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Generall Introduction 

Beingg intracellular parasites, all viruses must enter their target cell to establish productive infection. 
Bacteriall and animal viruses interact with specific cellular receptors [1], which, via a cascade of 
events,, results in entry of the virus into the cell. Receptor specificity of viruses has major 
implicationss for host range, cell tropism and pathogenesis, and the identification of viral receptors 
hass received much attention. 
Earlyy after the identification of human immunodeficiency virus type 1 (HIV-1) as the causative agent 
off Acquired Immune Deficiency Syndrome (AIDS) [2,3], CD4 was identified as the major receptor 
forr the virus [4-6]. However, it soon became apparent that CD4 by itself was not sufficient to confer 
aa cell permissive to HIV-1 infection. This suggested the involvement of one or more additional 
cellularr factors for entry (coreceptors). These coreceptors were identified in 1996 and turned out to 
bee members of the chemokine receptor family [7-12]. The identification of chemokine receptors as 
HIV-11 coreceptors has resulted in major insights in the fusion process, cellular tropism and AIDS 
pathogenesis. . 

Chemokiness and Chemokine receptors 

Chemokiness are chemoattractant cytokines that 
playy a role in a variety of biological processes, 
suchh as inflammatory responses, lymphocyte 
developmentt and migration to secondary 
lymphoidd organs, but also in normal 
developmentt of non-lymphoid tissues [13-17]. 
Chemokiness bind to chemokine receptors that 
belongg to the family of G protein-coupled, 
7-transmembranee domain receptors. Binding of 
aa chemokines to their cognate receptors results 
inn a cascade-of intracellular signaling events, 
initiatedd by activation of G proteins. Chemo-
kinee receptors can be divided into four 
families.. Three of the families are classified 
basedd on the spacing of two of four conserved 
cysteiness in the chemokines that they bind: CC, 
CXCC and CX3C-chemokine receptors. The 
fourthh family is the C-family of chemokine 
receptorss that binds chemokines that contain 
twoo conserved cysteines. 
Expressionn of the various chemokine receptors 
iss specific for certain types of leukocytes. 
Withinn these cell types, expression pattern of 
thesee molecules is highly regulated and can be 
inducedd by a variety of cytokines and 
activatingg signals and differs for example 
betweenn naive and memory T cells [18,19] and 
betweenn Thl and Th2 helper cells [20]. The 
expressionn pattern of chemokine receptors on 
thee surfaces of different CD4+ cell types may 

thuss directly determine which cell populations 
aree potential targets for HIV-1 infection in 
vivo. . 
Too date, fourteen chemokine receptors or 
structurallyy related proteins have been 
identifiedd as potential coreceptors for entry of 
HIV-11 into CD4+ cells (see Chapter 6 for a list 
andd references), including receptors for CC, 
CXCC and CX3C-families of chemokines. In 
addition,, orphan receptors for which the Iigand 
iss still unknown, and a cytomegalovirus-
encodedd chemokine receptor have been 
identifiedd as HIV-1 coreceptors. 

HIV-11 fusion process 

HIV-11 gains entry into a target cell via 
interactionn of the envelope glycoprotein 
complexx with CD4 and a chemokine receptor. 
Thee envelope proteins are exposed at the virion 
surfacee as trimeric complexes of gpl20 
noncovalentlyy bound to gp41. The fusion 
processs comprises a cascade of binding events 
andd subsequent conformational changes in 
gpl200 and gp41, eventually leading to fusion 
off  the viral and cellular membrane (Figure 1). 
Gpl200 consists of five constant regions (CI to 
C5)) and five variable regions (VI to V5) that 
cann be highly variable among different patient 
isolates,, but also among isolates from a single 
patient.. The variable loops VI/V 2 and, most 
notably,, V3 are major determinants of viral 
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Figuree 1. Schematic representation of the entry process of HIV-1. A. The viral envelope glycoproteins are 
expressedd as a trimeric complex of gp120 noncovalently associated with gp41 on the surface of the virion. B. 
Bindingg of CD4 to the CD4 binding site (CD4 bs) of gp120 induces exposure of the coreceptor binding region 
(coreceptorr bs) and the third variable region of gp120 (V3) which in succession bind to a chemokine receptor. 
C.. After chemokine receptor binding, the fusion peptide of gp41 is inserted in the cell membrane via a prehairpin 
intermediate,, and subsequently the viral and cellular membranes are drawn in close proximity in a hairpin 
structuree (D), eventually resulting in fusion of the viral and cellular membranes and entry of the viral core into 
thee cytoplasm. 

tropism,, suggesting that these regions play a 
directt role in viral entry [8,21-24]. In addition, 
aa highly conserved coreceptor binding site was 
identified,, that partially overlaps with an 
epitopee that is exposed after CD4 binding [25-
27].. Binding to CD4 ignites conformational 
changess in gpl20, resulting in the exposure of 
thiss coreceptor-binding domain that in 
combinationn with the V3 region can bind the 
coreceptor.. Analogous to the fusion process of 
influenzaa virus, gp41 is expected to draw viral 
andd cellular membranes in close proximity via 
aa prehairpin intermediate conformation, in 
whichh the hydrophobic N-terminal fusion 
peptidee is inserted into the cellular membrane. 
Thiss complex slowly transforms into a fusion 
activee hairpin structure, eventually resulting in 
fusionn of the viral and cellular membranes and 
entryy of the viral core into the cytoplasm [28-
30]. . 
Althoughh CD4 and chemokine receptors are the 
principall  receptors for viral entry, it can not be 
excludedd that other molecules are involved in 
thiss process. Adhesion molecules, such as 
LFA-11 and ICAM, which are incorporated in 
thee viral membrane, and heparan sulfate 
proteoglycanss at the cell surface [31] have been 
shownn to enhance virus-cell interactions 
[32,33]. . 

HIV-11 variability and the course of infection 
Thee clinical course of HIV-1 is characterized 
byy a gradual and progressive loss of CD4+ T 
cellss and T cell function, concomitant with 
ongoingg high level virus replication, eventually 
resultingg in the development of AIDS. Among 
patients,, the clinical course of infection can be 
highlyy variable. Besides genotypic differences 
amongg patients and differences in the capacity 
too elicit a protective immune response, the 
variationn in disease course can be due to 
differencess in virus phenotype. The error prone 
naturee of the reverse transcription process, in 
combinationn with high viral production results 
inn a swarm of virus mutants upon every 
replicationn cycle. This high mutation rate may 
facilitatee escape from immune control, 
developmentt of resistance to antiretroviral 
drugss and evolution of biological properties. 
Differencess in replicative capacity [34], viral 
fitnesss in vitro [35] and defective viral gene 
productss [36] have been associated with 
differencess in disease progression. 
Onee of the viral properties that most 
prominentlyy correlates with disease progression 
iss the capacity to induce syncytia in the MT2 T 
celll  line. HIV-1 infection is generally 
establishedd by non-syncytium-inducing (NSI) 
HIV-11 variants, whereas syncytium-inducing 
(SI)) HIV-1 variants emerge in approximately 



Chapterr 1 13 3 

halff  of the HIV-1 infected individuals in the 
coursee of infection. After the emergence of SI 
HIV-11 variants, CD4+ T cell numbers decline 
moree rapidly than during the phase in which 
onlyy NSI variants are present. The presence of 
SII  HIV-1 variants is associated with rapid 
diseasee progression and is predictive for 
developmentt of AIDS, independent from other 
progressionn markers such as viral RNA load in 
plasma,, T cell function and CD4+ T cell 
numberss [37,38]. However, progression to 
AIDSS can occur in the absence of SI HIV-1 
variants,, indicating that this phenotypic switch 
iss not a prerequisite for disease progression. 
Forr HIV-1, the SI phenotype correlates almost 
completelyy with coreceptor usage. NSI variants 
aree in general restricted to CCR5 use; SI 
variantss are able to use CXCR4 and potentially 
otherr coreceptors [39,40]. 

Hostt genetic factors and the course of 
infection n 

Hostt genetic factors may partly explain the 
differencess in clinical course among patients. 
Uponn the identification of CCR5 as a major 
coreceptorr for HIV-1, individuals were identi-
fiedd who had been exposed to HIV-1 at 
multiplee times, but rcmamediminfeetedrSome — 
off  these individuals were homozygous for a 
deletionn of 32 base pairs in the CCR5 gene 
(CCR55 A32, refs. 41 and 42). The few persons 
whoo did get infected despite this genotype, 
weree most likely infected by CXCR4-utilizing 
viruss variants [43,44]. HIV-1 infected indivi-
dualss who were heterozygous for CCR5 A32 in 
generall  expressed lower levels of CCR5 and 
progressedd more slowly to AIDS than indivi-
dualss who were homozygous for the normal 
CCR55 allele [45]. These findings ignited a 
searchh for mutations in other chemokine and 
chemokinee receptor genes. A valine to 
isoleucinn substitution in the coding region of 
CCR22 (CCR2 641) [46] and a G to A mutation 
inn the 3' untranslated region of the SDF-1 gene 
(SDF1-3'A),, which encodes the ligand for 
CXCR44 [47], were found to be associated with 
delayedd HIV-1 disease progression. The 
currentlyy known genetic polymorphisms in 

chemokinee and chemokine receptor genes and 
theirr role in AIDS pathogenesis are reviewed in 
chapterr 6. 

Cellularr tropism 
Co-expressionn of CD4 and an appropriate 
coreceptorr may define potential target cells for 
HIV-1.. Cells that express CD4 in combination 
withh CCR5 or CXCR4 include myeloid cells 
suchh as monocytes, macrophages, microglia, 
dendriticc cells, Langerhans cells and lymphoid 
cellss such as thymocytes and CD4+ T helper 
cells.. However, it should be noted that the mere 
co-expressionn of CD4 and an appropriate 
coreceptorr does not warrant the capacity of a 
celll  to support productive infection. This can 
bee illustrated by the resistance of macrophages 
too infection with CXCR4-utilizing HIV-1 
variantss relative to infection with CCR5-
utilizingg variants [48,49], despite expression of 
CD44 and both CCR5 and CXCR4. 
Thee relatively low CD4 levels on macrophages 
andd a higher CD4 dependency of CXCR4-
utilizingg variants than CCR5-utilizing variants 
[50,51]]  may lead to a less efficient entry of X4 
variantss into macrophages. Over-expression of 
CD44 indeed rendered macrophages more 

—-permissivee to infection witrrprimary CXCR4̂  
utilizingg variants [52,53]. The higher CD4 
dependencee might be due to the lack of 
colocalisationn of CD4 and CXCR4, whereas 
CCR55 and CD4 are constitutively colocalised 
[53].. Furthermore, cell type specific 
differencess in post-translational modifications 
off  CXCR4 have been suggested to influence 
thee susceptibility of macrophages to CXCR4-
utilizingg variants. A large proportion of the 
CXCR44 molecules on macrophages, but not 
monocytes,, are present as high molecular 
weightt species which can not associate with 
CD44 and may not mediate efficient viral entry 
[54].. In addition to differences in entry, post 
entryy restrictions at multiple levels of the 
replicationn cycle may contribute to the 
resistancee of macrophages to infection of 
CXCR4-utilizingg (and CCR5-utilizing) variants 
[49,55]. . 
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Thee presence of macrophagetropic, CCR5-
utilizingg virus variants during early stages of 
HIV-11 infection, suggests that macrophages are 
aa principal target for the establishment of 
infectionn in a new individual [56,57]. The 
almostt complete resistance from HIV-1 
infectionn of individuals who are homozygous 
forr CCR5 A32, underscores a major role of 
CCR5-utilizingg variants in establishment of 
infection,, irrespective of the route of 
transmissionn [41,42]. 

Dendriticc cells (DCs) and Langerhans cells 
havee also been implicated in transmission of 
HIV-1.. These antigen-presenting cells capture 
antigenn at peripheral tissues and transport this 
too lymphoid tissues for presentation to T cells. 
Iff  DCs would get infected at the portal of entry, 
theyy could transfer the virus to CD4+ T cells 
uponn migration to lymphoid tissues. The 
observedd capacity of DCs to support extensive 
virall  replication in T cells in DC-T cell 
coculturess may support this hypothesis [58,59]. 
Theree has been some controversy whether 
HIV-11 can establish productive infection of 
DCss [60]. However, it has recently been shown 
thatt the immature DC specific C type lectin 
DC-SIGNN allows intracellular capture and 
efficientt presentation of virions to CD4+ T 
cells,, without productive infection [61]. This 
capturee is not coreceptor specific, and thus 
doess not explain the predominance of R5 
variantss early in infection [61,62]. The putative 
cruciall  role of DCs and macrophages in the 
establishmentt of infection has been challenged 
byy in situ hybridization studies of lymphoid 
tissues.. Even a few days after onset of 
symptomss of acute infection, about 90% of the 
cellss containing viral RNA were T cells, 
whereass a minority of infected cells were 
macrophagess [63,64]. 

Otherr potential target cells that play a role in 
AIDSS pathogenesis are follicular dendritic cells 
(FDC)) and microglial cells in the brain. FDCs 
containn infectious virions trapped on their cell 
surface,, which may be transmitted to CD4+ T 
cellss migrating through the lymphoid tissue 
[65,66].. Infected macrophages and microglial 
cellss in the brain play a major role in the 

developmentt of neurological disorders in AIDS 
patients.. Due to the limited penetration of some 
off  the available antiretroviral drugs across the 
bloodd brain barrier, these cells may serve as a 
reservoirr for HIV-1 during potent antiretroviral 
therapy. . 

Throughoutt infection, CD4+ T cells are the 
majorr target cells for HIV-1. CCR5 and 
CXCR44 are differentially expressed during T 
celll  development. CXCR4 is highly expressed 
onn CD3" CD4+ CD8" intrathymic precursors, 
transientlyy downregulated during further 
developmentt and again upregulated on naive 
CD4++ T cells when they leave the thymus. 
CCR55 is transiently upregulated on more 
maturee CD3+ CD4+ CD8+ thymocyte subsets, 
andd again downregulated on CD4 single 
positivee thymocytes [67]. In the SCID hu-
thy/livv mouse model, X4 variants replicated 
rapidlyy in thymocytes, resulting in significant 
depletionn of these cells, whereas replication 
andd depletion by R5 variants was much slower 
[68]. . 

Naivee and memory CD4+ T cells express high 
levelss of CXCR4 and can be productively 
infectedd in vivo by CXCR4-utilizing HIV-1 
variantss [19]. CCR5 is mainly expressed on 
activatedd memory CD4+ T cells [18,19,69] and 
consequentlyy these cells are the target cells for 
CCR5-utilizingg HIV-1 variants [19]. 

Virall entry as a target for therapeutic agents 
Multiplee stages of the entry process are 
consideredd as a target for the development of 
vacciness and therapeutic agents. Conserved 
structuress in gpl20 with a critical role in viral 
entry,, such as the CD4 binding site or the 
coreceptor-bindingg region, are attractive targets 
forr small-molecule inhibitors or antibodies. 
Syntheticc compounds or peptides with 
specificityy for CXCR4, such as T22 [70], 
ALX40-4CC [71] and AMD3100 [72,73], are 
potentpotent inhibitors of replication of CXCR4-
utilizingg variants in vitro. TAK-779 is a non-
peptidee CCR5 antagonist with potent in vitro 
activityy against CCR5-utilizing variants [74]. 
Highh production levels of the p-chemokines 
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MIPloc,, MIPlp and RANTES, the ligands for 
CCR5,, have been associated with prolonged 
AIDS-freee survival [75-77]. AOP-RANTES 
andd NNY-RANTES are synthetic derivatives 
off  RANTES, which do not induce signaling 
uponn binding to CCR5. These compounds 
inducee internalization of CCR5 and block 
infectionn of R5 strains in vitro [78-80]. The 
prehairpinn intermediate structure of gp41 is the 
targett of the gp41-derived C-peptide (T20), and 
smalll  synthetic peptides. These compounds 
blockk viral entry independent of coreceptor 
specificityy by preventing the conversion into 
thee hairpin structure [28,81,82]. 
Att present, several clinical trials are conducted 
too evaluate safety and efficacy of some of these 
compounds.. Intravenous administration of T20 
too patients in advanced stage of HIV-1 
infectionn resulted in an approximately two-log 
reductionn of the plasma viral RNA load, 
indicatingg that entry inhibitors as therapeutic 
agentsagents are indeed feasible [83]. One major 
concernn for putative application of coreceptor 
antagonistss is the possibility that these 
compoundss would induce a switch of 
coreceptorr usage. Since the correlates for a 
switchh toward CXCR4-utilizing HIV-1 variants 
aree stilLlargely unknown, this, is especially^an 
issuee when considering the use of CCR5-
antagonists. . 

Scopee of this thesis 
Thee role of chemokines and chemokine 
receptorss in AIDS pathogenesis is studied in 
thiss thesis. The first part (chapter 2 to 6) is 
devotedd to studies on the role of genetic 
polymorphismss in chemokines and chemokine 
receptorr genes in AIDS pathogenesis. The 
effectt of CCR2 641 and SDF1-3'A poly-
morphismss on disease progression have been 
analyzedd among patients from the Amsterdam 
cohortt on AIDS (chapter 2 and 3) followed by 
aa combined analysis of patients from the 
Amsterdamm cohort and the French SEROCO 
cohortt (chapter 4). The effect of CCR5 A32 on 
thee development of AIDS dementia is the focus 
off  Chapter 5. Chapter 6 gives an overview of 
thee current knowledge on the role of host 

geneticc factors in AIDS pathogenesis, with an 
emphasiss on chemokine and chemokine 
receptorr genes. 
Partt 2 of this thesis focuses on viral coreceptor 
usee and its role in AIDS pathogenesis (chapter 
77 to 12). Coreceptor usage of primary virus 
isolatess from patients who never developed SI 
HIV-11 variants during HIV-1 infection and 
amongg patients who did develop these variants 
aree studied in chapter 7 and 8. Evolution of SI 
variantss with respect to coreceptor usage, T cell 
tropismm and sensitivity to CXCR4 antagonists 
iss described in chapters 8 and 9. In chapter 10, 
wee studied the effect of expression of CCR5 
andd CXCR4 on CD4+ T cells on disease 
progressionn and the emergence of CXCR4-
utilizingg variants. During potent antiretroviral 
therapyy with a combination of three or more 
drugs,, a viral reservoir of infected resting T 
cellss persists for prolonged periods [84-86]. 
Thee persistence of a viral reservoir of infected 
HLA-DRR CD4+ T cells in patients treated with 
ann aggressive five-drug regimen is studied in 
Chapterr 11. Coreceptor use of virus variants 
isolatedd from this viral reservoir in these 
patientss is studied in Chapter 12. 
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