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ABSTRACT 
In the natural course of human immunode!ciency virus type 1 (HIV-1) infection, the 
early phase is dominated by viruses that use CCR5 (R5 variants) as a coreceptor in 
addition to CD4. In about half of subtype B HIV-1 infections, CXCR4-using variants 
emerge prior to AIDS diagnosis, preceding an accelerated loss of CD4+ T cells and 
more rapid disease progression.

Here we studied R5 and CXCR4-using clonal HIV-1 variants, isolated from 10 
individuals at multiple time points throughout the natural disease course, for their 
ability to infect  U87.CD4 cell lines expressing CCR5, CXCR4 or different CCR5-
CXCR4 chimeric coreceptors. In addition, gp120 C1-C4 envelope sequences were 
phylogenetically analyzed and characterized for molecular properties such as charge, 
potential N-linked glycosylation sites, and length polymorphisms. 

Phylogenetic analysis con!rmed that CXCR4-using variants evolved from R5 
variants. Although this occurred more than once in some subjects, the emergence of 
CXCR4-using variants that successfully persisted over time was the result of a single 
evolutionary process, and commonly involved the acquisition of at least one positively 
charged amino acid in the V3 region and additional subject-speci!c changes, also 
outside the V3 region, suggestive for an interplay between host-speci!c selection 
pressures and viral background in this process. After emergence of CXCR4-using 
variants, the R5 and CXCR4-using viral populations co-existed and continued to evolve 
independently, optimizing their respective coreceptor use as re"ected in decreasing 
dependence on particular binding regions in CCR5 or CXCR4. These data illustrate 
the continued evolution of HIV-1 coreceptor use, even after the emergence of CXCR4-
using variants.
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INTRODUCTION
The envelope (env) protein of Human Immunode!ciency Virus Type 1 (HIV-1) mediates 
viral entry into the target cells1-3 and consists of a surface (gp120) and a transmembrane 
(gp41) protein subunit assembled in a trimeric complex on the virion surface4-6. Each 
gp120 subunit is composed of !ve constant regions (C1-C5) and !ve hypervariable 
regions (V1-V5), of which four form "exible loop structures on the protein’s surface7-9. 
The gp120 regions are organized into an inner and an outer domain, connected by 
the “bridging sheet”, a four-stranded anti-parallel -sheet on the gp120 core that 
includes the V1/V2 stem and two strands from the C4 region10-12. 

The HIV-1 entry process requires the sequential interaction of the gp120 env 
protein with CD4 and a 7-transmembrane-domain chemokine receptor13 that functions 
as a coreceptor. Engagement of gp120 and CD4 induces a conformational change 
that involves the reorientation of the V1V2 and V3 loops and the bridging sheet, 
cooperatively leading to the formation of a coreceptor-binding site composed of both 
conserved and variable residues and that allows the binding of gp120 to a coreceptor. 
The binding involves an interaction between the bridging sheet and the V3 loop to the 
coreceptor N-terminus, and an interaction between more distal regions of V3 and the 
coreceptor extracellular loops (ECLs)10,14-18. The subsequent fusion of viral and target 
cell membranes is then triggered by the gp41 env protein19,19,20.

The main coreceptors used by HIV-1 in vivo are CCR521-25 and CXCR426. In vitro, 
HIV-1 can additionally utilize several other chemokine receptors for this function 
although their in vivo relevance remains to be established22,23,27-34. CCR5-using (R5) 
HIV-1 variants generally predominate in the early stage of infection regardless of 
the transmission route35-43. In at least half of HIV-1 subtype B infected individuals, 
CXCR4-using (X4 or R5X4) HIV-1 variants emerge during the course of infection, after 
which coexistence of R5 and CXCR4-using variants throughout the disease course is 
generally observed44-46. Recently emerged CXCR4-using variants can still use CCR5 
(R5X4 variants), albeit mainly on transfected cell lines33,47 and generally not on primary 
cells23,48-50. This ability is often lost later in infection47 (X4 variants). 

CCR5 and CXCR4 are differentially expressed in different CD4+ T lymphocytes 
subsets51, which in combination with viral coreceptor use contributes to cell tropism. 
CCR5 is expressed on activated memory CD4+ T cells and consequently those cells 
are targets for R5 variants47,51,52; CXCR4 is expressed in both naïve and memory CD4+ 
T cells which can be productively infected in vivo by CXCR4-using variants52,53. Only 
a small fraction of the CD4+ T cells in peripheral blood are CCR5+ activated memory 
cells54, while the vast majority of CD4+ T cells express CXCR447. The greater number 
of potential target cells for CXCR4-using variants in combination with the interference 
of CXCR4-using variants with CD4+ T cell renewal by infection of naive CD4+ CXCR4+ 
T cells, may contribute to the faster CD4+ T cell decline and disease progression 
associated with the presence of CXCR4-using variants44,45,55-57,57-59. Whether those 
variants are the direct cause or a consequence of the accelerated disease progression 
remains to be established. 

The major molecular determinants of CCR5 and CXCR4 use of HIV-1 subtype 
B have been mapped in the V3 region60, supporting its crucial role in the gp120-
coreceptor interaction. Particularly the presence of positively charged amino acids 
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at positions 11 and/or 25 of the V3 loop have been associated with CXCR4 use61-

63, and negatively charged or uncharged amino acids at positions 11, 25 or 28/29, 
resulting in a lower V3 charge, have been associated with CCR5 use61,62,64. In fact, 
few amino acid changes in the V3 region are suf!cient for a switch from CCR5 to 
CXCR4 coreceptor use61,64-69. Due to the exceptionally high mutation rate of HIV-170 
these mutations are likely to occur continuously in vivo, based on which CXCR4-
using variants would be expected to emerge not only frequently but also relatively 
early in the course of infection. However, CXCR4-using viruses are not commonly 
found in early infection and they are present in only a low percentage of HIV-1 acute 
infections71. Moreover, in a signi!cant proportion of subtype B infected individuals 
these variants are not detected throughout the entire disease course46,57. Although 
the factors playing a role in the acquisition of CXCR4 use are not yet clearly de!ned, 
the relatively low prevalence of CXCR4-using variants despite the only minimally 
required sequence changes suggests that their appearance is strongly disfavored in 
vivo and that additional mutations may be required for their persistence. The latter 
is supported by the observation that mutations in envelope regions outside V3, such 
as V1V267,72-78, and less frequently in other gp120 regions74,79-82, or even in the fusion 
peptide gp4183, sometimes determine viral coreceptor speci!city which implies that 
acquisition of CXCR4 use may require compensatory mutations in order to traverse the 
stage of reduced viral !tness of intermediate variants78. 

The majority of studies which tried to !nd determinants of coreceptor use have been 
either based on adapted laboratory strains, on a limited number of study subjects, on 
comparisons of large panels of HIV-1 isolates from different HIV-1 infected individuals, 
or mainly focused on the V3 region. Given the different selective pressures that are 
directed against the viral envelope and its continuous evolution throughout the 
disease course, it cannot be excluded that the !ndings in these studies were indeed 
solely related to viral coreceptor use. Whether CXCR4-using variants emerge multiple 
times in an HIV-1 infected individual or whether this is a unique event is also not 
clear. Finally, biological properties of R5 and CXCR4-using variants during the course 
of infection, including their sensitivity to coreceptor inhibitors49,84-87, have not been 
studied for co-existing R5 and CXCR4-using viruses obtained from the same patient. 
Therefore, we here extended our previous work47,88 by studying the evolution of HIV-1 
in 10 individuals who developed CXCR4-using variants in their natural disease course 
to assess whether emergence of CXCR4-using variants is a unique event throughout 
HIV-1 infection and to de!ne the envelope molecular characteristics critical for viral 
coreceptor use speci!city taking into account the continuous evolution of the envelope 
gene. To this end, we performed phylogenetic analysis and determined the molecular 
characteristics of gp120 C1-C4 envelope sequences from clonal HIV-1 variants that 
were obtained prior to and after the emergence of CXCR4-using variants from each 
study subject and we characterized CCR5 and CXCR4 usage of longitudinally isolated 
R5 and CXCR4-using variants by testing their ability to replicate in U87.CD4 cell lines 
expressing CCR5, CXCR4 or a chimeric coreceptors with different proportions of CCR5 
and CXCR4 present.
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MATERIAL AND METHODS

Patients and samples
Cryopreserved longitudinally obtained peripheral blood mononuclear cells (PBMC) 
from 10 homosexual men participating in the Amsterdam Cohort Studies on HIV-1 
infection and AIDS (ACS, http://www.amsterdamcohortstudies.org) with either an 
imputed or documented seroconversion (SC) date89 were used for this study. Presence 
of replication-competent CXCR4-using HIV-1 variants in PBMC in all study participants 
at some point of their disease course was determined by MT-2 assay on bulk PBMC90, 
routinely performed at approximately 3-monthly intervals during the entire follow-up. 
The midpoint between the last negative and !rst positive MT-2 test was estimated 
as the date of !rst emergence of CXCR4-using viruses in a patient. For all study 
participants the cohort ID, sample times since SC and time between SC and !rst 
detection of CXCR4-using variants are depicted in Supplementary Table A1.

The Amsterdam Cohort Studies are conducted in accordance with the ethical 
principles set out in the declaration of Helsinki and were approved by the Academic 
Medical Center institutional medical ethics committee. Written informed consent was 
obtained prior to data collection. 

Isolation of replication-competent clonal HIV-1 variants from PBMC 
Replication-competent clonal HIV-1 variants were isolated by co-cultivation of serial 
dilutions of the study subject’s cryopreserved and thawed PBMC with PHA-stimulated 
PBMC from HIV-1 seronegative donors and expanded to viral stocks for further study, 
as described previously44,91. From all patients, virus isolations were performed at a 
median of 4 time points (range 3 -7) spanning the course of infection and covering 
the period prior and posterior to the moment at which CXCR4-using variants were !rst 
detected. From each time point, a median of 8 clonal HIV-1 variants (range, 3-17) were 
obtained, and PBMC infected with these clones were subjected to DNA isolation, PCR 
amplication and sequencing.  

CCR5 and CXCR4 coreceptor use of clonal HIV-1 variants at the time points under 
study was determined by testing the ability of the virus to replicate in MT-2 cells91, 
U87.CD4.CCR5 cells and U87.CD4.CXCR4 cells as described previously92. For patients 
RX_6 and RX_7, CXCR4-using clonal variants were isolated via clonal virus isolation 
whilst the MT-2 test performed on bulk PBMC from the same sample was still negative 
at that time point, which is most likely related to the lower number of cells that is 
used for the MT-2 assay (1x106 patient PBMC) as compared to the clonal viral isolation 
procedure (up to 5x106 patients PBMC). V3 sequence based prediction tools (Position 
Speci!c Scoring Matrix (PSSMNSI/SI)

93 and the geno2pheno[coreceptor] method (FPR=5%)94) 
were used to con!rm the coreceptor use of clonal HIV-1 variants. 

DNA isolation, PCR and sequencing 
Total DNA was isolated from 0.5-1 x 10 6 HIV-1 infected cells using a modi!cation of the L6 
isolation method95. Envelope (env) gp120 PCR ampli!cation was performed with a PCR 
with primers TB3 forward (5’-GGCCTTATTAGGACACATAGTTAGCC-3’) and OFM19 
reverse (5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’) and a nested PCR with 
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primers env1aTOPO forward (5’-CACCGGCTTAGGCATCTCCTATGGCAGGAAGAA-3’) 
and envN reverse (5’-CTGCTAATCAGGGAAGTAGCCTTGTGT-3’) using the Expand 
High Fidelity Taq Polymerase kit (Roche) and the following ampli!cation cycles: 2 
min 30s 94˚C, 9 cycles of 15s 94˚C, 45s 50˚C, 6min 68˚C, 30 cycles of 15s 94˚C, 45s 
53˚C, 6min 68˚C, followed by 10min at 68˚C and cooling to 4˚C. PCR products were 
puri!ed using ExoSAP-IT (USB) according to the 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 10’ 
at 60˚C. Sequencing of env gp120 C1-C4 region corresponding to HXB2 nucleotide 
positions 6465 to 7595 was performed using BigDye Terminator v1.1 Cycle Sequencing 
kit (ABI Prism, Applied Biosystems) according to the manufacturer’s protocol using 
the primers Seq1 forward (5’-TACATAATGTTTGGGCCACACATGCC-3’), Seq4 reverse 
(5’-CTTGTATTGTTGTTGGGTCTTGTAC-3’), Seq5 forward (5’-GTCAACTCAACTG-
CTGTTAAATGGC-3’) and Seq2 reverse (5’-TCCTTCATATCTCCTCCTCCAGGTC-3’). 
Sequences were analyzed on the 3130 xl Genetic Analyzer (Applied Biosystems).  

Phylogenetic analysis
Nucleotide sequences were aligned using ClustalW in the software package of BioEdit 
v.7.0.996 and edited manually.

A Maximum Likelihood (ML) tree was constructed with published and unpublished 
HIV-1 env gp120 C1-C4 sequences from 26 ACS participants, merged with an 
international panel of subtype B sequences (downloaded from the Los Alamos 
database). The best-!t nucleotide substitution model (GTR+I+G), selected by 
hierarchical likelihood tests (hLRTs, Modeltest v3.797) was implemented in the heuristic 
search for the best ML tree applying NNI (nearest-neighbor-interchange) branch-
swapping algorithm using PAUP*4.098, starting with a Neighbor-Joining (NJ) tree 
constructed under the Hasegawa-Kishino-Yano (HKY85) model of evolution99. The 
resulting ML tree was rooted with the earliest sequence available and displayed with 
Dendroscope100. Statistical support for nodes was generated with bootstrapping on 
the NJ tree (1000 repeats). 

The best-!t nucleotide substitution model for each patient env gp120 (C1-C4) 
sequence alignment was selected by hierarchical likelihood ratio test (hLTR) in 
Model Test 3.797 and implemented in the construction of a ML tree. The heuristic 
search for the best tree was performed using a NJ tree as starting tree and the TBR 
branch-swapping algorithm. NJ tree was constructed under the HKY85 model with 
a transition/transversion ratio and the shape of the -distribution estimated using 
maximum likelihood. ML tree was rooted using the root that maximized the correlation 
of root-to-tip divergence as a function of sampling time and edited in FigTree (http://
tree.bio.ed.ac.uk/software/!gtree/).

Analysis of envelope molecular properties
Potential N-linked glycosylation sites (PNGS) were identi!ed using N-Glycosite101 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. 
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Genetic distance
Pairwise nucleotide distances were calculated with the Kimura-2 parameter model of 
evolution in the software package MEGA 4102.

Cell lines
Human glioblastoma (U87) cell lines stably expressing CD4 and wild-type CCR5 (CCR5 
cell line), CXCR4 (CXCR4 cell line), a chimeric CCR5-CXCR4 coreceptor (Fc-2, Fc-4b, 
Fc-5, Fc-6 and Fc-7 cell lines) or no coreceptor (SHAM cell line), a gift from Liselotte 
Antonsson, Lund University103, were cultured in Iscove’s Modi!ed Dulbecco’s Medium 
(IMDM, Lonza) supplemented with 10% heat inactivated fetal calf serum (FCS, Hyclone) 
and Penicillin (100U/ml; Invitrogen), Streptomycin (100 &g/ml; Invitrogen), G-418 (300 
&g/ml; Gibco) and puromycin (0.5 &g/m; Invitrogen) at 370C with 10% CO2. CCR5-
CXCR4 chimeric coreceptors were constructed by replacing successively increasing 
proportions of CCR5 with corresponding regions of CXCR4 by a modi!cation of the 
single-overlap and extension PCR approach103. 

Virus infection assay
CCR5, CXCR4, CCR5-CXCR4 chimeric coreceptor and SHAM cell lines were seeded 
into "at bottomed 96-well tissue culture plates (8000 cells/well) in 100&l of culturing 
media, incubated at 370C with 5% CO2. The following day, culture media was replaced 
by IMDM supplemented with 10% heat inactivated FCS, Penicillin (100 U/ml), 
Streptomycin (100 &g/ml) and polybrene (5 µg/ml; Sigma) and cells were inoculated 
with 100µl of cell-free virus supernatant with a dosage of 200TCID50/well, in duplicate, 
and incubated at 370C with 5% CO2. After one day, the cells were washed with 100&l 
PBS and 150µl new medium was added. On day 3, cells were trypsinized and transferred 
into 24-well plates. Virus production in culture supernatants at days 3, 7, 10, 14 and 21 
was analyzed using an in-house p24 antigen capture enzyme-linked immunosorbent 
assay (ELISA)104. Cultures were visually inspected for syncytia formation/cytopathic 
effect (CPE) prior to p24 sampling. The CCR5-using isolate BAL and the CXCR4-using 
isolate pLAI were used as controls. Samples were considered positive when on two 
consecutive sampling days p24 production was above 50ng/ml (2 times the p24 level 
of the negative control) and CPE was detected. For con!rmed samples the !rst of the 
2 sampling days was used as the !rst day of detection.

RESULTS

Genetic relationship between co-exisiting R5 and CXCR4-using 
variants within a HIV-1 infected individual
A maximum likelihood (ML) phylogenetic tree based on HIV-1 env gp120 C1-C4 
sequences from 26 ACS participants, including the 10 individuals studied here, 
merged with a reference panel of international HIV-1 subtype B sequences, revealed 
monophyletic clustering of each patient’s sequences supported by bootstrap analysis, 
indicating absence of cross-contamination between samples or superinfection 
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(Supplementary Figure A1). Well-supported clustering of sequences derived from 
subjects 19858 and RX_4 indicated that they formed a transmission cluster, which was 
analyzed in more depth in a separate study (D. Edo-Matas and Rachinger A. et al., 
submitted for publication; Chapter 7).

To examine the genetic relationship between R5 and CXCR4-using variants that 
naturally emerged and co-existed within a host, ML trees were constructed with viral 
env gp120 C1-C4 sequences from clonal HIV-1 variants isolated from each study 
subject, separately. Tree topologies showed that viral populations within each HIV-1 
infected individual were temporally structured: viral sequences from the same time 
point tended to cluster together; early viral sequences clustered at the base of the tree, 
near the root, whilst viral sequences from samples collected later in infection showed 
greater divergence from the root of the tree. Moreover, as it could be observed from 
the ML tree based on the HIV-1 env gp120 C1-C4 sequences of 26 ACS participants, 
individual ML trees per patient’s sequences showed that CXCR4-using variants 
descended from R5 variants. The sequences of CXCR4-using variants were nested into 
the larger cluster of sequences of R5 variants and in 7 of the 10 subjects under study, 
they clustered monophyletically (Figure 1). In 3 individuals (RX_1, RX_3 and RX_6), the 
majority of CXCR4-using variants clustered together, segregating from the R5 variants 
while a few CXCR4-using variants (1, 1 and 4 respectively) intermingled with the R5 
variants, thus implying the existence of CXCR4-using variants with an R5-like sequence 
(Figure 1). CXCR4 use of those 6 variants was con!rmed by their ability to productively 
infect MT-2 cells, U87.CD4.CXCR4 cells and PBMC from CCR5#32 homozygous 
donors, although indeed, based on their V3 amino acid sequence, they were predicted 
to be R5 (data not shown). Interestingly, individual ML trees showed that these HIV-1 
variants with discrepant phenotype and genotype lacked viral descendants which may 
suggest that they are intermediates between CCR5- and CXCR4-using viruses that 
were unable to successfully produce viral progeny and to persist over time. 

Amino acid differences between R5 and CXCR4-using HIV-1 variants
In order to identify amino acid residues that are relevant for CXCR4 use, amino acid 
differences between env gp120 C1-C4 sequences of R5 and CXCR4-using variants 
from each study subject were analyzed (Table 1). In this analysis, for HIV-1 variants from 
individual patients, only the amino acid positions, at which the amino acid residue(s) 
present in all R5 variants differed from the amino acid residue(s) present in all CXCR4-
using variants, were taken into account. For patients RX_1, RX_3 and RX_6, CXCR4-
using variants with an R5-like sequence were analyzed separately. 

Amino acid differences between R5 and CXCR4-using variants within the V3 region 
were observed in all 10 subjects, and additional differences in other regions (V1, V2, 

Figure 1. Maximum Likelihood trees based on gp120 C1-C4 env sequences from clonal R5 and 
CXCR4-using HIV-1 variants. Numbers indicate the time point of viral isolation (for all patients, 
time since SC and time to emergence of CXCR4-using variants for each time point is depicted 
in Supplementary Table A1). Black: sequences of clonal R5 variants; grey: sequences of clonal 
CXCR4-using variants; names of clonal CXCR4-using variants with an R5 genotype are indicated 
between brackets. * Bootstrap support >70%. The scale bar (horizontal line) indicates branch 
length corresponding to 0.01 substitutions per site.
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Table 1. Amino acid differences between R5 and CXCR4-using variants

Patient AA Position (consensusB)

V3 V1 V2 V4 C3 C4

6 8 11* 13* 14* 16 17 19* 20* 22 24* 25* 32 6 7-11 16 7 11 35 36 39* 17 2 13 16 24 45 22*

RX_1 R5 S I A/G

G2 S I A

X4/R5X4 R L V

RX_2 R5 S H/N I A

X4/R5X4 R T M V

RX_3 R5 S I A Q

E2 S I A Q

X4/R5X4 R L V R/K

RX_4 R5 N T G/S W/S/# I R/K

X4/R5X4 K R R Q N N/D

RX_5 R5 S F/I N/S

X4/R5X4 R V H

RX_6 R5 G/S G

ROG9/ROB8/RAB6II/H11 S/G G

X4/R5X4 R E/R

RX_7 R5 P A T/A

X4/R5X4 L R #

RX_8 R5 I G G E N XTXTX I Q

X4/R5X4 L R E K N #(4aa) V R

RX_9 R5 H F G E S/G L N R/K

X4/R5X4 R V E K N I H N

RX_10 R5 G/E G/E D/N Y T/I D/G/A/E/T T/I Q/R/K

X4/R5X4 R R G F N V N E

AA position: amino acid position in speci!c gp120 region according to consensus B sequence; 
*AA positions at which R5 and CXCR4-using variants differ in more than 1 patient; negatively 
charged amino acids (D/E): light grey; positively charged amino acids (K/R/H): dark grey; 
Potential N-linked Glycosylation Sites (PNGS): bold and underlined;#: deletion;  X at AA 
position 7: D/T/I;  X at AA position 9: N/D;  X at AA position 11: K/R; when more than one 
amino acid present at a speci!c position, order indicates the frequency.  

V4, C3 and/or C4) were observed for 5 subjects. In agreement with this, NJ trees 
based on the V3 region showed separate clustering of R5 and CXCR4-using variants 
in all patients, with the exception of patients RX_1, RX_3 and RX_6, for whom CXCR4-
using variants that clustered with R5 variants in the gp120 C1-C4 env based ML tree, 
also did so in the V3 NJ based tree (data not shown). For the 5 patients in whom amino 
acid differences between R5 and CXCR4-using variants were identi!ed in gp120 
regions outside V3, NJ trees based on these individual regions also showed separate 
clustering between the sequences with differential coreceptor use (data not shown). 
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Table 1. Amino acid differences between R5 and CXCR4-using variants

Patient AA Position (consensusB)

V3 V1 V2 V4 C3 C4

6 8 11* 13* 14* 16 17 19* 20* 22 24* 25* 32 6 7-11 16 7 11 35 36 39* 17 2 13 16 24 45 22*

RX_1 R5 S I A/G

G2 S I A

X4/R5X4 R L V

RX_2 R5 S H/N I A

X4/R5X4 R T M V

RX_3 R5 S I A Q

E2 S I A Q

X4/R5X4 R L V R/K

RX_4 R5 N T G/S W/S/# I R/K

X4/R5X4 K R R Q N N/D

RX_5 R5 S F/I N/S

X4/R5X4 R V H

RX_6 R5 G/S G

ROG9/ROB8/RAB6II/H11 S/G G

X4/R5X4 R E/R

RX_7 R5 P A T/A

X4/R5X4 L R #

RX_8 R5 I G G E N XTXTX I Q

X4/R5X4 L R E K N #(4aa) V R

RX_9 R5 H F G E S/G L N R/K

X4/R5X4 R V E K N I H N

RX_10 R5 G/E G/E D/N Y T/I D/G/A/E/T T/I Q/R/K

X4/R5X4 R R G F N V N E

AA position: amino acid position in speci!c gp120 region according to consensus B sequence; 
*AA positions at which R5 and CXCR4-using variants differ in more than 1 patient; negatively 
charged amino acids (D/E): light grey; positively charged amino acids (K/R/H): dark grey; 
Potential N-linked Glycosylation Sites (PNGS): bold and underlined;#: deletion;  X at AA 
position 7: D/T/I;  X at AA position 9: N/D;  X at AA position 11: K/R; when more than one 
amino acid present at a speci!c position, order indicates the frequency.  

Although the overall pattern of mutation between R5 and CXCR4-using variants 
was unique for each individual under study, in all of them at least one amino acid 
in the V3 region was positively charged in CXCR4-using variants as compared to an 
uncharged or negatively charged amino acid at the same position(s) in R5 variants. 
Moreover, certain amino acid positions commonly differed between R5 and CXCR4-
using variants of more than one individual, such as the well documented V3 positions 
11 and 2561-63 (in 6 and 3 individuals, respectively), but also V3 positions 13, 14, 19, 
20, and 24, V2 position 39 and C4 position 22. Interestingly, at most of these positions 
the amino acid residue was identical in R5 variants from all patients and similarly, an 
identical aminoacid residue was found in CXCR4-using variants from all patients at 
the majority of these speci!c positions. Moreover only the amino acid differences 
between R5 and CXCR4-using variants at V3 positions 11 and 25, which were never 
found in combination within the same individual viral envelopes, exclusively involved 
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the presence of an uncharged or negatively charged amino acid in R5 variants instead 
of a positively charged amino acid in CXCR4-using variants. R5 and CXCR4-using 
HIV-1 variants from subject RX_7 did not differ at any of these two positions. Clonal 
CXCR4-using variants that genetically resembled R5 variants (clone G2 from patient 
RX_1, clone E2 from patient RX_3 and clones ROG9, ROB8, RAB6II and H11 from 
patient RX_6) had the same amino acids as R5 variants at those positions where R5 
and the remaining CXCR4-using variants differed. The CXCR4-using clonal variants 
with an R5-like sequence were excluded from further comparisons between R5 and 
CXCR4-using variants. 

Envelope molecular properties and genetic diversity of R5 and 
CXCR4-using HIV-1 variants over the course of infection
V3 regions of CXCR4-using variants isolated from 9 of the 10 patients under study were 
more positively charged than V3 regions of the R5 variants from the same patient in the 
entire disease course47 (Figure 2B). This was also observed for the earliest clonal CXCR4-
using variant from patient RX_6, isolated two months before the estimated emergence 
of CXCR4-using variants which was based on the !rst positive MT-2 test on bulk PBMC. 
However, the V3 regions from CXCR4-using variants from this same patient that were 
isolated after that time point had a similar or even lower charge than the V3 regions 
of the co-existing R5 variants, which were much more positively charged (average 
value between 5.35-5.7) than V3 regions of R5 variants of the other patients (average 
charge <5.1) in the entire follow-up period. While R5 variants from 7 patients showed 
an increase in V3 charge over time, in 2 of them followed by a subsequent decrease, no 
overall change or even a decrease in V3 charge was observed for the R5 variants of 1 
and 2 patients, respectively. Overtime, charge of the V3 region of CXCR4-using variants 
increased, decreased, or remained the same in respectively 4, 2, and 4 patients.

In addition to predicting viral coreceptor use, the PSSM provides a score on a 
linear scale that re"ects the relative “R5”- or “X4”-ness of a V3 envelope region, with 
lower scores for R5, higher scores for X4 and intermediate scores for R5X4 variants93. 
Indeed, in all patients R5 variants had lower PSSM scores than CXCR4-using variants, 
with the exception of HIV-1 variants of patient RX_10 (Figure 2C). CXCR4 using HIV-1 
variants from this patient had the lowest PSSM scores and those were similar to the 
PSSM scores of the co-existing R5 variants. Overtime, increases and decreases of the 
PSSM scores of R5 variants were observed in 5 and 2 patients, respectively. For R5 
variants of 3 patients, no overall changes in PSSM scores were observed. CXCR4-using 
variants of 8 patients showed an increase of the PSSM scores over time, while they 
remained the same in the other 2 patients.

Analysis of variation in number of Potential N-glycosylation Sites (PNGS), length and 
charge of the gp120 C1-C4 env region over the course of infection did not reveal speci!c 

Figure 2. Study subjects clinical parameters, and V3 charge, PSSM Score and diversity of R5 
and CXCR4-using HIV-1 variants during the course of infection. A: CD4 counts, viral load and 
antiretroviral therapy (cART: combined antiretroviral therapy). B: average charge of the gp120 V3 
env region and standard deviation per time point. C: average PSSM score of the gp120 V3 env 
region and standard deviation. D: average diversity of the gp120 C1-C4 env region and standard 
deviation per time point.
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differences between R5 and CXCR4-using variants (Supplementary Figure A2).  Variation 
in PNGS and length generally followed a similar pattern. Variation in gp120 C1-C4 env 
charge over time could mainly be attributed to the V1V2 regions (data not shown) and 
although in half of the patients a higher charge was observed for CXCR4-using variants, 
this was not always the case for HIV-1 variants from all time points studied.  

Analysis of genetic diversity (Figure 2D) of R5 and CXCR4-using variants in the 7 
study subjects with a time point of virus isolation close to SC (between 3 to 11 months 
after SC), revealed low genetic diversity in R5 variants isolated within the !rst year of 
infection with a subsequent increase during the asymptomatic phase. Moreover, a 
decline in genetic diversity of R5 variants around or after emergence of CXR4-using 
variants was observed in 8 individuals in 3 of whom genetic diversity of CXCR4-using 
variants also decreased.  

Characterization of coreceptor usage of R5 and CXCR4-using 
variants over the course of infection
In order to characterize CCR5 and/or CXCR4 use of HIV-1 variants over the disease 
course, longitudinally obtained clonal R5 and CXCR4-using HIV-1 variants from 7 HIV-1 
infected individuals were tested for their ability to infect U87.CD4 cells expressing 
CCR5 (CCR5 cell line), CXCR4 (CXCR4 cell line), or different CCR5-CXCR4 chimeric 
coreceptors (Fc-2, Fc-4b, Fc-5, Fc-6 and Fc-7 cell lines). As a negative control, a SHAM 
transfected U87.CD4 cell line was used (SHAM cell line). A median of 11 (range: 8-15) 
clonal R5 variants per patient and a median of 10 (range: 5-11) clonal CXCR4-using 
variants per patient, spanning 54 (range 27-76) months of seropositive follow-up, were 
analyzed here. 

No clonal HIV-1 variant was able to replicate in the SHAM cell line thus con!rming 
that the use of a coreceptor was required by all viruses tested to infect the different 
U87.CD4 cell lines (Tables 2 and 3). The control virus BAL replicated in CCR5, Fc-2 
and Fc-4b cell lines, while the control virus pLAI replicated in Fc-4b, Fc-7 and CXCR4 
cell lines (data not shown). Infection and replication of a virus in a speci!c cell line was 
interpreted as an ability to use the coreceptor expressed in that cell line, and the use 
of the different CCR5-CXCR4 chimeric coreceptors was used to delineate the relevant 
CCR5 and CXCR4 domains used by either R5 or CXCR4-using viruses. 

Replication in the CCR5 cell line of R5 variants isolated before the emergence 
of CXCR4-using variants (early R5 variants) from 5 of the 7 individuals, was slower 
than of R5 variants isolated after the emergence of CXCR4-using variants (late R5 
variants). Indeed, a higher percentage of late R5 variants had an earlier day of !rst 
detection of viral replication in that cell line than early R5 variants (Figure 3 A and 
B). In patient RX_5, the opposite pattern was observed, and in patient RX_4, the 
!rst day of detection of viral replication of most of the early and late R5 variants in 
the CCR5 cell line was day 11 except for one late R5 variant which was !rst detected 
on day 14. Replication of CXCR4-using variants isolated at a time point close to the 
estimated date of emergence of CXCR4-using variants (early CXCR4-using variants) in 
the CXCR4 cell line was also generally slower than of CXCR4-using variants that had 
been isolated at the latest time points studied (late CXCR4-using variants) in 6 patients 
(Figure 3 C and D). This could not be analyzed for patient RX_10 due to unavailability 
of cell-free virus supernatant from late CXCR4-using variants. 
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Table 2. Percentage of clonal R5 variants infecting U87.CD4 cell lines expressing CCR5, CXCR4 
or different CCR5-CXCR4 chimeric coreceptors

Patients CCR5 Fc-2 Fc-4b Fc-5 Fc-6 Fc-7 CXCR4 SHAM Nr. of viruses tested

Early R5 (pre-X4/R5X4)a

RX_2 100 0 0 0 0 0 0 0 4

RX_4 100 25 25 0 0 0 0 0 4

RX_7 100 0 0 0 0 0 0 0 2

RX_8 100 0 0 0 0 0 0 0 5

RX_5 100 0 50 0 0 0 0 0 2

RX_9 100 0 0 0 0 0 0 0 5

RX_10 100 0 0 0 0 0 0 0 10

Late R5 (post-X4/R5X4)b

RX_2 100 75 50 0 0 0 0 0 4

RX_4 100 0 57 0 0 0 0 0 7

RX_7 100 70 10 0 0 0 0 0 10

RX_8 100 17 0 0 0 0 0 0 6

RX_5 100 0 57 0 0 0 0 0 7

RX_9 100 33 0 0 0 0 0 0 6

RX_10 100 0 0 0 0 0 0 0 5

Replication of clonal R5 variants in each cell line was determined by measuring p24 production 
in culture supernatant and scoring cytopathic effect (CPE) every 3 days. Numbers represent the 
percentage of viruses tested infecting a cell line. a Clonal R5 variants isolated prior to emergence 
of CXCR4-using variants. b Clonal R5 variants isolated after emergence of CXCR4-using variants.

An overview of the replication of the viruses from all 7 patients in the different 
cell lines is depicted in Tables 2 and 3 for R5 and CXCR4-using variants, respectively. 
The general infection pattern of BAL and clonal R5 variants was as shown by Karlsson 
et al.86, restricted to CCR5, Fc-2 and Fc-4b cell lines indicating that R5 variants used 
the N-terminus and ECL1 and ECL2 domains of CCR5 for entry. However, infection 
of those 3 cell lines varied between viruses that were isolated at different disease 
stages. Replication of the majority of early R5 variants was restricted to the CCR5 
cell line, with the exception of some early R5 variants of patient RX_5 which could 
also infect the Fc-4b cell line and some early R5 variants from patient RX_4 which 
could infect both the Fc-2 and Fc-4b cell lines. Late R5 variants from 5 patients 
could use a broader range of CCR5-CXCR4 chimeric coreceptors as compared to 
early R5 variants, although patient specific patterns were observed. The majority 
of late R5 variants from patients RX_8 and RX_9 replicated exclusively in the CCR5 
cell line and only a few late R5 variants could additionally replicate in the Fc-2 cell 
line. In contrast, a greater percentage of late R5 variants from patients RX_2 and 
RX_7 showed infection of CCR5-CXCR4 chimeric coreceptor cell lines (both Fc-2 
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and Fc-4b) as compared to early R5 variants. Early and late R5 variants from patients 
RX_4 and RX_5 were able to infect Fc-4b cell line, albeit a larger proportion of late 
R5 variants showed infection in those cell lines. Therefore, use of the N-terminus 
appeared generally to be to be indispensible for entry of early R5 variants via CCR5, 
whereas late R5 variants could support entry independently of the CCR5 N-terminus 
and sometimes even of CCR5 ECL1.

The general infection pattern of pLAI and clonal CXCR4-using variants showed that 
all CCR5-CXCR4 chimeric coreceptors could be used by at least some of the CXCR4-
using variants, as shown previously103. Early CXCR4-using variants infected Fc-4b and 
Fc-7 cell lines to a greater extent than other CCR5-CXCR4 chimeric coreceptor cell 
lines and early CXCR4-using variants from patients RX_9 and RX_10 showed broader 
use of the CCR5-CXCR4 chimeric coreceptor cell lines than early CXCR4-using variants 
from the other 5 patients. As compared to early CXCR4-using variants, the late CXCR4-
using variants could use a broader range of CCR5-CXCR4 chimeric coreceptors. 
Indeed, late CXCR4-using variants from 4 of 6 patients infected a higher number of 

Table 3. Percentage of clonal CXCR4-using variants infecting U87.CD4 cell lines expressing 
CCR5, CXCR4 or different CCR5-CXCR4 chimeric coreceptors

Patients CCR5 Fc-2 Fc-4b Fc-5 Fc-6 Fc-7 CXCR4 SHAM Nr. of viruses tested

Early CXCR4-using variantsa

RX_2 100 0 43 0 0 100 100 0 7

RX_4 100 0 100 0 0 83 100 0 6

RX_7 75 25 100 0 50 100 100 0 4

RX_8 100 100 100 0 50 100 100 0 2

RX_5 83 67 83 0 17 100 100 0 6

RX_9 100 60 100 100 100 80 100 0 5

RX_10 80 100 100 40 80 40 100 0 5

Late CXCR4-using variantsb

RX_2 100 0 100 0 25 75 100 0 4

RX_4 100 25 100 0 25 100 100 0 4

RX_7 17 17 83 33 33 100 100 0 6

RX_8 33 33 100 100 100 100 100 0 3

RX_5 40 100 100 100 100 100 100 0 5

RX_9 100 100 100 100 100 100 100 0 4

RX_10 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Replication of clonal CXCR4-using variants in each cell line was determined by measuring p24 
production in culture supernatant and scoring cytopathic effect (CPE) every 3 days. Numbers 
represent the percentage of viruses tested infecting a cell line. a Clonal CXCR4-using variants 
isolated at a time point close to the emergence of CXCR4-using variants (median of 4.5 (range: 
2-8) months after estimated date of emergence of CXCR4-using variants). b Clonal CXCR4-
using variants isolated at the latest’s time points studied (median of 1.7 (range: 1-4) years after 
emergence of CXCR4-using variants).
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Figure 3. Replication of R5 and CXCR4-using HIV-1 variants in U87.CD4 cell lines expressing 
CCR5 or CXCR4. Replication of clonal R5 and CXCR4-using variants in U87.CD4 cell lines ex-
pressing CCR5 (CCR5 cell line) or CXCR4 (CXCR4 cell line), respectively, was determined by 
measuring p24 production in culture supernatant and scoring cytopathic effect (CPE) every 3 
days. For each virus tested, the !rst day of detection of viral replication in a cell line corresponds 
to the !rst day with a positive result in the p24 elisa and with observed CPE in the culture. a Clonal 
R5 variants isolated prior to the emergence of CXCR4-using variants. b Clonal R5 variants isolated 
after the emergence of CXCR4-using variants. c Clonal CXCR4-using variants isolated at a time 
point close to the emergence of CXCR4-using variants (median of 4.5 (range: 2-8) months after 
estimated date of emergence of CXCR4-using variants). d Clonal CXCR4-using variants isolated 
at the latest’s time points studied (median of 1.7 (range: 1-4) years after emergence of CXCR4-
using variants).

CCR5-CXCR4 chimeric coreceptor cell lines, and, in the other 2 patients, in whom the 
early CXCR4-using variants were already able to use all the CCR5-CXCR4 chimeric 
coreceptors, CCR5-CXCR4 chimeric coreceptor cell lines were infected by a larger 
proportion of late CXCR4-using variants as compared to early CXCR4-using variants. 

Late CXCR4-using variants, therefore, appeared to be less dependent on ECL1 
and ECL2 of CXCR4 for entry. The lower or absent infection of Fc-5 and Fc-6 cell 
lines despite infection via CCR5-CXCR4 chimeric coreceptors with lower proportion 
of CXCR4 (Fc-4b and even some times Fc-2), may indicate that Fc-5 and Fc-6 have a 
less favorable conformation for the binding of CXCR4-using envelopes, given that the 
expression levels were similar103. Most of the CXCR4-using variants tested were able 
to infect the CCR5 cell line (R5X4 variants). However, some CXCR4 using variants from 
3 patients (RX_5, RX_8 and RX_10) did not establish infection in the CCR5 cell line (X4 
variants) but could infect the Fc-4b cell line, and X4 variants from two of the patients 
could additionally infect the Fc-2 cell line (data not shown), the latter indicating that 
entry via CXCR4 can be sustained by only the N-terminus, as those variants were 
unable to use CCR5.
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R5X4 variants isolated close to the estimated date of emergence of CXCR4-using 
variants from 4 of the 6 patients showed slower replication in the CCR5 cell line than 
their co-existing R5 variants (Figure 4). In fact, the !rst day of detection was similar for 
these CXCR4 using variants and R5 variants that were isolated at earlier time points 
(data not shown). Furthermore, late R5X4 and R5 variants from the same time point 
showed similar replication rates in the CCR5 cell line, as re"ected in a same !rst day 
of detection of virus production after inoculation (data not shown). 

Figure 4. Replication in U87.CD4 cell 
line expressing CCR5 of co-existing 
R5 and R5X4 HIV-1 variants from a 
time point close to the emergence of 
CXCR4-using variants. Replication of 
clonal R5 and R5X4 variants in U87.
CD4 cell line expressing CCR5 (CCR5 
cell line) was determined by measuring 
p24 production in culture supernatant 
and scoring cytopathic effect (CPE) 
every 3 days. For each virus tested, 
!rst day of detection of viral replica-
tion corresponds to the !rst day with 
a positive result in the p24 ELISA and 
with observed CPE in the culture.

DISCUSSION
Considering that only few amino acid changes in the V3 envelope region are suf!cient 
for a switch from CCR5 to CXCR4 coreceptor use61,64-69  and that these mutations must 
be occurring continuously in vivo due to the exceptionally high mutation rate of HIV-
170, one would expect the emergence of CXCR4-using variants, if advantageous for 
the virus, to occur frequently and relatively early in the course of infection. However, 
CXCR4-using viruses do not emerge in all infected individuals with HIV-1 subtype 
B46,57 and when they do, they are not generally detected at an early disease stage71. 
The apparent contrast between the low minimum requirements for an R5 variant to 
acquire CXCR4 use and the relatively slow emergence of CXCR4-using variants in the 
majority of HIV-1 subtype B infections, suggests that the evolution towards a CXCR4-
using phenotype is strongly disfavored in vivo. Here we studied the evolution of 
HIV-1 envelope and coreceptor use in 10 HIV-1 infected individuals in whom CXCR4-
using variants were ultimately detected, to determine whether the emergence of 
these variants is a unique event and to de!ne the molecular determinants in the viral 
envelope that are critical for coreceptor use. 

Phylogenetic analysis showed that CXCR4-using HIV-1 variants that naturally 
emerged during the disease course of the 10 HIV-1 infected individuals included in 
this study, descended from R5 variants. In seven individuals, R5 and CXCR4-using 
variants appeared clearly segregated, pointing to independent evolution of the two 
viral populations, as shown previously47,88. The monophyletic clustering of these 
CXCR4-using variants indicated that they originated from a single evolutionary event. 
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In three patients, the majority of CXCR4-using variants also clustered together and 
segregated from the R5 variants, however, clustering of a few CXCR4-using variants 
with R5 variants was observed. HIV-1 variants that genetically resemble R5 variants 
but that are capable of using CXCR4 have been observed before83,105, in some cases 
showing lower ef!ciency in CXCR4 use83. Together with the observation that the 
CXCR4-using variants with an R5-like sequence did not produce viral progeny, this 
suggests that these variants may be intermediates between CCR5- and CXCR4-using 
variants with reduced !tness and therefore unable to persist. 

Determination of amino acid residues that speci!cally differed between R5 and 
CXCR4-using variants revealed a unique pattern of mutation for each individual 
under study. However, in all patients, the presence of at least one positively charged 
amino acid residue in the V3 region was an absolute requirement for the persistence 
of CXCR4-using HIV-1 variants. The acquisition of these positively charged amino 
acids occurred commonly, albeit not exclusively, at either position 11 or 25 of the 
V3 region (in 6 and 3 patients, respectively), which has been previously associated 
with a CXCR4-using phenotype in primary isolates61,62. In one patient, the positively 
charged amino acid residue in the V3 region was found at position 19, indicating that 
the requirement of positively charged amino acids at position 11 or 25 for CXCR4 use 
is not absolute. Consistent with other studies67,72-74,74-82, our data additionally showed 
that determinants for coreceptor speci!city are not restricted to the V3 region, as 
in !ve individuals under study amino acid residues in the V1, V2, V4, C3 and C4 
regions of the viral envelope also appeared to be involved in a successfully replicating 
CXCR4-using phenotype. HIV-1 entry is a complex process that requires the sequential 
interaction of different gp120 regions with CD4 and the chemokine receptor, and 
the conformational changes associated with it, therefore mutations in gp120 regions 
outside V3 may directly or indirectly modulate these interactions. The speci!c host 
selective forces acting on the envelope gene may explain the range of possibilities by 
which an R5 variant can acquire CXCR4 use. 

We observed a continuous evolution of the HIV-1 gp120 envelope gene of R5 
and CXCR4-using variants throughout the disease course and this was re"ected 
on its changing molecular properties such as number of PNGS, charge and length. 
An increase in positive charge of the V3 region of R5 variants appeared to be the 
only common molecular feature associated with the acquisition of a CXCR4-using 
phenotype, as suggested by earlier studies61-63, and compatible with studies showing 
that acidic residues in CXCR4 establish electrostatical interactions with basic residues 
of the HIV-1 envelope protein gp120106.  PSSM is used to predict viral coreceptor use 
based on a V3 envelope sequence93. The resulting PSSM score is indicative of the 
resemblance of a V3 sequence of interest to sequences of either CCR5- or CXCR4-
using viruses; the higher the score, the more the sequence resembles the sequence of 
a CXCR4-using variant. The increase in PSSM scores of R5 variants after the emergence 
of CXCR4-using variants may re"ect their increased potential of acquiring CXCR4 use, 
although, as discussed above, phylogenetic analysis excluded that additional lineages 
of CXCR4-using variants emerged from these late R5 variants. Inability of the newly 
emerged intermediates to compete with the pre-existing CXCR4-using variants may 
offer an explanation for the failure of these R5 variants to evolve to a CXCR4-using 
phenotype. The observed constant or decreasing PSSM score of R5 variants in some 
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patients after the appearance of CXCR4-using variants may imply that only R5 variants 
with a speci!c phenotype can co-exist with CXCR4-using viruses. The reduction in 
diversity in the R5 viral population after !rst appearance of CXCR4-using variants may 
in fact also re"ect the selection pressure of co-existing CXCR4-using variants. The 
increasing PSSM score over time of CXCR4-using variants in all but 2 patients, in 
whom no change was observed, is consistent with the conclusion that CXCR4-using 
variants evolve from R5 variants from which they progressively diverge. 

The factors determining the time required for the emergence of CXCR4-using 
variants are still unclear. The higher sensitivity to antibody neutralization of newly 
emerged CXCR4-using variants as compared to their co-existing R5 variants107 may 
imply a role for the humoral immune response on suppressing the appearance of 
CXCR4-using variants. However, emergence of CXCR4-using HIV in the face of potent 
humoral immunity has also been observed107. The decrease in R5 HIV-1 population 
diversity and CD4+ T cell counts observed around the emergence of CXCR4-using 
variants could be a sign of the immune system’s deterioration. Host selective pressures 
that earlier in infection favored the outgrowth of R5 variants or selected against the 
emergence of CXCR4-using variants might be fading over time, at some point allowing 
the transition from CCR5 to CXCR4 usage. Whether a decline of the humoral immune 
response was the main contribution to this process remains to be established. The 
fact that R5 and CXCR4-using variants can co-exist is determined by their differential 
T cell tropism and the availability of separate target cell niches for R5 and CXCR4-
using variants within the CD4+ memory T cell pool47,51-53, de!ned by the differential 
expression of CCR5 and CXCR4 on these cells51.

We and others have shown that R5 and CXCR4-using variants evolve towards an 
increased ef!ciency of CCR5 and CXCR4 use49,84-87, respectively, as re"ected by an 
increasing resistance to CCR5 and CXCR4 inhibitors over time. We here extended 
these studies by comparing the ability of longitudinally obtained clonal R5 and 
CXCR4-using variants from the same study subject for their ability to replicate in 
U87.CD4 cell lines expressing CCR5, CXCR4 or CCR5-CXCR4 chimeras with different 
proportions of each chemokine receptor. R5 variants isolated before the emergence 
of CXCR4-using variants were highly dependent on the CCR5 N-terminus, ECL1 and 
ECL2 for entry, while later in infection R5 variants emerged for which the N-terminus 
and sometimes ECL1 were dispensable. Similarly, CXCR4-using viruses evolved over 
time to a decreasing dependency on ECL1 and ECL2 of CXCR4. These data are in 
agreement with studies that have shown that the N-terminus, ECL1 and ECL2 of CCR5 
and the ECLs of CXCR4, particularly ECL1 and ECL2, are important for entry, but 
that HIV-1 envelope-coreceptor interactions can vary depending on the virus strain 
studied17,108-112. Thus, co-existing R5 and CXCR4-using variants both evolve towards an 
increased "exibility in, or increased ef!ciency of CCR5 and CXCR4 use, respectively, as 
re"ected in a decreasing dependence on particular binding regions in the coreceptors. 
This optimized coreceptor use may be responsible, at least in part, for the observed 
higher infectivity of late R5 and CXCR4-using variants in U87.CD4 cell lines expressing 
respectively wild type CCR5 and CXCR4, and could explain the increased resistance 
of late stage viruses to inhibitors that target the coreceptor domains on which the 
virus becomes less dependent for entry111,113,114. The increased ef!ciency of coreceptor 
use was not related to common changes in V3 charge or in other envelope molecular 
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properties, suggesting that there is no single envelope con!guration that results in a 
more ef!cient viral coreceptor use. In patients RX_4 and RX_5, the lower dependence 
of early R5 variants on the use of CCR5 N-terminus and their similar level of infectivity 
of the CCR5 cell line as compared to the late R5 variants, may re"ect the presence of 
an R5 population with high CCR5 ef!ciency already early in infection. Finally, the lower 
infectivity of R5X4 variants from the time point close to the estimated emergence 
of CXCR4-using variants as compared to their co-existing R5 variants in the CCR5 
cell line, suggests that the changes required for the acquisition of CXCR4 use have 
negative consequences for the replication capacity and/or CCR5 ef!ciency of the 
newly emerged CXCR4-using variants and supports that transition from CCR5 to 
CXCR4 use involves a stage of low viral !tness.

In summary, we have shown that CXCR4-using variants evolve from R5 variants 
and that although acquisition of CXCR4 use may occur several times during infection, 
the emergence of CXCR4-using variants that give rise to replication competent 
viral progeny is a unique event. After emergence of CXCR4-using variants, the R5 
and CXCR4-using viral populations co-exist and continue to evolve independently 
optimizing their coreceptor use as re"ected in a decreasing dependence on particular 
binding regions in the coreceptors. The mutational pathway that leads to successfully 
replicating CXCR4-using variants always involves the gain of at least one positively 
charged amino acid in the V3 envelope region and additional host-speci!c changes, 
also outside the V3 region, suggestive for a common evolutionary pathway for the 
transition from CCR5 to CXCR4 use that can be modulated by host environment and 
viral background. The critical factors that counteract the emergence of CXCR4-using 
variants early in infection, but that fail to do so at later stages, remain to be established. 
The changing interaction with the HIV-1 coreceptors over time within an infected 
individual suggests limitations to the use of inhibitors targeting the coreceptors in 
patients harboring such late-stage variants.
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Figure A1. Maximum Likelihood tree of gp120 C1-C4 env HIV-1 sequences from 26 ACS par-
ticipants. For clarity of display, the tree includes only one sequence per time point for ACS 
participants in whom CXCR4-using variants were never detected during the entire follow-up. 
Cohort ID is indicated per patient. Grey: patients with only R5 HIV-1 variants; black: patients 
with R5 and CXCR4-using variants; **cluster of CXCR4-using variants sequences; *CXCR4-using 
variant sequence. All patient clusters had bootstrap support >70%. The scale bar (horizontal line) 
indicates branch length corresponding to 0.01 substitutions per site.
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Figure A2. Envelope molecular 
properties of R5 and CXCR4-using 
variants during disease course. A: 
average number of Potential N-gly-
cosilation Sites (PNGS) of the gp120 
C1-C4 env region and standard 
deviation per time point. B: average 
length of the gp120 C1-C4 env 
region and standard deviation per 
time point. C: average charge of 
the gp120 C1-C4 env region and 
standard deviation per time point.
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Table A1. Study participants and time points studied

Study Participant Cohort ID Time point

Sampling time after SC
or imputed SC date*

(months)

Time to emergence
of CXCR4-using viruses

(months)a

RX_1 19843 1 66* -49

2 93* -22

3 117* 2

4 126* 10

5 137* 22

% 6 143* 28

RX_2 19296 1 42* -16

2 61* 3

% 3 70* 12

RX_3 19961 1 11 -3

2 18 3

3 38 24

% 4 50 36

RX_4 19308 1 3 -36

2 29 -10

3 41 2

% 4 53 14

RX_5 19792 1 7 -4

2 19 8

3 46 34

% 4 60 48

RX_6 19829 1 10 -51

2 51 -10

3 60 -2

4 66 4

5 72 10

6 81 19

% 7 88 27

RX_7 11668 1 8 -22

2 28 -2

3 34 4

4 58 28

% 5 78 49
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Table A1. Continued

Study Participant Cohort ID Time point

Sampling time after SC
or imputed SC date*

(months)

Time to emergence
of CXCR4-using viruses

(months)a

RX_8 11699 1 70* -40

2 89* -21

3 117* 6

% 4 146* 35

RX_9 18880 1 10 -35

2 29 -16

3 53 7

% 4 65 19

RX_10 18839 1 4 -57

2 46 -15

3 59 -3

4 70 8

% 5 79 17

a Estimated date between last negative and !rst positive MT-2 test. 




