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General introduction

1
The !rst cases of acquired immunode!ciency syndrome (AIDS), one of the major 

causes of death worldwide, were reported in 19811-3. In 1983, human immunode!ciency 
virus type-1 (HIV-1) was identi!ed as the infectious agent causing this disease4,5 and in 
1986, a related less pathogenic virus (HIV-2) that can also cause AIDS was discovered6. 
Over 25 million people are estimated to have died of this disease since the start of 
the epidemic and in 2008 there were approximately 2.7 million new HIV infections and 
a total of 33.4 million people living with HIV, the majority of which reside in low- and 
middle- income countries, with the highest prevalence in sub-Saharan Africa (WHO 
2010 and UNAIDS/WHO AIDS epidemic update 2009). 

Introduction of antiretroviral therapy has improved the life expectancy of people 
infected with HIV-1.  However, together with the numerous efforts on prevention 
strategies (i.e.: safe sexual behavior, single use of needles), it has been insuf!cient to 
contain the spread of HIV-1, which may relate to the fact that antiretroviral therapy is 
still unavailable to a signi!cant fraction of the people in need of treatment (UNAIDS 
2008 report on the global AIDS epidemic) and that antiretroviral resistant HIV-1 
strains develop and can be transmitted7,8. Regardless of the progress made on the 
understanding of HIV-1 infection and pathogenesis, attempts at making a vaccine or 
developing a cure have so far proven unsuccessful. 

HIV-1
The HIV-1 and HIV-2 pandemics in humans are a result of cross-species transmission 
of simian immunode!ciency virus (SIV) from non-human primates9-13. As a result 
of at least four independent cross-species transmissions, HIV-1 can be classi!ed 
in four groups: group M (main) which is responsible for the vast majority of HIV-1 
infections worldwide, and group N (non-M, non-O), which has been identi!ed in 
only a few individuals in Cameroon, both phylogenetically most closely related to 
SIV from chimpanzees (SIVcpz)9,14, and group O (outlier) and group P, which are both 
rare in humans and are most closely related to a SIV found in gorillas (SIVgor)11,15. 
Nine subtypes (or clades) have been recognized within group M, designated A-D, 
F-H, J and K, typically associated with certain geographical regions16, with the most 
widespread being subtype C, dominant in South Africa, India and Nepal. Subtype B is 
the most common in Europe, North America, Latin America and the Caribbean, Japan 
and Australia.

HIV-1 present in body "uids (semen, vaginal lavage, blood or milk) can be transmitted 
via sexual intercourse, blood-blood contact or from mother to child (during pregnancy, 
delivery or breastfeeding).  Following primary infection, an asymptomatic phase with a 
gradual loss of CD4+ T cells and T-cell function characterizes the clinical course of HIV-1 
infection17,18, resulting eventually in the development of severe immunode!ciency 
(AIDS) which can cause death due to opportunistic infections and cancers if untreated. 
The duration of this asymptomatic phase in the absence of antiretroviral therapy can 
vary among patients, from several months to more than two decades19,20.
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1 HIV-1 GENOME ORGANIZATION, STRUCTURE AND 
REPLICATION CYCLE
HIV-1 is a member of the genus Lentivirus in the Retroviridae family. Retroviruses are 
characterized by the transcription of their RNA genome into cDNA within the infected 
cell using the enzyme reverse transcriptase. The HIV-1 viral genome is composed 
of two positive strands of RNA of approximately 10kb, each containing the same 9 
genes: env and gag that encode for structural proteins, pol that encode for enzymes 
and vif, vpr, tat, rev, vpu and nef that encode for regulatory and accessory proteins21. 
Env, gag and pol are transcribed as polyproteins, which are subsequently processed 
and cleaved into functional proteins. The env gene is transcribed into the polyprotein 
gp160 that is cleaved into gp120 and gp41, the two glycoproteins that constitute 
the viral envelope spike. The gag precursor polyprotein p55 is cleaved into capsid 
(p24), matrix (p17) and nucleocapsid (p7) proteins, which make up for the viral core 
that contains the viral genome and the protease, reverse transcriptase and integrase 
enzymes encoded by the pol gene. HIV-1 replication cycle (Figure 1) starts off with the 
binding of the viral envelope protein to receptors on the target cell surface, the fusion 
of viral and target cell membranes and the subsequent release of the viral core into 
the cytoplasm. After uncoating, the viral RNA genome is transcribed into DNA by the 
reverse transcriptase enzyme and transported to the cell nucleus where it integrates 
into the host genome. The viral genome is then replicated and transcribed by the host 
cell machinery and viral proteins are subsequently produced after translation of the 
viral mRNA in the cytoplasm. The new virions are released from the infected cell by 
budding, wrapping themselves with a lipid bilayer from the target cell membrane that 
contains the newly formed envelope spikes.

Figure 1. Schematic representation of HIV-1 replication cycle.  Adapted from Han Y. et al.22.
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1ENVELOPE STRUCTURE AND HIV-1 ENTRY PROCESS
The HIV-1 envelope (env) protein mediates viral entry into the target cell23-25 and consists 
of a surface (gp120) and a transmembrane (gp41) protein subunit that are bound in a 
non-covalent manner and assembled in a trimeric complex on the virion surface26-28. 
The average number of env trimers on the virions surface has been estimated to be 
between 8 and 1429,30. Each gp120 subunit is composed of !ve hypervariable regions 
(V1-V5), four of which form "exible loop structures on the protein’s surface, located 
within !ve highly constant regions (C1-C5)31-33. These 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 region34-36. 

The HIV-1 entry process (Figure 2) requires the sequential interaction of the gp120 
envelope protein with CD4 and a 7-transmembrane-domain chemokine receptor37 that 
functions as a coreceptor. The gp120 amino acid residues participating in the interaction 
with CD4 are located in the outer domain and the bridging sheet37. Gp120 and CD4 
engagement 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 residues34,36,38. 
This allows the gp120-coreceptor interaction take place, which mainly consists on the 
binding of the bridging sheet and the V3 loop to the coreceptor N-terminus and the 
binding of more distal regions of V3 to the coreceptor extracellular loops (ECLs)34,39-43. 
The CD4 and chemokine receptor binding induce an additional conformational change 
in gp41 that triggers the insertion of the fusion peptide of gp41 into the target cell 
membrane which ultimately leads to the fusion of viral and cellular membranes44,44,45 
and entry of the viral core into the cytoplasm.

Figure 2. Schematic representation of the HIV-1 entry process. A: Binding of gp120 to CD4. B: 
Gp120-CD4 interaction induces a conformational change resulting in the exposure of the core-
ceptor binding site, which subsequently binds to the chemokine receptor N-terminus and extra-
cellular loops. C: After gp120 attachment to the coreceptor, a conformational change in gp41 
leads to the insertion of the fusion peptide of gp41 into the target cell membrane. D: Fusion of 
the viral and cellular membranes and release of the viral core into the cytoplasm. Adapted from 
R.W. Doms and S.C.Peiper46.
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1 VIRAL CORECEPTOR USE AND CELL TROPISM DURING 
HIV-1 INFECTION

Chemokines and chemokine receptors
The main coreceptors used by HIV-1 in vivo are the chemokine receptors CCR547-51 
and CXCR452. In vitro, HIV-1 can additionally utilize several other chemokine receptors 
for this function although their in vivo relevance remains to be established48,49,53-60. 
Chemokine receptors are cellular receptors for chemokines, cytokines that promote 
cellular migration by chemotaxis during routine immune surveillance, in"ammation and 
development61-63. These receptors have a 7-transmembrane structure, made up of 4 
intracellular and 3 extracellular loops connected by hydrophobic membrane spanning 
domains, and an extracellular N-terminus and an intracellular C-terminus domain. 
After the chemokine binding to the chemokine receptor, the G proteins bound to the 
intracellular domains activate and initiate a cascade of intracellular signaling pathways 
involved in cell activation and migration. The natural ligands for CCR5 are macrophage 
in"ammatory protein-1  (MIP-1 ), MIP-1 , and regulated upon activation normally 
T-cell expressed and secreted (RANTES), and stromal derived factor-1 (SDF-1) is the 
one for CXCR4. These chemokines can inhibit HIV-1 entry64-68.

Coreceptor use during the course of infection
CCR5-using (R5) HIV-1 variants generally predominate in the early stage of infection 
regardless of the transmission route69-77. In at least half of HIV-1 subtype B infected 
individuals, CXCR4-using HIV-1 variants emerge during the course of infection, after 
which coexistence of R5 and CXCR4-using variants throughout the disease course is 
generally observed78-80. Recently emerged CXCR4-using variants can still use CCR5 
(R5X4), albeit mainly on transfected cell lines59,81 and generally not on primary cells49,82-

84. This ability is generally lost later in infection (X4)81. Before identi!cation of CCR5 
and CXCR4 coreceptors, R5 and CXCR4-using (R5X4 or X4) viruses were denominated 
non-syncytium inducing (NSI) and syncytium inducing (SI), respectively, according to 
their ability to infect the MT-2 cell line, a T-cell line that expresses CD4 and CXCR4, and 
induce syncytia. The origin of CXCR4-using HIV-1 variants is not yet fully understood; 
detection of CXCR4-using viruses in a HIV-1 infected individual might either re"ect 
(re-)appearance of these viral variants from a reservoir that was established in body 
compartment outside the peripheral blood at the time of infection85 or de novo 
evolution from R5 viruses86-89. Another question that remains to be answered is 
whether those variants arise and successfully establish infection multiple times or just 
once during disease course.

Cell tropism
Cells that express CD4 and CCR5 and/or CXCR4, such as macrophages, microglia, 
dendritic cells (DCs), Langerhans cells and CD4+ T lymphocytes are targets for HIV-
181,90-96. However, the expression of CD4 and the appropriate coreceptor is not always 
suf!cient to support productive infection. Despite expression of both CCR5 and 
CXCR4, macrophages are relatively resistant to infection by CXCR4-using variants as 
compared to R5 variants97,98. This is probably due to the relatively low CD4 expression 
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levels in macrophages in conjunction with the higher CD4 dependency of CXCR4-
using variants as compared to R5 variants99,100. DCs and Langerhans cells express CD4 
and CCR5, and, at low levels they also express CXCR496,101 and they are preferentially 
infected by R5 variants96,102-104. CCR5 is expressed on activated memory CD4+ T cells 
and consequently those cells are targets for R5 variants81,90,91; CXCR4 is expressed 
in both naïve and memory CD4+ T cells which can be productively infected in vivo 
by CXCR4-using variants91,92. Since CCR5+ activated memory CD4+ T cells constitute 
only a small fraction of the CD4+ T cells in peripheral blood105, the greater number of 
potential target cells within the lymphocyte population for CXCR4-using variants in 
conjunction with the interference on the CD4+ T cell renewal by the infection of mature 
CD4+ T cell precursors, may be one of the factors contributing to the faster CD4+ 
T cell decline and disease progression associated with the emergence of CXCR4-
using variants78,79,106-108,108-110. Given that in a signi!cant proportion of HIV-1 subtype B 
infections CXCR4-using variants remain undetected throughout the entire course of 
infection, it seems that emergence of CXCR4-using variants is not a prerequisite for 
disease progression. Whether those variants are the cause or consequence of immune 
deterioration remains to be established. 

Relevance of coreceptor use in HIV-1 transmission, dissemination 
and establishment of infection
The predominance of R5 variants early in infection implies a major role for this viral 
phenotype in HIV-1 transmission or in initial dissemination and establishment of 
infection. This is underscored by the fact that individuals who are homozygous for a 
32-base pair deletion in the CCR5 gene, a mutation that results in a truncated CCR5 
protein that is not expressed on the cell surface111,112, are relatively resistant to HIV-1 
infection50,111,113, supporting that establishment of HIV-1 infection by CXCR4-using 
variants is an unlikely event. From the few reported HIV-1 infected individuals with 
a CCR5 #32/#32 genotype, which has a prevalence of about 1% in the Caucasian 
population114,115, only CXCR4-using variants could be isolated116-123 providing formal 
proof that CXCR4-using variants can actually be transmitted. It is not yet clear whether 
R5 variants are selectively transmitted or whether they are preferentially expanded 
after transmission of HIV-1 variants with both coreceptor use phenotypes. Indeed, 
CXCR4-using variants have been detected in 3-17.2% of recently infected patients 124-

126, with frequencies varying depending on whether a genotypic or a phenotypic assay 
was used to determine viral coreceptor use, which suggests that detection of CXCR4-
using variants early in infection in those HIV-1 infected individuals is either the result of 
the transmission of both R5 and CXCR4-using variants or, in case that there had been 
selective transmission of R5 variants, evolution towards a CXCR4-using phenotype 
must have occurred at least within the !rst weeks upon infection. 

Several mechanisms, acting consecutively or simultaneously at the site of exposure, 
during infection of target cells, on dissemination to lymphoid tissues or during 
subsequent ampli!cation (reviewed by Margolis et al.86), have been suggested to be 
responsible for the selective advantage of R5 viruses during HIV-1 transmission and/or 
initial dissemination, which may contribute to their predominance in the early phase 
of infection. The majority of HIV-1 infections occur across mucosal surfaces (genital, 
rectal and intestinal), with the exception of direct intravenous inoculation. HIV-1 can 
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cross the epithelial layer via transcitosis, through intra-epithelial gaps, transmigration 
of infected donor cells or ruptures caused by infections with other pathogens or by 
mechanical stress127. The presence of target cells preferentially infected by R5 variants 
(macrophages, Langerhans cells, Dendritic Cells (DCs) and CD4+CCR5+ memory T 
cells)128 residing within or under the epithelial layer, the preferential inactivation of 
CXCR4-using variants by mucin and innate antiviral proteins in the female genital 
tract129-131 or blockage of viral entry via CXCR4 by the CXCR4 ligand SDF-1 produced 
in the intestinal lumen132 may be potential restriction points for the transmission of 
CXCR4-using variants at the mucosal level. In addition, a numerous of post-mucosal 
mechanisms may contribute to the initial expansion of R5 variants. DCs can capture 
HIV-1 via DC-SIGN/gp120 interaction, travel to the lymph nodes upon activation and 
transfer the captured virus to CD4+ T lymphocytes. The preferential binding and transfer 
of R5 variants from DCs to CD4+ T cells133 increases the chances of R5 dissemination 
to the lymph nodes and subsequent spread at a systemic level. Furthermore, the 
long-life span and low susceptibility of macrophages to cytotoxic T-cell activity as 
compared to infected T lymphocytes134,135 together with the increased capability of 
R5 variants to infect macrophages, suggests that these cells provide a reservoir for R5 
variants, which favors their persistence. Another putative selection disadvantage for 
CXCR4-using variants lies in the enhanced ability of R5 variants to evade humoral host 
immune responses. Studies showing that newly emerged CXCR4-using variants are 
more sensitive to antibody neutralization than their co-existing R5 variants136, that HIV-
speci!c immune responses may promote the survival of CCR5-using strains76,137-139 or 
that a conserved neutralizing antibody epitope cryptic in R5 variants is more accessible 
in CXCR4-using variants envelopes140, suggest that humoral immune pressure may 
suppress the emergence of CXCR4-using variants. However, emergence of CXCR4-
using HIV in the face of potent humoral immunity has been observed136. 

DETERMINANTS OF HIV-1 CORECEPTOR USE
The major determinants of CCR5 and CXCR4 use for HIV-1 subtype B, the best 
characterized subtype in terms of coreceptor use, have been mapped in the V3 region141, 
supporting the crucial role of this domain in the gp120-coreceptor interaction. In 
particularly, the presence of positively charged amino acids at positions 11 and/or 25 
of the V3 loop have been associated with CXCR4 use142-144, and negatively charged or 
uncharged amino acids at positions 11, 25 or 28/29, resulting in low V3 charge, have 
been associated with CCR5 use142,143,145, and in fact, only few amino acid changes in the 
V3 env region are suf!cient for a switch from CCR5 to CXCR4 co-receptor usage142,145-

150. However, mutations in envelope regions outside V3, such as V1V2 region148,151-157, 
and less frequently in other gp120 regions153,158-161 or in the fusion peptide gp41162, 
sometimes determine viral coreceptor speci!city. Given the complexity of the HIV-1 
entry process that requires the sequential interaction of different gp120 regions with 
CD4 and the chemokine receptor and the conformational changes associated to it, it is 
not surprising that mutations in envelope regions outside V3 may directly or indirectly 
modulate these interactions. Due to the exceptionally high mutation rate of HIV-1163, 
the few mutations potentially required for an R5 variant to acquire CXCR4 use are 
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likely to occur continuously in vivo, based on which CXCR4-using variants would be 
expected to emerge frequently and relatively early in the course of infection. However, 
CXCR4-using viruses do not emerge in all infected individuals with HIV-1 subtype 
B80,108 and when they do, these variants are not generally detected at an early disease 
stage126. This suggests that evolution from CCR5 to CXCR4 coreceptor use is strongly 
disfavored in vivo.

HIV-1 CORECEPTOR USE AND ENVELOPE EVOLUTION 
THROUGHOUT DISEASE COURSE
The high mutation rate of HIV-1, which is the result of its rapid replication 
dynamics164,165 in combination with an error-prone HIV-1 reverse transcriptase and a 
lack of proofreading, generate a highly diverse genetic viral population within an HIV-1 
infected individual166. Many selective forces may play a role in intra-host viral evolution 
and disease progression such as neutralizing antibodies (nAbs) and cytotoxic T cell 
(CTL) response, immune activation, target cell availability, co-receptor expression 
levels and viral coreceptor use among others. The continuous emergence of new HIV-1 
variants facilitates rapid viral adaptation to humoral and cellular immune responses of 
the host 167-172, escape from antiretroviral drugs173 and the selection for viral biological 
properties such as high replication capacity and ef!cient use of the entry complex174-

180. Several studies have shown that R5 and CXCR4-using variants evolve towards an 
increased ef!ciency of CCR5 and CXCR4 use83,175,177,178,181, respectively, as re"ected by 
an overtime increased resistance to CCR5 and CXCR4 inhibitors or by the ability to use 
CCR5-CXCR4 chimeric coreceptors. The underlying selection pressure that favours 
optimization of coreceptor use of HIV-1 variants is unknown although coreceptor 
expression levels, target cell availability, and expression levels of the natural ligands 
of CCR5 and CXCR4, are likely candidates. The envelope gene, the HIV-1 gene with 
highest genetic sequence variability166,182,183, is subjected to strong selective pressure 
by the neutralizing antibody response. By random generation of single point mutations, 
insertions and/or deletions, the envelope glycoprotein alters or shields the epitopes 
targeted by neutralizing antibodies, while maintains its full functionality for the use 
of the entry complex. Therefore, the envelope changes involved in optimization of 
coreceptor use will likely be conditioned by the other selective pressures acting on 
the envelope gene.

VIRAL ENTRY AS A TARGET FOR THERAPEUTIC 
AGENTS
Current antiviral therapy consists of a combination of drugs that target different steps 
of HIV-1 cycle (cART). The relevance of inhibiting HIV-1 entry lies on the fact that the 
virus is stopped before it has infected the cell and various drugs directed against 
CD4 attachment, coreceptor binding or membrane fusion are being developed184. The 
pivotal role of CCR5 in HIV-1 transmission and spread makes this HIV-1 coreceptor an 



18

General introduction

1
attractive antiviral drug target. Moreover, the absence of health complications due to 
lack of cell surface CCR5 expression in individuals with a CCR5 #32/#32 genotype 
indicates that its blockage does not have negative implications at a physiological 
level. While Maraviroc, a small-molecule CCR5 antagonist, is currently administered 
to patients under cART with therapy failure and it is in process for FDA approval 
for application in therapy-naïve patients185, development of CXCR4 inhibitors such 
as AMD3100 and AMD11070 had been interrupted due to toxicity side effects. One 
of the concerns related to the use of HIV-1 coreceptor inhibitors is the presence of 
viruses with reduced susceptibility to a certain compound in HIV-1 infected individuals 
who are naïve for those antiretroviral agents. The mechanisms via which the virus 
optimizes coreceptor use throughout the natural course of infection, which may involve 
increase in coreceptor af!nity or change of the domains/residues used for the gp120-
coreceptor interaction, may result in decreased sensitivity to coreceptor inhibitors in a 
virus that has never encountered those agents before. In the case of CCR5 antagonists, 
resistance to the compound may be caused by the selection of variants that can use 
CXCR4 as a consequence of the suppression of R5 variants replication. Indeed, failure 
of Maraviroc therapy is caused by the presence of R5 variants that can use maraviroc-
bound CCR5 for entry186 or by the presence of CXCR4-using variants that upon closer 
inspection were existent pre-therapy85,187-189. The use of CCR5 antagonists emphasizes 
the need to increase our understanding of the mechanisms involved in optimization 
of viral coreceptor use, evolution of CCR5 to CXCR4 viral coreceptor use and the 
development of assays to accurately and rapidly determine HIV-1 coreceptor use. 

SCOPE OF THIS THESIS
In this thesis, within-host HIV-1 evolution based on the envelope gene and in relation 
to viral coreceptor use and host environment is studied. 

The cell-free (serum) and cell-associated (Peripheral Blood Mononuclear cells; 
PBMC) HIV-1 pool in peripheral blood may potentially differ in genetic composition 
as the virus variants from plasma are generally considered to represent the recently 
produced virus population in vivo, while PBMC are considered to harbor a mix of 
recently produced viruses and archived viruses. To address this, the evolution and 
genetic variability of cell-associated virus (proviral DNA from PBMC and replication 
competent clonal HIV-1 variants isolated from PBMC) and cell-free virus in serum are 
compared in Chapter 2.

In Chapter 3, the molecular and phenotypic properties of initially co-existing HIV-1 
populations that did or did not successfully generate progeny virus that persisted 
in peripheral blood are compared. This study was performed to better understand 
the mechanisms that contribute to the negative selection of the majority of the 
viral population that was present in serum in the period between year 4 and 7 after 
seroconversion (SC) of an HIV-1 infected individual with reported cross-reactive 
neutralizing activity in serum. 

Heterozygosity for a 32 base pair deletion in CCR5 (CCR5delta32), a genotype 
that is observed in about 18% of the Caucasian population, is associated with lower 
CCR5 expression and slower disease progression. The impact of CCR5 host genetic 
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background and disease progression on HIV-1 intra-host evolution is studied in Chapter 
4, where hierarchical phylogenetic models (HPMs) that incorporate !xed-effects are 
used for the estimation and comparison of HIV-1 nucleotide substitution rates and dN/
dS ratios in individuals with either a CCR5 wt/wt or CCR5 wt/#32 genotype who only 
harbored CCR5-using HIV-1 variants in their progressive or long-term non-progressive 
course of infection. 

The factors determining emergence of CXCR4-using variants are not yet clearly 
de!ned. The negative implications associated with the appearance of these variants 
for the disease course and for the use of CCR5 inhibitors emphasize the need for a 
better understanding of HIV-1 coreceptor evolution. In Chapter 5, the evolution of 
co-existing R5 and CXCR4-using variants is studied by characterizing their genetic 
relationship and envelope evolution, the envelope determinants for coreceptor 
speci!city and their respective mode of CCR5 and CXCR4 use throughout the disease 
course. To increase our understanding of the underlying mechanism of transition 
from CCR5 to CXCR4 coreceptor use, the study described in Chapter 6 questions 
whether the in vitro acquisition of CXCR4 use of primary R5 variants, isolated from 
patients in whom CXCR4-using variants were detected, resembles the process that 
occurred in vivo. Chapter 7 describes a detailed study on HIV-1 evolution in a donor-
recipient pair in which the donor only harbored R5 variants during his entire course of 
infection, whereas in the recipient eventually CXCR4-using variants emerged. Due to 
the extremely low frequency at which CCR5- to CXCR4-using transitional intermediate 
variants are often present, the mutational pathways involved in the evolution from 
CCR5 to CXCR4 use have been dif!cult to study and are therefore poorly understood. 
In Chapter 8, ultra-deep sequencing of the V3 loop of the viral envelope is used 
in combination with V3-based coreceptor prediction tools to detect HIV-1 variants 
during the transition from CCR5- to CXCR4-use in serum and PBMC samples and 
describe the mutational pathway involved in this process. 
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ABSTRACT 
The HIV-1 quasispecies in peripheral blood mononuclear cells (PBMC) is considered 
to be a mix of actively replicating, latent, and archived viruses and may be genetically 
distinct from HIV-1 variants in plasma that are considered to be recently produced. 

Here we analyzed the genetic relationship between gp160 env sequences from 
replication competent clonal HIV-1 variants that were isolated from PBMC and from 
contemporaneous HIV-1 RNA in serum and HIV-1 proviral DNA in PBMC of four 
longitudinally studied therapy naïve HIV-1 infected individuals. 

Replication competent clonal HIV-1 variants, HIV-1 RNA from serum, and HIV-1 
proviral DNA from PBMC formed a single virus population at most time points analyzed. 
However, an under-representation in serum of HIV-1 sequences with predicted CXCR4 
usage was sometimes observed implying that the analysis of viral sequences from 
different sources may provide a more complete assessment of the viral quasispecies 
in peripheral blood in vivo.
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INTRODUCTION
During the course of HIV-1 infection virus replication and viral turnover are high1,2 
which, in combination with the error-prone nature of the HIV-1 reverse transcriptase 
and its lack of proofreading, contribute to the high genetic variability of HIV-1 and 
result in a continuous emergence of new HIV-1 variants3,4. The random generation of 
viral mutants facilitates escape from host immune pressure and antiviral drugs, and 
selection for biological properties such as co-receptor use and replication capacity. 

The half life of HIV-1 in plasma is about 1.3 hours indicating that virions present 
in this compartment have been produced very recently5. The CD4+ T cell subset in 
peripheral blood mononuclear cells (PBMC) is one of the targets for HIV-1, and, once 
infected, produces new viral progeny, part of which will be replication competent 
and likely to contribute to the viral quasispecies found in plasma. Viruses produced 
in other anatomical compartments may however also contribute to the composition 
of the viral population in plasma, at least to some extent or in certain disease stages. 
While plasma is considered to harbor recently produced virus variants, PBMC are 
considered to harbor a combination of recently produced and archived virus variants 
as they accumulate integrated viral DNA6-8. Taken together, this would imply that the 
genetic composition of the viral populations derived from plasma and PBMC may be 
different.

Whereas sections of the viral genome can be functionally evaluated using 
recombinant pseudovirus assays, the study of biological properties of full-length 
replication competent HIV-1 requires virus isolation in vitro. Given that the direct 
isolation of full-length replication competent viruses from plasma is not very ef!cient9-12, 
virus isolation is usually done by coculturing of patient PBMC with stimulated healthy 
donor PBMC13,14. However, during virus isolation in bulk culture, the patient’s HIV-1 
variant that is most !t for replication in PBMC in vitro will be rapidly selected and 
outgrow the less !t virus variants that co-existed in the patient in vivo15-18. To overcome 
this, we designed a protocol in which limiting numbers of HIV-1 infected patient PBMC 
and stimulated healthy donor PBMC are mixed in multiple parallel cocultures. This 
procedure allows for the isolation of multiple replication competent clonal HIV-1 
variants (CV) from a single PBMC sample19 and avoids outgrowth and loss of slowly 
replicating variants14. 

To investigate the genetic relationship between viral variants derived from the 
cell-free (serum) and cell-associated (PBMC) virus pool and to examine whether CV 
are representative for the replication competent viral quasispecies in peripheral 
blood, we compared HIV-1 gp160 env sequences from replication competent CV with 
contemporaneous viral gp160 env sequences derived directly from serum (viral RNA) 
and PBMC (proviral DNA) in a longitudinal study of 4 combined antiretroviral therapy 
(cART) naïve HIV-1 infected individuals throughout their course of infection. 
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MATERIALS AND METHODS

Patients and samples
Longitudinal blood samples from eight participants of the Amsterdam Cohort Studies 
on HIV-1 infection and AIDS (http://www.amsterdamcohortstudies.org) were used for 
this study. Patients A, B, C and D were selected on the basis of available CV isolated 
from PBMC at multiple time points in the course of infection, and the availability of 
serum and DNA samples from most of these same time points. Additionally, patients 
A and B were selected because they developed CXCR4-using CV in their course of 
infection while patients C and D were selected because they did not develop CXCR4-
using HIV-1 variants. To substantiate our !ndings on prevalence of X4/CXCR4-using 
viruses in cell-free and cell-associated HIV-1 populations, four additional patients, E, 
F, G and H, were selected because they developed CXCR4-using HIV-1 variants during 
their course of infection and because viral sequences from serum-RNA and CV were 
available from multiple time points covering their course of HIV-1 infection. Time from 
documented or imputed seroconversion (SC)20 at the moment of sampling and number 
of sequences analyzed are indicated in Supplementary Table A1 for each patient. 
Patients did not receive cART during the study period. For each patient longitudinal 
data on CD4 counts and viral load are shown in Supplementary Figure A1. 

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

Isolation of replication competent clonal HIV-1 variants
Replication competent clonal HIV-1 variants (CV) were obtained in cocultures of 
longitudinally sampled patient PBMC and 2- to 3- day phytohemagglutinin (PHA) 
stimulated PBMC from a healthy donor (PHA-PBMC) as described previously14,19. In 
brief, PBMC from a healthy donor were stimulated for 2-3 days in Iscove’s Modi!ed 
Dulbecco’s Medium (IMDM, Lonza) supplemented with 10% Fetal Calf Serum (FCS; 
Hyclone), 1µg/ml PHA (Welcome), 100U/ml Penicillin and 100U/ml Streptomycin (Pen/
Strep;Gibco Brl), 5µg/ml Cipro"oxacin (Bayer) in a culture "ask at a cell density of 
5x106/ml. Increasing numbers of patient PBMC (range 2,500-40,000) were added 
to 105 PHA-PBMC (48 parallel micro-cocultures per patient PBMC number) in a !nal 
volume of 200µl IMDM-IL2 medium (IMDM supplemented with 10% FCS, 100U/
ml Penicillin and 100U/ml Streptomycin, 10U/ml rIL-2 (proleukin; Chiron Benelux 
BV), 5µg/ml Cipro"oxacin and 5µg/ml polybrene (Sigma)) for 28 days in a 96-well 
"at-bottom microtiter plate. Every week, culture supernatants were tested for virus 
production in an in-house Gag p24 antigen capture enzyme-linked immunosorbent 
assay (ELISA)21. At the same time, half of the remaining resuspended culture volume 
was transferred to new 96-well plates and fresh PHA-stimulated healthy donor PBMC 
were added to propagate the culture. If less than one-third of the 48 parallel micro-
cocultures per patient PBMC number is positive for p24 production, then according 
to Poisson distribution these cultures can be assumed to be infected with progeny 
virus of one infected patient cell and, therefore, they are highly likely to be clonal. 
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Cultures of clonal viruses were expanded by cocultivation of PBMC from p24 positive 
micro-cocultures with 5x106 PHA-PBMC at a density of 1x106/ml IMDM-IL2 medium in 
a culture "ask. From all patients, virus isolations were performed at 4 to 6 time points 
spanning the course of infection.

HIV-1 RNA isolation from serum, cDNA synthesis and PCR 
ampli!cation 
Serum RNA was isolated with the QIAamp Viral RNA Mini Kit (Qiagen) according to 
the manufacturer’s protocol using 140µl of serum. Isolated RNA was eluted in a !nal 
volume of 40µl. Viral RNA (10µl) was ampli!ed in an RT-PCR reaction with a total 
volume of 50µl using Superscript III One-step RT-PCR with High Fidelity Platinum Taq 
(Invitrogen) and primers EnvA (fw) (5’- GGC TTA GGC ATC TCC TAT GGC AGG AAG 
AA -3’) and Env3Rlong (rev) (5’- GGT GTG TAG TTC TGC CAA TCA GGG AAG WAG 
CCT TGT GTG -3’). The RT step was performed at 55˚C for 1 hour, followed by a 2 min 
denaturation at 95˚C and 40 PCR ampli!cation cycles of 95˚C for 20 sec, annealing 
for 20 sec, and 68˚C extension for 4 min. Annealing temperatures were 65˚C for 3 
cycles, 60˚C for 11 cycles and 55˚C for 26 cycles.  A 25 cycle nested PCR reaction was 
performed on samples that generated insuf!cient !rst round product to be visualized 
by electrophoresis using Advantage 2 Polymerase mix (Clontech) with internal primers 
Env_2Flong (fw) (5’- GGT TAA TTG ATA GAA TWA GRG AAA GAG CAG AAG ACA 
GTG GCA ATG -3’) and Nef5 (rev) (5’- CCC WTC CAG TCC CCC CTT TTC TTT TAA 
AAA G -3’), annealing at 55˚C. Gp160 env PCR products were gel puri!ed using the 
QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s protocol.

DNA isolation from patient PBMC and PCR ampli!cation of proviral 
DNA 
Total DNA was isolated from 3x106 PBMC from HIV-1 infected patients using a 
modi!cation of the L6 isolation method22. Precipitated DNA was dissolved in 100µl of 
distilled water and 5µl were used for gp160 env gene ampli!cation with the Advantage 2 
Polymerase Mix (Clontech) and primers targeting env (EnvA and Env_3Rlong) in a total 
reaction volume of 50µl. Reactions were as described for the RT-PCR with omission of 
the 55˚C RT step. A 25 cycle nested PCR reaction was performed with internal primers 
Env_2Flong and Nef5 on samples that generated insuf!cient !rst round product to be 
visualized by electrophoresis as described in the previous section. The PCR product 
was gel puri!ed using the QIAquick Gel Extraction Kit (Qiagen) according to the 
manufacturer’s protocol.

Cloning and sequencing of gp160 env PCR products from serum and 
PBMC 
Puri!ed PCR products were cloned into the pCR®4-TOPO vector from the TOPO TA 
Cloning® Kit for Sequencing (Invitrogen) according to the manufacturer’s protocol. 
Following transformation into One-shot TOP10 chemically competent E.coli, positive 
transformants were selected on LB plates with ampicillin. Eight colonies per sample 
were picked and shipped to Functional Biosciences, Inc, Madison, WI, USA for 
sequencing. 
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Plasmid DNA was extracted and sequences were analyzed on an Applied 
Biosystems 3730xl Genetic Analyzer. Primers used for sequencing are speci!ed 
in the Supplementary Methods section. Viral load at the time of sampling did not 
correlate with the diversity of the sequences obtained from serum-RNA or PBMC-
DNA, excluding template resampling as a reason for low diversity in some samples.

DNA isolation, PCR ampli!cation and sequencing of gp160 env from 
clonal HIV-1 variants
Total DNA was isolated from 1 x 10 6 healthy donor PBMC in vitro infected 
with clonal HIV-1 isolates, using a modi!cation of the L6 isolation method22 
and gp160 env gene ampli!cation was performed with one outer PCR with 
primers TB3 (fw) (5’-GGCCTTATTAGGACACATAGTTAGCC-3’) and TBC (rev) 
(5’- GCTGCCTTGTAAGTCATTGGTCTTAAAGG - 3’) and a nested PCR with 
primers TB2 (fw) (5’ – CTCTACAATACTTGGCACTAGCAGC – 3’) and TBA (rev) 
(5’ – CCTCTTGTGCTTCTAGCCAGGCACA – 3’) using the expand high !delity Taq 
polymerase kit (Roche) and the following ampli!cation cycles: 2 min 30s 94˚C, 9 cycles 
of 15s 94˚C, 45s 53˚C, 6 min 68˚C, 30 cycles of 15s 94˚C, 45s 58˚C, 6 min 68˚C, followed 
by a 10 min extension at 68˚C and subsequent 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 a 10’ 
extension at 60˚C. Sequencing was performed using BigDye Terminator v1.1 Cycle 
Sequencing kit (ABI Prism, Applied Biosystems) according to the manufacturer’s 
protocol. Primers used for sequencing are speci!ed in the Supplementary Methods 
section. Sequences were analyzed on the 3130 xl Genetic Analyzer (Applied 
Biosystems).  

Prediction and determination of co-receptor usage
All study participants were routinely tested at approximately 3-monthly intervals for 
the presence of replication competent CXCR4-using HIV-1 variants in PBMC using the 
MT-2 assay23. In brief, 1x106 patient’s PBMC were cocultured with 1.6x106 MT-2 cells 
during 3-4 weeks in duplicate and cultures were periodically screened for syncytia 
formation and for p24 antigen production in the culture supernatant. 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 the patient. 

All isolated clonal HIV-1 variants were tested for their ability to use CXCR4 in 
the MT-2 assay14. For patient E, CXCR4-using variants were isolated via clonal virus 
isolation whilst the MT-2 test performed on the same PBMC 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). Indeed, the relative contribution of CXCR4 
using HIV-1 to the total viral load may initially be low. CXCR4-using phenotype of CV 
was con!rmed with V3 amino acid sequences and the PSSM matrix24,25 and using the 
geno2pheno[coreceptor] method (FPR = 5%)26. The same prediction methods were used to 
predict co-receptor use of viral sequences obtained from viral RNA in serum or from 
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proviral DNA in patient PBMC. Throughout the manuscript we use the term “CXCR4-
using” for CV for which actual CXCR4 usage has been demonstrated in the MT2 cell-
line, not excluding the possibility that these CV also have the ability to use CCR5 or 
any other coreceptor. For sequences with a predicted ability to use CXCR4 we use the 
term “X4” since actual usage of this coreceptor has not been experimentally proven. 
The term X4 does not exclude the possibility that the envelope has the ability to also 
use CCR5 or any other coreceptor. The term “CCR5-using” is used for CV which failed 
to infect the MT2 cell line and the term “R5” is used for sequences with a predicted 
ability to use CCR5.

Phylogenetic analysis
Nucleotide sequences were aligned using ClustalW included in the software package 
of BioEdit v.7.0.927 (BioEdit v 7.0.5, Tom Hall, Ibis Therapeutics, Carlsbad, CA) and 
edited manually.

Neighbor-Joining (NJ) tree28 for the gp160 envelope sequences from serum, 
proviral DNA from patient PBMC and isolated clonal HIV-1 variants from the 4 patients 
under study and a reference sequence panel from different HIV-1 subtypes obtained 
from Los Alamos Database was constructed under the Hasegawa-Kishino-Yano 
(HKY85) model of evolution29 in PAUP* 4.0 beta 8 software package30 (http://paup.csit.
fsu.edu/). Phylogenetic con!dence was assessed by bootstrap with 1000 replicates 
(data not shown).

The best-!t nucleotide substitution model for every patient sequence data set 
was selected by hierarchical likelihood ratio test (hLTR) in Model Test 3.731 and 
implemented in the construction of maximum likelihood (ML) trees for the gp160 
env region per patient. The heuristic search for the best tree was performed using 
a NJ tree as starting tree and the TBR branch-swapping algorithm. NJ trees were 
constructed under the HKY85 model with a transition/transversion ratio and the shape 
of the -distribution estimated using maximum likelihood. ML trees were rooted using 
the root that maximized the correlation of root-to-tip divergence as a function of 
sampling time.

Analysis of genetic distance
To estimate diversity and divergence, pairwise nucleotide distances were calculated 
with the Kimura-2 parameter model of evolution in the software package MEGA 432. 
Mean pairwise distances were compared using the Mann-Whitney test for independent 
samples (SPSS 16.0 software package).

Statistical tests for compartmentalization
Six different compartmentalization tests were used to determine compartmentalization 
between sequences from viral RNA in serum, from proviral DNA in PBMC, and from 
clonal HIV-1 variants. Four of these tests are based on the tree topology (Slatkin-
Maddison (SM)33, Simmonds Association Index (AI)34 and Correlation Coef!cients (r and 
rb)

35) and two of them are based on pairwise genetic distances between viral sequences 
(Wright´s measure of population subdivision (FST)

36-38 and Nearest-neighbor statistic 
(Snn)39). Compartmentalization between sequences derived from the three sources 
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was analyzed with four tests (SM, AI, r and rb). In addition, a pairwise comparison 
of sequences from two sources was performed with all six tests. Analyses were 
implemented in ML trees or alignments that included only the gp160 env sequences 
from time points at which the sources to be compared were available. ML trees were 
constructed as described above.

Statistics and compartmentalization tests were implemented in HyPhy as 
described40. Methods and parameters implemented in Hyphy for each method are 
described in Supplementary Material and Methods.

RESULTS

Phylogenetic analysis of gp160 env sequences from viral RNA in 
serum, PBMC proviral DNA and clonal HIV-1 variants isolated from 
PBMC
Neighbor-joining phylogenetic tree analysis of gp160 env nucleotide sequences from 
all four patients and a reference sequence panel from different HIV-1 subtypes showed 
monophyletic clustering per patient of sequences derived from viral RNA in serum 
(serum-RNA), proviral DNA in PBMC (PBMC-DNA) and replication competent PBMC-
derived clonal HIV-1 variants (CV) with high bootstrap support (values between 80 and 
100), indicating absence of cross-contamination between patient samples (data not 
shown). 

To better examine the intra-host genetic relationship between the HIV-1 
quasispecies in serum-RNA, PBMC-DNA, and CV, maximum likelihood (ML) trees were 
constructed with gp160 env sequences from each patient separately. Tree topologies 
revealed temporal structure in all four patients: sequences derived from serum-RNA, 
PBMC-DNA or CV that had been sampled at the same time tended to cluster together, 
and sequences from samples collected later in infection showed greater divergence 
from the root of the tree. The degree of intermingling of sequences from the three 
different sources varied between patients and per time point. For patient A (Figure 1), 
we observed separate clustering of PBMC-DNA sequences at the !rst and third time 
point, respectively, but intermingling of the PBMC-DNA sequences, mainly with CV 
sequences, at later time points. Sequences from serum-RNA and CV from the !rst four 
time points intermingled, but later serum-RNA sequences clustered separately from 
both contemporary PBMC-DNA and CV sequences, especially at the last time point 
where they formed a well supported monophyletic cluster that considerably diverged 
from the other sequences. In patient B (Figure 2), PBMC-DNA sequences collected at 
the !rst and second time point intermixed with CV sequences. At the third and fourth 
time point, viral sequences from all three sources were interspersed. The tree also 
showed that the majority of serum-RNA sequences from the !rst two time points and 
two PBMC-DNA sequences from the third time point formed separate phylogenetic 
lineages. Only two serum-RNA sequences from the !rst and second time point, 
respectively, clustered with sequences from later serum-RNA samples, and with all 
the CV and the majority of PBMC-DNA sequences. All serum samples were processed 
separately from the PBMC samples and the CV, excluding contamination between 
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Figure 1. Maximum-likelihood tree of gp160 env 
sequences from viral RNA in serum, PBMC proviral 
DNA and clonal HIV-1 variants. ML tree was rooted 
using the root that maximized the correlation of 
root-to-tip divergence as a function of sampling 
time. Bootstrap support with value >70% is shown. 
* indicate archived sequences. The scale bar (hori-
zontal line) indicates branch length corresponding 
to 0.01 substitutions per site.

samples from the three different sources and implying that the two clusters of viral 
env sequences from early serum-RNA samples and the two PBMC-DNA sequences 
from the third time point of patient B had indeed evolved independently from the 
other sequences of this patient. In patient C and D (Figures 3 and 4), intermingling 
of sequences from the three different sources could be observed at all time points. 
However, similar to the observation for patient B, !ve sequences from serum-RNA of 
the !rst three time points of patient C clustered separately from the remainder of the 
sequences of that patient. 

CXCR4-using variants, which were detected in patients A and B, formed a 
monophyletic cluster irrespective of the time of sampling. Interestingly, sequences 
with an X4 signature were only obtained from PBMC-DNA and CV.

Few sequences per patient were identi!ed as archived (marked with * in the 
phylogenetic tree) as they clustered with sequences from earlier time points and had 
diverged less from the root of the tree than other sequences from the same time 
point. We found a total of 2 archived sequences in serum-RNA (in patients C and D), 
4 in PBMC-DNA (1 in patient A and 3 in patient C) and 6 in CV (2 in patient B and 4 
in patient D).

Gene "ow between sequences from viral RNA in serum, PBMC 
proviral DNA and clonal HIV-1 variants
Compartmentalization tests are generally used to detect a restriction of gene "ow 
between viral subpopulations 40, in which case each virus subpopulation, generally 
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Figure 2. Maximum-likelihood tree of gp160 env sequences from viral RNA in serum, PBMC 
proviral DNA and clonal HIV-1 variants. ML tree was rooted using the root that maximized the 
correlation of root-to-tip divergence as a function of sampling time. Bootstrap support with value 
>70% is shown. * indicate archived sequences.  The scale bar (horizontal line) indicates branch 
length corresponding to 0.01 substitutions per site. 
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Figure 3. Maximum-likelihood tree of gp160 env sequences from viral RNA in serum, PBMC 
proviral DNA and clonal HIV-1 variants . ML tree was rooted using the root that maximized the 
correlation of root-to-tip divergence as a function of sampling time. Bootstrap support with value 
>70% is shown. * indicate archived sequences. The scale bar (horizontal line) indicates branch 
length corresponding to 0.01 substitutions per site.
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Figure 4. Maximum-likelihood tree of gp160 env sequences from viral RNA in serum, PBMC 
proviral DNA and clonal HIV-1 variants . ML tree was rooted using the root that maximized the 
correlation of root-to-tip divergence as a function of sampling time. Bootstrap support with value 
>70% is shown. * indicate archived sequences. The scale bar (horizontal line) indicates branch 
length corresponding to 0.01 substitutions per site.
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coming from different anatomical compartments, can evolve independently and 
become genetically distinct. Here, we used these tests to determine whether there 
was evidence for frequent gene traf!cking between virus variants derived from serum-
RNA, PBMC-DNA and CV as if they belonged to a single virus population, or whether 
gene traf!cking was restricted implying differences in genetic composition and 
independent evolution between virus variants of the different sources. 

ML trees and alignments based on envelope sequences of each patient were 
analyzed with six different compartmentalization tests: SM, r, rb and AI that are all 
based on tree topology, and F_St and Snn that are based on pairwise genetic distances 
between viral sequences. 

The 4 tree-based tests, which allow for simultaneous comparison of more than two 
sequence populations, were used for the analysis of gene traf!cking between serum-
RNA, PBMC-DNA and CV. In addition, a pairwise comparison of two sources (serum-
RNA vs CV, CV vs PBMC-DNA and serum-RNA vs PBMC-DNA) was performed with 
all six tests (Table 1). Comparisons included only the time points at which sequences 
from all the sources compared were available. Given the different sensitivities and 
frequently discordant predictions of the different methods40, for each comparison we 
took a majority consensus approach meaning that the signal for compartmentalization 
was only considered positive when more than half of the tests gave signi!cant P-values. 

For patients A, C and D, borderline signi!cant compartmentalization was detected 
in the simultaneous analysis of all three sources of viral sequences (2 of 4 tests with a 
signi!cant P-value) suggesting that the viruses from serum-RNA, PBMC-DNA and CV 
in these patients are likely to form a single virus population. This was supported by the 
comparisons of each pair of sequence sources separately in which <3 of 6 tests gave 
signi!cant P-value. For patients A and C, we obtained a borderline signi!cant result 
(3 of 6 tests positive for compartmentalization) for the compartmentalization analysis 
between PBMC-DNA and either serum-RNA or CV. This coincided with a certain degree 
of segregation, at some time points, between PBMC-DNA and either serum-RNA or 
CV sequences in the phylogenetic tree of those two patients. For patient B, signi!cant 
P-values were obtained in all 4 compartmentalization tests in which sequences from 
serum-RNA, PBMC-DNA, and CV were analyzed together. Analysis of gene "ow for 
each pair of sequence sources separately showed that compartmentalization occurred 
between serum-RNA and either PBMC-DNA or CV ($5 of 6 tests with a signi!cant 
P-value). This was supported by the tree topology in which only two serum sequences 
from the !rst and second time points clustered with the sequences from later serum-
RNA samples and all the CV and the majority of PBMC-DNA sequences, while all 
other serum-RNA sequences from the !rst and second time point and two PBMC-DNA 
sequences from the third time point formed a separate cluster. 

None of the statistical tests reported here were adjusted for multiple comparisons. 
While it is customary to adjust P-values for multiple comparisons when making positive 
claims, our use of uncorrected P-values is conservative with respect to the negative 
conclusions in this study (i.e., that compartmentalization was minimal).
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Diversity of HIV-1 gp160 env sequences from RNA in serum, PBMC 
proviral DNA and clonal HIV-1 variants
We next compared the mean pairwise genetic distance per time point (diversity) within 
the viral gp160 env sequences derived from serum-RNA, PBMC-DNA, and CV (Figure 
5, and summary in Table 2 and Supplementary Table A2).

Sequence diversity within serum-RNA, CV, and PBMC-DNA, which was compared 
at time points where sequences from all three sources were available, was similar at 1 
of 3 time points in patients A and D and at 2 of 4 time points in patients B and C (Table 
2). In patient A and C, sequence diversity was signi!cantly lower in PBMC-DNA at 
one of the time points (!rst and fourth time point, respectively). Sequence diversity in 
serum-RNA was signi!cantly lower at the last time point of patient A and signi!cantly 

Table 1. Results of compartmentalization tests per patient and time point

Corr. 
Coef!cients

Fraction of 
signi!cant tests

for compart-
mentalizationPatient SM AI r rb Snn F_St

A ALL 0.001 0.019 ns ns % % 2/4

SE vs CV ns ns ns ns 0.013 ns 1/6

CV vs PB 0.003 0.009 ns ns <0.0001 ns 3/6

SE vs PB <0.0001 0.003 ns ns <0.0001 ns 3/6

B ALL <0.0001 <0.0001 0.003 0.001 % % 4/4

SE vs CV <0.0001 0.016 0.009 ns <0.0001 <0.0001 5/6

CV vs PB <0.0001 0.001 ns ns <0.0001 ns 3/6

SE vs PB <0.0001 <0.0001 0.001 0.001 <0.0001 <0.0001 6/6

C ALL <0.0001 <0.0001 ns ns % % 2/4

SE vs CV 0.030 ns ns ns 0.002 ns 2/6

CV vs PB <0.0001 0.008 ns ns <0.0001 ns 3/6

SE vs PB <0.0001 0.002 ns ns <0.0001 ns 3/6

D ALL 0.001 0.025 ns ns # % 2/4

SE vs CV 0.041 ns ns ns 0.015 ns 2/6

CV vs PB 0.005 ns ns ns <0.0001 ns 2/6

SE vs PB 0.008 ns ns ns 0.003 ns 2/6

Compartmentalization analysis was performed with 4 tests (SM, AI, r and rb) when sequences of 
all three sources (Serum-RNA (SE); clonal HIV-1 variants (CV); PBMC-DNA (PB)) were compared 
(ALL). Subsequently, all 6 tests were implemented on the comparison of each pair of sources 
separately (SE vs CV, CV vs PB and SE vs PB) including only the time points at which sequences 
from the two sources compared were available. The signal for compartmentalization was only 
considered positive when more than half of the tests gave a signi!cant P-value (bold). P-values < 
0.05 were considerate signi!cant. ns: not signi!cant.
SM: Slatkin-Madison; AI: Simmonds Association Index; r: distance between to sequences as 
the number of tree branches separating them in the phylogenetic tree; rb: cumulative genetic 
distance between the sequences; Snn: Nearest-neighbor statistic; F_St: Wright´s measure of 
population subdivision.
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higher at the second time point of patient C. For patient B and D, sequence diversity in 
serum-RNA was signi!cantly lower at one of the time points (third and !rst time point, 
respectively) and PBMC-DNA had the highest, and CV the lowest sequence diversity 
at the other time point (!rst and third time point for patients B and D, respectively; 
Table 2).

Table 2.  Comparison of mean gp160 env pairwise genetic distances within (diversity) and 
between (divergence) sequences from serum-RNA, PBMC-DNA and clonal HIV-1 variants per 
time point and patient

Patient
Time
point Diversity

Divergence

serum-RNA / CV CV / PBMC-DNA
serum-RNA / 
PBMC-DNA

A 1 SE = CV > PB SEvsCV = SE = CV CVvsPB = CV / 
CVvsPB = PB

SEvsPB = SE > PB

2 SE = CV SEvsCV = SE = CV n.a. n.a.

3 CV > PB * SEvsCV = CV * CVvsPB = CV > PB SEvsPB > PB *

4 SE < CV SEvsCV = CV > SE n.a. n.a.

5 SE = CV = PB SEvsCV = SE = CV CVvsPB = CV = PB SEvsPB = SE = PB  

6 SE < CV = PB SEvsCV > CV > SE CVvsPB = CV = PB SEvsPB > PB > SE

B 1 PB > SE > CV SEvsCV > SE > CV CVvsPB = CV = PB SEvsPB > PB > SE 

2 SE = CV = PB SEvsCV > SE = CV CVvsPB = CV = PB SEvsPB > SE = PB

3 CV = PB > SE SEvsCV = CV > SE CVvsPB = CV = PB SEvsPB > PB > SE 

4 SE = CV = PB SEvCV > SE / 
SEvsCV = CV

CVvsPB = CV = PB SEvsPB = SE = PB  

C 1 SE = CV = PB SEvsCV = SE = CV CVvsPB = CV = PB SEvsPB > SE / 
SEvsPB = PB

2 SE > CV = PB SEvsCV = SE > CV CVvSPB > BC = PB SEvsPB = SE > PB

3 SE = CV = PB SEvsCV = SE = CV CVvsPB = CV = PB SEvsPB = SE = PB  

4 SE = CV > PB SEvsCV > SE / 
SEvsCV = CV

CVvSPB = BC > PB SEvsPB = SE > PB

D 1 CV = PB > SE CV > SEvCV > SE CVvsPB > CV / 
CVvsPB = PB

SEvsPB = PB > SE 

2 SE = CV = PB SEvsCV = SE = CV CVvsPB = CV = PB SEvsPB = SE = PB  

3 PB > SE > CV SEvsCV = SE > CV CVvsPB = CV > PB SEvsPB = SE / 
SEvsPB = PB

4 CV > PB n.a. CVvsPB = CV > PB n.a.

5 CV = PB * SEvsCV = CV * CVvsPB = CV = PB SEvsPB > PB *

SE: diversity in serum-RNA; CV: diversity in clonal HIV-1 variants; PB: diversity in PBMC-DNA; 
SEvsCV: divergence between serum-RNA and CV; CVvsPB: divergence between CV and PBMC-
DNA; SEvsPB: divergence between serum-RNA and PBMC-DNA. = indicates no signi!cant 
difference between mean pairwise genetic distances; < or > indicate signi!cant differences 
between mean pairwise genetic distances (P-value < 0.05); bold indicates no signi!cant differences 
between any of the comparisons. * Time point with only one serum sequence available.
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Diversity between serum-RNA and CV could be compared at 5, 4, 4, and 3 time 
points for patients A, B, C, and D, respectively (Table 2). At 9 of these 16 time points, 
corresponding to 33-75% of the time points analyzed per patient (Supplementary 
Table A2), sequence diversity between serum-RNA and CV was similar. 

Diversity between CV and PBMC-DNA could be compared at 4 time points for 
patients A, B and C and at 5 time points for patients D (Table 2). At 11 of those 17 time 
points, corresponding to 50-75% of the time points analyzed per patient, PBMC-DNA 
and CV had similar sequence diversity (Supplementary Table A2). 

Diversity in serum-RNA and PBMC-DNA could be compared at 3 time points for 
patients A and D, and at 4 time points for patients B and C (Table 2). Similar sequence 
diversity in serum-RNA and PBMC-DNA was found at 6 of the in total 14 time points 
at which the comparison was performed, corresponding to 33-50% of the time points 
that were analyzed per patient (Supplementary Table A2).

Differences in sequence diversity between serum-RNA, CV and PBMC-DNA were 
detected in the pairwise comparisons of the different sources under study at 25-67% 
time points analyzed per patient. Those differences could not be attributed to a higher 
or lower sequence heterogeneity of one of the sources in particular, neither to any 
patient-speci!c patterns. 

No correlation was found between the viral load at a certain time point and the 
diversity of sequences from serum-RNA, PBMC-DNA and CV (data not shown). 

Divergence of HIV-1 gp160 env sequences from RNA in serum, 
PBMC proviral DNA and clonal HIV-1 variants
Subsequently, we compared per time point the mean pairwise genetic distance 
between gp160 env sequences from serum-RNA and PBMC-DNA, serum-RNA and CV, 
and PBMC-DNA and CV (divergence) with the diversity of the gp160 env sequences 
from each source separately (Figure 5, and summary in Table 2 and Supplementary 
Table A2).

For patients A, C and D, the divergence between sequences from serum-RNA 
and CV was similar to the diversity within sequences from either serum-RNA or CV in 
33-60% of the time points analyzed. For patient B, divergence between serum-RNA 
and CV was always higher than diversity in either serum-RNA and/or CV. 

Divergence between CV and PBMC-DNA sequences was similar to the diversity 
within the sequences from either CV or PBMC-DNA in 40-100% of the time points 
analyzed per patient.

Divergence between sequences from serum-RNA and PBMC-DNA was higher 
than the diversity within serum-RNA and/or PBMC-DNA in 33-75 % of the time points 
analyzed per patient.

The increased divergence between serum-RNA and both CV and PBMC-DNA for 
patients A and B coincided with the presence of CXCR4-using CV and sequences with 
an X4 genotype in PBMC-DNA but not in serum-RNA. Indeed, sequences with an X4 
signature clustered separately from R5 sequences in the ML tree (Figure 1 and 2). 

Divergence between serum-RNA and both CV and PBMC-DNA at the !rst two time 
points of patient B could be attributed to the separate clustering of most of the early 
serum-RNA sequences in the ML tree (Figure 2).
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Co-receptor use of clonal HIV-1 variants and predicted co-receptor 
use of sequences derived from viral RNA in serum and PBMC 
proviral DNA 
CXCR4 usage of CV was determined by their ability to replicate in the MT-2 cell line14 
and con!rmed with prediction tools that are based on V3 amino acid sequences24-26. 
The same prediction tools were used to predict co-receptor usage for viral sequences 
obtained from serum-RNA and PBMC-DNA. 

Co-receptor use of CV and viral sequences derived from serum-RNA and PBMC-
DNA was compared for patients who harbored both CCR5- and CXCR4-using variants 
(patients A and B, and four additional patients (E, F, G and H) from whom gp120 
(C2-C4) envelope unpublished sequences from serum-RNA and CV were available (see 

Figure 5. Pairwise genetic distances per time point within (diversity) and between (divergence) 
gp160 env sequences from viral RNA in serum (SE), PBMC proviral DNA (PB) and clonal HIV-1 
variants (CV). Mean pairwise distances were calculated per time point and compared using 
the Mann-Whitney test for independent samples. P-values < 0.05 were considered signi!cant.  
Patients A (A),  patient B (B), patient C (C), patient D (D).
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Figure 6. Percentage of predicted R5/CCR5-using variants 
and predicted X4/CXCR4-using variants in serum RNA (SE), 
PBMC proviral DNA (PB) and clonal HIV-1 variants (CV). All CV 
were tested for the ability to use CXCR4 in the MT-2 assay and results were con!rmed with co-
receptor use prediction based on the V3 amino acid sequences and the PSSM matrix and using 
the geno2pheno[coreceptor] method (FPR = 5%). The same prediction methods were used to predict 
co-receptor use of viral sequences obtained from viral RNA in serum or from proviral DNA in 
patient PBMC. Numbers on bars indicate percentages of predicted R5/CCR5-using variants and 
predicted X4/CXCR4-using variants per time point.
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Supplementary Table A1 and Supplementary Material and Methods)). Figure 6 shows 
percentages and absolute numbers of R5/CCR5-using and X4/CXCR4-using variants 
in serum-RNA and CV for all six patients and additionally in PBMC-DNA for patients 
A and B. Absence or underrepresentation of X4 variants in serum was observed in 
patients from whom only low numbers of clonal CXCR4-using HIV-1 variants could 
be isolated (patients A, B, E and F). Patients A, B and E completely lacked X4 env 
sequences in serum (Figure 6A, 6B and 6C). For patient F, X4 sequences were found 
in serum at the time point close to the estimated emergence of CXCR4-using variants 
but were no longer detected in later stages of infection (Figure 6D). Interestingly, in 
patients A and B, X4 sequences were detected in PBMC-DNA at the same time points 
at which CXCR4-using CV could be isolated. Patients from whom higher numbers of 
CXCR4-using clonal HIV-1 variants could be isolated (patients G and H; Figure 6E and 
6F) had similar percentages of X4/CXCR4-using variants in serum and CV.   

DISCUSSION
The cell-free and cell-associated HIV-1 pool in peripheral blood may potentially differ 
in genetic composition as the virus variants from plasma are generally considered to 
represent the recently produced virus population in vivo, while PBMC are considered 
to harbor a mix of recently produced viruses and archived viruses. To address this, we 
compared evolution and genetic variability of cell-associated virus (proviral DNA from 
PBMC (PBMC-DNA) and replication competent clonal HIV-1 variants (CV) isolated 
from PBMC) and cell-free virus in serum (serum-RNA). 

Phylogenetic analysis of gp160 env nucleotide sequences revealed that sequences 
derived from serum-RNA, PBMC-DNA, and CV from the same time point generally 
clustered together and that divergence to the most recent common ancestor was in 
general greater for sequences collected at later time points of infection, independently 
of the source from which they were obtained. Intermingling of sequences from the 
three sources was observed in all patients, although segregation of sequences from 
serum-RNA or PBMC-DNA was found at some time points. Firstly, in patients B and 
C, some of the serum-RNA sequences evolved independently with no descendents at 
late stages of the infection, suggestive for negative selection of these viruses or only 
transient production of these viruses from another body compartment. Secondly, in 
patients A and B who showed emergence of CXCR4-using variants, the X4/CXCR4-
using variants, which clustered separately from the R5/CCR5-using variants in the 
phylogenetic tree, were detected in patient PBMC-DNA and CV but not in serum-
RNA. The segregation between sequences from serum and PBMC-DNA and/or CV 
after the emergence of CXCR4-using variants in these patients could be attributed 
to the absence of X4 variants in serum. Finally, a low degree of intermingling of viral 
sequences from PBMC-DNA with sequences of the other two sources was observed at 
time points where PBMC-DNA sequences were very homogeneous. This could either 
re"ect low sequence diversity in PBMC-DNA at speci!c time points or limitations in 
the detection of minor variants.

In 3 out of 4 patients (A, C and D), we found evidence for frequent gene traf!cking 
between serum-RNA, PBMC-DNA and CV, albeit that compartmentalization between 
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PBMC-DNA and either serum-RNA or CV was borderline signi!cant for patients A 
and C, which coincided with a certain degree of segregation between some of the 
sequences from PBMC-DNA and the other sources in the phylogenetic trees. Overall 
however, our data support that in each of these patients, sequences from the three 
sources belonged to the same viral population. In patient B, we detected a restriction 
of gene traf!cking between serum-RNA and both PBMC-DNA and CV. This restriction 
is probably the result of negative selection of most of the early viruses in serum, in 
combination with the differential evolution of viral coreceptor use in serum and PBMC. 
This implies that the cell-free (serum) and cell-associated (PBMC) viral quasispecies 
can occasionally be different and therefore not always re"ecting the same fraction of 
viruses present in peripheral blood at a certain time point. 

Previous studies have shown the effect of PBMC cultures for bulk virus isolation 
on the composition of virus populations15-18. While some argued that a minor HIV-1 
variant present in vivo16 or a variant not even detected in the patient15 could dominate 
the co-culture in vitro, others found that the major variant present in uncultured PBMC 
was the one persisting in the culture18. Indeed, bulk virus isolation in vitro seems to 
select for one or few HIV-1 variants that have optimal !tness for replication in PBMC 
in vitro. Although the clonal virus isolation procedure allows for the isolation of 
multiple variants, there is still the concern that only a fraction of the virus variants 
originally present in vivo may be selected and that novel mutations may occur during 
culturing of the virus. We here show that CV exhibit a sequence variability similar 
to contemporaneous viral populations obtained from viral RNA in serum and PBMC 
proviral DNA. When diversity between the three different sources differed, this was not 
necessarily due to a higher or lower heterogeneity of sequences from CV. Moreover, 
signi!cant divergence was found between CV and the viral sequences derived from 
serum-RNA and PBMC-DNA, but comparable differences in divergence were also 
observed between serum-RNA and PBMC-DNA. Therefore we conclude that CV are 
not a speci!c selection from the virus pool in blood at the moment of sampling and 
that the sequence variation that may have been introduced during culture in CV is 
limited. We are aware that with the population sequencing methodology not all viral 
variants present in the sample may have been detected and that we therefore may 
have underestimated the actual sequence variability in PBMC-DNA and serum-RNA. 
However, our approach at least demonstrates a similar composition of the CV and the 
dominant virus populations in serum-RNA and PBMC-DNA. 

Differences in the genetic composition of virus populations from serum-RNA and 
PBMC-DNA have mostly been reported for patients receiving HAART. Drug-resistance 
mutations can be detected in plasma before their occurrence in PBMC. More 
importantly, the recovery of replication-competent wild-type HIV from PBMC despite 
prolonged suppression of plasma viremia, suggested a reservoir of archived viruses 
in PBMC41,42. In our present study, only a few sequences from PBMC-DNA and CV, 
and interestingly in two patients also from serum-RNA, were identi!ed as potentially 
archived viruses. This suggests that in the absence of therapy, PBMC proviral DNA 
re"ects mostly the actively replicating virus population and that CV can be considered 
an accurate re"ection of the replication competent viruses at a given moment, not 
excluding that a low percentage of archived latent viruses may be recovered with the 
clonal virus isolation procedure.
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Our observation that CXCR4-using variants may be more common in PBMC than 
in serum-RNA is in agreement with a previous cross-sectional study from Verhofstede 
et al.43. We con!rm and extend those observations%by showing%in longitudinal samples 
that%X4 variants were not always detected in serum%when only low numbers of CXCR4-
using CV were obtained. We have previously reported that early CXCR4-using HIV-1 
variants have a higher sensitivity to antibody neutralization than their co-existing 
CCR5-using variants44 and several studies have suggested that HIV-speci!c immune 
responses may promote the preferential survival of CCR5-using strains45-48. This may 
suggest that a cell-free state of CXCR4-using viruses is incompatible with neutralizing 
humoral immunity, which could explain their absence or underrepresentation in serum 
and their restriction to cell-to-cell spread in PBMC. As the contribution of CXCR4-using 
HIV-1 to the total virus population may increase over time49, the equal distribution of 
X4 sequences in serum-RNA and CV in individuals with higher numbers of CXCR4-
using variants may re"ect the selection of neutralization resistant CXCR4-using variants 
that can persist in plasma.

The major advantage of working with replication competent CV is that biological 
properties of the virus can be studied in the context of the original genetic background 
and the complete viral genome, which obviously is not the case with cloned viral gene 
fragments from plasma in the background of a molecular HIV-1 clone. Our present 
study shows that clonal HIV-1 variants isolated from PBMC may equally represent the 
viral quasispecies in blood as sequences obtained from serum and PBMC proviral 
DNA. However, certain selective forces may drive differential evolution of the cell-free 
and cell-associated virus pool, in which case, sequences from both sources would 
be ideally required to obtain a more complete picture of the viral quasispecies in 
peripheral blood in vivo.
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SUPPLEMENTARY MATERIAL

Primers used for sequencing of gp160 env from clonal HIV-1 variants
Seq2 (rev) (5’-TCCTTCATATCTCCTCCTCCAGGTC-3’), Seq3 (fw) (5’–TATGGGATCAA-
AGCCTAAAGCCATG–3’), Seq4 (rev) (5’- CTTGTATTGTTGTTGGGTCTTGTAC-3’), 
Seq5 (fw) (5’-GTCAACTCAACTGCTGTTAAATGGC-3’), Seq6 (rev) (5’–ATCTAATTTGT-
CC-ACTGATGGGAGG–3’), env9 (rev) (5’–ACAGGCCTGTGTAATGACTGA–3’), env-
1aTOPO (fw) (5’- CACCGGCTTAGGCATCTCCTATGGCAGGAAGAA-3’), PSC (fw) (5’–
CCTCAGGAGGGGACCCAG–3’), and PSH (rev) (5’–CCATAGTGCTTCCTGCTGCT–3’), 
Han15 (fw) (5’ – ACCAAGGCAAAGAGAAGAGTGG – 3’), env5 (rev) (5’ – GGTGAAT-
ATCCCTGCCTAACTCTA – 3’), envM (fw) (5’ – CCACAAACTTGCCCATTTATCTA – 3’) 
and Han16 (rev) (5’ – TTCATTCTTTCCCTTACAGTAGGC – 3’). 

Primers used for sequencing of gp160 env PCR products from serum 
and PBMC
M13F (fw) (5’- GTAAAACGACGGCCAG -3’), M13R (rev) (5’- CAGGAAACAGCTATGAC 
-3’), Senv5 (fw) (5’ - GGTACCTGTGTGGAAAGA - 3’), F112 (fw) (5’- CAGTACAATGYA 
CACATGGRAT - 3’) and EnvSeqF (fw) (5’- TTCAGACCTGGAGGAGGARATATGA - 3’).

HIV-1 RNA isolation from serum, cDNA synthesis, cloning and 
sequencing of gp120 (C2-C4) env PCR products for Patients E, F, G 
and H 
Viral RNA was isolated from 140µl serum using the QIAgen Viral RNA Mini Kit.  Isolated 
RNA was eluted in a !nal volume of 50µl. Viral RNA (10µl) was reverse transcribed into 
cDNA with Superscript II RnaseH Reverse Transcriptase (Invitrogen). 

From the synthesized cDNA of patients E, F, G and H the gp120 env 
region (C2 to C4: corresponding to HxB2 envelope nucleotide positions 
811 to 1290) was ampli!ed in a outer PCR (10 independent PCR’s per 
sample) with primers seq2 (5’-TCCCTCATATCTCCTCCTCCAGGTC-3’) 
and seq3 (5’-TATGGGATCAAAGCCTAAAGCCATG-3’) and a nested PCR 
with primers seq5 (5’-GTCAACTCAACTGCTGTTAAATGGC-3’) and seq6 
(5’-ATCTAATTTGTCCACTGATGGGAGG-3’) (outer and nested PCR temperature 
program: 97°C, 5’, 35 cycles of 97°C 45’’, 50°C 45’’, 62°C 90’’, 62°C 6’, 4°C inde!nite). 

Multiple bulk PCR products resulting from serum RNA were cloned in the 
pGEM-Teasy Vector system (Promega) and transformed into DH5  competent cells 
(invitrogen). A maximum of 2 clones obtained from one independent PCR were picked, 
gp120 env C2-C4 region was ampli!ed with pGEM-Teasy Vector speci!c primers and 
PCR products were puri!ed using EXOSAP-IT (USB) and sequenced using the nested 
PCR primers and the ABI prism Big Dye Terminator v1.1 Cyclesequencing Kit (Applied 
Biosystems) 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 a 10’ extension at 
60˚C. Sequences were analyzed on the Applied Biosystems/Hitachi 3130 xl Genetic 
Analyzer. 
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DNA isolation, PCR ampli!cation and sequencing of gp120 (C2-C4) 
env from clonal HIV-1 variants isolated from Patients E, F, G and H 
Total DNA was isolated from 1 x 10 6 healthy donor PBMC in vitro infected with clonal 
HIV-1 isolates, using a modi!ed L6 isolation method (24). For each clonal HIV-1 variant, 
the gp120 env region (C2 to C4: corresponding to HxB2 envelope nucleotide positions 
811 to 1290) was ampli!ed and sequenced as described for the serum samples of 
those patients with the omission of the cloning steps.

Compartmentalization tests
Five methods (Slatkin-Maddison (38), Simmonds Association Index (46), Correlation 
Coef!cients (9), Wright´s measure of population subdivision (FST) ((18, 19, 37) and 
Nearest-neighbor statistic (17) were used to determine compartmentalization between 
sequences from serum, PBMC proviral DNA and clonal HIV-1 variants isolated from 
PBMCs. Methods and parameters implemented in Hyphy for each method are 
described below:

1) Slatkin-Maddison (SM) determines the minimum number of migration events 
between the separated populations based on the tree topology. Statistical support 
is based on the number of migration events that would be expected in a randomly 
structured population, derived by permuting sequences between compartments. 
1000 permutations were used in our analysis.

2) Simmonds Association Index (AI) assesses the degree of population structure 
by weighting the contribution of each internal node based on its depth in the tree. 10 
relabelings per sample and 1000 tree bootstrap samples were used in our analysis.

3) Correlation coef!cients (r and rb) correlate distances between two sequences in 
a phylogenetic tree with the information about whether or not they were isolated from 
the same compartment. The distance between sequences can be either the number 
of tree branches separating the sequences (rb) or the cumulative genetic distance 
between sequences (r). To assess whether the computed coef!cient was statistically 
signi!cant, we estimated the distribution of these coef!cients by permuting 1000 
times sequences between compartments and 10 relabelings per samples were used.

4) Wright’s measure of population subdivision (FST) compares the mean pairwise 
genetic distance between two sequences sampled from different compartments to the 
mean distance between sequences samples from the same compartment. Statistical 
signi!cance is derived via a population-structure randomization test. This score is 
calculated using two estimates of FST ((19, 37) and an estimate of KST (18). Distance 
matrices were calculated under the HKY85 substitution model.

5) Nearest Neighbor Statistic (Snn) measures how often the nearest neighbors 
of each sequence were isolated from the same or different compartments. Distance 
matrices were calculated under the HKY85 substitution model.
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Figure A1
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Table A1. Patients, time points and number of sequences analyzed

Patient
Cohort 

ID
Time 
point

Sampling 
time after 

SC or 
imputed 
SC date* 
(months)

Time to X4 
emergence 
(months)a

Number of sequences analyzed

Serum-RNAb
clonal HIV-1 

variants (CV)c PBMC-DNAd

R5 X4 Total R5 X4 Total R5 X4 Total

A 19642 1 29* -107 6 0 6 5 0 5 6 0 6

2 49* -87 4 0 4 6 0 6 n.a. n.a. n.a.

3 74* -62 1 0 1 6 0 6 9 0 9

4 108* -28 6 0 6 4 0 4 n.a. n.a. n.a.

5 131* -5 5 0 5 4 0 4 5 0 5

6 142* 6 7 0 7 3 2 5 4 1 5

B 19554 1 47* -3 8 0 8 4 0 4 12 0 12

2 68* 18 8 0 8 4 2 6 2 2 4

3 83* 33 6 0 6 3 3 6 6 10 16

4 107* 57 5 0 5 4 0 4 5 0 5

C 19298 1 34* 4 0 4 2 0 2 7 0 7

2 48* 6 0 6 6 0 6 6 0 6

3 72* 7 0 7 5 0 5 6 0 6

4 87* 7 0 7 5 0 5 11 0 11

D 18969 1 2 9 0 9 8 0 8 5 0 5

2 21 6 0 6 8 0 8 3 0 3

3 46 7 0 7 10 0 10 6 0 6

4 67 n.a. n.a. n.a. 6 0 6 8 0 8

5 90 1 0 1 8 0 8 4 0 4

E 19829 1 10 -51 8 0 8 8 0 8

2 51 -10 8 0 8 9 0 9

3 60 -2 6 0 6 4 1 5

4 66 4 10 0 10 7 2 9

5 88 27 11 0 11 4 4 8

F 18869 1 6 -24 3 0 3 2 0 2

2 28 -3 6 0 6 6 0 6

3 34 3 4 4 8 2 4 6

4 71 40 6 0 6 3 2 5

G 19296 1 42* -16 9 0 9 8 0 8

2 61* 3 1 6 7 4 9 13

3 70* 12 5 5 10 6 5 11

4 75* 18 6 1 7 n.a. n.a. n.a.
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Table A1. Continued

Patient
cohort 

ID
Time 
point

Sampling 
time after 

SC or 
imputed 
SC date* 
(months)

Time to X4 
emergence 
(months)a

Number of sequences analyzed

Serum-RNAb
clonal HIV-1 

variants (CV)c PBMC-DNAd

R5 X4 Total R5 X4 Total R5 X4 Total

H 19308 1 26 -13 13 0 13 n.a. n.a. n.a.

2 28.8 -10.2 n.a. n.a. n.a. 4 0 4

3 29.4 -9.6 10 2 12 n.a. n.a. n.a.

4 37 -2 12 2 14 n.a. n.a. n.a.

5 41 2 9 5 14 8 7 15

6 53 14 4 12 16 4 11 15

7 59 20 11 4 15 n.a. n.a. n.a.

a time to emergence of CXCR4-using viruses (estimated date between last negative and !rst 
positive MT-2 test). 
b sequences obtained from viral RNA from serum. 
c sequences obtained from clonal HIV-1 variants isolated from patient PBMC. 
d sequences obtained from patient PBMC proviral DNA. 
R5: number of sequences with predicted and/or experimentally tested CCR5 use. 
X4: number of sequences with predicted and/or experimentally tested CXCR4 use.
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Table A2. Comparison of mean gp160 env pairwise genetic distances within (diversity) and 
between (divergence) sequences from viral RNA in serum, PBMC proviral DNA and clonal HIV-1 
variants per patient

Patient A Patient B Patient C Patient D

freq. % freq. % freq. % freq. %

 Diversity  SE = CV 3/5a 60a 2/4 50 3/4 75 1/3b 33b

 SE > CV 0/5a 0a 1/4 25 1/4 25 1/3b 33b

 SE < CV 2/5a 40a 1/4 25 0/4 0 1/3b 33b

 CV = PB 2/4 50 3/4 75 3/4 75 3/5 60

 CV > PB 2/4 50 0/4 0 1/4 25 1/5 20

 CV < PB 0/4 0 1/4 25 0/4 0 1/5 20

 SE = PB 1/3a 33a 2/4 50 2/4 50 1/3b 33b

 SE > PB 1/3a 33a 0/4 0 2/4 50 0/3 0b

 SE < PB 1/3a 33a 2/4 50 0/4 0 2/3b 67b

 Divergence  SEvsCV = SE = CV 3/5a 60a 0/4 0 2/4 50 1/3b 33b

 SEvsCV > SE and/or CV 2/5a 40a 4/4 100 2/4 50 2/3b 67b

 CVvsPB = CV = PB 2/4 50 4/4 100 2/4 50 2/5 40

 CVvsPB > CV and/or PB 1/4 25 0/4 0 2/4 50 3/5 60

 SEvsPB = SE = PB  1/3a 25a 1/4 25 1/4 25 1/3 33b

 SEvsPB > SE and/or PB 2/3a 75a 3/4 75 3/4 75 1/3 33b

SE: diversity in serum-RNA; CV: diversity in clonal HIV-1 variants; PB: diversity in PBMC-DNA; 
SEvsCV: divergence between serum-RNA and CV; CVvsPB: divergence between CV and PBMC-
DNA; SEvsPB: divergence between serum-RNA and PBMC-DNA. = indicates no signi!cant 
difference between mean pairwise genetic distances; < or > indicate signi!cant differences 
between mean pairwise genetic distances (P-value < 0.05).
a tp3 was not included because only 1 serum-RNA sequence was available.
b tp5 was not included because only 1 serum-RNA sequence was available.







Evolution of HIV-1 in a patient  
with cross-reactive neutralizing 
activity in serum3



66

HIV-1 evolution and humoral immunity

3

ABSTRACT
Analysis of longitudinally obtained HIV-1 env sequences from an individual with 
reported cross-reactive neutralizing activity revealed that the majority of viral variants 
obtained from serum between 4 and 7 years after seroconversion were unable to 
persist in peripheral blood. Here we show that these viral variants were more sensitive 
to autologous serum neutralization, had shorter envelopes with fewer potential 
N-linked glycosylation sites, and showed lower replication kinetics than successfully 
evolving HIV-1 variants. These data re"ect the host selection pressures on phenotypic 
characteristics of HIV-1 and illustrate in detail the dynamic interaction between HIV-1 
and its hosts’ humoral immune responses. 
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The high mutation rate of HIV-1, which is the result of rapid replication dynamics1,2 
in combination with an error-prone HIV-1 reverse transcriptase and a lack of 
proofreading, contributes to the high genetic variability of the virus and results in 
the continuous emergence of new viral variants3,4. The generation of a genetically 
diverse viral population allows HIV-1 to adapt to the host environment by facilitating 
the escape from the host immune responses and the selection of viral biological 
properties such as high ef!ciency of co-receptor use and replication capacity5-11. The 
envelope glycoprotein of HIV-1 is highly variable, as re"ected by a sequence variability 
which may be as high as 10% within the viral population in a single individual12-14. The 
random generation of single point mutations in the viral envelope gene, together with 
insertions and/or deletions, facilitates escape from neutralizing antibodies by altering 
or shielding the antibody epitope. Viral escape variants are rapidly selected due to the 
humoral immune pressure eliminating the neutralization sensitive virus variants, and 
thereby changing the genetic composition of the viral population15-21.

Recently, we reported on the comparison of longitudinally obtained HIV-1 
envelope sequences from viral RNA in serum (serum-RNA), replication competent 
clonal HIV-1 variants (CV) isolated from Peripheral Blood Mononuclear Cells (PBMC) 
and proviral DNA from PBMC (PBMC-DNA) from the same HIV-1 infected individual22. 
Interestingly, in one of the four patients studied, the viral population evolved in 
two separate lineages: viral population 1 (VP-1) and viral population 2 (VP-2). This 
has been observed previously for co-existing CCR5- (R5) and CXCR4-using HIV-1 
variants23,24. In our currently studied patient, R5 variants were present in both lineages, 
but CXCR4-using variants were only found in VP-2. VP-1, which  was constituted by 
the majority of the viral serum-RNA sequences from the !rst two time points studied 
and two PBMC-DNA sequences from the third time-point, lacked progeny at later 
stages of the infection, suggesting negative selection of those viral variants. VP-2, 
initially mainly made up of viral sequences obtained from PBMC, did lead to progeny 
at later time points, both in serum and PBMC (Figure 1A). This individual had a typical 
clinical course of infection (Figure 1B). To understand the mechanisms contributing to 
the negative selection of the majority of the viral population present in serum in the 
period between year 4 and 7 after seroconversion (SC), we compared molecular and 
phenotypic properties of the initially co-existing HIV-1 populations that did or did not 
successfully generate progeny virus that persisted in peripheral blood.

From longitudinally obtained blood samples (9 years of seropositive follow-up, 
4 different time points; !gure 1B), a total of 29 gp160 envelope (env) sequences 
were generated from serum-RNA, 37 env sequences from PBMC-DNA, and 19 
env sequences from CV as described previously22. Genbank numbers GU455456-
GU455475 and HQ231027-HQ231090.

Differences between amino acid sequences of viral variants from VP-1 and VP-2 were 
found mainly, although not exclusively, in the !rst and second variable loops (V1V2) 
(Figure 2A) and the third constant region of env. Some of those mutations altered the 
number of potential N-linked glycosylation sites (PNGS) resulting in a signi!cantly 
higher number of PNGS in viruses from VP-2 than in VP-1, in particular in the V1V2 
region (Figure 2B). Additionally, the gp160 env of VP-1 viruses was signi!cantly shorter 
than the gp160 env from VP-2 viruses. Within VP-2, CXCR4-using (X4) variants had 
longer gp160 envs than CCR5-using (R5) variants. However, even when the analysis 
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Figure 1. Maximum-likelihood tree of gp160 env sequences from viral RNA in serum, PBMC 
proviral DNA and clonal HIV-1 variants, and clinical parameters. A) ML tree was rooted using 
the root that maximized the correlation of root-to-tip divergence as a function of sampling time. 
Bootstrap support with values >70% are shown.  The scale bar (horizontal line) indicates branch 
length corresponding to 0.01 substitutions per site. Sequences used to clone chimeric viruses 
are circled and the names are given. The two viral populations are indicated. Figure is adapted 
from Edo-Matas et al.22. B) The CD4+ T-cell counts are shown in black with the legend on the left 
y-axis, while viral RNA load data are indicated in gray with the legend on the right y-axis. Time 
of AIDS diagnosis is indicated by an arrow, sampling time points are indicated with a dot. Figure 
is edited from van Gils et al.18.
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Figure 2. The molecular env characteristics of VP-1 and VP-2. A) Sequence logos depicting the 
amino acid conservation pattern across a multiple alignment of the !rst and second variable 
loops (V1V2) of all sequences of VP-1 and all sequences of VP-2. The height of the letter indicates 
the degree of conservation of the most common amino acid at that position. Weblogo (http://
weblogo.berkeley.edu/) was used to create the sequence logos. * indicates a potential N-linked 
glycosylation site. B) Longitudinal analysis of changes in number of PNGS and length of gp160 
and the V1V2 region of viral variants from VP-1 and VP-2. Each dot represents one virus variant, 
grey dots represent X4 variants. The horizontal bars indicate average values per time point and 
P-values were calculated using a nonparametric t-test for independent samples. * indicates that 
P-value is not signi!cant when R5 and X4 variants are analyzed separately. AA: amino acid.
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was restricted to R5 variants, the gp160 env genes in VP-2 viruses were still longer, 
albeit only statistically signi!cant at the 83 month time-point.(Figure 2B). Increases in 
envelope length and number of PNGS have previously been described to decrease 
the neutralization sensitivity of HIV-116,17,19,21,25-27. Therefore we tested the sensitivity 
of several virus variants from both VP-1 and VP-2 to neutralization by four broadly 
neutralizing antibodies and autologous serum. 

Viral gp160 env sequences obtained from serum-RNA at 47 (n=2),  68 (n=2), and  
83 (n=1) months post-SC, and from CV at 47 (n=2), 68 (n=2), 83 (n=2) and 107 (n=1) 
months post-SC were cloned into the viral backbone NL4.3#env to create replication 
competent chimeric viruses (env-NL4.3 chimeras) through recombination, as described 
previously18. The env-NL4.3 chimeras were tested for their neutralization sensitivity by 
three-fold serial dilutions of broadly neutralizing antibodies (BrNAbs) b12, 2G12, 2F5 
and 4E10, with a starting concentration of 25µg/ml in triplicate, and two-fold serial 
dilutions of autologous serum obtained at 68 and 83 months post-SC, with a starting 
dilution of 1:50 in triplicate18.

The env-NL4.3 chimeras with the gp160 env from VP-1 viruses (VP-1-chimeras) 
showed similar sensitivity to neutralization by the four BrNAbs tested as compared 
to the env-NL4.3 chimeras with the gp160 env from VP-2 (VP-2-chimeras) (Table 1). 
However, VP-1-chimeras showed a higher sensitivity to neutralization by autologous 
serum than VP-2-chimeras (Table 1). The VP-1- and VP-2-chimeras from the earliest 
time-point showed higher sensitivity to autologous neutralization than the VP-1- and 

Table 1. Neutralizing sensitivity of env-NL4.3 chimeras from VP-1 and VP-2

Months 
after SC

env-NL4.3
chimeras

IC50 values

µg/ml 1/serum dilution

4E10 2F5 2G12 b12 68 months 83 months

47 47_S1 VP-1 >25 >25 >25 >25 390 354

47_S2 VP-1 2,05 2,18 >25 >25 55 258

47_C1 VP-2 0,89 0,15 >25 3,79 <50 288

47_C2 VP-2 16,74 3,15 >25 1,13 <50 53

68 68_S1 VP-1 19,63 0,63 >25 1,80 52 142

68_S2 VP-2 1,80 0,45 >25 0,76 64 95

68_C1 VP-2 >25 0,47 >25 0,85 <50 <50

68_C2 VP-2 5,74 0,37 >25 7,75 <50 <50

83 83_S1 VP-2 10,16 0,76 >25 8,37 <50 <50

83_C1 VP-2 >25 >25 >25 2,23 <50 <50

83_C2 VP-2 >25 1,07 >25 1,15 <50 <50

107 107_C1 VP-2 >25 1,85 >25 4,56 <50 <50

C = env-NL4.3 chimera with env from clonal HIV-1 variant 
S = env-NL4.3 chimera with env from viral RNA from serum
IC50: 50% inhibitory concentration
In bold: IC50 more than three-times the negative control 
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VP-2-chimeras from later time points, respectively, suggesting escape of both virus 
populations from the autologous neutralizing antibody response. There was no 
difference in neutralization sensitivity to the BrNAbs and autologous serum between 
the R5 and X4 variants. The difference in sensitivity to autologous but not to 
heterologous neutralization between VP-1 and VP-2 suggests that viruses of VP-1 are 
not more sensitive to antibody neutralization in general, but only to the neutralizing 
activity in autologous serum. This implies that the neutralizing antibody response of 
this patient may have played a role in the negative selection of those viral variants. 

Serum from this individual was previously demonstrated to have cross-reactive 
neutralizing activity ( i.e.: capable of neutralizing HIV-1 variants from different clades), 
which was already present 23 months post-SC18. Cross-reactive neutralizing activity is 
considered to be directed against epitopes that are conserved amongst HIV-1 variants 
from different clades, and are therefore probably essential for the virus. Given that 
the higher sensitivity to autologous serum neutralization of the viral variants that 
did not persist in peripheral blood (VP-1) coincided with shorter env V1V2 regions 
with less PNGS, cross-reactive neutralizing activity seems to select for virus variants 
with longer variable loops that carry more glycans, which supports the occlusion of 
targeted epitopes in the conserved regions as a mechanism of viral escape15-17,19,21,28. 
The epitope speci!cities for the cross-reactive neutralizing activity in this patient are 
currently being studied, which may help to elucidate whether viral escape also occurs 
by mutations of speci!c residues in the conserved epitopes themselves.

Next we analyzed the replication kinetics of the VP-1- and VP-2-chimeras in a PBMC 
based replication assay, as described previously18. Interestingly, VP-1-chimeras showed 
lower replication kinetics as compared to VP-2-chimeras (Figure 3). This could suggest 
that the combination of lower replication kinetics and higher sensitivity to autologous 
neutralizing activity may have been detrimental for the persistence of VP-1. The lower 
replication kinetics of VP-1 may have prevented those viruses from acquiring the 

Figure 3. In vitro replication kinetics of env-NL4.3 chimeras from VP-1 and VP-2. Replication 
rates of 1 or 2 env-NL4.3 chimeras per time point per population are expressed as the p24 
production during the logarithmic expansion after infection of PHA-stimulated PBMC. The repli-
cation capacity was tested with 100 50% tissue culture infective doses (TCID50) per virus. Similar 
relative differences between chimeric viruses were observed when an inoculum of 500 TCID50 was 
used (data not shown). S: env-NL4.3 chimera with env from viral RNA from serum. C: env-NL4.3 
chimera with env from clonal HIV-1 variant. 
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mutations that would have allowed the escape from the broad neutralizing humoral 
immune response of this patient. Alternatively or in addition, mutations required for 
the escape from neutralizing humoral immunity in the background of VP-1 virus variants 
may have come at a larger !tness cost for the virus, resulting in a viral population with 
lower replicating capacity, which consequently was outcompeted by VP-2. 

The half life of HIV-1 in plasma is about 1.3 hours29 indicating that the virions that 
were present in serum must have been produced shortly before we detected them. 
We failed to detect, however, the cells that produced some of those viruses in vivo as 
VP-1 viruses were not represented in CV and were only in low abundance in PBMC-
DNA, suggesting that the cellular source for VP-1 was outside the peripheral blood 
compartment. The sensitivity of VP-1 viruses to autologous neutralizing antibodies may 
have contributed to their vulnerability in the cell-free state and may have interfered with 
their infection of PBMC, halting their survival in peripheral blood. The persistence of 
these viruses, even throughout the third time-point analyzed, suggests that they were 
indeed continuously produced, probably spreading through cell-to-cell transmission 
outside the peripheral blood compartment to avoid the cell-free state30. However, we 
did not detect any VP-1 virus variants after 83 months post-SC. This patient developed 
AIDS with CD4+ T-cell counts below 200 cells/ml at 84 months post-SC (!gure 1B). At 
this stage of disease, target cell availability may become limiting and viral properties 
such as replication capacity may exert an even greater impact on viral survival. The 
inability of VP-1 viral variants to compete with the more !t VP-2 viruses for limited 
target cells may explain their inability to persist in peripheral blood after progression 
to AIDS. 

In summary, analysis of longitudinally obtained HIV-1 gp160 env sequences from 
a single individual with reported cross-reactive neutralizing activity in serum revealed 
that HIV-1 variants that were unable to persist in peripheral blood were more sensitive 
to autologous serum neutralization, had shorter envelopes with fewer potential 
N-linked glycosylation sites and showed lower replication kinetics than successfully 
evolving HIV-1. This suggests a role for neutralizing antibody pressure on the negative 
selection of those viral variants. Our observations may not be unique, but merely 
a re"ection of the common adaptation of HIV-1 in response to the host selective 
pressures. The detailed collection of patient materials may have provided us with 
the unique opportunity to study in detail the phenotypic characteristics of HIV-1 in 
interplay with its host humoral immune environment.
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ABSTRACT
The interplay between CCR5 host genetic background, disease progression and 
intra-host HIV-1 evolutionary dynamics remains unclear because differences in viral 
evolution between hosts limit the ability to draw conclusions across hosts strati!ed 
into clinically relevant populations. Similar inference problems are proliferating across 
many measurably evolving pathogens for which intra-host sequence samples are 
readily available. To this end, we propose novel hierarchical phylogenetic models 
(HPMs) that incorporate !xed-effects to test for differences in dynamics across host-
populations in a formal statistical framework employing stochastic search variable 
selection and model averaging. To clarify the role of CCR5 host genetic background 
and disease progression on viral evolutionary patterns, we obtain gp120 envelope 
sequences from clonal HIV-1 variants isolated at multiple time points in the course 
of infection from populations of HIV-1 infected individuals who only harbored CCR5-
using HIV-1 variants at all time points. Presence or absence of a CCR5 wt/#32 genotype 
and progressive or long-term non-progressive course of infection stratify the clinical 
populations in a two-way design. As compared to the standard approach of analyzing 
sequences from each patient independently, the HPM provides more ef!cient 
estimation of evolutionary parameters such as nucleotide substitution rates and dN/
dS rate ratios, as shown by signi!cant shrinkage of the estimator variance. The !xed-
effects also corrects for non-independence of data between populations and results 
in even further shrinkage of individual patient estimates. Model selection suggests 
an association between nucleotide substitution rate and disease progression, but a 
role for CCR5 genotype remains elusive. Given the absence of clear dN/dS differences 
between patient groups, delayed onset of AIDS symptoms appears to be solely 
associated with lower viral replication rates rather than with differences in selection on 
amino acid !xation.
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INTRODUCTION
The high mutation rate and rapid viral turnover that characterize HIV-1 infection1,2 
generate a highly diverse genetic viral population within an HIV-1 infected individual3. 
Continuous emergence of new HIV-1 variants facilitates rapid viral adaptation to 
humoral and cellular immune responses of the host4-7, escape from antiretroviral 
drugs8 and the selection for optimal biological properties such as replication capacity 
and use of the entry complex9-12.

Following primary infection, an asymptomatic phase with a gradual loss of CD4+ T 
cells and T-cell function characterizes the clinical course of HIV-1 infection13-15, resulting 
eventually in the development of AIDS. The duration of this asymptomatic phase in 
the absence of antiretroviral therapy varies among patients, from several months to 
more than two decades, and determines their rate of disease progression16,17. Many 
selective forces may play a role in intra-host viral evolution and disease progression 
such as neutralizing antibodies (nAbs) and cytotoxic T cell (CTL) response, immune 
activation, target cell availability, co-receptor expression levels and emergence of 
CXCR4-using viruses among others. The severity of HIV infection may be further 
complicated by co-infections and heritable viral genetic factors18. Largely stimulated by 
a comprehensive longitudinal analysis demonstrating common patterns of sequence 
divergence, diversity and emergence of CXCR4-using variants in chronic HIV-1 
infections3, phylogenetic analyses have been widely used as a means of elucidating 
how host factors impact HIV within-host dynamics. More speci!c evolutionary 
parameters such as evolutionary rate19,20, adaptation rates21, positively selected sites22, 
compartmentalization23 and recombination24 have been scrutinized, but consistent 
associations with disease progression have rarely been revealed.

Here, we focus on a polymorphism in the CCR5 gene, which is a host factor known 
to in"uence disease progression. The CCR5 gene encodes one of the main coreceptors 
required for HIV-1 entry, and a heterozygous genotype for a 32 base pair deletion 
(CCR5 wt/#32) associates with a lower viral load set point, de!ned as the viral load 
between 18 and 24 months after seroconversion which is stable in most HIV-1 infected 
individuals and predictive for clinical course of infection25,26, and a slower HIV-1 
disease progression27,28. Given the reported lower percentages of CCR5 expressing 
target cells and higher levels of RANTES production in HIV-1 infected individuals with 
a CCR5 wt/#32 genotype29,30, it is likely that target cell and CCR5 availability in"uence 
HIV-1 intra-patient evolution and contributes to the progression to AIDS. 

To investigate these in"uences, we compared the evolution of CCR5-using HIV-1 
variants (R5) in individuals with either a CCR5 wt/wt or CCR5 wt/#32 genotype who only 
harbored CCR5-using HIV-1 variants in their progressive or long-term non-progressive 
course of infection. Such comparisons require asking questions across multiple 
populations of individuals about the evolutionary histories that occur within each 
individual. Traditional modelling of evolutionary histories across individuals generally 
assumes that within-individual processes vary independently and are !t separately 
from individual to individual3,19,22,24,31. Often, this approach results in poor estimates 
of the underlying evolutionary parameters, as the informative content within a single 
intra-host dataset is sparse. Not surprisingly, Carvajal-Rodriguez et al. (2008) arrived 
at the conclusion that the statistical characterization of HIV within-host evolutionary 
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processes in relationship to disease progression is a dif!cult task and suffers from 
a lack of power. To overcome the data sparsity, one may enforce strict equality 
between within-individual evolutionary parameters32. In both cases, however, the 
ability to formally assess similarities or differences between populations of individuals 
is lost. Hierarchical modelling33,34, and in particular hierarchical phylogenetic models 
[HPMs]35, furnish an advantageous statistical framework in which to consider drawing 
conclusions across populations of individuals about the evolutionary processes 
within individuals. In general, the Bayesian hierarchical framework allows different 
evolutionary histories of the intra-host variants and pressures driving their evolution 
from individual to individual, while providing overall or across-individual summaries 
of important evolutionary measures, such as the DNA sequence mutation rate or 
synonymous/non-synonymous rate ratio (dN/dS) identifying positive selection. Critically, 
the HPM allows the within-individual-level parameters to vary about, for example, an 
unknown common mean for each population. This occurs through the employment 
of a hierarchical prior distribution on the parameters that are in turn characterized by 
unknown estimable hyperparameters. Then conveniently, hypothesis testing reduces 
to asking if these common mean parameters differ between populations. Fortuitously, 
the hierarchical prior embedded in the HPM also affords a borrowing of strength of 
information from one individual by another, providing more precise within-individual-
level estimates35,35-38.

In this study, we extend the HPM across multiple populations of individuals through 
the introduction of population-speci!c, !xed effects. These effects allow the expected 
evolutionary parameter estimated within a population to potentially vary across 
populations. We then exploit ideas from Bayesian model averaging39 and selection40 
to formally ask if these effects statistically differ between populations. We use this 
approach to estimate viral evolutionary rates and selective pressures within hosts and 
to evaluate whether these quantities differ with respect to CCR5 wt/ 32 host genetic 
background and disease progression.

MATERIALS AND METHODS

Study subjects
18 men who have sex with men (MSM) participants in the Amsterdam Cohort Studies 
on HIV and AIDS, 11 with a CCR5 wt/wt genotype (patients P1 to P11) and 7 with a 
CCR5 wt/#32 genotype (patients P12 to P18), who at all times tested during follow-up 
harbored only R5 HIV-1 variants were selected. All patients were either seropositive 
at entry in the cohort studies (seroprevalent cases with an average imputed 
seroconversion (SC) date of 18 months before entry in the cohort41) or seroconverted 
during active follow-up in the cohort studies. Nine individuals were classi!ed as long-
term non-progressors (LTNP) (de!ned as HIV-1 infected patients that at the end of 
follow-up (April 1997) had an asymptomatic seropositive follow-up of at least 11 
years with relatively stable CD4+ T cell counts that were still above 400 cells/ml in the 
ninth year of follow-up in the absence of antiretroviral therapy). The remaining nine 
individuals progressed to AIDS during the study period (median time to AIDS = 8.2 
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(2.7-10.8) years after SC or imputed SC date) and were classi!ed as Progressors (P). 
Individuals included in this study did not receive effective antiretroviral therapy during 
the study period. Clinical parameters and time points of virus isolation are shown per 
patient in Figure 1.

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

Isolation of clonal HIV-1 variants
Clonal HIV-1 variants were isolated by co-cultivation of serial dilutions of patient 
Peripheral Blood Mononuclear Cells (PBMC) from two to eight time points in the 
course of their infection and expanded to viral stocks for further study as described 
previously42,43. For each patient, time points of virus isolation and number of clonal 
HIV-1 variants per time point are summarized in Supplementary Table S1. The R5 
phenotype of all clonal HIV-1 variants that were isolated was con!rmed by inability to 
replicate in the MT2 cell-line, in PHA-PBMC from a donor with a CCR5#32 homozygous 
genotype and in astroglioma cells transfected with CD4 and CCR3 or CXCR444 and 
predicted co-receptor use based on the V3 amino acid sequence using the position 
speci!c scoring matrix (PSSM)NSI/SI (http://indra.mullins.microbiol.washington.edu/
pssm/ )45.

DNA isolation, PCR and sequencing
Total DNA was isolated from PBMCs infected with clonal HIV-1 variants using a 
modi!cation of the L6 isolation method46. Precipitated DNA was dissolved in 100µl of 
distilled water and 5µl were used for PCR ampli!cation of the gp120 (C1-C4) region 
corresponding to HXB2 nucleotide positions 6444 to 7595. Ampli!cation was performed 
by PCR with primers TB3 forward (5’-GGCCTTATTAGGACACATAGTTAGCC-3’) 
and OFM19 reverse (5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’) using the 
expand high !delity Taq polymerase kit (Roche) and the following ampli!cation 
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’- TACATAATGTTTGGGCCACACATGCC 
-3’), Seq4 reverse (5’- CTTGTATTGTTGTTGGGTCTTGTAC -3’), Seq5 forward (5’- 
GTCAACTCAACTGCTGTTAAATGGC   -3’) and Seq2 reverse (5’-TCCTTCATATCTCC-
TCCTCCAGGTC -3’). Nested PCRs were performed using Promega Taq polymerase in 
the presence of 2mM MgCl2 using the following ampli!cation 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.

PCR products were puri!ed using ExoSAP-IT (USB, Cleveland, Ohio, USA) according 
to manufacturer’s protocol. Sequencing conditions consisted of 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 
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Figure 1. CD4+ T cell numbers, viral loads, and an-
tiretroviral treatments of 18 participants from the 
Amsterdam Cohort Studies who were selected for 
this study. Time points of clinical AIDS diagnosis 
are indicated with open downward triangles. Arrows 
indicate time points of clonal virus isolation. Length 
and type of antiretroviral therapy are indicated in the 
top part of the panels.
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nested PCR primers. Sequences were analyzed on the Applied Biosystems 3130 xl 
Genetic Analyzer. The nucleotide sequences are available from Genbank under the 
accession numbers EU743973.1-EU44009.1, EU744014.1-EU744046.1, EU744055.1-
EU744093.1, EU744097.1-EU744129.1, EU744146.1-EU744175.1, GU455514-
GU455525 and HQ644787-HQ645012.

Bayesian inference of within-host HIV evolutionary rates and 
selection pressures
Nucleotide sequences for all clonal HIV-1 gp120 (C1-C4) variants isolated from 
the individual patients were aligned using ClustalW47 and manually edited. Cross-
contamination was excluded using phylogenetic analysis.

(a) Independent estimates of within-host evolutionary rates. Nucleotide substitution 
rates were estimated for each patient using strict and relaxed (uncorrelated lognormal) 
molecular clock models implemented in BEAST v.1.4.848,49. We used a general time-
reversible (GTR) model of nucleotide substitution with discrete gamma-distributed 
rate variation among sites. Posterior distributions were obtained using Bayesian 
Markov chain Monte Carlo (MCMC) analysis. MCMC chains were run suf!ciently long 
to ensure stationarity and adequate effective sample sizes (ESS > 100) as diagnosed 
using Tracer (http://tree.bio.ed.ac.uk/software/tracer/). The uncertainty of continuous 
parameter estimates is expressed as 95% highest posterior density (HPD) intervals.

(b) Hierarchical estimates of evolutionary parameters. To draw inference about 
different evolutionary patterns across populations of patients, we implement a 
novel HPM in BEAST35. HPMs analyze viral sequence data from multiple patients 
simultaneously and have found extensive use in uncovering common patterns of intra-
host HIV evolution36-38. At the heart of the HPM lies a Bayesian mixed effects model 
that pools information across patients. Pooling information through random effects 
affords more precise individual-patient parameter estimates when the data are sparse 
for a patient. Further, unique to the work here, the introduction of !xed effects (see 
below) offers a formal hypothesis testing framework from which to identify differences 
in evolutionary process between patient population groups.

Let i for i = 1, …, N patients represent the evolutionary process parameter of 
interest; this could be, for example, the overall rate of nucleotide substitution or the 
nonsynonymous/synonymous substitution rate ratio (dN/dS) in a codon substitution 
process across the unknown genealogy relating the sequences from within patient i. In 
the analysis of four different patient groups: Progressors, Long-term non-progressors 
(LTNP), CCR5 wt/wt (WT) and CCR5 wt/#32 ( 32), we assume that either log i or i 
is drawn from an underlying normal distribution where the mean and variance of this 
underlying prior distribution are also unknown and simultaneously estimated along 
with all sequence data. The choice of a log transform is convenient for modeling 
strictly positive parameters. Importantly, !xing this mean and variance to known values 
does not return a hierarchical model, but rather results in complete independence 
across individuals. On the other hand, estimating the mean or variance imparts both 
an approach to make comparisons across populations and the borrowing of strength 
for poorly informed within-individual model parameters.

For nucleotide analyses, we apply this hierarchical setup to the strict clock 
evolutionary rate (on the log-scale), the mean evolutionary rate parameter of the 
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lognormal relaxed clock (log), the constant population size (log) of the demographic 
prior, the GTR substitution parameters (log) and the shape parameter (log) of the 
discrete gamma distribution modeling rate variation among sites. For codon model 
analyses, a hierarchical transition/transversion rate parameter and a hierarchical dN/dS 
rate ratio50 replace the GTR model parameters.

(c) Hierarchical estimation with population-speci!c, !xed effects. For hypothesis 
testing purposes, we extend the HPM to include across-population !xed effects. Each 
patient belongs to one of four !xed population groups that we can designate using 
two indicator factors:  LTNPi = 0 (1) for short (long) term progressors and 32i = 0 (1) 
for deletion 32 absent (present) patients.  Our HPM assumes

log! i = "0 +#LTNP"LTNPLTNPi +#$32"$32$32i +% i ,
where  is an unknown grand-mean, LTNP and 32 are binary indicator variables, LTNP 
and 32 are conditional effective sizes and i are independent and normally distributed 
random variables with mean 0 and an estimable variance.  The inclusion of the indicator 
variables follows from a Bayesian stochastic search variable selection approach51,52 
that simultaneously estimates the posterior probabilities of all possible linear models 
that may or may not include LTNP or 32 status effects. When an indicator equals 
1, this effect is included in the model, demonstrating that the evolutionary process 
parameter differs with high probability between patient population groups. Lemey et 
al. (2009) discuss Bayesian stochastic search variable selection in further detail53.

We complete this HPM model with variable selection through assigning independent 
Bernoulli prior probability distributions on LTNP and 32.  These distributions place 
equal probability on each factor’s inclusion and exclusion.  We further assume diffuse 
priors on the unknown grand-mean and error variance and specify that a priori LTNP 
and 32 are normally distributed with mean 0 and a variance of 1/2. We choose 1/2 as, 
before seeing the data, we believe that, if a factor does result in different evolutionary 
parameters across population groups, process parameters should differ by at most 
an order of magnitude on their original scale. The introduction of HPMs into BEAST 
necessitates the development of MCMC transition kernels to ef!ciently explore that 
space of the grand-mean and effect-size, model indicator, and random-effects variance 
parameters.  Given our judicious prior choices, the full conditional distributions of 
these parameters are in standard-form: multivariate-normal, binomial and inverse-
gamma, respectively.  This enables us to build highly effective Gibbs samplers35,54 over 
the joint space of these parameters. Suchard et al. (2003) provide detailed derivations 
of the full condition distributions and their Gibbs samplers35.  We implement these 
Gibbs samplers as regular BEAST “operators” that are now accessible to interested 
readers through BEAST’s XML model speci!cation language. Supplementary material 
to this paper reports the transition kernels’ XML syntax and gives examples on their 
use to implement HPMs.

To assign statistical signi!cance to differences between population groups, we 
employ Bayes factors40,55 that report how much the data change our prior opinion (here, 
1:1 odds) about the inclusion of each factor. These Bayes factors are straightforward 
to estimate through the variable selection procedure, as the Bayes factor equals the 
posterior odds that a factor indicator equals 1 divided by the corresponding prior 
odds. The posterior odds follow immediately from the marginal posterior probability 
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that a factor indicator equals 1 that we estimate through the posterior expectation of 
the factor indicator. In cases where an estimate of this expectation approaches very 
closely to 0 or 1, an estimator based on a Rao-Blackwellization procedure is available56. 

RESULTS

Independent versus hierarchical estimation of evolutionary 
parameters
We !rst explored the nucleotide substitution rate as a hierarchical parameter estimated 
across patients in four separate patient groups: Progressors, LTNP, CCR5 wt/wt and 
CCR5 wt/ 32. Using a strict clock model, a higher mean evolutionary rate was estimated 
in the Progressors group (mean = 7.65x10-4 [95% HPD = 6.45x10-4,8.84x10-4]) compared 
to the LTNP group (5.87x10-4 [4.30·10-4-7.55x10-4]) (Figure 2A). While these estimates 
demonstrate overlapping marginal posterior credible intervals (CIs), immediately 
concluding that their difference is not signi!cant ignores the correlation between the 
rates; we return to a formal test later. A less pronounced difference in evolutionary rate 
was estimated between the CCR5 wt/wt (7.27x10-4 [5.74x10-4-8.75x10-4]) and CCR5 wt/

32 (6.00x10-4 [4.21x10-4-7.89x10-4]) groups. Similar rate differences, with somewhat 
less overlapping CIs between Progressors (7.57x10-4 [6.49x10-4-8.67x10-4]) and LTNPs 
(5.63x10-4 [4.19x10-4-7.06x10-4]), were observed using a relaxed clock model (Figure 
2B), in which the log of the mean evolutionary rate across all branches in a patient 
genealogy is drawn from an underlying normal distribution. For both strict and 
relaxed evolutionary rate estimates (Figure 3 A and B), as well as other substitution 
model and population genetic parameters (data not shown), we observed signi!cant 
shrinkage in uncertainty under the standard hierarchical !t, which clearly demonstrates 

Figure 2. Evolutionary rate estimates using a hierarchical phylogenetic model applied sepa-
rately to four patient groups (Progressors, LTNP, CCR5 wt/wt and CCR5 wt/$32). Evolutionary 
rate estimated under strict clock model (A). Mean evolutionary rate estimated under relaxed 
clock model (B). CCR5 wt/wt (WT); CCR5 wt/#32 (#32).
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the HPM improvement. Moreover, separate !t of parameter-rich models such as the 
uncorrelated relaxed clock required informative priors to achieve ef!cient sampling. 
To demonstrate the impact of such priors on our posterior rate estimates obtained by 
separate model !tting, and compare these with the hierarchical estimates that did not 
require such priors, we plot the marginal posterior rate estimates for the three least 
informative (lowest number of time points and/or sequences per time point) and three 
most informative patients within the LTNP group (P10, P16 and P17 versus P9, P11 
and P13 respectively) as violin plots in Figure 4. Violin plots are box plots overlaid 
with (rotated) kernel density estimates in order to show to the probability density at 
different parameter values. The patients for which only two or three time points were 
available resulted in rate estimates that only weakly diverged from their respective 
prior (uniform[0,0.004] or lognormal(-7.5,1); Figure 4A and C respectively), whereas 
many time points provide suf!cient information to dominate over these priors (Figure 
4 B and D). Under the hierarchical model, even weakly informative patient-speci!c 
data sets with extremely diffuse priors on the rate yield relative precise posteriors 
(Figure 4E), and the individual patient estimates are only marginally higher than for 
the three most informative patients (Figure 4F). This demonstrates that comparing the 
mean rates for individual estimates would is inappropriate to assess differences among 
patient groups. Weakly informative patients result in relatively high mean rates, but 
their high variances ensure that the contribution to the population rate (LTNP group) 
in the hierarchical model remains low.

While the application of relaxed clock models to individual data sets with few time 
points or sequences may be questionable, analysis under a HPM, in which information 
is pooled between patients, enables us to side-step this limitation. Marginal likelihood 
estimates for the both strict and relaxed clock analyses of the different patient groups 
(Supplementary Table S2) indicate a better !t of the relaxed clock model, with log 
Bayes factors (BFs) of 7.8, 6.1, 4.4 and 4.2 in favor of the relaxed clock for Progressors, 
LTNP, CCR5 wt/wt and CCR5 wt/ 32 respectively. The fact that a strict clock could 
often not be rejected for individual patient analysis also indicates the HPM draws on 
increased statistical power of HPMs to reject simpler models. Because of the increased 
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Figure 3. Improved statistical ef!ciency (shrinkage effect) of the hierarchical phylogenetic 
model.  Strict clock (A). Relaxed clock (B). Posterior variance of estimated evolutionary rate from 
the independent analyses of each patient (white); evolutionary rate variance from the hierarchical 
analysis of LTNPs and Progressors (black); evolutionary rate variance from the hierarchical analysis 
of LTNPs and Progressors incorporating !xed effects (grey).
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Figure 4. Marginal posterior rate distributions for LTNP patients with different numbers of 
sampling time points. Least informative patients (lowest number of time points or sequences per 
time point): P10, P16 and P17. Most informative patients: P9, P11 and P13. A & B: Assuming a 
uniform[0,0.004] rate prior. C & D: lognormal(-7.5,1) rate prior. E & F: hierarchical phylogenetic 
model with unknown mean and variance and diffuse priors.
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model !t, we employ relaxed clocks in further codon model analyses and hypothesis 
tests incorporating !xed effects.

Analyses using a codon model revealed comparable codon substitution rate 
differences between Progressors/LTNP and between CCR5 wt/wt and CCR5 wt/ 32 
compared to the nucleotide analyses (Supplementary Figure S1A vs. Figure 2B). 
Hierarchical dN/dS estimates, however, were comparable for the four patient groups 
(Supplementary Figure S1B).

Hypothesis testing using HPMs incorporating across-population 
!xed effects
The four different groups considered previously are not comprised of independent 
patient sets; some patients fall in more than one group. Hence, direct comparison of 
the marginal parameter estimates !t to each group independently does not generate 
independent estimates. For more appropriate hypothesis testing of difference, 
the HPM for the evolutionary rate was extended to accommodate !xed effects 
(see methods), enabling estimation of hierarchical parameters across all patients. 
Successfully, hierarchical estimation with !xed effects across all patients resulted in 
even further shrinkage of individual patient estimates compared to hierarchal models 
applied to separate groups (Figure 3B). Bayes factor comparison of the !xed-effects 
HPM model to a model that assumes either completely linked or unlinked parameters 
(log BF of 51.7 and 57.2 respectively) provides strong evidence that the shrinkage is 
accompanied by improved goodness-of-!t.  The main results of the !xed effect HPM 
analyses are listed in Table 1. For the nucleotide analysis, the LTNP versus Progressor 
and CCR5 wt/wt versus CCR5 wt/ 32 effects were employed to model the evolutionary 
rates. Through examining the posterior distribution of the rate indicators ( effect), we 
estimate the posterior probability for including the LTNP versus Progressor effect at 

Table 1. Estimates of the long-term non-progressor (LTNP) and 32 effects on nucleotide 
substitution rates, codon substitution rates and dN/dS

Evolutionary 
parameter Effect support/size LTNP effect 32 effect

Nucleotide 
substitution 
rate

Posterior probability effect = 1 0.72 0.27

Bayes factoreffect 2.6 0.4

effect| effect = 1* -0.275 (-0.524,-0.016) -0.007 (-0.940,0.920)

Codon 
substitution 
rate: 

Posterior probability effect = 1 0.726 0.324

Bayes factoreffect 2.6 0.5

effect| effect = 1* -0.265 (-0.523,0.019) -0.012 (-0.700,0.692)

dN/dS Posterior probability effect = 1 0.502 0.393

Bayes factoreffect 1.0 0.6

effect| effect = 1* 0.083 (-0.101,0.25) -0.005 (-0.228,0.242)

*these are effective sizes conditional on the effect being included (the binary effect indicator effect 
being 1). For the rates these effective sizes are in log space.
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0.72 resulting in a moderate Bayes factor support of 2.6 in agreement with the group-
by-group hierarchical rate estimates obtained above. Importantly, the rate decrease 
attributable to this !xed-effect returns a credible interval that does not include 0. This 
approach appropriately controls for the non-independence missed in the group-by-
group analyses and rejects the null hypothesis of no difference between LTNP and 
Progressor patients.

There was no support in favor of a CCR5 wt/ 32 effect. Even after conditioning on 
the effect-indicator equaling 1 to estimate the potential effect-size, the posterior CCR5 
wt/ 32 effect-size parameter distribution remained centered close to 0 with symmetric 
CIs. In the codon analysis, the same effects were tested on both the substitution rate 
and dN/dS. A very similar LTNP effect was observed for the codon substitution rate, 
although the CIs now included 0. Interestingly the conditional effect size of LTNP 
versus Progressor on codon substitution rate remains very similar to the effect size on 
nucleotide substitution rate. Further, there was more support against than in favor of 
a CCR5 wt/ 32 effect. Finally, no support for a LTNP effect or CCR5 wt/ 32 effect was 
observed on the hierarchical dN/dS estimates.

DISCUSSION
In this study, we adopted a HPM approach to estimate within-host HIV evolutionary 
parameters and test evolutionary hypotheses regarding host susceptibility and disease 
progression. We sought to investigate whether the CCR5 wt/#32 genotype, which is 
associated with a lower viral load set point and a slower HIV-1 disease progression27,28, 
also impacts the evolutionary rate of the virus by limiting target cell or CCR5 availability. 
Furthermore, we wanted to evaluate the contribution of CCR5 availability and CCR5 
use on the selection pressure directed against the viral envelope protein by estimating 
dN/dS.

HPMs have been used for HIV evolutionary enquiry before, but this is the !rst 
study that develops HPMs to estimate evolutionary rate, dN/dS and demographic 
parameters. In a HPM framework, we assume that the patient-speci!c HIV-1 
evolutionary parameters can be drawn from a population distribution. Estimations of 
the evolutionary process based on a limited sample from each patient are riddled 
with noise and the improvement of a HPM follows from the reduced uncertainty on 
individual patient estimates. Bayes factor comparison further con!rms a considerable 
improvement in goodness-of-!t of the HPM with respect to a completely linked 
and unlinked model. This can be explained by the fact that the completely linked 
model inappropriately ignores any difference among patients on the one hand, and 
a completely linked model suffers% from an unnecessarily high effective number of 
parameters57 arising from the independent prior speci!cations on the other hand. 
The HPM sits in between these two extremes and reduces the effective number of 
parameters without sacri!cing !t to the data. Furthermore, we demonstrate that the 
HPM is more powerful in rejecting simpler evolutionary models, like the constant rate 
assumption, which is frequently violated for HIV.

The hierarchical estimates for the Progressors, LTNP, CCR5 wt/wt and CCR5 wt/
32 groups indicated a pronounced strict and relaxed clock rate difference between 
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the Progressors and LTNP, whereas differences between CCR5 wt/wt and CCR5 
wt/ 32 rates were less pronounced. The same patterns were observed for relaxed 
codon substitution rates, but no real differences were noted in terms of dN/dS. These 
comparisons are based on non-independent data because patients will be part of 
two different groups. For more appropriate hypothesis testing, we incorporated !xed 
effects and employed Bayesian stochastic search variable selection to estimate the 
posterior probability that different patient group characteristics in"uence within-host 
evolutionary parameters. The advantage of a Bayesian model averaging approach 
that simultaneously explores the space of models and regression coef!cients is the 
opportunity to distinguish between the relative size of an effect and its importance, 
which can be formalized in terms of standard Bayes factor support. The latter 
effectively becomes independent of the scale of the predictors, which otherwise may 
confound drawing conclusions on the effect sizes only. Because both predictors we 
considered only achieve 0 or 1, controlling for scale is not an issue in the current 
study, but it does contribute to a more general framework for evolutionary hypothesis 
testing. While the statistical support is not decisive, the !xed-effects HPM approach 
produces substantially more ef!cient parameter estimates and conditional effect sizes 
con!rm rate differences among LTNP and Progressors. Despite the elevated power, 
more elaborate sampling in terms of numbers of patients, within-host time points or 
maybe even larger genome regions would be desirable.

The HPM estimates suggest an association between evolutionary rate and disease 
progression, but the CCR5 genotype does not account for the rate differences. Given 
the absence of clear dN/dS differences – if anything, they are slightly higher in LTNP 
– we cannot attribute the rate nuances to differences in selection on amino acid 
!xation. Therefore, we conclude that these differences are due to variations in the 
product of mutation rate and generation time. In particular, lower replication rates 
may be associated with delayed onset of AIDS symptoms. In agreement with this, a 
codon-model extension of the Bayesian relaxed-clock analysis of more extensively 
sampled patients has shown that absolute synonymous substitutions are correlated 
with disease progression19. These authors argued that synonymous substitutions were 
a marker of replication rate and most probably re"ect the action of immune activation, 
which in itself is a marker of disease progression. In the current study, we employed 
standard codon model implementation in the Bayesian framework, rather than 
evaluating genealogies under nucleotide models as a proxy. This approach comes at 
a computational expense, and further extensions - such as codon models to estimate 
absolute rates of synonymous and nonsynonymous substitutions58 - may prove even 
more computationally intensive. Fortunately, recent advances in GPU computation 
provide signi!cant increases in computation speed for high state space models59. 
These advances promise to stimulate further development of various codon models 
in the Bayesian framework, the parameters of which could be ef!ciently estimated in 
hierarchical models.

CCR5 genotype has a measurable impact on disease progression27,28 but there 
appears to be no absolute relationship (not all CCR5 wt/ 32 infected individuals 
are LTNP). This implies a more complex scenario, in which the combination of 
CCR5 availability with other host genetic factors, in particular cellular and humoral 
immune pressures, and immune activation, will determine the viral replication rate 
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and progression of the disease in a patient. While lower CCR5 availability does not 
appear to exert selection pressure on the viral envelope during the chronic phase of 
infection, it cannot be excluded that in HIV-1 infected individuals with CCR5 WT/#32 
genotype, in whom CCR5+ target cells and CCR5 expression are already limiting in 
the acute phase, selection for viruses with optimal CCR5 use occurs in a very early 
stage. Moreover, we performed analyses on sequences in which ambiguously aligned 
hypervariable regions were deleted, which may play an important role in both humoral 
immune responses60-65 and selection for optimal CCR5 use65-69.

Studying evolutionary dynamics within hosts has become an integral part of HIV 
research, but one that still faces the challenge of fully unraveling the relationship 
between evolutionary parameters and clinical outcome. There may be several 
reasons for the dif!culty in establishing the role of evolutionary processes in disease 
progression. Within-host dynamics appear to be highly complex, with many host-
speci!c and environmental (co-infections) factors interacting with various evolutionary 
processes such as hypermutation, diversifying and directional selection, recombination 
and compartmentalization. Untangling this complex interplay requires accurate 
measurement of all host factors involved and evolutionary models that explicitly 
accommodate the relevant evolutionary forces. Without the latter, many simplifying 
assumptions are at risk of being violated when considering HIV evolution. Parameter-
rich models may be limited by current sampling as they require highly informative data. 
To our knowledge, the most elaborate sampling dates back to over a decade ago3, 
which, differently from this study, included patients with HIV populations harboring 
CXCR4-using variants. Next generation sequencing may offer new opportunities for 
within host HIV genetic analyses, but produces data with particular challenges for 
comparative analyses70. Here, we have adopted a modeling approach that ef!ciently 
pools the information from multiple individuals and we demonstrate how this can be 
employed for rigorous testing across patient populations. We hope that this stimulates 
further model-based inference of evolutionary processes, which ultimately may lead to 
more profound insights into persistent viral infections.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S1. Codon model estimates. Mean evolutionary rate estimated under 
relaxed clock model with codon model for four patient groups: Progressors, LTNP, CCR5 wt/wt 
and CCR5 wt/#32 (A). dN/dS rate ratios estimated for the same for patient groups (B). CCR5 wt/
wt (WT); CCR5 wt/#32 (#32).

A B
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Table S1. Patients, time points and number of sequences analyzed

Subject Patient number CCR5 genotype
Disease

progression

Sampling time 
after SC
(months)

gp120 env
(nr of clones)

P1 19858 WT/WT P 42* 8

69* 5

92* 4

113* 6

P2 19576 WT/WT P 7 2

29 4

43 5

51 5

P3 19947 WT/WT P 56* 3

98* 3

P4 19999 WT/WT P 4 14

26 16

42 5

74 7

107 20

P5 19768 WT/WT P 2 21

36 15

67 17

93 12

P6 19659 WT/WT P 2 1

30 7

62 22

95 20

128 5

P7 19542 WT/WT P 2 4

20 5

43 7

63 17

86 15

P8 18969 WT/WT P 2 25

22 21

47 10

68 7

91 15
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Table S1. Continued

Subject Patient number CCR5 genotype
Disease

progression

Sampling time 
after SC
(months)

gp120 env
(nr of clones)

P9 19559 WT/WT LTNP 39* 3

71* 5

106* 1

133* 5

170* 3

P10 19932 WT/WT LTNP 54* 3

120* 5

P11 19417 WT/WT LTNP 48* 3

77* 6

101* 5

131* 5

P12 19828 #32/WT P 4 5

22 2

25 4

47 11

63 4

P13 19383 #32/WT LTNP 39* 2

50* 2

62* 4

71* 4

95* 3

107* 6

133* 7

148* 2

P14 19922 #32/WT LTNP 39* 5

82* 6

111* 5

135* 5

P15 19663 #32/WT LTNP 47* 5

91* 6

111* 6

140* 5

P16 19984 #32/WT LTNP 19 6

109 4
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Table S1. Continued

Subject Patient number CCR5 genotype
Disease

progression

Sampling time 
after SC
(months)

gp120 env
(nr of clones)

P17 19566 #32/WT LTNP 13 2

19 7

101 3

116 4

P18 19956 #32/WT LTNP 28* 5

51* 3

78* 2

123* 1

146* 1

P: Progressor; LTNP: Long-term non-progressor; SC: seroconversion; *Sampling time after 
imputed SC date.

Table S2. Log marginal likelihood estimates for strict and relaxed clock analyses of four patient 
groups.

Progressors LTNP WT 32

Strict clock -28534.3 -26762.8 -33501.0 -21793.5

Relaxed clock -28526.5 -26756.7 -33496.6 -21789.3

WT: CCR5 wt/wt; 32: CCR5 wt/ 32.
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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 



108

Evolution of R5 and X4 HIV-1 variants

5

(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 



120

Evolution of R5 and X4 HIV-1 variants

5

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.

SUPPLEMENTARY MATERIAL
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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. 
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ABSTRACT
The cellular entry complex for human immunode!ciency virus type I (HIV-1) consists of 
CD4 and a coreceptor (CCR5 or CXCR4). CCR5-using (R5) viruses predominate early 
in infection and persist during disease course, whereas CXCR4-using viruses emerge 
during the course of at least 50% of HIV-1 subtype B infections. A better understanding 
of coreceptor evolution has become relevant as the presence of CXCR4-using variants 
has negative implications for the use of CCR5 inhibitors. 

Here, R5 variants longitudinally isolated from four patients prior to and after in vivo 
emergence of CXCR4-using viruses were tested for their ability to acquire CXCR4 use 
in vitro by culturing them on mixtures of U87.CD4.CCR5 and U87.CD4.CXCR4 cells, 
with percentages of the latter cell type increasing at each passage.  

Evolution to a CXCR4-using phenotype in vitro was achieved by R5 variants from 
only one patient. These variants had an envelope with higher V3 charge and higher 
number of potential N-linked glycosylation sites when compared to the R5 variants that 
failed to acquire CXCR4 use in vitro. In this patient, acquisition of CXCR4 usage in vitro 
and in vivo was associated with multiple mutational patterns not necessarily involving 
the V3 region. However, changes in V3 at positions 11 and 24 were a prerequisite 
for successful persistence of CXCR4-using variants in vivo. This suggests that few R5 
variants have the ability to acquire CXCR4 use and that positive selection pressure in 
vivo, mainly targeting the V3 loop, is a prerequisite for the emergence of CXCR4-using 
variants during the natural course of infection. 
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INTRODUCTION
Cell tropism and coreceptor use of human immunode!ciency virus type-1 (HIV-1) 
variants are determined by the viral envelope (env) glycoprotein gp120, which 
binds to CD4 and a coreceptor1-11. The main coreceptors used by HIV-1 in vivo are 
the chemokine receptors CCR5 and CXCR410,12-16. Additionally, HIV-1 can use other 
coreceptors such as CCR2b, CCR3, CCR8, CXCR6, gpr1, RDC1 and APJ although their 
role in vivo is still not clearly de!ned12,17-25. 

CCR5-using (R5) viruses predominate in the early stages of infection and persist 
throughout the course of the disease26-28. In approximately half of HIV-1 subtype B 
infected individuals, viruses capable of using CXCR4 emerge prior to AIDS diagnosis, 
preceding a more rapid CD4+ T cell decline and accelerated disease progression26,28-34. 
The mechanism underlying the evolution towards a CXCR4-using phenotype is still not 
fully understood. Better insight in this process has become even more relevant as the 
acquisition of CXCR4 use by R5 variants has negative implications for the treatment 
with CCR5 inhibitors that are now entering clinical trials or that are already available as 
therapy option35, 36. Different selective pressures could play a role in the emergence of 
CXCR4-using variants such as host neutralizing antibodies (nAbs) and cytotoxic T cell 
(CTL) responses directed against the env protein, target cell availability, chemokine 
levels in plasma and coreceptor expression levels37-39.

Determinants of coreceptor use have been mapped in V3 and V1/V2 gp120 
env variable regions40-51 and less frequently in other gp120 regions52-56, and in the 
fusion peptide gp4157. Although the ability of R5 HIV-1 to use CXCR4 seems to be 
accomplished via multiple mutational pathways, some common features such as 
the presence of positively charged amino acids at positions 11 and/or 25 of the V3 
loop have been associated with CXCR4 use in HIV-1 subtype B42,58,59, and negatively 
charged or uncharged amino acids at positions 11, 25 or 28/29, resulting in low V3 
charge, or presence of a glycine-proline-glycine (GPG) motif at position 15-17 have 
been associated with CCR5 use42,58,60,61. Given the high mutation rate and rapid viral 
turnover of HIV-1, and considering that only few amino acid changes in the V3 loop 
are suf!cient for a switch from CCR5 to CXCR4 coreceptor use48,58,61-65, emergence 
of CXCR4-using variants would be expected to occur rapidly and relatively early 
in the course of infection. However, in a signi!cant fraction of subtype B infected 
individuals CXCR4-using variants are never detected throughout disease course31,66, 
which suggests that intrinsic obstacles like replication !tness, ef!ciency of coreceptor 
use and evasion of the immune response may interfere with the emergence of CXCR4-
using variants in vivo.

To increase our understanding of the underlying mechanism of transition from CCR5 
to CXCR4 coreceptor use, we investigated whether acquisition of CXCR4 coreceptor 
use of primary R5 viruses in vitro resembled the process that had occurred in vivo. 
To this end, R5 variants from four patients in whom CXCR4-using variants emerged 
during their disease course and a molecular CCR5-using HIV-1 clone were cultured in 
U87 cells expressing CD4 and CCR5 (U87.CD4.CCR5) in the presence of increasing 
percentages of U87 cells expressing CD4 and CXCR4 (U87.CD4.CXCR4), as previously 
described by Pastore et.al.67. In this culture system, CXCR4-using variants that may 
emerge by chance will be selected due to the replication advantage created by the 
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presence of CXCR4-positive target cells. Subsequently, viral gp120 env sequences 
from R5 and CXCR4-using HIV-1 variants longitudinally isolated over natural disease 
course prior to and after in vivo emergence of CXCR4-using viruses were compared 
to viral gp120 env sequences that had acquired CXCR4 coreceptor use in vitro in U87.
CD4.CCR5/U87.CD4.CXCR4 cocultures.

MATERIAL AND METHODS

Cells
293T cells were cultured in Dulbecco Modi!ed Eagle’s Medium (DMEM; Lonza) 
supplemented with 10% fetal calf serum (FCS; Hyclone) and penicillin (100 U/ml; 
Invitrogen) and streptomycin (100 &g/ml; Invitrogen). U87 cells expressing CD4 and 
CCR5 (U87.CD4.CCR5) or CXCR4 (U87.CD4.CXCR4) were cultured in Iscove’s Modi!ed 
Dulbecco’s Medium (IMDM; Lonza) supplemented with 10% FCS, puromycin (0.5 g/
ml; Invitrogen), G418 (300 g/ml; Invitrogen), penicillin (100 U/ml) and streptomycin 
(100 &g/ml). MT-2 cells were cultured in IMDM supplemented with 10% FCS, penicillin 
(100 U/ml) and streptomycin (100 &g/ml). Peripheral blood mononuclear cells (PBMC) 
were isolated from buffy coats obtained from healthy HIV-1 seronegative volunteer 
blood donors by Lymphoprep (Fresenius Kabi Norge) density gradient centrifugation. 
PBMC were cultured in IMDM supplemented with 10% FCS, ciproxin (5 g/ml; Bayer), 
phytohemagglutinin (PHA, 5 g/ml; Oxoid), penicillin (100 U/ml) and streptomycin 
(100 &g/ml) at a density of 5.106 cells/ml. After 2 days of PHA stimulation, the medium 
was replaced and PBMC cultures were continued in IMDM supplemented with 10% 
FCS, ciproxin (5 g/ml), recombinant interleukin-2 (IL-2, 20Ug/ml; Chiron Benelux), 
polybrene (5 l/ml, hexadimethrine bromide; Sigma), penicillin (100 U/ml) and 
streptomycin (100 &g/ml) at a density of 1.106 cells/ml.

Viruses
Clonal HIV-1 variants from four men who have sex with men (MSM) participants of 
the Amsterdam Cohort Studies on HIV/AIDS (ACS), who all developed CXCR4-using 
variants during the progressive disease course, were used for this study (Table 1). 
In the ACS, the presence of replication-competent CXCR4-using HIV-1 variants in 
PBMC in all study participants at some point of their disease course is determined by 
MT-2 assay on bulk PBMC68, routinely performed at approximately 3-monthly intervals 
during the entire follow-up. The moment of !rst emergence of CXCR4-using viruses 
was calculated as the midpoint between the last MT-2-negative visit and the !rst MT-
2-positive visit. The Amsterdam Cohort Studies are conducted in accordance with the 
ethical principles set out in the declaration of Helsinki and written informed consent 
was obtained prior to data collection. The study was approved by the Academic 
Medical Center institutional medical ethics committee. 

Clonal HIV-1 variants were isolated from patient PBMC by co-cultivation of serial 
dilution of patient PBMC with PHA stimulated PBMC from HIV-1 seronegative donors 
as described previously26,69. Virus stocks were grown on PHA stimulated donor PBMC. 
CCR5 and CXCR4 use of clonal HIV-1 variants was determined by testing the ability 
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of the virus to replicate in MT-2 cells, U87CD4.CCR5 and U87.CD4.CXCR4 and PHA 
stimulated PBMC homozygous for the 32 deletion in the CCR5 gene as described 
previously16. For patient 4, 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). The CCR5-using molecular 
clone NL4.3-BaL70 was produced by transient transfection using calcium phosphate 
transfection in 293T cells. 

Table 1. Clonal R5 HIV-1 variants for in vitro evolution from CCR5 to CXCR4 coreceptor use 
experiment

Patient Cohort ID Months after SC Months to X4a Virus U87b MT-2c $32c

1 18839 5 -56 C1 R5 - -

G11 R5 - -

70 8 D5 R5 - -

A5 R5 - -

2 18880 10 -35 20 R5 - -

39 R5 - -

29 -16 65 R5 - -

56 R5 - -

65 19 3F3 R5 - -

3G6 R5 - -

3 19308 3 -36 F8I R5 - -

D1 R5 - -

29 -10 D7 R5 - -

D11 R5 - -

53 14 A11 R5 - -

H7 R5 - -

4 19829 60 -2 RO-B2 R5 - -

RO-B4 R5 - -

72 10 RO-G1 R5 - -

81 19 RA-H7 R5 - -

a Time to emergence of CXCR4-using variants (estimated date between last negative and !rst 
positive MT-2 test).
b Co-receptor use determined on U87.CD4.CCR5 and U87.CD4.CXCR4 cell lines.
c Ability of the virus to replicate in MT-2 cells and PHA-stimulated PBMC from CCR5#32 
homozygous donors.
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DNA isolation, PCR and sequencing
Total DNA was isolated from 0.5-1 x 106 HIV-1 infected cells using a modi!cation of 
the L6 isolation method71. Gp120 env PCR ampli!cation was performed with PCR 
using primers TB3 (fw) (5’-GGCCTTATTAGGACACATAGTTAGCC-3’) and OFM19 (rev) 
(5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’) ) and a nested PCR with primers 
env1aTOPO (fw) (5’ – CACCGGCTTAGGCATCTCCTATGGCAGGAAGAA – 3’) and envN 
(rev) (5’- CTGCTAATCAGGGAAGTAGCCTTGTGT - 3’) using the expand high !delity Taq 
polymerase kit (Roche) and the following ampli!cation 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. PCR products were 
puri!ed using ExoSAP-IT (USB) according to the manufacturer’s protocol. Sequencing 
of gp120 was performed using BigDye Terminator v1.1 Cycle Sequencing kit (ABI Prism, 
Applied Biosystems) according to the manufacturer’s protocol using the following 
ampli!cation cycles: 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 and primers: Seq1 (fw) (5’-TACATAATGTTTGGGCCACACATGCC-3’), 
Seq2 (rev) (5’-TCCTTCATATCTCCTCCTCCAGGTC-3’), Seq3 (fw) (5’–TATGGGATCAA-
AGCCTAAAGCCATG–3’), Seq4 (rev) (5’- CTTGTATTGTTGTTGGGTCTTGTAC-3’), Seq5 
(fw) (5’-GTCAACTCAACTGCTGTTAAATGGC-3’), Seq6 (rev) (5’–ATCTAATTTGTCCACT-
GATGGGAGG–3’), env9 (rev) (5’–ACAGGCCTGTGTAATGACTGA–3’), env1aTOPO 
(fw) (5’- CACCGGCTTAGGCATCTCCTATGGCAGGAAGAA-3’), PSC (fw) (5’–
CCTCAGGAGGGGACCCAG–3’), and PSH (rev) (5’–CCATAGTGCTTCCTGCTGCT–3’).

Gp120 (C1-C4) env sequences of additional clonal HIV-1 variants used for 
phylogenetic analysis were available from a separate study (Edo-Matas et al., 
Submitted for publication; Chapter 5).  

In vitro evolution of CCR5-using HIV-1 towards CXCR4 use
To support the in vitro evolution towards CXCR4 coreceptor use of R5 HIV-1 variants 
we used an adjusted protocol previously described by Pastore et.al.67. From each 
CCR5-using HIV-1 variant, 1000 50% tissue culture infectious dose (TCID50) were used 
to inoculate 40,000 U87.CD4.CCR5 cells per well plated in a 24-well tissue culture 
plate. For each virus 5-6 parallel cultures were performed. Every week, viral replication 
in culture supernatant was determined in an in house p24 capture ELISA72 and p24 
positive supernatants were transferred to a fresh culture of U87.CD4.CCR5 cells. When 
the amount of produced p24 in the U87.CD4.CCR5 culture was above 250 ng/ml, the 
supernatant was transferred to a coculture of 10% U87.CD4.CCR5 and 90% of U87.CD4.
CXCR4 cells. Every week, the culture supernatant was transferred to fresh cocultures 
of U87.CD4.CCR5 cells and U87.CD4.CXCR4 cells with decreasing percentages of 
U87.CD4.CCR5 cells over time (5%, 2%, and 1% in weeks 2, 3, and 4 respectively). 
Subsequently, the supernatant was transferred to fresh cultures of U87.CD4.CXCR4 
cells with only 0.2% of U87.CD4.CCR5, with transfer to fresh cocultures every week 
until viral replication was detectable in the culture supernatant. Cultures that remained 
negative for p24 production were continued for at least 6 weeks on cocultures of U87.
CD4.CXCR4 cells and 0.2% U87.CD4.CCR5 cells. When virus production was detected 
in these cultures, the supernatant was transferred to fresh cultures with only U87.CD4.
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CXCR4 cells. Subsequently, the in vitro evolved CXCR4-using variants were analyzed 
for their ability to infect MT-2 cells, U87.CD4.CCR5 cells and PHA stimulated PBMC 
homozygous for the 32 deletion in the CCR5 gene as described previously16. 

Phylogenetic analysis
Nucleotide sequences were aligned using ClustalW in the software package of BioEdit 
v.7.0.973 and edited manually.

Cross-contamination between samples from the four study subjects was excluded 
using phylogenetic analysis (Edo-Matas et al., Submitted for publication; Chapter 5).

The best-!t nucleotide substitution model for the alignment of clonal HIV-1 
variants and in vitro evolved CXCR4-using variants gp120 (C1-C4) env sequences from 
patient 4 was selected by hierarchical likelihood ratio test (hLTR) in Model Test 3.774 
and implemented in the construction of maximum likelihood (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 trees were 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 with 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-Glycosite75 at 
the HIV database website (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/
glycosite.html). Charge 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. 
Average charge and average number of PNGS were compared using a Mann-Whitney 
U test in GraphPad Prism version 5.00 for Windows.

RESULTS

In vitro evolution towards a CXCR4-using phenotype of molecular 
clone NL4.3-BaL and primary clonal R5 HIV-1 variants
We !rst determined whether clonal R5 HIV-1 variants from HIV-1 infected individuals 
in whom CXCR4-using variants emerged during the natural course of infection had the 
ability to acquire CXCR4 use in vitro. The CCR5-using molecular clone NL4.3-BaL was 
used for comparison, as in vitro evolution from CCR5 to CXCR4 coreceptor use of the 
CCR5-using BaL envelope has previously been demonstrated67.  

In two independent experiments run at the same time, !ve parallel cultures of 
U87.CD4.CCR5 cells were inoculated with NL4.3-BaL and serial passage of the culture 
supernatants onto mixed cultures of U87.CD4.CXCR4 cells and over time decreasing 
percentages of U87.CD4.CCR5 cells was performed. In each of the two parallel 
experiments, in 4 of the 5 parallel cultures, a pronounced decrease in viral replication, 
as re"ected by a decrease in p24 production, was observed when the proportion of 
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U87.CD4.CCR5 cells was reduced to 5-10% (Figure 1A). In both experiments, in 2 of 
these 4 cultures, virus replication increased at day 35 when the proportion of U87.CD4.
CCR5 cells was only 0.2%, suggesting that the virus in these cultures had at that time 
gained the ability to replicate in U87.CD4.CXCR4 cells. Indeed, when supernatants 
from these cultures were transferred to cultures with only U87.CD4.CXCR4 cells, p24 
production could be detected within 7 days (Figure 1A). In 1 of the 5 parallel cultures 
in each of the two experiments with NL4.3-BaL, viral replication moderately declined 

Figure 1. Replication kinetics of NL4.3-BaL (A) and clonal R5 variants from patient 4 (B) during 
in vitro culturing in U87.CD4.CCR5 cells with increasing percentages of U87.CD4.CXCR4 cells. 
Virus replication is measured by p24 production in the culture supernatant. Grey arrows specify 
the p24 value obtained from U87.CD4.CXCR4 cells containing the indicated percentage of U87.
CD4.CCR5 cells.
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when the proportion of U87.CD4.CCR5 cells was reduced to 10%, and after that, 
a stabilization or even a rapid increase of the viral replication levels was observed, 
indicating that the viruses in these single cultures had acquired the ability to use 
CXCR4 already within the !rst 20 days after the onset of the experiment (Figure 1A).
Overall, the gain of CXCR4 use was observed in 60% (3 out of 5) of the cultures 
inoculated with NL4.3-BaL in both experiments.

Eighteen primary clonal R5 HIV-1 variants isolated from four patients prior to and 
after estimated in vivo emergence of CXCR4-using viruses (4-6 clonal R5 variants per 
study subject) were tested for their ability to gain CXCR4 use in vitro. Six parallel 
cultures of U87.CD4.CCR5 cells were inoculated per R5 clonal HIV-1 variant and they 
were subjected to the same serial passages as NL4.3-BaL. The clonal R5 variants from 
only one patient (patient 4) acquired the ability to use CXCR4 in vitro (RO-B2 and 
RO-B4, RO-G1 and RA-H7, obtained 2 months prior to, or 10 or 19 months after the 
estimated date of !rst appearance of CXCR4-using variants in vivo), as re"ected in 
their ability to replicate in cocultures of U87.CD4.CXCR4 cells and 0.2% U87.CD4.
CCR5 cells (Figure 1B). For RO-B2, RO-B4 and RO-G1, this was observed in 1, 2, and 
1 out of 6 parallel cultures, respectively.  Even then, only the progeny virus variants 
from RO-B2 and RO-G1 were able to replicate in U87.CD4.CXCR4 cells in the absence 
of U87.CD4.CCR5 cells (Table 2). In contrast, clonal R5 variant RA-H7 very ef!ciently 
gained the ability to use CXCR4 in vitro: virus replication could be detected in 5 out of 
6 parallel cocultures of U87.CD4.CXCR4 cells with only 0.2% U87.CD4.CCR5 cells and 
all progeny viruses were able to replicate in cultures of only U87.CD4.CXCR4 cells and 
in MT-2 cells (Table 2). However, none of the in vitro progeny viruses of RO-B2, RO-G1 
and RA-H7 had the ability to replicate in PBMC from CCR5#32 homozygous donors 
(Table 2). All in vitro evolved CXCR4-using variants still had the ability to replicate in 
U87.CD4.CCR5 cells (Table 2).

Table 2. Cellular tropism of in vitro evolved CXCR4-using variants

Patient Virus
Months 
after SC

Months 
to X4a

Clone 
nr. U87.CD4.CCR5b U87.CD4.CXCR4 b MT-2b $32b

4 RO-B2 60 -2 1-1 + + - -

RO-B4 60 -2 2-3 + - - -

2-6 + - - -

RO-G1 72 10 3-1 + + - -

RA-H7 81 19 4-1 + - - -

4-2 + + + -

4-3 + + + -

4-4 + + + -

4-5 + + + -

4-6 + + + -

a Time to emergence of CXCR4-using variants (estimated date between last negative and !rst 
positive MT-2 test).
b Ability of the virus to replicate in U87.CD4.CCR5, U87.CD4.CXCR4, MT-2 cells and PHA-
stimulated PBMC from a CCR5#32 homozygous donor. 
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Analysis of gp120 env gene mutations in in vitro CXCR4-using 
progeny of NL4.3-BaL
Sequence comparison of NL4.3-BaL and its 6 CXCR4-using progeny virus variants 
revealed that 67-100% of the amino acid substitutions per variant occurred in the 
variable domains V2, V3 and V4. Although several different patterns of mutation 
were observed in these variable regions, most of them involved the substitution 
of a negatively charged or neutral amino acid by a positively charged amino acid 
(Supplementary Table A1). Three of the 6 in vitro evolved CXCR4-using progeny of 
NL4.3-BaL gained a positively charged amino acid (K or R) at position 11 or 25 in 
the V3 region, whereas in the other three the Proline (P) at the tip of the V3 loop was 
substituted by Arginine (R) or Serine (S) (Supplementary Table A1). The accumulation 
of positively charged amino acids in HIV-1 env has previously been associated with in 
vivo or in vitro acquisition of CXCR4-usage of HIV-142,67.

Genetic comparison of CXCR4-using variants that have evolved 
either in vivo or in vitro
We next assessed whether in vitro evolved CXCR4-using variants genetically resembled 
the CXCR4-using variants that had emerged in patient 4 in vivo. Gp120 (C1-C4) env 
sequences from R5 and in vivo and in vitro evolved CXCR4-using variants from patient 
4 were phylogenetically analyzed using a ML tree (Figure 2). 

Tree topology showed that the majority of in vivo evolved CXCR4-using variants 
(12 of 16) clustered together, segregating from the R5 variants. However, four CXCR4-
using variants that were isolated 10 months and 19 months after the estimated date 
of in vivo emergence of CXCR4-using variants intermingled with R5 variants, thus 
revealing the presence in this patient of variants with R5-like sequences  with the 
ability of using CXCR4 (Figure 2). Indeed, based on their V3 amino acid sequences all 
4 variants were predicted to be R5 by the PSSMNSI/SI

76,77 and the geno2pheno[coreceptor] 
(FRP = 5%) method78 (data not shown), yet CXCR4 use of these four variants could be 
con!rmed by their ability to productively infect MT-2 cells and PBMC from CCR5#32 
homozygous donors at comparable levels than the rest of CXCR4-using variants of 
patient 4 (data not shown). In a separate study we showed that the 12 in vivo CXCR4-
using variants belonging to the main cluster of CXCR4-using sequences were the 
variants that were able to persist and generate progeny virus in peripheral blood even 
though their ef!ciency in CXCR4 use did not differ from the CXCR4 use ef!ciency 
of the four in vivo CXCR4-using variants with an R5-like sequence (Edo-Matas et al., 
Submitted for publication; Chapter 5).

As compared to R5 variants, the only unique amino acid differences found for 
the in vivo evolved CXCR4-using variants that successfully established infection in 
peripheral blood in patient 4 were at position 11 and 24 in the V3 region (Edo-Matas 
et al., Submitted for publication; Chapter 5; data not shown). Those in vivo evolved 
CXCR4-using variants had a positively charged amino acid (R) at position 11 and a 
Glutamic acid (E) (or Arginine (R) in one variant) at position 24 while R5 variants had a 
Glycine (G) or a Serine (S) at position 11 and a Glycine (G) at position 24. The four in 
vivo evolved CXCR4-using variants that genetically resembled R5 variants and which 
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did not result in CXCR4-using progeny in vivo had the same amino acids as R5 variants 
at positions 11 and 24 of the V3 region (S/G and G, respectively).

In vitro evolved CXCR4-using variants clustered together with their parental clonal 
R5 variants revealing that they are genetically highly similar. Sequence analysis showed 
that in vitro evolved CXCR4-using variants differed from their respective parental R5 
clonal variants at one to ten amino acid positions that were not restricted to a speci!c 
region of gp120. In in vitro evolved CXCR4-using variants RO-B2.1-1 and RO-G1.3-
1, a total of respectively three and six amino acid changes were observed in gp120 
(Table 3 and Supplementary Table A2). The !ve in vitro evolved CXCR4-using variants 
from parental R5 variant RA-H7 (RA-H7.4-2, RA-H7.4-3, RA-H7.4-4, RA-H7.4-5 and RA-
H7.4-6), had a variable number of mutations, ranging from one mutation in RA-H7.4-2, 
to a total of six to ten mutations in the other progeny viruses (Table 3). Although most 
mutations were unique for a single in vitro evolved CXCR4-using variant, substitution 
F20I in V3, N28K in V4, and S22R in C4 were observed in 3, 3 and 4 RA-H7 progeny 
viruses respectively; T5I in V5 was present in all RA-H7 progeny viruses and in RO-
G1.3-1 and V18I in C5 was found in 1 RA-H7 progeny virus and in RO-G1.3-1 (Table 3). 
Only two in vitro evolved CXCR4-using variants had gained positively charged amino 
acids in the V3 region: in RO-G1.3-1 a G17R, which has previously been associated 
with in vitro gain of CXCR4 use67, and G24R in RA-H7.4-5. Gain of positively charged 
amino acids outside the V3 region, particularly in C1, V1, V4 and C4 regions, was 

Figure 2. Maximum-likelihood tree 
of gp120 (C1-C4) env R5 and in vivo 
and in vitro evolved CXCR4-using 
variants sequences from patient 4. 
ML tree was rooted using the root 
that maximized the correlation of 
root-to-tip divergence as a function 
of sampling time. Bootstrap support 
>70% is shown. R5 variants (black). 
In vivo evolved CXCR4-using 
variants (grey). Parental R5 variants 
are indicated between brackets. 
Names of in vitro evolved CXCR4-
using variants are indicated in the 
tree. The scale bar (horizontal line) 
indicates branch length correspond-
ing to 0.01 substitutions per site.
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observed in in vitro evolved CXCR4-using progeny of RA-H7. Nine of the overall 31 
amino acid substitutions observed in in vitro evolved CXCR4-using variants resulted in 
the loss of a Potential N-linked Glycosylation Site (PNGS) of which T5I in V5 is shared 
by the progeny of both RO-G1 and RA-H7. 

Only six of the 31 mutations identi!ed between the parental R5 variants and their 
in vitro evolved CXCR4-using progeny were shared with in vivo evolved CXCR4-using 
variants and only one of them (R at position 24 of the V3 region of RA-H7.4-5) was found 
to be unique for the in vivo evolved CXCR4-using variants that were able to persist and 
generate CXCR4-using progeny virus in peripheral blood and absent in the R5 variants 
and the four CXCR4-using variants that did not persist. From these observations we 
can conclude that for the R5 variants from patient 4, multiple mutational patterns, not 
necessarily restricted to the V3 region, are associated with the acquisition of CXCR4 
use in vitro and in vivo, but only a single mutation pattern involving changes at V3 
positions 11 and 24 is associated with the gain of CXCR4 use of the HIV-1 variants that 
successfully gave rise to CXCR4-using progeny in vivo. 

Comparison of envelope molecular properties of R5 variants that do 
or do not acquire CXCR4 use in vitro
To assess whether differences in envelope molecular properties could explain why only 
variants from one of the four patients had the ability to acquire CXCR4 use in vitro, 
the charge of the V3 region and the number of Potential N-linked Glycosylation Sites 
(PNGS) in the gp120 (C1-C4) env region were compared between the R5 variants from 
patient 4, which had the ability to gain CXCR4-use in vitro, and R5 variants from the 

Table 3. Mutations in in vitro evolved CXCR4-using variants versus parental R5 variant

Signal 
peptide C1 V1 V2 C2 V3 C3 V4 C4 V5 C5

AA 
position 3 27 29 54 82 11 12 13 14 15 18 34 36 38 80 82 17 20 24 25 29 27 28 47 8 10 17 19 28 1 22 3 5 6 8 18

RO-B2 % D % % % % K % N T % % %

1-1 % % % N % % % % % % % % % % % % % % % % N % % % · I* % % % % % % % % % %

RO-G1 % % N % S % % N T % N T G % % % % N T % V

3-1 % % % % % · % N* % % % · A* % · M* R % % % % % % % % % % % % % % · I* % % I

RA-H7 A S E % V % N % T E A % % D % % % F G Q % I V G % % D D N R S N T N T V

4-2 · · · · · · · · · % · · · % · · · · · · · · · I* · · ·

4-3 · T K · · · K · · % I · · % · · · · · K* · R · I* · · ·

4-4 · · · I · · · · · % I · · % · · E N N K* K R · I* · A* ·

4-5 V · · · · I* · · · % L R K % · · · · · S* · R · I* · · ·

4-6 · · · % · % · % · · V % % N % % % I · · % D S · % % · · K* · R · I* · · I

AA position: amino acid position in speci!c gp120 region; dots indicate the same amino acid than 
the parental strain; negatively charged amino acids (D/E): light grey; positively charged amino acids 
(K/R): dark grey; Potential N-linked Glycosylation Sites (PNGS): bold and underlined; * mutation 
that causes the loss of a PNGS; circled amino acids are mutations that only occur in vitro.
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other 3 patients, which lacked that ability. For patient 4, the V3 charge of R5 variants 
RO-B2, RO-G1, and RA-H7 varied between 5.6 and 6.6, which was signi!cantly higher 
than for the other 3 patients (Figure 3A). The number of PNGS in the gp120 (C1-C4) 
env region of the three R5 variants of patient 4 varied between 29 and 30, which was 
signi!cantly higher than the R5 variants from the other three patients (Figure 3B).

Table 3. Mutations in in vitro evolved CXCR4-using variants versus parental R5 variant

Signal 
peptide C1 V1 V2 C2 V3 C3 V4 C4 V5 C5

AA 
position 3 27 29 54 82 11 12 13 14 15 18 34 36 38 80 82 17 20 24 25 29 27 28 47 8 10 17 19 28 1 22 3 5 6 8 18

RO-B2 % D % % % % K % N T % % %

1-1 % % % N % % % % % % % % % % % % % % % % N % % % · I* % % % % % % % % % %

RO-G1 % % N % S % % N T % N T G % % % % N T % V

3-1 % % % % % · % N* % % % · A* % · M* R % % % % % % % % % % % % % % · I* % % I

RA-H7 A S E % V % N % T E A % % D % % % F G Q % I V G % % D D N R S N T N T V

4-2 · · · · · · · · · % · · · % · · · · · · · · · I* · · ·

4-3 · T K · · · K · · % I · · % · · · · · K* · R · I* · · ·

4-4 · · · I · · · · · % I · · % · · E N N K* K R · I* · A* ·

4-5 V · · · · I* · · · % L R K % · · · · · S* · R · I* · · ·

4-6 · · · % · % · % · · V % % N % % % I · · % D S · % % · · K* · R · I* · · I

AA position: amino acid position in speci!c gp120 region; dots indicate the same amino acid than 
the parental strain; negatively charged amino acids (D/E): light grey; positively charged amino acids 
(K/R): dark grey; Potential N-linked Glycosylation Sites (PNGS): bold and underlined; * mutation 
that causes the loss of a PNGS; circled amino acids are mutations that only occur in vitro.

Figure 3. Comparison of envelope molecular properties of R5 variants with or without the 
ability to evolve to CXCR4-using phenotype in vitro. Net charge of the V3 region of R5 variants 
isolated from patients 1, 2, 3 and 4 (A). Number of Potential N-linked Glycosylation Sites (PNGS) 
in gp120 (C1-C4) env region of R5 variants isolated from patients 1, 2, 3 and 4 (B). Average net 
charge and average number of PNGS were compared using a Mann-Withney U-test. *p-values 
< 0.05.
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DISCUSSION
Many studies have shown the in vitro evolution of CCR5 to CXCR4 coreceptor use 
of R5 laboratory adapted strains, either by target cell selection50,67,79-81 or by CCR5 
inhibition65,80-82. However, no comparison with the in vivo evolution of coreceptor 
use in the corresponding patients was reported. Here, using the approach of target 
cell selection, we for the !rst time studied the ability of primary R5 variants, isolated 
prior to and after in vivo emergence of CXCR4-using variants from four HIV-1 infected 
individuals, to gain CXCR4 use in vitro, and compared this to the in vivo evolution 
from CCR5 to CXCR4 use of HIV-1 variants from those same patients. 

The study of Pastore et al.67 showed that the R5 HIV-1 strains 242 and JR-CSF 
acquired CXCR4 use by in vitro target cell selection within 8 to 20 days and that for 
the R5 ADA and BaL strains that process took approximately 40 days. NL4.3-BaL, 
used here as a reference strain, gained the ability to use CXCR4 within the !rst 35 
days of in vitro culture in a similar system. Acquisition of CXCR4 usage was, however, 
far less successful for the 18 primary clonal R5 HIV-1 variants from four HIV-1 infected 
individuals as only R5 variants tested from patient 4 successfully gained CXCR4 use 
in vitro, and only after 35 to 60 days after the onset of the experiment. These data 
suggest that in the absence of the host selective pressures that are present in vivo, 
evolution to a CXCR4-using phenotype of primary R5 viruses is dif!cult.

CXCR4-using HIV-1 variants generally have a more positively charged V3 env 
region than CCR5-using variants42,58,59. Interestingly, the R5 variants of patient 4 that 
successfully acquired CXCR4 use in vitro had more positively charged V3 regions 
than the R5 variants of the other 3 patients that failed to evolve to a CXCR4-using 
phenotype in vitro. Moreover, V3 charge of R5 and in vivo evolved CXCR4-using 
variants of patient 4 isolated after the estimated in vivo emergence of CXCR4-using 
viruses was similar, whereas in patient 1, 2 and 3, the V3 region of the in vivo emerged 
CXCR4-using variants was more positively charged than in the R5 variants (Edo-Matas 
et al., Submitted for publication; Chapter 5). The fact that only the R5 variants from 
patient 4 were able to gain CXCR4 use in vitro in combination with the observation 
that in this patient !ve independent events of acquisition of CXCR4 use occurred in 
vivo while generally only one event is observed in most patients (Edo-Matas et al., 
Submitted for publication; Chapter 5), may suggest that a more positively charged V3 
region in a R5 variant favors the transition from CCR5 to CXCR4 use. In addition, amino 
acid differences between R5 and in vivo evolved CXCR4-using variants were restricted 
to the V3 region, while differences in other regions besides V3 were observed in the 
other three patients (Edo-Matas et al., Submitted for publication; Chapter 5). The 
potential requirement for a higher number of mutations in order to acquire CXCR4 use 
in vivo in patients 1, 2 and 3, provides a possible explanation for the inability of their 
R5 variants to acquire CXCR4 use in vitro. The R5 variants of patient 4 that successfully 
gained CXCR4 use in vitro also had a higher number of PNGS in gp120 as compared 
to the R5 variants from the other 3 patients. Whether those envelope characteristics 
are causally related to the ability to acquire CXCR4 use in vitro and vivo, remains to 
be established. 

Interestingly, the R5 variant from patient 4 isolated 19 months after the estimated in 
vivo emergence of CXCR4-using variants, more readily gained CXCR4 use in vitro than 
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the R5 variants isolated from time points closer to the estimated in vivo emergence 
of CXCR4-using variants. This could imply that the envelope of later stage R5 variants 
that have co-existed with the CXCR4-using variants is genetically, and perhaps 
conformationally, more similar to a CXCR4-using envelope, either due to frequent 
recombination events between co-existing R5 and CXCR4- using variants83,84, and/
or to speci!c adaptations of late stage viruses (both R5 and CXCR4-using variants), 
thus facilitating the evolution to CXCR4 usage in the absence of the in vivo selective 
pressures. These co-existing R5 variants apparently do not evolve to CXCR4-using 
variants in vivo, likely due to the fact that newly emerging, initially low !t, CXCR4-using 
variants will be outcompeted by the CXCR4-using variants that are already present.  

The phylogenetic tree based on gp120 envelope sequences of R5 variants and 
in vivo and in vitro evolved CXCR4-using variants of patient 4 showed that in vitro 
evolved CXCR4-using variants were closely related to their parental R5 variants. In vitro 
acquisition of CXCR4 use required only 1 to 10 mutations in the gp120 env gene of the 
parental R5 virus, in agreement with previous reports42,48,58,59,61-65. Each in vitro evolved 
CXCR4-using variant showed a unique mutation pattern and this differed from the one 
observed in vivo, in which the only mutations that could be associated with in vivo 
CXCR4 use of variants that successfully established infection were located at positions 
11 and 24 of the V3 region. This suggests that transition from CCR5 to CXCR4 use 
can be achieved by multiple mutational pathways and that they are de!nitely different 
in vitro than in vivo. The absence of host selective pressures in the in vitro culture 
might have allowed for the survival of CXCR4-using variants which would have been 
negatively selected in the setting of host immune surveillance and limited target cell 
availability. Indeed, as already mentioned above, during the transition from CCR5 to 
CXCR4 usage, the virus goes through a stage of lower !tness during which the virus 
is less ef!cient in coreceptor mediated entry and highly susceptible to neutralizing 
antibodies50. Interestingly, none of the in vitro evolved CXCR4-using variants could 
use CXCR4 in primary cells, as shown by their inability to infect PBMC from CCR5#32 
homozygous donors, and 2 out of 7 in vitro evolved CXCR4-using variants were 
unable to replicate in the MT-2 cell-line. This probably re"ects the low ef!ciency by 
which these variants use CXCR4 given the lower expression of CXCR4 in PBMC and 
MT-2 cells as compared to U87.CD4.CXCR4 cells. Moreover, CXCR4-using variants 
have been reported to be more dependent on the level of CD4 expression, which 
is lower on primary PBMC than on U87 cells, facilitating the emergence of CXCR4-
using variants on U87 cells that are not able to infect primary cells85,86. Only one of 
the in vitro evolved CXCR4-using variants had one of the V3 amino acid mutations 
that was exclusively present in in vivo evolved CXCR4-using variants that successfully 
established infection in peripheral blood of patient 4. This observation may indicate 
that, despite the various possibilities via which the virus can acquire CXCR4 use in vitro 
on highly CXCR4-expressing transfected cell lines, a speci!c envelope V3 amino acid 
composition is required to ef!ciently use CXCR4 and successfully replicate in primary 
cells, as we observe in this patient in vivo. 

In summary, our study shows that CXCR4 use can be acquired by certain primary 
R5 viruses in vitro via multiple mutational pathways. Although mutations in the V3 
region may not be an absolute requirement for acquiring the ability to use CXCR4, 
they are a prerequisite for ef!cient CXCR4 use on primary cells and establishment 
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of a persisting productive infection in vivo. The possibility that these speci!c amino 
acid changes in V3 occur only during a state of reduced viral !tness may explain the 
delayed emergence of CXCR4-using variants in the natural course of HIV-1 infection; 
this phenotype requires the stringent selection in vivo of initially less !t transitional 
HIV-1 variants that need to gain positively charged amino acids in the V3 region to 
become CXCR4-using, and, constrains on other viral properties such as replication 
capacity or evasion of the immune system may dramatically decrease the chance 
of this to occur. This is in agreement with our observations that although CCR5 to 
CXCR4 coreceptor evolution may be attempted multiple times in vivo, the successful 
emergence of CXCR4-using variants in vivo seems to be the result of a unique event 
(Edo-Matas et al., Submitted for publication; Chapter 5)87. 

ACKNOWLEDGMENTS
The Amsterdam Cohort Studies on HIV infection and AIDS, a collaboration between 
the Amsterdam Health Service, the Academic Medical Center of the University of 
Amsterdam, Sanquin Blood Supply Foundation, the University Medical Center Utrecht, 
and the Jan van Goyen Clinic are part of the Netherlands HIV Monitoring Foundation 
and !nancially supported by the Center for Infectious Disease Control of the Netherlands 
National Institute for Public Health and the Environment. We acknowledge funding The 
European Community’s Seventh Framework Programme NGIN (FP7/2007-2013) under 
grant agreement n° 201433 and the Netherlands AIDS fund (grant 6006). We thank 
Angélique van 't Wout for critical reading of the manuscript.

REFERENCES
1. Alkhatib, G., C. Combadiere, C.C. Broder, Y. Feng, P.E. Kennedy, P.M. Murphy and E.A. Berger. 

1996. CC CKR5: A RANTES, MIP-1a, MIP-1b receptor as a fusion cofactor for macrophage-
tropic HIV-1. Science 272:1955-1958.

2. Maddon, P.J., A.G. Dalgleish, J.S. McDougal, P.R. Clapham, R.A. Weiss and R. Axel. 1986. 
The T4 gene encodes the AIDS virus receptor and is expressed in the immune system and the 
brain. Cell 47:333-348.

3. Deen, K.C., J.S. McDougal, R. Inacker, G. Folena-Wasserman, J. Arthos, J. Rosenberg, P.J. 
Maddon, R. Axel and R.W. Sweet. 1988. A soluble form of CD4 (T4) protein inhibits AIDS virus 
infection. Nature 331:82-84.

4. Ashorn, P.A., E.A. Berger and B. Moss. 1990. Human Immunode!ciency Virus envelope 
glycoprotein/CD4-mediated fusion of nonprimate cells with human cells. J. Virol. 64:2149-2156.

5. Clapham, P.R., D. Blanc and R.A. Weiss. 1994. Speci!c cell surface requirements for the 
infection of CD4 positive cells by human immunode!ciency virus types 1 and 2 and by simian 
immunode!ciency virus. Virology 181:703-705.

6. Wu, L., N.P. Gerard, R. Wyatt, H. Choe, C. Parolin, N. Ruf!ng, A. Borsetti, A.A. Cardoso, E. 
Desjardin, W. Newman, C. Gerard and J. Sodroski. 1996. CD4-induced interaction of primary 
HIV-1 gp120 glycoproteins with the chemokine receptor CCR-5. Nature 384:179-183.

7. Dalgleish, A.G., P.C.L. Beverley, P.R. Clapham, D.H. Crawford, M.F. Greaves and R.A. Weiss. 
1984. The CD4 (T4) antigen is an essential component of the receptor for the AIDS retrovirus. 
Nature 312:763-767.

8. Klatzmann, D., E. Champagne, S. Chamaret, J. Gruest, D. Guetard, T. Hercend, J.C. Gluckman 
and L. Montagnier. 1984. T-lymphocyte T4 molecule behaves as the receptor for human 
retrovirus LAV. Nature 312:767-768.



151

In vitro and in vivo coreceptor switch

6

9. Berson, J.A., D. Long, B.J. Doranz, J. Rucker, F.R. Jirik and R.W. Doms. 1996. A seven-
transmembrane domain receptor involved in fusion and entry of T-cell-tropic Human 
Immunode!cency Virus type 1 strains. J. Virol. 70:6288-6295.

10. Feng, Y., C.C. Broder, P.E. Kennedy and E.A. Berger. 1996. HIV-1 entry cofactor: functional 
cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science 272:872-877.

11. Trkola, A., T. Dragic, J. Arthos, J.M. Binley, W.C. Olson, G.P. Allaway, C. Cheng-Mayer, J. 
Robinson, P.J. Maddon and J.P. Moore. 1996. CD4-dependent, antibody-sensitive interactions 
between HIV-1 and its co-receptor CCR-5. Nature 384:184-187.

12. Doranz, B.J., J. Rucker, Y. Yi, R.J. Smyth, M. Samson, S.C. Peiper, M. Parmentier, R.G. Collman 
and R.W. Doms. 1996. A dual-tropic primary HIV-1 isolate that uses fusin and the b-chemokine 
receptors CKR-5, CKR-3 and CKR-2b as fusion cofactors. Cell 85:1149-1158.

13. Dragic, T., V. Litwin, G.P. Allaway, S.R. Martin, Y. Huang, K.A. Nagashima, C. Cayanan, P.J. 
Maddon, R.A. Koup, J.P. Moore and W.A. Paxton. 1996. HIV-1 entry into CD4+ cells is 
mediated by the chemokine receptor CC-CKR-5. Nature 381:667-673.

14. Deng, H.K., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P. Di Marzio, S. Marmon, 
R.E. Suttons, C.M. Hill, C.B. Davis, S.C. Peiper, T.J. Schall, D.R. Littman and N.R. Landau. 1996. 
Identi!cation of the major co-receptor for primary isolates of HIV-1. Nature 381:661-666.

15. Bleul, C.C., M. Farzan, H. Choe, C. Parolin, I. Clark-Lewis, J. Sodroski and T.A. Springer. 1996. 
The lymphocyte chemoattractant SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry. 
Nature 382:829-832.

16. De Roda Husman, A.M., R.P. van Rij, H. Blaak, S. Broersen and H. Schuitemaker. 1999. 
Adaptation to promiscuous usage of chemokine receptors is not a  prerequisite for HIV-1 
disease progression. J. Infect. Dis. 180:1106-1115.

17. Choe, H., M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P.D. Ponath, L. Wu, C.R. Mackay, G. LaRosa, 
W. Newman, N. Gerard, C. Gerard and J. Sodroski. 1996. The b-chemokine receptors CCR3 
and CCR5 facilitate infection by primary HIV-1 isolates. Cell 85:1135-1148.

18. Rucker, J., A.L. Edinger, M. Sharron, M. Samson, B. Lee, J.F. Berson, Y. Yi, B. Margulies, 
R.G. Collman, B.J. Doranz, M. Parmentier and R.W. Doms. 1997. Utilization of chemokine 
receptors, orphan receptors, and herpesvirus-encoded receptors by diverse human and 
simian immunode!ciency viruses. J. Virol. 71:8999-9007.

19. Deng, H.K., D. Unutmaz, V.N. KewalRamani and D.R. Littman. 1997. Expression cloning of new 
receptors used by simian and human immunode!ciency viruses. Nature 388:296-300.

20. Shimizu, N., Y. Soda, K. Kanbe, H.Y. Liu, R. Mukai, T. Kitamura and H. Hoshino. 2000. A 
putative G protein-coupled receptor, RDC1, is a novel coreceptor for human and simian 
immunode!ciency viruses. J. Virol. 74:619-626.

21. Zhang, L., T. He, Y. Huang, Z. Chen, Y. Guo, S. Wu, K.J. Kunstman, R.C. Brown, J.P. Phair, A.U. 
Neumann, D.D. Ho and S.M. Wolinsky. 1998. Chemokine coreceptor usage by diverse primary 
isolates of human immunode!ciency virus type 1. J. Virol. 72:9307-9312.

22. Zhang, Y.-J., T. Dragic, Y. Cao, L. Kostrikis, D.S. Kwon, D.R. Littman, V.N. KewalRamani and 
J.P. Moore. 1998. Use of coreceptors other than CCR5 by non-syncytium-inducing adult and 
pediatric isolates of human immunode!ciency virus type 1 is rare in vitro. J. Virol. 72:9337-9344.

23. Bjorndal, A., H. Deng, M. Jansson, J.R. Fiore, C. Colognesi, A. Karlsson, J. Albert, G. Scarlatti, 
D.R. Littman and E.M. Fenyo. 1997. Coreceptor usage of primary human immunode!ciency 
virus type 1 isolates varies according to biological phenotype. J. Virol. 71:7478-7487.

24. Edinger, A.L., T.L. Hoffman, M. Sharron, B. Lee, B. O’Dowd and R.W. Doms. 1998. Use of 
GPR1, GPR15, and STRL33 as coreceptors by diverse human immunode!ciency virus type 1 
and simian immunode!ciency virus envelope proteins. Virology 249:367-378.

25. Shimizu, N., A. Tanaka, A. Oue, T. Mori, T. Ohtsuki, C. Apichartpiyakul, H. Uchiumi, Y. Nojima 
and H. Hoshino. 2009. Broad usage spectrum of G protein-coupled receptors as coreceptors 
by primary isolates of HIV. AIDS 23:761-769.

26. Schuitemaker, H., M. Koot, N.A. Kootstra, M.W. Dercksen, R.E.Y. De Goede, R.P. Van Steenwijk, 
J.M.A. Lange, J.K.M. Eeftink Schattenkerk, F. Miedema and M. Tersmette. 1992. Biological 
phenotype of human immunode!ciency virus type 1 clones at different stages of infection: 
progression of disease is associated with a shift from monocytotropic to T-cell-tropic virus 
populations. J. Virol. 66:1354-1360.

27. Scarlatti, G., E. Tresoldi, Å. Björndal, R. Fredriksson, C. Colognesi, H.K. Deng, M.S. Malnati, 
A. Plebani, A.G. Siccardi, D.R. Littman, E.M. Fenyö and P. Lusso. 1997. In vivo evolution of 



152

In vitro and in vivo coreceptor switch

6

HIV-1 co-receptor usage and sensitivity to chemokine mediated suppression. Nature Med. 
3:1259-1265.

28. Connor, R.I., K.E. Sheridan, D. Ceradini, S. Choe and N.R. Landau. 1997. Change in coreceptor 
use correlates with disease progression in HIV-1-infected individuals. J. Exp. Med. 185:621-
628.

29. Karlsson, A., K. Parsmyr, E. Sandstrom, E.M. Fenyö and J. Albert. 1994. MT-2 cell tropism as 
prognostic marker for disease progression in Human Immunode!ciency Virus type 1 infection. 
J. Clin. Microbiol. 32:364-370.

30. Richman, D.D. and S.A. Bozzette. 1994. The impact of the syncytium-inducing phenotype of 
human immunode!ciency virus on disease progression. J. Infect. Dis. 169:968-974.

31. Koot, M., I.P.M. Keet, A.H.V. Vos, R.E.Y. De Goede, M.Th.L. Roos, R.A. Coutinho, F. Miedema, 
P.Th.A. Schellekens and M. Tersmette. 1993. Prognostic value of human immunode!ciency 
virus type 1 biological phenotype for rate of CD4+ cell depletion and progression to AIDS. 
Ann. Intern. Med. 118:681-688.

32. Koot, M., A.B. Van ‘t Wout, N.A. Kootstra, R.E.Y. De Goede, M. Tersmette and H. Schuitemaker. 
1996. Relation between changes in cellular load, evolution of viral phenotype, and the clonal 
composition of virus populations in the course of human immunode!ciency virus type 1 
infection. J. Infect. Dis. 173:349-354.

33. Brumme, Z.L., J. Goodrich, H.B. Mayer, C.J. Brumme, B.M. Henrick, B. Wynhoven, J.J. 
Asselin, P.K. Cheung, R.S. Hogg, J.S. Montaner and P.R. Harrigan. 2005. Molecular and clinical 
epidemiology of CXCR4-using HIV-1 in a large population of antiretroviral-naive individuals. 
J. Infect. Dis. 192:466-474.

34. Moyle, G.J., A. Wild!re, S. Mandalia, H. Mayer, J. Goodrich, J. Whitcomb and B.G. Gazzard. 
2005. Epidemiology and predictive factors for chemokine receptor use in HIV-1 infection. J. 
Infect. Dis. 191:866-872.

35. Gulick, R.M., Z. Su, C. Flexner, M.D. Hughes, P.R. Skolnik, T.J. Wilkin, R. Gross, A. Krambrink, 
E. Coakley, W.L. Greaves, A. Zolopa, R. Reichman, C. Godfrey, M. Hirsch and D.R. Kuritzkes. 
2007. Phase 2 study of the safety and ef!cacy of vicriviroc, a CCR5 inhibitor, in HIV-1-Infected, 
treatment-experienced patients: AIDS clinical trials group 5211. J. Infect. Dis. 196:304-312.

36. Gulick, R.M., J. Lalezari, J. Goodrich, N. Clumeck, E. DeJesus, A. Horban, J. Nadler, B. Clotet, 
A. Karlsson, M. Wohlfeiler, J.B. Montana, M. McHale, J. Sullivan, C. Ridgway, S. Felstead, M.W. 
Dunne, R.E. van der and H. Mayer. 2008. Maraviroc for previously treated patients with R5 HIV-
1 infection. N. Engl. J. Med. 359:1429-1441.

37. Bunnik, E.M., E.D. Quakkelaar, A.C. van Nuenen, B. Boeser-Nunnink and H. Schuitemaker. 
2007. Increased neutralization sensitivity of recently emerged CXCR4-using human 
immunode!ciency virus type 1 strains compared to coexisting CCR5-using variants from the 
same patient. J. Virol. 81:525-531.

38. Safrit, J.T., A.Y. Lee, C.A. Andrews and R.A. Koup. 1994. A region in the third variable loop 
of HIV-1 gp120 is recognized by HLA-B7 Restricted CTLs from two acute seroconversion 
patients. J. Immunol. 153:3822-3830.

39. De Roda Husman, A.M., M. Koot, M. Cornelissen, M. Brouwer, S.M. Broersen, M. Bakker, 
M.Th.L. Roos, M. Prins, F. De Wolf, R.A. Coutinho, F. Miedema, J. Goudsmit and H. 
Schuitemaker. 1997. Association between CCR5 genotype and the clinical course of HIV-1 
infection. Ann. Intern. Med. 127:882-890.

40. Hwang, S.S., T.J. Boyle, H.K. Lyerly and B.R. Cullen. 1991. Identi!cation of the envelope V3 
loop as the primary determinant of cell tropism in HIV-1. Science 253:71-74.

41. Shioda, T., J.A. Levy and C. Cheng-Mayer. 1991. Macrophage and T cell-line tropisms of HIV-1 
are determined by speci!c regions of the envelope gp120 gene. Nature 349:167-169.

42. Fouchier, R.A., M. Groenink, N.A. Kootstra, M. Tersmette, H.G. Huisman, F. Miedema and H. 
Schuitemaker. 1992. Phenotype-associated sequence variation in the third variable domain of 
the human immunode!ciency virus type 1 gp120 molecule. J. Virol. 66:3183-3187.

43. Carrillo, A. and L. Ratner. 1996. Cooperative effects of the human immunode!ciency virus 
type 1 envelope variable loops V1 and V3 in mediating infectivity for T cells. J. Virol. 70:1310-
1316.

44. Boyd, M.T., G.R. Simpson, A.J. Cann, M.A. Johnson and R.A. Weiss. 1993. A single amino 
acid substitution in the V1 loop of human immunode!ciency virus type 1 gp120 alters cellular 
tropism. J. Virol. 67:3649-3652.



153

In vitro and in vivo coreceptor switch

6

45. Schuitemaker, H., R.A.M. Fouchier, S. Broersen, M. Groenink, M. Koot, A.B. Van ‘t Wout, 
H.G. Huisman, M. Tersmette and F. Miedema. 1995. Envelope V2 con!guration and HIV-1 
phenotype: Clari!cation. Science 268:115.

46. Labrosse, B., C. Treboute, A. Brelot and M. Alizon. 2001. Cooperation of the V1/V2 and V3 
domains of human immunode!ciency virus type 1 gp120 for interaction with the CXCR4 
receptor. J. Virol. 75:5457-5464.

47. Nabatov, A.A., G. Pollakis, T. Linnemann, A. Kliphius, M.I. Chalaby and W.A. Paxton. 2004. 
Intrapatient alterations in the human immunode!ciency virus type 1 gp120 V1V2 and V3 
regions differentially modulate coreceptor usage, virus inhibition by CC/CXC chemokines, 
soluble CD4, and the b12 and 2G12 monoclonal antibodies. J. Virol. 78:524-530.

48. Chesebro, B., K. Wehrly, J. Nishio and S. Perryman. 1996. Mapping of independent V3 
envelope determinants of human immunode!ciency virus type 1 macrophage tropism and 
syncytium formation in lymphocytes. J. Virol. 70:9055-9059.

49. Jansson, M., E. Backstrom, G. Scarlatti, A. Bjorndal, S. Matsuda, P. Rossi, J. Albert and 
H. Wigzell. 2001. Length variation of glycoprotein 120 V2 region in relation to biological 
phenotypes and coreceptor usage of primary HIV type 1 isolates. AIDS Res. Hum. Retroviruses 
17:1405-1414.

50. Pastore, C., R. Nedellec, A. Ramos, S. Pontow, L. Ratner and D.E. Mosier. 2006. Human 
immunode!ciency virus type 1 coreceptor switching: V1/V2 gain-of-!tness mutations 
compensate for V3 loss-of-!tness mutations. J. Virol. 80:750-758.

51. Cocchi, F., A.L. DeVico, A. Garzino-Demo, A. Cara, R.C. Gallo and P. Lusso. 1996. The V3 
doamin of the HIV-1 gp120 envelope glycoprotein is critical for chemokine-mediated 
blockade of infection. Nature Medicine 2:1244-1247.

52. Carrillo, A. and L. Ratner. 1996. Human immunode!ciency virus type 1 tropism for T-lymphoid 
cell lines: role of the V3 loop and C4 envelope determinants. J. Virol. 70:1301-1309.

53. Kim, F.M., D.L. Kolson, J.W. Balliet, A. Srinivasan and R.G. Collman. 1995. V3-independent 
determinants of macrophage tropism in a primary human immunode!ciency virus type 1 
isolate. J. Virol. 69:1755-1761.

54. Smyth, R.J., Y. Yi, A. Singh and R.G. Collman. 1998. Determinants of entry cofactor utilization 
and tropism in a dualtropic human immunode!ciency virus type 1 primary isolate. J. Virol. 
72:4478-4484.

55. Hu Q, Barry A.P, Wang Z., Connolly S.M, Peiper S.C and Greenberg M.L. 2000. Evolution 
of the Human Immunode!ency Virus Type 1 Envelope during Infection Reveals Molecular 
Corollaries of Speci!city for Coreceptor Utilization and AIDS Pathogenesis. J Virol 74:11858-
11872.

56. Hoffman, N.G., F. Seillier-Moiseiwitsch, J. Ahn, J.M. Walker and R. Swanstrom. 2002. Variability 
in the human immunode!ciency virus type 1 gp120 Env protein linked to phenotype-
associated changes in the V3 loop. J. Virol. 76:3852-3864.

57. Huang, W., J. Toma, S. Fransen, E. Stawiski, J.D. Reeves, J.M. Whitcomb, N. Parkin and C.J. 
Petropoulos. 2008. Coreceptor tropism can be in"uenced by amino acid substitutions in the 
gp41 transmembrane subunit of human immunode!ciency virus type 1 envelope protein. J. 
Virol. 82:5584-5593.

58. De Jong, J.J., A. De Ronde, W. Keulen, M. Tersmette and J. Goudsmit. 1992. Minimal 
requirements for the human immunode!ciency virus type 1 V3 domain to support the 
syncytium-inducing phenotype: analysis by single amino acid substitution. J. Virol. 66:6777-
6780.

59. Fouchier, R.A.M., M. Brouwer, S.M. Broersen and H. Schuitemaker. 1995. Simple determination 
of human immunode!ciency virus type 1 syncytium inducing genotype by PCR. J. Clin. 
Microbiol. 33:906-911.

60. Hu, Q., J.O. Trent, G.D. Tomaras, Z. Wang, J.L. Murray, S.M. Conolly, J.M. Navenot, A.P. Barry, 
M.L. Greenberg and S.C. Peiper. 2000. Identi!cation of ENV determinants in V3 that in"uence 
the molecular anatomy of CCR5 utilization. J. Mol. Biol. 302:359-375.

61. Shioda, T., J.A. Levy and C. Cheng-Mayer. 1992. Small amino acid changes in the V3 
hypervariable region of gp120 can affect the T-cell-line and macrophage tropism of human 
immunode!ciency virus type 1. Proc. Natl. Acad. Sci. USA 89:9434-9438.

62. Shimizu, N., Y. Haraguchi, Y. Takeuchi, Y. Soda, K. Kanbe and H. Hoshino. 1999. Changes in 
and discrepancies between cell tropisms and coreceptor uses of human immunode!ciency 



154

In vitro and in vivo coreceptor switch

6

virus type 1 induced by single point mutations at the V3 tip of the env protein. Virology 
259:324-333.

63. Cordonnier, A., L. Montagnier and M. Emerman. 1989. Single amino-acid changes in HIV 
envelope affect viral tropism and receptor binding. Nature 340:571-574.

64. Harrowe, G. and C. Cheng-Mayer. 1995. Amino acid changes in the V3 loop are responsible 
for adaptation to growth in transformed T-cell lines of a primary human immunode!ciency 
virus type 1. Virology 210:490-494.

65. Mosier, D.E., G.R. Picchio, R.J. Gulizia, R. Sabbe, P. Poignard, L. Picard, R.E. Offord, D.A. 
Thompson and J. Wilken. 1999. Highly potent RANTES analoques either prevent CCR5-using 
human immunode!ciency virus type 1 infection in vivo or rapidly select for CXCR4-using 
variants. J. Virol. 73:3544-3550.

66. Koot, M., R. Van Leeuwen, R.E.Y. De Goede, S.A. Danner, J.K.M. Eeftink Schattenkerk, J.M.A. 
Lange, M. Tersmette, P. Reiss and H. Schuitemaker. 1999. Conversion rate towards a syncytium 
inducing (SI) phenotype during different stages of HIV-1 infection and prognostic value of SI 
phenotype for survival after AIDS diagnosis. J. Infect. Dis. 179:254-258.

67. Pastore, C., A. Ramos and D.E. Mosier. 2004. Intrinsic obstacles to human immunode!ciency 
virus type 1 coreceptor switching. J. Virol. 78:7565-7574.

68. Koot, M., A.H.V. Vos, R.P.M. Keet, R.E.Y. De Goede, W. Dercksen, F.G. Terpstra, R.A. Coutinho, 
F. Miedema and M. Tersmette. 1992. HIV-1 biological phenotype in long term infected 
individuals, evaluated with an MT-2 cocultivation assay. AIDS 6:49-54.

69. Van ‘t Wout, A.B., H. Schuitemaker and N.A. Kootstra. 2008. Isolation and propagation of HIV-
1 on peripheral blood mononuclear cells. Nat. Protoc. 3:363-370.

70. Mariani, R., B.A. Rasala, G. Rutter, K. Wiegers, S.M. Brandt, H.G. Krausslich and N.R. Landau. 
2001. Mouse-human heterokaryons support ef!cient human immunode!ciency virus type 1 
assembly. J. Virol. 75:3141-3151.

71. Kootstra, N.A. and H. Schuitemaker. 1999. Phenotype of HIV-1 lacking a functional nuclear 
localization signal in matrix protein of GAG and Vpr is comparable to wild type HIV-1 in 
primary macrophages. Virology 253:170-180.

72. Tersmette, M., I.N. Winkel, M. Groenink, R.A. Gruters, P. Spence, E. Saman, G. van der Groen, 
F. Miedema and J.G. Huisman. 1989. Detection and subtyping of HIV-1 isolates with a panel 
of characterized monoclonal antibodies to HIV-p24 gag. Virology 171:149-155.

73. Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis 
program for Windows 95/98/NT. Nucl. Acids. Symp. Ser. 41:95-98.

74. Posada D and Crandall KA. 1998. Modeltest: testing the model of DNA substitution. 
Bioinformatics. 14:817-818.

75. Zhang, M., B. Gaschen, W. Blay, B. Foley, N. Haigwood, C. Kuiken and B. Korber. 2004. Tracking 
global patterns of N-linked glycosylation site variation in highly variable viral glycoproteins: 
HIV, SIV, and HCV envelopes and in"uenza hemagglutinin. Glycobiology 14:1229-1246.

76. Jensen, M.A., M. Coetzer, A.B. Van ‘t Wout, L. Morris and J.I. Mullins. 2006. A reliable 
phenotype predictor for human immunode!ciency virus type 1 subtype C based on envelope 
V3 sequences. J. Virol. 80:4698-4704.

77. Jensen, M.A., F.S. Li, A.B. Van ‘t Wout, D.C. Nickle, D. Shriner, H.X. He, S. McLaughlin, R. 
Shankarappa, J.B. Margolick and J.I. Mullins. 2003. Improved coreceptor usage prediction 
and genotypic monitoring of R5-to-X4 transition by motif analysis of human immunode!ciency 
virus type 1 env V3 loop sequences. J. Virol. 77:13376-13388.

78. Sing, T., A.J. Low, N. Beerenwinkel, O. Sander, P.K. Cheung, F.S. Domingues, J. Buch, M. 
Daumer, R. Kaiser, T. Lengauer and P.R. Harrigan. 2007. Predicting HIV coreceptor usage on 
the basis of genetic and clinical covariates. Antivir. Ther. 12:1097-1106.

79. Dejucq, N., G. Simmons and P.R. Clapham. 2000. T-cell line adaptation of human 
immunode!ciency virus type 1 strain SF162: effects on envelope, vpu and macrophage-
tropism. J. Gen. Virol. 81:2899-2904.

80. Kiselyeva, Y., R. Nedellec, A. Ramos, C. Pastore, L.B. Margolis and D.E. Mosier. 2007. Evolution 
of CXCR4-using human immunode!ciency virus type 1 SF162 is associated with two unique 
envelope mutations. J. Virol. 81:3657-3661.

81. Moncunill, G., M. rmand-Ugon, E. Pauls, B. Clotet and J.A. Este. 2008. HIV-1 escape to CCR5 
coreceptor antagonism through selection of CXCR4-using variants in vitro. AIDS 22:23-31.



155

In vitro and in vivo coreceptor switch

6

82. Marozsan, A.J., S.E. Kuhmann, T. Morgan, C. Herrera, E. Rivera-Troche, S. Xu, B.M. Baroudy, 
J. Strizki and J.P. Moore. 2005. Generation and properties of a human immunode!ciency virus 
type 1 isolate resistant to the small molecule CCR5 inhibitor, SCH-417690 (SCH-D). Virology 
338:182-199.

83. van Rij, R.P., M. Worobey, J.A. Visser and H. Schuitemaker. 2003. Evolution of R5 and X4 
human immunode!ciency virus type 1 gag sequences in vivo: evidence for recombination. 
Virology 314:451-459.

84. Mild, M., J. Esbjornsson, E.M. Fenyo and P. Medstrand. 2007. Frequent intrapatient 
recombination between human immunode!ciency virus type 1 R5 and X4 envelopes: 
implications for coreceptor switch. J. Virol. 81:3369-3376.

85. Kozak, S.L., E.J. Platt, N. Madani, F.E. Ferro, K. Peden and D. Kabat. 1997. CD4, CXCR-4, 
and CCR5 dependencies for infections by primary patient and laboratory-adapted isolates of 
human immunode!ciency virus type 1. J. Virol. 71:873-882.

86. Platt, E.J., K. Wehrly, S.E. Kuhmann, B. Chesebro and D. Kabat. 1998. Effects of CCR5 and 
CD4 cell surface concentrations on infections by macrophage tropic isolates of human 
immunode!ciency virus type 1. J. Virol. 72:2855-2864.

87. van Rij, R.P., H. Blaak, J.A. Visser, M. Brouwer, R. Rientsma, S. Broersen, A.M. De Roda Husman 
and H. Schuitemaker. 2000. Differential coreceptor expression allows for independent evolution 
of non-syncytium-inducing and syncytium-inducing HIV-1. J. Clin. Invest. 106:1039-1052.



156

In vitro and in vivo coreceptor switch

6

SUPPLEMENTARY MATERIAL

Table A1. Amino acid sequence alignment of gp120 env V2, V3 and V4 of NL4-3.BaL and its in 
vitro evolved CXCR4-using progeny.

Virus 1                                       V2                                         41 1                                  V3                                35  1                                V4                        30

NL4.3-BaL

Experiment 1 1-1          

1-2          

1-3          

Experiment 2 2-1          

2-2          

2-3          

Light grey indicates Potential N-linked Glycosylation Sites (PNGS)      

Table A2. Amino acid sequence alignment of gp120 env of clonal R5 variants of patient 4 and 
their in vitro evolved CXCR4-using progeny

Patient Virus 1                                 V1                               34 1                                             V2                                            45

4 RO-B2

1-1

RO-G1

3-1

RA-H7

4-2

4-3

4-4

4-5

4-6

Patient Virus 1                                  V3                                35

4 RO-B2

1-1

RO-G1

3-1

RA-H7

4-2

4-3

4-4

4-5

4-6
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Table A1. Amino acid sequence alignment of gp120 env V2, V3 and V4 of NL4-3.BaL and its in 
vitro evolved CXCR4-using progeny.

Virus 1                                       V2                                         41 1                                  V3                                35  1                                V4                        30

NL4.3-BaL

Experiment 1 1-1          

1-2          

1-3          

Experiment 2 2-1          

2-2          

2-3          

Light grey indicates Potential N-linked Glycosylation Sites (PNGS)      

Table A2. Amino acid sequence alignment of gp120 env of clonal R5 variants of patient 4 and 
their in vitro evolved CXCR4-using progeny

Patient Virus 1                                 V1                               34 1                                             V2                                            45

4 RO-B2

1-1

RO-G1

3-1

RA-H7

4-2

4-3

4-4

4-5

4-6
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Patient Virus 1                                V4                                  35 1                                      C4                                    39 1                 V5             17

4 RO-B2

1-1

RO-G1

3-1

RA-H7

4-2

4-3

4-4

4-5

4-6

Light grey indicates Potential N-linked Glycosylation Sites (PNGS)
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Patient Virus 1                                V4                                  35 1                                      C4                                    39 1                 V5             17

4 RO-B2

1-1

RO-G1

3-1

RA-H7

4-2

4-3

4-4

4-5

4-6

Light grey indicates Potential N-linked Glycosylation Sites (PNGS)
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ABSTRACT 
CCR5-using (R5) HIV-1 variants predominate early in infection. In 50% of HIV-1 subtype 
B infections, CXCR4-using viruses emerge prior to AIDS diagnosis, preceding an 
accelerated disease progression. Determinants for the emergence of CXCR4-using 
virus variants remain largely unresolved. 

Here we analyzed replication-competent clonal HIV-1 variants and viral RNA from 
serum longitudinally sampled from a donor who had exclusively R5 variants during his 
entire disease course and from his recipient in whom CXCR4-using variants emerged. 

Detailed phylogenetic analysis revealed evolution of CXCR4-using variants from 
the transmitted R5 variants in the recipient. Over time, R5 variants in the donor 
optimized coreceptor use, as re"ected by increasing resistance to inhibition by 
anti-CCR5 antibodies, and increased the number of PNGS and V3 charge of their 
envelopes. Emergence of CXCR4-using variants in the recipient was preceded by a 
selective sweep and an increase in the envelope number of PNGS and V3 charge of 
the R5 viral population, which at the time of establishing infection had an ef!ciency 
of CCR5 use and envelope molecular properties similar to the late stage R5 variants 
from the donor. We conclude that phenotype and envelope molecular characteristics 
of late stage viruses can be preserved upon transmission. The high ef!ciency in CCR5 
use and the more positively charged V3 envelope region of the recently transmitted 
R5 variants may have been instrumental to the emergence of CXCR4-using viruses in 
the speci!c immune environment of the recipient. However, the contribution of viral 
and host factors in this evolutionary process remains to be elucidated. 
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INTRODUCTION
Human Immunode!ciency Virus type I (HIV-1) entry into its target cells is mediated 
by the interaction of the viral envelope protein with CD4 and a coreceptor on the 
target cell surface1-11. The main coreceptors used by HIV-1 in vivo are the chemokine 
receptors CCR5 and CXCR410,12-16.

CCR5-using (R5) viruses predominate in the early stages of HIV-1 infection 
irrespective of the route of transmission17-23 and persist throughout the course of the 
disease24-26. Viruses capable of using CXCR4 emerge in 50% of HIV-1 subtype B infected 
individuals prior to AIDS diagnosis, preceding a more rapid CD4+ T cell decline and 
accelerated disease progression24,26-32. Progression to AIDS in the remaining infected 
individuals occurs in the presence of solely R5 HIV-1 variants16,29,33,34. Throughout the 
course of infection, the biological properties of the R5 viruses commonly evolve33,35-41. 
Indeed, late stage R5 HIV-1 variants show more rapid replication, higher cytopathicity 
and a more ef!cient use of CCR5, the latter re"ected by a decreased sensitivity 
to inhibition by CCR5 antagonists and the ability to use CCR5-CXCR4 chimeric 
coreceptors33,35,37-42. It is currently unknown whether the phenotypic characteristics of 
late stage R5 variants are preserved upon transmission to a new individual and how 
they are affected by the immune system in a new host. 

The predominance of R5 variants early in infection implies a major role for this 
viral phenotype in HIV-1 transmission or in initial dissemination and establishment 
of infection. This is underscored by the fact that individuals who are homozygous 
for a 32 base pair deletion in the CCR5 gene, a mutation that results in a truncated 
CCR5 protein that is not expressed on the cell surface43,44, are relatively resistant to 
HIV-1 infection13,43,45, supporting that establishment of HIV-1 infection by CXCR4-using 
variants is an unlikely event. From the few reported HIV-1 infected individuals with 
a CCR5 #32/#32 genotype, which has a prevalence of about 1% in the Caucasian 
population46,47, only CXCR4-using variants could be isolated48-55 providing formal 
proof that CXCR4-using variants can actually be transmitted. Indeed, CXCR4-using 
variants have been detected in 3-17.2% of recently infected patients56-58, with 
frequencies varying depending on whether a genotypic or a phenotypic assay was 
used to determine viral coreceptor use. In those studies, the earliest sampling ranged 
from 14-183 days after SC, implying that, the detection of CXCR4-using variants early 
in infection in those HIV-1 infected individuals, is either the result of the transmission 
of both R5 and CXCR4-using variants or, in case that there had been selective 
transmission of R5 variants, evolution towards a CXCR4-using phenotype must have 
occurred at least within the !rst two weeks upon infection. 

Several mechanisms, acting at mucosal and non-mucosal level, (reviewed in59) 
have been suggested to be responsible for the selective advantage of R5 viruses 
during HIV-1 transmission and/or initial dissemination, which may contribute to their 
predominance in the early phase of infection. However, those mechanisms neither 
provide an explanation for the exclusive presence of R5 variants early in infection in 
individuals who became infected via needle sharing during injection drug use and 
in whom CXCR4-using variants may eventually emerge60, nor do they explain the 
absence of CXCR4-using variants in some HIV-1 infected individuals in their entire 
disease course.
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Here, we studied HIV-1 evolution in a donor-recipient pair in which the donor 
harbored only R5 variants during his entire course of infection, whereas in the recipient 
CXCR4-using variants eventually emerged. We compared evolutionary rates and dN/
dS ratios based on gp120 envelope sequences, ef!ciency of CCR5 use, and molecular 
characteristics of the gp120 envelope gene of longitudinally obtained R5 variants, and 
in particular from R5 variants obtained prior and after transmission, from donor and 
recipient. With the detailed study of the evolutionary history of this transmission chain 
in relation to the variation of viral phenotype characteristics and envelope molecular 
properties, we attempt to de!ne the role of viral factors and host environment in the 
emergence of CXCR4-using variants.

MATERIAL AND METHODS

Study subjects and samples
Longitudinal cryopreserved peripheral blood mononuclear cells (PBMC) samples from 
two homosexual men (subject 1 (cohort ID:19858) and subject 2 (cohort ID:19308)) 
who participated in the Amsterdam Cohort Studies on HIV-1 infection and AIDS 
(ACS, http://www.amsterdamcohortstudies.org), with an imputed or documented 
seroconversion (SC) date61, respectively, were used for this study. Subject 1 remained 
therapy-naïve while subject 2 received changing antiretroviral therapy (AZT+3TC; 
ddI+d4T+Indinavir) starting at the third-last analyzed time point. Time points studied 
are shown in Table 1. Longitudinal data on CD4 counts and plasma viral load are 
shown in Figure 1. 

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 from all cohort participants. 

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 cryopreserved patient PBMC with PHA-stimulated PBMC from HIV-1 
seronegative donors as described previously24,62. From each time point, a median 
of 6 clonal HIV-1 variants (range, 4-15) was subjected to DNA isolation, PCR and 
sequencing (Table 1).  

DNA isolation, PCR and env gp120 C1-V5 sequencing from 
replication-competent clonal HIV-1 variants from PBMC
Total DNA was isolated from 0.5-1 x 10 6 HIV-1 infected cells using a modi!cation of the 
L6 isolation method63. Gp120 env PCR ampli!cation was performed with one outer PCR 
with primers TB3 forward (5’-GGCCTTATTAGGACACATAGTTAGCC-3’) and OFM19 
reverse (5’-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3’) and a nested PCR with 
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 
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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 gp120 C1-V5 region corresponding to HXB2 nucleotide positions 
6465 to 7636 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’-GTCAACTCAACT-
GCTGTTAAATGGC-3’) and Seq2 reverse (5’-TCCTTCATATCTCCTCCTCCAGGTC-3’). 
Sequences were analyzed on the 3130 xl Genetic Analyzer (Applied Biosystems).  

Table 1. Study subjects, time points, number of sequences analyzed and number of clonal HIV-1 
variants tested for sensitivity to anti-CCR5 monoclonal antibodies.

Cohort 
ID Subject

Sampling 
time after 

SC or 
imputed 
SC date* 
(months)

Time to X4
emergence a

(months)

Time since
 SC of the 

donor
(months)

Serum Clon.a.l HIV-1 variants

Nr. of 
sequences

Nr. of 
sequences

Sensitivity 
to anti-CCR5 
antibodiesb

R5 X4 R5 X4 R5

19858 1 (donor) 40* 2 6 4

66* 5 5 3

90* 5 4 5

% 111* % 4 % 6 % 4

19308 2 (recipient) 3 -36 101 n.a. n.a. 6 0 5

8 -31 105 13 0 n.a. n.a. n.a.

26 -13 124 13 0 n.a. n.a. n.a.

28.8 -10.2 126.6 n.a. n.a. 4 0 2

29.4 -9.6 127.2 10 2 n.a. n.a. n.a.

37 -2 134 12 2 n.a. n.a. n.a.

41 2 139 9 5 8 7 5

50 11 148 5 7 n.a. n.a. n.a.

53 14 151 4 12 4 11 4

% % 59 20 156 11 4 n.a. n.a. n.a.

a Time to emergence of CXCR4-using viruses (X4) (estimated date between last negative and !rst 
positive MT-2 test). 
b Number of clonal HIV-1 variants tested for sensitivity to anti-CCR5 monoclonal antibodies.
R5: Predicted and/or in vitro tested CCR5 use. 
X4: Predicted and/or in vitro tested CXCR4 use. 
n.a.: Non-aplicable.
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RNA isolation from serum, RT-PCR, PCR ampli!cation, molecular 
cloning of multiple PCR products and sequencing of env gp120 
C2-C4
Env gp120 C2-C4 sequences from viral RNA in serum from subject 1 and 2 were 
available from an earlier study (Rachinger et al, manuscript submitted for publication). 
HIV-1 RNA isolation from serum samples, cDNA synthesis, molecular cloning of 
multiple PCR products and sequencing of env gp120 C2-C4 PCR products (549 
nucleotides, corresponding to HxB2 envelope nucleotide positions 811-1290) was 
performed as described previously64. From each time point a median of 3 C2-C4 env 
(range, 1-5) PCR products was generated and cloned. A median of 13 env gp120 
C2-C4 env (range, 2-16) sequences was generated per time point (Table 1).

Prediction and determination of coreceptor use
The two study participants were routinely tested at approximately 3-monthly intervals 
for the presence of replication-competent CXCR4-using HIV-1 variants in PBMC using 
the MT-2 assay65. 

CCR5 and CXCR4 coreceptor use of replication-competent clonal HIV-1 variants 
at the time points under study was determined by testing the ability of the virus to 
replicate in MT-2 cells62, U87.CD4.CCR5 cells and U87.CD4.CXCR4 cells, as described 
previously16. V3 sequence based prediction tools (Position Speci!c Scoring Matrix 
(PSSMNSI/SI))

66 and the geno2pheno[coreceptor] method (FPR=5%)67 were used to con!rm 
the coreceptor use of the replication-competent clonal HIV-1 variants and to predict 
coreceptor use of sequences derived from viral RNA in serum. 

Phylogenetic and molecular clock analysis
Nucleotide sequences were aligned using ClustalW (BioEdit v.7.0.9,68) and edited 
manually.

A Maximum Likelihood (ML) tree was reconstructed from published and unpublished 
env gp120 C2-C4 sequences from ACS participants, merged with an international 
panel of highly related, but not epidemiologically linked sequences (downloaded from 
the Los Alamos database). The best-!t nucleotide substitution model (TVM+I+G), 
selected by hierarchical likelihood tests (hLRTs, Modeltest v3.769) was implemented in 

Figure 1. CD4 counts and plasma viral load during follow-up of subject 1 (donor) and subject 
2 (recipient).



167

HIV-1 evolution in a donor-recipient pair

7

the heuristic search for the best ML tree applying NNI (nearest-neighbor-interchange) 
branch-swapping algorithm using PAUP*4.070, starting with a Neighbor-Joining (NJ) 
tree constructed under the Hasegawa-Kishino-Yano (HKY85) model of evolution71. The 
resulting ML tree was rooted with the earliest sequence available and displayed with 
Dendroscope72. Statistical support for nodes was generated using NJ bootstrapping 
(1000 repeats). 

Subsequently, ML and Bayesian MCMC analysis were performed on the alignment 
of env gp120 C1-V5 sequences derived from clonal HIV-1 variants from subjects 1 and 
2 (alignment A), and on a set of env gp120 C2-C4 sequences derived from viral RNA 
in serum aligned to the clonal HIV-1 variants but trimmed to the length of the C2-C4 
region (alignment B). ML phylogenies were reconstructed using PAUP*, applying 
the best-!t nucleotide substitution model and the TBR (tree-bisection-reconnection) 
branch-swapping algorithm. The ML trees were rooted using one sequence of the 
earliest time point from subject 1. Bayesian phylogenetic reconstruction was performed 
using Markov Chain Monte Carlo (MCMC) analysis implemented in BEAST v1.5.473. 
BEAST focuses on rooted, time-measured phylogenetic trees with a coalescent prior. 
We applied a general time-reversible (GTR) model of nucleotide substitution with 
gamma-distributed rate variation among sites, a lognormal relaxed clock model74 
and a "exible Bayesian skyride tree prior75. MCMC chains were run suf!ciently long 
(100 million generations) to ensure stationarity and adequate effective sample sizes 
as diagnosed using Tracer (http://tree.bio.ed.ac.uk/software/tracer/). Maximum clade 
credibility (MCC) trees were annotated using TreeAnotator and visualized with FigTree 
(http://tree.bio.ed.ac.uk/software/!gtree/). 

To compare evolutionary rates of viruses between subject 1 and subject 2, 
Bayesian MCMC analysis was performed on the env gp120 C1-V5 sequences from 
clonal HIV-1 variants for each patient separately. For subject 2, an additional analysis 
was performed solely on the clonal R5 variants sequences. BEAST MCMC analyses 
were run applying both a strict and a lognormal relaxed clock model and using the 
same substitutions models as mentioned above (chain length 200 million); models 
were compared using Bayes factor testing76. 

Selective pressure analysis
To quantify the differences in selective pressure between HIV-1 variants from subject 1 
and 2, and between the R5 and CXCR4-using variants within subject 2, we estimated 
synonymous/non-synonymous substitution rate ratios (dN/dS) using codon substitution 
models implemented in the codeml program from the PAML package77,78. Speci!cally, 
we !tted different models that allow dN/dS to vary among lineages79. Our comparison 
included a model that assumes a single dN/dS for lineages from subject 1 and 2 
(Model A), a model that speci!es a different dN/dS for subject 1 and 2 (Model B) and 
a model that allows a different dN/dS for subject 1, the subject 2 R5 variants clade 
and the subject 2 CXCR4-using variants clade (Model C). Analyses were performed 
on alignment A and nested models were compared using the likelihood ratio test79.

To investigate the accumulation of synonymous and non-synonymous substitutions 
over time, we also estimated branch lengths for the MCC phylogeny of subject 1 and 
2 based on alignment A in expected synonymous (E[S]) and nonsynonymous (E[N]) 
substitutions using a local codon model implemented in HyPhy80,81. We subsequently 
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plotted E[S] and E[N] root-to-tip divergences using Path-o-gen (http://tree.bio.ed.ac.
uk/software/pathogen/).

Sensitivity of HIV-1 to anti-CCR5 monoclonal antibodies mediated 
inhibition in a PBMC-based assay 
PBMC from 3 to 4 different healthy seronegative blood donors were isolated by 
Ficoll-Isopaque density gradient centrifugation and stimulated for 3 days in Iscove’s 
Modi!ed Dulbecco’s Medium (IMDM, Lonza) supplemented with 10% fetal calf serum 
(FCS; Hyclone), 1 g/ml phytohemaglutinin (PHA;Welcome), 100U/ml Penicillin and 
100 &g/ml Streptomycin (Pen/Strep;Gibco Brl), 5 g/ml Ciproxin (Bayer) in a culture 
"ask at a cell density of 5x106/ml. In a 96-well tissue culture plate, a !nal inoculum of 
35 TCID50 (50% tissue culture infectious dose) was used to infect 1x105 PHA-stimulated 
PBMC previously incubated for 1h at 37˚C with threefold serial dilutions of monoclonal 
antibody (MAb) RoAb13 or RoAb952 (highest concentration = 30µg/ml)82, kindly 
provided by Dr. Andreas Jeckle (Roche).  Cultures were incubated for one week at 
37˚C and 10% CO2. A median of 5 clonal HIV-1 variants (range, 2-6) were tested per 
time point (Table 1); each clonal HIV-1 variant was tested in triplicate. On day 7, a third 
of the culture was transferred to a new plate containing 1x105 new PHA-stimulated 
PBMC per well. Virus production in culture supernatants at days 7 and 11 was analyzed 
using an in-house p24 antigen capture enzyme-linked immunosorbent assay (ELISA)83. 
The percent inhibition was calculated by determining the reduction in p24 production 
in the presence of the antibody as compared to the cultures that lacked antibody. 50% 
inhibitory concentrations (IC50) were determined by linear regression.

Analysis of envelope molecular properties
Potential N-linked Glycosylation Sites (PNGS) were identi!ed using N-Glycosite84 at 
the HIV database website (http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/
glycosite.html). Charge 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. 

Statistical analysis
Statistical analyses were performed in SPSS 16 software package. Longitudinal 
changes in sensitivity to anti-CCR5 MAbs Rob13 and RoAb952, in charge and PSSM 
score of the gp120 V3 region and in number of PNGS in gp120 C1-V5, were assessed 
using a Kruskal-Wallis test. Differences in sensitivity to anti-CCR5 MAbs Rob13 and 
RoAb952, in charge and PSSM score of the gp120 V3 region and in number of PNGS 
in gp120 C1-V5, between two different time points were evaluated using the Mann-
Withney U test.
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RESULTS

Phylogenetic analysis of env sequences demonstrates HIV-1 
transmission from an HIV-1 infected individual with R5 variants only, 
to an individual in whom eventually CXCR4-using HIV-1 variants 
developed
A Maximum likelihood (ML) phylogenetic tree based on env gp120 C2-C4 sequences 
from 103 participants of the ACS merged with a highly-related but not epidemiologically 
linked international reference panel of 148 sequences, revealed well-supported 
clustering of subject 1 and subject 2 derived sequences (data not shown). Moreover, 
sequences from subject 2 were nested in a larger cluster of sequences that were 
exclusively derived from subject 1 (both clusters supported by bootstrap analysis), 
suggesting that direct HIV-1 transmission had occurred from subject 1 to subject 2. 
Interestingly, routine testing using the MT-2 assay for the presence of CXCR4-using 
variants in subject 1, the potential donor, never yielded a positive test, suggestive of 
the absence of CXCR4-using variants, while subject 2, the potential recipient, tested 
positive in the MT-2 test at 3.4 years after seroconversion. 

To explore in more detail the HIV-1 evolutionary history in these two subjects 
and the origin of CXCR4-using variants in the recipient, we performed ML as well 
as Bayesian MCMC analysis of the two subject’s viral env sequences. The ML tree 
(Supplementary Figure A1A) and the Bayesian maximum clade credibility (MCC) tree 
(Figure 2A) topologies for the alignment of env gp120 C1-V5 sequences reconstructed 
from clonal HIV-1 variants (alignment A) supported a single transmission event from 
donor to recipient, showing a temporal structure of sequences and monophyletic 
clustering of the recipient sequences, which branched off from late donor sequences. 
Moreover, the phylogenies also demonstrated monophyletic clustering of the recipient’s 
CXCR4-using variants sequences, which descended from his R5 variants. The ML tree 
(Supplementary Figure A1B) and Bayesian MCC tree (Figure 2B) topologies for the 
shorter alignment of env gp120 C2-C4 sequences derived from clonal HIV-1 variants 
and viral RNA in serum (alignment B) also showed a temporal structure of sequences. 
However in these trees, recipient sequences did not cluster monophyletically, as 
single donor sequences (three in ML tree, !ve in MCMC tree) from later time points 
fell within the recipient’s cluster. Additionally, the majority of sequences with predicted 
and/or in vitro tested CXCR4 use of the recipient were part of a main CXCR4-using 
sequence cluster but three of them constituted a separate cluster. Interestingly, these 
three sequences were derived from serum at 10 or 2 months before the estimated 
date of emergence of CXCR4-using variants and provided discordant results by the 
V3 coreceptor prediction methods. This may imply that these viral variants from serum 
were intermediates between CCR5- and CXCR4-using viruses that failed to produce 
replication-competent progeny. This was further supported by the absence of viral 
descendants from these three virus variants. In conclusion, the most informative 
alignment (alignment A) clearly supports a single transmission event from donor to 
recipient. Due to lower evolutionary information, the shorter alignment B did not yield 
accurate reconstructions of the phylogenetic relationships. However, the clustering of 
donor sequences from late time points with recipient sequences from early time points 
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Figure 2. Maximum clade credibility trees summarizing the Bayesian MCMC analysis of the 
heterochronous env sequences. A: The tree includes env gp120 C1-V5 sequences derived from 
clonal HIV-1 variants isolated from peripheral blood mononuclear cells (PBMC). B: The tree 
includes env gp120 C2-C4 sequences derived from clonal HIV-1 variants isolated from PBMC 
and env gp120 C2-C4 sequences generated from viral RNA isolated from serum. Black: clonal R5 
variants sequences of the donor; dark grey: clonal R5 variants sequences of the recipient; light 
grey: clonal CXCR4-using variants from the recipient. Numbers represent posterior probabilities. 
A time scale in months is indicated below. SC: seroconversion.

further underscores the high sequence similarity between viral populations isolated 
from subject 1 and 2, and hence their close genetic relationship.      

Bayesian MCMC analysis based on env gp120 C1-V5 sequences from clonal HIV-1 
variants (alignment A) estimated time to the most recent common ancestor (TMRCA) 
of the recipient at 98 (95% credible intervals (CI) = 93.9-99.8) months after SC of the 
donor. This estimate dates the TMRCA for the recipient, which puts a lower bound on 
date of HIV-1 transmission, back to  around 12 July 1991, which corresponds to the SC 
date of the recipient (14 july 1991). 

Evolutionary rate of HIV-1 variants from donor and recipient 
The mean evolutionary rate in the HIV-1 transmission chain was estimated to be 
0.00012 (95% CI = 0.0009-0.0015) substitutions per site per month for the env gp120 
C1-V5 sequences (alignment A), but the coef!cient of variation (0.44 (95% CI = 
0.22-0.71)) indicated considerable rate variation among branches, which justi!es the 
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use of a relaxed clock for the transmission history. To assess whether evolutionary 
rates were different between HIV-1 variants in the donor and in the recipient, we 
performed Bayesian MCMC analysis of the clonal HIV-1 variants sequences for each 
patient separately. For subject 2, we also performed an additional analysis solely on 
the clonal R5 variants sequences. Bayes factor testing indicated that a strict clock 
provided a good !t for subject 1, but a relaxed clock appeared to be more appropriate 
for subject 2 (for all clonal HIV-1 variants sequences as well as clonal R5 variants 
sequences separately, data not shown). For both the strict and relaxed clock estimates 
(Figure 3), the mean evolutionary rate of the donor’s R5 variants sequences was 1.6-
fold lower than the estimated evolutionary rate of the recipient’s R5 and CXCR4-using 
variants sequences. However, the differences were less pronounced when the mean 
evolutionary rate of the donor’s R5 variants sequences was compared to the mean 
evolutionary rate of the recipient’s R5 variants sequences (1.3 and 1.4-fold difference 
for strict and relaxed clock estimates, respectively) and credible intervals were even 
more broadly overlapping.

Estimation of dN/dS ratios of HIV-1 variants from donor and 
recipient
To estimate dN/dS ratios, three different models were !tted to the alignment of 
donor and recipient env gp120 C1-V5 sequences derived from clonal HIV-1 variants 
(alignment A): model A (a single dN/dS ratio for all branches), model B (separate dN/
dS ratios for branches in the donor and recipient clade) and model C (separate dN/
dS ratios for branches in the donor clade, in the recipient R5 variants clade and in the 
recipient CXCR4-using variants clade) (Table 2). Likelihood ratio testing revealed that 
Model B provided a signi!cantly better !t to the data than the simpler single ratio 
model (Model B, p=0.012, and that Model C did not provide any improvement in 
!t respect to Model 2 (p=0.391). Although dN/dS ratios for both subjects were < 1 
under model B, indicating predominantly negatively selection, the higher dN/dS ratio 
in the recipient compared to the donor may be attributed to more neutral evolution in 

Figure 3. Mean evolutionary rate 
estimates of clonal HIV-1 variants 
from donor and recipient. 
Bayesian MCMC analysis was 
performed on the env gp120 
C1-V5 sequences from clonal 
HIV-1 variants from donor (D(R5)), 
from clonal HIV-1 variants from 
recipient (R(R5+X4)) and from 
clonal R5 variants from recipient 
(R(R5)), separately, under both 
strict and relaxed clock. R5: clonal 
R5 variants; X4: clonal CXCR4-
using variants. Mean evolutionary 
rate estimates (nucleotides sub-
stitutions per site per month) and 
95% credible intervals are shown.
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general or a bout of positive selection in the viral evolutionary history in this subject. 
Given that Model 3 did not lead to a better !t, we cannot conclude any difference in 
dN/dS between R5 and CXCR4-using sequence clades and that selection pressure on 
the CXCR4-using viral population, although contributing to the overall dN/dS ratio 
for the recipient, it is not solely responsible for the differences with the dN/dS ratio 
of the donor. 

To examine in more detail the differences observed in dN/dS ratio estimates 
between donor and recipient, we estimated the branch lengths of the MCC tree 
for alignment A in expected synonymous (E[S]) and nonsynonymous (E[N]) changes 
using a codon model that allows for a different synonymous and nonsynonymous 
substitution rate along each branch (a ‘local’ codon model81) (Supplementary Figures 
A2 A and B). We subsequently plotted E[S] and E[N] divergence over time in Figure 4. 
A marked increase in E[N] could be observed between the !rst and second sampling 
time point of the recipient (101 and 126.6 months since SC of the donor, respectively), 
whereas the E[S] increase remains fairly monotonous in both the donor and recipient. 
In fact, between this points the E[N] divergence exceeds the E[S] divergence whereas 

Table 2. dN/dS estimates

Model Branch set dN/dS Likelihood LRT comparison  and p

Model A D & R(R5+X4) 0.67 -5017.9

Model B D 0.54
-5014.7 ModelA vs ModelB 6.37 

(p=0.012)% R (R5+X4) 0.88

Model C D 0.54

-5014.3 ModelA vs Model 0.74 
(p=0.391)R (R5) 0.82

% R (X4) 1.12

D: donor; R: recipient; R5: branches for clonal R5 variants sequences; X4: branches for clonal 
CXCR4-using variants sequences; dN/dS: non-synonymus/synonymus rates ratio; LRT: Likelihood 
Ratio Test; D represents twice the log likelihood difference between the simple and more complex 
model and p represents the probability that D would be obtained under the simple model (for 
one degree of freedom, the chi-square cut-off is 3.84 at the 0.05 signi!cance level).

Figure 4. Root-to-tip divergence 
based on MCC branch lengths 
estimated in expected Nonsyn-
onymous (E[N]) and Synonymous 
Substitutions (E[s]) for clonal 
HIV-1 variants from donor and 
recipient. White-!lled symbols 
and black lines represent donor 
divergences whereas grey-!lled 
symbols and grey lines represent 
the recipient divergences. Lines 
represent moving averages for 
E[S] (dotted lines) and E[N] (full 
lines).
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they both keep a roughly similar pace during the evolutionary history in general. 
This is a clear signal for a selective sweep between these time points. The E[N] and 
E[s] trees also show that while there is a long branch between these time points in 
the E[N] tree, there is hardly any divergence in the E[S] tree. This suggests that the 
increase in E[N] between the !rst two time points of the recipient is responsible for the 
higher dN/dS in the donor as compared to the recipient. The fact that this selection is 
restricted to the time between these time points explains why the evolutionary rate is 
only moderately faster in general between donor and recipient and why dN/dS is not 
particularly higher for the CXCR4-using variants.

CCR5 use of R5 variants from donor and recipient 
In order to determine the ef!ciency of CCR5 use of R5 variants, before and after 
transmission, we tested the sensitivity of longitudinally obtained R5 variants from 
donor and recipient to two anti-CCR5 monoclonal antibodies directed against the 
CCR5 N-terminal domain (MAb Rob13) and the second extracellular loop (ECL2) of 
CCR5 (MAb RoAb952). A minimum of two and a maximum of six R5 variants per time 
point were tested (Table 1). 

R5 variants from the donor showed an increasing resistance to MAb Rob13-
mediated inhibition overtime (Figure 5A), as shown by a signi!cant increase in IC50 
values per time point (P = 0.012), but not to MAb RoAb952-mediated inhibition (Figure 
5B). However, we did observe a trend towards higher IC50 values of MAb RoAb952 for 
R5 variants from the later time point (111 months after SC; average IC50 (ng/ml) = 
850.8±724.8) as compared to R5 variants isolated at earlier time points ((40, 66 and 90 
months after SC; average IC50 (ng/ml) = 138±102.3); P = 0.0685)). 

A decrease in IC50 values between R5 variants isolated at the !rst time point and at 
later time points from the recipient was observed for the two anti CCR5 MAbs (Figure 
5A, B), although these differences did not approach statistical signi!cance.  

R5 variants from donor and recipient isolated close to the transmission event 
showed similar sensitivity to inhibition by the two MAbs (Figure 5A, B), as there were 
no signi!cant differences between IC50s of the earliest R5 variants from the recipient 
and IC50s of R5 variants isolated from the donor prior (90 months after SC) and after 
(111 months after SC) the transmission event (98 months after SC). This leads us to 
conclude that these variants used CCR5 with the same ef!ciency. 

Envelope molecular properties of HIV-1 variants from donor and 
recipient 
Variation in charge and PSSM score of the env gp120 V3 region and in number of 
Potential N-linked Glycosylation Sites (PNGS) of the env gp120 C1-V5 region was 
studied, over the course of infection, for R5 variants from the donor and for R5 and 
CXCR4-using variants from the recipient.

The charge of the V3 regions for R5 variants from both donor and recipient 
increased over time (P = 0.03 and P = 0.032 respectively; Figure 6A) but was always 
lower than for CXCR4-using variants of the recipient. Whereas no change in PSSM 
score was observed for R5 variants from the donor, PSSM score for the R5 variants 
from the recipient signi!cantly increased over time (P < 0.0001; Figure 6B). R5 variants 
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isolated at the last three time points from the recipient had overall more positively 
charged V3 regions and higher PSSM score than R5 variants from the donor (P < 
0.0001 in both cases).

An overall increase in number of PNGS over time was observed in R5 variants of 
both patients (P = 0.031 and P = 0.002 respectively; Figure 6C). For R5 variants of 
the recipient, this increase was more pronounced, reaching the maximum peak at the 
second time point, after which a decrease in number of PNGS was observed in both 
R5 and CXCR4-using variants. 

The V3 charge for the earliest R5 variants from the recipient was similar to the V3 
charge for the R5 variants isolated from the donor prior (90 months after SC) and after 
(111 months after SC) the transmission. PSSM score between the earliest R5 variants 
from the recipient and the R5 variants from the donor isolated prior (90 months after 
SC) transmission was similar, but PSSM score of the R5 variants isolated from the 
donor isolated after (111 months after SC) transmission was signi!cantly higher than 
for the earliest R5 variants of the recipient. Moreover, the number of PNGS was also 
similar for the earliest R5 variants from the recipient and the genetically most related 

Figure 5. Susceptibility to anti-CCR5 monoclonal antibodies mediated inhibition of longitudi-
nally obtained clonal R5 variants from donor and recipient. Geomean IC50 values and standard 
deviation per time point are shown. aP-value for Kruskal-Wallis test for donor. A: susceptibility to 
Rob13 monoclonal antibody; B: susceptibility to Rob952 monoclonal antibody; IC50: 50% inhibi-
tory concentration; SC: seroconversion.

Figure 6. Envelope molecular properties from viral populations from donor and recipient during 
disease course. A: average charge and standard deviation of the gp120 V3 region; B: average 
PSSM score and standard deviation of the gp120 V3 region; C: average number of PNGS and 
standard deviation in gp120 C1-V5; aP-values for Kruskal-Wallis test for donor; bP-values for Krus-
kal-Wallis test for recipient; *Mann-Withney U test; SC: seroconversion.
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R5 variants from the donor, which according to the phylogenetic analysis (Figures 2A 
and Supplementary Figure A1A), were the variants isolated after the transmission (111 
months after SC). However, the number of PNGS of the earliest R5 variants from the 
recipient was lower than in R5 variants isolated from the donor prior the transmission 
event (90 months after SC).

DISCUSSION
The predominance of R5 HIV-1 variants early in infection as a result of the selective 
transmission of R5 variants is still object of debate and the origin of CXCR4-using 
HIV-1 variants is not yet understood. Emergence of CXCR4-using viruses might either 
re"ect (re-)appearance of these viral variants from a reservoir that was established at 
the time of infection85 or de novo evolution from R5 viruses59,86-88. The !rst scenario 
assumes transmission of both R5 and CXCR4-using variants, with preferential 
expansion of R5 variants and preservation of replication-competent CXCR4-using 
variants in body compartments outside the peripheral blood during the initial stage 
of infection. The second scenario, on the contrary, implies the selective transmission 
and/or initial outgrowth of R5 variants, which may acquire the ability to use CXCR4 
through evolution. 

Here, we had the unique opportunity to study in detail HIV-1 transmission from 
an individual who only harbored R5 variants during his entire disease course, to an 
individual in whom CXCR4-using variants emerged after a 3.4 year-period during 
which only R5 variants were detected. Transmission of R5 variants from donor to 
recipient appeared to be the result of a single transmission event as supported by 
phylogenetic analysis. The possibility that both R5 and CXCR4-using variants were 
transmitted was unlikely as CXCR4-using variants remained undetected in PBMC and 
serum of the donor during his entire follow-up in the ACS, which lasted from 2.8 
until 11.7 years after SC. Moreover, phylogenetic analysis showed that CXCR4-using 
variants that emerged in the recipient descended from the transmitted and initially 
expanded R5 viral population. In conclusion, our data suggest that emergence of 
CXCR4-using variants in the recipient was not caused by the re-activation of a viral 
reservoir established soon after infection, but by evolution from the transmitted and 
continuously evolving R5 variants in this individual. 

The selective forces playing a role in the emergence of CXCR4-using variants are 
still not clearly de!ned and there is currently no explanation for the absence of those 
variants during the entire disease course of some HIV-1 infected individuals. Although 
our study describes only a single transmission pair with differential evolution of HIV-1 
coreceptor usage, we highlight evolutionary, phenotypic and clinical parameters that 
may be associated with the emergence of CXCR4-using variants in the recipient. 
Detailed analysis of selection pressure revealed a selective sweep during the !rst two 
time points after transmission in the recipient, whereas selection pressure varied at a 
similar pace in donor and recipient at other time frames of the evolutionary history 
of this transmission chain. The higher ratio of nonsynonymus versus synonymous 
substitution rates (dN/dS) for the viruses of the recipient, which could not be explained 
by positive selection on the CXCR4-using variants population, can thus be attributed 
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to this speci!c period (approximately within the !rst 2.4 years after transmission) of 
stronger positive selection in the recipient. The fact that positive selection in the 
recipient is restricted to this time range also explains that viral evolutionary rate, 
which is the resultant of the viral mutation rate, viral generation time and the selective 
pressure acting on the virus, in the recipient is only moderately faster than in the 
donor. In addition, whilst optimization of CCR5 use was observed over time in the 
donor, already the earliest recipient’s R5 variants displayed an ef!ciency of CCR5 use 
that was similar to the late R5 variants of the donor, which were isolated close to 
the moment of transmission, and maintained this phenotype during the follow-up 
time of 4 years. Interestingly, donor and recipient were also different with respect to 
clinical parameters. While the donor had a median CD4 count of 760 cells/µl (range: 
1490-420) with a median viral load (VL) of 103,5 copies/ml (range: 103-103,9) during the 
follow-up period spanning 2.8-7 years after SC, the recipient had a median CD4 count 
of 405 cells/µl (range: 660-260) with median VL of 104,5 copies/ml (range: 104,3-104,8) 
already during the !rst 3.3 years of infection, before the emergence of CXCR4-using 
variants (Figure 1). The lower CD4 counts and higher VL at early disease stage in the 
recipient could be secondary to the ef!cient CCR5 use of the R5 virus population 
that initiated the infection in the recipient. Alternatively or in addition, it could re"ect 
intrinsic characteristics of the recipient’s immune system: lower target cell availability 
from the beginning of the infection could at least partially explain the stronger 
selection pressure exerted against the viruses of the recipient during the !rst 2.4 years 
of infection. 

Given the high mutation rate and rapid replication dynamics of HIV-1, and 
considering that only few amino acid changes in the envelope V3 region are suf!cient for 
a switch from CCR5 to CXCR4 coreceptor use89-95, emergence of CXCR4-using variants 
– if bene!cial for the virus - would be expected to occur rapidly and relatively early in 
the course of infection in every patient. However, absence of CXCR4-using variants 
during the entire disease course is observed in some HIV-1 infected individuals29,96 and 
in the individuals in whom those variants emerge, this generally does not occur at an 
early disease stage. The decreased replication rate, reduced coreceptor ef!ciency and 
high susceptibility to neutralizing antibodies97-99 of intermediate variants, suggest that 
the transition from CCR5- to CXCR4-usage involves a stage of reduced viral !tness. 
Therefore, it cannot be excluded that additional, compensatory mutations, most likely 
context dependent, are required to create the background in which the essential V3 
region mutations indeed result in a successfully replicating CXCR4-using HIV-1 variant. 
In our study, the transmitted R5 variants, as a result of adaptation to the environment 
of the donor, may have had already a backbone with part of the mutations required 
for the transition to a CXCR4-using phenotype and evolution simply continued in the 
recipient. Indeed, the gp120 envelope V3 regions of late R5 variants from the recipient 
were overall more positively charged than of R5 variants from the donor and had 
higher PSSM scores. Given that the V3 region of a CXCR4-using envelope is generally 
more positively charged than in a CCR5-using envelope89,90,100,101 and it has a higher 
PSSM score66, this may indicate that the envelope composition of the recipient’s R5 
viruses may have been more similar to the one of a CXCR4-using virus. The fact that 
emergence of CXCR4-using variants was not observed in the last follow-up time point 
of the donor (2.5 years after the last time point studied), implies that the recipient’s 
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environment played a role on the acquisition of CXCR4 use of those R5 variants 
potentially more prone to switch. We previously demonstrated an increasing incidence 
of CXCR4-using HIV-1 variants when CD4 counts had dropped below 500 cells/µl96 
which suggested that host immune surveillance may counteract the development of 
these viruses. In this perspective, the maintenance of a functioning immune system 
for a longer period in the donor, as re"ected by his higher CD4 counts, may help to 
explain the absence of CXCR4-using variants in this patient.

We also observed an initial increase in PNGS in the viral envelope sequences of R5 
variants from donor and recipient. This may re"ect the continuous viral escape from 
the autologous humoral immune response in the host102-108. Given that this increase in 
PNGS is much more pronounced between the !rst two time points of the recipient and 
this coincides with a time frame of strong positive selection, it seems most likely caused 
by humoral immune pressure. We hypothesize that the envelope changes associated 
with the increased ef!ciency of CCR5 use may impose the exposition of envelope 
regions targeted by the antibody response, making the virus more vulnerable to 
particular immune responses. As a result viruses may be selected for a denser glycan 
shield that can occlude these regions. This is further supported by the observation that 
this period of selective sweep in the recipient coincided with an increase, albeit not 
statistically signi!cant, in sensitivity to anti-CCR5 MAbs, which suggests that immune 
escape occurred at the expense of the ef!ciency of CCR5 use. In the recipient, the 
decrease in PNGS in both R5 and CXCR4-using variants later in the course of infection 
could be a consequence of a declining humoral immune pressure, the latter being a 
sign of the impairment of the immune system, which, as discussed before, might be 
one of the factors favouring the emergence of CXCR4-using variants. 

Our data also showed that R5 HIV-1 variants from a recently infected individual 
utilized CCR5 with similar ef!ciency and had similar envelope molecular properties as 
the late R5 variants from the donor, who at the time of transmission was chronically 
infected. This suggests that adaptations that support virus replication, ef!cient target 
cell infection and evasion from the host immune response can be preserved upon 
transmission, which may contribute to the evolution of HIV-1 phenotype at a population 
level109-111. The notion that the acute phase of HIV-1 infection is associated with an 
increased risk of transmission relative to chronic infection and that transmission during 
this early phase plays a pivotal role in HIV-1 spread112-117 could however explain why 
the adaptation of HIV-1 at a population level seems to be a slow process. 

Although our study is based on a single transmission case, we have shown here 
de novo evolution of CXCR4-using variants from transmitted R5 variants. Emergence 
of CXCR4-using variants in the recipient was associated with an R5 viral population 
subjected to a selective sweep after transmission, with an ef!ciency of CCR5 use similar 
to the late stage R5 variants from the donor and with an envelope with more positively 
V3 charged region. These viral characteristics, which are at least partly the result of 
the recipient’s host selective pressure on the transmitted HIV-1 variants adapted to 
the former’s host environment, may have been instrumental to the emergence of 
CXCR4-using viruses under the speci!c conditions of the new host environment. 
However, given both the characteristics of the viral lineage establishing infection and 
host environment differed in our study, the interplay of viral and host factors on this 
evolutionary process remains to be further elucidated. 
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SUPPLEMENTARY MATERIAL

Figure A1. Maximum Likelihood trees of heterochronous env sequences. A: The tree includes 
env gp120 C1-V5 sequences derived from clonal HIV-1 variants isolated from peripheral blood 
mononuclear cells (PBMC). B: The tree includes env gp120 C2-C4 sequences derived from clonal 
HIV-1 variants isolated from PBMC and env gp120 C2-C4 sequences generated from viral RNA 
isolated from serum. Black: clonal R5 variants sequences of the donor; dark grey: clonal R5 
variants sequences of the recipient; light grey: clonal CXCR4-using variants sequences of the 
recipient. Numbers indicate bootstrap values. The scale bar (horizontal line) indicates branch 
length corresponding to nucleotide substitutions per site. SC: seroconversion.
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Figure A2. Maximum credibility trees for clonal HIV-1 variants from donor and recipient with 
branch lengths in Expected Synonymous (E[s]) and Nonsynonymous (E[N]) Substitutions.  A: 
E[S] MCC tree based on env gp120 C1-V5 sequences derived from clonal HIV-1 variants; B: E[N] 
MCC tree based on env gp120 C1-V5 sequences derived from clonal HIV-1 variants. Black: clonal 
R5 variants sequences of the donor; dark grey: clonal R5 variants sequences of the recipient; 
light grey: clonal CXCR4-using variants sequences of the recipient. The scale bar (horizontal 
line) indicates branch length corresponding to E[S] or E[N] substitutions per site respectively. SC: 
seroconversion.
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ABSTRACT
The emergence of CXCR4-using human immunode!ciency virus type 1 (HIV-1) 
variants is associated with accelerated disease progression. CXCR4-using variants 
are believed to evolve from CCR5-using variants, but due to the extremely low 
frequency at which transitional intermediate variants are often present, the kinetics 
and mutational pathways involved in this process have been dif!cult to study and 
are therefore poorly understood. Here, we used ultra-deep sequencing of the V3 
loop of the viral envelope in combination with the V3-based coreceptor prediction 
tools PSSM NSI/SI  and geno2pheno[coreceptor] to detect HIV-1 variants during the transition 
from CCR5- to CXCR4-usage. We analyzed PBMC and serum samples obtained from 
eight HIV-1-infected individuals at three-month intervals up to one year prior to 
the !rst phenotypic detection of CXCR4-using variants in the MT-2 assay. Between 
3,482 and 10,521 reads were generated from each sample. In all individuals, V3 
sequences of predicted CXCR4-using HIV-1 were detected at least three months 
prior to phenotypic detection of CXCR4-using variants in the MT-2 assay. Subsequent 
analysis of the genetic relationships of these V3 sequences using minimum spanning 
trees revealed that the transition in coreceptor usage followed a stepwise mutational 
pathway involving sequential intermediate variants, which were generally present at 
relatively low frequencies compared to the major predicted CCR5- and CXCR4-using 
variants. In addition, we observed differences between individuals with respect to 
the number of predicted CXCR4-using variants, the diversity among major predicted 
CCR5-using variants, and the presence or absence of intermediate variants with 
discordant phenotype predictions. These results provide the !rst detailed description 
of the mutational pathways in V3 during the transition from CCR5- to CXCR4-usage in 
natural HIV-1 infection. 
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AUTHOR SUMMARY
The !rst step in the infection of a target cell by human immunode!ciency virus type 1 
(HIV-1) is binding of the envelope spike to its receptor CD4 and a coreceptor on the 
cellular surface. HIV-1 variants present early in the course of infection mainly use the 
coreceptor CCR5, while virus variants that use CXCR4 can appear later in infection. 
This change in coreceptor usage is associated with mutations in the third variable (V3) 
loop of the envelope spike, but has been dif!cult to study due to the low presence 
of intermediate variants. Using ultra-deep sequencing, we obtained thousands of 
sequences of the V3 loop from HIV-1 infected individuals in the year before CXCR4-
using variants were !rst detected, including sequences from almost all intermediate 
variants. We show that mutations are introduced sequentially in the V3 loop during 
the evolution from CCR5- to CXCR4-usage. Furthermore, we describe differences 
and similarities between HIV-1-infected individuals that are related to this change 
in coreceptor usage, which provides the !rst detailed overview of this evolutionary 
process during natural HIV-1 infection. 

INTRODUCTION
The entry of human immunode!ciency virus type 1 (HIV-1) into a target cell is dependent 
on the binding of the envelope glycoprotein to its receptor CD4 and a coreceptor, 
either CCR5 or CXCR4. Although the reasons are incompletely understood, primary 
HIV-1 infection is predominantly established by CCR5-using (R5) HIV-1 variants1-4. In 
approximately half of the individuals infected with subtype B HIV-1, CXCR4-using (X4) 
variants evolve from R5 viruses during the asymptomatic phase of infection, and their 
emergence coincides with an accelerated progression to AIDS5-8. This evolution from 
CCR5-usage to CXCR4-usage often goes through intermediate variants that are able 
to use both coreceptors. These R5X4 viruses can be further classi!ed according to the 
ef!ciency of their coreceptor usage as Dual-R (more ef!cient use of CCR5) or Dual-X 
(more ef!cient use of CXCR4)9. Pure R5 variants remain present after the appearance 
of CXCR4-using variants, and in the vast majority of HIV-infected individuals both virus 
populations co-exist during the remaining course of infection5,10.

Despite years of research, the mechanisms involved in the appearance of CXCR4-
using viruses remain to be fully understood. The main determinants for coreceptor 
usage are located in the second (V2) and third (V3) variable loop of Env11-15, but changes 
in C216,17, C418 and even in gp4116,19 have also been reported to in"uence coreceptor 
usage. In particular, positively charged amino acid residues at positions 11 and/or 25 of 
the V3 loop are highly associated with CXCR4-usage20,21. Although as few as one or two 
amino acid substitutions may be suf!cient to change coreceptor usage22-24, the earliest 
detectable CXCR4-using viruses in vivo show evidence of additional, compensatory, 
mutations25. Together with a decreased replication rate and reduced coreceptor 
ef!ciency of intermediate variants16,25,26, these !ndings suggest that the transition from 
CCR5- to CXCR4-usage involves a phase of markedly reduced viral !tness. 

The presence or absence of CXCR4-using virus populations in infected individuals 
can be monitored using phenotype-based methods, such as the PBMC-based MT-2 
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assay27,28 and the plasma-based recombinant Tro!le assay29,30. In addition, genotype-
based detection methods using signature changes in the sequence of the V3 loop 
of CXCR4-using variants22,31-33 have been developed34,35. However, transitional 
intermediate variants, which may be present at extremely low levels due to their low 
replication capacity, are likely to be overlooked by standard phenotype-based or 
genotype-based detection methods, which has precluded their characterization and 
has hampered our understanding of the transition from CCR5- to CXCR4-usage. 

As deep sequencing technologies can provide multiple orders of magnitude greater 
coverage than conventional sequencing, we used this technique in combination with 
V3-based coreceptor prediction tools to detect HIV-1 variants during the transition 
from CCR5- to CXCR4-usage. We previously carefully characterized the !rst detection 
of CXCR4-using virus in ten HIV-1-infected individuals using the MT-2 assay and the 
original and enhanced-sensitivity Tro!le assays on longitudinal PBMC and serum 
samples36. Here, we analyzed PBMC and serum samples obtained from the same 
group of subjects at three-month intervals up to one year prior to the !rst phenotypic 
detection of CXCR4-using variants in the MT-2 assay. The availability of thousands 
of clonal sequences per sample obtained at relatively short intervals allowed us to 
study the kinetics and mutational pathways involved in the emergence of CXCR4-
using variants. 

MATERIALS AND METHODS
Subjects. The individuals included in our present study were men who have sex 
with men participating in the Amsterdam Cohort Studies on HIV-1 infection and 
AIDS (ACS) who were seropositive at enrollment into the cohort between 1988 and 
1995. All subjects were infected with subtype B HIV-1 and did not receive anti-
retroviral therapy at the time of sampling. In the ACS, cocultures of peripheral blood 
mononuclear cells (PBMCs) from HIV-1-infected individuals and the MT-2 cell line 
were routinely performed for each visit at approximately three-months intervals27. 
Ten subjects who reported at least three negative MT-2 scores in the 12 months prior 
to their first positive MT-2 assay result (time point zero) were initially selected for this 
study, of whom eight were analyzed in detail (Table S1). In a previous study, a high 
degree of concordance between the detection of CXCR4-using virus variants in these 
individuals by the MT-2 assay (using PBMCs) and the enhanced-sensitivity Trofile 
assay (ESTA; using serum) was observed36. For better readability, subject identifiers 
were recoded as DS1 (H13912), DS2 (H13988), DS3 (H13845), DS4 (H13951), DS5 
(H13993), DS6 (H13885), DS7 (H13907), DS8 (H13908), DS9 (H13904) and DS10 
(H13940). 

The ACS have been conducted in accordance with the ethical principles set out in 
the Declaration of Helsinki, and written informed consent was obtained prior to data 
and material collection. The study was approved by the Academic Medical Center 
institutional medical ethics committee.

Samples. For each subject we performed deep sequence analysis on plasma and/
or PBMC samples collected every 3 months from 12 months prior to the !rst MT-2 
positive time point (time point zero) up to and including time point zero. For the 
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plasma Env clone genotype and in vitro phenotype analysis, plasma samples collected 
after time point zero were also included.

Determination of in vitro coreceptor phenotype. In the Trofile assay, a population 
of full-length subject-derived env genes is amplified by reverse transcription-PCR 
and cloned into an Env expression vector library that is used to generate luciferase-
reporter pseudoviruses29. These are subsequently used to infect U87 target cells 
expressing CD4 and either CCR5 or CXCR4 coreceptors in a 96-well plate format. 
Infection is determined by assaying for luciferase activity in the presence and the 
absence of CCR5 or CXCR4 antagonists, and viral tropism is reported as R5, X4, or 
dual/mixed (D/M). 

To determine the coreceptor phenotype of individual virus variants present in 
virus populations of HIV-infected individuals, a cloning step was introduced into 
the protocol by transforming the Env expression vector library into competent cells. 
Multiple functional env clones were subsequently isolated from randomly picked 
bacterial colonies and were used to produce clonal luciferase-reporter pseudoviruses. 
Between 7 and 13 clones per serum sample were then tested in the Tro!le assay 
to determine coreceptor phenotype, which was reported as R5, X4 or Dual-tropic. 
Based on viral infectivity (expressed as relative light units, RLU) of each Env clone 
on CCR5- and CXCR4-expressing cells, Dual-tropic viruses were further classi!ed as 
Dual-R (dual-tropic variants that gave low RLU on the CXCR4-expressing cell line) or 
Dual-X (dual-tropic variants that gave high RLU on the CXCR4-expressing cell line)9. In 
addition, full-length gp160 sequences were generated to determine the V3 genotype-
based prediction of coreceptor tropism (see details below).

DNA/RNA extraction and deep sequencing. Deep sequencing was performed 
with minor adaptations to the protocol as described previously by Swenson et 
al.48. HIV RNA was extracted from previously frozen serum samples and HIV DNA 
was extracted from cryopreserved PBMCs, both using a NucliSENS easyMAG 
(bioMerieux, Marcy l’Etiole, France). The RNA extracts underwent one-step RT-PCR 
in triplicate (4 &l extract/reaction), while the DNA extracts underwent triplicate first-
round PCR. After the first-round PCR, the region encoding the HIV V3 loop was 
amplified in a second-round PCR using primers designed with Fusion Primers to fuse 
to the emulsion PCR beads required by the 454 technique. Also included were 12 
unique multiplex ‘‘barcode’’ sequence tags to enable the identification of samples 
after the sequencing was complete. All primers and thermal cycler protocols are 
listed in Protocol S1.

After PCR ampli!cation, the concentrations of the PCR products were quanti!ed 
using a Quant-iT Picogreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA) and a DTX 880 
Multimode Detector (Beckman Coulter, Brea, CA). Triplicate PCRs were then combined 
in equal proportions (2 ' 1012 DNA amplicons from each triplicate sample), puri!ed 
with Agencourt Ampure PCR Puri!cation beads (Beckman Coulter), requanti!ed, and 
diluted to a concentration of 2 ' 105 molecules per ml. PCR amplicons were then 
combined at a ratio of 0.6 molecules: 1 DNA capture microbead for emulsion PCR. 
Emulsion PCR was performed, and the DNA and beads were washed, puri!ed and 
prepared for pyrosequencing according to the manufacturer’s instructions. The DNA 
beads were then added onto the 454 pyrosequencing plate (divided into 4 regions) 
at a density of 250,000 beads per region, as quanti!ed with a Z1 Coulter Particle 
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Counter (Beckman Coulter). The sequence ampli!ed on each bead was determined 
by pyrosequencing on the GS-FLX47,49. 

This process (using the standard amplicon GS-FLX technique) generated ~250 
base pairs of data in each direction per amplicon. A typical V3 loop consisted of 105 
base pairs (35 amino acids). Truncated reads (de!ned as sequences missing $4 bases 
at the 5’ or 3’ end of the V3 loop) were not included in the analysis. To reduce the 
number of sequences affected by PCR or sequencing errors, reads with a frequency of 
1 or 2 were excluded from the dataset. The sequence alignments were subsequently 
inspected manually, and reads containing ambiguous bases (Ns) or out-of-frame 
insertions or deletions and reads that did not cover the complete V3 region were 
removed. For all individuals except DS1, a small number of sequences (on average 
131 reads per individual, range 46 – 387) did not cluster with the remaining sequences 
from that subject in the neighbor-joining tree and/or minimum spanning tree (see 
details below). In most patients, several unrelated outliers were observed, both within 
a sample and across samples from different time points, making it unlikely that these 
may have been derived from a superinfecting virus variant present at extremely low 
levels. Moreover, these sequences were in most cases identical to one of the major 
V3 variants from another subject, and were therefore deleted from the dataset as 
contaminants.

Determination of inferred coreceptor usage. HIV coreceptor usage was inferred 
from V3 genotype of each individual sequence generated from the viral population of 
a sample. Coreceptor usage inferences were made using the bioinformatic algorithms 
position-speci!c scoring matrix (PSSMNSI/SI)

34 and geno2pheno[coreceptor] (g2p)35 scoring. 
Non-genotypic factors such as CD4+ cell count were not included in the bioinformatic 
analysis. PSSM values below the predetermined cutoff of -1.75 were called nsi, whereas 
those with scores greater than or equal to -1.75 were called si. The g2p method used 
a 3.5% false-positive rate, with samples categorized as r5 or x4. These cutoffs were 
originally optimized and validated to predict virologic outcomes on maraviroc using 
a separate dataset of patients from three clinical trials of maraviroc in treatment-
experienced patients (McGovern et al., European AIDS conference 2009; Swenson et 
al., IDSA Annual Meeting 2009). The cutoffs can be thought of as more “conservative” 
than the default cutoffs for the algorithms. Note that the lowercase letters were used 
for these classi!cations to indicate that tropism had been inferred from genotypic data. 
Note also that nsi and si correspond roughly to r5 and x4, respectively. CXCR4-usage 
was conservatively de!ned to be present when both algorithms were concordant in 
si/x4 prediction.

Phylogenetic analysis. Unique forward and reverse nucleotide sequences from 
all time points per subject from both PBMC and serum samples were aligned using 
ClustalW in the software package of BioEdit50, and edited manually. The matrix of 
aligned nucleotide sequences was imported into the tree building software PAUP*51 
(http://paup.csit.fsu.edu/), and a neighbour-joining tree52 was constructed under 
the Hasegawa-Kishino-Yano (HKY85) model of evolution53. We then used all forward 
and reverse V3 nucleotide sequences from all time points and compartments per 
subject to construct minimum spanning trees. V3 sequences were !rst aligned by the 
unweighted-pair group method using average linkages (UPGMA) with BioNumerics 
6.1 software (Applied Maths). A minimum spanning tree was subsequently constructed 
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using a categorical coef!cient. The Priority rules parameters were set at the default 
values for every analysis, and hypothetical nodes were not allowed. For increased 
readability, minor variants with a non-si/x4 predicted phenotype present at only 
one time point and in one compartment, and located in ‘dead-end’ branches were 
removed from the tree.

RESULTS

Comparison between genotypic prediction of HIV-1 coreceptor 
usage and in vitro coreceptor phenotype determination
To determine whether we could use a V3-based prediction of coreceptor usage 
to detect CXCR4-using variants by deep sequencing on this set of HIV-infected 
individuals, we !rst validated our prediction tools using V3 sequences with a known 
coreceptor phenotype. To this end, recombinant viruses were generated from 21 – 63 
clonal env sequences that were isolated from sera obtained from nine of our subjects 
(all individuals except DS6) at several time points before, at, and after the time point at 
which the MT-2 assay for the !rst time indicated the presence of CXCR4-using variants 
(time point zero). These virus clones were subsequently tested for their coreceptor 
usage in the Tro!le assay (Monogram Biosciences). All individuals harbored both R5 
and Dual-X variants at the later time points. In addition, the emergence of Dual-X 
variants was preceded by Dual-R variants in !ve out of nine subjects (Table 1 and data 
not shown). 

The coreceptor usage of the corresponding V3 sequences was subsequently 
inferred using two different bioinformatic tools: position-speci!c scoring matrix 
(PSSMNSI/SI)

34 and geno2pheno[coreceptor] (g2p)35. For all individuals except DS9 and DS10, 
the phenotypes of (nearly) all R5 and Dual-X Env variants were predicted correctly 
by both tools (i.e. nsi/r5 or si/x4, respectively; Table 1). On the other hand, the V3 
sequences of Dual-R Env variants were in general identical to those of co-existing R5 
variants, and were consequently predicted to have an nsi/r5 phenotype. In addition, a 
subset of R5 and Dual-R variants with identical V3 sequences from subject DS8 had an 
si/r5 phenotype. Dual-R viruses showed much lower infectivity on the CXCR4 cell line 
than on the CCR5 cell line and previous work has demonstrated that the determinants 
of coreceptor usage in these viruses are most likely located outside of the V3 region9. 
Because they could not be distinguished from R5 viruses on the basis of V3 sequence, 
they were categorized as CCR5-using variants for the purposes of this analysis. 

In subject DS9, 57 of 60 (95%) virus variants were called nsi by PSSM and x4 by 
g2p, irrespective of their in vitro phenotype (Table 1), while the coreceptor usage of 
only three clones was predicted correctly (nsi by PSSM and r5 by g2p). For subject 
DS10, a large proportion of R5 viruses (42%) were incorrectly predicted to be CXCR4-
using by both PSSM and g2p (Table 1). Assuming that the Tro!le assay reported the 
correct phenotype, the prediction tools could not distinguish between phenotypically 
distinct variants in DS9 and DS10, and these two individuals were therefore excluded 
from further analysis.
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Table 1. Predicted phenotype of Env clones for which coreceptor usage was determined in the 
Tro!le assay

ACS ID Subject n clones Phenotype Tro!le Predicted phenotype (PSSM     /g2p)a

H13912 DS1 15 R5 nsi/r5

6 Dual-X si/x4

H13988 DS2 52 R5 nsi/r5

4 Dual-X si/x4

H13845 DS3 26 R5 nsi/r5

1 R5 si/x4

20 Dual-R nsi/r5

1 Dual-R si/r5

15 Dual-X si/x4

H13951 DS4 39 R5 nsi/r5

3 Dual-R nsi/r5

12 Dual-X si/x4

H13993 DS5 42 R5 nsi/r5

% 9 Dual-X si/x4

H13885 DS6 n.a. n.t. n.t.

H13907 DS7 19 R5 nsi/r5

4 Dual-X si/x4

H13908 DS8 17 R5 nsi/r5

3 R5 si/r5

2 Dual-R nsi/r5

8 Dual-R si/r5

2 Dual-R si/x4

1 Dual-X si/r5

5 Dual-X si/x4

H13904 DS9 46 R5 nsi/x4

3 R5 nsi/r5

1 Dual-R nsi/x4

10 Dual-X nsi/x4

H13940 DS10 6 R5 nsi/r5

9 R5 si/r5

11 R5 si/x4

17 Dual-R si/x4

1 Dual-R si/r5

5 Dual-X si/x4

a Cutoffs for PSSM and g2p were -1.75 and 3.5%, respectively.
ACS ID, subject identi!er of Amsterdam Cohort Studies; n, number; n.a., not applicable; n.t., 
not tested.
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Detection of predicted CXCR4-using V3 sequences by deep 
sequencing
For the eight remaining subjects, V3 sequences were generated from PBMC and 
serum samples obtained at three-monthly intervals between 12 months before 
and time point zero by 454-sequencing. Per sample, a median of 7,123 reads with 
a frequency of $3 were obtained (range, 3,482 – 10,521). The coreceptor use of 
these V3 sequences was subsequently inferred by PSSM and g2p.  A high degree 
of concordance was observed between the two algorithm predictions among the V3 
sequences of !ve subjects: DS1, DS2, DS4, DS6, and DS7. In contrast, relatively large 
discrepancies ($15% of all reads per sample) between the predictions by PSSM and 
g2p (i.e. nsi/x4 or si/r5) were observed for at least one sample in subjects DS3, DS5, 
and DS8. To prevent an overestimation of the percentage CXCR4-using HIV-1 variants, 
V3 sequences were conservatively de!ned to be CXCR4-using when both PSSM and 
g2p were concordant in si/x4 prediction. 

In these eight individuals, si/x4 sequences were detected at least three months 
prior to phenotypic detection in the MT-2 assay and were found as early as 12 months 
before time point zero in two of eight subjects (Fig. 1). In three individuals (DS1, DS2, 
and DS6), these si/x4 variants were not detectable in PBMCs, which has most likely 
precluded their detection in the PBMC-based MT-2 assay. In total, in 12 of 27 PBMC 
samples obtained before time point zero we detected the presence of si/x4 variants 
at levels between 0.10% and 29%. In addition, si/x4 variants were observed in 16 of 
30 serum samples obtained before time point zero. Of the serum samples analyzed 
in the enhanced-sensitivity Tro!le assay before timepoint zero (ESTA; n = 13), seven 
samples showed concordant results with our genotypic data, while six samples that 
previously scored R5 were shown to contain si/x4 variants at levels between 0.13% 
and 2.5% (Fig. 1).

Timing of detection of predicted CXCR4-using V3 sequences in 
serum and PBMC
In four of eight individuals, V3 sequences with an si/x4 phenotype emerged in both 
serum and PBMC at the same time point (Fig. 1). In DS1 and DS6, the !rst si/x4 
sequences were detected in serum six months prior to the appearance of si/x4 
sequences in PBMC at levels between 1.6 and 4.3%, while a very small percentage 
of si/x4 sequences (0.1%) appeared in serum three months before their detection 
in PBMC in subject DS2. In contrast, si/x4 sequences (18.3% of the total number of 
reads) were observed in PBMC three months earlier than in serum in subject DS4. In 
general, the percentage of si/x4 sequences in both serum and PBMC increased over 
time (Fig. 2). In agreement with previous !ndings37,38, six of eight individuals showed 
a higher prevalence of si/x4 sequences in PBMC (range, 2.7 – 66.0%) than in serum 
(range, 0.6 – 49.1%) at time point zero, while si/x4 sequences were more abundant in 
serum (range, 14.0 – 40.6%) than in PBMC (range, 13.4 – 14.5%) in the remaining two 
individuals.
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Figure 1. Detection of predicted CXCR4-using variants that emerge during natural HIV-1 
infection using deep sequencing. For each participant, the percentage si/x4 sequences in PBMC 
(light grey bars) and serum (dark grey bars) at time points up to one year before the !rst phe-
notypic detection of CXCR4-using variants in the MT-2 assay are shown. Samples that have not 
been sequenced are indicated with an asterisk. In the top of each graph, the results of the MT-2 
assay and the enhanced-sensitivity Tro!le assay (ESTA) are given: a blue bar indicates NSI or R5, 
respectively, while a red bar indicates SI or D/M, respectively.
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Figure 2. Increasing percentage of predicted 
CXCR4-using variants over time following their 
appearance during natural HIV-1 infection. The 
median percentage si/x4 sequences generated 
from PBMC (light grey) and serum (dark grey) by 
deep sequencing at time points up to one year 
before the !rst phenotypic detection of CXCR4-
using variants in the MT-2 assay in eight partici-
pants are shown. Error bars represent the inter-
quartile ranges.

Evolution of nsi/r5 sequences to si/x4 sequences
From each sample, we obtained several hundreds of unique V3 reads. We !rst 
constructed neighbor-joining (NJ) trees using all unique reads obtained from the 
different time points and compartments per individual to exclude contamination of 
samples (data not shown). However, these trees were too large and too complex 
to study the genetic relationship of our sequences, and did not convey a good 
representation of the relative abundance of each V3 sequence. Therefore, we 
subsequently constructed minimum spanning trees (MSTs). MSTs are connection-type 
networks which are based on a model explaining sequence evolution in as few events 
as possible, similar to maximum parsimony (MP) algorithms39,40. A MST thus represents 
the shortest possible combination of nucleotide changes between all sequences in the 
alignment. In contrast to most other methods for inferring evolutionary relationships, 
such as NJ or MP, MSTs do not contain hypothetical internal nodes. This type of 
analysis therefore requires all intermediate samples to be present in the total pool 
of sequences. As a result, MSTs can only be used for the analysis of sequences that 
show a limited degree of evolution and that are sampled frequently enough, and are 
less suitable for the analysis of, for example, full-length gp160 sequences in which 
a multitude of nucleotide substitutions as well as large insertions and deletions are 
observed over time. Due to these restrictions, MSTs turned out to be a powerful tool 
to visualize the genetic relationships between our closely related nsi/r5 sequences 
and si/x4 sequences of the V3 loop (comprising 105 nucleotides) and to identify 
intermediate sequence variants. Indeed, in the majority of individuals, all intermediate 
variants between the major nsi/r5 variant and the major si/x4 variant were found, while 
a maximum of two intermediate variants remained undetected in the other individuals.

For each subject, one MST was constructed including V3 nucleotide sequences 
generated from all time points of both serum and PBMC samples. A step-by-step 
explanation on how we read and interpret these MSTs is presented in Figure 3 for 
subject DS1, and a summary of our observations is shown in Table 2. In subject 
DS1, one nsi/r5 sequence dominated at all time points in both serum and PBMCs, 
representing at least 30% (and up to 89%) of all sequences per time point. In addition, 
a population of closely related si/x4 variants was observed, of which the !rst variant 
appeared in serum at six months prior to the !rst positive MT-2 time point. At the 
later time points, this variant was still only detected in serum, while si/x4 variants with 
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Figure 3. Minimum spanning tree (MST) of V3 sequences from subject DS1. V3 sequences 
generated by deep sequencing were used to construct MSTs. Identical nucleotide sequences are 
grouped in one node, and the circle size is proportional to the abundance of that particular V3 
sequence. The length of the connecting branches corresponds to the number of nucleotide dif-
ferences between the two connected nodes. Time points are color-coded, using bright colors for 
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additional mutations appeared in serum at the next time point and in PBMCs at time 
point zero. Interestingly, the virus in subject DS1 required only three mutations in V3 to 
change from the existing nsi/r5 phenotype at -12 months to an si/x4 phenotype, which 
were introduced sequentially. After the introduction of the third of these substitutions, 
replacing the serine residue at position 11 of the V3 loop by an arginine residue, 
the PSSM and g2p predictions simultaneously switched from a CCR5-using inferred 
phenotype to a CXCR4-using inferred phenotype. 

Diversity in major nsi/r5 variants 
Similar to subject DS1, relatively little sequence variation was observed among the 
nsi/r5 variants in subjects DS4 (Figure S1), and DS5 (Figure S2). In these individuals, 
eight or fewer major amino acid sequence variants represented more than 80% of all 
nsi/r5 reads for every time point and compartment (Table 2). Many of these variants 
were present at multiple time points, and major shifts in variants from one time point 
to the next were not observed. In contrast, many different major nsi/r5 sequences (11 
or more) were present in subjects DS2 (shown as an example in Fig. 4), DS3 (Fig. 5), 
DS6 (Figure S3), DS7 (Figure S4) and DS8 (Figure S5) both at any one time point and 
over time. For example, the major nsi/r5 variant in PBMC at time point -12 months 
in subject DS2 was completely replaced by other nsi/r5 variants three months later, 
some of which in turn did not persist at the next time point. At the later time points, 
the initial major nsi/r5 variant was observed again, but at a lower frequency, while 
new sequence variants continued to appear. Interestingly, the appearance of an si/x4 
variant in this individual at time point zero was preceded by a variant with a predicted 
nsi/x4 phenotype. The discrepancy between the two phenotype prediction tools for 
this variant may indicate that this sequence represents an intermediate step in the 
pathway from R5-to-X4 evolution, as its score was relatively close to the cutoffs for the 
PSSM and g2p (i.e. -2.49 and 2.6%, respectively). Alternatively, the phenotype of such 
intermediate variants may not be predicted correctly as these variants are not often 

PBMC samples and corresponding soft colors for serum samples. (A) MST stripped of sequences 
from all time points except time point -12 months. For this time point, PBMCs were not available, 
and the MST thus consists of V3 sequences generated from serum only (shown in light red). (B) 
V3 sequences from PBMCs (shown in bright orange) and serum (shown in light orange) obtained 
at time point -9 months were added to the MST presented in panel A. (C) MST containing V3 
sequences generated from -6 months serum (shown in light yellow) in addition to the sequences 
present in the MST in panel B. (D) Sequences from PBMCs (bright green) and serum (light green) 
at timepoint -3 months have been added to the MST in panel C. (E) Complete MST containing 
PBMC and serum V3 sequences from all time points. V3 amino acid sequences are shown relative 
to the majority sequence in PBMCs at the !rst time point (shown in blue box). Sequences of the 
major nsi/r5 variant, the major si/x4 variant, and all intermediates are additionally shown in the 
bottom left. In all panels, nodes containing V3 sequences with an si phenotype as inferred by 
PSSMNSI/SI and an x4 phenotype as inferred by geno2pheno[coreceptor] are indicated in red, all other 
sequences were predicted to be nsi/r5. The phenotype of V3 sequences of which the corre-
sponding Env clone was analyzed in the Tro!le assay is given in bright blue (for R5 sequences) or 
in bright red (for Dual-X sequences). Also shown are the results of phenotyping of PBMC samples 
by the MT-2 assay (NSI or SI) and of serum samples by ESTA (R5 or D/M), and the percentages si/
x4 sequences obtained from PBMC and serum samples by deep sequencing (panel E, right side). 
N.t., not tested; mo, months.
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analyzed for coreceptor usage in vitro and are therefore most likely not included in the 
set of training sequences for the bioinformatic algorithms. Intermediate nsi/x4 or si/r5 
variants were also observed at relatively low frequencies for subjects DS4 (Figure S1), 
DS5 (Figure S3), and DS6 (Figure S4), whereas a major nsi/x4 variant was observed 
in subject DS3 (Figure 5), and a major si/r5 variant was present at all time points in 
subject DS8 (Figure S5).

Number of different si/x4 variants
While the MSTs of most individuals show only one si/x4 branch, multiple major si/x4 
variants appeared in subjects DS3 and DS6. In DS3, two major si/x4 variants appeared 
at time point zero, one of which was mainly found in serum, while the other was mainly 
observed in PBMCs (Figure 5). These two variants seemed to be highly related, and 
their distinct branches indeed clustered in the NJ tree (data not shown). The MST 
shows a third branch containing sequences with an inferred si/x4 phenotype. However, 
the phenotype of an Env clone with the major V3 sequence from this branch was R5 
in the Tro!le assay (Figure 5), suggesting that the prediction for sequences in this 
branch was incorrect. In addition, several minor variants with an si/x4 prediction were 
observed at time points -9 months, -6 months, and -3 months, none of which made 
up more than 0.15% of the total number of reads per time point. These variants were 
not detected at any other time point, suggesting that the !tness of these variants was 
not suf!cient to persist, or that they represent sequences with PCR/sequence errors. In 
subject DS6, two major si/x4 branches were observed, one of which represented an si/
x4 variant that was detected in serum only (Figure S4). The second branch contained 
the major si/x4 variant present in PBMCs at time point zero, which was preceded by 
variants that again were only found in serum.

Table 2. Summary of the evolution of nsi/r5 sequences to si/x4 sequences obtained by ultra-
deep sequencing

Subject

Time point
!rst si/x4

variant

Compartment
!rst si/x4

variant

n major si/x4
branches 
in MST

n major 
nsi/r5 

variantsa

Intermediate
nsi/x4 or

si/r5 variants

Minor
si/x4

variants

DS1 -6 serum 1 3 no no

DS2 -3 serum 1 11 yes yes

DS3 -9 PBMC + serum 2 21 yes yes

DS4 -3 PBMC 1 8 yes no

DS5 -12 PBMC + serum 1 7 yes no

DS6 -6 serum 2 14 yes no

DS7 -3 PBMC + serum 1 11 no no

DS8 -12 PBMC + serum 1 19 yes yes

a The total number of major nsi/r5 variants that represents more than 80% of all nsi/r5 reads for 
each compartment at each time point.
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Figure 4. Relatively large variation among major nsi/r5 variants over time in subject DS2. An 
MST of all V3 sequences generated from PBMC and serum samples of all time points is shown. 
See the legend to Figure 3 for details regarding the layout of the !gure. Nodes containing 
V3 sequences with an si phenotype as inferred by PSSM NSI/SI and an x4 phenotype as inferred 
by geno2pheno[coreceptor] are indicated in red, nodes containing discordant nsi/x4 variants are 
indicated in light blue, while all other sequences were predicted to be nsi/r5. As Dual-X clones 
were not detected in the Tro!le assay until 18 months after the !rst MT-2+ time point, the V3 
sequences of two Dual-X clones from this later time point are indicated in the top. These Dual-X 
sequences are closely related to the si/x4 sequences present at time point zero, suggesting that 
these si/x4 sequences indeed form the start of the major si/x4 branch in the tree. Mo, months; 
n.t., not tested.
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Figure 5. Multiple si/x4 variants emerge in subject DS3. An MST of all V3 sequences generated 
from PBMC and serum samples of all time points is shown. See the legend to Figure 3 for 
details regarding the layout of the !gure. Nodes containing V3 sequences with an si phenotype 
as inferred by PSSM NSI/SI and an x4 phenotype as inferred by geno2pheno[coreceptor] are indicated 
in red, nodes containing discordant nsi/x4 variants are indicated in light blue, while all other 
sequences were predicted to be nsi/r5. Two distinct si/x4 branches and several minor si/x4 
variants can be observed in this MST, which are described in more detail in the text. In addition, 
one branch contains V3 sequences with a predicted si/x4 phenotype which were reported R5 in 
the Tro!le assay (indicated by dotted red oval). N.t., not tested; mo, months.
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In subject DS8, the !rst major si/x4 variant (frequency $10% of all reads per time 
point) was observed at time point zero (Figure S5). However, several minor si/x4 variants 
were detected up to 12 months earlier (frequencies <1.2%). Some of these minor si/
x4 variants were not related to the major si/x4 variant that appeared later in infection, 
while others contained mutations that were also found in the major si/x4 variant, such 
as an arginine residue at positions 10 or 13 of the V3 loop. In subject DS2, two minor 
si/x4 variants were observed in serum at time point -3 months (together comprising 
0.11% of the total number of reads from that sample), which were no longer detected 
at time point zero when a third, apparently more successful si/x4 variant (frequency 
>2% in PBMCs) emerged (Figure 4). 

DISCUSSION
The emergence of detectable CXCR4-using variants during HIV-1 infection is a major 
determinant for disease progression, but is still poorly understood. In this study, we 
provide a detailed analysis of the kinetics and mutational pathways involved in the 
appearance of CXCR4-using variants during natural infection using V3 sequences 
generated by deep sequencing from PBMC and serum samples of eight HIV-1-
infected individuals, in combination with V3-based coreceptor prediction tools, in the 
year before CXCR4-using variants were for the !rst time detected in the MT-2 assay. 

Our sequence analyses show that the transition in coreceptor usage from CCR5 
to CXCR4 follows a stepwise mutational pathway. In most subjects, we were able 
to detect all transitional intermediate variants. These intermediate variants typically 
emerged in chronological order, indicating that the mutations were introduced 
sequentially. Many intermediate variants were present at much lower frequencies than 
the major nsi/r5 and si/x4 variants, indicative of a reduced replication capacity and 
consistent with a model in which the transition from CCR5- to CXCR4-usage involves 
the evolution of HIV-1 through a !tness valley16. Alternatively, such variants may 
preferentially replicate in other compartments than PBMCs or serum, which could also 
explain their limited detection in our study. Unfortunately, the use of deep sequencing 
techniques restricted our analysis to the V3 loop, and prevented us from investigating 
other changes in the viral envelope that may in"uence coreceptor usage and viral 
!tness, in particular substitutions in the V1V2 region that may compensate loss-of-
!tness mutations in V317.

The speci!c mutational pathway that led to CXCR4-usage was different for viruses 
from each individual, and is likely to be at least partially constrained by the viral 
background. In subject DS3, we observed the emergence of three different si/x4 
variants, two of which were closely related. The third predicted CXCR4-using variant 
contained a different V3 loop, yet showed a similar evolutionary pathway in which a 
substitution at position 25 of the V3 loop was followed by the introduction of a glutamic 
acid at position 24 (Figure 5). The same phenomenon was observed in subject DS1, 
from which we also analyzed PBMC and serum samples obtained three and six months 
after time point zero (data not shown). At these later time points, we observed the 
appearance of a second predicted CXCR4-using variant, unrelated to the initial si/x4 
variant that emerged nine months earlier, but with identical amino acid substitutions at 
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positions 10 and 11 of the V3 loop (data not shown). These observations support data 
suggesting that the evolution in coreceptor usage is restricted by a limited number 
of potential transitional pathways16. It will be worthwhile to analyze the PBMC and 
serum samples from all other subjects obtained three and six months after time point 
zero to study the subsequent evolution of predicted CXCR4-using viruses that were 
detected in this study, and to determine whether new, unrelated predicted CXCR4-
using variants, as observed in subject DS1, appear in other individuals as well.

The use of deep sequencing in this study allowed us to detect minority variants 
that would go unnoticed using conventional sequencing techniques. In three of eight 
individuals, we observed predicted CXCR4-using variants present at extremely low 
frequencies. These variants may represent transitions from CCR5- to CXCR4-usage that 
did not compete with a successfully replicating CXCR4-using variant. However, even 
though we only analyzed reads with a frequency of 3 or more, we cannot exclude that 
some of these minority sequence variants may have resulted from errors introduced 
during the PCR or sequencing procedures. 

It is known that low-level CXCR4-using variants may be selected upon CCR5 
antagonist treatment41-44, but it remains to be determined whether their presence 
predicts the outgrowth of a major CXCR4-using variant during natural infection or 
is of pathological relevance in untreated individuals. To determine the relevance of 
these minority predicted CXCR4-using variants, it would be worthwhile to additionally 
analyze whether predicted CXCR4-using variants are also present in HIV-infected 
individuals in whom phenotypic assays continue to detect only CCR5-using variants. 
In addition, our results showed that the emergence of predicted CXCR4-using 
variants was preceded by variants with discordant phenotype predictions (nsi/x4 or 
si/r5) in a subset of individuals. These viruses may represent intermediate stages in 
the transition from CCR5- to CXCR4-usage. Analysis of V3 sequences of HIV-1 from 
individuals in whom phenotypic assays do not detect CXCR4-using viruses could also 
shed light on the question whether the presence of such virus variants is predictive for 
the appearance of CXCR4-using virus variants, which would argue for combining the 
results of both predictors for evaluation of patient samples.

The higher prevalence of CXCR4-using viruses in PBMCs compared to serum 
as observed here and in previous studies37,38 suggests that the PBMC compartment 
may provide the easiest source for the detection of CXCR4-using variants. However, 
although CXCR4-using variants may preferentially be present in a cell-associated state, 
we previously observed a good concordance between phenotypic detection of CXCR4-
using variants in the MT-2 assay (using PBMCs) and the enhanced-sensitivity Tro!le 
assay (using serum). We here extend this !nding by showing that predicted CXCR4-
using viruses are not generally detected earlier in one compartment compared to the 
other. In three of eight individuals, predicted CXCR4-using variants emerged earlier in 
serum than in PBMCs, while these viruses were !rst detected in PBMCs in one additional 
individual, although a difference of one time point in the moment of detection may also 
result from stochastic variation introduced during sampling or subsequent experimental 
procedures. These results indicate that analyzing both sources could contribute to the 
enhanced accuracy of the detection of CXCR4-using viruses. 

The recent availability of CCR5 antagonists as anti-HIV therapeutics has 
highlighted the need to accurately identify CXCR4-using variants in patient samples 



209

Detection of X4 HIV-1 by ultra-deep sequencing

8

when considering use of this new drug class. In this study, we show that coreceptor 
phenotype prediction using V3 sequences generated by deep sequencing allows 
a more sensitive detection of CXCR4-using HIV-1 variants present at levels below 
approximately 2.5% of the total virus population during natural infection as compared 
to the phenotypic MT-2 assay and ESTA. In individuals treated with maraviroc45 or 
vicriviroc46, minority CXCR4-using variants present at less than 1% of the total pre-
treatment HIV population can be subject to positive selection and as a result cause 
virological failure44,47, indicating that this level of sensitivity may be clinically relevant 
for the detection of minor CXCR4-using virus populations. The use of genotypic 
methods for the detection of CXCR4-using HIV-1 variants may however be limited by 
the accuracy of the various bioinformatic tools for predicting the correct coreceptor 
phenotype. For two of ten individuals initially selected for this study, both PSSM and 
geno2pheno could not distinguish between viruses with different in vitro phenotypes. 
In subject DS9, determinants for coreceptor usage located outside the V3 region 
were likely to be involved, as phenotypically distinct clones had identical V3 loop 
sequences. Although some attempts have been made, too few sequences with 
coreceptor determinants outside V3 have been characterized to incorporate into 
a reliable prediction algorithm. Moreover, due to the absence of minority CXCR4-
using variants in the training sets for these bioinformatic algorithms, the phenotype 
prediction for low-level CXCR4-using variants from clinical samples may not always be 
reliable35. Despite these shortcomings, recent data have shown that deep sequencing 
combined with coreceptor prediction ef!ciently predicts clinical ef!cacy of CCR5 
antagonist therapy (Swenson et al., CROI 2010). This suggests that relatively few 
individuals harbor these minority and/or dif!cult to predict variants for a signi!cant 
period of time. However, improvement of the currently available coreceptor prediction 
tools may be necessary.

In conclusion, our results show that HIV-1 evolves from CCR5- to CXCR4-usage 
by the sequential introduction of mutations in the V3 loop of the viral envelope. 
The observation that intermediate variants were present at much lower frequencies 
than the major CCR5- or CXCR4-using variants con!rms that this process is highly 
constrained by sequence and !tness requirements of the virus, and may explain why 
CXCR4-using variants, unlike CCR5-using variants, are not detected in all patients 
at every stage of disease. These results provide a better understanding of the 
emergence of CXCR4-using variants during natural infection and may contribute to a 
more accurate detection of CXCR4-using viruses in HIV-infected individuals for whom 
CCR5 antagonist treatment is considered.
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SUPPLEMENTARY MATERIAL

Primers for 454 genotyping
First-round PCR primer, forward: 5’ GAGCCAATTCCCATACATTATTGT 3’
First-round PCR primer, reverse:  5’ GCCCATAGTGCTTCCTGCTGCTCCCAAGAACC 3’ 
Second-round PCR primer, forward: 5’ AATGCCAAAACCATAATAGTACA 3’
Second-round PCR primer, reverse: 5’ GAAAAATTCCCTTCCACAATTAAA 3’
Fusion primer: 5’ GCCTCCCTCGCGCCATCAG 3’

Deep sequencing barcode tags:
(A)  ACGAGTGCGT
(B)  ACGCTCGACA
(C) AGACGCACTC
(D)  AGCACTGTAG
(E)  ATCAGACACG
(F)  CGTGTCTCTA

Example of complete deep sequencing forward primer, tag A:
(fusion primer, then barcode A, then PCR primer) 
5’ GCCTCCCTCGCGCCATCAGACGAGTGCGTAATGCCAAAACCATAATAGTACA 3’

Thermal cycler protocols

Second-round PCR

2’ 94°C

15’’ 94°C

30’’ 55°C 35x

50’’ 72°C

5’ 72°C

RT-PCR

30’ 52°C

2’ 94°C

15’’ 94°C

30’’ 55°C 40x

1’30’’ 68°C

5’ 68°C

(G)  CTCGCGTGTC
(H)  TAGTATCAGC
(I)  TCTCTATGCG
(J)  TGATACGTCT
(K)  TACTGAGCTA
(L)  ATATCGCGAG
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Figure S1. MST of V3 sequences of subject DS4. This individual shows a very linear evolution 
from CCR5- to CXCR4-using variants with a stepwise introduction of mutations towards CXCR4-
usage. The earliest si/x4 sequence appears in PBMCs at time point -3, and is replaced by an si/
x4 variant with additional mutations at time point zero. Only one si/x4 branch is observed. In 
addition, relatively little variation occurs among the major nsi/r5 variants over time. Mo, months; 
n.t., not tested.
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Figure S2. MST of V3 sequences of subject DS5. In this individual, a major si/x4 variant is already 
detected at time point -12 months and remains present at all subsequent time points. Similarly, 
one major nsi/r5 variant is present at all time points in both PBMCs and serum. Altogether, a rela-
tively small number of major nsi/r5 variants is observed, although some of these are restricted to 
one time point and/or one compartment. The nsi/r5 and si/x4 branches of the tree are connected 
by an intermediate variant with a predicted si/r5 phenotype. Mo, months; n.t., not tested.
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Figure S3. MST of V3 sequences of subject DS6. This individual shows large variation in the major 
nsi/r5 variants, with many nsi/r5 variants being present for only a short period of time or only in 
one compartment. Originating from the same major nsi/r5 variant, two distinct si/x4 branches can 
be observed, both of which contain an intermediate variant with discordant phenotype predic-
tion (nsi/x4, indicated in light blue). Si/x4 variants are !rst detected in serum at time point -6 
months, and do not appear in PBMCs until time point zero. Mo, months; n.t., not tested.
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Figure S4. MST of V3 sequences of subject DS7. The !rst si/x4 variants in this individual are 
detected in PBMCs and serum at time point -3 months. These minor variants are subsequently 
replaced by a major si/x4 variant with additional mutations at time point zero. Only one branch 
of si/x4 variants is observed in this individual, and no discordant nsi/x4 or si/r5 sequences are 
found. Mo, months; n.t., not tested.
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Figure S5: MST of V3 sequences of subject DS8. In contrast to all other individuals where si/x4 
variants are only located in external branches of the tree, the major si/x4 branch in the MST of 
this subject originates from an internal node. This internal si/x4 variant is already present at time 
point -6 months. Moreover, several minor si/x4 variants are detected as early as time point -12 
months, but most of these do not persist at the later time points. A major variant present at all 
time points has a predicted si/r5 phenotype. The phenotype of Env clones with this V3 sequence 
was R5 (n = 2) or Dual-R (n = 8) in the Tro!le assay. In addition, the phenotype of an Env clone 
corresponding to the node branching off this major variant at the top left side (with an additional 
substitution at position 27 of the V3 loop) was Dual-X, while it phenotype was predicted to be si/
r5. Mo, months; n.t., not tested.
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Table S1. CD4+ T cell counts, viral load and MT-2 assay results of eight participants around and 
during the period of study

Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2 ## Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2

DS1 -23,9 550 n.t. n.t. DS5 -24,2 640 n.t. NSI

-20,9 530 26000 n.t. -20,9 660 n.t. NSI

-18 590 n.t. NSI -17,9 790 14000 NSI

-14,5 800 n.t. NSI -14,9 600 5900 NSI

-11,7 520 n.t. NSI -12 490 2400 fail

-8,3 450 42000 NSI -9 530 6100 NSI

-6 390 n.t. NSI -6 450 6100 NSI

-3 410 n.t. NSI -3 410 7600 NSI

0 570 n.t. SI 0 520 17000 SI

3,2 360 99000 SI 2,8 450 6700 SI

6,1 300 n.t. SI 5,6 480 80 NSI

9,1 220 n.t. SI 8,8 580 3600 NSI

12,1 160 n.t. SI 12,1 540 350 NSI

DS2 -22,3 430 n.t. n.t. DS6 -22,1 360 n.t. NSI

-19,3 480 n.t. NSI -18,5 660 n.t. NSI

-15,2 340 n.t. NSI -15,3 440 n.t. NSI

-12,2 460 n.t. NSI -12,1 330 n.t. NSI

-8,9 300 n.t. NSI -9,1 310 2100 NSI

-5,8 440 n.t. NSI -6,1 460 n.t. NSI

-2,8 580 n.t. NSI -3,2 470 n.t. NSI

0 480 n.t. SI 0 470 n.t. SI

3 440 n.t. SI 3 470 n.t. SI

6 280 n.t. SI 6 310 10000 SI

8,9 320 n.t. SI 9 280 23000 SI

11,5 340 n.t. SI 12 220 22000 SI

DS3 -9,2 800 23000 NSI DS7 -23 980 31000 n.t.

-6 990 n.t. NSI -19,9 780 n.t. n.t.

-3 1230 120000 NSI -16,7 670 n.t. n.t.

0 890 100000 SI -13,7 490 n.t. n.t.

3 910 530000 SI -10,9 640 n.t. NSI

6 650 1300000 SI -8,1 740 n.t. NSI

9 650 860000 SI -5,2 500 n.t. NSI

12,2 530 750000 SI -2,8 670 n.t. NSI

0 630 120000 SI



221

Detection of X4 HIV-1 by ultra-deep sequencing

8

Table S1. CD4+ T cell counts, viral load and MT-2 assay results of eight participants around and 
during the period of study

Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2 ## Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2

DS1 -23,9 550 n.t. n.t. DS5 -24,2 640 n.t. NSI

-20,9 530 26000 n.t. -20,9 660 n.t. NSI

-18 590 n.t. NSI -17,9 790 14000 NSI

-14,5 800 n.t. NSI -14,9 600 5900 NSI

-11,7 520 n.t. NSI -12 490 2400 fail

-8,3 450 42000 NSI -9 530 6100 NSI

-6 390 n.t. NSI -6 450 6100 NSI

-3 410 n.t. NSI -3 410 7600 NSI

0 570 n.t. SI 0 520 17000 SI

3,2 360 99000 SI 2,8 450 6700 SI

6,1 300 n.t. SI 5,6 480 80 NSI

9,1 220 n.t. SI 8,8 580 3600 NSI

12,1 160 n.t. SI 12,1 540 350 NSI

DS2 -22,3 430 n.t. n.t. DS6 -22,1 360 n.t. NSI

-19,3 480 n.t. NSI -18,5 660 n.t. NSI

-15,2 340 n.t. NSI -15,3 440 n.t. NSI

-12,2 460 n.t. NSI -12,1 330 n.t. NSI

-8,9 300 n.t. NSI -9,1 310 2100 NSI

-5,8 440 n.t. NSI -6,1 460 n.t. NSI

-2,8 580 n.t. NSI -3,2 470 n.t. NSI

0 480 n.t. SI 0 470 n.t. SI

3 440 n.t. SI 3 470 n.t. SI

6 280 n.t. SI 6 310 10000 SI

8,9 320 n.t. SI 9 280 23000 SI

11,5 340 n.t. SI 12 220 22000 SI

DS3 -9,2 800 23000 NSI DS7 -23 980 31000 n.t.

-6 990 n.t. NSI -19,9 780 n.t. n.t.

-3 1230 120000 NSI -16,7 670 n.t. n.t.

0 890 100000 SI -13,7 490 n.t. n.t.

3 910 530000 SI -10,9 640 n.t. NSI

6 650 1300000 SI -8,1 740 n.t. NSI

9 650 860000 SI -5,2 500 n.t. NSI

12,2 530 750000 SI -2,8 670 n.t. NSI

0 630 120000 SI
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Table S1. Ccontinued

Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2 ## Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2

3,2 510 n.t. SI

6,1 430 n.t. SI

9,1 380 n.t. SI

12,3 130 340000 SI

12,9 90 n.t. SI

DS4 -24,3 590 n.t. NSI DS8 -22,8 570 n.t. n.t.

-21,1 710 n.t. fail -19,9 520 n.t. n.t.

-18,1 680 n.t. NSI -16,7 330 n.t. n.t.

-15,1 560 n.t. NSI -12,5 420 n.t. NSI

-11,9 790 76000 NSI -10,7 390 n.t. NSI

-8,9 590 n.t. NSI -7,1 430 n.t. NSI

-6,2 490 n.t. NSI -3 400 n.t. NSI

-2,8 530 n.t. NSI 0 270 n.t. SI

0 330 n.t. SI 3 240 1000 SI

3 400 n.t. SI 4,1 320 n.t. SI

6 370 120000 SI 6,8 330 1000 SI

9,3 230 n.t. SI 9,7 190 5800 SI

% 12,4 240 170000 SI % % 12 140 n.t. SI

The time points analyzed in this study are indicated in grey. SI, syncytium-inducing; NSI, non-
syncytium-inducing; mo, months; n.t., not tested.
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Table S1. Ccontinued

Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2 ## Subject Time to SI (mo) CD4+ T cells/%l blood RNA load/ml plasma MT2

3,2 510 n.t. SI

6,1 430 n.t. SI

9,1 380 n.t. SI

12,3 130 340000 SI

12,9 90 n.t. SI

DS4 -24,3 590 n.t. NSI DS8 -22,8 570 n.t. n.t.

-21,1 710 n.t. fail -19,9 520 n.t. n.t.

-18,1 680 n.t. NSI -16,7 330 n.t. n.t.

-15,1 560 n.t. NSI -12,5 420 n.t. NSI

-11,9 790 76000 NSI -10,7 390 n.t. NSI

-8,9 590 n.t. NSI -7,1 430 n.t. NSI

-6,2 490 n.t. NSI -3 400 n.t. NSI

-2,8 530 n.t. NSI 0 270 n.t. SI

0 330 n.t. SI 3 240 1000 SI

3 400 n.t. SI 4,1 320 n.t. SI

6 370 120000 SI 6,8 330 1000 SI

9,3 230 n.t. SI 9,7 190 5800 SI

% 12,4 240 170000 SI % % 12 140 n.t. SI

The time points analyzed in this study are indicated in grey. SI, syncytium-inducing; NSI, non-
syncytium-inducing; mo, months; n.t., not tested.
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The study of the interplay between the human immunode!ciency virus type-1 (HIV-1) 
and its host environment helps to increase our understanding of HIV-1 pathogenesis 
and the factors determining the rate of disease progression. In this concluding 
chapter, HIV-1 evolution throughout the disease course in relation to viral coreceptor 
use and the potential host selective forces driving this process are being put in 
perspective. Moreover, the consequences of the continuous adaption of HIV-1 to 
its host environment for the interaction with its coreceptors and its implications for 
treatment with HIV-1 coreceptor inhibitors will be discussed.

HIV-1 transmission and coreceptor use early in HIV-1 infection
Establishment of the majority of sexually transmitted HIV-1 infections results from 
infection with and/or expansion of a single virus as has been shown by detailed studies 
of primary HIV-1 infection with sampling prior and around seroconversion (Fiebig stage 
I-V)1,2. This underscores the existence of a severe population bottleneck associated 
with mucosal HIV-1 transmission and establishment of infection in a new host, and 
is consistent with the genetically homogeneous viral population observed early in 
infection, which becomes more heterogeneous during the chronic phase3 (Chapter 5), 
the latter probably being the result of adaptation to the continuously changing new 
host environment. 

This transmission bottleneck could offer an explanation for the predominance of 
R5 variants in acute infection. Several mechanisms (reviewed in Margolis et al.4) acting 
at the mucosal level such as preferential trapping and inactivation of CXCR4-using 
variants by mucin and innate antiviral proteins, preferential infection of macrophages, 
dendritic cells (DCs) and Langherhans cells (LCs) by R5 variants, preferential  capture 
and transfer of R5 variants from DCs and LCs to CD4+ T cells, and large availability of 
CCR5 expressing  CD4+ T cells residing in the mucosa, could explain the advantage 
of viral variants with a CCR5-using phenotype to be transmitted and/or preferentially 
expanded. These mechanisms, however, cannot explain why CXCR4-using variants 
would be counter selected also when the route of transmission is via blood-to-blood 
contact, for instance after sharing of contaminated needles5,6, suggesting a role 
for non-mucosal barriers to the expansion of CXCR4-using viruses such as a higher 
susceptibility of these variants to humoral immunity or the existence of a viral reservoir 
in macrophages that favors the persistence of R5, and not CXCR4-using, variants 
(reviewed in Margolis et al.4). The fact that individuals with a CCR5 #32/#32 genotype 
who completely lack CCR5 expression are highly resistant to HIV-1 infection7,7-10, 
supports that CXCR4-using variants are not easily transmitted. However, although 
unlikely, the transmission of CXCR4-using variants is possible as shown by the few cases 
of HIV-1 infected individuals with a CCR5 #32/#32 genotype from whom CXCR4-using 
variants have been isolated11-18. Another factor contributing to the predominance of 
R5 variants early in infection could be the higher likelihood that HIV-1 is transmitted 
by acutely infected individuals, generally unaware of their seropositive status, with a 
high viral load and likely to harbor only R5 variants19-24. 

It has been reported that envelopes from newly transmitted subtype A and C HIV-1 
are shorter, less glycosylated, and more sensitive to neutralization by plasma from the 
chronically infected partner than viral envelopes from the donor prior to transmission25,26. 
These features are not always observed for subtype B HIV-1 variants1,26-28, however, 
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several studies have shown that in HIV-1 subtype B infections early stage viruses, as 
compared to viruses that are present during the chronic phase of infection, display 
lower ef!ciency of CCR5 use, lower replicative capacity and cytopathicity29-36 and 
higher sensitivity to antibody neutralization37-43. This raises the question whether viral 
characteristics of early stage viruses are advantageous for transmission. In Chapter 
7, we show however, that adaptations acquired by viruses at the chronic phase of 
infection, such as increased ef!ciency of CCR5 use and a more glycosylated envelope 
with higher V3 charge, can be preserved upon transmission. If the possession of these 
characteristics that support more ef!cient virus replication, more ef!cient use of the 
cellular entry complex, and evasion from the immune system is not disadvantageous 
for transmission of the virus, then the higher risk of transmission during the acute 
phase of HIV-1 infection is more likely the responsible factor for the predominance of 
R5 HIV-1 variants in early infection. Transmission of viruses with a more “late stage” 
phenotype may contribute to the evolution of HIV-1 at a population level44-46. Studies 
of HIV-1 transmission chains and knowledge of the characteristics of the transmitted 
virus may help to better understand evolution of HIV-1 molecular and biological 
properties both within a host and throughout the epidemic.

Origin of CXCR4-using variants
Several studies have suggested that CXCR4-using variants evolve from R5 variants4,47-50. 
Recent !ndings in different cohorts have shown that CXCR4-using variants are not 
necessarily rare during primary infection, with varying frequencies depending on 
whether a phenotypic (3-6.4%) or a genotypic (13-17%) assay was used to determine 
viral coreceptor use51.  Although this would argue for a more frequent transmission 
of CXCR4-using variants than traditionally believed, it cannot be excluded that the 
prevalence of CXCR4-using variants may have been overestimated due to the use of 
genotypic assays and coreceptor use prediction tools. The observation that failure 
under treatment with the CCR5 inhibitor Maraviroc can be caused by the outgrowth 
of CXCR4-using HIV-1 variants that existed already before the onset of therapy 
raises the concern that both R5 and CXCR4-using variants are initially transmitted 
and while R5 variants are initially preferentially expanded, CXCR4-using variants may 
be maintained in a reservoir from which active replication is only started  when R5 
variants are suppressed. In Chapter 5, we con!rm de novo evolution of CXCR4-using 
variants in 10 HIV-1 infected individuals by showing that newly detected CXCR4-using 
variants are genetically more closely related to the pre-existing R5 variants. Indeed, 
this is further supported by the fact that in one of those HIV-1 infected individuals, 
emergence of CXCR4-using variants occurred despite the fact that the donor only 
harbored R5 variants during and after transmission (Chapter 7). Even with the use of 
ultra-deep sequencing, which allows for the detection of minor variants, detection of 
sequences with predicted CXCR4 use followed a period in which only R5 variants were 
detected (Chapter 8). Moreover, the ability of recently emerged CXCR4-using variants 
to use CCR5, even if only in highly expressing CCR5 cell lines, which can be lost 
later in infection52 (Chapter 5) or the detection of intermediates between CCR5 and 
CXCR4 (Chapter 8), supports a transition from CCR5 to CXCR4 use. Taken together, 
these observations point towards a selective transmission and/or initial outgrowth of 
R5 variants, which may acquire the ability to use CXCR4, through evolution in some 
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HIV-1 infected individuals, rather than the (re-)appearance of these viral variants from 
a reservoir that was established at the time of infection. 

Transition from a CCR5- to a CXCR4-using phenotype
The likelihood that an R5 variant acquires CXCR4 use should theoretically be high 
considering the minimal required sequence changes for a switch from CCR5 to CXCR4 
co-receptor use53-59 and that these mutations must be occurring continuously in vivo 
due to the exceptionally high mutation rate of HIV-160. Based on this, emergence of 
CXCR4-using variants would be expected 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 B61,62 and when they do, they are not generally detected 
at an early disease stage51. Indeed, CXCR4-using variants emerge relatively slow in the 
majority of HIV-1 subtype B infections. Moreover, although the transition from CCR5 to 
CXCR4 use may occur several times throughout the disease course (Chapter 5, 6 and 
8), the emergence of CXCR4-using variants that subsequently persist as successfully 
replicating viruses occurs only once (Chapter 5). Alltogether this suggests that the 
evolution towards a CXCR4-using phenotype is strongly disfavored in vivo. Indeed, 
the R5X4 variants isolated close to the estimated emergence of CXCR4-using variants 
replicated slower in a CCR5 expressing cell line as compared to their co-existing R5 
variants (Chapter 5). The transition from CCR5 to CXCR4 use may involve a stage of 
reduced viral !tness, as re"ected by the lower ef!ciency of coreceptor-mediated entry 
and the higher susceptibility to neutralizing antibodies of intermediate variants63,64. 
Once a transition from CCR5 to CXCR4-use results in successfully replicating CXCR4-
using variants, newly emerging intermediates are probably outcompeted by the 
already existing replication competent CXCR4-using variants.

In Chapters 5, 6 and 8 we show that multiple mutational pathways can lead to 
the acquisition of CXCR4 use by R5 variants, but that there are certain requirements 
for the evolution towards a successfully persisting CXCR4-using phenotype in vivo 
(Chapter 5 and 6) which involve the gain of at least one positively charged amino acid 
in the V3 region resulting in a higher V3 charge, which may facilitate the interaction 
with acidic residues in CXCR465. Interestingly, the requirement of positively charged 
amino acids at V3 positions 11 or 25 for CXCR4 use, was not absolute (Chapter 5). 
Consistent with other studies57,63,66-68,68-75, amino acid residues in gp120 envelope 
regions outside V3 also appeared to be implicated in a successfully replicating CXCR4-
using phenotype in half of the subjects studied. These may be additional mutations 
that compensate for the impact that the essential V3 region mutations required for 
the interaction with CXCR4 have on the envelope conformation. Therefore, they likely 
contribute to maintain its function as mediator of viral entry. Speci!c characteristics of 
the humoral immune response of each HIV-1 infected individual may explain the range 
of possibilities by which an R5 variant can acquire CXCR4 use, given that changes in 
the envelope conformation may also compromise the exposure of epitopes targeted 
by neutralizing antibodies.  
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Optimization of coreceptor use throughout HIV-1 infection and 
implications for the use of coreceptor inhibitors

In HIV-1 infected individuals in whom CXCR4-using variants are absent throughout 
the entire disease course, R5 variants evolve towards an increased ef!ciency of CCR5 
use as re"ected by an overtime increasing resistance to CCR5 inhibitors and natural 
ligands (RANTES, MIP-1  and MIP-1 ) or decreasing dependence on speci!c binding 
regions in CCR530,31,34,76. Similarly, evolution towards a more ef!cient CXCR4 use has 
also been observed for CXCR4-using variants77 and for the respective CCR5 and 
CXCR4 use of co-existing R5 and CXCR4-using variants within the same HIV-1 infected 
individual (Chapter 5). Optimization of CCR5 use throughout HIV-1 infection occurs 
independently of the emergence of a viral population that can use CXCR4 (Chapter 5) 
and involves a decreased dependence on N-terminus, ECL1 and ECL2 of CCR5, while 
independence of ECL1 and ECL2 of CXCR4 leads to optimization of viral CXCR4 use. 
Alternatively or in addition to an increased binding af!nity for the chemokine receptor, 
the ability to change the binding domains used for the interaction with the coreceptor 
may explain the increased resistance of late stage R5 variants to CCR5 natural ligands 
that bind the N-terminus and ECL2 or of late stage CXCR4-using variants to AMD3100 
that binds to ECL2 and ECL378-80. Moreover, R5 variants can become resistant to small 
molecule CCR5 inhibitors, including Maraviroc that is currently used as antiretroviral, 
by recognizing the complex of CCR5 and inhibitor while maintaining their ability to 
use CCR5. This mechanism is consistent with the mode of action of these inhibitors, 
which bind to the extracellular domains of CCR5, ECL2 in the case of Maraviroc, and 
alter their conformation. The increasing "exibility of HIV-1 to use CCR5 throughout 
the natural disease course suggests limitations to the use of Maraviroc in patients 
who harbor such late-stage variants. Characterization of CCR5 use and Maraviroc 
sensitivity in therapy naïve HIV-1 infected individuals could therefore elucidate 
whether resistance to Maraviroc can arise due to optimization of CCR5 use during the 
natural course of infection. CCR5 inhibitors are also being considered as candidates 
for the development of microbiocides, agents that can be applied locally and that can 
prevent sexual HIV-1 transmission81. Ef!ciency of CCR5 use of the viral strains from the 
transmitter, which as discussed earlier is a viral characteristic that can be transmitted, 
may have an impact on the effectiveness of these CCR5 inhibitors.

HIV-1 CXCR4 use and antiretroviral therapy
A role for HIV-1 coreceptor use in response to antiretroviral drugs that do not target 
HIV-1 coreceptors has been reported. Monotherapy with reverse transcriptase inhibitor 
zidovudine was shown to be more effective against R5 variants, while didanosine 
was more effective against CXCR4-using viruses82,83. This could be explained by the 
differential cell tropism of R5 and CXCR4-using variants, as these compounds are 
differently active in activated CCR5- and resting CXCR4- expressing HIV-1 target cells. 
In general, however, drugs that are activated in both types of target cells or that do not 
require activation, such as lamuvidin or the protease inhibitor ritonavir, respectively, 
have a similar effect in both R5 and CXCR4-using variants83,84. Current antiretroviral 
therapy combines at least three different compounds (cART), each targeting a different 
step on the virus life cycle. Evaluation of the impact of cART on viral coreceptor use 
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and vice versa is dif!cult given that initiation of therapy depends on the CD4 count85, 
and therefore at least in HIV-1 subtype B infection, there is a higher likelihood to have 
or develop CXCR4-using variants at the time of initiation of cART. Up to now, it has 
not been clearly demonstrated that the effectiveness of drug regimens is in"uenced 
by HIV-1 coreceptor use, neither whether cART can in"uence a change in viral 
population coreceptor use86-88. Thus, although emergence of CXCR4-using variants 
clearly has negative implications for the natural course of HIV-1 infection, the study 
of HIV-1 coreceptor use may not seem relevant for patients who can be treated with 
cART. However, the recent availability of CCR5 antagonists as antiretroviral therapy 
emphasizes the need to accurately identify CXCR4-using variants in patient samples 
when considering the use of this new drug class, given that this treatment is likely 
ineffective in patients harboring CXCR4-using variants89,90 and that intermediates 
between CCR5- and CXCR4-using variants, even if present at very low levels, unable to 
persist in co-existance with R5 variants (Chapter 8), may be selected upon suppression 
of the R5 variants population. Indeed CXCR4-using variants present at less than 1% 
of the total pre-treatment viral population may be selected upon CCR5 antagonist 
treatment 89,91-93. Chapter 8 shows that prediction of viral coreceptor phenotype using 
V3 sequences generated by ultra-deep sequencing allows a more sensitive detection 
of CXCR4-using variants present at levels below approximately 2.5% of the total virus 
population during natural infection as compared to the phenotypic MT-2 assay and 
enhanced-sensitivity Tro!le assays (ESTA). Although the use of genotypic methods 
for the detection of CXCR4-using variants seems to be a promising tool, it has certain 
limitations due to the inaccuracy of the various bioinformatic tools for predicting the 
correct viral coreceptor phenotype. Currently available coreceptor prediction tools 
therefore need to be improved before this technique can completely replace the 
phenotypic methods that are presently used in the clinic.

Host selective pressures driving HIV-1 (envelope) evolution 
The fact that HIV-1 envelope protein is involved in viral entry and that it is the target 
for neutralizing antibodies and, to a lesser extend, CTL responses, implies that the 
changes in the viral envelope required for HIV-1 escape or adaptation to immune 
responses will be conditioned by the maintenance of the viral envelope function as 
mediator of viral entry and vice versa. The selective forces driving HIV-1 evolution, 
and that are acting on the viral envelope, can differ within an HIV-1 infected individual 
depending on the body compartment. Although we observed similar evolution of HIV-1 
variants obtained from serum and PBMC (Chapter 2 and 3), evidence for differential 
selective forces acting on the viruses from those two sources was found occasionally. 
The differential effect of the humoral immune response on cell-free (serum) and cell-
associated (PBMC) viruses is shown in Chapter 3, where the majority of HIV-1 variants 
present in serum between 4 and 7 years after seroconversion in an HIV-1 infected 
individual were unable to persist in peripheral blood. These unsuccessful viruses were 
more sensitive to autologous serum neutralization, had shorter envelopes with fewer 
potential N-linked glycosylation sites, and showed lower replication kinetics than the 
HIV-1 variants that did evolve successfully, suggesting that humoral immunity played a 
role in the negative selection of those viral variants. In addition, underrepresentation 
of CXCR4-using variants in serum94 (and Chapters 2 and 8), suggests that CXCR4-using 
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variants may preferentially be present in a cell-associated state and that they are more 
restricted to cell-to-cell spread. The fact that this is observed in the HIV-1 infected 
individual with broad neutralizing activity in serum studied in Chapter 3 together 
with the higher susceptibility of newly emerged CXCR4-using variants to antibody 
neutralization as compared to co-existing R5 variants64 makes it likely that humoral 
immunity contributes to the suppression of CXCR4-using variants as soon as they bud 
from infected cells into the serum as free virions.

HIV-1 has to compete with the natural ligands of CCR5 and CXCR4 for binding to 
the coreceptors. Moreover, CCR5 and CXCR4 expression levels as well as availability 
of CCR5 and CXCR4 expressing target cells may be limited depending on the disease 
stage. Altogether, coreceptor availability could be one of the underlying selective 
pressures driving optimization of viral coreceptor use throughout HIV-1 infection. 
Given the reported lower percentages of CCR5 expressing target cells and higher 
levels of RANTES production in HIV-1 infected individuals with a CCR5 wt/#32 
genotype95,96, the comparison of HIV-1 evolution in infected individuals with either 
a CCR5 wt/wt or with a CCR5 wt/#32 genotype (Chapter 4) offered the opportunity 
to investigate the contribution of CCR5 and target cell availability on the selection 
pressure directed against the viral envelope and therefore its impact on HIV-1 intra-
host evolution. Delayed onset of AIDS symptoms is correlated with a slower rate of 
synonymous substitution, indicative of a slower replication rate97. The association 
between HIV-1 infection in individuals with a CCR5 wt/#32 genotype and a lower 
viral load set point and a slower HIV-1 disease course98,99, could suggest that target 
cell and CCR5 availability can in"uence progression to AIDS by limiting the viral 
replication rate. However, CCR5 genotype appeared to have no in"uence on viral 
evolutionary rate, which is the resultant of the viral mutation rate, viral generation 
time and the selective pressure acting on the virus, or on the selection pressure on 
the viral envelope (Chapter 4). This implies that although CCR5 availability may have 
an impact on HIV-1 evolution, it is the combination with other factors, such as cellular 
and humoral immune pressures and immune activation, that likely determines viral 
replication rate and progression of the disease, and the overall selection pressure 
on the virus. Therefore, the selection of viral variants with an enhanced coreceptor 
use cannot be solely explained by the depletion of target cells, a phenomenon that 
characterizes the clinical course of HIV-1 infection.

Emergence of CXCR4-using variants: cause or consequence of 
immune impairment?
The emergence of CXCR4-using variants at any stage of HIV-1 infection precedes a 
decline in CD4+ T cells and accelerated disease progression61.  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 variants64 and their underrepresentation in serum94 
(Chapter 2 and 8) 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 observed64 (Chapter 3). The 
decrease in R5 HIV-1 population diversity (Chapter 5) and CD4+ T cell counts observed 
around the emergence of CXCR4-using variants could be a sign of the immune system’s 
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deterioration. This is also illustrated in an HIV-1 infected individual in Chapter 7, by the 
decline in number of PNGS in the viral envelopes of R5 and CXCR4-using variants after 
a phase of immune escape preceding the emergence of CXCR4-using variants; with a 
decline of the humoral immune response the occlusion of antibody epitopes by sugars 
on the viral envelope may not be as essential and the loss of those sugars may result 
in gain of a more ef!cient use of the entry complex. The low-stage !tness of CCR5- 
and CXCR4-using variants intermediates together with the relative slow emergence 
of CXCR4-using variants in HIV-1 infection, despite the potential advantage that 
CXCR4 use confers to the virus by broadening its target CD4+ T cell range, suggest 
that when the host selective pressures that earlier in infection favored the outgrowth 
of R5 variants or selected against the emergence of CXCR4-using variants begin to 
fade as a consequence of disease progression, the highly disfavored transition from 
CCR5 to CXCR4 usage will occur. The infection of a larger target cell range within the 
CD4+ T lymphocytes subsets and the interference of CXCR4-using variants with CD4+ 
T cell renewal by infection of naive CD4+ CXCR4+ T cells may just then contribute 
to the immune system collapse. The advantage of a CXCR4-using variant in such 
environmental conditions may explain why there is no reversion from CXCR4 use to 
CCR5 use. The observation that ultimately the prevalence of CXCR4-using variants 
in individuals with a CCR5 wt/#32 genotype, whom have lower expression CCR5 
levels and slower disease progression, is comparable to individuals with a CCR5 wt/wt 
genotype, although the emergence of CXCR4-using variants is delayed in individuals 
with a CCR5 wt/#32 genotype100, supports the hypothesis that a functional immune 
system prevents the emergence of these variants. Although host immune environment 
may probably have a large impact on the emergence of CXCR4-using variants, in 
Chapter 7 we emphasize the relevance of the viral background in this process. 

Concluding remarks
The identi!cation of CCR5 and CXCR4 as coreceptors for HIV-1 and their differential 
expression patterns in CD4+ T cell subsets, and the discovery of the ability of HIV-1 to 
use one or both of these coreceptors, which in combination are strong determinants 
of the cell tropism of the virus, has increased our understanding of HIV-1 pathogenesis 
and the factors determining the rate of disease progression. Further insight on HIV-1 
coreceptor use evolution has recently become relevant as the presence of CXCR4-using 
variants has negative implications for the treatment with a new class of antiretroviral 
drugs targeting the CCR5 coreceptor. Despite enormous progress, the underlying 
mechanism on the evolution towards CXCR4 use remains largely unresolved. The 
study of the interplay between HIV-1 and its host environment in the context of HIV-1 
coreceptor use in the absence of antiretroviral therapy may help to resolve parts of 
this puzzle. 
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SUMMARY
The high mutation rate and rapid replication dynamics of human immunode!ciency 
virus type 1 (HIV-1) contribute to its high genetic variability by causing continuous 
emergence of HIV-1 variants within an HIV-1 infected individual that are genetically 
highly related but distinct from each other (viral quasispecies). The continuously 
changing host environment acts on the viral quasispecies, resulting in  the selection 
of viral biological properties, such as higher replication capacity and more ef!cient 
use of the entry complex, and facilitating escape from the host immune response. 
HIV-1 entry into the target cell is mediated by the viral envelope protein, which binds 
to CD4 and a chemokine receptor (CCR5 or CXCR4), which functions as a coreceptor. 
The differential expression of CCR5 and CXCR4 on T cell subsets, in combination 
with the ability of HIV-1 to use one or both of these coreceptors, strongly contributes 
to the cell tropism of the virus. Moreover HIV-1 coreceptor use has an impact on 
disease progression. In this thesis, the evolution of HIV-1 and the composition of the 
viral population within an HIV-1 infected individual were studied in relation to viral 
coreceptor use and host environment.   

In vivo HIV-1 replicates predominantly in macrophages and CD4+ T cells that 
reside in tissues or peripheral blood. Viral DNA that is present in these cells may 
represent actively replicating or non replicating virus, either transiently (latent virus) or 
permanently (defective archived HIV-1 that will remain present as long as the infected 
cell lives). In addition to a cell-associated state, HIV-1 virions can be present in a cell-
free state in serum, their short half-life indicating recent production, and therefore  the 
viral quasispecies in serum is assumed to be biologically the most relevant (in contrast 
to the latent/incompetent cell-associated quasispecies). If these virions are produced 
by infected target cells from peripheral blood, one would expect the viral quasispecies 
of actively replicating viruses in PBMC and serum to be highly similar. In Chapter 2, we 
investigated the genetic relationship between the total HIV-1 quasispecies in PBMC 
(PBMC-DNA), the replication competent HIV-1 variants isolated from PBMC, and the 
cell-free HIV-1 quasispecies in serum (serum-RNA)  throughout the disease course of 
four therapy naïve HIV-1 infected individuals. HIV-1 variants from the three different 
sources formed a single virus population at most time points analyzed. Interestingly, 
however, viral variants from serum and PBMC occasionally did not re"ect the same 
fraction of viruses present in peripheral blood, as shown by the underrepresentation 
of CXCR4-using variants in serum or the inability of certain viral variants in serum to 
persist over time. Based on these results we concluded that replication competent 
clonal HIV-1 variants isolated from PBMC may be equally representative of the viral 
variants present in blood as sequences obtained from serum-RNA or PBMC-DNA. 
However, certain selective forces may drive differential evolution of the cell-free and 
cell-associated virus pool, in which case, sequences from both sources would be 
required to obtain a more complete picture of the viral population in peripheral blood 
in vivo.

The independent evolution of HIV-1 variants from PBMC and serum in an HIV-1 
infected patient with cross-reactive neutralizing activity in serum is described in 
Chapter 3. The majority of viral variants that were obtained from serum between 4 and 
7 years after seroconversion were unable to persist in peripheral blood. Interestingly, 
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these viral variants were more sensitive to autologous serum neutralization, had shorter 
envelopes with fewer potential N-linked glycosylation sites (PNGS), and showed lower 
replication kinetics than the HIV-1 variants that did evolve successfully, suggestive 
for a role for neutralizing antibody pressure on the negative selection of those viral 
variants. These data clearly re"ect the dynamic interaction between HIV-1 and host 
humoral immunity. 

Target cell and coreceptor availability may as well be one of the host selective 
pressures driving HIV-1 evolution. Indeed, one could argue that low expression of 
CCR5 may select for HIV-1 variants with the highest ef!ciency to use this coreceptor. 
Interestingly, heterozygosity for a 32 base pair deletion in CCR5 (CCR5delta32), a 
genotype that is observed in about 18% of the Caucasian population, is associated with 
lower CCR5 expression and slower disease progression. In Chapter 4, we compared the 
evolution of HIV-1 variants in progressing and long-term non-progressing individuals 
with either a CCR5 wt/wt or CCR5 wt/#32 genotype who only harbored CCR5-using 
(R5) HIV-1 variants during their course of infection. An approach using hierarchical 
phylogenetic models (HPMs) that incorporate !xed-effects was developed to estimate 
viral evolutionary rates and selection pressure (dN/dS) within hosts and evaluate whether 
these parameters differed with respect to CCR5 host genetic background and disease 
progression. We investigated whether the CCR5 wt/#32 genotype had an impact 
on the evolutionary rate of the virus and the selection pressure directed against the 
viral envelope protein. Unexpectedly, the CCR5 genotype had no in"uence on viral 
evolutionary rate or dN/dS. Indeed, although CCR5 genotype has a measurable impact 
on disease progression, there is no absolute relationship as some CCR5 wt/ 32 HIV-1 
infected individuals show rapid or typical progression to disease. We did observe an 
association between viral evolutionary rate and rate of disease progression. Moreover, 
given the absence of clear dN/dS differences between HIV-1 individuals with a slow 
or typical disease progression, delayed onset of AIDS symptoms was solely associated 
with lower viral replication rates rather than with differences in selection on amino 
acid !xation. Our study implies that although CCR5 availability may have an impact 
on HIV-1 evolution, other host factors are likely to determine viral replication rate and 
exert selection pressure on the virus as well.

In the natural course of HIV-1 infection, the early phase is dominated by R5 viruses 
but in about 50% of subtype B infected subjects, CXCR4-using variants emerge at 
later stages, preceding an accelerated loss of CD4+ T cells and more rapid disease 
progression. The evolution of HIV-1 from an R5 to a CXCR4-using phenotype is not yet 
fully understood. For the study in Chapter 5, clonal HIV-1 variants were isolated from 
ten individuals at multiple time points throughout their entire natural disease course, 
from before and after the !rst appearance of CXCR4-using variants. Phylogenetic 
analysis showed 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, 
which commonly involved the gain of at least one positively charged amino acid in the 
V3 region and additional subject-speci!c changes outside the V3 region, suggestive 
for a role of host-speci!c selection pressures on this process. After the emergence of 
CXCR4-using variants, R5 variants remained present and co-existing R5 and CXCR4-
using variants evolved independently, also with respect to their mode of CCR5 and 
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CXCR4 use as re"ected in a decreasing dependence on particular binding regions 
in the coreceptors. This 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.

 Acquisition of the ability to use CXCR4 is accompanied by only minimal amino 
acid changes in the viral envelope which suggests that this change could easily be 
established in vitro by target cell selection. In Chapter 6 it is shown, however, that 
the R5 variants from only one out of four HIV-1 infected individuals, who developed 
CXCR4-using variants in vivo, could evolve to a CXCR4-using phenotype in vitro. The 
speci!c R5 variants had an envelope with higher V3 charge and higher number of 
potential N-linked glycosylation sites than the R5 variants that failed to acquire CXCR4 
use in vitro. The acquisition of CXCR4 use in vitro and in vivo was associated with 
multiple mutational patterns that not necessarily involved the V3 region. However, 
changes in V3 at positions 11 and 24 were a prerequisite for successful persistence 
of CXCR4-using variants in vivo. This suggests that acquisition of CXCR4 use is more 
complicated than the minimal amino acid requirements would suggest and that 
positive selection pressures in vivo, mainly targeting the V3 loop, are a prerequisite 
for the emergence of CXCR4-using variants during the natural course of infection. 

CXCR4-using viruses do not emerge in all infected individuals with HIV-1 subtype 
B and when they do, they are not generally detected at an early disease stage. 
Considering the minimal required sequence changes for a switch from CCR5 to CXCR4 
co-receptor usage and that these mutations must be occurring continuously in vivo 
due to the exceptionally high mutation rate of HIV-1, the relatively slow emergence of 
CXCR4-using variants suggests that evolution towards a CXCR4-using phenotype is 
strongly disfavored in vivo and it is very likely that both host and viral factors in"uence 
the outcome of this process. In Chapter 7, HIV-1 evolution was studied in an HIV-1 
transmission couple of which the donor exclusively had R5 variants during his entire 
disease course while the recipient developed CXCR4-using variants. Over time, R5 
variants in the donor optimized co-receptor use and increased the number of PNGS 
and V3 charge of their envelopes. The earliest R5 variants in the recipient showed 
similar CCR5 ef!ciency and envelope molecular properties as the late R5 variants in the 
donor, characteristics that apparently can be conserved upon transmission. Emergence 
of CXCR4-using variants in the recipient was preceded by a selective sweep and an 
increase in the envelope number of PNGS and V3 charge of the R5 viral population. 
The high ef!ciency in CCR5 use and the more positively charged V3 envelope region 
of the recently transmitted R5 variants may have been instrumental to the emergence 
of CXCR4-using viruses under the speci!c recipient’s immune environment. However, 
larger studies are required to value the contribution of viral and host factors in this 
evolutionary process.

Although phylogenetic analyses clearly support that CXCR4-using HIV-1 variants 
evolve from R5 HIV-1 variants, the intermediate HIV-1 variants are only seldom 
observed which may re"ect their relatively low !tness. As a consequence, the kinetics 
and mutational pathways involved in the evolutionary process of CCR5- to CXCR4-
using transition have been dif!cult to study and are therefore poorly understood. In 
Chapter 8 ultra-deep sequencing of the V3 loop of the viral envelope in combination 
with V3-based coreceptor prediction tools was used to detect HIV-1 variants during 
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the transition from CCR5- to CXCR4-usage. PBMC and serum samples that were 
obtained from eight HIV-1-infected individuals at three-monthly intervals around the 
moment of !rst detection of CXCR4-using variants were analyzed. Analysis of the 
genetic relationships of the V3 sequences using minimum spanning trees revealed 
that the transition in coreceptor usage followed a stepwise mutational pathway 
involving sequential intermediate variants, which were generally present at relatively 
low frequencies compared to the major predicted CCR5- and CXCR4-using variants. In 
addition, individual patients differed with respect to the number of predicted CXCR4-
using variants, the diversity among major predicted CCR5-using variants, and the 
presence or absence of intermediate variants with discordant phenotype predictions. 
These results provide the !rst detailed description of the mutational pathways in V3 
during the transition from CCR5- to CXCR4-use in natural HIV-1 infection. They also 
con!rm the low frequency of the transitional variants most likely re"ecting decreased 
in vivo !tness and possibly explaining why CXCR4-using variants, unlike CCR5-using 
variants, are not detected in all patients at every stage of disease.

The implications of all !ndings in this thesis are put in perspective in the General 
Discussion.
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SAMENVATTING
De hoge mutatie graad en de hoge dynamiek van vermenigvuldiging van het 
humane immunode!ciëntie virus type 1 (HIV-1) vormen de basis voor de grote 
genetische variabiliteit en het continue verschijnen van genetisch verschillende, maar 
gerelateerde, virus varianten die naast elkaar kunnen bestaan binnen een geïnfecteerd 
individu (virale quasispecies). De steeds veranderende selectiedruk in de gastheer 
beïnvloedt de samenstelling van de virale quasispecies, waardoor steeds de varianten 
met de voor dat moment optimale biologische eigenschappen geselecteerd worden. 
Deze eigenschappen zijn bijvoorbeeld de snelheid waarmee het virus zich kan 
vermenigvuldigen (replicatiesnelheid), de mogelijkheid om een bepaalde coreceptor 
te gebruiken en de ef!ciëntie waarmee dat gaat, en het vermogen om te ontsnappen 
aan het immuunsysteem van de gastheer.  Infectie van een cel door HIV-1 begint met 
de binding van het virale envelop eiwit aan het cellulaire CD4 molecuul en aan een 
coreceptor (chemokine receptor CCR5 of CXCR4). Omdat celtypes verschillen voor 
wat betreft de aanwezigheid van CCR5 en CXCR4 op hun membraan hebben virus 
varianten die verschillen in hun gebruik van de coreceptoren (alleen CCR5, alleen 
CXCR4 of beide coreceptoren) ook een verschillend celtropisme. Deze verschillen in 
coreceptorgebruik en dus celtropisme zijn van invloed op het ziektebeloop van de 
HIV-1 infectie. In dit proefschrift is de evolutie van HIV-1 en de samenstelling van de 
virale quasispecies in HIV-1 geïnfecteerde patiënten bestudeerd, zowel in relatie tot 
coreceptorgebruik, als in relatie tot andere gastheerfactoren.

HIV-1 wordt verondersteld zich in vivo voornamelijk te vermenigvuldigen in CD4+ 
T cellen en macrofagen in de weefsels of perifeer bloed. Viraal DNA aanwezig in 
geïnfecteerde cellen kan actief replicerend of niet replicerend virus vertegenwoordigen. 
Het onvermogen tot replicatie kan tijdelijk zijn (latent virus) of permanent (replicatie 
incompetent gearchiveerd virus, aanwezig zolang de geïnfecteerde cel leeft). 
Daarnaast kan HIV-1 ook nog voorkomen in een celvrije vorm, als virusdeeltje of virion 
in serum. Omdat hun korte halfwaardetijd impliceert dat ze recent geproduceerd zijn, 
wordt de virale quasispecies in serum biologisch gezien het meest relevant geacht 
(in tegenstelling tot de latente/incompetente celgeassocieerde quasispecies). Als 
deze virusdeeltjes geproduceerd zijn door cellen in het perifere bloed, dan zou je 
verwachten dat de genetische samenstelling van replicerend celgeassocieerd en 
celvrij virus in bloed vrijwel gelijk is. In hoofdstuk 2 onderzochten we de genetische 
verwantschap tussen de HIV-1 viruspopulatie in perifere bloed mononucleaire 
cellen (PBMC-DNA), replicerend virus geïsoleerd uit PBMC, en celvrij virus uit serum 
(serum-RNA) op verschillende momenten in de loop van de infectie van vier HIV-1 
geïnfecteerde onbehandelde individuen. Op de meeste momenten vormden de 
HIV-1 varianten die waren verkregen uit de drie verschillende bronnen een nauw 
verwante virus populatie. Echter, CXCR4-gebruikende virussen waren op sommige 
tijdspunten ondervertegenwoordigd in de virus populatie uit serum, vergeleken 
met de viruspopulatie van hetzelfde moment in PBMC-DNA of binnen de populatie 
replicerend virus uit PBMC. Alle resultaten samenvattend geven replicerende virussen 
uit PBMC en viraal RNA in serum een vergelijkbaar goede afspiegeling van de 
viruspopulatie in vivo, maar voor een volledig beeld van de viruspopulatie in vivo  
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zouden virussen afkomstig uit de verschillende bronnen in de analyse meegenomen 
moeten worden.

In hoofdstuk 3 wordt de onafhankelijke evolutie van HIV-1 in PBMC en serum 
van een HIV-1 geïnfecteerde patiënt met kruisreagerende neutraliserende antistoffen 
beschreven. De meeste virussen van deze patiënt die geïsoleerd konden worden 
tussen jaar 4 en jaar 7 na seroconversie bleken geen nakomelingen te hebben op 
latere tijdstippen. Interessant genoeg bleken deze virussen gevoeliger voor de 
neutraliserende antistoffen van deze patiënt, hadden ze kortere envelopeiwitten met 
minder suikergroepen, en vermenigvuldigden ze zich langzamer dan de virussen die wel 
nakomelingen hadden op latere tijdspunten. Deze studie suggereert dat selectiedruk 
door neutraliserende antistoffen een negatieve selectie van neutralisatiegevoelige 
virussen kan bewerkstelligen.

De beschikbaarheid van te infecteren cellen en coreceptoren zou ook selectiedruk 
op HIV-1 kunnen geven en daarmee de evolutie van het virus kunnen beïnvloeden. 
Een beperkt aantal doelwitcellen of een lage expressie van de coreceptor zouden 
kunnen selecteren voor HIV-1 varianten met de hoogste ef!ciëntie van coreceptor 
gebruik. Mensen die heterozygoot zijn voor een 32 base-paren deletie in CCR5, een 
genotype wat voorkomt in ongeveer 18% van de westerse blanke Europeanen, is 
geassocieerd met een lagere expressie van CCR5 en een verminderd aantal CCR5 
positieve cellen. In hoofdstuk 4 is de evolutie van HIV-1 vergeleken in mensen met 
een progressief of asymptomatisch ziektebeloop en met een CCR5 wt/wt genotype of 
een CCR5 wt/#32 genotype die alleen R5 HIV-1 varianten hadden voor de duur van 
hun infectie. Een benadering met hiërarchische fylogenetische modellen (afgekort als 
HPM vanuit het Engels)met vaststaande effecten, werd ontwikkeld om een schatting 
te maken van de evolutiesnelheid en selectiedruk (dN/dS ratio) in de gastheer, en om te 
kunnen onderzoeken of deze parameters beïnvloedt werden door het CCR5 genotype 
dan wel het klinische beloop van de infectie. Op deze manier kon onderzocht worden 
of het CCR5 wt/#32 genotype HIV-1 evolutiesnelheid en de selectiedruk op het virale 
envelopeiwit beïnvloedt. Tegen de verwachting in had het CCR5 genotype geen 
invloed op de virale evolutiesnelheid of dN/dS ratio. Hoewel CCR5 wt/#32 genotype 
geassocieerd is met een vertraagd ziektebeloop, betekent dit niet dat alle mensen 
met dit genotype langzame progressie vertonen.We vonden wel een associatie tussen 
de evolutiesnelheid van HIV-1 en de snelheid van ziekteprogressie. Omdat er geen 
verschillen waren in selectiedruk tussen mensen met een progressieve of langdurig 
asymptomatische HIV-1 infectie kon de langzamere ziekteontwikkeling toegeschreven 
worden aan een lagere HIV-1 replicatiesnelheid en niet aan verschillen in selectiedruk. 
Dus hoewel CCR5 expressie HIV-1 evolutie zou kunnen beïnvloeden, worden de 
virale replicatie snelheid en selectiedruk voornamelijk door andere gastheerfactoren 
bepaald.

De vroege fase van het natuurlijke beloop van HIV-1 infectie wordt gedomineerd 
door R5 varianten. In ongeveer de helft van de mensen die geïnfecteerd zijn met 
subtype B HIV-1 ontstaan in de loop van de infectie en voor AIDS diagnose CXCR4-
gebruikende virussen welke zijn geassocieerd met een sneller verlies van CD4+ cellen 
en versnelde ziekteprogressie. CXCR4-gebruikende HIV-1 varianten ontstaan uit 
R5 varianten maar dit proces is voor een groot deel nog onopgehelderd. Voor de 
studie zoals beschreven in hoofdstuk 5 werden klonale HIV-1 varianten geïsoleerd van 
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tien mensen op verschillende momenten voorafgaand en nadat de eerste CXCR4-
gebruikende virussen gevonden waren. Fylogenetische analyse bevestigde dat 
CXCR4-gebruikende virussen ontstaan uit R5 varianten. Hoewel dit meerdere malen 
leek te gebeuren in sommige patiënten was er slechts één populatie van CXCR4-
gebruikende virussen die persisterende replicerende nakomelingen produceerden. 
Dit evolutionaire proces ging gepaard met het verschijnen van een positief geladen 
aminozuur in de 3e variabele regio van de virale envelop. Daarnaast waren er nog 
patiëntspeci!eke veranderingen in andere regio’s van de virale envelop. Na het 
verschijnen van CXCR4-gebruikende virussen persisteerden ook de R5 varianten en 
beide virus populaties evolueerden vervolgens onafhankelijk van elkaar, ook met 
betrekking tot een steeds verminderde afhankelijkheid van bepaalde domeinen in 
hun respectievelijke coreceptoren. Het gebruik van antivirale middelen gericht op de 
coreceptoren zou dus gelimiteerd kunnen zijn in patiënten met dergelijk laatstadium 
HIV-1 varianten.

De verandering van een R5 naar een CXCR4-gebruikend fenotype gaat gepaard met 
slechts een minimaal aantal aminozuur veranderingen in de envelop. Dit suggereert 
dat dit proces ook eenvoudig zou kunnen plaatsvinden in vitro in een systeem waar 
het aantal doelwitcellen voor R5 varianten afneemt, en het aantal doelwitcellen voor 
CXCR4-gebruikende virussen toeneemt (doelwitcel-selectie). Echter, in hoofdstuk 6 
wordt beschreven dat de R5 varianten van slechts een van de vier personen die in 
vivo CXCR4-gebruikende virussen ontwikkelden ook in vitro een CXCR4-gebruikend 
fenotype kon ontwikkelen. De R5 varianten die hiertoe in staat waren hadden een V3 
domein met een hogere lading en een envelop gp120 met een groter aantal plaatsen 
waar suikers kunnen binden, dan de R5 varianten die niet in vitro in CXCR4-gebruikende 
virussen konden veranderen. Het verkrijgen van een CXCR4-gebruikend fenotype, in 
vivo dan wel in vitro, ging gepaard met meerdere aminozuur veranderingen die niet 
per se in de V3 regio optraden. Echter, aminozuurveranderingen op positie 11 en 
24 in V3 leken een voorwaarde voor persistentie van CXCR4-gebruikende virussen 
in vivo. Deze studie laat zien dat voor het vermogen om CXCR4 te gebruiken meer 
nodig is dan de minimale aminozuur veranderingen doen vermoeden en dat positieve 
selectiedruk in vivo, waarschijnlijk gericht op het V3 domein, een voorwaarde is voor 
het doorlopen van dit evolutionaire proces.

Het gegeven dat in het natuurlijke beloop van HIV-1 infectie slechts 50% van 
de subtype B geïnfecteerde mensen een CXCR4-gebruikend virus ontwikkelen 
voorafgaand aan het moment van AIDS diagnose impliceert dat het verwerven van 
een CXCR4-gebruikende fenotype een gecompliceerd evolutionair proces is. Het is 
vooralsnog onduidelijk of gastheer en/of virale factoren een rol spelen in de uitkomst 
van dit proces. Hoofdstuk 7 beschrijft een studie naar de evolutie van HIV-1 in een 
transmissiepaar waarvan de donor alleen R5 varianten had op ieder moment in 
zijn infectie terwijl de ontvanger ook CXCR4-gebruikende virussen ontwikkelde. In 
de donor optimaliseerden de R5 varianten hun vermogen om CCR5 te gebruiken 
en was er een toename over de tijd van het aantal bindingsplaatsen in de envelop 
voor suikergroepen en in de lading van het V3 domein. De eerste R5 varianten in 
de ontvanger hadden hetzelfde laat-stadium fenotype als the R5 varianten in de 
donor rondom het moment van transmissie, daarmee aantonend dat dit fenotype 
overdraagbaar is. Het verschijnen van CXCR4-gebruikende virussen in de ontvanger 
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ging gepaard met een sterke selectie en een verdere toename van het aantal 
bindingsplaatsen voor suikergroepen en van de lading van het V3 domein. Deze 
bevindingen geven aan dat het vermogen om een CXCR4-gebruikend fenotype te 
verwerven niet is voorbehouden aan bepaalde virusvarianten maar ook afhankelijk is 
van de selectiedruk in de gastheer. 

Hoewel fylogenetische studies laten zien dat CXCR4-gebruikende HIV-1 varianten 
ontstaan uit R5 HIV-1 varianten, worden de intermediaire HIV-1 varianten zelden 
aangetoond, wat een teken kan zijn van hun verminderde !theid. Daardoor is het 
moeilijk geweest om de kinetiek en genetische veranderingen die gepaard gaan 
met de evolutie van CCR5- naar CXCR4-gebruik te bestuderen en te begrijpen. In 
hoofdstuk 8 gebruikten we een nieuwe methode om met grote gevoeligheid de 
DNA sequentie van het V3 domein van de virale envelop van de virale quasispecies 
te bepalen in combinatie met software programma’s die op basis van de V3 het 
coreceptor gebruik voorspellen om HIV-1 varianten in de overgang van CCR5- naar 
CXCR4-gebruik te bestuderen. PBMC en serum monsters werden elke 3 maanden 
verkregen van 8 HIV-1 geïnfecteerde individuen in de periode dat voor het eerst 
CXCR4-gebruikende varianten aangetoond konden worden. Minimum spanning 
trees, gebruikt om de genetische verwantschap van de V3 sequenties te bepalen, 
lieten zien dat de overgang in coreceptor gebruik een stapsgewijs mutatiepad 
volgde met opvolgende intermediaire varianten, die veel minder voorkomen dan 
de belangrijkste voorspelde CCR5- en CXCR4-gebruikende varianten. Het aantal 
verschillende voorspelde CXCR4-gebruikende varianten, de verscheidenheid aan 
voorspelde CCR5-varianten, en de aan- of afwezigheid van intermediaire varianten 
met verschillende fenotypevoorspellingen verschilde sterk per patiënt. Dit is de eerste 
studie die in detail beschrijft welke genetische veranderingen in V3 gepaard gaan 
met de overgang van CCR5- naar CXCR4-gebruik in het natuurlijk ziektebeloop. De 
lage frequentie van de intermediaire varianten is zeer waarschijnlijk een teken van 
verminderde !theid en zou kunnen verklaren waarom CXCR4-gebruikende varianten, 
in tegenstelling tot CCR5-gebruikende varianten, niet in alle patiënten en tijdens elk 
stadium van de infectie aangetoond kunnen worden.

De bevindingen uit dit proefschrift worden in perspectief gezet in hoofdstuk 9 
(General Discussion). 
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