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Generall Discussion 
HIV-11 coreceptors: insights in viral tropism and AIDS pathogenesis 

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 coreceptor 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 coreceptor use and viral entry as 
aa therapeutic target 
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 tropism for lymphoid cells 
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 cell tropism and intracellular 
requirementss to virus replication 
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 cell tropism and the pathogenesis of 
R55 and X4 HIV-1 infection 

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. 

Concludingg remarks 
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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