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General introduction

Introduction

It is estimated that since the identification of the first cases of acquired immunodeficiency 
syndrome (AIDS) in 19811,2, over 25 million people worldwide have died of this disease3. Cur-
rently, around 33 million people are infected with human immunodeficiency virus (HIV), of 
whom two-thirds live in sub-Saharan Africa. The developing world is hit hardest by the AIDS 
pandemic, and the combination of poverty and a high prevalence of HIV-infected individuals 
(up to one quarter of the adult population in some countries3) continues to have devastating 
effects in these parts of the world. The best, if not the only, way to control the AIDS epidemic 
will be the development of a safe and effective vaccine that protects against HIV infection4.

HIV-1

HIV-1 was identified in 1983 as the etiological agent of AIDS5. The virus can be transmitted 
through unprotected sexual intercourse, blood-blood contact, or from mother to child during 
pregnancy, childbirth and breastfeeding. The clinical course of HIV-1 infection is characterized 
by a gradual loss of CD4+ T cells, which eventually results in profound immunodeficiency and 
death by opportunistic infections and malignancies. In the absence of therapy, HIV-infected 
individuals generally develop AIDS in 7 – 11 years after infection6,7. Despite major advances 
in the development of antiretroviral treatments8 and in our understanding of the pathogenesis 
of HIV-1, the development of a cure for HIV-1 infection9,10, or a vaccine11,12 or microbicide13,14 
able to prevent HIV-1 infection remain enormous scientific challenges.

origin of HIV-1

HIV-1 and its relative HIV-2, which is less pathogenic than HIV-1 but can also cause AIDS in 
humans15, have both been introduced into the human population by cross-species transmissions 
from non-human primates in West-Central Africa. HIV-2 is most closely related to the simian 
immunodeficiency virus that naturally infects sooty mangabeys (SIVsm)16,17, while HIV-1 clusters 
with SIV from chimpanzees (SIVcpz)18,19. At least three independent cross-species transmissions 
of HIV-1 have occurred, resulting in three groups of HIV-1: group M (for ‘main’), responsible 
for more than 95% of the global pandemic, group O (for ‘outlier’) and group N (for ‘non-M, 
non-O’)18,20. Recently, a new HIV-1, putatively designated group P, has been identified, that has 
most likely been transmitted from gorillas21. Group M HIV-1 has subsequently diversified into 
subtypes A – K, of which subtype C is the most prevalent variant worldwide, while subtype B is 
most common in Europe and North America. Phylogenetic analyses of HIV-1 sequences isolated 
from historical patient samples obtained in 1959 and 1960 in Kinshasa, Democratic Republic of 
the Congo, demonstrated that significant diversification of HIV-1 had already taken place by that 
time, and dated the crossing of the species barrier to the beginning of the twentieth century22. 
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Replication cycle

HIV-1 is a retrovirus, belonging to the family of lentiviruses. Its genome consists of two strands 
of RNA which encode the structural proteins Gag and Env, the Pol enzymes (protease, reverse 
transcriptase, and integrase), and the regulatory and accessory proteins Vif, Vpr, Tat, Rev, Vpu, 
and Nef23. Entry of HIV-1 into a target cell is mediated by the envelope spikes (Env), located on 
the surface of the virion. After binding to the receptors on the target cell, Env promotes fusion 
of the viral and cellular membranes, which releases the viral core into the cytoplasm. Inside 
the cell, the core is uncoated, and the genomic RNA is copied into DNA by the viral enzyme 
reverse transcriptase. The viral DNA is then transported to the nucleus and is integrated into 
the cellular DNA. HIV-1 exploits the cellular machinery to transcribe viral mRNAs, which are 
translated in the cytoplasm to produce the viral proteins. The new viral core assembles at the 
cellular membrane and subsequently buds through the membrane, encapsulating itself with a 
layer of membrane that contains the viral envelop spikes.

Viral evolution

The reverse transcriptase of HIV-1 lacks proof-reading activity, resulting in the introduction of 
0.2 – 2 mutations in its genome per replication cycle24. In addition, HIV-1 has rapid replication 
kinetics with a very short half-life of free virus25,26, which leads to the production of millions 
of virions in an infected individual per day26,27. This high mutation rate and high viral turn-
over enable HIV-1 to rapidly evolve in response to changing conditions, such as antiretroviral 
therapy or immune pressure. As a consequence, the relatively homogeneous virus population 
found in a newly infected individual28 evolves to a swarm of viruses (or ‘quasispecies’) later in 
infection, which can differ up to 10% in their env genes29.

Coreceptor usage and cellular tropism

The entry of HIV-1 into a target cell is dependent on the binding of Env to CD4 and a G protein-
coupled chemokine receptor, of which CCR5 and CXCR4 are the most important in vivo30-32. 
Cells that express these receptors and that can consequently be infected with HIV-1 include CD4+ 
T lymphocytes, dendritic cells, Langerhans cells, monocytes, macrophages, and microglia. HIV-1 
can be divided into three distinct phenotypes: (i) CCR5-using (R5), non-syncytium-inducing 
(NSI) viruses that infect macrophages and memory T cells, (ii) CXCR4-using (X4), syncytium-
inducing (SI) variants that infect memory and naïve T cells in vivo, as well as T cell lines in vitro, 
and (iii) dual-tropic R5X4 viruses that can use both CCR5 and CXCR4 as a coreceptor for entry 
on transfected cell lines, but that are generally CXCR4-restricted on primary cells33-37. Coreceptor 
specificity is largely determined by the sequence of the V3 loop of Env38,39. Although the reasons are 
not completely understood, primary HIV-1 infection is predominantly established by R5 viruses40. 
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In approximately 50% of individuals infected with subtype B HIV-1, X4 variants evolve from R5 
viruses during the course of infection, followed by an accelerated progression to AIDS41-44.

envelope structure and function

The envelope glycoprotein (Env) on the surface of the virion is a trimeric structure composed 
of three subunits of the exterior protein gp120, which are non-covalently bound to three 
subunits of the transmembrane protein gp41 (Fig. 1A). Env is synthesized as the precursor 
protein gp160, which is later cleaved into the subunits gp120 and gp4145. During the post-
translational modification process, a relatively large number of N-linked carbohydrates are 
attached to the proteins46, making Env one of the most extensively glycosylated proteins found 
in nature47. These glycans are required for correct protein folding, processing and intracellular 
transport48-50, and play an important role in immune evasion51. 

Each monomer of gp120 consists of five hypervariable regions (V1-V5) interspersed with five 
relatively constant regions (C1-C5). The variable regions form flexible loop structures on the 
external surface of gp120. The constant regions make up the core of the protein, of which the 
inner domain interacts with gp41, while the outer domain contains the binding site for CD452 
(Fig. 1B). Attachment of CD4 to gp120 induces a conformational change, which opens up 
the trimer and leads to the formation of the bridging sheet53,54 (Fig. 1C). This bridging sheet, 
together with the V3 loop, subsequently binds to the coreceptor55,56. Binding of gp120 to its 
receptors triggers the insertion of the N-terminal fusion peptide of gp41 into the target cell 
membrane (Fig. 1D), and the formation of a pre-hairpin structure. As gp120 dissociates, the 

gp120

gp41

CD4bs

VIRUS

TARGET CELL

A B C D E

Figure 1: Schematic representation of the Env-mediated entry process resulting in fusion of the viral and cellular 
membranes. The orientation of the envelope spike is such that it sticks out of the viral membrane in the bottom 
and faces up towards the cellular membrane in the top. (A) The unliganded viral envelope complex, consisting of 
three subunits of gp120 which are non-covalently linked to three subunits of gp41. (B) The unliganded envelope 
complex attaches to CD4. (C) Binding to CD4 induces a conformation change, resulting in the exposure of the 
coreceptor binding site (light grey patch). (D) Insertion of the N-terminal fusion peptide of gp41 into the target 
cell membrane. (E) A large conformational change of gp41 enables fusion of the viral and cellular membranes. 
CD4bs, CD4 binding site.
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pre-hairpin state of gp41 transforms into a six-helix bundle. This large conformational change of 
gp41 brings together the viral and cellular membranes, ultimately leading to fusion57,58 (Fig. 1E).

Antibody neutralization of HIV-1

The binding of neutralizing antibodies (NAbs) to Env either blocks the attachment of Env to 
its receptors on the cell surface, or prevents the conformational changes in Env necessary to 
promote fusion of the viral and cellular membranes. Each HIV-1 particle contains approxi-
mately 8 – 14 envelope spikes59,60, all of which have to be occupied by at least one antibody in 
order to obtain complete neutralization of the virion61,62. 

Structural characteristics of Env greatly reduce its immunogenicity and make it a difficult 
target for the humoral immune system (Fig. 2). First of all, as a result of its trimeric structure, 
epitopes on the inner domain of gp120 are not exposed to antibodies, and are therefore part 
of the non-neutralizing face63-65. In addition, the outer domain of gp120 is largely covered by 
host-cell-derived glycans, which protect this so-called silent face of gp120 from recognition by 
the immune system64,65. The neutralizing face of gp120, which comprises the receptor binding 
sites, is accessible to antibody binding63,65. However, gp120 employs additional mechanisms to 
protect the exposure of these evolutionary conserved regions to humoral immunity. The CD4 
binding site is recessed, which limits the accessibility for antibodies52,65, and is conformationally 
masked66. Furthermore, the coreceptor binding site is only formed after the conformational 
change that occurs upon attachment to CD453,54. Finally, since the space between the virus and 
the target cell is restricted once the virus is bound to CD4, the accessibility of CD4-induced 
epitopes to bulky antibody molecules is limited67. 

Non-functional forms of Env, such as monomeric gp120/gp41 and gp120-depleted gp41 
stumps present on the virion68, or dissociated gp120, appear to be much more immunogenic 

A

Silent face Non-neutralizing 
face

Neutralizing face
B

Figure 2: Schematic representation of the different faces of gp120 in its monomeric form (A) and as part of the 
trimeric envelope complex (B). The light-grey patches indicate the non-neutralizing face, which is not accessible 
to antibodies in the envelope trimer. Glycans on the outer surface of gp120 protect the silent face from antibody 
recognition. The neutralizing face, the target of neutralizing antibodies, is shown as a dark-grey patch. (Adapted 
from Ralph Pantophlet, Simon Fraser University, Burnaby, Canada)
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than trimeric Env69,70. As their epitopes are not exposed on Env trimers, anti-Env antibodies 
elicited by these non-functional gp120 and gp41 subunits are not able to neutralize HIV-1. 
Neutralizing antibodies are therefore thought to differ from non-neutralizing antibodies by 
their ability to bind to functional Env trimers71-73.

neutralizing antibody response in vivo 

The majority of HIV-1-infected individuals develop a NAb response against the autologous 
virus within weeks to months after primary infection74-77. These antibodies are mainly directed 
against the variable regions of Env, in particular the V1V2 loop78-84 and the V3 loop85,86. As the 
variable regions can be highly diverse between viruses from different patients, NAbs directed 
against these regions are typically strain-specific and do not neutralize heterologous virus 
strains, although some cross-reactivity is observed for V3-directed antibodies87-89. HIV-1 rap-
idly escapes from this NAb response51,74,75,90-93 (Fig. 3) as a result of amino acid substitutions94, 
insertions and deletions in the variable regions82, and changes in the glycan shield51,82. Later in 
the course of HIV-1 infection, antibodies able to neutralize heterologous virus variants, includ-
ing viruses from different subtypes, are elicited in a smaller proportion of individuals95-98. This 
cross-reactive neutralizing activity appears to be directed against conserved epitopes, such as 
the CD4 binding site and the membrane-proximal external region (MPER) in gp41, although 
other antibody specificities are likely to exist89,99,100. 

As HIV-1 can rapidly develop resistance to antibody neutralization, NAbs seem to have little 
effect on the control of viral replication. However, the capacity of the virus to completely escape 
from antibody neutralization may be limited101-103. Moreover, macaques that were prevented 
from developing a NAb response rapidly progressed to AIDS upon viral challenge104, demon-
strating that the presence of NAbs early in infection may protect against disease progression. On 
the other hand, the administration of antibodies after viral challenge did not influence the viral 
load in vivo105,106. These observations underscore that the exact manner by which NAbs influ-
ence HIV-1 and viral replication during the course of infection remains to be fully understood.

Figure 3: Escape of HIV-1 from neutralizing antibodies. NAbs directed against Env are elicited early in infection, 
and rapidly select for antibody escape variants. The emergence of resistant viruses causes the development of new 
NAbs, thus leading to successive cycles of antibody production and viral escape.
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nAb-based vaccine

It is generally assumed that a vaccine protecting against HIV-1 infection will have to elicit humoral 
immunity against the virus107-109, possibly in combination with a cellular immune response110. The 
development of an effective NAb-based vaccine has been hampered by the protective mechanisms 
of Env against NAbs, the ability of the virus to rapidly escape from antibody neutralization, 
and the high genetic diversity observed between HIV-1 variants worldwide111,112. However, a 
small number of broadly neutralizing antibodies (BNAbs)113-116 able to neutralize a wide range 
of virus variants from different subtypes117 has been isolated from HIV-1-infected individuals. 
The epitopes of the four known BNAbs b12, 2G12, 2F5, and 4E10 are conserved domains on 
the envelope trimer, located at the CD4 binding site, the glycan shield, and the MPER region of 
gp41 (for both 2F5 and 4E10), respectively. Passive immunization by these BNAbs, either alone 
or in combination, has been shown to protect against both intravenous118 and mucosal119-123 viral 
challenge in macaque models. The existence of these four BNAbs, as well as the identification of 
individuals with broadly neutralizing activity in serum89,99,100, provides hope that the elicitation of 
a NAb response with similar specificity and breadth by vaccination should be possible.

scope of this thesis 

In this thesis, we studied the development of the NAb response in HIV-1-infected individuals, 
the subsequent viral escape from antibody neutralization, the evolution of the viral envelope 
glycoprotein, and the effect of these processes on viral replication and disease progression. 

First of all, we describe the differences in neutralization sensitivity between coexisting R5 
and X4 variants in chapter 2. The development of the autologous NAb response and the escape 
of HIV-1 from antibody neutralization was studied in chapter 3. We subsequently investigated 
how the replicative capacity of viruses isolated during different stages of infection is influenced 
by escape of HIV-1 from the autologous NAb response (chapter 4). Chapter 5 focuses on the 
effect of the development of cross-reactive NAb responses on the rate of disease progression. 
We then studied the autologous NAb response and escape of HIV-1 from antibody neutraliza-
tion in individuals who developed cross-reactive neutralizing activity (chapter 6). In Chapter 
7, the influence of neutralization sensitivity to broadly neutralizing antibodies on the replica-
tive capacity of HIV-1 was investigated. Chapter 8 describes changes in the sensitivity to the 
broadly neutralizing antibodies b12, 2G12, 2F5, and 4E10 during the course of infection, 
while chapter 9 focuses in more detail on the changes in sensitivity to b12 neutralization 
during the disease course, and on potential mechanisms driving this evolution. In Chapter 10, 
we studied the adaptation of HIV-1 Env to humoral immunity on a population level. Finally, 
the main results and implications of this thesis are discussed in chapter 11.
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27abstract

CXCR4-using (X4) human immunodeficiency virus type 1 (HIV-1) variants evolve from 
CCR5-using (R5) variants relatively late in the natural course of infection in 50% of HIV-1 
subtype B-infected individuals and subsequently coexist with R5 HIV-1 variants. This relatively 
late appearance of X4 HIV-1 variants is poorly understood. Here we tested the neutralization 
sensitivity for soluble CD4 (sCD4) and the broadly neutralizing antibodies IgG1b12, 2F5, 
4E10, and 2G12 of multiple coexisting clonal R5 and (R5)X4 (combined term for monotropic 
X4 and dualtropic R5X4 viruses) HIV-1 variants that were obtained at two time points after 
the first appearance of X4 variants in five participants of the Amsterdam Cohort Studies on 
HIV-1 infection and AIDS. Recently emerged (R5)X4 viruses were significantly more sensi-
tive to neutralization by the CD4 binding site-directed agents sCD4 and IgG1b12 than their 
coexisting R5 viruses. This difference was less pronounced at the later time point. Early (R5)
X4 variants from two out of four patients were also highly sensitive to neutralization by autolo-
gous serum (50% inhibition at serum dilutions of >200). Late (R5)X4 viruses from these two 
patients were neutralized at lower serum dilutions, which suggested escape of X4 variants from 
humoral immunity. Autologous neutralization of coexisting R5 and (R5)X4 variants was not 
observed in the other patients. In conclusion, the increased neutralization sensitivity of HIV-1 
variants during the transition from CCR5 usage to CXCR4 usage may imply an inhibitory 
role for humoral immunity in HIV-1 phenotype evolution in some patients, thus potentially 
contributing to the late emergence of X4 variants.
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IntRoduCtIon

Entry of human immunodeficiency virus type 1 (HIV-1) into a host cell is mediated by binding 
of the viral envelop glycoprotein 120 (gp120) to CD4 and a coreceptor, of which CCR5 and 
CXCR4 are the most important on primary cells1-3. Primary HIV-1 infections are generally 
established by R5 viruses, which remain present throughout the course of infection4. In approxi-
mately 50% of therapy-naive individuals infected with subtype B HIV-1, X4 viruses evolve from 
R5 variants, preceding an increased CD4+ T-cell decline and accelerated progression to AIDS4-7. 

The relatively late appearance of X4 HIV-1 variants is poorly understood. R5 and X4 subtype 
B HIV-1 variants can genetically be distinguished by the absence or presence of a positively 
charged amino acid on positions 11 and/or 25 in the third variable loop (V3) of the gp120 
envelope8. In vitro experiments revealed that these mutations in V39, as well as other single or 
double mutations in V3 and other domains of gp12010,11 are sufficient to change coreceptor 
usage. However, in spite of the high mutation rate of HIV-1, X4 viruses do not evolve rapidly in 
vivo and not in all infected patients. Moreover, earliest detectable X4 variants in vivo show more 
than only one or two amino acid substitutions compared to coexisting R5 variants12, suggestive 
of compensatory mutations. These observations point towards the existence of a selective pres-
sure against X4 HIV-1 evolution, the exact nature of which remains to be established. 

During the conversion of CCR5 to CXCR4 usage in vitro and in vivo, HIV-1 has to traverse 
a phase with reduced replicative capacity and less-efficient coreceptor usage12-14, indicating that 
HIV has to overcome a significant genetic hurdle to evolve from an R5 to an X4 phenotype. 
In addition, HIV-1 phenotype conversion may be suppressed by host immunity. In a previous 
study, we demonstrated that X4 variants emerged only after CD4 counts had dropped below 
400 cells/μl blood15. X4 variants may thus be considered opportunistic viruses that emerge 
as a result of immune failure and subsequently give rise to accelerated loss of CD4+ T-cells. 
Since the interaction between the viral envelope proteins and the host cell receptors may be 
prevented by neutralizing antibodies, humoral immunity could play a role in the evolution of 
HIV-1 coreceptor usage by differentially neutralizing R5 and X4 variants. 

In our present study, we compared the neutralization sensitivities of clonal R5 and (R5)
X4 (this term is used throughout the paper for both monotropic X4 and dualtropic R5X4) 
HIV-1 variants that coexisted in vivo and that were isolated from five individuals around 
the moment of first appearance of X4 variants and at a later time point during symptomatic 
disease. We show that R5 and (R5)X4 variants have different susceptibilities to CD4 binding 
site (CD4bs)-directed agents. For two out of four patients, the (R5)X4 variants isolated early 
after the appearance of X4 were potently neutralized by autologous serum. We postulate that 
the difference in neutralization by host humoral immunity may influence virus phenotype 
evolution in vivo in these patients. However, the absence of a detectable anti-X4 response in 
others argues against a major role for the humoral response in this process and indicates that 
other selective pressures are also involved.
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MAteRIAls And MetHods

Patients and viruses

Patients ACH0039, ACH0171, ACH1120 and ACH6052 were homosexual male participants 
of the Amsterdam Cohort studies on HIV-1 and AIDS who all developed X4 variants during a 
progressive disease course. Patient ACH9012 (female) was infected after a deliberate injection 
of a few ml of blood drawn from an AIDS patient16. All patients were infected with subtype B 
HIV-1. None of the participants ever received multidrug antiretroviral therapy. Biological virus 
clones from time points early and late after the first appearance of X4 variants were obtained 
as previously described4. In patient ACH9012, viruses of one time point, 3.5 months after 
seroconversion, were used. Phylogenetic analysis of coexisting R5 and X4 variants (data not 
shown) in combination with the equal contributions of R5 and X4 variants to total cellular 
viral load in the donor17 implicate that the length of the period of R5 and X4 coexistence was 
such that the time point of virus isolation in ACH9012 equals the time point late after X4 
emergence in the other patients. The moment of seroconversion was calculated as the midpoint 
between the last seronegative visit and the first seropositive visit. Similarly, the moment of the 
first appearance of X4 viruses was calculated as the midpoint between the last MT2-negative 
visit and the first MT2-positive visit. 

For all of the HIV-1 variants studied here, the ability to replicate in the MT2 cell line was 
considered evidence of CXCR4 usage. In addition, CXCR4 usage for all clones was confirmed 
in peripheral blood mononuclear cells (PBMC) from a healthy donor homozygous for the 
32-bp deletion in the CCR5 gene (CCR5Δ/Δ). For subjects ACH0039, ACH0171, ACH1120, 
and ACH6052, coreceptor usage was confirmed in U87 indicator cell lines expressing CD4 
and either CCR5 or CXCR4. In previous studies, we determined that the replication of R5X4 
and X4 virus variants of all patients in PBMC could be inhibited by AMD3100, indicating 
that these variants mainly use CXCR4 to enter these primary cells18,19. The sequences of the 
gp120 V3 domains of R5 and (R5)X4 variants from various time points have been determined, 
all showing the amino acid residues at positions 11 and/or 25 of V3 domain that are commonly 
associated with an R5 or X4 virus phenotype (ref. 20; also data not shown). To prevent a 
change in sensitivity of the virus variants to neutralization during in vitro culture, a minimum 
number of passages of the viruses in PBMC was performed21. 

Primary cells

PBMC were isolated from buffy coats obtained from healthy seronegative blood donors by 
Ficoll-Isopaque density gradient centrifugation. Cells (5 x 106/ml) were stimulated for 2 days 
in Iscove’s modified Dulbecco medium (IMDM) supplemented with 10% fetal bovine serum, 
penicillin (100U/ml), streptomycin (100 μg/ml), and phytohemagglutinin (PHA) (5 μg/ml). 
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Subsequently, cells (106/ml) were grown in the absence of PHA in medium supplemented with 
recombinant interleukin-2 (20 U/ml, Chiron Benelux, Amsterdam, The Netherlands).

neutralization assay

Viruses were tested for their relative neutralization sensitivities against recombinant soluble 
CD4 (sCD4) (Progenics, Tarrytown, NY) and the human monoclonal antibodies (mAbs) 
IGg1b12 (kind gift from D. Burton), 2F5, 2G12, and 4E10 (Polymun Scientific, Vienna, 
Austria), autologous serum, and pooled serum from healthy uninfected individuals. From each 
virus isolate, a final inoculum of 10 50% tissue culture infective doses  in a volume of 100 μl 
was incubated for 1 h at 37 ºC with increasing concentrations of the neutralizing agents. Sub-
sequently, the mixtures of virus with sCD4 or antibodies were added to 105 PHA-stimulated 
PBMC derived from healthy blood donors. PBMC incubated with sera were washed after 4 h. 
On day 7, virus production in culture supernatants was analyzed by an in-house p24 antigen 
capture enzyme-linked immunosorbent assay (ELISA)22. Experiments were performed in tripli-
cate. The percent neutralization was calculated by determining the reduction in p24 production 
in the presence of the agent compared that in the cultures with virus only. In experiments 
measuring the neutralization by autologous serum, the percentage of inhibition by pooled HIV-
1-negative serum was subtracted from the neutralization obtained using patient serum samples. 
When possible, 50% inhibitory concentrations (IC50) were determined by linear regression.

statistical analysis

For analysis of the neutralization by sCD4 and monoclonal antibodies, IC50s were evaluated 
per virus variant using the Mann-Whitney U test. Viruses with IC50s of <0.2 or >12.5 were 
assigned a value of 0.1 or 12.5, respectively, for calculations and statistical analyses. IC50s of 
the autologous serum neutralization were evaluated for each time point and viral phenotype 
using the Wilcoxon Signed Ranks test. For this test, the IC50s for the two variants used per time 
point and phenotype were linked per serum sample to the IC50s of two other virus isolates of 
another time point or phenotype. Viruses with IC50s of <40 or >1,280 were assigned a value of 
20 or 1,280, respectively.

Results

Patients and viruses

Longitudinally obtained coexisting R5, dualtropic R5X4 and X4 [(R5)X4] viruses from five 
participants of the Amsterdam Cohort Studies were available from previous studies13,16,20,23. 
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From four patients infected via homosexual contact (ACH0039, ACH0171, ACH1120, and 
ACH6052), biological viruses clones were isolated shortly after the first detection of X4 vari-
ants, and at a later time point 2 years before (ACH0171) or during symptomatic disease (Table 
1). Patient ACH9012 (female) was parenterally infected with a mixture of R5 and X4 viruses 
that were first isolated 3.5 months after transmission (Table 1). Since X4 variants had already 
developed in the donor, the exact time since X4 appearance was not known, and these viruses 
were considered late post-X4 emergent17 (see Materials and Methods). 

sensitivities of early and late coexisting R5 and (R5)X4 variants to 
neutralization by Cd4 binding site-directed agents

The sensitivities of clonal coexisting R5 and (R5)X4 viruses to neutralization by sCD4 and the 
CD4 binding site-directed MAb IgG1b12 were analyzed. R5 viruses obtained early after X4 
emergence from all patients were resistant to sCD4 neutralization (IC50s, >12.5 μg/ml) (Fig. 
1), while their coexisting (R5)X4 viruses were relatively susceptible (median IC50s ranging 
between 1.40 and 4.02 μg/ml) (Fig. 1), although this only approached significance in patient 
ACH6052. In line with this observation, (R5)X4 variants obtained early after X4 emergence 
showed an increased sensitivity to IgG1b12 compared to their coexisting R5 variants, although 
this was not statistically significant for viruses from patient ACH1120 (Fig. 1).

Table 1: Characteristics of R5 and (R5)X4 HIV-1 virus variants 

Viruses early post-X4 Viruses late post-X4
Patient no. (sexa; 
seropositivity at entry)

Time since 
SC or entry
(mo)b

Time since 
X4 variant 
detected
(mo)

Coreceptor 
usage (n)c

Time since 
SC or entry
(mo)b

Time since 
X4 variants 
detected
(mo)

Coreceptor 
usage (n)c

ACH0039 (M; no) 11.2
18.2
21.1

-4.9
2.1
5.0

R5 (1)
R5 (1), R5X4 (2)
R5 (2), R5X4 (1)

38.9
51.2

22.8
35.0

R5 (2), X4 (1)
R5 (1), X4 (3)

ACH0171 (M; no) 61.0
67.0
73.0

-1.5
4.5

10.5

R5 (1), R5X4 (1) 
R5 (2), R5X4 (2)
R5 (1), R5X4 (1)

89.5 27.0 R5 (4), R5X4(4)

ACH1120 (M; no) 53.3 6.0 R5 (4), R5X4 (2), 
X4 (2)

64.6
66.4

17.2
19.1

R5 (4)
R5X4 (4)

ACH6052 (M; yes) 0d Unknownd R5 (3), X4 (5) 32.0 Unknownd R5 (3), X4 (5)
ACH9012 (F; no) n.t.e n.t. n.t. 3.5 3.5 R5 (3), X4 (3)

a M, male; F, female.
b Time since seroconversion (SC) or entry of patient into HIV+ cohort. 
c As determined with transfected U87 indicator cell lines. n, no. of clones. For each time point, the presence of 
CXCR4-using variants in a bulk virus culture was determined in the MT2 assay, in which CXCR4 usage of single 
virus isolates can be missed. 
d ACH6052 was seropositive and carried X4 variants at the time of entry into the cohort.
e n.t., not tested.
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For three out of five patients (ACH0039, ACH0171, and ACH1120), (R5)X4 viruses 
obtained late after X4 emergence still showed significantly higher sensitivities to neutralization 
by sCD4 and/or IgG1b12 than their coexisting R5 variants. For viruses isolated from the other 
patients, differential neutralization sensitivities were lost due to an increased susceptibility of 
the R5 viruses for IgG1b12 (although this reached statistical significance only for viruses from 
ACH6052 and not for those from patient ACH0039) and/or an increased resistance to sCD4 
of the (R5)X4 variants (statistically significant for viruses from ACH6052, but not for viruses 
from ACH0171). X4 viruses from patient ACH9012 showed higher neutralization sensitivities 
to IgG1b12 and equal resistance to sCD4 compared to those of the coexisting R5 variants.

Equal sensitivities of coexisting R5 and (R5)X4 variants to zidovudine excluded that the 
differences in neutralization sensitivity for sCD4 and IgG1b12 observed here were the result of 
differences in the replication rate between the various virus variants (data not shown).

sensitivities of coexisting R5 and (R5)X4 HIV-1 variants to neutralization by 
non-Cd4bs-directed agents

We next analyzed whether coexisting R5 and X4 variants also had a differential susceptibility 
to neutralization via epitopes outside the CD4 binding site. To this end we determined the 
sensitivities of the coexisting R5 and X4 viruses to neutralization by MAb 2G12 (recognizing 
a carbohydrate epitope on gp120) and monoclonal antibodies 2F5 and 4E10 (both binding to 
the membrane-proximal external region of gp41). For 2G12, increased neutralization sensitivity 
compared to that of their coexisting R5 variants was observed for early and late (R5)X4 viruses 
in patient ACH1120 and for the early (R5)X4 viruses in patient ACH6052 (Fig. 1). In contrast, 
late (R5)X4 viruses from patient ACH0171 were significantly more resistant to 2G12 neutraliza-
tion than their coexisting R5 variants. For 4E10, early (R5)X4 viruses from patient ACH0171 
and early and late (R5)X4 viruses from patient ACH1120 were more sensitive to neutralization 
than their coexisting R5 viruses (Fig. 1). No differences were observed for 2F5 (Fig. 1). Overall, 
some differences in neutralization susceptibilities were observed between R5 and (R5)X4 viruses 
for non-CD4bs-directed agents, but not to the same extend as seen for sCD4 and IgG1b12.

sensitivities of coexisting R5 and (R5)X4 HIV-1 variants to neutralization by 
autologous serum

The differential neutralization sensitivities of coexisting R5 and (R5)X4 variants might sug-
gest that X4 variants can emerge only in the absence of neutralizing humoral immunity. To 
examine whether the humoral immune response indeed deteriorated around the time point of 
the appearance of X4, we analyzed the neutralization sensitivities of coexisting R5 and (R5)
X4 viruses to autologous serum samples obtained before and after the first appearance of X4 
variants. Since ACH6052 and ACH9012 carried X4 variants at the time of entry into the 
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cohort, only serum samples obtained after X4 emergence were available from these patients. 
Unfortunately, due to limited amounts of serum, it was not possible to analyze all virus variants. 
We therefore randomly chose 2 virus variants per time point and phenotype for determination 
of neutralization by autologous serum. Early (R5)X4 variants from patients ACH0171 and 
ACH6052 were highly sensitive to neutralization by sera from all time points (IC50 titers, 
>200) (Tables 2 and 3), which was significantly different from neutralization of the early R5 
variants (for ACH0171, P = 0.018; for ACH6052, P = 0.027), as well as the late X4 variants 
(for ACH0171, P = 0.018; for ACH6052, P = 0.026). Virus variants from patients ACH0039, 
ACH1120 and ACH9012, irrespective of phenotype or time point of isolation, either were not 
neutralized or neutralized at relatively low serum dilutions (Table 4, Table 5, and Table 6). No 
differences between virus variants from different time points or viral tropism were observed for 
these patients (P > 0.050).
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Figure 1: Sensitivity for sCD4-, IgG1b12-, 2F5-, 2G12-, and 4E10-mediated neutralization of coexisting R5 and 
(R5)X4 HIV-1 obtained early or late after X4 emergence. Neutralization was determined by a 7-day culture of clonal 
virus isolates on PBMC in the presence or absence of serial dilutions of neutralizing agent, followed by analysis of 
p24 production by ELISA. Distribution of IC50s for individual virus clones as determined by linear regression is 
shown. Bottom, middle, and top horizontal lines represent the 25th, 50th, and 75th percentiles, respectively. Per time 
point, IC50s of R5 and (R5)X4 viruses were evaluated using the Mann-Whitney U test. Data shown are from one 
representative experiment out of two to three performed.
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Table 4: Autologous serum neutralization titers of early and late post-X4 virus clones of ACH1120 

Neutralization titer (IC50) at mo since X4a,b

Clone Time since X4 (mo)a Phenotype -18.0 -8.7 6.0 17.3
1120.53.1B6 6.0 R5 <40 <40 <40 <40
1120.53.1E4 6.0 R5 <40 <40 <40 <40
1120.57.3E7 17.3 R5 <40 <40 <40 52
1120.57.3C4 17.3 R5 <40 <40 <40 85
1120.254 6.0 X4 42 <40 <40 44
1120.255 6.0 X4 <40 <40 <40 41
1120.267 19.1 R5X4 <40 <40 <40 <40
1120.268 19.1 R5X4 <40 <40 <40 <40

a Months since X4 variant was detected.
b Neutralization was determined by 7-day culture of clonal virus isolates on PBMC in the presence or absence 
of serial dilutions of serum, followed by analysis of p24 production by ELISA. IC50s were determined by linear 
regression after subtracting the inhibition obtained using human pooled HIV-1 negative serum.

Table 2: Autologous serum neutralization titers of early and late post-X4 virus clones of ACH0171 

Neutralization titer (IC50) at mo since X4a,b

Clone Time since X4 (mo)a Phenotype -16.2 -7.5 10.5 27.0
171.31.ROF6 4.5 R5 125 79 69 87
171.33.ROA1 10.5 R5 87 84 81 114
171.41.ROE2 27.0 R5 <40 <40 <40 <40
171.41.ROC5 27.0 R5 <40 <40 <40 <40
171.31.ROB9 4.5 R5X4 >1,280 >1,280 >1,280 >1,280
171.33.ROA2 10.5 R5X4 151 768 343 n.t.
171.41.D12 27.0 R5X4 84 <40 82 <40
171.41.RAF5 27.0 R5X4 51 <40 <40 80

a Months since X4 variant was detected.
b Neutralization was determined by 7-day culture of clonal virus isolates on PBMC in the presence or absence 
of serial dilutions of serum, followed by analysis of p24 production by ELISA. IC50s were determined by linear 
regression after subtracting the inhibition obtained using human pooled HIV-1 negative serum.

Table 3: Autologous serum neutralization titers of early and late post-X4 virus clones of ACH6052 

Neutralization titer (IC50) at mo since entrya,b

Clone Time since entry (mo)a Phenotype 0 6.8 32.1
6052.1G2 0 R5 <40 <40 50
6052.1E2 0 R5 <40 <40 <40
6052.4C4 32.1 R5 <40 <40 <40
6052.4C3 32.1 R5 <40 <40 <40
6052.1H4 0 X4 >1,280 339 >1,280
6052.1G3 0 X4 >1,280 396 288
6052.4A10 32.1 X4 <40 <40 <40
6052.4B11 32.1 X4 <40 <40 <40

a Months since X4 variant was detected.
b Neutralization was determined by 7-day culture of clonal virus isolates on PBMC in the presence or absence 
of serial dilutions of serum, followed by analysis of p24 production by ELISA. IC50s were determined by linear 
regression after subtracting the inhibition obtained using human pooled HIV-1 negative serum.
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dIsCussIon

We compared the neutralization sensitivities of coexisting R5 and (R5)X4 viruses isolated early 
and late after X4 emergence. In a previous study, we24 and others25-28 reported no difference in 
neutralization sensitivities between R5, X4, or dualtropic R5X4 HIV-1 from different patients. 
However, even if differences among the various viruses had been observed, these most likely 
would have reflected interpatient variability of the neutralization sensitivities of unrelated 
HIV-1 variants rather than differences determined by coreceptor usage. In our present study we 
therefore compared R5 and (R5)X4 virus clones that had been isolated from the same patient 
at the same time points. 

Our data show that (R5)X4 viruses obtained early after X4 conversion are more sensitive 
to CD4 binding site-directed agents than their coexisting R5 variants, whereas this differ-
ential sensitivity was less pronounced at a later time point. Since the differential sensitivity 
for non-CD4bs-directed antibodies was not a general phenomenon among the five patients 
included in this study, mutations in the (co)receptor binding site associated with evolution 

Table 5: Autologous serum neutralization titers of early and late post-X4 virus clones of ACH0039 

Neutralization titer (IC50) at mo since X4a,b

Clone Time since X4 (mo)a Phenotype -9.4 -2.8 7.1 37.1
39.18.E11 -4.9 R5 <40 <40 <40 <40
39.21.D5 5.0 R5 <40 173 62 55
39.20.1E10 2.1 R5X4 82 169 197 277
39.21.H10 5.0 R5X4 <40 177 <40 60
39.28.A9 22.8 X4 <40 <40 <40 <40
39.*1.C4 35.0 X4 <40 93 222 <40

a Months since X4 variant was detected.
b Neutralization was determined by 7-day culture of clonal virus isolates on PBMC in the presence or absence 
of serial dilutions of serum, followed by analysis of p24 production by ELISA. IC50s were determined by linear 
regression after subtracting the inhibition obtained using human pooled HIV-1 negative serum.

Table 6: Autologous serum neutralization titers of early and late post-X4 virus clones of ACH9012 

ACH9012 Neutralization titer (IC50) at mo since entrya,b

Clone Time since entry (mo)a Phenotype 3.5
9012.A10 3.5 R5 <40
9012.A2 3.5 R5 <40
9012.A7 3.5 R5 <40
9012.E6 3.5 X4 <40
9012.E10 3.5 X4 <40
9012.F3 3.5 X4 <40

a Months since X4 variant was detected.
b Neutralization was determined by 7-day culture of clonal virus isolates on PBMC in the presence or absence 
of serial dilutions of serum, followed by analysis of p24 production by ELISA. IC50s were determined by linear 
regression after subtracting the inhibition obtained using human pooled HIV-1 negative serum.
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from CCR5 to CXCR4 usage most likely change the neutralization phenotype in this region 
but do not change the general envelope conformation. In addition, coexisting dualtropic 
R5X4 and X4 viruses early after X4 emergence, although only available from one patient, 
had comparable neutralization sensitivities (data not shown). We therefore propose that the 
acquisition of CXCR4 usage, rather than the loss of CCR5 usage, coincides with changes in 
gp120 that increase neutralization sensitivity. In line with this is an observation by Lusso et al.29 
who showed that X4 viruses constitutively expose the epitope for monoclonal antibody D19, 
whereas R5 viruses are neutralized by this antibody only after pretreatment with sCD4, which 
would indeed imply a difference in conformation between R5 and X4 variants.

The neutralization-sensitive conformation of the viral envelope during the evolution from an 
R5 to an X4 phenotype would suggest that transition is only possible when an efficient neutral-
izing antibody response is absent or lost due to immune deterioration associated with disease 
progression. However, for two out of four patients, the early (R5)X4 variants were efficiently 
neutralized by autologous serum, suggestive for the presence of neutralizing antibodies in vivo. 
Late (R5)X4 variants from these patients were not neutralized, indicating that (R5)X4 viruses 
had evolved towards increased neutralization resistance. This is most clearly demonstrated with 
patient ACH0171, from whom the earliest (R5)X4 virus, isolated 4.5 months after X4 appear-
ance, was neutralized very efficiently (IC50 titers of >1,280). A virus isolated 10.5 months after 
X4 appearance was partially adapted to the autologous antibody response (IC50 titers between 
151 and 768), whereas the late viruses, isolated 27.0 months after X4 appearance, were almost 
completely resistant to autologous serum neutralization. We observed differential autologous 
neutralization only between recently emerged (R5)X4 viruses and their coexisting R5 variants. 
The use of X4 and R5 viruses from later time points in infection may explain the lack of 
differential neutralization by serum between R5 and X4 viruses, as observed in a previous study 
by others30.

Neutralizing antibodies present in serum obtained at a certain time point in infection gener-
ally neutralize viruses found during earlier time points31,32. Continuous viral escape makes the 
neutralization of HIV-1 by contemporaneous serum a rare event31,32. It is therefore not surpris-
ing that the R5 and (R5)X4 virus variants that were isolated late after X4 emergence were not 
neutralized by serum obtained at the earlier time points. However, we had not expected that 
R5 viruses isolated early after X4 emergence would resist neutralization by serum obtained 
later in infection. This may point to a decreasing neutralizing humoral immune response late 
in infection.

We were also surprised that the (R5)X4 viruses isolated shortly after the first appearance 
of X4 variants in patient ACH0171 were potently neutralized by serum samples obtained at 
earlier time points, even before the appearance of X4 viruses. Possibly, the conformational 
requirements of an early X4 envelope led to the exposure of certain neutralization epitopes 
that were initially exposed on R5 trimeric envelopes before the R5 viruses escaped from the 
antibodies directed against these epitopes. Alternatively, early X4 viruses might expose epitopes 



Chapter 2

38

that are vulnerable to antibodies directed against other envelope structures, such as monomeric 
gp120, and initially have an oligomeric envelope conformation that resembles the oligomeric 
gp120 of neutralization-sensitive T-cell-line-adapted HIV-1. Indeed, a large proportion of the 
antibody repertoire against HIV-1 envelope protein is directed against nonneutralizing epit-
opes on shed, misfolded, or otherwise nonfunctional forms of gp12033,34, which could explain 
why such antibodies are already present before X4 viruses have emerged. Another possibility 
for the presence of antibodies directed against epitopes present on early X4 variants is that the 
virus has evolved towards CXCR4 usage earlier during infection but was previously inhibited 
by a potent humoral immune response. As a result of a decrease in selection pressure, the X4 
variants may have been selected from the PBMC archive. 

In three out of five patients, we did not observe effective neutralization of the early X4 
viruses by serum samples from any time point. It has previously been shown that some patients 
fail to develop a humoral immune response against HIV-131, which may explain the lack of 
neutralization observed in our study. Indeed, serum of patient ACH1120, which did not show 
neutralization of autologous virus, also did not contain broadly neutralizing antibodies (data 
not shown). In contrast, serum from ACH0171 displayed potent autologous neutralization as 
well as broadly neutralizing activity (data not shown). Patient ACH0039 rapidly progressed 
to AIDS (in 3.2 years after seroconversion), and may not have developed an effective immune 
response against HIV-1. As described above, patient ACH9012 became infected with a mixture 
of R5 and X4 variants which prevented to study the role of autologous neutralization sensitiv-
ity in R5-to-X4 evolution. Interestingly, the proportion of X4 variants in serum in this patient 
increased pre-seroconversion but sharply decreased post-seroconversion35, suggestive for selec-
tive suppression of X4 variants by humoral immunity, although serum from ACH9012 did not 
show autologous neutralization. However, HIV-1 variants and the only serum from this patient 
were both obtained 3.5 months after seroconversion, again underscoring that neutralization of 
virus by contemporaneous serum is not commonly observed. 

The observation that the emergence of X4 viruses is not prevented by the presence of neutral-
izing antibodies indicates that these viruses most likely appear in body compartments with 
lower antibody pressure than in plasma. On the other hand, the early X4 variants used in 
this study have been isolated from PBMC, indicating that neutralization-sensitive X4 viruses 
were able to replicate in an environment containing neutralizing antibodies. The fact that X4 
viruses are not hampered by the presence of neutralizing antibodies might suggest that these 
variants spread via direct cell-to-cell transmission, which limits the possibility of antibody 
neutralization.

In conclusion, we have shown here that early X4 variants are more susceptible to antibody 
neutralization than their coexisting R5 variants and that some patients mount a potent hu-
moral immune response against these CXCR4-using variants. Although the humoral immune 
response in these patients was not sufficient to prevent the appearance of X4 variants, strong 
humoral immunity in certain patients could thus contribute to the inability of the virus to 
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evolve to X4 usage. In this light, the much lower X4 conversion rate of subtype C HIV-136 
could be causally related to the stronger autologous neutralizing antibody titer for subtype C 
HIV-infected individuals37. However, the observation that an anti-X4 response is absent for the 
other patients included in this study indicates that the evolution of the virus phenotype may 
also be influenced by factors other than autologous humoral immunity.
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45abstract

Most human immunodeficiency virus type 1 (HIV-1) infected individuals develop an HIV-
specific neutralizing antibody (NAb) response that selects for escape variants of the virus. 
Here, we studied autologous NAb responses in five typical CCR5-using progressors in relation 
to viral NAb escape and molecular changes in the viral envelope (Env) in the period from 
seroconversion until after AIDS diagnosis. In sera from three patients, high-titer neutralizing 
activity was observed against the earliest autologous virus variants, followed by declining 
humoral immune responses against subsequent viral escape variants. Autologous neutralizing 
activity was undetectable in sera from two patients. Patients with high-titer neutralizing activ-
ity in serum showed the strongest positive selection pressure on Env early in infection. In the 
initial phase of infection, gp160 length and the number of potential N-linked glycosylation 
sites (PNGS) increased in viruses from all patients. Over the course of infection, positive selec-
tion pressure declined as the NAb response subsided, coinciding with reversions of changes 
in gp160 length and the number of PNGS. A number of identical amino acid changes were 
observed over the course of infection in the viral quasispecies of different patients. Our results 
indicate that although neutralizing autologous humoral immunity may have a limited effect 
on the disease course, it is an important selection pressure in virus evolution early in infection, 
while declining HIV-specific humoral immunity in later stages may coincide with reversion of 
NAb-driven changes in Env. 
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IntRoduCtIon

The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env) has devel-
oped multiple mechanisms to evade the host humoral immune response, including oligomeric 
exclusion, occluded (co)receptor binding sites1-4, and heavy glycosylation. Despite its protec-
tive structure, Env is a major target of the humoral immune response in HIV-1-infected 
individuals. Antibodies directed against Env can be detected early in infection and are able 
to neutralize autologous virus variants with increasing titers over time in most patients5-8. 
However, Env evolves rapidly to escape from these neutralizing antibodies (NAbs). This evokes 
the development of new NAbs, thus leading to successive cycles of antibody production and 
viral escape5,7-9. 

In response to NAb pressure, the numbers and/or the position of carbohydrates can evolve to 
create a continuously changing glycan shield on the surface of Env7. Large sequence variation 
in the variable loops, including large insertions and deletions, and changes in the number of 
potential N-linked glycosylation sites (PNGS) in these regions have also been associated with 
escape from NAbs. In particular, length and glycosylation characteristics of the V1V2 loop 
seem to play a role in resistance against NAbs10-15, possibly by shielding underlying regions of 
Env from antibody recognition16. Finally, single amino acid substitutions may be responsible 
for the diversification of Env and escape from NAbs17,18. 

Despite this repertoire of viral escape mechanisms, several studies have indicated that there 
may be limits to the capacity of Env to escape from NAbs18-20. In addition, a sustained HIV-
1-specific antibody response with greater breadth and magnitude has been associated with 
long-term nonprogression21-23, although this has not been confirmed by others24,25, while loss 
of neutralizing activity has been associated with disease progression23,26. Moreover, rhesus 
macaques that were prevented from eliciting an anti-simian immunodeficiency virus (SIV) 
antibody response rapidly progressed to AIDS upon challenge with a pathogenic SIV strain, 
indicating that antibodies are critical for the control of SIV infection27.

To date, the development of NAb responses and the subsequent evolution of Env under 
the influence of NAb pressure have mainly been studied in the initial phase of infection or 
cross-sectionally in acutely versus chronically infected patients. Here, we present for the first 
time a longitudinal study of HIV-1 humoral immunity in relation to Env evolution that covers 
the entire course of infection from seroconversion (SC) to symptomatic disease. We show that, 
particularly early in infection, NAbs have a large effect on the evolution of Env. Reversion 
of NAb-induced changes was observed late in infection in the face of declining neutralizing 
immunity, suggestive of an effect of these changes on viral fitness.
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MAteRIAls And MetHods

Patients and viruses

The patients in our present study were homosexual male participants of the Amsterdam Cohort 
Studies on HIV/AIDS (ACS) who seroconverted during active follow-up and who progressed to 
AIDS in the presence of CCR5-using (R5) HIV-1 variants only, as shown by 3-monthly negative 
MT2 assays. For all virus variants studied here, CCR5 usage was predicted by the V3 loop sequence 
and confirmed by the inability of these viruses to replicate in the MT2 cell line. For better read-
ability, patient identifiers were recoded as H1 (ACH19999), H2 (ACH19542), H3 (ACH18969), 
H4 (ACH19768), and H5 (ACH19659). Ranking was based on the abilities of sera to neutralize 
autologous HIV-1 variants as demonstrated in this study. All patients received antiretroviral (mono)
therapy for various periods of time. As this was generally not reflected in changes in viral loads or 
CD4+ T-cell counts, we considered it ineffective. In those cases where therapy resulted in changes 
in CD4 counts and/or viral loads, time points of virus isolation were chosen before start of therapy 
or after CD4 counts and/or viral loads had returned to the pretreatment level, with the exception of 
the fourth time point in patient H3 (Fig. 1). Clonal HIV-1 variants were obtained as previously de-
scribed28. For further study, we selected a maximum of 10 virus variants per patient per time point, 
of which a maximum of five virus variants were studied for neutralization susceptibility. Viruses 
were selected on the basis of their replication capacities, defined as the first day of detectable p24 
production in the microculture after the start of the clonal virus isolation procedure. To prevent 
a change in neutralization sensitivity of the virus variants during in vitro culture, the number of 
peripheral blood mononuclear cell (PBMC) passages of viruses was kept to a minimum29. 

Primary cells

PBMCs were isolated from buffy coats obtained from healthy seronegative blood donors by 
Ficoll-Isopaque density gradient centrifugation. The cells (5 x 106/ml) were stimulated for 
3 days in Iscove’s modified Dulbecco medium supplemented with 10% fetal bovine serum, 
penicillin (100 U/ml), streptomycin (100 μg/ml), and phytohemagglutinin (PHA) (5 μg/ml). 
Subsequently, the cells (106/ml) were grown in the absence of PHA in medium supplemented 
with recombinant interleukin-2 (20 U/ml, Chiron Benelux, Amsterdam, The Netherlands) 
and polybrene (5 μg/ml; hexadimethrine bromide, Sigma, Zwijndrecht, The Netherlands).

Autologous neutralization assay

Viruses were tested for their relative neutralization sensitivities against autologous serum and 
pooled serum from healthy, uninfected individuals. To prevent possible complement-mediated 
antibody inhibition of virus infection, complement in human sera and fetal bovine serum was 
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inactivated by 30 min of incubation at 56 °C. From each virus isolate, a final inoculum of 20 
50% tissue culture infective doses  in a volume of 50 μl was incubated for 1 h at 37 ºC with 
twofold serial dilutions of serum (range, 1/50 – 1/3,200). Subsequently, the mixtures of virus 
with serum were added to 105 PHA-stimulated PBMCs derived from healthy blood donors. 
After 4 h of incubation, the PBMCs were washed once in 100 μl phosphate-buffered saline. 
On day 7, virus production in culture supernatants was analyzed by an in-house p24 antigen 
capture enzyme-linked immunosorbent assay30. Experiments were performed in triplicate. The 
percent neutralization was calculated by determining the reduction in p24 production in the 
presence of the agent compared to the cultures with virus only. When possible, 50% inhibitory 
concentrations (IC50s) were determined by linear regression. For calculations, viruses with 
IC50s of <50 or >3,200 were assigned a value of 25 or 3,200, respectively.

sequence analysis

env was amplified from DNA isolated from infected PBMCs and subsequently sequenced as 
described previously31-33. The nucleotide sequences of all virus clones from an individual were 
aligned using ClustalW in the software package BioEdit34 and edited manually. The reference 
sequence HXB2 was included in the alignment to number each aligned residue according to 
the corresponding position in this reference sequence. Insertions were given the number of the 
residue prior to the insertion, followed by a letter to identify each inserted residue. Genetic 
analyses were performed on gp160 sequences starting at nucleotide position 91, which excludes 
the Env signal peptide. PNGS were identified using N-Glycosite35 at the HIV database website 
(http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html). Net charges of gp160 
were calculated by counting all charged amino acid residues per sequence, with R and K counted 
as +1, H as +0.293, and D and E as -1. Nonsynonymous substitution (dN) and synonymous 
substitution (dS) rates were calculated using Synonymous Nonsynonymous Analysis Program 
(SNAP)36 at the HIV database website (http://www.hiv.lanl.gov/content/sequence/SNAP/SNAP.
html). To ensure a correct calculation of dN/dS ratios in the variable loops, the codon alignments 
of these regions were corrected manually. Codons containing indels are excluded in this method. 
dN/dS ratios between succeeding time points were calculated by averaging the dN/dS ratios 
between all individual pairs of env sequences from these time points. 

statistical analysis

Means of gp160 length and numbers of PNGS were compared using a t test for independent 
samples. Correlations between autologous NAb responses and Env characteristics were anal-
ysed using a Spearman’s rank test (SPSS software package).
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nucleotide sequence accession numbers

All sequences included in this study have been deposited in GenBank (accession numbers 
EU743973 to EU744175).

Results

neutralizing humoral immunity against autologous HIV-1

To study the evolution of the HIV-1 envelope gene and changes in neutralization sensitivity 
over the course of infection, we isolated clonal HIV-1 variants from PBMCs that were obtained 
at six time points covering the disease course from SC up to 2 to 3 years after clinical AIDS 
diagnosis from five typical progressors from the ACS who never developed X4 HIV-1 vari-
ants (R5 progressors) (Fig. 1). In patient H5, attempts to isolate clonal HIV-1 variants from 
PBMCs obtained at SC and at time points after AIDS diagnosis were not successful (Fig. 1). 

For each patient, autologous neutralizing activity in sera obtained at or close to the time points 
of virus isolation were measured for a maximum of five randomly selected clonal HIV-1 variants 
per time point (Fig. 2). The number of HIV-1 variants tested was limited by the amounts 
of patient sera available. Sequence characteristics of the virus variants used for analyzing the 
autologous NAb response were similar to those of other virus variants obtained from the same 
time point (0.2 to 3.6% sequence variation in env between clones of one time point). 

Large variation was observed between the autologous NAb responses in the five patients. 
Neutralization of autologous virus variants was observed only in patients H1, H2, and H3. In 
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Figure 1: CD4+ T-cell numbers, viral loads and antiretroviral treatments of five typical R5 progressors from the 
ACS. All patients had an asymptomatic follow-up of 7 to 11 years between SC and clinical AIDS diagnosis. The 
length and type of antiretroviral therapy are indicated at the top of each diagram.
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agreement with findings by others7,8, virus variants were not neutralized by contemporaneous 
serum and sera from earlier time points, suggestive of viral escape. Serum neutralizing activity 
reached the highest titers against the earliest virus variants and was much less potent against 
variants from subsequent time points. For viruses from the same time point, serum titers that 
established neutralization showed only minimal variation. Moreover, this variation was always 
smaller than the variation in neutralizing serum titers for viruses from different time points. 
In patient H1, autologous NAb responses persisted until clinical AIDS diagnosis (108 months 
after SC), whereas the autologous antibody responses in patients H2 and H3 were already 
lost during the asymptomatic phase of infection. Interestingly, heterologous neutralizing activ-
ity, which was analyzed longitudinally in patient H2, continued to increase in breadth and 
magnitude until 73 months after SC (M. van Gils, unpublished data). Patients H4 and H5 did 
not develop a detectable autologous NAb response, as has been described for other patients8. 
However, as we failed to isolate clonal virus variants from patient H5 at SC, we cannot exclude 
the presence of NAbs against earlier virus variants from this individual. Interestingly, sera from 
patients H4 and H5 were both able to neutralize three out of a panel of five heterologous 
subtype B viruses with low to moderated titers37, indicating that low-level antibody responses 
had indeed developed in these patients.
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Figure 2: Development of autologous humoral immune responses. Average IC50s, determined by linear regression, 
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evolution of env in the course of infection

To analyze molecular changes in the viral envelope, full-length gp160 from a median of 8 virus 
variants (range, 2 to 10) from each time point was sequenced. From the first time point of H5, we 
generated a single env sequence from proviral DNA in patient PBMCs. Phylogenetic trees of all 
sequences were constructed using the neighbor-joining and the maximum-likelihood methods. In 
both trees, sequences from each individual patient grouped together (data not shown), excluding 
superinfection and contamination of samples. For each patient, the consensus gp160 sequence of 
virus variants isolated at SC is shown in Fig. S1 in the supplemental material.

gp160 length and number of PNGS

Escape from NAbs of HIV-1 has been associated with increases in both the length and glyco-
sylation of Env7,14,38. Viruses from all our patients showed an increase in gp160 length early in 
infection, followed by a decrease towards the end stage of disease in patients H1, H2, H4, and 
H5 (Fig. 3A). A similar pattern over the course of infection was observed for the number of 
PNGS, although patient H4 did not show the initial increase but only a significant decrease in 
the number of PNGS later in the course of infection (Fig. 3B and Table 1). Changes in gp160 
length and number of PNGS were not always temporally related. In patient H5, for example, 
the average gp160 length of coexisting HIV-1 variants peaked at 62 months after SC, whereas 
the number of PNGS continued to increase until 128 months after SC. In viruses from patient 
H1, on the other hand, the peak in number of PNGS preceded the peak in gp160 length. Of 
note, in this patient, viruses showed an exceptional increase in gp160 length, from an average 
of 823 amino acids (aa) at 4 months after SC to an average of 855 aa at 108 months after SC 
(Table 1), as a result of continuous expansion of the V1, V2, and V4 regions (data not shown). 
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Figure 3: Longitudinal analysis of changes in gp160 length and number of PNGS. Each dot represents one clonal 
virus variant. The horizontal bars indicate average values per time point. P values were calculated using a t test for 
independent samples. (A) Length of gp160. (B) Number of PNGS in gp160.
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Length variation in gp160 could be attributed almost completely to changes in the variable 
loops. Insertions and deletions were observed in V1 for all patients, and additionally, in V2, V4, 
and/or V5 for some patients (data not shown). There were no associations between the region 
of the indels and the presence or absence of an autologous NAb response (data not shown).

Viruses from four out of five patients showed an increase in PNGS in the constant regions 
early in infection, followed by stabilization or a decrease at later time points (Fig. 4A). For the 
variable regions, acquisition and/or loss of PNGS were more variable (Fig. 4B). Viruses from 
patient H3 showed a continuous increase, viruses from patients H2 and H4 a continuous 
decrease, and viruses from patients H1 and H5 an increase followed by a decrease in PNGS 
in the variable regions. These results indicate that PNGS in both the constant and the variable 
regions of gp120 are involved in Env evolution.

Table 1: Correlates of autologous neutralization

Length (aa) No. of PNGS
in gp160Autologous gp160 gp120 V V1V2 V4

Patient NAb rank SC peak Δ (peak) (peak) (peak) SC peak Δ
H1 1 823.1 855.4 32.3 174.4 82.6 47.3 30.9 33.2 2.3
H2 2 829.0 836.6 7.8 155.8 76.5 35.0 31.3 32.6 1.4
H3 3 813.4 836.5 23.1 154.5 75.6 34.0 27.4 33.0 5.6
H4 4 818.9 827.6 8.8 144.9 70.0 31.0 29.6 29.3 -0.4
H5 5 819.0 821.6 4.0 140.6 69.2 29.0 26.0 30.8 5.0

Correlations between potency of the autologous NAb response and the length of gp160 or the number of PNGS 
of the virus population early after seroconversion (SC), the maximum average gp160 length or number of PNGS 
during infection (peak), and the increase in gp160 length or number of PNGS during infection (Δ) are shown. 
The regions in gp160 where maximum length correlated significantly with the potency of the NAb response are 
also presented. P values (Spearman) for lengths and PNGS numbers, from left to right, were as follows: 0.391, 
<0.001, 0.188, <0.001, <0.001, <0.001, 0.104, 0.104, and 0.873.
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averages per time point. P values were calculated using a t test for independent samples. (A) Number of PNGS in 
the constant regions of gp120. (B) Number of PNGS in the variable regions of gp120.



Chapter 3

54

Locations of PNGS

To study changes in the glycan shield in more detail, we analyzed the locations of PNGS in 
all Env sequences (Fig. 5). Most variation in the location of the PNGS could be observed in 
the variable loops V1, V2, V4, and V5 as a result of insertions and deletions in these regions. 
The PNGS at position 301 in V3 was preserved in the course of infection in all virus variants 
from all subjects. In the constant regions, the locations of PNGS appeared to be restricted 

Patient Mo since C1 V1
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Figure 5: Changes in the locations of PNGS in gp160 sequences over the course of infection. The percentage of 
viruses with a PNGS at a given position per patient per time point is color coded using increasingly darker shades 
of grey. Mo, months.
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to more specific positions within the molecule. Introductions of glycans at nonconserved 
sites, such as N49 in patient H1, were not frequently observed. In general, PNGS that were 
conserved among subtype B sequences were also relatively conserved among virus variants from 
our patients. A number of PNGS was present in all sequences we analyzed, including N197, 
N262, N301, N611, N616, and N637. Moreover, we observed that some conserved PNGS 
present early in infection were absent during later stages of disease, such as N816 in gp41, 
which was lost in some of the viruses from patients H1, H2, and H4, and completely absent in 
the late viral quasispecies in patient H3. On the other hand, a number of relatively conserved 
PNGS, which were (partially) absent in the earliest virus population emerged in the course of 
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Figure 5 – continued
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infection, for example, N160 in V2 in patients H3 and H5 and N289 in C2 in patients H1, 
H2, H4, and H5. Of note, the absence of N289 in early virus variants predicts the resistance of 
these viruses against MAb 2G12, as we previously observed for early viruses in other patients33.

Net charge of gp160

Since changes in the net charge of the V1V2 loop during infection have been reported previ-
ously20, we calculated the net charge of all separate variable regions of gp160. No uniform changes 
in Env net charge were observed over the course of infection, nor did we observe a decrease in 
the net charge in any of the variable regions of Env at the later time points (data not shown). 

Single amino acid substitutions

The consensus sequences of each time point per patient were aligned with the consensus sequence 
of HIV-1 subtype B Env to analyze changes in single amino acids that were not part of PNGS. 
Most amino acid substitutions that became dominant in the viral quasispecies were either 
forward or reverse mutations relative to the consensus sequence, whereas, for only a minority of 
substitutions, a nonconsensus B amino acid residue mutated to another nonconsensus B amino 
acid residue. Most mutations became fixed in the viral quasispecies, although some forward mu-
tations reverted at a later time point. A number of forward (n=34) and reverse (n=11) mutations 
occurred in viruses from more than one patient: we observed 25 identical forward mutations 
and 7 identical reversions in viruses from two patients and 8 identical forward mutations and 4 
identical reversions in viruses from three patients, whereas forward mutation D325N occurred 
in virus variants from four patients (Table 2). Although the majority of mutations that occurred 
in virus variants of more than one patient were not linked to a specific region in the gp160 env 
gene, six forward and four reverse mutations were found in relatively close proximity in V3 and 
C3 (between HXB2 aa 308 and 360). In gp41, 3 identical amino acid reversions and 13 identical 
forward mutations were observed, 2 of which were located in the epitope for 4E10 (T676S and 
N677K). Identical mutations in other parts of the env gene (i.e., from C1 to C2 and from V4 
to C5) occurred in amino acid residues that to our knowledge have not been described as being 
involved in NAb escape or (co)receptor usage. Of the 13 mutations that occurred in viruses from 
three or more patients, 2 mutations were located in close proximity in C1 (V84I and E87K), 
3 mutations were located in the V3 region (K315R, E321aD, and D325N), 1 mutation was 
observed close to the V3 loop (L333I), and 7 mutations were found in gp41 (Table 2).

selection pressure on env

Selection pressure is generally measured as the ratio of the rates of dN and dS, where a dN/dS 
ratio of >1 is indicative of positive selection. We calculated dN/dS ratios between every pair of 
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successive time points for gp160, gp120, and gp41 and also separately for the constant and vari-
able regions of gp120. Positive selection pressure on gp160, gp120, and gp41, albeit decreasing 
over time and absent at AIDS diagnosis, was observed in patients H1, H2, and H3, who all had 
autologous serum neutralizing activity (Fig. 6A). However, selection pressure on the variable 
domains of gp120 was evident up to or even past the point of AIDS diagnosis in all patients 
except H5. Interestingly, the dN/dS ratio of gp120 showed a relatively linear decrease, whereas 
the selection pressure on the variable regions of gp120 in patients H1, H2, and H4 stabilized or 
increased temporarily towards AIDS (between time points IV and V). For patient H5, selection 
pressure was observed on the constant regions of gp120 only between the first and the second 
time points, shifting to the variable regions of gp120 between the second and third time points. 

In the course of infection, divergence of dN from the earliest virus population was higher 
than the divergence of dS in the patients who showed autologous neutralizing activity (Fig. 
6B). In agreement with previous reports39,40, dN divergence stabilized at later time points in 
these patients, whereas the divergence of dS continued to increase. In patients H4 and H5, 
divergence of dN was lower compared to divergence of dS over the entire course of infection, 
compatible with the absence of detectable autologous neutralizing activity in their sera. 

Correlates of autologous neutralization

To determine if certain Env characteristics are important for eliciting an effective humoral 
immune response, we analyzed a potential association between neutralizing titers against 

Table 2: Single amino acid substitutions that became dominant in the viral quasispecies in at least three of five 
patients

Gene Region Mutationa Directionb

Patientc

H1 H2 H3 H4 H5
gp120 C1 V84I F + + +

E87K F + + +
V3 K315R R + + +

E321aD F + + +
D325N F + + + +

C3 L333I R + + +

gp41 HR1 L543Q R + + +
K588R F + + +

HR2 N624D R + + +
D624E F + + +
E630Q F + + +

Intracellular domain P724Q F + + +
V829I F + + +

a Amino acid residues are numbered according to the corresponding positions in the reference sequence HXB2.
b Substitutions were categorized as either a forward (F) or a reverse (R) mutation relative to the consensus B 
sequence.
c +, present.
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autologous virus variants and the number of PNGS and length of the V1, V2, V4, and V5 
regions and of full-length gp160 of early virus variants. Patients were ranked according to the 
potency of autologous neutralizing activity in their sera. In this ranking, patient H1 performed 
best, followed by H2, H3, H4, and finally H5 (Table 1). Although the IC50 titers of patient 
H2 were lower than those of patient H3, patient H2 was given a higher rank, because the NAb 
response was maintained for a longer period of time during the chronic phase of infection. For 
patient H5, we were unable to determine the autologous NAb response against an early virus 
population due to our inability to isolate virus variants early after SC. However, the absence 
of a broad heterologous NAb response (data not shown) and high and/or long-term selection 
pressure on gp160 all suggest that this patient failed to mount a vigorous immune response. As 
shown in Table 1, the efficiency of the NAb response did not correlate with gp160 length or 
the number of PNGS of the earliest viruses. 

Finally, we analyzed whether changes in gp160 length or the number of PNGS during chronic 
infection were associated with the potency of the humoral immune response. Although there 
was no correlation between the efficiency of the NAb response and the increase in number of 
PNGS and gp160 length, we did observe a significant association between NAb response and 
the maximum average length of virus variants, both in total gp160 length, and in V1V2 and V4 
separately, later in infection (Table 1). The peak average number of PNGS did not significantly 
correlate with the efficiency of the NAb response, although viruses from patients H1, H2, and 
H3, who showed neutralizing activity against their autologous viruses, had a higher maximum 
number of PNGS (range, 32.6 to 33.2) compared to patients H4 and H5, who did not develop 
an effective autologous NAb response (range for peak average number of PNGS, 29.3 to 30.8). 
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Figure 6: dN and dS rates in env during the course of infection. (A) Selection pressure on Env, expressed as the 
ratio between dN and dS. Ratios are shown for full-length gp160, gp41, and gp120, and constant regions and 
variable regions of gp120 between viruses from successive time points. The dashed lines indicate a dN/dS ratio 
of 1.0. dN/dS ratios of >1.0 are indicative of positive selection. (B) Divergence of dN and dS over the course of 
infection relative to the virus population present shortly after SC (time point I in panel A). For all patients, time 
point V corresponds to the moment of clinical AIDS diagnosis.
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dIsCussIon

HIV-1 evolution in relation to escape from humoral immunity has been studied during the 
early phase of infection7,8. Here, for the first time, we report the neutralizing humoral immune 
response against HIV-1 and viral escape from this response in relation to molecular changes 
of the viral envelope during the entire course of infection in five participants in the ACS. We 
selected individuals with a typical disease course who never developed CXCR4-using variants 
as that would have obscured our analysis of Env evolution. 

Three patients included in this study developed a NAb response against their autologous 
viruses. In agreement with previous observations7, autologous neutralization declined during 
chronic infection as a result of both viral escape and the inability of the humoral immune 
system to respond to these newly emerging viral escape variants. Our patients had a more or 
less similar typical disease course (time between SC and AIDS diagnosis, 7 to 11 years) yet 
demonstrated a large variation in the development of a potent autologous NAb response. We 
therefore conclude that, at least in these patients, humoral immunity does not have a major 
impact on disease progression41. However, we only focused on the neutralizing capacity of 
the humoral immune response, whereas antibodies might also be involved in other protective 
processes, such as antibody-dependent cellular cytotoxicity42,43. Moreover, the possibility that 
humoral immunity in combination with other host factors, such as HIV-1-specific cytotoxic T 
lymphocytes, and/or innate immune factors, such as APOBEC3F/G or TRIM5α, may protect 
against HIV-1 disease progression cannot be excluded. 

In agreement with a previous report17, we observed early in infection an increase in the 
lengths of the variable loops and in the number of PNGS in gp160 irrespective of detectable 
autologous neutralizing activity in serum. However, HIV-1 variants from patients H1, H2, 
and H3, who all developed a potent autologous NAb response, showed evidence for positive 
selection on the envelope gene, as well as a relatively high nonsynonymous divergence over 
synonymous divergence in the first phase of infection. These findings most likely reflect a 
higher NAb pressure on Env in these patients than in the patients who did not elicit a detect-
able autologous NAb response. 

In general, positive selection was strongest on the variable regions of gp120, in agreement 
with the widely accepted view that a large proportion of the autologous antibody response 
is directed against these regions. Selection pressure was high in the initial phase of infection 
and decreased over time, possibly reflecting the inability of humoral immunity to respond to 
newly evolving virus variants and/or the limits to sequence variation compatible with viral 
replication. Stabilization of the dN late in infection may be a reflection of attenuated humoral 
immunity39,40, which may also allow Env to lower its defences, leading to a reduction of gp160 
length and the number of PNGS. However, the absence of an absolute temporal relationship 
between the dynamics of the length and level of glycosylation of Env indicate that the influence 
of selection processes on these Env characteristics may be different. 
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We do not exclude the possibility that selection pressures other than NAbs may also influence 
the evolution of Env. For example, the efficiency of (co)receptor usage may be an important 
selective process in HIV-1 Env evolution during later stages of disease44,45, possibly driven by a 
reduction in the availability of target cells. In this respect, the stabilization and/or increase of 
the selection pressure on the variable regions of gp120 observed late in infection in three out 
of five patients may be indicative of the evolution of Env towards a more efficient coreceptor 
use, although a correlation between selection pressure on the variable regions of gp120 and 
CD4+ T-cell decline is absent in our patients. Furthermore, single amino acid mutations may 
have been selected by cytotoxic-T-lymphocyte pressure. Indeed, we have recently observed 
that up to 50% of amino acid changes in Env more occur in known or predicted cytotoxic-T-
lymphocyte epitopes46. 

The occurrence of identical mutations in HIV-1 variants from three or more patients studied 
here may indicate that HIV-1 has developed general ways to adapt to changing environments, for 
example, during or after transmission, to escape from NAbs or in response to decreasing numbers 
of target cells. This may particularly be true for V3, known as a conserved neutralizing domain47, 
as four out of six mutations in gp120 observed in viruses from three patients (or in four patients 
for mutation D325N) were located in or near the V3 loop. Functional requirements render 
the V3 loop very conserved48, also with respect to length and glycosylation, which contrasts 
the other variable regions, in which large variations, both indels and changes in glycosylation, 
seem to be allowed without consequences for viral replication fitness49. The fact that multiple 
common reverse mutations relative to the consensus B sequence were observed may be indicative 
of sequence constraints on at least some regions of Env50. However, common amino acid changes 
observed in this study may be related to the fact that we studied only a small group of patients 
infected with relatively closely related virus strains (see Fig. S1 in the supplemental material). 
A general role for the common mutations in Env, as observed here, in HIV-1 neutralization 
sensitivity remains to be established. Indeed, functional analyses may reveal for each substitution 
described here whether it is involved in NAb escape, or, for example, a compensatory mutation.

Analysis of the changes in the glycan shield over the course of infection showed that although 
virus populations in all patients displayed similar profiles of addition and loss of PNGS, most 
changes occurred in a patient-specific way. Changes in PNGS were not confined to the variable 
regions of Env but were also observed in the constant regions, although PNGS in the constant 
regions appeared to be more restrained with respect to their positions. A number of PNGS, 
including N88, N197, and N262 in the constant regions of gp120 and N301 in V3, as well 
as N611, N616, and N637 in gp41, were very conserved, indicating that glycans at these 
positions are likely to be important for the conformation and/or the functionality of the Env 
trimer. The acquisition of relatively conserved PNGS early in infection and the loss of such 
PNGS late in infection may suggest that these glycans are involved in resistance of Env against 
NAbs. Moreover, the overall density of glycans on the Env trimer may be another important 
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mechanism of escape from NAbs, as suggested by the observed trend here, where the potency of 
the NAb response was associated with the peak number of PNGS during infection. 

The virus variants that were used in this study were propagated on PBMCs, which may 
coincide with sequence changes in Env29,51. However, these sequence changes seem to be rare, 
as multiple parallel long-term cultures of clonal virus variants on PBMCs resulted in only very 
few mutations in the V3–V4 regions46, pointing to the genetic stability of the virus clones. 

In vaccine design, it is important to understand which viral characteristics are important for 
the elicitation of a broad and high-titer humoral immune response. One could argue that a 
virus with a compact envelope and a relatively low level of glycosylation would expose many 
neutralization epitopes and could therefore serve as an effective immunogen. However, when 
we ranked our patients according to the autologous NAb response, we did not find an as-
sociation between NAb response and gp160 length or the number of PNGS of the earliest 
virus population. This suggests that the presentation of neutralization epitopes depends on 
more factors than the envelope length and glycosylation characteristics of the transmitted virus 
variants. Moreover, host factors, such as B-cell repertoire and humoral immune activation, may 
also play roles in the development of an efficient antibody response after vaccination. 

In conclusion, we have studied the HIV-1-specific humoral immune response in relation to 
viral escape and molecular evolution in Env. Escape from the autologous NAb response coin-
cided with specific amino acid changes and with increases in gp160 length and the number of 
PNGS, followed by reversions later in infection, when the NAb response subsided. Knowledge 
of the Env conformation that elicits NAbs and, on the other hand, the Env conformation 
that resists antibody-mediated neutralization may be applied to the design of immunogens 
optimally capable of eliciting protective humoral immunity.
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suPPleMentARy dAtA

                           10         20          30         40          50         60          70              
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB       MRVKGIRKNYQHLWR----WGTMLLGMLMICSAAEKLWVTVYYGVPVWKEATTTLFCASDAKAYDTEVHN
HXB2        ....E--.-......WGWR..............T....................................
Cons H1 4 mo  ......K........----.......I......T.N..................................
Cons H2 2 mo  ...TE..R.C.....----................Q..................................
Cons H3 2 mo  ...............----...............DQ.............DT...................
Cons H4 2 mo  ..........H....----.......I........Q..................................
      H5 2 mo  ...T....Y......----.......I......T................T...................

                           80         90        100        110        120         130        140         
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB        VWATHACVPTDPNPQEVVLENVTENFNMWKNNMVEQMHEDIISLWDQSLKPCVKLTPLCVTLNCTDLMNA
HXB2            ...................V...........D............................S.K....K.D
Cons H1 4 mo .................E.................................................R..
Cons H2 2 mo ............S....L.G...............................................G..
Cons H3 2 mo ................IA......D........................................E.E.-
Cons H4 2 mo .................E.G...............................................N..
      H5 2 mo  ...............................G.....................................T

                          150        160        170        180        190        200        210       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      TNT-NTT---IIYRWRGEIKNCSFNITTSIRDKVQKEYALFYKLDVVPIDND---NTSYRLISCNTSVIT
HXB2            ...-.SSS-GRMIMEK..........S....G.......F.....II.....---T...K.T........
Cons H1 4 mo ..--.SS--MRM-ME..................M......L....I......---...............
Cons H2 2 mo ...TSSS--GKM-MEI............N..X.M.................ENKT...............
Cons H3 2 mo ..IT.SS--------.........KV...L...-K.......R..I....D.---.N.............
Cons H4 2 mo ...P.SS-EGK--MET..................................D.---...............
      H5 2 mo  ...-.SSNGEM--MEK........K...Q....L..................---...............

                          220        230        240        250        260         270        280       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      QACPKVSFEPIPIHYCAPAGFAILKCNDKKFNGTGPCTNVSTVQCTHGIRPVVSTQLLLNGSLAEEEVVI
HXB2            ...........................N.T........................................
Cons H1 4 mo ...........................N.T...K.................................I..
Cons H2 2 mo ........Q.......T.....................................................
Cons H3 2 mo ......T.........T.....L........S.K.................................I..
Cons H4 2 mo ........D.................K....K.....K................................
      H5 2 mo  ..........................K......K....................................

                          290         300        310        320        330         340        350       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      RSENFTDNAKTIIVQLNESVEINCTRPNNNTRKSIHI--GPGRAFYTTGEIIGDIRQAHCNISRAKWNNT
HXB2            ..V..............T...............R.R.QR......V.I.-K..NM...............
Cons H1 4 mo ..D.I...........K.A.Q................--...K...A..............L..VD.E..
Cons H2 2 mo ................K....................--......................L..T..D..
Cons H3 2 mo ......N...............Y.............V--...KTL.A..D...........L......D.
Cons H4 2 mo ......N...I......K.................N.--......................L......D.
      H5 2 mo  ................K....................--...K.................SLN.T..E..

                          360         370        380         390        400         410        420       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      LKQIVKKLREQFG-NKTIVFNQSSGGDPEIVMHSFNCGGEFFYCNTTQLFNSTW--NGTW------NNTE
HXB2            ....AS.......N....I.K..........T.............S........-F.S..-STEGS....
Cons H1 4 mo ....AE......R-................T.......................--.S.RNGTEVS.K..
Cons H2 2 mo .R..........K-.................T.............S.P......--.S.QLFNSXE.G..
Cons H3 2 mo .....I...K..R-.R....T........................S........ML.S..----ES.S..
Cons H4 2 mo .....I......R-...............................S........MA.S..---END.S..
      H5 2 mo  .....E......K-.................T.............S........-------SDTEN.K..

                          430         440        450         460        470         480        490       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      G---NITLPCRIKQIINMWQEVGKAMYAPPIRGQIRCSSNITGLLLTRDGG-------NNE-TEIFRPGG
HXB2            .SD-T...............K..........S...................-NS----...-S.......
Cons H1 4 mo ----I.........L.........V........K.....K...........-NNKSEAE..-........
Cons H2 2 mo .SNST...Q..........................K...............GNDT----.RT..T.....
Cons H3 2 mo E---...........................S...................-NNT----.G-........
Cons H4 2 mo E---..................................T............DNGT-------........
      H5 2 mo  .ND-TLI..........L.................K...............DNG----..K-........
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                          500         510        520        530        540          550        560       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB        GDMRDNWRSELYKYKVVKIEPLGVAPTKAKRRVVQREKRAVG-IGAMFLGFLGAAGSTMGAASMTLTVQA
HXB2            ..........................................-...L.......................
Cons H1 4 mo ..........................................-L...................V......
Cons H2 2 mo ..........................................-...V................I......
Cons H3 2 mo ..........................................T...........................
Cons H4 2 mo ...........................R............A.-L..L.......................
      H5 2 mo  ..........................................-...V................I......

                          570         580        590        600        610          620        630       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      RQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARVLAVERYLKDQQLLGIWGCSGKLICTTAVPWN
HXB2            ......................................I...............................
Cons H1 4 mo .L....................................................................
Cons H2 2 mo .L............................................R..................T....
Cons H3 2 mo ......................................................................
Cons H4 2 mo ......................................................................
      H5 2 mo  .L....................................................................

                          640         650        660        670         680        690         700       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      ASWSNKSLDEIWDNMTWMEWEREIDNYTSLIYTLIEESQNQQEKNEQELLELDKWASLWNWFDITNWLWY
HXB2            ........EQ..NHT.....D...N......HS.............................N.......
Cons H1 4 mo .........K..N...........N............................Q........S.......
Cons H2 2 mo .........Q....................................L............S..........
Cons H3 2 mo .........K..N.....D.....N...G...........................N.......S.....
Cons H4 2 mo T........Q..................G.......K...........................S.....
      H5 2 mo  .........K..N........K................................................

                          710         720        730        740        750          760        770       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      IKIFIMIVGGLVGLRIVFAVLSIVNRVRQGYSPLSFQTRLPAPRGPDRPEGIEEEGGERDRDRSGRLVDG
HXB2            ..L...................................H..T......................I...N.
Cons H1 4 mo .......................A..............H...Q.................K.........
Cons H2 2 mo .........................................T...................G..I.....
Cons H3 2 mo ................I.S.....K................V.......................Q....
Cons H4 2 mo ................A.S.............................................XQ....
      H5 2 mo  .....................T.............L............................S.....

                          780         790        800        810        820          830        840       
                 ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
ConsB      FLALIWDDLRSLCLFSYHRLRDLLLIVTRIVELLGRRGWEVLKYWWNLLQYWSQELKNSAVSLLNATAIA
HXB2          S.......................................A.............................
Cons H1 4 mo ...I..V.................................L.............................
Cons H2 2 mo ....................S.....A..T..........I.............................
Cons H3 2 mo ..T...V....................A...................................Y.T....
Cons H4 2 mo ...I..V....................A...........G...............I.K............
      H5 2 mo  ....L.V.................................I...C...........R.............

                          850         860        870         
                 ....|....|....|....|....|....|....| 
ConsB      VAEGTDRVIEVVQRACRAILHIPRRIRQGLERALL
HXB2            .............G.....R............I..
Cons H1 4 mo .......I...S...F.......T...........
Cons H2 2 mo ...........L...F....R..T.....F.....
Cons H3 2 mo ...........L...Y..F..........A....Q
Cons H4 2 mo ..............TY..F...............Q
      H5 2 mo  ..........IL...F.......T.....F.....

Supplementary Figure 1: Consensus gp160 sequences of the earliest virus variants from each patient aligned 
to the consensus B and HXB2 Env sequences. Since isolation of clonal virus variants was not successful for the 
earliest time point in individual H5, a single env sequence was generated from proviral DNA in patient PBMC 
from this time point. In those cases where no single residue was present in at least 50% of the sequences from one 
patient, an X is shown.
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71abstract

Autologous HIV-1-specific neutralizing antibodies (NAbs) seem unable to inhibit viral replica-
tion as they rapidly select for neutralization escape variants. However, NAbs could potentially 
contribute indirectly to the control of HIV-1 if changes in the viral envelope coinciding with 
NAb escape would impair viral replication fitness. Here we analyzed the replication kinetics 
of HIV-1 isolated over the course of infection from five typical progressors, three of whom 
developed strong autologous neutralizing humoral immunity. Viral replication rate did not 
correlate with viral sensitivity to autologous serum neutralization, or with envelope length or 
number of potential N-linked glycosylation sites in gp120, suggesting that the flexibility of 
the viral envelope allows escape from NAbs without the loss of viral fitness. Interestingly, the 
appearance of rapidly replicating viruses late in infection correlated with lower CD4+ T-cell 
counts, suggesting that this viral characteristic may be positively selected when the availability 
of target cells becomes limiting.
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IntRoduCtIon

Upon infection with human immunodeficiency virus type 1 (HIV-1), the majority of indi-
viduals develop a potent autologous neutralizing antibody (NAb) response directed against the 
envelope glycoprotein (Env). The understanding of the impact of the autologous NAb response 
on the control of virus replication remains incomplete. Due to the rapid selection of antibody 
escape variants, NAbs generally lack the ability to inhibit contemporaneous viruses1-10. The 
humoral immune response therefore seems ineffective in directly inhibiting virus replication. 
However, long-term non-progressors (LTNP) were shown to have broader and more potent 
NAb responses than progressors11-13, although other studies did not confirm this finding14,15. 
Moreover, the development of anti-simian immunodeficiency virus (SIV) humoral immunity 
was found to be critical for the control of SIV infection in a macaque model16. These observa-
tions suggest that, although NAbs may not be able to directly inhibit replication of HIV-1, dis-
ease progression may be influenced by the development of a potent autologous NAb response. 

Mechanisms by which HIV-1 can obtain resistance to antibody neutralization include exten-
sions of the variable loops of Env8,17, possibly to protect underlying, conserved regions from 
antibody recognition18, and an increase in the density of the envelope glycan shield7,8,17. These 
large alterations in the length of the variable loops and the glycosylation level of Env are 
indicative of the strong selective pressure exerted on the protein by NAbs. We have previously 
observed that changes in the length of the variable loops and the level of glycosylation revert 
in later stages of infection8, when selection pressure may be lost due to an impairment of 
host immunity. Moreover, NAb-driven changes in Env (partially) revert upon transmission, 
which renders the recipient virus neutralization sensitive, although this may not be true for 
all subtypes of HIV-1 and/or all modes of transmission19-22. Similarly, reversion of CTL escape 
mutations also occurs upon transmission of HIV-1 to an HLA class I-mismatched recipient, 
the rate of which is associated with the cost of the specific mutation to viral fitness23,24. The ob-
servation that HIV-1 Env reduces its epitope-masking mechanisms in the absence of humoral 
immune pressure may thus indicate that escape from NAbs influences the replicative fitness of 
HIV-1. The development of a potent autologous NAb response may in this way contribute to 
indirect control of virus replication. 

We previously reported on the changes in length and glycosylation of gp120 that coincided 
with escape from autologous neutralizing immunity in a longitudinal study on five participants 
of the Amsterdam Cohort Studies with varying humoral immune responses. In our present 
study, we analyzed the effect of escape from autologous humoral immunity on the replication 
kinetics of HIV-1 and correlated the observed changes in length and glycosylation of gp120 
of viruses isolated from these five individuals with the viral replication rate, both early in 
infection, when escape from NAbs occurred, as well as late in infection, when reversion of the 
changes induced by NAbs escape was observed. In addition, we investigated the influence of 
other selective processes on the replication rate of late-stage HIV-1.
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MAteRIAls And MetHods

Patient and viruses

The patients in our present study were homosexual male participants of the Amsterdam Cohort 
Studies on HIV infection and AIDS (ACS) who seroconverted during active follow-up and 
who progressed to AIDS within 7 – 11 years after infection in the presence of subtype B 
CCR5-using (R5) HIV-1 variants only, as shown by absent virus replication in 3-monthly 
performed cocultures of patient peripheral blood mononuclear cells (PBMCs) and the MT2 
cell line. For better readability, patient identifiers were recoded as H1 (ACH19999), H2 
(ACH19542), H3 (ACH18969), H4 (ACH19768), and H5 (ACH19659), which correspond 
to the identifiers used in a previous study8. Previously, we determined that patients H1, H2, 
and H3 developed high-titer autologous neutralizing activity, whereas autologous neutralizing 
activity was not detected in serum from H4 and H58. From these individuals, we previously 
isolated clonal HIV-1 variants from PBMCs25,26 that were obtained at six time points covering 
the disease course from SC up to 2 to 3 years after clinical AIDS diagnosis8. For patient H5, 
attempts to isolate clonal HIV-1 variants from PBMCs obtained at SC and at time points after 
AIDS diagnosis were not successful. For further study, we selected a maximum of eight virus 
variants per patient per time point, representing the variation in time observed between the 
start of the clonal virus isolation procedure and the first day of detectable p24 production in 
the micro-culture for viruses of that time point. 

Cells

Experiments were performed using cryopreserved pooled PBMCs isolated from buffy coats 
obtained from 12 healthy seronegative blood donors by Ficoll-Isopaque density gradient 
centrifugation. Cells were thawed and stimulated for 3 days in IMDM (Lonza) supplemented 
with 10% fetal bovine serum (FBS, Hyclone), penicillin (100 U/ml; Invitrogen), streptomycin 
(100 μg/ml; Invitrogen), ciproxin (5 μg/ml; Bayer), and phytohemagglutinin (PHA, 5 μg/ml; 
Oxoid) at a concentration of 5 x 106 cells/ml. Subsequently, PBMCs (106/ml) were grown in 
the absence of PHA, in medium supplemented with recombinant interleukin-2 (20 U/ml; 
Chiron Benelux) and polybrene (5 μg/ml, hexadimethrine bromide; Sigma). 

sequence analysis

Envs of clonal HIV-1 variants were amplified from DNA that was isolated from in vitro infected 
healthy donor PBMCs. Env PCR products were subsequently sequenced as described previ-
ously27-29. Nucleotide sequences of all virus clones per individual were aligned using ClustalW 
in the software package of BioEdit30, and edited manually. Potential N-linked glycosylation 
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sites were identified using N-GlycoSite31 at the HIV database Web site (http://www.hiv.lanl.
gov/content/sequence/GLYCOSITE/glycosite.html). Coreceptor usage was predicted by 
PSSM based on the V3 sequences32,33, using Web PSSM at http://indra.mullins.microbiol.
washington.edu/pssm/.

Preparation of chimeric viruses

Env fragments from HXB2 nucleotides (nt) 5658 to 9171 were amplified by PCR using 
Expand High Fidelity PCR System (Roche Applied Science). Chimeric NL4-3/Env viruses 
were produced by homologous recombination of the env PCR products with a pNL4-3 vector 
(a kind gift from P. Alcami). In short, pNL4-3 was restricted with XbaI (HXB2 nt 6114) and 
XhoI (HXB2 nt 8898) and was subsequently cotransfected with an env PCR product into 293T 
cells in a 24-well plate using the calcium phosphate method. After 2 days, PHA-stimulated 
PBMCs from healthy seronegative blood donors were added to the culture, and the next day, 
the PBMCs were transferred to a culture flask. Supernatants were harvested when positive for 
p24, as determined using an in-house p24 antigen capture enzyme-linked immunosorbent 
assay34. The presence of the correct env in NL4-3 was confirmed by sequencing.

Characterization of HIV-1 replication kinetics

PHA-stimulated healthy donor PBMCs (2 x 106) were inoculated with 500 TCID50 of a given 
chimeric NL4-3/Env virus in a total volume of 2 ml for 2 h at 37 ºC in a shaking water bath. 
Subsequently, cells were washed with 10 ml of IMDM supplemented with 10% FBS, penicillin 
(100 U/ml), and streptomycin (100 μg/ml) and resuspended at a concentration of 106 cells/
ml for culture. Fresh PHA-stimulated PBMCs (106) in a volume of 1 ml were added at day 5 
and day 8. Cultures were maintained for 11 days. Samples (75 μl) for the determination of p24 
antigen production in culture supernatant were harvested each day. The concentration of p24 
in all samples was determined at the same time using an in-house p24 antigen capture ELISA, 
and was used to calculate the p24 production per milliliter of supernatant by correcting for the 
differences in the volumes of culture supernatant. 

statistical analysis

Statistical analyses were performed in SPSS 16 software package. Differences in replication 
rates were assessed using a t test for independent samples. Correlations between replication 
kinetics and the length or number of PNGS in Env were evaluated using the Spearman’s rank 
test. 
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Results

Replication kinetics of HIV-1 over the course of infection

We investigated whether changes in Env that related to escape from autologous neutralizing 
humoral immunity influenced the replication kinetics of HIV-1, using virus variants that were 
isolated at multiple time points during infection from five typical progressors of the ACS. 
In a previous study, we determined that individuals H1, H2, and H3 developed high-titer 
autologous neutralizing activity, which decreased in potency in the chronic phase of infection8. 
Patients H4 and H5, in whom autologous neutralizing serum activity was not detected, were 
also included in this study to be able to distinguish between the effect of escape from NAbs and 
the effect of other selective processes on viral replication rates. All patients received antiretrovi-
ral (mono)therapy for various periods of time over the course of infection8, selecting for drug 
resistance mutations in pol that have been described to reduce viral replication fitness35,36 (data 
not shown). To exclude an effect of these drug resistance mutations and of additional muta-
tions in other genes than env on the viral replication rate, we generated a panel of chimeric 
NL4-3 viruses, in which the original envelope was replaced with the envelopes of virus variants 
that were isolated from our five patients. For each time point, envelopes from a minimum of 2 
and a maximum of 8 viruses were analyzed. 

We determined the in vitro replicative capacity of HIV-1 over the course of infection 
expressed as the cumulative p24 production at day 4 after inoculation of PHA-stimulated 
PBMCs with the various chimeric NL4-3/Env variants. In all patients, the average replication 
rates of HIV-1 variants present at a certain time point changed over the course of infection, 
although different patterns of change were observed. For patients H1 and H4, viruses that 
had been isolated during the asymptomatic phase of infection, at 42 months and 93 months 
after seroconversion, respectively, had increased replication kinetics compared to viruses that 
had been isolated relatively early in infection (Fig. 1A). In contrast, replication rates of viruses 
from patient H3 declined in this phase of asymptomatic infection, while replication kinetics of 
viruses from patients H2 and H5 remained the same. For viruses from patient H1, the increase 
in replication kinetics early in infection was followed by a decrease in replication rate in the 
later stages of disease, which was not observed for patient H4 (Fig. 1A). Finally, for patients 
H2, H3, and H5, the replication rate of late-stage virus variants was increased compared to 
viruses isolated at earlier time points (Fig. 1A).

escape from autologous humoral immunity is not associated with a decrease in 
viral replicative capacity

Previously, we determined that patients H1, H2, and H3 developed strong autologous neutral-
izing activity, which decreased in potency during chronic infection8. Virus variants from these 
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patients were not neutralized by sera from the same time point or from earlier time points, 
suggestive of viral escape from neutralizing humoral immunity. The time points at which viruses 
were likely to be subject to NAb pressure (i.e., time points when viruses were sensitive to autolo-
gous serum neutralization and/or had escaped from the neutralizing activity elicited in response 
to virus variants from the previous time point) are indicated by grey-shaded areas in Figure 1A. 
We first analyzed whether escape from the autologous NAb response was accompanied by a de-
crease in replicative fitness. Figure 1A shows that the replicative capacity of viruses from patient 
H3 decreased during the first three time points, coinciding with the presence of autologous 
neutralizing activity. However, for patient H3 as well as for patients H1 and H2, the sensitivities 
of individual clonal HIV-1 variants for autologous serum from both the contemporaneous and 
the subsequent time point (expressed as 50% inhibitory concentrations) did not correlate with 
the replication rates of the corresponding chimeric NL4-3/Env variants (data not shown). 

Escape from autologous neutralizing humoral immunity coincided with an increase in the 
length of the variable loops and the number of PNGS in envelope (Figs. 1B and C)8, although 
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Figure 1: Replication kinetics and molecular characteristics of gp120 of viruses isolated over the course of 
infection from five typical progressors. (A) Replication rates of individual chimeric NL4-3/Env variants expressed 
as the cumulative p24 production at day 4 after infection of PHA-stimulated PBMC. The time points at which 
viruses were likely to be subject to NAb pressure are indicated in grey. Data were analyzed using a t test for 
independent samples. (B) The length of gp120 and (C) the number of PNGS in gp120 of clonal HIV-1 variants 
over the course of infection. Increases and decreases in the length of number of PNGS over time are indicated by 
dark grey and light grey areas, respectively. In all panels, the horizontal bars represent the means. D.p.i, days post-
infection; aa, amino acids; PNGS, potential N-linked glycosylation sites; SC, seroconversion.
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differences in neutralization sensitivity between viruses from the same time point could not be 
explained by variations in the envelope length or the number of PNGS. Moreover, changes in 
the length of the variable loops and the number of PNGS in Env were also observed in viruses 
from patients H4 and H5, who did not develop a detectable autologous NAb response, albeit 
that both masking mechanisms remained at a lower level in viruses from these patients as 
compared to viruses from patients H1, H2, and H3 (Figs. 1B and C). To study whether the 
increased protection of the viral envelope against autologous humoral immunity is associated 
with a reduction in the replicative capacity of HIV-1, we correlated the length and the number of 
PNGS in gp120 from virus variants that were isolated in the early phase of infection of patients 
H1, H2, and H3, when humoral immunity could be detected, to the replication rates of the 
corresponding chimeric NL4-3/Env variants. In patients H1 and H2, length and glycosylation 
characteristics of gp120 were not associated with the viral replication rate (Figs. 2A and B). In 
contrast, a significant negative correlation was observed between both the length of gp120 and 
the number of PNGS in gp120 of viruses isolated during the first part of infection from patient 
H3, and the replication kinetics of the corresponding chimeric NL4-3/Env variants (Figs. 2A 
and B). However, it should be mentioned that the chimeric NL4-3 variants expressing Env 
from viruses isolated at the earliest time point from patient H3 replicated exceptionally rapid 
compared to NL4-3 variants expressing early Envs from the other patients. The subsequent 
decline in replication rate to relatively normal levels, which coincided with increases in gp120 
length and the number of PNGS in this gene, may thus have been driven by other selective 
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Figure 2: Replication kinetics of HIV-1 upon escape from the autologous NAb response. Correlation between 
the cumulative production of p24 at day 4 after infection of chimeric NL4-3 variants expressing Env of viruses 
isolated from patients who developed strong autologous humoral immunity, and the length of gp120 (A) or the 
number of PNGS in gp120 (B). Correlations were evaluated using the Spearman’s rank test. Aa, amino acids; 
PNGS, potential N-linked glycosylation sites; d.p.i, days post-infection.
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processes than escape from NAbs. Of note, increases in length and glycosylation characteristics 
of Env also occurred in viruses of patients H4 and H5, albeit to lower levels, and were for 
HIV-1 variants from these patients also not correlated with replication rate (data not shown). 

Increased viral replication kinetics in late-stage disease

In most patients, changes in Env that coincided with escape from NAb pressure early in 
infection reverted during later disease stages (Figs. 1B and C)8. To investigate whether this 
reversion of envelope masking mechanisms allowed higher levels of replication, we correlated 
the envelope length and glycosylation characteristics of viruses that had been isolated at four 
time points late in infection to the replication rate of the corresponding chimeric NL4-3/
Env variants. In patients H1 and H4, replication rates of late chimeric NL4-3/Env variants 
were similar compared to chimeric NL4-3 variants expressing Envs isolated from earlier time 
points, and, as a consequence, did not correlate with the envelope length or the number of 
PNGS in gp120 (data not shown). In contrast, the replication rates of chimeric NL4-3 variants 
expressing Envs from viruses isolated late in infection from patients H2, H3, and H5 showed 
increased replication kinetics compared to earlier NL4-3/Env variants. In patients H2 and H5, 
this increased replication rate of late-stage virus variants was negatively correlated with both 
the length and the number of PNGS in gp120 (Figs. 3A and B).

Spearman
r = -0.755
P = 0.004

Spearman
r = -0.502
P = 0.008

Spearman
r = -0.611
P = 0.004

Spearman
r = -0.384
P = 0.048

Le
ng

th
 o

f g
p1

20
 (a

a)
 

482

486
488

492
490

496
494

484
470

472

474

478

476

480

P
N

G
S

 in
 g

p1
20

 

0 100 200 300 400 500 0 100 200 300 400
23

25

27

29

31

22

23

24

26

25

27

H3H2 H5

p24 production at 4 d.p.i. (ng/ml)

A

B
470

475

480

490

485

495

21

23

25

29

27

33

31

0 50 100 150 200 250 300

n.s.

n.s.

Figure 3: Replication kinetics of HIV-1 in relation to molecular characteristics of gp120 in during chronic 
infection. Correlation between the cumulative production of p24 at day 4 after infection of chimeric NL4-3 
variants expressing Env from viruses isolated during the last four time points of infection, and the length of 
gp120 (A) or the number of PNGS in gp120 (B). Correlations were analyzed using the Spearman’s rank test. Aa, 
amino acids; PNGS, potential N-linked glycosylation sites; d.p.i, days post-infection.
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Increased replication of late-stage viruses coincides with low Cd4 counts 

Previous studies have shown that the replication fitness of R5 viruses isolated during late-stage 
disease is increased37-40. Here, we could confirm this observation for viruses from patients H2, 
H3, and H5, while chimeric NL4-3 variants expressing Env from viruses isolated during the 
later disease stages from patients H1 and H4 did not exhibit enhanced replication rates. To 
understand this observation, and to examine whether other factors than decreased envelope 
masking mechanisms may explain the enhanced replication rate of late-stage viruses from 
patients H2, H3, and H5, we plotted the CD4+ T-cell counts of all patients over their course 
of infection. In patients H1 and H4, the CD4+ T-cell counts remained above 100 cells/μl 
blood, while the appearance of rapidly replicating virus variants in patients H2, H3, and H5 
coincided with a CD4+ T-cell count below 100 cells/μl blood (Fig. 4). Although this threshold 
of 100 CD4+ T cells/μl blood was chosen arbitrarily, these results indicate that the increased 
replication kinetics of HIV-1 may result from the adaptation of the virus to replicate in the 
presence of extremely low numbers of target cells. 

dIsCussIon

The impact of the autologous NAb response on HIV-1 disease progression remains incom-
pletely understood. As HIV-1 rapidly escapes from autologous humoral immunity, NAbs are 
not able to directly inhibit the spread of the virus. However, if escape from NAbs would result 
in a decrease in viral fitness, analogous to what is observed for certain CTL escape muta-
tions41,42, strong autologous humoral immunity could contribute indirectly to the control of 
virus replication. In this study, we investigated whether escape of HIV-1 from the autologous 
NAb response coincided with changes in viral replication kinetics. 
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Figure 4: CD4+ T-cell counts over the course of infection. The horizontal dashed line is drawn at 100 CD4+ 
T cells/μl blood. Time points of virus isolation are depicted by triangles. Open triangles indicate time points 
during symptomatic disease at which time CD4+ T-cell counts are above 100 (patients H1 and H4), while closed 
triangles represent time points during symptomatic disease at which time CD4+ T-cell counts are below 100 
(patients H2, H3, and H5).
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In general, the replication rates mediated by Envs of HIV-1 variants isolated from individu-
als who developed strong autologous humoral immunity did not correlate with the sensitivities 
of these viruses for autologous serum, or with molecular characteristics of Env that have been 
associated with NAb escape. Although it should be mentioned that these results were obtained 
using a relatively small study cohort, the absent correlation between escape from NAbs and 
viral replication fitness may suggest that the development of a potent NAb response does not 
result in the control of viral replication. Indeed, the plasma viral loads in patients H1, H2, and 
H3, who all developed an autologous NAb response, were not lower as compared to patients 
H4 and H5, in whom neutralizing activity in serum was not detected8. These observations 
are in agreement with recent studies showing that the development of a broad NAb response 
does not influence disease progression43,44. The previously observed presence of strong humoral 
immunity in LTNP is therefore more likely a consequence of preserved immune surveillance 
rather than a cause of non-progression. 

Our current data show that the replication kinetics of HIV-1 do not change upon escape 
from the autologous NAb responses. This may suggest that autologous neutralizing activity 
is mainly directed against the variable loops in envelope in which a high degree of sequence 
variation may be allowed without impairment of the viral replication fitness. In addition, we 
have previously shown that HIV-1 resistance to broadly neutralizing monoclonal antibodies 
b12, 2G12, 2F5, and 4E10 did also not coincide with lower replication rates as compared to 
the replication kinetics of neutralization sensitive viruses45. These findings suggest that the 
flexibility of the viral envelope allows escape from NAbs by the introduction of changes in the 
sequence or conformation of both its variable and conserved regions, possibly in combination 
with compensatory mutations, without the loss of viral fitness. 

Early in infection in patient H3, and late in infection in patients H2 and H5, the length 
and number of PNGS in gp120 correlated with the viral replication rate, indicating that the 
replication kinetics of HIV-1 may under certain circumstances be facilitated by shorter variable 
loops and/or a lower numbers of glycans on the viral envelope. However, the observed changes 
in replication rate may also have been selected by other mechanisms, resulting in a temporal 
but not a causal relationship between HIV-1 replication capacity and molecular characteristics 
of Env. Indeed, the increasing viral replication rate of late-stage viruses in patients H2, H3, 
and H5 seemed to correlate stronger with a CD4+ T-cell count below 100 cells/μl blood than 
with the length or the number of PNGS in gp120. It has previously been shown by us46 and 
others38-40,47-50 that late-stage R5 viruses evolve towards a more efficient usage of CCR5. The 
adaptation of HIV-1 to persist in the presence of low levels of CD4+ T cells may thus result 
in an increased replication capacity39,40, although we cannot exclude that the enhanced loss of 
CD4+ T cells is a consequence of the increased viral replication rate late in infection.

The selective outgrowth of virus variants with a reduced number of PNGS and shorter 
variable loops in late-stage disease8 may suggest that virus replication is hindered by long vari-
able loops and/or an excess of glycosylation of the viral envelope when these features are not 
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required to protect against neutralizing antibodies. Although our results do not support this 
hypothesis, previous studies have shown that minor variations in cell growth in the parallel cell 
cultures of an in vitro replication assay may prevent the detection of relatively small differences 
in replication rates51. A technique better suitable for the detection of small differences in viral 
fitness is a head-to-head competition assay52. However, these competition assays are extremely 
labour-intensive, especially for the large number of viruses that were tested here (n=172). Thus, 
based on our results, it cannot be excluded that escape from NAbs exerts minor fitness costs 
on HIV. However, as evidence is accumulating that the development of a broad NAb response 
does not protect from disease progression43,44, it seems unlikely that such small fitness costs are 
relevant for HIV-1 pathogenesis.

In summary, we have shown that escape from autologous humoral immunity generally does 
not impair the replication kinetics of HIV-1 and will therefore not result in control of virus 
replication. Viral replication kinetics may however be influenced by other selective processes, 
such as the adaptation to a low availability of target cells in late-stage disease.
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89abstract

Broadly-reactive neutralizing antibodies are the focus of HIV-1 vaccine design. However, only 
little is known about their role in AIDS pathogenesis and the factors associated with their devel-
opment. Here we used a multi-subtype panel of 23 HIV-1 variants to determine the prevalence 
of cross-reactive neutralizing activity in sera obtained ~35 months post-seroconversion from 82 
HIV-1 subtype B infected participants from the Amsterdam Cohort Studies. Of these patients, 
respectively 33%, 48%, and 20% had strong, moderate, or absent cross-reactive neutralizing 
activity in serum. Viral RNA load at setpoint and AIDS free survival were similar for the three 
patient groups. However, higher cross-reactive neutralizing activity was significantly associated 
with lower CD4+ T-cell counts before and early after infection. Our findings underscore the 
importance of vaccine-elicited immunity to protect from infection. The association between 
CD4+ T-cell counts and neutralizing humoral immunity may provide new clues to achieve this.
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IntRoduCtIon

In HIV-1-infected individuals, neutralizing antibodies can develop against autologous HIV-1 
strains within weeks of infection1. In general, antibodies that can neutralize autologous virus 
variants are strain-specific and lack the ability to neutralize heterologous viruses2. Some HIV-
1-infected individuals, however, mount a potent neutralizing humoral immune response that 
has the in vitro ability to neutralize HIV isolates from unrelated subjects3-6. The exact nature 
of cross-reactive neutralizing activity in serum is unclear and may be the result of a single 
high affinity antibody directed against a highly conserved epitope in the envelope protein. 
Alternatively, it may reflect the activity of several neutralizing antibodies that in combination 
give cross-reactive neutralizing activity7,8. Little is known about the protective properties of 
broadly cross-reactive neutralizing antibodies in vivo. In non-human primate studies, passive 
transfer of broadly neutralizing antibodies completely blocked infection by a chimeric simian-
human immunodeficiency virus9-15, while in humans, passive transfer of broadly neutralizing 
antibodies delayed HIV-1 rebound after cessation of antiretroviral therapy16.

In our present study, we wished to determine the prevalence of cross-reactive neutralizing 
humoral immunity in serum among participants of the Amsterdam Cohort Studies on HIV 
infection and AIDS, and whether the presence of HIV-1-specific cross-reactive neutralizing 
activity in serum was associated with delayed disease progression. In addition, we wanted to 
reveal factors that were associated with the development of such a potent humoral immune 
response. 

In our cohort, 33% of participants had cross-reactive neutralizing serum activity, but no 
correlation between the presence of potent humoral immunity and disease course could be 
revealed. The mounting of a potent and cross-reactive neutralizing immune response was 
significantly associated with a lower CD4+ T-cell count at setpoint, but not with viral load 
at setpoint. So although potently neutralizing humoral immunity does not seem to influence 
disease course, our findings may be relevant for the achievement of optimal vaccine responses.

MAteRIAls And MetHods

study participants

The study population consisted of 131 Caucasian, homosexual men who were HIV-1 negative 
at the moment of enrollment between October 1984 and March 1986 in the Amsterdam 
Cohort Studies on the natural history of HIV-1 infection, and who seroconverted for HIV-
1 antibodies between 1984 and 1996 during active follow-up. To obtain the best figure on 
prevalence of cross-reactive neutralizing activity in serum, which generally develops relatively 
late after seroconversion, we chose serum samples that were obtained at a mean of 35 months 
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(range, 30 – 37 months) after seroconversion. Individuals who had already reached a CD4+ 
T-cell count of less than 200 cells/μl blood, had developed AIDS, had initiated highly active 
antiviral therapy (HAART) or were lost to follow-up at the time of screening were excluded, 
leaving 82 individuals for analysis. 

For Kaplan-Meier survival analysis, individuals were censored at their first day of effective 
antiretroviral therapy or when lost to follow-up. When AIDS (CDC definition 1993)17 was 
used as an end point in Kaplan-Meier survival analysis, 46 individuals had an event, 13 were 
censored due to loss to follow-up, and 23 were censored because of initiation of HAART. 
When AIDS-related death, defined as death with AIDS-related malignancy, death with 
AIDS-opportunistic infections, or death with AIDS-related cause not specified by the treating 
physician was used as an end point, 29 individuals had an event, 16 were censored due to loss 
to follow-up, and 37 were censored at initiation of HAART. For survival analysis after AIDS 
diagnosis, 25 had an event, 20 were censored due to loss to follow-up, and 37 were censored 
at initiation of HAART.

The Amsterdam Cohort Studies have been conducted in accordance with the ethical prin-
ciples set out in the declaration of Helsinki and written informed consent was obtained from 
each cohort participant prior to data collection. The study was approved by the Academic 
Medical Center institutional medical ethics committee.

neutralization assay

Sera from all 82 cohort participants obtained at a mean of 35 months post-seroconversion 
were tested for cross-reactive neutralizing activity in a pseudovirus assay involving a single 
round of viral infection as developed by Monogram Biosciences18,19. We used 2 tier 2 virus 
panels (Supplementary Table 1) for determining cross-neutralizing activity in serum. The first 
panel consisted of 20 pseudoviruses with envelope sequences from HIV-1 subtypes A, B, C, 
and D with 5 viruses per subtype (panel 1). Viruses were obtained recently after transmission 
or during the chronic phase of infection and were either moderately sensitive or neutralization 
resistant based on previously determined neutralization sensitivities to sera from subtype B-
infected individuals and monoclonal antibodies (mAbs) b12, 2G12, and 4E1020,21. The second 
panel consisted of 5 pseudoviruses with envelope sequences from primary isolates of HIV-1 
subtypes A, B, C, and CRF 01_AE (panel 2) that were resistant (n=1), moderately resistant 
(n=3), or moderately sensitive (n=1) based on previously determined neutralization sensitivi-
ties to sera from subtype B-infected individuals and mAbs b12, 2G12, and 4E10. This 5-virus 
panel covered 93% of the variation in neutralization of a larger pseudovirus panel (n=15)21 
pseudoviruses. 

Pseudotyped viral particles were produced by cotransfection of HEK293 cells with an 
expression vector carrying the HIV-1-derived gp160 gene (eETV) and an HIV-1 genomic vec-
tor carrying a luciferase reporter gene (pRTV1.F-lucP.CNDO-ΔU3). Forty-eight hours after 
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transfection, pseudovirus stocks were harvested and small aliquots were tested for infectivity 
using U87 target cells expressing CD4, CCR5, and CXCR4. Pseudovirus stocks were tested 
and normalized for infectivity prior to testing in the neutralization assay. Diluted pseudovi-
ruses were incubated for 1 hour at 37 ºC with serial dilutions of the patient sera after which 
the U87 target cells were added. The ability of patient sera to neutralize viral infection was 
assessed by measuring luciferase activity 72 hours after viral inoculation in comparison to a 
control infection with a virus pseudotyped with the murine leukemia virus envelope (aMLV). 
Neutralization titers are expressed as the reciprocal of the plasma dilution that inhibited virus 
infection by 50% (IC50). Neutralization titers were considered positive if they were 3 times 
greater than the negative aMLV control. 1:40 was the lowest serum dilution used in the assay. 
For calculation of IC50 values for viruses that were not inhibited by the 1:40 serum dilution, we 
assumed that 50% inhibition would have occurred at a 1:20 serum dilution.

Viral load measurements

Viral load in plasma was routinely measured at every study visit in the Cohort Studies by 
using a quantitative HIV-1 RNA nucleic acid-based sequence amplification (Organon Teknika, 
Boxtel, The Netherlands) with electro-chemiluminescently labeled probes22. Setpoint viral load 
data were available for all patients. Viral load data were analyzed after log10 transformation.

Immunologic assays

CD4+ T-cell counts in peripheral blood were first measured at the first visit after entry in the 
Amsterdam Cohort Studies, and were routinely measured at every subsequent study visit using 
flow cytometry. Setpoint CD4+ T-cell count data were available for all patients. Data on CD4+ 
T-cell and CD8+ T-cell percentages from 62 patients were available from a previous study23.

statistical analyses

For Kaplan-Meier survival analysis, left truncation was performed for time between seroconver-
sion date and the screening date using S-PLUS 6 (Insightful Corporation, Seattle, Washington, 
USA). Logrank P value was used to determine differences in the clinical course of infection 
between groups of patients with either strong, moderate, or absent cross-reactive neutralizing 
activity in serum. Depending on the distribution of data as determined by the Shapiro-Wilk 
normality test, the analysis of variance (ANOVA) or Kruskall-Wallis test was used. The as-
sociation between cross-reactive HIV-1-specific neutralizing activity in serum and viral load at 
setpoint, CD4+ and CD8+ T-cell percentages before seroconversion, and at 1 and 5 years after 
seroconversion (normally distributed), were tested with ANOVA. The association between 
cross-reactive HIV-1-specific neutralizing activity in serum and CD4+ T-cell counts at setpoint 
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(not normally distributed) was tested with the Kruskall-Wallis test. Spearman’s rank correlation 
coefficient was used to assess the association of geometric mean titers of each patient serum 
that were obtained on the two viral panels. Analyses were performed in GraphPad Prism 4 
(GraphPad Software, La Jolla, California, USA).

Results

Prevalence of cross-reactive neutralizing activity in serum in the natural course 
of HIV-1 infection

We first screened sera of participants of the Amsterdam Cohort Studies on HIV infection and 
AIDS for the presence of cross-reactive neutralizing activity. As neutralizing serum activity 
is mounted relatively late after seroconversion24, we chose to test sera obtained at 35 months 
(range, 30 – 37 months) post-seroconversion, which also allowed sufficient follow-up time to 
perform survival analysis from the moment of screening onwards. Cohort participants who at 
this time point had already progressed to disease or initiated HAART were excluded from the 
study. The remaining group of 82 participants had a median AIDS free follow-up time of 8.31 
years (95% CI 5.95 – 10.5 years) after SC when left-truncated for time point of screening. 
HIV-1-specific cross-reactive neutralizing activity in the sera of these patients was measured 
in a cell-based infectivity assay using a panel of 20 pseudoviruses carrying a luciferase reporter 
gene and the envelope proteins (Env) from tier 2 HIV-1 subtype A, B, C, and D (panel 1) and 
a panel consisting of 6 pseudoviruses with Env from JRCSF and five tier 2 HIV-1 subtype A, 
B, C, and CRF_01 AE (panel 2)21 (Supplementary Table 1 and Supplementary Figs. 1 and 2). 

Cross-neutralizing activity of patient sera on these 2 virus panels (Supplementary Figs. 1 
and 2) were strongly correlated (Spearman r = 0.91, Supplementary Fig. 3). Therefore, data 
from the two panels were combined for further analysis, excluding the data on CRF_01 AE as 
we had only 1 variant of this subtype (panel 3; Fig. 1). The analysis of the combined data sets 
showed strong correlations between cross-reactive neutralizing activity in serum and geometric 
mean titer (Spearman r = 0.89, data not shown) and the number of viruses neutralized (Spear-
man r = 0.79, data not shown). Strong cross-reactive neutralizing activity in serum, defined 
as the ability to neutralize HIV-1 variants at an IC50 titer of ≥100 to at least one virus from 
3 or more subtypes, was observed in 27 patients (33%), similar to the prevalence in other 
cohorts25,26. Sera from 39 (48%) patients neutralized HIV-1 at an IC50 titer of ≥100 to at least 
one virus from 1 or 2 subtypes (moderate cross-reactive neutralizing activity) while sera from 
16 patients (20%) completely lacked cross-reactive neutralizing activity (Fig. 1). Interestingly, 
one patient had an average log transformed neutralizing titer of 2.9 on panel 2, with which 
he ranked in the top 3 of recently identified elite neutralizers (average log transformed HIV-1 
neutralizing titer of >2.5)21.
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Figure 1: Breadth and titer of HIV-1-specific neutralizing activity in serum. Shown are the IC50 values given as 
the reciprocal serum dilution of serum samples obtained at ~3 years post-SC (patient IDs, n=82, left column). 
The top row shows virus panel 3 (23 viruses from subtypes A, B, C, and D, and controls on the far right: JRCSF, 
NL4-3, and amphotropic murine leukemia virus). IC50 titers are color-coded as follows: white, IC50 <1:40; light-
grey, IC50 ≥3 times the value of aMLV; dark-grey, IC50 ≥1:100; black, IC50 ≥1:1,000. Patients are ranked based on 
the neutralization breadth and titer in serum.
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Association between cross-reactive neutralizing activity in serum and the 
clinical course of HIV-1 infection

Next, we investigated the potential relationship between cross-reactive HIV-1-specific neutral-
izing activity in serum and the rate of HIV-1 disease progression. Kaplan-Meier and Cox 
Proportional Hazard analysis were performed for the period after the moment at which cross- 
reactive neutralizing activity in serum was measured, using clinical AIDS (definition CDC 
199317) and AIDS-related death as endpoints. In addition, we analyzed the survival time after 
the moment of AIDS diagnosis, using AIDS-related death as an endpoint.

The presence of cross-reactive neutralizing activity in serum was not associated with delayed 
progression to AIDS according to the 1993 CDC definition (log rank P = 0.29; median AIDS 
free survival times [from the timepoint of screening onwards] for groups of individuals with 
strong, moderate, or absent cross-reactive neutralizing activity in serum at 35 months post-SC 
were 7.5 ± 2.2, 8.5 ± 3, and 10.5 ± 4 years, respectively; Fig. 2A). Time from screening to 
AIDS-related death was also similar for the groups with strong, moderate, and absent cross-
reactive neutralizing activity in serum at 35 months post-SC (log rank P = 0.69; median 
survival times of 9.9 ± 2.5, >7.9, and >8.5 years, respectively; Fig. 2B). Finally, survival time 
after AIDS diagnosis was also the same for the three patient groups (log rank P = 0.5; median 
survival time 2.3 ± 0.5 years for individuals with strong cross-reactive neutralizing activity, 2.4 
± 0.2 years for individuals with moderately cross-reactive neutralizing serum activity, and 2 
± 0.4 years for individuals who lacked cross-reactive neutralizing activity in serum; Fig. 2C). 
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Figure 2: Kaplan-Meier survival analysis from seroconversion till AIDS (CDC 1993) (A), to AIDS-related death 
(B) and for time from AIDS diagnosis to AIDS-related death (C) for individuals with strong (n=27, black lines), 
moderate (n=39, dark-grey dashed lines), or absent (n=16, light-grey lines) cross-reactive neutralizing activity, 
respectively. P values (log rank test) are denoted above each figure. Median survival times for groups of individuals 
with strong, moderate, or absent cross-reactive neutralizing activity at 35 months post-seroconversion were 7.5 ± 
2.2, 8.5 ± 3, and 10.5 ± 4 years, respectively, for AIDS free survival, 9.9 ± 2.5, >7.9, and >8.5 years, respectively, 
for median times from seroconversion to AIDS-related death, and 2.3 ± 0.5 years, 2.4 ± 0.2 years, and 2 ± 0.4 
years, respectively, for time from AIDS diagnosis to death.
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factors associated with the presence of cross-reactive neutralizing activity in 
serum

We subsequently investigated the potential relationship between the breadth of the HIV-1-
specific neutralizing activity in serum and the viral RNA load in plasma at setpoint and the 
CD4+ T-cell counts at setpoint. In our cohort, cross-reactive neutralizing activity in serum at 
35 months post-seroconversion was not associated with the level of plasma viremia at setpoint, 
which was defined as the average viral load between month 18 and 24 after seroconversion 
(Fig. 3A). 

Interestingly, strong cross-reactive neutralizing activity in serum was significantly associated 
with a low median CD4+ T-cell count at setpoint (P = 0.011; Fig. 3B). To analyze whether 
the association between more potent humoral neutralizing activity in serum and CD4+ T-cell 
counts may have a potential significance for vaccine efficacy, we next analyzed whether this 
same association could be observed between pre-seroconversion CD4+ T-cell numbers and the 
titer of the neutralizing humoral immune response after HIV-1 infection. For this purpose, 
we compared the mean percentages of CD4+ and CD8+ T cells before seroconversion (at least 
6 months before seroconversion) and at 1 and 5 years after seroconversion within groups of 
individuals with strong, intermediate, or absent cross-reactive neutralizing activity in serum. 
Individuals with strong neutralizing activity had lower percentages of CD4+ T cells (P = 0.011; 
Fig. 3C) and higher percentages of CD8+ T cells (P = 0.0082; Fig. 3D) before seroconversion 
than HIV-infected individuals who lacked cross-reactive neutralizing activity in serum. This 
trend was still observed 1 year after seroconversion, but was absent at year 5 of infection (Figs. 
3C and D).

dIsCussIon

Previous studies have shown that autologous strain specific neutralizing activity does not 
contribute significantly to the control of HIV-1 infection27-29. Here we show that even cross-
reactive neutralizing activity in serum is not associated with prolonged time to AIDS or death. 
This observation is in line with the finding that administration of broadly neutralizing antibody 
b12 before viral challenge could protect animals from infection while administration after 
inoculation had no effect on the control of established HIV-1 infection in vivo30. Moreover, 
it confirms recent findings in a cohort of Kenyan women in which cross-reactive neutralizing 
activity was not associated with time to AIDS or initiation of antiviral therapy31. 

Cross-reactive neutralizing activity is known to accumulate with time of infection26. For 
this reason, we chose to screen for serum neutralizing activity at around 35 months post-
seroconversion, when an adequate cross-reactive humoral immune response could have been 
developed, and excluded cohort participants who at that time point had already developed 
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AIDS, had initiated HAART, or had reached a CD4 count of less than 200 cells/μl blood. As 
a consequence, individuals with very rapid disease progression were excluded from the analysis 
and our study design therefore only allows for the conclusion that cross-reactive neutralizing 
activity has no long-term protective effect on HIV-1 disease progression. 

The prevalence of strong cross-reactive neutralizing activity in serum in our study popu-
lation was 33%, which is similar to observations in recent studies21,25,26. Simek et al. tested 
the neutralizing activity in sera from ~1800 individuals on different pseudovirus panels and 
described that screening on a panel of only 5 selected viruses (panel 2 in our study) provided 
similar information on the presence of cross-reactive neutralizing activity as screening on a 
large pseudovirus panel. Indeed, the results obtained with sera from patients in our study on 
either panel 1, which consisted of 20 viruses from subtypes A, B, C, and D, or panel 2 were 
highly concordant in geometric mean titer (Spearman r = 0.91). This not only confirms the 
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Figure 3: Factors associated with the presence of cross-reactive neutralizing activity in serum. Association between 
strong (n=27, ■), moderate (n=39, ■), and absent (n=16, ) cross-neutralizing activity in serum and (A) setpoint 
log transformed viral RNA load in plasma and (B) CD4+ T cell-counts at setpoint. (C) Percentage CD8+ T cells or 
(D) CD4+ T cells before seroconversion and at 1 and 5 years after seroconversion within patients with strong (■), 
moderate (■), and absent ( ) cross-neutralizing activity in serum. In Figures C and D, the number of individuals 
per group (n) is denoted below each bar. Mean and standard deviation (A,C,D) or median with interquartile range 
(B) are shown. P values from the ANOVA (A,C,D) or Kruskall-Wallis test (B) are denoted above each figure.
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suitability of our large pseudovirus panel for characterization of HIV-1 neutralizing activity in 
patient sera, it also allows for a direct comparison of our data with previous studies. 

Interestingly, Simek et al. identified 15 so-called elite neutralizers21, who had an average 
log transformed titer that was equal to or greater than 2.5 on panel 2 (including JRCSF). In 
our cohort, we identified 1 elite neutralizer who reached a log transformed titer of 2.9 on this 
same virus panel. When compared to the elite neutralizers in the study by Simek et al.21, our 
patient ranked in the 3rd place. Since the prevalence of elite neutralizers is considered to be 
only 1%, the biomaterial from this Amsterdam Cohort participant is definitely interesting for 
the identification of potentially novel cross-reactive neutralizing antibodies.

It has been reported that the prevalence of cross-reactive neutralizing activity in serum from 
elite controllers was much lower as compared to LTNP and slow progressors32. A certain level 
of antigen is apparently required to drive the humoral immune response. Previous studies have 
indeed demonstrated a correlation between the breadth of neutralizing activity in serum and 
viral load at setpoint or at time of testing for neutralizing activity26,31,33. In our present study, 
we did not observe a correlation between the presence of cross-reactive neutralizing activity in 
serum at ~35 months post-seroconversion and the viral load at setpoint or at the moment of 
screening for HIV-1-specific humoral immunity. We currently have no explanation for this ap-
parent discrepancy. However, of the 10 patients with the lowest viral load at setpoint, 6 lacked 
cross-reactive neutralizing activity in serum, indicating that a certain level of antigen is indeed 
required to stimulate neutralizing humoral immunity31,32. Absent cross-reactive neutralizing 
activity in patients with higher viral load in plasma indicates that additional factors may be 
critical for the development of a cross-reactive neutralizing antibody response. 

We recently demonstrated that in sera of subtype B-infected patients, the neutralizing activ-
ity was stronger against the subtype B viruses in our panel than against the subtype A, C, and D 
viruses in our panel34. We could confirm this observation in our present study as neutralization 
of subtype B variants was seen significantly more often than neutralization of viruses from 
other subtypes (Chi-square P < 0.001). Indeed, in sera from 42 out of 82 patients, neutralizing 
activity against more than 50% of the subtype B viruses in the panel was observed, while 
neutralization of more than 50% of subtype A, C, or D viruses was seen in sera of only 27, 23, 
and 19 individuals, respectively.

Interestingly, we observed a correlation between cross-reactive neutralizing activity and a 
lower CD4+ T-cell count at setpoint and a lower CD4+ T-cell percentage prior to HIV-1 infec-
tion. In another study, this correlation was not seen26, but in that study the within-subject 
average of CD4+ T cells from different time points was compared to neutralization breadth 
and can therefore not be compared to the CD4+ T-cell count at setpoint or prior to HIV-1 
infection. 

Our data are in line with a study in a lymphocytic choriomeningitis virus (LCMV) mouse 
model, where either partial CD4+ T-cell depletion prior to infection or exclusion of dominant 
CD4+ T-cell epitopes from the vaccine enhanced the generation of NAb responses, due to 
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reduced polyclonal B-cell activation35,36. In analogy, decreased CD4+ T-cell help may prevent 
polyclonal B cell activation and hypergammaglobulinemia in HIV infection37,38, favoring the 
production of neutralizing antibodies. Although the differences in percentages or numbers of 
CD4+ T cells between groups may be small, it could reflect a critical threshold for proper B-cell 
help.

The absent association between cross-reactive neutralizing immunity and the clinical course 
of HIV-1 infection is suggestive for rapid viral escape from humoral immune pressure1,2,19,39, 
despite the fact that cross-reactive neutralizing antibodies are considered to be directed against 
conserved epitopes. We have indeed observed that HIV-1 can rapidly escape from autologous 
humoral immunity with cross-reactive neutralizing activity (authors’ unpublished data). Appar-
ently, these escape mutations do not come at a fitness cost to the virus40, as has been described 
for certain escape mutations in conserved epitopes for cytotoxic T lymphocytes (CTL)41-44. In 
agreement, we previously reported that the replication rates of viruses that were resistant to 
broadly neutralizing antibodies b12, 2G12, 2F5, and/or 4E10 were similar to the replication 
kinetics of the coexisting neutralization sensitive viruses from the same patient40. 

In conclusion, cross-reactive neutralizing activity in serum does not seem to have an impact 
on the clinical course of HIV-1 infection. Possibly, and as observed for other viral infections, 
CTL rather than neutralizing antibodies may contribute to the control of already established 
infections while neutralizing antibodies may be essential for protection from infection14,15. 
Our data suggest that a broadly neutralizing humoral immune response may be best achieved 
in the face of reduced CD4+ T-cell numbers. Although this may be arguable unrealistic to 
achieve deliberately as part of a vaccination regimen, it could provide clues for achieving better 
efficacy of an antibody vaccine. Apart from that, the relatively large proportion of individuals 
with cross-reactive neutralizing humoral immunity elicited by the native HIV-1 envelope may 
already predict a satisfying response rate once a vaccine will be available.
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suPPleMentARy dAtA

Supplementary Table 1: Neutralization profiles of pseudoviruses used in the 3 screening panels 

Virus Name
Sub
type

Area of 
Origin Origin

Neutralization profile with:
Screening
Panel

Clade B 
sera b12 2G12 4E10

MB_pA1 A Uganda primary n.t. n.t. n.t. n.t. 1,3
MB_pA2 A Uganda primary n.t. n.t. n.t. n.t. 1,3
MB_pA3 A Uganda primary n.t. n.t. n.t. n.t. 1,3
94UG103 A Uganda AIDS Repository MR S R S 1,2,3
92RW020 A Rwanda AIDS Repository MR R S S 1,3
APV-16 B USA primary MS R S S 1,3
APV-20 B USA primary MR S R S 1,3
APV-9 B USA primary R R S S 1,3
MB_pB1 B USA primary MR R S S 1,3
MB_pB2 B USA primary MS S S S 1,3
92BR020 B Brazil AIDS Repository MR S S BR 2,3
MB_C1 C Europe primary MS R R S 1,3
MBC6 C Africa primary MR R R R 1,3
MBC3 C Africa expanded in PBMC MR R R S 1,3
94IN11246-3 C India AIDS Repository MR S R S 1,3
93MW960 C Malawi AIDS Repository MS S R S 1,3
93IN905 C India AIDS Repository MS S R S 2,3
IAVI_C22 C Africa R S R S 2,3
MB_pD1 D Uganda primary n.t. n.t. n.t. n.t. 1,3
MB_pD2 D Uganda primary n.t. n.t. n.t. n.t. 1,3
MB_pD3 D Uganda primary n.t. n.t. n.t. n.t. 1,3
92UG001 D Uganda AIDS Repository R S R S 1,3
93UG070 D Uganda AIDS Repository R S R S 1,3
92TH021 AE Thailand AIDS Repository MR S R S 2
JRCSF B USA Lab Strain MS S S S 1,2,3
NL43 B USA Lab Strain VS VS VS VS 1,2,3
aMLV     Specificity Control R R R R 1,2,3

R, resistant; S, sensitive; MR, moderately resistant; MS, moderately sensitive; BR, borderline resistant; VS, very 
sensitive; n.t., not tested.
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Subtype A A A A A B B B B B C C C C C D D D D D B B
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18906 - - - - - - - - - - - - - - - - - - - - - 88 -
19784 - - - - - - - - - - - - - - - - - - - - 50 124 -
19678 - - - - - - - - - 50 - - - - - - - - - - - 374 -
19910 - - - - - - - - - - - - - - - - - - - 42 - - -
18897 - - - - - - - - - - - - - - - - - - - 49 - 216 -
19901 - - - - - - - - - 43 - - - - - - - - 42 61 - 336 -
18763 - - - - - - - - - - - - - - - - - - - 41 - 95 -
18840 - - - - - - - - - - - - - - - - - - - - - 231 -
19372 - - - - - 46 - - 40 41 - - - - - - - - 43 77 - 234 -
19489 - - - - - - - - - - - - - - 53 - - - 44 - 48 208 -
18887 - - - - - - - - 44 - - - - - - - - - - 48 - 527 -
19860 - - - - - 44 - - - - - - - - - - - - - - 74 741 -
19550 - - - - - - - - 43 - - - - - - - - - - 47 - 668 -
19961 - - 69 - - - - - - - - - - - - - - - - 46 45 165 -
19328 - - 45 - 46 50 - - - - - - - - - - - - - 47 72 1182 -
18905 - - 40 - - - - - - - - - - - 51 - - - - 43 - 1604 -
19589 - - - - - 50 - - - - 79 - - - - - - - - - - 72 -
19329 - - - - - - - - 47 - - - - - - - - - - 42 - 102 -
19429 - - - - - - - - - - - - - - 52 - - - - 44 48 454 -
18782 - - 123 46 - 48 - - 47 84 - - - - 46 - 41 - - 45 60 643 -
19744 - - 50 - - 46 - - 52 101 - - - - 78 43 - - 48 79 45 1559 -
18888 - - 48 44 50 53 - - 49 51 - 41 - 115 45 - - - 49 62 135 367 -
19812 42 - 45 40 55 70 44 - 62 47 81 40 42 45 76 - 43 - 41 77 88 338 -
19814 - - - - - - - - - - - - - - - - - - - 59 - 46 -
19865 - - - - - - - - - - 57 - - - - - - - - 42 - 116 -
19830 - - - - 49 - - - - - - - - - 46 - - - - 41 58 408 -
19960 - - - - - - - - 51 - - - - - 59 - - - - 42 - 276 -
19703 - - 52 - - 99 - 48 46 - - - - 42 51 - - - 43 56 41 1384 -
19571 - - 60 - - - 69 - - - - - - 76 47 - - - - 40 - 273 -
18766 102 - 51 - - 62 - - 67 - - - - - 72 - - - - 50 - 805 -
19728 - - - - 59 - - - - - 46 - - - 52 - - - 198 49 - 1050 -
18785 53 42 84 69 43 51 - 60 71 100 - 62 - - 62 58 88 43 - - 57 1224 -
19455 - - 58 - 45 52 - 54 53 43 - - - 48 534 41 91 - - 43 125 1384 -
18860 - - 42 - 48 - - - - - - - - - 44 - - - - - 42 5509 -
18806 47 45 77 89 87 - - 43 81 245 - - - 42 46 42 41 - - - 55 479 47
19964 55 - 79 - 59 54 - 44 52 59 - - - 55 87 - - - - - 102 3829 -
11683 57 74 114 84 63 119 72 74 78 90 160 89 71 85 133 67 93 80 80 99 126 730 -
19944 - - 47 - - 45 - - 42 44 - - - - 48 - - - - 44 78 680 -
19316 43 - 55 - 45 - - - - - - - - - 44 - - - 46 49 - 427 -
19576 - - - - - 76 61 - 102 60 - - - - 43 - - - - - - 443 -
19453 - - - 41 - 45 - - 45 54 - - - - 68 - - - 57 - - 1902 -
18865 - - 58 - - 50 44 - 66 60 - - - - 57 - - - 53 56 45 836 -
19477 - - - - - 60 45 - 59 - - - - - 78 - - - - 51 170 1016 -
19792 - - - - - 58 - - 50 - - 75 - - 118 - - - - - - 581 -
19861 - - 43 - - 54 - - 57 - - - - - 55 - 47 - - 83 - 1955 -
19776 - - 43 - 119 100 - 53 58 109 - - - - 44 - - - - 46 168 1494 -
19629 52 - 52 - 64 111 - - - 242 - - - 53 76 43 - - 43 - 88 1219 -
19957 51 - - - 44 - - - 49 87 64 - - - 53 - - - - - 74 311 -
18942 - - 43 49 - 47 - - 43 63 - - - - 74 - - - - 53 46 1850 -
19566 43 - - - 107 136 - 85 91 - - - - - - - - - 41 46 45 190 -
19507 - 53 149 58 63 132 42 - 95 68 63 51 - - 111 113 64 42 60 60 388 98 -
18909 - - 55 - 279 207 - - - - - - - 429 725 - - - - 69 45 282 -
19254 - - - 48 42 42 - - 66 49 - - - - 101 - 54 40 52 75 71 1267 -
18930 - - 142 - - 45 - - 46 54 - - - - 63 - - 42 69 64 321 411 -
19305 - - 65 52 - 53 - 57 58 65 - - - - 71 - 77 47 - 56 53 1008 -
18839 - - 91 89 - 43 - 58 - - - - - 45 193 - - - - 41 83 147 -
19757 258 53 52 123 56 87 - 48 50 79 - - - - - - - - - - - 569 -
19424 - - 256 124 50 70 41 - - 41 - - - 144 380 - - - - 44 243 467 -
19588 46 - 221 47 68 87 - - 96 130 - 99 - 206 207 - - - 51 45 286 1122 -
18976 - 43 72 - 49 57 - - 49 67 - 40 - 446 1079 - - - 57 54 46 276 -
19448 69 101 76 78 72 69 - - 75 106 - 53 - 58 102 - 49 - - 48 128 1846 -
19285 46 - 102 73 - 62 - - 155 161 - - - - 60 57 43 - 88 89 158 1041 -
19252 - 45 66 57 - 115 - 41 70 122 - 105 50 61 155 - - - - 118 78 1331 -
19831 96 62 103 156 117 117 190 - 109 139 - 72 - 439 262 - - - - 44 255 950 -
18814 85 43 309 160 112 148 64 111 171 215 - 51 - 270 133 59 106 - 52 - 112 1517 -
19885 61 43 158 142 60 283 87 51 439 281 211 601 51 399 491 53 - - 52 96 426 573 -
18953 56 - 378 54 54 171 960 - 145 1204 - 143 - 179 419 - - - 45 62 748 2517 -
19431 - - 46 50 43 74 - 52 100 105 42 - - 64 52 91 49 - 67 82 79 1910 -
19793 41 - 94 - 129 65 - - 44 47 49 - - 72 145 - 44 - 42 66 - 1056 -
19510 67 - 105 45 449 87 54 47 60 203 - - - 45 146 - 46 - 48 48 - 2727 -
11694 71 85 306 68 60 118 60 42 112 117 50 60 46 71 371 82 103 42 80 82 368 1837 -
19474 73 - 130 - 113 78 52 64 96 88 - - - 87 115 - 54 - 70 64 81 1460 -
19918 112 82 150 90 76 109 109 63 222 246 42 - - - 238 54 - 40 51 59 227 577 -
19363 175 120 139 195 177 104 81 110 135 - - 61 44 108 186 - 112 86 64 78 227 311 -
19463 154 - 626 154 144 82 158 52 54 472 68 - - 61 250 44 - 53 54 58 552 857 -
19308 48 71 139 137 164 95 - 195 51 119 - 46 - 112 242 43 187 47 43 94 674 2518 -
19836 174 96 45 246 93 88 96 51 99 270 79 - - 301 72 - 55 - 50 52 701 2431 -
18818 109 53 125 85 413 120 - 120 - 190 61 46 - 386 308 65 66 49 43 50 571 1487 -
19505 148 109 93 173 167 202 191 - 197 301 131 - - 45 102 - 92 - 81 48 396 2608 -
11675 68 - 105 68 204 91 - 81 84 129 - 43 - 410 1055 - 82 - 50 134 104 1497 -
11668 - - 664 50 95 306 58 108 189 237 70 280 - 227 503 81 73 - 90 128 333 3049 -
18877 437 1126 5263 1933 2616 645 662 130 87 1983 263 46 226 150 397 3988 63 58 733 1647 2110 2650 -

N
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M
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activity
Strong C
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Supplementary Figure 1: Breadth and titer of HIV-1-specific neutralizing activity in patient sera on a panel of 
20 HIV-1 variants from 4 different subtypes (panel 1). Shown are the IC50 values given as the reciprocal serum 
dilution of serum samples obtained at 3 years post-SC. In the left column, patient IDs of the 82 HIV-1 infected 
individuals are given. The top row shows the virus panel that was used (20 viruses from subtypes A, B, C, and D 
and controls on the far right: JRCSF, NL4-3, and amphotropic murine leukemia virus [aMLV]). IC50 titers are 
color-coded as follows: white (-), IC50 <1:40, light-grey, IC50 ≥3 times value of aMLV; dark-grey, IC50 ≥1:100; 
black, IC50 ≥1:1,000. Patients are ranked based on the breadth and titer of the neutralizing activity in serum.
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Subtype A B C C AE B B

Virus
Name
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aM
LV

18906 - - - - - - 98 -
19678 - 41 - - - - 563 -
19901 - 43 - - - - 594 -
19576 - 45 - - - - 561 -
19784 - 46 - - - - 200 -
18897 - 49 - - - - 389 -
19910 - 51 - - - - 44 -
19372 - 58 - - - - 779 -
18840 - 60 - - - - 289 -
18763 - 62 - - - - 159 -
19961 40 66 - - - 44 262 -
19629 - 58 46 - - 111 1122 -
19744 - 73 - - - 41 2657 -
19589 - 76 - - - 43 86 -
19489 - 78 - - - 51 248 -
18887 - 77 - 46 - - 702 -
19792 - 91 - - - 114 672 -
19860 - 93 - - - 65 763 -
19550 - 101 - - - - 1018 -
18782 - 97 - 43 - 53 958 -
18930 - 106 - - - 125 374 -
19328 - 102 42 - - 72 1771 -
19776 - 42 100 - 49 85 1681 -
19429 - 126 43 - - 57 471 -
19814 - 113 51 - - - 55 -
18905 - 148 - - - 40 1616 -
19316 - 83 70 41 - - 616 -
19329 - 152 - - - 49 164 -
19944 - 107 67 - - 69 730 -
19453 - 153 49 - - 55 2574 -
19477 - 145 53 - 41 160 1316 -
19865 58 92 64 - - 40 284 -
18888 42 81 72 60 - 98 376 -
19254 52 156 - 51 - 49 941 -
18865 - 273 - - - 54 1325 -
19960 - 141 92 - - - 568 -
19728 - 88 151 - - 65 1214 -
19861 - 316 - 43 - 56 2429 -
19957 46 111 109 - - 56 438 -
19830 - 213 68 - - 59 514 -
18766 - 242 66 - - 46 994 -
19812 42 198 79 41 - 58 565 -
19571 44 153 128 - - - 508 -
19703 - 431 66 - - 55 2420 -
11683 55 133 62 70 62 130 780 -
18839 66 141 54 128 - 55 185 -
19424 108 288 53 - - 278 607 -
19285 49 211 - 177 42 76 1197 -
19305 50 201 106 - 74 45 1060 -
18860 - 413 112 63 - 58 5653 -
18942 60 571 93 - - 79 3224 -
19252 48 180 173 88 - 60 1595 -
19448 64 209 196 64 - 101 1976 -
19566 - 266 141 65 70 65 239 -
18785 59 186 133 73 82 62 2065 -
19757 147 494 75 - 41 92 681 -
19588 - 248 155 158 - 239 1268 -
18976 - 83 89 - 954 54 285 -
19431 51 297 92 58 146 72 3049 -
18806 97 218 278 - 51 66 540 -
19455 - 187 175 - 397 92 1874 -
18953 - 485 83 229 68 744 4296 -
19363 101 84 84 350 104 150 316 -
19793 - 541 145 220 - 95 1545 -
19507 42 485 196 93 79 257 130 -
19505 161 389 61 145 56 340 2791 -
19964 69 869 117 91 53 154 3943 -
19918 92 227 153 244 52 202 674 -
19831 147 204 101 246 57 249 1022 -
19463 299 738 83 - 61 863 1313 -
11668 52 310 251 136 115 365 3733 -
19474 - 1152 279 133 40 116 1666 -
19885 127 148 254 205 72 487 919 -
18909 - 287 596 276 - 42 303 -
19510 - 376 426 431 57 42 3962 -
18818 66 388 525 346 45 360 1295 -
11694 60 1128 377 124 79 342 2626 -
11675 137 578 193 337 79 116 2672 -
19836 211 271 232 515 72 523 2529 -
19308 123 599 358 558 - 521 4481 -
18814 106 659 527 165 159 152 1883 -
18877 1863 1634 127 944 251 2498 2404 -

H5-1_S1_S2 Page 1

Supplementary Figure 2: Breadth and titer of HIV-1-specific neutralizing activity in patient sera on a panel of 
5 HIV-1 variants from 4 different subtypes (panel 2)21. Shown are the IC50 values given as the reciprocal serum 
dilution of serum samples obtained at 3 years post-SC tested on a reduced viral panel consisting of 5 viruses (top 
row) and control virus on the far right (JRCSF, NL4-3, and amphotropic murine leukemia virus [aMLV]). IC50 

titers are color-coded as in Supplementary Figure 1. Patients are ranked based on the breadth and titer of the 
neutralizating activity in serum.
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Supplementary Figure 3: Correlation between breadth and titer of HIV-1-specific neutralizing activity in sera 
on a panel of 20 (panel 1) and 5 viruses (panel 2), respectively. The geometric mean titer was calculated for all 5 
viruses plus lab strain JRSCF. The geometric mean titers of neutralization obtained against the panel of 20 viruses 
plus JRSCF were compared with the geometric mean titers obtained against the panel of 5 viruses. Spearman r 
and P value show correlation between the different panels and are indicated in the graph. Each dot represents the 
geometric mean titer of serum from one patient on both panels.
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111abstract

Cross-reactive neutralizing activity in serum has been observed in a substantial proportion 
of HIV-1-infected individuals, with a similar prevalence in progressors and long-term non-
progressors (LTNP). Here, we studied whether disease progression in individuals with cross-
reactive neutralizing serum activity is due to fading neutralizing humoral immunity over time 
or to viral escape from strong cross-reactive neutralizing activity. In three LTNP and three 
progressors, high-titer cross-reactive HIV-1-specific neutralizing activity in serum against a 
multi-clade pseudovirus panel was preserved during the entire clinical course of infection, even 
after AIDS diagnosis in progressors. However, while early HIV-1 variants from all six individu-
als could be neutralized by autologous serum, the autologous neutralizing activity declined 
during chronic infection. This could be attributed to viral escape and the apparent inability of 
the host to elicit neutralizing antibodies (NAbs) to the newly emerging viral escape variants. 
Escape from autologous neutralizing activity was not associated with a reduction in the viral 
replication rate in vitro. For viruses from all patients, escape from autologous neutralizing 
serum activity coincided with an increase in the length of the variable loops and in the number 
of potential N-linked glycosylation sites in the viral envelope. Evidence for positive selection 
pressure was observed in the variable regions in envelope, suggesting that, at least in these 
individuals, these regions are targeted by humoral immunity with cross-reactive potential. Our 
results may imply that the ability of HIV-1 to rapidly escape cross-reactive autologous NAb 
responses without the loss of viral fitness is the underlying explanation for the absent effect of 
potent cross-reactive neutralizing humoral immunity on the clinical course of infection. 
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IntRoduCtIon

The need for an effective vaccine to prevent the global spread of human immunodeficiency 
virus type 1 (HIV-1) is well recognized. The ability to elicit broadly neutralizing antibodies 
(BrNAbs) is believed to be key to a successful vaccine, ideally to acquire protective immunity, 
or, alternatively, to achieve a non-progressive infection with viral loads sufficiently low to limit 
HIV-1 transmission1,2. 

During natural infection, antibodies that are able to neutralize autologous virus variants are 
elicited in the majority of HIV-1-infected individuals. Early in infection, these neutralizing 
antibodies (NAbs) are mainly type-specific, due to the fact that they are primarily directed 
against the variable domains in the viral envelope, and allow for the rapid escape of HIV-1 
from antibody neutralization3-9. Escape from type-specific neutralizing humoral immunity 
has been associated with enormous sequence variation, particularly in variable loops 1 and 2 
(V1V2) of the envelope protein where large insertions and deletions are observed, as well as 
with changes in the number of potential N-linked glycosylation sites (PNGS) in the envelope 
protein3-5,9-16. The rapid escape of HIV-1 from autologous type-specific NAbs seems to be the 
underlying explanation for the absent correlation between autologous humoral immunity and 
HIV-1 disease course. Furthermore, we recently observed that the changes in envelope that are 
associated with escape from autologous neutralizing humoral immunity do not coincide with a 
loss of viral fitness17, providing an additional explanation for the lack of protection from disease 
progression by the autologous type-specific NAb response. 

In the last couple of years, the focus of research has shifted towards neutralizing humoral 
immunity with cross-reactive activity, defined as the ability to neutralize a range of heterolo-
gous HIV-1 variants from different subtypes. It has become apparent that about one-third 
of HIV-1-infected individuals develop cross-reactive neutralizing activity in serum. However, 
the prevalence of cross-reactive neutralizing activity in serum was similar for HIV-infected 
individuals with a progressive disease course and long-term non-progressors (LTNP)18-21. 

Here, we studied the underlying explanation for this observation in three LTNP and three 
progressors who all had high-titer cross-reactive neutralizing activity in serum within two to 
four years post-seroconversion (SC). In all individuals, we observed that the potent and cross-
reactive neutralizing immunity was preserved during the entire course of infection. However, 
the presence of cross-reactive neutralizing activity in serum did not prevent rapid viral escape 
from humoral immunity, which coincided with changes in envelope similar to those described 
for escape from type-specific autologous humoral immunity. Although broadly neutralizing 
antibodies are assumed to target the more conserved epitopes that may lie in crucial parts 
of the viral envelope, escape from cross-reactive neutralizing activity did not coincide with a 
loss in viral fitness. Our findings underscore that vaccine-elicited cross-reactive neutralizing 
immunity should protect against HIV-1 acquisition, as protection from disease progression, 
even by humoral immunity with strong cross-reactivity, may be an unachievable goal.
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MAteRIAls And MetHods

Participants and viruses

The six individuals studied here were selected from the Amsterdam Cohort Studies (ACS) on 
HIV and AIDS in homosexual men. Long-term non-progressors (LTNP) were defined as HIV-
1-infected individuals who have ≥10 years of asymptomatic follow-up with stable CD4 counts 
that are still above 400 cells/μl in the 9th year of follow-up. Typical progressors were defined as 
HIV-1-infected individuals who progressed to AIDS within 7 years after SC. All individuals 
were infected with HIV-1 subtype B. Five individuals were seropositive at entry into the Co-
hort Studies (seroprevalent cases with an imputed SC date on average 18 months before entry 
into the cohort22,23), while participant H18969 seroconverted during active follow-up9. None 
of the individuals received combination antiretroviral therapy during the follow-up period for 
this study.

Clonal virus variants were obtained as previously described24,25. For further study, we selected 
a maximum of 5 virus variants per individual per time point to be tested for autologous neu-
tralization sensitivity. Viruses were selected on the basis of their replication capacities, to get a 
mix of different virus variants that had coexisted in vivo. To prevent a change in neutralization 
sensitivity of the virus variants during in vitro culture, the number of virus passages in periph-
eral blood mononuclear cells (PBMC) was kept to a minimum26.

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

u87/pseudovirus assay for testing of HIV-1 cross-reactive neutralizing activity 
in serum

Sera from these six individuals were tested for neutralizing activity in a pseudovirus assay 
developed by Monogram Biosciences. The tier 2-3 virus panel that we used for determining 
cross-neutralizing activity in serum consisted of HIV-1 pseudoviruses from subtypes A (n=5), 
B (n=6), C (n=7), and D (n=5). Viruses were obtained recently after transmission or during 
the chronic phase of infection, and included both moderately neutralization sensitive and 
neutralization resistant primary HIV-1 variants, based on previously determined neutralization 
sensitivities to subtype B sera and monoclonal antibodies b12, 2G12, and 4E1021,27,28. Not 
all sera were tested against all viruses of the panel. Pseudotyped viral particles were produced 
by cotransfecting HEK293 cells with an expression vector carrying the HIV-1-derived gp160 
gene (eETV) and an HIV-1 genomic vector carrying a luciferase reporter gene (pRTV1.F-lucP.
CNDO-ΔU3). Forty-eight hours after transfection, pseudovirus stocks were harvested and 
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small aliquots were tested for infectivity using U87 target cells expressing CD4, CCR5, and 
CXCR4. Pseudovirus stocks were tested and normalized for infectivity prior to testing in the 
neutralization assay.

A recombinant virus assay involving a single round of virus infection was used to measure 
cross-neutralization activity of the sera3,29. Diluted pseudoviruses were incubated for 1 hour at 
37 ºC with serial dilutions of serum after which the U87 target cells were added. The ability 
of participant sera to neutralize viral infection was assessed by measuring luciferase activity 72 
hours after viral inoculation in comparison to a control infection with a virus pseudotyped 
with amphotropic murine leukemia virus envelope proteins gp70SU and p15TM (aMLV). 
Neutralization titers are expressed as the reciprocal of the plasma dilution that inhibited virus 
infection by 50% (IC50). Neutralization titers were considered positive if they were 3 times 
greater than the negative aMLV control and were ≥100. The lowest serum dilution used in the 
assay was 1:40. 

PBMC-based assay for testing HIV-1 autologous neutralizing activity in serum

Clonal virus variants of participants were tested for their relative neutralization sensitivities 
against autologous serum and pooled sera from healthy, uninfected individuals. PBMC were 
obtained from buffy-coats from 10 healthy seronegative blood donors and pooled prior to use. 
Cells were isolated by Ficoll-Isopaque density gradient centrifugation and then stimulated for 
3 days in Iscove’s modified Dulbecco medium supplemented with 10% fetal bovine serum, 
penicillin (100 U/ml), streptomycin (100 U/ml), ciproxin (5 μg/ml), and phytohemagglu-
tinin (PHA; 5 μg/ml) at a cell concentration of 5 x 106/ml. After inoculation, the cells (1 
x 106/ml) were grown in the absence of PHA in medium supplemented with recombinant 
interleukin-2 (20 U/ml; Chiron Benelux, Amsterdam, The Netherlands) and Polybrene (5 
μg/ml; hexadimethrine bromide; Sigma, Zwijndrecht, The Netherlands). To prevent possible 
complement-mediated antibody inhibition of virus infection, complement in human sera and 
fetal bovine serum was inactivated by a 30 min incubation at 56 ºC. 

From each virus isolate, an inoculum of 20 50% tissue culture infective doses in a total 
volume of 50 μl was incubated for 1 hour at 37 ºC with decreasing concentrations of the serum 
(starting concentration 1:50) in 96-well microtiter plates. Subsequently, 105 PHA-stimulated 
PBMC were added to the mixtures of virus with serum. After 4 hours of incubation, PBMC 
were washed once in 100 μl phosphate-buffered saline after which fresh medium was added. 
On day 11, virus production in culture supernatants was analyzed in an in-house p24 antigen 
capture enzyme-linked immunosorbent assay30. Background measurements were performed 
using pooled sera from uninfected individuals and neutralization titers were expressed as 
the reciprocal serum dilution that established 50% inhibition (IC50) of virus infection. Ex-
periments were performed in triplicate. When possible, 50% inhibitory concentrations (IC50) 
were determined by linear regression. For calculation of IC50 values for viruses that were not 
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inhibited by the 1:50 serum dilution, we assumed that 50% inhibition would have occurred 
at a 1:25 serum dilution.

Preparation of chimeric viruses

To exclude an effect of additional mutations in other genes than env on the viral replication 
rate, we generated a panel of chimeric NL4-3 viruses, in which the original envelope was 
replaced with the envelopes of virus variants that were isolated from our participants. For each 
time point, envelopes from a minimum of 2 and a maximum of 8 viruses were analyzed.

Env fragments from HXB2 nucleotides (nt) 5658 to 9171 were amplified by PCR using 
Expand High Fidelity PCR System (Roche Applied Science). Chimeric NL4-3/Env viruses 
were produced by homologous recombination of the Env PCR products with a pNL4-3 vector 
(a kind gift from J. Alcami). In short, pNL4-3 was restricted with XbaI (HXB2 nt 6114) and 
XhoI (HXB2 nt 8898) and was subsequently cotransfected with an env PCR product into 293T 
cells in a 24-wells plate using the calcium phosphate method. After 2 days, PHA-stimulated 
PBMC from healthy seronegative blood donors were added to the culture, and the next day the 
PBMC were transferred to a culture flask. Supernatants were harvested when positive for p24, 
as determined using an in-house p24 antigen capture enzyme-linked immunosorbent assay30. 
The presence of the correct env in NL4-3 was confirmed by sequencing.

sequence analysis

The HIV envelope gp160 gene was PCR amplified from DNA isolated from PBMC that were 
infected in vitro with a single clonal HIV-1 variant and subsequently sequenced as described 
previously31-33. The nucleotide sequences of all virus clones from an individual were aligned 
using ClustalW in the software package BioEdit34 and edited manually. The reference sequence 
HXB2 was included in the alignment to number each aligned residue according to the cor-
responding position in this reference sequence. Genetic analyses were performed on gp160 se-
quences starting at nucleotide position 91, which excludes the Env signal peptide. PNGS were 
identified using N-glycosite35 at the HIV database website (https://www.hiv.lanl.gov/content/
sequence/GLYCOSITE/glycosite.html)36. Net charges of gp160 were calculated by counting 
all charged amino acid residues per sequence, where residues R and K counted as +1, H as 
+0.293, and D and E as -1. Nonsynonymous substitution (dN) and synonymous substitution 
(dS) rates for the different regions of env were calculated using Synonymous Nonsynonymous 
Analysis Program (https://hiv.lanl.gov/content/sequence/SNAP/SNAP.html). dN/dS ratios 
were calculated between successive time points by averaging the dN/dS ratios between all 
individual pairs of env sequences from the two time points. Positively selected codons were 
identified using DataMonkey (http://www.datamonkey.org) with the REL, FEL, and SLAC 
methods, and were assumed to be truly positively selected if two methods were significant (P 
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value < 0.05). To ensure a correct calculation of dN/dS ratios and positive selection in the vari-
able loops, the codon alignments of these regions were corrected manually. Codons containing 
indels were excluded in this method. 

Characterization of HIV-1 replication kinetics

Replication kinetics of the clonal virus variants were determined using chimeric NL4-3/Env 
viruses on pooled PBMC which were obtained and stimulated as described above. 2 x 106 
PHA-stimulated PBMC were inoculated with 500 50% tissue culture infective doses of a given 
chimeric NL4-3/Env HIV-1 variant in a volume of 2 ml at 37 ºC for 2 hours in a shaking 
water bath. Subsequently, cells were washed with 10 ml Iscove’s modified Dulbecco medium 
supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 U/
ml) and resuspended at a concentration of 106 cells/ml for culture. Fresh PHA-stimulated 
PMBC (106) in a volume of 1 ml were added at days 5 and 8. Cultures were maintained for 
11 days. 75 μl of supernatant for determination of p24 antigen production were harvested 
each day. The concentration of p24 in all samples was determined at the same time using an 
in-house p24 antigen capture enzyme-linked immunosorbent assay30. P24 production per ml 
supernatant was determined and corrected for the differences in volume of culture supernatant. 
Per individual, the period of logarithmic expansion of viral p24 production was determined 
and only this timeline was used for further analyses.

statistical analysis

Statistical analyses were performed using the SPSS 16 software package. Changes in replication 
kinetics were compared using an unpaired two-sample t test. Changes in the length and the 
number of PNGS in Env were assessed using the Kruskall-Wallis analysis of variance.

nucleotide sequence accession numbers

All sequences included in this study have been deposited in GenBank (accession numbers 
EU744055 to EU744096 and xxx to xxx).
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Results

longitudinally preserved cross-reactive neutralizing serum activity in three 
ltnP and three progressors

We previously demonstrated a similar prevalence of cross-reactive neutralizing activity in sera 
of LTNP and progressors at time points relatively early in infection19. Here, we first wished to 
study whether a progressive disease course was associated with a more rapid loss of cross-reactive 
neutralizing serum activity at the later stages of disease. To this end, we selected three LTNP 
and three progressors from the Amsterdam Cohort Studies on HIV infection and AIDS, for 
whom we previously established cross-reactive neutralizing activity in serum samples that were 
obtained at around years two and four post-SC19. For these patients, we analyzed cross-reactive 
neutralizing activity in sera that were obtained at multiple time points during the course of 
infection, up to the moment of clinical AIDS diagnosis or initiation of HAART in the three 
progressors and in one LTNP who ultimately progressed to AIDS, or until end of follow-up in 
the other two LTNP (Fig. 1). HIV-1-specific neutralizing activity was measured in a cell-based 
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Figure 1: CD4+ T-cell count, viral RNA load and antiretroviral treatment during the course of infection of three 
LTNP (top) and three progressors (bottom). The CD4+ T-cell counts are shown in black with the legend on the 
left y axis, while the viral RNA loads are indicated in grey with the legend on the right y axis. The detection limit 
for the measurement of RNA load was 1,000 copies/ml plasma, which decreased to 400 copies/ml plasma later 
in time (for participant H19956 from 200 months onwards). The length and type of antiretroviral therapy are 
indicated at the top of each diagram.
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infectivity assay using a panel of 23 recombinant viruses pseudotyped with envelope proteins 
from HIV-1 subtype A, B, C, and D. Due to the limited availability of serum, some sera were 
only tested against a subset of this virus panel. 

HIV-specific cross-reactive neutralizing activity, defined as an IC50 ≥100 against at least 50% 
of the viruses from 3 or more subtypes, was observed in sera from all six individuals. For 
participant H18969, cross-reactive neutralizing serum activity developed as early as 12 months 
post-SC (Fig. 2). In contrast, serum from participant H19663 did not show cross-reactive 
neutralizing activity until 59 months post-SC, although serum obtained 29 months post-SC 
from this participant was already able to neutralized virus variants from different subtypes (Fig. 
2). In the remaining 4 participants, cross-reactive neutralizing serum activity was observed 

Subtype Ref Name Virus Type Origin 29 49 77 105 131 142 28 55 146 186 217 247 29 59 79 97 126 155
N/A aMLV murine leukemia N/A  <40  <40  <40  <40  <40 42  <40  <40  <40  <40  <40  <40  <40  <40  <40  <40  <40  <40
A MB_pA1 primary Uganda 130 548 850 702 952 519 72 108 238 247 318 337  <40 103 178 270 220 344
A MB_pA2 primary Uganda 51 53 n.d. n.d. n.d. n.d. 42 69 n.d. n.d. n.d. n.d.  <40 43 n.d. n.d. n.d. n.d.
A MB_pA3 primary Uganda 203 464 n.d. n.d. n.d. n.d. 88 143 n.d. n.d. n.d. n.d. 126 268 n.d. n.d. n.d. n.d.
A 94UG103 AIDS Repository Uganda 258 352 n.d. n.d. n.d. n.d. 88 140 n.d. n.d. n.d. n.d.  <40  <40 n.d. n.d. n.d. n.d.
A 92RW020 AIDS Repository Rwanda 252 352 658 878 1528 561 201 75 172 253 378 339 441 197 269 374 329 289
B APV-16 primary USA 188 531 875 744 886 446 124 256 327 332 425 519 116 416 647 374 264 399
B APV-20 primary USA 215 513 597 695 879 426 427 345 538 635 662 819 105 198 259 398 310 301
B APV-9 primary USA 170 43 n.d. n.d. n.d. n.d. 123 106 n.d. n.d. n.d. n.d. 53 51 n.d. n.d. n.d. n.d.
B 92BR020 AIDS Repository Brazil 377 687 n.d. n.d. n.d. n.d. 320 940 n.d. n.d. n.d. n.d. 412 650 n.d. n.d. n.d. n.d.
B MB_pB1 primary USA 173 216 n.d. n.d. n.d. n.d. 146 141 n.d. n.d. n.d. n.d. 71 40 n.d. n.d. n.d. n.d.
B MB_pB2 primary USA 391 1097 n.d. n.d. n.d. n.d. 314 424 n.d. n.d. n.d. n.d. 106 182 n.d. n.d. n.d. n.d.
C MB_C1 primary Europe 110 41 n.d. n.d. n.d. n.d. 113 217 n.d. n.d. n.d. n.d.  <40  <40 n.d. n.d. n.d. n.d.
C 93IN905 AIDS Repository Inda 214 191 n.d. n.d. n.d. n.d. 149 196 n.d. n.d. n.d. n.d. 677 249 n.d. n.d. n.d. n.d.
C IAVI_C22 AIDS Repository Africa 268 717 n.d. n.d. n.d. n.d. 112 239 n.d. n.d. n.d. n.d. 607 506 n.d. n.d. n.d. n.d.
C MBC6 primary Africa 85 523 664 402 252 379 225 124 171 137 159 281 221  <40 42 53 48 330
C MBC3 expanded in PBMC Zimbabwe 41 <40 n.d. n.d. n.d. n.d. 42 147 n.d. n.d. n.d. n.d.  <40  <40 n.d. n.d. n.d. n.d.
C 94IN11246-3 AIDS Repository India 104 441 n.d. n.d. n.d. n.d. 79 338 n.d. n.d. n.d. n.d. 59 108 n.d. n.d. n.d. n.d.
C 93MW960 AIDS Repository Malawi 207 349 581 475 424 561 186 246 534 399 428 860 267 228 446 576 538 591
D MB_pD1 primary Uganda 187 348 648 500 984 355 200 215 427 369 445 853  <40 60 95 91 159 191
D MB_pD2 primary Uganda 100 277 n.d. n.d. n.d. n.d. 103 n.d. n.d. n.d. n.d. n.d.  <40 103 n.d. n.d. n.d. n.d.
D MB_pD3 primary Uganda  <40 82 189 73 127 158 77 112 215 186 172 262  <40  <40 55 66 64  <40
D 92UG001 AIDS Repository Uganda 161 313 n.d. n.d. n.d. n.d. 187 n.d. n.d. n.d. n.d. n.d. 45  <40 n.d. n.d. n.d. n.d.
D 93UG070 AIDS Repository Uganda 121 383 799 340 593 374 195 372 541 414 499 835  <40 127 78 84 107 176
B 1196 reference strain USA 491 n.d. n.d. n.d. n.d. n.d. 512 n.d. n.d. n.d. n.d. n.d. 474 n.d. n.d. n.d. n.d. n.d.
B BaL reference strain USA 898 1476 1771 1663 2479 1209 1247 1044 1331 1541 1740 2403 815 924 1314 1494 1498 1275
B  JRCSF reference strain USA 261 604 972 872 944 570 126 280 289 282 406 543 128 187 326 554 462 516
B  NL4-3 reference strain USA 2771 3132 4341 4227 5621 3605 2409 2350 2078 1994 2109 2238 849 909 1451 1701 1650 1436
B  SF162 reference strain USA 5343 n.d. n.d. n.d. n.d. n.d. 13936 n.d. n.d. n.d. n.d. n.d. 3624 n.d. n.d. n.d. n.d. n.d.

Subtype Ref Name Virus Type Origin 34 48 72 74 23 47 68 82 107 6 12 19 25 49 72 90
N/A aMLV murine leukemia N/A  <40  <40  <40  <40  <40  <40  <40  <40  <40 <40 <40  <40  <40  <40  <40  <40
A MB_pA1 primary Uganda 174 255 168 178 100 125 143 123 76 92 172 124 112 199 101 102
A MB_pA2 primary Uganda 129 123 n.d. n.d. <40  <40 n.d. n.d. n.d. 67 85 n.d.  <40  <40 n.d. n.d.
A MB_pA3 primary Uganda 245 129 n.d. n.d. 215 148 n.d. n.d. n.d. 279 725 n.d. 671 489 n.d. n.d.
A 94UG103 AIDS Repository Uganda 254 151 n.d. n.d. 300 192 n.d. n.d. n.d. 84 188 n.d. 106 140 n.d. n.d.
A 92RW020 AIDS Repository Rwanda 200 404 248 244 129 159 184 191 54 481 1487 689 1118 513 239 193
B APV-16 primary USA 307 180 242 209 262 163 391 281 189 109 269 122 98 170 158 140
B APV-20 primary USA 341 236 261 202 236 210 342 273 166 72 101 69 121 151 74 99
B APV-9 primary USA 122 186 n.d. n.d. 148 129 n.d. n.d. n.d. 43 86 n.d. 67 <40 n.d. n.d.
B 92BR020 AIDS Repository Brazil 363 546 n.d. n.d. 576 224 n.d. n.d. n.d. 502 1502 n.d. 551 592 n.d. n.d.
B MB_pB1 primary USA 182 308 n.d. n.d. 343 332 n.d. n.d. n.d. n.d. n.d. n.d. <40 41 n.d. n.d.
B MB_pB2 primary USA 594 957 n.d. n.d. 990 865 n.d. n.d. n.d. n.d. n.d. n.d. 285 257 n.d. n.d.
C MB_C1 primary Europe 207 199 n.d. n.d. 163 218 n.d. n.d. n.d. n.d. n.d. n.d. <40 <40 n.d. n.d.
C 93IN905 AIDS Repository Inda 499 361 n.d. n.d. 372 524 n.d. n.d. n.d. n.d. n.d. n.d. 892 889 n.d. n.d.
C IAVI_C22 AIDS Repository Africa 715 998 n.d. n.d. 241 400 n.d. n.d. n.d. n.d. n.d. n.d. 1335 1184 n.d. n.d.
C MBC6 primary Africa  <40 155 45 54 67 300 132 150 59 101 138  <40 182 55  <40  <40
C MBC3 expanded in PBMC Zimbabwe 60  <40 n.d. n.d. 72  <40 n.d. n.d. n.d. 57 74 n.d.  <40  <40 n.d. n.d.
C 94IN11246-3 AIDS Repository India 308 117 n.d. n.d. 136 86 n.d. n.d. n.d. 178 208 n.d. 181 328 n.d. n.d.
C 93MW960 AIDS Repository Malawi 315 239 312 245 187 124 358 243 167 316 924 370 515 379 391 213
D MB_pD1 primary Uganda 694 109 355 301 189 144 239 315 64 58 94  <40  <40 68 152 134
D MB_pD2 primary Uganda 365 125 n.d. n.d. 209 91 n.d. n.d. n.d. 78 95 n.d. 73 77 n.d. n.d.
D MB_pD3 primary Uganda 95 46 153 119 88 49 121 102 57 80 147 88 95 140 106 98
D 92UG001 AIDS Repository Uganda 232 120 n.d. n.d. 97 101 n.d. n.d. n.d. 75 81 n.d.  <40 <40 n.d. n.d.
D 93UG070 AIDS Repository Uganda 271 148 202 246 204 140 335 233 135 101 165 49  <40 117 74 66
B 1196 reference strain USA n.d. 487 n.d. n.d. n.d. 493 n.d. n.d. n.d. 502 1502 n.d. 919 n.d. n.d. n.d.
B BaL reference strain USA 1754 1417 1164 791 n.d. 659 607 470 266 190 558 519 514 580 442 659
B  JRCSF reference strain USA 348 376 521 326 1096 208 408 353 168 63 155 99 142 199 151 117
B  NL4-3 reference strain USA 1202 972 854 674 5239 1673 2596 2032 1301 120 451 1019 1153 1737 1577 1447
B  SF162 reference strain USA n.d. 10785 n.d. n.d. n.d. 5156 n.d. n.d. n.d. n.d. n.d. n.d. 4784 n.d. n.d. n.d.
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Figure 2: Breadth and potency of HIV-1-specific neutralizing activity in sera obtained during the course of 
infection from three LTNP (top) and three progressors (bottom). IC50 values, given as the reciprocal serum 
dilution determined using a U87-based neutralizing assay, are shown for serum samples obtained during the 
course of infection against a panel of 23 heterologous virus variants. Due to limiting amounts of serum, some 
sera were only tested against a subset of this virus panel. In the left columns, a description of the virus panel is 
given; the tier 2-3 virus panel consisted of HIV-1 pseudoviruses from subtype A, B, C, and D. The references 
panel (bottom part) included strains 1196, BaL, JRCSF, NL4-3, and SF162. As a negative control (NC), the 
amphotropic murine leukemia virus was used. IC50 titers ≥1:100 and exceeding three times the background 
reading for that sample are indicated in grey. N.d., not determined.



Chapter 6

120

after approximately 30 months post-SC (Fig. 2). However, serum samples from earlier time 
points were not available for these 4 participants, indicating that cross-reactive neutralizing 
activity could have been present earlier in infection. Without exception, cross-reactive neutral-
izing serum activity was conserved longitudinally in both LTNP and progressors. Neutralizing 
serum titers increased over the course of infection until the end of follow-up in 2 LTNP, or until 
around the moment of clinical AIDS diagnosis for the 4 participants who developed AIDS. 
After clinical AIDS diagnosis, cross-reactive neutralizing serum activity declined, although the 
breadth of neutralization was preserved (Figs. 1 and 2). 

decreasing neutralizing humoral immunity against autologous HIV-1 during 
the course of infection

The observation that cross-reactive neutralizing serum activity was preserved during the course 
of infection in both LTNP and progressors excludes the possibility that loss of humoral immu-
nity precedes disease progression. To investigate whether viruses from LTNP and progressors 
showed a difference in their ability to escape from autologous humoral immunity, we next 
analyzed the efficacy of neutralizing serum activity against autologous virus. Clonal HIV-1 
variants were isolated from PMBC that were obtained at approximately the same time points 
at which the sera were collected. Although 1 – 5 clones per time point were isolated from 
earlier time points in participant H19956, attempts to isolate clonal HIV-1 variants from 
PBMC that were obtained at time points after 150 months post-SC were not successful. From 
participant H19642, both R5 and X4 HIV-1 variants were isolated at the time point just before 
clinical AIDS diagnosis, while from earlier time points only R5 variants were obtained. From 
participant H19554, both R5 and X4 HIV-1 variants were isolated at the time points around 
5.5 and 7 years after SC, but only R5 HIV-1 variants were isolated at the time point after 
clinical AIDS diagnosis.

For each individual, autologous neutralizing activity in sera obtained at or close to the time 
points of virus isolation were measured against a maximum of five randomly selected clonal 
HIV-1 variants per time point, both R5 and X4 HIV-1 variants when applicable. The number 
of HIV-1 variants that could be tested was limited by the amount of participant serum that 
was available. 

Neutralization of autologous virus variants was observed in all six individuals, although the 
level of neutralization was diverse (Fig. 3). In agreement with findings by others3-9,15,16, virus 
variants were poorly neutralized by contemporaneous serum and sera from earlier time points, 
suggestive of viral escape. In general, the neutralizing titer in serum was highest against the 
earliest virus variants and was much less potent against virus variants from subsequent time 
points. Moreover, this limited autologous neutralizing activity against early viruses was lost 
after AIDS diagnosis in those individuals who ultimately progressed to AIDS. For participant 
H19956, we observed a different pattern of neutralization, although it should be mentioned 
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that the viruses from this participant were isolated from much earlier time points than the sera 
that were available for testing. For this reason, titers against all viruses were somewhat higher 
than what was observed in the other patients, and the highest titer was observed for the last 
serum sample tested against an earlier virus variant. However, only a single virus variant was 
obtained from the 123 and 146 months post-SC time points, respectively, not allowing firm 
conclusions on the effect of humoral immunity in this individual. 

Overall, for viruses from the same time point, neutralizing titers in serum varied only 
minimally. In all six individuals, autologous neutralizing activity was lost already in the asymp-
tomatic phase of infection, before clinical AIDS was diagnosed. Moreover, we did not observe 
any difference between LTNP and progressors in autologous neutralizing activity. Escape from 
autologous neutralization did not coincide with changes in plasma viral RNA load and/or 
CD4+ T-cell counts (Figs. 1 and 3). We also did not observe a difference in neutralization 
sensitivity between R5 and X4 HIV-1 variants. Our data show that autologous neutralizing 
antibody responses could no longer be mounted later in infection, and that the autologous 
neutralizing activity that was elicited early in infection diminished over time, while at the same 
time heterologous responses were preserved.
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Figure 3: Development of autologous humoral immune responses during the course of infection in three 
LTNP (top) and three progressors (bottom). Average IC50 values, determined by linear regression, of ≤5 virus 
variants per time point are indicated. The time points of virus isolation are indicated in the top of each panel. 
Bars with identical shading represent inhibition of virus isolates from one time point by sera of different time 
points (as indicated on the x axis). The dashed lines represent background measurements using pooled sera 
from healthy uninfected individuals. Note that the maximum value on the y axis in the graphs of participants 
H19642 and H18969 are higher than in the other graphs. IC50, 50% inhibitory concentration; mo, months; SC, 
seroconversion.
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evolution of the envelope protein during the course of infection in individuals 
with cross-reactive neutralizing activity in serum

Next, we analyzed the molecular changes in the viral envelope during the clinical course 
of HIV-1 infection that coincided with escape from humoral immunity with cross-reactive 
neutralizing activity. To this end, full-length gp160 sequences were generated from a median 
of five virus variants (range, 1 – 10) per time point (Table 1). Phylogenetic analysis of all 
sequences using the neighbour-joining method revealed clustering of sequences per individual 
and excluded superinfection and contamination of samples (data not shown).

Escape of HIV-1 from type-specific NAbs has been associated with increases in the length of 
the viral envelope and the number of potential N-linked glycosylation sites in Env4,9,10,16. For 
the virus variants that were isolated from the six individuals in our present study, we observed 
an increase in length of gp160 during the course of infection. For viruses of participants 
H19642 and H18969, this extension of the length of the envelope protein reached a plateau, 
while the envelope length of viruses from participants H19289 and H19544 decreased at later 
time points (Table 1). The plateau or decrease in the length of the envelope protein coincided 
with fading autologous neutralizing activity in these participants (Fig. 3). The changes in 
gp160 length could be completely attributed to the variable regions, except for viruses from 
participant H19663, in which minor insertions in C3 were observed. Insertions and deletions 
were observed in V1 and V4 for viruses from all participants, while additional changes in the 
other variable regions of gp120 were observed for viruses from some participants (data not 
shown).

A similar pattern of change over the course of infection was observed for the number of 
PNGS. The changes in PNGS in gp160 of all individuals over time were caused by the acquisi-
tion and/or loss of PNGS in both the constant and variable regions of gp160 (Table 1). For all 
individuals, the number and/or location of the PNGS in the C3 and V1V2 region of gp120 
changed over time. Moreover, additional changes in other regions of the envelope protein were 
observed in viruses from participants H19642, H19956, H19663, and H19554 (data not 
shown). Changes in gp160 length and PNGS did not always occur simultaneously in time. For 
example, in viruses from participant H19642, the number of PNGS decreased already from 4 
years post-SC onwards, while the average length of gp160 still increased (Table 1).

Changes in the net charge of the V1V2 loop during infection have previously been reported 
to be correlated with higher neutralizing titers37. Apart from an increase in the net charge of 
V2 over time in viruses from all individuals, we did not observe any uniform changes in the 
envelope net charge over the course of infection (data not shown). 

To characterize regions in the envelope protein that were positively selected over the course of 
infection, we calculated the selection pressure per codon using virus variants from all different 
time points for each individual, as well as the dN/dS ratio for the variable and constant regions 
between virus variants from successive time points. Positively selected codons were observed in 
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Table 1: Env characteristics of the isolated virus variants per individual per time point

Months dN/dS dN/dS
post- n Length PNGS PNGS PNGS C region V region 
SC virus gp160 gp160 C region V region gp120 gp120

LTNP
H19642 P = 0.008 P = 0.003 P = 0.009 P = 0.026

29 4 828.4 (2.61) 29.6 (2.30) 12.8 (0.84) 12.0 (1.23)
49 5 834.8 (2.23) 34.2 (1.84) 15.0 (1.55) 14.2 (0.75) 0.573 (0.195) 1.074 (0.447)
74 5 833.7 (3.56) 34.2 (0.75) 15.2 (0.41) 14.5 (1.05) 0.512 (0.206) 0.996 (0.305)

108 4 836.4 (6.80) 34.4 (1.52) 15.2 (0.45) 13.8 (1.30) 0.377 (0.114) 0.984 (0.292)
131 4 840.0 (1.63) 31.8 (1.89) 14.3 (0.50) 13.0 (1.41) 0.422 (0.175) 1.316 (0.365)
142 5 839.2 (3.56) 31.8 (0.84) 14.4 (0.55) 13.4 (0.55) 0.321 (0.132) 0.773 (0.405)

H19956 P = 0.174 P = 0.100 P= 0.166 P = 0.076
28 5 829.8 (3.49) 30.6 (1.52) 13.0 (0.71) 13.6 (0.89)
51 3 826.3 (1.16) 28.3 (0.58) 12.3 (0.58) 12.0 (0.00) 0.952 (0.246) 1.186 (0.446)
78 2 828.5 (0.71) 29.5 (0.71) 12.5 (0.71) 13.0 (0.00) 0.602 (0.135) 1.042 (0.297)

123 1 832.0 28.0 11.0 13.0 0.617 (0.048) 1.249 (0.721)
146 1 841.0 29.0 11.0 14.0 - -

H19663 P = 0.003 P = 0.500 P = 0.021 P = 0.061
47 5 831.6 (3.21) 29.6 (1.520 13.2 (0.84) 12.2 (1.10)
91 6 844.3 (8.62) 30.2 (0.98) 11.7 (0.52) 14.2 (1.47) 0.852 (0.333) 2.483 (1.722)

111 6 850.0 (8.37) 31.0 (1.55) 12.5 (0.84) 14.5 (1.38) 0.890 (0.338) 1.371 (0.527)
140 4 857.5 (0.58) 29.8 (0.50) 12.0 (0.00) 13.8 (0.50) 1.012 (0.460) 1.284 (0.355)

Progressors
H19298 P = 0.005 P = 0.044 P = 0.006 P = 0.011

34 2 836.0 (2.83) 31.0 (0.00) 13.0 (0.00) 14.0 (0.00)
48 5 846.7 (4.46) 32.7 (1.03) 13.2 (0.41) 15.2 (1.17) 0.788 (0.202) 1.085 (0.390)
72 5 843.6 (1.52) 32.8 (0.84) 14.2 (0.45) 14.6 (0.55) 0.557 (0.211) 0.641 (0.184)
87 5 837.4 (2.07) 31.6 (0.55) 14.2 (0.45) 12.8 (0.45) 0.487 (0.171) 0.412 (0.139)

H19554 P = 0.205 P = 0.002 P = 0.081 P = 0.004
47 5 835.8 (1.60) 33.8 (0.41) 13.0 (0.00) 14.8 (0.41)
68 4 840.8 (8.90) 33.0 (1.00) 12.4 (0.55) 14.8 (0.84) 0.361 (0.092) 1.234 (0.481)
83 6 833.3 (6.74) 31.5 (0.84) 12.7 (0.52) 13.5 (0.55) 0.339 (0.156) 1.364 (0.482)

107 3 832.0 (3.46) 30.3 (1.26) 12.3 (0.50) 13.0 (0.82) 0.228 (0.095) 1.073 (0.466)

H18969 P < 0.001 P < 0.001 P < 0.001 P < 0.001
2 8 813.4 (2.20) 27.4 (1.06) 10.9 (0.35) 11.5 (0.93)

22 8 826.1 (3.87) 31.6 (1.06) 12.1 (0.64) 14.3 (1.17) 1.592 (0.529) 2.741 (1.928)
47 10 829.5 (5.19) 31.5 (1.72) 13.7 (0.67) 13.4 (0.97) 1.411 (0.512) 1.964 (1.158)
68 6 832.2 (8.47) 33.0 (2.61) 13.2 (0.75) 15.5 (2.59) 0.757 (0.297) 1.573 (0.482)
91 8 836.5 (3.12) 33.0 (1.60) 12.9 (0.64) 16.1 (1.25) 0.611 (0.301) 1.488 (0.414)

112 3 838.0 (1.41) 33.5 (2.12) 12.5 (0.71) 17.0 (1.41) 0.435 (0.154) 1.284 (0.374)

The average sequence characteristics for all viruses from one time point is presented. Standard deviations are given 
between brackets. Changes in sequence characteristics over the course of infection within each individual were 
calculated using the Kruskall-Wallis test. The dN/dS ratios are a comparison between viruses of that time point 
and viruses of the previous time point.
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all regions of gp160, and did not reveal specific mutations that correlated with neutralization 
sensitivity. However, dN/dS ratios were highest for the variable regions, suggesting that the 
selection pressure was strongest in these regions. Moreover, evidence for positive selection of 
the constant regions was absent in viruses from all participants except for viruses obtained from 
participant H18969 between 0 and 4 years post-SC (Table 1). dN/dS ratios decreased over 
time and were similar for viruses from LTNP and progressors. 

Overall, we did not observe any differences in length, number of PNGS, or net charge 
between gp160 of viruses from LTNP and progressors. In addition, similar regions of the viral 
envelope showed evidence of positive selection. These results indicate that the evolution of 
HIV-1 over the course of infection is similar in both LTNP and progressors with cross-reactive 
neutralizing serum activity.

escape from cross-neutralizing activity does not coincide with a loss of viral 
replication capacity in vitro

Cross-reactive neutralizing activity is assumed to be directed against more conserved regions in 
the viral envelope. Escape mutations in these regions may therefore have an impact on the viral 
replication fitness. Here, we studied whether escape from autologous humoral immunity with 
cross-reactive neutralizing activity was associated with a reduction in viral replication fitness. 
Although the molecular changes that we observed here were similar for viruses from LTNP 
and progressors, this does not exclude that specific amino acid changes in LTNP viruses, or 
molecular changes in the background of these viruses, have a higher impact on viral replication 
rate than similar changes in the background of the HIV-1 variants from the progressors we 
studied here. Therefore, by affecting the viral replication rate, humoral immunity could still, 
although indirectly, contribute to the differential clinical course in LTNP and progressors. 
As some individuals in our study received antiretroviral monotherapy for certain periods of 
time, HIV-1 variants with drug resistance mutations may have been selected. To exclude an 
effect of these and any other mutations outside Env on the viral replication rate, we generated 
a panel of chimeric NL4-3 viruses in which the original envelope gene was replaced with the 
envelope genes of the virus variants that were isolated from our participants during the clinical 
course of infection. Replication kinetics were determined by the logarithmic expansion of 
equal viral inocula in PHA-stimulated PBMC and analyzed as p24 production during the 
period of logarithmic expansion. From participant H19956, too few clonal virus variants were 
available for analysis of the replication rate.

Replication kinetics varied between viruses from a single individual, and even between viruses 
obtained from the same time point. Over the course of infection, we generally observed either 
stable or increasing replication rates (Fig. 4), suggesting that escape from cross-neutralizing 
activity did not coincide with a reduction of the viral replicative capacity. However, replica-
tion rates of HIV-1 variants from participant H18969, decreased during the first 47 months 
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of infection, which coincided with the presence of autologous neutralizing activity in serum 
(Fig. 4). This might imply that for HIV-1 variants from this individual, an effect of NAb 
escape mutations on viral replication fitness cannot be excluded. We observed that an increase/
decrease in replication rate did not correlate with changes in plasma viral RNA load (Figs. 
1 and 4) and that there was no difference in replication kinetics between R5 and X4 HIV-1 
variants of these individuals. 

dIsCussIon

HIV-1-specific cross-reactive humoral immunity is assumed to be directed against relatively 
conserved regions on the viral envelope. As a consequence, HIV-1 may be unable to rapidly 
escape from cross-reactive NAb pressure, suggesting that a broad and potent humoral immune 
response may influence the clinical course of infection. However, we have recently demonstrated 
that the prevalence of cross-reactive neutralizing activity in serum is similar among HIV-infected 
individuals with a progressive disease course and LTNP19. This absent correlation between disease 
course and cross-reactive neutralizing activity in serum could either point to fading humoral 
immunity in the progressive course of infection, or to viral escape from antibody pressure, as has 
been shown to occur in response to type-specific neutralizing humoral immunity3-9,15,16. 
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Figure 4: Replication kinetics of clonal virus variants obtained during the course of infection from three LTNP 
(top) and three progressors (bottom). Replication rates of individual chimeric NL4-3/Env variants are expressed 
as the p24 production during the logarithmic expansion after infection of PHA-stimulated PBMC. The 
horizontal lines represent the means. Note that the maximum value on the y axis in the graphs is different for each 
individual. SC, seroconversion.
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In the longitudinal analysis performed in our present study, cross-reactive neutralizing hu-
moral immunity was preserved in both LTNP and progressors, even after the moment of AIDS 
diagnosis in those individuals who ultimately progressed to AIDS. In contrast, autologous 
neutralizing activity was only observed against viruses that were isolated early in infection. 
Moreover, this limited autologous neutralizing activity against early viruses was lost after 
AIDS diagnosis. These findings not only point towards a rapid selection of HIV-1 variants 
that resisted the neutralizing activity in serum, it also shows the inability of the infected host to 
generate novel neutralizing antibody specificities against these escape variants. 

One could argue that the apparent discrepancy between preserved cross-reactive neutralizing 
activity but fading autologous neutralizing activity could relate to differences in sensitivities 
of the assays used for their detection38. Cross-reactive neutralizing activity was tested against a 
panel of pseudoviruses in a U87-based assay while autologous neutralizing activity was tested 
in a PBMC-based assay with replicating viruses. However, we have previously shown that the 
relative potency of neutralizing serum activity as detected by these two assays is comparable19. 
The different profiles of autologous versus heterologous neutralizing activity over the course of 
infection as observed in this study are thus likely to reflect true differences in the development 
and persistence of these components of neutralizing serum activity. 

We recently demonstrated that escape from type-specific autologous neutralizing activity in 
serum did not influence the in vitro replication fitness of HIV-117. However, our observation 
that rapid escape of HIV-1 from autologous humoral immunity with cross-reactive neutral-
izing activity also had no impact on the viral replicative fitness was somewhat unexpected as 
BrNAbs are considered to target conserved epitopes which by definition carry crucial functions 
for the virus. It is tempting to speculate that replication fitness is restored by compensatory 
mutations that may rapidly be selected. This is currently under investigation.

Overall, the similar potency of humoral immunity, the similar dynamics of viral escape, 
and the absent impact of escape on the replication kinetics of viruses from both LTNP and 
progressors argue against a role for NAb in the clinical course of infection. In agreement, we 
and others have shown in comprehensive cohort analyses that the presence of cross-reactive 
neutralizing activity was not associated with prolonged AIDS free survival18,39. Indeed, HIV-1 
cellular immunity and host genetic background seem to have a more pronounced effect on 
disease progression40,41.

Escape from autologous neutralizing humoral immunity with cross-reactive activity coin-
cided with an increase in the length and number of PNGS of gp160 and an increase in the 
net charge of the V2 region. Similar changes were observed in HIV-1 variants that escaped 
from autologous neutralizing humoral immunity with only type-specific activity9,15,16. This may 
either suggest that the same mechanisms apply for escape from different antibody specificities 
or that the relevant changes for escape from cross-reactive neutralizing antibodies are masked 
by changes that are selected by type-specific antibodies. Positive selection pressure was mainly 
observed in the variable regions of the envelope protein. Interestingly, two novel highly potent 
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cross-reactive neutralizing antibodies directed against a conformational epitope in the V2V3 
region have recently been described42, suggesting that the variable regions can indeed be tar-
geted by cross-reactive neutralizing antibodies. 

We are currently studying the exact nature of the humoral immune response in the individu-
als in our study which will reveal whether the cross-reactive neutralizing activity is determined 
by a single high affinity antibody, or by a combination of multiple coexisting neutralizing 
antibodies directed at multiple distinct regions of the envelope. Results from these analyses will 
help to define which changes in the viral envelope are relevant for escape from cross-reactive 
neutralizing activity.

Taken together, our current findings seem to underscore the absent role for cross-reactive 
neutralizing humoral immunity in the protection from disease progression due to the ability 
of HIV-1 to rapidly escape from this immune pressure without a loss of viral fitness. Whereas 
vaccine-elicited cellular immunity may be able to control viremia and thereby contribute to 
protection from disease progression43, our results support the notion that vaccine elicited 
BrNAbs may only be relevant for the protection from acquisition of infection.
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135abstract

Although the majority of primary HIV-1 variants can be neutralized by broadly neutralizing 
antibodies such as b12, 2G12, 2F5, and 4E10, resistance to these antibodies has been reported 
as well. The ability of the broadly neutralizing antibodies to inhibit a variety of viruses suggests 
that their epitopes are conserved and escape from these antibodies may thus come at a cost 
to viral fitness. Here we demonstrate that resistance to broadly neutralizing antibodies was in 
general not associated with a reduced replicative capacity of the virus in vitro. This indicates 
that loss of replicative capacity due to escape from broadly neutralizing antibodies may be 
limited. 
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IntRoduCtIon

The envelope glycoprotein of human immunodeficiency virus type 1 (HIV-1) is exposed at the 
viral surface and is the target for neutralizing antibodies1,2. Primary virus isolates are relatively 
resistant to neutralization by antibodies directed to the envelope glycoprotein. Most primary 
HIV-1 isolates, however, can be neutralized by the four broadly neutralizing monoclonal 
antibodies (mAbs) b12, 2G12, 2F5, and 4E103-9, although additional mAbs of somewhat more 
limited neutralization breadth have also been described (e.g. 447-52D10, IgG1 X511, D512).

Neutralizing antibodies can be detected early in HIV-1 infection within 2 months after 
seroconversion1,13-18. Neutralizing activity of autologous serum against contemporary viruses is 
often low, suggesting that these viruses have escaped from humoral immune pressure and that 
neutralizing antibodies are functional in infected individuals13,14,19-23. 

In newly HIV-1-infected individuals, a relatively neutralization sensitive virus population 
is assumed to be responsible for the primary infection24 although the enhanced neutralization 
sensitivity of recently transmitted HIV-1 was not confirmed by others25. After development 
of a neutralizing antibody response in the infected patient, viruses with escape mutations will 
be rapidly selected, resulting in a relatively neutralization resistant virus population13,18. This 
would imply that in the absence of neutralizing antibodies, neutralization sensitive HIV-1 
variants have a selective advantage over neutralization resistant viruses, which might be caused 
by an increased replicative capacity of the neutralization sensitive virus variants as compared 
to the resistant variants. Primary HIV-1 variants display differential neutralization sensitivity 
for broadly neutralizing antibodies26. As broadly neutralizing antibodies are considered to be 
directed at conserved epitopes, escape mutations in these epitopes may be associated with even 
larger changes in replicative capacity.

Here we studied the replication kinetics of HIV-1 variants isolated at different time points 
during infection from 6 patients and subsequently analyzed the potential relationship between 
the replication rate of these viruses and their sensitivity to broadly neutralizing antibodies. 

MAteRIAls And MetHods

Patients and viruses

Clonal virus variants isolated at sequential time points in the course of infection from 4 
recipients of homosexual transmission who participated in the Amsterdam Cohort Studies 
on HIV infection and AIDS, and from two recipients of accidental or deliberate parenteral 
transmission27,28 were used in this study29,30. In addition, clonal virus variants isolated from an 
individual with primary HIV-1 infection were studied.
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Clonal virus variants were previously obtained in multiple micro-cocultures of limiting 
amounts of HIV-infected patient peripheral blood mononuclear cells (PBMC) and phytohae-
magglutinin (PHA)-stimulated PBMC from healthy seronegative blood donors, as described 
before29,31. Virus stocks were prepared on PHA-stimulated PBMC. The total number of pas-
sages was kept to a minimum as this may change the primary phenotype of the viruses32. Virus 
production was monitored using an in-house p24 ELISA33. Upon sufficient virus production, 
virus stocks were frozen and the infectious titers of the stocks were quantified by determination 
of the 50% tissue culture infectious dose (TCID50) in PHA-stimulated PBMC. 

Cells

PBMC were isolated from buffy coats by Ficoll density centrifugation. For stimulation, 5 x 106 
cells/ml were cultured for 2 days in Iscoves Modified Dulbecco’s Medium (IMDM) supple-
mented with 10% fetal bovine serum (FBS, Perbio, Logan, Utah, USA), penicillin (100 U/
ml, Gibco, Paisly, Scotland, UK), streptomycin (100 μg/ml, Gibco), cyproxin (5 μg/ml, Bayer, 
Mijdrecht, The Netherlands) and PHA (5 μg/ml, Remel Europe, Dartford, England, UK). 
Subsequently, PBMC (106/ml) were grown in the absence of PHA, in medium supplemented 
with 10 U/ml recombinant interleukin 2 (rIL2, Cetus Corporation, Emeryville, CA, USA) and 
polybrene (5 μg/ml; Hexadimethrine Bromide, Sigma, Zwijndrecht, The Netherlands). 

Characterization of HIV-1 replication kinetics

For determination of HIV-1 replication kinetics, 2 x 106 PHA-stimulated PBMC were inocu-
lated with 100 TCID50 of a given HIV-1 variant in a total volume of 1 ml for 2 h at 37 oC in 
a shaking water bath. Subsequently, cells were washed with 8 ml IMDM containing 10% FBS 
(Perbio), penicillin (100 U/ml, Gibco) and streptomycin (100 μg/ml, Gibco) and resuspended 
at a concentration of 106 cells/ml for culture. Fresh PHA-stimulated PBMC (106) in a volume 
of 0.75 ml were added at days 5, 8, 11 and 14. Cultures were maintained for 18 days. Samples 
(50 μl) for determination of p24 antigen production in culture supernatant were harvested 
each day. P24 production in all samples was determined at the same time using an in-house 
p24 antigen capture ELISA. P24 production per ml supernatant was determined and corrected 
for the differences in volume of culture supernatant. 

statistical analysis

Statistical analyses were performed using the Mann-Whitney U test and Pearson correlations 
were determined using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Statistical sig-
nificance of differences in replication rate between viruses isolated early or late in infection 
or between neutralization sensitive and resistant viruses was calculated at each time point of 
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the virus replication assay and considered significant when the P value was lower than 0.05 at 
multiple time points. Only the P value from the comparison of the last time point is given. 
Overall a result was considered statistically significant when a P value was lower than 0.05. 

Results

Replication kinetics

We previously showed differential sensitivity of primary HIV-1 variants (n=55) obtained at 
different time points in the course of infection from 4 recipients of homosexual transmission 
and 2 recipients of parenteral transmission to neutralization by the 4 broadly neutralizing 
antibodies IgG1b12, 2G12, 2F5, and 4E1026. The differential neutralization sensitivity was 
even observed between coexisting clonal virus variants for a single antibody. Given the high 
level of genetic homology between these coexisting HIV-1 variants, they provide a unique 
tool to study the relationship between viral replicative capacity and neutralization sensitivity. 
Replication kinetics were determined during a period of 18 days after inoculation of PHA-
stimulated PBMC with equal viral inocula (100 TCID50 per culture). Replication rates varied 
between viruses obtained from a single individual, and even between viruses obtained from 
the same time point. As we reported previously34, viruses isolated early in infection after ho-
mosexual transmission tended to have slower replication kinetics compared to viruses isolated 
later in infection, which was significant in patient ACH658 at multiple time points in the viral 
replication assay (P = 0.04; Fig. 1A). HIV-1 variants isolated at sequential time points after 
parenteral transmission showed similar replication kinetics (data not shown). However, the 
time between the moments of virus isolation in these parenteral recipients may be too short to 
observe differences in replication rates (<8 months of follow-up for parenteral compared to >4 
years for homosexual transmission cases). 

ACH9012 was infected with both R5 and X4 viruses. P24 production of R5 and X4 viruses 
are shown in Figure 1B. R5 viruses showed lower replication kinetics than coexisting X4 viruses 
relatively early in infection (P = 0.03). This difference was less pronounced for viruses that were 
isolated 8 months later (P = 0.05). 

The lower replication rate of viruses isolated early in infection as compared to viruses isolated 
late in infection seems to contrast the current hypothesis that neutralization sensitive virus 
variants with high replication kinetics would be responsible for the primary infection24. In 
our study, the earliest viruses available after homosexual transmission were isolated 3 weeks 
after seroconversion which makes it unlikely that these viruses were slowly replicating due 
to adaptation to host immune responses since autologous neutralizing antibodies are absent 
this early in infection13,18. To further address this issue, we determined the dynamics of viral 
replication early in infection using virus clones isolated at several time points within the first 
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2 months after seroconversion upon homosexual transmission from an individual with acute 
infection. Replication rates of these viruses were low and did not change within the first 2 
months after seroconversion (data not shown). In summary, viruses isolated early in infec-
tion from recipients of homosexual transmission tended to have slow replication rates which 
increased during long term infection.

Viral replication kinetics in relation to sensitivity to broadly neutralizing 
antibody neutralization

As stated above, we previously determined the neutralization sensitivity of the viruses in our 
study for the broadly neutralizing antibodies b12, 2G12, 2F5, and 4E1026. We next determined 
whether HIV-1 replication kinetics and neutralization sensitivity for the broadly neutralizing 
antibodies are indeed correlated. Replication kinetics of neutralization sensitive and resistant 
viruses obtained from recipients of homosexual transmission are shown in Figure 2. Viruses 
were considered neutralization sensitive when the IC50 value for the broadly neutralizing an-
tibody was lower than 12.5 μg/ml. Replicative capacity was not different between viruses that 
were resistant or sensitive to neutralization by 4E10. Viruses resistant to b12 neutralization 
tended to have higher replication kinetics than viruses that were sensitive to b12 neutralization 
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Figure 1: Replicative capacity of viruses isolated at sequential time points after homosexual transmission (A) 
and parenteral transmission (B). P24 production of early variants (circles) and late variants (triangles) is plotted 
against the day of culture. Open symbols represent R5 variants, closed symbols represent X4 variants. For 
determination of replicative capacity, 2 x 106 PHA-stimulated PBMC were inoculated with 100 TCID50 of a 
given HIV-1 variant in a total volume of 1 ml for 2 h at 37 oC in a shaking water bath. P24 antigen production in 
culture supernatant that was harvested each day was determined in one in-house p24 antigen capture ELISA.
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(P = 0.08). In contrast, viruses that were sensitive to 2G12 and 2F5 neutralization replicated 
faster than resistant viruses (P = 0.01 and P = 0.04, respectively). Replication kinetics of neu-
tralization resistant and sensitive viruses obtained from recipients of parenteral transmission 
were not different (data not shown). 

We subsequently studied whether the level of virus replication was correlated with the level 
of viral neutralization sensitivity for individual virus variants from each patient. We calculated 
Pearson correlations between IC50 values of IgG1b12, 2G12, 2F5, and 4E10 for a given virus 
variant and the gag p24 production in culture medium on the average day of maximum virus 
production (day 15) of the replication assay performed with that same virus variant. Pearson 
correlations are indicated in Table 1. When only 2 virus variants were studied, results were 
excluded from the analysis. HIV-1 variants from 3 of 6 patients showed a negative correlation 
between replication rate and neutralization sensitivity for one of the antibodies (ACH658, 
ACH1161, and ACH9012 for antibodies 2G12, 4E10, and 4E10, respectively). However, 3 
of 6 patients showed a positive correlation between replication and neutralization for one of 
the antibodies (patients ACH658, ACH1140, and p127 for antibodies b12, 2F5, and 2G12, 
respectively). 
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Figure 2: Replication kinetics of viruses that were sensitive (circles) or resistant (triangles) to neutralization by 
b12, 2G12, 2F5, and 4E10. Mean p24 production of average values per patient values and standard deviations 
are indicated.
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In conclusion, reduced replicative capacity was not a general feature of neutralization resis-
tant virus variants. However, negative correlations were observed for some viruses from some 
patients.

dIsCussIon

It is generally accepted that a vaccine against HIV-1 should elicit broadly neutralizing antibod-
ies to provide sterilizing immunity. To date, only 4 such antibodies (b12, 2G12, 2F5, and 
4E10) have been identified although additional mAbs of somewhat more limited neutraliza-
tion breadth have also been described3-12. Considering the breadth and reactivity of mAbs b12, 
2G12, 2F5, and 4E10, their epitopes are expected to be conserved between HIV-1 variants6. 
The conserved nature of these epitopes suggests that mutations in HIV-1 that allow escape 
from these antibodies may come at a severe cost to viral fitness. In the present study, we deter-
mined for the first time the replication kinetics of viruses from which we previously established 
the sensitivity to the broadly neutralizing antibodies b12, 2G12, 2F5, and 4E1026. Viruses 
were isolated at sequential time points in the course of infection from 6 patients. We observed 
that replication rates were different between viruses from different patients as well as between 
viruses from the same patient, even between viruses that were isolated from the same blood 
sample. Overall, virus variants isolated early in infection tended to have slower replication 
kinetics than viruses isolated later in infection, in agreement with previous observations by us 
and others34-38. Apparently, the virus phenotype best adapted to be transmitted or to replicate 
and persist in the early asymptomatic phase of infection coincides with a reduced replicative 
capacity in vitro. Probably, during infection, viruses with the highest replication kinetics are 
selected which may relate to target cell availability and (co)receptor expression levels on these 
target cells. 

Overall, we did not observe a correlation between viral replication kinetics and neutraliza-
tion sensitivity for the broadly neutralizing antibodies. In other words, resistance to broadly 
neutralizing antibodies did not generally coincide with a reduction in replicative capacity. 
However, resistance to 2G12 or 4E10 neutralization of HIV-1 variants from 3 patients was 

Table 1: Correlation between replicative capacity and neutralization sensitivity (Pearson correlations are indicated)

Individual   IC50 b12 IC50 2G12 IC50 2F5 IC50 4E10
ACH1140 n=5 0.472 0.396 0.911¶ 0.039
ACH658 n=7 0.884* -0.872§ -0.480 0.734
ACH1161 n=8 0.043 -0.263 n.a. -0.730$

F n=17 -0.026 n.a. -0.448 -0.108
p127 n=11 -0.323 0.820# 0.163 n.a.
ACH9012 n=6-7 -0.084 -0.693 -0.586 -0.833$

* P = 0.008; § P = 0.01; ¶ P = 0.03; $ P = 0.04; # P = 0.001.
N.a., not applicable, IC50 value is constant.
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associated with reduced replicative capacity, whereas resistance to neutralization by b12, 2G12, 
or 2F5 was associated with increased replicative capacity for viruses from 3 patients. 

In our previous study we noticed that resistance to broadly neutralizing antibodies was not 
necessarily associated with mutations in the respective epitopes26 suggesting a role for muta-
tions outside the targeted epitopes that influence for instance the conformation of the epitope. 
We therefore next compared the replication kinetics of neutralization sensitive and resistant 
viruses that had or did not have substitutions of residues involved in the epitopes of the broadly 
neutralizing antibodies under study39-42. Mutations in the epitopes for 2F5 and 4E10 did not 
affect viral replication in vitro. Viruses that lacked at least one of the 5 potential N-linked 
glycosylation sites (PNGS) involved in 2G12 binding had higher replication kinetics than 
viruses with all 5 PNGS present (P < 0.01, Mann-Whitney U test, data not shown). Although 
the absence of 1 or more of the 5 PNGS involved in 2G12 binding does not reflect a lower 
overall number of PNGS in the viral envelope, it suggests that fewer PNGS at the specific posi-
tions that contribute to the 2G12 epitope may favour higher replication rates, for instance by 
facilitating binding of the virus to the cellular entry complex. However, a correlation between 
replicative capacity and number of PNGS in V1-V5 was not observed (data not shown). 

The fact that from all patients at least some virus variants could be neutralized by the broadly 
neutralizing antibodies supports the idea that these antibodies are directed against conserved 
epitopes in the envelope glycoprotein. Alternatively, these epitopes may be only conserved 
due to the absence of b12, 2G12, 2F5, and 4E10 like antibodies in most HIV-1-infected 
individuals, and thus the lack of selection pressure on these epitopes. Some virus variants 
studied here were, however, resistant to neutralization by the broadly neutralizing antibod-
ies, which may imply that neutralizing antibodies directed against these epitopes are present 
in these individuals and that selection against these conserved epitopes does exist in vivo. 
Viral replication rate and sensitivity to broadly neutralizing antibodies may not be associated 
for the majority of HIV-1 variants. Alternatively, a reduction in viral fitness associated with 
escape mutations in this region might be too small to be detected in the replication assay 
as we performed here. In agreement, subtle differences in viral fitness associated with escape 
from cytotoxic T lymphocytes (CTL) were also not detected when replication kinetics were 
compared and only observed in direct competition experiments between wild type and mutant 
viruses43. On the other hand, fitness differences that are relevant in vivo may be absent in vitro 
due to for instance different target cell availability. Finally, as suggested for CTL escape variants 
from HIV-1, neutralization resistant viruses may develop compensatory mutations by which 
replicative capacity is ultimately restored. The reduced replicative capacity of virus variants that 
were resistant to some antibodies in 3 patients might be due to the absence of compensatory 
mutations. 

In this study, we have focussed on the association between replicative capacity and the 
neutralization resistance of primary HIV-1 variants to 4 broadly neutralizing antibodies. One 
could argue that it would have been more relevant had we tested the sensitivity to neutraliza-
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tion by broadly reactive polyclonal sera as resistance to a mix of neutralizing antibodies directed 
against different epitopes may indeed have more impact on viral fitness. Some of the viruses 
in our study, however, were resistant to all 4 broadly neutralizing antibodies tested, yet had 
replication kinetics similar to their coexisting neutralization sensitive HIV-1 variants (data 
not shown). These data imply that a vaccine eliciting broadly neutralizing antibodies of this 
kind may, when not providing complete sterilizing immunity, select for HIV-1 escape variants 
that will maintain optimal replication capacity, thus not slowing down the pandemic. This 
observation supports the need for additional neutralizing antibody specificities to be elicited 
by a successful vaccine. 
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151abstract

The conserved nature of the epitopes of the four broadly neutralizing antibodies (BNAbs), b12, 
2G12, 2F5, and 4E10, may imply that the sensitivity of HIV-1 for these BNAbs remains fairly 
constant over the course of infection. Here, we demonstrate that viruses isolated early during 
the course of infection were mostly sensitive to HIVIg and antibody neutralization, although 
variation was observed in neutralization sensitivity of coexisting viruses to the different anti-
bodies as well as between viruses from different patients. HIV-1 resistance to HIVIg developed 
relatively early during follow-up in three out of five patients, while early, b12 sensitive viruses 
in three out of five patients were replaced by b12 resistant variants relatively late in infection. In 
contrast, viruses generally remained sensitive to 2F5 and 4E10 neutralization over the course 
of infection, although 2F5 and/or 4E10 resistant variants did emerge later in infection in 
four out of five patients. In most patients, HIV-1 resistance to 2F5 or 4E10 did not correlate 
with mutations at critical amino acid positions in their defined epitopes. Viruses resistant 
to 2G12-mediated neutralization were present throughout the course of infection. As viral 
resistance against BNAb-mediated neutralization generally developed when autologous serum 
neutralizing activity had faded, it seems unlikely that these changes are driven by escape from 
autologous humoral immunity.
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IntRoduCtIon

The humoral immune response which develops in the natural course of human immunodefi-
ciency virus type 1 (HIV-1) infection generally has limited cross-reactivity, although a subset 
of individuals may develop broadly neutralizing activity in serum later in infection1-5. It is 
still unclear if broadly neutralizing activity in serum is the resultant of a single highly effec-
tive antibody, or of different antibody specificities which in combination give a cross-reactive 
neutralizing phenotype. Although a recent study points towards the latter possibility6, a small 
number of broadly neutralizing antibodies (BNAbs) have been isolated from HIV-infected 
individuals, of which the four best characterized are b12, 2G12, 2F5, and 4E107-10.

Antibody b12 recognizes a conformational epitope which partially overlaps the CD4 binding 
site in gp12011, whereas 2G12 is directed against a cluster of carbohydrate residues on the sur-
face of gp120 close to the coreceptor binding domain12,13. 2F5 and 4E10 bind to adjacent linear 
epitopes located within the membrane-proximal external region (MPER) of gp4114-16. The fact 
that these epitopes are conserved on the viral envelope may explain the broadly neutralizing 
phenotype of the antibodies by which they are targeted. However, even for these BNAbs some 
subtype-specific neutralization patterns have been observed17. Indeed, the neutralizing potency 
of BNAbs b12 and 2G12 is higher against subtype B HIV-1 than to HIV-1 variants from other 
subtypes17, which may relate to the fact that these antibodies were isolated from subtype B 
HIV-1-infected individuals. The MPER is more conserved between different subtypes, explain-
ing the relatively large neutralization breadth of the anti-gp41 Abs, albeit that the potency of 
the 4E10 antibody is lower than that of the other BNAbs17. Although the MPER is relatively 
conserved, the 2F5 epitope is absent in a large proportion of subtype C viruses, which explains 
the limited neutralizing activity of the 2F5 antibody against HIV-1 variants of this subtype17,18. 

We and others have previously analyzed primary HIV-1 from acute, early and chronic stages 
of infection for their sensitivities to BNAb neutralization, and could correlate neutralization 
resistance to a certain BNAb with mutations in the corresponding epitope17-22. Interestingly, 
neutralization resistance was also observed in the absence of mutations in the epitope17,22, indi-
cating that mutations outside the epitope may influence the structural context of the envelope 
and thereby the exposure of the epitopes for these BNAbs. Since b12, 2G12, 2F5, and 4E10 
target conserved regions of the viral envelope, and considering the fact that these antibody 
specificities are rare, which will limit the selection pressure on these regions, one might expect 
that the epitopes of these BNAbs are well preserved, and that the sensitivities of virus variants 
throughout the clinical course of infection for these BNAbs will remain relatively constant. To 
study the extent of change in BNAb susceptibility of HIV-1 within an individual over the course 
of infection, we performed a longitudinal analysis of the sensitivities to BNAbs b12, 2G12, 2F5, 
and 4E10 of primary HIV-1 variants that were isolated from five typical progressors during the 
course of HIV-1 infection. In addition, we analyzed the envelope sequences for variation in the 
antibody epitopes that correlated with sensitivity of the viruses for the respective antibodies.
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MAteRIAls And MetHods

Patients and viruses 

The patients in our present study were homosexual male participants of the Amsterdam Cohort 
Studies on HIV/AIDS (ACS) who seroconverted during active follow-up and who progressed 
to AIDS in the presence of CCR5-using (R5) HIV-1 variants only, as shown by absent virus 
replication in 3-monthly performed cocultures of patient PBMC and the MT2 cell line. For 
all virus variants studied here, CCR5 usage was predicted by the V3 loop sequence, and con-
firmed by the inability of these viruses to replicate in the MT2 cell line. For better readability, 
patient identifiers were recoded as H1 (ACH19999), H2 (ACH19542), H3 (ACH18969), H4 
(ACH19768), and H5 (ACH19659), which correspond to the identifiers used in a previous 
study23. Clonal HIV-1 variants were obtained as previously described24,25. For further study, we 
selected a maximum of five virus variants per patient per time point, among which were both 
rapidly and slowly replicating viruses. The viral replicative capacity was defined as the first day 
of detectable p24 production in the micro-culture after the start of the clonal virus isolation 
procedure. To prevent a change in neutralization sensitivity of the virus variants during in vitro 
culture, the number of peripheral blood mononuclear cell (PBMC) passages of viruses was kept 
to a minimum26. 

neutralization assays 

Primary HIV-1 were tested for their neutralization sensitivity against HIVIg (AIDS reagent 
program #3957) using a TZM-bl-based assay, and against broadly neutralizing monoclonal 
antibodies b12 (kindly provided by D. Burton), 2G12, 2F5, and 4E10 (Polymun Scientific, 
Vienna, Austria) using a PBMC-based assay. Both assays were performed in triplicate, using 
the same clonal HIV-1 variants.

(i) TZM-bl-based assay 

To inhibit replication of the virus variants in TZM-bl cells, a final concentration of 1 μM 
indinavir (AIDS reagent program #8145) was added to Iscove’s modified Dulbecco medium 
(Whitaker) supplemented with 10% fetal bovine serum (Hyclone), penicillin (Gibco Brl) (100 
U/ml), streptomycin (Gibco Brl) (100 μg/ml), and DEAE dextran (37.5 μg/ml). From each 
virus isolate, a final inoculum of 20 TCID50 , as determined on TZM-bl cells, in a volume 
of 100 μl was incubated for 1 hour at 37 ºC with twofold serial dilutions of HIVIg (range, 
15.6 – 500 μg/ml). Subsequently, the mixtures of virus with antibody were added to 104 
TZM-bl cells in 100 μl medium. After 48 hours, the TZM-bl cells were washed once in 150 
μl phosphate-buffered saline. Next, 25 μl freshly prepared luciferase substrate (0.83 mM ATP, 
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0.83 mM d-luciferin [Duchefa Biochemie B.V., Haarlem, The Netherlands], 18.7 mM MgCl2, 
0.78 μM Na2H2P2O7, 38.9 mM Tris [pH 7.8], 0.39% [vol/vol] glycerol, 0.03% [vol/vol] Triton 
X-100, and 2.6 μM dithiothreitol) was added and luminescence was measured for 1 s per 
well. For calculations, the background luciferase expression was subtracted from the relative 
light units (RLU) of the test wells. The percent neutralization was calculated by determining 
the reduction in luciferase expression in the presence of neutralizing agent compared to the 
cultures with virus only.

(ii) PBMC-based assay 

Prior to the experiment, cryopreserved pooled PBMCs isolated from buffy coats obtained from 
12 healthy seronegative blood donors by Ficoll-Isopaque density gradient centrifugation were 
thawn. The cells (5 x 106/ml) were stimulated for 3 days in IMDM supplemented with 10% 
FBS, penicillin (100 U/ml), streptomycin (100 μg/ml), ciproxin (5 μg/ml), and phytohemag-
glutinin (PHA; Welcome) (5 μg/ml). From each virus isolate, a final inoculum of 20 TCID50 , 
as determined on the same pool of PBMC, in a volume of 100 μl was incubated for 1 hour at 
37 ºC with threefold serial dilutions of monoclonal antibody (range, 0.034 – 25 μg/ml). Subse-
quently, the mixtures of virus with antibody were added to 105 PHA-stimulated PBMCs in 50 
μl medium, in the absence of PHA and supplemented with recombinant interleukin-2 (20 U/
ml, Chiron Benelux, Amsterdam, The Netherlands) and polybrene (5 μg/ml; hexadimethrine 
bromide, Sigma, Zwijndrecht, The Netherlands). Virus production in culture supernatants 
on day 7 was analyzed by an in-house p24 antigen capture enzyme-linked immunosorbent 
assay (ELISA)27. The percent neutralization was calculated by determining the reduction in 
p24 production in the presence of neutralizing agent compared to the cultures with virus only.

sequence analysis

Env was amplified from DNA that was isolated from healthy donor PBMC that were infected in 
vitro with clonal HIV-1 variants. Env PCR products were subsequently sequenced as described 
previously22,28,29. Nucleotide sequences of all virus clones per individual were aligned using 
ClustalW in the software package of BioEdit30, and edited manually. The reference sequence 
HXB2 was included in the alignment to number each aligned residue according to the cor-
responding position in this reference sequence. Potential N-linked glycosylation sites were 
identified using N-Glycosite31 at the HIV database website (http://www.hiv.lanl.gov/content/
sequence/GLYCOSITE/glycosite.html).
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statistical analysis 

For calculations and statistical analyses, viruses with IC50s of >25 μg/ml (for monoclonal anti-
bodies), or >500 μg/ml (for HIVIg) were assigned a value of 25 or 500, respectively. Statistical 
analyses were performed in SPSS 16 software package. Longitudinal changes in neutralization 
sensitivity were assessed using a Kruskal-Wallis test. Differences in susceptibility between virus 
variants isolated from two different time points were evaluated using the Mann-Whitney U test. 

nucleotide sequence accession numbers 

All sequences of virus variants included in this study are available from GenBank (accession 
numbers EU743973 to EU744175).

Results

Patients and viruses

We investigated the in vitro sensitivity for HIVIg, a pooled IgG from HIV+ individuals, and 
4 broadly neutralizing antibodies (BNAbs), of subtype B HIV-1 variants that were isolated 
at multiple time points over the course of infection from five participants of the ACS. From 
these individuals, who progressed to AIDS in 7 – 11 years and who did not develop X4 HIV-1 
variants, we have previously isolated clonal HIV-1 variants from PBMCs that were obtained 
at six time points covering the disease course from SC up to 2 to 3 years after clinical AIDS 
diagnosis23. A minimum of two and a maximum of five clonal variants per time point were 
analyzed for their neutralization sensitivity. For patient H5, attempts to isolate clonal HIV-
1 variants from PBMCs obtained at SC and at time points after AIDS diagnosis were not 
successful. In a previous study, we determined that individuals H1, H2, and H3 developed 
high-titer autologous neutralizing activity, which decreased in potency during chronic infec-
tion, whereas autologous neutralizing activity was not detected in serum from patients H4 
and H523. Neutralization sensitivity for the broadly neutralizing monoclonal antibodies was 
assessed in a PBMC-based assay, using p24 production as a read-out for virus replication. 
As HIVIg contains anti-p24 antibodies which interfere with the detection of p24, we used a 
TZM-bl-based assay for measuring sensitivity to neutralization by HIVIg.

sensitivity of longitudinally isolated primary HIV-1 to HIVIg neutralization 

The majority of viruses from all timepoints and from all patients were resistant to neutraliza-
tion by HIVIg, even at the highest concentration tested (500 μg/ml; Fig. 1). Virus variants 
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from the earliest time points from patients H2, H3, and H5 were more sensitive to HIVIg 
neutralization than viruses from the later time points (P = 0.047, P = 0.010, and P = 0.018, 
respectively), indicating that the virus populations in these patients became more resistant to 
antibody neutralization during the course of infection. In patients H2 and H3, changes in 
sensitivity for HIVIg coincided with the presence of autologous neutralizing activity in serum. 
The increasing resistance against HIVIg-mediated neutralization of viruses from patient H5 
also occurred during the asymptomatic period, but in the absence of detectable autologous 
neutralizing activity. Early virus variants of patients H1 and H4 were already relatively resistant 
to HIVIg neutralization and no significant alterations in sensitivity to HIVIg neutralization 
were observed over time in these individuals.

sensitivity of longitudinally isolated primary HIV-1 to b12 neutralization

Clonal HIV-1 variants that were isolated shortly after SC from patients H3, H4, and H5 
were highly sensitive to neutralization by b12 (IC50 values of individual viruses varied between 
0.33 and 2.91 μg/ml; Fig. 1). In these three patients, the median IC50 per time point for b12 
increased during the course of infection (P = 0.021, P = 0.026, and P = 0.001, respectively). 
Moreover, at least 50% of the virus variants that were isolated at the latest time point from 
PBMC from each of these three individual were resistant to b12 neutralization, even at the 
highest concentration tested (25 μg/ml). In patient H2, a large variation in the sensitivity 
for b12 neutralization was observed among the earliest virus variants, ranging from 50% 
neutralization at 2.18 μg/ml to resistance against neutralization at 25 μg/ml b12. In contrast, 
viruses isolated at the midpoint of the asymptomatic phase of infection were with no exception 
highly sensitive to b12 neutralization. Resistance to b12-mediated neutralization increased 
again late in infection, as the late virus variants had significantly higher IC50s compared to the 
b12 sensitive virus variants isolated during asymptomatic infection (P = 0.009). Interestingly, 
in these four patients, the major changes in sensitivity for b12 neutralization occurred late in 
infection, when autologous neutralizing activity was no longer present. In patient H1, changes 
in sensitivity to b12 neutralization of clonal HIV-1 variants isolated during the course of 
infection were not observed. At all time points, most viruses isolated from patient H1 were 
moderately sensitive to b12 neutralization, although coexisting HIV-1 variants that resisted 
b12-mediated neutralization were also present. 

sensitivity of longitudinally isolated primary HIV-1 to 2g12 neutralization

With the exception of the earliest viruses from patient H4 and a minority of viruses isolated 
from patients H2 and H3, all virus variants analyzed here were resistant to neutralization by 
2G12 (Fig. 1). Resistance to 2G12 neutralization correlated well with an envelope sequence that 
predicted the absence of one or more N-linked glycans that together form the 2G12 epitope12,13 
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(Table 1). HIV-1 variants from patients H1 and H5 lacked an N at position 339 (N339X) at 
all time points that were analyzed in the course of infection. In patient H4, resistance to 2G12 
neutralization of virus variants isolated at later time points in the course of infection coincided 
with the loss of either N386 or N392, whereas the absence of N295, N332, and/or N339 was 
observed in 2G12 resistant HIV-1 variants from patient H3. 2G12 neutralization sensitive and 
resistant viruses coexisted in patient H2 throughout the course of infection. 2G12 resistant 
variants in this patient missed one or more PNGS at positions 295, 339, 386, and/or 339.

sensitivity of longitudinally isolated primary HIV-1 to 2f5 neutralization

The earliest virus variants isolated from patients H2, H3, H4, and H5 were all highly sensi-
tive to 2F5 neutralization (Fig.1). Over the course of infection, the majority of virus variants 
remained sensitive to 2F5 neutralization (Fig. 1), although at one or more time points dur-
ing infection, each of these four patients harboured a minority of viruses that resisted 2F5 
neutralization even at 25 μg/ml. In viruses from patients H2, H4, and H5, sensitivity to 2F5 
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Figure 1: Sensitivity for neutralization by HIVIg, b12, 2G12, 2F5, and 4E10 of longitudinally obtained virus 
variants from five typical progressors. IC50s of individual virus clones as determined by linear regression are 
shown. The horizontal lines represent the median IC50s. Shaded areas indicate the time points where autologous 
neutralizing activity was detected23. The fifth time point in patients H1 to H4 is close to the moment of clinical 
AIDS diagnosis; for patient H5 the fourth time point is closest to AIDS diagnosis. Longitudinal changes in 
neutralization sensitivity were assessed using a Kruskal-Wallis test.
a Mann-Whitney U test.
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neutralization correlated well with the absence of mutations in the 2F5 epitope (data not 
shown). 2F5 neutralization sensitive viruses from patient H3 did contain a number of muta-
tions in the core 2F5 epitope, but these did not involve the central DKW sequence16 (Table 
2). In agreement with previous observations, mutations in the 2F5 epitope were also absent in 
a small number of viruses that completely resisted 2F5 neutralization17,22, which may indicate 
that the 2F5 epitope is not equally exposed on all viruses. 

Virus variants isolated early in infection from patient H1 contained a glutamine residue at 
position 665 in the 2F5 epitope (DQW instead of DKW), which rendered these viruses resis-
tant to neutralization by 2F5 (Table 2). During asymptomatic infection, this mutation reverted 
to a lysine which coincided with an increased sensitivity for 2F5 (Table 2). The earliest virus 

Table 1: Average 2G12 IC50 for HIV-1 variants with similar 2G12 epitope per time point and presence or absence 
of PNGS of the 2G12 epitope for corresponding viruses

Mo Avg Mo Avg
since 2G12 epitopea IC50 since 2G12 epitopea IC50

Patient SC n 295 332 339 386 392 (μg/ml) Patient SC n 295 332 339 386 392 (μg/ml)
H1 4 5/5 + - - + + >25 H3 2 5/5 - + + + + >25

26 3/5 - + - + + >25 22 4/5 - - + + + >25
1/5 - + - - + >25 1/5 + - + + + >25
1/5 - - - + + >25 47 5/5 + - + + + >25

42 3/5 - + - + - >25 68 2/5 + - + + + >25
2/5 - + - + + >25 2/5 + - - + + >25

74 5/5 - + - + - >25 1/5 - - + + + >25
108 3/5 - + - - - >25 91 4/5 + - - + + >25

2/5 - + - + - >25 1/5 - - + + + >25
132 2/4 - + - + - >25 112 2/2 + - - + + >25

2/4 - + - - - >25
H4 2 5/5 + + + + +        0.4

H2 2 4/4 + + - + + >25 36 3/5 + + + - + >25
20 4/5 + + + + +        2.1 2/5 + + + + - >25

1/5 + + + - + >25 67 4/5 + + + - + >25
43 3/5 + + + - + >25 93 3/5 + + + + - >25

2/5 + + + + +     18.4 2/5 + + + - + >25
63 2/5 + + + + - >25 127 4/5 + + + + - >25

1/5 + + + + +
>25

1/5 + + + + +
        
6.93

1/5 + + + - + >25 147 5/5 + + + + - >25
1/5 + + - + - >25

86 2/5 + + + + +        3.1 H5 30 5/5 + + - + +       15.9
2/5 + + + - + >25 62 4/5 + + - + + >25
1/5 - + + + +      23.9 1/5 + + - - + >25

116 2/5 + + + + +      15.8 96 5/5 + + - + +      23.0
2/5 + + - - - >25 128 5/5 + + - + + >25
1/5 + + + - + >25

Mo, months; SC, seroconversion; Avg, average; n, number of viruses/total number of viruses tested.
a +, PNGS present; -, PNGS absent.
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population in patient H1 already contained a glutamine residue at position 665, indicating 
that the K665Q substitution was most likely present in the transmitted virus variant. Unfor-
tunately, since the donor of patient H1 is unknown to us, we were not able to study whether 
this mutation may have been introduced under the selective pressure of 2F5-like antibodies in 
the previous host. However, we determined that sera from patient H1 from several time points 
during infection did not contain neutralizing activity against an HIV-2 variant engrafted with 
the 2F5 epitope from HIV-1 (a kind gift from G. Shaw; data not shown). These results indicate 
that patient H1 did not develop 2F5-like antibodies at any time during infection, suggesting 
that the absence of 2F5-like antibodies may have allowed the reversion of the K665Q mutation. 

sensitivity of longitudinally isolated primary HIV-1 to 4e10 neutralization

Virus variants from patients H2, H3, and H4 were moderately sensitive to 4E10 neutralization, 
while virus variants with higher levels of resistance were present at all time points in patients 
H1 and H5 (Fig. 1). Increasing numbers of viruses resistant to 4E10 even at 25 μg/ml were 
observed during the asymptomatic and symptomatic phase of infection in patients H2 and H4, 
which in patient H2 coincided with the presence of autologous neutralizing activity in serum.

Table 2: Average 2F5 IC50 per time point and 2F5 epitope sequence variant of primary HIV-1 isolated at 
sequential time points from patients H1 and H3

Mo 2F5 epitope Avg 
since HXB2 aa 662-668 IC50

Patient SC n ELDKWASa (μg/ml)
H1 4 5/5 ...Q... >25

26 5/5 ...Q..N 24.3
42 3/5 ...Q... >25

2/5 ......N 2.3
74 5/5 ....... 6.2

108 5/5 ....... 4.8
132 4/4 ....... 5.9

H3 2 5/5 ......N 2.5
22 5/5 ......N 6.0
44 3/5 .....SN 1.7

2/5 .....TN 8.2
68 3/5 .....SN 8.0

1/5 .W...SN 1.6
1/5 A....SN 1.3

91 3/5 A....SN 2.6
2/5 .....SN 12.7

119 1/2 .....SN 4.2
1/2 A....SN 4.7

Mo, months; SC, seroconversion; aa, amino acid; Avg, average; n, number of viruses/total number of viruses tested.
a Essential amino acid residues in the core 2F5 epitope are indicated in bold16.
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In all patients, HIV-1 variants with substitutions in the 4E10 epitope were observed through-
out infection (Table 3), although none of the mutations was located at positions critical for 
4E10 recognition32. However, the substitutions at position 677 in the viruses from patient H5 
might play a role in their relative resistance to 4E10 neutralization. 

Table 3: 4E10 epitope sequence of primary HIV-1 variants and average 4E10 IC50 for HIV-1 variants with similar 
4E10 epitope sequence per time point from typical progressors H1, H2, H3, H4, and H5

Mo Epitope 4E10 Avg Mo Epitope 4E10 Avg
since HXB2 aa 671-680 IC50 since HXB2 aa 671-680 IC50

Patient SC n NWFDITNWLWa (μg/ml) Patient SC n NWFDITNWLWa (μg/ml)
H1 4 5/5 ...S......   22.6 H3 2 5/5 .....S....   15.9

26 5/5 ..........   23.1 22 4/5 .....S....   16.3
42 3/5 ......K...   21.0 1/5 .-...S....   13.2

2/5 ..........   19.9 44 2/5 ...N.S....   15.9
74 3/5 ......K...   21.7 2/5 T....S....   13.2

2/5 .....SK...   22.4 1/5 T.........   15.2
108 5/5 .....SK...   23.0 68 3/5 T.........   13.1
132 4/4 .....SK...   23.3 2/5 ...N.S....   18.5

91 4/5 T.........   13.2
H2 2 4/4 S.........   14.7 1/5 T....S....   15.3

20 2/5 ......S...   17.6 119 2/2 T.........   16.1
2/5 ......K...   20.8
1/5 ..........   18.3 H4 2 5/5 .....S....   15.1

43 2/5 .....SS... >25 36 4/5 .....SK...   13.6
1/5 ......S...   21.4 1/5 ...N.S....   15.0
1/5 ......S...   22.3 67 4/5 .....S....   15.4
1/5 ........P. >25 1/5 .....SK...   15.4

63 2/5 ..........   19.2 93 3/5 .....SK...     8.6
2/5 .....SK...   24.6 2/5 .....S....   17.5
1/5 .....SR...   17.7 127 4/5 .....SK...   13.7

86 2/5 ..........   21.9 1/5 .....S....   12.2
2/5 .....SK...   19.5 147 5/5 .....SK...   17.0
1/5 .....SS...   16.3

117 2/5 .......... n.d. H5 30 3/5 ......H... >25
1/5 ...N.SS... >25 2/5 ......S...   23.4
1/5 .....SS... >25 62 2/5 ......H... >25
1/5 ...S.SS...   22.0 2/5 ......S... >25

1/5 ......R...   23.6
96 4/5 ......H... >25

1/5 ......S...   24.2
128 5/5 ......H...   23.5

Mo, months; SC, seroconversion; aa, amino acid; Avg, average; n, number of viruses/total number of viruses 
tested; n.d., not determined.
a Amino acid residues essential for 4E10 recognition are indicated in bold, other contact residues are 
underlined15,16
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Resistance against BnAbs of longitudinally isolated primary HIV-1 

To better understand the extent of resistance against BNAbs over the course of infection, we 
used the neutralization data as presented in Figure 1 to determine the percentage of neutraliza-
tion resistant virus variants per time point for HIVIg (IC50 >500 μg/ml) and each of the four 
BNAbs (IC50 >25 μg/ml), as well as the percentage of virus variants per time point that resisted 
neutralization by one or more BNAbs (Fig. 2). Overall, most virus variants analyzed in this 
study were resistant against one or more BNAbs, which in most cases included 2G12. As 
can be expected from the distinct localization of the antibody epitopes on the viral envelope, 
resistance to one BNAb was not predictive for sensitivity to another BNAb (data not shown). 

Mo % of HIV-1 variants % of HIV-1 variants
since resistant to resistant to n  BNAbs

Patient SC HIVIg b12 2F5 2G12 4E10 0 1 2 3 4
H1 4 60 40 100 100 40 40 40 20

26 100 20 60 100 60 20 20 60
42 100 60 60 100 20 20 40 20 20
74 100 20 100 20 80 20
108 100 60 100 60 20 40 40
132 75 25 100 25 50 50

H2 2 25 25 100 75 25
20 60 20 80 20
43 80 60 60 20 40 40
63 100 100 20 80 20
86 100 20 40 20 60 40
116 80 20 20 80 66.7 60 20 20

H3 2 0 100 100
22 40 20 100 80 20
47 80 100 100
68 60 20 100 80 20
91 100 20 20 100 60 40
112 100 50 100 50 50

H4 2 80 100
36 40 20 100 80 20
67 40 40 100 60 40
93 100 20 40 100 60 20 20
127 60 40 80 20 20 40 20 20
147 100 60 40 100 50 40 60

H5 30 40 50 66.7 25 50 25
62 80 20 100 80 20 60 20
96 100 60 80 80 40 60
128 100 100 20 100 80 20 60 20

Figure 2: Resistance to HIVIg, b12, 2G12, 2F5, and 4E10 of longitudinally obtained primary HIV-1. On 
the left, the percentage of virus variants per time point that resisted neutralization by HIVIg (at 500 μg/ml) 
and the four BNAbs (at 25 μg/ml) is shown. The right part shows the percentage of virus variants that resisted 
neutralization by a certain number of BNAbs at 25 μg/ml. The percentage of resistant viruses per time point is 
color coded using increasingly darker shades of grey. At grey-shaded time points, autologous neutralizing activity 
was previously detected23. Mo, months.
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Only at the earliest time point in patient H4, all virus variants tested sensitive to neutral-
ization by all four BNAbs, although even most of these viruses were resistant to HIVIg. In 
patients H4 and H5, who both lack autologous neutralizing activity in serum23, the majority 
of the earliest virus variants were sensitive to three or four BNAbs. However, resistance for 
these BNAbs developed over the course of infection, accumulating at the latest time point 
in a majority of virus variants that resisted neutralization by at least 3 of the BNAbs. The 
majority of late virus variants from patient H3 resisted b12 neutralization, while resistance to 
the other BNAbs did not develop. In patient H1 the relative resistance to neutralization by all 
BNAbs persisted over time. In general, the absence or presence of strong autologous humoral 
immunity in a patient was not predictive for the emergence of virus variants that resisted 
neutralization by b12, 2G12, 2F5, or 4E10. Moreover, BNAb resistant viruses emerged in the 
absence of autologous neutralizing activity in serum.

dIsCussIon

In the search for a vaccine that is capable of eliciting cross-reactive neutralizing antibodies, 
research has focused on the broadest neutralizing monoclonal antibodies that have been dis-
covered to date: b12, 2G12, 2F5, and 4E10. Although other broadly neutralizing antibody 
(BNAb) specificities are likely to exist1-3, the viral epitopes of the four known BNAbs are 
currently the most interesting targets for vaccine design. For this reason, it is important to 
understand the degree of variation in susceptibility for these four BNAbs among circulating 
virus variants. Thus far, the BNAb sensitivities of smaller or larger panels of unrelated viruses 
have been comprehensively mapped17,18,20,21. However, changes in neutralization sensitivity 
over the course of infection have mainly been studied in relation to the development of the 
autologous NAb response19,23,33,34, while it remains to be established whether viruses also evolve 
during the course of infection with regard to their sensitivity for BNAbs.

Here, we performed a longitudinal analysis of the resistance against neutralization by b12, 
2G12, 2F5, and 4E10 among primary HIV-1 from five typical progressors. In addition, we 
related changes in neutralization sensitivity to mutations in the respective antibody epitopes. 
In general, the earliest virus populations were most sensitive to BNAb neutralization, which 
might point towards the existence of a certain transmitted virus phenotype, which has previ-
ously been observed for subtype A and C HIV-1 in relation to neutralization sensitivity for sera 
of transmitting partners34-36. The fact that we determined sensitivity to broadly neutralizing 
antibodies may explain why we now confirm this observation for subtype B HIV-1 while this 
was not observed in previous studies in which sensitivity to neutralization by autologous and 
heterologous sera was tested36,37. However, HIV-1 infection can also be established by BNAb 
resistant viruses, as was observed in patient H1. 
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In patients who early in infection had viruses that were sensitive to BNAb neutralization, 
a gradual increase in resistance to neutralization by one or more BNAb was observed during 
later stages of disease. Most notably, virus populations changed from highly sensitive to b12 
neutralization early in infection to partially or completely resistant to b12 neutralization in the 
late asymptomatic phase in three out of five patients. Previously published reports did not show 
this change in b12 neutralization sensitivity during infection21,38, which might be explained by 
the fact that early and late viruses in these studies were not obtained from the same individuals, 
by differences in sampling dates of earliest viruses (between 2 and 4 months after estimated SC 
date in our study as compared to around the moment of seroconversion in the study by Keele et 
al.) or by our inclusion of viruses from extremely late time points during infection (112 – 147 
months post-SC) while late viruses in the other studies were obtained from chronically infected 
patients at >24 months after SC. While our data are discrepant from previous observations for 
sensitivity to b12 neutralization, the observation that viruses from chronically infected patients 
in the study by Rusert et al. were more resistant to neutralization by 2F5 and 4E10 corresponds 
to the increasing numbers of (moderately) neutralization resistant viruses later in infection 
as observed in our present study. With the exception of the highly 2G12 sensitive viruses in 
patient H4, prevalence of 2G12 resistant viruses was already relatively high early in infection, 
and maintained during later stages of infection. 

Antibodies b12, 2F5, and 4E10 are thought to target some of the most conserved regions 
of the viral envelope. It is therefore intriguing that BNAb resistant virus variants emerge dur-
ing the course of natural HIV-1 infection and this raises the question which mechanisms are 
responsible for their selection. The autologous NAb response has been shown to continuously 
select for escape variants which are resistant to circulating antibodies19,23,33,34. In patients H2, 
H3, and H5, the increasing resistance to HIVIg neutralization early in infection may reflect 
the escape from autologous NAbs with similar epitope specificities as the NAbs in HIVIg. 
However, a large proportion of the autologous neutralizing activity seems to be directed against 
the variable regions of the viral envelope, making it unlikely that escape from these antibodies 
would influence the sensitivity for certain BNAbs, such as the MPER-directed 2F5 and 4E10. 
Mutations in the V2 region have been associated with resistance against b1239,40, indicating 
that escape from antibodies targeting the V2 loop may affect b12 sensitivity. However, the 
observation that b12 resistant virus variants emerged late in infection when the autologous 
NAb response has subsided23, argues against the selection of these variants by NAb pressure. 
Alternatively, viral evolution in late-stage disease, driven by reducing numbers of target cells 
and/or the absence of strong immune responses41,42 may result in changes in the viral envelope 
that also affect the binding to neutralizing antibodies. In particular, adaptation to a more 
efficient CD4 usage at later disease stages may lead to an increased resistance against b12 as was 
observed in this study, as b12 competes with CD4 for attachment to the CD4 binding pocket. 
On the other hand, b12 sensitive virus variants (in patient H4), as well as 2F5 sensitive viruses 
(in patients H3, H4, and H5) persisted and coexisted with resistant variants. The continuous 
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presence of BNAb sensitive virus variants in these patients suggests that the acquisition of 
BNAb resistance did not lead to a selective advantage and might have occurred randomly, 
rather than as a result of strong selective pressure.

As b12 recognizes a discontinuous conformational epitope40, it is difficult to analyze which 
mutations in the viral envelope contributed to resistance against this BNAb. Mutations in 
various regions of the envelope have been described to influence sensitivity to b12 neutraliza-
tion39,40,43, although many of these changes seem to be isolate-specific. Indeed, in viruses from 
patient H5, we have identified a number of mutations in the envelope V1, V2 and V4 regions 
which appear to increase b12 resistance (Bunnik, manuscript in preparation), while these 
mutations were not found in late viruses from patients H3 and H4, who also displayed a b12 
resistant phenotype.

In agreement with previous reports17,44, a good correlation was observed between the absence 
of one or more of the five potential N-linked glycosylation sites that may harbour the glycans 
of which the 2G12 epitope is composed and the viral inhibition by 2G12. Of the 117 virus 
variants that lacked one or more glycans, only 4 viruses were sensitive to 2G12 neutralization. 
The 14 viruses that contained an intact 2G12 epitope were all highly or moderately sensitive 
to 2G12 neutralization.

For 2F5, little sequence variation was observed in the core epitope, in line with a general 
sensitive neutralization phenotype of the viruses. Patient H1 was the only individual in which 
a substitution in the epitope (ELDQWA) of the virus evidently influenced its susceptibility to 
2F5 neutralization. This K to Q substitution at position 665 has previously been described as a 
2F5 escape mutation in vitro45. It has been shown that resistance against 2F5 in vivo might be 
difficult to achieve and often results in variants with a reduced fitness44. Among 309 subtype 
B sequences in the Los Alamos database, 3.6% harboured a K665Q substitution (data not 
shown), which was the most frequently observed substitution among sequences which did not 
contain the wild-type K residue at position 665 (13.0% of all sequences). These data indicate 
that the K665Q substitution might be a relatively common pathway to escape from 2F5-like 
antibodies, although we cannot exclude that the mutation was introduced by random sequence 
variation. 

In this study, we have used a maximum of five clonal HIV-1 variants per time point to 
assess the variation in neutralization sensitivity at that time point. Although it will be difficult 
to establish how representative each virus clone is in relation to the viral quasispecies, the 
use of clonal virus variants has clear advantages over the use of for example virus from bulk 
culture. The use of bulk virus will most likely underestimate the amount of variation within 
the quasispecies, as the neutralization sensitivity of a bulk virus population will largely be 
determined by the most neutralization resistant variant within that bulk. Moreover, the range 
in neutralization sensitivities of clonal HIV-1 variants in our study was very small at some 
time points, suggesting that when we do observe variation in sensitivity to Ab neutralization 
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between clonal HIV-1 variants, this probably is a true reflection of variation in neutralization 
sensitivity within the viral quasispecies.

It has been suggested that in a PBMC-based assay, the presence of LPS in serum or antibody 
preparations may result in the suppression of HIV replication by chemokines that are released 
from monocyte-derived macrophages (MDM) in response to LPS46, which can subsequently 
incorrectly be interpreted as antibody mediated neutralization. For our experiments, we used 
a single batch of pooled PBMC from 12 healthy blood donors. The observation that many 
viruses tested negative for neutralization by one or more of the four BNAbs suggests that our 
assay is not confounded by aspecific viral inhibition as a result of the presence of LPS.

In conclusion, we have shown that, with a few exceptions, the earliest virus populations 
isolated from five typical progressors were most sensitive for neutralization by BNAbs, and 
that virus resistant to one or more BNAbs developed over the course of infection in most 
individuals. These BNAb resistant virus variants have most likely not been selected by antibody 
pressure, indicating that other selective processes may be involved. For vaccine design, it will 
be important to understand which mechanisms drive the selection of BNAb resistant virus 
variants.
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173abstract

Human immunodeficiency virus type 1 (HIV-1) resistance to broadly neutralizing antibodies 
such as b12, which targets the highly conserved CD4 binding site, raises a significant hurdle for 
the development of a neutralizing antibody-based vaccine. Here, we studied 15 individuals of 
whom seven developed b12 resistant viruses late in infection, and investigated whether immune 
pressure may be involved in the selection of these viruses in vivo. Although four out of seven 
patients showed HIV-1-specific broadly neutralizing activity in serum, none of these patients 
had CD4 binding site-directed antibodies, indicating that strong humoral immunity was not 
a prerequisite for the outgrowth of b12 resistant viruses. In virus variants from one patient, 
who showed extremely weak heterologous and autologous neutralizing activity in serum, we 
identified mutations in envelope that coincided with changes in b12 neutralization sensitivity. 
Lack of cytotoxic-T-cell activity against epitopes with and without these mutations excluded a 
role for host cellular immunity in the selection of b12 resistant mutant viruses in this patient. 
However, b12 resistance correlated well with increased viral replication kinetics, indicating that 
selection for enhanced infectivity, possibly driven by the low availability of target cells in later 
stages of disease, may coincide with increased resistance to CD4 binding site-directed agents, 
such as b12. These results show that b12 resistant HIV-1 variants can emerge during the course 
of natural infection in the absence of both humoral and cellular immune pressure, suggestive of 
other mechanisms playing a role in the selective outgrowth of b12 resistant viruses. 
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IntRoduCtIon

The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env) is highly 
adapted to impede recognition of its conserved regions by the humoral immune response1-5. 
Nevertheless, neutralizing antibodies (NAbs) directed against such conserved epitopes are 
considered to be an essential component of a preventive vaccine against HIV-16-8. Although 
attempts to induce a potent and broadly neutralizing antibody response have thus far been 
unsuccessful, a small number of broadly neutralizing monoclonal antibodies have been 
identified9-12, suggesting that the elicitation of antibodies of similar specificity and breadth by 
vaccination should be possible. 

One of the most promising leads in vaccine development is monoclonal antibody b12, 
which binds to a conformational epitope on the gp120 subunit that has a distinct overlap 
with the conserved CD4 binding site1,13,14. Binding of the heavy chain of b12 to the surface of 
gp120 blocks attachment of CD4 and thus prevents the entry of HIV-1 into a target cell13,14. 
The interaction between b12 and gp120 is centered around the CD4 binding loop spanning 
residues 364 – 373, but involves many other residues in gp12014,15. 

Although b12 neutralizes a broad range of primary HIV-1 variants, a substantial proportion 
of viruses of both B and non-B subtypes is resistant to neutralization by b129,16. HIV-1 may 
obtain resistance to b12 neutralization by substitutions at b12 contact residues resulting in 
disruption of the b12 epitope, or by changes in the conformation of Env that limit the ac-
cessibility of b12 to the epitope17. These b12 resistant viruses may be selected due to escape 
from b12 neutralization, as was shown to occur both in vitro18 and in vivo19 in the presence of 
relatively high concentrations of b12 (>10 μg/ml). However, we have recently shown that b12 
resistant virus variants emerge during natural infection in the absence of autologous neutral-
izing serum activity20, indicating that escape from antibody neutralization may not be the only 
selection pressure that favors outgrowth of b12 neutralization resistant viruses. 

In this study, we have identified a total of seven participants of the Amsterdam Cohort 
Studies (out of a group of 15 individuals who were analyzed), in whom virus variants isolated 
late in infection were more resistant to neutralization by b12 than early viruses. Serum of these 
patients did not show evidence of CD4 binding site-directed neutralizing activity. Moreover, 
the breadth of neutralizing serum activity in these patients was no prerequisite for the emer-
gence of b12 resistant viruses late in infection. Virus variants of one individual, who showed 
extremely weak heterologous neutralizing activity in serum, were studied in more detail to 
better understand how b12 resistant viruses may be selected in vivo in the absence of antibody 
pressure. 
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MAteRIAls And MetHods

Patient and viruses

The patients in our present study were homosexual male participants of the Amsterdam Cohort 
Studies on HIV/AIDS (ACS) who were either seropositive at study entry (seroprevalent cases) 
or who seroconverted during active follow-up. For seroprevalent individuals, an imputed 
seroconversion (SC) date (on average, 18 months before entry into the ACS) was used21. 
All patients were infected with subtype B HIV-1. For better readability, patient identifiers 
were recoded as H3 (ACH18969), H4 (ACH19768), H5 (ACH19659), H6 (H19298), H7 
(H19383), H8 (H19663), and H9 (H19956). Patients H3, H4, H5, and H6 progressed to 
AIDS within 7 – 11 years after SC, while patients H7, H8, and H9 were long-term non-
progressors (LTNP, defined as ≥10 years of asymptomatic follow-up with stable CD4+ T-cell 
counts that were still above 400 cells/μl in the 9th year of follow-up). Clonal HIV-1 variants 
were obtained from PBMC as previously described22,23. For all clonal HIV-1 variants studied 
here, CCR5 usage was predicted by the V3 loop sequence24, and confirmed by the inability of 
these viruses to replicate in the MT2 cell line. To prevent a change in neutralization sensitivity 
of the virus variants during in vitro culture, the number of peripheral blood mononuclear cell 
(PBMC) passages of viruses was kept to a minimum25. 

Cells

Experiments were performed using cryopreserved pooled PBMCs isolated from buffy coats 
obtained from 10 – 12 healthy seronegative blood donors by Ficoll-Isopaque density gradient 
centrifugation. Cells were thawed and stimulated for 3 days in IMDM (Lonza) supplemented 
with 10% fetal bovine serum (FBS, Hyclone), penicillin (100 U/ml, Invitrogen), streptomycin 
(100 μg/ml, Invitrogen), ciproxin (5 μg/ml, Bayer), and phytohemagglutinin (PHA, 5 μg/ml, 
Oxoid) at a concentration of 5 x 106 cells/ml. Subsequently, PBMCs (106/ml) were grown in 
the absence of PHA, in medium supplemented with recombinant interleukin-2 (20 U/ml, 
Chiron Benelux) and polybrene (5 μg/ml, hexadimethrine bromide, Sigma). 

neutralization assays

(i) PBMC-based assay

Viruses were tested for their neutralization sensitivities against recombinant sCD4 (Progenics, 
Tarrytown, NY), the monoclonal antibodies b12 (kindly provided by D. Burton), 2G12, and 
2F5 (Polymun Scientific, Vienna, Austria), and/or patient serum using a PBMC-based assay. 
From each virus isolate, a final inoculum of 20 TCID50  in a volume of 100 μl was incubated for 1 
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hour at 37 ºC with threefold serial dilutions of sCD4 or monoclonal antibody (range, 0.034 – 25 
μg/ml), or serum (range, 1/50 – 1/3,200). Subsequently, the mixtures of virus with neutralizing 
agent were added to 105 PHA-stimulated PBMCs in 50 μl medium. Virus production in culture 
supernatants on day 7 was analyzed by an in-house p24 antigen capture enzyme-linked immuno-
sorbent assay (ELISA)26. The percent neutralization was calculated by determining the reduction 
in p24 production in the presence of neutralizing agent compared to the cultures with virus only. 
When possible, 50% inhibitory concentrations (IC50s) were determined by linear regression. 

(ii) U87-based assay

This assay was performed by Monogram Biosciences as part of a larger study27. The preparation 
of pseudotyped viral particles is described in detail elsewhere28. A recombinant virus assay 
involving a single round of virus infection was used to measure cross-neutralization activity of 
the sera29,30. Diluted pseudoviruses were incubated for 1 hour at 37 ºC with serial dilutions of 
the purified serum IgG after which the U87 target cells were added. The ability of patient sera 
to neutralize viral infection was assessed by measuring luciferase activity 72 hours after viral 
inoculation in comparison to a control infection with a virus pseudotyped with the murine 
leukemia virus envelope (aMLV). Neutralization titers are expressed as the reciprocal of the 
plasma dilution that inhibited virus infection by 50% (IC50). 

sequence analysis

Envs of clonal HIV-1 variants were amplified from DNA that was isolated from in vitro infected 
healthy donor PBMC. Env PCR products were subsequently sequenced as described previ-
ously31-33. Nucleotide sequences of all virus clones per individual were aligned using ClustalW 
in the software package of BioEdit34, and edited manually. The reference sequence HXB2 was 
included in the alignment to number each aligned residue according to the corresponding 
position in this reference sequence.

site-directed mutagenesis and preparation of mutant/chimeric viruses

The env fragment from HXB2 nucleotides (nt) 5660 (in vpr) to 8093 (in env) was amplified 
from pLAI by PCR using Accuprime Taq polymerase (Invitrogen, Carlsbad, CA) and cloned 
into pGEM-T-easy (Promega, Madison, WI). Nucleotide substitutions in env were introduced 
using the QuickChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA). The env 
fragments containing single, double, or triple nucleotide substitutions were amplified from the 
pGEM-T-easy vectors by PCR. Full-length LAI mutant viruses were produced by homologous 
recombination of the env PCR products with the original pLAI vector. In short, pLAI was 
restricted with SalI (HXB2 nt 5787) and BsaBI (HXB2 nt 7560) and was subsequenctly 
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cotransfected with an env PCR product into 293T cells in a 24-wells plate using the calcium 
phosphate method. After 2 days, PHA-stimulated PBMCs from healthy seronegative blood 
donors were added to the culture, and the next day the PBMCs were transferred to a culture 
flask. Supernatants were harvested when positive for p24, as determined using an in-house 
p24 antigen capture ELISA. In a similar fashion, chimeric NL4-3/Env viruses were prepared 
by homologous recombination of env PCR products (HXB2 nt 5658 to 9171) and a pNL4_3 
vector (a kind gift from P. Alcami) restricted with XbaI and XhoI (at HXB2 nt 6114 and 8898, 
respectively). The presence of each mutation in LAI, as well as the presence of the correct env 
in NL4-3 was confirmed by sequencing. 

Characterization of HIV-1 replication kinetics

2 x 106 PHA-stimulated healthy donor PBMC were inoculated with 500 TCID50 of a given 
HIV-1 variant in a total volume of 2 ml for 2 h at 37 oC in a shaking water bath. Subsequently, 
cells were washed with 10 ml IMDM supplemented with 10% FBS, penicillin (100 U/ml) and 
streptomycin (100 μg/ml) and resuspended at a concentration of 106 cells/ml for culture. Fresh 
PHA-stimulated PBMC (106) in a volume of 1 ml were added at day 5 and day 8. Cultures were 
maintained for 11 days. Samples (75 μl) for determination of p24 antigen production in culture 
supernatant were harvested each day. The concentration of p24 in all samples was determined at 
the same time using an in-house p24 antigen capture ELISA, and was used to calculate the p24 
production per ml supernatant by correcting for the differences in volumes of culture supernatant. 

Interferon (Ifn)-γ enzyme-linked immunospot (elIsPot) assay

IFN-γ-producing antigen-specific CD8+ T cells were measured using the IFN-γ ELISPOT assay 
with the use of multiscreen, 96-wells, membrane-bottomed plates (MSIPN4550, Millipore) 
and IFN-γ-specific monoclonal antibodies (Mabtech). Cryopreserved PBMCs were thawed 
and suspended in RPMI 1640 medium containing 10% FBS and were incubated at a final 
concentration of 105 cells/well in triplicate. Responses were measured against an excess con-
centration of 10 μg/ml of the following peptides: FYKLDVVPI and mutants FYKLDIVPI and 
FYTLDIVPI (positions 176 – 184), and FYCNSTQLF and mutants FFCNSTLLF, FYCNST-
PLF, FYCNSTKLF, and FYCNTTKLF (positions 383 – 391). All peptides were synthesized by 
the peptide facility at The Netherlands Cancer Institute. PHA stimulation served as a positive 
control to test the capacity of PBMCs to produce IFN-γ, and medium without peptide or PHA 
served as a negative control. IFN-γ-producing cells were detected as dark spots and were counted 
using an A.EL.VIS EliScan (EliAnalyse software, version 4). The number of IFN-γ-producing 
cells was calculated by subtracting the negative control value and was reported as the number 
of spot-forming units per 106 PBMCs. Samples with >100 spot-forming units/million PBMCs, 
after subtraction of the negative control values, were considered to have positive results.
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statistical analysis

For calculations and statistical analyses, viruses with IC50s of <0.39 or >25 were assigned a value 
of 0.20 or 25, respectively. Statistical analyses were performed in SPSS 16 software package. 
Differences in sensitivity to b12 neutralization between clonal HIV-1 variants isolated from the 
earliest two time points and clonal HIV-1 variants isolated from the latest two time points were 
assessed using a Mann-Whitney U test. Differences in replication kinetics between viruses from 
different time points were evaluated using a t test for independent samples. Correlations between 
neutralization titers and viral replication capacity were evaluated using the Spearman’s rank test.

Results

Increasing resistance to b12 neutralization of primary HIV-1 obtained during 
natural infection

In a previous study, we observed an increase in resistance to b12 neutralization in virus variants 
isolated late in infection in 3 out of 5 individuals (patients H3, H4, and H5; ref. 20). To 
study whether an increased resistance to b12-mediated neutralization is a relatively common 
phenomenon for HIV-1 variants in later stages of infection, longitudinally isolated clonal HIV-
1 variants from 10 additional participants of the ACS were analyzed for their sensitivity to b12 
neutralization using a PBMC-based assay. In seven individuals out of a total of 15 individual 
analyzed (47%), virus variants isolated early in infection were sensitive to b12 neutralization, 
while b12 neutralization resistant viruses emerged later in infection (Fig. 1, and data not 
shown). A decreasing neutralization sensitivity during the course of infection was not observed 
for the broadly neutralizing antibodies 2G12, 2F5 (with the exception of patients H7 and H9), 
or 4E10, suggesting that this change was specific for b12 (ref. 20, and Supplementary Figure 1). 

Broadly neutralizing activity in autologous serum is not a prerequisite for the 
outgrowth of b12 resistant viruses

The emergence of b12 resistant virus variants late in infection may be the result of escape of 
these viruses from potently neutralizing autologous antibodies directed against the CD4 binding 
site. Since neutralizing antibodies targeting a conserved region such as the CD4 binding site 
may be expected to exert neutralizing activity against a variety of HIV-1 variants, we analyzed 
the neutralizing activity of sera obtained from these seven patients approximately 4 years after 
SC against 23 heterologous HIV-1 variants pseudotyped with envelopes from subtypes A, B, 
C, or D using a U87-based assay28,35. For this tier 2-tier 3 virus panel, consisting of 5 to 7 
moderately neutralization sensitive and relatively neutralization resistant variants per subtype, 
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broadly neutralizing serum activity was defined as neutralization of ≥50% of viruses per subtype 
at serum dilutions higher than 1:100 for at least 3 of the 4 subtypes tested27. The neutralizing 
activity of the sera from our patients against individual viruses from this panel has been reported 
previously27. Overall, sera from 4 out of 7 patients (H3, H6, H8, and H9) exhibited broadly 
neutralizing activity, while sera from patients H4, H5, and H7 did not (Fig. 2A). In particular, 
neutralizing activity in serum from patient H5 was extraordinarily weak, neutralizing none of the 
heterologous virus variants with an IC50 >100 (Fig. 2A). We subsequently analyzed the neutraliz-
ing activity in serum of our patients against wild-type LAI, which is sensitive to neutralization by 
b12 and sCD4 (IC50s = 0.95 μg/ml and 1.14 μg/ml, respectively), and against a LAI variant with 
mutations K178T/Q389P, which shows a >15 fold increase in neutralization resistance to both 
b12 and CD4 (IC50s = 14.28 μg/ml and >25 μg/ml, respectively), but not to non-CD4 binding 
site-directed agents (Fig. 2B). The generation of this mutant LAI variant is described below. 
Serum from our seven patients did not show a difference in neutralizing activity against wild-type 
LAI and mutant LAI, indicative of the absence of CD4 binding site-directed antibodies (Fig. 
2B). These results indicate that b12 resistant virus variants can emerge in the absence of strong 
heterologous neutralizing activity and/or in the absence of neutralizing activity targeting the 
CD4 binding site, which suggests that other processes may be involved in their selection in vivo.
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Figure 1: Sensitivity for neutralization by monoclonal antibody b12 of longitudinally obtained virus variants 
from seven participants of the ACS. IC50s of individual virus clones as determined by linear regression are shown. 
The horizontal lines represent the median IC50s. Changes in neutralization sensitivity of viruses from the first two 
time points compared to virus variants from the last two time points were assessed using a Mann-Whitney U test. 
IC50, 50% inhibitory concentration; SC, seroconversion.
a The maximum concentration of b12 used to test viruses from patient H9 was 15 μg/ml.
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b12 resistant viruses from patient H5 have increased replication kinetics

The serum of patient H5 lacked both cross-reactive neutralizing activity, as shown here, as well 
as autologous neutralizing activity, as shown previously36. Moreover, b12 sensitive viruses were 
rapidly replaced by b12 resistant viruses in this patient, without a period in which sensitive and 
resistant viruses coexisted or in which viruses with intermediate neutralization sensitivity were 
present, as was the case in the other patients. Therefore, we decided to study the appearance of 
b12 resistant virus variants in patient H5 in more detail. First, we determined the replicative 
capacity of the b12 sensitive virus variants that were present during the early asymptomatic phase 
of infection and of the b12 resistant viruses that had emerged later in infection. To exclude an 
effect of potential mutations in other genes than env on the viral replication rate, we generated a 
panel of chimeric NL4-3 viruses, in which the original envelope was replaced with the envelopes 
of virus variants that were isolated from patient H5. For each time point, envelopes from a 
minimum of 4 and a maximum of 7 viruses were analyzed. Chimeric viruses expressing envelopes 
from variants isolated late in infection (95 and 128 months after SC, respectively) replicated 
faster as compared to chimeric viruses containing envelopes derived from viruses that were iso-
lated early in infection (30 and 62 months after SC, respectively; Fig. 3A). Moreover, the higher 
replication rate was significantly correlated with resistance to b12 neutralization of the original 
clonal HIV-1 variants isolated from patient H5 (Fig. 3B; Spearman r = 0.691, P = 0.001). 
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Figure 2: Heterologous neutralizing serum activity in serum samples obtained approximately four years after SC 
from seven participants of the ACS in whom virus variants that were resistant to b12 neutralization emerged at 
later stages of infection. (A) Serum neutralization capacity against a panel of 23 heterologous virus variants from 
different subtypes, expressed as the percentage of virus variants neutralized per subtype. For this panel, broadly 
neutralizing serum activity is defined as neutralization of at least 50% of the viruses per subtype with IC50s at a 
reciprocal serum dilution of >100 (as indicated in grey) for at least 3 of the 4 subtypes tested. (B) Neutralizing 
serum activity against neutralization sensitive wild-type (WT) LAI and the LAI mutant K178T/Q389P (TP), 
which is resistant to neutralization by CD4 and b12, but not to neutralization by the non-CD4 binding site-
directed antibodies 2G12 and 2F5. Results are expressed as the fold increase in IC50 for LAI TP as compared to 
LAI WT. Mo, months; SC, seroconversion.
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Identification of mutations in gp120 of viruses from patient H5 that coincide 
with increased resistance to b12 neutralization 

To identify amino acid (aa) residues in the viral envelope that may play a role in the increased 
resistance to b12 neutralization and the increased replication kinetics observed for chimeric 
viruses expressing envelopes from viruses from patient H5, gp120 sequences from variants 
obtained from the earliest two time points were compared to those from viruses isolated from 
the last two time points. At six positions in gp120, aa substitutions were observed in the b12 
resistant, rapidly replicating virus variants that were completely absent in the b12 sensitive, 
slowly replicating viruses: I154M in variable region (V) 1, K178T in V2, Q389P/L/K in V4, 
K432R and S440Q in constant region (C) 4, and K500R in C5 (Table 1). A minority of viruses 
isolated at 95 months after SC did not contain a substitution at positions 154 (43%), 432 
(28%), and/or 500 (14%), but these variants were no longer observed at 128 months after SC. 
Moreover, sequence variants Q389P and Q389L were only found at 95 months after SC, and 
were completely replaced by variants containing a K at position 389 at the latest time point. 

To restrict our study to those aa changes that were most likely to have a significant impact 
on antibody binding or envelope conformation, we decided to focus on the aa mutations at 
positions 154, 178, 389, and 440, and to exclude the minor substitutions K432R and K500R 
from our subsequent analysis. Interestingly, substitution Q389K was also observed in viruses 
from the 3 out of the 5 other patients in whom b12 neutralization resistance viruses emerged, 
but did not seem to be associated with b12 resistance in these viruses. Moreover, late viruses in 
patient H8 also contained a substitution at position 440 (S440E). However, combinations of 
the mutations in late viruses from patient H5 were not observed in b12 neutralization resistant 
viruses from the other five patients (data not shown).
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Figure 3: Relation between sensitivity to b12 neutralization and replicative capacity of virus variants isolated from 
patient H5 during the course of infection. (A) Production of p24 between day 3 and day 8 after infection of PHA-
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points during infection. Differences in replication kinetics between chimeric viruses containing Envs obtained 
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183

b12 resistance during natural HIV-1 infection

Mutations at positions 154, 178, and 389 increase b12 neutralization resistance 
in the background of lAI

The aa mutations observed at positions 154, 178, 389, and 440 in virus variants from patient 
H5 were introduced into the background of LAI to study their effect, alone or in combination, 
on b12 neutralization sensitivity using a PBMC-based assay. For technical reasons, the aa sub-

Table 1: Amino acid substitutions in clonal HIV-1 variants from patient H5 coinciding with increased resistance 
to b12 neutralization

Months Aa residue at HXB2 positiona

since Virus 154 178 389 432 440 500 IC50 b12
SC clone I K Q K S K (μg/ml)
30 5C6 . . . . R .     0.33

5D5 . . . . R .     1.35
5G2 . . . . R . n.d.
6B12 . . . . R .     0.33
6G1 . . . . R .     1.37
6G5 . . . . K . n.d.
6H2 . . . . R . n.d.

62 7A2 . . . . . .     1.80
7A10 . . . . . .     5.28
7B12 . . . . . . n.d.
7D11 . . . . . . n.d.
7F2 . . . . . .     1.77
7G2 . . . . . .     0.15
7G5 . . . . . .   15.08
7H6 . . . . . . n.d.
8D4 . . . . . . n.d.

95 4D3 M T P R Q . >25
4F4 M T P R Q R >25
4F10 . T L . Q R     9.58
4F12 M T P . Q R   23.35
4G8 . T P R Q R   20.49
4G11 M T K R Q R   21.19
4H8 . T P R Q R n.d.
4H10 M T P R Q R >25

128 6C1 M T K R Q R >25
6C4 M T K R Q R >25
7A9 M T K R Q R >25
7E9 M T K R Q R >25
7G12 M T K R Q R >25

a As compared to the sequence of pLAI, which is given in the top of the table. Amino acid residues identical to 
the sequence of pLAI at that position are indicated with a dot.
Aa, amino acid; SC, seroconversion; IC50, 50% inhibitory concentration; n.d., not determined.
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stitution at position 440 was only introduced into LAI as a single mutation and was therefore 
not analyzed in combination with the other substitutions. None of the single mutations at 
positions 154, 178, 389, or 440 resulted in a >2 fold change in resistance to b12 (Fig. 4A). 
However, viruses containing combinations of the substitutions at positions 154, 178, and/or 
389 had a substantially increased resistance to b12 neutralization (>3 fold difference in IC50) 
as compared to wild-type LAI. Resistance to monoclonal antibody 2G12 was not increased in 
these variants (data not shown), indicating that the mutations specifically affected the sensitiv-
ity to b12 neutralization. The observation that the mutations at positions 154, 178, and 389 
in the background of an unrelated virus variant confer a similar b12 resistant phenotype are 
supportive for their role in the increased b12 resistance of late virus variants isolated from 
patient H5. 

Mutations at positions 154, 178, and 389 reduce the replication capacity of lAI

To study whether the mutations at positions 154, 178, and 389, which appear to play a role in 
the increased b12 neutralization resistance of viruses from patient H5, may also be involved in 
the augmented replication kinetics of viruses from H5, we determined the in vitro replicative 
capacity, expressed as the production of p24 between day 3 and day 6 after inoculation of 
PHA-stimulated PBMC with the various mutant LAI variants. All mutant viruses, with the 
exception of variant Q389K, showed slower replication kinetics than wild-type LAI (Fig. 4B). 
Although the replication rate of the viruses did not correlate with their sensitivity to b12 (Fig. 
4C), the variants that were most resistant to b12 neutralization (K178T/Q389P and K178T/
Q389L) had relatively low levels of replication. Moreover, a trend towards a negative correla-
tion between b12 sensitivity and replicative capacity was observed for the mutant variants with 
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rate of virus variants obtained from patient H5, in the background of molecular clone LAI. (A) IC50s for b12 
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increased resistance to b12 neutralization (i.e. the double and triple mutants [n=6]; Spearman 
r = -0.714, P = 0.071). Thus, the b12 resistance mutations at positions 154, 178, and 389 
decrease the viral replicative capacity in the background of LAI, indicating that other, as yet 
unidentified compensatory mutations may be involved in the enhanced replication kinetics of 
late virus variants from patient H5.

b12 resistance mutations in viruses of patient H5 were not selected by Ctl 
pressure

To investigate whether the mutations in envelope that were associated with an increased 
resistance to b12 neutralization could have been selected by CTLs, we predicted epitopes in 
the gp120 sequence that are restricted by HLA from patient H5. Amino acid residues at posi-
tions 178 and 389 were located next to an anchor residue of epitopes predicted to bind to 
HLA-A*2402. We measured CD8+ T cell IFN-γ responses against the peptide epitopes with or 
without the observed mutations by use of the IFN-γ ELISPOT assay at different time points 
during asymptomatic infection, before and after the appearance of virus variants containing 
the mutation. At none of the time points analyzed a response was observed against any of the 
peptides that were tested (data not shown). Moreover, the predicted score for proteosomal 
cleavage of the different peptides in the natural processing pathway was low (data not shown), 
indicating that these peptides are most likely not processed and thus not presented by HLA-
A*2402. These results suggest that it is highly unlikely that the mutations at positions 178 and 
389 in viruses from patient H5 have been selected by CTL pressure.

dIsCussIon

The conserved nature of regions on the viral envelope that are targeted by broadly neutralizing 
antibodies (BNAbs), such as b12, may be indicative of a limited ability of HIV-1 to escape from 
these antibodies. However, a significant proportion of primary virus isolates shows resistance 
to one or more of the currently known BNAbs16,33. In this study, we show that in 7 out of a 
total of 15 individuals, b12 sensitive viruses that were present early in infection were replaced 
by virus variants that were resistant to b12 neutralization during later stages of infection. These 
observations contrast with previous studies37,38, which may result from the fact that early and 
late viruses in these studies were not obtained from the same individuals, or by our inclusion 
of viruses from extremely late time points during infection (112 – 147 months post-SC) while 
late viruses in the other studies were obtained from chronically infected patients at >24 months 
after SC. 

To understand the emergence of b12 resistant variants during late-stage disease, we inves-
tigated potential mechanisms of viral selection. Virus variants resistant to b12 neutralization 
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may be selected as a result of strong humoral immune pressure. However, only four out of seven 
patients developed cross-reactive neutralizing activity in serum (H3, H6, H8, and H9). More-
over, serum from none of our seven patients showed evidence of CD4 binding site-directed 
neutralizing activity, indicating that b12 resistant viruses can also be selected in the absence 
of humoral immune pressure. In addition to a lack of antibody pressure, mutations that were 
most likely involved in the increased resistance to b12 in viruses from patient H5 were not 
selected as CTL escape variants, since CTL activity against the epitopes in which these muta-
tions were introduced could not be detected. Thus, at least for viruses from patient H5, neither 
arm of adaptive immunity was involved in the selection of b12 resistance mutations in Env.

In agreement with the absence of immune pressure, the appearance of b12 resistant virus 
variants relatively late in infection, when host immunity is fading, is also supportive for an-
other selective mechanism. Late-stage CCR5-using virus variants have augmented replication 
kinetics39, as was shown here also for late-stage virus variants from patient H5. Moreover, they 
have an increased resistance to entry inhibitors39-41 and require lower levels of CD4 expression 
for cell entry41. In line with these findings, we have previously shown that viruses resistant to 
b12 neutralization tended to have higher replication kinetics than viruses that were neutraliza-
tion sensitive to b1242. In 4 out of 7 patients (H3, H4, H5, and H6), the emergence of b12 
resistant virus variants coincided with a CD4 count below 200 (data not shown), suggesting 
that increased b12 resistance may indeed be associated with progressive disease. The adaptation 
of the virus to the lower availability of CD4+ target cells late in infection most likely results in 
changes of the CD4 binding region, which may also affect the binding affinity of b12 to the 
viral envelope. This hypothesis is supported by the observation that resistance to neutralization 
by BNAbs 2G12, 2F5, and 4E10 was not increased for late virus variants (ref. 20 and data 
not shown), which indeed suggests that changes in the envelope resulting in resistance to b12 
neutralization specifically involved the CD4 binding site. 

In three long-term non-progressors (H7, H8, and H9), CD4 counts were relatively high 
(>400) at the moment of appearance of b12 resistant virus variants, suggesting that changes in 
b12 sensitivity in viruses from these patients could not have been driven by reducing numbers 
of target cells. Interestingly, these individuals were all heterozygous for the 32 base pair deletion 
in the ccr5 gene. We have recently observed that viruses in such patients are more resistant to 
inhibition by β-chemokines, indicating that these viruses have adapted to lower expression 
levels of CCR5 (D. Edo-Matas, manuscript in preparation). Changes in the viral envelope 
resulting in a more efficient usage of CCR5 will primarily be located in the coreceptor binding 
site, but might also affect the conformation of the CD4 binding region and thus indirectly the 
binding and neutralization sensitivity to b12.

As we have not been able to identify a single selection mechanism that may explain the 
emergence of b12 resistant virus variants in all patients, multiple evolutionary pathways may 
exist that lead to the same endpoint. Alternatively, other processes which have not yet been 
identified may play a role in selection of viruses resistant to b12 neutralization. Moreover, the 
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question remains why b12 resistant virus variants do not appear late in infection in all patients. 
Possibly, adaptive mechanisms as described above do not always result in changes in the viral 
envelope that also affect the sensitivity of the virus to b12 neutralization. 

We detected similar levels of cross-neutralizing activity in serum from some of the progres-
sors (H3 and H6) compared to some of the LTNP (H8 and H9, respectively), in agreement 
with recent reports by us35 and others43 which describe that the breadth of the HIV-1-specific 
humoral immune response is not associated with the clinical course of infection. As the emer-
gence of b12 resistant viruses variants was observed in both progressors and LTNP, it also seems 
unlikely that the rate of disease progression is influenced by the increased resistance of HIV-1 
to b12 neutralization. Differences in disease progression between the patients in this study are 
therefore more likely to be related to other factors, such as HIV-1 cellular immunity44 or the 
host genetic background45.

The observation that early virus variants in all seven patients were sensitive to neutralization 
by b12 suggests that a b12 sensitive phenotype may be favorable for transmission or during the 
early stages thereafter. As macrophage tropism has been correlated with an increased sensitivity 
to CD4 binding site-directed agents, including b1241,46,47, this may again point to macrophages 
that are present in the mucosa as one of the first target cells for HIV-1 after transmission48,49.

The b12 resistance of late-stage viruses from patient H5 could be mapped to a combination 
of amino acid residues at positions 154 (in V1), 178 (in V2), and 389 (in V4) in envelope. 
Although these residues are not part of the CD4 binding site, residue 389 is located in the α4 
helix comprising the first section of the V4 loop, which in the structural model of the unli-
ganded envelop is located in relatively close proximity to the CD4 binding loop2. Moreover, 
based on the orientation of the V1V2 stem in crystal structures of Env, it has been suggested 
that the V2 loop is also close to the Phe43 cavity5. Combinations of these substitutions were 
not observed in b12 resistant viruses from other patients (data not shown), indicating that 
changes in Env resulting in b12 resistance are virus-specific, and that different amino acid 
changes may lead to similar phenotypic alterations. Indeed, other studies have identified vari-
ous combinations of mutations in regions V2, C3, and/or V4 which conferred resistance to 
b12 neutralization18,19,25,50. Moreover, while individual residues 154M and 389K are observed 
relatively frequent in subtype B HIV-1 variants in the Los Alamos database (35.1% and 22.1%, 
respectively), virus variants in which all three mutations that were present in late viruses from 
patient H5 (154M + 178T + 389K) have accumulated represent only 1.0% of all subtype B 
viruses, indicating that this specific mutational pathway may not be a common way to acquire 
resistance to b12.

In summary, we have shown that b12 resistant virus variants emerge late in infection in a 
substantial proportion of HIV-1-infected individuals, which can occur in the absence of both 
humoral and cellular immunity. Further research will be needed to reveal common mechanisms 
by which HIV-1 acquires resistance to broadly neutralizing antibodies such as b12 in vivo, and 
which changes in Env account for differences in neutralization sensitivity of the virus. 
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195abstract

By comparing HIV-1 variants from seroconverters from the beginning of the epidemic and 
from recent seroconverters, we observed an enhanced resistance to antibody neutralization over 
time, accompanied by an increase in length of the variable loops and in density of the glycan 
shield in envelope. The enhanced neutralization resistance of HIV-1 in contemporary serocon-
verters coincided with poorer neutralizing antibody responses, which may have implications 
for vaccine design.
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The majority of HIV-1-infected individuals develop a neutralizing antibody (NAb) response 
against the envelope glycoprotein (Env), which drives the rapid selection of antibody escape 
variants1,2. The heavily glycosylated Env complex employs multiple mechanisms to escape from 
antibody neutralization, including substitutions in the amino acid sequence, insertions in the 
variable domains of gp1202-4, and an increase in the density of the glycan shield2,5,6. 

Recently, evidence has been provided for the adaptation over time of HIV-1 to host cellular 
immune responses by showing the loss of epitopes restricted by the most abundant HLA types 
in a population7. Here, we tested the hypothesis that over the course of the epidemic, the 
successive rounds of NAb escape of HIV-1 in sequentially infected individuals have rendered 
the virus more resistant to antibody neutralization. 

For this purpose, we compared the neutralization sensitivity of clonal subtype B HIV-1 
variants that were isolated within 4 months after seroconversion (SC) from individuals who 
seroconverted either between 1985 – 1988 (n=8) or between 2003 – 2005 (n=13; Supple-
mentary Table 1 and Supplementary Methods). Sensitivity to neutralization by two HIVIg 
preparations, which are pools of purified IgG obtained in 1995 from individuals who were 
at that time chronically infected with HIV-18, tended to be higher for viruses from historical 
seroconverters as compared to viruses from contemporary seroconverters (HIVIg batch I, P = 
0.005; HIVIg batch II, P = 0.089; Fig. 1A). HIV-1 variants from historical seroconverters also 
showed increased sensitivity to neutralization by a pool of sera from six unrelated chronically 
HIV-1-infected individuals who seroconverted between 2003 – 2005 (P = 0.035; Fig. 1A). This 
excluded that the lower sensitivity of contemporary HIV-1 variants to neutralization by HIVIg 
was related to the calendar time at which HIVIg was prepared. HIV-1 variants from historical 
seroconverters were also more sensitive to neutralization by the CD4 binding site-directed 
monoclonal antibody (mAb) b12 (P = 0.005; Fig. 1B), but not to the glycan-binding mAb 
2G12 or the gp41-directed mAbs 2F5 and 4E10 (Fig. 1B). Altogether, these data suggest 
that HIV-1 may have evolved towards a more neutralization resistant phenotype, in particular 
towards resistance to CD4 binding site-directed neutralizing activity. 

To find the molecular basis for this increased neutralization resistance over time, we analyzed 
gp120 sequences of HIV-1 variants from historical (n=10) and contemporary (n=13) serocon-
verters. The average total length of the variable regions of gp120 increased from 144.4 amino 
acid (aa) residues in viruses from historical seroconverters to 153.1 aa residues in viruses from 
contemporary seroconverters (P = 0.030; Fig. 2A), which for a large part could be attributed 
to changes in the V1 region (average V1 length of 23.4 and 27.9 aa residues in HIV-1 isolates 
from historical and recent seroconverters, respectively; P = 0.012; Fig. 2B). The length of the 
other variable loops was not significantly different (data not shown). Viruses from contempo-
rary seroconverters contained 2.2 additional potential N-linked glycosylation sites (PNGS) 
in gp120 as compared to viruses from historical seroconverters (P = 0.009; Fig. 2C). This 
increase was equally distributed over the constant and variable regions (Fig. 2D, E), albeit that 
the largest increase was again observed in the V1 loop, where the average number of PNGS 



Chapter 10

198

increased from 3.2 to 4.3 between viruses from historical and contemporary seroconverters, 
respectively (P = 0.002; Fig. 2F). 

HIV-1 variants from historical and contemporary seroconverters were obtained at on aver-
age 2.4 and 0.7 months after SC, respectively. However, virus populations from both patient 
groups were equally homogeneous (diversity within gp120 sequences <1.5%) and had not 
diversified with respect to length or number of PNGS, suggestive for limited viral evolution 
in the first months of infection9,10. Moreover, envelope characteristics within each group were 
not associated with the time point of virus isolation after SC (data not shown). It is therefore 
unlikely that the difference in sampling time point accounted for the differences in envelope 
characteristics of historical and contemporary HIV-1 variants.

Phylogenetic analysis showed that gp120 sequences of viruses from our patients interspersed 
with subtype B gp120 sequences from the Los Alamos database (Supplementary Fig. 1), 
indicating that viral evolution in Amsterdam was similar to that in other parts of the world. 
A subsequent comparison of subtype B gp120 sequences in the Los Alamos database from 
HIV-1 variants with a documented year of isolation between 1985 – 1988 (n=27) or between 
2003 – 2005 (n=72) (Supplementary Methods) did not reveal a difference in the total length of 
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Figure 1: Increased neutralization resistance and reduced immunogenicity of contemporary subtype B HIV-1 as 
compared to historical HIV-1 isolates. (A) Sensitivity to neutralization by HIVIg batch I (left), HIVIg batch II 
(middle) and a contemporary serum pool (right), and (B) by monoclonal antibodies b12 (far left), 2G12 (middle 
left), 2F5 (middle right), and 4E10 (far right) of clonal HIV-1 variants isolated during primary infection from 
participants of the Amsterdam Cohort Studies who seroconverted between 1985 – 1988 (n=8, ■) or between 
2003 – 2005 (n=13, ). For HIVIg batch I, viruses from historical patient H18860 and from contemporary 
patients P013, P019, and P034 were not analyzed. Neutralization sensitivities were determined using a PBMC-
based assay. In all panels, average 50% inhibitory concentrations (IC50s) of all virus variants per patient are 
shown. Horizontal bars represent the median IC50 per group. Differences between groups were assessed using a 
Mann-Whitney U test. (C) Number of heterologous virus variants from a multi-clade virus panel (n=23) that 
could be neutralized by sera obtained approximately 3 years after SC from participants of the Amsterdam Cohort 
Studies who seroconverted in the period 1985 – 1986 (n=31, ▲), in 1987 – 1989 (n=25, ●), or in 1990 – 1996 
(n=25, ▼), as determined using a U87-based neutralization assay. Horizontal bars represent the means. 
Differences between groups were evaluated using a one-way ANOVA. 
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the variable loops (Fig. 2G). However, similar to the differences that we had observed between 
viruses from historical and contemporary seroconverters in Amsterdam, the average length of 
the V1 loop increased from 26.7 to 29.0 aa residues in historical vs. contemporary sequences 
(P = 0.035; Fig. 2H). Moreover, contemporary gp120 sequences contained on average one 
additional PNGS compared to historical sequences (P = 0.049; Fig. 2I), which again could 
be attributed mainly to the V1 region (average numbers of PNGS of 3.6 and 4.1 in historical 
and contemporary envelope sequences, respectively; P = 0.037; Fig. 2J). Remarkably, similar 
changes were observed between historical and contemporary subtype C gp120 sequences 
(Supplementary Fig. 2A – D). It will be interesting to confirm whether the adaptation of 
HIV-1 to humoral immunity has also occurred for even other subtypes of HIV-1. 

The increased length of gp120 and the higher number of PNGS in envelope that could mask 
envelope to resist antibody neutralization could potentially influence immunogenicity and the 
development of a NAb response in a newly infected patient. To study this, we analyzed sera 
that were obtained approximately 3 years after SC from individuals who seroconverted either 
in 1985 – 1986 (n=31), in 1987 – 1989 (n=25), or in 1990 – 1996 (n=25), for their neutraliza-
tion breadth against a multi-subtype panel of 23 virus variants (Supplementary Methods). This 
revealed a decreasing ability over time to neutralize heterologous virus variants (P = 0.025; Fig. 
1C). Moreover, sera from the earliest seroconverters showed a significantly larger neutralization 
potency against subtype B and C viruses than sera from individuals who seroconverted in 
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Figure 2: Increased Env length and increased number of PNGS in the viral envelope in contemporary subtype 
B HIV-1 as compared to historical isolates. The length of gp120 (A), and of the V1 loop of gp120 (B), and the 
number of PNGS in gp120 (C), the constant regions of gp120 (D), the variable regions of gp120 (E), and the 
V1 loop of gp120 (F) of viruses isolated during primary infection from participants of the Amsterdam Cohort 
Studies who seroconverted between 1985 – 1988 (n=10, ■) or between 2003 – 2005 (n=13, ). Each datapoint 
represents the average value for all viruses from one patient. Similar comparisons are shown for subtype B 
envelope sequences from the Los Alamos database, with a documented year of virus isolation between 1985 – 
1988 (n=27, ●) or between 2003 – 2005 (n=72, ●), for the length of gp120 (G), the length of the V1 loop of 
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1990 – 1996 (P = 0.040 and P = 0.029, respectively; Supplementary Fig. 3A). Finally, a nearly 
significant difference in the geometric mean of the serum neutralizing titers of the histori-
cal (1985 – 1986) and more recent (1990 – 1996) seroconverters was observed (P = 0.054, 
Supplementary Fig. 3B). These findings suggest that individuals who became HIV-1-infected 
later in the epidemic developed poorer NAb responses than individuals who seroconverted at 
the beginning of the epidemic.

Our results show that over a period of 20 years, HIV-1 seems to have adapted to the humoral 
immune response by enhancing the masking of its envelope. The largest changes were observed 
in the V1 loop, which is the prime target of the autologous NAb response11,12 and is thought 
to mask underlying vulnerable epitopes13. As the increased neutralization resistance of contem-
porary HIV-1 seems to coincide with a blunted NAb response in recent seroconverters, these 
findings may be relevant for the choice of envelope in vaccine design.
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suPPleMentARy MetHods

Patients and viruses

The historical and recent seroconverters included in this study were participants of the Am-
sterdam Cohort Studies on HIV infection and AIDS (ACS) with an acute or early subtype B 
HIV-1 infection and a known serocoversion (SC) date either between 1985 – 1988 (n=10) or 
between 2003 – 2005 (n=13). Historical patients seroconverted during active follow-up with 
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a documented HIV-1 negative screening in the previous 180 days. Recent seroconverters were 
seen at the HIV outpatient clinic of the Academic Medical Center in Amsterdam and had 
laboratory evidence of a primary HIV-1 infection, defined as a positive HIV-1 RNA or p24 
antigen test in plasma, in combination with a negative test for HIV-1-specific antibodies or an 
indeterminate Western Blot. Clonal HIV-1 variants were obtained from cryopreserved PBMC 
according to previously described methods14,15. For all virus variants studied here, CCR5 usage 
was predicted by the V3 loop sequence using PSSM16, and confirmed by the inability of these 
viruses to replicate in the MT2 cell line. For determining the breadth of heterologous serum 
neutralization, ACS participants who seroconverted during follow-up between 1985 and 1996 
were included. Serum samples from patients with SC dates in the period 1985 – 1986, in 
1987 – 1989, or in 1990 – 1996 were obtained at a mean of 35.1 months (range, 31.3 – 36.5 
months), a mean of 34.6 months (range, 29.8 – 36.6 months), and a mean of 34.9 months 
(range, 31.4 – 36.5 months) after SC, respectively17. 

neutralization assays

(i) PBMC-based assay

Primary HIV-1 were tested for their neutralization sensitivity against HIVIg batch I (AIDS 
reagent program #3957), HIVIg batch II (kindly provided by D. Montefiori), monoclonal 
antibodies b12 (kindly provided by D. Burton), 2G12, 2F5, and 4E10 (Polymun Scientific, 
Vienna, Austria), and against a pool of serum obtained from 6 chronically infected treatment-
naïve individuals at approximately 3 years after SC, using a PBMC-based assay. From each 
virus isolate, a final inoculum of 20 TCID50  in a volume of 100 μl was incubated for 1 hour 
at 37 ºC with threefold serial dilutions of HIVIg (range, 2 – 1,500 μg/ml), serum (range, 
1/50 – 1/3,200), or monoclonal antibody (range, 0.034 – 25 μg/ml). Subsequently, the mix-
tures of virus with antibody or serum were added to 105 PHA-stimulated PBMCs in 50 μl 
medium. Virus production in culture supernatants on day 7 was analyzed by an in-house p24 
antigen capture enzyme-linked immunosorbent assay (ELISA)18. Experiments were performed 
in triplicate. The percent neutralization was calculated by determining the reduction in p24 
production in the presence of neutralizing agent compared to the cultures with virus only. 
When possible, 50% inhibitory concentrations (IC50s) were determined by linear regression. 
For calculations, viruses with IC50s of <0.034, >25 (for monoclonal antibodies), >50 (for 
serum), or >1,500 were assigned a value of 0.017, 25, 25, or 1,500, respectively.

(ii) U87-based assay

This assay was performed by Monogram Biosciences as part of a larger study17. Sera were tested 
on a tier 2 virus panel which consisted of a total of 23 pseudoviruses with envelope sequences 
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from HIV-1 subtypes A, B, C, and D. Viruses were obtained recently after transmission or 
during the chronic phase of infection and were either moderately sensitive or neutralization 
resistant based on previously determined neutralization sensitivities to sera from subtype 
B-infected individuals and monoclonal antibodies (mAbs) b12, 2G12, and 4E1017,19,20. The 
preparation of pseudotyped viral particles is described in detail elsewhere19. A recombinant 
virus assay involving a single round of virus infection was used to measure cross-neutralization 
activity of the sera1,21. Diluted pseudoviruses were incubated for 1 hour at 37 ºC with serial 
dilutions of the purified serum IgG after which the U87 target cells were added. The ability of 
patient sera to neutralize viral infection was assessed by measuring luciferase activity 72 hours 
after viral inoculation in comparison to a control infection with a virus pseudotyped with the 
murine leukemia virus envelope (aMLV). Neutralization titers are expressed as the reciprocal 
of the plasma dilution that inhibited virus infection by 50% (IC50). Data on cross-neutralizing 
activity on this virus panel correlated with data obtained on a recently reported smaller virus 
panel20 confirming the validity of our virus panel for this analysis. 

Analysis of neutralization breadth and potency

The breadth of neutralizing activity in serum from ACS participants who became HIV-1-
infected in the period 1985 – 1996 was expressed as the number of viruses neutralized out 
of a total panel of 23 heterologous virus variants pseudotyped with a subtype A, B, C, or D 
envelope, where viruses were considered to be neutralized when the neutralization titer of the 
serum exceeded 40. The neutralization potency of the sera was compared using potency scores 
determined according to the method described by Blish et al.22. In short, the potency score of a 
serum sample against a certain virus variant was determined by dividing the neutralization titer 
of the serum by the median neutralization titer of that virus for all serum samples. The overall 
potency score, and the subtype potency scores, were obtained by adding the potency scores of 
a serum for all viruses, or for all viruses in that particular subtype, respectively.

sequence analysis

Env of clonal HIV-1 variants isolated from participants of the ACS were amplified from DNA 
that was isolated from in vitro infected healthy donor PBMC. Env PCR products were subse-
quently sequenced as described previously23-25. 

For the analysis of Los Alamos database sequences, a nucleotide alignment containing 250 
subtype B HIV-1 env sequences and 452 subtype C HIV-1 env sequences with a documented 
year of isolation and representing only one sequence per person was downloaded from the 
HIV database website (http://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html, 
version 2007). Two subtype B env sequences containing multiple errors were omitted from the 
alignment, whereas sequences with minor sequence errors were corrected manually. Coreceptor 
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usage and syncytium-inducing capacity were predicted by PSSM based on the V3 sequences16. 
The proportion of sequences with a predicted CXCR4-using and/or syncytium-inducing phe-
notype was larger in the earliest time frames. As predicted CXCR4-using variants on average 
contained a lower number of PNGS compared to predicted CCR5-using variants (P = 0.023; 
data not shown), we restricted our analyses to sequences with both a predicted CCR5-using 
and a predicted non-syncytium inducing phenotype. A total of 99 subtype B env sequences 
with a documented year of isolation between 1985 – 1988 or between 2003 – 2005, and 213 
subtype C env sequences with a documented year of isolation between 1990 – 1995 or between 
2003 – 2005 were included in the analysis. 

Nucleotide sequences were aligned using ClustalW in the software package of BioEdit26, 
and edited manually. Potential N-linked glycosylation sites (PNGS) were identified using 
N-Glycosite27 at the HIV database website (http://www.hiv.lanl.gov/content/sequence/
GLYCOSITE/glycosite.html). The mean pairwise genetic diversity among viruses within each 
patient group was calculated under the Kimura two-parameter model in the software program 
MEGA version 428, using consensus sequences of all virus variants per patient.

Phylogenetic analysis

The matrix of aligned nucleotide sequences was imported into the tree building software 
PAUP*29 (http://paup.csit.fsu.edu/), and a neighbour-joining (NJ) tree30 was constructed 
under the Hasegawa-Kishino-Yano (HKY85) model of evolution31. The robustness of the NJ 
phylogeny was assessed by bootstrap analysis with 1,000 rounds of replication. 

statistical analysis

Statistical analyses were performed in SPSS 16 software package. To compare IC50 values, the 
length of envelope regions and the numbers of PNGS in gp120 between historical and con-
temporary viruses, the average value for all viruses per patients was calculated. Subsequently, 
differences in IC50 values of both groups of viruses for polyclonal and monoclonal antibody 
reagents were evaluated using a Mann-Whitney U test. Means of gp120 length and numbers 
of PNGS were compared using a t test for independent samples. Differences in the breadth 
of heterologous neutralization between ACS participants who seroconverted between 1985 
and 1996 were assessed using a one-way ANOVA. Finally, potency scores and the geometric 
mean of heterologous neutralization titers of sera from individuals who seroconverted between 
1985 – 1986 or between 1990 – 1996 were compared using a Mann-Whitney U test.
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suPPleMentARy dAtA

Supplementary Table 1: Characteristics of historical and recent seroconverters of the ACS

Year Mode of 
Group Patient Sex of SC transmission n clones Mo after SC
Historical P116 Male 1988 MSM 4 0.2 – 1.0
seroconverters H18766 Male 1988 MSM 2 4.1

H18829 Male 1987 MSM 2 2.5
H18860 Male 1986 MSM 2 2.1
H18969 Male 1987 MSM 3 2.2
H19432 Male 1986 MSM 3 2.3
H19542 Male 1985 MSM 3 2.3
H19659 Male 1985 MSM 1 2.0
H19768 Male 1986 MSM 3 2.4
H19999 Male 1985 MSM 3 3.7

Recent P002 Male 2003 MSM 3 1.1
seroconverters P004 Male 2003 MSM 3 0.2

P013 Male 2003 MSM 1 0.6
P019 Male 2003 MSM 3 0.2
P034 Male 2004 MSM 3 0.0 – 0.7
P127 Male 2005 MSM 3 0.5
P151 Male 2004 MSM 3 2.5
P174 Male 2004 MSM 2 0.5
P177 Male 2004 MSM 3 1.4
P180 Male 2004 Heterosexual 3 0.1
P183 Male 2005 MSM 1 1.2
P186 Female 2005 Heterosexual 3 0.5
P197 Male 2005 MSM 3 0.5

SC, seroconversion; n, number; Mo, months; MSM, men who have sex with men.

Supplementary Figure 1: Evolutionary relationships of historical and recent gp120 sequences. A neighbour-
joining phylogenetic tree was constructed using the tree building software PAUP*. Sequences derived from 
historical (■) and recent ( ) virus isolates of the Amsterdam Cohort were aligned together with subtype 
B gp120 sequences of the Los Alamos database using HIV-1 non-subtype B gp120 sequences as outgroups 
(▲). The diversity among recent viruses (18.2%) was larger than the diversity among historical viruses 
(8.4%). Historical (●) and recent (●) database sequences used for the analysis of changes in gp20 length and 
glycosylation characteristics are indicated. Asterisks at nodes represent 70% or higher bootstrap values.
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Supplementary Figure 2: Increased length and number of PNGS of the viral envelope in contemporary 
subtype C HIV-1 compared to historical isolates. The length of gp120 (A), and of the V1 loop of gp120 (B), 
and the number of PNGS in gp120 (C), and in the V1 loop of gp120 (D) of subtype C sequences from the Los 
Alamos database with a documented year of isolation between 1990 – 1995 (n=25, ●) or between 2003 – 2005 
(n=188, ●) are shown. In all panels, horizontal bars represent the means. Differences between groups were 
evaluated using a t test for independent samples.
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Supplementary Figure 3: Decreased potency scores and geometric mean titers of neutralizing activity in serum 
from participants of the Amsterdam Cohort Studies who seroconverted either in the period 1985 – 1986 or in 
1990 – 1996. Potency scores were calculated by dividing the neutralization titer of a serum for a given virus by 
the median neutralization titer of that virus for all serum samples. (A) Overall potency score against a multi-clade 
panel of 23 viruses (far left panel) and separate potency scores against HIV-1 variants of subtype A (2nd panel), B 
(middle panel), C (4th panel), and D (far right panel) of sera from participants of the Amsterdam Cohort Studies. 
(B) Geometric mean of the serum IC50 titers against the complete multi-clade panel of 23 heterologous virus 
variants. In all panels, horizontal bars represent the median. Differences between groups were evaluated using a 
Mann-Whitney U test.
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Antiviral antibody responses

Viruses are intracellularly replicating pathogens that are dependent on living hosts to survive. 
To control a viral infection, both the humoral and the cellular arms of the host’s adaptive im-
mune system are usually required. However, the development of the antiviral immune response 
may widely differ depending on the type of virus1. 

Viruses can roughly be divided into those that are acutely pathogenic to the host and those 
that are poorly or non-pathogenic. Pathogenic viruses, such as vesicular stomatitis virus in 
mice as well as rabies virus and smallpox virus in humans, interfere with essential cellular 
processes, ultimately resulting in cell death and extensive damage to infected tissues. A rapid 
production of neutralizing antibodies (NAbs; within 2 – 4 days) is needed to prevent viral 
dissemination and death of the host2,3. Poorly or non-pathogenic viruses, including murine 
lymphocytic choriomeningitis virus (LCMV), hepatitis C virus, and human immunodeficiency 
virus (HIV), do not induce excessive cellular damage. Disease is largely caused by elimination 
of infected cells by the host’s immune response or by chronic immune activation4. As a rapid 
elicitation of NAbs is not needed for survival of the host, the development of the NAb response 
against poorly pathogenic viruses is delayed and does not reach high titers until relatively late 
in infection1. Instead, the control of viral replication during acute infection is established by 
the activity of cytotoxic T lymphocytes5,6. 

In this chapter, the development of the NAb response during HIV-1 infection and the escape 
of HIV-1 from antibody neutralization, as well as the implications of these processes for disease 
progression and vaccine design, will be discussed in view of the results described in this thesis 
and recent findings by others.

development of the HIV-1-specific autologous neutralizing antibody response

The earliest antibodies directed against the viral envelope can be detected within two to three 
weeks after the appearance of virus in plasma, but lack neutralizing activity7,8. Antibodies able 
to neutralize the autologous virus do not appear until two months or later after infection7-14. 
This delay in the development of NAb responses in HIV-1-infected individuals may be caused 
by HIV-1-induced damage to lymphoid follicles and loss of germinal centers in the gut, in 
combination with the very early onset of polyclonal B cell activation15. In an LCMV mouse 
model, it was shown that persistent antiviral CD4+ T-cell help enhanced polyclonal B-cell 
activation, resulting in an impaired induction of NAbs16,17. In line with these findings, we have 
shown that the development of cross-reactive neutralizing serum activity is associated with 
relatively low numbers of CD4+ T cells at the moment of infection (chapter 5). These results 
suggest that the earliest interactions between HIV-1 and the immune system during acute 
infection play a pivotal role in determining the quality of HIV-1-specific humoral immunity 
later in infection.
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In chapter 3, we described the autologous NAb responses in five typical progressors over the 
course of infection. The most potent autologous NAb responses were typically raised against 
the earliest virus variants, followed by declining neutralization titers against antibody escape 
variants over time10,11, indicating that the humoral immune system is unable to effectively 
respond to antibody escape variants. These decreasing NAb responses over time may be the 
result of the depletion of CD4+ T-cell help during chronic infection, as studies of vaccination of 
HIV+ individuals against other pathogens also showed reduced immune responses to new anti-
gens18,19. In addition, the evolution of the viral envelope over the course of infection resulting 
in enhanced protection against NAbs may at the same time shield potential antibody epitopes 
from recognition by the humoral immune system. Support for the latter possibility may come 
from chapter 10, where HIV-1 variants isolated from recent seroconverters were shown to be 
more resistant to antibody neutralization, and in parallel to induce poorer antibody responses 
than viruses from historical patients.

In contrast to the majority of HIV-1-infected individuals, a substantial proportion of patients 
does not develop autologous neutralizing serum activity11. In chapter 3, this was observed for 
two out of five typical progressors. Low viral load setpoints have been associated with a poor 
development of the NAb response20-22, which was however not the case for these two individu-
als. Moreover, the earliest virus variants in these patients were sensitive to neutralization by 
monoclonal antibodies b12, 2G12, and/or 2F511 (chapter 8), indicating that these viruses were 
not intrinsically resistant to antibody neutralization. The lack of autologous NAb responses in 
these individuals thus remains unexplained, but is more likely to be related to host factors than 
to characteristics of the transmitted virus. 

Cross-reactive neutralizing humoral immunity against HIV-1

In chapter 5, we showed that approximately 30% of HIV+ individuals of the Amsterdam 
Cohort Studies developed a cross-reactive NAb response, in agreement with recent data from 
cohorts in other geographical regions23,24. Moreover, one individual (~1%) was identified 
as an elite neutralizer, being able to neutralize virus variants from at least 4 subtypes with 
high titers. Antibody specificities of cross-reactive neutralizing activity in serum have been 
shown to include the CD4 binding site, as well as the gp41 MPER21,25-30. However, a subset 
of sera with broadly neutralizing activity did not react with these epitopes21,25-28, indicating 
that other antibody specificities are likely to exist. Indeed, two extremely broad and potent 
monoclonal NAbs which target the conserved regions of V2 and V3 have recently been isolated 
from a subtype A-infected individual31. These two antibodies were responsible for nearly the 
complete cross-reactive neutralizing activity in serum, indicating that one antibody specificity 
with extremely high potency may be sufficient to obtain a large breadth of neutralization. On 
the other hand, broadly neutralizing activity may also result from a combination of multiple 
antibody specificities of somewhat limited breadth32. 
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Although the development of a broad and potent NAb response does not protect against 
disease progression, as will be discussed later in this chapter, it will be critically important for 
vaccine design to understand how cross-reactive neutralizing humoral immunity is elicited. As 
mentioned above, early events in the interaction between the virus and the host’s immune sys-
tem may determine the quality of the HIV-1-specific NAb response (chapter 5). Furthermore, 
the development of a broad and potent NAb response has been shown to correlate with a high 
viral load setpoint20-22,33. In addition, the breadth and magnitude of the NAb response continue 
to increase during asymptomatic infection34-38 (chapter 6), suggesting that both a high level 
of antigen and a prolonged stimulation of the humoral immune system are required for the 
development of high-affinity antibodies. 

The specificity of the NAb response may also be determined by characteristics of the viral 
envelope. The conformation of Env, the overall density of the glycan shield, the location of 
individual glycans on the envelope surface as well as the length and glycosylation characteristics 
of the variable regions may together determine which antibody epitopes are exposed to the 
humoral immune system. As mentioned earlier, antibody resistant viruses might elicit poorer 
NAb responses (chapter 10), suggesting that the epitope shielding mechanisms of Env may 
effectively protect its conserved domains from antibody recognition, resulting in the elicitation 
of antibodies with limited breadth of neutralization.

Finally, it remains to be established whether the antibody repertoire in all individuals will 
be sufficiently broad to allow the elicitation of a protective cross-reactive NAb response by 
vaccination. All currently known broadly NAbs, albeit that only very few have been identified 
to date, have unique characteristics, such as an unusually long complimentarity-determining 
region 3 (CDR3) of the heavy chain (b1239, PG9 and PG1631), swapped variable heavy chain 
domains (2G1240), and polyspecific reactivity against autoantigens (2F5 and 4E1041). Thus, 
even when all other factors are optimal, the development of a broad NAb response may be lim-
ited by the inability of the humoral immune system to target the desired neutralizing epitopes.

Mechanisms of escape from neutralizing antibodies

Antibody escape variants are rapidly selected in response to the development of the autologous 
NAb response10,11 (chapter 3), even in the presence of cross-reactive humoral immunity (chap-
ter 6). The rapid escape of HIV-1 from broad NAb responses is quite remarkable, given the 
fact that cross-reactive NAbs are thought to target relatively conserved regions within the viral 
envelope21,25-27,29. Apparently, Env has found ways to disrupt antibody binding to conserved 
domains without compromising its function. Wu et al.42 recently described how HIV-1 may 
acquire resistance to b12 neutralization while retaining a fully functional CD4 binding site. 
The binding of both b12 and CD4 is centred around the CD4 binding loop consisting of a 
continuous stretch of 10 amino acid residues. However, CD4 makes contact with only one side 
of this CD4 binding loop, while b12 interacts with both sides. Substitutions of three amino 
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acids within the b12 contact area were shown to disrupt binding of the antibody to gp120, 
but did not interfere with CD4 binding42. These findings suggest that unless CD4 binding 
site-directed antibodies bind to gp120 in a way that very closely mimics the CD4-gp120 
interaction, HIV-1 may always be able to escape from neutralization by mutations that affect 
antibody binding but not CD4 attachment. 

In chapters 3 and 6, we described large adaptations in the length of the variable loops and in 
the number and locations of PNGS in Env over the course of infection. As the variable regions, 
in particular the V1V2 loop13,14,43-45, are major targets of the autologous NAb response, changes 
in the variable loops may confer direct escape from humoral immunity. Moreover, the length of 
the V1V2 and V4 regions correlated well with the magnitude of the autologous NAb response 
(chapter 3), indicating that these regions may also be involved in immune evasion by shield-
ing underlying neutralization epitopes. The results described in chapter 10 suggest a unique 
role for the V1 region in the adaptation of HIV-1 to humoral immunity. The observation 
that an extended and more heavily glycosylated V1 loop coincided with enhanced resistance 
to heterologous NAbs suggests that this region shields particularly important neutralization 
epitopes. Further study will be needed to explore the contribution of the different variable 
loops to protection against the humoral immune response.

The total number of PNGS in Env also seemed to correlate with the required level of protec-
tion against NAbs (chapter 3), suggesting that a densely packed glycan shield is indeed an 
important mechanism of escape from NAbs. Apart from their combined function as a shield, 
certain individual glycans have been attributed a more specialized role in immune evasion. 
Removal of glycans at positions 197, 301, and 386 greatly enhanced the sensitivity of HIV-1 to 
CD4 binding site-directed antibodies, suggesting that these glycans sterically hinder antibody 
access to the CD4 binding site46-48. Interestingly, N197 and N301 were present in all viruses 
studied in chapter 3, whereas variation in the presence of N386 was observed over the course 
of infection. The role of these and other glycans important for immune evasion would be worth 
studying in more detail.

In addition to the mechanisms of NAb escape discussed above, it has been shown that 
changes in one region of Env may induce conformational changes that affect neutralization 
epitopes in other parts of the trimer49,50. As a single escape mechanism may not be sufficient to 
confer resistance to the full spectrum of antibodies specificities developed during the course of 
infection, these different mechanisms are likely to act in concert to allow NAb escape of HIV-1 
via multiple mutational pathways13. Moreover, we showed in chapters 8 and 9 that HIV-1 can 
develop resistance to broadly neutralizing antibodies in the absence of a potent autologous 
NAb response. In particular, the adaptation to a low availability of CD4+ target cells during 
late-stage disease may cause changes in the CD4 binding site that affect the sensitivity of 
HIV-1 to b12 neutralization. These observations suggest that other selective mechanisms than 
escape from NAbs may also play a role in alterations of the neutralization sensitivity of HIV-1, 
emphasizing the complexity of viral evolution.
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neutralizing humoral immunity and HIV-1 disease progression

As a result of the delayed development of HIV-1-specific neutralizing humoral immunity, 
the earliest NAbs appear too late to influence plasma viral load during acute infection7,8. In 
addition, we described in chapter 5 that the development of a broad NAb response does not 
protect from disease progression, suggesting that the NAb escape mechanisms of HIV-1 are 
sufficient to effectively evade the humoral immune response, even when conserved regions 
of Env are targeted. Moreover, while escape from CTL responses may inflict a cost to viral 
fitness51,52, escape from the autologous NAb response does not seem to have an impact on the 
viral replication rate (chapter 4). Similarly, replication kinetics of HIV-1 were not influenced 
by changes in conserved regions of Env resulting in resistance to broadly neutralizing antibodies 
(chapter 7). Taken together, these results suggest that even though NAbs exert strong selection 
pressure on the viral envelope, HIV-1 is so well-adapted to escape from humoral immunity that 
the virus is not in any way inhibited by the development of a broad and potent NAb response.

A potential alternative role for humoral immunity in disease progression follows from the 
results described in chapter 2. The enhanced sensitivity of X4 viruses shortly after their first 
emergence in plasma indicates that a strong NAb response may be able to selectively suppress 
the appearance of X4 variants, thus preventing the accelerated progression to AIDS which is 
related to this switch in coreceptor usage. Indeed, the selection pressure on the viral envelopes 
of early X4 variants is enhanced as compared to their coexisting R5 variants (D. Edo Matas, 
unpublished data). However, the development of a broad NAb response does not seem to be 
associated with the prevention of the appearance of X4 variants (Z. Euler, unpublished data), 
indicating that humoral immunity may also not be able to influence disease progression via 
this indirect route.

In chapter 10, we described that the resistance of HIV-1 to antibody neutralization has 
increased over the course of the epidemic. In addition, recently infected individuals developed 
poorer antibody responses than patients infected early in the epidemic, most likely as a result 
of the increased masking of neutralization epitopes on the viral envelope. Since evidence is 
accumulating that a strong autologous NAb response does not protect against disease pro-
gression22 (chapter 5), the question remains whether the adaptation of HIV-1 to humoral 
immunity on a population level will influence the general course of HIV-1 infections. Recent 
data suggest that recently infected individuals have a higher viral load setpoint than historical 
patients53, which is associated with a faster disease progression. However, since the autologous 
NAb response develops too late to have a strong impact on the viral load early in infection, it 
seems more likely that this increase in viral load setpoint is related to other factors, such as an 
increased replicative fitness of HIV-1 over time, as was shown to have occurred during the HIV 
epidemic in Amsterdam54, and/or of the adaptation of HIV-1 to cellular immune responses 
on a population level55. On the other hand, the course of HIV-1 infection in recently infected 
individuals might be influenced by the increased length and glycosylation characteristics of the 



Chapter 11

218

variable regions in Env. R5 variants evolving towards an X4-phenotype are more likely to have 
a longer V2 region with an additional glycosylation site56, indicating that recent HIV-1 variants 
might be more prone to switch to CXCR4 usage. 

HIV-1 vaccine development

For most viruses, protection against infection is associated with the presence of NAbs elicited 
in response to previous infections or through vaccination57,58. Passive immunization with 
antibodies of the correct specificity and potency was shown to confer protection against SIV-
infection in macaque models59-64, suggesting that pre-existing humoral immunity may also be 
able to prevent HIV-1 infection. For most human vaccines however, NAbs may not confer 
sterilizing immunity, but are more likely to limit virus replication during the earliest stages of 
infection until other components of the immune system eradicate the virus65. It is therefore 
generally assumed that an HIV-1 vaccine will have to elicit both humoral and cellular immune 
responses. An effective T cell-based vaccine on its own is unlikely to protect against infection, 
although it may suppress viral replication and lower the viral load setpoint66,67, resulting in a 
delayed disease progression and a reduction in HIV-1 transmission rates68. The development 
of both components of a protective HIV-1 vaccine has been hampered by essentially the same 
obstacles, including the genetic diversity of HIV-1 and the immune evasion strategies of the 
virus. Current issues in the design of a NAb-based vaccine will be discussed in more detail 
below.

Genetic diversity

A successful NAb-based vaccine will need to provide protection against multiple subtypes of 
HIV-1. For this reason, one of the major goals in vaccine design is the identification of one or 
more antibody specificities that are effective against the majority of currently circulating HIV-1 
variants. It has been shown that some viruses are resistant to neutralization by multiple of the 
currently known broadly NAbs (BNAbs)31,69,70. In particular, viruses from non-B subtypes are 
relatively resistant to neutralization by BNAbs b12, 2G12, and 2F569, which were isolated 
from subtype B HIV-1-infected individuals. Such subtype-specific neutralization patterns71 
may indicate that the problem of the high HIV-1 diversity may be overcome by the design of 
subtype-specific vaccines. On the other hand, the screening of B cell clones from individuals 
with broad and potent neutralizing serum activity will most likely reveal many novel antibody 
specificities, exemplified by the recent identification of monoclonal antibodies PG9 and 
PG1631. BNAbs PG9 and PG16 display much greater neutralization breadth and magnitude 
than BNAbs b12, 2G12, 2F5, and 4E10, which provides hope for the development of a vaccine 
protective against all subtypes of HIV-1. 
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Immunogen design

Immunogens based on monomeric gp120 subunits have thus far failed to induce antibody re-
sponses that are able to neutralize primary HIV-1 isolates72,73. In recent years, increased insight 
into the molecular structure of the envelope complex have led to the design of immunogens 
based on the functional trimeric form of Env, which showed increased immunogenicity74. In 
this respect, the recently published results of the phase III trial conducted in Thailand are in-
triguing. The vaccinees in this study received a recombinant monomeric gp120 subunit vaccine 
(AIDSVAX B/E), in combination with a CTL-based recombinant canarypox vector vaccine 
(ALVAC), resulting in a 31.2% reduction in HIV-1 infection rate as compared to the placebo 
control group75. These results are remarkable in itself, as this is the first experimental HIV-1 
vaccine to show significant, albeit only very modest, efficacy. It seems even more surprising 
that protection against infection was observed using a vaccine that was shown to elicit binding 
Abs75, but is unlikely to induce NAbs. A detailed analysis of the humoral and cellular immune 
responses elicited by this vaccine, as well as potential genetic differences between the vaccine 
and placebo groups, will hopefully reveal correlates associated with the observed protection.

So far, the elicitation of a broad and potent NAb response by vaccination has not yet been 
very successful, as all immunogens tested mainly elicited type-specific NAb responses76,77. One 
strategy to induce broader NAb responses is the design of envelopes in which type-specific 
neutralization epitopes are shielded, for example by glycans, in such a way that the immune 
response is focused on a conserved epitope eliciting broadly neutralizing antibodies78. In chap-
ter 10, we showed that historical virus variants elicited stronger humoral immune responses 
than recent viruses, suggesting that Envs from historical HIV-1 may be better templates for 
vaccine design. On the other hand, the increased epitope shielding in relatively neutralization 
resistant, contemporary virus variants may also turn out to be beneficial for the construction 
of an immunogen that elicits humoral immunity directed towards one or more conserved 
neutralization epitopes. Moreover, the epitopes expressed by historical Envs may no longer be 
relevant for the elicitation of neutralizing activity against currently circulating virus variants. 

In vitro assays for the analysis of HIV-1-specific neutralization

For all vaccine strategies, a detailed understanding of the elicitation of cross-reactive neutraliz-
ing humoral immunity during natural HIV-1 infection, as well as the functional requirements 
of Env and the mechanisms of escape from NAbs, such as described for b12 earlier in this 
chapter, will be very important. Furthermore, a standardized in vitro neutralization assay will 
be required to evaluate NAb responses elicited by vaccination. The most extensively used assay 
formats include a multiple-round PBMC-based assay using primary virus, and a single-round 
infection assay using a reporter cell line (usually TZM-bl) and pseudovirus produced by 293T 
cells. The neutralization activity of antibodies or sera may widely differ depending on the type 
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of assay used79-81. As a result of a reduced expression of Env spikes on pseudovirus as com-
pared to primary virus, the use of a reporter cell line-based assay is associated with increased 
neutralization sensitivity82. However, we also observed discordance between the use of PBMC 
or TZM-bl as a target cell when the same primary viruses were tested83, indicating that both 
the target cell and the source of the virus influence the result of the neutralization assay. It has 
been suggested that as long as the in vitro correlates of humoral immune protection are not 
completely understood, both assay formats should be used in parallel79-81. In addition, as the Fc 
receptor function seems to be important for the antiviral activity of NAbs in vivo84, it might be 
necessary to develop new assay formats in order to accurately predict the level of protection by 
humoral immunity in vivo based upon the in vitro antiviral serum activity.

Concluding remarks

Although the development of an HIV-1-specific NAb response with large breadth and magni-
tude does not seem to influence disease progression, the acquisition of HIV-1 infection may 
be prevented by pre-existing neutralizing humoral immunity. With 2.7 million new HIV-1 
infections every year85, a protective vaccine is urgently needed to control the AIDS epidemic86. 
Recent advances towards the development of a NAb-based vaccine include the finding that 
relatively low concentrations of antibody may be sufficient to provide protection against 
physiologically relevant amounts of virus64, and the identification of two extremely broad 
and potent BNAbs with previously unknown neutralization epitopes31. Although a vaccine 
eliciting HIV-1-specific cross-reactive humoral immunity may not be available any time soon, 
other immunization strategies, such as vector-mediated gene transfer resulting in the sustained 
production of antibody molecules, may also provide long-lasting protection against infection87. 
In a collaborative effort, researchers and industry will have to use these new scientific insights 
to continue the progress towards a protective vaccine, ultimately allowing us to win the battle 
against HIV.
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The viral envelope (Env) on the surface of human immunodeficiency virus type 1 (HIV-1) 
mediates entry of a virion into a target cell. This entry process can be inhibited by the binding 
of neutralizing antibodies (NAbs) to Env, which either blocks attachment of Env to its recep-
tors on the cell surface, or prevents the conformational changes in Env necessary to promote 
fusion of the viral and cellular membranes. The majority of HIV-1-infected individuals develop 
a NAb response against the autologous virus within weeks to months after primary infection. 
However, HIV-1 variants with mutations in the viral envelope resulting in decreased sensitivity 
to these NAbs are rapidly selected. New NAbs are elicited in response to these escape variants, 
thus leading to successive cycles of antibody production and viral escape. As a results of the 
rapid emergence of HIV-1 escape variants, NAbs seem to have little effect on the control of 
viral replication. In this thesis, we studied the development of the NAb response in HIV-1-
infected individuals, the subsequent viral escape from antibody neutralization, the evolution 
of the viral envelope glycoprotein, and the effect of these processes on viral replication and 
disease progression. 

Primary HIV-1 infection is predominantly established by viruses that use the chemokine 
receptor CCR5 as a coreceptor (R5 variants). In approximately 50% of individuals infected 
with subtype B HIV-1, CXCR4-using variants evolve from R5 viruses during the course of 
infection, followed by an accelerated progression to AIDS. As this relatively late appearance 
of X4 HIV-1 variants is poorly understood, we studied whether humoral immunity may play 
a role in the evolution of HIV-1 from CCR5- to CXCR4 usage (chapter 2). We observed 
that recently emerged X4 viruses were more sensitive to neutralization by CD4 binding site-
directed agents than their coexisting R5 variants. Moreover, a subset of patients mounted a 
potent humoral immune response against these CXCR4-using variants. Although the humoral 
immune response in these patients was not sufficient to prevent the appearance of X4 vari-
ants, the increased neutralization sensitivity of HIV-1 during the transition from CCR5- to 
CXCR4-usage suggests that HIV-1 phenotype evolution may be prevented by strong humoral 
immunity in certain individuals.

The development of the NAb response and the evolution of Env coinciding with humoral 
immune pressure had mainly been studied in the initial phase of infection or cross-sectionally 
in acutely versus chronically infected patients. In chapter 3, we present a longitudinal study of 
autologous HIV-1 humoral immunity in relation to Env evolution that covers the entire course 
of infection from seroconversion to symptomatic disease. We show that, particularly early in 
infection, NAbs have a large effect on the evolution of Env, resulting in extended variable loops 
of the gp120 subunit, and an increased density of the glycan shield. Reversion of NAb-induced 
changes was observed late in infection in the face of declining neutralizing immunity, sugges-
tive of an effect of these changes on viral fitness. However, in chapter 4, we show that escape 
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of HIV-1 from autologous neutralizing serum activity, and the coinciding changes in Env, are 
in general not associated with a decrease in viral replication rate.

Although the NAb response in HIV-1-infected individuals is generally relatively strain-
specific, a subset of individuals develops broadly neutralizing activity in serum later in 
infection. As these cross-reactive NAbs are thought to target conserved regions of the viral 
envelope, escape of HIV-1 from broadly neutralizing serum activity may be limited. However, 
we observed that the development of HIV-1-specific cross-reactive humoral immunity does 
not influence the rate of disease progression (chapter 5). In chapter 6, we subsequently show 
the rapid selection of antibody escape variants in individuals who developed cross-reactive 
neutralizing activity, indicating that the conserved nature of the domains targeted by these 
antibodies does not prevent NAb escape of HIV-1. In addition, the replication rate of HIV-1 
is not affected by resistance of the virus to neutralization by monoclonal broadly neutralizing 
antibodies (BNAbs) (chapter 7). These findings suggest that HIV-1 may be able to escape from 
NAbs by changes in both the variable and the conserved regions of Env without the loss of 
viral fitness, which may explain the absent effect of potent cross-reactive neutralizing humoral 
immunity on the clinical course of infection. 

The conserved nature of the epitopes of the BNAbs b12, 2G12, 2F5, and 4E10, and the 
general lack of selective antibody pressure on these epitopes, may imply that the sensitivity of 
HIV-1 for these BNAbs remains fairly constant over the course of infection. On the contrary, 
we show in chapter 8 that viruses resistant to one or more BNAbs appear over the course of 
infection in most individuals, irrespective of the potency of the autologous NAb response. The 
emergence of viruses resistant to b12 neutralization was studied in more detail in chapter 9. 
We show that b12 resistant HIV-1 variants appeared during the course of natural infection in 
a substantial proportion of HIV-1-infected individuals, irrespective the presence or absence of 
humoral and/or cellular immune pressure. These results suggest that other mechanisms than 
immune pressure are likely to play a role in the selective outgrowth of viruses resistant to BNAbs.

In chapter 10, we investigated whether the successive rounds of NAb escape of HIV-1 in 
sequentially infected individuals has influenced the neutralization phenotype of the virus at the 
population level over the course of the epidemic. We observed that viruses from individuals 
who seroconverted between 2003 and 2005 were more resistant to antibody neutralization 
than virus variants from individuals who seroconverted between 1985 and 1988, suggesting 
that HIV-1 has adapted to humoral immunity over time. The decreased exposure of antibody 
epitopes coincided with enhanced masking mechanisms of the viral envelope and seemed to 
result in the elicitation of poorer NAb responses in more recently infected individuals. 

Taken together, the results described in this thesis have given us more insight into the role of 
NAbs in HIV-1 infection and the evolution of the viral envelope over the course of infection. 
Although NAbs may not be able to influence HIV-1 disease course, a better understanding of the 
elicitation of cross-reactive humoral immunity during natural HIV-1 infection and the escape of 
HIV-1 in response to antibody pressure will be relevant for the design of a NAb-based vaccine.
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Hiv en aids

Het humaan immuundeficiëntie virus (hiv) is de verwekker van de ziekte aids (acquired immu-
nodeficiency syndrome). Het virus infecteert bepaalde cellen van het menselijke afweersysteem, 
dat ons beschermt tegen ziekteverwekkers. In reactie op de aanwezigheid van hiv in het lichaam 
komt een afweerrespons tegen het virus op gang, die echter niet is staat is om de infectie te 
bestrijden. Als gevolg van de infectie van cellen van het afweersysteem en de continue activatie 
van het afweersysteem door hiv wordt de afweerrespons in geïnfecteerde patiënten in de loop 
van de tijd aangetast. Uiteindelijk is het afweersysteem in deze patiënten daardoor niet meer 
in staat om ziekteverwekkers te onderdrukken, en wordt de diagnose aids gesteld. Meestal 
overlijdt een aidspatiënt aan een ziekte of infectie waar gezonde personen niet vatbaar voor zijn. 
De gemiddelde tijd tussen infectie met hiv en het ontwikkelen van aids ligt tussen de 7 en 11 
jaar. Er zijn echter uitzonderingen bekend van mensen die een zeer snelle ziekteprogressie naar 
aids doormaakten, maar ook van personen die meer dan 15 jaar lang hiv-geïnfecteerd waren 
zonder symptomen van aids te vertonen.

Op dit moment is men alleen in staat om door middel van medicatie de replicatie van hiv 
in een geïnfecteerde persoon te onderdrukken, zodat de progressie naar aids niet of langzamer 
plaatsvindt. Doordat hiv zich als het ware verstopt in bepaalde cellen van het menselijk lichaam 
is het vooralsnog echter onmogelijk om hiv-geïnfecteerde patiënten volledig te genezen van 
hun infectie. Een van de belangrijkste doelen van hedendaags hiv-onderzoek is dan ook de 
ontwikkeling van een vaccin dat gezonde personen bescherming biedt tegen hiv-infectie.

neutraliserende antistoffen

Om zich te vermenigvuldigen infecteert hiv CD4+ T cellen, die onderdeel zijn van het men-
selijke afweersysteem. Om deze cellen binnen te kunnen dringen, bindt het virus eerst aan 
receptoren op het celoppervlak, om vervolgens te versmelten met de cel. Dit proces wordt 
uitgevoerd door het envelop-eiwit dat zich aan de buitenkant van het virusdeeltje bevindt. De 
infectie van een CD4+ T cel door hiv kan worden verhinderd door de binding van zogenaamde 
neutraliserende antistoffen aan de envelop. Hierdoor kan de envelop geen contact maken met 
zijn receptoren, en kan het infectieproces niet plaatsvinden. Deze neutraliserende antistoffen 
worden geproduceerd door het afweersysteem in reactie op de aanwezigheid van hiv. In theorie 
zouden neutraliserende antistoffen de replicatie van hiv dus kunnen remmen of zelfs volledig 
blokkeren. In de praktijk zien we echter dat hiv makkelijk kan ontsnappen aan neutraliserende 
antistoffen. Tijdens de vermenigvuldiging van hiv kunnen namelijk bij toeval virusvarianten 
ontstaan met een verandering in hun envelop die ze minder gevoelig maakt voor de aanwezige 
neutraliserende antistoffen. Omdat de vermenigvuldiging van zo’n resistente virusvariant niet 
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wordt geremd door de aanwezige neutraliserende antistoffen, zal dit virus al snel het gevoelige 
virus verdringen. In reactie op dit veranderde virus maakt het afweersysteem weer nieuwe 
antistoffen aan, maar ook hier kan het virus aan ontsnappen, zodat opeenvolgende cycli van 
neutraliserende antistofproductie en virale ontsnapping plaatsvinden. 

dit proefschrift

Omdat hiv zo snel en makkelijk kan ontsnappen aan neutraliserende antistoffen, lijkt de 
neutraliserende antistofrespons in hiv-geïnfecteerde patiënten niet in staat om de vermenig-
vuldiging van het virus te remmen. In dit proefschrift hebben we de ontwikkeling van de 
neutraliserende antistofrespons in hiv-geïnfecteerde patiënten onderzocht. Daarnaast hebben 
we de veranderingen in het envelop-eiwit die resulteerden in ontsnapping van het virus aan 
neutraliserende antistoffen bestudeerd. Tenslotte hebben we gekeken of het ontwikkelen van 
een zeer goede neutraliserende antistofrespons invloed heeft op de snelheid van ziekteprogressie 
naar aids.

Resultaten

Hiv gebruikt, naast CD4, de coreceptor CCR5 op het oppervlak van CD4+ T cellen om deze 
cellen binnen te dringen. In sommige patiënten verschijnen in de loop van de infectie ook 
virusvarianten die een andere coreceptor, namelijk CXCR4, kunnen gebruiken, waarna een 
snellere progressie naar aids volgt. In hoofdstuk 2 laten we zien dat de virussen die CXCR4 
gebruiken gevoeliger zijn voor neutraliserende antistoffen dan de varianten die CCR5 gebrui-
ken. Dit betekent dat een sterke neutraliserende antistofrespons in sommige patiënten het 
verschijnen van CXCR4-gebruikende virussen wellicht zou kunnen voorkomen.

In hoofdstuk 3 beschrijven we in een vijftal hiv-geïnfecteerde patiënten de ontwikkeling 
van de neutraliserende antistofrespons en de daaraan gerelateerde veranderingen in de virale 
envelop gedurende het gehele ziektebeloop. Neutraliserende antistoffen bleken vooral vroeg 
in de infectie een grote invloed te hebben op de evolutie van het envelop-eiwit. Door de 
aantasting van het afweersysteem nam het effect van de neutraliserende antistofrespons laat in 
de infectie af, en verschenen virusvarianten waarin de veranderingen in de virale envelop weer 
waren teruggedraaid. Uit de resultaten beschreven in hoofdstuk 4 bleek vervolgens dat het 
ontsnappen van hiv aan neutraliserende antistoffen in deze patiënten geen effect heeft op de 
snelheid waarmee het virus zich vermenigvuldigd.

Een deel van de hiv-geïnfecteerde patiënten ontwikkelt een zeer goede neutraliserende anti-
stofrespons, waarvan wordt aangenomen dat deze gericht is tegen de minder veranderlijke delen 
van de virale envelop. Het zou kunnen dat hiv minder goed kan ontsnappen aan deze zoge-
naamde breed-neutraliserende antistoffen, waardoor het ontwikkelen van een dergelijke goede 
neutraliserende antistofrespons gunstig zou kunnen zijn voor het ziektebeloop. In hoofdstuk 
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5 tonen we echter aan dat de ontwikkeling van een breed-neutraliserende antistofrespons geen 
invloed heeft op de snelheid van ziekteprogressie van hiv-geïnfecteerde patiënten. De verkla-
ring hiervoor blijkt uit de resultaten van hoofdstuk 6, waarin we beschrijven dat hiv ook in 
staat is om te ontsnappen aan een breed-neutraliserende antistofrespons. Bovendien heeft het 
ontsnappen van hiv aan deze breed-neutraliserende antistoffen geen gevolgen voor de snelheid 
waarmee het virus zich vermenigvuldigt (hoofdstuk 6 en 7). Afgezien van het feit dat hiv snel 
kan ontsnappen aan neutraliserende antistoffen, zorgen de veranderingen die hiermee gepaard 
gaan er dus niet voor dat het virus ‘kreupel’ wordt. Hierdoor lijkt het onwaarschijnlijk dat 
de vermenigvuldiging van hiv direct of indirect geremd kan worden door de neutraliserende 
antistofrespons.

Van een klein aantal breed-neutraliserende antistoffen, die geïsoleerd zijn uit hiv-geïnfecteerde 
patiënten, is bekend dat ze gericht zijn tegen zeer geconserveerde delen van het envelop-eiwit. 
In hoofdstuk 8 laten we zien dat de gevoeligheid van hiv voor deze breed-neutraliserende 
antistoffen toch kan veranderen tijdens het ziektebeloop. Het verschijnen van hiv varianten 
die resistent waren tegen een van deze breed-neutraliserende antistoffen werd in een aantal 
patiënten bestudeerd in hoofdstuk 9. Hieruit bleek dat de ontwikkeling van de neutraliserende 
antistofrespons in deze patiënten waarschijnlijk geen rol heeft gespeeld in het verschijnen van 
de resistente varianten. Dit doet vermoeden dat ook andere processen een rol spelen bij de 
selectie van hiv varianten die minder gevoelig zijn voor neutraliserende antistoffen.

In hoofdstuk 10 tonen we tenslotte aan dat hiv sinds het begin van de wereldwijde epidemie 
in de jaren 80 minder gevoelig is geworden voor neutraliserende antistoffen. De veranderingen 
in het envelop-eiwit die hiervoor verantwoordelijk zijn lijken er bovendien voor te zorgen dat 
personen die tegenwoordig met hiv geïnfecteerd worden een minder goede neutraliserende 
antistofrespons ontwikkelen dan hiv-geïnfecteerde patiënten uit het begin van de epidemie. 

tot slot

De resultaten beschreven in dit proefschrift hebben ons meer inzicht gegeven in de ontwik-
keling van de neutraliserende antistofrespons in hiv-geïnfecteerde patiënten. Door de snelle 
aanpassing van hiv lijken deze neutraliserende antistoffen niet in staat om het verloop van de 
ziekte te beïnvloeden. Het is echter aannemelijk dat een zeer goede neutraliserende antistofres-
pons tegen hiv een gezonde persoon bescherming zou kunnen bieden tegen infectie. Er vindt 
daarom veel onderzoek plaats naar het opwekken van een dergelijke respons door middel van 
vaccinatie. Het begrijpen van de ontwikkeling van de neutraliserende antistofrespons tijdens 
het natuurlijk ziektebeloop levert hier een belangrijke bijdrage aan.





235

Dankwoord

dAnkwooRd

Na ruim vijf jaar promotieonderzoek ben ik toegekomen aan het minst wetenschappelijke, 
maar waarschijnlijk meest gelezen deel van mijn proefschrift. Vele mensen hebben een bijdrage 
geleverd aan de totstandkoming van dit boekje, waarvan ik er een aantal in het bijzonder wil 
noemen.

Als eerste de deelnemers van het Amsterdamse Cohort, zonder jullie medewerking had dit 
onderzoek nooit kunnen plaatsvinden. In de tweede plaats, maar zeker niet minder belangrijk, 
Hanneke, mijn promotor en begeleider, en tevens moeder van de afdeling. Jouw wetenschap-
pelijk inzicht en manier van begeleiden hebben mij altijd enorm geïnspireerd en gemotiveerd. 
Ik ben blij dat we onze samenwerking nog een jaar kunnen voortzetten. Neeltje en Angélique, 
ook jullie hebben je steentje bijgedragen aan de inhoudelijke kant van dit proefschrift door 
jullie kritische blik, onuitputtelijke kennis en praktische adviezen. 

Mijn paranimfen, Ad en Elsemieke, ik ben verheugd om jullie aan mijn zijde te hebben. 
Ad, hoewel je je in de loop van de tijd steeds meer hebt weten te ontworstelen aan mijn project 
wil ik je bedanken voor je inspanningen en de fijne samenwerking. Daarnaast ben je met je 
tweelingbroer Karel onmisbaar voor het reilen en zeilen van de afdeling. Het is iedere dag weer 
een feest om met jullie te lunchen. Elsemieke, collega-viroloog, kookmonster en maandag-
avondvriendin. Het is heerlijk om een goede vriendin als jij zo dicht in de buurt te hebben, en 
het blijft fantastisch om bij thuiskomst te kunnen aanschuiven voor een culinaire verrassing. 

Graag wil ik alle coauteurs bedanken voor hun bijdrage aan de verschillende projecten, met 
name Linaida, Marilie, Judith en Yodit (al was het maar even) voor jullie onvermoeibare pi-
petteerwerk, Esther voor je aandeel in hoofdstuk twee en zeven, en Marit en Zelda als de twee 
overige leden van de goed functionerende neutralisatie-trimeer. Evelien, Sander en Mischa, 
bedankt voor jullie inzet op de adeno- en coreceptorprojecten die ondanks jullie inspanningen 
helaas niet succesvol genoeg waren om deel uit te maken van dit boekje. Het was erg leerzaam 
om jullie te mogen begeleiden.

Gezelligheid kent geen tijd - met dank aan de medebewoners van het kippenhok, Daniëlle, 
Marjon (helaas uitgevlogen) en Marit, die verantwoordelijk waren voor de ideale combinatie 
van gezelligheid en een productieve werksfeer. Ook alle andere (oud-)collega’s van Sanquin en 
LVIP wil ik bedanken voor jullie aandeel in het vlekkeloos verlopen van mijn promotietraject, 
in de vorm van goede gesprekken, mooie verhalen, (ongewenste) adviezen, onvergetelijke bor-
rels, hulp en ondersteuning. In particular, I would like to thank Diana for all phylogenetic 
advise, Peter voor de oneindige hoeveelheid sequence-runs, en Irma en Marga voor jullie 
medewerking bij alle last-minute ampulaanvragen.

Er was natuurlijk ook nog een leven naast het werk, dankzij vrienden en familie die zorgden 
voor vele gezellige momenten in de afgelopen jaren. Elsemieke, Linda en Nynke, onze vriend-
schap blijft heel bijzonder, ook nu we wekelijks slechts met zijn drieën voor een weeshuis 
koken. Mijn jiu-jitsuvrienden hebben door de jaren heen gezorgd voor de broodnodige in- en 
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ontspanning op en buiten de mat. Hopelijk gaan jullie mij dit jaar weer wat vaker in Lemmy’s 
zien. Papa en mama, zonder jullie grenzeloze steun en vertrouwen in mijn kunnen was ik nooit 
zover gekomen. En tenslotte Sebastiaan, jij bent het leukste werk dat ik ooit mee naar huis heb 
genomen. Wij zijn samen helemaal goed!
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