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Stellingenn behorende bij het proefschrift 

Chemokin ee receptor s in HIV-1 infectio n and AIDS pathogenesi s 

1 .. CCR5 en CXCR4 zijn de enige coreceptoren voor HIV-1 die relevant zijn voor AIDS 
pathogenese. . 
(ditt proefschrift) 

2.. Gezien de co-existentie van CCR5- en CXCR4-gebruikende HIV-1 varianten, zullen 
CXCR4-antagonistenn een beperkt effect hebben op de totale virus load in HIV-
geïnfecteerdee mensen. 
(ditt proefschrift) 

3.. De afwezigheid van activatie markers op een geïnfecteerde cel duidt niet per definitie op 
eenn latente infectie. 
(Zhangg Z, et al Science 1999,286:1353-1357) 

4.. Het vermogen van een aantal primaten-retrovirussen om CD4+ T cellen in vitro en in vivo 
tee infecteren en te doden, voorspelt niet dat deze cellen ook zullen afnemen in een met 
dezee virussen geïnfecteerde gastheer. 
(Broussardd SR, et al. J Virol 2001, 75:2262-2275) 

5.. De mens is een quasispecies. 
(Smithh DB et al, J Gen Virol 1997, 78:1511-1519; www. ncbi.nlm.nih.gov/SNP/) 

6.. Dubbel blind review, waarbij niet alleen de reviewer onbekend is bij de auteurs, maar ook 
dee auteurs en affiliaties onbekend zijn bij de reviewer, zal het peer-review proces 
verbeteren. . 
^Kleif tt  JR. Mature Immunol 2001,2:892) -

7.. Wetenschap is de enige bedrijfstak waarin zowel producenten als consumenten betalen 
voorr een product. 

8.. Preventie en voorlichting zijn cruciaal om de verspreiding van zowel HIV-1 als 
computervirussenn te beperken. 

9.. De term "schone oorlog" wordt met name gebruikt om het geweten te zuiveren. 

10.. Humor is significant leuker. 
(Fokke,, in 'Fokke en Sukke hebben altijd wat') 

Ronaldd van Rij, 2002. 

http://ncbi.nlm.nih.gov/SNP/
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Chapterr 1 11 1 

Generall  Introductio n 

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. . 

Chemokine ss and Chemokin e receptor s 

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 fusio n proces s 

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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Figur ee 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 
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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  geneti c factor s and the cours e of 
infectio n 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. 

Cellula rr  tropis m 
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 targe t for therapeuti c 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 thi s thesi s 
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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Rolee of CCR2 genotyp e in the clinica l cours e of syncytium-inducin g 
(SI)) or non-SI human immunodeficienc y viru s type 1 infectio n and in 
thee time to conversio n to SI viru s variant s 

Thee effect of a valine to isoleucine switch in the CCR2 first transmembrane domain (CCR2 64I) on 
thee clinical course of human immunodeficiency virus type 1 (HIV-1) infection was analyzed in 
relationn to the presence or absence of syncytium-inducing (SI) HIV-1 variants. Compared with 
personss with a wild-type genotype for CCR2 and CCR5, subjects with a CCR2-64I/+ or 64I/64I (but 
CCR55 wild-type homozygous genotype) had significantly delayed disease progression (relative 
hazard,, 0.66; 95% confidence interval, 0.44-0.99) with a 1.5-foid slower CD4 T lymphocyte decline 
andd a 1.2-fold lower RNA virus load. The delay in disease progression was more pronounced when 
onlyy non-SI (NSI) HIV-1 variants were present and was not observed after conversion to SI HIV-1 in 
CCR2-64I/++ persons. In CCR2-64I/+ subjects, a higher conversion rate to and a higher prevalence 
off SI HIV-1 was observed. These findings suggest that the mechanism of action of the CCR2 
polymorphismm is mediated via CCR5-restricted NSI HIV-1 variants. 

GG protein-coupled seven-transmembrane recep-
torss have been identified as the coreceptors for 
humann immunodeficiency virus type 1 (HIV-
1).. Syncytium-inducing (SI), T cell line-
adaptedd HIV-1 variants utilize the C-X-C 
chemokinee receptor 4 (CXCR4), whereas 
macrophage-tropic,, non-SI (NSI) HIV-1 
variantss use the C-C chemokine receptor 5 
(CCR5),, and some primary SI viruses may use 
both.. Other receptors, including CCR2 and 
CCR3,, also serve as coreceptors, albeit for a 
minorityy of HIV-1 variantsTT ,2\. 
AA specific 32-bp deletion in the CCR5 gene 
(CCR55 A32) has been associated with a 
reducedd susceptibility for infection and delayed 
diseasee progression [3]. This has been confir-
medd in many cohorts, including the Amsterdam 
Cohortt [4]. More recently, a valine to 
isoleucinee switch in the first transmembrane 
domainn of CCR2 (CCR2 641) was shown to be 
associatedd with delayed disease progression [5-
7]. . 

Here,, we analyze the role of CCR2 genotype in 
thee clinical course of HIV-1 infection in 
Amsterdamm Cohort Studies participants in rela-
tionn to the presence or absence of SI HIV-1 
variants.. We also analyzed the conversion rate 
towardss SI HIV-1 variants in relation to CCR2 
genotype. . 

Method s s 

StudyStudy population. 
Thee study population, 364 Caucasian, homosexual 
menn enrolled in the Amsterdam Cohort between 
Octoberr 1984 and March 1986, was previously 
describedd [4]. The censor date of our study was set 
att 1 January 1996. None of the participants received 
triplee therapy during follow-up. Of the 364 
participants,, 131 seroconverted during the study. 
Thee remaining 233 men were positive for HIV 
antibodiess at entry between October 1984 and April 
1985. . 
EpidemiöIogic^tudTess oiTthe incidence of H1V-T 
infectionss have shown that infection in seroprevalent 
homosexuall  men in this cohort occurred on average 
1.55 years before entry in the Amsterdam Cohort 
Studiess [8]. Therefore, the time of seroconversion 
forr seroprevalent men was set at 1.5 years before 
studyy entry. No differences in AIDS-free survival 
weree found between persons who had documented 
seroconversionn and seroprevalent persons by 
Kaplan-Meierr (P = .36) and Cox proportional hazard 
analysiss (relative hazard [RH], 1.17; 95% 
confidencee interval [CI], 0.84-1.63) for serocon-
verterr compared with seroprevalent persons. This 
resultt suggests a good estimation of the 
seroconversionn date in the latter group. Therefore, 
wee combined 131 persons with documented 
seroconversionn and 233 seroprevalent subjects as 
onee study group. 

CCR2CCR2 genotyping. 
DNAA samples were available for CCR2 genotyping 
fromfrom 344 (94%) of the 364 men. Genomic DNA was 
analyzedd by polymerase chain reaction-restriction 
fragmentfragment length polymorphism (PCR-RFLP) 
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analysiss with primers CCR2-1A (sense, positions 
170-1877 in CCR2, 5'TTGTGGGCAACATGA-
TGG-3')) and CCR2-1Z (antisense, positions 279-
2988 in CCR2, 5-GAGCCCACAATGGGAGA-
GTA-3')) [5]. Samples were amplified with 1 U of 
Taqq polymerase (Promega, Madison, WI) in the 
providedd buffer with a final MgC12 concentration of 
33 mmol/L. PCR was done in a thermocycler (Uno II; 
Biometra,, Göttingen, Germany) as follows: 5 min of 
denaturationn at 95 °C; 35 cycles of 30 s at 95 °C, 30 s 
att 50°C, and 30 s at 72°C (slope 2°C/s), and 5 min of 
elongationn at 72°C. PCR products were subjected to 
restrictionn analysis with BsaBI for 2 h at 60°C (New 
Englandd BioLabs, Beverly, MA) and analyzed on a 
4%4% Nusieve gel (2:2). Fifteen samples (11 CCR2 
wild-typee and 4 CCR2 641 heterozygous samples) 
weree subjected to sequence analysis (Thermo 
sequenase-radiolabeledd terminator cycle sequence 
kit;; Amersham, Cleveland), which confirmed the 
CCR22 genotype as determined by PCR-RFLP 
analysiss (not shown). 

VirologieVirologie assays. 
HIV-1-positivee peripheral blood mononuclear cells 
weree cocultivated with MT2 cells every 3 months to 
detectt SI HIV-1 variants [9]. Time of SI conversion 
wass the calculated midpoint between last SI-
negativee and first Si-positive sample. SI phenotype 
dataa were available for 281 of 364 participants. 
Serumm virus load was measured by use of a 
quantitativee HIV-1 RNA nucleic acid-based 
sequencee amplification (NASBA HIV-1 RNA QT; 
Organonn Teknika, Boxtel, The Netherlands). Viral 
RNAA load levels were measured a mean of 2.3 years 
(range,, 1.5-3.0) after seroconversion. Serum samples 
weree available for 335 (92%) of 364 participants. 
Thee number of RNA copies below the test threshold 
off  quantification was arbitrarily set at 103'°/mL. 

StatisticalStatistical analysis. We used the %2 test to compare 
HIV-1-positivee study populations for CCR2 641 
allelicc frequency. The Mann-Whitney U test was 
usedd to compare CCR2 and CCR5 genotypic groups. 
Kaplan-Meierr and Cox proportional hazard analyses 
weree done to study the effect of CCR2 and CCR5 
genotypee in HIV-1 disease progression. Significance 
inn survival analyses was determined by log-rank test. 
Forr each participant, the slope of the decrease in 
CD4++ T lymphocytes was determined separately by 
fittingg a simple regression line to his CD4+ T 
lymphocytee counts. At least 3 CD4+ T lymphocyte 
countss had to be available for analysis; 320 of 364 
participantss had sufficient counts. 
Kaplan-Meierr analysis was used to estimate the 
cumulativee incidence of conversion to SI HIV-1 

variants.. In the analysis considering the period in 
whichh only NSI HIV-1 variants are present, 
conversionn to SI HIV-1 was used as a censor 
criterion.. We used a software program for statistical 
analysiss (version 6.0; Number Crunching Statistical 
Systems,, Klaysville, UT). 

Result s s 

CCR2CCR2 genotype distribution. 
Inn the same study population, we previously 

determinedd the CCR5 A32 genotype distribu-
tionn [4]. These data were combined here with 
thee CCR2 genotype data. Of the HIV-1-
seropositivee participants, 45 (13.1%) were 
heterozygouss (CCR2-64I/+) and 5 (1.5%) were 
homozygouss (CCR2-641/641) for the CCR2 641 
allelee and homozygous for the common CCR5 
allelee (CCR5-+/+). Sixty-two subjects (18.0%) 
weree heterozygous for CCR5 A32 and 
homozygouss for the common CCR2 allele 
(CCR2-+/+,, CCR5-A32/+); 6 subjects (1.7%) 
weree heterozygous for both CCR2 641 and 
CCR55 A32 (CCR2-64I/+, CCR5-A32/+). The 
remainingg 226 subjects (65.7%) were 
homozygouss for both the common CCR2 and 
CCR55 allele (CCR2-+/+, CCR5-+/+). The 
CCR22 allelic frequency was 0.089, which was 
nott significantly different from 0.098, which 
wass reported by Smith et al. [5] for another 
Caucasiann HIV-1-seropositive population (P 
=.48). . 

Ass shown by Smith et al. [5], the mutant alleles 
off  CCR2 and CCR5 are in strong linkage 
disequilibrium:: CCR2-64I only occurs on a 
CCR55 + chromosomal haplotype and CCR5-
A322 only occurs on a CCR2 + chromosomal 
haplotype.. This means that the polymorphisms 
inn CCR2 and CCR5 can be seen as three alleles 
off  a combined CCR2/CCR5 locus, in which 
[+/+]]  represents CCR2-+/+ and CCR5-+/+; 
[64I/+]]  represents CCR2-64I/+ and CCR5-+/+; 
[641/641]]  represents CCR2-64I/64I and CCR5-
+/+;; [A32/+] represents CCR2-+/+ and CCR5-
A32/+;; and [A32/64I] represents CCR2-64I/+ 
andd CCR5-A32/+ genotypes. The CCR2/CCR5 
compoundd genotypes are used throughout our 
analyses. . 
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CCR2CCR2 and CCR5 genotype and HIV-1 clinical 
course. course. 
Univariatee Cox proportional hazard analysis 
showedd an RH (95% CI) for progression to 
AIDSS (CDC 1987 definition [10]) of 0.67 
(0.44-1.01),, 0.59 (0.16-2.14), 0.39 (0.26-0.58), 
andd 0.16 (0.04-0.63) for genotypes 
CCR2/CCR5-[64I/+],, [641/641], [A32/+], and 
[A32/64I],, respectively, compared with 
genotypee CCR2/CCR5 [+/+]. The similar RHs 
forr CCR2 641 homo- and heterozygosity 
promptedd us to combine these subjects into one 
genotypicc group in further analyses. This 
combinedd group showed an RH for progression 
too AIDS of 0.66 (95% CI, 0.44-0.99). Because 
feww persons were heterozygous for both CCR2 
6411 and CCR5 32, these subjects were excluded 
fromm the Kaplan-Meier analyses. 
Kaplan-Meierr analysis of all 344 HIV-1-
seropositivee participants with a known CCR2 
andd CCR5 genotype showed a significantly 
prolongedd AIDS-free survival (1987 definition) 
bothh for CCR2/CCR5-[64I/+] (P = .04) and for 
CCR2/CCR5-[A32/+]]  subjects (P < .001) com-
paredd with CCR2/CCR5-[+/+] subjects (figure 
1,, top). Similar results were obtained when we 
usedd the 1993 AIDS definition [11] as an end 
pointt ([641/+]: P = .06; RH = 0.70 [95% CI, 
0.48-1.02];; [A32]: P < .001, RH = 0.41 [95% 
CI,, 0.28-0.61]). 

Whenn death was used as an end point in 
Kaplan-Meierr analysis, a significantly delayed 
diseasee progression was observed both for 
CCR2/CCR5-[64I/+]]  (P = .03; RH = 0.62 [95% 
CI,, 0.36-0.97]) and [A32/+] subjects (P < .001; 
RHH = 0.42 [95% CI, 0.27-0.64]) compared with 
CCR2/CCR5-[+/+]]  subjects (figure 1, bottom). 
Noo differences were observed in survival after 
AID SS diagnosis in CCR2/CCR5-[64I/+] 
subjectss (data not shown). 
Inn accordance with a delayed disease 
progression,, a significantly slower decrease in 
CD44 T lymphocytes was seen in CCR2/CCR5-
[64I/+]]  (decrease of 53/mm3/year [P=  .005]), 
[A32/+]]  (53/mm3/year [P=  .004]), and [641/32] 
subjectss (27/mm3/year [P=  .02]) compared 
withh CCR2/CCR5-[+/+] subjects (78/mm3 
/year).. The median virus load at approximately 
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Figur ee 1. CCR2 and CCR5 genotype and disease 
progression.. Kaplan-Meier plots for time to AIDS 
(19877 definition; top) or time to death (bottom) for 
subjectss classified as CCR2/CCR5-[64I/+] (thick 
lines),, [A32/+] (thin lines), and [+/+] (intermediate 
lines).. No. of men at risk are indicated for each time 
point.. Relative hazards (RH), confidence intervals 
(CI),, and log-rank P values are shown 

22 years after seroconversion in CCR2/CCR5-
[+/+]]  subjects was 1044 copies/mL (range, 
<1030-1060);; this level was 1.3-fold higher (P= 
.41)) than the viral RNA load in [64I/+] subjects 
(10433 copies/mL [range, 1030-1056]), 2.5-fold 
higherr (P= .02) than in [A32/+] subjects (1040 

copies/mLL [range, 1030-1056]), and 20.0-fold 
higherr (P= .008) than in the small group of 
CCR2/CCR5-[64I/A32]]  subjects (1031 copies 
/mLL [range, 1030-104']). 
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CCR2CCR2 and CCR5 genotype in relation to HIV-1 
biologicbiologic phenotype. 
Att the end of the study, not considering 
subjectss lost to follow-up, the total frequency 
off  SI HIV-1 was higher in CCR2/CCR5-
[64I/+]]  subjects (21 [52.5%] of 40) than in 
subjectss categorized as [A32/+] (20 [37%] of 
54),, [64I/A32] (1 of 5), and CCR2/CCR5-[+/+] 
(611 [33.9%] of 180). The prevalence of SI 
HIV-11 in CCR2/CCR5-[64I/+] and [+/+] 
subjectss was significantly higher than the 
prevalencee in [+/+] persons (P = .03). 
Too analyze a possible difference in the rate of 
evolutionn to SI HIV-1, Kaplan-Meier survival 
analysiss was performed with conversion to SI 
HIV-11 as an end point (figure 2, top). In the 
firstt 4.5 years after seroconversion, 
approximatelyy 15% of subjects in each of the 3 
genotypicgenotypic groups converted to an SI HIV-1 
variant.. During the subsequent follow-up, 
however,, CCR2/CCR5-[64I/+] subjects had an 
increasedd conversion rate. Median time to SI 
conversionn was 8.5 years after seroconversion 
inn CCR2/CCR5-[64I/+] subjects but 11.5 years 
inn CCR2/CCR5-[A32/+] and [+/+] subjects. 
However,, the difference in evolution to an SI 
phenotypee between CCR2/CCR5-[64I/+] and 
[+/+]]  subjects was not significant for the total 
follow-upp period (P = .23). The previously 
describedd more rapid evolution to SI HIV-1 
variantss in the group with CCR5-+/+ 
homozygotess compared with CCR5 A32 
heterozygotess [4] was still visible, although not 
statisticallyy significant (P = .31). 
Thee protective effects of CCR2 641 and CCR5 
A322 were stronger in the presence of only NSI 
HIV-11 variants when compared with total 
follow-upp (figure 2, middle; [641/+]: RH = 0.44 
[95%% CI, 0.22-0.90] vs. RH = 0.66 [95% CI, 
0.44-0.99];; [A32/+]: RH = 0.22 [95% CI, 0.11-
0.42]]  vs. 0.40 [95% CI, 0.26-0.58]). Analysis 
off  the period after the emergence of SI HIV-1 
variantss (figure 2, bottom) showed that CCR5 
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Figur ee 2. CCR2 and CCR5 genotype and HIV-1 biologic phenotype. Kaplan-Meier plots for subjects classified 
ass CCR2/CCR5-[+/+] (intermediate lines), [64I/+] (thick lines), and [A32/+] (thin lines) for time to emergence of 
SII HIV-1 variants (top), time to AIDS when only NSI variants were present (middle), and time to AIDS after 
emergencee of SI HIV-1 (bottom). No. of men at risk are indicated for each time point. Relative hazards (RH), 
confidencee intervals (CI), and log-rank P values are shown. 
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A322 heterozygosity was still associated with 
prolongedd AIDS-free survival (P = .06; RH = 
0.444 [95% CI, 0.20-0.97]). The protective 
effectt of CCR2 641 remained evident but was 
noo longer significant after the emergence of SI 
(P(P = .44; RH = 0.73, [95% CI, 0.34-1.54]). 

Discussio n n 

Wee confirmed a correlation between CCR2 
genotypee and prolonged AIDS-free survival, as 
originallyy described by Smith et al. [5]. In 344 
HIV-1-seropositivee participants from the 
Amsterdamm Cohort Studies, a Cox proportional 
hazardd analysis on CCR2/CCR5-[64I/+] 
genotypee yielded an RH of 0.66 for progression 
too AIDS. This confirms the findings in various 
cohortss in which RH varied from 0.6 to 0.7 for 
thee CCR2 641 heterozygous genotype [5,6]. In 
accordancee with a delayed progression to 
AIDS,, we observed a slower CD4+ T cell 
declinee and a lower serum viral RNA load in 
CCR2/CCR5-[64I/+]]  than in [+/+] subjects. 
Thee biologic mechanism by which the CCR2 
6411 genotype provides protection against 
diseasee progression is not known. Primary 
HIV-11 variants in general do not use CCR2 
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dingg coreceptor dysfunctioning as a major 
explanation.. More likely, this polymorphism 
influencess the CCR5 pathway, directly or 
indirectly.. It has been suggested that CCR2 641 
mayy result in a diminished expression of 
CCR5.. In support of this is the observation that 
thee G to A mutation resulting in the CCR2 641 
substitutionn is linked to a point mutation in the 
promotorr region of the CCR5 gene [6]. 
However,, this point mutation is located within 
aa 1.9-kb intron that may be dispensable for 
optimall  promotor activity [14,15]. In agree-
mentt with this, neither preliminary data from 
Kostrikiss et al. [6] or Rizzardi et al. [7] nor 
preliminaryy results from our laboratory 
(A.M.R.H.)) support the hypothesis that CCR5 
expressionn is reduced in CCR2 641 
heterozygotes. . 

Inn this study, we showed a higher conversion 
ratee to and a higher prevalence of SI HIV-1 

variantss among CCR2 heterozygotes than in 
wild-typee homozygotes in contrast to CCR5 
A33 2 heterozygotes in which SI conversion 
tendss to be delayed. This suggests a different 
mechanismm of action of CCR2 641 than of 
CCR55 A32 in delaying HIV-1 disease 
progression. . 
Thee protective effects of both CCR2 641 and 
CCR55 A32 were stronger in the sole presence 
off  NSI HIV-1 variants when compared with the 
totall  follow-up. This suggests that the 
mechanismm of both protective polymorphisms 
iss mediated via NSI HIV-1 variants, which in 
generall  are CCR5 restricted. Elucidating the 
mechanismm of action of CCR2 641 might help 
too identify potential sites for therapeutic 
interventionss in HIV-1 infection. 
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Thee role of a stroma l cell-derive d facto r 1 gene variant s in the clinica l 
cours ee of HIV-1 infectio n 

Background ::  A G-to-A transition in the 3' untranslated region <UTR) of stromal cell-derived factor 
(SDF)-11 gene <SDF1-3'A) has recently been described, which in the homozygous state was 
associatedd with delayed disease progression 
Objective ::  To analyse the effect of the SDF-1 polymorphism on AIDS-free survival and survival 
afterr AIDS diagnosis, also in relation to viral phenotype 
Design ::  Retrospective longitudinal study among 344 homosexual HIV-1 infected men 
Results ::  A more rapid progression to AIDS (Centers for Disease Control and Prevention 1993 
definition)) was observed in SDF1-3'A/3'A subjects than in wild-type (SDF1-wt/wt) subjects (relative 
hazard,, 1.75; P = 0.07). Using death as an endpoint, accelerated progression was no longer 
observedd (relative hazard, 0.93; P = 0.84), suggesting a late protective effect of the SDF1-3'A/3'A 
genotype.. Indeed, survival after AIDS diagnosis was significantly delayed in SDF1-3'A/3'A subjects 
(relativee hazard, 0.40; P = 0.02). No effect of the SDF1-3'A/wt genotype on disease progression 
wass observed. Interestingly, a higher frequency of Kaposi's sarcoma was observed as the AIDS-
definingg event among SDF1-3'A/3'A (40.0%) and SDF1-3'A/wt (30.6%) subjects than in SDF1-wt/wt 
subjectss (17.0%). At the end of the study the total frequency of syncytium-inducing (SI) HIV-1 
variantss was lower in SDF1-3'A/3'A subjects (22.2%) than in SDF1-3'A/wt (32.5%) and SDF1-wt/wt 
subjectss (40.5%), although not significantly. SDF-1 genotype did not influence the rate of evolution 
too SI HIV-1. Progression to AIDS after the emergence of SI HIV-1 was accelerated in SDF1-3'A/3'A 
subjectss compared with the SDF1-wt/wt genotypic group (relative hazard, 4.04; P = 0.06). 
Conclusions ::  In our study group, homozygosity for a G-to-A transition in the 3' UTR of SDF-1 is 
associatedd with an accelerated progression to AIDS but a subsequent prolonged survival after 
AIDSS diagnosis. 

G-protein-coupledd seven-transmembrane re-
ceptorss have been identified "as-coreceptors for 
HIV-1.. Syncytium-inducing (SI) T cell line-
adaptedd HIV-1 variants utilize CXC-receptor 
(CXCR)-4,, macrophagetropic non-SI (NSI) 
HIV-11 variants use CC-chemokine receptor 
(CCR)-5,, and primary SI HIV-1 variants can 
usee both receptors to enter human cells [1-6]. 
Otherr chemokine receptors including CCR-2b 
andd CCR-3 can function as coreceptors for a 
minorityy of viruses [4,5,7]. A 32 basepair 
deletionn (A32) in the CCR-5 gene has been 
associatedd with a reduced transmission risk and 
aa delayed disease progression [8-14]. In 
addition,, a Val to He switch in the first trans-
membranee domain of CCR-2b (CCR-2b 641) 
hass also been associated with a delayed disease 
progressionn [15]. 
Thee natural ligands for CCR-5, the pi-chemo-
kiness RANTES, macrophage inflammatory 
proteinn (MlP)-la, and MIP-lp\ can inhibit 

replicationn of NSI HIV-1 variants [16]. Stromal 
TelI-derivëcTfacfor(SDF)-1,, the natural ligancT 
forr CXCR-4 [17,18], can interfere with 
infectionn of SI HIV-1 [17-19]. Recently, a 
polymorphismm in an evolutionary conserved 
segmentt of the 3' untranslated region (UTR) of 
thee SDF-1 structural gene transcript 
(SDF1-3'A)) was described. Persons homo-
zygouss for this mutation had a significantly 
delayedd progression to AIDS and were even 
moree strongly protected from death [20]. It was 
hypothesizedd that the SDF1-3'A mutation 
couldd result in increased SDF-1 production, 
resultingg late in infection in strong competition 
withh SI HIV-1 variants at the CXCR-4 receptor 
level. . 
Here,, we analysed the effect of the SDF1-3'A 
polymorphismm in 344 participants of the 
Amsterdamm cohort on AIDS-free survival and 
survivall  after AIDS diagnosis, also in relation 
too the presence or absence of SI HIV-1 
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variants.. In addition, we studied the prevalence 
andd rate of evolution to SI HIV-1 variants. 

Subject ss and Method s 

StudyStudy population 
Thee study population was the same as described 
previouslyy [14]. Briefly, between October 1984 and 
Marchh 1986, 961 asymptomatic homosexual men 
weree enrolled in a protective study on the prevalence 
andd incidence of HIV-1 infection and the risk factors 
forr AIDS. In the first serum sample taken, 728 men 
testedd negative for HIV-1 antibodies; 131 of these 
menn underwent seroconversion during the study. 
Thee remaining 238 men were positive for HIV 
antibodiess at entry between October 1984 and April 
1985;; five of these men refused to participate 
further,, leaving 233 seroprevalent study cases. All 
participantss were Caucasian. Epidemiological 
studiess on the incidence of HIV-1 infection have 
shownn that infection in these seroprevalent men 
mustt have occurred on average 1.5 years before 
entryy in the Amsterdam Cohort Studies. Therefore, 
thee time of seroconversion for seroprevalent men 
waswas set at 1.5 years before study entry. The 131 
personss with a documented seroconversion and 233 
seroprevalentt individuals were studied as one study 
groupp (n=364). 

Byy 1 January 1996 (the censor date), 189 men had 
developedd AIDS (median follow-up, 5.9 years; 
range,, 0.6-12.3 years). From one of these subjects no 
DNAA was available for SDF-1 genotyping. 94 men 
hadd not developed AIDS (median follow-up, 10.1 
years;; range, 0.3-13.7 years), and 81 men were lost 
too follow-up (median follow-up, 2.0 years; range, 
0.6-12.55 years). 

SDF-1SDF-1 genotyping 
DNAA was available for SDF-1 genotyping for 344 
(94%)) out of 364 men. Genomic DNA was isolated 
fromm cryopreserved peripheral blood mononuclear 
cellss (PBMC, Qiagen blood kit, Qiagen, Hilden, 
Germany),, and 100 ng of DNA was analysed by 
PCRR with primers SDF 3' UTR-F (sense, 5'- CAGT-
CAACCTGGGCAAAGCC-3')) and SDF 3' UTR-R2 
(antisense,, 5'- CCTGAGAGTCCTTTTGCGGG-3'). 
Thee G to A transition in SDF 1-3'A alleles eliminates 
aa Mspl site allowing the use of a PCR restriction 
fragmentt length polymorphism assay for rapid 
detectionn of SDF-1 genotypes [20]. Samples were 
amplifiedd with 1 U Taq polymerase (Promega, 
Madison,, Wisconsin, USA) in the buffer provided 
withh a final MgCl2 concentration of 2 mmol/1. 
Conditionss of PCR comprised 5 min denaturation at 
94°C,, 35 cycles of 1 min at 94°C, 1 min at 50°C, 

andd 1 min at 72°C, an 5 min elongation at 72°C in a 
Biometraa Uno II thermocycler (Biometra, 
Goettingen,, Germany). PCR products were 
subjectedd to restriction analysis with Mspl for 2 h at 
37°CC (Gibco BRL, Gaithersburg, Maryland, USA) 
andd analysed on a 1.5% agarose gel, yielding a 101-
andd a 193 basepair product in the case of a SDF-1 
wildtypee allele (SDFl-wt) and a 194 basepair 
productt in the case of a SDF1-3'A allele. 

ImmunologicalImmunological and virological assays 
Enumerationn of CD4+ T cells was performed every 
threee months using flow cytometry. Cocultivation of 
HIV-1-positivee PBMC with MT-2 cells was 
performedd to detect SI HIV-1 variants [21]. Time of 
SII  conversion was the calculated midpoint between 
thee last Sl-negative and first Sl-positive sample. 

StatisticalStatistical analysis 
Kaplann Meier and Cox proportional hazard analyses 
weree performed to study the effect of SDF-1 
genotypee on disease progression in HIV-1-infected 
individuals.. The following were considered 
endpointss for analysis: (i) AIDS according to the 
19877 Centers for Disease Control and Prevention 
(CDC)) definition [22], (ii) AIDS according to the 
19933 CDC definition, thus including CD4+ T cell 
countss below 200x106/l as an AIDS-defining event 
[23],, and (iii ) death. Kaplan Meier analyses were 
alsoo used to estimate the cumulative incidence of 
conversionn to SI HIV-1 in relation to SDF-1 
genotype.. The duration of AIDS-free survival in 
relationn to SDF-1 genotype for the period during 
whichh only NSI HIV-1 variants were present 
(conversionn to SI HIV-1 was used as a censor 
criterion),, or for the period after the emergence of SI 
variants,, were analysed separately. Significance in 
survivall  analyses was determined by the log-rank 
andd log-likelihood tests. 
Thee Mann-Whitney U test was used to compare 
CD44 T cell decline and CD4 T cell count. Fisher's 
exactt test was used to compare the frequency of SI 
HIV-11 and the frequency of Kaposi's sarcoma 
amongg the SDF-1 genotypic groups. All were 
performedd using SPSS (release 7.5, SPSS Inc. 
Chicago,, Illinois, USA). 

Result s s 

SDF-1SDF-1 genotype distribution 
Thee SDF1-3'A polymorphism was studied in 
3444 subjects enrolled in the Amsterdam Cohort 
Studies.. In this study group, 12 (3.5%) subjects 
weree homozygous (SDF 1-3'A/3'A) and 95 
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Tablee 1. Survival analysis for relative progression to different AIDS outcomes and conversion to syncytium-
inducingg (SI) HIV-1 variants by stromal cell-derived factor (SDF-1) genotype using the Cox proportional hazard 
analysis. . 

Endpoint t 
AIDS S 

CDCC 1993 
CDCC 1987 

Death h 
Deathh after AIDS 

CDCC 1993 
CDCC 1987 

SII conversion 
AIDS S 

Onlyy NSI present 
Afterr SI conversion 

n n 

344 4 
344 4 
344 4 

225b b 

173b b 

279 9 

267 7 
103c c 

Events s 

232 2 
188 8 
166 6 

164 4 
164 4 

106 6 

79 9 
74 4 

SDF1-3'A/wt t 
versuss SDF1 -wt/wt 

RHH (95% CI) 

0.84(0.63-1.14) ) 
0.84(0.61-1.17) ) 
0.89(0.63-1.26) ) 

0.88(0.62-1.25) ) 
0.99(0.69-1.40) ) 

0.73(0.47-1.14) ) 

1.08(0.67-1.76) ) 
1.00(0.58-1.73) ) 

P a a 

0.26 6 
0.30 0 
0.53 3 

0.47 7 
0.94 4 

0.17 7 

0.75 5 
1.00 0 

SDF1-3'A/3'A A 
versuss SDF1 -wt/wt 

RHRH (95% CI) P a 

1.75(0.95-3.22)) 0.07 
1.30(0.68-2.48)) 0.42 
0.93(0.45-1.90)) 0.84 

0.40(0.19-0.84)) 0.02 
0.49(0.23-1.07)) 0.07 

0.46(0.11-1.86)) 0.28 

2.52(1.08-5.89)) 0.03 
4.04(0.95-17.17)) 0.06 

aa Log likelihood P value." Lost to follow-up after AIDS diagnosis explains the discrepancy between the number of subjects in this 
analysiss and the number of events in the analysis using AIDS as an endpoint. c Three subjects developed SI HIV-1 after AIDS 
diagnosiss and were excluded from this analysis, wt/wt, wild-type; 3'A/wt, 3'A heterozygote; 3'A/3'A, 3'A homozygote; CDC, Centers 
forr Disease Control and Prevention definition [22,23]. 

(27.6%)) subjects were heterozygous for the 
SDFl-3'AA mutation (SDF1-3'A/wt). The 
remainingg 237 (68.9%) subjects had a SDF-1 
wildd type (SDF1-wt/wt) genotype, resulting in 
ann allelic frequency of 0.173. Genotype 
distributionn was comparable for the 
seroincidentt and seroprevalent cases. 

SDF-1SDF-1 genotype and clinical course of HIV-1 
infectioninfection .... — 
Kaplann Meier and Cox proportional hazard 
analysess were used to examine the role of the 
SDF-11 polymorphism in the clinical course of 
HIV-11 infection, using AIDS [22,23] or death 
ass an endpoint. In contrast to the reported 
protectivee effect associated with the SDF1-
3'A/3'AA genotype, progression to AIDS was 
acceleratedd in SDF1-3'A/3'A subjects 
comparedd with SDF1-wt/wt subjects in our 
studyy group: relative hazard (RH) was 1.75 
(P=0.07)) for AIDS according to the 1993 CDC 
definitionn (figure la; table 1) and 1.30 for 
AIDSS according to the 1987 CDC definition 
(figuree lb; table 1). Comparable results were 
obtainedd when seroprevalent and seroincident 
casess were analysed separately (data not 
shown). . 
Inn agreement with a more rapid progression to 
AIDS,, the group of SDF1-3'A/3'A carriers had 
aa more rapid, although not significantly, CD4+ 

TT cell decline (median decline of 80x10 /l per 
yearr versus 57 and 69x106/l per year for SDF1-
3'A/wtt and SDF1-wt/wt genotypic groups, 
respectively)) and a somewhat higher mean 
CD4++ T-cell count at AIDS diagnosis 
(accordingg to the 1987 definition; 240, 125, 
andd 191xl06/l for the SDF1-3'A/3'A, 
SDF11 -3'A/wt and SDF1-wt/wt carriers, 
respectively). . 
Kaposî ^ sarcoma is- an AIDS-defining event 
thatt can occur at relatively high CD4+ T-cell 
counts.. Interestingly, we observed a higher 
frequencyy of Kaposi's sarcoma as the AIDS-
definingg event among SDF1-3'A/3'A (40.0%, 
n=10;; P=0.09) and SDFl-3'A/wt subjects 
(30.6%,, n=49; />=0.06) than in SDF1-wt/wt 
subjectss (17.0%, n= 129). 
Wee no longer observed an accelerated 
progressionn associated with the SDF1-3'A/3'A 
genotypee when death was used as an endpoint 
inn our analysis (RH=0.93, P=0.84; figure lc; 
tablee 1), indicating that a late-stage protective 
effectt associated with the SDF1-3'A/3'A 
genotypee may compensate for the more rapid 
progressionn in the earlier phase of infection. To 
analysee this possibility, we examined the role 
off  SDF-1 genotype on survival after AIDS 
diagnosis.. Subjects carrying the SDF1-3'A/3'A 
genotypee showed a significantly prolonged 
survivall  after AIDS diagnosis: from AIDS 
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Figur ee 1 Survival analyses for progression to AIDS and death. Kaplan Meier plots are shown for time in years after 
seroconversionn to A) AIDS according to the Centers for Disease Control and Prevention (CDC) 1993 definition [23], 
B)) AIDS according to the CDC 1987 definition [22], and C) death. Kaplan Meier plots are shown for time in years to 
deathh after AIDS diagnosis according to D) the 1993 CDC definition, and E) the 1987 CDC definition. Number of 
patientss and P values based on the log-rank test for survival of SDF1-3'A/wt (3A/+) and SDF1-3'A/3'A (3A/3A) 
subjectss compared with SDF1-wt/wt subjects are shown. Solid lines indicate SDF1-wt/wt subjects, dotted lines 
indicatee SDF1 -3'A/wt, and dash-point lines indicate SDF1 -3'A/3'A subjects. 

accordingg to 1993 CDC definition to death, RH 
wass 0.40 (P=0.02; figure Id; table 1], and from 
AIDSS according to 1987 CDC definition, RH 
wass 0.49 (P=0.07; figure le; table 1). No effect 
onn survival after AIDS diagnosis was observed 
forr the SDF1-3'A/wt genotype (figure Id, e, 
tablee 1). 

SDF-1SDF-1 genotype and HIV-J biological 
phenotype phenotype 
Att the end of the study, the total frequency of 
SII  HIV-1 was lower in the SDF1-3'A/3'A 
carrierss (22.2%, n=9) than in SDF1 -3'A/wt 
carrierss (32.5%, n=80) or SDFl-3'A/wt 
carrierss (40.5%, n =190), although this was not 
significant.. Kaplan Meier analysis with the 
emergencee of SI HIV-1 as an endpoint criterion 
didd not reveal a significant difference in the 
ratee of evolution to SI HIV-1 in relation to 
SDF-11 genotype (SDF1-3'A/3'A: RH, 0.46, 

P=0.28;; SDFl-3'A/wt: RH, 0.73; P=0.17; 
figurefigure 2a; table 1) 
AIDSS free survival (AIDS according to 1987 
CDCC definition) in the presence of only NSI 
HIV-11 variants, using SI conversion as a censor 
criterion,, was significantly reduced for SUFI-
S'A/3'AA carriers compared with the SDF1-
wt/wtt genotypic group (RH, 2.52; P=0.03; 
figurefigure 2b; table 1). The same phenomenon was 
observedd when the period after SI conversion 
wass analysed, with a more rapid disease 
progressionn for SDF1-3'A/3'A carriers (RH, 
4.04;; P=0.06; figure 2c; table 1). AIDS free 
survivall  in SDF1-3'A/wt and SDFl-wt/wt 
carrierss was indistinguishable, irrespective of 
thee phenotype of the HIV-1 variants present 
(figuree 2b, c). Survival after AIDS diagnosis 
wass prolonged for SDF1-3'A/3'A carriers 
(figuree Id, e), and not restricted to the 
biologicall  phenotype of the HIV-1 variants 
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Figur ee 2 Survival analysis for progression to syncytium inducing (SI) HIV-1 and AIDS (Centers for Disease Control 
andd Prevention 1987 definition) in the presence of non-SI (NSI) or SI HIV-1 variants. Kaplan Meier plots are shown 
forr time in years to A) the emergence of SI HIV-1 variants, B) AIDS diagnosis in the presence of only NSI HIV-1 
variantss (conversion to SI HIV-1 as a censor criterion), and C) AIDS diagnosis after the emergence of SI HIV-1 
variants.. Number of patients and P values based on the log-rank test for survival of SDF1-3'A/wt (3A/+) and 
SDF1-3'A/3'AA (3A/3A) subjects compared with SDF1-wt/wt subjects are shown. Solid lines indicate SDF1-wt/wt 
subjects,, dotted lines indicate SDF1-3'A/wt, and dash-point lines indicate SDF1-3'A/3'A subjects. 

presentt (data not shown). However, a more 
detailedd analysis in a larger study group may be 
requiredd to obtain conclusive evidence on the 
rolee of SDF1-3'A polymorphism in relation to 
SII  phenotype in the course of HIV-1 infection. 

Discussion n 

Homozygosityy for the G to A transition in the 
3'' UTR of the SDF-1- ^gene Avas-previously 
shownn to be associated with delayed 
progressionn in HIV-1 infection [20]. In contrast 
too this observation, our results seem to show a 
moree rapid progression to AIDS at a higher 
CD4++ T cell count in individuals with a SUFI-
S'A/3'AA genotype, subsequently followed by 
ann elongated survival time after AIDS 
diagnosis.. Interestingly, we did observe a 
higherr frequency of Kaposi's sarcoma as an 
AIDS-definingg event among SDF1-3'A/3'A 
andd SDFl-3'A/wt carriers, which makes it 
temptingg to speculate that increased SDF-1 
levelss associated with a SDF1-3'A/3'A 
genotypee may promote the development of 
Kaposi'ss sarcoma, thereby only expediting the 
momentt of AIDS diagnosis. 
Thee basis for the discrepancy in the influence 
off  the SDF1-3'A/3'A genotype in the period 
fromm seroconversion to AIDS diagnosis 
betweenn the study by Winkler et al. [20] and 

ourr study is unclear. The MACS cohort in their 
study,, which showed an even stronger 
protectivee effect for the SDF1-3'A/3'A 
genotypee compared to their combined cohort 
study,, contained an almost identical number of 
participantss with a comparable estimate of the 
timee of seroconversion to our study group. 
Moreover,, the protective effect mediated by 
CCR-55 A32 heterozygosity and the CCR-2b 

-641-genotypee as analysed in previous studies 
wass the same for these cohorts [10,14,15] 
(unpublishedd data). Since the protective effect 
associatedd with SDF-1 genotype is most 
pronouncedd in a relatively late stage of 
infectionn one would not expect that an 
inaccuratee estimation of the time of 
seroconversionn of the seroprevalent individuals 
includedd in our study group would influence 
thee outcome of survival analyses. 
Evenn in a nested case-control study comparing 
HIV-11 infected progressors and long-term 
survivorss (AIDS-free survival and stable CD4 
celll  counts above 400x106/l for more than 9 
years)) [14], we did not observe an increased 
frequencyy of SDF1-3'A/3'A genotype in the 
long-termm survivor group (data not shown), 
whereass in the study by Winkler et al. the 
recessivee protective effect of SDF1-3'A was 
moree pronounced in individuals infected with 
HIV-11 for prolonged periods of time. Still, the 
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loww frequency of SDF1-3'A/3'A carriers in 

bothh studies may be responsible for the 

observedd difference in the pre-AIDS period. 

Furthermore,, studies in cohorts where different 

routess of transmission may apply are needed 

beforee general conclusions on the effect of 

SDF-11 genotype in the clinical course of HIV-1 

infectionn are justified. 

Itt was hypothesized that the SDF1-3'A/3'A 

genotypee may upregulate SDF-1 expression, 

whichh at the CXCR-4 level could select against 

thee emergence of T cell tropic SI HIV-1 strains 

inn infected patients [20]. In addition, increased 

levelss of SDF-1 may also compete for CXCR-4 

withh these SI variants after their emergence. 

Duee to the low number of subjects, we could 

nott exclude the possibility that evolution to SI 

HIV-11 variants was delayed in the SUFI-

S'A/3'AA genotypic group. However, since an 

acceleratedd disease progression was observed 

evenn in the SDF1-3'A/3'A carriers with SI 

variants,, and prolonged survival after AIDS 

diagnosiss was not restricted to carriers of SI 

HIV-1,, competition for CXCR-4 coreceptor 

availabilityy between SDF-1 and HIV-1 does 

nott seem a likely explanation for the observed 

protectionn after AIDS diagnosis. 

Revealingg the mechanism responsible for 

prolongedd survival after AIDS diagnosis will 

bee necessary, especially when the accelerated 

progressionn to AIDS in the same individuals is 

considered,, as observed in our study, in order 

too decide whether SDF-1 can form the basis for 

neww therapeutics for application in AIDS 

patients. . 
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Erratu m m 

Thee role of a stromal cell-derived factor 1 gene variant in the clinical 
coursee of HIV-1 infection 

AIDSS 1998, 12:F85-F90 

Inn our analyses on the effect of SDF-1 3'A polymorphism on HIV-1 disease progression in the 
Amsterdamm cohort [1], the time to AIDS according to the 1993 CDC definition of a number of 
patientss was incorrect. Consequently, the survival analyses for progression to AIDS according to 
thee CDC 1993 definition (figure la) and the time to death after AIDS according to the 1993 CDC 
definitionn (figure Id) are incorrect. The corrected Kaplan Meier curves and the results from the 
Coxx proportional hazard analyses are shown below. These new analyses do not point to a more 
rapidd progression to AIDS CDC 1993, nor to a prolonged survival after AIDS CDC 1993. We 
concludee that the SDF1 3'A/3'A genotype does not play a role in HIV-1 disease progression in our 
cohort,, which is in agreement with the results from a combined analysis of individual-patient data 
fromm the Amsterdam cohort and the Seroco cohort and from an international meta-analysis of 
combinedd data from thirteen cohorts [2,3]. 

Tablee 1. Survival analysis for relative progression to different AIDS by stromal cell-derived factor (SDF-1) genotype 
usingg the Cox proportional hazard analysis. 

Endd point 
AIDS S 

CDCC 1993 
Deathh after AIDS 

CDCC 1993 

n n 

344 4 

224 4 

Events s 

229 9 

14R R 

SDF1-3'A/wt t 
versuss SDF1-wt/wt 

RHH (95% CI) 

0.86(0.64-1.16) ) 

0.87(0.61-1.26) ) 

SDF1-3'A/3'A A 
versuss SDF1-wt/wt 

RHH (95% CI) 

1.32(0.70-2.51) ) 

0.69(0.32-1.49) ) 

wt/wt,, wild-type; 3'A/wt, 3'A heterozygote; 3'A/3'A, 3'A homozygote. 
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Figur ee 1 Survival analyses for progression to AIDS and death. Kaplan Meier plots are shown for time in years after 
seroconversionn to A) AIDS according to the Centers for Disease Control and Prevention (CDC) 1993 definition and 
D)) death after AIDS diagnosis according to the 1993 CDC definition. P values based on the log-rank test for survival 
off SDF1-3'A/wt (3'A/+) and SDF1-3'A/3'A (3A/3A) subjects compared with SDF1-wt/wt subjects are shown. Thin 
liness indicate SDF1-wt/wt subjects, intermediate lines indicate SDF1-3'A/wt, and thick lines indicate SDF1-3'A/3'A 
subjects. . 
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CC-chemokin ee recepto r variants , SDF-1 polymorphism , and diseas e 
progressio nn in 720 HIV-infecte d patient s 

Multiplee chemokine receptor alterations, such 
ass CCR-5 A32 and CCR-2b 641, have been 
described,, which had been found to be 
associatedd with prolonged AIDS free survival 
[1,2].. Homozygosity for a G to A transition at 
positionn 801 in the 3'-untranslated region of 
stromall  cell-derived factor (SDF)-l {SDF-1 
3'A)3'A) has been described to delay disease 
progressionn [3]. However, an opposite 
associationn was recently found by another team 
[4].. In the SEROCO cohort, SDF-1 3'A 
homozygouss mutants showed a trend, although 
nott significant, for delayed progression to 
death,, but not AIDS [5]. For SDF-1 3'A 
homozygouss participants of the Amsterdam 
Cohort,, a trend towards more rapid progression 
too AIDS was seen, which inverted to a 
protectivee effect after AIDS diagnosis [6]. As 
recentlyy outlined [7], large-scale international 
collaborationss are indispensable in addressing 
thee effect of chemokine receptor poly-
morphismss on HIV disease progression. A 
combinedd analysis of the SEROCO and 
Amsterdamm cohorts was thus performed in 
orderr tt disentangle the Tolertrf CC-chemokine 
receptorr (CCR) genotypic variants from SDF-1 
3'A3'A in HIV-1 disease progression. 

AA total of 720 Caucasian non-injecting drug 
userss infected through sexual contact were 
includedd in this analysis. Five hundred and six 
individualss were seroconverters (376 in 
SEROCOO cohort; 130 in Amsterdam cohort) 
andd 214 were seroprevalent participants from 
Amsterdamm for whom the seroconversion date 
wass estimated based on CD4 cell numbers at 
entryy [8]. Six mutually exclusive genotypic 
groupss were constituted: group 0 (reference 
group),, CCR-5 +/+, CCR-2b +/+, and SDF-1 
+/++/+  or SDF-1 3'A/+ (n = 461); group 1, CCR-5 
+/+,, CCR-2b 64I/+ or CCR-2b 641/641, and 

SDF-1SDF-1 +/+  or SDF-1 3'A/+ (n=100); group 2, 
CCR-5CCR-5 A32/+, CCR-2b +/+, and SDF-1 +/+  or 
SDF-1SDF-1 3'A/+ (n=ll l) ; group 3, CCR-5 A32/+, 
CCR-2bCCR-2b 64I/+, and SDF-1 +/+ or SDF-1 3'A/+ 
(n=12);; group 4, CCR-5 +/+, CCR-2b +/+, and 
SDF-1SDF-1 3'A/3'A (n=25); group 5, CCR-5 A32/+ 
orr CCR-2b 64I/+, and SDF-1 3'A/3'A (n=ll). 
Too determine the protective effect of these 
genotypes,, progression from HIV sero-
conversionn to AIDS according to the 1993 
Centerss for Disease Control and Prevention 
definitionn (417 cases), clinical AIDS according 
too the 1993 European definition (319 cases), 
andd death (253 cases) was studied. 
Forr all endpoints analysed, carriers of CCR-5 
A322 or CCR-2b 641 showed significantly 
prolongedd survival compared with the 
referencee group (table 1). Moreover, delay of 
progressionn to AIDS or death was most 
pronouncedd for individuals who were 
heterozygouss for both CCR-5 A32 and CCR-2b 
641.. In contrast, SDF-1 3'A homozygotes 
withoutt a CCR-2 or CCR-5 variant were not 
protectedd from progression to clinical AIDS or 
death.. Restricting ouf̂  analyses to~~the 
seroconverterss from both cohorts showed 
similarr results (data not shown). In addition, 
whenn analysing survival after AIDS, 
progressionn was almost similar for SDF-1 
3'A/3'AA homozygotes without a CCR-2 or 
CCR-5CCR-5 variant and the reference group (table 
1).. However, in SDF-1 3'A/3'A homozygotes 
whoo additionally carried CCR5 A32 or CCR-2b 
641,, or both, progression to death and from 
AIDSS to death was delayed, although the effect 
wass not significant. This protective effect was 
nott observed for progression from serocon-
versionn to AIDS. These inconsistent findings 
couldd be due to the limited number of 
individualss with combination of genotypes 
(n=ll) . . 
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Thee fact that we did not observe delayed 
diseasee progression in SDF-1 3'A/3'A 
homozygouss individuals, as was found by 
Winklerr et al. [3], cannot be attributed to lack 
off  statistical power because similar numbers of 
patientss and events were analysed. Therefore, 
wee conclude that at least in a combined 
analysiss of two European cohorts, the SDF-1 
3'A/3'AA homozygous genotype does not 
appearr to play a role in HIV disease 
progression. . 
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Reducedd prevalenc e of the CCR5 A32 heterozygou s genotyp e in 
humann immunodeficienc y virus-infecte d individual s wit h AIDS 
dementi aa comple x 

Heterozygosityy for a 32-bp deletion in the CCR5 gene {CCR5 A32), which encodes the coreceptor 
forr macrophage-tropic non-syncytium-inducing <NSI) human immunodeficiency virus type 1 (HIV-1) 
variants,, results in a lower CCR5 expression and reduced NSI HIV-1 replication. Because infection 
off macrophages and microglial cells by NSI HIV-1 is considered to be instrumental for the develop-
mentt of AIDS dementia complex (ADC), we studied whether the CCR5 A32 heterozygous genotype 
correlatedd with a reduced frequency of ADC. Two (4.1%) of 49 patients with ADC versus 27 
(14.5%)) of 186 AIDS patients without ADC were heterozygous for CCR5 A32 (P = .05). In contrast, 
aa point mutation in the first transmembrane domain of CCR2 (CCR2 64I) did not show this protec-
tivee effect (P = .57). The reduced prevalence of the CCR5 A32 allele among patients with ADC may 
indicatee a reduced or absent reservoir of macrophage-tropic NSI HIV-1 in the brain of CCR5 A32 
heterozygotes. . 

Chemokinee receptors have been identified as 
coreceptorss for entry of human immuno-
deficiencyy virus type 1 (HIV-1) in human 
CD4++ T lymphocytes and monocytes. CC 
chemokinee receptor (CCR) 5 is the principal 
coreceptorr for macrophage-tropic, non-
syncytium-inducingg (NSI) HIV-1 variants, 
whereass syncytium-inducing (SI) HIV-1 can 
alternativelyy or in addition use CXC 
chemokinee receptor 4 (CXCR4). Other 
receptors,, including CCR2, CCR3, CCR8, and 
aa variety of orphan receptors, can also serve as 
coreceptors,, although only for a minority of 
HIV-11 variants (reviewed in ref. 1). 
Heterozygosityy for a 32-bp deletion in the 
CCR55 coding region (CCR5 A32), which 
occurss in approximately 18% of the Caucasian 
population,, has been associated with a reduced 
celll  surface expression of CCR5, impaired NSI 
HIV-11 replication in vitro [2], and a reduced 
viruss load in vivo [3,4]. Most likely as a 
consequencee of these observations, CCR5 A3 2 
heterozygosityy correlates with a delayed 
progressionn to AIDS [1,3,4]. More recently, a 
valine-to-isoleucinn switch in the first 
transmembranee domain of CCR2 (641) was 
alsoo shown to be associated with a delay in 
HIV-11 disease progression [5-7] 
Infectionn of brain macrophages and microglial 
cellss is considered to be instrumental in the 
developmentt of AIDS dementia complex 
(ADC).. These cells express several chemokine 

receptorss but mainly support the infection of 
macrophage-tropic,, NSI HIV-1 variants [8]. 
Zidovudine,, which preferentially inhibits NSI, 
butt not SI, HIV-1 replication [9], has a 
preventivee and therapeutic effect on ADC [10]. 
Thesee findings may imply that NSI HIV-1 
infectionn in the brain plays an important role in 
thee development of ADC. 
Peripherall  blood mononuclear cells (PBMC) 
fromm CCR5 A32 heterozygous individuals 
showw a reduced capacity to replicate macro-
phage-tropicc NSLJUV-L^variantSr compared — — 
withh cells from CCR5 wild-type homozygous 
individualss [2]. In addition, CCR5 expression 
levelss on monocytes/macrophages correlate 
positivelyy with the infectability of NSI HIV-1 
strainss [11]. Therefore, we hypothesized that 
CCR55 A32 heterozygosity may protect against 
thee development of ADC and anticipated a 
reducedd prevalence of the CCR5 A32 
heterozygouss genotype in patients with ADC. 

Method s s 

StudyStudy population. 
AA case-control study was designed, consisting of 49 
AIDSS patients diagnosed with ADC between 1984 
andd 1995 and a control group consisting of 186 
patientss who died of AIDS without developing ADC. 
Patientss from both the case and control groups were 
eitherr attending the Academic Medical Centre AIDS 
clinicc or were homosexual participants of the 
Amsterdamm Cohort Studies on AIDS. None of the 
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patientss received triple therapy. The characteristics 
off  the groups are shown in table 1. Median survival 
afterr AIDS diagnosis in the control group was 
significantlyy longer than the median time to develop 
ADCC after AIDS diagnosis (P = .005, Mann Whitney 
UU test), indicating that the survival of the control 
groupp could have been long enough to develop ADC. 

CCR2CCR2 and CCR5 genotyping. 
Thee CCR2 and CCR5 genotypes of the subjects were 
determinedd by a polymerase chain reaction (PCR)-
restrictionn fragment length polymorphism method 
andd a PCR-based method, respectively, as described 
elsewheree [3,7]. 

IsolationIsolation of biological virus clones and 
determinationdetermination ofcoreceptor usage. 
HIV-11 biological clones were isolated by 
cocultivationn of patient cells with healthy donor, 
phytohaemagglutinin-stimulatedd PBMC under 
limitingg diluting conditions, as described elsewhere 
[12].. Coreceptor usage was tested by use of human 
astrogliomaa U87 cells, stably expressing CD4 and 
onee of the HIV-1 coreceptors CCR1, CCR2, CCR3, 
CCR5,, or CXCR4. All coreceptor encoding cell lines 
weree maintained in Iscove's medium supplemented 
withh 10% fetal calf serum, 5 ug/mL polybrene, 100 
U/mLL penicillin, 100 ug/mL streptomycin, and 1 
ug/mLL puromycin and selected regularly with 200 
ug/mLL g418 for CD4 expression. 
Off  each cell line, 104 cells/well were seeded in a 96-
welll  plate and after 24 h were inoculated with at 
leastt 102 TCID50 per isolate in a total volume of 200 
uL.. After 24 h, the cells were washed twice with 
PBSS to remove unbound virus and incubated in 200 
\xL\xL of medium. At day 7, the cells were transferred 
too 24-well plates and maintained in 1 mL of fresh 
medium.. Supernatant was collected at 7, 14, 21, and 
288 days after infection, and virus replication was 
analyzedd by a p24 antigen-capture ELISA. 
Alll  cell lines expressed CD4 on the cell surface and 
CCR1,, CCR2, CCR3, CCR5, and CXCR4 expres-
sionn on the corresponding U87 cell lines was 
confirmedd by flow cytometry or reverse trans-
cription-PCRR (data not shown). A U87 cell line 
stablyy expressing CD4, but no HIV-1 coreceptor, 
wass included in all experiments as a control. This 
celll  line was maintained in the same medium as the 
coreceptorr encoding cell lines but without puro-
mycin.. None of the tested HIV-1 virus clones was 
ablee to infect the control cell line (data not shown). 

Result s s 

Thee prevalence of the CCR5 A32 genotype was 
investigatedd among 49 individuals diagnosed 
withh ADC and 186 AIDS patients who never 
developedd ADC. Characteristics of the study 
populationn are presented in table 1. In the non-
ADCC group, 27 individuals (14.5%) were 
CCR55 A32 heterozygotes. A significantly 
lowerr prevalence of the CCR5 A32 hetero-
zygouss genotype was observed among the 
groupp of patients with ADC (2 individuals, 
4.2%;; P = .05, X2 test). CCR5 A32 heterozy-
gosityy was associated with protection against 
thee development of ADC, with an odds ratio of 
0.255 (95% confidence interval, 0.06-1.09). In 
contrast,, the prevalence of the CCR2 641 
heterozygouss genotype was not significantly 
differentt among the ADC group and the non-
ADCC control group (14.3% and 11.3%, 
respectively;; P = .57, %2). Because of the strong 
protectivee effect of zidovudine on the develop-
mentt of ADC, the control group may contain 
patientss who, if untreated, would have 
developedd ADC. However, excluding patients 
withh a history of zidovudine treatment (n = 48; 
13.3%% CCR5 A32 heterozygotes) from the 
controll  group did not change the outcome of 
ourr study (data not shown). 
Twoo individuals developed ADC despite a 
CCR55 A32 heterozygous genotype. We 
reasonedd that these individuals might carry 
virusess with an altered coreceptor usage, 
therebyy circumventing the reduced expression 
off  CCR5. We analyzed coreceptor usage of 
biologicall  virus clones isolated from these 
patientss and 2 ADC patients with a CCR5 wild-
typee homozygous genotype. In a previous 
study,, we showed that HIV-1 variants isolated 
fromm the last available peripheral blood 
sampless closely resembled the variants isolated 
postmortemm from various nonlymphoid tissues, 
includingg the brain and cerebrospinal fluid 
(CSF)) [12]. Therefore, to optimally reflect the 
viruss variants present in the brain and CSF at 
thee onset of ADC, we isolated virus from the 
PBMCC sample as close as possible to ADC 
diagnosis.. As shown in table 2, all 4 patients, 
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Tablee 1. Characteristics of the study population 

Characteristic c ADCC patients (case) 
(n=49) ) 

non-ADCC AIDS patients 
(control)) (n=186) 

AIDSS diagnosis (calender year) [median (range)] 

Survivall after AIDS (mo.) [median (range)] 

ADCC diagnosis after AIDS (months) [median (range)] 

CD44 countt at AIDS (cells/ul) [median (range)]0 

CCR22 64I/+ prevalence [n (%)] 

CCR55 A32 prevalence [n (%)] 

Mayy 1987(7/84-10795) 

15.3(0.7-74.8) ) 

6.77 (0.0-50.6) 

155(10-540) ) 

77 (14.3) 

2(4.1) ) 

Apr r 19899 (3/.85-11/95) 

11.8(0.1-80.6) ) 

NA A 

105(10-720) ) 

211 (11.3) 

27(14.5) ) 

--
.08a a 

.005a a 

.23" " 

.57d d 

.05d d 

ADC,, AIDS dementia complex; NA, not applicable,; CCR, CC chemokine receptor. a Case and control groups were compared 
byy use of the Mann Whitney U test. b Time to develop ADC after AIDS diagnosis was compared with survival after AIDS 
diagnosiss in the control group. c Patients were excluded when CD4 counts were not available within 6 months to AIDS 
diagnosis.dd Case and control groups were compared by use of the x test. 

irrespectivee of their CCR5 genotype, carried 
NSII  HIV-1 variants that exclusively used 
CCR55 for entry. An SI HIV-1 variant, which 
wass isolated from 1 of these individuals, could 
additionallyy use CXCR4. 

Discussio n n 

Wee have shown here that CCR5 A32 
heterozygosityy is associated with protection 
againstt the development of AIDS dementia 
complex.. Our findings are in contrast with the 
findingss of Barroga et al. [13], who did not 
observee a protective effect of CCR5 A32 on the 
developmentt of neurological disorders in AIDS 
patients.. However, besides patients with ADC, 
patientss with mild, HIV-1-associated cognitive 
motorr disorders were included in that study. 
Thesee disorders might be secondary to 
opportunisticc infections in the brain (e.g., 
toxoplasmosis)) that are neither direct effects of 
thee presence of HIV-1 in the brain nor 
indicativee for future development of ADC [14]. 
TwoTwo individuals developed ADC despite a 
CCR55 A3 2 heterozygous genotype. These 
patientss with ADC, however, did carry NSI 
HIV-11 variants that exclusively used CCR5 for 
entry.. Although a close resemblance of viral 
sequencess in nonlymphoid tissues and 
peripherall  blood was observed in a previous 
studyy [12], we cannot rule out the possibility 
thatt brain-derived virus may differ from viral 
cloness obtained from the peripheral blood. 
Floww cytometry analyses showed that CCR5 
expressionn levels were similar on the CD4+ 

lymphocytess of these patients, compared with 
cellss from healthy CCR5 A32 heterozygotes 
(dataa not shown). 
Together,Together, these results exclude an altered 
coreceptorr usage and a relatively high CCR5 
expressionn as an explanation for the 
developmentt of ADC, despite their CCR5 A32 
heterozygouss genotype. Whether the NSI 
variantss in the patients with heterozygous 
CCR55 A32 who developed ADC have adapted 
too the low CCR5 expression by increased 
affinityy for this coreceptor, thus explaining the 
developmentt of ADC, remains to be 
established. . 
Thee role ofXCR3 in microglia infection is_still 
controversial.. None of the virus clones studied 
heree had the capacity to replicate in the U87-
CCR33 cell line, which may indicate that HIV-1 
CCR33 usage is not a prerequisite for the 
developmentt of ADC. 
Thee underlying mechanism for the protection 
againstt ADC is currently unknown. One could 
arguee that the relatively low serum virus load 
inn CCR5 A3 2 heterozygotes could account for 
thee reduced prevalence of ADC, a clinical 
featuree that has been associated with a high 
viruss load in the CSF [15]. However, no 
protectivee effect on the development of ADC 
wass observed for the CCR2 641 mutation, 
whilee this genotype has also been associated 
withh a reduced viral burden [5,6]. 
Alternatively,, protection against ADC 
associatedd with CCR5 A32 might be due to a 
reducedd expression of CCR5 and consequently 
ann impaired replication of NSI HIV-1 variants, 
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Tabl ee 2. Coreceptor usage of biological HIV-1 clones 
obtainedd from AIDS dementia complex (ADC) patients 
withh the CC chemokine receptor 5 (CCR5) wild-type 
homozygouss and A32 heterozygous genotypes. 

Timee after Time after No. of No. of Coreceptor 
AIDSS ADC clones clones usage 

(months)) (months) obtained tested 

CCR55 +/+a 

ADC-22 33 0 26 15 R5.R5X4 
ADC-44 9 0 2 2 R5 

CCR55 A32/+b 

ADC-244 34 0 39 15 R5 
ADC255 13 12c 10 10 R5 

aa CCR5 +/+, CCR5 wild-type homozygote. b CCR5 A32, 
CCR55 A32 heterozygote.  From this patient, no samples 
closerr to the diagnosis of ADC were available. 

alsoo in macrophages of CCR5 A32 hetero-
zygotes.. This might result in a reduced NSI 
loadd in monocytes/macrophages and 
consequentlyy a reduced transport of NSI HIV-1 
intoo nonlymphoid tissues and/or a lower de 
novoo synthesis of NSI HIV-1 variants by 
macrophagess in these tissues. Both of these 
mechanismss might result in a smaller macro-
phage-tropicc HIV-1 reservoir in nonlymphoid 
tissuess in CCR5 A32 heterozygotes. 
Ourr findings may have implications for the 
completee eradication of HIV-1, for which the 
macrophage-tropicc HIV-1 reservoir may be 
consideredd one of the major obstacles. Our data 
suggestt that this important viral reservoir 
seemss to be limited in CCR5 A32 hetero-
zygotes;; therefore, antiretroviral treatment may 
bee most succesful in these patients. 
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Hostt  geneti c factor s in the clinica l cours e of HIV-1 infection : 
chemokine ss and chemokin e receptor s 

Thee outcome of HIV-1 infection is highly variable: not all individuals exposed to HIV-1 will become 
infected,, and among individuals who do become infected the time from seroconversion to AIDS 
diagnosiss is highly variable. Some patients may develop AIDS within 3 years, whereas others may 
remainn asymptomatic for over 15 years. The reasons for these differences are not fully understood, 
butt are thought to reflect the complex interactions between virus and host. In the recent years, an 
importantt role for host genetic factors in the pathogenesis of HIV-1 infection has increasingly been 
appreciated.. Many novel genetic polymorphisms have been identified and analyzed for their role in 
HIV-11 transmission and disease progression. In this review, we will give an update of the current 
knowledgee on the role of such polymorphisms in HIV-1 disease. As recent research in this field has 
focussedd on polymorphisms in chemokine and chemokine receptor genes, this will be the main 
themee of our review. 

HIV-11 infection is characterized by a gradual 
andd progressive loss of CD4+ T cells, leading to 
immunee deficiency, opportunistic infections, 
neurologicall  symptoms and malignancies. 
Amongg patients, the clinical course of HIV-1 
infectionn is highly variable. HIV-1 infected 
individualss not receiving anti-retroviral 
therapy,, may develop AIDS within two to three 
yearss after seroconversion (rapid progressors, 
figuree la), or may remain asymptomatic with 
highh CD4+ T cell numbers for over 15 years 
(longg term non-progressors, figure lb). Be-
tweenn these extremes, thelftedian time Between 
seroconversionn and AIDS diagnosis is 8 to 10 
yearss [1]. 
Thee course of infection may be influenced by 
bothh viral and host factors. The host fights 
infectionn amongst others by generating HIV-
specificc cytotoxic T cells and a humoral 
antibodyy response. The error prone nature of 
HIV-11 reverse transcriptase results in the 
generationn of a spectrum of HIV-1 mutants in 
eachh replication cycle (viral quasi-species). The 
growthh advantage of mutants with altered 
antigenicc structures (escape mutants) allows 
thee virus to escape from the suppressive action 
off  the immune system. The variable nature of 
HIV-11 also results in the evolution of other 
biologicall  characteristics, such as replicative 
capacity,, cytopathicity, and cellular tropism. 

Thoughh the significance of the humoral 
immunee system for protection from AIDS 
remainss controversial, cytotoxic CD8+ T cells 
(CTL)) have been shown to significantly 
influencee HIV-1 disease progression. Depletion 
off  CD8+ T cells in SIV-infected macaques 
leadss to a rapid increase in viral replication [2]. 
Inn humans, the presence of CTL has been 
associatedd with reduced viral load and a more 
benignn disease course [3-5]. 
Thee importance of the viral phenotype for 
HIV-11 pathogenesis is supported by multiple 
studies:: experimental infection of macaques 
withh late stage SIV variants resulted in a more 
rapidd disease progression than infection with 
earlyy isolates [6]; hemophiliacs infected with 
neff  deleted attenuated virus variants had an 
extremelyy slow progression of disease [7]; and 
longg term non-progressors more often harbor 
viruss variants with slow in vitro replication 
kineticss [8]. 
Off  special interest is the so-called syncytium-
inducingg (SI) phenotype. SI HIV-1 variants are 
ablee to infect and induce syncytia in T cell 
lines,, due to the ability to use chemokine 
receptorr CXCR4 as a viral coreceptor (there-
foree also referred to as X4 variants [9]). Non-
syncytium-inducingg (NSI) HIV-1 variants in 
generall  are restricted to CCR5 usage (R5 
variants).. Whereas HIV-1 infection is in 
generall  established by a homogenous popu-
lationn of macrophagetropic NSI / R5 HIV-1 
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Figur ee 1. The clinical course of HIV-1 infection by CD4+ T cell numbers and plasma viral RNA load in three 
typicall HIV-1 infected patients, not receiving antiretroviral therapy. A. Rapid progressor, who develops AIDS 
threee years after seroconversion. B. Long term non-progressor, who remains asymptomatic with relatively high 
CD4++ T cell numbers for over 12 years. C. Progressor who developed SI / X4 HIV-1 variants at 6 years after 
seroconversion.. White circles indicate CD4+ T cell numbers, black triangles indicate plasma viral RNA load. 
Triangless at the x-axis indicate the moment of first detection of X4 HIV-1 variants and AIDS diagnosis. 

variants;; SI / X4 HIV-1 variants may evolve in 
approximatelyy half of the HIV-1 infected 
patients.. The emergence of these X4 variants is 
associatedd with a more rapid loss of CD4+ T 
celll  numbers and a more rapid progression to 
AIDSAIDS (figure lc, refs. 10 and 11). 

Soonn after the identification of chemokine 
receptorss as the coreceptors for entry of HIV-1 
intoo human CD4+ T cells, individuals were 
identifiedd that had frequently been exposed to 
HIV-1,, and yet remained uninfected due to a 
homozygouss genotype for an inactivating 
deletionn of 32 base pairs in the CCR5 gene [12-
14].. This observation initiated a search for 
polymorphismss in chemokine receptor and 
chemokinee genes that influence HIV-1 
transmissionn and disease progression. 
Inn this review, we will discuss recent advances 
inn our knowledge of the role of host genetics in 
AIDSAIDS pathogenesis. We will discuss genetic 
factorss that has been shown to significantly 
affectt transmission of HIV-1, progression of 
HIV-11 disease and the evolution of X4 HIV-1 
variants.. Undoubtedly, the most intensively 
studiedd host genetic determinants are located in 
thee Major Histocompatibility Complex (MHC) 
andd in chemokine and chemokine receptor 
genes.. The latter will be the major focus of this 
revieww and will be introduced at first. 

Chemokines ,, Chemokin e Receptor s and 
HIV-1 1 
Chemokiness are small, structurally related 
moleculess involved in chemotaxis of a large 
varietyy of cell types via interaction with G 
protein-coupledd 7-transmembrane spanning 
receptors.. Chemokines play a role in a variety 
off  biological processes, such as lymphocyte 
migrationn to sites of inflammation, migration 
throughh various lymphoid organs during 
lymphocytee development and in angiogenesis 
(reviewedd in refs. 15-17). In 1996, chemokine 
receptorss have been identified as coreceptors 
forr entry of HIV-1 (for references see table 1). 
Virall  entry is a multi-step mechanism, in which 
thee envelope protein gpl20 in succession binds 
too the CD4 molecule and a chemokine receptor. 
Thiss results in a series of conformational 
changes,, which eventually leads to fusion of 
thee viral and cellular membrane. Several 
memberss of the chemokine receptor gene 
familyy have been identified as HIV-1 
coreceptorss (table 1). Of these, CCR5 and 
CXCR44 are thought to be the most relevant in 
vivo,, whereas the in vivo role of the additional 
chemokinee receptors remains to be established. 
Cellularr tropism of HIV-1 variants is primarily 
determinedd by coreceptor expression on the 
celll  surface and coreceptor preference of the 
virus.. Thus, CCR5 expressing cells, such as 
macrophagess and memory CD4+ T cells, can be 
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Tabl ee 1 : Chemokine receptors and structurally related molecules shown to mediate entry of HIV-1 into CD4+ 
cells s 

Chemokine e 
Receptorr family' Receptor r Ligand d Neww nomenclature 

forr ligand2 Referencee 3 

cc c 

cxc c 

CX3C C 
Orphan n 

Chemoattractant t 
receptor r 

Virallyy encoded 5 

CCR2 2 

CCR3 3 

CCR5 5 

CCR8 8 
CCR9 9 
CXCR4 4 

CXCR6/BONZO/STRL333 4 

CX3CR1 1 
BOB/GPR15 5 
GPR1 1 
APJ J 
ChemR23 3 

BLTR R 

US28 8 

MCP1-4 4 

Eotaxin,, Eotaxin-2, 
RANTES,, MIP1a 

MIP1a,, MIPip, RANTES 

I-309 9 
TECK K 
SDF-1 1 

Fractalkine e 
Unknown n 
Unknown n 
Unknown n 
Unknown n 

LTB4 4 

Broadd spectrum of CC 
Chemokines,, fractalkine 

CCL2,, CCL8, 
CCL7.CCL13 3 
CCL11.CCL24, , 
CCL5,, CCL3 
CCL3,, CCL4, 
CCL5 5 
CCL1 1 
CCL25 5 
CXCL12 2 
CXCL16 6 
CX3CL1 1 

[31] ] 

[31,32] ] 

[24,31-34] ] 

[35,36] ] 
[37] ] 
[38] ] 
[39,40] ] 
[35,41] ] 
[39,42] ] 
[42] ] 
[37,43] ] 
[44] ] 

[45] ] 

[35,46] ] 

Chemokiness can be divided in four families on the basis of the spacing between two N-terminal cysteines. Chemokine 
receptorss are named according to the family of chemokines they bind. 2 A new nomenclature for chemokines based on 
chemokinee family names, which consists of family name {C, CC, CXC, CX3C), L (for ligand) and the numbering of the 
respectivee gene, has recently been proposed [16,47]. 3 References for the papers first to describe the molecule as an HIV-1 
coreceptorr are cited. 4 Given the recent identification of a ligand and assignment of a systematic name for this molecule, 
alternativee naming is also given.5 This chemokine receptor is encoded by human cytomegalovirus. 

infectedd by R5 variants whereas CXCR4 
expressingg cells, such as memory and naive 
CD4++ T cells, can bejnfectedjjy X4 variants 
(figuree 2a, refs. 18 and 19). Since naive cells 
aree crucial in the process of T cell renewal, the 
capacityy of X4 HIV-1 variants to infect and 
eventuallyy kil l these cells may explain the more 
rapidd CD4+ T cell decline associated with the 
presencee of X4 HIV-1 variants. It should be 
notedd that post-entry restrictions on HIV-1 
replicationn may also influence tropism, as 
shownn for macrophages and resting T cells, 
thatt may not efficiently support HIV-1 
replicationn despite expression of the 
appropriatee coreceptors [20,21]. 
Thee natural ligands of the HIV-1 coreceptors, 
MlPla,, MIPlp, RANTES (ligands of CCR5) 
andd SDF-1 (ligand of CXCR4), have been 
shownn to inhibit virus replication in vitro [22-
26]]  and high in vitro chemokine production by 
patientt PBMC has been associated with slow 
diseasee progression [27,28]. Furthermore, 
expressionn levels of CCR5 have been shown to 

influencee infectability in vitro [29,30]. 
Therefore,, it can be expected that genetic 

differencess thai influence the pattern ^nd level 
off  expression of chemokines and chemokine 
receptorss may have a major impact on the 
coursee of HIV-1 disease (figure 2b). 

Hostt  Genetic Factor s in HIV-1 diseas e 
progressio n n 
MHC MHC 
Thee Major Histo Compatibility complex 
(MHC;; in humans: human leucocyte antigen, 
HLA)) is a multigene family, which encodes 
proteinss that are involved in regulation of the 
immunee response to foreign antigens. MHC 
Classs I (HLA A, B, and C) molecules are 
expressedd on all nucleated cells and present 
peptidess to cytotoxic CD8+ T cells. MHC class 
III  molecules (HLA DR, DP, and DQ) are ex-
pressedd on B cells, macrophages and antigen 
presentingg cells and present extracellularly 
derivedd antigens to CD4+ T cells. Besides Class 
II  and II molecules, the MHC complex encodes 
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aa variety of proteins, such as proteins from the 
complementt system, tumor necrosis factor 
(TNF)) and the TAP transporter proteins, which 
aree involved in the Class I presentation 
pathwayy [48,49]. 
Thee MHC complex is one of the most 
polymorphicc regions in the human genome, in 
whichh a high degree of linkage disequilibrium 
exists.. A large racial and geographical 
variationn in frequencies of HLA alleles and in 
thee composition of extended haplotypes can be 
observedd [50]. Amino acid substitutions in 
HLAA molecules are concentrated in the binding 
groovee of these molecules and may thus 
influencee which peptides are presented to T 
cells. . 
Manyy studies have focus sed on the role of 
specificc HLA alleles in HIV-1 pathogenesis, 
whichh in some cases have yielded conflicting 
results.. This may in part be due to differences 
inn study design or to inadequate statistical 
powerr to detect subtle effects. These studies 
havee extensively been summarized and 
discussedd in several reviews [48,51-53]. 
Consistentt results have been found for two 
haplotypess (DQ2-DR3-B8-Cw7-Al and DQ1-
DR1-B35-Cw4-All),, that have been asso-
ciatedd with rapid disease progression [51-53], 
Inn addition, a number of HLA alleles from the 
Bw44 group (e.g. B27, B57, B51) are associated 
withh delayed disease progression [54-57]. 
Kasloww et al described a scoring profile 
calculatedd as the sum of the number of 
protectivee (+1) and adverse HLA and TAP 
alleless (-1), and alleles with no effect on HIV-1 
diseasee progression (0). A high HLA scoring 
profilee was associated with delayed 
progressionn to AIDS in two independent 
cohortss [58] and a reduced viral RNA load 
earlyy after seroconversion [59]. 
Thus,, differences in HLA are associated with 
differencess in host response already during 
primaryy infection, leading to a different viral 
set-pointt and subsequent survival. The 
importancee of HLA haplotypes was further 
underscoredd by two studies showing that 
homozygosityy at the HLA A, B and C locus 
wass associated with a more rapid disease 

coursee [60,61]. The mechanisms underlying 
HLA-associatedd differences in HIV-1 disease 
aree not fully understood, but may be related 
withh the number of allele-specific conserved 
peptidee motifs in HIV-1 [62]. 

CCR5CCR5 A32 
Onee of the best-characterized polymorphisms 
inn chemokine receptors is a 32 base pair 
deletionn in the CCR5 gene (CCR5 A32), which 
leadss to a premature frameshift and a non-
functionall  protein that is not expressed on the 
celll  surface. As with other polymorphisms, a 
largee racial variation in the prevalence of the 
CCR55 A32 allele is observed. It is common 
amongg Caucasians, whereas it is virtually 
absentt in African-Americans and Africans 
(tablee 2). The effects of CCR5 A32 on the 
coursee of HIV-1 disease have been widely 
studied,, though primarily in cohorts of subtype 
B-infectedd homosexual men (extensively 
reviewedd in refs. 63-66). In these studies, 
heterozygosityy for CCR5 A32 has been asso-
ciatedd with a delayed progression to AIDS. In 
ann international meta analysis of individual 
patientt data from 10 well-characterized cohorts 
off  seroconverters, a relative hazard of 0.74 for 
progressionn to AIDS was obtained for CCR5 
A322 heterozygosity [67]. The mechanism of 
protectionn most likely involves a reduction of 
thee number of CCR5 positive cells and hence 
thee number of potential target cells for HIV-1, 
whichh may result in reduced virus replication 
alreadyy during primary infection and 
subsequentlyy a lower viral set-point [68,69]. 
Inn HIV-1-infected intravenous drug users, 
hemophiliacss and recipients of contaminated 
bloodd [12,70,71] no effect of CCR5 A32 on 
diseasee progression was observed, whereas a 
protectivee effect was observed among HIV-1-
infectedd children [72,73]. It remains to be 
establishedd whether this is due to study design 
orr whether the effect of CCR5 A32 is indeed 
dependentt on risk group and route of 
transmission. . 
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CCR5CCR5 promoter 
Thee CCR5 5' untranslated region (UTR) 
consistss of three exons and two introns. In this 
region,, twelve single nucleotide poly-
morphismss (SNPs) have been described [74-
777 J, which may, in part, explain differences in 
basall  expression levels of CCR5 among indivi-
dualss homozygous for the wildtype non-deleted 
CCR55 gene. To standardize the different 
numberingg systems for the CCR5 promoter in 
literature,, a numbering system was recently 
proposedd in which the first nucleotide of the 
translationn start site is designated as position 1, 
thee nucleotide immediately upstream of this 
positionn as position - 1, and so on [78]. In the 
paragraphh below, we will use this numbering 
systemm and show the alternative nomenclature 
betweenn brackets. 
Amongg SNPs in the promoter region of CCR5, 
aa high degree of linkage disequilibrium exists, 
allowingg the identification of 4 common 
haplotypess (PI to P4) and 6 rare haplotypes (P5 
too P10), consisting of different combinations of 
100 SNPs [77]. The PI haplotype, including 
T-2135CC (alternative nomenclature T627C, 
T59353C)) was associated with a more rapid 
coursee of disease. SNP G-2459A (alternative 
G59029AA -or G3G3A)- was independently 
describedd to be associated with a more rapid 
diseasee course [76], This SNP is in complete 
linkagee disequilibrium with the T-2135C [79-
81]]  and is now considered to be part of the PI 
haplotype.. The association of these SNPs with 
enhancedd disease progression was observed in 
differentt risk groups, such as homosexuals, 
hemophiliacss and perinatally infected children 
[76,77,79-81].[76,77,79-81]. It is likely that these SNPs or 
linkedd mutations are involved in the regulation 
off  transcription of CCR5, but results in reporter 
assayss have been inconsistent thus far [76,77]. 

CCR2CCR2 641 
AA Valine to Isoleucin transition in the second 
transmembranee region of CCR2 (CCR2 641) 
hass been associated with a delayed progression 
too AIDS [82]. The protective effect of CCR2 
6411 is similar to the effect of CCR5 A32 (RH of 
0.766 in meta-analysis of combined cohorts 

[67],, results from individual cohorts reviewed 
inn [63,64,66]). Though the effect of CCR2 641 
onn disease progression is obvious, the 
mechanismm is still not understood. CCR2 is 
rarelyy used as a coreceptor and the mutated 
CCR22 molecule does not alter in vitro 
infectabilityy of cells [83,84], therefore it is 
unlikelyy that the polymorphism directly 
influencess infection. The mutation in CCR2 is 
inn strong linkage disequilibrium with a single 
nucleotidee polymorphism in the promoter of 
thee CCR5 gene, C-1835T (alternative C927T 
orr C59653T) [74,75] and may thus indirectly 
bee involved in the regulation of expression of 
CCR5.. However, neither basal expression 
levelss of CCR5 nor transcription levels in 
primaryy lymphocytes were reduced in CCR2 
6411 heterozygotes [83,84]. An effect on CCR5 
expressionn has been suggested by the finding 
thatt re-expression of CCR5 after internalization 
byy N-terminal modified RANTES was less 
rapidd in two of three CCR2 641 heterozygotes 
[85].. An alternative explanation for the effect 
off  CCR2 641 was provided by Mellado et al, 
whoo showed that CCR2 641 protein was able to 
formm dimers with CXCR4 after sensitization 
withh the cognate chemokines, whereas the 
normai~CCR̂^ protein was unable tcTdo sö [86]7 
Thiss capacity may thus reduce the amount of 
CXCR44 available on the cell surface among 
CCR22 641 carriers. This, however, does can not 
explainn the finding that CCR2 641 affects the 
virall  load already early in infection, when in 
generall  only NSI / R5 variants are present [87]. 

CX3CR1CX3CR1 2491280M 
Althoughh CX3CR1 is only used by a minority 
off  HIV-1 variants as a coreceptor, an enhanced 
progressionn to AIDS was observed among 
patientss homozygous for CX3CR1 variant 
V249II  T280M. These two amino acid substi-
tutionss result in a reduced capacity to bind the 
cognatee ligand fractalkine [88]. The effect on 
thee course of HIV-1 infection could, however, 
nott be confirmed in three US based cohort 
studiess [89]. 
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RANTESRANTES promoter 
(3-Chemokiness can block HIV-1 infection via 
CCR55 in vitro [22-24] and high production 
levelss of these chemokines have been 
associatedd with less rapid disease course 
[27,28].. In vitro RANTES production levels 
cann vary widely among PBMC from different 
individuals,, which in part may be due to 
differencess in genetic make-up of the RANTES 
gene.. Two SNPs were identified within the 
RANTESS promoter region (C-28G and G-
403A)) [90-92] and recently a variant in intron 1 
(Inl.lC)) was identified [93]. These variants are 
inn strong linkage disequilibrium: almost all 
subjectt who carry Inl.lC also carry -403A, 
whereass -28G always occurs in combination 
withh -403A / Inl.lC. Both promoter SNPs 
displayy increased promoter activity [90,92], 
whereass Inl.lC is associated with a strong 
downn regulation of promoter activity [93]. In a 

A A 
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r r 

CCR5 5 1CCR55 CXCR4 

-NN r 

CXCR4 4 

Macrophage e Memory y 
CD4++ T cell 
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cohortt of Caucasian homosexuals the -403A 
-28CC haplotype was associated with a reduced 
progressionn of disease [91], which could not be 
confirmedd in an analyses of 5 US based cohorts 
[93].. In the latter study, Inl.lC was associated 
withh more rapid disease progression in both 
CaucasiansCaucasians and African Americans. 

SDF-1SDF-1 3'A 
Initially ,, a very strong protective effect was 
reportedd for homozygosity for a G to A 
mutationn in the 3' untranslated region of the 
SDF-11 gene (SDF-1 3'A, ref. 94), encoding the 
ligandd for CXCR4. This effect could not be 
confirmedd in other studies [55,74,95-98], 
includingg an international meta-analysis of 
individuall  cohorts (RH=0.99, ref. 67). 

IL-10IL-10 promoter 
Interleukin-100 (IL-10) is a Th2 type cytokine, 
whichh limits secretion of inflammatory 
cytokines,, and reduces infection of macro-
phagess in vitro [99-101]. A promoter mutation, 
IL-100 C-592A (in linkage with C-819T), has 
beenn associated with enhanced progression to 
AIDS,, which was more pronounced in later 
stagess of disease [102]. The mutation was 
associatedd with a reduced capacity to bind 
transcriptionn factors [102] and with reduced 
promoterr activity and IL-10 expression [103]. 

B B 

SDF3'AA — > SDF-1 

IL-44 C-589T — > IL-4 — > 

MIP1a,, P, ? 
RANTESS < — 

< --

IL-4 4 

RANTESS promoter 

CCR55 A32 
CCR55 promoter 
CCR22 64I 

IL-44 C-589T 

Figur ee 2. The role of chemokines and chemokine receptors in HIV-1 infection. A. HIV-1 envelope protein gp120 
bindss to CD4 and a chemokine receptor, leading to fusion of the viral and cellular membrane. Cellular tropism of 
HIV-11 is mainly determined by coreceptor usage of the virus variant and expression of CD4 and an appropriate 
coreceptorr on the target cell. As a consequence, NSI / R5 variants infect macrophages and memory CD4+ T 
cells,, whereas SI / X4 variants infect both naive and memory CD4+ T cells. B. Chemokines may interfere with 
HIV-11 infection by blocking and / or downregulation of expression of chemokine receptors. Natural poly-
morphismss in the genes encoding chemokines and chemokine receptors may influence expression pattern of 
thesee molecules and thus influence HIV-1 infection and proaression of disease. 



622 Host genetic factors in AIDS pathogenesis 

Hostt  geneti c factor s in the acquisitio n of SI / 
X44 HIV-1 variant s 

Thee development of X4 / SI HIV-1 variants is a 
hallmarkk of disease progression, and their 
appearancee has invariably been associated with 
aa more rapid progression to AIDS 
[10,11,105,106].. It is still not understood why 
X44 variants develop in some patients and not in 
others.. Several factors have been suggested to 
influencee the development of X4 variants, 
includingg structural restrictions [107] and loss 
off  fitness during the adaptive process of gpl20 
[108],, levels of proteins that bind to CXCR4, 
suchh as SDF-1 [26] and HIV-1 tat protein 
[109],, and immune control [110]. Recently it 
wass shown that host genetic factors may play 
aree a role in the appearance of X4 HIV-1 
variants. . 

Ann unexpected finding was the association of 
thee CCR2 641 allele with an increased con-
versionn rate toward X4 variants [87,111,112]. 
Ass this mutation is linked to the promoter 
mutationn in CCR5, enhanced X4 conversion 
mayy be due to altered levels or patterns of 
CCR55 expression. Furthermore, a SNP in the 
promoterr of Interleukin-4 (IL-4 C-589T), a Th2 
typee cytokine, was shown to be associated with 
increasedd promoter activity and enhanced 
conversionn to X4 HIV-1 phenotype [111]. The 
effectorr mechanism of this polymorphism 
needss to be defined in more detail, since IL-4 
exertss many immune modulatory functions in 
variouss cell types. Of interest is the finding that 
IL-44 has been shown to downregulate CCR5 
andd upregulate CXCR4 on CD4+ T cells in 
vitroo [100], and to suppress macrophage 
infectabilityy in vitro [99,101]. 

Hostt  geneti c factor s in vira l transmissio n 

HIV-11 may be transmitted from mother to 
child,, via sexual contact, needle sharing, or 
exposuree to contaminated blood products. 
Exposuree to HIV-1 does not invariably lead to 
persistentt infection. A multitude of factors 
influencee transmission rates, such as frequency 
andd magnitude of exposure, inoculum size, 
diseasee stage, CD4+ T cell numbers and 

immunee response of the patient (reviewed in 
[113-116]).. Early in infection, a homogenous 
populationn of mainly macrophage tropic, NSI / 
R55 virus variants can be found, suggesting a 
strongg selection pressure with regard to virus 
phenotypee in acute infection. Indeed, 
susceptibilityy of cells from the exposed 
individuall  to R5 HIV-1 variants has been 
correlatedd with transmission [117,118]. One of 
thee most prominent determinants for 
transmissionn is the viral load in the donor, 
irrespectivee whether it involves homosexual, 
heterosexual,, parenteral or perinatal transmis-
sionn [72,118-122]. 

Thee role of host genetic factors in viral 
transmissionn is typically studied in a case 
controll  setting, in which the prevalence of a 
geneticc marker in a population of HIV-1-
infectedd patients is compared to the prevalence 
off  this marker in an HIV-1 negative control 
groupp or, more extreme, to a group of 
individualss who are known to be exposed to 
HIV-1,, yet remained uninfected (exposed 
uninfected).. There has been considerable 
debatee about the role of host genetic factors in 
protectionprotection against transmission of HIV-1. Part 
off  these conflicting results may be due to 
differencess in the composition of the study 
populationn and selection of the HIV-1 negative 
controll  group. Diverging results have indeed 
beenn reported upon selection of highly exposed 
uninfectedd individuals or non-exposed HIV-1 
negativee individuals as a control group 
[94,102].. Furthermore, confounding factors, 
suchh as viral load in donor, should 
preferentiallyy be taken into account in 
transmissionn studies. 

ChemokineChemokine and Chemokine receptor genes 
Considerablee efforts have been undertaken to 
studyy the role of CCR5 A32 in transmission of 
HIV-1.. Homozygosity for CCR5 A32 has been 
associatedd with protection from transmission, 
inn all risk groups studied [71,123-126]. This 
indicatess an absolute requirement for CCR5 in 
thee establishment of infection, irrespective of 
thee route of entry. Despite the near complete 
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resistance,, the few case reports of infected 
CCR55 A32 homozygotes [127-131] and the 
identificationn of laboratory workers 
accidentallyy infected with T cell line adapted, 
X44 restricted virus variants [132], indicate that 
transmissionn via X4 variants can occur in 
selectedd cases. The role of CCR5 A32 
heterozygosityy in protection from transmission 
hass been more controversial. Though protective 
effectss of CCR5 A32 heterozygosity has been 
reportedd [14,133], the majority of studies fail to 
showw a protective effect of CCR5 A32 
heterozygosityy on transmission [12,69,72,123, 
124,126,134-136]. . 
Polymorphismss in RANTES (-G403A, -C28G, 
Inl.lC),, the ligand for CCR5, were shown to 
bee associated with increased risk of 
homosexuall  transmission [91,93]. This fits the 
findingg that CD4+ T cells from exposed 
uninfectedd individuals express higher levels of 
MlPla,, MIPlp and RANTES upon in vitro 
stimulationn [23,137]. 
Kostrikiss et al [135] reported a significant 
increasee of HIV-1 transmission to African-
Americann infants homozygous for a promoter 
allelee CCR5 C-2132T (or CCR5 C59356T, 
C630T).. This mutation was rare in Caucasians 
andd Hispanicv and a potential role for this 
allelee could not been assessed in these children. 
Johnn et al [138] showed that maternal SDF 3'A 
heterozygosityy was associated with an 
increasedd risk in transmission, which was more 
pronouncedd when transmission occurred via 
breastfeeding. . 

Mannose-BindingMannose-Binding Lectin 
AA role for the innate immune system in 
transmissionn of HIV-1 is suggested by the 
associationn of homozygosity for variant alleles 
off  mannose binding lectin (MBL), and 
consequentlyy low serum levels of MBL, with 
enhancedd transmission [139,140]. MBL is 
involvedd in opsonization of pathogens and 
activationn of the complement system via 
bindingg to mannose and acetylglycosamine, 
andd additionally has been shown to bind HIV-1 
inn vitro. 

IL-4IL-4 and IL-10 promotor 
Polymorphismss in the promoter of the Th2 
cytokinee genes, IL-4 and IL-10, (IL-4 -T589C 
andd IL-10 -C592A), resulting in reduced levels 
off  IL-4 and IL-10, were associated with 
enhancedd heterosexual and homosexual 
transmission,, respectively [102,111]. Given the 
broadd number of immune regulatory functions 
off  these cytokines, it will be difficult to 
pinpointt the mechanism of enhanced 
transmission.. Early after infection mainly 
macrophagetropicc virus variants can be found, 
whichh would suggest that macrophages are an 
importantt target for transmission of HIV-1. 
Macrophagess treated with IL-4 and IL-10 are 
lesss infectable in vitro [99-101]. Reduced 
levelss of IL-10 and IL-4, associated with these 
polymorphisms,, may thus explain enhanced 
transmission. . 

Potentia ll  problem s of epidemiologica l 
geneti cc  studie s of HIV-1 infectio n 

Studiess on the role of host genetic factors in 
HIV-11 disease progression have yielded 
conflictingg results, which in part can be due to 
differencess in study design. These studies are 
criticallyy dependent on an accurate estimation 

endpoints.. Prospective cohort studies in which 
participantss seroconverted during follow-up, 
alloww for an accurate estimate of serocon-
versionn date. Seroprevalent studies, in which 
thee participants were seropositive at study 
entry,, tend to exclude rapid progressors and 
leadd to an inaccurate estimation of the 
seroconversionn date and therefore the survival 
time.. These inaccuracies may mask the effects 
off  a genetic factor under study, especially when 
itss effect is minor or when the disease 
modifyingg mutation is present in a low 
proportionn of the study population. 
Furthermore,, the majority of genetic studies 
havee been performed on cohorts of HIV-1 
subtypee B infected homosexual men. It is at the 
momentt unclear whether results in these 
cohortss can be extrapolated to patients infected 
viaa other routes of transmission or to patients 
infectedd with other subtypes of HIV-1. 
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Furthermore,, race specific differences have 
beenn described in haplotype distribution in the 
CCR55 promotor and relative hazards for 
diseasee progression associated with these 
haplotypess [141]. Analyses of a single SNP 
thatt is part of extended haplotype may 
thereforee be obscured by disease modifying 
effectss of linked SNPs. 

Concludin gg Remark s 

Ourr insights in the role of host genetic factors 
inn the course of HIV-1 infection are growing. 
However,, it is important to note that the 
majorityy of genetic factors described so far, 
onlyy have a relatively mild influence on the 
coursee of disease and can only partly explain 
differencess in disease course among patients. 
Off  note, only a minority of long term non-
progressingg HIV-1 infected individuals carries 
knownn protective alleles and, reversely, the 
presencee of a protective allele does not warrant 
aa benign disease course. Furthermore, the 
majorityy of frequently exposed but uninfected 
individualss do not contain CCR5 A32 homo-
zygouss or other protective genotypes, and 
thereforee other mechanisms, such as a potent 
CTLL response or reduced infectability of CD4+ 

TT lymphocytes, may contribute to the 
resistancee to infection in these individuals 
[116,142,143]. . 

Withoutt doubt, the identification of novel HIV-
11 disease-modifying genetic factors will be 
ongoingg in the coming years, yielding further 
insightss in the complex interplay between virus 
andd host and the relative role of host genetic 
factorss therein. Besides expanding our 
understandingg of the pathogenesis of HIV-1 
infection,, this will hopefully lead to the 
identificationn of critical targets for therapeutic 
interventions. . 
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Adaptatio nn to promiscuou s usage of chemokin e receptor s is not a 
prerequisit ee for human immunodeficienc y viru s type 1 diseas e 
progressio n n 

Fiftyy percent of individuals infected with human immunodeficiency virus type 1 (HIV-1) progress to 
AIDSS in the presence of only non-syncytium-inducing (NSI) variants. These rapidly replicating NSI 
isolatess are associated with a high viral load. The question of whether disease progression in the 
absencee of syncytium-inducing (SI) HIV-1 variants is associated with an expansion of the 
coreceptorr repertoire of NSI HIV-1 variants was studied. Biological HIV-1 clones were isolated both 
earlyy and late in infection from progressors and long-term survivors with wild-type or mutant CCR5 
orr CCR2b genotypes and analyzed for their capacity to use CCR1, CCR2b, CCR3, CCR5, and 
CXCR44 on U87 cells coexpressing CD4. All HIV-1 clones were restricted to the use of CCR5. 
Absentt replication of all HIV-1 clones in peripheral blood mononuclear cells from a CCR5 A32 
homozygouss blood donor confirmed this result. These findings indicate that an expanded 
coreceptorr repertoire of HIV-1 is not a prerequisite for a progressive clinical course of HIV-1 
infection. . 

Recently,, it has been shown that in addition to 
CD4,, syncytium-inducing (SI) human immuno-
deficiencyy virus type 1 (HIV-1) variants use 
thee CXC chemokine receptor 4 (CXCR4). In 
addition,, some SI HIV-1 variants use CC 
chemokinee receptor 2b (CCR2b), CCR3, 
and/orr CCR5 [1-6]. Non-syncytium-inducing 
(NSI)) HIV-1 variants use CC chemokine 
receptorr 5 (CCR5) for entry in their target cell 
[6-10].. In the asymptomatic phase of infection, 
 i-in.- i j^ i i l ian a t . . - . ,'  -, \TPT ITT\ 7 1 i.n.-in.ilji 

macropnage-tropicc IN 51 ri iv- i variants 
predominatee [11-17]. In about 50% of HIV-1 
infectedd individuals, SI T cell line-tropic HIV-
11 variants emerge during the course of 
infection,, preceding an accelerated CD4 cell 
declinee and a more rapid disease progression 
[12,14,18-21].. In agreement with these 
observations,, a transition from CCR5 usage to 
multiplee coreceptor usage has been correlated 
withh disease progression [4,5,22,23]. However, 
thee majority of individuals who do not develop 
SII  variants also progress to AIDS, some of 
themm even rapidly [12,18]. This was even 
observedd for individuals who were hetero-
zygouss for a 32-bp deletion in the CCR5 gene 
orr individuals with a valine to isoleucine 
substitutionn in CCR2b [24,25], two genotypes 
that,, in general, have been associated with a 
delayedd disease progression [24-29] 
NSII  HIV-1 variants isolated from individuals 
withh a progressive disease course replicate 

moree rapidly in vitro and are associated with a 
higherr viral load in vivo than NSI HIV-1 from 
asymptomaticc individuals [18]. In the present 
study,, we analyzed whether these NSI HIV-1 
variantss associated with a progressive disease 
coursee have an expanded coreceptor repertoire 
and/orr whether such a phenomenon may also 
explainn the rapid disease progression in some 
off  the CCR5 A32 heterozygotes and CCR2b-
6411 carriers who lacked SI HIV-1 variants. 

Material ss  and Method s 

Subjects. Subjects. 
Sixteenn participants of the Amsterdam Cohort 
Studiess on AIDS in homosexual men were analyzed. 
Eightt of these individuals were classified as long-
termm survivors (LTSs; ACH 16, 68, 78, 337, 434, 
441,, 583, 750): they had an asymptomatic follow-up 
off  at least 9 years (mean follow-up, 144 months after 
seroconversion;; range, 124—152 months) with stable 
CD4++ T cell counts (>400/mm3) in the absence of 
antiretrovirall  therapy [30]. These individuals 
harboredd solely NSI variants. In addition, we studied 
44 rapid progressors (AIDS diagnosis at 25—76 
monthss after seroconversion: ACH 53, 172, 424, 
638),, 3 typical progressors (AIDS diagnosis at 99-
1099 months after seroconversion: ACH 19, 38, 142), 
andd 1 slow progressor (AIDS diagnosis at 136 
monthss after seroconversion, after a 10-year period 
off  high and stable CD4+ T cell counts: ACH 617). 
Alll  progressors also lacked SI HIV-1 variants. 
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Figur ee 1 A. Longitudinal analysis of CD4 T cell counts and virus load of progressors. Patient numbers are 
indicatedd in the upper left corner of each graph, triangles, number of CD4 T cells (left y axis); filled circles, 
infectiouss cellular load; open circles, viral RNA load (right y-axis). Filled arrowheads (on the x axis), time of 
clonall isolation of non-syncytium-inducing human immunodeficiency virus type 1 variants that were analyzed 
forr coreceptor use. Open arrowheads, time of AIDS diagnosis. 
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Figur ee 1B . Longitudinal analysis of CD4 T cell counts and virus load of long-term survivors (LTSs). Patient 
numberss are indicated in the upper left corner of each graph, triangles, number of CD4 T cells (left y axis); filled 
circles,, infectious cellular load; open circles, viral RNA load (right y-axis). Filled arrowheads (on the x axis), time 
off clonal isolation of non-syncytium-inducing human immunodeficiency virus type 1 variants that were analyzed 
forr coreceptor use. Open arrowheads, time of AIDS diagnosis. 
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Peripherall  blood mononuclear cell (PBMC) samples 
fromm at least two time points were analyzed. One 
samplee was chosen as early as possible after 
seroconversionn or entry in the cohort studies (mean, 
211 and 19 months for LTSs and progressors, 
respectively).. The other sample was chosen as late 
ass possible after seroconversion or entry in the 
cohortt studies (mean, 111 months for LTSs) or at 
timee of AIDS diagnosis (mean, 74 months for 
progressors;; figure 1). 

CCR5CCR5 and CCKlb genotyping. 
Genomicc DNA was isolated from cryopreserved 
PBMCC (Qiagen blood kit, Hilden, Germany). CCR5 
genotypingg was done by polymerase chain reaction 
(PCR)) analysis by use of primers flanking the 32-bp 
deletionn in CCR5 [24]. CCR2b genotyping was done 
byy restriction fragment length polymorphism PCR 
analysiss as described elsewhere [25]. 

AnalysisAnalysis ofCD4+ T cell counts. 
TT lymphocyte immunophenotyping for the CD4+ T 
cellss was done at 3-month intervals by flow 
cytofluorometry.. PBMC were stained with CD4 
monoclonall  antibody according to standard 
proceduress for cell cytometric analysis. 

QuantificationQuantification of RNA in serum. 
HIV-11 RNA was quantified in serum by use of a 
nucleicc acid sequence based amplification assay 
(HIV-11 RNA QT; Organon Teknika, Boxtel, The 
Netherlands)) as described elsewhere [31,32]. 

VirusVirus isolation, SI phenotyping, and determination 
ofof infectious cellular load. 
Virusess were isolated under limiting diluting 
conditionss as described elsewhere [12,20]. 
Participantt PBMC (0.5-4.0 x 104 cells/well in 32, 
48,, or 96 wells) were cocultivated with 
phytohemagglutininn (PHA)—stimulated healthy 
donorr peripheral blood lymphocytes (PBL; 105/ 
well)) in 96-well microtiter plates. Every week, one-
thirdd of the culture supernatants was tested for p24 
antigenn by an in-house p24 antigen capture ELISA 
[33].. At the same time, half of the cells was 
transferredd to new 96-well plates, and 10" fresh 
PHA-stimulatedd healthy donor PBL were added to 
propagatee the culture. The proportion of 
productivelyy infected CD4+ T cells was calculated 
withh the formula for Poisson distribution, F =-ln(F0), 
inn which F0 is the fraction of negative cultures. 
PBMCC from wells tested positive were transferred to 
25-mLL culture flasks containing 5 x 106 fresh PHA-
stimulatedd PBL in 5 mL of medium to grow virus 
stocks.. From these cultures, the cell-free supernatant 

wass stored at -70°C until use. To the remaining 
PBMC,, MT2 cells (1 x 106) were added to analyze 
thee syncytium-inducing capacity of the virus clones 
[34].. The titer of the virus stocks was quantified by 
determinationn of the TCID50 in PHA-stimulated PBL 
derivedd from a healthy blood donor with the 
commonn CCR5 genotype. 

CellCell lines. 
Humann astroglioma U87 cell lines stably expressing 
CD44 and coexpressing CCR1, CCR2b, CCR3, 
CCR5,, or CXCR4 were grown in Iscove's medium 
supplementedd with 10% fetal calf serum, 5 ug/mL 
Polybrene,, 100 U/mL penicillin, 100 p.g/mL 
streptomycin,, and 1 ug/mL puromycine. The U87 
CD44 control cell line was grown in the same 
mediumm without puromycine. 
CCR3,, CCR5, and CXCR4 expression on the 
correspondingg U87 cell lines was monitored by flow 
cytometry.. Staining for CCR3 and CCR5 (2D7; 
Bectonn Dickinson, Mountain View, CA) was 
performedd by use of unlabeled monoclonal 
antibodies,, followed by fluorescein isothiocyanate-
conjugatedd goat anti-mouse IgG (CLB, Amsterdam, 
Thee Netherlands), blocking with normal mouse sera 
andd staining with phosphatidylethanolamine (PE)-
conjugatedd anti-CD4 monoclonal antibody (CLB). 
CCR33 monoclonal antibody (7B11) was obtained 
fromm Leukosite (Cambridge, MA), through the 
AIDSS Research and Reference Reagent Program, 
Divisionn of AIDS, NIAID , NIH [35,36]. For staining 
off  the U87-CXCR4 cell line, PE-conjugated anti-
CXCR44 monoclonal antibody (12G5; Becton 
Dickinson)) and Tri Color-conjugated anti-CD4 
(CALTAGG Laboratories, South San Francisco) were 
used.. Markers were set by use of isotype matched 
controll  antibodies. 

CCR11 and CCR2 expression was monitored by 
reversee transcription (RT)-PCR. RNA was extracted 
fromm U87 cells by use of TRIzol reagent (Bethesda 
Researchh Laboratories, Gaithersburg, MD), and RT 
wass done by use of random primers with Superscript 
Reversee Transcriptase (Bethesda Research 
Laboratories)) according to the recommendations of 
thee manufacturer. Before the RT reaction, RNA 
preparationss were subjected to DNase treatment in 
thee presence of 5 mM MgCl2 and subsequent 
inactivationn of the DNase for 10 min at 65°C in the 
presencee of 5mM EDTA. PCR was done on a DNA 
thermall  cycler 480 (Perkin-Elmer, Foster City, Ca) 
withh Taq polymerase (Promega, Madison, WI) by 
usee of primers CCR1 S (AACTCCGTGCCAGAAG-
GTGAACG),, CCR1 AS (TCCACTCTCGTAGGC-
TTTCGTGAGG),, CCR2 S (TGCTGTCCACA-
TCTCGTTCTCGG),, and CCR2 AS (CCCTATGC-
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CTCTTCTTCTCGTTTCG)) in the presence of 3 
mM/LL MgCl2. Conditions of PCR were 5 min of 
denaturationn at 94°C; 35 cycles of 1 min at 94°C, 1 
minn 30 s at 60°C, 1 min 30 s at 72°C; and 10 min 
elongationn at 72°C. Chromosomal DNA isolated 
fromm the MT2 cell line was used as a positive 
controll  for PCR reactions. Primers for HPRT [37] 
weree used as a positive control for RNA 
preparations.. PCR was done on RNA, without a 
priorr RT reaction, to check for contamination of the 
RNAA preparations with chromosomal DNA. PCR 
productss were analyzed on an ethidium bromide-
stainedd 0.8% agarose gel. 

AnalysisAnalysis of HIV coreceptor usage. 
Fromm each individual, 2 to 9 biological virus clones 
perr time point were analyzed for their coreceptor 
use,, with, on average, 5 virus clones from early and 
66 clones from late time points. Selection of virus 
cloness was such that clones with different time 
pointss of first detection during clonal isolation were 
included.. To be able to study a sufficient number of 
clonesclones from progressor ACH 172, who also had a 
loww cellular infectious load at later time points, 
biologicall  HIV-1 clones obtained from 2 late time 
pointss were used for analysis. In addition, HIV-1 
biologicalbiological clones from multiple time points from 
progressorss ACH 617 and ACH 638 were analyzed: 
thiss allowed a more detailed analysis of the 
associationn between viral load and coreceptor use. 
Twoo primary SI HIV-1 clones, ACH 39.28.H5 and 
ACHH 208.13.B1, with a known ability to use CCR3 
andd CXCR4 or CCR5 and CXCR4, respectively, and 
thee HIV-1 variant IIIB , a kind gift of Dr. R. Gallo, 
weree used as controls. For all three control viruses, 
ann inoculum of 102 TCID50/mL was shown to be 
sufficientt to establish infection in the U87 cell lines 
expressingg the appropriate coreceptors. 
Too determine coreceptor use of biological virus 
clones,, 104 cells of each U87 cell line were seeded in 
96-welll  plates, and after 24 h these were inoculated 
withh 0.2 mL of the different HIV-1 clones. The 
rangee of the inoculum size of the different virus 
clonesclones obtained early or late in infection from the 
differentt individuals is given in tables 1 and 2. The 
U877 cells were incubated with virus for another 24 
h,, washed with PBS, and 0.2 mL of fresh medium 
wass added. At day 7, cells were detached by 
trypsinizationn and transferred to 24-well plates. To 
analyzee the use of coreceptors other than CCR5 on 
primaryy cells, inoculation of PHA-stimulated PBMC 
derivedd from a healthy blood donor with a CCR5 
A322 homozygous mutant genotype was done with 
thee biological HIV-1 clones under study. 
Supernatantss harvested at day 7, 14, and 21 were 

analyzedd for the presence of virus in an in-house p24 
antigen-capturee ELISA[33]. 

Results s 

LTSss in general have a low viral load 
consistingg of only NSI HIV-1 variants. 
However,, 50% of AIDS patients also carry 
onlyy NSI HIV-1 variants, but these generally 
havee a high viral load. Here we studied 
whetherr differences in the evolution of 
coreceptorr usage between NSI variants from 
LTSss and progressors could account for the 
differencess in changes in the in vivo viral load 
andd in the clinical course of HIV- 1 infection. 
Biologicall  virus clones were isolated from 
PBMCC obtained early and late in infection 
fromm two LTSs (ACH 441 and 583) who 
continuouslyy had a low viral load, and from 
onee LTS (ACH 68), two rapid progressors 
(ACHH 53, 424), and one typical progressor 
(ACHH 142) with increasing viral load (figure 
1).. At the late time point of virus isolation, the 
progressorss had a high viral load. Al l 
individualss had the common CCR5 and CCR2b 
genotype.. Coreceptor use was studied by 
inoculationn of the U87 cell lines expressing 

CD44 alone OF coexpressing CD4 and CCR4, 
CCR2b,, CCR3, CCR5, or CXCR4. Expression 
off  the coreceptors was monitored by flow 
cytometryy analyses for CCR3, CCR5 and 
CXCR44 (figure 2a) and by RT-PCR for CCR1 
andd CCR2 (figure 2b). Moreover, functioning 
off  CCR3, CCR5, and CXCR4 was shown by 
thee use of control viruses with a known 
coreceptorr usage (table 1). 
Al ll  NSI HIV-1 clones were able to 
productivelyy infect the CD4 and CCR5 
coexpressingg U87 cell line (table 2). However, 
irrespectivee of the moment of isolation or the 
clinicall  course of the patient from whom the 
cloness were isolated, none of the NSI HIV-1 
cloness was able to replicate in the U87 cell 
liness expressing CD4 and one of the other 
coreceptors. . 
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Figur ee 2. Expression of human immunodeficiency virus type 1 coreceptors on U87 cell lines. A. flow 
cytometricc analyses of the expression of CD4 and CCR3, CCR5, and CXCR4, respectively, on the indicated 
celll lines. B. Transcripts of CCR1 and CCR2 on the indicated U87 cell lines, analyzed by reverse 
transcriptase-polymerasee chain reaction (RT-PCR). Chromosomal DNA from the MT2 cell line was used as a 
positivee control for PCR reactions. HPRT primers were used as a positive control for RNA preparations. PCR 
wass done on RNA, without a prior RT reaction (-RT), to check for contamination of the RNA preparations with 
chromosomall DNA. 

Itt could be envisaged that besides the currently 
knownn receptors expressed on the U87 cell 
lines,, other chemokine receptors expressed on 
PBMCC could function as additional coreceptors 
forr these NSI HIV-1 clones. To study this 
possibilityy and to exclude an in vitro effect 
exertedd by the use of U87 cell lines, PHA-
stimulatedd PBL obtained from a healthy blood 
donorr with a CCR5 A32 homozygous genotype 
weree infected with the biological HIV-1 clones 
underr study. In parallel, PHA-stimulated PBL, 
derivedd from a CCR5 wild-type donor, were 
inoculated.. Flow cytometry analysis revealed 
thee expression of CD4 and CXCR4 on cells 

Tabl ee 1 . Coreceptors used by isolate of T cell-line 
adaptedd virus IIIB and 2 primary isolates of HIV-1 to 
infectt various cell lines. 

Infectionn of U87 cell line a PBMC C 
CCR5 5 

Isolatee CCR1CCR2CCR3CCR5CXCR4 CD4 A32/A32 

1ÏÏBB - - - - + " + 
39.28.H55 . - + - + - + 
208.13.B11 - - - + + - + 
+,, infection; -, no infection; PBMC, peripheral blood 
mononuclearr cells. a Astroglioma U87 cell lines that stably 
expresss CD4 and one of the following chemokine receptors: 
CCR1,, CCR2, CCR3, CCR5, CXCR4; cell line labelled CD4 
iss the control. 
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Tabl ee 2. Coreceptors used by clones of non-syncytium-inducing HIV-1 that were isolated from long-term 
survivorss and from progressors with the common CCR5 andCCR2 genotype 

Patientt CCR5 CCR2 Diagnosis Timee of Infectiouss RNA load No.. clones No. of clones able to infect U87 
CD44 cell line 

68 8 

441 1 

583 3 

53 3 

142 2 

424 424 

genotypee genotype (months c p t o r cellular load (log a n a l v z ed 
afterr sc)a f " ^ . 8 ' ? (TCID/106 copies/ml r a n 9 . e o f 

(monthss C D 4 c e | | s ) s e m m ) log virus CCR1CCR2CCR3CCR5CXCR4 
afterr sc) ' ' titers) 

PBMC C 
-- CCR5 
A32/A32 2 

wt t 

wt t 

wt t 

wt t 

wt t 

wt t 

wt t 

wt t 

wt t 

ass (151) 

ass (152) 

ass (149) 

wtt PCP (76) 

wt t 

wt t 

KS(109) ) 

COO (38) 

33 3 
100 0 
16 6 

111 1 
24 4 
109 9 
35 5 
77 7 
21 1 
93 3 
6 6 

43 3 

14 4 
124 4 
1 1 

11 1 
1 1 

27 7 
25 5 
169 9 
8 8 

315 5 
4 4 

288 8 

3.6 6 
4.7 7 
3 3 
3 3 
3 3 

3.7 7 
4.8 8 
4.8 8 
3.1 1 
4.6 6 
4.8 8 
4.7 7 

33 (2.0-3.4) 
55 (2.7-4.4) 
33 (3.2-3.5) 
55 (3.4-4.9) 
33 (2.7-3.9) 
55 (2.7-4.2) 
55 (2.8-3.4) 
55 (3.4-4.6) 
5(2.1-3.2 2 
5(3.4-5.1) ) 
33 (2.8-4.3) 
55 (3.2-3.7) 

sc,, seroconversion; as, asymptomatic; PCP, Pneumocystis carinii pneumonia; KS, Kaposi's sarcoma; CO, Candidiasis 
oesophageal;; wt, CCR5 or CCR2b wild-type genotype. a Diagnosis at end of follow-up. 

derivedd from both donors, but CCR5 
expressionn was only detected on cells of the 
donorr with the common CCR5 genotype (data 
nott shown). Also, the presence of mRNA for 
CCR1,, CCR2b, CCR3, CCR4, CCR5, and 
CXCR44 was confirmed on cells of both donors 
byy RT-PCR (data not shown). In agreement 
withh our observations of the U87 cell lines, 
nonee of &e—NSÏ virus clones was ^ble to 
establishh infection of the homozygous CCR5 
A322 cells. This observation excluded the 
capacityy to use coreceptors that are expressed 
onn CD4+ T cells other than the ones tested on 
thee U87 cell lines. The three control viruses 
withh the SI phenotype did establish a 
productivee infection in the PBL derived from 
thee CCR5 A32 homozygous blood donor, as 
welll  as in PBL derived from the blood donor 
withh the common CCR5 genotype (table 1). 
CCR55 A32 and CCR2b 641 have both been 
associatedd with a delayed HIV-1 disease 
progressionn [24-29]. However, among 
individualss with a rapid clinical course, CCR5 
A322 heterozygotes and CCR2b-64I carriers 
havee been identified. It has been argued that 
diseasee progression in these individuals is 
mediatedd by SI HIV-1 variants that can bypass 
CCR55 genetic defects. In our cohort, however, 

somee CCR5 A3 2 heterozygotes and individuals 
withh the CCR2b-64I mutation showed a rapid 
diseasee progression in the presence of only NSI 
HIV-11 variants. Therefore, we analyzed the 
coreceptorr use of NSI variants isolated early 
andd late in the course of infection from three 
LTSss with a CCR5 A32 heterozygous genotype 
(ACHH 16, 78, 434), one LTS with a CCR2b-
6411 heterozygous-genotype (ACH 750), and 
onee LTS with a CCR5 A32/CCR2b-64I 
heterozygouss genotype (ACH 337). This was 
comparedd with the coreceptor repertoire of NSI 
HIV-11 variants isolated from two rapid 
progressorss (ACH 172, 638), a typical 
progressorr (ACH 38), and a slow progressor 
(ACHH 617) with a CCR5 A32 heterozygous 
genotypee and from a typical progressor (ACH 
19)) heterozygous for CCR2b 641. The late time 
pointt of virus isolation coincided with an 
increasedd viral load in the progressors and also 
too some extent in LTSs ACH 337 and ACH 
7500 (figure 1, table 3). All NSI HIV-1 
biologicall  clones, irrespective of the time point 
off  isolation in the clinical course of infection, 
weree restricted to the use of CCR5. None of 
thesee NSI HIV-1 clones were able to replicate 
inn cells expressing CD4 in combination with 
CCR1,, CCR2b, CCR3, or CXCR4 (table 3). In 
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Tablee 3. Coreceptors used by clones of non-syncytium-inducing HIV-1 that were isolated 
survivorss and from progressors with the CCR5 A32 andCCR2 64I heterozygous genotype 

Patient t 

16 6 

78 8 

434 434 

337 7 

750 0 

38 8 

172 2 

617 7 

638 8 

19 9 

CCR55 CCR2 Diagnosis ( 

genotypee genotype (months 
afterr sc)a 

A32/wt t 

A32/wt t 

A32/wt t 

A32/wt t 

wt t 

A32/wt t 

A32/wt t 

A32/wt t 

A32/wt t 

wt t 

wt t 

wt t 

wt t 

64l/wt t 

64l/wt t 

wt t 

wt t 

wt t 

wt t 

64l/wt t 

ass (143) 

ass (124) 

ass (140) 

ass (142) 

ass (148) 

KS(101) ) 

KSS (25) 

NHL L 
(136) ) 

NHLL (59) 

CMM (99) 

Timee of 
;oreceptor r 
analysis s 
(months s 
afterr sc) 

22 2 
114 4 
17 7 

115 5 
13 3 
19 9 

119 9 
24 4 
122 2 
16 6 

112 2 
21 1 
102 2 
5 5 
22 2 
25 5 
15 5 
27 7 
84 4 
111 1 
126 6 
22 2 
39 9 
54 4 
24 4 
98 8 

Infectious s 
cellularr load 
(TCID/106 6 

CD44 cells) 

3 3 
7 7 
2 2 

29 9 
3 3 
6 6 
33 3 
9 9 

143 3 
16 6 
167 7 
44 4 
125 5 
1 1 
9 9 

26 6 
5 5 
8 8 
23 3 
83 3 

435 5 
6 6 
4 4 

125 5 
5 5 

173 3 

RNAA load 
(log g 

copies/m m 
serum) ) 

3.7 7 
3.8 8 
3 3 

3.7 7 

3 3 
3.5 5 
5.9 9 
4.2 2 
4.5 5 
4.3 3 
4.1 1 
3.8 8 
3.9 9 
4.5 5 
4.7 7 
4.5 5 
3.5 5 
3.9 9 
4.5 5 
4.6 6 
4.8 8 
4.2 2 
4.2 2 
4.1 1 
4.3 3 
5.2 2 

from m 

No.. clones No. of clones able to infect U87 
analyzedd CD4 cell line 
(rangee of 
logg virus CCR1CCR2CCR3CCR5CXCR4 

titers) ) 

4(3.2-4.1) ) 
44 (2.7-3.9) 
44 (2.3-3.7) 

55 (3.0-4.6) 
22 (3.0-3.2) 
77 (3.2-4.2) 
33 (3.2-3.7) 
55 (2.8-3.9) 
55 (3.5-4.4) 
55 (3.2-3.7) 
55 (3.4-4.2) 
99 (3.0-4.8) 
44 (3.9-4.4) 
77 (3.2-4.4) 
66 (3.4-4.2) 
66 (2.5-4.8) 
22 (3.9-4.8) 
22 (3.9-4.8) 
55 (2.8-3.9) 
55 (2.5-3.7) 
2(3.4-4.1) ) 
55 (4.2-4.8) 
99 (3.2-4.2) 
66 (3.5-4.4) 
5(2.8-4.1) ) 
55 (2.7-4.6) 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

4 4 
4 4 
4 4 
5 5 
2 2 
7 7 
3 3 

5 5 
5 5 
5 5 
5 5 
9 9 
4 4 

7 7 
6 6 
6 6 
2 2 
2 2 

5 5 
5 5 
2 2 
5 5 
9 9 
6 6 
5 5 
5 5 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

long-term m 

PBMC C 
CCR5 5 

A32/A32 2 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

scc seroconversion- as, asymptomatic; KS, Kaposi's sarcoma; NHL, non-Hodgkin's lymphoma; CM Cryptococcosis meningitis; 
wt',, CCR5 or CCR2b wild-type genotype; A32/wt, CCR5 A32 heterozygote; 64l/hz, CCR2b 64I heterozygote.a Diagnosis at end 
off follow-up. 

agreementt with these observations, none of the 
viruss clones was able to productively infect the 
PBMCC from the CCR5 A32 heterozygous 
bloodd donor. 

Discussion n 

Recently,, several groups have described a 
correlationn between changes in viral coreceptor 
usee and disease progression in HIV-1 infected 
individualss [4,5,22,23]. In these studies, HIV-1 
coreceptorr use evolution was found to be 
associatedd with conversion of the NSI to the SI 
HIV-11 phenotype. However, approximately 
50%% of HIV-1 infected individuals progress to 
AIDSS in the absence of SI HIV-1 variants 

[20,38].. The NSI variants isolated from all 
thesee individuals in general show increased 
replicationn kinetics compared with NSI HIV-1 
isolatedd from LTSs, giving rise to an increased 
cellularr infectious load [18]. Rapid disease 
progressionn in the absence of SI HIV-1 variants 
cann even be observed for HIV-1 infected 
individualss with a CCR5 A32 heterozygous 
genotypee or a CCR2b 641 genotype [24,25]. 
Thesee observations prompted us to study 
whetherr in those individuals that do not 
developp SI HIV-1 variants, development of 
NSII  HIV-1 that is able to use multiple 
coreceptorss is associated with disease 
progression. . 
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Restrictedd CCR5 use of NSI HIV-1 clones that 
weree isolated early and late in infection from 
LTSss was observed, which appeared to be in 
goodd agreement with the absence of disease 
progressionn in these individuals. However, 
biologicall  NSI HIV-1 clones obtained early 
andd late in infection from individuals with a 
progressivee disease course also could only use 
CCR5.. This excluded evolution of coreceptor 
usee as an important determinant of disease 
progressionn of individuals harboring solely NSI 
HIV-11 variants. Also in individuals with a 
CCR55 A32 heterozygous genotype, in whom 
CCR55 functioning is considered to be 
suboptimall  [39], HIV-1 evolution was not 
drivenn toward alternative coreceptor use. 
Itt is feasible that NSI HIV-1 variants 
associatedd with a progressive disease course 
mayy use other, as yet unidentified, coreceptors. 
Indeed,, CCR8, GPR15, and STRL33, which 
aree expressed on CD4+ T cells, have been 
describedd as a fusion cofactor for HIV-1 [40-
44].. However, none of the 178 tested NSI 
HIV-11 variants isolated from 16 different 
individualss was able to productively infect 
PBMCss derived from a healthy blood donor 
withh the CCR5 A32 homozygous mutant 
genotypee or the U87-CD4 cell line. This makes 
itt unlikely that any of the coreceptors 
expressedd on PBMC will play a major role in 
NSII  HIV-1 infection, although a defect in yet-
unidentifiedd coreceptors in conjunction with 
thee CCR5 mutations cannot be excluded. 
Alternatively,, NSI HIV-1 variants in 
individualss with a progressive clinical course 
mayy evolve to viruses with a higher affinity for 
CCR55 and/or CD4. This could contribute to the 
increasedd cellular infectious load also 
associatedd with NSI HIV-1 disease progression 
[18]. . 

Ourr findings are in accordance with the 
restrictedd CCR5 use found by other groups for 
primaryy NSI bulk isolates [2,4,5,22] or NSI 
HIV-11 clones [22]. CCR2b, CCR3, and 
CXCR44 use has been reported, but only for 
HIV-11 luciferase reporter viruses pseudotyped 
withh NSI envelopes. However, even these 
virusess mainly used CCR5 for entry [4,22], and 

theirr use of CCR2b, CCR3, and CXCR4 
coreceptorss may be caused by the artificial 
system. . 
Althoughh the identification of novel HIV-1 
coreceptorss continues [44-49], in this study we 
havee shown that NSI variants, even those 
associatedd with disease progression, seem to be 
restrictedd to the use of CCR5. Others have 
shownn that the majority of SI variants are 
CCR55 and/or CXCR4 restricted [2-4,50]. 
Thesee findings indicate that the number of 
coreceptorss that will have to be targeted in vivo 
too control HIV-1 infection may still be limited. 
Therefore,, in addition to interfering with RT by 
usee of reverse transcriptase inhibitors and the 
processingg of immature proteins with protease 
inhibitors,, targeting HIV-1 entry remains a 
promisingg additional strategy to delay 
progressionn to AIDS. 

Acknowledgment s s 

Wee are greatly indebted to all cohort participants for 
theirr continuous participation, to Marijke Roos and 
colleagues,, Lotte Berger, Jeanette van der Hulst, and 
Margreett Brouwer for excellent technical assistance. 
Wee thank Frank de Wolf and Margreet Bakker for 
providingg viral RNA load data. Presented in part: 

Opportunitiess and Challenges and AIDS patho-
genesis,, 7-13 January 1999, Keystone, CO (abstract 
332)) and 6th Conference of Retroviruses and 
Opportunisticc Infections, 31 January-4 February 
1999,, Chicago (abstract 564). Written informed 
consentt was obtained from all participants. In the 
conductt of clinical research, human experimentation 
guideliness of the authors' institutions were followed. 
Thiss research was conducted as part of the 
Amsterdamm cohort studies on AIDS, a collaboration 
betweenn the Municipal Health Service, the 
Academicc Medical Center, and the CLB. The 
Amsterdamm cohort studies are financially supported 
byy the Netherlands Foundation for Preventive 
Medicinee (grant 28-2547). Grant support: the AIDS 
fundd (grant 95-026) within the stimulation program 
AIDSS Research of the Dutch Program Committee 
forr AIDS Research 

Referfence s s 

1.. Feng Y, et al. HIV-1 entry cofactor: functional 
cDNAA cloning of a seven-transmembrane, G 



822 Coreceptor usage of NSI HIV-1 variants 

protein-coupledd receptor. Science 1996; 272:872-
877 7 

2.. Simmons G, et al. Primary, syncytium-inducing 
humann immunodeficiency virus type 1 isolates are 
dual-tropicc and most can use either LESTR or 
CCR55 as co-receptors for virus entry. J Virol 
1996;70:8355-8360 0 

3.. Zhang L, et al. HIV-1 subtype and second-
receptorr use. Nature 1996; 383:768. 

4.. Björndal A, et al. Coreceptor usage of primary 
humann immunodeficiency virus type 1 isolates 
variess according to biological phenotype. J Virol 
1997;71:7478-7487. . 

5.. Scarlatti G, et al. In vivo evolution of HIV-1 co-
receptorr usage and sensitivity to chemokine 
mediatedd suppression. Nature Medicine 1997; 
3:1259-1265. . 

6.. Doranz BJ, et al. A dual-tropic primary HIV-1 
isolatee that uses fusin and the p-chemokine 
receptorss CKR-5, CKR-3 and CKR-2b as fusion 
cofactors.. Cell 1996; 85:1149-1158. 

7.. Deng HK, et al. Identification of the major co-
receptorr for primary isolates of HIV-1. Nature 
1996;381:661-666. . 

8.. Dragic T, et al. HIV-1 entry into CD4+ cells is 
mediatedd by the chemokine receptor CC-CKR-5. 
Naturee 1996; 381:667-673. 

9.. Alkhatib G, et al. CC CKR5: A RANTES, MIP-1cc, 
MIP-11 (3 receptor as a fusion cofactor for 
macrophage-tropicc HIV-1. Science 1996; 
272:1955-1958. . 

10.. Choe H, et al. The p-chemokine receptors CCR3 
andd CCR5 facilitate infection by primary HIV-1 
isolates.. Cell 1996; 85:1135-1148. 

11.. Schuitemaker H, et al. Monocytotropic human 
immunodeficiencyy virus 1 (HIV-1) variants 
detectablee in all stages of HIV infection lack T-cell 
linee tropism and syncytium-inducing ability in 
primaryy T-cell culture. J Virol 1991; 65:356-363 

12.. Schuitemaker H, et al. Biological phenotype of 
HIV-11 clones at different stages of infection: 
progressionn of disease id associated with a shift 
fromm monocytotropic to T-cell-tropic virus 
populations.. J Virol 1992, 66:1354-1360. 

13.. Zhu T, et al. Genotypic and phenotypic 
characterizationn of HIV-1 in patients with primary 
infection.. Science 1993; 261:1179-1181 

14.. Connor Rl, et al. Increased viral burden and 
cytopathicityy correlate temporally with CD4+ T-
lymphocytee decline and clinical progression in 
humann immunodeficiency virus type 1 infected 
individuals.. J Virol 1993; 67:1772-1777. 

15.. Roos MThL, et al. Viral phenotype and immune 
responsee in primary human immunodeficiency 
viruss type 1 (HIV-1) infection. J Infect Dis 1992; 
165:427-432. . 

16.. Van 't Wout AB, et al. Macrophage-tropic variants 
initiatee human immunodeficiency virus type 1 
infectionn after sexual, parenteral and vertical 
transmission.. J Clin Invest 1994; 94:2060-2067. 

17.. Blaak H, et al. Infectious cellular load in HIV-1 
infectedd individuals and susceptibility of PBMC 
fromm their exposed partners to NSI HIV-1 as 

majorr determinants for HIV-1 transmission in 
homosexuall couples. J Virol 1998; 72:218-224. 

18.. Blaak H, et al. In vitro replication kinetics of HIV-1 
variantss in relation to viral load in long-term 
survivorss of HIV-1 infection. J Infect Dis 1998; 
177:600-610. . 

19.. Tersmette M, et al. Evidence for a role of virulent 
humann immunodeficiency virus (HIV) variants in 
thee pathogenesis of acquired immunodeficiency 
syndrome:: studies on sequential HIV isolates. J 
Viroll 1989;63:2118-2125. 

20.. Koot M, et al. Prognostic value of human 
immunodeficiencyy virus type 1 biological 
phenotypee for rate of CD4+ cell depletion and 
progressionn to AIDS. Ann Intern Med 1993; 
118:681-688. . 

21.. Bozzette SA, et al. A cross-sectional comparison 
off persons with syncytium- and non-syncytium 
inducingg human immunodeficiency virus. J Infect 
Diss 1993; 168:1374-1379. 

22.. Connor Rl, et al. Change in coreceptor use 
correlatess with disease progression in HIV-1 -
infectedd individuals. J Exp Med 1997; 185:621-
628. . 

23.. Xiao L, et al. Adaptation to promiscuous usage of 
CCC and CXC-chemokine coreceptors in vivo 
correlatess with HIV-1 disease progression. AIDS 
1998;; 12:F137-F143 

24.. De Roda Husman AM, et al. Association between 
CCR55 genotype and the clinical course of HIV-1 
infection.. Ann Intern Med 1997; 127:882-890. 

25.. Van Rij RP, et al. Role of CCR2 genotype in the 
clinicall course of syncytium-inducing or non-
syncytiumm inducing HIV-1 infection and in the 
conversionn rate towards SI virus variants. J Infect 
Diss 1998; 178:1806-1811. 

26.. Dean M, et al. Genetic restriction of HIV-1 
infectionn and progression to AIDS by a deletion 
allelee of the CKR5 structural gene. Science 1996; 
273:1856-1862. . 

27.. Smith MW, et al. Contrasting genetic influence of 
CCR22 and CCR5 variants on HIV-1 infection and 
diseasee progression. Science 1997; 277:959-965 

28.. Kostrikis LG, et al. A chemokine receptor CCR2 
allelee delays HIV-1 disease progression and is 
associatedd with a CCR5 promotor mutation. Nat 
Medd 1998; 4:350-353. 

29.. Rizzardi GP, et al. CCR2 polymorphism and HIV 
disease.. Nat Med 1998; 4:252-253. 

30.. Klein MR & Miedema F. Long-term survivors of 
HIV-11 infection. Trends Microbiol 1995; 3:386-
391. . 

31.. Jurriaans S, et al. The natural history of HIV-1 
infection:: virus load and virus phenotype 
independentt determinants of clinical course? 
Virologyy 1994; 204:223-233. 

32.. De Wolf F, et al. AIDS prognosis based on HIV-1 
RNA,, CD4+ T cell count and function: Markers 
withh reciprocal predictive value over time after 
seroconversion.. AIDS 1997; 11:1799-1806. 

33.. Tersmette M, et al. Detection and subtyping of 
HIV-11 isolates with a panel of characterized 
monoclonall antibodies to HIV-p24gag. Virology 
1989;; 171:149-155. 



Chapterr 7 83 3 

34.. Koot M, et al. HIV-1 biological phenotype in long 
termm infected individuals, evaluated with an MT-2 
cocultivationn assay. AIDS 1992; 6:49-54. 

35.. He J, et al. CCR3 and CCR5 are co-receptors for 
HIV-11 infection of microglia. Nature 1997; 
385:645-649. . 

36.. Heath H, et al. Chemokine receptor usage by 
eosinophils.. The importance of CCR3 showed by 
usingg an antagonistic monoclonal antibody. J Clin 
Investt 1997; 99:178-184. 

37.. Jolly DJ, et al. Isolation and characterization of a 
full-lengthh expressible cDNA for human 
hypoxanthinee phosphoribosyltransferase. Proc 
Natll Acad Set USA 1983; 80:477-481. 

38.. Koot M, et al. Conversion rate towards a 
syncytiumm inducing (SI) phenotype during 
differentt stages of HIV-1 infection and prognostic 
valuee of SI phenotype for survival after AIDS 
diagnosis.. J Infect Dis 1998; 179:254-258. 

39.. Wu L, et al. CCR5 levels and expression pattern 
correlatee with infectability by macrophage-tropic 
HIV-1,, in vitro. J Exp Med 1997; 185:1681-1691. 

40.. Samson M, et al. Molecular cloning and 
chromosomall mapping of a novel human gene, 
ChemRI,, expressed in T lymphocytes and 
polymorphonuclearr cells and encoding a putative 
chemokinechemokine receptor. Eur J Immunol 1996; 
26:302-318. . 

41.. Stuber Roos R, et al. Identification of CCR8, the 
receptorr for the human CC chemokine I-309. J 
Bioll Chem 1997; 272:17251-17254. 

42.. Edinger AL, et al. Use of GPR1, GPR15 , and 
STRL333 as coreceptors by diverse human 
immunodeficiencyy virus type 1 and simian 
immunodeficiencyy virus envelope proteins. 
Virologyy 1998; 249:367-378. 

43.. Farzan M, et al. Two orphan seven-
transmembranee segment receptors which are 
expressedd in CD4-positive cells support simian 
immunodeficiencyy virus infection. J Exp Med 
1997;; 186:405-411. 

44.. Rucker J, et al. Utilization of chemokine 
receptors,, orphan receptors, and herpesvirus-
encodedd receptors by diverse human and simian 
immunodeficiencyy viruses. J Virol 1997; 71:8999-
9007. . 

45.. Liao F, et al. STRL33, a novel chemokine 
receptor-likee protein, functions as fusion cofactor 
forr both macrophage-tropic and T cell line-tropic 
HIV-1.. J Exp Med 1997; 185:2015-1523. 

46.. Deng HK, et al. Expression cloning of new 
receptorss used by simian and human 
immunodeficiencyy viruses. Nature 1997; 388:296-
300. . 

47.. Edinger AL, et al. An orphan seven-
transmembranee domain receptor expressed 
widelyy in the brain functions as a coreceptior for 
humann immunodeficiency virus type 1 and simian 
immunodeficiencyy virus. J Virol 1998; 72:7934-
7940. . 

48.. Owman C, et al. The leukotriene B4 receptor 
functionss as a novel type of coreceptor mediating 
entryy of primary HIV-1 isolates into CD4-positive 
cells.. Proc Natl Acad Sci USA 1998; 95:9530-
9534. . 

49.. Choe H, et al. The orphan seven-transmembrane 
receptorr Apj supports the entry of primary T-cell-
line-tropicc and dualtropic human 
immunodeficiencyy virus type 1. J Virol 1998; 
72:6113-6118. . 

50.. Tscherning C, et al. Differences in chemokine 
receptorr usage between genetic subtypes of 
HIV-1.. Virology 1998; 241:181-188. 





Chapterr 8 

Differentiall coreceptor expression allows for 
independentt evolution of non-syncytium-inducing and 

syncytium-inducingg HIV-1 

Ronaldd P. van Rij, Hetty Blaak, Janny A. Visser, Margreet Brouwer, 
Ronaldd Rientsma, Silvia Broersen, Ana-Maria de Roda Husman, and 

Hannekee Schuitemaker 

JJ Clin Invest 2000, 106:1039-1052 





Chapterr 8 87 7 

Differentia ll  corecepto r expressio n allow s for independen t evolutio n 
off  non-syncytium-inducin g and syncytium-inducin g HIV-1 

Wee demonstrated previously that CD45RA+ CD4+ T cells are infected primarily by syncytium-
inducingg (SI) HIV-1 variants, whereas CD45RO+ CD4+ T cells harbor both non-SI (NSI) and SI HIV-
11 variants. Here, we studied evolution of tropism for CD45RA* and CD45RO* CD4+ cells, 
coreceptorr usage, and molecular phylogeny of coexisting NSI and SI HIV-1 clones that were 
isolatedd from four patients in the period spanning SI conversion. NSI variants were CCR5-restricted 
andd could be isolated throughout infection from CD45RO+ CD4+ cells. SI variants seemed to evolve 
inn CD45RO+ CD4+ cells, but, in time, SI HIV-1 infection of CD45RA+ CD4+ cells equaled infection of 
CD45RO++ CD4+ cells. In parallel with this shift, SI HIV-1 variants first used both coreceptors CCR5 
andd CXCR4, but eventually lost the ability to use CCR5. Phylogenetically, NSI and SI HIV-1 
populationss diverged over time. We observed a differential expression of HIV-1 coreceptors within 
CD45RA++ and CD45RO+ cells, which allowed us to isolate virus from purified CCR5+ CXCR4" and 
CCR5"" CXCR4+ CD4+ cells. The CCR5+ subset was exclusively infected by CCR5-dependent HIV-1 
clones,, whereas SI clones were preferentially isolated from the CXCR4+ subset. The differential 
expressionn of HIV-1 coreceptors provides distinct cellular niches for NSI and SI HIV-1, contributing 
too their coexistence and independent evolutionary pathways. 

Inn HIV type 1 (HIV-1) infection, an estimated 
numberr of viral particles, between 108 and 10to, 
aree produced and eliminated from the human 
bodyy per day [1-3]. The error-prone viral 
reverse-transcriptasee enzyme and lack of 
proofreadingg mechanisms during reverse 
transcriptionn of the viral RNA results in the 
frequentt incorporation of mutations in the viral 
genome;; The Targë Tufnover of vinis~""Trr 
combinationn with the high mutation rate of 
HIV-11 results in a mixed population of related 
butt distinct virus variants, also termed viral 
quasispeciess [4]. Viral quasispecies are defined 
byy a dominant sequence and a spectrum of 
mutants,, which may be relatively stable for 
manyy generations (population equilibrium). 
Variantss within the viral quasispecies are 
continuouslyy competing, and the dominant 
sequencee reflects the most fit variant at that 
timee point. Due to the introduction of beneficial 
mutationss in the viral genome or changing 
environmentall  factors, such as the introduction 
off  antiretroviral agents, a previously minor 
populationn may become the dominant sequence 
andd thus an altered population equilibrium is 
established. . 

Alteredd biological characteristics such as 
replicationn rate, cytopathicity, and cellular 

tropismm may influence viral fitness and 
thereforee HIV-1 quasispecies behavior. Indeed, 
virall  biological characteristics continue to 
evolvee during the course of HIV-1 infection. 
Earlyy in infection a homogeneous population of 
generallyy macrophage-tropic, non-syncytium-
inducingg (NSI) virus variants is present [5,6]. 
However,, during the course of infection, virus 
variants^becomê̂  predominantly T-cell tropic 
[7],, and in 50% of HIV-1-infected patients 
syncytium-inducingg (SI) HIV-1 variants appear 
[8].. SI HIV-1 variants can be discriminated 
fromm NSI variants by the ability to replicate 
andd induce syncytia in T-cell lines [9]. The 
emergenceemergence of SI HIV-1 variants is associated 
withh a subsequent, more-rapid decline of CD4+ 

TT cells, an accelerated disease progression, and 
aa poor prognosis for survival [8]. 
CCC chemokine-receptor 5 (CCR5) has been 
identifiedd as the coreceptor for entry of NSI 
HIV-11 into CD4+ T cells. SI variants may, in 
addition,, or alternatively, use CXC chemokine-
receptorr 4 (CXCR4) as their main coreceptor 
[10-15].. Other chemokine receptors (such as 
CCR2,, CCR3, CCR8, CCR9, CX3CR1) or 
structurallyy related molecules (the orphan 
receptorss BOB/gprl5, BONZO/strl33, apj, 
Chem23)) have been identified as coreceptors 
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forr entry of HIV-1, as well [14-23]. Still, the 
majorityy of primary NSI HIV-1 isolates were 
shownn to be restricted to CCR5 usage 
exclusivelyy [24-26]. Expanded coreceptor 
usage,, including usage of CXCR4 and possibly 
additionall  coreceptors, was associated with 
moree rapid disease progression [27-29], but is 
nott a prerequisite for a progressive disease 
coursee [26]. 
Thee biological significance of coreceptors 
otherr than CCR5 and CXCR4 remains to be 
established.. These molecules seem to mediate 
entryy of only a minority of HIV-1 variants in 
vitro,, and usage of these coreceptors was 
alwayss in addition to usage of either CCR5 or 
CXCR4.. In an ex vivo lymphoid tissue model, 
inn vitro specificity for CCR3, CCR8, BOB, and 
BONZO,, in addition to CXCR4 usage, did not 
correlatee with additional cytopathicity or 
reducedd sensitivity to CXCR4 antagonists [30], 
suggestivee of a limited role of minor 
coreceptorss other than CXCR4 for SI HIV-1. 
SII  phenotype is determined mainly by the 
secondd and third variable loop (V2 and V3) of 
gpl200 [31,32]. Specifically, the presence of a 
positivelyy charged amino acid at either one or 
bothh of two fixed positions of the V3 loop 
(positionss 11 and 25) was highly associated 
withh SI phenotype of primary isolates [33,34], 
whichh suggests that these amino acids play a 
cruciall  role in the interaction of gpl20 with 
CXCR4.. Indeed, it has been shown the VI/V 2 
andd V3 regions are involved in the interaction 
withh CCR5, CCR3, and CXCR4 [35-40]. This 
fitss insights from structural studies in which V3 
andd a conserved coreceptor-binding site are 
involvedd in coreceptor binding. In a trimeric 
modell  of the gp41-gpl20 complex, V2 
juxtaposess V3 and may thus interfere with 
coreceptorr binding [41-44]. 
Thoughh only a limited number of amino acid 
substitutionss in V3 can confer SI phenotype to 
NSII  isolates in vitro [45], SI conversion occurs 
inn only 50% of HIV-1-infected individuals in 
thee course of HIV-1 infection [9]. This is 
puzzlingg in light of the apparent beneficial 
effectt of SI conversion for the viral population, 
since,, theoretically, the potential target-cell 

populationn is greatly enlarged through 
acquisitionn of the ability to enter cells via 
CXCR4.. The finding that SI conversion seems 
too occur only once during HIV-1 infection [46], 
thee rarity of virus variants with intermediate 
genotypes,, and the nongradual character of the 
evolutionn from NSI to SI HIV-1 [47] might 
suggestt that the virus evolves to the SI 
phenotypee through less-fit intermediate stages. 
Thee relatively low incidence of the SI 
phenotype,, despite the high mutation frequency 
off  HIV-1, might then be explained by an 
incompetencee of these intermediate variants to 
competee with the well-established NSI virus 
population. . 

Oncee established, SI variants appear to be more 
replicationn competent than NSI variants, given 
thee broader target-cell range and the generally 
higherr replication kinetics of SI HIV-1 in vitro 
[46,48,49].. In this light it seems paradoxical 
thatt NSI variants persist and may even expand 
inn vivo after the emergence of SI HIV-1 [50]. A 
possiblee explanation of coexistence of NSI and 
SII  HIV-1 would be that both phenotypic 
variantss infect distinct target cells within an 
infectedd patient. Indeed, recently we showed 
thatt NSI variants are isolated mainly from 
memoryy CD45RO+ CD4+ T cells, whereas SI 
variantss are isolated from both CD45RA+ and 
CD45RO++ CD4+ T cells [51]. 
Too explore the concept that distinct T-cell sub-
setss provide niches for NSI and SI HIV-1 
variants,, we longitudinally studied in vivo tro-
pismm for CD45RA+ and CD45RO+ CD4+ T 
cellss during NSI to SI evolution. Changes in in 
vivoo tropism of biological virus clones were 
relatedd to in vitro coreceptor usage, phenotype-
associatedd mutations in gpl20 V3, and molecu-
larr phylogeny. Based on differential expression 
off  NSI and SI coreceptors on CD45RA+ and 
CD45RO++ CD4+ T cells, three major potential 
HIV-11 target-cell populations can be distin-
guished:: CD45RA+ CXCR4+ CCR5 ; 
CD45RO++ CXCR4+ CCR5"; and CD45RO+ 

CXCR4""  CCR5+ CD4+ T cells. From these pu-
rified"rified" subsets we isolated biological virus 
cloness and determined their NSI or SI pheno-
type.. We showed that the differentially 
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expressedd coreceptors indeed provide the cel-
lularr compartments that allow independent 
evolutionaryy pathways and coexistence of NSI 
andd SI HIV-1 . Finally, we propose a model of 
NSII  to SI  HIV- 1 evolution and discuss the 
biologicall  relevance of niche differentiation for 
HIV- 11 quasispecies behavior. 

Method s s 

Patients. Patients. 
Fourr patients, ACH039, ACH171, ACH208, 
ACH490,, all of whom developed SI HIV-1 variants 
duringg a progressive disease course, were selected 
(figuree 1). All patients were male homosexual 
participantss of the Amsterdam Cohort studies on 
HIV-11 and AIDS. In this cohort, the presence of SI 
HIV-11 variants in peripheral blood is prospectively 
determinedd at every visit (in general every 3 months) 
byy cocultivation of 1.106 patient PBMCs with 1.106 

MT22 cells, as described previously [9]. The moment 
off  SI conversion was calculated as the midpoint 
betweenn the last MT2-negative and the first MT2-
positivee visit. It is important to note that SI 
conversionn is, by definition, the moment of first 
detectionn in the MT2 assay performed on total 
patientt PBMCs, which is not necessarily the moment 
off  first appearance of SI variants in vivo, due to 
detectionn limits of the assay. 

FACSFACS analysis of cell-surface markers and cell 
sorting. sorting. 
Cryopreservedd patient PBMCs were incubated with 
mAb'ss against CD45 RA (phycoerythrin [PE] conju-
gated),, CD45 RO (FITC), and CD4 (Tricolor; all 
Ab'ss were obtained from Caltag Laboratories, 
Burlingame,, California, USA), and sorted on a 
FACStarr (Becton Dickinson, San Jose, California, 
USA),, as described [51]. Cells were separated in 
CD45RO++ CD45RA" and CD45RCT CD45RA+ 

CD4++ T-cell populations. CD45RA<tull and 
CD45ROduUU CD4+cells were not sorted or analyzed. 
Expressionn of CCR5 and CXCR4 on the CD45RO+ 

andd CD45RO" CD4+ T-cell subsets was determined 
byy four-color flow cytometry. Cryopreserved 
PBMCss of patients and eight healthy donors were 
incubatedd with mAb's against CCR5 (clone 2D7, 
FITCC conjugated; PharMingen, San Diego, 
California,, USA), CXCR4 (clone 12G5, PE; 
PharMingen),, CD4 (PerCP; Becton Dickinson), and 
CD45ROO (APC; Becton Dickinson) and analyzed on 
aa FACScalibur flow cytometer (Becton Dickinson). 
Isotype-matchedd control Ab's were included and 
usedd to set the quadrant location. Patient PBMCs 

obtainedd 19.8, 10.5, 11.4, and 7.3 months after SI 
conversionn (ACH039, ACH171, ACH208, and 
ACH490,, respectively) were sorted in CD45RO" 
CXCR4++ CCR5"; CD45RO+ CXCR4+ CCR5"; and 
CD45RO++ CXCR4 CCR5+ CD4+ T cells on a 
MOFLOO cell sorter (Cytomation Inc., Ft. Collins, 
Colorado,, USA). After cell sorting, virus was 
isolatedd from these cells as described below. 

ClonalClonal isolation of virus 
Biologicall  virus clones were obtained by coculti-
vationn of serial dilutions of patient PBMCs, purified 
CD45RA++ or CD45RO+ CD4+ T cells, or purified 
CCR5++ CXCR4 and CCR5" CXCR4+ CD4+ T cells 
withh 2-3-day phytohemagglutinin-stimulated 
PBMCss (PHA-PBMCs) of at least two healthy 
donors.. The number of patient cells per well was 
eitherr 10,000-40,000 PBMCs, 100-8,000 CD45RA+ 

orr CD45RO+ CD4+ T cells, or 50-10,000 CCR5+ or 
CXCR4++ CD4+ T cells. The cells were cocultivated 
withh 105 PHA-PBMCs in a final volume of 200 ul 
rIL-2-supplementedd (proleukin; Chiron Benelux 
BV,, Amsterdam, The Netherlands) Iscove's medium 
forr 28 days in a 96-well flat-bottom plate. For each 
celll  dilution, multiple cocultures (24- 8̂ wells) were 
performed.. Weekly, one third of the culture super-
natantt was harvested for analysis of p24 production 
byy an in-house ELISA. Cells were resuspended, and 
halff  of the cells were transferred to fresh PHA-
PBMCss from healthy donors. To determine SI 
phenotypee of the viral clones, 25,000 MT2 cells per 
welll  were added to the remainder of the culture, and 
thesee were scored by visual inspection for the 
presencee of syncytia from day 3 to day 7. From 
positivee wells in the PBMC cultures, viral stocks 
weree grown, cell-free supernatants were stored, and 
infectedd PBMCs were used to confirm SI phenotype 
byy cocultivation with 1.106 MT2 cells in a final 
volumee of 3 ml for 10 days. In cases where MT2 
infectionn did not correspond with the U87-CXCR4 
infection,, the MT2 assay was repeated, and infection 
wass determined by visual inspection of syncytia 
formationn and by p24 ELISA. 
Thee frequency of productively infected cells (F) was 
calculatedd assuming a Poisson distribution with the 
formulaa F = -ln(F0), in which F0 is the fraction of 
negativee cultures using the jackknife resampling 
techniquee [52]. The frequency of infected cells is 
expressedd as tissue-culture infectious dose (TCID) 
perr 106 cells. If less than one third of the wells were 
positivee within a dilution step, viruses were 
consideredd to be clonal, since it is unlikely that more 
thann two infected patient cells were present in a 
singlee well. Furthermore, no evidence of mixed viral 
populationss was obtained in sequence analyses of 
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testedd viral isolates, which underlines the clonality of 
thee isolates obtained by this clonal isolation method. 

DeterminationDetermination of'coreptor usage 
Coreceptorr usage was tested using human 
astrogliomaa U87 cells, stably expressing CD4 and 
onee of the HIV-1 coreceptors CCR1, CCR2, CCR3, 
CCR5,, CXCR4, BOB/gprl5, or BONZO/strl33. All 
coreceptor-expressingg cell lines were maintained in 
Iscove'ss medium supplemented with 10% FCS, 5 
ug/mll  polybrene, 100 U/ml penicillin, 100 pg/ml 
streptomycin,, and 1 pg/ml puromycin, and regularly 
selectedd for CD4 expression with 200 ug/ml g418. A 
controll  U87 cell line expressing CD4 but no HIV-1 
coreceptorr (U87-CD4) was maintained in the same 
mediumm in the absence of puromycin. 
CD44 expression on each cell line and CCR1, CCR2, 
CCR3,, CCR5, and CXCR4 expression on the 
correspondingg U87 cell lines was confirmed by flow 
cytometryy or RT-PCR [26]. After finishing the 
experiments,, expression of CD4 and coreceptors on 
U87-CCR3,, CCR5, and CXCR4 was reconfirmed by 
floww cytometry (data not shown). U87-BOB and 
U87-BONZOO were obtained through retroviral 
transferr of the U87-CD4 cell line. The transfected 
cellss were maintained in selection medium, and 
expressionn of BOB and BONZO was confirmed by 
RT-PCRR (data not shown). 

Twenty-fourr hours before virus inoculation, 104 cells 
perr well of each cell line were seeded in 96-well 
plates.. The cells were inoculated in a cell-free 
mannerr with a minimum of 102 TCID50 per clone in 
aa total volume of 200 pi. After 24 hours, the cells 
weree washed twice with PBS to remove unbound 
viruss and cultured in 200 pi of medium. At day 7, 
thee cells were transferred to 24-well plates and 
maintainedd in 1 ml of fresh medium. Supernatant 
wass collected at 7, 14, 21, and 28 days after infection 
andd analyzed by p24 ELISA. Clones from all 
patientss were tested for the ability to use CCR3, 
CCR5,, and CXCR4. Clones from ACH039 and 
ACH2088 were additionally tested for the ability to 
usee CCR1 and CCR2 and in a random subset (n = 19 
andd n = 29) for the ability to use BOB and BONZO. 
Inn all experiments, the U87-CD4 cell line not 
expressingg an HIV-1 coreceptor was included as a 
control. . 

Virall  clones were tested for the ability to infect 
PHA-PBMCss from a healthy donor who is 
homozygouss for a 32-bp deletion in CCR5 (CCR5 
A32/A32)) by inoculation of 105 cells per well PHA-
PBMCss in a cell-free manner in a 96-well plate and 
culturedd for 21 days. Weekly, half of the cultures 
weree transferred to fresh PHA-PBMCs, and culture 

supernatantt was tested for virus replication using an 
in-housee p24 ELISA. 

Sequencing Sequencing 
Virall  gpl20 V3 sequences were amplified by PCR 
fromm DNA isolated from infected PBMC, as 
describedd [46]. PCR products were purified and 
sequencedd with the ABI prism BigDye Terminator 
sequencingg kit (Perkin Elmer, Foster City, 
California,, USA) according to the instructions from 
thee manufacturer using primers seq 5 and seq 6 
[46,53]]  or primer d [54]. Sequences were analyzed 
onn an ABI prism 377 DNA sequencer. A number of 
sequencess were available from previous studies 
[46,53].. For ACH039, accession numbers are: 
AF022258,, AF022262, AF022263, AF022267, AF-
022271,, AF022273, AF022274, AF022277, 
AF022278,, AF022280 to AF022283, AF022287 to 
AF022291,, AF022293, AF022294, and AF022299to 
AF022301.. For ACH208, accession numbers are: 
AF021477,, AF021494, AF021499, AF021500, AF-
021502,, AF021503, AF021505, AF021510, 
AF021514,, AF021518, AF021523, AF021524, 
AF021532,, AF021533, AF021536, AF021607, 
AF021608,, AF021612 to AF021614, AF021616 to 
021618,, AF021620, AF021622, AF021627 to AF-
021630,, AF021639, AF021647, AF021650, 
AF021651,, and AF021668 to AF021670. Newly 
generatedd sequences are deposited in Genbank under 
accessionn numbers AF180907 to AF180916 
(ACH039);; AF259011 to AF259052 (ACH171); 
AF1808988 to AF18096 (ACH208) and AF258957 to 
2590100 (ACH490). 

PhylogeneticPhylogenetic analyses 
Envelopee V3 region sequences were aligned using 
ClustalWW (version 1.7) [55] and checked manually. 
Alignmentss were displayed and consensus sequences 
weree calculated using PRETTY (GCG package 
versionn 8; Genetics Computer Group, Madison, 
Wisconsin,, USA). Phylogenetic analyses were 
producedd using the neighbor joining method 
(NEIGHBOR)) as implemented in the Phylip 
packagee (version 3.5c) [56]. Endgaps were excluded 
fromm analyses, leaving 348 nt (ACH039), 297 nt 
(ACH171),, 160 nt (ACH208), and 339 nt (ACH490) 
off  sequence data for analyses. Distance matrices 
weree produced in DNADIST using the maximum-
likelihoodd model for nucleotide substitutions, which 
correctss for differences in nucleotide frequencies and 
differentt transition and transversion ratios (Ti/Tv 
ratio).. PUZZLE (version 4.0.2) [57] was used to 
estimatee Ti/Tv ratios from the data sets, which were 
usedd as input for DNADIST (Ti/Tv ratio of 1:72; 
2:54;; 1:27, and 2:71 for sequences from ACH039, 
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Figur ee 1. The clinical course of HIV-1 infection by CD4* T cell number (filled circles) and serum RNA load (open 
triangles).. Filled triangles at the x-axis indicate time points selected for isolation and analysis of virus. Open 
triangless at the x-axis indicate time points of virus isolation after cell sort based on HIV-1 coreceptor expression. 
SII conversion occurred 16, 62, 14 and 75 months after seroconversion in patient ACH039, 171, 208 and 490, 
respectively. . 

ACH171.. ACH208, and ACH490, respectively). 
SEQBOOT,, DNADIST, NEIGHBOR, and 
CONSENSEE (Phylip package) were used for 
bootstrapp analyses. Phylip's DRAWTREE was used 
too prepare the plots. A phylogenetic tree of all 
sequencess from all patients was constructed. Within-
patientt sequences clustered together and apart from 
sequencess from other patients with high bootstrap 
valuess (over 98% of 50 bootstrap analyses), 
indicatingg that no mix-up had occurred during 
handlingg and processing of samples and sequence 
dataa (data not shown). Pairwise hamming distances, 
thee number of different nucleotides between each 
pairr of sequences, were calculated using 
DISTANCESS (GCG package). 

Results s 

NSINSI to SI conversion during the course of 
HIV-1HIV-1 infection. 
Too analyze evolution of cellular tropism and 
coreceptorr usage during transition from NSI to 
SII  HIV-1, four patients who developed SI 
variantss during follow-up were selected from 
thee Amsterdam Cohort Studies on HIV-1 
infectionn and AIDS. The course of infection as 
reflectedd by changes in CD4+ T-cell numbers 
andd serum viral RNA load is depicted in figure 
1.. In two of the patients SI variants were first 
detectedd within 1.5 years after seroconversion 
(166 and 14 months, ACH039 and ACH208, 
respectively).. In the other patients, SI 
conversionn occurred 5 (ACH171) and 6 
(ACH490)) years after seroconversion. To 
isolatee SI variants as early as possible after 

theirr first appearance, biological clones were 
isolatedd from several time points encompassing 
thee estimated moment of SI conversion. In 
addition,, time points were selected well before 
andd after the moment of SI conversion. 

TropismTropism of SI HIV-1 for both CD45RO+ and 
CD45RACD45RA++  CD4+T cells. 
Previously,, we demonstrated in a cross-
sectionall  study that NSI HIV-1 variants are 
mainlyy isolated from CD45RO+ CD4+ T cells, 
whereass SI HIV-1 variants can be isolated from 
bothh CD45RA+ and CD45RO+ CD4+ T cells. 
Here,, we longitudinally study in vivo tropism 
forr these T-cell subsets in two patients 
(ACH1711 and ACH490) in relation to SI 
conversion.. Clonal virus isolation was 
performedd on total PBMCs and purified 
CD45RA++ and CD45RO+ CD4+ T cells from 
sixx sequential PBMC samples, obtained during 
aa 40-month period spanning the moment of SI 
conversion. . 
Thee frequency of cells infected with either NSI 
orr SI HIV-1 (hereafter, NSI or SI load) in total 
PBMCss and purified CD45RA+ and CD45RO+ 

CD4++ T cells is depicted in figure 2a. 
Throughoutt infection, NSI variants were 
predominantlyy isolated from CD45RO+CD4+ T 
cells,, though NSI variants could be isolated 
fromm CD45RA+ CD4+ T cells, as well (figure 
2a).. NSI load in CD45RO+ T cells is about 100 
timess and 40 times higher than NSI load in 
CD45RA++ T cells in ACH 171 and ACH490, 
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Figur ee 2. Tropism for CD45RA+ and CD45RCT CD4* T cells during NSI to SI HIV-1 conversion. Patient PBMCs 
weree FACS sorted in CD45RA+ CD45RO" CD4+ and CD45RA CD45RCT CD4+ T cells and clonal virus isolation 
andd was performed on these T-cell subsets. A. The frequency of infected cells with either NSI or SI HIV-1 
variantss (NSI or SI load) in total (top), CD45RCT (middle) and CD45RA+ (bottom) CD4' T cells relative to SI 
conversionn in patient ACH171 (left panels) and 490 (right panels). Filled symbols indicate SI clones, and white 
symbolss indicate NSI clones. In the top panel, serum RNA load is indicated by triangles. B. Ratio of NSI load in 
CD45RCTT to NSI load in CD45RA+ CD4* T cells (left) and ratio of SI load in CD45RA+ to SI load in CD45RO+ 

CD4++ T cells (right) of patient ACH171 (filled circles) and ACH490 (open circles). C. Prevalence of SI phenotype 
amongg HIV-1 clones isolated from CD45RA+ (circles) or CD45RO+ (squares) CD4+ T cell subset in ACH171 and 
ACH490. . 

respectivelyy (figure 2b). Up to 20 months after 
SII  conversion, SI variants were also isolated 
predominantlyy from the CD45RO+ CD4+ T 
cells.. However, at 2 years after SI conversion, 
SII  load was slightly higher in CD45RA+than in 
CD45RO++ CD4+ T cells (approximately 1.5 
timess in both patients, figure 2b), indicating 
thatt especially late-stage SI variants differ from 
NSII  variants with respect to tropism for 
CD45RA++ and CD45RO+ cells. At this time 
point,, CD45RA+ CD4+T cells were exclusively 
infectedd by SI clones, whereas CD45RO+ cells 

weree infected by both NSI and SI HIV-1 
(figuree 2c). 

EvolutionEvolution of coreceptor usage of NSI and SI 
HIV-1HIV-1 variants. 
Wee analyzed whether the gradual evolution of 
SII  variants from preferential tropism for 
CD45RO++ CD4+ T cells to preferential tropism 
forr CD45RA+ CD4+ T cells is reflected by 
evolutionn of coreceptor usage after SI 
conversion.. In addition to clones obtained from 
CD45RA++ and CD45RO+ CD4+ T cells from 
ACH1711 and ACH490, we analyzed clones 
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Figur ee 3. Longitudinal analysis of coreceptor usage of NSI and SI HIV-1 clones. Based on the ability to infect 
MT22 cells, viral clones were subdivided in NSI (left panels) en SI (right panels) phenotype. Coreceptor usage 
wass tested by the ability to productively infect U87 cells transfected with CD4 and one of the HIV-1 coreceptors 
CCR3,, CCR5 and CXCR4 after cell free infection of these cells. Bar indicate in vitro specificity for HIV-1 
coreceptors:: CCR5 (R5), open bars; CCR5 and CXCR4 (R5X4), left hatched bars; CCR3, CCR5 and CXCR4 
(R3R5X4),, right hatched gray bars; CCR3 and CXCR4 (R3X4), gray bars; and CXCR4 (X4), filled bars. 

fromm ACH039 and ACH208, available from a 
previouss study [46]. Coreceptor usage was 
analyzedd by the capacity to productively infect 
U877 cell lines stably expressing CD4 in 
combinationn with either CCR3, CCR5, or 
CXCR4.. Clones from ACH039 and ACH208 
weree additionally tested for the ability to infect 
U87-CCR1,, U87-CCR2, U87-BOB, and U87-
BONZO.. None of the tested clones were able to 
infectt these cell lines (data not shown). A U87 
celll  line expressing only CD4 but no 
coreceptorr was included, but remained 
uninfectedd in all experiments (data not shown). 
Inn all patients, the majority of NSI variants 
weree restricted to CCR5 usage throughout 
infectionn (108 of 111 clones: 97% (figure 3a). 
Inn line with their tropism for MT2 cells, the 
majorityy of SI HIV-1 variants were able to 
infectt the U87-CXCR4 cell line (83 of 100 
clones:: 83%). CCR3 usage was observed only 

inn addition to CXCR4 usage in three of the 
patientss (ACH039, ACH171, ACH490). 
Interestingly,, in three out of four patients, early 
SII  variants were able to use both CCR5 and 
CXCR44 (R5X4 or R3R5X4), whereas at the 
lastt time point analyzed the majority (67%, 
ACH171)) or all (ACH039, 208, 490) of the SI 
variantss were restricted to usage of CXCR4, 
eitherr in combination with or not in 
combinationn with CCR3 (X4 or R3X4 vari-
ants).. Thus, the capacity to use both CCR5 and 
CXCR44 seems to be an early stage in the 
evolutionn of SI HIV-1, whereas late-stage SI 
variantss lost the ability to infect cells via 
CCR5. . 
Unexpectedly,, MT2 tropism did not correlate 
absolutelyy with the capacity to productively in-
fectt U87-CXCR4 cells. A minority of non-
MT2-tropicc NSI variants were able to infect the 
U87-CXCR44 cell line (3%), whereas, especial-
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R3X4 4 
R3X4 4 
R3X4 4 
X4 X4 
R3X4 4 
R3X4 4 
R3X4 4 

Charg e e 
A322 +  -

ACH171 1 
Timee Clon e CTRPGNNTRK SIHIGPGRA F YTTGQI1GNI  RQAHC S I  U8 7 A 
-1 11 25RAH6 R 5 

25RAD122 S  ----EVT-D -  -  R 5 
25ROC33 S  -- » W T-D -  -  R 5 
25ROA55 -  R 5 

- 22 29RAD12 S  EVT-D -  -  R 5 
29RAF88 S  EVT-D -  -  R 5 
29ROF77 -  -- -  -- -  -  R 5 
29ROH88 N  G  D  D-  -  R 5 

29ROA100 R -  R  +  R3R5X4 
55 31ROA2 --K -  -  R 5 

31ROD22 -  R5X 4 
31ROA55 E--K -  -  R 5 
31ROE44 Ë--K -  -  R 5 
31ROF66 G  R 5 
31ROB99 R  E  +  R3R5X4 
31ROG66 R  E- -  +  R3R5X4 

111 33RAB6 A -  -  R 5 
33RAE99 -- -  G  R 5 
33ROA11 -  -  R S 

33RAB6BB -  +  R 5 
33RAH111 -  +  R S 

33RAE11 R S E  +  X 4 
33RAD33 R- S --- E +  X 4 
33ROA22 - :  R-S ---E- -  +  X 4 

199 36RAH7 G  R 5 
36RAH100 G- -  -  R 5 

36ROA44 -  G  -  R 5 
36ROH66 G  R 5 

3GRAH122 R- S E  +  R3R5X4 
3GRAD100 R- S - -  E  D-  +  R3R5X4 

36ROG44 R- S E  D-  +  R3R5X4 
36ROD111 R- S E  D-  +  R3R5X4 
36ROE111 R- S E  +  R5X 4 

22 7  41ROB6 G- -  -  R 5 
41ROC33 G  -  R 5 
41ROCSS G  -  R 5 
41ROE22 G  D-  -  R 5 
41R0E44 G  -  R 5 

41D122 R  R- S E  +  X 4 
41E99 R  R- S E  +  X 4 

41RAF55 R  R- S E  +  R3R5X4 
41RAC100 R- S E -  +  X 4 

ACH200 8 
Timee Clon e CTRPNNNTRK SIHIGPGRA F YTTGQIIGD I  RQAYC S I  U8 7 
- 66 D9B 1 -  R 5 

09B66 -  R 5 
09C66 -  R 5 
09F11 -  R 5 

- 33 10C 8 -  R 5 
- 11 11B11 B R  +  R 5 

11C11BB R  - -  R 5 
11C2BB P  A  R 5 
11G7BB R  L  -  +  R 5 

33 12B 3 R  -  -- R R 5 
12KBB G- -  -  R 5 
12A44 R  R  V  - K +  R5X 4 
12F44 R  R  V  - K +  R5X 4 

66 13A 4 ' -  -- P R B 
13FÉÉ -- P -  R 5 
13B11 R  R  V  -K-- -  +  R5X 4 
13C22 R  R  V  R R - K +  R5X 4 
13C33 R  R  - V - K +  X4 

88 14A 1 _-p-- _ -  R 5 
14A66 P  -  R 5 
14E99 -  R 5 
14G66 R  R  V  R K  +  R5X 4 
14H11 R  R  V  K  +  X 4 

211 18E4 B -- T -  R 5 
18G66 -- T R 5 
18A22 R  R-Y-- Q V  R  - K +  X4 
18C55 R  R-Y-- Q V  R  - K +  R5X 4 
1BD22 R  R-Y-- Q V  R  - K +  X 4 

333 22A 9 -- T -K-- -  -  R 5 
22B22 T  - K R 5 
22D77 R-Y-- Q V  R  -K +  X4 
22F11 R-Y-- Q V  R--V-- -  -K-- -  +  X4 
22G11 R  R-Y-- Q V  K-- V - K +  X 4 

477 X1B 9 -- T - K R 5 
X1A11 R  R-Y--Q--- V ---K--V-- -  -K-- -  +  X 4 
X1A33 R-Y--Q--- V ---R--V-- -  -K-- -  +  X 4 
X1A55 R  R-Y-- Q V  K-- V - K +  X 4 
X1A66 R-Y--Q--- V ---K--V-- -  -K-- -  +  X 4 
X1B11 R  R-Y-- Q V  K-- V - K +  X 4 

X1G122 R-Y-- Q V  R--V-- -  -K-- -  +  X 4 
622 X4C1 2 -- N V  -K-H -  -  R 5 

X4A122 N  R-Y-- Q V  K--V-- -  -K-- -  +  X 4 
X4C22 N  R-Y-- Q V  K-- V - K +  X 4 
X4C88 N  R-Y-- Q V  K--V-- -  -K-- -  +  X 4 
X4D88 N  R-Y--Q--- V --- K -K-- -  +  X 4 

Charg e e 
A32' ++ -
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T a b l ee 1 . In fect ion of C C R 5 A32 /A32 P H A - P B M C by M T 2 a n d U 8 7 t rop i sm 3 . 
MTZ MTZ MT2" " 

patient t 
ACH039 9 
ACH171 1 
ACH208 8 
ACH490 0 

R5 5 
0(5) ) 
0(43) ) 
0(8) ) 
0(32) ) 

R5X4 4 

0(2) ) 

0(1) ) 

R5 5 

0(3) ) 
0(2) ) 
0(12) ) 

R5X4 4 

100(1) ) 
100(4) ) 
50(2) ) 

R3R5X4 4 
100(3) ) 
100(11) ) 

R3X4 4 
100(5) ) 

1000 (9) 

X4 4 

100(7) ) 
1000 (2) 
100(10) ) 

aa Virus clones were tested for the ability to establish productive infection of PHA-PBMC from a donor who is homozygous for 32-
bpp deletion in the CCR5 gene (CCR5 A32/A32). Percentage of clones with the designated tropism for MT2 cells and coreceptor 
usagee in U87 cells that were able to productively infect CCR5 A32/A32 PBMC are indicated. Numbers in brackets indicate the 
absolutee number of clones analyzed. MT2". non-MT2-tropic; MT2\ MT2-tropic. 

lyy in ACH490, MT2-tropic variants were detec-
tedd that were unable to infect the U87-CXCR4 
celll  line (figure 3). We excluded the possibility 
thatt low contaminating amounts of SI HIV-1 in 
NSII  isolates explained low-level infection of 
MT22 cells by reisolation and sequencing of 
viruss after infection of MT2 cells with these 
isolates.. Passage through MT2 cells would 
rapidlyy select for SI sequences if contaminating 
SII  HIV-1 were present; however, SI sequences 
weree not observed in any of the reisolated 
virusess (data not shown). MT2 cells do not 
expresss CCR5, as assessed by FACS analyses 
orr RT-PCR (data not shown); therefore, it is 
unlikelyy that entry into MT2 cells was mediated 
byy low-level expression of CCR5. 
Alternatively,, the discordance between 
infectionn of MT2 and U87-CXCR4 cells might 
indicatee low affinity of the viral clones for 
CXCR4. . 

Too further confirm data from MT2 and U87 
cells,, we determined the capacity of the viral 
cloness to infect PHA-PBMCs from a healthy 
donorr homozygous for the CCR5 A32 deletion 
(CCR55 A32/A32) .These cells do not express 
CCR55 on their cell surface, therefore entry 
mustt be independent from CCR5. The vast 
majorityy of X4 SI clones (98%) were able to 
infectt the CCR5 A32/A32 PBMCs, whereas 
nonee of the R5 NSI variants tested (n = 80) 
weree able to infect CCR5 A32/A32 PBMCs 
(tablee 1). Viral clones with a discordant 
phenotypee (i.e., the R5X4 non-MT2-tropic and 
R55 MT2-tropic variants) were unable to infect 
CCR55 A32/A32 PBMCs (n = 20), supporting 
thee idea that CXCR4 usage of these variants is 
highlyy inefficient and may depend on the cell 
typee used. These clones may represent 
evolutionaryy intermediates in NSI to SI 
conversion. . 
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R55 R5X4 X4 R5 R5X4 X4 
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Figur ee 4. Envelope gp120 V3 sequence analyses of NSI and SI HIV-1. A (Previou s page) . Sequence 
alignmentt of the deduced amino acid sequences of the gp120 V3 loop. Sequences were aligned with the 
consensuss sequence of the first t ime point from each patient. SI capacity in MT2 cells, coreceptor usage in U87 
cells,, the ability to infect CCR5 A32/A32 PBMC, and the absolute number of positively charged and negatively 
chargedd amino acids in the V3 loop are indicated. Although more sequence data are available, the V3 loop is 
depictedd for clarity only. B. Number of positively charged amino acids (pos.) and net positive charge (net.) of the 
gp1200 V3 loop of biological clones by coreceptor usage. R3R5X4 clones are combined with R5X4 clones and 
R3X44 clones with X4-restricted HIV-1 clones. For patient ACH490, clones with a discordant phenotype (MT2-
tropic,, but unable to infect CCR5 A32/A32 PBMC [R5 MT2+]) are also shown. 
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MutationsMutations in V3 loop ofgpl20 associated with 
CXCR4CXCR4 usage 
Sincee we observed a gradual evolution of 
tropismm for CD45RO+ to CD45RA+ cells and a 
concurrentt evolution of coreceptor preference 
afterr SI conversion, we studied evolution of the 
thirdd variable (V3) loop-spanning region of 
gpl20.. The deduced amino acid sequences of 
thee V3 loops and viral phenotype of the clones 
aree depicted in figure 4a. 
Inn agreement with earlier findings [34], all 
cloness from ACH171, ACH208, and ACH490 
thatt were able to use CXCR4 in MT2 cells, 
U87-CXCR44 cells, and PBMCs carried a 
positivelyy charged amino acid at either position 
111 or 25 of the V3 loop. Early X4 clones from 
ACH4900 were atypical in this respect, since no 
positivelyy charged amino acid was observed at 
thesee positions. Late-stage X4 clones from this 
patientt did display a positively charged arginine 
att position 25. 

AA major role has been attributed to the charge 
off  the V3 loop for interaction with CXCR4. 
Thee absolute number of positively charged 
aminoo acids and the net positive charge of the 
gpl200 V3 loop by viral phenotype are depicted 
inn figure 4b. V3 loops of X4 or R5X4 clones 
havee a higher net charge or absolute positive 
chargee than R5 clones from the same patient in 
threee of the four patients. Unexpectedly, no 
associationn between charge and CXCR4 usage 
wass observed among clones from ACH171, 
indicatingg that not merely the number but also 
thee position of positively charged amino acids 
iss important for the interaction with CXCR4. 
Furthermore,, a highly positively charged V3 
loopp does not warrant X4 usage, since clones 
withh a net charge of +7 to +8 were isolated 
(ACH1711 and ACH490) that nevertheless were 
unablee to use CXCR4 in MT2 or U87-CXCR4 
cells. . 

Wee observed an evolution from the capacity to 
usee both CCR5 and CXCR4 to a CXCR4-
restrictedd phenotype among SI clones. In all 
patients,, the charge of the V3 loop of R5X4 
variantss and X4-restricted variants were similar 
(figuree 4b). Furthermore, the presence of R5X4 
clonesclones with a net V3 charge up to +9 indicates 

thatt a highly positive charge does not exclude 
CCR55 usage per se. Therefore, loss of CCR5 
usagee was not due to a further rise of V3 
charge. . 

ContinuousContinuous evolutionary divergence ofNSI and 
SISI HIV-1 
Thee molecular evolution of the V3-spanning 
regionn of gpl20 of HIV-1 clones with different 
coreceptorr usage is shown in unrooted neighbor 
joiningg trees in figure 5a. In general, a large 
evolutionaryy distance between (X4 and R5X4) 
SII  clones and R5 NSI clones can be observed. 
Thiss divergence between R5 and X4 HIV-1 
populationn is stable in bootstrap analyses, with 
valuess ranging from 77% to 89% of 100 
replicatee bootstrap analyses. Although, in 
patientt ACH 171, the majority of the R5X4 and 
X44 clones also clustered apart from R5 clones 
withh high bootstrap value (96%), two early 
R5X44 clones clustered with R5 clones. Once 
CXCR44 usage was established, the V3 regions 
off  both NSI and SI populations continued to 
evolve,, as reflected by an ever-increasing 
distancee between NSI and coexisting SI clones. 
Too analyze the evolutionary divergence from 
R55 clones to R5X4 and X4 clones, we 
calculatedd pairwise hamming distances 
betweenn the viral clones. The evolutionary 
distancee between R5 and R5X4 clones was 
lowerr than the distance between R5- and X4-
restrictedd clones (in ACH208 and ACH039), 
underliningg the intermediate character of R5X4 
cloness in the evolution of SI HIV-1. In this 
respect,, ACH171 is exceptional, since R5X4 
cloness cluster with X4 clones in an 
evolutionaryy tree (figure 5 a) and divergence 
fromm R5 to X4 clones is similar to R5 to R5X4 
clonee (figure 5b), indicating that loss of CCR5 
usagee may not be associated with mutations in 
thee V3 region, at least in this patient. 
Virall  clones with discordant phenotypes that 
weree able to use CXCR4 in either MT2 or U87-
CXCR44 cells, but unable to infect CCR5 
A32/A322 PBMCs, clustered in all patients with 
R55 clones (figure 5a). If these variants indeed 
representt early intermediates in the evolution to 
efficientt CXCR4 usage, this finding would 
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Figur ee 5. Molecular phylogeny of NSI and SI HIV-1 based on gp120 V3-spanning region. A. Neighbor joining 
phylogeneticc trees of gp120 V3 regions. Bootstrap values, based on 100 bootstrap analyses, indicate in how 
manyy replicate trees the depicted clustering is observed. Symbols indicate the time to SI conversion in months. 
Coreceptorr usage of the clones is indicated by the color of the symbols: R5 open symbols, R3R5X4 or R5X4 
lightt gray symbols, R3X4 dark gray symbols and X4 restricted clones filled symbols. Asterisks indicate HIV-1 
cloness that were MT2-tropic but were unable to infect U87-CXCR4 cells or CCR5 A32/A32 PBMC. B. Pairwise 
hammingg distances between R5 clones to R5 clones (R5), between R5 clones to R5X4 clones (R5X4), and 
betweenn R5 clones to X4 clones (X4). Uncorrected hamming distances between each pair of clones were 
displayedd in a box plot, depicting tenth, 25th, 50th, 75th and 90th percentiles. Circles depict 5th and 95th 
percentiles. . 
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indicatee that regions outside the V3 region, or 
onlyy minor mutations in gpl20 V3 region, 
mightt confer low affinity for CXCR4. 

5// HIV-1 variants isolated from CD45RA+ and 
CD45ROCD45RO++  CD4+ Tcells are phenotypic ally and 
evolutionarilyevolutionarily indistinguishable 
Wee observed that SI HIV-1 variants can be 
isolatedd from both CD45RA+ and CD45RO+ 

CD4++ T cells. For ACH171 and ACH490, we 
analyzedd whether SI HIV-1 clones isolated 
fromm these T-cell subsets differed with respect 
too coreceptor usage or V3 sequence. With 
respectt to coreceptor usage, R3X4, R5X4, 
R3R5X4,, and X4 HIV-1 variants could be 
isolatedd from both subsets in similar 
proportions,, suggesting that coreceptor 
preferencee other than CXCR4 usage does not 
determinee differential tropism for CD45RA+ 

andd CD45RO+ CD4+ T cells of SI HIV-1 
(figuree 6a). 
Pairwisee hamming distances between CXCR4 
usingg clones isolated from CD45RA+ to clones 
fromm CD45RO+ CD4+ T cells were compared to 
thee hamming distances of clones within 
CD45RA++ and CD45RO+ cells (figure 6b). 
Divergencee between clones from CD45RA+ to 
cloness from CD45RO+ CD4+ cells did not 
exceedd diversity of clones within the CD45RO+ 

andd within the CD45RA+ CD4+ T-cell subset. 
Thus,, clones from CD45RA cells and CD45RO 
cellss are phenotypically and phylogenetically 
indistinguishable,, suggesting a dynamic 
exchangee of R5X4 and X4 clones between 
thosee T-cell subsets. 

DifferentialDifferential HIV-1 coreceptor expression on 
CD45RO~CD45RO~ and CD45RO+ CD4+ T cells 
Thee divergence of NSI and SI variants with 
respectt to V3 sequence and coreceptor usage is 
compatiblee with the idea that both variants 
infectt different target cells within the CD4+ T-
celll  population. However, within the CD45RO+ 

CD4++ T-cell subset, NSI and SI variants 
persistentlyy coexisted. To analyze whether 
distinctt NSI and SI target-cell populations can 
bee distinguished within the CD45RO+ CD4+ T-
celll  population, we determined the expression 
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Figur ee 6. SI HIV-1 clones isolated from CD45RA+ 

andd CD45RO* CD4+ T are phenotypically and 
evolutionarilyy indistinguishable. A. Coreceptor usage 
off SI clones isolated from CD45RA* and CD45RO+ 

CD4++ T cells from ACH171 and ACH490. Virus 
cloness were pooled from the time points in which SI 
cloness were obtained from both subsets (10.5; 19.5 
andd 27 months for ACH171 and 4.4; 19.2 and 25.1 
monthss for ACH490). Bar descriptions are as in 
figuree 3. B. Pairwise hamming distances were 
calculatedd between clones obtained from CD45RA* 
CD4++ T cells (RA vs RA), between clones obtained 
fromm CD45RO+ CD4+ T cells (RO vs RO) and 
betweenn clones isolated from CD45RA+ to clones 
fromm CD45RO+ CD4+ T cells (RA vs RO). 
Uncorrectedd hamming distances between each pair 
off sequences were calculated and are depicted in a 
boxx plot as described in figure 5. 

off  CCR5 and CXCR4 on CD45RO+ and 
CD45RO"" CD4+ T cells by four-color flow 
cytometryy on cryopreserved PBMCs obtained 
att 7 to 20 months after SI conversion and 
amongg eight healthy donors. 
Withinn the CD45RO" CD4+ T-cell subset, the 
majorityy of the cells were CCR5 CXCR4+, 
bothh in healthy donors (average 96% of eight 
donors,, range 94-97%) and HIV+ patients 
(82%-95%,, figure 7). CCR5 expression in this 
subsett was low, ranging from 2% to 5%. 
However,, among CD45RO+ CD4+ cells, a 
divergentt expression pattern was observed in 
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Figur ee 7. Expression of CCR5 and CXCR4 on CD45RO" and CD45RO+ CD4+ T cells. Cryopreserved PBMC 
fromm HIV-1-infected patients and a healthy donor were incubated with mAb's against CD4, CD45RO, CCR5, 
andd CXCR4. The CD45RO" (top) and CD45RO* CD4+ T cells (bottom) were gated. Within these subsets, CCR5 
andd CXQR4 expression was determined. Numbers in the figures depict percentage of gated cells in the 
correspondingg quadrants. A representative healthy donor from eight unrelated donors is shown. 

HIV-1-infectedd patients as compared with 
healthyy donors. In healthy donors, the majority 
off  the CD45RO+ cells were CXCR4+ CCR5" 
(onn average 71%, range 59-78%) or CCR5+ 

CXCR4++ (17%, range 10-21%). In contrast, a 
differentiall  expression of <3CR5 and CXCR4 
wass observed in CD45RO+ CD4+ T cells in 
HIV-1-infectedd patients. In this T-cell subset, 
majorr populations of CXCR4+ CCR5 (16-
43%)) and CXCR4" CCR5+ (19-28%) cells and 
aa population negative for both HIV-1 
coreceptorss (18—45%) can be distinguished. 
Thee aberrant expression of coreceptors in 
HIV-1-infectedd patients is not due to the 
presencee of SI HIV-1 variants, since similar 
resultss were obtained from samples obtained 
welll  before SI conversion (25 and 10 months, 
ACHH 171 and ACH490) and could also be 
observedd in patients infected with only NSI 
variantss (data not shown). 

CD45RO*CD45RO* CD4+ T-cell subsets with distinct 
HIV-1-coreceptorHIV-1-coreceptor expression provide distinct 
nichesniches for NSI and SI HIV-1 
Too analyze whether the differential expression 
off  CCR5 and CXR4 among CD45RO+ CD4+ T 
cellss provide distinct target cells for NSI and SI 
HIV-11 variants, we sorted patient PBMCs 
basedd on their coreceptor expression and 
isolatedd HIV-1 clones from the sorted cells. 
Patientt PBMCs were sorted in CD45RO" 
CXCR4++ CCR5"; CD45RO+ CXCR4+ CCR5", 
andd CD45RO+ CXCR4" CCR5+ CD4+ T cells. 
Thee cellular infectious viral load in each subset 
iss shown in figure 8a. In all SI HIV-1-infected 
patients,, virus could be isolated from both 
CXCR4++ CCR5+ and CXCR4 CCR5+ 

CD45RO++ CD4+ T cells. To exclude that the 
presencee of HIV-1 in CXCR4+ CCR5 cells 
wass a late-stage effect of HIV-1 infection rather 
thann a reflection of SI HIV-1 infection, we also 
includedd a patient (ACH001, 7 years after 
seroconversion)) who developed AIDS in the 
absencee of SI HIV-1 variants. In this patient 
viruss was isolated mainly from the CCR5+ 

CD45RO++ CD4+ cells (figure 8a). 
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Figur ee 8. CD4+ T cell subsets with distinct HIV-1 coreceptor expression provide distinct niches for NSI and SI 
HIV-1.. Cryopreserved PBMCs were sorted based on expression of CD45RO and HIV-1 coreceptors CCR5 and 
CXCR4,, and virus was isolated by cocultivation with PHA-PBMCs under limiting dilution conditions. In addition 
too SI infected patients ACH039, ACH171, ACH208 and ACH490, one patient (ACH001) who was infected with 
solelyy NSI HIV-1 variants, was studied. A. Frequency of CD45RO" CXCR4+ CCR5"; CD45RO+ CXCR4+ CCR5"; 
andd CD45RO+ CXCR4" CCR5+ CD4+ T cells productively infected with HIV-1. NT, not tested. B and C. 
Phenotypee of virus clones from CD45RO" CXCR4+ (left panel), CD45RO+ CXCR4+ (middle) and CD45RO+ 

CCR5++ (right) cells by the ability to infect MT2 cells (B) or CCR5A32/A32 PBMC (C). Filled bars reflect the 
percentagee of clones able to infect the indicator cells, whereas gray bars reflect clones unable to infect these 
cells.. D. The difference in proportion of clones with SI phenotype (left panel) and clones able to infect CCR5 
A32/A322 PBMCs (right panel) isolated from CD45RO+ CXCR4+ and CD45RO+ CCR5+ cells were compared 
pairwisee by Wilcoxon signed rank test (P=0.07, in both panels). 
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Thee phenotype of the viral clones obtained 
fromm these subsets as defined by the ability to 
infectt MT2 cells and CCR5 A32/A32 PBMCs 
iss depicted in figure 8, b and c. From the 
CD45RO"" cells we isolated only SI HIV-1 
cloness that were able to infect CCR5 A32/A32 
PBMCs.. The majority of the clones isolated 
fromm CCR5+ CD45RO+ cells had an NSI 
phenotypee (86%), and none of these clones 
weree able to infect PBMCs lacking CCR5 
expression.. The majority of the clones isolated 
fromm CXCR4+ CD45RO+ cells had an SI 
phenotypee (75%) and was able to infect CCR5 
A32/A322 PBMCs (57%). However, NSI R5-
dependentt clones were isolated from these cells 
ass well in three of the patients. Interestingly, in 
thesee patients a relatively high number of 
CD45RO++ cells expressed both CCR5 and 
CXCR44 (figure 7). Chemokine receptors can be 
upregulatedd and downregulated rapidly in 
responsee to the proper stimuli [58]. Therefore, 
itt is likely that in these patients cells expressed 
bothh CCR5 and CXCR4 at the moment of 
infection,, thus allowing infection with R5-
dependentt clones, after which CCR5 expression 
wass downregulated. The prevalence of SI, R5-
independentt HIV-1 clones among CXCR4+ 

CD45RÔ ^ is ^righcr than the prevalence in 
CCR5++ CD45RO+ cells (Wilcoxon signed rank 
test,, P = 0.07; figure 8d). Taken together, these 
dataa show that based on coreceptor expression 
twoo distinct target-cell populations can be 
distinguishedd within the CD45RO+ CD4+ T-
celll  subset, providing cellular niches for NSI 
andd SI HIV-1. 

Discussio n n 

Wee studied changes in HIV-1 coreceptor 
usage,, viral tropism for CD45RA+ and 
CD45RO++ memory CD4+ T cells, and 
molecularr phylogeny of biological cloned virus 
inn four patients during NSI to SI HIV-1 
evolution.. NSI HIV-1 variants were always 
isolatedd predominantly from the CD45RO+ T 
cells,, independent of the presence of coexisting 
SII  variants. Just after their emergence, SI 
variantss were also isolated mainly from the 

CD45RO++ cells, but with time an equal 
distributionn over CD45RO+ and CD45RA+ 

CD4++ T-cell subsets was established, in 
agreementt with previous observations from a 
cross-sectionall  study [51]. 
CD45RA++ CD4+ T cells may also include non-
naivee CD4 cells, especially in HIV-1 infection 
[59].. Since we did not specifically stain for 
trulyy naive cells, we cannot formally exclude 
thatt sorted CD45RA+ cells also compromise 
non-naivee cells. However, we observed that 
non-naivee CD45RA+ CD4 cells express 
stronglyy reduced levels of CXCR4 and a higher 
percentagepercentage of CCR5 when compared with truly 
naivee CD4+ T cells (data not shown), which 
wouldd not fit the predominant isolation of SI 
HIV-11 from CD45RA+ CD4+ T cells. 
Therefore,, we conclude that virus clones 
isolatedd from CD45RA+ CD4+ T cells are 
derivedd from truly naive cells. 
Productivee infection of naive CD45RA+ CD4+ 

TT cells, as observed in vivo in this and other 
studiess (refs. 51 and 60 and our unpublished 
observations),, is in contrast to in vitro 
resistancee of naive CD4+ T cells to HIV-1 
replicationn [61-63]. Productive infection of 
HIV-11 is dependent on the activation state of 
thee celk and may therefore jiot^occur_Jn 
quiescentt lymphocytes [64,65]. Although naive 
CD4CD4 T cells are considered to be unactivated 
andd nonproliferating, it has been shown that 
restingg naive CD4 cells can be induced to 
proliferatee by a combination of cytokines 
withoutt a switch to the memory phenotype 
[66].. Moreover, it was published recently that 
thee cell-proliferation marker Ki67 is expressed 
amongg truly naive CD4 cells in HIV-1-infected 
patientss at higher levels than in healthy donors 
[67].. The enhanced activation state of naive 
cellss in HIV-1 infection may provide the 
necessaryy intracellular requirements for 
replicationn of HIV-1 and explain discrepancies 
betweenn in vivo and in vitro infection of naive 
cells. . 

Inn line with their restricted tropism for 
CD45RO++ CD4+ T cells, the vast majority of 
NSII  isolates were restricted to CCR5 usage in 
U877 cells. In agreement with a dependence on 
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CCR55 usage, NSI clones were unable to infect 
PBMCss from a donor with a CCR5 A32/A32 
genotype.. In three patients, early SI variants 
couldd use both CCR5 and CXCR4, whereas 
late-stagee SI clones lost the ability to use 
CCR5.. CCR3 usage was observed in three of 
thee patients only in addition to CXCR4 usage 
off  both early and late-stage SI HIV-1 variants. 
Inn phylogenetic trees, R5X4 clones, in general 
clusteredd between R5 clones and late-stage X4 
clones,, indicating that dual tropism for CCR5 
andd CXCR4 is an intermediate stage in 
evolutionn of SI HIV-1. The continuous 
divergencee between CXCR4-using clones and 
R55 clones in phylogenetic trees reflects a 
continuouss evolution of V3 gpl20 from the 
acquisitionn of CXCR4 usage onward. This may 
implicatee that the structure of gpl20 continues 
too evolve to optimize interactions with 
CXCR4. . 

Itt has been proposed that interaction of gpl20 
withh CXCR4 is due mainly to electrostatic 
interactionss between the positively charged 
conservedd coreceptor-binding site and V3 loop 
inn gpl20 and negatively charged extracellular 
domainss of CXCR4 [43,44]. In agreement with 
this,, in three of the patients the V3 loop of 
R5X44 and X4 clones in general had a higher 
positivee charge than the V3 loop of R5 clones. 
However,, in one patient, the acquisition of 
CXCR44 usage was not accompanied with an 
increasee in V3 charge, despite the concurrent 
appearancee of a SI phenotype-associated 
positivelyy charged amino acid at position 11. 
Noo further increase in charge of the V3 loop of 
CXCR4-usingg clones was observed upon the 
eventuall  loss of R5 usage. Taken together, 
thesee results show that a highly positively 
chargedcharged V3 loop does not exclude CCR5 usage 
perr se, and, importantly, a highly positive 
chargee does not warrant CXCR4 usage, 
suggestingg a complex interaction of gp 120 with 
CXCR44 in which both charge and structure of 
V33 play an major role. 

Thee divergence of NSI and SI variants with 
respectt to V3 sequence and coreceptor usage 
andd their coexistence throughout infection are 
compatiblee with the idea that they occupy 

differentt niches within the CD4+ T-cell 
population.. Since in a viral quasispecies virus 
variantss are constantly competing for the 
availablee target cells, one would expect that a 
variantt with a slight growth advantage would 
outcompetee the less-fit virus variants if the 
samee niche is occupied (principle of 
competitivee exclusion; ref. 4). Although SI 
HIV-11 variants are isolated mainly from 
CD45RA++ CD4+ T cells, NSI and SI HIV-1 
populationss persistently coexist within the 
memoryy CD45RO+ CD4+ T cells. 
Heree we showed that within the CD45RO+ T-
celll  subset, HIV-1 coreceptors CCR5 and 
CXCR44 are differentially expressed. In vivo 
NSII  and SI HIV-1 variants were distributed 
overr these subsets according to their coreceptor 
preference.. From CCR5+ CXCR4" CD45RO+ 

CD4++ T cells, exclusively CCR5-dependent 
viruss strains were isolated, whereas the 
majorityy of the viral clones obtained from 
CCR5""  CXCR4+ CD45RO+ CD4+ T cells were 
MT22 tropic and able to use CXCR4 in PBMCs. 
Therefore,, we conclude that within the 
CD45RO++ CD4+ T-cell subset, CCR5+ 
CXCR4-- and CCR5" CXCR4+ cells are the 
distinctt cell populations that function as distinct 
cellularr niches for NSI and SI HIV-1 variants. 
Furthermore,, we showed that SI variants 
isolatedd from CD45RA+ and CD45RO+ CD4+ T 
cellss were phylogenetically and phenotypically 
indistinguishable,, indicating that CD45RA+ 

andd CXCR4+ CCR5" CD45RO+ CD4+ cells 
representt one single niche for SI HIV-1 
variants. . 

Besidess explaining coexistence, circumvention 
off  competition and independent evolutionary 
pathwayss of NSI and SI HIV-1, niche 
adaptationn may result in a differential 
encounterr of environmental and intracellular 
factors.. This is in agreement with previous 
findingss showing a differential effect of NSI 
andd SI HIV-1 in response to monotherapy with 
AZTT and ddl [68], nucleoside analogues that 
dependd on phosphorylation by cellular kinases 
forr their activity. 

Basedd on the results described in this study, we 
proposee a model of continuous virus evolution 
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duringg and after the conversion to SI HIV-1. 
NSII  clones are CCR5 restricted and therefore 
ableable to infect CCR5+ CD45RO+ memory CD4+ 

TT cells throughout infection. NSI infection of 
CD45RA+-naivee CD4+ T-cell infection also 
occurs,, though at low frequency due to low 
numberss of CCR5-expressing CD45RA+ CD4+ 

TT cells. Mutations introduced in gpl20 in the 
properr structural context may result in a low 
affinityy for CXCR4. Still, these variants 
preferentiallyy use CCR5 in vivo and therefore 
havee to compete with the coexisting and well-
adaptedd NSI population for the same CCR5-
expressingg target-cell population. Only upon 
thee acquisition of a combination of additional 
mutations,, generally including the positively 
chargedd amino acid at either position 11 or 25 
inn the V3 loop, efficient CXCR4 usage is 
obtained.. The acquisition of high affinity for 
CXCR44 might occur initially at the expense of 
virall  fitness, which would then explain the 
largee evolutionary gap between NSI and SI 
HIV-11 and why SI variants do not occur in all 
HIV-1-infectedd individuals. After acquisition 
off  efficient CXCR4 usage, the target-cell 
populationn of the SI HIV-1 variants is extended 
too include the CXCR4+ CCR5" (CD45RA+ and 

-CD45RO+)) CD4+ ^T cells. Infection of these 
cellss offers the opportunity to avoid 
competitionn with the NSI virus population, 
whichh may be highly replication competent, 
especiallyy late in infection [69]. The existence 
off  distinct cellular niches for NSI and SI HIV-1 
allowss SI variants to expand in an environment 
wheree they are outnumbered initially by the 
NSII  population and eventually reach equal 
levelss as NSI variants. Further adaptations in 
gpl200 may exclude the capacity to use CCR5 
becausee of structural constraints, explaining the 
eventuall  loss of the ability to use CCR5 by late-
stagee SI variants. Eventually, two independent 
viruss populations are established with two 
distinctt target-cell populations: a CCR5-
dependentt NSI HIV-1 population that, within 
thee T-cell pool, infects CCR5+ CXCR4" 
memoryy CD4+ cells and a CXCR4-restricted SI 
HIV-11 population that infects naive and 
CXCR4++ CCR5" memory CD4+ T cells. 
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Inn viv o evolutio n of X4 HIV-1 variant s coincide s wit h reduce d 
sensitivit yy  to CXCR4 antagonist s 

Cellularr entry of HIV-1 is a promising target for the development of anti retroviral drugs [1,2]. 
Antagonistss directed against the chemokine receptor CXCR4 are successful inhibitors of infection 
viaa CXCR4 in vitro and are considered for use as therapeutic drugs [3-6]. Whereas CCR5-utilizing 
variantss generally establish infection, CXCR4-utilizing variants emerge in the course of HIV-1 
infectionn [7-11]. Previously, we showed that in the natural course of infection, CXCR4-utilizing 
HIV-11 variants evolve in vivo from a R5X4 phenotype, able to use both CCR5 and CXCR4 in 
transfectedd cell lines, to a CXCR4 restricted phenotype (X4 variants) [11]. We studied the sensitivity 
off evolving X4 variants to a range of CXCR4 antagonists such as CXCR4 directed monoclonal 
antibodies,, the peptide T22 and the synthetic compound AMD3100. Late stage X4 biological clones 
weree less sensitive to inhibition by CXCR4 antagonists than early R5X4 virus clones from the same 
patient.. Surprisingly, replication of R5X4 variants was fully inhibited by CXCR4 antagonists. In 
primaryy T cells expressing both CXCR4 and CCR5, replication of R5X4 variants was not inhibited 
byy p-chemokines, indicating that coreceptor usage in indicator cell lines may not reflect coreceptor 
usagee in primary T cells. These results indicate an ongoing adaptive process of X4 virus variants 
towardss an enhanced affinity for CXCR4 and may have major implications for the use of CXCR4 
antagonistss in anti retroviral therapy regimens. 

Wee studied two early and two late CXCR4-
utilizingg biological virus clones from two 
patientss (ACH039 and 208) with respect to 
theirr sensitivity to inhibition with a panel of 
CXCR44 antagonists. Early virus clones, 
obtainedd a few months after the emergence of 
CXCR4-utilizingg variants in vivo, used CCR5 
inn addition to CXCR4 (R5X4 or R3R5X4)ln 
thee U87 cell line. In contrast, the late biological 
clonesclones that were obtained three to four years 
later,, had lost the ability to use CCR5 and used 
onlyy CXCR4 (X4, ACH208) or CXCR4 in 
additionn to CCR3 (R3X4, ACH039) (table 1). 
Sensitivityy to inhibition with the CXCR4-
specificc inhibitor, the bicyclam AMD3100 was 
determinedd during replication of these virus 
cloness in the MT2 T cell line. IC50 of early 
cloness of ACH208 were 14 and 29 ng/ml, 
whereass replication of late X4 clones was not 
inhibitedd at the highest concentrations used 
(IC500 > 2000 ng/ml). Average IC50 values of 
latee stage R3X4 clones from patient ACH039 
weree approximately 80-fold higher than IC50 

valuess of early R3R5X4 clones from the same 
patientt (IC50 of 4 and 7 ng/ml, for early viral 
cloness 20B10, 20C6 and 533 and 329 ng/ml for 
latee clones XC4 and XH4, respectively) (table 

1,, figure la). This indicates that the late stage 
R3X44 or X4 virus clones are less sensitive to 
inhibitionn with AMD3100 than early R5X4 or 
R3R5X44 clones in the MT2 T cell line. 
Too determine whether these differences were 
specificc for AMD3100, we analyzed the 
sensitivityy of these virus clones to inhibition by 
fourr CXCR4-directed monoclonal antibodies 
(mAb,, clones 12G5, 44708.111, 44716.111 and 
44717.111).. Late stage X4 variants from 
ACH2088 were insensitive to inhibition with 
thesee mAbs, even at the highest concentrations 
testedd (IC50>50 ug/ml). The early R5X4 clone 
12F44 from this patient was inhibited by these 
mAbss at IC50 ranging from 5.2 to 25.7 ug/ml. 
Thee early clone 13B1 was less sensitive to 
inhibitionn by these antibodies than 12F4. IC50 

off  mAb 12G5 was 33 ug/ml, whereas 50% 
inhibitionn was not achieved by the other 
antibodiess even at the highest concentrations 
usedd (figure lb). Thus, these results confirm 
ourr observation with AMD3100, that early 
R5X44 clones are more sensitive to inhibition 
byy CXCR4-directed antagonists. None of the 
viruss clones from patient ACH039 were 
inhibitedd by any of these antibodies, not even 
att the highest concentrations of antibody used 
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Tablee 1. Biological characteristics and IC50 values of biological CXCR4-utlizing HIV-1 clones used in this study 

Patientt Clone Time to sc Time to X4 Coreceptor 
(months)) (months) usage3 

AMD3100 0 
(ng/ml) ) 

T22 2 
(ng/ml) ) 

P-chem. . 
(ng/ml) ) 

C34 4 
(nM) ) 

ACH039 9 

ACH208 8 

20b10 0 
20c6 6 
x1c4 4 
x1h4 4 
12f4 4 
13b1 1 
x1a1 1 
x1b1 1 

18.2 2 
18.2 2 
51.2 2 
51.2 2 
16.5 5 
20.4 4 

61.3 3 
61.3 3 

2.1 1 
2.1 1 
35 5 
35 5 
2.5 5 
6.4 4 
47.3 3 
47.3 3 

R3R5X4 4 
R3R5X4 4 
R3X4 4 
R3X4 4 
R5X4 4 
R5X4 4 
X4 4 
X4 4 

MT2 2 

4.0 0 
7.4 4 

533.2 2 
328.5 5 
13.7 7 
29.2 2 

>2000 0 
>2000 0 

PBLL +/+ 

21.6 6 
12.6 6 

150.8 8 
184.6 6 
7.5 5 

22.96 6 
>2000 0 
342.6 6 

PBLL A/A 
8.4 4 
7.6 6 

54.8 8 
33.0 0 
5.7 7 
7.8 8 

644.6 6 
38.2 2 

PBLL +/+ 

808.0 0 
345.4 4 
1095.8 8 
1456.7 7 

212.9 9 
456.7 7 
1686.4 4 
1202.5 5 

PBLL A/A 
223.2 2 
215.5 5 
494.5 5 
703.4 4 
62.0 0 
220.2 2 
1057.4 4 
542.6 6 

PBLL +/+ 

>2000 0 
>2000 0 
>2000 0 
>2000 0 
>2000 0 
>2000 0 
>2000 0 
>2000 0 

PBLL +/+ 

15.5 5 
21.2 2 

3.3 3 
17.4 4 
NT T 
9.1 1 
4.2 2 
5.4 4 

PBLL A/A, PBMC from a healthy donor homozygous for the 32-bp deletion in CCR5; PBL 
negativee blood donors, homozygous for the normal non-deleted CCR5 gene. NT, not tested, 
studiess [11]. Coreceptor usage was defined as detectable p24 production after inoculation 
andd one of HIV coreceptors CCR3. CCR5 and CXCR4. 

+/+,, pooled PBMC from two HIV-
a)) Data are available from previous 
off U87 cells transfected with CD4 

(500 ug/ml). Virus and cell type specific 
inhibitionn by mAb 12G5 has been reported 
beforee [ 12] and may be related to the different 
conformationss in which CXCR4 may be 
exposedd at the cell surface [13]. 
Thee main target cells for HIV-1 in vivo are 
CD4++ T lymphocytes. We therefore tested the 
sensitivityy of early and late X4 HIV-1 clones to 
inhibitionn by two CXCR4 specific antagonists, 
AMD31000 and the synthetic peptide T22 on 
primaryy cells. We first used phytohaemagglu-
tininn (PHA)-stimulated peripheral blood mono-
nuclearr cells (PBMC) from a healthy blood 
donor,, who is homozygous for a 32 base pair 
deletionn in CCR5 (CCR5 A/A), and thus 
completelyy lacks CCR5 expression on the cell 
surfacee (figure 2a). Early R3R5X4 and R5X4 
clonesclones were 6 to 50-fold more sensitive to 
inhibitionn with AMD3100 and 3 to 6 fold more 
sensitivee to inhibition with T22 than late R3X4 
andd X4 clones (table 1), confirming our results 
obtainedd in the MT2 cell line. 
Sincee primary T cells normally express both 
CCR55 and CXCR4, CXCR4-antagonists might 
bee unable to inhibit replication of R5X4 HIV-1 
variants.. The ability to use CCR5 might 
providee these variants an opportunity to escape 
fromm CXCR4 antagonists. To study this in 
moree detail, we performed further experiments 
withh PBMC from two healthy HIV-negative 
bloodd donors (CCR5 +/+). Results obtained on 
thesee cells confirmed results obtained on CCR5 
A/AA PBMC, in that early R3R5X4 and R5X4 

variantss were more sensitive to inhibition by 
AMD31000 and T22 (figure 2b, see table 1 for 
IC500 values). Replication of a CCR5-utilizing 
HIV-11 variant was not affected by these 
compoundss (data not shown) confirming that 
inhibitionn was specific for viral entry via 
CXCR4,, and excluding toxicity of the 
compounds.. Surprisingly, the neutralization 
profilee and maximum inhibition that was 
achievedd for R3R5X4 and R5X4 HIV-1 clones 
onn these CCR5 wildtype PBMC were identical 
too the results obtained on CCR5 A/A PBMC 
(figuree 2c). This indicates that R5X4 variants 
aree unable to efficiently use CCR5 on primary 
CD4++ T cells. In agreement, none of the 
CXCR4-utilizingg virus clones, neither of the 
R3R5X44 / R5X4 nor the R3X4 / X4 phenotype, 
weree inhibited by a pool of MlPla, MIPlp and 
RANTES,, the natural ligands of CCR5 (IC50 

>20000 ng/ml), whereas infection of a R5 HIV-1 
clonee 09F1 was efficiently inhibited (IC50 of 30 
ng/ml).. Thus, R5X4 virus clones that were able 
too efficiently use CCR5 in U87 cells trans-
fectedd with CD4 and CCR5, were unable to 
efficientlyy use CCR5 for infection of primary 
lymphocytes. . 

Too determine whether the observed differences 
inn inhibition by CXCR4 antagonists are 
specificc for coreceptor binding, we studied the 
sensitivityy to inhibition by the gp41 derived 
C34-peptide.. This peptide inhibits entry by 
bindingg to gp41 during fusion events that occur 
afterr coreceptor binding [1]. We did not 
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Figur ee 1. Sensitivity of early R3R5X4 / R5X4 and late R3X4 / X4 HIV-1 virus clones to inhibition with A.) the 
CXCR44 antagonist AMD3100, and B.) CXCR4-directed monoclonal antibodies (mAbs) in the MT2 T cell line. 
Percentt inhibition relative to infections in the absence of inhibitor was calculated. Experiments were performed 
inn triplo and average values are depicted. Open symbols indicate early R5X4 or R3R5X4 clones, filled symbols 
indicatee late R3X4 or X4 clones. 

observee any major differences in IC50 

C344 between early and late X4 HIV-1 clones 
(tablee 1), indicating that the reduced sensitivity 
too inhibition with CXCR4 antagonists is 
indeedd specific for coreceptor binding. 

Inn conclusion, we observed a decreasing 
sensitivityy to CXCR4 antagonists, which is 
concurrentt with the previously described 
ongoingg genetic evolution of X4 HIV-1 
variantss in vivo [11]. This decreasing sensi-
tivityy was observed with two structurally 
differentt CXCR4 antagonists and four mono-
clonall  antibodies. We therefore assume that the 
latee X4 virus variants have an enhanced 
affinityy for CXCR4, rather than a change of 
CXCR44 domains required for entry. The 
ongoingg adaptive evolution towards a high-
affinityy binding to CXCR4 may explain the 
predominancee of late stage X4 restricted 
variantss over the variants that are more 

promiscuouss in potential coreceptor usage 
whichh prevail early after the emergence of 
CXCR4-utilizingg variants. 
Thesee results may have major implications for 
putativee implementation of CXCR4 antagonists 
ass therapeutic agents. In vivo evolution of X4 
variantss in the absence of exogenous inhibitors 
iss already accompanied by a decreased 
sensitivityy to CXCR4 antagonists. It can not be 
excludedd that treatment with CXCR4 
antagonistss may result in the rapid generation 
off  resistant virus variants. This is in contrast to 
thee finding that in vitro generation of 
AMD31000 and T22 resistant variants is very 
difficultt and requires extensive passaging [14-
16].. Remarkably, IC50 values of late R3X4 and 
X44 variants from both patients, as determined 
onn the MT2 T cell line, were in the same order 
off  magnitude as the IC50 value of an in vitro 
generatedd AMD3100 resistant derivative of 
NL4-33 [15] 
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Figur ee 2. Sensitivity of early R3R5X4 / R5X4 and late R3X4 / X4 HIV-1 virus clones to inhibition with CXCR4 
antagonistss in PBMC. Sensitivity to inhibition with CXCR4 specific antagonists AMD3100 and T22 in A.) PBMC 
fromm a donor who is homozygous for a 32 base pair deletion in CCR5 (CCR5 A/A), and B.) pooled PHA-PBMC 
fromm two healthy donors (CCR5 +/+). Experiments were performed as described in the legend to figure 1. 
Symbolss are the same as in figure 1. C. Comparison of the sensitivity R3R5X4 and R5X4 HIV-1 clones to 
AMD31000 in CCR5 +/+ and A/A PHA-PBMC. Open circles indicate inhibition in CCR5 A/A PBMC, filled circles 
indicatee inhibition in CCR5 +/+ PBMC. 



Chapterr 9 113 3 

Thee late X4 HIV-1 variants that we used in our 
studyy simultaneously acquired increased 
resistancee to both AMD3100 and T22. In 
contrast,, in vitro generated AMD3100-resistant 
viruss variants were still fully sensitive to T134, 
aa derivative of T22, and required similar 
concentrationss of T134 to achieve 50% 
inhibitionn as the wild-type strain [16], 
suggestingg different mechanisms of resistance 
developmentt in vitro and in vivo. 
Unexpectedly,, we observed that coreceptor 
usagee in cell lines could not readily be 
extrapolatedd to coreceptor usage in primary 
cells.. R5X4 and R3R5X4 variants, which were 
ablee to use CCR5 (and CCR3) in addition to 
CXCR44 in transfected indicator cell lines, were 
unablee to infect healthy donor PBMC in the 
presencee of high concentrations of the potent 
CXCR44 antagonists T22 or AMD3100 and 
weree not affected by MIPloc, MIPlp and 
RANTES,, the natural ligands of CCR5. Thus, 
despitee efficient usage of CCR5 in transfected 
celll  lines, these variants were unable to use 
CCR55 in primary CD4+ T cells. 
Suchh discrepancies have been reported before 
[17-19]]  and imply that coreceptor usage as 
determinedd in transfected cells may not reflect 
inn vivo usage of coreceptors. This may explain 
whyy an expanded coreceptor usage, as 
determinedd in transfected cell lines, is not 
necessarilyy associated with a more replication 
competentt and cytopathic virus phenotype 
[18,20].. The significance of coreceptors other 
thann CCR5 and CXCR4 in HIV-1 infection in 
vivoo is still controversial. A range of 
chemokinee receptors or structurally related 
orphann receptors has been shown to support 
virall  entry in vitro (reviewed in refs. 21 and 
22).. Of these, the majority is expressed on cells 
thatt are relevant for AIDS pathogenesis, such 
ass primary lymphocytes, microglia, 
thymocytes,, macrophages and dendritic cells. 
Too provide insight in the relevance of these 
moleculess as HIV-1 coreceptors, cell line based 
dataa on coreceptor preferences of primary HI V-
11 isolates should be confirmed using 
chemokinee receptor antagonists in combination 
withh the relevant primary cells. Of note, using 

thiss approach, thus far only two HIV- 1 variants 
(off  a single mother to child transmission case) 
couldd infect PBMC independent of CCR5 and 
CXCR4,, albeit to a low level [23,24]. 
Thee fact that early R5X4 or R3R5X4 variants 
aree unable to use CCR5 in primary cells may 
indicatee that for these variants CCR5 usage is 
nott a useful pathway to escape the suppressive 
actionn of CXCR4 antagonists. This, in 
combinationn with findings that in vitro 
generatedd CXCR4-antagonist resistant HIV-1 
variantss do not switch coreceptor usage [15] 
stilll  underlines the potential of CXCR4 
antagonistss to suppress X4 HIV-1 variants. 

Method s s 

BiologicalBiological virus clones and cells 
Biologicall  virus clones, obtained by cocultivation of 
patientt PBMC with healthy donor PHA-stimulated 
PBMCC under limiting dilution conditions, were 
availablee from a previous study [11]. Titers of virus 
stockss were determined by end point dilution. Since 
viruss replication can be donor and cell type 
dependent,, in all instances the same cells were used 
forr determination of virus titers and further 
experiments.. Sensitivity of HIV-1 clones to chemo-
kinee receptor antagonists was tested on the MT2 T 
celll  line, PBMC from a healthy donor who is 
homozygouss for the 32 base pair tieietien in the 
CCR55 gene (CCR5 A32) and pooled PBMC from 
twoo healthy donors who are homozygous for the 
normall  non-deleted CCR5 allele. MT2 cells were 
maintainedd in Iscove's medium, supplemented with 
10%% FCS, 100 U/ml penicillin and 100 |jg/ml 
streptomycin.. PBMC were stimulated for 2 to 3 days 
withh phytohaemagglutinin (PHA) in Iscove's 
mediumm supplemented with 10% FCS, penicillin and 
streptomycinn and subsequently cultured in 10% 
FCS,, penicillin and streptomycin and 20 U/ml IL-2 
(Chironn Benelux, Amsterdam, the Netherlands) 
supplementedd medium. 

SensitivitySensitivity to coreceptor antagonists 
Too study the sensitivity of the HIV-1 variants to 
inhibitionn with coreceptor antagonists, 100.000 
PBMCC or 25.000 MT2 cells were incubated with 
5-foldd serial dilutions of the specific antagonists in a 
volumee of 50 pi for 2 hours at 37°C in flat bottom 
966 wells plate. Of each virus clone, 10 TCID50 were 
addedd and the volume was adjusted to 100 pi. 
Culturess were maintained for 7 days and culture 
supernatantss were harvested for analyses of p24 
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productionn by ELISA. MT2 cultures were refreshed 
att day 3. 40 ul of culture supernatant was removed 
andd 40 ul of cell suspension was transferred to 96 
wellss plates containing 160 ul fresh medium. 
Experimentss were performed in triplo. Monoclonal 
antibodiess directed against CXCR4 (clone 
44708.111,, 44716.111, 44717.111 (R&D systems, 
Minneapolis,, Mn) and clone 12G5), p-chemokines 
MlPla,, MIPlp and RANTES (Reprotech, Rocky 
Hill ,, NJ) and CXCR4 antagonists T22, a derivative 
off  horseshoe crab blood cell-derived peptide 
(Bachemm AG, Bubendorf, Switzerland) [3] and 
bicyclamm AMD3100 [4,5,25] were used. Mono-
clonall  antibodies were tested at a maximum 
concentrationn of 50 ug/ml, AMD3100 at a concen-
trationn of 2 ug/ml, T22 at a concentration of 15 
ug/mll  and MlPla, MIPlp and RANTES were tested 
inn a cocktail at a concentration of 2 ug/ml each 
(concentrationss apply to incubation of cells with 
coreceptorr antagonists, before addition of virus). 
Sensitivityy to gp41 derived C34 peptide was tested 
ass described above, although no pre-incubation of 
C344 with cells was performed (maximum concen-
trationn of 250 nM). 
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CCR55 and CXCR4 corecepto r expressio n levels are associate d with 
HIV-11 diseas e progression , but not with R5 to X4 viru s phenotyp e 
evolutio n n 

HIV-11 infection is in general established by variants that use CCR5 as a coreceptor for viral entry 
(R55 variants). Virus variants that use CXCR4 (X4 variants) emerge in approximately 50% of 
infectedd patients. We studied the impact of expression levels of CCR5 and CXCR4 on disease 
progressionn and the emergence of X4 variants in a prospective study of 102 seroconverters. 
Expressionn levels of the total CD4+ T cell population as well as the CD45RO" and CD45RO+ CD4+ T 
celll subsets were determined before and at one and five years after seroconversion. In survival 
analyses,, high preseroconversion levels of CCR5 on total, but not CD45RO" and CD45RO+, CD4+ T 
cellss were predictive for more rapid development of AIDS (RH=2.55, 95% CI: 0.99-6.52). At five 
years,, high CCR5 expression on total and CD45RO" CD4+ T cells was predictive for subsequent 
shorterr survival (RH=2.70. 95% CI: 1.06-6.92 and RH 3.54, 95% CI: 1.27-9.90, respectively). Asso-
ciationss between coreceptor expression levels and virus phenotype evolution were studied at one 
yearr after seroconversion. Expression levels of CCR5 were not associated with the development of 
X44 HIV-1 variants, whereas high CXCR4 levels on total and CD45RO" CD4+ T cells were 
associatedd with a delayed development of X4 variants (RH=0.49, 95%CI: 0.20-1.21 and RH=0.41, 
95%CI:: 0.17-1.02, respectively). In a larger study population, high early serum viral RNA and low 
CD4++ T cell numbers were both associated with more rapid development of X4 HIV-1 variants. Our 
resultss reemphasize the role of CCR5 in AIDS pathogenesis but exclude coreceptor expression 
levelss as a driving force for virus phenotype evolution. 

Coreceptorr usage of HIV-1 is an important 
determinantt of viral phenotype and tropism and 
playss an important role in AIDS pathogenesis 
(reviewedd in [1,2]). In general, HIV-1 infection 
iss established by macrophagetroplc, TÜCR5 
(R5)-utilizingg variants [3,4], which do not 
inducee syncytia in T cell lines (non-syncytium-
inducing,, NSI). The near complete resistance 
off  CCR5 A32 homozygotes to HIV-1 infection 
underlinedd the importance of CCR5 for the 
establishmentt of HIV-1 infection [5,6]. The 
emergencee of CXCR4 (X4)-utilizing HIV-1 
variants,, which induce syncytia in T cell lines, 
iss a hallmark of progressive HIV-1 disease and 
hass been associated with a subsequent more 
rapidd CD4 T cell decline [7-10]. 
Inn subtype B HIV-1 infected patients, X4 SI 
variantss evolve in approximately half of the 
individualss [7] and in general only after CD4+ 

TT cell numbers have declined below 400 cells 
perr ul of blood [11]. In vitro site directed 
mutagenesiss of gpl20 indicated that only a 
limitedd number of amino acid substitutions in 
thee third variable region of gpl20 confers the 

abilityy to use CXCR4 [12,13]. The capacity to 
usee CXCR4 seems to be a beneficial property 
forr the virus population, since this results in an 
expandedd target cell population in vivo [14-
17].. Tn this light, it is paradoxicaT that X4~ 
variantss only emerge in a limited number of 
infectedd patients and only in the later stages of 
HIV-11 infection. Hypotheses to explain these 
findingss include immune control over X4 
variantss [11], loss of fitness of evolutionary 
intermediatess [18], altered levels of SDF-1, the 
ligandd of CXCR4 [19] or virally encoded tat 
protein,, which also has been shown to bind 
CXCR44 [20,21]. In addition, host genetic 
factorss have been implicated in the rate of SI 
conversion.. The presence of a HLA-DQ2 allele 
[22],, a polymorphism in the IL-4 promoter, 
resultingg in a more pronounced Th2-like 
cytokinee profile [23] and a leucin to isoleucin 
substitutionn in the second transmembrane 
regionn of CCR2 [23-25] have been associated 
withh the emergence of HIV-1 X4 phenotype. 
Furthermore,, low level of CCR5 expression 
andd high level of CXCR4 expression have been 
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suggestedd to enhance the rate of evolution 
towardss X4 variants [26,27]. 
Antagonistss to chemokine receptors CCR5 and 
CXCR44 are potent inhibitors of R5 and X4 
HIV- 11 variants in vitro [19,28-34] (reviewed in 
[35])) and have been implicated as potential 
therapeuticc agents. One major concern is the 
possibilityy that these compounds induce a 
switchh towards alternative coreceptor usage. 
Moree specifically, a switch from R5 to the 
moree pathogenic X4 variants would be 
detrimental.. Therefore, insights in the 
determinantss for this phenotypic switch are 
crucial.. Here, we studied in a prospective 
cohortt whether expression levels of CCR5 and 
CXCR44 influence the rate of disease 
progressionn and the conversion rate towards X4 
HIV- 11 variants. 

Patient ss and Materia l and Method s 

Patients Patients 
Patientss who seroconverted during follow up in the 
prospectivee Amsterdam .Cohort on HIV-1 infection 
andd AIDS were selected for further analyses. 
Sampless were selected based on the availability of 
cryopreservedd PBMC before and at one and five 
yearss after seroconversion. Seroconversion date was 
estimatedd as the midpoint between last seronegative 
andd first seropositive visit. In general, participants 
weree followed every three months and clinical status 
wass monitored, PBMC were stored and CD4+ T cell 
numberss were enumerated using standard procedures 
forr cell cytometric analyses. Levels of viral RNA in 
serumm were determined by NASBA (Organon 
Teknika,, Boxtel, the Netherlands). The presence of 
CXCR4-utilizing,, syncytium inducing HIV-1 
variantss was prospectively determined by 
cocultivationn of lxlO6 patient PBMC with the MT2 
TT cell line [36]. SI conversion was estimated as the 
midpointt between the last SI negative and the first SI 
positivee visit. PBMC were available from a total of 
1022 seroconverters at either preseroconversion 
and/orr 1 and/or 5 years after seroconversion (n=56, 
n=977 and n=64 patients, respectively). Median age 
att seroconversion was 35 years (rang 22 to 55 
years),, median seropositive follow-up 7.3 years 
(rangee 0.7 to 15.6 years). Samples were retrieved at 
aa median of 2.8 years before seroconversion (range 
11.22 to 0.6 years), at a median of 1.2 years after 
seroconversionn (range 0.9 to 2.4 years) and at a 
mediann of 5.2 years (range 4.8 to 6.4 years). Forty-

fourr patients developed AIDS and 28 patients 
developedd SI HIV-1 variants during follow-up. 
Twenty-twoo patients received a protease inhibitor 
containingg triple-drug regimen (at a median of 6.97 
yearss after seroconversion, range 0.67 to 11.67 
years). . 
Thee effect of early viral RNA load in serum and 
CD4++ T cell numbers on the development of X4 
HIV-11 variants was analysed in a larger cohort of 
patients.. This study population was previously 
describedd [24,37], and consisted of 131 patients who 
seroconvertedd during follow-up in the cohort and 
2333 patients who were seropositive at entry in the 
cohortt between October 1984 and April 1985. Of the 
latterr patients, the seroconversion date was imputed 
ass 1.5 years before entry in the cohort. Early CD4+ T 
celll  numbers and viral RNA load between 6 and 24 
monthss after (estimated) seroconversion were 
availablee from respectively 201 and 177 participants 
off  this cohort. CD4+ T cell numbers and serum viral 
RNAA load were categorized in three groups for 
survivall  analyses (cut-off points for CD4 count were 
5500 and 786 cells/^1, and for serum viral RNA 4.07 
andd 4.64 log copies/ml). 

FlowFlow cytometry 
Expressionn levels of HIV-1 coreceptors were 
determinedd by four-colour flow cytometry. Patient 
PBMCC were stained with monoclonal antibodies 
againstt CCR5 (clone 2D7, FITC conjugated, 
Pharmingen,, San Diego, CA), CXCR4 (clone 12G5, 
PEE conjugated, Pharmingen), CD45RO (APC 
conjugated,, Becton Dickinson, San Jose, Ca) and 
CD44 (PerCP conjugated, Becton Dickinson). Flow 
cytometricc analyses were performed on a 
FACScaliburr (Becton Dickinson, San Jose, CA). 
CCR55 and CXCR4 expression was established on 
gatedd CD4+ T cells and CD45RO+ and CD45RO 
CD4++ T cells. In the same cohort, expression levels 
off  activation markers were determined, as will be 
describedd separately [38]. 

StatisticalStatistical analyses 
Statisticall  analyses were performed using SPSS 
softwaree (version 10.0, SPSS Inc., Chicago, 111). 
Pairedd T-test was used to compare CCR5 and 
CXCR44 expression levels at the different timepoints. 
Correlationss were analyzed using the Pearson's 
correlationn coefficient (rp) or Spearman's correlation 
coefficientt (rs), when data did not display a normal 
distributionn (CCR5 and CXCR4 expression on 
CD45ROO CD4+ T cells and viral RNA load in 
serum).. Serum RNA levels at viral set-point were 
comparedd among two groups of patients stratified by 
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Figur ee 1. Expression levels of CCR5 and CXCR4 among total (left panel), CD45RO- (middle) and CD45RO+ 
(right)) CD4+ T cells during HIV-1 infection. Filled circles indicate CXCR4+ cells, open circles indicate CCR5+ 
cells.. Average percentage of CCR5 or CXCR4+ cells and standard deviations are shown. Timepoint 0 indicate 
preseroconversionn measurements. Significant differences at one and five years after seroconversion as 
comparedd to values before seroconversion are indicated by asterisks, *: p<0.05, **: p<0.01, ***: p<0.001. 

mediann preseroconversion values of CCR5 levels by 
Mann-Whitneyy U test. 
Kaplann Meier and Cox proportional hazard analyses 
weree performed to study the effect of CCR5 and 
CXCR44 expression levels on disease progression 
andd conversion to X4 variants. For survival analyses, 
expressionn levels of CCR5 and CXCR4 were 
stratifiedd into two groups based on median 
expressionn levels at each timepoint. Significance in 
Kaplann Meier and Cox proportional hazard analyses 
wass determined by Log rank test and Log likelihood 
ratioo test, respectively. P values of 0.05 or lower 
weree considered statistically significant. 

Result s s 

ExpressionExpression levels ofCCRS and CXCR4 before 
andand during HIV-1 infection 
Inn a cohort of 102 patients, expression levels of 
CCR55 and CXCR4 were determined before 
seroconversionn and at one and five years after 
seroconversion.. Expression of both coreceptors 
wass determined by four-colour flow cytometry 
onn total, CD45RO+ and CD45RO CD4+ T 
cells.. As previously described [15,39-41], 
CCR55 and CXCR4 are differentially expressed 
onn CD45RO and CD45RO+ CD4+ T cells. 
Beforee seroconversion, CD45RO+ cells expres-
sedd both CXCR4 (average (avg) 76.6 %, 
standardd deviation (sd) 9.8 %) and CCR5 (avg. 
21.6,, sd 8.3 %). Almost all CD45RO" cells 
expressedd CXCR4 (avg. 97.9, sd 1.7%) and 

onlyy a minority of CD45RO" cells expressed 
CCR55 (avg. 1.6, sd 1.5 %). At one and five 
yearss after seroconversion, CCR5 levels were 
significantlyy increased and CXCR4 levels 
decreasedd on CD45RO', CD45RO+ and total 
CD4++ T cells as compared to levels before 
seroconversionn (figure 1). Differences in 
expressionn levels at one and five years after 
seroconversionn were not significantly different. 
CCR55 expression correlated negatively with 
CXCR44 expression levels at all timepoints, on 
thee total and CD45RO" cells (rp and rs ranging 
fromm -0.382, p=0.003 to -0.642, p<0.001). On 
CD45RO++ cells, a significant negative corre-
lationn between CCR5 and CXCR4 was only 
observedd before seroconversion (rp=-0.274, 
p=0.045). . 

Associationn of coreceptor expression and 
expressionn of the activation markers Ki67 and 
HLA-DRR on total CD4+ T cells were analyzed. 
CCR55 expression correlated significantly with 
expressionn of cellular activation marker HLA-
DRR before and at one and 5 year after sero-
conversionn (rp=0.480, 0.748 and 0.644 respect-
ively,, p<0.001) and with cellular proliferation 
markerr Ki67 (rp=0.360, p=0.008; rp=0.349, 
p=0.001;; rp=0.612, p<0.001, respectively). 
Significantt negative correlations were observed 
betweenn CXCR4 and Ki67 expression before 
seroconversionn (rp=-0.363, p=0.008). At five 
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Figur ee 2. Kaplan Meier analyses for AIDS free survival by CCR5 (top panels) and CXCR4 (bottom) expression. 
Expressionn levels were stratified based on median expression at the timepoint of analyses. Thick lines indicate 
expressionn levels above median value, thin lines below median values. Survival plots for coreceptor expression 
beforee seroconversion (left panels), at one year (middle) and at five years after seroconversion (right). 

yearss after seroconversion a negative 
correlationn was observed between CXCR4 and 
Ki677 (rp=-0.490, p<0.001) and HLA-DR (rp=-
0.500,, p<0.001). These results confirm 
previouss findings that CCR5 is mainly 
expressedd at activated CD4+ T cells, whereas 
CXCR44 is mainly expressed on resting cells 
[40,42]. . 
Significantt negative correlations between 
CCR55 levels (on all CD4 subsets) and CD4+ T 
celll  numbers were observed at one and five 
yearss after seroconversion (rp and rs ranging 
fromm -0.434, p=0.001 to rp=-0.563, p<0.001). 
AA significant positive correlation was observed 
betweenn CD4+ T cell numbers and CXCR4 
levelss on total and CD45RO" CD4+ T cells at 
alll  timepoints (rp and rs ranging from 0.267, 
p=0.0122 to rp=0.478, p<0.001) and between 

CD4++ T cell numbers and CXCR4 on 
CD45RO++ CD4+ T cells at five years after 
seroconversionn (rp=0.339, p=0.008). Thus, with 
ongoingg HIV-1 infection and the increased 
generalizedd immune activation associated with 
HIV-11 infection [43], CCR5 levels increase 
whereass and CXCR4 levels decrease. 

CCR5CCR5 and CXCR4 expression levels and 
diseasedisease progression 
Wee analyzed the effect of preseroconversion 
expressionn levels of CCR5 within the different 
CD4++ T cell populations on subsequent disease 
progressionn after seroconversion. First, we 
analysedd CCR5 expression levels with respect 
too the post-seroconversion serum RNA set-
pointt (on average 12 months after sero-
conversion,, range 9 to 17 months). No signi-
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ficantficant correlation between viral RNA set-point 
andd CCR5 expression in total and CD45RO+ 

CD4++ T cells was observed (rs=-0.129, p=0.368 
andd rs=0.046, p=0.747, respectively). In 
agreement,, two groups stratified according to 
higherr or lower CCR5 expression than the 
mediann level did not display a difference in 
serumm RNA levels at viral set-point (p=0.538 
andd p=0.596 for total and CD45RO+ CD4+ T 
cells,, respectively). 
Kaplann Meier and Cox proportional hazard 
analysess were performed to study the effect of 
coreceptorr expression on disease progression 
usingg AIDS as an endpoint. In univariate 
analyses,, CCR5 expression below median 
valuess before seroconversion on total CD4+ T 
cells,, but not on CD45R04 or CD45RO CD4+ 

TT cells was associated with delayed progres-
sionn to AIDS (RH=2.55, p=0.044, table 1, 
figuree 2). In patients with expression levels 
beloww the median value, median time to AIDS 
wass delayed as compared to patients with 
expressionn levels above median levels (median 
survivall  7.52 years vs. >14.2 years for high and 
loww expression levels, respectively). No 
significantt associations between CCR5 and 
CXCR44 expression levels and disease 
progressionn were obtained at one year after 
seroconversionn (table 1). At five years after 
seroconversion,, high CCR5 expression on total 
andd CD45RO cells was a risk factor for the 
developmentt of AIDS in univariate analyses 
(RH=2.70,, p=0.031 and RH=3.54, p=0.010, 
respectively,, table 1). In multivariate analyses, 
includingg CCR5 and CCR2 genotype, CD4+ T 
celll  numbers and serum viral RNA load as 
covariates,, these associations remained 
significantt (table 1). At five years after 
seroconversion,, high CXCR4 expression on 
CD45RO"" CD4+ T cells tended to be protective 
forr the development of AIDS, although not 
significantlyy (table 1). 

Similarr results were obtained using death as an 
endpointt for survival analyses (data not 
shown).. Survival analyses were additionally 
performedd including time of initiation of triple-
drugg therapy as a censor. These analyses 
yieldedd similar results, excluding any effects of 

Tabl ee 1A. Cox proportional hazard analyses for the 
developmentt of AIDS based on CCR5 and CXCR4 
expressionn levels before seroconversion a 

Befor ee SC Crude Adjustedb 

RH(95%CI)) pc RH(95%CI) pc 

CCR55 CD4 2.55(0.99-6.52) 0.044 2.45 (0.96-6.30) 0.062 

CD45RO-- 1.27(0.52-3.14) 0.602 1.15(0.44-2.90) 0.783 

CD45RO++ 0.66(0.26-1.65) 0.368 0.54(0.17-1.70) 0.288 

CXCR4CD44 1.63(0.67-3.99) 0.281 1.54(0.60-3.94) 0.368 

CD45RO-- 1.81(0.74-4.43) 0.190 1.72(0.63-4.74) 0.294 

CD45RO++ 1.46(0.59-3.57) 0.410 1.41(0.57-3.51) 0.455 

Tabl ee 1B . Cox proportional hazard analyses for the 
developmentt of AIDS based on CCR5 and CXCR4 
expressionn levels at one year after seroconversiona 

O n ee y e a r Crude Adjustedb 

afterr sc RH(95%CI) pc RH(95%CI> pc 

CCR55 CD4 0.80(0.43-1.52) 0.502 0.71 (0.35-1.43) 0.332 

CD45RO-- 0.68(0.36-1.28) 0.231 0.63(0.33-1.23) 0.177 

CD45RO++ 0.88(0.47-1.64) 0.686 0.78(0.40-1.54) 0.475 

CXCRR CD4 1.35(0.71-0.57) 0.352 1.50(0.76-2.95) 0.243 

CD45RO-- 0.89(0.47-1.70) 0.73 1.12(0.56-2.21) 0.754 

CD45RO++ 1.02(0.55-1.90) 0.96 0.95(0.50-1.79)0.863 

Tabl ee 1C. Cox proportional hazard analyses for the 
developmentt of AIDS based on CCR5 and CXCR4 
expressiorüevelss at five years after serocQnversiD_n_a_ 

FJvee Y e a r Crude Adjusted" 

afterr sc RH(95%CI) pc RH(95%CI) pc 

CCR55 CD4 2.70(1.06-6.92) 0.03 3.87 (0.22-12.27) 0.022 

CD45RO-- 3.54(1.27-9.90) 0.010 4.50(1.47-13.73)0.008 

CD45RO++ 1.67(0.68-4.09) 0.257 1.08(0.38-3.09) 0.885 

CXCR44 CD4 0.68(0.27-1.69) 0.400 1.03(0.28-3.69) 0.970 

CD45RO-- 0.42(0.17-1.08) 0.065 0.52(0.16-1.49) 0.222 

CD45RO++ 0.53(0.22-1.31) 0.164 0.31(0.37-4.66) 0.679 

RH,, relative hazard; 95% CI: 95% confidence interval.a CCR5 
andd CXCR4 expression levels were analysed in two groups 
stratifiedd based on median expression values at the three 
differentt timepoints. The group with expression levels below 
mediann value was used as the reference group. b Relative 
hazardss and 95% confidence interval adjusted for CCR2 and 
CCR55 genotype, CD4+ T cell numbers and, after 
seroconversion,, for viral RNA in serum. CD4+ T cell numbers 
andd viral load were analysed stratified in three groups based 
onn tertiles.c p-value according to Log-likelyhood ratio test 

therapyy (data not shown). In conclusion, these 
resultss reemphasize the critical role of CCR5 in 
HIV-11 disease progression. 
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CCR5CCR5 and CXCR4 expression and the 
developmentdevelopment of Syncytium Inducing, X4 HIV-1 
variants variants 
Wee analyzed whether expression levels of 
CCR55 or CXCR4 would influence the 
evolutionn of CXCR4-utilizing HIV-1 variants. 
Att one year after seroconversion, five patients 
alreadyy carried X4 HIV-1 variants, due to a 
rapidd conversion to X4 phenotype (n=3) or to 
putativee transmission of X4 HIV-1 variants 
(n=2).. At this timepoint, expression levels of 
CCR55 and CXCR4 among patients who 
alreadyy carried X4 variants or those who 
developedd X4 variants during follow-up were 
nott statistically different to expression levels of 
patientss who did not develop X4 HIV-1 
variantss during follow-up (figure 3). 
Att five years after seroconversion, 16 patients 
hadd developed X4 HIV-1 variants. At this 
timepoint,, these patients had significantly 
lowerr CXCR4 levels and higher CCR5 levels 
ass compared to patients who only carried R5 
HIV- 11 variants. In agreement with previous 
findingss [7], patients with X4 HIV-1 variants 
hadd significantly lower CD4+ T cell numbers 
thann patients with only R5 HIV- 1 variants 
(averagee 195 cells/ul, range 30 to 490 vs. 461, 
rangee 0 to 990; p<0.001). As reported above, 
CXCR44 levels correlated with CD4+ T cell 
numbers.. Therefore, we compared CCR5 and 
CXCR44 levels between patients with X4 
variantss and patients with only R5 variants 
withh less than 490 cells/ul. Differences in 
CXCR44 levels were not significantly different 
(p-valuess ranging from 0.182 to 0.448 for 
expressionn on the different subsets), whereas 
CCR55 levels were still significantly higher 
amongg patients with X4 HIV-1 variants 
(p=0.0100 to p=0.049). Expression levels from 
patientss who developed X4 variants and those 
patientss who would not develop X4 variants 
duringg follow-up were not significantly 
differentt at this timepoint. This suggests that 
expressionn levels of CCR5 and CXCR4 do not 
influencee the rate of evolution of X4 variants. 
Too further substantiate this, we performed Cox 
andd Kaplan Meier survival analyses for the 
developmentt of X4 HIV-1 variants based on 

Onee year Five years 
totall CD4+ cells 

CXCR44 CCR5 CXCR4 CCR5 

CD45RO"" cells 

Q_ _ CXCR44 CCR5 CXCR4 CCR5 

CD45RO++ cells 

CXCR44 CCR5 CXCR44 CCR5 

Figur ee 3. Expression levels of CCR5 and CXCR4 
amongg total (top panels), CD45RO- (middle) and 
CD45RO++ (bottom) CD4+ T cells in relation to the 
presencee of X4 variants at one year (left panels) and 
fivee years after seroconversion (right). Black bars 
indicatee expression for patients with only NSI / R5 
variants,, white bars indicate patients who will develop 
X44 variants during follow-up and hatched bars 
indicatee patients who had already developed X4 
variantss at the time of measurement. Significant 
differencess with patients who have not developed X4 
variantss during follow-up are indicated by asterisks, *: 
p<0.05,, **: p<0.01, ***: p<0.001. 

expressionn levels at one year after sero-
conversion.. CCR5 levels on total or CD45RO" 
orr CD45RO+ CD4+ T cells were not predictive 
forr the evolution of X4 variants (table 2, figure 
4).. Low CXCR4 levels on total and on 
CD45RO"" CD4+ T cells were associated with 
ann enhanced conversion to X4 variants 
(RH=0.49,, 95% CI: 0.20-1.21 and RH=0.41, 
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Figur ee 4. Kaplan Meier analyses for the development of X4 variants based on expression of CCR5 (left panel) 
andd CXCR4 (right) on total CD4+ T cells at one year after seroconversion. Expression levels were stratified 
basedd on median expression levels at that timepoint. Thick lines indicate expression levels above median value, 
thinn lines indicate levels below median value. 

95%% CI: 0.17-1.02, table 2, figure 4). Due to 
loww numbers of patients that developed X4 
variantss after five years in this cohort (n=7), 
survivall  analyses were not performed from this 
timepoint. . 

EarlyEarly CD4+ T cell numbers and serum viral 
RNARNA the development of Syncytium Inducing, 
X4X4 HIV-1 variants 
Wee studied the effect of early CD4+ T cell 
numberss and viral RNA load in serum on the 
evolutionn of X4 HIV-1 variants in a larger 
cohortt of patients, which was described in 
moree detail previously [24,37]. Participants 
withh available CD4+ T cell numbers and viral 
RNAA load between 6 months and two years 
afterr seroconversion were studied in Kaplan 
Meierr and Cox regression analyses (table 3). 
CD4++ T cell numbers and viral load were stra-
tifiedd in three groups based on tertiles in these 
analyses.. Low CD4+ T cell numbers were 
associatedd with a more rapid development of 
X44 HIV-1 variants. Median time to X4 
conversionn was > 12.44 years in patients with 
moree than 786 cell/ul, whereas median survival 
timee was 8.92 and 9.25 years in patients with 
lesss than 786 and 550 cells/ul, respectively 
(log-rankk p=0.038). Furthermore, high serum 
RNAA load was predictive for the development 

Tabl ee 2. Cox proportional hazard analyses for the 
developmentt of X4 HIV-1 variants based on CCR5 and 
CXCR44 expression levels at one year after 
seroconversionn a 

Crude e 

RHH (95% CI) 

Adjusted d 

RHH (95% CI) 

CCR55 CD4 0.94(0.41-2.17) 0.887 0.89(0.36-2.18) 0.793 

CD45RO-- 1.29(0.55-3.02) 0.558 1.36(0.5-0.37) 0.506 

CD45RO++ 0.74 (0.32-1.72) 0.486 0.89 (0.35-2.27) 0.801 

CXCR44 CD4 0.49(0.20-1.21) 0.117 0.62(0.24-1.60) 0.320 

CD45RO-- 0.4r(0717-1.02) U.Ü47 0.43(0.17-1.11) 0.082 

CD45RO++ 0.83(0.36-1.92) 0.659 0.65(0.27-1.58) 0.340 

RH,, relative hazard; 95% CI, 95% confidence interval. a CCR5 
andd CXCR4 expression levels were analysed in two groups 
stratifiedd based on median expression values at the three 
differentt timepoints. The group with expression levels below 
mediann value was used as the reference group. b Adjusted for 
CCR22 and CCR5 genotype, CD4+ T cell numbers and for viral 
RNAA in serum. CD4+ T cell numbers and viral load were 
analysedd stratified in three groups based on tertiles.  p-value 
accordingg to Log-likelyhood ratio test 

off  X4 variants (p=0.021). Patients with a viral 
loadd below 10407 copies/ml developed X4 
variantss at a median time of > 12.37 years, 
whereass median survival time was 6.31 and 
6.722 years in patients with more than 104'07 and 
104644 copies/ml, respectively. Thus, CD4+ T 
celll  numbers and viral RNA in serum are 
predictivee for the development of X4 HIV-1 
variants,, much like these parameters are 
predictivee for the progression to AIDS and 
death. . 
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Tabl ee 3. Cox proportiona l hazar d analyse s of earl y 
CD4++ T cel l numbe r and seru m RNA load for the 
developmen tt  of X4 HIV-1 variants a 

Crudee Adjustedq 

Categoriess RH (95% CI) p c RH (95% CI) p c 

CD44 >786 1 1 

550-7866 2.20(1.14-4.23) 0.018 2.27(1.17-4.40) 0.015 

<5500 2.05(1.06-3.97) 0.034 2,10(1.08-4.08) 0.029 

RNAA <4.07 1 1 

4.07-4.644 1.73(0.88-3.38) 0.107 1.78(0.91-3.50) 0.092 

>4.644 2.48(1.29-4.78) 0.007 2.59(1.33-5.05) 0.005 

RH,, relative hazard; 9 5 % CI , 95% confidence interval. a 

Patientss with first measurement CD4+ T cell numbers and 
serumm viral available RNA between 6 months and two years 
aree included in these analyses. b Relative hazards and 95% 
confidencee interval, adjusted for CCR2 and CCR5 genotype 
inn multivariate Cox proportional hazard analyses. c p-value 
accordingg to Log-likelyhood ratio test 

Discussion n 

Thee influence of expression levels of HIV-1 
coreceptorss CCR5 and CXCR4 on disease 
progressionn and the emergence of X4 variants 
wass studied. Preseroconversion levels of CCR5 
onn total (but not CD45RO and CD45RO+) 
CD4++ T cells were predictive for disease 
progressionn after seroconversion. This con-
firmss a previous case control study in which 
preseroconversionn expression levels of CCR5 
onn CD4+ T cells was lower in non-progressors 
thann in progressors [41]. At five years after 
seroconversion,, CCR5 levels on total and 
CD45ROO CD4+ T cells were predictive for 
diseasee progression. These results give direct 
evidencee for an important role of CCR5 
expressionn levels on disease progression, and 
confirmm and extend the protective effect of the 
CCR55 A32 allele on disease progression ([44] 
andd references therein), also in a study popu-
lationn which partially overlaps with the current 
studyy population [24,37]. This suggests that 
CCR55 A3 2 exerts its protective effect on 
diseasee progression by reducing the expression 
levelss of CCR5. Additional other mechanisms 
off  protection of the CCR5 A32 allele rather 
thann merely influencing the number of CCR5-
positivee cells cannot be excluded. It has indeed 

beenn shown that CCR5 A32 is associated with 
enhancedd RANTES production before sero-
conversion,, which correlated with surrogate 
markerss for disease progression [45]. In that 
studyy population, no association was observed 
betweenn preseroconversion expression of 
CCR55 and disease progression. 
CCR55 expression levels were not associated 
withh the rate of conversion to X4 HIV-1 
variants,, whereas high CXCR4 levels were 
associatedd with a delayed development of X4 
HIV-11 variants. These results imply that target 
celll  availability, as defined by mere expression 
off  CCR5 or CXCR4, can not explain evolution 
off  virus variants with different coreceptor 
specificity.. Thus, the ability to use CXCR4 is 
nott merely an escape mechanism to overcome 
aa limited number of potential CCR5-positive 
targett cells. Furthermore, the availability of 
CXCR4-positivee cells does not allow a faster 
developmentt of CXCR4-utilizing variants, 
excludingg a simple predator-prey model- to 
explainn evolution of X4 variants. Our results 
confirmm the finding that the rate of acquisition 
off  X4 variants tended to be delayed among 
CCR55 A32 heterozygotes, which in general 
expresss lower levels of CCR5 at the cell 
surfacee [24,37]. The delay in conversion to a 
X44 phenotype among CCR5 A32 heterozygotes 
mightt be due to the lower level of replication, 
associatedd with this phenotype [46]. 
Att five years after seroconversion, patients 
whoo carried X4 HIV-1 variants expressed 
significantlyy lower levels of CXCR4 and 
higherr levels of CCR5 than patients with only 
R55 variants. The discrepancy in CXCR4 
expressionn was not observed when the analysis 
wass restricted to patients with CD4+ T cell 
countss below 490 cell/ul (the maximum 
numberr of CD4+ T cells among the patients 
withh X4 variants in this study), excluding the 
possibilityy that this is due to direct killing of 
CXCR4++ cells by X4 HIV-1 variants. CCR5 
expressionn on CD4+ T cells from X4 infected 
patientss was higher than on cells from patients 
withh only R5 variants and low CD4+ T cell 
numbers.. This could be related to a higher viral 
loadd (although not significantly, data not 
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shown)) and to an increased immune activation, 
ass reflected by a significantly higher expression 
off  activation marker HLA-DR on CD4+ T cells 
(dataa not shown) associated with the X4 
phenotype. . 
AA potential problem with clinical application of 
coreceptorr antagonists is the possibility that 
thesee antagonists would force the virus towards 
alternativee coreceptor usage. Our results imply 
thatt CCR5 levels do not drive evolution of 
HIV-11 to CXCR4 usage. Therefore, it may be 
expectedd that the introduction of CCR5-
antagonistss do not necessarily lead to a switch 
off  coreceptor usage. In agreement, in most in 
vitroo studies, introduction of coreceptor 
antagonistss in general results in the acquisition 
off  a resistant phenotype without a switch in 
coreceptorr usage [47-51]. In contrast, in SCID 
micee reconstituted with human PBL treated 
withh RANTES-derivatives, conversion to a X4 
phenotypee was observed in some of the mice 
[52],, Clinical application of these antagonists 
wouldd most likely occur in addition to a 
cocktaill  of conventional antiretroviral drugs, 
whichh reduce viral replication. Since the rate at 
whichh mutations are generated is dependent on 
thee replication rate, this would limit viral 

phenotype. . 
Wee observed an association of low CD4+ T cell 
numberss and high serum viral RNA load with a 
moree rapid development of X4 HIV-1 variants. 
Ongoingg HIV-1 infection may thus provide the 
necessaryy milieu for the evolution and 
establishmentt of X4 HIV-1 variants. However, 
thee availability of potential target cells as 
definedd by co-expression of CD4 and CCR5 or 
CXCR44 does not seem to play a major role. 
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Persistenc ee of vira l HLA-DR"  CD4+ T cell reservoi r durin g prolonge d 
treatmen tt  of HIV-1 infectio n wit h a five-dru g regime n 

Duringg sustained suppression of plasma viremia using a standard triple drug regimen, replication 
competentt HIV-1 can still be recovered from resting memory CD4+ T cells. In an attempt to 
acceleratee the clearance of this pool of infected CD4+ T cells, eight anti retroviral therapy naive 
HIV-11 infected patients were treated with a five-drug regimen. While plasma HIV-1 RNA levels in 
generall remained below the level of detection (<5 copies/ml), replication competent HIV-1 was 
isolatedd from HLA-DR" CD4+ T cells on multiple occasions throughout treatment from all patients. 
Decayy slopes of infected CD4+ T cells ranged from 0.061/week <ti/2 = 2.6 months) to +0.003/week 
(ti/2== infinite). In all patients virus was still detectable at the last time point analyzed (80 to 173 
weeks).. In conclusion, although more intensive treatment results in improved suppression of 
plasmaa viremia than standard drug regimens, it does not result in clearance of the viral reservoir in 
thiss timeframe. Other strategies than treatment with a combination of five of the currently available 
drugss need to be pursued in order to achieve eradication of HIV-1 from this cellular reservoir. 

Fromm HIV-1 infected individuals whose plasma 
HIV-1-RNAA levels are well suppressed by 
triplee or quadruple antiretroviral drug 
combinations,, replication competent HIV-1 can 
readilyy be isolated from resting memory CD4+ 

TT lymphocytes [1-3]. Initiation of a triple drug 
regimenn as early as 10 days after the onset of 
symptomss of a primary HIV-1 infection could 
nott prevent the establishment of this cellular 
reservoir,, despite successful suppression of 
plasmaa viremia [4]. The cellular viral reservoir 
Kass been shown to decay with a mean half-life 
varyingg between 6 and 44 months, which 
wouldd suggest that eradication of HIV-1 from 
thiss reservoir could take as long as 60 years 
[5,6].. The variation in decay rates was 
attributedd to differences in drug efficacy, since 
individualss who experienced episodes of 
plasmaa viremia had a slower decay rate of their 
cellularr reservoir [7]. Ongoing HIV-1 
replicationn during a triple or quadruple 
antiretrovirall  drug regimen has indeed been 
demonstratedd by the presence of episomal 
cDNAA circles [8], viral RNA transcripts in 
peripherall  blood mononuclear cells and 
lymphoidd tissue [9-12] and ongoing genetic 
evolutionn [13,14]. 

Wee previously demonstrated that the median 
timee to reach a viral RNA load in plasma < 50 
copiess per ml plasma was 8 weeks shorter 
duringg treatment with a five-drug regimen than 

withh a three-drug regimen [15]. In addition, 
moree patients on a triple drug regimen than 
patientss on the five-drug regimen had 
detectablee plasma viremia at 144 weeks after 
initiationn of therapy [16]. This indicates that 
moree intensive treatment with three different 
classess of drugs results in an improved 
suppressionn of residual virus replication. Here, 
wee monitored the dynamics of the reservoir of 
infectedd resting CD4+ T cells in the same group 
off  patients. 

Patient ss and Material s and Method s 

Patients Patients 
Eightt patients, aged 35 to 60 years, started a five-
drugg regimen as described previously [15,17].. 
Baselinee values of each patient are presented in table 
1.. All patients were treatment naive at start of 
therapy.. Patient 013 started antiretroviral therapy 
withinn two weeks after the onset of a symptomatic 
primaryy HIV-1 infection. In case of toxicity, the 
drugg regimen was changed in individual patients but 
alwayss consisted of at least four antiretroviral drugs 
(figuree 1). No gaps in drug regimen were allowed 
whenn individual drugs were switched. Several 
patientss received a six-drug regimen during the 
studyy period. In these cases however, low dose 
ritonavirritonavir was used in combination with indinavir, 
whichh results in enhanced indinavir concentrations 
inn serum, seminal plasma and cerebrospinal fluid 
[15,17].. Due to toxicity, patients 006 and 013 
decidedd to stop therapy after 118 and 112 weeks of 
treatment,, respectively. 
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Too determine size and dynamics of the cellular 
reservoirr of infected resting cells, we performed 
quantitativee microcultures using graded numbers of 
highlyy enriched HLA-DR" CD4+T lymphocytes. The 
firstfirst attempt to isolate virus was made when patients 
hadd been on therapy for at least three months and 
plasmaa HIV-1-RNA levels were below 5 copies/ml. 
Thee proportion of HIV-1 infected HLA-DR* CD4+ T 
lymphocytess was additionally determined on one to 
fourr subsequent visits. Patients and physician both 
reportedd good therapy compliance as can be 
expectedd in highly motivated self-selected patients 
whoo have volunteered to participate in clinical trials. 
Thee study was approved by the Medical Ethics 
Committeee of our hospital and informed consent was 
obtainedd from all patients. 

PlasmaPlasma HIV-1 RNA 
HIV-11 RNA concentrations in EDTA plasma were 
measuredd every eight weeks using the NucliSens 
HIV-11 QT assay (Organon Teknika, Boxtel, The 
Netherlands).. During the first 16 weeks of 
antiretrovirall  therapy HIV-1 RNA was measured 
moree frequently. When RNA concentrations 
decreasedd to below 50 copies/ml, an initial input 
volumee in the assay of 2 ml plasma was used 
combinedd with an adaptation of the protocol 
allowingg ultrasensitive detection, resulting in a lower 
quantificationn limit of 5 copies/ml [15]. 

QuantificationQuantification of the reservoir of HIV-1 infected 
HLA-DRHLA-DR CD4+T cells 
Replicationn competent HIV-1 was isolated from 
HLA-DR"" CD4+ T lymphocytes according to a 
modificationn of the method described by Finzi et al 
[1].. Peripheral blood mononuclear cells (PBMC) 
weree isolated from fresh EDTA blood via Ficoll 
densityy gradient centrifugation. CD4+ T cells were 
isolatedd by positive selection using anti-CD4 coated 
magneticc beads (MACS CD4 multisort kit, Miltenyi 
biotec,, Bergisch Gladbach, Germany). CD4+ T cells 
weree released from the beads and subsequently 
incubatedd with anti-HLA-DR coated magnetic 
beads.. HLA-DR cells were obtained by depletion of 
thee magnetic beads that had bound HLA-DR+ cells. 
Purityy of the HLA-DR" cells was assessed by flow 
cytometryy using monoclonal antibodies against CD3 
(PerCP-conjugated),, CD8 (PE) and HLA-DR (Fitc) 
(Bectonn Dickinson, San Jose, California, USA). The 
mediann purity of the CD4+ HLA-DR" cell fraction 
wass 98% (range: 85.4-99.8%). 
HLA-DR"" CD4+ T cells were stimulated in vitro 
withh irradiated allogeneic healthy donor PBMC in 
thee presence of phytohaemagglutinin (PHA) and 
recombinantt human IL-2 (rhIL-2). After overnight 

stimulation,, cells were washed and co-cultivated 
withh 2 to 3 days PHA stimulated PBMC obtained 
fromm at least two healthy donors in rhIL-2 
supplementedd Iscove's medium under limiting 
dilutionn conditions in 96- or 24 wells tissue culture 
platess for 21 to 28 days. At day 7, culture 
supernatantt was harvested from each well for 
analysiss of virus production by an in-house p24 
ELISAA and half of the cells per well were transferred 
too new tissue culture plates containing fresh healthy 
donorr PHA-PBMC. The remainder of the culture 
wass discarded. Cultures were refreshed every week 
forr a total of 21 to 28 days and culture supematants 
weree tested for p24 production. If a well became 
positivee for p24 during this timeframe, this was 
consideredd the progeny of at least one infected 
patientt cell in the original parental well. The number 
off  positive wells was used to estimate the proportion 
off  patient cells that contained replication competent 
viruss assuming a Poisson distribution using a 
maximumm likelihood approach as described [18]. 

StatisticalStatistical analysis 
Too calculate decay slopes of the pool of infected 
HLA-DR"" CD4+ T cells, linear regression was 
performedd on a plot of the natural logarithm of the 
cellularr infectious load over time. The slope of the 
regressionn line was used to calculate the half-life of 
thee reservoir of infected cells, assuming first order 
decayy characteristics (ty2=  -ln(2)/slope). 

Result s s 

Initiationn of a five-drug antiretroviral regimen 
resultedd in suppression of plasma viremia 
beloww the level of detection (5 copies/ml) for 
upp to three years. Six of eight patients 
experiencedd one or more episodes of detectable 
plasmaa viremia (figure 1, table 1). The size of 
thee reservoir of infected HLA-DR" CD4+ T 
cellss was established by determination of the 
proportionn of these cells that can be induced to 
producee infectious virus in vitro. In the first 
measurement,, which was 24 to 127 weeks after 
initiationn of treatment, the proportion of HLA -
DR"" CD4+ T cells containing replication-com-
petentt HIV- 1 varied from 0.3-16.5 per million 
cells.. For each patient, the proportion of 
infectedd HLA-D R CD4+ T cells was addi-
tionallyy determined on one to four subsequent 
visits,, spanning a mean follow-up period of 75 
weekss (range 24-137 weeks). Individual data 
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Tablee 1. Baseline values and viral decay in patients under a five-drug regimen 

Patient t 

004 4 

006 6 

0081 1 

009 9 

0132 2 

014 4 

017 7 

019 9 

Baselinee values 

HIV-RNA A 
(logg copies/ml) 

4.88 8 

5.30 0 

4.84 4 

4.93 3 

4.51 1 

5.11 1 

4.76 6 

5.04 4 

CD4++ T cells 

(cells/Ml) ) 

450 0 

520 520 

130 0 

360 360 

220 220 

30 0 

110 0 

310 310 

Plasmaa viremia 

Episodess of 
detectable e 

RNAA (n/year) 
0.34 4 

1.53 3 

0.65 5 

1.35 5 

0 0 

0.38 8 

1.24 4 

0 0 

Number r 
off cultures 

3 3 

2 2 

5 5 

5 5 

2 2 

4 4 

4 4 

3 3 

Reservoirr of infected HLA-DR" CD4+ T cells 

Firstt and last 
culturee (weeks on 

therapy) ) 
128-170 0 

72-100 0 

32-169 9 

67-173 3 

56-80 0 

48-128 8 

66-143 3 

24-126 6 

Decayy slopes (95% CI) 
(perr week) 

0.01199 (-0.198 to 0.221) 

-0.0611 1 

-0.01466 (-0.024 to-0.006) 

-0.01099 (-0.048 to 0.026) 

-0.0289 9 

-0.03277 (-0.096 to 0.031) 

0.00300 (0.000 to 0.006) 

-0.01788 (-0.147 to 0.111) 

ti/e e 

(months) ) 

„ „ 
2.6 6 

11 1 

14.6 6 

5.5 5 

4.9 9 

<--
9 9 

95%% CI, 95% confidence intervals. 1 Patient 008 was treated with anti-CD3 and recombinant IL-2 during five consecutive days after 
466 weeks on ART [22]. Cultures performed within 6 months after start of this stimulation protocol were excluded for siope 
calculation.. The decay slope of HLA-DR" CD4+ T cells until the start of the stimulation protocol was -0.0114/week (95%CI: -0.573 
too 0.550, t1/2 of 8.67 months) 2Patient 013 initiated antiretroviral therapy within two weeks after the onset of a symptomatic primary 
HIV-11 infection. 

pointss are presented in figure 1. Decay slopes 
off  the proportion of infected HLA-DR" CD4+ T 
cellss ranged from -0.061/week (ti/2= 2.6 
months)) to +0.003/week (t1/2= infinite, table 1). 
Despitee a decrease in the size of the cellular 
reservoirr over time in 6 out of 8 patients, virus 
wass readily isolated from all patients even after 
twoo to three years of treatment. 

Discussio n n 

Ongoingg viral replication and the persistence of 
aa reservoir of infected resting CD4+ T cells are 
majorr obstacles for eradication or remission of 
HIV-11 infection, under standard triple anti-
retrovirall  therapy. Previously, a five-drug 
regimenn was shown to be superior to standard 
triplee therapy, in initial suppression of plasma 
virall  RNA [15] and in long-term suppression of 
virall  replication, as evidenced by the reduced 
numberr of persons with detectable RNA in 
plasmaa at 144 weeks of therapy [16]. Here, we 
monitoredd the dynamics of the viral reservoir 
off  infected HLA-DR" CD4+ T cells in the same 
groupp of patients. In all patients, we were able 
too culture infectious virus from these resting 
CD4++ T cells on multiple occasions. Further-
more,, even after 3 years, we were still able to 
isolatee virus from CD4+ HLA-DR" lympho-

cytes,, indicating that the cellular reservoir was 
nott cleared despite this aggressive drug 
regimen. . 
Thee cellular reservoir for HIV-1 during 
successfull  antiretroviral therapy is thought to 
consistt of resting CD4+ T cells, latently 
infectedd with replication competent HIV-1 
integratedd in their genome (post-integration 
latency).. The recently observed correlation 

betweenn the number of episodes of intermittent 
viremiaa and the decay rate of the viral reservoir 
[7]]  suggests that ongoing replication during 
therapyy refeeds the cellular reservoir, 
contributingg to the apparent long half-life of 
thee reservoir. Despite enhanced suppression by 
aa five-drug regimen in our cohort of patients as 
comparedd to standard triple drug therapy 
[15,16],, one or more episodes of detectable 
intermittentt viremia were observed in 6 of 8 
patients.. This suggests that ongoing viral 
replicationn does occur despite this aggressive 
drugg regimen. Whether truly latent infection or 
ongoingg replication under this drug regimen is 
thee major cause of persistence of the viral 
reservoirr is still a matter of debate [19]. Of 
note,, a persistent viral reservoir was also 
presentt in the patients without any residual 
viremiaa in plasma (patient 013 and 019). At the 
lastt time point analyzed, these patients did have 



136 6 Virall reservoir during five-drug regimen 

^ ^ 
CD D 
CD D 
7T 7T 

O O 
13 3 

CD D 

0) ) 
3 3 
CD D 
3 3 

O O 

IV) ) 
O l l 

Oll . 
o o 
v l l 
en n 

_ i i 

o o 
o o 
l\3 3 
Ol l 

Ol l 

g g 
O l l 

oo • 

l\3 3 
O l l 

O l l 
O O 

- s i i 
on n 
_ L L 

O O 
o o 
fO O 
cn n 

On n 
O O 
~*j j 
O l l 

o o 

fO O 
O l l 

O l l 

o o 
-si i 
O l l 
_ L L 

OO ' 
o o 

ro o 
O l l 

O l l 
o o 

-si i 
Ol l 

o o 

ro o 
O l l 

O l l 
o o 

-si i 
Ol l 
_ L L 

O O 
o o 

ro o 
O l l 

O l l 
o o 

v l l 
01 1 

=r r 

HIV-RNA A 
(logg copies/ml) 

H . Z ZZ JJC/I J . ^ ^ > 

ffl-0<<<<OOH--l ffl-0<<<<OOH--l 

o o 
ro o 
Ol l 

Ol l 
o o 

- J J 
O l l 

_,. . 
o o 
o o 

ro o 
O l l 

O l l 

o o 

oo  -•• ro a> -t*. oi o> 

_ x — > > 

< < 
ii O 
qq _ ^ 

co o 
\ \ 
v. . r x x 

v v I I 0 0 

nn t i 2 z i ( " - > u n n s Ol 
<< 8 - D < 2 < < O O H S ! 3 

1 1 

1 1 

< 0 > T < < << < O O H —-

rnaa z z i K - > W a n > 
- T j 3 < 3 H D D m H ê g : N N 
<0>> T J < < < < 0 0 - ( 

1 1 

11 ' ' 

oo -

roo . 
Ol l 

Oll . 
o o 

v i i 
Ol l 
_ t t 

o o 
o o 

ro o 
Ol l 

Ol l 
o o 
- v j j 

o ^ y - ^ e e 

r^^ ^ 
j j 
11 Z1 

// 2 
££ *• 

^ ^ > o o 

<] ] 

1 1 

•• " l 

i i 
oo -

ro o 
O l l 

O l l 

o o 
- J J 
Ol l 
_ L L 

O O 
o o 

ro o 
Ol l 

Ol l 
o o 
s j j 

J ^ ^ ^ ^ 

r""̂  ^ ^ o o 

j j 

Li .. o 
r^%r^%  ~-J 
i i 

!! r 
N>> < 

O l l 

o o 

ro o 
O l l 

O l l 
o o 
-si i 
O l l 

— f c c 

O O 
o o 

ro o 
O l l 

O l l 
o o 
•s j j 

r ^ r r 

o o 

j j 
o o 

// CD 

Oll ' 

L ii O O O 
oo o 

o o 

oo -

ro o 
O l l 

O l l 
o o 

-s i i 
O l l 
_ L L 

o o 
o o 

ro o 
O l l 

O l l 
o o 

-si i 
Ol l 

o o 

ro o 
O l l 

Oll . 
o o 

- j j 
Ol l 
_ L L 

O O 
o o 

ro o 
O l l 

O l l 

o o 
-s! ! 
Ol l 

o o 

ro o 
O l l 

O l l 

o o 
-s| | 
O l l 
_ L L 

O O 
o o 

ro o 
Ol l 

Ol l 
o o 
•^ j j 
O l l 

o o 

ro o 
O l l 

O l l 

o o 
- s i i 
O l l 

—L L 

O O 
o o 

ro o 
O l l 

O l l 

o o 

-si i 
Ol l 

m a Z Z I B - > u a n > > 
< ££ D « « O O H - -

m t i z z i J J - > > 
n S < T H O ö a n E S f f 
<WW D « « O O H - -

| | 

| | 

oo • 

ro o 
Ol l 

Oll . 
o o 
- s i i 
O l l 

_ L L 

O O 
o o 

ro o 
O l l 

O l l 

o o 
-sii ï 

,, en 

i i 

o o 
ro o 
O l l 

O l l 

o o 
-si i 
Ol l 
_ L L 

O O 
o o 

ro o 
Ol l 

Ol l 
o o 
-o o 

mo.mo. z z n ü 3 - > c j Q n > Cn 
<(££ D « « n O H - ^ 

1 1 
11 J 

m a z z i w ^ > ww ; 

<££ - a < < < < o o - i - -

j j 

' ' 
1 1 

oo -

roo . 
Ol l 

cnn i 
o o 

-sii . 
O l l 

_ t t 

o o 
o o 

ro o 
O l l 

O l l 

o o 
^ i i 

,, cn 

i i 

o o 

ro o 
O l l 

O l l 

o o 
- s | | 
O l l 

_ i i 

o o 
o o 

ro o 
O l l 

O l l 

o o 
- v i i 
O l l 

HIV-RNA A 
(logg copies/ml) 

o o 

< < 

qq * 

£ £ 

o o 

-LL INJ 00 ^ Ui O) 

j^-o-o-o—O^3 3 

p--3. . 

o o 
o o 

's.. * • 
N^ ^ J>o o ) ) J. . 

< < 
I I 
< < 

s ^ < JJ O 

x^rx^rVV O) 

< < Scc <f 
- s .. / o 
,^>  ; o 

00 0 

< < 

<J J 

O O 
O O 
CD D 

EE .-< 

w w 

1 1 

oo o o 
oo o 

o o 

(lAldDl)) U-AIH 
lueiodwooo uorjeoiidey 

(1/MdDl)) U-AIH 
luoiedaiooo uojiBOüdey 



Chapterr 11 137 

amongg the smallest reservoirs of infected cells, 
whichh agrees with the notion that refeeding is a 
majorr constituent to the persistence of the 
reservoirr [7]. 
Itt cannot be excluded that at least some 
episodess of intermittent viremia may be 
temporallyy related to therapy switch which 
weree necessitated by toxicity. As therapy 
switchess were also frequently reported during 
triplee drug regimens in our clinic [20], it cannot 
bee concluded that this five-drug regimen was 
lesss well tolerated than the standard of care. 
Moreover,, even if therapy switches are 
responsiblee for intermittent viremia and would 
occurr more often because of intolerance for 
thiss five-drug combination, overall virus 
suppressionn by this regime is superior. 
Ann unanticipated rapid decay of the cellular 
reservoirr was recently observed in chronically 
infectedd patients in whom a triple drug regimen 
wass intensified with mycophenolate mofetil, 
thee ester derivate of mycophenolic acid, which 
iss known to inhibit T cell activation [21]. The 
inhibitionn of T cell activation could be the 
underlyingg mechanism for the accelerated 
decayy in viral load by interfering with re-
feedingg of the cellular reservoir. Insight in the 
4mderlyingg inechanisffl that allows—viral 
replicationn in the presence of four to six drugs 
wil ll  be essential for the development of more 
effectivee therapies that can eradicate HIV-1 
fromm this cellular reservoir. 
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Bothh R5 and X4 human immunodeficienc y viru s type 1 variant s 
persis tt  durin g prolonge d therap y wit h fiv e antiretrovira l drug s 

AA viral reservoir of human immunodeficiency irus type 1 (HIV-1) infected, resting CD4+ T cells 
persistss despite suppression of plasma viremia by combination antiretroviral therapy. In a 
longitudinall analysis of three patients treated with a five-drug regimen, both R5 and X4 HIV-1 
variantss persisted in the cellular reservoir for up to three years. 

Restingg CD4+ T cells have been identified as a 
reservoirr for replication-competent human 
immunodeficiencyy virus type 1 (HIV-1) even 
whenn suppression of HIV-1 plasma viremia by 
combinationss of three or more antiretroviral 
drugss is achieved [1-7]. These cells are thought 
too be latently infected, having been generated 
byy reversal, of infected cells from an activated 
too a resting state. Ongoing viral replication 
duringg potent antiretroviral therapy has been 
demonstratedd by episodes of detectable plasma 
virall  RNA [6,8], episomal cDNA circles [9], 
virall  RNA transcripts [10-13] and ongoing 
geneticc evolution [14]. This residual replication 
mayy contribute to the apparent long half-life of 
thee reservoir by re-infection of CD4+ T cells 
andd thereby refeeding of the reservoir [15]. 
Wee have previously shown that coreceptor 
usagee of HIV-1 is an important determinant for 
T""  cell tropism during untreated HIV-1 
infection.. Non-syncytium-inducing (NSI), 
CCR5-utilizingg variants (R5 variants) can be 
isolatedd from CCR5+ memory CD4+ T cells, 
whereass syncytium-inducing (SI), CXCR4-
utilizingg HIV-1 variants (X4 variants) can be 
isolatedd from both memory and naive CXCR4+ 

CD4++ T cells [16,17]. Since CCR5 is mainly 
expressedd on activated CD4+ T cells [18,19] 
andd CXCR4 is expressed at higher levels on 
restingg CD4+ T cells, it is conceivable that R5 
andd X4 HIV-1 variants differ in their capacity 
too generate a latent infection and to persist 
duringg therapy. Although the presence of both 
R55 and X4 HIV-1 variants in the viral reservoir 
hass previously been reported [20], longitudinal, 
quantitativee data are not available to address 
thiss possibility. Here, we performed an in-
depthh study of the dynamics of R5 and X4 
HIV-11 variants in three patients (patient 08, 14 

andd 15) in whom X4 HIV-1 variants had 
evolvedd before initiation of therapy. 
Al ll  participants were antiretroviral therapy 
naivee when they started a five-drug regimen 
consistingg of zidovudine, lamivudine, abacavir, 
nevirapinenevirapine and indinavir. Low dose ritonavir 
wass added to this drug regimen to enhance 
indinavirr concentrations in serum, seminal 
plasmaa and CSF. The drug regimen was 
changedd in case of toxicity but consisted of at 
leastt four drugs during the entire study period. 
Att baseline, the patients had low CD4+ T cell 
numberss (30 to 130 cells/ul), high viral RNA 
levelss in plasma (4.5 to 5.1 log copies/ml) and 
aa high cellular infectious load (137 to 386 
TCID/1066 CD4+ T cells). After initiation of 
therapy,, CD4+ T cell numbers gradually 
increasedd and viral RNA load in plasma 
declinedd to levels below the limit of detection 
(55 copies/ml, ref. 21) (figure 1). Throughout 
follow-up,, plasma viral RNA load in general 
remainedd below the limit of detection, although 
episodess of intermittent detectable viremia 
weree monitored in patients 08 and 14. 
Thee proportion of HIV-1 infected HLA-DR 
CD4++ T cells was determined by cocultivation 
off  these cells with healthy donor PBMC, after 
overnightt activation with phytohaemagglutinin 
(PHA),, recombinant human IL-2 and irradiated 
allogeneicc PBMC, as previously described 
[22].. Briefly, after overnight activation, cells 
weree washed and cocultivated with PHA-
stimulatedd healthy donor PBMC under limiting 
dilutionn conditions in 96-or 24 wells plates. 
Weekly,, half of the cells were transferred to 
neww tissue culture plates containing fresh PHA-
stimulatedd PBMC and culture supernatant was 
analyzedd for p24 production. Virus could be 
culturedd from HLA-DR CD4+ T cells at all 
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Figuree 1. Changes in viral load and CD4+ T cell numbers in response to anti retroviral therapy with a five-drug 
regimenn in three patients who developed X4 variants before initiation of therapy. Data from 08 and 014 were 
availablee from previous study [22]. At approximately 87 weeks of therapy, patient 15 reported non-compliance to 
therapyy and subsequently stopped therapy for 10 weeks. Patient 08 was treated with anti-CD3 and recombinant 
IL-22 during five consecutive days after 46 weeks on therapy [28]. Open circles represent CD4+ T cell numbers, 
blackk circles represent viral RNA load in serum and gray circles represent the cellular infectious load in HLA-DR 
CD4++ T cells. Black triangles at the x-axis represent timepoints selected for phenotypic and sequence analyses 
off viral clones. A gray triangle at the x-axis of patient 08 represents a timepoint from which only viral sequences 
weree analyzed. White triangles reflect timepoints analyzed for in vivo viral tropism for naive and memory CD4+ T 
cells. . 

timepoints,, including the last timepoint 
analyzed,, which was after 135, 94 and 82 
weekss of therapy for patient 08, 14 and 15, 
respectively.. After cessation of therapy for 10 
weeks,, plasma RNA levels increased to 
pretreatmentt levels and cellular infectious load 
increasedd to 74 TCID/106 CD4+ T cells in 
patientt 15. 
Too study the dynamics of R5 and X4 HIV-1 
viruss populations during treatment, the 
syncytium-inducingg phenotype in the MT2 T 
celll  line was determined during isolation of 
biologicall  virus clones from HLA-DR" CD4+ T 
cells.. MT2 cells express CXCR4, but not 
CCR5,, and infection and syncytia formation by 
HIV-11 is a rapid indication of the ability to use 
CXCR4.. When half of the cells from each well 
weree transferred to a new tissue culture plate 
eachh week, MT2 cells were added to the 
remainderr of the cultures and the presence of 
SII  HIV-1 variants was assessed by visual 
inspectionn for the presence of syncytia [16,17]. 
Sincee all virus clones obtained at each 
timepointt were analyzed, percentages of NSI 
andd SI HIV-1 variants reflect the in vivo 
distributionn of cells infected with these 
variants.. Before start of therapy, both NSI and 
SII  HIV-1 variants co-existed in all patients (54 

too 76 % of the virus clones had a SI phenotype, 
figuree 2a). After initiation of therapy, both NSI 
andd SI virus variants persisted in patient 08 up 
too 152 weeks of therapy (36% SI phenotype). 
Predominantlyy SI HIV-1 variants were isolated 
from,, patients 14 and 15 (90 and 100% SI 
phenotype,, respectively), but this difference 
wass not significantly different from baseline 
distributionss of NSI and SI variants (p=0.22 
(patientt 14) and p=0.15 (patient 15), Fisher 
Exactt Test). After cessation of therapy, both 
NSII  and SI HIV-1 variants were obtained from 
patientt 15, despite the inability to culture NSI 
HIV-11 variants during treatment. 
Coreceptorr usage of the obtained virus.clones 
wass determined by cell free infection of U87 
indicatorr cell lines, as previously described 
[17]]  (figure 2b). NSI HIV-1 clones from 
patientt 08 were in general CCR5 restricted 
(R5),, whereas a minority of NSI virus clones 
wass in addition able to infect U87 cells via 
CXCR44 (R5X4). SI HIV-1 clones could use 
bothh CCR5 and CXCR4 (patient 08 and 15), 
CCR3,, CCR5 and CXCR4 (patient 08), or were 
restrictedd to CXCR4 usage (patient 14). No 
selectionn for a specific coreceptor usage during 
therapyy was observed. 
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Figuree 2. Phenotype of biological virus clones obtained before and during treatment with five antiretroviral 
drugs.. A. Percentage of virus clones obtained at baseline and at several timepoints during therapy with SI 
(blackk bars) and NSI (gray bars) phenotype in the MT2 T cell line. The bars labeled "ART" represent combined 
dataa from all timepoints during treatment. Absolute number of analyzed clones is indicated at the top of the 
bars.. The bar labeled "off therapy" in patient 15 represent virus clones obtained after cessation of therapy for 10 
weeks.. B. Coreceptor usage in U87 cells transfected with CD4 and either CCR3, CCR5 and CXCR4. U87 cells 
weree infected with 500 TCID50 of each virus clone and cultured for 21 days, culture supernatant was harvested 
weeklyy for analysis of p24 production. Bar fills indicate coreceptor usage: CCR5 (R5, white bars) CCR5 and 
CXCR44 (R5X4, light gray), CCR3, CCR5 and CXCR4 (R3R5X4, dark gray) and CXCR4 (black bars). Pre-
therapyy clones (pre) and clones combined from various timepoints during treatment (ART) are shown. NT: not 
tested.. C. Dependency of virus clones on CCR5 for infection of primary cells. End-point dilution titration was 
performedd on cells from a healthy donor homozygous for the 32 basepair deletion in CCR5 (A32) and on cells 
fromm at least two healthy blood donors (++). Viral clones from all three patients before and during therapy are 
shown.. Open circles represent NSI clones that are able to use CCR5 and CXCR4 in U87 cells. 
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Thee dependency on CCR5 for infection of 
primaryy cells was determined by the ability to 
infectt PHA-PBMC from a healthy blood donor, 
lackingg CCR5 expression due to a homozygous 
genotypee for the 32 basepair deletion in the 
CCR55 gene (CCR5 A32). An absolute associa-
tionn of SI phenotype and the ability to infect 
CCR55 A32 PBMC was observed (Figure 2C). 
NSII  variants, either R5 or R5X4 in U87 cells 
weree unable to infect CCR5 A32 PBMC, 
reflectingg an absolute dependency on CCR5 for 
productivee infection of primary CD4+ T cells. 
Thee longitudinal isolation of biological R5 and 
X44 virus clones provided the opportunity to 
monitorr genetic evolution within the R5 and 
withinn the X4 virus populations. A 333 
basepairr region spanning the third variable 
regionn of gpl20 was sequenced [17] and 
phylogeneticc analyses were performed using 
thee Phylip package (version 3.5c and 3.6, ref. 
23).. Sequences were deposited in Genbank 
underr accession numbers AF355630 to 
AF3556799 (patient 08); AF355726 to AF-
3557488 (patient 14); and AF355680 to 
AF3557255 (patient 15). As expected, a 
bootstrap-supportedd clustering of intra-patient 
sequencess was observed in neighbor joining 
phylogeneticc trees (data not shown). As 
previouslyy described [17,24], R5 and X4 HIV-
11 sequences clustered apart within the cluster 
off  patient specific sequences, supported by 
bootstrapp values ranging from 87 to 100 (data 
nott shown). In none of the patients was 
evidencee obtained for ongoing evolution during 
antiretrovirall  treatment. Sequences obtained 
duringg therapy clustered with baseline 

sequencess in all patients. From patient 08, 
sequencess that were even identical to baseline 
sequences,, either of the R5 of X4 phenotype, 
weree isolated up to 135 weeks of treatment 
(dataa not shown). Using an approach described 
byy Gunthard et al [14], we were unable to 
observee an ongoing evolutionary divergence 
fromm a deduced most recent common ancestral 
sequencee (MRCA). R5 and X4 HIV-1 
sequencess obtained after cessation of therapy in 
patientt 15 were similar or even identical to 
sequencess obtained before therapy. 
Wee have previously shown that R5 HIV-1 
variantss are mainly isolated from memory 
CD4++ T cells, whereas X4 HIV-1 variants are 
equallyy distributed over naive and memory 
CD4++ T cells [16,17]. To establish a potential 
rolee of naive CD4+ T cells as a cellular 
reservoirr for X4 HIV-1 variants under therapy, 
wee studied whether naive cells were infected in 
vivoo in patients 08 and 14. Patient PBMC were 
sortedd in naive CD27+ CD45RO" and memory 
CD45RO++ CD4+ T cells and cocultivated with 
healthyy donor PHA-PBMC. Memory CD4+ T 
cellss were infected by either R5 (patient 08) or 
X44 HIV-1 variants (patient 14, table 1). Pro-
ductivee infection of naive CD4+ T cells by X4 
HIV-11 variants was observed in patient 08. 
Inn this longitudinal analysis, we aimed to 
observee putative differences among R5 and X4 
variantss in genetic evolution and persistence in 
thee reservoir of infected HLA-DR" CD4+ T 
cellss under treatment. We observed that both 
R55 and X4 HIV-1 variants can persist under 
prolongedd aggressive therapy with a five-drug 
regimen.. We were unable to observe any 

Tabl ee 1 . In vivo tropism for naive and memory CD4+ T cells. 

CD27++ CD45RO' naive CD45RO++ memory 

Patient t 
Weekss on 
therapy y 

Infectiouss Load 
{TCID/1066 cells) 

SII Phenotype 
(%)) (number)b 

Infectiouss Load 
(TCID/1066 cells) 

SII Phenotype 
(%)) (number) 

008 8 

014 4 

152 2 

137 7 

0.3 3 
<0.55 (DL) 

100(1) ) 
NA A 

0.7 7 
0.2 2 

0(2) ) 
100(1) ) 

DLL Lower detection limit of the assay; NA, not applicable.a Patient PBMC isolated from freshly drawn blood was sorted on a 
MÓFLOO cell sorter (Cytomation Inc., Ft. Collins, Co.) into naive <CD27+ CD45RO) and memory CD45RO CD4 T ceIs [26 27]. 
Thee cellular infectious load in these T cell subsets was determined by cocultivation with healthy donor PHA-stimulated HBMO 
underr limiting dilution conditions. b Percentage of clones with SI phenotype in the designated T cell subsets and, between 
brackets,, absolute number of obtained virus clones is indicated. 
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evidencee for ongoing replication either among 
R55 or X4 variants by sequence analysis, 
althoughh intermittent viremia as observed in 
twoo patients is suggestive for ongoing 
replication.. We previously demonstrated a 
differentiall  tropism of R5 and X4 HIV-1 
variantss for naive and memory CD4+ T cells in 
thee natural course of infection [17]. Due to the 
abundantt expression of CXCR4 on naive CD4+ 

TT cells, the frequency of infected naive CD4+ T 
cellss in patients infected with X4 variants is up 
too two logs higher than in patients with R5 
variantss only [16]. Given their longer half-life 
ass compared to memory CD4+ T cells [25], 
naivee CD4+ T cells may represent a preferred 
sitee for viral persistence, especially in patients 
infectedd with X4 HIV-1 variants. In agreement, 
wee were able to isolate X4 virus from naive 
cellss after three years of therapy, confirming a 
previouss report of productive infection of naive 
CD4++ T cells under treatment [20]. Finally, our 
dataa indicate that prolonged therapy with the 
currentlyy available antiretroviral drugs does not 
resultt in clearance of either R5 or the more 
pathogenicc X4 HIV-1 variants from the viral 
reservoir,, but that prolonged suppression of 
bothh variants in plasma can be achieved. 

Further—— 4nsights—in—mechanisms -of—viral 
persistencee in these cells are crucial for 
understandingg and directly targeting cellular 
reservoirss of HIV-1. 
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Generall  Discussio n 
HIV-11 coreceptors : insight s in vira l tropis m and AIDS pathogenesi s 

Thee identification of chemokine receptors as the coreceptors of HIV-1 has yielded many novel 
insightss in the pathogenesis of HIV-1 infection with respect to the mechanism of viral entry, viral 
tropismm and differences in disease course among individual patients. Below these insights are 
summarizedd and discussed. 

HIV-11 corecepto r use 
Fourteenn chemokine receptors or structurally 
relatedd molecules have been identified that can 
functionn as coreceptors for entry of HIV-1 in 
vitroo (see chapter 6 for a list and references). 
Appreciationn of the importance of these 
moleculess for AIDS pathogenesis requires the 
determinationn of coreceptor preferences of 
primaryy HIV-1 isolates obtained at various 
stagess of infection. Viral coreceptor use is 
determinedd on cell lines which lack 
endogenouss expression of (co)receptors and 
whichh are transfected with CD4 and one of the 
putativee HIV-1 coreceptors. Entry and 
subsequentt replication in these cells indicates 
whichh coreceptors the viral isolate can use. 
Alternatively,, cell fusion-based assays are 
used,, in which fusion of a cell line expressing 
CD4CD4 and a coreceptor with a cell line 
expressingg HïV~-T~gpt20 is monitored. Results 
obtainedd by these different methods are in 
generall  in good agreement, however fusion 
assayss usually indicate a broader coreceptor 
usagee of the same panel of viral isolates [1,2]. 
Inn initial studies it was shown that HIV-1 is 
highlyy promiscuous with respect to coreceptor 
usee in vitro [2-9]. Coreceptor use is highly 
correlatedd with the ability to induce syncytia in 
thee MT2 T cell line: non-syncytium-inducing 
(NSI)) variants are able to use CCR5 but not 
CXCR4,, whereas syncytium-inducing (SI) 
variantss are able to use CXCR4 and often 
additionall  coreceptors (chapter 7, 8, and 12 and 
refs.. 10 to 12). All described virus isolates 
weree at least able to use either CCR5 and/or 
CXCR4,, and used these coreceptors more 
efficientlyy than other coreceptors [2-9]. This 
impliess that CCR5 and CXCR4 are the main 
coreceptorss for entry of HIV-1. Promiscuous 

coreceptorr use was mainly observed among 
CXCR4-utilizingg variants (chapter 8, and refs. 
2-111 and 13-15). A new nomenclature based on 
coreceptorr use has been proposed: R5 for 
CCR5-utilizingg variants, X4 for CXCR4 
utilizingg variants and R5X4 for variants that 
usee both CCR5 and CXCR4 [16]. 

Expressionn levels of CD4 and coreceptors on 
primaryy lymphocytes are much lower than 
expressionn levels on cell lines that are used for 
determinationn of coreceptor specificity. Two 
approachess are now available for the 
determinationn of coreceptor use in primary 
cells.. First, a lack of viral replication in 
peripherall  blood mononuclear cells (PBMC) 
fromm healthy blood donors who are 
homozygouss for the CCR5 A32 allele reflects 
thee absolute dependence on CCR5 for entry 
H7,18].. Second, the" availability^Fpotent ahcl 
specificc coreceptor antagonists allows 
interferencee with entry via the cognate 
chemokinee receptor [19-23]. Using these 
approaches,, it was shown that NSI HIV-1 
variantss also depend on CCR5 for entry in 
primaryy cells, irrespective whether they were 
isolatedisolated from rapid progressors or from long 
termm non-progressors (Chapter 7, 8 and 12, and 
refs.. 13,24,25). This indicates that disease 
progressionn can occur in the absence of 
expandedd coreceptor use and further implies 
thatt CCR5 is a promising target for the 
developmentt of entry inhibitors. 
Replicationn of CXCR4-utilizing variants in the 
presencee of saturating concentrations of potent 
CXCR44 antagonists indicates the capacity to 
usee other coreceptors than CXCR4. In chapter 
8,, we showed that CXCR4-utilizing HIV-1 
variantss evolve from a R5X4 phenotype 
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towardss a X4 phenotype as determined in 
indicatorr cell lines. However, replication of 
bothh R5X4 and X4 variants variants was 
completelyy inhibited by the CXCR4 
antagonistss AMD3100 and T22 in PBMC, 
despitee the presence of sufficient levels of 
CCR55 for infection by R5 HIV-1 variants 
(chapterr 9). This shows that coreceptor use as 
determinedd on indicator cell lines does not 
necessarilyy reflect efficient use of these 
coreceptorss in primary cells. It has been shown 
thatt the vast majority of HIV-1 variants depend 
onn either CCR5 or CXCR4 for replication in 
primaryy cells [25]. Thus far, only two virus 
variantss from a single mother to child 
transmissionn case have been described which 
weree able to infect primary cells independent 
fromm CCR5 and CXCR4 as a coreceptor, albeit 
withh low efficiency [26,27]. Thus CCR5 and 
CXCR44 are most relevant coreceptors for 
AIDSS pathogenesis. 

Thee findings for HIV-1 subtype B variants can 
generallyy be extrapolated to other subtypes of 
HIV-11 [24,28]. However, a remarkable and 
unexpectedd finding is the under-representation 
off  X4 variants in subtype C infected patients, 
evenn in advanced stages of disease [29,30]. 
Thiss was observed among patients from 
differentt countries and with different racial 
backgrounds.. This suggests that viral genotypic 
differences,, rather than host or environmental 
differencess play a role in the lower prevalence 
off  X4 HIV-1 variants in subtype C infection. 
Inn patients infected with HIV type 2 (HIV-2) 
thee AIDS-free period is longer than in patients 
infectedd with HIV-1. Therefore, HIV-2 is 
consideredd to be less pathogenic than HIV-1. 
Paradoxically,, HIV-2 uses a broader range of 
coreceptorss in in vitro assays, including CCR5 
andd CXCR4 and alternative coreceptors [31-
33].. While HIV-2 variants that solely depend 
onn CCR5 as a coreceptor for infection of 
PBMCC have been described [32], several 
isolatess of HIV-2 can infect PBMC 
independentt from CXCR4 and CCR5 [31]. 
Thus,, at least some HIV-2 variants use 
alternativee coreceptors for infection of primary 
cells.. The relatively low number of HIV-2 

isolatess that have been studied thus far and the 
lackk of longitudinal data hampered these 
studiess and the role of alternative coreceptor 
usee in HIV-2 pathogenesis needs further 
investigation. . 

HIV-11 corecepto r use and vira l entry as 
aa therapeuti c targe t 
Ass CCR5 and CXCR4 are the major 
coreceptorss for HIV-1, antagonists directed 
againstt these chemokine receptors may be 
promisingg therapeutic agents [19-23]. One 
majorr concern however, is the possibility that 
thesee compounds induce or accelerate a switch 
inn coreceptor use. CCR5-directed agents might 
drivee evolution of the more pathogenic 
CXCR4-utilizingg variants in vivo. In the SCID-
huPBLL mouse model, N-terminal modified 
RANTESS selected for CXCR4 utilizing 
variantss in some of the inoculated mice [34]. 
Nevertheless,, in vitro replication in the 
presencee of coreceptor antagonists resulted in 
viruss variants resistant to these antagonists 
withoutt a change of coreceptor use [35-40]. In 
agreement,, in chapter 10 we showed that CCR5 
expressionn levels did not influence the rate of 
evolutionn of X4 HIV-1 variants, suggesting 
thatt reduced CCR5 availability does not select 
forr X4 HIV-1 variants. 

Thatt alternative coreceptor use by primate 
lentivirusess may be induced when selection 
pressuree is prolonged and strong, is suggested 
byy the isolation of a CCR2b-utilizing SIV 
variantt from a red-capped mangabey [41]. This 
animall  lacked expression of CCR5 due to a 
homozygoushomozygous genotype for an inactivating 24 
basepairr deletion in the CCR5 gene, which is 
highlyy prevalent among these animals. 
Inductionn of alternative coreceptor usage may 
inn this case be the result of thousands of years 
off  co-evolution of virus and host. 

Virall  tropis m for lymphoi d cell s 
Knowingg that CCR5 and CXCR4 are the major 
coreceptorss of HIV-1, the mere co-expression 
off  CD4 and CCR5 or CXCR4 may identify the 
targett cells that are most important for AIDS 
pathogenesis.. Still, post-entry restrictions to 
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productivee infections occur [42-44] and 
infectabilityy of potential target cells needs to be 
confirmedd experimentally. During T cell 
developmentt from CD34+ haemotopoietic stem 
cellss to mature CD4+ T cells, co-expression of 
CD4CD4 and CCR5 or CXCR4 occurs at several 
stages. . 

CD34CD34++  progenitor cells and thymocytes 
CD34++ haematopoietic stem cells express low 
levelss of CD4 and CCR5 and high levels of 
CXCR4,, which suggests that these cells are 
potentiall  targets for HIV-1. However, experi-
mentall  data on in vitro infectability of these 
cellss are conflicting [45-47]. 
Inn the thymus, CXCR4 is highly expressed on 
CD33 CD4+ CD8" intrathymic precursors, tran-
sientlyy downregulated at a later developmental 
stagee and again upregulated when naive CD4+ 

TT cells leave the thymus. CCR5 is transiently 
expressedd on the more mature CD3+ CD4+ 

CD8++ thymocytes, and downregulated on CD4 
singlee positive thymocytes [48]. In vitro and in 
SCIDD hu-thy/liv mice, X4 variants replicated 
rapidlyy in thymocytes, resulting in significant 
depletionn of these cells, whereas replication 
andd depletion by R5 variants was much slower 
f49-52t t 

CD4CD4++ TT cells 
Severall  in vitro culture systems have 
establishedd that memory CD4+ T cells (which 
expresss CCR5 and CXCR4) are the predomi-
nantt targets for both R5 and X4 HIV-1 variants 
[53-55].. Since CXCR4 is abundantly expressed 
onn naive CD4+ T cells [56,57], this suggests the 
existencee of an intracellular restriction of the 
infectabilityy of naive cells. Nevertheless, 
integratedd provirus has been detected [58] and 
replicationn competent virus can be isolated 
fromm purified naive CD4+ T cells from X4 
HIV-11 infected patients (chapter 8, and ref. 57). 
Coreceptorr use was shown to be a major 
determinantt for viral tropism for T cell subsets 
inn vivo. X4 variants were isolated from naive 
andd memory CD4+ T cells, whereas R5 variants 
weree isolated mainly from memory CD4+ T 
cellss [57]. In chapter 8, we showed that 

differentt subsets of memory cells can be 
distinguishedd based on the expression pattern 
off  CCR5 and CXCR4. R5 HIV-1 variants were 
mainlyy isolated from CCR5+ memory cells, 
whereass X4 HIV-1 variants were isolated from 
CXCR4++ memory cells. Since CCR5 is mainly 
expressedd on activated cells and CXCR4 also 
att high levels on resting CD4+ T cells [59,60], 
evolutionn of X4 HIV-1 variants does not 
merelyy leads to a broader target cell range, but 
ratherr to a target cell population that includes 
naivee and quiescent memory cells. 

TT cel l tropis m and intracellula r 
requirement ss to viru s replicatio n 
Thee post-entry restriction to infection of naive 
CD4++ T cells in vitro [53-55] is in contrast with 
thee finding that naive CD4+ T cells are 
productivelyy infected in vivo (chapter 8 and 
refs.. 57 and 58). HIV-1 has been shown to 
dependd on cell proliferation for productive 
infectionn [42,43,61]. Two findings may explain 
thee discrepancy between in vitro and in vivo 
infectabilityy of naive CD4+ T cells. First, naive 
CD4++ T cells from HIV-1 infected patients 
weree shown to express the nuclear antigen Ki-
67,, a marker for cell proliferation [62]. This is 
inn contrast tot the lack of proliferation of naive 
CD4++ T cells in healthy donors. Second, it has 
beenn shown that specific cytokines (IL-2, IL-4 
andd IL-7 alone or in combination with IL6 and 
TNFoc)) may induce virus production from 
quiescentt non-proliferating naive cells trans-
fectedd with a HIV-1 based vector [63]. Both 
highh levels of IL-7 [64] and the increased 
divisionn rate of naive CD4+ T cells [62] are 
associatedd with advanced stages of HIV 
infectionn and may be responsible for the ability 
off  naive cells to support HIV-1 infection in 
vivo. . 

TT cel l tropis m and the pathogenesi s of 
R55 and X4 HIV-1 infectio n 

Severall  aspects of CCR5 and CXCR4-utilizing 
variantss in AIDS pathogenesis are still poorly 
understood.. This will be discussed below in the 
lightt of the current knowledge of the process of 
virall  entry and T cell tropism of HIV-1. 
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SelectiveSelective establishment of infection by R5 
variants variants 
AA new infection is generally established by 
macrophagetropicc R5 HIV-1 variants [65,66]. 
Thee virus population that is present early in 
infectionn is homogenous in envelope 
sequences,, but heterogeneous in gag sequences 
[65,67]]  suggesting selection at viral entry. The 
cruciall  role of CCR5 in transmission is 
supportedd by the near complete resistance of 
individualss who are homozygous for CCR5 
A322 (chapter 6 and references therein). X4 
variantss may evolve in the course of infection 
andd are closely related to coexisting R5 
variantss (chapter 8). After their emergence, 
ongoingg evolution of the envelope gene was 
observedd which coincided with an increasing 
affinityy for CXCR4 (chapter 9). 
Thee macrophagetropic phenotype of virus 
variantss in the early stages of infection 
suggestss a critical role of macrophages for 
establishmentt of infection. This has however 
beenn challenged by the finding that even early 
afterr transmission at the port of entry only a 
limitedd number of macrophages are infected 
andd high numbers of viral particles are pro-
ducedd by CD4+ T cells [68,69]. Alternatively, 
thee reported macrophagetropic phenotype of 
transmittedd R5 or X4 variants [66], may merely 
reflectt the ability of these virus variants to use 
aa low CD4 density rather than the ability to 
infectt macrophages per se. 
Severall  mechanisms have been suggested to 
playy a role in the selective establishment of 
infectionn by macrophagetropic R5 HIV-1 
variants.. Escape from the immune system [71] 
andd low immunogenicity of R5 variants [70] 
havee been suggested to play a role, but this 
seemss difficult to match with the abundant 
viruss replication in activated CD4+ T cells 
[68,69].. Selective capture of X4 HIV-1 variants 
too cell surface heparans would result in 
clearancee of X4 variants due to binding to (but 
nott infection of) CD4-negative cells [72]. 
Immaturee DCs were shown to migrate towards 
R55 but not X4 HIV-1 variants, which would 
resultt in selective dissemination of R5 variants 
too lymphoid tissue [73]. Finally, high 

expressionn levels of SDF-1 and the virally 
encodedd tat protein, which both interact with 
CXCR4,, might limit transmission and 
evolutionn of X4 HIV-1 variants [74-76]. 
Thee differential tropism of R5 and X4 variants 
forr CCR5+ and CXCR4+ T cell subsets as 
describedd in chapter 8, may offer an alternative 
explanationn for the predominance of R5 
variantss early in infection. As mentioned, X4 
variantss mainly infect CXCR4+ cells, which 
generallyy have a naive or resting memory 
phenotype.. The majority of CXCR4+ cells may 
thereforee not provide the intracellular 
requirementss for productive infection, resulting 
inn viral entry but not productive infection 
[42,43,61].. Infected resting cells that lacked 
expressionn of the activation markers HLA-DR 
andd Ki67 have been shown to contain lower 
numberr of viral transcripts than activated cells 
[68].. In agreement, a relatively low viral RNA 
loadd was observed in individuals who became 
infectedd despite a homozygous genotype for 
CCR55 A32 [77,78]. This indicates a lower 
numberr of progeny X4 viruses may indeed be 
producedd in vivo, which might be due to the 
restingg phenotype of their target cells. Infection 
off  activated CCR5+ cells may give R5 variants 
aa replicative advantage over X4 HIV-1 
variants,, and hence an increased chance that R5 
variantss establish a productive infection in a 
neww host. 

LimitedLimited evolution ofX4 HIV-1 variants 
Itt is unclear why X4 variants only develop in 
approximatelyy half of the infected individuals, 
andd only when CD4+ T cell numbers decline 
beloww approximately 400 cells per ul blood 
[79].. Only a limited number of mutations are 
requiredd this phenotypic switch in vitro [80]. 
Thiss suggests restraints on the ability to 
establishh a productive infection or on the 
availabilityy of susceptible target cells for X4 
variants,, rather than a difficulty to induce the 
switchh per se. If so, the factors that limit the 
emergencee of X4 variants in the course of 
infectionn may be similar to the factors that 
determinee the predominance of R5 variants 
earlyy in infection. 
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Thee differential tropism of R5 and X4 variants 
forr CCR5+ and CXCR4+ T cell subsets may 
alsoo provide an explanation for the limited 
evolutionn of X4 variants. Based on the low 
numberr of mutations required for a switch in 
phenotype,, it can be expected that X4 variants 
evolvee on multiple occasions throughout 
infection.. These newly evolved X4 variants 
mayy not be able to establish productive 
infectionn due to the resting phenotype of their 
CXCR4++ target cells. Only in later stages of 
infection,, when the generalized immune 
activationn results in proliferation of naive cells 
and/orr a cytokine milieu which relieves the 
post-entryy block in infection and allows 
productivee infection of CXCR4+ cells or rescue 
off  labile intermediates of HIV-1 replication. At 
thiss stage newly emerging X4 HIV-1 variant 
mayy have a better chance of encountering 
appropriatee target cells that efficiently support 
replicationn than in the earlier phases of 
infectionn and consequently, a X4 virus 
populationn can be fixed in the host. 
Itt has been suggested that the number of 
availablee target cells plays a role in the 
developmentt of X4 variants: a low number of 
CCR55 positive cells would select for X4 
Variantss which cafT "escape" the limited 
numberr of available target cells. Additionally, 
availabilityy of high numbers of CXCR4+ target 
cellss would accelerate evolution of X4 variants. 
However,, we showed in chapter 10 that a low 
numberr of CXCR4+ CD4+ cells was associated 
withh enhanced rate of evolution of X4 variants. 
Furthermore,, the mere number of CCR5+ cells 
norr a CCR5 A32 heterozygous genotype were 
associatedd with more rapid phenotypic switch 
(chapterr 2 and 10 and ref. 81). 

CytopathicityCytopathicity and CD4+ T cell decline 
Thee appearance of X4 HIV-1 variants has been 
associatedd with a subsequent more rapid 
declinee of CD4+ T cells and more rapid disease 
progressionn [82]. Before the identification of 
chemokinee receptors as the coreceptors for 
HIV-1,, the differences in pathogenicity of R5 
andd X4 HIV-1 variants were thought to be due 
too differences in cytopathicity and replication 

rate.. X4 variants in general replicate more 
rapidlyy and to higher levels than R5 variants 
andd X4 infection results in a more massive 
depletionn of cells in vitro [83-86]. Now it is 
apparentt that CCR5 and CXCR4 are not evenly 
distributedd on the cells that have been used in 
thesee in vitro assays. Therefore, insights in 
cytopathicityy based on these models need to be 
redefinedd in the context of the available target 
cells.. Indeed, R5 and X4 HIV-1 variants were 
equallyy cytopathic for the target cells 
expressingg the appropriate coreceptors, 
resultingg in depletion of the cognate target cells 
[87,88]. . 
Thee loss of CD4+ T cells during HIV-1 
infectionn may be due to the over-consumption 
off  T cells and an intrinsic inability of the 
immunee system to produce new cells [89]. 
Antigenn recognition by a naive CD4+ T cell 
wil ll  result in a clonal expansion of these cells. 
Infectionn of naive CD4+ T cells by X4 HIV-1 
variantss (chapter 8 and ref. 57) will lead to de-
structionn of the naive cell, either directly or 
afterr antigenic stimulation. The virus induced 
killin gg will prevent clonal expansion and may 
thuss directly be responsible for the enhanced 
losss of CD4+T cells. 
AA rapfa^declirie-öf CD4^T celts Respite a" 
relativelyy low viral RNA load in infected 
CCR55 A32 homozygotes [77,78] suggests that 
extensivee replication is not necessary to cause a 
rapidd CD4+ T cell decline. The enhanced CD4+ 

TT cell decline associated with the presence of 
X44 variants may therefore not merely be due to 
aa broader target cell range and more extensive 
replicationn of X4 HIV-1 variants, but rather to 
thee naive phenotype of the infected cells. 
Ann additional mechanism may be based on the 
abilityy of X4 HIV-1 variants to infect and 
depletee thymocytes more extensively than R5 
variantss [49], The finding that naive CD8+ T 
cellss are somewhat reduced in patients with X4 
variantss as compared to patients with only R5 
variants,, may indeed suggest that thymocytes 
aree infected and depleted by X4 variants [90]. 
Infectionn of thymocytes may further interfere 
withh T cell renewal and contribute to the 
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enhancedd CD4+ T cell decline associated with 
X4HIV- 11 variants. 

CoexistenceCoexistence ofR5 and X4 variants and 
responseresponse to antiretroviral therapy 
Afterr the evolution of X4 variants, R5 and X4 
variantss co-exist in the host and both virus 
populationss may even expand [91]. In chapter 
8,, we showed that CCR5 and CXCR4 are 
differentiallyy expressed on subsets of memory 
CD4++ T cells, resulting in significant cell 
populationss that express either CCR5 or 
CXCR4.. CCR5+ cells were mainly infected by 
R55 variants, CXCR4+ cells were mainly 
infectedd by X4 HIV-1 variants. The availability 
off  distinct target cell populations for R5 and 
X44 variants may explain co-existence of both 
phenotypicc variants. 

Thee differential tropism for CCR5+ and 
CXCR4++ T cells may also play a role in the 
differentiall  response of R5 and X4 variants to 
monotherapyy with the 2'3' dideoxynucleoside 
analoguess AZT or ddl. These reverse 
transcriptasee inhibitors require intracellular 
phosphorylationn to their triphosphate form (TP) 
too exert antiretroviral activity. The ratio of the 
triphosphatee forms of these nucleoside 
analoguess over the corresponding endogenous 
deoxynucleosidee triphosphates is one of the 
mostt important determinants for antiviral 
activity.. AZT is mainly phosphorylated in 
activatedd cells, i.e. the target cells for R5 
variants,, whereas ddl is mainly phosphorylated 
inn resting cells [92], target cells for X4 
variants.. The finding that R5 HIV-1 variants 
aree more readily inhibited by AZT and X4 
HIV-11 variants are better suppressed by ddl 
[93],, may therefore be explained by more 
optimall  ratios of AZT-TP and ddl-TP to the 
endogenouss competitors in the target cells for 
R55 and X4 HIV-1 variants, respectively. 

ViralViral  reservoir during potent multi-drug 
antiretroviralantiretroviral therapy 
AA viral reservoir of (presumably latently) 
infectedd resting memory cells can persist in 
patientss receiving prolonged therapy with three 
too four of the currently available antiretroviral 

drugss [94-96]. This reservoir is thought to 
resultt from ongoing replenishment of the 
reservoirr by residual virus replication and the 
intrinsicallyy slow decay of a latently infected 
cellss [97]. In chapter 11, we showed that a pool 
off  infected HLA-DR" CD4+ T cells still persists 
upp to three years in patients receiving an 
aggressivee five-drug regimen. In patients who 
carriedd X4 HIV-1 variants before therapy, both 
R55 and X4 variants persisted in the viral 
reservoirr (chapter 12). X4 variants are able to 
infectt infect naive CD4+ T cells (chapter 8) 
[57]]  and thymocytes, which may survive 
HIV-11 infection [98,99]. Infected naive CD4+ 

TT cells have indeed been identified in patients 
underr potent antiretroviral therapy (chapter 12 
andd ref. 100). As naive T cells have a longer 
half-lifee than memory T cells [101], it may be 
expectedd that infected naive CD4+ T cells may 
persistt for prolonged periods of time during 
therapy.. Naive CD4+ T cells may therefore 
representt an additional long-lived reservoir for 
X44 HIV-1 during potent antiretroviral therapy. 

Concludin gg remark s 
Thee identification of chemokine receptors as 
coreceptorss for HIV-1 has provided us with 
manyy novel insights in AIDS pathogenesis. 
Thee major coreceptors for HIV-1 are CCR5 
andd CXCR4, which therefore represent 
promisingg targets for therapeutic interventions. 
Thee identification of HIV-1 (and HIV-2) 
variantss that infect primary cells independent 
fromm these coreceptors and the putative 
implementationn of entry inhibitors in antiviral 
drugg regimens, merits further investigation on 
alternativee coreceptor usage. As tropism is not 
onlyy influenced by the presence of the right 
(co)receptors,, further insights in requirements 
otherr than coreceptor expression and intra-
cellularr requirements for productive infection 
aree needed. 
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Summar y y 

Chemokinee receptors are the coreceptors for 
entryy of HIV-1 into CD4+ cells. In this thesis, 
thee role of chemokine receptors in HIV-1 
infectionn and AIDS pathogenesis was studied 
inn two parts. In the first part, genetic 
polymorphismss in chemokine and chemokine 
receptorr genes were studied in relation to AIDS 
pathogenesiss (chapter 2 to 6). The second part 
off  this thesis is focussed at viral coreceptor use 
andd its implications for T cell tropism and 
AIDSS pathogenesis. 
Inn Chapter 1, a general introduction is provided 
inn chemokines and chemokine receptors, the 
entryy process of HIV-1 and cellular tropism of 
thee virus. The effect of a single nucleotide 
polymorphismm in the CCR2 gene (CCR2 641) 
andd a 32 basepair deletion in the CCR5 gene 
(CCR55 A32) on the clinical course of HIV-1 
infectionn among homosexual participants of the 
Amsterdamm Cohort was studied in Chapter 2. 
Individualss who were heterozygous or homo-
zygouss for CCR2 641 progressed significantly 
slowerr to AIDS than patients who did not carry 
thiss allele. The effect of CCR2 641 on disease 
progressionn was less pronounced than the 
Heffeetroff  CCR5 A32. Unexpectedly, the CCR2 
6411 allele was associated with a higher 
prevalencee of the syncytium-inducing (SI) viral 
phenotype,, whereas SI conversion tended to be 
delayedd in CCR5 A32 heterozygotes. A very 
strongg protective effect on HIV-1 disease 
progressionn was reported for a G to A substi-
tutionn in the 3' untranslated region of the SDF-
11 gene in a combined analysis of five American 
cohorts.. In chapter 3 we were unable to 
confirmm this protective effect on progression to 
AIDSS or death in the Amsterdam cohort. 
Collaborativee analyses of combined data from 
thee Amsterdam cohort and the French Seroco 
cohortt with respect to genetic polymorphisms 
inn the CCR2, CCR5 and SDF-1 gene on 
diseasee progression is provided in chapter 4. 
Thee large number of patients in this analysis 
allowedd us to study the effects of these 
polymorphismss independently. Also in this 

largerr cohort of patients, no effect was 
observedd for the SDF-1 gene variant. The 
protectivee effects of CCR5 A32 and CCR2 641 
onn disease progression were independent: 
individualss with both protective alleles 
progressedd more slowly to AIDS than indivi-
dualss with either one of these protective alleles. 
Thee CCR5 A32 heterozygous genotype is 
associatedd with a reduced infectability of 
macrophages.. In a case control study in chapter 
5,, we showed a reduced representation of the 
CCR55 A32 heterozygous genotype in 
individualss who developed AIDS dementia 
complex,, a clinical event which is thought to 
bee due to the presence of HIV-1 infected 
macrophagess and microglia in the brain. This 
mightt indicate that the number of infected 
macrophagess in the brain is reduced in CCR5 
A322 heterozygotes. Part one of this thesis is 
concludedd with a review of the literature on 
hostt genetic factors in AIDS pathogenesis, with 
ann emphasis on chemokine and chemokine 
receptorr genes (chapter 6). 
Thee second part of this thesis describes studies 
onn viral coreceptor requirements and the 
consequencess for AIDS pathogenesis. In 
chapterr 7, biological virus clones from patients 
whoo never developed SI HIV-1 variants during 
follow-upp were selected for analysis of 
coreceptorr use. All NSI HIV-1 clones, irrespec-
tivee whether these were derived from long term 
non-progressorss or from patients who 
progressedd rapidly to AIDS, were restricted to 
thee use of CCR5 in primary cells. Even in 
individualss with a CCR5 A32 heterozygous 
genotype,, disease progression with only CCR5-
utilizingg variants was observed. This indicates 
thatt expanded coreceptor usage is not a 
prerequisitee for disease progression. Longi-
tudinall  analysis of coreceptor usage of virus 
clonesclones from patients who developed SI HIV-1 
variantss is provided in Chapter 8. Shortly after 
theirr emergence, SI HIV-1 variants used both 
CCR55 and CXCR4 and in some instances 
additionallyy CCR3. Over time, the ability to 
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usee CCR5 was lost concomitant with an 
ongoingg genetic evolution of the envelope 
gene.. Among memory CD4+ T cells, which 
weree infected with both NSI and SI HIV-1 
variants,, CCR5 and CXCR4 was differentially 
expressed.. From CCR5 positive cells, CCR5-
utilizingg variants were isolated, whereas from 
CXCR44 positive cells, mainly CXCR4-
utilizingg variants were isolated. The differential 
expressionn of CCR5 and CXCR4 allows R5 
andd X4 variants to coexist after the emergence 
off  CXCR4-utilizing variants in vivo. CXCR4-
utilizingg variants isolated early and late after 
theirr emergence in vivo were further analyzed 
inn chapter 9. Early variants which used CCR5 
andd CXCR4 (R5X4) or CCR3 in combination 
withh these coreceptors (R3R5X4) in indicator 
celll  lines, were more sensitive to inhibition 
withh CXCR4 antagonists than late variants 
whichh solely used CXCR4 (X4) or CCR3 in 
combinationn with CXCR4 (R3X4). This 
reducedd sensitivity of late R3X4 and X4 
variantss was observed with a panel of structu-
rallyy different antagonists. This may indicate 
thatt these late R3X4 or X4 HIV-1 variants 
acquiredd an enhanced affinity for CXCR4. 
R5X44 and R3R5X4 HIV-1 variants were 
completelyy inhibited by CXCR4 antagonists in 
peripherall  blood mononuclear cells, indicating 
thatt these variants were only able to use 
CXCR44 in primary cells. Coreceptor usage in 
indicatorr cells may thus not reflect coreceptor 
usagee in primary cells. 

Inn chapter 10, we studied the effect of 
expressionn levels of CCR5 and CXCR4 before 
seroconversionn and at one and five years after 
seroconversionn on disease progression and the 
evolutionn of CXCR4-utilizing HIV-1 variants. 
Highh expression levels of CCR5 before and at 
fivee years after seroconversion were associated 
withh a more rapid development of AIDS. 
CXCR44 levels did not significantly alter the 
ratee of disease progression. Low CD4+ T cell 
numberss and high viral load early after 
seroconversionn were associated with the 
emergencee of CXCR4-utilizing variants, 
whereass CCR5 expression did not influence the 
ratee of evolution of X4 variants. Thus, target 
celll  availability does not seem to influence 
evolutionn of X4 variants. 
Inn chapter 11, the presence of a viral reservoir 
off  infected resting, HLA-DR CD4+ T cells was 
monitoredd in patients who received a cocktail 
off  five antiretroviral drugs. Virus could be 
isolatedd from these cells up to three years of 
therapy,, indicating the inability to clear HIV- 1 
infectionn by the currently available drugs. In 
chapterr 12, we show that both R5 and X4 HIV-
11 variants can persist in the viral reservoir for 
prolongedd periods of time in three patients who 
carriedd both variants before initiation of 
therapy.. Novel insights on coreceptor usage 
andd AIDS pathogenesis provided by the studies 
describedd in this thesis are discussed in light of 
availableavailable literature in chapter 13. 
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Virusse n n 

Virussenn zijn intracellulaire parasieten. Dit 
betekentt dat een virusdeeltje compleet 
afhankelijkk is van een gastheercel voor zijn 
levenscyclus.. Wanneer een virus een cel 
infecteert,, zal het de cel aanzetten om een groot 
aantall  kopieën van het virusdeeltje te maken 
(repliceren).. Deze nieuw gevormde 
virusdeeltjess verlaten de cel en kunnen dan 
nieuwee cellen infecteren. Hierna zal deze 
cycluscyclus zich herhalen. 
Dee eerste stap in het infectie proces is het 
binnendringenn van de cel. Hiervoor bindt het 
virusdeeltjee aan een eiwit op de celwand, de 
zogenaamdee receptor. Verschillende virus-
families,, maar ook verschillende leden binnen 
eenn virusfamilie, gebruiken verschillende 
eiwittenn als receptor. Welke receptor een virus 
kann binden bepaalt in grote mate welke cellen 
err geïnfecteerd zullen worden in het lichaam. 
Ditt heeft een grote invloed op het verloop van 
dee infectie en kan bijvoorbeeld (gedeeltelijk) 
bepalenn of een virus ziek-makend is en welke 
ziekteverschijnselenn er optreden. 

HW-11 _ _ . — - -

Hett humane immunodeficiëntie virus type 1 
(HIV-1)) veroorzaakt AIDS (acquired immuno-
deficiencyy syndrome). HIV-1 is in 1983 
geïdentificeerdd en in 1984 is aangetoond dat 
CD4CD4 een belangrijke receptor is voor het virus 
omm de cel binnen te dringen. Het CD4 
molecuull  zit op de buitenkant van zogenaamde 
TT helper cellen. Deze cellen spelen een cruciale 
roll  in (de regulatie van) het immuunsysteem. 
Hett zijn juist deze CD4 cellen die tijdens 
HIV-11 infectie verloren gaan, waardoor het 
immuunsysteemm van de patiënt ernstig 
verzwaktt wordt. Iemand die geïnfecteerd wordt 
doorr het HIV virus, zal hier de eerste jaren 
weinigg problemen van ondervinden. In de 
lateree fase van HIV-1 infectie, wanneer het 
aantall  CD4 cellen zeer laag is, zal het 
immuunsysteemm van de patiënt niet meer in 
staatt zijn om ziekteverwekkers te onder-

drukkenn (imuundeficiëntie). De patiënt kan dan 
lastt krijgen van alledaagse infecties, waar 
gezondee mensen helemaal geen last van 
hebben.. Wanneer zo'n ziekte zich voordoet 
wordtt de diagnose AIDS gesteld. 

Hett  ziekteverloo p van HIV-1 infecti e 
Hett ziekteverloop van een (onbehandelde) 
infectiee met het HIV-1 virus kan sterk 
verschillenn tussen individuele patiënten. Er zijn 
patiëntenn die nadat ze geïnfecteerd zijn 
geruimee tijd (soms meer dan 15 jaar) relatief 
gezondd blijven (long term non-progressors). 
Anderee patiënten ontwikkelen AIDS binnen 
enkelee jaren na besmetting (rapid progressors). 
Dee oorzaken voor de verschillen in ziekte-
verloopp zijn nog niet helemaal duidelijk, maar 
lijkenn veroorzaakt te worden door een 
combinatiee van factoren, zowel virologisch als 
patiëntt gebonden. Het HIV-1 virus is zeer 
variabell  en kan verschillende gedaantes 
hebben.. De aanwezigheid van "agressieve" 
variantenn zal bijvoorbeeld het ziekteverloop 
doenn versnellen. Het vermogen van het 
immuunsysteemm om HIV replicatie te 
onderdrukkenn heeft een grote invloed op de 
hoeveelheidd virus in het lichaam en daarmee 
hett ziekteverloop. Tenslotte kunnen verschillen 
inn het ziekteverloop ook gedeeltelijk worden 
bepaaldd door genetische verschillen tussen 
patiënten. . 

Corecepto rr  gebrui k 
Zoalss boven beschreven heeft HIV-1 het CD4 
molecuull  nodig om een cel te infecteren. Het 
wass echter al snel duidelijk dat CD4 alléén niet 
genoegg is om HIV-1 een cel binnen te laten 
dringen.. Dit suggereerde dat er nog een eiwit 
nodigg was, een zogenaamde coreceptor (figuur 
la).. Deze coreceptoren werden in 1996 
geïdentificeerdd en bleken chemokine recep-
torenn te zijn. Chemokine receptoren spelen in 
hunn normale functie een rol bij verplaatsing 
vann cellen van het immuunsysteem door het 
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Figuu rr  1A. HIV-1 heeft twee moleculen nodig om een cel binnen te dringen: CD4 (de receptor) en een 
coreceptor.. Wanneer deze beide moleculen op het oppervlak van een cel aanwezig zijn, kan het virus aan de 
cell binden en fuseert het met de cel. Het genetisch materiaal van het virus komt zo in de cel, en nieuwe 
virusdeeltjess worden gevormd. B. Verschillende virusvarianten kunnen verschillende typen cellen infecteren. 
Niet-syncytium-inducerendee (NSI) virussen gebruiken CCR5 als coreceptor om een cel binnen te dringen. Deze 
virusvariantenn worden daarom ook wel R5 varianten genoemd. Syncytium-inducerende (SI) varianten gebruiken 
CXCR44 om een cel te infecteren, en worden X4 varianten genoemd. Wanneer CD4 en CXCR4 op het oppervlak 
vann een cel aanwezig zijn, kan die cel wel door een SI (of X4) variant geïnfecteerd worden, maar niet door een 
NSII (of R5) variant. R3X4 virusvarianten kunnen (in principe) cellen infecteren die of CCR3 of CXCR4 op hun 
oppervakk tot expressie brengen. C. Remmers die aan een coreceptor binden kunnen voorkomen dat HIV een 
cell kan binnendringen. Een molecuul dat aan CXCR4 bindt kan infectie van een CXCR4-gebruikend virus 
remmen.. Een molecuul dat aan CCR5 bindt kan een CCR5-gebruikend virus remmen. 

lichaam,, bijvoorbeeld naar de plaats een 
infectiee of ontsteking. 
Vóórr de identificatie van de coreceptoren voor 
HIV-11 werden virus varianten ingedeeld op 
basiss van hun vermogen om T cellijnen in het 
laboratoriumm te infecteren en zogenaamde 
syncytiaa (een meerkernige celklont, ontstaan 
doorr fusie van cellen) te induceren. Deze 
variantenn worden dan ook syncytium-
inducerendd (SI) genoemd. Varianten die dat 

vermogenn niet hebben, worden niet-syncytium-
inducerendd (NSI) genoemd. Vroeg in infectie 
zijnn alleen NSI varianten aanwezig. SI 
variantenn ontwikkelen zich in de loop van 
infectiee in ongeveer de helft van de HIV-
geïnfecteerden.. Nadat SI varianten zich 
ontwikkeldd hebben, versnelt het ziekteverloop 
enn gaan de T helper cellen sneller verloren. 
Overr het algemeen zal twee tot drie jaar nadat 
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SII  varianten zich ontwikkeld hebben de AIDS 
diagnosee gesteld worden. 
HIVV varianten kunnen verschillen in 
coreceptor-specifïciteit.. NSI varianten gebrui-
kenn de coreceptor CCR5 om de cel binnen te 
dringen,, SI varianten gebruiken CXCR4 
(figuurr lb). Verschillende celtypen brengen 
verschillendee coreceptoren op het oppervlak 
vann de cel tot expressie. Er zijn cellen die wel 
CCR55 tot expressie brengen, maar geen 
CXCR4,, en andersom. Welke coreceptor een 
virusvariantt kan gebruiken om een cel binnen 
tee dringen bepaalt dus in hoge mate welke 
cellenn in het lichaam geïnfecteerd kunnen 
worden.. Naast CCR5 en CXCR4 zijn er nog 
twaalff  andere eiwitten die HIV-1 kan 
gebruikenn om cellen binnen te dringen, onder 
experimentelee omstandigheden. De invloed van 
dezee twaalf andere coreceptoren op het 
ziekteverloopp is niet duidelijk. 

Viral ee entr y ats doelwi t voo r anti-HI V 
medicijne n n 

Sindss 1996 worden HIV-1 patiënten behandeld 
mett een cocktail van drie of meer medicijnen 
diee het virus in verschillende stadia van zijn 
replicatiecycluss remmen. Hierdoor wordt de 

teerdee cellen in het bloed zeer sterk onderdrukt. 
Nuu duidelijk is hoe HIV een cel binnendringt, 
zijnn er geneesmiddelen ontwikkeld die dit 
process kunnen voorkomen. Deze middelen 
bindenn aan de coreceptor zodat het virus dat 
niett meer kan doen (figuur lc) en werken goed 
onderr experimentele omstandigheden. De 
meestt veelbelovende middelen worden op het 
ogenblikk getest in klinische trials. 

Studie ss in di t proefschrif t 

Dee studies in dit proefschrift hadden het doel 
omm inzicht te verschaffen in de rol van de 
verschillendee coreceptoren op het ziekte-
verloopp van HIV-1 infectie. Het proefschrift 
bestaatt uit twee delen. In het eerste deel 
(hoofdstukk 2 tot en met 6) wordt gekeken naar 
verschillenn (mutaties) in genen die coderen 
voorr chemokine receptoren. Mutaties in deze 
genenn kunnen een grote invloed hebben op de 

snelheidd van het verloop van de HIV-1 infectie. 
Voorr deze studies wordt gebruik gemaakt van 
informatiee over een groep HIV-1 geïnfec-
teerden,, het Amsterdamse cohort Van homo-
seksuelee mannen met HIV, die sinds 1983 elke 
driee tot zes maanden onderzocht worden. Van 
dezee groep HlV-geïnfecteerden is dus bekend 
hoee lang het geduurd heeft tot de AIDS 
diagnosee gesteld is, hoeveel virusdeeltjes in het 
bloedd aanwezig waren, of de agressievere SI 
HIVV varianten aanwezig waren, etc. Binnen 
zo'nn goed beschreven groep patiënten is het 
relatieff  eenvoudig om te bepalen of een bepaal-
dee mutatie vaker voorkomt in patiënten die snel 
AIDSS ontwikkelen of juist in patiënten die 
langeree tijd gezond blijven. In het tweede deel 
(hoofdstukk 7 tot en met 12) worden virus-
deeltjess bestudeerd die uit verschillende 
patiëntenn geïsoleerd zijn. Met name is bestu-
deerdd welke coreceptoren deze virus isolaten 
gebruikenn en of dit een bepalende factor is voor 
(dee snelheid van) het ziekteverloop. 

Hoofdstukk 1 geeft een algemene inleiding over 
dee HIV-1 infectie en met name over het proces 
vann binnendringen van virusdeeltjes in de cel. 
Hett effect van mutaties in het CCR2 gen en het 

wordtt bestudeerd in hoofdstuk 2. CCR2 is één 
vann de mogelijke coreceptoren van HIV-1. 
Vergelekenn met mensen met een normaal 
CCR22 gen, duurde het bij HlV-geïnfecteerden 
mett een mutatie in het CCR2 gen ongeveer 
tweee jaar langer tot de AIDS diagnose gesteld 
werd.. Doordat CCR2 maar door zeer weinig 
virusvariantenn gebruikt kan worden, is het 
mechanismee van deze bescherming nog steeds 
niett duidelijk. Een deletie in het CCR5 gen, één 
vann de twee belangrijkste coreceptoren, bleek 
ookk een beschermend effect te hebben op het 
ziekteverloop.. Door deze mutatie zijn er 
minderr cellen in het bloed aanwezig die zowel 
CD44 als CCR5 tot expressie brengen. Er zijn 
duss minder cellen beschikbaar die door het 
viruss geïnfecteerd kunnen worden. 
SDF-11 is een lichaamseigen eiwit dat aan 
CXCR44 kan binden. Wanneer dit gebeurt kan 
eenn SI HIV variant deze coreceptor niet meer 
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bindenn en kan het virus de cel niet 
binnendringen.. Als iemand veel SDF-1 
aanmaaktt zou dit de hoeveelheid CXCR4-
gebruikendee virusvarianten kunnen onder-
drukken.. Een Amerikaanse onderzoeksgroep 
heeftt een mutatie ontdekt in het SDF-1 gen, die 
inn een groep HIV patiënten geassocieerd was 
mett een langere asymptomatische fase vóórdat 
dee AIDS diagnose gesteld werd. In een groep 
vann 344 HlV-geïnfecteerden uit het Amster-
damsee cohort konden wij dit beschermende 
effectt echter niet zien (hoofdstuk 3). De groep 
patiëntenn die onderzocht was door de 
Amerikaansee onderzoeksgroep was groter dan 
dee groep patiënten uit Amsterdam. Dit zou 
kunnenn verklaren waarom wij het bescher-
mendee effect voor de mutatie in het SDF-1 gen 
niett zagen. Om onze patiënten populatie te 
vergrotenn hebben we in hoofdstuk 4 een ge-
combineerdee analyse uitgevoerd van patiënten 
uitt Amsterdam en uit Frankrijk. Hierdoor was 
groottee van de groep patiënten vergelijkbaar 
mett de groep patiënten in de Amerikaanse 
studiee (720 patiënten) en zijn de analyses 
betrouwbaarder.. De resultaten met deze grote 
groepp patiënten waren vergelijkbaar met de 
resultatenn die we hadden gevonden in het 
Amsterdamsee cohort (hoofdstuk 2 en 3): de 
mutatiess in het CCR5 gen en het CCR2 gen 
wass geassocieerd met een langere asympto-
matischee fase, terwijl er geen beschermend 
effectt te zien was voor de mutatie in het SDF-1 
gen. . 

AIDS-gerelateerdee dementie is één van de 
ziekteverschijnselenn die leidt tot de AIDS 
diagnose.. Een van de eerste stappen in het 
ontwikkelenn van AIDS gerelateerde dementie 
iss het zich verplaatsen van een bepaald type 
geïnfecteerdee cellen (macrofagen) naar de 
hersenen.. Deze cellen brengen het virus over 
dee bloed-hersen-barrière, en fungeren zo als 
eenn soort paard van Troye. Eenmaal in de 
hersenenn kan het virus andere cellen 
(microglia)) infecteren met de beschadiging van 
zenuwcellenn (neuronen) als gevolg, wat kan 
leidenn tot dementie. In hoofdstuk 5 zagen we 
dee mutatie in het CCR5 gen minder vaak 
voorkomtt bij mensen met een AIDS-gerela-

teerdee dementie dan bij mensen die AIDS 
krijgenn zonder dat AIDS gerelateerde dementie 
optrad.. Dit zou verklaard kunnen worden 
doordatt in patiënten met de mutatie in CCR5 
hett aantal geïnfecteerde macrofagen lager is, 
waardoorr minder virus naar de hersenen 
getransporteerdd kan worden. Sinds de iden-
tificatiee van bovenstaande mutaties zijn er nog 
velee nieuwe mutaties ontdekt. Een overzicht 
vann de tot nu toe bekende mutaties in 
coreceptorr genen en de invloed van dergelijke 
mutatiess op het ziektebeloop wordt gegeven in 
hoofdstukk 6. 

Inn het tweede deel van het proefschrift hebben 
wee ons gericht op de eigenschappen van virus-
variantenn die we uit verschillende patiënten 
geïsoleerdd hebben. NSI virusvarianten konden 
alleenn CCR5 gebruiken om een cel binnen te 
dringen.. Dit verschilde niet tussen patiënten die 
heell  snel ziek werden of patiënten die een 
langeree tijd relatief gezond bleven (hoofdstuk 
7).. De 'agressievere' SI virus varianten bleken 
altijdd ten minste CXCR4 te gebruiken (hoofd-
stukk 8 en 9). De efficiëntie van binding aan 
CXCR44 bleek door de tijd steeds sterker te 
wordenn (hoofdstuk 9). Een aantal virus-
variantenn toont in cellijnen het vermogen om 
well  twee of drie verschillende coreceptoren 
gebruiken,, te weten CCR5, CXCR4 en soms 
ookk CCR3. Dit betekent dat dit soort 
virusvariantenn veel meer verschillende cellen 
inn het lichaam zouden kunnen infecteren dan 
virusvariantenn die maar één coreceptor kunnen 
gebruiken.. Echter, wanneer we het coreceptor 
gebruikk van deze virusvarianten testen op 
cellenn die vers uit donor bloed geïsoleerd zijn, 
bleekk het coreceptor gebruik toch gerestricteerd 
tee zijn tot CXCR4. Het vermogen van deze 
viruss varianten om via CCR3 of CCR5 een cel 
binnenn te dringen lijk t een artefact van het 
gebruikk van cellijnen in plaats van verse 
bloedcellen. . 

Hett is nog steeds niet duidelijk waarom in 
sommigee patiënten wel virusvarianten ontstaan 
diee CXCR4 kunnen gebruiken om een cel te 
infecteren,, en in andere patiënten niet. In 
hoofdstukk 10 is bestudeerd of dit te verklaren is 
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aann de hand van de hoeveelheid T helper cellen 
inn het bloed die CCR5 of CXCR4 op het cel 
oppervlakk hebben. Zo is het voorstelbaar dat 
doorr een laag aantal cellen met CCR5, het 
viruss als het ware gedwongen wordt om een 
anderee coreceptor te gebruiken. Andersom zou 
eenn hoog aantal CXCR4-positieve cellen een 
evolutiee naar CXCR4-gebruikende virus-
variantenn kunnen bespoedigen. Dit bleek echter 
niett het geval te zijn. Een hoog aantal cellen 
mett CCR5 op het oppervlak (en dus een groter 
aantall  potentiële cellen dat het virus kan 
infecteren)) bleek wel geassocieerd te zijn met 
eenn sneller ziekteverloop. 

Inn voorgaande hoofdstukken hebben we 
voornamelijkk virus varianten bestudeerd uit 
patiëntenn die geen antivirale therapie kregen. 
Tegenwoordigg krijgen veel patiënten een 
combinatiee van drie (of meer) anti-HIV medi-
cijnen.. Dit onderdrukt virus replicatie over het 
algemeenn redelijk goed. Toch zijn er cellen, 
waarr het virus lange tijd aanwezig blijf t zonder 
datt er nieuwe virusdeeltjes gevormd worden of 

zonderr dat de cellen door de virus infectie 
kapott gaan. Deze geïnfecteerde cellen worden 
gezienn als een zogenaamd reservoir voor HIV. 
Wanneerr er gestopt wordt met behandeling 
neemtt de hoeveelheid virus in het bloed weer 
sterkk toe, waarschijnlijk ten gevolge van de 
continuee aanwezigheid van dit virale reservoir. 
Inn hoofdstuk 11 en 12 worden patiënten bestu-
deerdd die nog intensievere behandeling 
ondergaann met een cocktail van vier tot zes 
verschillendee antivirale middelen. Na drie jaar 
mett deze experimentele behandeling was het 
nogg steeds mogelijk om virus te isoleren uit 
dezee patiënten. Zowel virus varianten die CCR5 
alss varianten die CXCR4 gebruikten konden 
geïsoleerdd worden uit deze patiënten. Dus zelfs 
mett een zeer agressieve cocktail bestaande uit 
vierr tot zes middelen is het niet mogelijk om 
HIV-11 volledig uit het lichaam te verwijderen. 
Tott slot wordt in hoofdstuk 13 een overzicht 
gegevenn van de inzichten in HIV-1 infectie die 
verworvenn zijn sinds de identificatie van de 
coreceptorenn voor HIV-1. 
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