrd 5 years, The
! frequericies'. and leafels of .Thlv and Th2 oy’rokinea reéted ,.reVealed' a similar rrovn-signiﬁcant'
{ 'diﬁ‘e:renceacross the age groupé; ﬁoWeVer apart from [L-4 levels, aﬂ other cytokines '
‘;.)osmvely correlated with more than two other cytokmes from either the Thl or Thz :
-jgroup (all p =< OOS) These ﬁndmos sug est that frequent exposore to endermc P

falczparum induces antlgen specrﬁc memory T cell subsets and cytokmes that may be

essentral for the development of 1mrnunoloorc rnemory to malana Understandmg the . -

' natural correlates of protectron and evolutron of 1mmunologrc rnemory to P. falc:pamm

MSP 1 w1ll assrst in Vaccme deswn and tarcretmg populatrons at I‘lSk
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CHAPTER ONE

1.0. INTRODUCTION

Malaria, a disease caused by microbs’copic Plasmodium parasites and transmitted by
- Anopheles female mosquitoe, is currently estimated to threaten 40% of the glbbal. human
pépulationA Four human Plasmodium spécieé; vivax, ovale, malariae and Jfalciparum have
species—speciﬁc distribution in endemié tropical regions of Africa, Asia and America. In
sub-Saharan Africé, P. falciparum is responsible for the high morbidity and mortality
~ associated with malaria infections _particqlarly in young children a_nd pregnant women
(Uneke., 2007). Gioba_lly, over 90% of the 300-50_0 million re_poﬁed cases and 1.5-2.7
3 mil]ion mbﬁalities due to malaria are f0und in sub-Saharan Affica (WHO 1990), Based
| on mathematical modeling, it is estimated that everyday in K:nya alone, 72 and 406 _
~ children less than Sv years of age die or de%/el(‘)p clinicél malaria, respectiyely (Snow et al.,
© 1998). | |
| Integrated malaria control 'msaéures targeting Anopheles vectors, Plasmodium
parasite and human hosts have been employed ‘yet it remains a globai »challenge to
:eradicat»e malaria in the tropics. Méreoﬂrer_ use: of ins¢ctici.des -t.h‘at.heiped eradicartbev,' i

m‘aleiri‘a vectors in temperate countries in 196_05 was restricted i-n_' 1970s when it was '

- discovered that most vectors where developing resistance to them and also had some

* other environmental implications (I\I/Ierﬂl.dis‘.et al., 2009). Management of clinical malaria _

. .us'ing ine;xpensive;drugs'such as chloro‘quine and - sulphur based compounds has also

' resulted into a complex scenario due to parasite drug resistance (Lusingu and Von

~ Seidlein, 1998). Since vector and parasite resistance have limited:tools for malaria



control there is an ever increasing need to develop more sophisticated methods to manage
malaria (Good et al., 2005).
» As integrated control measures are put in place to prevent and control malaria
transmission, design and develooment of anti-malarial vaccines remains the long term
] 'goa;l for elimination and éradication of maiaria. Currently three tyr)es of malaria vaccines
are _berng developed based on the ‘c'omplex life cycle within the mosquitoe and human
}hosts. Transmission blocking vaccines are designed to interfere with development snd
[ transmission of sporozoite within the mosquito to human (Arakatawa ef al., 2009). Pre-
: ery“rhrocyti_c vaccines are‘developed to inhibit the invasion and growth of sporozoires in
| _'h.epatOCytes whi’loery.throcytic Véccines aim at the rherozoite inVeijsion and growth within
the‘erythrocytes (Speake and Dufty, 2009)_ Erythrocytic stage of malaria parasites is
_as_s‘o_c‘rated with most clinical and »patvhologic symptoms of malaria infection hence the
» focus of d_evéloping a vaccine based on this parasite vstage would evenmally- reduce high
morbrdrty and mortality cases due to merozmte invasion and destructlon of erythrocytes
| The basis of desmmng arrd developing an effectr.ve‘ malarla vaccine  lies in
___Lirlderstanding the Nature of immune correlates of protcction which include immunogenic -
| surfaco prot.eins expressed ‘b'y_ PlaSﬁzodium parasites and the- :cons.ti.tuénts‘()f the humarl
] rmmune system that 're'cognize them. Natural 'exposu're. to hi‘gh, énd‘ stable ,perenni‘alv
:':.:malﬁri:a" trs.rlsrnission is characteri‘zed':by gréd'ual deéreeise- in "fhé clihical malaria cases .,
_observed durmg the ﬁrst ﬁve years of life (Bloland et al, 1999) These changes hkely'
"1nvolve both humoral and cellular compartments of the 1mmune system Durmo P
1falciparum blood stage infe‘ction, antibodies are' believed to be the major immune

mediator as 'dvepicted by higher frequencies and levels in immune compared to non-



immune individuals (Okech et al., 2006; Kumar et al., 1995). Transfer experiments have
- Shown that IgG is the main effector antibody isotype that suppress blood stage infection
1 ‘ (Sabchareoh et al., 1991.) as they bind to the surface of infected erythrocytes preventing
'_Ai'nva_sidn of erythrocytes and allow for antibody dependent parasite growth inhibition
P"-'(Wo'ehlbier et al., 2006). |
| The role of T cells du'ring blood stage infection has been more challenging to
| ,demonstrate although it is well established that T helper cells assist B cells. switch their
| ﬁntibody isotypes to cytophilic; IgG1 and IgG3 ‘subclaSSes and that these subc;lasses are
si)éciﬁc for P; falciparum merozoite antigens (Su ei al., 2002). The exbansion 6f CD4 T
" 3 iy'niphocyfe- population during P. falciparum jinfe_ct_ion (Fafduk et al, 2"006)7 further
v.suggest a significant role for CD4 T cells forvﬁgh‘ting malaria infections. Naive T cells
p: afe_immature and nonspecific but once they recégiﬁZé aﬂtigens 't.hey undergo a process of

 ‘. maturation and differentiation to form a populaﬁon of memory T cells, which is

~ characterized by clonal expansion and ability to respond faster to antiger_i—sp.eciﬁc stimuli

upor_l re-exposure (Esser et al.,'2003). In fact CD’4' and CD8 expressing mem'o‘ry' receptor |

~ (CD4SRO) inhibit parasite growth via production of IFN-y, TNF-o (Fell ef al,, 1994) and

- ac%tivation of antibody secretion (Kabilan, 1997;_'Troye—Blomberg.'e-t"qlf, 1990). Age- 3

~ related development of clinical immunity to malaria may be associated with evolution of

o _aﬂt.igén;speciﬁc memory T cells in P. falc}‘parum.'éxpdséd'individuals. _Understaﬁding the

. "dyham}ics of T cell development within the context of the . falciparum éxpdsure in -

k. ; mfants and children may help m targeting anﬁgeh S}Seciﬁc T c‘e'll's relévéﬁt to malaria _

- immunity that will assist in anti-malarial vaccine design and evaluation strategies. E




-» 1.1.1. General hypothesis

;1 .‘The general hy};)othesis was that age—felated develépment of immunity to Plasmodium
- Jalciparum meroioite surface protein-1 (MSP-1) is mediated by IFN-V producing central
-m..émory T cells (IFN-y", CD45RO", CD62L") expfessing high levels of CD28 and

- CD154 and have high proliferative potential upon re-exposure to malaria antigens.

v'l.'1.2..‘ Specific hypotheses

E The spéciﬁc hypotheses wéré:

: ~a) The piropoftion and magni'tqde.‘qf P falczpamm_MSP.-l gp-écziﬁc IFN-y responses
incfea_sé with age from infants td adulfs: ‘ R

b) There is gradual increase in the number of ‘mature IFN-y secreting memory T cell
Subséts Speciﬁc to MSP{ lthh 'an iri_c'_réase'in ‘_age. _

|  ' E o Thefe aré age-related changes in the frequency of T cell éo-étirrﬁilatdry mélécules

A (_CD_ZS; CD152, and CDIS#) Withban iﬁcrease:in age. |

| o Thére are age,érglfited chaﬁgés mthe ﬁequéﬁéy‘ and levélkso‘f:cy.tokines‘ >rvesp‘onées‘ b

: spééi_ﬁc to.F: fdlczpafun_i’MSPfil .

e
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1.2. Main Objective

main objective of the study was to evaluate age-dependent differences in T cell

101y subsets to Plasmodium falczparuhz merozoite surface protein-1 (MSP-1) in

/j"ldren_and adults residing in a malaria holoendemic area.

1 3 Speclﬁc Objectlves

a) Determlne the proportlon‘ of P falczparum MSP-1- speelﬁo IFN-y responses in
- adults and children exposed to holoendernlc malaria t_ransmlsslon

F b). V'Plle:notypically ‘charact.erize .and vdetefmine the prevalenCe ".of .M_SP-l specific |
" memory CD8 and CDA4 T cell populaﬁons (CD62L, CD45RA, TFNwy) in adults
~and chlldren exposed to holoendemlc malana transm1531on | o
©). Phenotyplcally charactenze and determme the prevalence of CD8 and CD4 T cell »
co-st1mulatory molecules (CD154, CD152 and CD28) in adults and chlldren ‘
| - exposed to holoendemlc malarla transmlssmn | o
1 d) Deterrmne MSP—I antlgen specxﬁc T cell cytoklne (Thl and Th2) responses in

. adults and chlldren exposed to holoendemlc malana transm1ssmn



1.4. Justification

] ': In.re‘gions of chronic and persistent P. falciparum infection, children present with clinical
k- syrhpto‘ms and immunopathology due to invasion and destruction of infected erythrocytes
by merozolte stages of malari.a parasites. However; children in areas under perennial
4 mtense rnallaria trunsmission acquire clinical immunity tovmalar.ia by. the age of 5 years
'3_(Bloland et al, 1999). The mechanism underlying clinical immunity to malaria are not
» clea:rly understood but is thou'ght.to involve both antibody and T cell responses (Stephens
E and:Langhorne 2006) The role of B cells during P. falciparum blood stage infection
relate to high frequencres and levels of IOG antibodies that bind to mfected erythrocytes
' released merozoites and parasite toxins (Okech ef al 2006; Kumar et al 1995) B cells
: hoWever, require CD4 T cells for activation, isotype switching and_effec_trve‘ secretion and
E maiu_tenance of antibodies. '(Ster)hens and Langhorne,'_ZOO'o'). Ne\rertheless, the'_ -mechan}isvm
1 _ '. and phenotype of CD4 helper T cells involved in providing assistance to B cells has not
3§ been well characterized during P. falciparum blood stage infection.

| 4 ‘; -Cellular comniunicatio-rr between CD4 T cells and B cells'may occur through cell
V"surface co;stimulatory'molecules and/or secretion of cytokines that activate B icells to
unriergo maturatiorl ami .d»iﬁv‘erenti‘ation to assvi'st m parasite clea‘rance.v Ch.ronicb P
falcrparurrz infection may .actlvely suppress the del/elopment of unmurrologlc memory

2 through the down regulatron of essentral costlmulatory molecules or cytokmes requ1red

a for eﬁ'e"ctrve activation and maintenance of memory T cells. An msrght into the changes

- in cell‘-s'urface expression of these molecules rnay -help in deﬁni‘ng malaria specific
= rmmumty and ﬁrture desrgn of vaccines. Thrs study was therefore demgned to 1nvest1gate

- the phenotyplc (global and antrgen specrﬁc T cell subsets) and functronal (cytokmes and



ulatory molecules) Nature of T cells in a population naturally exposed to high and

 P. falciparum transmission. Understanding the development of immunologic T cell

Ty undevrb'natural P. falciparum transmission may be fundamentall_y' critical in
rmining clinical endpoints for vaccine trials in African infants and children living in

laria endemic régio_ns.



In Rome, malaria devastated the invaders of the ancient Roman Empire and was
_aSSOCiated with marshes and swamps. People blamed the rot and decay that brought a bad
4 . i'smell .to the air hence arose the Itali.an name mal’ aria‘meaning bad air. The cause of
malaria Was discovered in 1880 by Charles Laveran and 18 years later, Sir Ronald Ross
:attribnted malaria transmission to Aropheles _mosquitoe (Bel_tran, 198 1_; Guillemin, 2002).

By the mid-20" century, malaria related mortality decreased, mainly because of
E t_he: -spontaneo'us decline in contact between human and vector populations due to
s .improved lix)ing conditions as well as by th’e' veotor control measures. By the early
' ;'19"503, endemic malaria disappeared from North America and Europ'e. However, in the
4 “mallaria endemic tronics? prevention-measures h-av'e. faced .continued _‘ch'allenges due to
3 -in_'su_fﬁ_cient vector control programs and ,increasect migration of the human hosts who are

carried on the boats, trawlers, ships, jets and surface transport (Kaneko, 1998).

» 22 Plasmodium Life Cycle and Malaria T ranSmission )
vMalaria is caused by a singl-e’-'ee’lled' MICroscopic parasite of genus Plasmodium. There

v are over 100 different spe01es of Plasmodmm of which four specxes P vivax, P. ovale, P.

. rmalarte and P. falczparum mfect humans P falczparum is the most common and lethal',

. ) -spec'les ‘that causes the hrghest; cases of malaria II‘l__OI‘b'l'dlty an'd mo'rtahty_m sub-Saharan R

- Afrlca (Magill, 2006).

Female Anopheles mosqu1toes are the main vectors and mtermedlate hosts for

: Plasmodia -parasrtes (Coluzz1 1993). Malarla transmission occurswhen. an infected’ foen

E female Anopheles mosquitoe mjects mfectlve sporozon:es toa human host durmg blood

meal Sporozmtes travel to the liver and establish themselves in the hepatocytes where

b_they t_'mdergo schizogony into thOUSa'nds of schizonts that are released into the blood



stream where they invade circulating erythrocytes. While in the erythrocytes, they

~ undergo further asexual multiplication to produce merozoites, which are released to the

E : blood stream thereby infecting new erythrocytes and:aniplifying the peripheral parasite
- density. A synchronous burst of erythroéytes and release of hemozo:in and other toxins
leads to -characteristic periodicity - in " fevers. Aﬁer severzil cycles of erythrocytes Tte-
infection, merozoites can tfansform into sexual stage gametocytes, which are infective

when' ingested by an Anopheles mosquitoe during blood meal. Male and female

. _gametecytes' sexually unite in the mesquitoe stomach forming zygotes, which develop™~

into eekina_tes and eventually transforming to sporozoites in the salivary glands hence
ﬁ '-"conlpleting.t‘he ‘malaria pafasite life ‘cycle (Bynurn,-' -1999; Good et al., 2004). Other
modes of malarla transmission mclude the transfusion of paras1te contammated blood or
transplacental 1nfect10n of the fetus

At different developm'enta‘l sta'ges the Plasmodinnz pafasite expfesses stage

| '.spemﬁc protems that can be processed and presented by the human immune system .

- (Rev1ewed in Todryk and Walther, 2005). Some of these malana protems have been

2 “;:evaluated as potentlal anti- malanal vaccine candldates (BOJang et al, 2005 Drullhe et

:" aI 2005 Audran etal, 2005 Flanaoan etal, 2006) | |
Malarla transmission penod1c1ty and intensity varies betvyeen different localmes

: dne to several blologwal and env1ronmental factors. In areas of hlgh and stable malarla' '

transrn1351on (hpleendemlc),'the res1dent population is expo‘se__d tei repeated infections that

: | :'rna_y gnadnall_y" leaa to build up Of ,so'rne pro‘tective 1mmun1ty Many .ef 'them" carry , |

_ infecfiens‘at any given time hen.c'e_acting as potential“reseryeirs fer' transmi_ssion by

. mosquitoes. In areas where the rate of infection is low (epidemic), people may not

10



- develop immunity because of infrequent exposure to the parasites and therefore might
- suffer higher morbidity and mortality during an outbreak (Snow et al, 1994).

Parasite and vmosquitoe behaviors are modulated by climate changes. Mosquitoe
populations are normally high in humid conditions and expand during rainy seasons (Gil
et aL, 2007). Mal.a_ria parasites require 10-14 daye to complete the sexual oycle within the
"i;/-m:o_squitoe from gametocyte to sporozoite. | Vectors live long enough to allow parasites to
complete theit development hence environmental factors that affect mosquitoe survival,
| _snchv as indoor residual spraying de_creases_ .malaria incidence (Cot et a[,,.. 2001).
Reduction of ambient temperatures slows the parasite devel_opment and this explains Why

~ parasites do not thrive well in temperate areas.

23 Malaria Inci(‘ien_c‘e, Morbidity and Mortality

%;'_'A.I'Vtalaria is the most impoxtant- widespread vectof—borne disease that i axiiinated: to
threaten 40% of the global human populatlon (WHO, 1990); It-‘is' endemic in 91
»,i'_'counmes w1th1n the troplcs of Afnca, A51a and Latin America extendmg mto :

' 'imtertroplcal reglons (Carme and Ventunn, 1999 Wernsdorfer and Wemsdorfer 2003

Ezhov et al, 2004) ‘Because of ﬁee movement of people from one contment to another
_malarla has once agaln become a concern m temperate countnes where 1t had been_
eradtcated (Ezhov et aI 2004 Chalumeau et al 2006) |

4 In early 90’s Sub Saharan Afnca contnbuted to over 90% of 300-500 Imlllon.
%"malarla cases reported globally (WH.O,, 1990) However global efforts to eradlcate:_ _
f malana have led to elimination of malaria in low transmission areas thh a long term goal
of elir_nination in high :tranemission"ateas (Mfmdié et al., ‘2'0(_)9)_' It is "e‘stimated'vthat.

Dbetween 1.5 - 2.7 million people die of -malaria related illness yeariy, most of Whom”are .

11




- - - -
-

children below 5 years of age (Reviewed in Greenwood and Mutabingwa, 2002). Based

on mathematical modeling, it is estimated that everyday in Kenya 72 and 400 children

less than 5 years of age die or develop chmcal malaria, respectively (Snow et al., 1998)

1llustratmg that malaria is one of the main causes of child mortahty in thlS region. Malaria

burden impairs social and €Cconomic development in endemic countries (Gumovart etal,

2006) and there is need for integrated control measures to teduce malaria related

mortality.

2.4._Ma‘la_ria Immunopathology

Infectron by P. falczparum leads to chmcal immunity in some individual’s and

_immunopathology in others. What underhes differences in susceptlblhty to clinical

malaria lies within the host immune response‘ Imm_unopathology may result from direct
destructlon of erythrocytes by the parasnes as well as uncontrolled actrvation of immune -

cells by parasrte toxins during blood stage malana The multlphcatron of P. falczparum

_ parasrtes in erythrocytes and synchronous burst of erythrocytes causes reduction of

- rythrocyte numbers and actlvates cytokme cascades leading to rnalana symptoms such

- as nausea headache and comphcatlons such as malaria related anemla (Good et al,

E 2004) By yet undeﬁned mechamsms parasrtes

erythrocytes leadmg to thrombocytopema whrch may contnbute ﬁlrther to malarla-

i mduced anem1a (Abdalla and chkrarnasmghe 1988) Cerebral malana is another'
g ‘-comphcatlon resultlng frorn sequestrat1on of P falczparum para51tes in the bram tlssues "

; and locahzed cytokme secretron (Good et al., 2004) Pers1stent P falczparum mfectlon .

- may also resu_lt'into mult_i.-orga'n fatlure that is fatal in most cases (Knshnan and Karnad

2003).

12w

suppress the generanon of new )



Destruction of erythrocytes and release of parasite toxins and parasites antigens

-recognized by the human immune cells leads to the activation of the immune system
- (Stevenson and Riley, 2004). Pro-inﬂammatory thokines such as tumor necrosis factor -
“alpha (TNF~a) and interferon gamma (IFN-y) are secreted early during infection by

: macrophages and natural killer cells in an attempt to suppress the parasites

(Krishnegowda et al., 2005; Miller et al., 1989). Optimum levels of these cytokines have

~ been shown to be protective against the parasites but over production or lack of negative

feedback regulatory mechanisms - induce malaria fevers and exacerbate related

.'complication such as cerebral malaria (Clark er al, 1991). Counter regulatory anti-

~ inflammatory cytokines (IL-10, TGF-a) are 'normally secreted during persistent infections |

and are thought to quench the effect of pro-inflammatory cytokines though the evidence

is controversial (Brown ef al, 1987, Day et al, 1999). Although anti-inflammatory

- cytokines are required to counteract type 1 cytokines, it has been shown that they are the

essence of chronic malaria infection and act to modulate the host immune response
(Plebanski e al., 1999).
There is also a general deficiency in mounting an appropriate immune respbnse '

during P. falciparum infection (Williamson and Greenwood, 1978). The mechanism

~ underlying this phenorﬁenon is not well understood but may involve inappropriate
- apoptosis of immune cells (Kemp etal, 2002) and/or blockage of dendritic cell function

by infected erythrocytes via CD36 (Urban et al., 2001).

In general, the erythrocytic stage of P. falciparum is responsible for the pathology

- associated with malaria. It is hypothesized that protective immunity against malaria

prevents the establishment of an erythrocytic stage infection either at the level of the liver

13



stage infection (which is asymptomatic) or merozoite invasion into new erythrocytes.

- Malaria vaccine strategies likewise target these stages of the parasite life cycle.

. 2.5. Malaria Vaccines
The drive to develop a malaria vaccine stems ‘from the unique challeﬁges involved in the
implementation of an intégrated malaria eradication program in malaria endemic,
- resource constrained countries where mosquitoés are resistant to insecticides such as
DDT ‘and the parasites are resistant tob }ineXpensive chemotherapeutic agents, such as
,chloroquiné — two powerful tools that were. instrumental in the eradication of malaria in
North America in the 1960s (Good et al., 2005). .
Vaccines .hav.e been e‘ffective tob]'s in mass control of bacterial aﬁd viral. diseaseé.
~such as small pox and polio yet there is no licensed vaccine for any parasitic infections
- including malaria. The ultimate goal | of‘ developing malaria vaccines has bee-n'
: co.mplicate‘d by the éomﬁlex Nature of the Pldsmodium- paraéite, thure }of the cells
: | ih.fected and the complex ihteréction Between human cells and the parasites (K.itua,'.
1997). Different developmental stages 1n botﬁ mosquitoe and human hosts present
‘additional challenges With stage-spec;iﬁc i)rotein expression patterns and ﬁmctipns, son_{e £
.of which are 'yet_ to be deﬁned (Sievenééﬁ and Zavala, 2006). Recent completion of the
| mosquitoe, P. fal}cipqrunvz» and human genomés will enhance vour ungi_ierstanding. of the
: 'iﬂte;raction betweeﬁ fhe barasites proteins and human imrﬁuﬁe responsés, yét it‘hesve studies
are 'ar_du_o‘us and have Jjust begun (Gar(iner et al., _2002;‘Re_§7iewed in Sims and ijde,
2006). | |
In 1970, ‘protective immune responses elicited in mice by use cf irradiated

sporozoites indicated that anti-malarial vaccine was possible (Nussenzweig ef al., 1967).

14
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Of mass immunization strategies is not

However, use of irradiated spo
necessarily practical since it is expensive in terms of production and maintenance.
Although this method is being pursued (Hoffman and Chattopadhyay, 2008), other less

 labor-intensive techniques have been developed using specific proteins expressed by the

~ parasites. The leading sporozoite vaccine candidate, circumsporozoite surface protein

| (CSP), is the dominant protein expressed on the surface of sporozoites that elicits both
E antibody and T cell immune responses (Nardin e al,, 1999). Recently, a study in The
_Ga_mbia demonstrated that CSP-specific CD4 T cells protect agaihst malaria infection and
disease‘through secretion of IFN-Y (Reece et al., 2004). At the liver stage, the liver stage
.antig'ens (LSA) 1-7 have been identified and are being evaluated as vacqine- candidates
(Krzych et al., 1995; Morrot and Zavala, 2004).

The cellular mechanism of protection from sporozoite aqd liver stage infection is
thought to be mediated by cyfotoxic T.lymbhocyte (CTL) activity and secfgtibn of IFN-y
bnyDS cells, Which recognize antigens preseméd by the liver cells m the context of
MHC Class I (Krzych ef al, | 995; Nardin of al,, 1999). TgG antibodies to these proteins
ha_v_e also been detected in children and adults residing in Imala:ria éndemic areas (Wang ei

al., 2003; Chelimo et al., 2005). Both sporozoite and liver stage .ihfections are not

~ associated with any malaria symptoms and vaccine candidates targeting these stages fcire

being designed to block b_lq'od stage infection which causes 'symptoms and
- immunopathology (Labaied et al., 2007).

[ During blood stage vinfe'ction,lvmérovzoite_ sﬁrface antigens are expressed on the
surface of infected erythrocytes that are also b'eiﬁg examinedv as vaccine cvandidvates

(Holder, 1994). Merozoite surfdce protein-1 (MSP-1) is one sﬁch'antigen-‘ and is the

15



leading blood stage vaccine candidate which is currently undergoing field trials in
malaria endemic areas (Genton ef al., 2002). Antibodies have been demonstrated to play
a major role in blood stage immunity by binding to the surface antigens on ‘merozoites
leading to agglutination, opsonization and phagocytosis, preventing cytoadherence, and
' _ .-ﬁéut;ali’zing toxins hence preventing invasion of new erythrocytes (Riley er al.,, 1990,
O'Donnell et al., 2001; Perraut ef al., 2005). |
Studies in experimental inice have shown that depletion of T lymphocytes reduces
R or even ablates the effect of thése antibodies to merozoites suggesting that T cell hefp is
_ v.required for efficient B cells  activation and antibody prbduction (Langhorne et al., 1990;
1 Vanham -and Bisalinkumi, 1995; Xu et al., 2000). Since erythrocytes do not express
MHC molecules, T cells will not directly recognize infected erythrocytes. In mice malaria
r_nodvel's, macrophages and dendritic cells engulf the infected erythrocytes and toxic

| products and present them in the context of MHC-II to CD4 T lymphocytes leading to

4 7 their activation, maturation and secretion of cytokines (Langhorne, 1994; Ing et dal.,

20_06). Cytokines may directly kill the parasite, activate cellular innate immunity, and
activate B cells and antibody production against merozoites and their related toxins

~ (Hisaeda et al., 2005; Stephens and Langhorne, 2006).

2.6. Plasmodium Jalciparum Merozoite Surface Protein-1 Vaccines

During P. falciparum blood stage infection, several proteins are expressed by the

~ merozoites one of which is merozoite surface protein -1 (MSP-1). MSP-1 is one 6f the

leading blood stage candidate vaccine against P. falciparum malaria undergoing different
phas‘es of clinical trials in different malaria transmission settings (D'Alessandro ef al.,

1995; Genton et al., 2000, Genton et al., 2003). It is a 200 kDa protein expressed on the -

16



i@urface of intact merozoites and anchored to erythrocyte cell membrane by
~ glycosylphosphatidylinositol (GPI) protein. It is primarily proteolytically cleaved into N-
‘ terminal and central regions of p83, p30, p38 énd C-terminal region of p42 fragments
(Woehlbier et al., 2006). Secondary processing of the 42kDa fragments to a final protein
.of ‘appmximately' 33kDa and 19kDa occurs before the merozoites enter the erythrocytes
2 (Bléckman and Holder, 1992). The 33kDa is shed off while MSP-1,9 fragment remains
on the surface and carried into parasitized erythrocytés during invasion (Wipasa et al.,
2002). MSP-1, contains two epidermal growth factor-like domains that are involved in
| in‘teraction with erythrocyfes and are essential for merozoite invasion of erythrocytes
' 5 :‘(‘Blackman and Holder, 1992; Nikodem and Davidson, 2000)‘- -

2 Recombinant MSP-14, and MSP-1;5 vaccine candidates derived from two
3 established laboratory P. falciparum lines/strain; (3D7 and FVO) have been evaluated in
3 A'-vaﬁiimal models (Singh et al.,, 2006) and clinical frials in humans (Huaman et al., 2008).- "
Both \)accines elicited very high and bfoad antibody reéponsés that was associated with
:’. .protection in_ experiméntal mc;dels (Darko etval., 2005) but not in humans (Ogﬁtu ét al.,
‘ 2009). Further analysis on protective IgG tesponées elicited by MSP—I};z vaccine in mice
and monkeys were shpwn to be dué to both MSP-1,5 and not the MSP-133 subunit. The
.'-‘mec‘:hanism of protection is thought to involve IgG antibodies that block cléavage and
* processing of MSP-14, into its smaller fragfhénts hence'limiting merozoite it
: (Guevara et al., 1997). Functional invasion and inhjb_itorjz antibody assays show that IgG
i antibodies tb MSP—I@ énd MSP-1;9 suppress. péraéité grpwth and inhibit erﬁhécﬁc
| .' invasion (Chang et al., 1996; John et dl., 2004). I'; is postulated that B and T cell epitopes

'~ are contained within MSP-1,5 and MSP-133, respectively, hence MSP-133 is thought to be
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a target of T cell based vaccines (Wipasa et al., 2002). However, trials on MSP-133 did
rlot correlate with any clinical protection even though it evoked high antibody titers
(Ahlborg et al., 2002).

| Analysis of MSP-1 protein from different srrains of P. falciparum has shown that
it contains some conserved as well as dimorphic regions especially within the MSP-1;9
reglon (Miller et al., 1993). There are four COmmon alleliclvariavnts due to single amino

| acid substrtunons observed in laboratory strains and additional polymorphrsm in the field

s 1solates leadmg to a further classrﬁcatmn into K and MAD20 alleles (Miller e al., 1993,

'Woehlbrer et al, 2006; Takala et al., 2007). The presence of multiple polymorphisms in

«labcratory and field isolates posses a great challenge to development of blood stage

" , Vaccme Since MSP-14, from 3D7 and FVO strains contain sequence that cover antigenic

E dlver51ty in MSP-133 and MSP Lo, usmg the 42kDa in vaccine trials addresses the

E "problem of polymorphisms.

2.7. Immunity to Blood Stage P. falciparum
Development of immunity to malaria infection depends | on malaria transmission

: -dynamics. In areas of unstable malaria tranSmisSion immunity to malaria may not be

_acqu1red due to lack of frequent exposure to. the parasrtes hence prevalence of cllmcal

# malarra durmg outbreak is high and smnlar across d1fferent age groups (Hogh, 1996;
Rogler, 2000). In contrast, adults resrdmg' in areas of perenmal_hlgh malana transmission
interlsiry acquire immunity against high .para:siter_rlia and clinical ‘malaria leaving only
chlldren aged below five years at risk (Hviid' 1998; Bloland ez al., 1999; Rogier 2000).
Age-related reduction in parasitemia and chmcal malaria in immune populanons is

‘assocmted with humoral and cellular 1mmun1ty to blood stage parasrtes (Artavanis-



development and stability of immunity in populations naturally exposed to Plasmodium

- infections in order to inform malaria vaccine design strategies.

a71 ili_naté immunity

innate immunity is the first line of defense against invading foreign pathogens and

1 .ﬁignals cells to acquire immunologic memory (Reviewed in Stevenson and Riley, 2004).

_v -"{Iinhate 'ir"nmune cells ére not antigen specific but recogni.ze pathogen associated molecular

4 patt:'e'rn’ molecules that are cbmmon to microbial pathogens. Natural killer cells, natural

mj‘.-kilie_r_T:cells, neutrophils; macrophages/monocytes af;d dendritic cells comprise innate

ﬁr_xmune cells and upon seeing pathogens sécrete pro-inflammatory cytokines as é first

1'iﬁ¢ of defense (Urban ef al, 2005). In the case of malaria infection, these cytokines

diréCtly act on merozoites or may activate other cells of the immune system enabling
e_f_fbc_ﬁve control of the infection (KriShnegowd'a et ql., 2005)  Recently, it was
dembns’trated that different subsets of NK cells exposed to P. falciparum ‘infected

."';:."éfythrocytesl respond with different regulatory molecules through secretion of IFN-y, up-
" .rvegliliation of perforin, granzyme A secretion and lyses of infected erythrocytes (Korbel ef
| aI 2005). Macrophages' bind to P. falciparum inf'eéted ef}thﬁ)cytes .via CD36 molecules
léading to phagocytosis, prodﬁction of pro-inﬂam.matoryvcytokines, _ahd release of nitric

: -f'oiide (Serghides et al, 20.03;" Gbod et al, 2005; Krishnegowda er al, 2005). |
.EMacrqphages and dendritic cells also ad as antigén presenting cells (APCs) therefore '

- becoming a strong link between the innate and adaptive immune systems..
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2.7.2. Acquired immunity

'2.7.2.1. Acquired humoral immunity to blood stage P. falciparum

4 Immature B cells secrete IgD and IgM but in the event of pathogenic/immunologic insult
‘to the immune system, B cells are activated by T helper cells to switch their antibody
3 .isetypes to cytophilic IgGl arld IgG3 subclasses tllat are more effective against »P.

- 4 félcibarum merozoites (Su ef al., 2002). Antibody levels to malaria blood stage antigens
- .‘ are higher and protect againsl clinical malaria in people residing in malaria endemic areas
\I 1 (l?e_rreira»da—Cruz et al., 1995; Roy et al., 1998). Antibodies.are the major effectors of
'! : ~ blood stage immunity in animal models and human Plasmodium infection (Kumar et al.,

1995; Ckech et ‘al.', 2006). T‘ra'.nsfer.experiments have sh.ovl/n that IgG is the mai.n

effector antibody isotype that suppress blood stage infection (Sabchareon ef al., 1991).

- -;.Secreted IgG binds to the surface of infected ery_lhrocytes preventing invasion of
erythrocyle‘s and also elloWing | 'fo.r/ antibody dependent parasite growth .irlhibition E
;(Woehlbier et al., 2006). Moreover, antibodies prevenl -cﬁoadhe_rence of ‘parasitized

el'Ythrocytes on endothelial surfaces by blocking CD36 (Gfuarin etal., 2001). Chronic P.

falczpamm may lead to highly spec1ﬁc antlbodxes to malarla an’ugens because of afﬁmty

- maturation in B eells

' 2.-7,2; 2. Acquired cellular immupnity to blood stage P. falciparum
’Lymphccy'tes recognize P. falciparum blood stage antigens presented by anligen
presentmg cells (APC) in the context of MHC-II molecules (Esser et al,, 2003). Upon
3 engagement of the MHC class II-peptlde complex with T cells receptor T lymphocytes

undergo a maturatlonal process that mvolves the up—regulatlon of co- stlmulatory




molecules (Banchereau and Steinman, 1998). Naive T lymphocytes become activated and
~ differentiate into effector cells that secrete sigNature cytokines that stimulate B cells,
isotype switching and antibody product'idn (Snapper et al., 1992). |

The role of CD4 T lymphocytes during blood stage Plasmodium infection is
' controversial and is yet to be resolved. Duriﬂg P. falciparum infection, fhere is expansion
of CD4 T lymphocyte population (F aroui( et al., 2006) suggesting that they play a role

during malaria infection. Depletion of CD4 T lymphocytes has been shown to abrogate

1  immune response to Plasmodium infection (Langhorne et al., 1990; Hirunpetcharat ef al.,

1999) but seem to have no effect in othef studies (Hirunpetcharat et al., 1997). CD4 and
- CD8 expressing memory receptor (CD45RO) inhibit parasite growth via production of
v']FN-y, TNF-a (Fell et al., 1994) and direct antibody secretion through cytokine secretion

. (Reviewed in Kabilan, 1997; Troye-Blomberg et al., 1990).

2.7'.3. Global T cell phenv(')tyipic changes in P falciparum malaria endemic regions
The gradual decline of na‘ivé T cell production in the thymus due to normal aging leads td
reduction iﬁ the réplacement of peripher,al T cell repertoire (Reviewed in:Chidgey et ai’, »
2007). Naive cells haye_ specific T: cell re.ceptorsv that recognize bbo'rlly a single epitopé' '
»expressed by mulﬁple mi;robes found 1n fhe environment leading to clonal expansion of |
antigen specific -T.cells. This. suggést that, although there is continﬁous pproduction éf N
' na'f\;/e T cells, epréure fo 'polymic;'obial ihfect_ioné may leéd to _physiologic;al changes in
the proportion of T cell subsets withbageA Different T cell su'b_éets have been charactérized
,based on expreésion of cell surface markers as well as intraceﬂular mblécule‘s. Naive T
~cells express CD45RA and vCD62 se‘lectin, central memory cells lack CD45RA but

express CD62L while effector memory lack the expression of both molecules but have |
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immediate effector functions (cytokine and perforin release). The terminally
_',zdiﬁ_'erentiated T cells re-express CD45 but lack CD62L and are prone to apoptosis
) (Sallﬁsfo et al., 1999b).

Phenotypic changes accompanying normal growth and development may
'qon_tribute to variation on the level of immunity witnessed in _diffefent age groups
exposed to the same environmental factors. In case of exposure to persistent chronic P,
| falc@aruﬁinfection, older 'chi.l‘dren and adults are more protected ﬁom infections and
| clinical malaria compared to younger children below the age of five years (Baird, 1998).
Hence; this study was set fo evaluate the age related physiological changes in the

composition of T cell subsets that protect upon exposure to P. falciparum.

2.7.4. T cell costimulatory molecules for cellular interaction

CD28 is a cell adhesion molecule (CAM) fhat functions as a ligand for CD80 and CD86
»_an:tig_ens' that are expfessed by antigen presenting cells. 1nterécﬁoﬁ .of CDZS and its
s ligands cQ-Stimulates CD2 and CD3 T cell feceptor (TCR) -dependgnt' activation pathway
(Park et al., 1997). CD28 is predominantly expressed in:_CD4. (95%)}Some CD8 (50%)-T
| -ilymp'hocytés and at low leyels in‘_:imma.ttur'e vthymocytesb. Upon T cell activation, they are
, found‘> to :Vinc'rease‘ on the surface of mature CD3, CD4 and CD8 T lymbhocyfes.

 Differential expression of CD28 by CD4 and CD8 T cells affects the functional aspects of

B these cells (Truneh ef al., 1996).

Since CD28 is an important molecule for T cell activation, its expréssion profile
~on the surface of T cells may influence the clinical presentation of some disease -

conditions. In fact, expression of CD28 has been associated with development of some
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diseases in both human and animal (Arreaza et al., 1997, Zhu et al., 2001; Zuberek et al.,
2003). Reduced expression of CD28 is also associated with reduction in IFN-y and IL-2
.‘ éecreting cells in autoimmune neuritis (Zhu ef al., 2001; Norton etal., 1992). Cytotoxic T
| cell lymphocyte antigen (CTLA-4)/CD152 is a negative regulator of T cell activation and
: F éqmpefes with CD28 for CD80/CD86 ligands (Lensqhow etal, 1993). CTL.A-4 has high
affinity for these ligands than CD28 hence can competitively inhibit or interfere with
CD28 signaling (Engelhérdt et al., 2006). o |
CD154/CD40L is a rﬂember of TNF family of glycoproteins that is expressed on
.bthe Surface of activafed CD4 TV cells and a small sﬁbset’ of éctivated CD8 T cells.
- Upregulation of this molecule onT célls and binding to its ligand CDA40, leads to T cell
¢ proliferation and cytokine secretion (Fanslow ef al, 1994). Binding of CD15.41 to its
receptor leads to B cell bréliferation, immunoglobulin 'switghing’and prevents apoptosis
of germ’inél_ center B cells (Yang et al, ZQOO). The mechanism 6f T cell aétivation via
: 3 CD'154> involves CD4O binding that eventtially up regulates the expression of CD80 and
- CD86 molecules on APCs (Y;mng ét al.,b2006). Studies on the role of CD4O-CD4(.)LF in
~ maintenance and prolifer‘ation of memory T cells has Shan that memory cells can
' préﬁferate independently of this molecular iﬁteractioﬁ but czinnot differentiate to cytokine
: prc;duéing ‘effectbor cells (MécLéod et dl., 2006). ’_S_t'u:dies’ in- mouse infected With |
5 Salbzonella demonstrated that ‘CD40’-CD154 cooperatioh 'ihduCes IFN-y, IL-12 and NOS
durmg acute phase of the infection, antibody production and generation of meﬁlory cells
that "protecvt against s‘ubseqﬁehﬁ infectioﬂs (al-Raﬁladi ei al, : 2006). Furthermore,

individuals with sezary syndrome, an advanced form of cutaneous T-cell lymphoma, have

23



defective IL-12 and TNF-o secretion due to impaired CD40L expression (French e al,

-~ 2005).

The expression profiles of costimulatory molecules on the surfaee of T cells have

‘been shown to affect cytokines (IFN-y, IL-2, IL-12 and TNF-a) that are important in

suppression of malaria infection and have been used in defining memory T cell subsets

3 (Sallusto et al., 1999b; Taylor-Robinson and Smith, 1999) »suggesting that modulation of

different costimulatory molecules may influence development of memory T cell subsets

~ during malaria infection. Therefore, better understanding of immunologic T cell memory

in a population exposed to holoendemic malaria requires investigation of expression

E: prbﬁles of these molecules.

~ 2.7.5. Cytokine responses to asexual P. falciparum infection

- Measuring a single or a few parameters may not give_ a clear picture of the complexity of
: the normal physmloglcal processes. Until a few years ago, .evaluatlon of multlple protelns
_ at the same time was not p0551b1e until the advent of bloplex/multlplex technology which
s enables sxmultaneous_ analyses of multlple proteins using very limited sample volumes
2 _(Khan‘ et al., ‘2009).This technology has been ap'pl‘ied in assaying fqr multiple cytokines
| _ in plasma or culture supernatants. Cytokines are immune regulate.ry proteins_ secreted by
: _ different cells of the itﬁmune system fer Cellulé,r' commum'cation §vhen they are activated
] .Durmg b falczpal um blood stage mfectlon, both pro 1nﬂammatory and antl-
1 "»v1nﬂammatory cytokmes are involved i in protectlve and pathologlc aspects of infection
- (Wroczynska et al., 2005; Yazdani et al., 2006). Pro-inflammatory cytokines which

B - include IL-1, IL-2, TL-6, TL-12, IL-18, IFN;y and TNF-o. are secreted by both innate and

adaptive immune cells during the early days of infection and are involved in the initial
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phases of parasite clearance (Wroczynska et al., 2005). IL-1 in synergy with TNF-a

stimulate acute phase response which triggers increase in serum concentration of
- mannose binding proteins and C. reactive proteins that eid in parasite recognition leading

to activation of the complement system and IgM antibody prodilclion against the

parasites (Pied et al., 1989). | |

Severe malaria in non-immune adults has been associated with increased levels of

: IFN—y, IL-18 and reduced levels of IL-12 (Wroczynska et al., 2005) IL-12 secreted by
dendrltlc cells and macrophages is essential for dlrectmg the cytokme profiles of the
activated T lymphocytes leading to production of IFN-y (O'Garra et al, 1995; Su and
- Stevenson, 2002) and activation of NK cells (Su and Stevenson, 2002). IFN-y secreted by
macrophages and NK cells upregulate the secretion of TNF-a. from monocytes leading to
increased productlon of nitric oxide synthetase (NOS) that mediate antl—para31t1c effects
§in P, chabaudz 1nfected mice (Jacobs et al., 1996) In the presence of IL-12 and IL 18,
NK cells are activated by P falc:parum infected erythrocytes to secrete IFN-y
(Artavams—Tsakonas etal., 2003). Further secretion of IFN-y by activated T lymphocytes
o -modhlates the phagocytic and parasicidal activity of neutraphils and macrophages leadin.g‘
2 fo paraSile clearance (Hisaed»a et al., 2005' Sﬁ et al., 2002). Optimum production of pro-

: 1nﬂammatory cytokines is protectlve against. malana related morbidity but over
productlon may lead to 1mmunopatholog1es (Good et al., 2005).

Anti- mﬂammatory cyokines such as IL-2, IL-4, IL-5, IL-lO IL 13 and TGF-a

among other anti-inflammatory cytokmes are released later dunng the course of P.
fa‘l(:iparum infection and counteract, t_he' effect of pro-mﬂamatory cytokines hence

 regarded as immunosﬁppressive or regulatofy cytokines (Brown et al., 1987; Day et al.,
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© 1999). In pregnancy malaria, the levels of anti-inflamatory cytokines remained very low
“while levels of pro-inflammatory cytokines increased during infection (Fievet ef al,
| :.~2.()01)._ In some studies, the levels of Th2 cytokines.have been shown to be higher in
_malaria patients compared to uninfected naive controls (Wroczynska et al., 2005) and
i regulate ’th.e levels of IL-12 production by DC and macrophages hence indirectly
| sﬁppressi_ng IFN-y by NK and T cells (D'Andrea et al., 1993). All these point to the fact
til&t immunity or pathology dae to malaria is a factér of relative balance between

~ inflammatory and anti-inflammatory cytokines.

‘2_'.7.6. Inferferon gamma responses to P. falciparum» infectipn v

-B'Qt'h antibodies and cellular components of inaate and adaptive immunity play a cfitical
3 _r-ole‘ in reducing the episodes of clinical malaria in P. falciparum endemic areas (Doolan
et al., .2006). Cytokines form the major subset of functional molecules secreted by
: k- a(_:tivafed cells and play a central .role in protection against ¥ falcz'parum pre-erythrocytic
5 and erythrocytic stages. Interferon gamma, a type 1 cytokine secreted mainly by T cells
= ":_a'nd macfophages, plays a crucial role in activating macrbphages, B cells and T cells
,A"Vh'ence acting as an important molecule in suppression of malaria parasites as well aa
_'i_'ir.ibmunopathology. Infection by P. falciparum leadsl to increased l-evels of this cytokine
_"..v_eapecially during erythrocytié .stages .(Su and 'Ste\‘/enson, 20_0'2) suggesting :an
] "“imr’nUnpreg.ulatory role during malaria iafeation. Development of T cell based malaria
' _'afacéines have focused on up-‘régulatioﬁ and. detectiah of this cytokine (Luty ez al., 1999).
3 Understanding the developmental dynamics of interferon gamma cytokine in a population
| .-a_atu_ra.lly exposed to high and stable malaria transmission Woﬁld be a step further into the

in-sights of protective cellular mechanisms.
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2.7.7. Development and regulation of acquired immunity to P. falciparum
infection.

~ Maternal antibodies pr’ofect children born and residing in malaria endemic areas during
the first 4-6 months of their lives (Wagner ef al., 1998). When maternal antibodies wane,
children become susceptible to P. falciparum infection and present with highest cases of
‘Clinical malaria at the age of 6 to 24 months (Bloiand ei al., 1999; Branch et al., 2000). It
.' 1s thought that cliniéal immunity is progreSsiyely acquired and reaches immune adult
| levels by the age of 5 years ‘(Taylor-Rob'inson, 2002). Acquired immunity to P.
| faléiparum is never complete as demonstrated by immﬁne people who prvesent’ with
éliniéal malaria when they revisif the endemic areaé after :being away for some time
“(Yazdani et al, 2006). Acquisition of natural immunity to malaria may involve
3 ihteraétion of innate and adaptive immune cells but thg mechanism is not fully
understood. |

The initial contact of P | falciparum parasites with infant immune system may
‘de,téi'mine whether the parasite is cieared or persists tovforr.ri a chronic infection. Central
to initiation of immunity in na’i‘ve infants are dendritic cells since they arevth‘e only APC
b : ‘t.hat can present antigens to.na‘l‘vé T cells (Banchereau énd ’Steinmaﬁ, 1998). :The loéati’on
3 of antigen presentatioﬁ to naive T cells dﬁring blood 'stagé £ falcipdrum is cémﬁlék si>n‘ce
'~ blood stage antigens are not localized but are circulatedv in infected erythrocytes. It is
‘ pdssible_ that some aptigen presentation occurs in the T and B cell germinal cehtgrs but
th1s may. alsé occur in the peripherél blood CirCUIatory system. Therefo're, dendritié .cells

are required during the initial blood stage infection if an appropriate adaptive immune

27



response is to be evoked. However, other types of APCs may be involved during repeated
~ infections and in development of memory T cell immunity to malaria.
Immunity to P. falciparum infection is only attained after repéated bites from
infective mosquitbes (Yazdani et al., 2006). Clinically, immune adults have been shown
! to posses memory T and B lymphocytes and high antibody titers to MSP-,I (Deloron and
Chougnet, 1992). Memory T cells secrete IFN-y which is effective against P. falciparum
| infection but demonstration of memory CD4 T cells secreting IFN-y during biood stage
" infection has been difficult to show directly due to the low freqﬁencies and poor methods
of detecting fthése memory cells. For ratibnal des‘ign of an effectiyé MSP-1 vaccine,
| ‘memory CD4 T lymphocytes would need to be targeted for activation and expansion to
| boost cytokines and antibodies production. -
‘It has been suggested that clinical immunity to P. falciparum is shprt lived and is
lost within a short time in the absénc.e of repéat exﬁosure (Deléron and Chougnet, 1992).

The lack of immunoldgical memory to malaria may be due to the presénce of T

~ regulatory cells that suppress immunity by direct contact With..immune cells or by

' secreting imrﬁundsuppressive cytokines“(S'chluns and Lefrancois, .2003; Achtman et al, '
2005; Stephens and Langhome,‘ 2006). CD4 and CD8 T regulatory cells are

‘characterized by éxpréssion of a transcription factor FoxP3 and secretibn of high levels

~ of [L-10 and TGF-B, which are known t"ov suppress Th1 cytokines (Fahtini. et al., 2004;

Chen et al., 2003). The availability of high levels of TGF-B may also enhance the -
development and expansion of T régulamry ‘éell:s (Chen et al., 2003) leading to further |
suppression of proinflammatory immune resp'dnses. T regulatory cells with characteristic

FoxP3 expression are induced during blood stage infection and are associated with
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" increased production of TGF—B,k decreased proinflammatory cytokines and suppression of
antigen specific immune response (Walther ef al., 2005). The presence of T regulatory
- cells and high levels of secretory TGF- coincided with resistance of parasite clearance
- from the blood suggesting that malaria infection could induce these immune modulating
3 populations of regulatory T cells (Walther ef al., 2005). However, the de\}elopment of T
, v regulatory cells and the cytokine profile during evolution of immunity in mnlaria endemic

- areas is yet to be well described in human populations.

KK Immunologic T cell memory to P. falciparum infection
1 helper cells are a heterogeneous population of naive and memory cells that have a
cruc1al role in the development and maintenance of lmmunologxcal memory They can be

distinguished based on cell surface receptors, migratory and effector function (Bergmann

et al, l997)_. During normal (.levelopm‘ent} of CD4 T cells, naive cells with diverse
~ repertoire of entigen receptors are generated and circulate freely in the bocly searching for
_,thehpresence of any vantigen that has c‘omplernentary structure to the receptors (Good et
al, .2004); Naive T cells are immat_ure and nonspeciﬁc but once they vrecogm'ze antigens .
the&_nndergo a process of maturati'on and differentiation to bfo_rm a popu_lalion of memorsr
T cells, which are characferized .-by clonal expansion and ability to respond faSter to
| specrﬁc strmuh upon re-exposure [Revrewed in Esser et al., 2003)) Actrvatron of T cells‘
.xnvolves up regulatlon of co- stlmulatory and chemokme molecules some of which will
1 enable extravasation of the sele_cted naive cells to speclﬁc tissues that act‘as‘ the source of
 the antlgens (Campbell and HayGlass, 2000; Colantonio et al, 2002; Sallusto et al, |
1999). The élb_'ility of memory cells to recall an antigen after a prolonged period suggesl:s

that memory cells do not need antigen exposure to be maintained. However, the
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mechanisms responsible for their generation and maintenance have not been well
" characterized in human Imnmunology (Gray and Matzinger 1991; Mullbacher, 1994).
1 Memory CD4 T cells are subdivided into effector (CD4TCD45RA'CD62L') and
“central memory (CD4'CD45RACD62L") T cells characterized by immediate and
. | ..delayed recall immune responses respectively (Sallusto et al., 1999a; Esser et al., 2003).
Upon encounter with a recall zrntigen, CD4 memory T cells express activation signals
leading to release of .cyrokines that will activate bo'rh~ innate (macrophages and
3 neutrophils) and specific imrrrune cells (cytotoxic T cells and B cells) at least rn animal
| .models (Von der Weid and Langhorne, 1993). The twe populations of memory CD4 T
ceils secre_fe distinct cytokine profiles and chemokines. Effector ‘-'memo‘ry' T (TEM) cells
- secrete higher levels of IFN—y vor IL-4 and down regulate CCR7 expression while central
memory T (TCM) cells secrete rnamly IL-2 and IL-10 and upregulate CCR7 expression
| upon actlvatlon (Remhardt et al, 2001, Sallusto et al 1999b) IFN-y suppresses P.
falczparum r_nfectlon through dlrectrkrlhng of parasrtes and via actrvatron of innate
| _immrrne cells such as rreutro.phils”and macrophages that deg_ranulate and engulf ‘rhe
J parasites, respectively (Yoshida et al, 2003). IL-4 is T helper type 2 cytekine also
- secreted by mernory T c_eHs thaf is known te aetivate r'nernbory;B cells, promote isotype
| _ swrtching -and‘an.tibod'y secretvion‘ during P. falcipari:m ‘in‘fecti.on- (Esser and Radbmeh,
 1990; Tsuji et al, 1994). |
People residing in areas with high perennial, stable malaria_transmi_ssion acquire
rratural immunity to PlaSmodiuﬁr irrfection and ciinieal_ rrlalariewith most cases of h’igh'
, parasiremia, malaria morbidity and rnortelity eoncentrat_eriv in children below rh,e.age of 5

years (Bloland ef al., 1999; Taylor-Robinsorr, 2002). Clinical malaria has been mainly




associated with blood stage Plasmodium infection that may present with tissue damage,
- destruction of infected and uninfected erythrocytes and release of parasite toxins that
 activate secretiovn of pro-inflammatory cytokines (Krishnan and Karnad, 2003; Helbok et
al, 2005 Nebl et al., 2005). During P. falciparum blood stage infection, infected
' :l-.erythlocytes burst releasing merozoites that invade new erythrocytes. Since mature
3 ¢rythrocytes lack MHC molecules, T lymphocytes rnay not plaﬁz a direct role but
5 antibodies are able to directly block merozoite invasion of new erythrocytes (Schofield ez
- al,, 1986; Yazdani ef al., 2006). The protective role of CD4 T cells during P. falciparum
i blo‘()d stage infeclidn 18 ndt yet clear but it has: been suggested that they recognize
l‘ 4 anligens presented by APCs and secrete cytbkineé that will activate B cells to prodnce
‘antib.odies.speciﬁc to parasite antigens (Meding and Langhorne, l991; Su et al., 2002; Su
i .‘.'and Stevenson, 2002; Ing et al 2006). |
In human and murine malaria models, IFN-y and IL-4 are twd cytok:mes secreted -
| , l)y CD4 T lymphocytes during blood stage Plasmodium infection_ (Pouniotis et al., 2004;

~ Malhotra et al., 2005). Expansion of memory CD4 T cells secreting IL-4 in cultures from

. malaria exposed populations has been demonstrated to correlate ‘with protection When

challenged with attenuated ¥ o falczparum sporozmtes (Bergmann et al., 1997) However,
'.'the initiation and maintenance of T cell 1mmumty for B cell help durmg blood stage
3 'inféctiOn has yet to be well characterized. In fac_:t, the progr_essivé de_velopment of
_ 'immunity to malaria may depend on the facto_rs controlling the initial interaction bétween

 parasites and host immune cells so that if the parasite is not cleared during its acute phase

. it enters the chronic phase and will only be limited by the memory T and B cells.

Investigations of the initial and subsequent cellular and molecular immune responses in
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natural immunity. Hence, this study aimed at evaluating the presence of malaria-specific
T cells subsets in infants, children and adults naturally e

Xposed to holoendemic p.
| Jalciparum malaria.

3,



CHAPTER THREE

. MATERIALS AND METHODS

tudy participants were recruited from Kanyawegi sub-location, Maseno Division,
u District in western Kenya, a region with high, intense and perennial

(holoendemic) malaria transmission.

3.2. Study Population and Design

This was a cross sectional study involving enrollrﬁent of infants, children and adults from
amalaria holoendemic area. A total of 88 participants from the following five age groups
-ééé--enrolled (6 months {n=17}, 12 months {n=16}, 24 months {n=19}, 5 years {n=18)
. d Ja&ults {n=18}). Available literature suggest ‘that ;:hildren residing in malaria
tholoendemic areas gradually acquire immunity to malaria and develop clinical immunity
i.y the age of five years (Taylor-Robinson, 2002). Therefore this age stratification was
gapplied to capture the role of T cell susbsets in progressive development of clinical
jimmunity to P. falciparum malaria. Due to the variation in experimental design and the
 high number of cells required to meet the different objectives proposed, different number
.‘ of individuals were used to test each objective. All individuals recruited were first
' screened for ex vivo T cell subsets out of which 49 samples had enough cells to test for
- [FN-y production to MSP14; (3D7 strain). Only subsets of positive responders by IFN-y
! production to MSP14, (n = 26) were further recruited for intraéellular cytokine staining,

- costimulatory molecules and Th1/Th2 cytokine assays.
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.1. Sample size determination

of 88 samples were recruited randomly in the field from the indivuduals who met
','clusion criteria. Based on G*power calculation (Faul et al., 2007), the sample size
‘, had a critical power of 0.84 at a = 0.05 to detect difference between groups (as
by the thick line in figure 1). For immunophenotyping, at least 20,000 events (T
.wéfe acquired in a FACScaliber per sampk; hence giving more power for a smaller
value (ﬁ = 26 and 49) to adequately detect statistical differences during data analysis

nd interpretation.
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3.3. Physical Examination, Blood Collection and Full hemogram Analysis

- After consenting and before enrollment, each study participant was physically examined
by the project physician to ascertain if ea;:h of them was physically fit fof enrollment into
1 fhe study. Frém physically fit individuals, 2-5 ml of venous blood was requested from
1 children and 8-10 ml from adults as apprdved by the t§v0 institutional review boards and
" collected into heparinised vacutainer tubes (BD va;:utainer systems, Plymouth, UK).
Since children have higher number of cel.l‘s per mL compared to adults, 2;5 mL of blood
.vrequested from them had enough cell numbers that saﬁsﬁed the objectives proposed in

3 this thesis research project. For complete blood cell (CBC) counts or full hemogram

analysis, 500ul of venous blood was collected into Ethylenediamine tetraacetic acid
- (EDTA) tubes. Collected blood samples were transported to Case Western Reserve
- University laboratory at Kenya Medical Research Institute, Kisumu where full hemogram

~ analysis and all other subsequent laboratory assays were carried out.

" .;3.4. Parasitologic Examination

A During each time of blood collection, thick and thin blood sm_earstwa.s prepared on

'- microscope slides in the field. The slides. Weré air dried and transported to the Case -

.Wesfem laboratdfy where slides were fixed with 100% ethanol and stained with 5% 

] Giemsa. Slides were examined by light microscopy for the presence and enumeration of
P. Jalciparum-infected erythrocytes. The density of parasitaemia was expressed as the
number of asexual P. fal_ciparum per gl of bloddéésﬂming a leukocyte cdunt of 8,000 per

uL (Prudhomme O’meara ef al,, 2005). All individuals with detected parasites in the
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- smear were treated for uncomplicated malaria with antimalarial (Coartem) as

- recommended by the Ministry of Health in Kenya (Appendix 1).

3.5. Peripheral Blood Mononuclear Cells (PBMCs) Isolation

The blood samples collected in heparin tubes were layered careﬁllvly on top of 5ml Ficoll-
I ‘hypaque in sterile 15ml tubes. The caps were tightened and transferred to a centrifuge
and spun at 350g for 30 minutes to allow separation of whole blood .into three main
- components: plasma on top,. PBMC in the middle and -erythrocytes at the bottom of the
tube. Plasma was aspirated and aliduoted‘ into sterile Sarsdedbt (Sarsdedt™, Newton,
Germaﬁy) tubes and frozen at -SOOC for later uée'in antibody detection. The PBMC layer
was traﬁsfer_red carefully into a new sterile 15mL tube and sterile 1xPBS added to a total
of 12mL. m each tube. Thisb was ,mjxed by géntly inverting the tube 2-3 vtimes fhen
- centrifuged at 250g for 1 5. minutes. The supernatant was aspirated careﬁ;lly fo avoid
suckiﬁg the pellef. The pellet yvaS flicked gently to break and resuspéhded_ in another
IZmL 6f sterile 1xPBS followed by éentﬁfug&tion at ZSOg for 10 minutes. At the end of
spinning, supernatants was éspirafed leaving a clean pelle’t‘ Qf PBMC which was broken
; aﬁd réSuspe_ndedin I@L of culture media, (RPMI 1640; GIBCO, 1nvitrogen, Paisley,
Scotland, UK) ‘sup'pl.e»meﬁted vv'vitrh L—glutarrﬁne, human serth_n tybe AB HEPES and

géntamjrcinf (cRPM] 1640)... ‘Su_spe_nded PBMC was mixed in I:i: ratio with Turk’s
j solptio_n ahd ) 10pL of the mixture chérged _ ‘intov a haernocyf_cémeter for PMBC

enumeration.
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3.6. Antigens for Evaluation of T cell Specific Responses

' i’BMC were stimulated with the following three different test conditions: PBS,
'i Sta?hylococcus enterotoxin B (SEB), and MSP-14,3D7. PBS is normal saline solution
1 niade of sodium and potassium salts with a Ph of 7.2. It does not contain any protein
.‘ hénc'e was used as a negative control for each sample. SEB is a bacterial toxin super
_l antigen that stimulates about 5% of the total population of total T lymphocytes and was
used as a positive control. MSP-14,3D7 is P. falciparum antigen expressed during the

- blood stage infection and was used as test recombinant protein expressed in Escherichia

* coli for evaluation of T cell specific responses.

| 3.7. Cell Surface Staining for T cell Costimulatory Molecules

. | .Ffe'shly ispl’ated PBMC or 36 hours cultured PBMC were 'used_ to assay for ex vivo T cell
's_'ubsei and.costimulatory molécules, respectively. An aliquote .of 100 pL containing
3 .L5><105. cells was sampied into’ SmL -pclystyrene tubes and stained with fluorochrome
~ conjugated antibodies (B’,DI Pharmingen'", BD Biosciences, Pharmingen) against cell
’.;-‘: f' ‘surfaceiir_l_o_lecules (anti-CD3, CD4, CD8, CDA45RA, CD62L, CD28, CD152, and CD 154)‘
;»_.'_':..at.'_r-éom temperatuie for 36 rriihutes. 2mL of waéh buffer (0.5% BSA in IXPBS) was
i .?(jided into each tube and »centriﬁjgcled_ .at 430g ‘for 8 rriinutes to pel_let tile cells.. Wash
1 buffer wais decanted carefully and tubes bloated on a pai)er towel. The pevllet' was
~ vortexed aild ‘ﬁxed with 500uL of 4% paraformaldehyde for 15 niinutés at 4°C in the dark
aﬁér which a total of 10,000. okl ‘wee acquired uéing a FACscaliber™ (Becton

~ Dickinson, USA).
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3.8 Cytokine Enzyme Linked Immunospot (ELISPOT) Assay

Multiscreen ELISPOT plates (Millipore Corporation, Bedford, USA) were coated with
I';:capture anti—hurﬁan IFN-y antibody (Endogen M-700A, Worcester, MA) at a final
| concentration of Sug/mL ovemight at 4°C. On thé next day, the plates were washed x3
-.With’_leBS and blocked with 100uL of 10% fetal calf serum for 2 hours at room
‘.t_émperature. Plates were washed x3 with PBS then cells diluted to 5x10° per mL. 5x10°
cells were seeded per well and each sample stimulated with the following three
.}condi'tions: PBS, SEB andr MSP1423D7 for 2.5 days in a humidified incubator with 5%
CO; and temperature regulated at 37°C. At the end of incubation period, plates were
B 53 with 1xPBS followed by 3 with 1xPBS containing 0.05% Tween (PBS-T)
and secondary anti-human IFN-y antibody (Endogen M-700B) added at a final
:.».COﬁcentration of O.75ug/mL‘ After incubation for 1hour‘and 30 minutes at 37°C, the
b.p‘lla'tes were washed x3 with PBS-T and horse reddish peroxidase (HRP) conjugated
stréptavidin (DAKO -PO397) ‘added at 1:2000 ‘diiution and incubated for two hours at
; _. f f:r00m temperature. Finally, plétes were waéhe’d x3 wifh 1xPBS and HRP substrate (l% 3-
dmino-9—ethyl-carbaiole substrate inrO.l M acetate buffer) added to develop the spots.

. This took _b'e-tWeen 20to 40 minutes before stépping the réaction with distilled water.

A _~: 39 Intracellular Cytokine Staining For F‘low. Cytdm.etry

| After counting, the resuspended PBMC was diluted to 5x 10° cells/mL aﬁd cells éeeded m
a 96 well culture plate at a cell conéentfatién of 2.5% 105 ~cells per 200 uL of cRPMI-iﬁtd |
| fwo parallel wells. These cells wére stimulated w1th either of the three tgst conditions-. o
(PBS, _SEB or MSP1,,3D7) for 7 days in a humidified incubator with 5% CO; and

E temperature regulated at 37°C. After 60 hours of stimulatior_i, supérnatants were removed
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and 200uL of fresh cRPMI containing 20 units of IL-2 was added. During the last 6 hours
of culture duration, intracellular cytokines was blocked with brefeldin A after which the
supernatants froxﬁ the cultured cells Was removed leaving only a small \}olume with the
‘pellet. The remaining pellet was suspended in 200pL of 20mM EDTA in PBS and cells
'-  transferred into SmL polystyrene tubes, washed with 0.5% BSA and stained for cell
surface molecules (anti-CD3, CD4, CD8 CD45RA and CD62L antibodies) at room
temperature for 30 minutes. Fixing was done with 4% paraformaldehyde for 15 minutes
at 4°C in the dark. Cells were washed and cell membranes permeabilized for 30 minutes
at 4°C in the dafk using ice-cold permeabivlisving solution (HEPES + 0.1% saponin). Cells
; >'Were washed x2 with wash buffer and incﬁbated with énti—human IFN-y antibodies for 30
minutes. Cells were fixed with 300pL of 4% paraformaldehyde for 15 minutes at 4°C and
‘washed. Cells were then suspended in wésh buffer and at least 20,000 gated events were
3 acquired per condition ﬁsing a four colour flow cytomgter (FACscélibu’rTM Becton

» ‘ ‘Dickinson, USA). Since samples were acquired vwitl‘lout compensation; FIQwJo

' 'pfogramnie.(Tree Star Inc, USA), which allows for post acquisition compensation was

" used for datvaiprocessing and analysis. Appendix 2 shows the schematic representation of

the gating strategy used to analyzeT cell subsets
- 3.10. Bioplex Cytokine Assay

Bio-plexTM (Bio-Rad laboratories Inc, USA) cytokine commercial kit was used for -
detection of multiple Thl and Th2 bcytokihes: from the 'supernata.nts‘ after PBMC
. stimulation with MSP—142 for 60 hours. A sterile immunolon 96 well filter pléte was pre-

 wetted using 100 pL/well of Bio-Plex aésay buffer and aspirated by vacuum manifold. _




| The bottom of the filter plate was blotted with a clean paper towel. The multiplex bead
- working solution was vortexed for 15-20 seconds at medium speed and 50pl. was
| aliquoted .into the wells of the filter plate and removed by vacuum filtration. Each well
i Was washed x2 with 100puL of Bio-Plex wash buffer and the bottom of the plate was then
' blofted with a clean peper towel. Filter plate was put on a plate_holder and 50upL of
serially diluted cytokine standards and samples were put in each well, covered with a
. plate sealer and aluminum foil then placed on a microplate vortex-gene 2 shaker
. _‘ (Scientific Industries, Inc.) for incubation at room terﬁperature. The speed of the vortex-
F gene 2 shaker was slowly increased to .l, 100rpm for the first 30 seconds then reduced to
' .‘3-(‘)0rpm for 30min. At the end of 30min incubation, the buffer was aspirated and the plate
; wéshed x3 using 100uL of Bio-Plex wash buffer then blotted on a paper towel. The Bio-
Plex detection antibody working solution bwas gently vortexed and 25pL was added into
each well, covered with a sealing tape and alu_n_lihum foil then placed on a microplate
 shaker for incubation ét room temperature. The speed of the shaker was slowly increased
to l,IOOrpfn during the first 30 seconds then reduced to 300rpm for 30miﬁ. After 30
minutes of »incubation, the buffer was as_piféted and plate was washed x3 using |
IOOuL/well of Bio-Plex wash buffer. StreptavidimPE was vigorously vortexed and 50uL
3 \ﬁs}es added into each well, covered with a plate sealer and aluminm foil then placed on a
microplate shaker fer incubation at RT. The :speed vof the shakef was slowly increased to
| I,IOOrptr.; for the _firét 30 secqnds then reduced to 300rpm for 10 min. After 10 minutes of
incubation, the buffer was aspirated and plate was washed x3 using 100@/well of B_io-
& Plex wash Buffer. The beads in each well were resuspended in_lZSuL of Bio-Plex assay

‘buffer, covered with a plate sealer tape and shaken at 1,100rpm for 30seconds at room
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‘temperature. The sealing tape was removed and the plate was immediately read on the

; BiOePlexTM (Bio-Rad laboratories Inc, USA) system.

- 3.11. Ethical Considerations
i This study was part of the bigger study between KEMRI and CWRU to investigate
~ development of human immunity to P. falciparum malaria in Western Kenya. As such

this study was approved by the two institutional review-bo_a_rdé with the following ethical

- considerations.

' The mini_mal. risk associated with participation was the discomert of venipuncture
1 and ﬁnger. prick blood samp‘le- 'coilection._ There was a remote chaﬁée of secondary
lu‘ infection that is minimized by sterile pre_caution-s. Infeqtiqn due to venipuncture has
3 neVef occurred in the past studies fgon_taéted by this investigators. Drawing the proposed |
;.lﬂamount of blo.od from infants would not in any'wa'y_ endanger the child. Hemoglobin
. meaﬁu_rements ‘were done prior 'to,‘ all veﬁous Blood sqmple collections to ensure each
study parti‘cipeint was not ‘anemic.
' 'Direc.:t beneﬁts to study‘ participants included. clinical monitoring and treatmeni.of
_m,alérié.- When possible, those who ekéerie_nce sevére illnéss were transported to the
i _. ocal hospitalv. This included those with hefngglobin concentrations <7 g/dL .for children
- and <10 g/dL for adult women and 'n'ie}n. The risks of vﬁenipunéturé or finger prick were
E minimal relative to the immediate h’ealth benefit avéilable to the community. Transport
: ~ cost incurred by the study participants was re-imbursed‘- Any fnedical injuriesias_ a result

of participation in this study were covered.
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The purpose of this study was explained to the study participants or the parents or
guardian of all infant participants by the field assistants or hospital personnel in the local
language. Those willing to enroll in the study wére required to sign a written consent
~ form in order to participate (Appendix 1). Recruitment was strictly voluntary. vIt was
'A_"r.nade clear that refusal to participate or withdrawal durihg the course of the study would
not- inﬁuence care or transport to local health facilities. It was also indicated that no
5 _-nﬁonetary or other gains would be offered in exchange for participation. If the parent or
3 guéfdian was literate, they were given a written document‘ inv Luo, Swahilibr English.
T_hgy Were be asked to sign this document with a witness from KEMRI. Illiterate
| - individuals were accofﬁpanied by literate iiillége résidents and the consent forrh Was read
3 ;: to them. The consent form was co-signed by the village representative and a witness from
Each individual was assignéd a unique identification number (UNID) which was used E
3 .t'o- label all samples collected for laboratory analysis. The UNID was linked to the
4 - personal identifiers 1n a data base that was key' coded and‘ only accessible t(_')" the
nvestigators. All othgf infofmation was stored in the: data base by UNID. ’Original dafé-
_‘éoll‘ec.tion forms, such as consent for;ins a’ﬁd blooa collection forms wére storgd in ar
B locked filing cabinet at the CWRU-KEMRI 'ofﬁ-ce at CGHR Kisumu. For mal'ariba
F tfeatment.purposes, bloéd sfnéar data was méde available to the élinivcal'c).fﬁcer assighed |
to-this project; ,'_lr\Io other infc')r,mation. which cbntains'persgnal identi_ﬁgrs was circulated.
_This' databése was stored bn back—up files after analysis in case project records need to be

- reviewed.
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No test was done for other potential microbial (parasitic, bacterial, fungal and
viral) pathogens since ethical approval was only sought to investigate immunity to
aria. Informed conseht was obtained from each adult and mothers/guardians of infants
éxplaining to them the purpose/objectives of the study. This study was approved by

the Ethical Review Committee of the Kenya Medical Research Institute and the

Institutional Review Board of Case Western Reserve University (Appendix 1).

. Data Analysis

‘,f e frequency of IFN-y cytokine responses measured by ELISPOT was compared
;etween adults and children of different age groups and analyzed using multiple Chi-
_quare tests. The magnitude of spot forming units (SFUs) per individual as measured by
'ELISPOT was compared between adults and children using Kruskal Wallis test. For
;éurface staining and intracellular cytokiné secretion, FlowJo software programme (Tree
Star Inc., USA) was used to analyze the écquired events. The proportion of CD4 and CD8
cells secreting IFN-y cytokine and expressing cell surface molecules (CD28, CD152
and CD154) was compared between adults and children of different age groups (6, 12,
- 24, and 36 months, 5 years) using Chi-square. Cytokine levels across the different age
‘;groups were compared using Kruskal Wallis test. Dunn’s post hoc test was applied to
;statistically significant groups to further confirm data from which reference age group
E};,giiffered from any other group. The relationship between multiple cytokine secretion and ‘
expression of cell surface molecules was tested using Spearmann’s correlation analysis.
‘m For all statistical tests, Graphpad programme (Graphpad Prism™ La Jolla, USA) was
used for analysis and any probability value less than 0.05 (p < 0.05) was taken as

~ significant.




CHAPTER FOUR

?;‘1. Parasitemic and Full Hemogram Characteristics of the Study Population

( mplete blood cell (CBC) counts and parasitemia were determined for all participants
E;u olled in the study (n = 88). The median levels with lowest and hlghest confidence
ntervals are shown in Table 1. The mechan para31tem1a (p = 0.0473), white Blood Cells

‘(p £ 0. 0013) lymphocytes (p=0. 0009) and monocytes (p = 0.0435) varied szgmﬁcantly

~ between the age groups.
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4.2. Characteristics of Ex vivo CD4 T Cell Subsets

The frequencies of total CD4 were measured for 88 participants and shown to be similar
at approximately 40% in all age groups (Figure 2 {i}). However, adults displayed more
of memory CD4 T cell phenotype (Tem and Tewm) whi}e infants had more naive T cells
,; B (1) as illustrated in.Figure 4. The frequency of CD4 Tcm and Teum signiﬁcantly increased
"'."_w>ith age (p =0.0001 and p = 0.0002, respectively) while Ty progressively decreased with

| age with significantly lbwer proportion observed in adults (p = 0.0003). The proportion

| -~ of terminally differentiated memory (Temras) CD4 T cells wére very low (less than 1% of

3 total CD4) and similar across the age groups.

- 42 Characteristics of Ex vivo CD8 T Cell Subsets
Similaxly, the frequencies of total CD8 T cells were measured for 88 participants and
Weré' approximately 18% and comp‘a'r.ableb betweeﬁ all age groups (Figuré 2 {(ii}). The
distribution patterns of CD8 T-cell subsets were similar to those of CD4 subs_ets but the
P - _;-1'evels of significance wereblower than thos¢ observed in CD4 compartment. As shoWn in
3 figure 5, CD8 Tcwm and Tewm although seemingly higher in adults, did not reach any leve'lk
1 Qf signiﬁ_caﬁce. But CD8 Tx frequencies reduced with age and was si‘ghiﬁcaihﬂy:lower in
ad‘ults’ compared to children (p = 0.0046). However, CDS T cellbsv had mbre TeMmrAs as
'cohmpare‘d_ to almost hegligiblé pr‘oportiori .of Cﬁ4 T EI\;IRAs that sﬁowed a trend of grgidual '

‘increase with age though not at a significant rate (p B 0.0735):. Figure 3 shows

'_ .'repres'entative histograms of distribution of ex vivo CD4 and CD8 T cell subsets from an

b _infant an_d adult.
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Figure 3. Representative histograms showing the proportions of CD4 and CD8 T cells
subsets in adults and children. Histogram is (i)-Adult CD4, (ii)-Child CD4, (iii)-Adult
CD8 and (iv)-Child CD8. CD45RAFITC is a naive T cell receptor bound to a green
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Figuré 4. Proportion of ex Vivo CD4 T cell subsets in different age groups. The |

' frequéncy of CD4 Tem and T;L;L,; varied between different age groups (p =0.0001

~and p = 0.0002, Kruskal Walli:s,vréspectively) énd were significantly higher in

| adults than children (p < 0.05, Dunn’s post hoc test) while Ty were significantly

lower in adults than children aged 0.5 years (p = 0.0003). The proportion Temras)

were very low and similar in all agé groups. .
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-~ Figure 5. . Proportion of ex vivo CD8 T cell subsets across age groups. The frequency of |
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".Wallis) while T varied between age gr_oups 12 =-0_v0‘046, Kruskal Wailis) and were

: significantly lower in adults than children aged 0.5 years (p < 0.05, Dunn’s post hoc).
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‘.3. Frequency and Magnitude of IFN-y Responses to MSP1423d7 by ELISPOT

An individual was defined as an IFN-y responder to recombinant MSP145-3D7 if the
jifrequeney of the spot forming units (SFUS} per 1x10° PBMCs in the stimulated well was
Sighiﬁcantly greater COmpared to the unstimulated PBS well using a Chi-square Fishers
1 exact test. Most children below the age of 1 year d1d not secrete [FN-Y as summarized in
fTatble 2 and Figure 6. The proportion of IFN-y responders to MSP14,-3D7 51gn1ﬁcantly
; ‘.increased with age from infants to adults (2‘0%_«5 90% respectively, p = 0.023). Similar
‘ ihcreases were observed in the magnitude of IFN-y resﬁonses across the studyk populatien
\’.b(p 0.0011) (Figure 6). All individuals (n = 49) tested in thls study responded by IFN-y
j productxon to bacterial super antlgen SEB at very h1gh levels (too numerous to count

- spots) demonstrating that '.both children and adults were immunocompetent.

52



Table 2. Proportion of IFN-y responders to MSP14,3D7 in each age group by ELISPOT.

Proportion (%) of
Agé (years) . responders o P
0.5 e ,. 2/10 (20) -‘ ' _0.023
t:. »4_/9(44)
2», 5/10 (50)
5 } 5/10(50)
: >18_.v ' | _9.’/10’(90_)

- Comparison of the proportion of individuals (n = 49) _respohding by IFN-y production to
' ‘MSP14,3D7 in each 'ei'ge group varied with age (P - 0.023, Chi-square) and were

significantly higher in adults than children aged 0.5 years (P < 0.05, Dunn’s post hoc test)

53



4 4

[FNy SFUs/1x10% cells

Age (years)

"‘Fig‘ure. 6. Magnitudg of IFN-y ELISPOT respénsé to MSP14'2—3D7- by vage‘ The
- niagnitude of IFN-y production within eachb-aée:'group was measured by .counting-the
:hun.lber of spot forming units (SFUs)/precuréof c'elis' pér one Ihillion cells from .each .
| individual‘ after stimﬁlation .with M‘SP142-3D7.”The median SFUs Were signiﬁcantl_y
different betWeen age groups (P = 0.0011, Kruskall .Wallis) .and bhigher m adults

compared to children aged 0.5 years (p < 0.05, Dunn’s post hoc).



: 4.4. Development of Antigen Specific Memory T Cell Subsets
Evolutic_)ﬁ and maintenance of antigen-specific memory cells is the ultimate goal for
develdping a vaccine to effectively control or prevent an infectious agent. To address if
individuals chronically exposed to natural P. Jalciparum infections develop antigen-
specific memory T cells to MSP14,-3D7, long ferm culture of PBMCs Was done for 7
days in Qfder‘ to expand the ant’igen—speciﬁc T cells. Intracellular IFN-y and cell surface
2 ‘immuﬁdphenotyping suggested an age related increasing trend fof CD4 Tewm and Tem (p =
~ 0.5085 and p = 0.0999, respectiveiy) though this comparison failed to achigve statistical
- significance. In contrast, the proportion of Trmra aqd CD4 Tys subsets suggested a
‘decreasing trend with age (p = 0.1578 and p = D:0119, -.respectively) with the proportion
of Tx being significantly lower in adults compared to children. The pattern presented by
1 ',CDS'TCMi was comparablebacross' the age groups (p = 0.4678), however Tewm increased
- with age and approached borderline significance (p =0.081). Both Ty and TEMRAS CDST
subsets appeared to decrease v:/i.th age and the frequency of Tepmra was generally higher
than for CD4 across age groups (p = 0.2460 and p = 0.2565, respectivelly), however these

. observations failed to achieve statistical significance. These results are summarized in

Eigures 7 and 8.
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4.5. Surface Expression of T Cell Costimulatory Molecules

The cell surface expression of costimulatory molecules (CD28, CD152, CD154)
expressed on T cell subsets may inﬂueﬁce their ability to respond to antigen. More CD28
positive CD4 T cells compared to CD8 T cells were observed in all age gfoups (Figures 9
and 10). The median CD28 expression on CD4 T cells was over 95% while in CD8 T
cells, it was expressed by 50% of cells. For both CD4 and CD8 T cells, infants and adults
had fewer CD28 positive cells as compargd to children between 1 and 5 years. The
percentage expression of CD152 and CD154 én CD4 and CDS8 T cells were“ very low in
all age groups with all median levels falling belov& 0.5% (Figures 9 and 10). Overall, no
statistical differences were observed on the expression of CD4 T ceil cos'tin.xulatoryb
- molecules; CD28, CD152 and CD154 across the age groups (Kruskal Wallis_test, p N
0.1121; 0.3374; 0.5262, respectiveiy). Furthermére ekpression of CD28, 152 and 154 on
CD8 T cells were statistical comﬁarable across the'age groups (Kruskal .Wallis test, p =
0.1235:0.5370; 0.5357", resp?,ctive’ly); However, evaluation of the peréentagé ratios of
CD4 and CD8 T @eﬂ costimulatory molecules showed that only the ratio of CD4
CD154/CD152 was significantly lower iﬁ infants and adults compared with other age
groﬁps’.(p = 0.032). No statistical differenc;e was observed in the ratio of all other ,
molecules (all, p > Ok‘05, Figures 11 and 12). Moreover, correlation Be;tween the three
different costimulatory molecules re{/ealed non-'signiﬁcant associatvi(‘)ﬁ a;:rbss the age |
~ groups for all the mplecules evaluated except for. CD8, CD152 and_CD154 (® = 0.0163)

(Tables 3 and 4).
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children and adults (n = 26).

4 Table 3. Relationship in surface expression of CD4 T cell costimulatory molecules in

p=0.7038

CD4-CD152 CD4-CD154 CD4-CD28
[CDaCDI152|  r=1000
" [ CD4-CD154 | r= 04293 = 1.000
»=00754
CD4-CD23 r=-04164 = 0.0963 =1.000
p=0.0857

~ Coefficient of correlation betw_een CD28, CD152 and CD154 was measured by -

N Spearman’s correlation and was found _td be similar (P > 0.05) for all the molecules

between the age groups.

&




Table 4. Relationship in surface expression of CD4 T cell costimulatory molecules in

children and adults (n = 26).

CD8-CD152 - | CD8-CD154 CD8-CD28

- [CD8-CDI152 | r=1.000

CDS-CDI54 |r=05572 | r=1000

| p=00163

[CD8-CD28 [r=-01075  ’ r=-0.2252 om0
- p=06112 p=03689 »

- Coefficient of Correlation between CD28, 'CD15.2 ~and CD154 wds measured by
Spea_:ffnan’s correlation and was found to b'e similar (P > ‘0.0S) for all the molecules

~except CD154 and CD152 ‘that' pbsitively correlated (p = 0.0163) between the age grdups.
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4.6. Th1 Cytokine Responses to P. falciparum MSP-14,3D7

- To evaluate the role of Thl cytokines in the development of immunity to blood stage P.

- fqlc_iparum malaria, the frequency and levels of IL-2, IL-12, GM-CSF, IFN-y and TNF-a
-~ were measured in culture supernatants in an age stratified populatiqn exposed to
holbendemic malaria. Although the frequencies and levels of all the cyto'kines to MSP-
 13D7 were similar across the agei groups, individual cytokine levels demonstrated
- unique patterns across the age groups'(Figure 13). For all Thl cytokine57 there was
minimal response in chiidreﬁ aged 6 months. Thil .cﬁohnes levels were the highest in
~ children aged 1 year. IFN—y- levéls decreased by the age Qf 2 years but gradually increased
from 3 yéaré to adulthood. There was pfogressive decrease of TNF-a levels ﬁoﬁ 1 year
'~ to adulthood. Both 1L.-2 and TL-12 had si_tﬁilaf but invariable pattérns ACTOss ’the age

b groups.
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Fig‘ure 13. Thi cytokine response to P. falc:'parum MSP- 1"42'3D7 in children of different
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TNF- -0 (1), [FN—y (iii), IL-12 (1v) and GM—CSF ), (P > 0. 05 Kruskal Walhs) between
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4.7. Th2 Cytokine Responses to P. falciprum MSP-14,3D7
Cytokine responses of anti-inflammatory cytokines IL-4, IL-5, 1L.-10 and IL-13 to MSP-
14,.3D7 were alsd compared across the age groups. IL-4 responses weré'not detected in
any individuals investigated. Higher levels of IL-5 and IL-13 were observed in children
~aged 1 year that prﬁgressively decreased to adulthdod; I1.-10 levels were lower in 2 year

olds but gradually increased.in older children and adults who had the highest levels

| ~ (Figure 14).
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groups.




4.8. Correlation of Thl and Th2 Cytokine Levels

All samples were pooled and Speérman’s correlation was used to determine the
| '.felationvship between different pro- and anti-inﬂammat()rs/ cytokines. As shown in Table
5, significant positive correlations were observed within and between sbme pro- and anti-
" inﬂ‘émmatory cytokines. No correlation was found between IL-4 and both Thl and Th2

| 'cy'tokings.b IL-2 only correlated With IL-12 and IL-13. All the other nine Thl and Th2

E _cytdkines evaluated correlated with at least 3 other cytokines from either group.
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Table 5. Correlation of Th1 and Th2 cytokine response to MSP-14,3D7 across the age

p=0.4376

groups.

L4 IL-2 TFN-a IFN-y IL-10 IL-12° 1L-13 GS-CSF IL-5

r=1.000

=0.3188 | r=1.000

p=0.1707

=0.1878 | r=0.2823 | r=1.000

p=0.4279 | p=0.2279.

=03266 |=02647 |=09202 |r=1000

p=0.1599 | p =0.2594 | p=0.0000

=0.2646 | =0.3667 |r=0.7344 |r=08473 |r=1000

p=0.2595 | p=0.1118 | p=0.0002 | p=0.0000

=04169 | 05160 |r=05639 | 06829 |r0.6043 | =100

p=0.0674 | p=0.0199 | p=0.0096 | p=0.0009 | p=0.0048 |

=0.1816 | 04555 |r=0.6287 |=0.7112 | r=0.7484 |r=0.6670 |r=1000

p=0.4436 | p =0.0436 | p=0.0030 | p=0.0004 | p=0.0001 | p=0.0013

02395 |=0.1996 | 08477 | 09135 | =08793 | =0.6149 | r=0.6870 | =100

p=03091 | p=0.3988 | p=0.0000 | p=0.0000 | p=0.0000 | p=0.0039 | p=0.0008 |

=0.1839 | =03417 |r=0.4229 |=0.5648 | =0.4854 |r=0.7257 |r=0.8030 |r=0.4964 |r=100
p=0.1403 | p=0.0632 | p=0.0095 | p=0.0301 | p=0.0003 | p=0.0000 | p=0.0260

Cytokine levels from all the age’ groups were pooled together and the relatibmbip ,

between different cytokines was measured by Spearman’s correlation. There was positive

correlation (P <0.05) between various_ cytokines as shown in bold in the table.
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CHAPTER FIVE

5.0. DISCUSSION

Adults and older children residing in regions of perennial and intense P. falciparum
transmission acquire immunologic protection after cumulative exposure as demonstrated
by a decreasing incidence of the severe manifestations of malaria in.fections‘ and lower
parasite densities with age. Furthermoré, adulté acquire immunity more r»apidly' than
children under the same exposure conditions (Baird, 1998). These epidemioiogic
- observations leave the burden of malaria-associated morbidity and Iiiorfality to be carried
‘ by infants and young children in these areas (Rogiér, 2000). Antibodies against malaria
have been extensively studied and are associated with exposure and in some caseé
protection from inféction and disease (Hdgh, 1996). However, there remains a gap in our
understanding abiout the rQle of T cell immunity, especially in protectidn against blood

stage malaria infections.

5.1. Parasitemia and Hematologic Indices of the Study Population

Development of immunity to malaria is accompanied by progressive qhanges in the level“_
of parasitemia with age -_and/or exposuire. In the;pre_sént study, there was very low parasii:e‘ ‘
densities in children éged. below 0.5 yéars and 1n adults compared to Vother' groups of
children. This ‘coiuld be' due to ability of adult iminune system to i/igorbusly niount
specific cell and antibody inediatéd immune _iespdnées. However young children may
have beeri protected by maternal IgG antibodiés specific to mélziria antigens that crossed

 the placenta during pregnancy (Tena-Tomas ef al., 2007).
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Although measurement of the hematologic indices was not a major goal of this
study, it is well established that hematological indices are important laboratory
- parameters for clinical evaluation of health and disease progression. These variables may

change with age, gender, race, environmental and genetic factors (Saxena and Wong,
1990). The available World Healt_h Organization reference standard values for these
| parameters are inainly based on the established data céllected from European and North
American populations (Saxena and Wong, 1990). There have been attempts to measure
and set up standard values in a few studies in African populations. In The Gambia, the Hb
levels in children aged 0.5 to 6 years and in adulté were 8.7 fo 13.4 and, 9.8 to 16.6
respe'ct‘ively. In the present study, the median Hb levels in children aged 0.5 to 5 years
ranged between 9.3 and 16.7, falling within the range of values established by WH.O
and other regional studies (Nicholson and Pesce, 2000; Lugada et al., 2004). Moreover in
the present study, levels of WBC, monocytes, and platelets were shown fq signiﬁ'cantly
decrease with age conoborating re'sults from other studies done in Africén populations
(Lugada et al.; 2004; Adetifa et al 2008). It should be noted 'th"af in the present
population; there was a limitation in measuring various nufcritional deficiencies and cher.
environmental factors that c0uld have influenced thé observed changes in the levels of

various hematological indices.

5.2. Development of Global Memory T Cell Subsets

In order to better characterize the immune components that constitute protective

immunity, this thesis first examined ex vivo T cells phenotypes in a cross-section of

children and adultsklivi‘ng in a holoendemic P. falciparum area in western Kenya. As




expected, adults had more mature central and effector T cell memory subsets as
compared to children whose T cells were still immunologically naive. The proportion of
central and effector memory T cells increased with age and formed the majority of the T
»b cell compartment in adults as compared to terminally differentiated and naive T cells
found in young children. Central and effector memory CD4 T cells significantly
increased with age (p = 0.0001 and p = 0.002, respectively) while naive T cells were
infrequently found in adults (p = 0.0003). The observed differences in the proportion of
ex vivo CD4 T subsets corrotiofate the results from other studies comparing adults and
children above five years of age (Jackola et al., 1994; Saule et al., 2006). The decline in
the Ty proportion with age could in part be due to attrition of the thymus with age leading
to reduction in production of Tn. Differences in the actual rate of T cell maturation in
irifants and young children chronically or repeatedly exposed to numerous pathogens,
such as malaria and schistosomiasis,‘c’ompared to chiIdreil not exposed to such infections
remains unknown. However, we can ’speculate that persistent: eprsﬁre to pathogens early
in life could lead to earlier exiolution- of antigen-specific T cell maturation to aid in
protection against infection and disease. |

The role Qf memory CD4 T cell subsets in promoting other immune éell’s, such as
ahtibody producii-ig memory B i:ells, could be enhanced by T _ceil différentiation; whereés
thé role of CD8 T cell memory subsets may be involved in inore direct cytotoxic activity
in p__m’;ective immunity. Unlike CD4 T cells, the frequencigs of CD8 Tcum and Tey were
similar across the age 'g‘roupsi but adults had significantly low Tx (p = 0.004). The
difference in the patterns observed between CD4 and CD8 memory T cell subsets is

suggestive of intrinsic variations in the regulatory mechanisms and functions of these
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cells. The frequencies of Temras in the CD4 compartment were very low compared to
higher proportions in the CD8 compartment which gradually increased with age. The
higher frequencies of CD8 Trura suggest that as people get exposed to a variety of
infectious agents with age, CD8 T cells may be called upon for immediate effector

function, compared to CD4 T cells, in order to fight the infection.

5.3. Interferon Gamma Specific Responses to P. falciparum MSP14,3D7.

Interferon gamma is an essential .cytokine in the resolution of Plasmodium infection in
humans and animal models (Luty ef al, 1999; Taylor-Robinson and Phillips, 1992). It
works synergistically with other cytokines and nitric oxide to eliminate parasites (Kern et
al., 1989). This sfudy évaluated the age-dependent difference in the freduéncy and
magnitude of IFN-y secreted in response to MSP14,-3D7, a leading blood stage malaria
vaccine candidate. Tt was observed that adults had sighiﬁcantlyb higher levels and
frequency (p = 0.0011 and p = 0.023 respectively) of IFN-y secreting PBMC compared to
children. The median SFU/ 1*¥10° PBMCs inc_feased from 5 to 155 across the age groups.
The magnitude of responses generated ﬁom natqral exposure are comparable to tho>se,
induced through immunization of naive individuals with MSP—'142'wﬁigh detected meaﬁ
values of 40 to 60 IFN-y SFU/ 106‘PBMCS (Huaman ef al., 2008). - Age-related increases
in IFNf‘y have been observed i.n several other studies of individ_uals from ni_ala.ria éndemic
areas. Afrfcaﬁ childrén from malaria endemic areas presenting witbh“r‘n»ild disease were
~ more efficient prodﬁcers of IFN-y when stimulated with sporozoite or merozoite antigen
peptides, suggesting an association between antigen—speciﬁc IFN-y production and
reduced pathology (Luty et al., 1999).. Fewer CD4 IFN-y producihg cells in Gabonese

children with acute malaria were associated with hyperparasitemia (Winkler ef al., 1999).
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Prospective stud “young children from a malaria endemic areas in West Affrica and
Papua New Guinea reported age-related increases in IFN-y secretion to MSP-1 (Riley et
al., 1992; al-Yaman et al., 1997). Furthermore, higher prevalence and magnitude of IFN-
y were observed at the end of rainy season (transmission season) than dry season in

- seasonally endemic area of Gambia (Riley ef al., 1993). Together, these studies support a

role for IFN-y in the development of clinical immunity against malaria.

5.4. Development of P. falciparum MSP1,; Speciﬁc Memory T Cell Subsets -

Evidence to support the existence of immunologic mémory to P. falciparum remains
soﬁlewhat circumstantial and coﬁtmver‘s’ial. Epidemiologic studies describe a ‘waning’
of immunity within a year after people leave malaria endemic areas rendering them
suscepﬁble to infectkion and illness upbn re-exposure (reyigwed in Baird, 1998). This
may be due to a lack of immunologic ‘boosting’ necessary thmaintain malaﬁa-speciﬁc T
cells and sup.pérts the notion that malaria immunity may be short-lived (Achtman et al.,
2005). Demonstration of ifnmﬁnolbgic memory to malaria is mainly suppor_ted By
serologic studies (Wang et al, 2003; Woehlbiér-»et al., 2006, Yazdaﬁi et al., 2006).
' Howevef, anti.blody_ l'evels{ may be a more éccprate _‘ measﬁrem'ent of malaria exposure
history as opposed to thé means By which protectionvis 'cbn,ferred. Although it is wéll |
aéceptéd thai memory T cells are an iinpoﬁant component for protection against infection
(Es_sgr et‘al.', 2003; Tsuji et al., 1994), there is .limite_d information on memory T cells
.spéciﬁé_ to rhalaria (Achtman et‘al., 200_5)‘vRecently, one‘paper attempted to dissect the
Nature of memory T cell popﬁlation in malaria-naive North Americans vaccinated with

the 3D7 and FVO strains of MSP14; and demonstrated the induction of memory CD4 T
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cells (Huaman et al., 2008). Studies on P. vivax also show that individuals residing in P.
vivax malaria endemic areas have an increased proportion of memory CD8 T cells
subsets (Jangpatarapongsa et al., 2006) supporting our premise that T cell immunity is as
important as antibody responses for protection against malaria.

In order to address this gap in our knowledge, the present study assessed T cell
immunity in individuals naturally exposed to P. falciparum infections focusing on
responses to the dominant merozoite surface protéin and a leading vacl_cine candidate,
MSP14,-3D7. Memory T cell population were defined based on intracellular detection of
IFN-y and surface ekpression of CD45RA and CD62 ligand. These molecules have been
shown to be differentially expressed during T cell maturation and activation hence
discriminates between T cell subsets (Sallusto ef al.,, 1999b). Results showed that CD4 T
cells secrete IFN-y in response to MSPI42-3D7 and thefreduencies of MSP1-specific
central and effector memory phenotypes increased in’ an age-dependent manner.
Accumulation of MSP-1 specific Tem and_ Tgm within fhe CD4 compartment with age
suggests that these subsets are associated with the devclopment of protective immunity.
As individuals ‘a’ge, there is general convolutioh of the thymus leading to reduced
production of naive T célls. The unexpected observation of IFN-y being generéted from
phenotypically naive T cells in resﬁonse to MSP-I stimu;li fromv-children but‘not adults
~ could be an indication that malaria is driving an effector function from a population of
- transitional T cells. Whether these T cell differentiate into memory T cells or undergo
apoptosis after parasitémia is cleared is unknown. Longitﬁdinal cohort studies would be

| | required to shed light on this phenomenon.
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Previous studies have demonstrated the role of CD4 and CD8 T cells in regulation
of asexual blood stages with clear indication that CD4 is the dominant effector cell
(Podobd' and Stevenson, 1991). The age-related inconsistencies observed in the
frequencies of CD8 Tey and Tgy in the present study lend support to the limited role of
CD8 in development of immunity to blood stage infection. The observed trend of higher
percentage of CD4 Tgmras in children compared to adults sﬁggest that chronic exposure
to blood stage P. falciparum infection induce greater T cell effector function in young
children.

After 7 dayé. of PBMC cultureé, the frequencies of IFN-y producing CD4 and
CD8 T cells detected rénged between 0.5 to 1.1% and 0.3 to 1%, respectively. These
ﬁequencies fall within the ranges obtained from cultures of PBMC from naive vaccinated

“individuals (Huaman ei al., 2008). The present study clearly demonstrated the presence
of memory and naive T cell subsets in a pqpulatipn exposed to natural hoioendemic P.
Jalciparum infection. The data obtained from evéluatibn of the functional and phenotypic
Nature of T cell subsets in a population expobsed to holoendem‘ic maléria points to the
characteﬁzation of the surrogate ‘markers of natural immunity that will be important as

clinical endpoints in critical evaluation of antimalarial blood stage vaccine candidates.

5.5. Surféce Expression of T Cell Cos}timl-ll:a.tory:_Moleculesi

Develobment and differéntiation of naive".I; ceﬂs to effec"tor and memory subsets may
depend partially on cellular interactions that tfansfn_it_ speciﬁé signals for maturation (P'ark
et al., 1997, MacLeod et al., 2006). In the present study, the role of accessory molecules
in development of specific T cell memofy to P; falciparum was éyaluated. To do this,

cells were activated with malaria blood stage antigens and cell surface expression of
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costimulatory molecules measured. In confirmation to other studies (Schlotmann et al,
2000), over 95% of CD4 T cells and about 50% of CD8 T cells expressed CD28
molecule upon activation by MSP-14, malaria antigen. CD152 and CD154 were
expressed in less than 0.5% of both T cell subsets. Overall, the percentage expression of
each of the three molecules was not altered by antigen stimulation since the frequencies
after activation by PBS (negative control) were similar to antigen stimulated levels.
Although this study was limifed on its scope to investigate the presence and effects of
other microbial pathogens, it is postulated that high levels of CD28 expression observed
in fhi's study population could bé due to chronic activation of T cells by malaria and other
persistent microbes.

The percentage of co-stimulatory molecules expressed on the surface of T cells is
modulated during different disease chditiOns and depending on specific molecules, they
could be upregulated or downregulated. Ac;ute maléﬁa infection results in up-regualtion
of CD152 and downregulation of CD28 in clinical patients (Ayukawa ef al, 2004,
Schlotmann et al., 2000). Under nerh_al conditions, the cell surface expression of CD152
and CD28 in CD4 T cells ranged between 0.5% to 2.1% and 81% to 92.9% respectively.
HoWever, acute malaria resulted to én increasé of CD152 expression (11.9% to 20.5%),

ra"nd reduction in CD28 expréssibn (7>5.2%it0 8 5.6%)_‘. Reduced CD28 expression may
correlate with lower expression of other T cells activation molecules like HLA-DR
(Borkow et aZ._, 2000). Consistent with these results (Borkow ef al., 2000), the present
study observed similar levels to that‘ of the normal population on surface ex’pressioﬁ of
CD152 and CD28 in fhe CD4 T (;ell compartmer-lt.. The study population for this project

was exposed to holoendemic malaria but all the individuals in the study were clin'i('.;ally
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normal and did not present with any acute malaria symptoms. Chronic T cell stimulation
in the absence of CD28 may lead to reduction in early pro-inflammatory cytokine
production and T cell énergy_which could be detrimental to mounting a competent
immune response.

There was no observed difference on the surface expression of these molecules
across the age groups in the coﬁtext of age—rélated evolution of immunologic memory to
malaria in holoendemic areas. High cell surface turn over and intracellular transloéatioh
of the costimulatory molecules is known to occur (Higuchi ez al., 1997) and this could
expiain the low levels of CD152 and CD154 detected on the cells surface. Intracellular
staining has revealed higher_levél_é of these costimulatory molecules after polyclonal T
cell activation (Higuchi ez al., 1997).

There was a signiﬁcant reduction in expression of CD154/CD152 ratié in infants
and adults compared to other age groups sﬁggesting_veither upregulation of CD152 or
down regulation of CD154 in ind’ivid_u'a’ls within these age groups. Reduced expression of
CD1‘52 is associated with induction of TGF-B, nggative reguiation of T cell proliferaﬁdn,
and IL-2 productiqn (Cheh et al, 2007). Transient expression of high levgls_ of CD152 in
acute malaria has been observed in other studies and could be important in establishinent
and rnaintenénce of pe,ri;'jheraftol,erance '(Shevaéh, 2002); Deficiency of CD15_>2"inv early
years of life could lead i death due to autoimmpne}conditibn’s' (Tivol et al., 1995). Hence
- malaria antigens could be polyclonal activators of T cells in infants and adults due to high
aﬁtigeniccipbsures and tolerar_zce may be acquired thréugh uprégulation of CDFISZV to
avoid over activation of T cells that may lead to exhaustion and uiﬁmate autoimmuhe

conditions.
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5.6. Cytokine Responses to P. falciparum MSP-14,3D7

A gradual change in clinical malaria has been shown to vary with an increase in age and
variation in transmission intensity and is thought to be accompanied by changes in
cytokine proﬁlesv (John et al., 2000). Both Th1 and Th2 cytokines measufed tended to be
higher. in children agéd 1 and 2 years but these differences were not statistically
significant. Only samples positive for IFN-y ICS and ELISPOT were evaluated for the
“presence of Thl and Th2 cytokines. Using IFN-y ICS as the primary molecule for
differentiating the different T cell subéets vcéuld have partly contributed to low detection
of other cytokines since different cjrtOkines have variable time points for optimum
secretion.

The balance between pro- and anti-inflammatory cytokines may be a
measurement of cytokines induced in response to tﬁe infectioﬁ and not necessarily ones
that confer protection from infection. Early IL-12, TFN-y and IL-2 and GM-CSF
responses are acquiréd for primary resolutioﬁ of parasites (Omer et al., 2003) most likely
through synergy with TNF-a to activate monbcytes that directly kill parasites. Early pro;
inflammatory cytqkine's are associated with .clinical symptoms experienced during
clinical malaria (Tchinda et al.,-'2007).vIFN-y is associated with protective immunity‘
hence the observe& increase with étge v_cpu_ld be important for development of memory
CD4 and CD8 T cells that are important in establishment of protective immunity. TNF-a
respohses are associated with fever and p"arasifel clearance (Praba-Egge et al., 2002) and
the age related redu_ct_ion of TNF-a. ‘clzould be a sign of reductiqn in parqsite burden and

establishment of clinical immunity.
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Excess levels of pro-inflammatory cytokines may lead to immunopathologies
when normal down-regulatory immune mechanisms are not able to control. High levels
of Th2 cytokines, IL-10, IL_—S and IL-13 were observed in éhildren aged 1-2 years
possibly to neutralize the effects of excess Thl cytokines. Althbugh IL-10 levels were
very low, there was an age related increase from 2 years to adulthood suggesting that this
cytokine could be used as biomarker of evolution of immunologic memory to P.
Jalciparum infection especially in the context of antibody production. Other studies have
also suggested that IL-10 may protect from infection and clinical malaria (John et al,
2000; Kurtis et al., 1999). IL-5 and [L—13 ére important for aﬁtibociy production against
parasitic diseases (McKenzie-'e_t al., 1998, Néshed et al., 2000). Reduced levels of these
cytoldnes with age are suggestive of other factors that regulate development of clinical
immunit_y. No individuals tested secreted detectable IL-4 whigh is_ in line with éarlier
studies that detected lower aﬁd similar IL—4 cytokine levels across the agé groups (Fievet
et al., 1996; Rizos et al., 2007). Therefore, the balance of Thl and Th2vcyt0kines is
tightly regulated at specific cytokine lével hence differing patter}nsb within and between

cytokine groups.
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CHAPTER SIX

6.0. CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

The data presented in this study demonstrated that in P. falciparum holoendemic areas,
adults acquire mature memory T cells specific to malaria blood stage antigen MSP-14; in
contrast to infants and young children who have higher proportions of naive T cells
secreting [FN—y in response to MSP-1. The age-related changes in T cell phenotypes are
accompanied by a P. falciparum antlgen—speciﬁc increase in the prevalence and levels of
IFN-y. Memory CD4 T cell subsets showed significant changes with age as compared to
CD8 T cell subsets suggesting that CD4 subsets may play a greater role in development
of immunity and regulation of blood stage P. falciparum infection. Hence, measurement
of IFN-y and memory CD4 T cell could be used as biomarkers of immunity to blood
| stage infections. Infants are exposed to maternal malaria antigens that may strongly
sensitize their immune cells as occurs in adults chro_tric-ally exi)osed to malaria. To evoid :
over reactivation of the immune systeni that may lead to eutoimmune diseases, the body
has to counter-regulate by upregulating certain 1mmunosuppressrve molecules Therefore

the srgmﬁcanﬂy lower levels observed in infants and adults in the ratio of CD154/CD152
CDA4 T cell costlmulatory molecules demonstrates that negatrve regulatory molecules are
upregulated during the chronic exposure to blood stage antigens. Changes in the levels of
Thi end Th2 cytokines may not have beerr detected in this study population due to
.1imi,t'.ed selection of optimum time point bztsecl on IFN-y ICS as the primary molecule for

differentiating T cell subsets.
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6.2. Recommendation for Future Studies

B

Since this was a cross-sectional study, future studies should be designed to
investigaf:e a cohort of children from the time they are born to the age of 3 to 5
years. This would allow for evaluation of individual changes in memory T cell
subsets and cytokine profiles that could be compared to those of ‘putatively
immune-protected adults and could be used as surrogate markers of immunity.
The prevalence, levels, and inhibitory capacity of immunoglobulin, mainly IgG
and IgM subclasses, should be investigated in the same cohort of children. This
would allow for an in-depth understanding of the role of memory T cell in
diréctiﬁg affinity maturation of highly specific antibodies to P. falciparum blood
stage antigens. |
Investigation of ex vivo non-specific T cell bhenotypes revealed a pattern of age-
related increase in memory subsets suggesting that as peopl‘e are exposed to a
myriad of microbes antigen specific memory ceﬂs are generated. However, the
impact of other micfobial antigen on rate of T cell maturation needs to be

investigated.
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