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Abstract 
HIV-1 entry and cell tropism are determined by the viral envelope, which binds to 
CD4 and a coreceptor, in general CCR5 or CXCR4. In approximately half of HIV-1 
subtype B infected individuals progression to AIDS is preceded by the emergence of 
CXCR4-using (R5X4 or X4) variants. The other half progress in the presence of only 
CCR5-using (R5) variants which in the course of infection evolve towards an 
enhanced replication fitness, reduced sensitivity to CCR5 antagonists and altered 
mode of coreceptor use. Here, we studied the evolution of R5 HIV-1 envelope in 
relation to the CCR5 host genetic background.  
Clonal HIV-1 variants were isolated at various time points in the course of infection 
from individuals with a CCR5 wt/wt (n=6) or CCR5 wt/Δ32 genotype (n=6) and the 
gp120 envelope C1-C4 region of these variants was sequenced.  
As compared to CCR5 wt/wt individuals, CCR5 wt/Δ32 individuals had lower 
percentages of CCR5+ CD4+ memory T cells and lower CCR5 expression levels and 
early in infection, their R5 HIV-1 variants had lower susceptibility to inhibition by the 
CCR5 ligand RANTES. In addition, their gp120 viral envelopes showed a slower 
evolutionary rate and a tendency for stronger positive selection pressure on variable 
regions. However, specific amino acid differences or molecular determinants in the 
gp120 env sequences from early R5 variants that segregated with sensitivity to 
RANTES mediated inhibition could not be identified.  
Our study reveals a strong influence of CCR5 host genetic background on the 
evolution of R5 variants, suggesting that optimization of HIV-1 co-receptor use may 
be driven by target cell availability and coreceptor expression levels. 
 
Introduction 
The genome of human immunodeficiency virus type 1 (HIV-1) is susceptible to genetic 
recombination 1 and has an error-prone reverse transcriptase enzyme, which combined with 
the absence of proofreading is estimated to lead to a misincorporation rate of 10-4 to 10-5 per 
base, or approximately one misincorporation per genome per replication cycle 2-5. With 1010 
new viruses produced each day and a half-life of less than 1.3 h 6, an HIV-1-infected-
individual harbors a swarm of closely related viruses that comprise the so-called HIV-1 
quasispecies. We previously demonstrated that the divergence between HIV-1 variants 
present at different time points in the same individuals can be relatively large but that 
diversity within the viral quasispecies at a given time point is limited 7, although potentially 
increasing over time 8. The limited diversity within the viral quasispecies may be due to 
negative selection of viruses with reduced fitness. Positive selection also influences the 
sequence diversity of HIV-1, which is most clearly illustrated by selection of viral escape 
variants by host immune pressure 9-15.  
For entry, HIV-1 binds with its envelope glycoprotein gp120 to CD4 on the cell surface. 
This binding elicits conformational changes in the viral envelop resulting in the formation 
of a coreceptor binding site which can then interact with a coreceptor, mainly CCR5 and/or 
CXCR4, ultimately leading to gp41-mediated fusion of the viral and cell membranes 16. 
CCR5-restricted (R5) viruses predominate in early, asymptomatic stages of infection 17,18. 
With progression of disease, more rapidly replicating HIV-1 variants emerge 17, in 
approximately 50% of HIV-1 subtype B infected individuals associated with the emergence 
of CXCR4 using (R5X4 and X4) viruses 19,20. R5, R5X4, and X4 HIV-1 variants co-exist 



Chapter 11 
 

 154 

within an individual 17,21 and the principal determinants for coreceptor use in HIV-1 
subtype B have been mapped to the 3rd variable region of gp120 env 22-25.  
Progression to AIDS in the other half of infected individuals occurs in the presence of only 
CCR5 using HIV-1 variants 19,26-28. In the course of infection, these R5 viruses evolve with 
respect to biological properties 27,29-35. Indeed, late stage R5 HIV-1 variants show more 
rapid replication, higher cytopathicity, a decreased sensitivity to inhibition by CCR5 
antagonists and the ability to use CCR5-CXCR4 chimeric coreceptors 27,29-35. The 
underlying selection pressure that favours the biological properties of late stage R5 HIV-1 
variants in the phase of disease progression is unknown although coreceptor expression 
levels, target cell availability, or expression levels of RANTES, MIP1a, and MIP1b, the 
natural ligands of CCR5, are likely candidates. Individuals heterozygous for a 32 base pair 
deletion in the CCR5 gene (CCR5 wt/∆32), who generally have a slower disease course 
than CCR5 wild type (CCR5 wt/wt) individuals 36,37, show lower expression levels of 
CCR5 and higher levels of RANTES production 38,39. Here we compare the molecular 
evolution of R5 HIV-1 in individuals with either a CCR5 wt/wt or CCR5 wt/Δ32 genotype 
who never developed X4 HIV-1 variants in the course of their infection. Our study reveals 
a strong influence of CCR5 host genetic background, and thus CCR5 and RANTES 
expression levels, on the evolution of R5 HIV-1 variants. 
 
Material and Methods 
Patients 
To study the correlation between CCR5 genotype and CCR5 expression, we used 
previously generated data 40 on CCR5 expression on peripheral blood mononuclear cells 
(PBMC) from homosexual male participants of the Amsterdam Cohort Studies (ACS) on 
HIV infection and AIDS (n=102), who seroconverted for HIV-1 during active follow-up 
and who were typed for their CCR5genotype 36. CCR5 expression data were available from 
before seroconversion (SC; n=51; 46 CCR5 wt/wt and 5 CCR5 wt/Δ32), and/or at 1 year 
(n=87; 77 CCR5 wt/wt and 10 CCR5 wt/Δ32), and/or at 5 years (n=57; 49 CCR5 wt/wt and 
8 CCR5 wt/Δ32) after SC, in which the moment of SC was estimated to be the midpoint 
between the last HIV-1 negative and first HIV-1-positive visit.  
For the study of R5 HIV-1 evolution, 12 homosexual male participants of the ACS, 6 with 
a CCR5 wt/wt genotype (patients A to F) and 6 with a CCR5 wt/Δ32 genotype (patients G 
tot L), who at all times during follow-up harbored only R5 HIV-1 variants were previously 
selected 26. Characteristics of these 12 individuals are depicted in Table I. At the end of 
follow-up (April 1997) 7 individuals had an asymptomatic seropositive follow-up of at 
least 11 years with relatively stable CD4+ T cell numbers in the absence of antiretroviral 
therapy. These individuals were classified as long-term nonprogressors (LTNPs). Five 
individuals progressed to AIDS during the study period (patients A, B, C, K, and L). 
Patients B, I, J, and K seroconverted during follow-up in the ACS.  The other 8 patients 
were positive for HIV-1 antibodies at entry in the ACS between October 1984 and March 
1985, and an imputed SC date based on the incidence of HIV-1 infection amongst 
homosexual participants of the Amsterdam Cohort (on average 1.5 years before entry into 
the cohort studies) 41 was used (Figure 1). 
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Table I Characteristics of the HIV-1 infected individuals under study 

LTNP: long-term nonprogressor; P: progressor; SP: slow progressor 
 
 
 
 

Patient 
Cohort 

ID 

 
CCR5 

genotype 
disease 

progression 

Timepoint for 
virus isolation 
(months > SC)  

gp120 env 
sequences 
(# clones)  

RANTES 
sensitivity 
(# clones)  

gag 
sequences 
(# clones)  

A 19858 wt/wt P 42 8 2 7 
    69 5 NA NA 

    92 4 NA NA 
        113 6 3 6 
B 19576 wt/wt P 7 2 2 1 
    29 4 NA NA 

    43 5 3 NA 
        51 5 NA  5 
C 19947 wt/wt P 56 3 3 2 
        98 3 3 2 
D 19559 wt/wt LTNP 39 3 3 3 
    71 5 NA NA 
    106 1 NA NA 
    133 5 3 5 

        170 3 NA  NA  
E 19932 wt/wt LTNP 54 3 3 3 

        120 5 3 8 
F 19417 wt/wt LTNP 48 3 3 3 

    77 6 NA NA 
    101 5 NA NA 

        131 5 3 7 
G 19922 Δ32/wt LTNP 39 5 3 4 

    82 6 NA NA 
    111 5 NA NA 
        135 5 3 9 
H 19663 Δ32/wt LTNP 47 5 3 5 
    91 6 NA NA 

    111 6 NA NA 
        140 5 3 2 
I 19984 Δ32/wt LTNP 19 6 3 4 
        109 4 3 2 
J 19566 Δ32/wt LTNP 13 2 1 NA 
    19 7 3 5 
    101 3 NA NA 
        116 4 3 3 
K 19828 Δ32/wt P 4 5 3 4 
    22 2 2 NA 
    25 4 2 NA 
    47 11 NA NA 

        63 4 NA  4 
L 19383 Δ32/wt SP 39 2 2 1 
    50 2 2 1 
    62 4 NA NA 

    71 4 NA NA 
    95 3 NA NA 
    107 6 NA NA 
    133 7 3 5 
        148 2 2 NA  
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Isolation of clonal HIV-1 variants 
Clonal HIV-1 variants were isolated by co-cultivation of serial dilutions of patient PBMCs 
from two to eight time points in the course of their infection and expanded to viral stocks 
for further study as described previously 17,42. The first time points for virus isolation were 
between 22 and 17 months after SC or study entry, for LTNPs and progressors, 
respectively. Last time points were chosen as late as possible during follow-up for LTNPs 
(mean 113 months after (imputed) SC) or around the time of AIDS diagnosis for 
progressors (mean 77 months after (imputed) SC). From 9 patients (A, B, D, F, G, H, J, L, 
and K), clonal HIV-1 variants were obtained at 2 to 6 additional in-between time points.  
For each patient, time points of virus isolation and number of clonal HIV-1 variants per 
time point are summarized in Table I. The R5 phenotype of all clonal HIV-1 variants that 
were isolated was confirmed by absent replication in the MT2 cell-line, absent replication 
in PHA-PBMCs from a donor with a CCR5 Δ32/ Δ32 genotype, and absent replication in 
astroglioma cells transfected with CD4 and CCR3 or CXCR4 26.  
 
CCR5 expression 
Percentages of CCR5+ cells and CCR5 MFI (Mean Fluorescence Intensity) within the 
CD4+CD45RO+T cell population were obtained from previously generated data set on 102 
homosexual male participants of the ACS 40 with known CCR5 genotype 36. 
 
RANTES neutralization assay 
For each clonal HIV-1 variant tested (see Table I), the RANTES concentrations that caused 
a 50% inhibition of viral replication (IC50) at day 14 after inoculation were determined 
using a 4-parametric logistic model as described in 31. 
 
DNA isolation, PCR and sequencing 
Total DNA was isolated from PBMC infected with clonal HIV-1 variants using the L6 
isolation method 43. PCR amplification of gp120 was performed with one outer PCR with 
primers TB3 (fw) (5’-GGCCTTATTAGGACACATAGTTAGCC-3’) and OFM19 (rev) 
(5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’) using the expand high fidelity Taq 
polymerase kit (Roche) and the following amplification cycles: 2 min 30s 94˚C, 9 cycles of 
15s 94˚C, 45s 50˚C, 6 min 68˚C, 30 cycles of 15s 94˚C, 45s 53˚C, 6 min 68˚C, followed by 
a 10 min extension at 68˚C and subsequent cooling to 4˚C.Nested PCR was performed with 
two different inner PCR primer combinations: Seq1 forward (5’- TACATAATGTTTGGG 
CCACACATGCC -3’), Seq4 reverse (5’- CTTGTATTGTTGTTGGGTCTTGTAC -3’), 
Seq5 forward (5’- GTCAACTCAACTGCTGTTAAATGGC -3’) and Seq2 reverse (5’- 
TCCTTCATATCTCCTCCTCCAGGTC -3’). Nested PCRs were performed using 
Promega Taq polymerase in the presence of 2mM MgCl2 using the following amplification 
cycles: 5 min 94˚C, 40 cycles of 15s 95˚C, 30s 59˚C, 2 min 72˚C, followed by a 10 min 
extension at 72˚C and subsequent cooling to 4˚C. Gag was amplified using a nested 
polymerase chain reaction (PCR) with outer primers Gag-forward (fw) (5’-
CGACGCAGGACTCGGCTTGCTG-3’) and Gag-outer-reversed (rev) (5’-
GCCTGTCTCTCAGTAC-3’) and 2 different sets of inner primers: Gag-BssHII-fw (5’-
TGCTGAAGCGCCCGCACGGC-3’) or Gag-ClaI-fw (5’-GGAGAATTAGATCGATGGG 
-3’) in combination with Gag-p17-rev (5’-CAAAACTCTTGCCTTATGG-3’) and 
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Figure 1 CD4+ T cell numbers, viral loads, and antiretroviral 
treatments of 12 participants from the Amsterdam Cohort Studies who 
were selected for this study. Time points of clinical AIDS diagnosis 
are indicated with open downward triangles. Solid upward triangles 
indicate time points of clonal virus isolation. Length and type of 
antiretroviral therapy are indicated in the top part of the panels. SC: 
seroconversion. 
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Gag-p17-fw (5’-TGCTAAACACAGTGGGGGGACAT-3’) in combination with Gag-
ApaI-rev (5’-TTCCTAGGGGCCCTGCAA-3’). Gag PCRs were performed using Promega 
Taq polymerase in the presence of 2mM MgCl2 using the following amplification cycles: 2 
min 95˚C,35 cycles of 30s 95˚C, 30s 55˚C, 2 min 72˚C, followed by a10 min extension at 
72˚C and subsequent cooling to 4˚C.  
PCR products were purified using ExoSAP-IT (USB, Cleveland, Ohio, USA) according to 
manufacturer’s protocol. Sequencing conditions were 5’at 94˚C, 30 cycles of 15’’ at 94˚C, 
10’’ at 50˚C, 2’ at 60˚C and a 10’ extension at 60˚C. Sequencing was performed using 
BigDye Terminator v1.1 Cycle Sequencing kit (ABI Prism, Applied Biosystems, 
Warrington, UK) according to the manufacturer’s protocol using the nested PCR primers. 
Sequences were analyzed on the Applied Biosystems/Hitachi 3130 xl Genetic Analyzer.   
 
Phylogenetic analysis 
Nucleotide sequences of all clonal HIV-1 variants isolated from a single individual were 
aligned using ClustalW in the software package of BioEdit v.7.0.9 44 and edited manually. 
Neighbor-Joining trees for the gp120 (C1-C4) env region of all isolated HIV-1 clonal 
variants from the 12 patients under study were constructed under the HKY85 model of 
evolution in PAUP* 4.0 beta 8 software package. Phylogenetic confidence was assessed by 
bootstrap with 1000 replicates. (Supplementary data, Figure S1) 
Non-synonymous (dN) and silent or synonymous (dS) substitution rates were calculated 
using Synonymous Non-synonymous Analysis Program (SNAP) 45 at the HIV database 
website (http://www.hiv.lanl.gov/content/sequence/SNAP/SNAP.html). Ratios of dN/dS 
between subsequent time points were calculated by averaging the dN/dS ratios between all 
individual pairs of sequences from these time points. 
Divergence from Most Recent Common Ancestor (MRCA) per patient was calculated in 
DiverAnalysis, a web interface developed in Mullins’ Lab (University of Washington; 
http://ubik.microbiol.washington.edu/). 
Potential N-linked glycosylation sites were identified using N-Glycosite 46 at the HIV 
database website (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html). 
Charge of each gp120 amino acid sequence was calculated by counting all charged amino 
acid residues per sequence, where R and K were counted as +1, H as +0.293, and D and E 
as -1. CCR5 usage of the HIV-1 variants was confirmed with the V3 sequence using the 
PSSM score method (http://indra.mullins.microbiol.washington.edu/pssm/ )47. 
 
Statistical analysis 
Un unpaired t-test performed in GraphPad Prism version 4 (GraphPad Software, San Diego 
California USA, www.graphpad.com) was used to compare mean percentage of CCR5+ 
CD45RO+CD4+ T cells and CCR5 mean fluorescence intensity (MFI) of CCR5+ 
CD45RO+CD4+ T cells between CCR5 wt/wt and CCR5 wt/Δ32 individuals before SC and 
at one year and five years after SC.  
Means of length, number of PNGS and charge for C1-C4, variable and constant gp120 
regions were compared using the Student’s t-test for independent samples (SPSS 16.0 
software package). Comparison of means for dN/dS, dN, dS and RANTES IC50 values 
between CCR5 wt/wt and CCR5 Δ32/wt individuals were done using an unpaired t-test in 
GraphPad Prism version 4. 
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Regression lines for divergence from MRCA were estimated in GraphPad Prism version 4 
by plotting pair-wise genetic distances between the reconstructed founder strain (MRCA) 
and each of the follow-up HIV-1 gp120 (C1-C4) sequences versus the sampling date within 
each patient. An unpaired t-test was used to compare the slopes of the regression lines 
between the two groups of patients. P values < 0.05 were considered significant. 
 
Results 
CCR5 genotype and CCR5 expression in CD4+ memory T cells  
To reveal potential differences in R5 HIV-1 target cell availability in CCR5 wt/wt and 
CCR5 wt/Δ32 individuals, we first studied the association between CCR5 genotype and 
CCR5 expression levels. To this end, we determined the percentages of CCR5+ cells within 
the CD4+CD45RO+T cell population and CCR5 MFI on these memory T cells, both before 
SC and at 1 year and 5 years after SC, in a previously generated data set on 102 
homosexual male participants of the ACS 40 with known CCR5 genotype 36. Before SC, 
percentages of CCR5 expressing CD4+CD45RO+T cells in CCR5 wt/wt and CCR5wt/Δ32 
individuals were similar (Figure 2A). However, at 1 year and 5 years after SC, percentages 
of CCR5+ CD4+ memory T cells were higher in CCR5 wt/wt individuals than in 
CCR5wt/Δ32 individuals (Figure 2B and 2C), in agreement with previous observations 
37,38.  
In addition, also the CCR5 MFI was higher on CD4+ memory T cells from CCR5 wt/wt 
individuals than CCR5wt/Δ32 individuals, both before SC, as well as at 1 and 5 years after 
SC (Figure 3). At none of the 3 time points analyzed, CD4 counts were significantly 
different between the CCR5 wt/wt and wt/Δ32 individuals (data not shown). 
 
 

 
 
 
Figure 2 Percentages of CCR5+CD4+CD45RO+ T cells in CCR5 wt/wt and CCR5 wt/∆32 HIV-1 infected 
individuals from the Amsterdam Cohort Studies. *p < 0.05, unpaired t-test. 
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Figure 3 CCR5 mean fluorescence intensity (MFI) in CCR5+CD4+CD45RO+ T cells from CCR5 wt/wt and CCR5 
wt/∆32 HIV-1 infected individuals from the Amsterdam Cohort Studies. *p < 0.05, **p < 0.0001, unpaired t-test. 
 
 
Increased resistance to RANTES mediated inhibition of HIV-1 variants from CCR5 wt/∆32 
individuals 
Next we analyzed whether the reduced target cell availability and reduced expression of 
HIV-1 coreceptor CCR5 in CCR5 wt/Δ32 individuals was associated with a selection of 
HIV-1 variants with an enhanced ability to use CCR5. For this analysis we isolated clonal  
HIV-1 variants early and late in the course of infection from ACS participants with either a 
CCR5 wt/wt (n=6) or CCR5 wt/Δ32 genotype (n=6), and either a progressive (n=5, of 
whom 3 with a CCR5 wt/wt genotype) or long-term nonprogressive (n=7, of whom 3 with 
a CCR5 wt/wt genotype) disease course. Clonal HIV-1 variants were tested for their 
sensitivity to neutralization by RANTES, previously demonstrated to be the most potent 
inhibitor of R5 HIV-1 replication among all natural ligands for CCR5 31. Per patient, we 
used clonal HIV-1 variants from 2 time points, the first relatively early in the course of 
infection (average 3 years after SC ± 1.5) and the other at the end of follow-up for LTNPs 
(average 11 years after SC ± 0.9) or around the time of AIDS diagnosis for the progressors 
(average 7 years after SC ± 4.7). Early HIV- 1 variants from CCR5 wt/Δ32 individuals 
showed an increased resistance to RANTES mediated-inhibition, reflected in a significantly 
higher mean RANTES IC50 as compared to the early viruses from CCR5 wt/wt individuals 
(p = 0.0439; Figure 4).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Difference in sensitivity to RANTES neutralization between HIV-1 variants from CCR5 wt/wt and 
CCR5 wt/∆32 individuals. Mean IC50 values for early (A) and late (B) viruses for each patient are depicted. *p < 
0.05, unpaired t-test. 
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Selection pressure in gp120 envelope gene during course of infection 
Selection pressure is defined as the ratio between dN (non-synonymous substitutions per 
non-synonymous site) and dS (silent or synonymous substitutions per synonymous site), 
and a dN/dS ratio > 1 is indicative of positive selection. Analysis of selection pressure was 
performed on gp120 envelope sequences from viruses isolated early and late in infection by 
calculating dN/dS ratios for the almost complete gp120 region (C1 to C4: 383 amino acids 
corresponding to HxB2 envelope nucleotide positions 220 to 1371). In addition, dN/dS 
ratios were analyzed separately for the gp120 variable regions (V1, V2, V3 and V4) and 
constant regions (C2, C3 and C4). We observed a stronger positive selection on the gp120 
variable regions, both as compared to the total gp120 C1-C4 region, as well as when 
compared to the constant regions separately (Figure 5A, 5B, and 5C). Interestingly, gp120 
variable regions of viruses isolated from CCR5 wt/Δ32 individuals showed a tendency for 
stronger positive selection pressure than viruses from CCR5 wt/wt individuals (p = 0.0582; 
Figure 5B). Gp120 variable regions of viruses from all patients had comparable dN rates, 
indicating a similar number of non-silent mutations (Figure 6A). The higher positive 
selection pressure on HIV-1 gp120 variable regions of CCR5 wt/Δ32 individuals was 
indeed associated with a tendency for a lower dS, in other words, a low number of silent 
mutations (p = 0.0573; Figure 6B). In addition, there was no evidence for positive selection 
on the gag gene (region of 352 amino acids corresponding to HxB2 nucleotide positions 
789 to 1845) in the course of infection (data not shown). Interestingly, also in the gag gene 
of HIV-1 variants from CCR5 wt/Δ32 individuals we observed a trend towards a lower dS 
rate, supporting the lower replication rate of HIV-1 in this host genetic background (data 
not shown). 
 

 

 
 
Figure 5 Selection pressure in viral envelopes from CCR5 wt/wt and CCR5 wt/∆32 individuals. dN/dS ratios for 
gp120 (C1-C4 region) (A), for gp120 variable regions (V1,V2,V3 and V4) (B) and gp120 constant regions (C2,C3 
and C4) (C) between sequences obtained early and late in the course of infection. 
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Figure 6 dN (A) and dS (B) rates between early and late gp120 variable regions sequences from HIV-1 variants 
isolated from CCR5 wt/wt and CCR5 wt/∆32 individuals. 
 
 
Divergence from Most Recent Common Ancestor 
To determine if CCR5 genotype influenced viral replication, the evolutionary rate of the 
HIV-1 quasispecies in each patient was determined by calculating pair-wise genetic 
distances between the reconstructed founder strain (MRCA) and each of the follow-up 
HIV-1 gp120 (C1-C4) sequences. Analysis was performed in a median of 5 virus variants 
per time point (range 1 (3rd time point patient D only) to 11). From patients C, E, and I only 
virus variants from the early and late time points during follow-up were studied.  
Divergence from the founder strain was remarkably linear in all subjects (regression lines 
had an R2 value above 0.7, except for patients B and I, in which R2 values were 0.41 and 
0.62, respectively). The slopes of the regression lines for divergence were steeper for viral 
sequences from CCR5 wt/wt individuals as compared to CCR5 wt/Δ32 individuals (p= 
0.0221; Figure 7) indicating a faster evolutionary rate of HIV-1 in a CCR5 wt/wt host 
genetic background.   
 
 
 
        

 
 

 
 
 
 
 
 
 

Figure 7 Comparison of viral evolutionary rates 
between CCR5 wt/wt and CCR5 wt/∆32 HIV-1 
infected individuals. Divergence of regression lines 
was estimated by plotting pair-wise genetic distances 
between the reconstructed MRCA sequence and each 
of the follow-up gp120 (C1-C4) sequences versus 
sampling date within  each patient. Slopes of 
regression lines for divergence to MRCA for viruses 
of each patient are depicted. *p < 0.05, unpaired t-test. 
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Molecular changes in the viral envelope in relation to CCR5 host genetic background 
To study the molecular determinants that associate with enhanced efficiency of CCR5 
coreceptor use of HIV-1 variants from individuals with a CCR5 wt/Δ32 genotype, we here 
analyzed specific characteristics of the gp120 env C1-C4 region of the clonal HIV-1 
variants that were isolated early in the course of infection from CCR5 wt/wt and CCR5 
wt/Δ32 individuals. Mean number of PNGS, length and net charge for the early gp120 (C1-
C4 region) viral sequences were similar for both groups of patients. Interestingly, early 
viruses from CCR5 wt/Δ32 individuals showed a trend towards a lower mean net charge of 
the V3 loop, albeit not statistically significant (data not shown).  
When a median for the RANTES IC50 of all viruses tested was calculated (31.6 ng/ml) and 
the early viruses were segregated according to their RANTES IC50 in relation with the 
median, no clear differences in envelope molecular properties were found between viruses 
with IC50 higher or lower than 31.6 ng/ml (data not shown).  
To study whether the higher positive selection observed in the gp120 variable regions of 
clonal HIV-1 variants from CCR5 wt/Δ32 individuals would be reflected in the evolution 
of the molecular properties of their envelopes, variation in length, number of PNGS and net 
charge over the course of infection were compared between HIV-1 variants isolated from 
the two genotypic patient groups. For this purpose we used the gp120 C1-C4 env sequences 
from clonal HIV-1 variants that were obtained in the course of infection. From patients C, 
E and I only virus variants from the early and late time points during follow-up were 
studied.  From each time point, analysis of gp120 C1-C4 env amino acid sequences was 
performed on a median of 5 virus variants (range 1 (3rd time point D only) to 11).  
During follow-up, an overall increase in number of PNGS was observed in gp120 of 5 
patients (A, D, E, F, and H). For patient B we observed a decrease in number of PNGS in 
the first period of the infection while the other six patients (C, G, I, J, K, and L) showed an 
overall maintenance of the number of PNGS, albeit with notable fluctuations in HIV-1 env 
sequences from patient L. Variation of the length and number of PNGS of gp120 followed 
similar patterns in 9 of the patients and, in general, could be almost attributed completely to 
changes in the variable loops, specifically V1, V2 and V4, as shown by similar variation 
patterns in the gp120 variable regions compared to the C1-C4 region. Changes in number 
of PNGS and length in the constant regions occurred less frequently in these patients and 
there was never an association between length and PNGS variation pattern. No association 
was found between the magnitude of the change in number of PNGS and the dN/dS ratios 
in the variable regions, nor for the gp120 C1-C4 region. In agreement, no association 
between the studied molecular changes and the CCR5 host genetic background were 
evident (data not shown). 
In all patients, variation of the net charge of gp120 could be attributed almost completely to 
changes in the variable loops as shown by similar variation patterns in charge for the gp120 
variable regions separately, and the C1-C4 region as a whole. Four patients (B, C, F, and K) 
showed an increase in gp120 charge over the course of infection, while viruses from 4 
patients (D, G, H, and J) experienced a reduction in the gp120 net charge over time. In the 
remaining 4 patients (A, E, I, and L) no overall change in net charge of gp120 was 
observed, although some fluctuations were seen in viruses from patients A and L. For HIV-
1 of most patients, changes in net charge of the variable regions could be attributed to 
specific variable regions: in 9 patients, changes in the V2 region contributed most to the 
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overall changes in charge, and in 2 patients to the V1 region and in 1 patient to the V4 
region (data not shown).  
The V3 domain is critical for HIV-1 binding to the co-receptor and it is the principal 
determinant of viral co-receptor use 48-52. We therefore performed a more extensive analysis 
on changes in charge of the V3 region. The V3 net charge of all the viruses under study 
ranged from 2.3 to 5.6, with patient B harboring the viruses with more positively charged 
V3 loops (range 4.3-5.6). Virus variants from 6 patients (A, D, I, J, K, and L) showed an 
increase in the net V3 charge over time. In contrast, decreases in V3 net charge of 0.29 to 
1.06 were found in 4 patients (B, E, F, and H) and patients C and G did not show an overall 
V3 net charge variation (data not shown). In summary, we did not observe an association 
between changes in gp120 or V3 loop in the course of infection and CCR5 host genetic 
background. 
 
Discussion 
We compared the evolution of R5 HIV-1 gp120 env in HIV-1-infected individuals with 
either a CCR5 wt/wt or a CCR5 wt/Δ32 genotype who did not develop CXCR4-using 
variants in their course of infection. We hypothesized that the previously shown lower 
percentage of CCR5 expressing target cells in CCR5 wt/Δ32 individuals 38,53 would exert a 
strong selection pressure on HIV-1 gp120 evolution, resulting in selection of R5 HIV-1 
variants with highly efficient coreceptor use. Indeed, early R5 HIV-1 variants isolated from 
CCR5 wt/Δ32 individuals within the first years of infection had a significantly lower in 
vitro sensitivity to inhibition by RANTES, the natural ligand of CCR5, than R5 HIV-1 
variants isolated from individuals with a CCR5 wt/wt genotype, reflecting their higher 
efficiency in CCR5 use. The previously described higher plasma levels of RANTES in 
CCR5 wt/Δ32 heterozygotes 54, together with the reduced availability of CCR5 expressing 
target cells associated with this genotype 38,53 most likely create an environment in which 
R5 HIV-1 variants with optimal ability to use CCR5 are rapidly selected.  
Although within the first years after SC R5 HIV-1 variants from individuals with a CCR5 
wt/∆32 genotype seemed already optimally adapted to their environment with respect to 
coreceptor use, during subsequent follow-up we observed a tendency for stronger positive 
selection on the variable regions of gp120 env of viruses from CCR5 wt/∆32 individuals as 
compared to CCR5 wt/wt individuals. These higher dN/dS ratios were solely due to lower 
dS rates in viruses from the CCR5 wt/∆32 patients while dN rates were similar for viruses 
from CCR5 wt/wt and CCR5 wt/Δ32 individuals. The low dS rate for viruses from CCR5 
wt/∆32 individuals was also observed for the gag gene and supported by a slower 
divergence from the founder strain (MRCA), which is indicative of a slower replication rate 
and in accordance with the reported association of a CCR5 wt/Δ32 genotype with a lower 
viral load set point and a slower HIV-1 disease progression 36,37. There was no positive 
selection pressure on the gag gene of viruses from either patient group (data not shown) 
confirming that the influence of the CCR5 genotype is restricted to the viral envelope. 
We and others previously described an ongoing evolution of R5 HIV-1 variants towards a 
more efficient coreceptor use with progression of disease 27,32,34,55. Declining CD4+ CCR5+ 
T cells in later stages of the infection may enhance viral competition for CCR5 expressing 
target cells and select for HIV-1 variants with the most efficient coreceptor use. Our study 
revealed that this selection can also occur within the first years of infection, when CCR5+ 
target cells are already rate limiting in the acute phase, confirming the hypothesis that 
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competition for target cells drives optimization of the viral coreceptor use. While early 
viruses from CCR5 wt/∆32 individuals showed more resistance to RANTES mediated-
inhibition than early viruses from CCR5 wt/wt individuals, late stage R5 variants from both 
patient groups had similar sensitivities to RANTES neutralization. R5 variants from CCR5 
wt/Δ32 patients apparently reach optimal coreceptor use already in the acute phase, and it 
may be counter-intuitive that an increasing efficiency of CCR5 use over time is more 
pronounced for HIV-1 R5 viruses from CCR5 wild-type individuals, while the positive 
selection pressure on HIV-1 env is higher in the CCR5 wt/Δ32 host genetic background. 
However, RANTES sensitivity may not completely reflect efficiency of coreceptor use and, 
alternatively, other selective forces besides coreceptor use may also influence this 
difference. From previous studies we know that neutralizing antibodies can exert a strong 
selection pressure on the viral envelop 56-61. This could suggest that either CCR5 wt/Δ32 
individuals have stronger neutralizing antibody responses and/or that the highly efficient 
CCR5-using gp120 env of HIV-1 from individuals with that CCR5 wt/∆32 genotype is 
more vulnerable to neutralizing humoral immunity. However, in gp120 env of CCR5 
wt/∆32 patients we did not see the previously described changes in envelope that have been 
associated with humoral immune pressure 62,63 and it cannot be excluded that escape 
mechanisms from neutralizing antibodies are incompatible with optimal efficiency of 
CCR5 use. 
In contrast with other studies in which envelope molecular properties or specific mutations 
were shown to influence the efficiency of co-receptor use 34,64,65 , we did not observe 
specific amino acid differences or differences in net charge, length, or number of PNGS in 
the gp120 env sequences from early R5 variants that segregated with sensitivity to 
RANTES mediated inhibition. Apparently, amino acid differences at variable positions can 
result in enhanced efficiency of coreceptor use, probably conditioned by the host immune 
environment, thereby explaining the different envelope molecular conformations. Similarly, 
mutations associated with the CCR5 antagonist maraviroc resistance of HIV-1 are context 
dependent; the same mutation can be associated with different phenotypes in different V3 
loop sequences 66.  
The fact that we see evolution of HIV-1 towards most optimal CCR5 use in every 
individual seems to imply that HIV-1 infection in general starts off with HIV-1 variants 
with a reduced efficiency in coreceptor use. It is tempting to speculate that the gp120 
envelope configuration that is most efficient for CCR5 use may be less optimal for 
transmission to a new individual. Obviously, the underlying mechanism for this observation 
remains to be established, but is important for vaccine design. 
Our study confirms that limited CCR5 coreceptor availability does not necessarily lead to a 
change in use of coreceptor CCR5 to CXCR4 36,40, which is in agreement with the 
observation that resistance to CCR5 antagonists is not necessarily mediated by a change in 
coreceptor use 27,30-32. A change in coreceptor use from CCR5 to CXCR4 requires an 
accumulation of mutations 22,23,67,68 which may simply take longer in the face of slow viral 
replication due to limited target cell availability. Indeed, in the homosexual male 
Amsterdam Cohort Participants, emergence of CXCR4-using virus tended to be delayed in 
CCR5 wt/Δ32 individuals as compared to individuals with CCR5 wt/wt genotype 36 in 
agreement with our observation that evolutionary rate and dS was lower for HIV-1 variants 
from CCR5 wt/Δ32 patients. 



Chapter 11 
 

 166 

We previously reported that CCR5 expression levels, independent of CCR5 genotype, were 
highly predictive for the clinical course of HIV-1 infection 38. In CCR5 wt/Δ32 individuals, 
CCR5 expression levels are generally lower than in CCR5 wt/wt individuals. Indeed, we 
here observed that not only the percentage of CCR5 expressing memory CD4+ T cells but 
also the average amount of CCR5 expressed per cell (MFI) was lower in CCR5 wt/Δ32 
individuals than in individuals with a CCR5 wt/wt genotype. The ∆32 deletion in CCR5 
results in a severely truncated and unstable protein that is not expressed on the cell surface 
69 explaining the lower CCR5 expression levels in individuals carrying only one CCR5 wild 
type allele. Moreover, there is large variability in CCR5 expression on CD4 T cells which 
depends, among other factors, on the individual and the cellular differentiation or activation 
stage 38,39,70,71. Therefore, in CCR5 wt/∆32 individuals, even when the single functional 
CCR5 allele is highly expressed, the expression level will still be low, while cells that have 
low expression of their single functional CCR5 allele will be under the detection limit for 
CCR5 expression resulting into the lower percentage of CCR5+ target cells observed in this 
CCR5 genotype.   
In conclusion, our study reveals a strong influence of CCR5 host genetic background on the 
evolution of R5 HIV-1 variants, suggesting that optimization of the virus coreceptor use is 
driven by target cell availability and coreceptor expression levels. The mechanism by 
which this occurs and its consequences for the viral fitness remain to be elucidated. This 
may be highly relevant for the understanding of the potential of HIV-1 resistance 
development against new antiviral strategies based on CCR5 antagonists.   
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Supplementary Figure S1 
Neighbor-joining tree of gp120 
(C1-C4) env sequences of all 
isolated HIV-1 clonal variants 
from the 12 patients under study 
was constructed under the HKY85 
model of evolution in PAUP* 4.0 
beta 8 software package. 
Phylogenetic confidence was 
assessed by bootstrap with 1000 
replicates. Sequences from each 
individual patient grouped 
together, excluding superinfection 
and contamination of samples. 
Time to seroconversion for each 
sequence is indicated in months. 




