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GENERAL INTRODUCTION

In 1981, the first cases of acquired immunodeficiency syndrome (AIDS) were reported among 

young homosexual men in New York and Los Angeles [1,2]. Two years later, the human 

immunodeficiency virus type 1 (HIV-1) was identified as the causative agent of this disease [3]. 

Since that time, an estimated 25 million people have died of AIDS worldwide. Currently, 34 

million people are living with HIV globally, and although the numbers of new infections are 

decreasing, approximately 2.5 million people become infected each year [www.unaids.org].  

The introduction of combination antiretroviral therapy (cART) in 1996 has dramatically 

decreased morbidity and mortality rates. By the combinational use of at least 3 antiretroviral drugs, 

viral replication is suppressed and immune deterioration by depletion of CD4+ T cells is prevented. 

However, the viral reservoir in latently infected cells remains present. Therefore, cART alone is 

insufficient to stop the HIV/AIDS pandemic and the search for an effective vaccine continues. 

HIV-1 TRANSMISSION
HIV-1 transmission predominantly occurs via sexual contact through the genital tract or the rectal 

mucosa. Other routes of transmission include transmission from mother to child during pregnancy, 

delivery or breast feeding and transmission via direct blood-blood contact, for instance through 

injection or transfusion. The transmission risk of HIV-1 is highly variable and is influenced by the viral 

load in the donating partner and the susceptibility of the receiving partner [4-6]. 

In most newly HIV-1 infected individuals, outgrowth of a single transmitted virus variant is 

observed, although transmission of multiple virus variants has been reported as well. The route 

of transmission influences the probability of transmission of multiple variants, as transmission 

of a single virus variant is observed in 70-90% of heterosexual transmission cases [7-12], in 

approximately 60% of men having sex with men (MSM) transmission couples [10,13] and in 

40-70% of transmissions via injecting drug use [14,15]. In mother-to-child transmission pairs the 

percentage of infections by a single virus is comparable to heterosexual transmission (70-90%) 

[16-20], although children infected in utero seem to have a greater risk of infection with multiple 

variants when compared to intrapartum HIV-1 transmission [16,20]. The observation that new 

infections are established by a very low number of virus variants suggests a strong bottleneck 

for the virus during transmission.

TRANSMISSION BOTTLENECKS
The rate of HIV-1 transmission is proportionally correlated with the viral load in plasma and 

genital secretions in the transmitting individual [21-23]. Moreover, the number of transmitted 

viruses has been associated with the inoculum size in intrarectally challenged Rhesus macaques 

[24-26]. Indeed, lowering the plasma viral load with cART reduces the risk of sexual transmission 

and mother-to-child transmission of HIV-1 [27,28].  A large part of new HIV-1 infections arise 

from sexual transmission from individuals in the primary phase of infection [29-31] and it has 

been suggested that this is due to the high viral burden in early HIV-1 infection. However, 

Hollingsworth et al. reported a higher HIV-1 transmission rate in serodiscordant couples than 

would be expected when considering plasma viral loads in the transmitting partners [29]. In 

primary infection, the homogeneous viral quasispecies consists of recently transmitted viral 
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variants and may therefore harbor better biological properties for infection that might explain 

the high number of new infections associated with transmission from individuals with primary 

HIV-1 infection. A study in macaques has shown that viruses isolated during acute simian 

immunodeficiency virus (SIV) infection in the ramp-up stage have a much higher ratio of 

infectious / non-infectious virions in plasma (1:1 - 1:10) than viruses isolated during the chronic 

phase of infection (1:75 - 1:750) [32]. Furthermore, the virus that is transmitted from donor to 

recipient is not always the major virus variant present in the quasispecies of the donor [11,33]. 

In a recent paper by English et al. outgrowth of two different viral variants in two men who 

were infected by the same donor on the same night was observed [34]. These findings strongly 

suggest that the transmission bottleneck occurs in the receiving individual and not in the 

transmitting individual.

During sexual contact, HIV-1 can be transmitted directly into the blood of the recipient in 

the case of lesions or ruptured mucosa. However, transmission through mucosal exposure to 

HIV-1 can also occur, either during sexual transmission (exposure of genital or gut mucosa to 

HIV-1 containing genital fluids or blood) or during mother-to-child transmission (exposure of gut 

mucosa to HIV-1 contaminated blood or breast milk that has been swallowed by the child during 

or after birth, respectively [35]). Differences in morphology and availability of target cells between 

the different mucosal tissues may account for the variation in percentages of infections with single 

or multiple transmitted viruses [36]. The mucosa of the vagina and ectocervix consist of multiple 

layered epithelia, whereas the endocervix and rectal mucosa are lined with a single epithelial 

layer, and are therefore more easily breached.  Also the effect of hormonal contraceptives on the 

acquisition risk of HIV-1 has been studied. The use of hormonal contraceptives may be associated 

with a higher risk of HIV-1 acquisition, although results of several studies are conflicting [38-43]. In 

rhesus macaques, application of hormones affects SIV infection after vaginal inoculation, possibly 

by influencing the thickness of the vaginal and cervical mucosa. Topical application of estrogen, 

leading to thickening of the mucosal layer, has a protective effect on SIV infection [44], whereas 

progesterone implants enhance SIV transmission [45]. 

Inflammatory genital infections caused by the human papilloma virus (HPV), herpes simplex 

virus type 2 (HSV-2) and other sexual transmitted infections, have been reported to be associated 

with a higher susceptibility to HIV-1 infection [46,47] and outgrowth of multiple HIV-1 variants after 

transmission [11,37]. Infections in the genital region can cause genital ulcerative disease which can 

lead to breaching of the mucosa, or can cause an increased cellular influx to the infection site. 

HIV-1 transmission in the absence of a mucosal barrier via direct blood-blood contact is 

more efficient and is related to a higher risk of infection with multiple viral variants [14,15,48]. 

However, a genetic bottleneck is still observed during HIV-1 transmission via blood-blood 

contact, which is most likely related to the inoculum size.

VIRAL ADAPTATION TO HOST IMMUNE RESPONSES
After HIV-1 infection has been established in the new host, the viral population expands rapidly. 

The viral reverse transcriptase enzyme is error-prone and lacks proofreading and the frequent 

misincorporation of nucleotides in the viral genome during reverse transcription results in 

diversification of the viral quasispecies [49-52]. In the early phase of HIV-1 infection the viral 
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quasispecies remains rather homogenous, but more and more mutations accumulate in the 

viral genome over time. Selection pressure exerted by the host immune responses drive viral 

adaptation and evolution of the viral quasispecies (Figure 1 [53]). 

Natural killer (NK) cells play an important role in the first line of defence in viral infections. 

They recognize infected cells through a variety of activating and inhibitory receptors, like KIR 

receptors, and secrete pro-inflammatory cytokines to shape the adaptive immune response. In 

HIV-1 infection, NK cells recognize infected cells through interaction of KIR receptors and HLA 

molecules presenting HIV-1 derived short peptides, and NK cell activity is directly correlated 

with the level of viral replication during acute HIV-1 infection [54]. The NK receptors KIR3DS1 and 

KIR3DL1 and their ligand HLA-Bw4-80I are correlated with higher production of interferon-γ 

and strong inhibition of HIV-1 replication [55-58]. Recently, it was demonstrated that HIV-1 can 

adapt to the NK mediated immune response and evade recognition through selection of HIV-1 

sequence polymorphisms. NK cell recognition via the KIR2DL2 inhibitory receptor is avoided 

through selection of mutations that enhance binding of the infected cell to this receptor and 

Figure 1. Bottlenecks of HIV-1 transmission and evolution of the viral population. From the viral quasispecies in 
the donor, a small number of viruses will be transferred to the recipient. In most cases, only a single viral variant 
will establish HIV-1 infection in the recipient due to a severe transmission bottleneck. In the recipient, the virus 
population will expand and due to the error-prone reverse transcriptase minor changes are incorporated. The 
homogeneous viral population will diversify and evolve under immune pressure by cytotoxic T lymphocytes 
(CTLs), Natural Killer (NK) cells and neutralizing antibodies, resulting in a diverse quasispecies.
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thereby inhibiting NK directed killing of the infected cell [59]. This may indicate that NK cells 

play a more prominent role in viral evolution and adaptation than previously anticipated.

Neutralizing antibodies against HIV-1 typically develop within a few months after primary 

infection [60-63]. These antibodies bind to the viral envelope and block attachment to the 

receptors on the target cells or prevent the conformational changes necessary for fusion of the 

viral and cellular membrane. The first HIV-1 neutralizing antibodies have a narrow repertoire 

and are usually only specific for the transmitted viral variant. Escape from these neutralizing 

antibodies is very quick, resulting in longer variable regions, differences in charge and a more 

extended glycosylation of the envelope, shielding it from antibodies [64-70]. 

Cytotoxic T lymphocytes (CTL) recognize infected cells through viral epitopes presented 

by HLA molecules and subsequently induce lysis of the infected cell. CTL responses play an 

important role in viral control during acute HIV-1 infection, indicated by the drop in plasma 

viremia coincident with HIV-1-specific CTL activity [71-75]. However, HIV-1 is able to escape 

from CTL responses through selection of escape mutations in CTL epitopes abrogating CTL 

mediated killing [76]. These CTL escape mutations may result in loss of CTL recognition or 

may interfere with presentation of the viral epitope by the HLA molecule through disruption 

of the binding sites or altered intracellular processing of viral proteins by the proteasome or 

the transporter associated with antigen processing (TAP) proteins. CTL responses targeting 

variable regions of HIV-1 will rapidly result in viral escape, whereas targeting of conserved 

proteins is more effective in viral control. Indeed, early in infection, CTL targeting of Gag 

epitopes is associated with lower viremia as compared to targeting of the envelope [77,78]. 

Viral control has also been associated with HLA-B-restricted CTL responses. HLA-B alleles are 

able to present viral epitopes of a more conserved nature, suggesting that these alleles confer 

a greater impact on viral evolution [79-81].

ROLE OF CTLS IN THE CONTROL OF HIV-1 REPLICATION 
IN VIVO
Certain HLA alleles, most notably HLA-B57 and HLA-B27, are associated with prolonged survival 

after HIV-1 infection [82-85]. These HLA molecules present viral peptides from the Gag protein 

that are very conserved in the circulating virus population. CTL escape mutations in these 

regions have an impact on viral replication due to functional constraints on those proteins. In 

patients carrying the HLA-B27 allele, the R264K CTL escape mutation in the KK10 Gag epitope 

usually occurs late in the infection and is associated with loss of control of viremia [86-89]. It has 

been suggested that this CTL escape mutation does not occur in earlier stages of infection due 

to the high fitness cost. Individuals carrying HLA-B57 on the other hand can benefit from CTL 

escape [76,90,91]. The described T242N CTL escape mutation in the TW10 Gag epitope occurs 

quickly after infection and is known to reduce the replication capacity of the virus, leading to a 

lower viral load [76,92]. Transmission of these mutations to a new host lacking similar immune 

pressure can lead to reversion of the mutations, as optimal replication fitness drives selection 

for the consensus sequence [76,92-94]. The presence of certain mutations in the same viral 

region, however, can (partially) restore viral replication ability and compensate for the fitness 

loss associated with these CTL escape mutations [92,95-97].
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VIRAL ADAPTATION AT THE POPULATION LEVEL
HIV-1 is continuously adapting to its host. These adaptations can revert to wild type sequences 

after transmission to a new host, driven by an increase in replication ability. However, not all 

mutations revert after transmission and may accumulate in the population over time. 

An increase in viral load at set point at a population level has been described [98-100], 

which may indicate that HIV-1 has adapted to its host and gained in fitness over time, although 

others have not confirmed this observation [101-103]. Recently, the protective effect of 

genetic host factors, such as HLA-B57, was reported to have faded over time, coinciding with 

an increased viral load at set point [104]. Also, an enhanced resistance against neutralizing 

antibodies over time was reported comparing early viruses from individuals who seroconverted 

in the 1980s and viruses isolated from individuals who seroconverted between 2003 and 2006. 

This observation was accompanied by an increase in both length and number of potential 

N-linked glycosylation sites, making the envelope less accessible to antibody binding [105]. 

Furthermore, accumulation of CTL escape mutations and loss of CTL epitopes restricted by 

protective HLA alleles have been described over time [106-108]. These findings are suggestive 

of the adaption of HIV-1 to its host at a population level.

SCOPE OF THIS THESIS
In this thesis, we studied HIV-1 evolution after transmission and the effect of viral adaptation to 

the host on disease progression. First, we studied the viral adaptation to HLA alleles and CTL 

pressure. In chapter 2 we analyzed differences in amino acid composition of the Gag protein in 

HLA-B57 long-term nonprogressors and progressors that were associated with CTL escape and 

affect the replication kinetics of the virus. Chapter 3 describes the sequence variation in the 

HIV-1 capsid protein in three homosexual men infected with the same HIV-1 variant who show 

large variation in the course of infection. Viral evolution and escape from HLA-B27 restricted 

CTLs was studied in four HLA-B27 positive individuals during disease progression in chapter 4. 

HIV-1 sequence evolution in CTL epitopes after transmission was studied in mother-to-child 

transmission couples in chapter 5. 

In the second part of this thesis, we studied the effect of viral diversity and evolution 

on disease progression and treatment response. In chapter 6, the effect of viral envelope 

sequence diversity in the first year after infection on the subsequent disease progression was 

studied. The effect of HIV-1 coreceptor usage prior to start of cART therapy on the treatment 

response was analyzed in chapter 7. 

The results and implications of these studies are discussed in chapter 8.
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COMPENSATION OF HLA-B57/5801 ESCAPE VARIANTS

ABSTRACT
Expression of HLA-B57 and the closely related HLA-B5801 are associated with prolonged 

survival after HIV-1 infection. However, large differences in disease course are observed among 

HLA-B57/5801 patients. Escape mutations in CTL epitopes restricted by these HLA alleles come 

at a fitness cost and particularly the T242N mutation in the TW10 CTL epitope in Gag has been 

demonstrated to decrease the viral replication capacity. Additional mutations within or flanking 

this CTL epitope can partially restore replication fitness of CTL escape variants. 

Five HLA-B57/5801 progressors and five HLA-B57/5801 long-term nonprogressors (LTNPs) 

were followed longitudinally and we studied which compensatory mutations were involved in the 

restoration of the viral fitness of variants that escaped from HLA-B57/5801-restricted CTL pressure. 

The Sequence Harmony algorithm was used to detect homology in amino acid composition 

by comparing longitudinal Gag sequences obtained from HIV-1 patients positive and negative 

for HLA-B57/5801 and from HLA-B57/5801 progressors and LTNPs. Although virus isolates from 

HLA-B57/5801 individuals contained multiple CTL escape mutations, these escape mutations 

were not associated with disease progression. In sequences from HLA-B57/5801 progressors, 

5 additional mutations in Gag were observed: S126N, L215T, H219Q, M228I and N252H. The 

combination of these mutations restored the replication fitness of CTL escape HIV-1 variants. 

Furthermore, we observed a positive correlation between the number of escape and 

compensatory mutations in Gag and the replication fitness of biological HIV-1 variants isolated 

from HLA-B57/5801 patients, suggesting that the replication fitness of HLA-B57/5801 escape 

variants is restored by accumulation of compensatory mutations.
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INTRODUCTION
HLA class I alleles are associated with the clinical course of HIV-1 infection. HLA-B57 and the 

closely related HLA-B5801 are overrepresented in so-called long-term nonprogressors (LTNPs) 

[1-7]. Individuals carrying these HLA alleles exert strong cytotoxic T lymphocyte (CTL) responses 

against conserved viral regions such as Gag, resulting in immunological control of HIV-1 replication 

and a slower disease progression [8-13]. However, HIV-1 continuously adapts to the high selective 

pressure exerted by the immune system, resulting in escape mutations in viral epitopes and loss 

of recognition by CTLs [14-22]. Although the escape mutations allow evasion of the CTL response, 

viral escape is not always associated with disease progression, as some mutations come at a 

fitness cost, particularly when situated in conserved viral regions. The T242N escape mutation 

in the HLA-B57/5801 restricted TW10 epitope in Gag impairs viral replication, which can explain 

the protective effect of this HLA type even after escape from CTL responses has occurred [22-27]. 

Additional mutations within or flanking the TW10 epitope can have a compensatory effect and 

partially restore the fitness cost associated with the T242N mutation [25-28]. Although HLA-B57 

and HLA-B5801 are overrepresented in LTNPs, the majority of patients carrying these protective 

HLA alleles do show a progressive disease course in the absence of antiretroviral treatment.

Previously, we studied 5 HLA-B57/5801 LTNPs and 5 HLA-B57/5801 progressors longitudinally, 

and observed similar frequencies of HIV-1 Gag-specific CTL responses and dynamics in escape 

mutations in HLA-B57/5801-restricted CTL epitopes [25]. This indicates that Gag-specific CTL 

responses and the prevalence of CTL escape mutations does not relate to the differential 

disease course in these patients. However, an increase in replication kinetics of viral variants 

isolated from progressors was observed during longitudinal follow-up [25]. 

Here, we studied which compensatory mutations were involved in the restoration of the 

viral fitness of variants that escaped from HLA-B57/5801-restricted CTL pressure. Virus isolates 

from HLA-B57/5801 individuals contained multiple CTL escape mutations, and these escape 

mutations were not associated with disease progression. In the HLA-B57/5801 progressors, 5 

additional mutations were observed in the Gag protein that increased the replication rate of 

the HLA-B57/5801 CTL escape variants. 

RESULTS
Sequence variation in Gag associated with HLA-B57/5801
To study differences in the Gag protein of virus isolates obtained from HLA-B57/5801 progressors 

and LTNPs that may explain the differences in replication kinetics, we used the Sequence 

Harmony algorithm [29-31]. Sequence Harmony detects positions within an alignment that 

show differences in amino acid composition between two groups of sequences and analyzes 

the frequency distribution of amino acid variation per position [29-31]. 

First, we identified amino acid variation in Gag specific for patients carrying HLA-B57 

or HLA-B5801 irrespective of their disease course. Therefore, we compared longitudinally 

obtained sequences from HLA-B57/5801 patients (n=10: 5 progressors and 5 LTNPs; Table 1) to 

longitudinally obtained sequences from patients negative for HLA-B57 and HLA-B5801 alleles 

(n=19) using the Sequence Harmony algorithm with a cut-off value of 0.90. In this way, amino 
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acid positions were considered to be different between the two groups when there was more 

than an approximate 10% difference in amino acid distribution at this position. In total, 6 amino 

acid positions in Gag were identified that showed variation in the dominant amino acid between 

sequences from individuals with or without HLA-B57/5801. Among these HLA-B57/5801-specific 

amino acid mutations were the HLA-B57/5801-associated CTL escape mutations T242N and 

G248A located in the TW10 epitope and the I147L mutation in the IW9 epitope. Additionally, 

Table 1. Characteristics of patients positive for HLA-B57 or HLA-B5801 and the HIV-1 Gag sequences 
analyzed.

Patient
Seroconversion 

(S) or HIV+ 
Entry (E) date

HLA A alleles HLA B alleles
CCR5

genotype

Sequences

Time after 
seroconversion 
or study entry 

(months)

Number of 
sequences

L5 06-11-1984 (E) A*26 A*6801 B*57 B*0702 Wild type 89 6

177 6

L6 09-02-1988 (E) A3 A11 B*5801 B7 Heterozygous 17 5

114 15

L7 03-12-1984 (E) A*01 A*02 B*5701 B*0501 Heterozygous 26 5

78 6

102 8

136 12

L8 06-02-1990 (S) A*02 A*02 B*5701 B*3701 Wild type 70 2

91 9

137 6

L9 04-10-1985 (S) A*01 A*6802 B*5701 B*1402 Wild type 42 1

59 1

77 6

P9 20-01-1985 (E) A2 A3 B*5701 B*0702 Wild type
9 8

78 3

P10 01-01-1984 (E) A*02 A*26 B*5701 B*4102 Wild type 69 7

84 7

123 9

P11 15-05-1990 (S) A1 A11 B*5701 B*0801 Wild type 3 2

25 9

32 23

69 13

P12 24-08-1992 (E) A*01 A*26 B*5701 B*3801 Wild type 0.4 5

48 11

74 12

P13 22-01-1985 (E) A*01 A*01 B*5701 B*0801 Wild type 3 8

46 10

88 6

L: long term non-progressor; P: progressor. S: date of seroconversion for HIV-1 antibodies during active 
follow-up in the cohort. E: HIV+ entry into the cohort
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the S173T adjacent to epitope KF11, and mutations V159I and T280V were associated with the 

presence of HLA-B57/5801 (Figure 1A and Table 2). 

To identify sequence variation within Gag associated with disease progression, we compared 

sequences from viral variants obtained late in infection from 5 HLA-B57/5801 progressors and 

5 HLA-B57/5801 LTNPs with Sequence Harmony, using a cut-off value of 0.90 and excluding 

positions where the dominant amino acid was identical for progressors and LTNPs. Frequent 

variation in amino acid composition was observed at 5 positions within Gag (S126N, L215T, H219Q, 

M228I and N252H) in viral sequences obtained from progressors, whereas these amino acids were 

absent or only present at low frequency in sequences obtained from LTNPs (Table 3 and Figure 1B). 

Mutations associated with disease progression in HLA-B57/5801 patients 
increase the viral replication kinetics in vitro
We hypothesized that the amino acid variation observed within Gag of viral variants obtained 

from HLA-B57/5801 progressors are compensatory mutations that increase the replication 

capacity of viral variants containing the CTL escape mutations. In order to study the effects 

Table 2. Amino acid variation in Gag specific for HLA-B57/5801. 

AA Position
Comparison SH AA variationb

SH value Z scorea HLA-B57/5801 Non-B57/5801

I147 0.44 -120 Lmi Il

V159 0.80 -54 IV Vi

S173 0.68 -65 ST Sat

T242 0.05 -400 Nts T

G248 0.78 -47 GAt Ga

T280 0.88 -19 TVsia Tvsa

a All Z scores represent P values <0.0001.
b Uppercase characters represent the most frequent amino acids found at that position and lowercase 
characters represent amino acids that are present at least 2 times less frequent than the most frequently 
occurring amino acid. Amino acids are ordered from highest to lowest frequency. 

Table 3. Amino acid variation in Gag associated with HLA-B57/5801 disease progression. 

AA Position
Comparison SH AA variationb

SH value Z scorea Progressors LTNPs

S126 0.83 -10.7 SKn Sn

L215 0.61 -27.8 LTi Lm

H219 0.83 -19.1 QH H

M228 0.57 -31.3 LIM Mi

N252 0.73 -17.1 SHn SN

a All Z scores represent P values < 0.0001.
b Uppercase characters represent the most frequent amino acids found at that position and lowercase 
characters represent amino acids that are present at least 2 times less frequent than the most frequently 
occurring amino acid. Amino acids are ordered from highest to lowest frequency.
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of the sequence variation found, the mutations associated with disease progression (alone or 

in combination) were placed in the NL4-3.Ba-L molecular clone together with the mutations 

associated with the presence of HLA-B57/5801 (Tables 2 and 3). The NL4-3.Ba-L molecular 

clone backbone already contains N252H, therefore this amino acid was not changed in the 

constructed viruses. The replication kinetics of the obtained viruses were analyzed on PHA- 

stimulated PBMCs for 18 days. An increase in viral replication was observed after introduction 

Figure 1. Sequence variation in Gag affects viral replication fitness. A. Sequence Harmony analysis detecting 
amino acid changes associated with the presence of HLA-B57/5801, irrespective of disease course. 
Longitudinal Gag sequences obtained from HLA-B57/5801 progressors and LTNPs (n=10) were compared 
to Gag sequences obtained from patients negative for HLA-B57/5801 (n=19). An SH value of 0.90 was used 
as cut-off. Amino acid positions in capsid associated with HLA-B57/5801 are shown. B. Sequence Harmony 
analysis detecting amino acid changes associated with disease progression in HLA-B57/5801 patients. Gag 
sequences obtained from late in infection of HLA-B57/5801 progressors (n=5) and HLA-B57/5801 LTNPs 
(n=5) were compared. An SH value of 0.90 was used as cut-off. Amino acid positions in capsid associated 
with HLA-B57/5801 disease progression are shown. C. Replication kinetics of constructed NL4-3.Ba-L viral 
variants containing mutations associated with HLA-B57/5801 in the absence or presence of compensatory 
mutations. Normalized mean p24 values on day 11 were compared using the unpaired Student’s T test. 
Error bars represent 2.5 - 97.5 percentiles.  D. Replication kinetics of constructed NL4-3.Ba-L viral variants 
containing mutations associated with HLA-B57/5801 in the absence or presence of compensatory 
mutations described by Brockman et al. Normalized mean p24 values on day 11 were compared using the 
unpaired Student’s T test. Error bars represent 2.5 - 97.5 percentiles. Statistical significance is indicated as 
follows: * p<0.05, ** p<0.01, *** p<0.0001.
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of the L215T and H219Q mutation (p=0.002 and p=0.0002 respectively, Figure 1C), whereas 

mutations S126N and M228I did not alter replication kinetics (Figure 1C). The highest replication 

capacity was observed when the combination of all compensatory mutations was introduced in 

NL4-3.Ba-L carrying the HLA-B57/5801-associated mutations (p<0.0001, Figure 1C). 

A previous study by Brockman et al. reported that the compensatory mutations H219Q, 

I223V, M228I, G248A and N252H partially restored replication kinetics of NL4-3 virus carrying 

the T242N escape mutation [27]. Three of these mutations (H219Q, M228I, N252H) were also 

associated with disease progression in our analysis, while the G248A mutation was found in all 

HLA-B57/5801 patients irrespective of their disease course. The I223V mutation was not observed 

to be different between LTNPs and progressors in our analysis, nor was it associated with the 

presence of HLA-B57/5801. To compare the effect of the compensatory mutations described 

by Brockman et al. and our present analysis on the replication fitness of the virus, we placed 

the described mutations in the NL4-3.Ba-L virus carrying the HLA-B57/5801-specific mutations 

(Table 2). The I223V mutation alone had no significant effect on the replication kinetics of NL4-3.

Ba-L carrying the HLA-B57/5801-specific mutations (Figure 1D). The combination of mutations 

described by Brockman et al. did indeed increase the replication kinetics of the NL4-3.Ba-L 

backbone carrying the HLA-B57/5801-associated mutations (p=0.0012, Figure 1D). However, 

the replication capacity of this virus was significantly lower than that observed for the virus 

carrying all of the mutations associated with HLA-B57/5801 disease progression identified in 

our present study (p=0.0082, Figure 1D). These findings suggest an additive effect of additional 

compensatory mutations on viral replication.

The total number of escape and compensatory mutations in Gag 
correlates with the replication kinetics of biological HIV-1 isolates 
obtained from HLA-B57/5801 patients
During the course of infection, mutations accumulate in the virus as a result of the continuous 

selection for the fittest variant. Our results may suggest that compensatory mutations restore 

viral fitness in a cumulative manner. Therefore, we analyzed whether there is an association 

between the total number of escape and compensatory mutations in Gag that we identified 

and the replication capacity of biological HIV-1 isolates obtained during the course of infection 

from our HLA-B57/5801 progressors and LTNPs. We observed a correlation between the number 

of mutations and an increasing replication capacity (R=0.33, p=0.04, Figure 2). This supports 

the idea that compensation of the fitness cost associated with HLA-B57/5801 CTL escape is the 

result of the accumulation of multiple mutations that increase viral fitness.

DISCUSSION
HLA-B57 and HLA-B5801 are overrepresented in HIV-1 long-term nonprogressors, however, 

large differences in clinical disease course are observed among HLA-B57/5801 patients. 

Previously, we have shown that HLA-B57/5801 LTNPs and progressors have similar frequencies 

of HIV-1 Gag-specific CTL responses and similar dynamics in escape mutations in HLA-B57/5801-

restricted CTL epitopes [25]. Although escape mutations allow for evasion of CTL responses, 

the prevalence of escape mutations does not explain the differential disease course observed in 
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these patients. CTL escape mutations in the HLA-B57/5801-restricted epitopes situated in Gag 

often impair viral replication and this fitness loss can be partially compensated for by additional 

mutations within or flanking these CTL epitopes [22-28]. We here studied whether the variation 

in clinical course of HIV-1 infection of HLA-B57/5801 positive individuals may be explained by 

differences in the number of mutations that restore fitness of viral variants that escaped from 

HLA-B57/5801-restricted CTL pressure. 

The Sequence Harmony algorithm was used to study differences in Gag viral sequences 

obtained from HLA-B57/5801 negative and positive individuals, and from HLA-B57/5801 

progressors and LTNPs. An important advantage of this approach is that it is unbiased toward 

certain amino acid positions that have previously been reported to be associated with HLA-

B57/5801 or with a progressive disease course. Furthermore, the Sequence Harmony algorithm 

also allowed detection of very small differences in the frequency of amino acids between the 

two groups of sequences, whereas other specificity site detection methods would discard 

these due to lack of within-group conservation. Particularly in the case of the highly conserved 

Gag region the detection of very small differences in amino acid composition is crucial. 

We observed that virus isolates from HLA-B57/5801 individuals, irrespective of their disease 

course, contained CTL escape mutations in the TW10 epitope (T242N and G248A) and the IW9 

epitope (I147L), and a mutation adjacent to the KF11 epitope (S173T). Additionally, two other 

mutations (V159I and T280V) were observed specifically in viral variants from HLA-B57/5801 

positive individuals; however these mutations could not be related to escape from CTL pressure 

restricted by HLA-B57/5801. When comparing viral Gag sequences obtained late in infection 

from HLA-B57/5801 progressors and HLA-B57/5801 LTNPs, frequent changes in the amino acid 

sequence were observed for progressors at 5 positions: S126N, L215T, H219Q, M228I and N252H. 

An increase in replication kinetics was observed after introduction of two single mutations 

Figure 2. Accumulation of mutations in Gag correlates with a higher replication fitness. Spearman 
correlation analysis of the total number of escape and compensatory mutations associated with HLA-
B57/5801 and the maximum p24 value observed for biological HIV-1 variants obtained from HLA-B57/5801 
progressors and LTNPs in an in vitro replication assay.
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(L215T and H219Q) in the NL4-3.Ba-L virus containing the HLA-B57/5801-specific mutations. 

Nonetheless, the combination of all mutations associated with HLA-B57/5801 disease 

progression resulted in an even higher increase in replication kinetics. These findings suggest 

that multiple mutations are required to restore viral fitness after escape from HLA-B57/5801-

restricted CTL responses [32]. To our knowledge, the S126N and L215T mutations have not been 

associated with an increase in viral fitness in HLA-B57/5801 CTL escape variants before, and we 

are the first to show that these mutations serve as compensatory mutations. 

A previous study by Brockman et al. reported a higher frequency of mutations H219Q, 

I223V, M228I, G248A and N252H in combination with the HLA-B57 T242N CTL escape mutation 

in sequences obtained from HLA-B57 progressors than seen in sequences from HLA-B57 

nonprogressors [27]. We observed that these mutations were able to increase the replication 

kinetics of the NL4-3.Ba-L virus carrying the HLA-B57/5801-specific mutations. However, the 

replication capacity was still impaired as compared to the virus carrying all of the mutations 

associated with HLA-B57/5801 disease progression identified in our present study. 

Our results and previous observations by others [32] suggest that compensatory mutations 

restore viral fitness in a cumulative manner. In sequences obtained from LTNPs late in the 

course of infection 1 or 2 compensatory mutations were present, whereas a higher number of 

mutations was usually observed in sequences obtained from progressors. The presence of a 

low number of compensatory mutations likely results in only a partial restoration of viral fitness. 

In line with this, our previous results show that biological viral variants from LTNPs obtained 

early and late in infection do not differ in their replication kinetics, whereas in HLA-B57/5801 

progressors viral fitness increased over the course of infection [25]. Moreover, we here show 

a positive correlation between the number of HLA-B57/5801 escape and compensatory 

mutations and the replication capacity of HIV-1 biological viral variants obtained from HLA-

B57/5801 patients, again suggesting there is a cumulative effect of compensatory mutations on 

viral replication fitness. Introduction of single mutations H219Q and L215T showed a significant 

increase in replication capacity, which may suggest that these mutations play a more prominent 

role in restoration of viral fitness.

The Gag protein is highly conserved and amino acid variation observed in Gag seems to 

be limited to specific positions, whereas other positions remain unchanged due to structural 

constraints. As a result, a high degree of conformity was observed in the amino acid positions 

described here and by previous studies [22,25-28]. This suggests that there is only a limited 

amount of positions within Gag that are capable of changing without a substantial fitness cost. 

Variation at these sites may serve as a general “coping” mechanism, and allow adaptation to 

changes in the capsid structure and capsid stability. Most of the compensatory mutations 

are located in one of three loops on the outer surface of capsid and are not involved in the 

formation of p24 hexamers and pentamers that make up the capsid lattice structure. The outer 

surface loops interact with host cellular proteins, like cyclophilin A (CypA) and restriction 

factor TRIM5α. The compensatory mutations, in particular H219Q, influence viral sensitivity 

to TRIM5α and reduce binding of capsid to CypA. This suggests that the introduction of 

compensatory mutations may influence HIV-1 replication through mechanisms affecting host 

factor dependency and sensitivity to intrinsic immunity [33-36].
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In conclusion, we here identified 5 positions in the Gag region of HIV-1 that are more 

frequently mutated in sequences from HLA-B57/5801 progressors. The combination of these 

mutations can restore the replication fitness of CTL escape HIV-1 variants, which may explain 

the differences in disease progression. Furthermore, we observed that the total number of 

escape and compensatory mutations correlated with the replication fitness of biological HIV-1 

isolates obtained from HLA-B57/5801 patients, suggesting that the replication fitness of HLA-

B57/5801 escape variants is restored by accumulation of compensatory mutations. 

MATERIALS AND METHODS
Patients
Previously, we reported on 22 participants from the Amsterdam Cohort Studies (ACS) on HIV 

infection and AIDS carrying the protective HLA-B57 or HLA-B5801 allele who showed large 

differences in clinical disease course [25]. Ten patients who were followed longitudinally were 

selected for the present study (Table I). Seven individuals were HIV-1 infected (seroprevalent) 

at the moment of entry and three individuals seroconverted for HIV antibodies during active 

follow-up. All cohort participants had routine three monthly visits for blood donation and 

physical examination. Individuals who developed AIDS or who started with antiviral therapy 

within nine years after seroconversion or seroprevalent entry in the Amsterdam Cohort Studies 

were called progressors (n=5; ACH19567 [P9], ACH18932 [P10], ACH18887 [P11], ACH13879 [P12], 

ACH11679 [P13]). Long-term nonprogressors (LTNP) were those participants who had stable 

CD4+ T cell counts that were still above 400 cells/µl blood in the 10th year after seroconversion 

or seroprevalent entry in the Amsterdam Cohort Studies or who had a CD4+ T cell decline less 

than 40*109cells/l per year over a period of at least 10 years (n=5; ACH19933 [L5], ACH19922 [L6], 

ACH19789 [L7], ACH19784 [L8], ACH19291 [L9]).

Two participants (L6 and L7) were heterozygous for the 32 base pair deletion in the CCR5 

gene, whereas all other participants had a CCR5 wild type genotype. Typing of the HLA-A and 

-B alleles of all participants (Table I) did not reveal other HLA types that were associated with a 

difference in disease progression.

The ACS has been conducted in accordance with the ethical principles set out in the 

declaration of Helsinki and written informed consent is obtained prior to data collection. This 

study was approved by the Amsterdam Medical Center institutional medical ethics committee.

Viruses
Five HLA-B57/5801 progressors and five HLA-B57/5801 LTNPs were followed longitudinally. 

Clonal HIV-1 variants were isolated from patient PBMCs that were obtained early after 

seroconversion or study entry, at a time point as late as possible in the course of infection 

before the start of therapy and from PBMCs isolated at an in between time point (Table 1) 

[25]. From some patients virus isolation from PBMCs that were obtained early in the course of 

infection failed due to low viral loads at these time points. Clonal viral variants were obtained 

from single productively infected cells by cocultivation of PHA-stimulated PBMCs from healthy 

donors and serial dilutions with patient PBMC as described previously [37]. In brief, increasing 

numbers of patient PBMC were cocultivated with PHA-stimulated healthy donor PBMC in 
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96-well microtiter plates with four parallel microcultures per patient cell number. Every week, 

culture supernatants were tested for the presence of p24 antigen by an in-house p24 ELISA [38]. 

At the same time, one-third of the culture volume was transferred to a new 96-well plate and 

fresh PHA-stimulated PBMC from a healthy donor were added to propagate the culture. From 

the wells positive in the p24 antigen ELISA, virus stocks were grown and cryopreserved.

DNA isolation, PCR amplification and sequencing
Viral DNA was isolated from cryopreserved PBMC that were infected with one clonal HIV-1 

variant, using the L6 isolation method [39]. Gag DNA was amplified by a nested polymerase 

chain reaction (PCR) with outer primers Gag forward (fw) (5’-CGACGCAGGACTCGGCTTGCTG-3’) 

and Gag outer reversed (rev) (5’-GCCTGTCTCTCAGTAC-3’) and 2 different inner PCR primer  

combinations: Gag BssHII fw (5’-TGCTGAAGCGCCCGCACGGC-3’) or Gag ClaI fw (5’-GGGAG 

AATTAGATCGATGGG-3’) in combination with Gag p17 rev (5’-CAAAACTCTTGCCTTATGG-3’) 

and Gag p17 fw (5’-TGCTAAACACAGTGGGGGGACAT-3’) in combination with Gag ApaI rev 

(5’-TTCCTAGGGGCCCTGCAA-3’). 

PCR products were purified and sequenced with the ABI prism BigDye Terminator 

sequencing kit (Perkin Elmer, Froster City, California, USA) on an ABI 3130 XL DNA sequencer 

according to the manufacturer’s protocol using the same PCR primers that were used for the 

nested PCR. DNA sequences were analyzed with Seqman software (DNAStar software package; 

Lasergene, Madison, Wisconsin, USA). The nucleotide sequences of the gag region were 

translated and edited with the BioEdit program (BioEdit v 7.0.5, Tom Hall, Ibis Therapeutics, 

Carlsbad, California, USA). 

Comparison of viral sequences with Sequence Harmony
To evaluate amino acid differences in Gag between patients positive and negative for HLA-

B57/5801 and between HLA-B57/5801 LTNPs and HLA-B57/5801 progressors, the gag sequences 

obtained from these patients were analyzed with Sequence Harmony (SH) [29-31]. The SH 

algorithm is an entropy-based method, that detects positions within an alignment that are 

responsible for compositional and functional diffeinrences in related protein sequences, as 

previously described in [30] and in the online documentation on the web server (www.ibi.vu.nl/

programs/seqharmwww). SH measures the overlap in distribution of amino acid types between 

two subgroups (A and B), in this case gag sequences obtained from HLA-B57/5801 and non-HLA-

B57/5801 patients or HLA-B57/5801 LTNPs and HLA-B57/5801 progressors, at a certain position (i) 

in the sequence alignment as follows: 

where  indicates the observed frequency in group A for amino acid type x at position i in 

the sequence and  analogously for amino acid frequencies observed in group B sequences. 

The final SH score is calculated by SH
i
 = ½ ( SH

i
A/B + SH

i
B/A). Therefore, an SH score of 0 indicates 

amino acid positions that are specific for one of the sequence groups, whereas an SH score of 

1 indicates a complete overlap at this amino acid position between the two groups. In the SH 

analyses performed here, a cut-off value of 0.90 was used to determine amino acid positions 
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that are different between two groups of sequences. The high cut-off allows for detection 

of relatively small differences against a background of overall high conservation. Note that 

conservation overall or within a group of sequences is not explicitly taken into account in the 

SH analysis. As the SH values are in a logarithmic scale, one could interpret the 0.90 cut-off as an 

approximate 10% difference in amino acid distribution. Positions where the dominant amino acid 

was the same for both groups of sequences, or where the aberrant amino acid was identical to 

our NL4-3.Ba-L backbone were excluded from the analysis. 

Cells
293T cells (ATCC) were cultured in Dulbecco Modified Eagle’s Medium (DMEM) supplemented 

with 10% inactivated fetal calf serum (FCS; Hyclone, Logan, Utah, USA), 100 U/ml penicillin 

(Gibco, Paisly, Scotland, UK) and 100 µg/ml streptomycin (Gibco) in a humidified 10% CO
2
 

incubator at 37°C. 

PBMC from 10 healthy donors were isolated from buffy coats by Ficoll density centrifugation, 

pooled and cryopreserved. After thawing, the PBMC pool was stimulated for three days 

in Iscoves’ Modified Dulbecco’s Medium (IMDM) supplemented with 10% FCS, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 5 µg/ml ciproxin (Bayer, Mijdrecht, the Netherlands) and 

1 µg/ml phytohaemagglutinin (PHA; Remel Europe, Dartford, England, UK) at a cell density of 

5x106 cells/ml in a humidified 10% CO
2
 incubator at 37°C. PBMC cultures were continued in IMDM 

supplemented with 10% FCS, 20 U/ml recombinant interleukin 2 (rIL2; Chiron Benelux, Amsterdam, 

the Netherlands, 5 µg/ml polybrene (Sigma, Zwijndrecht, the Netherlands), 100 U/ml penicillin 

and 100 µg/ml streptomycin at a cell density of 1x106/ml in a humidified 10% CO
2
 incubator at 37°C.

Construction of replication competent molecular viral clones
For the construction of HIV-1 variants that contain mutations in the capsid protein, the gag 

region of the molecular clone NL4-3.Ba-L was removed using restriction enzymes BssHII and 

ApaI and then cloned into the pGEM T easy vector (Promega, Madison, Wisconsin, USA). 

Mutations in the gag region were introduced using site-directed mutagenesis as described 

by the manufacturer (Quick exchange kit, Stratagene). The gag insert was sequenced to 

confirm successful mutagenesis using primers T7 (5’-TAATACGACTCACTATAGGG-3’) and SP6 

(5’-GATTTAGGTGACACTATAG-3’). 

For the production of replicating NL4-3.Ba-L clones containing the desired mutations, the 

mutated gag insert was ligated into the full length molecular NL4-3.Ba-L clone using BssHII 

and ApaI restriction sites. The full-length NL4-3.Ba-L molecular clones were then transfected 

into 293T cells using the calcium phosphate method [40]. Virus production from the 293T cells 

was analyzed at day 3 and day 7 after transfection using an in house p24 ELISA [38]. Virus stocks 

were grown on PHA-stimulated PBMC and virus titers were determined by 50% tissue culture 

infectious dose (TCID50) as previously described [37]. The gag regions of obtained viruses were 

sequenced as described above to confirm the introduction of mutations.

Viral replication assay
To determine the viral replication rates of the different HIV-1 molecular clones and biological 

variants, 2x106 PHA-stimulated pooled PBMC were inoculated with 100 TCID50 per virus variant 
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for 2 hours at 37 ºC in a shaking water bath in a total volume of 1.5 ml. Subsequently, the inoculated 

PBMC were washed with 5 ml of IMDM supplemented with 10% FCS, and cultured in IMDM 

supplemented with 10% FCS, 20 U/ml rIL2, 5 µg/ml polybrene, 100 U/ml penicillin and 100 µg/ml 

streptomycin at a cell density of 1x106 per ml in a humidified 10% CO
2
 incubator at 37°C. On day 

5, 8, 11 and 14 after inoculation, 1x106 fresh PHA-stimulated pooled PBMC in 1 ml of IMDM culture 

medium supplemented with 10% FCS, 20 U/ml rIL2, 5 µg/ml polybrene, 100 U/ml penicillin and 

100 µg/ml streptomycin were added to the cultures. Samples for determination of p24 antigen 

production (75 µl) were harvested every day after inoculation. All samples were tested for p24 

antigen production simultaneously at the end of the experiment using an in-house p24 ELISA [38]. 

On the last day of the replication experiments, DNA from every well was isolated using the 

L6 method [39] and the gag region of all samples was sequenced as described above to confirm 

the presence of mutations. The replication rates of all viruses were tested at least in twofold and 

in 2 independent experiments for which the same pool of healthy donor PBMC was used. P24 

values were normalized to the mean p24 values observed for the constructed NL4-3.Ba-L virus 

carrying mutations associated with the presence of HLA-B57/5801. The unpaired Student’s T test 

was used to determine statistical significance of differences in the p24 production on day 11. To 

test the correlation between the number of escape and compensatory mutations in Gag with 

the replication fitness of biological HIV-1 variants obtained from HLA-B57/5801 progressors and 

LTNPs, a Spearman correlation test was performed. P values <0.05 were considered significant. 

Statistical analyses were preformed using Graphpad Prism version 5 and SPSS version 19.
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ABSTRACT 
Three homosexual men from a proven homosexual HIV-1 transmission cluster revealed large 

variation in their clinical course of infection. To evaluate the effect of viral evolution of the same 

viral variant in these three patients, we analyzed the sequence variation in the capsid protein 

and determined the impact of the observed variation on viral replication fitness in vitro. Viral 

gag sequences from all three patients contained a mutation at position 242, T242N or T242S, 

that have been associated with lower viral replication in vitro. Interestingly, HIV-1 variants from 

patients with a progressive clinical course of infection developed compensatory mutations within 

capsid that restored viral fitness, instead of reversion of the 242S mutation. In HIV-1 variants from 

patient 1, an HLA-B57+ elite controller, no compensatory mutations emerged during follow-up. 
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INTRODUCTION
During HIV-1 infection, new viral variants emerge continuously due to the error-prone nature 

of the HIV-1 reverse transcriptase and the high viral turn-over. The development of a highly 

diverse quasispecies supports adaptation to the host environment and ongoing selection of 

the fittest virus variants. CTL responses play a key role in controlling viral replication during the 

asymptomatic phase of HIV-1 infection and evasion from CTL surveillance has a strong influence 

on viral evolution. However, amino acid changes associated with CTL escape may come at a fitness 

cost, particularly when situated in conserved regions such as gag. Indeed, certain CTL escape 

mutations in epitopes restricted by protective HLA alleles have been shown to decrease viral 

replication capacity, of which the T242N escape mutation within the gag TW10 epitope restricted 

by HLA-B57 is the most well studied [1,2]. The fitness cost of the T242N CTL escape mutation can 

be overcome by compensatory mutations in gag [3]. Furthermore, it has been reported that the 

T242N mutation rapidly reverts upon transmission to an HLA-B57-negative individual [4,5]. 

Previously, we reported on an HLA-B57-positive long-term elite controller (patient 1) and 

his long-term HIV-negative partner (patient 2) who engaged in a triangular relationship with 

an HIV-positive partner (patient 3), leading to superinfection of patient 1 and HIV-1 infection of 

patient 2. After superinfection, patient 1 recovered with relative viremic control, while patients 

2 and 3 consistently had high viral loads and rapidly declining CD4+ T cell counts and initiated 

cART 2.4 and 3.7 years after seroconversion, respectively [6,7]. 

In the present study, we studied sequence variation in the HIV-1 capsid protein isolated from 

these three patients and determined the impact of the observed variation on viral replication fitness.  

RESULTS
Longitudinal gag sequences were previously generated from both viral RNA in plasma and from 

clonal HIV-1 variants isolated from PBMC (GenBank accession numbers JF278423-JF278560). 

The follow-up period was 25 months after superinfection for patient 1, and respectively 25 and 

38 months after seroconversion for patients 2 and 3. HLA genotypes are as follows: patient 

1: HLA-A0101, HLA-A0301, HLA-B5701 and HLA-B3501; patient 2: HLA-A0101, HLA-A0201, 

HLA-B0801 and HLA-B4402; patient 3: HLA-A0201, HLA-A2902, HLA-B4402 and HLA-B4403. 

Written informed consent from all three patients was obtained prior to data collection. 

We here analyzed the gag sequences for patient-specific sequence variation within capsid 

(amino acids 133-339 of Gag). The capsid sequences of all three patients were very similar, as the 

patients were infected with the same viral variant (Table S1). 

Comparing the sequences between the three patients, we observed patient-specific 

sequence variation at 3 positions (Table 1 and Figure 1A). Viral sequences from patient 1 

contained the T242N CTL escape mutation within the HLA-B57-restricted TW10 epitope at all 

time points studied and no additional sequence variation was observed. All viral sequences 

obtained from patients 2 and 3 contained the 242S mutation. An additional H219Q mutation 

emerged in sequences from patients 2 and 3, respectively 19 and 13 months after seroconversion. 

A third mutation (S310T) was observed in viral sequences obtained from patient 3, 19 months 

after seroconversion (Table 1 and Figure 1A). During follow-up of patient 2, the frequency 
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Figure 1. Amino acid variation in the HIV-1 capsid protein during follow-up of patients 2 and 3. A: The 
percentage of viral variants carrying 242S (white), 242S and H219Q (light grey), 242S and S310T (dark grey) 
and 242S in combination with H219Q and S310T (black) during follow-up of patient 2 (top) and patient 3 
(bottom). Time is expressed as months after seroconversion. N represents the number of viral sequences 
analyzed. B: Longitudinal CD4+ T cell counts of patients 1 (light grey), 2 (dark grey) and 3 (black). Arrows 
indicate the first emergence of viral variants carrying the H219Q and/or S310T mutations. C: Longitudinal 
HIV-1 RNA viral load data of patients 1 (light grey), 2 (dark grey) and 3 (black). Arrows indicate the first 
emergence of viral variants carrying the H219Q and/or S310T mutations.
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of viral variants carrying the H219Q mutation increased over time and at 25 months after 

seroconversion 50% of the viral variants contained this mutation (Figure 1A). Viral variants 

isolated from patient 3 showed the independent emergence of viral variants carrying either 

the H219Q or S310T mutation 13 months after seroconversion and these variants coexisted up 

to 23 months after seroconversion. The H219Q variant became the dominant viral variant after 

34 months of follow-up, whereas viral variants containing the S310T mutation were no longer 

observed. Viral variants carrying both the H219Q and S310T mutation emerged at 23 months 

after seroconversion and remained present during follow-up (Figure 1A). The emergence of 

the H219Q and/or S310T mutation in viral variants of both patient 2 and 3 was associated with a 

progressive disease as demonstrated by declining CD4+ T cell counts (Figure 1B) and increasing 

viral load (Figure 1C).

To evaluate the effect of the observed sequence variation in capsid on the viral replication 

kinetics, NL4-3.Ba-L molecular clones containing patient-specific mutations were constructed. 

The gag region obtained from patient 1 was cloned into the pGEM T easy vector system 

(Invitrogen, Carlsbad, California, USA) and mutations were introduced using site-directed 

mutagenesis (Quick exchange kit, Stratagene, La Jolla, California, USA). The gag region 

of molecular clone NL4-3.Ba-L was removed using restriction enzymes BssHII and ApaI 

(Invritrogen). Replicating virus variants were produced by co-transfection of NL4-3.Ba-LΔgag 

and the constructed gag regions containing patient-specific mutations into 293T cells. Virus 

titers of the produced mutant viruses were determined on PBMC by 50% tissue culture 

infectious dose (TCID
50

) [8]. The in vitro replication capacity of the constructed viruses was 

determined on PHA-stimulated pooled PBMC from 10 healthy donors. In brief, 2x106 PHA-

stimulated PBMC were inoculated with 50 TCID of virus for 2 hours. Afterwards, the cells were 

washed, resuspended in 1.5ml culture medium containing 20 U/ml IL-2 and divided over 3 wells 

of a 24-well plate at a cell density of 6.7x105 in 500µl each. Cultures were continued for 18 days 

and 5x105 PHA-stimulated PBMC from the same PBMC-pool were added on day 5, 8, 11 and 14 

to propagate the culture. Virus replication was analyzed in daily culture supernatant samples 

(35µl) by an in-house p24 ELISA [9]. On day 18, total DNA was isolated from the cultures and gag 

was sequenced to confirm the introduction of mutations. 

The replication capacity of the constructed viruses differed substantially, with a relatively 

low replication capacity of the virus carrying 242N found in viral sequences obtained from 

patient 1 and increasing replication capacity for capsid variants containing specific mutations 

from patients 2 and 3 (Figure 2A). Comparing the mean p24 values on day 14, we observed that 

viral variants carrying 242N or 242S had significantly lower p24 production than viral variants 

that additionally had the H219Q and/or S310T mutations. The highest mean p24-value was 

observed for viral variants carrying 242S, H219Q and S310T (Figure 2A). 

To further investigate the effect of the observed mutations on the replication kinetics, NL4-3.

Ba-L molecular clones carrying either 242N, 242S or 242T in combination with amino acid variation 

at positions 219 (H and Q) and/or 310 (S and T) were constructed and replication kinetics were 

determined as described above. The H219Q mutation increased p24 production of viral variants 

carrying either 242N (p=0.002) or 242S (p=0.04), restoring virus replication to levels comparable 

to the virus variant containing the HIV-1 subtype B consensus sequence 242T. The H219Q mutation 

had no significant effect on the replication kinetics of the 242T variant (Figure 2B). 
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The S310T mutation alone had no effect on the replication of the 242N virus variant. A trend 

towards higher p24 levels was observed after introduction of the S310T mutation in the 242S 

variant (p=0.11), however, this mutation significantly decreased replication of the 242T variant 

(p=0.04; Figure 2B). 

When the S310T mutation was introduced in the 242S variant in combination with the 

H219Q mutation, a significantly higher viral replication was observed compared to the viral 

variants containing 242S alone (p=0.02) or 242S in combination with S310T (p=0.03). However, 

the mean p24 level did not significantly differ from the mean p24 level of variants carrying 242S 

Figure 2. Replication kinetics of mutant capsid virus variants in vitro. A: Mean p24 production of mutant 
viruses carrying patient-specific mutations in capsid: 242N (●), 242S (▪), 242S + H219Q (▲), 242S + S310T 
(▼) or 242S + H219Q +S310T (♦). Whiskers represent the standard error of the mean. B: Mean p24 levels 
on day 14, the midpoint of the linear part of the replication curve, for viral variants carrying 242N, 242S or 
242T in the presence and absence of the H219Q and/or S310T mutations. Whiskers represent the standard 
deviation. Statistical significance is indicated as follows: * p<0.05; ** p<0.01.
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in combination with the H219Q alone. Whereas viral replication of the 242N variant significantly 

increased after introduction of the H219Q mutation, the S310T mutation alone or in combination 

with the H219Q mutation did not affect viral replication. Addition of both the H219Q and S310T 

mutations to the 242T variant showed a trend towards lower p24 levels (p=0.07; Figure 2B). 

DISCUSSION
Here, we studied patient-specific sequence variation within the capsid region of viral variants 

isolated from three men who engaged in a triangular relationship with proven HIV-1 transmission. 

Despite being infected with the same HIV-1 variant, these individuals showed marked differences 

in their clinical course of infection. Patient 1 carries the protective HLA-B57 allele and the T242N 

escape mutation in the TW10 epitope was found in all viral sequences. This CTL escape mutation 

is associated with impaired viral replication [1,2] and several mutations have been described 

to compensate for the fitness cost [2,3]. Interestingly, we did not observe the emergence of 

compensatory mutations in viral variants obtained from patient 1, possibly explaining the 

relatively low replication capacity of the virus in vitro and the low viral load in vivo. The absence of 

compensatory mutations cannot be explained by CTL pressure, as the potential compensatory 

mutations do not influence epitope processing or binding to HLA class I molecules of patient 

1. It remains unclear why compensatory mutations did not emerge. However, strong control 

of viral replication, as demonstrated by low viral loads in vivo could delay the development of 

mutations, suggesting that compensatory mutations may develop during longer follow-up.

The capsid sequences obtained from patients 2 and 3 all have the 242S mutation. This 

mutation has been described to be a transient intermediate when T242N reverts upon 

transmission to an HLA-B57-negative recipient, although reversion to 242T is observed more 

frequently [10,11]. Although the donor of HIV-1 infection of patient 3 is unknown, the presence 

of the T242S mutation may indicate transmission from an HLA-B57+ donor to patient 3, and 

subsequent transmission of the 242S mutation to patients 1 and 2. In all gag sequences from the 

three patients mutations I147L and I223V are present. These mutations have been suggested 

to have a compensatory effect on the fitness cost of the T242N mutation [3,12], which may 

also suggest an HLA-B57+ source of infection for patient 3. However, other compensatory 

mutations, like the G248A, H219Q and M228I [2,3] are absent. 

Our data indicate that the 242S mutation comes at a fitness cost, resulting in a low replication 

capacity comparable to virus variants carrying 242N. Surprisingly, we did not observe the S242T 

reversion in any of the viral sequences obtained from patients 2 and 3 and the question arises why 

reversion to 242T has not occurred. Additional sequence variation was observed at positions 

219 and 310 that increased the replication kinetics of the 242S variant to levels comparable to 

the wild type 242T virus and reversion may therefore no longer result in a substantial increase 

in viral fitness. Moreover, introduction of the H219Q and S310T mutations into the 242T variant 

seems to decrease the replication kinetics, indicating that these mutations may hamper the 

S242T transition. A similar observation was made by Novitsky et al., who described fixation 

of 242S in the quasispecies of two out of seven HLA-B57/B5801-negative individuals infected 

with an 242N subtype C variant after compensation of the fitness cost associated with the 242S 

mutation by I147L and N252G [11]. 
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It has been shown that viral variants containing the N242T reversion emerge and become 

dominant within the first year after transmission [4,10,11]. In our patients, the compensatory 

mutations H219Q and S310T emerged approximately 1-1.5 years after infection, and it is unclear 

why transition of 242S to 242T was not observed before the compensatory mutations occurred, 

especially in the absence of the HLA-B57 allele. Neither 242S nor 242T influences epitope 

processing or binding to HLA molecules expressed by patients 2 and 3 and CTL pressure cannot 

explain fixation of 242S and the absence of 242T in the viral quasispecies of these patients. 

Viral variants carrying 242S coexisted with variants carrying one or both of the compensatory 

mutations in patient 2 and 3. However, during prolonged follow-up of patient 3, the 242S variant 

without additional compensatory mutations became a minor variant and was no longer detected 

38 months after seroconversion, which is likely due to selection for the fitter viral variants 

carrying 242S and H219Q or 242S, H219Q and S310T. Loss of the 242S variant was not observed 

in patient 2, which may be due to limited follow-up. Furthermore, the viral variant containing 

the S310T mutation alone was no longer observed in viral sequences obtained from patient 3 

at the end of follow-up. Indeed, we observed that the S310T mutation does not significantly 

increase replication fitness of the 242S and the 242S-H219Q viral variant, which may indicate that 

the S310T mutation does not have a selective advantage with regard to viral fitness. 

In patient 3, and to a lesser extent for patient 2, an increase in viral load was observed prior to 

the emergence of viral variants containing the H219Q and/or S310T mutation. The increase in viral 

load may have accelerated the development of compensatory mutations and subsequently the 

emergence of viral variants with an increased replication capacity. In turn, the emergence of viral 

variants with higher replication fitness may have contributed to disease progression.

In conclusion, we here studied three individuals who engaged in a triangular relationship 

and showed large variation in the clinical course of HIV-1 infection. We analyzed the impact of 

mutations in the capsid region on the viral replication capacity and demonstrated that viruses 

from all three patients contained a mutation at position 242 (242N or 242S) in the capsid protein, 

impairing viral replication capacity. The viral fitness was restored by compensatory mutations in 

patients 2 and 3, who experienced a progressive course of infection, whereas in viral variants from 

patient 1, an HLA-B57+ elite controller, no compensatory mutations emerged during follow-up. 
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Table S1. Capsid sequences (amino acids 133-339 of Gag) generated from viral RNA isolated from serum 
or from clonal viral from PBMC obtained from patients 1, 2 and 3 compared to HIV-1 subtype B consensus 
sequence.

      140        150        160        170        180        190        200

..|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|

Consensus_B PIVQNLQG QMVHQAISPR TLNAWVKVVE EKAFSPEVIP MFSALSEGAT PQDLNTMLNT VGGHQAAMQM

P1g_pbmcallBC_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------

P1g1S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------

P1g2S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------

P1g4S_2 -M------ ------L--- --------I- ---------- ---------- ---------- ----------  

P1g3S_2 -M------ ------L--- -----A--I- ---------- -S-------- ---------- ----------  

P1g5S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g6S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g1S_7 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g2S_7 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g3S_7 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g4S_7 -------- --E---L--- --------I- ---------- ---------- ---------- ----------  

P1g5S_7 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g6S_7 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g7S_7 -------- ------L--- --------I- ---------- ---------- ---------- ---R------  

P1g1S_14 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g2S_14 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g3S_14 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g1S_25 -------- ------L--- --------I- ---------- ---------- ---------- -R--------  

P1g2S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g3S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g4S_25 -------- ------L--- --------I- -R-------- ---------- ---------- ----------  

P1g5S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P1g6S_25 -------- ------L--- --------I- -E-------- ---------- ---------- ----------  

P2g_pbmcB1_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g_pbmcC1_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g_pbmcD4_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g_pbmcH11_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g1S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g2S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g3S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g4S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g5S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g6S_6 -------- ------F--- --------I- ---------- ---------- ---------- ----------  

P2g7S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g8S_6 -------- ------L--- --------I- ------G--- ---------- ---------S ----------  

P2g9S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g10S_6 -------- ------L--- --S-----I- ---------- ---------- ---------- ----------  

P2g11S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g1S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g2S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g3S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g4S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g5S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g6S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g7S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g8S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g9S_9 -------- ------L--- --------I- ---------- ---------- ----S----- ------V---  

P2g10S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g11S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g12S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  
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P2g13S_9 -T------ ------L--- --------I- ---------- ---------- ---------- ----------  

P2g14S_9 -------- ------L--- --S-----I- ---------- ---------- ---------- ----------  

P2g15S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g1S_13 -------- ------L--- --------I- -E-------- ---------- --------D- ----------  

P2g2S_13 -------- -----VL--- --------I- ---------- ---------- ---------- ----------  

P2g1S_19 -------- -V----L--- --------I- ---------- ---------- ---------- ----------  

P2g2S_19 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g3S_19 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g4S_19 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g5S_19 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g6S_19 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g1S_25 -------- ------L--- --------I- ---------- ---------- ---------- -------T--  

P2g2S_25 -------- ------L--- --------I- G--------- ---------- ---------- ----------  

P2g3S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g4S_25 -------- ------L--- --------I- ---------- ---------- -------P-- ----------  

P2g5S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g6S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g7S_25 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P2g8S_25 -------- ------P--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcBA9_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcA12_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcB1_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcC3_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcC11_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcD1_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcD7_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcE10_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcF6_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcG9_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcG11_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g_pbmcH8_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_2 -------- -X----L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_2 S------- ------L--- --------I- ----G----- ---------- ---------- ----------  

P3g5S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g6S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g7S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g8S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g9S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g10S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g11S_2 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_3 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_3 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_3 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_3 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g5S_3 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_4 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_4 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_4 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_4 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g5S_4 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g6S_4 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  
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P3g4S_6 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_9 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_13 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_13 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_13 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_13 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g5S_13 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g6S_13 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_23 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_34 -------- ------L--- --------I- ---------- -S-------- ---------- ----------  

P3g2S_34 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_34 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_34 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g5S_34 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g6S_34 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g1S_38 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g2S_38 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g3S_38 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g4S_38 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g5S_38 -------- ------L--- --------I- ---------- ---------- ---------- ----------  

P3g6S_38 -------- ------L--- --------IG ---------- ---------- ---------- ----------  

P3g7S_38 -------- ------L--- --------I- ---------- ---------- ---------- ----------

  
  

        210        220        230        240        250        260       270

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| 

Consensus_B LKETINEEAA EWDRLHPVHA GPIAPGQMRE PRGSDIAGTT STLQEQIGWM TNNPPIPVGE IYKRWIILGL  

P1g_pbmcallBC_2    ---------- ---------- --V------- ---------- -N-------- ---------- ----------

P1g1S_2 ---------- ---------- --V------- ---------- -N-------- -D-------- ----------  

P1g2S_2 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g4S_2 ---------- ---------- --V------- ---G------ -N-------- ---------- ----------  

P1g3S_2 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g5S_2 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g6S_2 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g1S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g2S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g3S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g4S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g5S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g6S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g7S_7 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g1S_14 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g2S_14 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g3S_14 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g1S_25 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g2S_25 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g3S_25 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g4S_25 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g5S_25 ---------- ---------- --V------- ---------- -N-------- ---------- ----------  

P1g6S_25 ---------- ---------- --V-----G- ---------- -N-------- ---------- ----------  

P2g_pbmcB1_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  
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P2g_pbmcC1_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g_pbmcD4_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g_pbmcH11_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g1S_6 ---------- ---------- --V------- ---------- -S------R- ---------- ----------  

P2g2S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g3S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g4S_6 ---------- ---------- --V------- --------A- -S-------- ---------- ----------  

P2g5S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g6S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g7S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g8S_6 ------K--- ---------- --V------- ---------- -S-------- A--------- ----------  

P2g9S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g10S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g11S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g1S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g2S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g3S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g4S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g5S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g6S_9 ---------- ---------- --V------- ---------- -S-------- ---------- -----M----  

P2g7S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g8S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g9S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g10S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g11S_9 ---------- ---------- --V------- ---------- -S-------- ------L--- ----------  

P2g12S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g13S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g14S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ---G------  

P2g15S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g1S_13 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g2S_13 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g1S_19 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g2S_19 ---------- --------Q- --V-----S- ---------- -S-------- ---------- ----------  

P2g3S_19 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g4S_19 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g5S_19 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g6S_19 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g1S_25 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P2g2S_25 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P2g3S_25 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g4S_25 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g5S_25 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P2g6S_25 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P2g7S_25 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P2g8S_25 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcBA9_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcA12_23 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcB1_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcC3_23 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcC11_23 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcD1_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcD7_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcE10_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcF6_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcG9_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g_pbmcG11_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  
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P3g_pbmcH8_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g1S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g2S_2 ---------- ---------- --V------- ----G----- -S-------- ---------- ----------  

P3g3S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g4S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g5S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g6S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g7S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g8S_2 ---------- ---------- --VV------ ---------- -S-------- ---------- ----------  

P3g9S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g10S_2 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g11S_2 ---------- ---------- --V------- ---------- -S-------- ---------- -----M----  

P3g1S_3 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g2S_3 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g3S_3 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g4S_3 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g5S_3 ---------- ---------- --V------- ---------- -S-------- --S------- ----------  

P3g1S_4 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g2S_4 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g3S_4 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g4S_4 ---------- ---------- --V------- ----G----- -S-------- ---------- ----------  

P3g5S_4 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g6S_4 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g1S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g2S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g3S_6 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g4S_6 ---------- ---------- --V------- -----V---- -S-------- ---------- ----------  

P3g1S_9 ---------- ---------- --V------- ---------- -S-----E-- ---------- ----------  

P3g2S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g3S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g4S_9 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g1S_13 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g2S_13 ---------- ---------- --V------- ---------- -S----T--- ---------- ----------  

P3g3S_13 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g4S_13 ---------- --N------- --V------- ---------- -S-------- ---------- ----------  

P3g5S_13 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g6S_13 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g1S_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g2S_23 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g1S_34 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g2S_34 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g3S_34 ---A------ --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g4S_34 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g5S_34 ---------- ---------- --V------- ---------- -S-------- ---------- ----------  

P3g6S_34 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g1S_38 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g2S_38 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g3S_38 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g4S_38 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g5S_38 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g6S_38 -E-------- --------Q- --V------- ---------- -S-------- ---------- ----------  

P3g7S_38 ---------- --------Q- --V------- ---------- -S-------- ---------- ----------  
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280     290        300        310        320        330        340

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|

Consensus_B NKIVRMYSPT SILDIRQGPK EPFRDYVDRF YKTLRAEQAS QEVKNWMTET LLVQNANPDC KTILKALGP

P1g_pbmcallBC_2  ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g1S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g2S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g4S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g3S_2 ---------V ---------- ---------- H--------- ---------- ---------- ---------

P1g5S_2 ---------V ---------- ---------L ---------- R--------- ---------- ---------

P1g6S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g1S_7 ---------V ---------R ---------- ---------- ---------- ---------- ---------

P1g2S_7 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g3S_7 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g4S_7 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g5S_7 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g6S_7 ---------V ---------- G--------- ---------- ---------- ---------- ---------

P1g7S_7 D--------V ---------- ---------- ---------- ---------A ---------- ---------

P1g1S_14 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g2S_14 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g3S_14 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g1S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g2S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g3S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g4S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g5S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P1g6S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g_pbmcB1_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g_pbmcC1_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g_pbmcD4_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g_pbmcH11_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g1S_6 ---------V ---------- ---------- ---------- ------V--- ---------- ---------

P2g2S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g3S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g4S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g5S_6 ---------V ---------- ---------- H--------- ---------- ---------- ---------

P2g6S_6 ---------V ---------- ---------- ---------- ------T--- ---------- ---------

P2g7S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g8S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g9S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g10S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g11S_6 ---------V ---------- ---------S ---------- ---------- ---------- ---------

P2g1S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g2S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g3S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g4S_9 ---------V -T-------- ---------- ---------- ---------- ---R------ ---------

P2g5S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g6S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g7S_9 ---------V ---------- ------A--- ---------- ---------- ---------- ---------

P2g8S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g9S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g10S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g11S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g12S_9 ---------V ---------- ---------- C--------- ---------- ---------- ---------

P2g13S_9 ---------V ---------- ---------- ---------- ---------S ---------- ---------

P2g14S_9 ---------V --P-L----- ---------- ---------- ---------- ---------- ---------

P2g15S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------
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P2g1S_13 ---------V ---------- ---------- ---------- ---------- ---------- E--------

P2g2S_13 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g1S_19 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g2S_19 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g3S_19 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g4S_19 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g5S_19 ---------V ---------- ---------- ---------- ---------- ----D----- ---------

P2g6S_19 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g1S_25 ---------V ---------- ---------- ------G--- ---------- ---------- ----E----

P2g2S_25 ---------V ---------- ---------- ---------- ---------- ------D--- ---------

P2g3S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g4S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g5S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g6S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g7S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P2g8S_25 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g_pbmcBA9_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcA12_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcB1_23 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g_pbmcC3_23 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g_pbmcC11_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcD1_23 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g_pbmcD7_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcE10_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcF6_23 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g_pbmcG9_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcG11_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g_pbmcH8_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g1S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g3S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g5S_2 -R-------V ---------- ---------- ---------- ---------- ---------- ---------

P3g6S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g7S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g8S_2 ---------V ---------- ---------- ---------- ---------- ---------- -----T---

P3g9S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g10S_2 ---------V ---------- --------Q- ---------- --------G- ---------- ---------

P3g11S_2 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g1S_3 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_3 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g3S_3 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_3 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g5S_3 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g1S_4 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_4 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g3S_4 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_4 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g5S_4 ---------V ---------- ---------- ---------- ---------- ---------- -A-------

P3g6S_4 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g1S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_6 ---------V ---------- ---------- ---------- ------T--- ---------- ---------

P3g3S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_6 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g1S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

56



3

GAG MUTATIONS AFFECT REPLICATION FITNESS

P3g3S_9 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_9 ---------V ---------- ---------- -R-------- ---------- ---------- ---------

P3g1S_13 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_13 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g3S_13 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g4S_13 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g5S_13 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g6S_13 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g1S_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g2S_23 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g1S_34 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_34 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g3S_34 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_34 ---------V ---------- ---------- -------H-- ---------- ---------- ---------

P3g5S_34 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g6S_34 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g1S_38 ---------V ---------- ---------- ---------- ---------- ---------- ---------

P3g2S_38 ---------V ---------- ---------- ---------- --------K- ---------- ---------

P3g3S_38 S--------V ---------- ---------- ---------- ---------- ---------- ---------

P3g4S_38 ---------V -----K---- ---------- ---------- ---------- ---------- ---------

P3g5S_38 ---------V ---------- ---------- ---------T ---------- ---------- ---------

P3g6S_38 ---------V -----K---- ---------- ---------- ---------- ---------- ---------

P3g7S_38 ---------V ---------- ---------- ---------- R--------- ---------- ---------
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CTL ESCAPE FROM HLA-B27

ABSTRACT
HLA-B27 has been associated with prolonged AIDS-free survival after HIV-1 infection. Loss of 

control of viremia in HLA-B27 patients has been associated with CTL escape at position 264 

in the immunodominant KK10 epitope. This CTL escape mutation has a high fitness cost and it 

has been hypothesized that this mutation is not viable on its own, but requires the presence of 

compensatory mutations before emerging.

We here studied sequence evolution within HLA-B27-restricted CTL epitopes in the viral 

Gag protein during disease progression in four HLA-B27+ patients. Longitudinal Gag sequences 

obtained at different time points around AIDS diagnosis were obtained and analyzed for the 

presence of CTL escape mutations in epitopes restricted by HLA-B27 and potential compensatory 

mutations. Sequence variation was most predominant in the immunodominant HLA-B27-

restricted KK10 epitope and CTL escape mutations in this epitope were observed in sequences 

obtained from 3 out of 4 patients. The R264K mutation was observed in sequences from 1 patient 

and the R264G escape mutation in sequences from 2 patients. These CTL escape mutations were 

accompanied by their respective compensatory mutations S173A and E260D. Comparing viral 

sequences, a higher number of total mutations in Gag was observed for viruses containing 

the R264K escape mutation, which may represent additional compensatory mutations that 

increase replication capacity and impact disease progression.
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INTRODUCTION
Expression of certain HLA class I alleles is known to be associated with lower viral load and 

prolonged survival after HIV-1 infection, of which HLA-B57 and HLA-B27 are the most studied 

[1-5]. Cytotoxic T lymphocytes (CTL) play an important role in the protective effect of these 

HLA alleles and the presence of HIV-specific CTLs restricted by HLA-B57 and HLA-B27 in early 

infection better defines disease progression than HLA genotype alone [2]. However, HIV-1 is 

able to escape from CTL responses through selection of mutations that abrogate CTL-mediated 

killing [6]. Individuals carrying HLA-B57 show CTL escape from the immunodominant TW10 

epitope through the T242N CTL escape mutation early after infection. The T242N mutation 

is known to have a negative effect on the replication capacity of the virus, leading to lower 

viral load [6,7]. In patients carrying the HLA-B27 allele on the other hand, CTL escape in 

the immunodominant KK10 epitope occurs late in the infection and is associated with loss 

of control of viremia [8-13]. The CTL escape mutation in this epitope is located at the R264 

position and is most usually mediated by a mutation toward a lysine (K), however, mutation 

toward glycine (G), threonine (T), or glutamine (Q) have also been described [13-17]. It has 

been hypothesized that the R264 escape mutation is not viable on its own and requires the 

presence of compensatory mutations before emerging and is therefore only observed late in 

infection during disease progression [13].

We here studied the dynamics of viral escape from HLA-B27-restricted CTLs in four HLA-B27 

positive patients during disease progression. Longitudinal Gag sequences obtained at different 

time points around AIDS diagnosis were analyzed for the presence of CTL escape mutations 

from HLA-B27-restricted CTL responses and potential compensatory mutations. 

RESULTS
Characteristics of four HLA-B27+ patients who progressed to AIDS 
Four HLA-B27 positive patients, who were followed longitudinally in the Amsterdam Cohort 

Studies (ACS), were analyzed in the present study. Patient characteristics are summarized in 

Table 1. All patients progressed to AIDS without the use of antiretroviral therapy and over the 

course of infection an increasing viral load and declining number of CD4+ T cells were observed 

(Figure 1). For all patients, serum samples from time points close to disease progression 

(between 2 years prior and 6 months after AIDS diagnosis) were available for analysis.

Sequence variation in CTL epitopes restricted by HLA-B27 
The Gag region of HIV-1 present in serum from the patients was amplified by PCR and cloned 

into the pGEM T easy vector. Per time point, 1-10 gag sequences were generated to study 

sequence evolution over time (Table 2).

First, the sequence variation in the 5 Gag CTL epitopes restricted by HLA-B27 was 

investigated (Table 2). Inside epitope IK9, CTL escape mutations were only observed in viral 

sequences obtained from patient ACH19490. In this patient, the K26S/A escape mutation was 

observed in viral sequences obtained close to and after AIDS diagnosis. Additionally, a single 

viral sequence obtained from patient ACH19689 at 94.6 months after seroconversion contained 
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the R20F mutation in the IK9 epitope; this mutation has no effect on peptide presentation and 

was not positively selected for in this patient (Table 2). 

Within the EL9 CTL epitope, no sequence variation was observed in patients ACH19490 and 

ACH19689. In patient ACH19974, we observed 3 mutations (E42G, R43Q and V46L) that were only 

present in 1 viral sequence at a single time point. Of these mutations, only the R43Q is located 

at an anchor residue and may have disrupted presentation of the epitope by HLA-B27, however 

the viral variant containing this mutation was not selected during the course of infection. In 

patient ACH19778, all viral sequences contained the V46L mutation, which is not associated 

with escape from presentation by HLA-B27. Additionally, the L50P mutation was observed 

in a single viral sequence obtained at 64.8 months after seroconversion. This mutation may 

represent an escape mutation located at the P9 anchor residue of the HLA-B27 EL9 epitope, but 

viral variants containing this mutation were not selected for over time (Table 2).

The previously described CTL escape mutation at position 264 within the HLA-B27 KK10 

epitope [8-17] was observed in 3 out of 4 patients. The most common R264K escape mutation 

emerged in all viral sequences from patient ACH19778 at 85.4 months after seroconversion. In 

patients ACH19490 and ACH19689, the R264G escape mutation was observed in a minority of 

the viral sequences at the first time point analyzed, before the onset of AIDS, and this escape 

mutation was present in all viral sequences obtained at later time points. In patient ACH19778 and 

ACH19689 we additionally observed the L268M mutation, which has previously been associated 

with early escape from TCR recognition [18]. The L268M mutation has been described to have 

a negative impact on replication kinetics of the R264G variant, but not the R264K variant [15]. 

Indeed, mutations L268M and R264G were never seen in combination in a single viral sequence 

in patient ACH19689. Furthermore, the emergence of CTL escape variants containing R264G 

mutation might explain the loss of viral variants containing the L268M in ACH19689 during the 

course of infection. In patient ACH19490, we observed an additional mutation in the KK10 epitope 

(I266V) in a minority of sequences obtained from the first time point analyzed. Surprisingly, we 

did not observe any sequence variation in the KK10 epitope in patient ACH19974 (Table 2).

CTL escape was also observed in epitope DR11 in 3 out of 4 patients (ACH19974, ACH19490 

and ACH19689). The R286K escape mutation was present in all viral sequences obtained at all 

time points from patient ACH19974 and in the majority of the viral sequences obtained at 105.9 

Table 1. Patient characteristics. 

Patient
Seroconversion   

or entry date

AIDS diagnosis a 

(months after   
seroconversion or entry)

HLA alleles

ACH19974 06-03-1986 (S) 77.2 A*02 A*3201 B*27 B*4001

ACH19778 05-12-1984 (E) 85.2 A*24 A*31 B*27 B*51

ACH19490 04-02-1985 (E) 111.7 NA NA B*2705 B*0801

ACH19689 19-12-1984 (E) 118.2 A1 A2 B27 B8

a AIDS diagnosis according to CDC 1993 definition [24] or CD4+ T cell counts <200 cells/µl.
S: Date of seroconversion for HIV-1 antibodies during active follow-up.  
E: HIV+ entry into the cohort. 
NA: not available.
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and 112 months after seroconversion in ACH19490. However, the escape mutation was only 

present in the minority of viral sequences obtained at 94.6 months after seroconversion in 

ACH19689 and was not observed in viral sequences obtained from later time points. 

No sequence variation resulting in escape from presentation by HLA-B27 was observed in 

CTL epitope DA9 in any of the patients under study. Only 1 viral variant obtained from patient 

ACH19974 contained a mutation in this epitope (F300L; Table 2).

Compensatory mutations associated with the R264K/G CTL escape mutation
The HLA-B27-restricted CTL epitope KK10 has been described as the immunodominant CTL 

epitope in most patients [19] and the previously described CTL escape mutation at position 264 

was observed in viral sequences from 3 out of 4 patients. Mutations at this position are associated 

with a fitness cost, which may be compensated for by mutation S173A for R264K, or E260D in 

the case of R264G [12,13]. Indeed, the S173A (patient ACH19778) and E260D (patients ACH19490 

and ACH19689) mutations emerged in viral sequences obtained from time points close to 

disease progression (Table 2). In the case of the R264G escape mutation in patients ACH19490 

and ACH19689, we observed viral variants containing the R264G alone, or in combination with 

the E260D compensatory mutation. In the case of the R264K mutation in patient ACH19778, we 

only observed the combination of the escape mutation and the S173A compensatory mutation. 

Neither of the compensatory mutations was observed in sequences obtained from patient 

ACH19974, in which no escape at position R264 occurred. Other mutations that have been 

hypothesized to serve as (partially) compensatory mutations in literature, for instance Q136R, 

I267V and R275K, were not observed in viral sequences obtained from our patients [13,20,21]. 

To study possible compensation of the fitness cost associated with the R264K/G escape 

mutation by other mutations in Gag, viral sequences obtained from the four patients under 

study were compared to subtype B consensus sequence and the number of amino acid 

differences was determined. Comparing viral sequences with or without the R264K or R264G 

escape mutation, we observed a significantly higher number of total mutations in Gag for 

the sequences containing R264K compared to sequences lacking R264K/G escape (Figure 2). 

However, no difference in the total number of mutations was observed in viral sequences 

with R264G or without the R264K/G escape mutation (Figure 2). The higher total number 

of mutations in the sequences containing the CTL escape mutation at position R264K may 

represent additional compensatory mutations that increase replication capacity, and may 

impact disease progression.

DISCUSSION
HLA-B27 has been associated with prolonged AIDS-free survival after HIV-1 infection [1-3]. In 

patients carrying this HLA allele, CTL escape in the immunodominant KK10 epitope occurs 

late in the infection and is associated with loss of control of viremia [8-13]. We here studied 

sequence evolution in HLA-B27-restricted CTL epitopes in the viral Gag protein during disease 

progression in four HLA-B27 positive patients. In agreement with previous reports [8-17], CTL 

escape was predominant in the immunodominant HLA-B27-restricted KK10 epitope in three 

out of four patients. No escape at the KK10 epitope was observed in any of the sequences 
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from patient ACH19974 obtained from 56.0 to 82.7 months after seroconversion, despite 

disease progression. This indicates that development of the R264K/G escape mutation is not a 

prerequisite for progression to AIDS in HLA-B27 positive patients [11-15,21].

Escape from the immunodominant KK10 CTL response restricted by HLA-B27 via the 

R264 position can be accomplished by mutation toward lysine (K), glycine (G), threonine (T), 

or glutamine (Q) [13-17]. All these mutations decrease the binding affinity of the KK10 epitope to 

the HLA-B27 molecule, thereby limiting epitope presentation and preventing subsequent CTL-

mediated lysis. The R264K is the predominant escape mechanism, whereas mutations R264G, 

R264T and R264Q occur with lower frequency. All four of the described amino acid changes 

at the R264 position incur a fitness cost on the virus, with the most substantial decrease in 

viral replication capacity associated with the R264K mutation [12]. Introduction of mutations 

that can compensate this fitness cost have been previously reported [12,13]. Interestingly, 

mutations that are able to compensate for the fitness cost associated with either R264K or 

R264G are located at a different position, with S173A and E260D serving as compensatory 

mutations for R264K and R264G, respectively. We here observed the emergence of the R264G 

mutation in two of our patients and the R264K mutation was observed in viral sequences 

from one patient. The presence of the R264G escape mutation was not accompanied by 

the E260D compensatory mutation at the initial emergence in both patient ACH19490 and 

ACH19689, but this compensatory mutation emerged later during the course of infection. In 

sequences from patient ACH19778, the R264K escape mutation was only seen in combination 

with the S173A compensatory mutation. Furthermore, we observed an increasing number of 

mutations in the Gag protein in viral variants containing R264K. This suggests that besides the 

known compensatory mutation (S173A), additional mutations may have emerged that further 

Figure 2.
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Figure 2. The number of amino acid mutations in Gag in the absence or presence of the R264K or R264G 
CTL escape mutation in viral sequences from patients ACH19778, ACH19490 and ACH19689. Statistical 
significance was assessed by Student’s T test. 
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compensate for the fitness cost associated with escape in the KK10 epitope. More research is 

needed to evaluate the effect of these mutations on viral replication. 

The R264G escape mutation is usually seen much less frequent as compared to the 

predominant R264K mutation. Here, we observed the R264G mutation in sequences obtained 

from two of our patients, who also show the longest AIDS-free period after infection (more than 

9 years). The emergence of the R264G mutation occurred 14.8 and 23.6 months before AIDS 

diagnosis, respectively, whereas the R264K mutation was only observed after AIDS diagnosis 

(patient ACH19778). These findings suggest that the emergence of the R264G escape variant is 

not directly associated with progression to disease. The fitness cost associated with the R264G 

escape mutation is less severe as compared to the decrease in viral replication fitness associated 

with the R264K mutation [12]. However, compensation of the R264K mutation by S173A results 

in a higher replication capacity as compared to compensation of the R264G mutation by E260D 

[12]. This may suggest that the lower replication capacity associated with the R264G/E260D viral 

variants in patients ACH19490 and ACH19689 might account for the prolonged period between 

the emergence of the CTL escape mutation in the KK10 epitope and the progression to AIDS. 

Furthermore, sequences with or without the R264G mutation contained a similar number of 

total mutations in Gag, in contrast to sequences containing R264K, which may suggest the 

presence of a low number of compensatory mutations in the sequences containing R264G that 

can restore the viral replication capacity. 

It has also been reported that the R264G mutation is better able to disrupt binding of the 

KK10 viral epitope to the HLA-B27 molecule as compared to the R264K mutation [15]. Since the 

R264G mutation was observed in two patients with a prolonged AIDS-free infection time, it is 

tempting to speculate that these 2 long-term nonprogressors experienced a sustained strong 

immune pressure on the KK10 epitope, thereby selecting for the R264G mutation instead of 

R264K, as this mutation confers better escape from CTL pressure. Moreover, the strongly 

controlled viral replication in these patients may have prevented the development of the R264K 

escape variant, which can only replicate when the S173A compensatory mutation is present as 

well. Additional patients need to be included to test our hypotheses.

Although the KK10 CTL epitope is usually immunodominant in patients carrying HLA-B27, 

escape from CTL responses in the KK10 epitope was not observed in patient ACH19974, 

despite progression to AIDS. Viral sequences obtained from this patient did contain the R286K 

escape mutation in the HLA-B27 DR11 CTL epitope, which may suggest immunodominance of 

this epitope in this particular patient. We also observed a high number of mutations in Gag 

sequences obtained from this patient at all time points studied as compared to the consensus 

subtype B sequence (data not shown). Further studies are needed to determine whether 

these additional mutations in Gag may compensate for the potential fitness costs that may 

be associated with the R286K mutation, or whether these mutations might entail CTL escape 

mutations in epitopes restricted by other HLA alleles.

It has previously been shown that the protective effects of HLA-B27 and HLA-B57 occur at 

different times of infection [2]. HLA-B57-mediated protection occurs early after infection and is 

associated with a delayed CD4+ T cell count decline, whereas the protective effect of HLA-B27 

occurs late in infection when CD4+ T cell counts have already declined, and is associated 

with a delay in AIDS-defining illnesses [2]. Both these HLA alleles present epitopes from the 
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conserved Gag protein and exert strong HIV-specific CTL responses. Viral escape from the 

immunodominant HLA-B57-restricted CTL response against the TW10 epitope occurs via the 

T242N mutation. This CTL escape mutation is seen early after HIV-1 infection and comes at 

a fitness cost to viral replication fitness. The accumulation of compensatory mutations that 

compensate the fitness cost associated with the T242N CTL escape mutation is associated with 

disease progression in HLA-B57+ patients [7,22,23]. In HLA-B27+ patients, the R264K/G escape 

mutation in the immunodominant KK10 epitope occurs late in infection and is associated with 

higher viral load and disease progression [8-13]. The strength of the CTL responses against the 

immunodominant HLA-B57 TW10 and HLA-B27 KK10 epitopes and the extent of the fitness 

defects associated with the T242N and R264K/G CTL escape mutations may partially explain the 

difference in protective mechanism of these HLA alleles. 

In conclusion, we here analyzed the sequence variation in HLA-B27-restricted CTL epitopes 

in longitudinal Gag sequences from four HLA-B27+ patients around the time of AIDS diagnosis. 

Viral escape from CTL responses was predominant in the KK10 epitope in three out of four 

patients (R264K/G). The presence of the R264K/G escape mutation was accompanied by known 

compensatory mutations (S173A or E260D, respectively), which suggests that the fitness costs 

associated with the R264K/G mutation was restored. Furthermore, we observed a higher 

number of total mutations in Gag for viral sequences carrying the R264K CTL escape mutation, 

which may represent additional compensatory mutations that increase replication capacity 

and impact disease progression. Additional studies are required to gain more insight in the 

underlying mechanism of the large variation in HIV-1 disease progression in patients carrying 

the protective HLA-B27 allele. 

METHODS
Patient selection
Four participants of the Amsterdam Cohort Studies (ACS), who were followed longitudinally and 

from whom serum samples were available, were analyzed in this study (Table I). All participants 

had routine 3 monthly visits for blood donation and physical examination. All four patients 

reached AIDS diagnosis (CDC 1993 definition [24] or CD4+ T cell counts <200 cells/µl) without 

the use of antiretroviral treatment. Selection of serum samples was done on the basis of a viral 

load above 1000 copies/ml around the time of disease progression (between 2 years prior and 

6 months after AIDS diagnosis).  

The ACS has been conducted in accordance with the ethical principles set out in the 

declaration of Helsinki and written informed consent was obtained prior to data collection. This 

study was approved by the Amsterdam Medical Center institutional medical ethics committee.

RNA isolation, RT-PCR and PCR amplification
Viral RNA was isolated from 150µl of serum with the Qiamp Viral Mini Kit according to 

manufacturer’s protocol. Subsequently, viral RNA was transcribed into cDNA using 

M-MLV reverse transcriptase (Invitrogen) and the gag-specific primer Gag outer reversed 

(5’-GCCTGTCTCTCAGTAC-3’). DNA was amplified by a nested PCR with outer primers Gag forward 

(5’-CGACGCAGGACTCGGCTTGCTG-3’) and Gag outer reversed (5’-GCCTGTCTCTCAGTAC-3’) 
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and inner PCR primer combinations: Gag BssHII fw (5’-TGCTGAAGCGCCCGCACGGC-3’) in 

combination with Gag ApaI rev (5’-TTCCTAGGGGCCCTGCAA-3’). High fidelity Taq polymerase 

(Roche) was used for amplification to limit possible amplification errors. 

Molecular cloning and sequencing 
Second-round PCR products were cloned into the pGEM T Easy Vector System (Promega), 

transformed into competent DH5α E. coli (Invitrogen) and plated on LB agar using blue/white 

screening. White colonies were picked at random. The vector primers T7 and SP6 were used 

to amplify the cloned gag regions. PCR products were purified with ExoSap-IT (USB), and 

sequenced with the ABI prism BigDye Terminator sequencing kit (Perkin Elmer) on an ABI 3130 

XL DNA sequencer according to the manufacturer’s protocol. Sequences were analyzed using 

CodonCode Aligner software. The nucleotide sequences of the gag region were translated and 

analyzed with the BioEdit program (BioEdit v 7.0.5). 
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ABSTRACT
Mother-to-child HIV-1 transmission pairs represent a good opportunity to study the dynamics of 

CTL escape and reversion after transmission in the light of shared and non-shared HLA-alleles. 

Mothers share half of their HLA alleles with their children, while the other half is inherited from the 

father and is generally discordant between mother and child. This implies that HIV-1 transmitted 

from mother to child enters a host environment to which it has already partially adapted.

Here we studied viral evolution and the dynamics of CTL escape mutations and reversion of 

these mutations after transmission in the context of shared and non-shared HLA alleles in viral 

variants obtained from five mother-to-child transmission pairs. Only limited HIV-1 evolution 

was observed in the children after mother-to-child transmission. Viral evolution was mainly 

driven by forward mutations located inside CTL epitopes restricted by HLA alleles inherited 

from the father, which may be indicative of CTL pressure. 
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INTRODUCTION
During primary HIV-1 infection, the appearance of HIV-1 specific CTLs coincides with a decline 

in viral load and CTL responses contribute to control of viral replication [1-7]. HIV-1 can 

rapidly escape from CTL-mediated immune pressure by mutations within or flanking the CTL 

epitopes that disrupt peptide binding to HLA molecules or T cell recognition of the epitope 

[8-10], resulting in loss of control of viremia and disease progression [11-13]. Some CTL escape 

mutations, however, come at a fitness cost to the virus [14-16], which is reflected in their 

reversion after transmission to a new host with discordant HLA alleles [17,18].

Mothers share half of their HLA alleles with their children, while the other half is inherited 

from the father and is generally discordant between mother and child. This implies that HIV-1 

transmitted from mother to child enters a host environment to which it has already partially 

adapted. During HIV-1 infection of the mother, maternal immune pressure drives selection 

of CTL escape variants. When these escape variants are transmitted, CTL recognition of 

epitopes restricted by HLA alleles that are shared between mother and child will be hampered 

in the child. However, as the infant’s immune system has not yet developed, the transmitted 

escape mutations in the virus may rapidly revert due to a fitness disadvantage. The reverted 

epitopes can be presented and elicit a CTL response in the child, and subsequently viral escape 

variants may be selected again. Potential compensatory mutations restoring the loss of viral 

fitness associated with escape mutations in viral variants from the mother may be preserved 

after transmission to the child, resulting in the presence of CTL escape variants with optimal 

replication fitness already early after transmission. This may contribute, at least in part, to the 

fast progression of pediatric HIV-1 infection [19-21]. 

Transmitted virus variants with CTL escape mutations in epitopes restricted by non-shared 

HLA alleles have been described to revert to wild type sequence in some cases [17,22,23], 

however persistence of these mutations has also been described [24,25]. Furthermore, viral 

epitopes presented by HLA alleles inherited from the father may be able to elicit CTL responses 

in the child and de novo HIV-specific CTL escape mutations can arise in the infant shortly after 

birth [20,22,26,27].

Mother-to-child transmission pairs represent an opportunity to study the dynamics of 

CTL escape and reversion after transmission in the light of CTL epitopes restricted by shared 

and non-shared HLA alleles. Furthermore, viral evolution in children infected by their mother 

has not been studied extensively and mainly focused on escape in CTL epitopes restricted by 

protective HLA alleles, or in well-characterized CTL epitopes in the most common HLA alleles. 

To gain a better understanding of viral evolution and the dynamics of forward mutations and 

reversion of transmitted mutations after transmission, we here studied 5 mother-to-child 

transmission pairs and sequenced nef, gag, and env of HIV-1 variants obtained from both 

mothers and their children at time points close to delivery or birth, respectively. Genetic 

divergence and the number of synonymous and non-synonymous mutations were analyzed 

between viral variants obtained from mother and child, or from two successive time points 

from the child. The number of forward mutations and reversion of mutations in the viruses from 

the child were studied in the context of epitopes restricted by HLA alleles inherited from the 

mother or the father. 
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RESULTS
HIV-1 transmission from mother to child
Five mother-child pairs with documented vertical HIV-1 transmission were included and nef, 

gag and env sequences were generated from clonal HIV-1 variants. Patient characteristics and 

the number of viral sequences analyzed are summarized in Table 1. One of the mothers (M114) 

transmitted HIV-1 to her child during pregnancy, as could be concluded on the basis of the 

presence of virus in umbilical cord blood samples, where contamination with maternal blood 

could be ruled out [28,29]. For the other children the exact moment of transmission was unknown.

Neighbor joining (NJ) phylogenetic analyses showed pairwise clustering of the nef, gag 

and env sequences from mothers and their children with high bootstrap values. Four pairs were 

infected with HIV-1 subtype B viruses, whereas mother-child pair 127 was infected with HIV-1 

circulating recombinant form AG. Transmission of multiple viral variants was observed for pair 

137, with viral sequences from the child intermingled within viral sequences obtained from the 

mother. This was supported by sequences from all three viral genes under study. In the other 

four mother-child pairs, the viral sequences from the children formed monophyletic clusters, 

indicating outgrowth of one viral variant (supplementary figure 1). 

Evolution of virus variants after transmission from mother to child
To assess the evolutionary rate of HIV-1 after transmission, we analyzed the genetic divergence 

of viral isolates close to childbirth in mothers and children for pairs 102, 127 and 137 (Table 2). 

For pair 114 only a limited number of viral variants was available for the mother, therefore the 

genetic divergence was only analyzed for viral variants isolated at two successive time points 

from the child. From mother M133 only sequences from viral variants isolated after delivery 

were available, and we therefore analyzed the genetic divergence between sequences obtained 

from cord blood and 9.5 months after birth from the child (Table 2). Genetic distances between 

viral isolates obtained from the different pairs or from the children at different time points were 

low for nef and gag (0.5-2%) and somewhat higher for env (2-4%). 

To determine whether the genetic divergence observed was caused by selection 

pressure on the viruses, or whether the evolution was random due to the error-prone reverse 

transcriptase and high viral turn-over, we calculated the ratio of non-synonymous and 

synonymous mutations (dN/dS ratio). A dN/dS ratio smaller than 1 indicates negative selection 

pressure to retain protein function. A neutral dN/dS ratio around 1 indicates an equal amount 

of synonymous and non-synonymous mutations and thus no specific selective pressure on the 

protein. When dN/dS ratios are above 1 there is positive selection, indicating pressure on the 

protein to change amino acid composition to gain fitness or evade immune responses. When 

comparing nef sequences, mainly negative to neutral selection pressure was observed in viral 

variants obtained from children C102, C114 and C137, whereas viral sequences from child C133 

showed positive selection. No nef sequences were available for pair 127. When analyzing gag viral 

sequences, we mainly observed negative selection in viral variants obtained from all pairs, with 

some positive selection observed for sequences obtained from child C114.  In the gp160 of the 

envelope gene, negative to neutral selection was observed in viral isolates obtained from the 

different pairs and from the children at different time points. However, when comparing viral 
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sequences encoding the variable regions of env, positive selection was observed in the V1V2 

region for children C133 and C137 and in the region V4 for children C102 and C127. Comparing 

viral sequences from child C114 isolated from two different time points showed slight positive 

selection in regions V1V2 and V4 (Table 2). 

Reversions and forward mutations after transmission
As HIV-specific CTL responses are a major driving force for viral evolution after horizontal HIV-1 

transmission and selection for CTL escape mutations occurs widely, we analyzed the number of 

reversions and forward mutations in viral sequences from the children in the light of predicted 

CTL epitopes restricted by HLA alleles carried by mothers and children. Forward mutations 

were defined as amino acid mutations in viral sequences in the child that were not observed 

in the viral sequences from the mother. Reversion of mutations in viruses from the children 

were defined as amino acid mutations present in virus variants from the mother that were 

transmitted to the child and subsequent back mutation of this amino acid towards consensus 

sequence in viral variants from the child. The number of reversions and forward mutations were 

categorized as located inside CTL epitopes restricted by HLA alleles from the mother that are 

not shared with the child (maternal), HLA alleles that both mother and child carry (shared), or 

HLA alleles from the child that are not shared with the mother (paternal). 

Inside predicted CTL epitopes that were restricted by non-shared maternal HLA alleles, no 

reversion of transmitted mutations was observed in sequences from children 102 and 137. Only 

a low level of reversions was seen in sequences obtained from children 114, 127 and 133, with 

only 1 reversion taking place at an anchor residue of an CTL epitope restricted by non-shared 

HLA from the mother. The majority of reversions occurred in Env (Figure 1A). The number of 

forward mutations in epitopes restricted by non-shared HLA alleles was not determined, since 

these HLA alleles are not expressed in the children. These forward mutations are denoted as 

being located outside CTL epitopes. 

When analyzing mutations occurring within CTL epitopes restricted by HLA alleles that are 

shared between mothers and children, a limited number of mutations were observed (Figure 

1B). In all children, the majority of these mutations were forward mutations. Approximately 16% 

of reversions and forward mutations were located at anchor positions of the CTL epitopes. 

Evolution in CTL epitopes restricted by HLA alleles from the children that were inherited 

paternally was mainly driven by forward mutations in 4 out of 5 children (Figure 1C). In sequences 

obtained from child C114 more reversions than forward mutations were observed in these CTL 

epitopes. Approximately 30% of mutations were located at anchor residues of CTL epitopes 

restricted by HLA alleles from the children inherited from the father. 

A limited number of reversions and forward mutations were observed outside of predicted 

CTL epitopes. Most of these mutations were observed in sequences from child C133 and the 

majority of the mutations were reversions of transmitted mutations (Figure 1D). 

Additionally, we compared the total number of reversions and forward mutations located 

in Nef, Gag and Env. After correction for the amino acid length of the proteins under study, the 

highest numbers of mutations were located in the Env protein in 4 children. For child C137, most 

of the mutations were located in Nef. 
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Table 2. Genetic divergence and dN/dS ratios of sequences obtained from mother and child, or from two 
successive time points of the child.

Mother-child 
pair

Time point after 
delivery / birth 

(months)
Gene

Divergence dN / dS

Mean SD 95% CIa Mean SD 95% CIa

102 Mother -0.5
Child +2.5

Nef 1.42 0.38 0.66 - 2.18 0.30 0.21 -0.12 - 0.71

Gag 1.36 0.24 0.88 - 1.84 0.14 0.11 -0.08 - 0.36

Env 2.67 0.2 2.27 - 3.07 0.52 0.10 0.31 - 0.73

V1V2 0.70 0.33 0.04 – 1.37

V3 0.30 0.37 -0.45 - 1.04

V4 2.35 1.79 -1.23 - 5.94

V5 1.00 0.17 0.66 - 1.34

114 Child +10
Child +25.5

Nef 1.96 0.39 1.18 - 2.74 0.73 0.53 -0.33 - 1.80

Gag 0.59 0.11 0.37 - 0.81 0.62 0.65 -0.68 - 1.91

Env 1.77 0.14 1.49 - 2.05 0.51 0.14 0.24 - 0.79

V1V2 0.71 0.43 -0.12 - 1.57

V3 0.93 0.20 0.53 - 1.34

V4 0.71 0.39 -0.06 - 1.49

V5 0.82 0.86 -0.90 - 2.55

127 Mother -0.5
Child +10.5

Nef NA NA

Gagb 0.99 0.23 0.53 - 1.45 0.22 0.08 0.06 - 0.39

Env 2.1 0.17 1.76 - 2.44 0.73 0.21 0.31 - 1.14

V1V2 0.57 0.57 -0.58 - 1.71

V3 0.86 0.24 0.37 - 1.35

V4 2.00 1.09 -0.12 - 4.18

V5 0.84 0.27 0.30 - 1.38

133 Child 0c

Child +9.5
Nef 1.86 0.42 1.02 - 2.70 1.39 0.81 -0.22 - 3.01

Gag 1.76 0.33 1.10 - 2.42 0.30 0.08 0.15 - 0.45

Env 3.92 0.34 3.24 - 4.60 0.66 0.06 0.54 - 0.79

V1V2 1.33 0.06 1.21 - 1.45

V3 0.62 0.42 -0.22 - 1.46

V4 1.01 0.24 0.53 - 1.50

V5 0.85 0.44 -0.04 - 1.74

137 Mother -1.5
Child +12.5

Nef 1.41 0.35 0.71 - 2.11 0.63 0.52 -0.42 - 1.68

Gag 1.11 0.22 0.67 - 1.55 0.07 0.03 0.00 - 0.13

Env 2.35 0.23 1.89 - 2.81 0.46 0.40 -0.34 - 1.26

V1V2 1.60 0.47 0.67 - 2.53

V3 0.36 0.16 0.04 - 0.68

V4 0.76 0.25 0.26 - 1.25

V5 0.76 0.36 0.04 - 1.48

a 95% confidence interval. b sequences from 7 months before delivery were used. c cord blood sample. NA: not 
available.
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Figure 1. Dynamics of CTL escape mutations after HIV-1 transmission from mother to child. Reversion of 
transmitted mutations (white) and forward mutations (grey) in HIV-1 variants obtained from the children. 
Mutations located at anchor residues of predicted CTL epitopes are depicted in black. A. Reversion of 
transmitted mutations located in predicted CTL epitopes restricted by non-shared maternal HLA alleles. B. 
Reversion of transmitted mutations and forward mutations located in predicted CTL epitopes restricted by 
HLA alleles that are shared between mother and child. C. Reversion of transmitted mutations and forward 
mutations located in predicted CTL epitopes restricted by paternal HLA alleles from the child. D. Reversion 
of transmitted mutations and forward mutations located outside of predicted CTL epitopes.
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DISCUSSION
In mother-to-child-transmission pairs, at least half of the HLA alleles are shared between 

mother and child. This may have implications for the adaptive cellular immune response to 

HIV-1 in the infant, as CTL escape mutations in HIV-1 that developed in the mother may have 

been transmitted to the child. Here, we studied viral evolution and the dynamics of CTL escape 

and reversion after transmission in the context of shared and non-shared HLA alleles in viral 

variants obtained from five mother-to-child transmission pairs. 

The genetic divergence of sequences obtained from mother and child from time points close 

to delivery or birth, respectively, or from two successive time points of the children was around 

2% for nef and gag, and around 3% for env. The ratio of non-synonymous and synonymous 

mutations was calculated to determine whether the sequence divergence observed could be 

the result of selection pressure. Negative to neutral selection was mainly observed for Nef, Gag 

and Env gp160, with positive selection in the V1V2 and V4 variable regions of the viral envelope. 

When analyzing the dynamics of CTL escape mutations and reversion of mutations after 

transmission, we observed large variation between the children. In two of the children studied 

(children C102 and C137), virtually no reversions and forward mutations were seen. As child C102 

died 3.5 months after birth, an effective immune response may not have developed, thus explaining 

the extremely low evolution of the virus. In child C137, we found that at least 3 viral variants were 

transmitted from the mother. Since only a limited number of viral sequences from child C137 could 

be analyzed, it is possible that even more viral variants were transmitted. The lack of viral evolution 

observed in this child may be due to the low number of viral sequences analyzed and the high 

number of transmitted viral variants. Viral variants obtained from children C114 and C127 displayed a 

higher evolution rate, whereas most evolution was observed in viral variants from child C133. 

Inside predicted CTL epitopes restricted by non-shared maternal HLA alleles, the number 

of reversions of transmitted mutations in viral sequences was very low (0-2 reversions) in 4 out 

of 5 children in all 3 viral genes under study. In sequences from child C133 more reversions of 

transmitted mutations were observed, with the majority located in Env.

Limited evolution was seen in CTL epitopes restricted by HLA alleles that are shared 

between mother and child. The low number of forward mutations in these epitopes suggests a 

relatively low selective pressure on epitopes restricted by shared HLA alleles, which may be the 

consequence of adaptation to immune pressure in the mother and subsequent transmission 

of adapted viral strains to the child. Furthermore, the limited number of reversions observed 

during the early phase of infection in the children indicates that CTL escape mutations that 

developed in the mother did not come at a fitness cost or that the fitness cost has been 

compensated for before the transmission event. Within predicted epitopes restricted by HLA 

alleles from the children inherited paternally, more evolution was observed. Viral evolution 

was dominated by forward mutations, which suggests CTL pressure on the presented epitopes 

leading to escape mutations. In line with this, child C133, who inherited HLA-B*2705 from the 

father, displayed a relatively high number of forward mutations. HLA-B*2705 is associated 

with slower disease progression [30-33]. Indeed, known HLA-B*2705-associated CTL escape 

mutations were observed in this child, and may account for the relative high number of forward 

mutations. The highest number of reversions of transmitted mutations and forward mutations 
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outside predicted CTL epitopes was also observed in child C133. These mutations might be 

compensatory mutations to restore viral fitness associated with escape from CTL pressure. 

Although we only found limited viral evolution after mother-to-child transmission in our 

study, the observed viral evolution was dominated by forward mutations rather than reversion of 

transmitted mutations. This finding is surprising, since it has been reported that viral adaptation 

after horizontal transmission is mostly driven by reversions in the initial phase of HIV-1 infection 

[34-36]. However, a recent study on mother-to-child transmission pairs also reported a 

surprisingly low reversion rate of transmitted mutations [37]. These findings may indicate that 

the fitness cost of the transmitted mutations is low and therefore does not lead to reversion of 

these mutations. Alternatively, compensation of the fitness cost may occur by forward mutations 

in the child, or may have already occurred in the mother before transmission to the child. 

The majority of the observed mutations in viral variants obtained from the children were located 

in the Env protein, and positive selection was observed in the variable regions V1V2 (C114, C133 and 

C137) and V4 (C102, C114 and C127). Evolution in these regions may be driven by the development 

of neutralizing antibodies. However, only a very limited antibody response against autologous viral 

variants was observed in serum from the children (data not shown). For mother-child pairs 114 and 

133 we did observe a small increase in the sensitivity of viral variants from the children to antibodies 

in the serum of the mother (data not shown). This may suggest that evolution in the Env region in 

the children might be driven by changes to a more optimal conformation when antibody pressure is 

relieved, or may involve regions that play a role in receptor binding and target cell entry.

Although the level of viral evolution during the early phase after vertical transmission varied 

widely between the children, a limited number of mutations (both reversions and forward 

mutations) was observed overall in viral sequences obtained from the 5 children. This may 

indicate low selection pressure on the virus, which may be partially explained by viral adaptation 

to CTL pressure to epitopes restricted by HLA alleles that are shared between mother and child. 

It has been reported that children who acquired HIV-1 through mother-to-child transmission 

tend to have a worse prognosis than children who acquired infection through blood transfusion, 

suggesting that adaptation to shared HLA alleles influences the clinical outcome [38]. 

CTL epitopes were predicted with the online prediction program Motif Scan on the Los 

Alamos Database website. This tool predicts the binding of epitopes in the binding pockets 

of HLA alleles. However, proteasomal cleavage and TAP transport are not taken into account 

with the Motif Scan tool. The cleavage and transport of viral proteins can be calculated with 

the online prediction program ImmuneEpitope [39,40]. When this program was used for CTL 

epitope prediction, similar results on the dynamics of reversion and forward mutations in viral 

sequences from the children were obtained. However, not all the HLA alleles expressed by 

the mothers and children studied were included in the ImmuneEpitope program, therefore 

we chose to use the Motif Scan tool for our analysis. To make sure no described epitopes 

were missed in our analysis, known epitopes published in the HIV Molecular Immunology 

compendium 2009 were additionally analyzed. Published CTL epitopes are mainly composed 

of epitopes presented by either protective HLA alleles or HLA alleles best studied, and in a 

recent study by Ryland et al. [37], a high degree of mismatch between viral sequences studied 

and the sequences published in epitope databases was observed, which suggests limitations 

for the sole use of published CTL epitopes to study evolution within epitopes targeted by CTLs. 
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An important advantage of using CTL epitope prediction programs is the opportunity to study 

epitopes presented by HLA alleles that have not been extensively studied. However, prediction 

of viral epitopes that can be presented by HLA molecules does not give information about 

whether the predicted epitopes do in fact elicit CTL responses. In a paper by Schellens et al. 

most of the predicted epitopes tested elicited good IFNγ responses in patient CTLs, suggesting 

that epitope prediction programs can be a good means to study evolution in CTL epitopes [41]. 

Our sequence analysis was performed on clonal HIV-1 variants isolated from single 

productively infected cells as this allows the comparison of sequence dynamics in different 

genes of a single virus variant. One could argue that these viruses may not be fully representative 

of the total replication competent viral quasispecies in plasma, since the PBMC-associated 

viruses represent recent and archived viruses. However, recently we demonstrated that 

viral sequences from PBMC-DNA, PBMC clonal variants and serum belong to the same viral 

population and clonal variants may equally represent the viral quasispecies in blood in vivo [42]. 

In conclusion, we here show limited viral evolution in the early phase of HIV-1 infection 

after mother-to-child transmission. Viral genetic divergence was low in nef, gag and env in all 

children and negative to neutral selection was observed. Positive selection pressure (dN/dS>1) 

was observed in the V1V2 and V4 variable regions of Env. Furthermore, a limited number of 

reversions was observed inside CTL epitopes restricted by non-shared maternal HLA alleles and 

by HLA alleles that are shared by mother and child, which suggests CTL escape mutations that 

have been transmitted did not come at a fitness cost or that the fitness cost had already been 

compensated for in the mother. A low number of forward mutations was observed in epitopes 

restricted by shared HLA alleles, which is indicative of a low CTL pressure on these epitopes 

in the children. The highest numbers of reversions and forward mutations in viral sequences 

from these children were found within predicted CTL epitopes associated with HLA alleles 

inherited paternally, indicating that viral evolution in the children is at least in part driven by 

CTL responses restricted by paternal HLA alleles.

METHODS
Study participants
Five mother-child pairs participating in a Dutch prospective study of HIV-seropositive women 

and their children, between whom vertical HIV-1 transmission was documented, were included 

[28]. The children were born between 1989 and 1991. None of the mothers received antiretroviral 

therapy during pregnancy, and the children were not breast fed. Four mother-child pairs were 

infected with HIV-1 subtype B, the fifth pair was infected with HIV-1 circulating recombinant 

form AG, as was confirmed by phylogenetic analysis of nef, gag and env sequences. 

This study was approved by the Academic Medical Center Amsterdam institutional 

medical ethics committee and written consent was obtained. Experiments were conducted in 

accordance with the ethical principles set out in the Declaration of Helsinki.

Isolation of clonal HIV-1 variants
Isolation of biological virus clones was performed as previously described [43,44]. Patient PMBC 

obtained from varying time points during pregnancy (mother) and after delivery (both mother 
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and child) were co-cultivated with 3 day PHA-stimulated PBMC from healthy donors for 35 days. 

Culture supernatants were tested weekly for virus production in an in-house gag p24 antigen 

capture ELISA, and one-third of the culture volume was transferred to a new 96-well plate and 

fresh PHA-stimulated PBMC were added to propagate the culture. If less than one-third of the 

cultures were p24-positive, cultures were considered to be infected by progeny of a single HIV 

infected cell [28] and these samples were used for DNA isolation.

DNA isolation, PCR amplification and sequencing
Total DNA was isolated from PBMC infected with clonal HIV-1 isolates using the modified L6 

isolation method [45,46]. For the amplification of gag, a nested PCR approach was performed 

using the following primer combinations: Gag-fw (5’-CGACGCAGGACTCGGCTTGCTG-3’) 

and Gag-outer-rev (5’-GCCTGTCTCTCAGTAC-3’) followed by 2 different nested PCR primer 

sets, Gag-BssHII-fw (5’-TGCTGAAGCGCCCGCACGGC-3’) in combination with Gag-P17-rev 

(5’-CAAAACTCTTGCCTTATGG-3’) and Gag-P17-fw (5’-TGCTAAACACAGTGGGGGGACAT-3’) 

in combination with Gag-ApaI-rev (5’-TTCCTAGGGGCCCTGCAA-3’). For the amplification of 

nef primers Nef-1-fw (5’-AGCCATAGCAGTAGCTGAGG-3’) and Nef-1-rev (5’-GCTTATATGCAGG

ATCTGAGG-3’) were used. Env was PCR amplified using the following primer combinations: 

for the primary PCR primers EnvA-fw (5’-GGCTTAGGCATCTCCTATGGCAGGAAGAA-3’) and  

Env3Rlong-rev (5’-GGTGTGTAGTTCTGCCAATCAGGGAAGWAGCCTTGTGTG-3’) were used, the  

nested PCR was conducted with primers Env_2Flong-fw (5’-GGTTAATTGATAGAATWAG 

RGAAAGAGCAGAAGACAGTGGCAATG-3’) and Nef5-rev (5’-CCCWTCCAGTCCCCCCTT TTCTTT 

TAAAAAG-3’). 

Env PCR products were gel purified using the QIAquick Gel Extraction Kit (Qiagen) and cloned 

into the pCR4-TOPO vector from the TOPO TA Cloning Kit for Sequencing (Invitrogen) according 

to the manufacturer’s protocol. Next, transformation into One-shot TOP10 chemically competent 

E.coli was performed, followed by culture in the presence of ampicillin. Gag and nef PCR products 

were purified with EXOSAP-IT (USB, Cleveland, Ohiao, USA) and sequenced with the ABI prism 

Bid Dye Terminator v1.1 Cyclesequencing kit (Applied Biosystems) using the PCR primers Gag-

BssHII-fw, Gag-P17-rev, Gag-P17-fw and Gag-ApaI-rev and Nef-1-fw and Nef-1-rev. Sequencing 

of env was performed on an Applied Biosystems 3730xl Genetic Analyzer using the following 

primers: M13F-fw (5’-GTAAAACGACGGCCAG-3’), M13R-rev (5’-CAGGAAACAGCTATGAC-3’), 

Senv5-fw (5’-GGTACCTGTGTGGAAAGA-3’), F112-fw (5’-CAGTACAATGYACACATGGRAT-3’) and 

EnvSeqF-fw (5’-TTCAGACCTGGAGGAGGARATATGA -3’). 

Phylogenetic analysis
Sequences of nef, gag and env were aligned with ClustalW in the BioEdit package software  

(BioEdit v 7.0.5, Tom Hall, Ibis Therapeutics, Carlsbad, CA) [47] and checked manually. Neighbor 

joining phylogenetic trees were made under the Hasegawa-Kishino-Yano (HKY85) model of 

evolution [48] with PAUP* 4.0 beta 8 software [49]. Phylogenetic confidence was assessed by 

bootstrap with 1000 replicates.
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Genetic divergence and selection pressure
Genetic divergence between viral sequences generated from mothers and their children or from 

children generated at two successive time points were analyzed with the Kimura-2 parameter 

model of evolution in the MEGA 4.1 software package [50]. Genetic selection pressure on the 

viruses was analyzed by determining the number of synonymous (dS) and non-synonymous 

(dN) mutations with the SNAP tool from the Los Alamos database website (http://www.hiv.

lanl.gov) [51]. dN/dS ratio’s were calculated comparing viral variants isolated from the mothers 

around the time of delivery and from their children or, when available, comparing viral variants 

from the children isolated from two successive time points. 

Dynamics of forward mutations and reversions of transmitted mutations
The number of amino acid substitutions in the nef, gag and env regions of viral sequences from 

the children compared to viral sequences from the mothers before delivery was counted and 

the number of forward mutations and transmitted mutations that reverted in viral variants 

in the children were analyzed. Forward mutations were defined as amino acid mutations in 

viral sequences in the child that were not observed in the viral sequences from the mother 

before delivery. Reversion of mutations in viruses from the children were defined as amino acid 

mutations present in virus variants from the mother that were transmitted to the child and 

subsequent back mutation of this amino acid towards consensus sequence in viral variants from 

the child. The number of reversions and forward mutations were categorized as being outside 

or inside CTL epitopes restricted by HLA alleles from the mother that are not shared with the 

child (maternal), HLA alleles that both mother and child carry (shared), or HLA alleles from 

the child that are not shared with the mother (paternal). For the prediction of potential CTL 

epitopes, the Motif Scan tool on the Los Alamos database website was used [52-55]. Four digit 

genotyping of HLA class I loci was performed for all mothers and children by sequence-specific 

primers (SSP) PCR as described elsewhere [56] and the HLA alleles expressed by mothers 

and children were used to predict CTL epitopes in the viral proteins with a length of 9 amino 

acids. Not all of the HLA alleles from our study participants were included in the Motif Scan 

tool. Therefore, custom motifs described in literature for HLA alleles A*2301[52], A*7401[57], 

B*1801[58] and B*4501[58] were used for prediction of CTL epitopes. In addition, the best-known 

HLA-restricted CTL epitopes published in the HIV Molecular Immunology compendium 2009 

[59] were included in our analysis. 
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Supplementary Figure 1. Neighbor joining phylognetic tree of env sequences isolated from mothers 
and children. Large symbols represent viral sequences obtained from mothers; small symbols represent 
viral sequences isolated from children. l pair 102, o pair 114, m pair 127, n pair 133, + pair 137. Numbers 
represent bootstrap values in percentages.
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HMA PATTERN PREDICTS HIV DISEASE PROGRESSION

ABSTRACT
Objective: Recent studies have suggested that the dynamics of HIV-1 evolutionary rate reflect 

the rate of disease progression. We wished to determine whether viral diversity early in infection 

is predictive of the subsequent disease course.

Design: HIV-1 envelope diversity at seroconversion and one year thereafter from 89 homosexual 

participants of the Amsterdam Cohort Studies on HIV infection and AIDS was correlated with 

clinical endpoints and markers of disease progression.

Methods: Heteroduplex mobility assay (HMA) and sequencing followed by calculation of 

pairwise genetic distances were applied to determine HIV-1 envelope diversity. The HMA 

pattern (presence or absence of heteroduplexes) and sequence diversity were each tested for 

correlation with the clinical course of infection.  

Results: HMA pattern at 1-year post-seroconversion was significantly associated with progression 

to AIDS and AIDS-related death, with presence of heteroduplexes associated with accelerated 

disease progression. Moreover, not only this dichotomous measure of viral diversity (absence 

or presence of heteroduplexes), but also genetic diversity itself was associated with disease 

course. HMA pattern was an independent predictor of accelerated disease progression, also 

when CCR5 genotype, human leukocyte antigen (HLA)-type, viral load, CD4+ T cell counts, and 

coreceptor use at viral load set point were included in the analysis.

Conclusions: Viral diversity early in HIV-1 infection is predictive of the subsequent disease 

progression. It remains to be established whether viral diversity itself plays a causal role in the 

increased damage to the immune system or whether it is a reflection of immune pressure or 

other selective forces.

97



6

HMA PATTERN PREDICTS HIV DISEASE PROGRESSION

INTRODUCTION
During primary HIV-1 infection specific adaptive immune responses develop, which exert varying 

pressure on the viral genome. Viral escape variants may emerge depending on the humoral or 

cellular immune pressure on the wild type variant and the relative fitness of the escape variant. 

In addition, other selective forces such as specific cellular or anatomical niches may shape 

the viral quasispecies. Studies of viral diversity and divergence in HIV-infected patients with 

different disease progression rates have had conflicting results. Reports suggested an inverse 

relationship between viral evolution and disease progression [1,2] and between viral evolution 

and CD4+ T cell decline [3-6]. However, others have reported a positive relationship, suggesting 

that immune selection suppresses viral evolution in nonprogressors [7,8]. Moreover, not only 

overall evolution, but also positively selected sites and adaptation rates in env have been 

positively associated with disease progression [9,10]. In addition, it has been suggested that the 

level of genetic diversity that can be controlled by the host immune system is limited, and that 

exceeding a diversity threshold may be a key factor for disease progression [11]. More recently, 

Lee et al. [12] tried to resolve the conflicting findings by showing that the rate of intrahost HIV-1 

evolution does not remain constant within a single infected individual, but rather slowed down 

at a rate correlated with the rate of CD4+ T cell decline. Thus, rather than using average rates, 

the dynamics of the evolutionary rate reflects the rate of disease progression.

What remains to be resolved is whether viral diversity, especially early in infection, is predictive 

of the subsequent disease course. To address this question we evaluated env viral diversity by 

heteroduplex mobility assay (HMA) and sequencing in serum samples from HIV-1 seroconverters 

taken around the moment of seroconversion and approximately 12 months thereafter.

METHODS
Study patients and selected samples
HIV-positive men who have sex with men (MSM), participants in the prospective Amsterdam Cohort 

Studies on HIV Infection and AIDS (ACS; for details see supplemental information), with a documented 

date of seroconversion between 1985 and 1997 were included in this study (n=141). Seroconversion 

was calculated as the mid-point between first positive and last negative sample, with sampling 

at approximately 3-monthly intervals. Patients with sera of detectable viral load (>1000 copies/ml 

plasma) available at seroconversion and at 1-year post-seroconversion were analyzed (n=95) [13].

The first and second time point was at a median of 2 and 14 months after seroconversion, 

respectively (range: 4 months before to 8 months after seroconversion and 8 to 19 months after 

seroconversion, respectively). Median difference between the two time points was 12 months 

(range: 6 to 21 months). Longitudinal CD4+ T cell count and viral load data were available for all 

89 patients studied by HMA (see below).

RNA isolation, RT-PCR, PCR amplification, molecular cloning,  
and sequencing of HIV-1 envelope C2-C4 and HMA
Viral RNA was isolated from 140µl serum (Qiamp Viral Mini Kit, Qiagen, Hilden, Germany) 

and eluted in 50µl as described previously [13]. Briefly, viral RNA was reverse transcribed 
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(SuperScript First-strand synthesis system, Invitrogen, Carlsbad, California, USA), followed by 

PCR amplification (GoTaq Flexi DNA Polymerase, Promega, Madison, Wisconsin, USA), molecular 

cloning of multiple PCR products (pGEM T Easy Vector System, Promega, Madison, Wisconsin, 

USA) and sequencing (Big Dye Terminator Cycle Sequencing kit, v1.1 Applied Biosystems, 

Foster City, California, USA) [13] (primers see supplemental information). PCR fragments of env 

C2-C4 from both time points could be generated for 89 out of 95 patients and were studied for 

heterogeneity using HMA: When HIV-1 gene sequences are amplified from patient samples, 

related DNA products co-amplified from divergent templates can randomly re-anneal to form 

heteroduplexes that migrate with reduced mobility in neutral polyacrylamide gel as compared 

to the homoduplexes of re-annealed identical/highly similar templates [14]. Thus, HMA allows 

rapid quantitation of genetic relationships and sensitive detection of minor variants in complex 

quasispecies. Homoduplexes and heteroduplexes were generated in 5µl second-round PCR 

product of each time point separately from each patient, transferred to wet ice and resolved 

on a 5% non-denaturing polyacrylamide gel [14]. Of the 89 patients with positive PCR reaction 

at both time points, 44 samples from the first time point showed only homoduplexes and 

45 samples showed both homoduplexes and heteroduplexes. For the second time point, 37 

samples showed only homoduplexes and 52 samples also showed heteroduplexes.

Second-round PCR products from both time points for 74 of these 89 patients were cloned, 

and 3–21 colonies (average 9) per time point were sequenced as described in [13] (additional details 

in supplemental information). Pairwise genetic distance between clonal sequences within each 

sample was calculated using Mega applying the Kimura 2-Parameter (http://www.megasoftware.

nex). Samples were also ranked based on this diversity and divided into three groups (low, medium 

or high diversity) of ~25 patients each, as a measure of relative envelope diversity. 

HIV-1 envelope nucleotide sequences are available from GenBank (accession numbers 

JQ902168 to JQ903531).

Determination of CD4+ T cell counts, plasma HIV viral load, HIV 
coreceptor use, CCR5 genotype and HLA-type  
Enumeration of CD4+ T cells and subsets was done using standard flow cytometry [15], serum viral 

load was measured using a quantitative HIV-1 RNA nucleic acid-based sequence amplification 

(Organon Teknika, Boxtel, the Netherlands) [16]. Viral load data were analyzed after log
10

 

transformation. HIV-1 coreceptor usage was determined in real-time using the MT-2 assay [17]. 

CCR5 genotype was determined by PCR restriction fragment length analysis [18]. Typing of HLA 

class I loci was performed using serology [19] or sequence-specific primer PCR [20].

Clinical endpoints
When AIDS according to the CDC 1993 definition [21] was used as an endpoint in Kaplan-Meier 

survival analysis, 55 of 89 individuals had an event, 12 were censored due to loss of follow-up, 

and 22 were censored because of initiation of HAART. When AIDS-related death was used as an 

endpoint, 41 individuals had an event, 16 were censored due to loss of follow-up, and 32 were 

censored at the moment HAART was initiated. For the survival analysis in which a CD4+ T cell 

count of 400 cells/µl was used as an endpoint, 78 individuals had an event, six were censored due 
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to loss of follow-up, and five were censored because of initiation of HAART. For survival analysis 

after AIDS diagnosis, 55 individuals were included of whom 37 individuals had an event, eight 

were censored due to loss of follow-up, and 10 were censored because of initiation of HAART.

RESULTS
Association between HMA pattern or relative sequence diversity and 
subsequent disease progression
The association of viral envelope HMA pattern or relative sequence diversity with the clinical 

course of HIV-1 infection was tested in Kaplan-Meier survival analysis primarily using CD4+ T 

cell count below 400 cells/µl blood, AIDS according to the CDC 1993 definition [21], and AIDS-

related death as endpoints.

HMA patterns of the first time point samples (seroconversion) were not associated with 

any of the clinical endpoints or markers of disease progression analyzed (Table S1A). However, 

heteroduplexes in the HMA of the second time point (12 months post-seroconversion) were 

associated with accelerated progression to AIDS according to the CDC 1993 definition [21] 

(Table S1A, Figure 1A), as well as with accelerated progression to AIDS according to the CDC 1987 

definition [22] or using CD4+ T cell count less than 200 cells/µl as end point (data not shown). 

Interestingly, second time point heteroduplexes were associated with CD4+ T cell counts at 

Figure 1. HIV-1 envelope diversity 1 year after seroconversion predicts subsequent disease progression. A. 
Kaplan-Meier survival analysis for the time from 1 year after seroconversion to AIDS (1993 CDC definition) 
for presence (black) or absence (grey) of heteroduplexes in the HMA pattern 1 year after seroconversion. 
Hashes indicates censors due to HAART initiation or loss of follow up. P value from log rank test, as 
implemented in SPSS software, is given. B. Kaplan-Meier survival analysis for the time from 1 year after 
seroconversion to AIDS (1993 CDC definition) for high (black), medium (dotted), or low pairwise sequence 
diversity (grey) 1 year after seroconversion. Hashes indicates censors due to HAART initiation or loss of 
follow up. P value from log rank test, as implemented in SPSS software, is given.
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Table 1. Predictive value of HMA pattern 1-year post-seroconversion, CCR5 genotype, HLA-type, set point 
CD4+ T cell count, set point HIV-1 viral load and set point MT-2 assay result for progression to AIDS (CDC 
1993) in 89 MSM seroconverters.

Factor Comparison
Univariate Multivariate

n p value RH (95% CI) n p value RH (95% CI)

HMA HE vs HO 89 0.0158 2.01 (1.14-3.56) 81 0.0229 1.96 (1.10-3.51)

CCR5 WT vs Δ32 86 ns 0.95 (0.43-2.12)

HLA X vs B57 85 ns 5.09 (0.07-36.9)

SP CD4 <500 cells/µl 85 0.0011 2.62 (1.47-4.69) 81 0.0063 2.34 (1.27-4.31)

SP VL >1 x 104.5 cp/ml 85 ns 1.45 (0.84-2.51)

SP MT-2 POS vs NEG 81 <0.00001 11.9 (4.60-31.2) 81 <0.00001 8.83 (3.39-23.0)

HMA, heteroduplex mobility assay; MSM, men who have sex with men; n, number of individuals included in 
analysis; RH, relative hazard; CI, confidence interval; HE, heteroduplexes present; HO, homoduplexes only; Δ32, 
32 base pair deletion; WT, wild type; X, all other HLA types; SP, set point; POS, positive MT-2 assay; NEG, negative 
MT-2 assay. Univariate and multivariate analyses in a model analyzing the time from 2 years after seroconversion 
until AIDS (CDC 1993) diagnosis. P values from univariate and multivariate Cox proportional-hazard analyses.

viral load set point, but not with viral load set point itself (Figure S1). Moreover, HMA patterns 

were inversely correlated with the percent CD45RO+ (memory) CD4+ T cells and positively 

correlated with the percent CD38+ (activated) CD4+ T cells (Figure S1).

Both absolute and relative envelope genetic diversity at 1-year post-seroconversion 

was associated with accelerated progression to AIDS CDC 1993 (p=0.0003 and p=0.0009, 

respectively), with medium diversity being associated with an intermediate rate of disease 

progression as compared to low and high diversity (Table S1B, Figure 1B). Interestingly, although 

the group of patients for which viral genetic diversity could be analyzed by sequencing was 

smaller (n=74), the p values were actually stronger, suggesting that the association between 

HMA pattern and disease progression is driven by the underlying viral sequence diversity rather 

than only deletions and insertions, as these were not included in the pairwise genetic distance 

analysis. A stronger association was also observed using time to AIDS-related death, but no 

association was found using time to CD4+ T cell count below 400 cells/µl (Table S1B).

Predictive value of HMA pattern for HIV-1 disease course
Applying univariate Cox proportional-hazard analysis, we observed a relative hazard for 

progression to AIDS CDC 1993 from 1 year after seroconversion of 2.11 [95% confidence 

interval (CI) 1.20-3.70; p=0.00914] for patients with heteroduplexes in the HMA at 1-year post-

seroconversion (Table 1). 

Only ten individuals were heterozygous for the CCR5 Δ32 genotype, five of which had only 

homoduplexes 1 year after seroconversion and five also had heteroduplexes. Of the five HLA-B57 

individuals, however, all had only homoduplexes in the HMA of the first time point and four had 

only homoduplexes at the second time point. Hence, in the selective population analyzed here, 

the CCR5 Δ32 genotype and HLA-B57 had no significant effect on disease progression (Table 1).

Subsequent multivariate analysis including other established markers of disease 

progression in the model analyzing time to AIDS from 2 years after seroconversion to AIDS 
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CDC 1993 indicated that HMA pattern, CXCR4-use and CD4+ T cell count at set point were all 

independently predictive of HIV-1 disease progression (Table 1). The same was true for relative 

envelope diversity (Table S2).

DISCUSSION
HIV has an unparalleled capacity to generate genetic diversity. Single genome amplification and 

sequencing of viral populations isolated from patients during primary HIV-1 infection indicate 

low multiplicity infection and limited viral evolution preceding peak viremia [23,24]. Throughout 

infection several different forces shape the viral quasispecies, therefore over time this population 

diverges from the infecting strain and increases in diversity [25]. We analyzed the diversity of 

the viral quasispecies at seroconversion and at 1 year after seroconversion using HMA. This 

showed a clear association between increased viral diversity at 1 year after seroconversion (but 

not at seroconversion) and clinical disease progression. This indicates that the changes in viral 

diversity as measured by HMA between seroconversion and 1 year thereafter are relevant for the 

subsequent clinical course. Analysis of viral envelope genetic diversity by sequencing showed 

even stronger associations with disease progression, indicating that differences in actual 

sequence diversity are indeed underlying the observed association between HMA pattern and 

disease progression. It is likely that both the humoral and cellular immune response as well as 

target cell availability restrict viral diversity, which may relate to the HMA pattern at 1 year after 

seroconversion. The fact that all but one of the samples from HLA-B57 typed individuals carried 

only homoduplexes suggest that indeed the immune response can be involved.

Surprisingly, the HMA pattern at 1 year after seroconversion was not related to viral load 

set point, but it was related to the CD4+ T cell count at viral load set point. Although we did not 

analyze samples with very low viral load (less than 1000 copies/ml), viral load in the samples 

studied here spanned almost 3 logs (ranging from 3.30 to 6.23 log10 copies/ml), a range 

expected to be sufficient to observe an association with HMA pattern. The observations that 

HMA patterns were inversely correlated with the percentage CD45RO+ (memory) CD4+ T cells 

and positively correlated with the percentage CD38+ (activated) CD4+ T cells might indicate 

that rather than reflecting overall levels of virus replication, HMA patterns  - and hence viral 

diversity - are associated with immune activation. Supporting this hypothesis, a recent study 

showed that disease progression is predicted by synonymous substitution rates in the envelope 

gene, which is thought to reflect different levels of persistent immune activation [26].

It remains to be established whether viral diversity itself plays a causal role in the increased 

damage to the immune system or whether it is a reflection of viral adaptation to selective 

pressures such as host immune responses or target cell availability. In this context, HMA 

pattern could be applied in patient monitoring as a parameter for patients who should start 

antiretroviral therapy early.
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SUPPLEMENTARY METHODS AND RESULTS
RT-PCR, PCR (outer and inner), sequencing and vector primer sequences
C2-C4 env primers

Seq2: 5’-TCCTCCATATCTCCTCCTCCAGGTC-3’ (RT-PCR, outer PCR)

Seq3: 5’-TATGGGATCAAAGCCTAAAGCATG-3’ (outer PCR)

Seq5: 5’-GTCAACTCAACTGCTGTTAAATGGC-3’ (inner PCR, seq)

Seq6: 5’-ATCTAATTTGTCCACTGATGGGAGG-3’ (inner PCR, seq)

Vector primers

T7: 5’-TAATACGACTCACTATAGGG-3’

SP6: 5’-GATTTAGGTGACACTATAG-3’

Patient population
The prospective Amsterdam Cohort Studies on HIV Infection and AIDS (ACS) is a well-

documented cohort study among HIV-infected and HIV-uninfected individuals who are at 

risk for acquiring HIV infection. Enrolment of men who have sex with men (MSM) started in 

October 1984 and up to December 31, 2008, 2,383 MSM have had at least one visit, with 1588 

testing HIV seronegative, 585 testing HIV seropositive and 210 HIV seroconverters. Clinical 

and epidemiological data is collected, laboratory markers such as CD4+ T cell numbers and 

plasma viral load  are determined, serum or plasma is stored at -70°C and peripheral blood 

mononuclear cells are cryopreserved at 3-monthly intervals. 

The ACS are conducted in accordance with the ethical principles set out in the Declaration 

of Helsinki and are approved by the Medical Ethics Committee of the Academic Medical Center 

in Amsterdam. Written informed consent is obtained for every participant.

Molecular cloning and sequencing of HIV-1 env C2–C4
Second-round PCR products were cloned into the pGEM-T Easy Vector system (Promega), 

transformed into competent DH5a Escherichia coli (Invitrogen), and plated on Luria-Bertani 

agar with blue-white screening. White colonies were picked at random (4–32 colonies per 

reaction) and cloned PCR products were amplified. After purification of PCR products (ExoSAP-

IT; USB), the T7 and SP6 primers were used for sequencing (Big Dye Terminator Cycle Sequencing 

kit, version 1.1; Applied Biosystems). Sequences were determined using an automated DNA 

sequencer (Applied Biosystems).

When sequence diversity did not reflect the heteroduplex pattern obtained by heteroduplex 

mobility assay (HMA), an additional 4 nested PCRs were performed, and products were cloned 

and plated. Two clones per plate were picked, PCR with the SP6 and T7 primers was performed, 

and PCR products were sequenced. Clonal sequences were aligned for each patient by means 

of the ClustalW algorithm, and alignments were manually edited using BioEdit software (Bio-

Edit, version 7.0.5.3; Ibis Biosciences). Alignments were visually inspected for the presence of 

mismatches, insertions, and deletions.
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Statistical analysis
For the seroconversion time point HMA pattern, we analyzed time from seroconversion to each 

end point; for the 1-year post-seroconversion time point HMA pattern or sequence diversity, 

we analyzed time from 1 year after seroconversion to each end point. In addition, we studied 

time to AIDS-related death from the moment of AIDS diagnosis onwards. Log Rank p value 

was used to determine significant differences in the clinical course of infection between both 

groups. Univariate and multivariate analyses in a model that included HMA heteroduplexes 

or sequence diversity, CCR5 Δ32 heterozygous genotype, HLA-B57, positive MT-2 cultures, 

set point CD4+ T-cells below 500 cells/µl blood and set point viral load above 104.5 copies/ml 

plasma were performed from 2 years after seroconversion to AIDS (SPSS 16.0 software package, 

SPSS Inc., Chicago, IL, USA).

The association of HMA pattern or sequence diversity with viral load or CD4+ T cell count 

at set point was tested using Student’s T test as implemented in GraphPad Prism 5 (GraphPad 

Software, La Jolla, CA, USA).

Predictive value of HMA pattern for HIV-1 disease course
We tested the predictive value of HMA pattern in the group of 89 MSM seroconverters versus 

several established markers of disease progression, namely CCR5 Δ32 genotype, HLA-type, 

detection of CXCR4-using virus by MT-2 assay (CXCR4 use), viral load and CD4+ T cell count 

at viral load set point in a model analyzing the time from 2 years after seroconversion to AIDS 

CDC 1993. Univariate analysis showed significant effects only for HMA pattern, CXCR4 use 

and CD4+ T cell count at viral load set point in this group (Table 1). Subsequent multivariate 

analysis with only these three predictors in the model analyzing time to AIDS from 2 years after 

seroconversion to AIDS CDC 1993 indicated that all three were independently predictive of 

HIV-1 disease progression (Table 1).

As expected, univariate and multivariate analyses also confirmed the independent predictive 

value of relative envelope sequence diversity for HIV-1 disease progression (Table S2).
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Supplementary figure S1. Set point viral load, set point CD4+ T cell count, and CD4+ T cell subsets by 
HMA pattern. Heteroduplexes in HMA at 1 year post-seroconversion are correlated with set point CD4+ 
T cell count (A) but not with set point viral load (B). HMA patterns showed a trend for correlation with 
the percent CD38+ (activated) CD4+ T cells (C) and were inversely correlated with the percent CD45RO+ 
(memory) CD4+ T cells (D). Comparisons were analyzed for statistical significance using Student’s T test as 
implemented in GraphPad Prism 5 software. Mean and SEM (error bars) are represented for the respective 
groups. P values for significance are shown above each panel.
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SUPPLEMENTARY TABLES

Table S1A. Kaplan-Meier survival analysis of association between presence of heteroduplexes in HMA and 
time to clinical endpoint.

Endpoint

First time point (seroconversion)a Second time point (1 year post-seroconversion)b

Heteroduplex present
p value

Heteroduplex present
p value

Yes No Yes No

CD4<400c 37/45d 41/44 ns 31/39 27/29 ns

AIDS93e 29/45 26/44 0.0916 33/49 21/37 0.0078

Death 23/45 18/44 ns 26/50 15/37 0.0530

HMA, heteroduplex mobility assay; ns, not significant (p value > 0.05). No associations were found with time 
to first emergence of CXCR4-using HIV-1 or time between AIDS diagnosis and AIDS-related death (data not 
shown). a Survival analysis for time from seroconversion to each end point. b Survival analysis for time from 1 
year post-seroconversion to each end point. c CD4+ T cell count less than 400 cells/µl. d Number of individuals 
with events/total number of individuals. e AIDS according to the 1993 CDC definition.

Table S1B. Kaplan-Meier survival analysis of association between relative viral envelope sequence diversity 
and time to clinical endpoint.

Endpoint

Second time point (1 year post-seroconversion)a

Relative sequence diversity
p value

Low Medium High

CD4<400b 19/20c 15/20 13/15 ns

AIDS93d 15/24 14/23 18/23 0.0009

Death 8/24 12/23 14/24 0.0320

ns, not significant (p value > 0.05). No associations were found with time to first emergence of CXCR4-using 
HIV-1 or time between AIDS diagnosis and AIDS-related death (data not shown). a Survival analysis for time from 
1 year post-seroconversion to each end point, except AIDS to death. b CD4+ T cell count less than 400 cells/µl. c 
Number of individuals with events/total number of individuals. d AIDS according to the 1993 CDC definition.
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Table S2. Predictive value of relative viral envelope sequence diversity 1 year post-seroconversion, CCR5 
genotype, HLA-type, set point CD4+ T cell count, set point HIV-1 viral load and set point MT-2 assay result 
for progression to AIDS (CDC 1993) in 74 MSM seroconverters.

Factor Comparison
Univariate Multivariate

n p value RH (95% CI) n p value RH (95% CI)

Diversity low vs medium vs high 63 0.001 1.83 (1.28-2.62) 63 0.002 1.79 (1.24-2.56)

CCR5 WT vs Δ32 63 ns 1.08 (0.46-2.57)

HLA X vs B57 63 ns 4.52 (0.62-32.9)

SP CD4 <500 cells/µl 63 0.009 2.28 (1.23-4.20) 63 0.021 2.13 (1.12-4.05)

SP viral load >1 x 104.5 cp/ml 63 ns 1.68 (0.93-3.03)

SP MT-2 POS vs NEG 63 <0.001 9.64 (3.17-29.3) 63 <0.001 6.77 (2.21-20.8)

MSM, men who have sex with men; n, number of individuals included in analysis; RH, relative hazard; CI, 
confidence interval; HE, heteroduplexes present; HO, homoduplexes only; Δ32, 32 base pair deletion; WT, wild 
type; X, all other HLA types; SP, set point; POS, positive MT-2 assay; NEG, negative MT-2 assay.
Univariate and multivariate analyses in a model analyzing the time from 2 years after seroconversion until AIDS 
(CDC 1993) diagnosis. P values from univariate and multivariate Cox proportional hazard analyses.
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ABSTRACT
Objective: The effect of X4-HIV variants on the treatment response remains unclear. Here we 

determined whether the presence of X4-HIV variants influenced the time to undetectable viral 

load and CD4+ T cell reconstitution after initiation of cART.

Methods: The presence of X4-HIV variants was determined by MT-2 assay prior to cART initiation 

for 732 patients. Viral load and CD4+ T cell counts were analyzed during a three year follow-up 

period. Kaplan-Meier and Cox proportional hazard analyses were performed to compare time 

to viral suppression. 

Results: Patients harboring X4-HIV variants at baseline showed a delay in time to achieve viral 

suppression below the viral load detection limit, with an independent effect of high viral load 

and the presence of X4-HIV variants. The absolute CD4+ T cell counts were significantly lower in 

patients harboring X4-HIV variants at all time points during follow-up. However, no differences 

were observed in the increase in CD4+ T cell numbers after treatment initiation. 

Conclusion: The presence of X4-HIV variants prior to start of cART is an independent predictor 

of delayed viral suppression. X4-HIV emergence has been associated with an accelerated CD4+ 

T cell decline during the natural course of infection and therefore, patients who develop X4-HIV 

variants may benefit from earlier treatment initiation in order to obtain faster reconstitution of 

the CD4+ T cell population to normal levels.
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INTRODUCTION
HIV-1 entry into target cells is mediated by binding of the viral envelope to CD4 and one of 

the coreceptors, CCR5 or CXCR4 [1]. The majority of HIV-1 infections is established by the 

outgrowth of viral variants that can only use CCR5 for entry [2-6]. CXCR4-using viral variants 

emerge during infection in at least half of patients infected with HIV-1 subtype B [7-10]. In the 

majority of patients, viral variants using CCR5 as coreceptor (R5) remain present in the viral 

quasispecies and coexists with viral variants using CXCR4 (X4) and variants capable of using 

both CCR5 and CXCR4 (R5X4) during the remaining course of infection [7,11]. 

In the absence of antiretroviral therapy, the emergence of R5X4 and X4 viral variants is 

associated with accelerated CD4+ T cell decline and more rapid disease progression [7-10,12-

16]. While R5-HIV variants only infect activated memory CD4+ T cells, X4-HIV variants can 

additionally infect naïve CD4+ T cells that express CXCR4 but not CCR5 and therefore form a 

unique target cell population for CXCR4-using viral variants [7,17]. Loss of infected naïve CD4+ T 

cells will impair the generation of new activated effector and memory CD4+ T cells, which may 

explain the accelerated CD4+ T cell decline after the emergence of X4-HIV variants.

Whether the presence of X4-HIV before start of treatment influences the response to 

combination antiretroviral therapy (cART) is controversial [18-22]. Some reports describe 

a worse treatment response regarding viral load decline or CD4+ T cell increase in patients 

carrying X4-HIV variants [18-20], whereas other papers show similar rates of viral suppression 

for patients with and without X4-HIV variants upon start of antiretroviral therapy [21,22]. 

Here we analyzed the effect of coreceptor switch before cART initiation on the response to 

antiretroviral therapy in a large cohort of 732 patients, of whom 31% carried X4-HIV variants at 

baseline, with a complete and reliable follow-up. The virological response to therapy and CD4+ 

T cell dynamics were analyzed during a three year follow-up. 

METHODS
cART treatment response
The response to cART in the presence or absence of X4-HIV variants was studied in 732 HIV-1 

infected participants of the AIDS Therapy Evaluation in the Netherlands (ATHENA) cohort (n=726) 

who visited the Academic Medical Center or the Onze Lieve Vrouwe Gasthuis outpatient clinic in 

Amsterdam, or participated in the Amsterdam Cohort Studies (ACS) (n=6). Patients started first 

cART treatment between 1996 and 2009. For all patients, an MT-2 phenotypic assay was performed 

12 to 0 months before start of cART. MT-2 assays were performed for study purposes (n=287) or at 

the request of the treating physician (n=445). Patients were followed for three years and viral load 

and CD4+ T cell counts were measured routinely every three to six months. The detection limit of 

HIV-1 RNA viral load in plasma was 1000 copies/ml for samples tested before 1997, 400 copies/ml 

in 1997 and 1998, and 50 copies/ml after 1998. Treatment failure was here defined as therapy switch 

due to virological failure, not achieving undetectable viral load within 3 years of follow-up, loss of 

follow-up or death before reaching an undetectable viral load.

The ATHENA and ACS studies have been conducted in accordance with the ethical 

principles set out in the declaration of Helsinki and informed consent was obtained from all 
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participants prior to data collection. These studies were approved by the Academic Medical 

Center institutional medical ethics committee.

Natural history of X4-HIV emergence
To evaluate the emergence of X4-HIV variants during the natural course of HIV-1 infection, 

we studied 364 Caucasian homosexual men enrolled in the Amsterdam Cohort studies on 

the natural history of HIV-1 infection between October 1984 and March 1986 [23]. Of the 364 

participants, 233 men were positive for HIV-1 antibodies at entry between October 1984 and 

April 1985. The remaining 131 seroconverted during the study. The participants with documented 

seroconversion and the seroprevalent participants with an imputed seroconversion date were 

analyzed as one study group, as previous studies have not revealed differences in AIDS-free 

survival between the two groups [24]. The development of X4-HIV was analyzed routinely at 

every visit using the MT-2 assay for 302 participants [25,26]. The censor date was set at the first 

day of effective antiretroviral therapy or end of follow-up of the participant.

Analysis of coreceptor use
The MT-2 cell culture assay was used to determine the presence of X4-HIV variants in PBMC 

from HIV-1 infected patients during the natural course of infection or prior to start of cART as 

previously described [25,26]. In brief, MT-2 cells were cultured in Iscoves’ Modified Dulbecco’s 

Medium (IMDM) supplemented with 10% fetal calf serum (FCS), 100U/ml penicillin and 

100µg/ml streptomycin. One million patient PBMC were co-cultivated with 1.6x106 MT-2 cells in 

5 ml medium for up to 4 weeks in duplicate and were monitored every 2-3 days for development 

of syncytia. The development of syncytia indicates the presence of X4-HIV variants.

Data analysis
Baseline variables for patients with and without X4-HIV variants prior to start of cART are given 

as means and 95% confidence intervals (95%CI) or as numbers and percentages, and differences 

between the groups were determined using the Student’s T test, Fishers exact test or Chi 

square test (Table 1). Kaplan-Meier and Cox proportional hazard analyses were preformed to 

study the relation between the presence of X4-HIV variants prior to start of cART and time to 

reach undetectable viral load upon cART initiation. Univariate and multivariate relative hazards 

for time to achieve viral suppression were calculated for the presence of X4-HIV variants, viral 

load at baseline, CD4+ T cell count at baseline, the use of antiretroviral therapy (mono or dual 

therapy) prior to the initiation of cART and the calendar year when cART was initiated. Mean 

CD4+ T cell counts and the increase of the CD4+ T cell counts after start of cART were compared 

using the Mann-Whitney test. 

We analyzed the development of X4-HIV variants during the course of infection and the 

absolute CD4+ T cell count at time of X4-HIV emergence in untreated participants of the ACS. 

The average yearly incidence of the development of X4-HIV variants during the natural course 

of infection was determined using the Kaplan-Meier survival analysis.

Statistical analyses were performed using Graphpad Prism version 5 and SPSS version 19.
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RESULTS
Baseline characteristics before start of cART
The response to cART in the presence or absence of X4-HIV variants was studied in patients 

who started cART between 1996 and 2009. Initiation of therapy occurred according to national 

guidelines in place at that time. MT-2 assays were performed to determine the presence of 

X4-HIV variants prior to start of therapy (median of 1.2 months prior, ranging from 0 to 12 

months before start). Of the 732 HIV-positive patients under study, 508 (69%) had R5-HIV 

variants only, the remaining 224 (31%) harbored X4-HIV variants at the time of cART initiation. 

Baseline characteristics of the patient population are shown in Table 1. The presence of 

X4-HIV variants at baseline was not associated with gender, age, nationality, route of infection, 

HIV-1 subtype or time since seroconversion or entry into the cohort at start of cART. Patients 

harboring X4-HIV variants had significantly lower CD4+ T cell counts at baseline (296 cells/µl 

versus 159 cells/µl, Table 1) and higher viral loads (4.5 log
10

 copies/ml versus 4.8 log
10

 copies/ml, 

Table 1). In addition, a significantly higher percentage of patients with X4-HIV variants at baseline 

had used mono or dual antiretroviral therapy prior to the start of cART (treatment experience; 

29.3% versus 37.5%, Table 1). 

The percentage of patients that switched therapy due to virological failure did not significantly 

differ for patients carrying R5-HIV and X4-HIV variants (13.8% versus 15.2%, Table 1). In total, 40 

patients did not achieve treatment success: 27 patients did not achieve an undetectable viral 

load within three years of follow-up despite therapy switch; 7 patients were lost to follow-up 

before viral suppression below detection limits was documented; 6 patients died (3 AIDS-related 

deaths and 3 non-AIDS-related deaths) during the study. Treatment failure was not associated 

with the presence of X4-HIV variants at baseline (19.3% versus 20.5%, Table 1).

The effect of HIV coreceptor use on viral suppression after initiation of cART
To analyze whether the presence of X4-HIV variants prior to start of cART influences the time 

to reach undetectable viral load, a Kaplan-Meier survival analysis was performed. Patients 

harboring X4-HIV variants at baseline showed a delay in time to achieve viral suppression 

below the viral load detection limit (n=732, log-rank test p=0.025; Figure 1). For example, 90% of 

patients without X4-HIV reached undetectable viral load within 8.3 months after start of cART, 

while this took 14.1 months for patients with an X4-HIV variant. This indicates that the presence 

of X4-HIV at baseline is associated with a considerable delay in time to reach an undetectable 

viral load. However, a similar proportion of patients with R5-HIV and X4-HIV had achieved an 

undetectable viral load after 3 years of follow-up (94.5% and 94.6% respectively; Figure 1). 

Univariate and multivariate relative hazard analyses were used to determine the association 

between baseline characteristics and time to achieve viral suppression. Univariate analysis 

revealed that the presence of X4-HIV variants, baseline HIV-1 viral load above 4.5 log
10

 copies/ml 

[12], baseline CD4+ T cell counts below 200 cells/ml [12] and being treatment experienced 

were significantly associated with a delay in time to reach undetectable viral load (Table 2). 

Although during the study period the composition of cART regimens changed considerably, 

start of cART before or after the introduction of contemporary cART in 2002 did not influence 

the time to undetectable viral load (Table 2). The multivariate analysis indicated that only the 
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presence of X4-HIV variants at baseline and a baseline viral load above 4.5 log
10

 copies/ml were 

independently associated with a longer time to reach undetectable viral load (Table 2). Previous 

use of mono or dual therapy did not have an independent effect on the time to achieve viral 

suppression below the detection limit, suggesting that potential drug resistance did not 

influence the response to subsequent combination therapy. 

The effect of HIV coreceptor use on the reconstitution of CD4+ T cells 
after initiation of cART
The effect of X4-HIV variants at baseline on the reconstitution of the CD4+ T cell pool was 

determined by analyzing the increase in CD4+ T cell counts after initiation of therapy. The 

absolute CD4+ T cell counts were significantly lower in the group of patients harboring 

Table 1. Baseline characteristics of patients with or without X4-HIV variants prior to start 
of cART.

R5-HIV (N=508) X4-HIV (N=224)

p valueNumber / Mean
(Percentage / 95% CIa)

Number / Mean
(Percentage / 95% CIa)

Age (years) 39.77 (39.02 – 40.51) 40.14 (39.12 – 41.15) 0.58

Gender (Male) 440 (86.7%) 202 (90.2%) 0.22

Nationality

Dutch 328 (64.6%) 139 (62.1%) 0.56

Other 173 (34.1%) 81 (36.2%) 0.61

Unknown 7 (1.4%) 4 (1.8%) 0.74

Transmission route

Homosexual 316 (62.2%) 150 (67.0%) 0.24

Heterosexual 78 (15.4%) 32 (14.3%) 0.74

Intravenous 67 (13.2%) 24 (10.7%) 0.40

Other 31 (6.1%) 13 (5.8%) 1.00

Unknown 16 (3.1%) 5 (2.2%) 0.63

HIV-1 subtype

B 210 (41.3%) 82 (36.6%) 0.25

Other 27 (5.3%) 9 (4.0%) 0.58

Unknown 271 (53.3%) 133 (59.4%) 0.15

Therapy (Experienced) b 149 (29.3%) 84 (37.5%) 0.03

Treatment failure 

Therapy switch due to virological failure 70 (13.8%) 34 (15.2%) 0.65

No undetectable viral load within 3 years 19 (3.7%) 8 (3.6%) 1.00

Loss of follow-up 5 (1.0%) 2 (0.9%) 1.00

Death 4 (0.8%) 2 (0.9%) 1.00

Time since entry / seroconversion (days) 1870 (1499 – 2241) 1559 (1345 – 1773) 0.29

CD4+ T cell count ( /µl blood)  296 (279 - 313) 159 (139 - 179) <0.0001

HIV-1 viral load (log
10

 copies/ml blood) 4.5 (4.4 - 4.6) 4.8 (4.7 - 5.0) <0.0001

a 95%CI: 95% Confidence Interval. b Treatment experienced: use of mono or dual therapy before cART initiation.
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baseline X4-HIV variants at all time points analyzed (Figure 2A). However, no differences were 

observed in the change in CD4+ T cell counts during follow-up (Figure 2B), indicating that the 

reconstitution of CD4+ T cell counts in response to cART is independent of the presence of 

X4-HIV variants at baseline.

Figure 1. The presence of X4-HIV variants prior to cART is associated with a delay in time to viral 
suppression. Kaplan-Meier survival analysis for time to reach an undetectable viral load after initiation 
of cART. The black line represents patients with no detectable X4-HIV variants at baseline, the grey line 
represents patients with X4-HIV variants at baseline. Numbers above the graph represent the number of 
patients in the analysis. +: censor for loss of follow-up or death. 

Table 2. Uni- and multivariate analysis of baseline parameters on time to reach undetectable viral loads 
upon start of cART treatment.  

Baseline parameter

Univariate Multivariate

Na Relative 
hazard

95% CIb p value Na Relative 
hazard

95% CIb p value

X4-HIV variants present 732 0.83 0.71 - 0.98 0.026 636 0.80 0.66 - 0.96 0.017

CD4 <200 cells/µl 701 0.74 0.64 - 0.86 0.0001 636 1.00 0.84 - 1.19 0.999

HIV-1 load >4.5 log
10

 copies/ml 636 0.45 0.38 - 0.53 <0.0001 636 0.45 0.38 - 0.54 <0.0001

cART initiation before the year 2002 732 0.91 0.76 - 1.09 0.31 636 1.04 0.86 - 1.27 0.670

Treatment experience 732 0.70 0.47 - 0.89 0.001 636 1.04 0.86 - 1.26 0.694

a N: number of patients. b 95%CI: 95% confidence interval.
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Figure 2. Increase in CD4+ T cell counts in response to cART treatment. A. Absolute CD4+ T cell counts at 
baseline (n=485 and n=216) and 3 (n=369 and n=180), 6 (n=372 and n=157), 12 (n=283 and n=128), 24 (n=247 
and n=113) and 36 (n=241 and n=119) months after start of cART for patients with and without X4-HIV 
variants. B. Change in CD4+ T cell counts 3, 6, 12, 24 and 36 months after start of therapy compared to 
baseline CD4+ T cell count at start of treatment for patients with and without X4-HIV variants. Statistical 
significance: ** p<0.01 *** p<0.0001.

HIV coreceptor switch in relation to the absolute CD4+ T cell count
Current treatment guidelines in the Netherlands recommend initiating treatment at CD4+ T 

cell counts between 500 and 350 cells/µl. To determine whether this would sufficiently protect 

patients with X4-HIV variants from more severe immunological damage, we performed a 
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detailed analysis of the emergence of X4-HIV variants during the natural course of HIV-1 infection 

in participants of the Amsterdam Cohort Studies (n=302). Although the moment of X4-HIV 

emergence after seroconversion differed largely between individuals, we observed a steady rate 

of X4-HIV development in time after seroconversion (Figure 3A), with an average incidence of 

7.4% per year for a period of 12.5 years after seroconversion. When analyzing the CD4+ T cell 

counts at moment of X4-HIV emergence, we observed that in the majority of patients X4-HIV 

emergence takes place when CD4+ T cell count are between 200 and 350 cells/µl. Interestingly, 

Figure 3. Emergence of X4-HIV variants in the ACS cohort. A. Cumulative fraction of patients harboring R5-HIV 
variants during HIV-1 infection. Numbers above the graph represent the number of patients in the analysis at 
that time. B. The percentage of patients that show X4-HIV emergence with absolute CD4+ T cell counts above 
below 200 cells/µl, between 200 and 350 cells/µl, between 350 and 500 cells/µl or above 500 cells/µl.
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however, in 32% of patients X4-HIV variants emerged at CD4+ T cell counts between 350 

and 500 cells/µl and in 27% of patients above 500 cells/µl (Figure 3B). Given that patients will 

experience a more pronounced loss of CD4+ T cells upon X4-HIV emergence, this suggests that 

their CD4+ T cell counts may drop well below 350-500 cells/µl before treatment is initiated.

DISCUSSION
We here studied the effect of the presence of X4-HIV variants at baseline on the cART treatment 

response. Patients harboring X4-HIV variants prior to start of cART show a delayed viral suppression 

compared to patients carrying R5-HIV variants only. In contrast, no significant differences were 

observed in the increase of CD4+ T cell counts upon start of cART during 3 years of follow-up or 

in the percentage of patients that experienced treatment failure. Our findings indicate that the 

rate of CD4+ T cell reconstitution is not influenced by the presence of X4-HIV variants at baseline.

The observed delay in viral suppression is independently associated with both high viral 

load and the presence of X4-HIV variants at baseline. Since X4-HIV can infect a wider range 

of target cells, such as naïve CD4+ T cells [17], these differences in cellular tropism of R5-HIV 

and X4-HIV variants may, in part, account for the delay in viral suppression associated with the 

presence of X4-HIV at baseline.

The increase in CD4+ T cell numbers in response to therapy during the three-year follow-up 

period was comparable between patients with or without X4-HIV variants, confirming previous 

reports [20-22]. However, a smaller CD4+ T cell increase during cART in patients with X4-HIV has 

also been reported [18,19]. In our study, patients harboring X4-HIV variants prior to initiation of 

therapy had significantly lower CD4+ T cell counts at baseline that remained significantly lower 

during the three years of follow-up. Even 5 years after start of cART the absolute CD4+ T cell 

counts in patients with X4-HIV variants had still not reached CD4+ T cell levels comparable 

to patients without X4-HIV variants (data not shown). However, one should note that not all 

patients included in this study had completed the 5 years of follow-up after start of therapy. 

A similar finding was reported by Gras et al. who demonstrated similar increases in CD4+ 

T cell counts after start of therapy when stratifying patients for CD4+ T cell counts at baseline 

[27], also indicating that the absolute CD4+ T cell number at time of treatment initiation does 

not influence the rate of CD4+ T cell increase within the first years after cART initiation. 

The prior use of non-cART antiretroviral therapy at baseline was significantly higher in 

patients with X4-HIV variants than in patients without X4-HIV variants. Previously, it was noted 

that patients carrying X4-HIV variants progressed to disease despite zidovudine monotherapy 

treatment, in contrast to patients with R5-HIV variants only, who showed no progression on 

zidovudine treatment [28]. However, the increased frequency of patients with X4-HIV variants in 

the group of treatment experienced individuals could not be explained by prior use of zidovudine 

monotherapy (data not shown). Although development of drug resistance due to previous use 

of monotherapy was not included in the analysis, treatment experience was not an independent 

predictor of time to viral suppression in the multivariate analysis. This suggests that drug resistance 

that may have been present did not influence the response to subsequent cART in our study.  

Treatment guidelines and the composition of available antiretroviral medication are 

subject to change over time and most likely differed between patients that started cART in 
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the late 1990’s and patients who started treatment after 2002 when contemporary cART was 

introduced. However, no independent association was observed for time to viral suppression 

and cART initiation before or after the year 2002. 

Recently, treatment guidelines have changed and initiation of cART is recommended earlier 

in infection and at higher CD4+ T cell counts. However, X4-HIV emergence does not occur at 

one specific period in the course of HIV infection, but occurs with an average incidence of 7.4% 

per year. Moreover, in approximately 59% of patients X4-HIV emergence occurs at CD4+ T cell 

counts above 350 cells/µl and in approximately 27% of patients at CD4+ T cell counts above 

500 cells/µl. This indicates that some patients will develop X4-HIV before start of therapy even 

under the current treatment guidelines. 

In conclusion, the emergence of X4-HIV variants before initiation of cART is an independent 

predictor for delayed viral suppression after start of therapy. The risk of virological failure was 

comparable for patients with or without X4-HIV at baseline. Furthermore, CXCR4 coreceptor 

use of the virus does not influence the increase in CD4+ T cell counts upon start of therapy, 

confirming previous observations [20-22]. However, patients harboring X4-HIV variants do 

initiate cART with lower CD4+ T cell counts, which as a consequence results in lower CD4+ 

T cell counts in the first years after start of cART as compared to patients with only R5-HIV. 

Therefore, the assessment of HIV-1 coreceptor use has additive value in patient monitoring and 

care. Patients harboring X4-HIV variants could benefit from earlier initiation of cART and may 

need more frequent monitoring of CD4+ T cell counts to achieve faster suppression of viral 

replication and reconstitution of the CD4+ T cell population to normal levels.
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HIV-1 exhibits a high degree of genetic variability. This genetic diversity is caused by frequent 

mutations that occur due to the high replication rate of the virus and the error-prone nature 

of the reverse transcriptase of HIV-1 that lacks proof-reading [1-4]. In the majority of newly 

infected individuals, transmission and outgrowth of a single HIV-1 variant is observed [5-10]. 

Viral diversity expands during the course of infection and multiple viral variants co-exist as 

quasispecies within an individual. The composition of the quasispecies is shaped by competition 

and selection for the fittest viral variant at that time in that specific environment, and is specific 

for the individual patient. Genetic diversity of HIV-1 varies substantially among individuals and 

has been associated with progressive disease (chapter 6, [11,12]).

One of the major selective forces driving HIV-1 evolution is the host immune response and 

viral variants that have escaped immune pressure are rapidly selected. Despite the extreme 

mutational capacity of the virus, there are constraints on viral evolution when it comes to target 

cell infectivity and viral replication capacity.  

VIRAL ESCAPE FROM CTL RESPONSES 
Cytotoxic T Lymphocyte (CTL) responses play an important role in viral control. The drop in plasma 

viremia during acute HIV-1 infection coincides with HIV-1-specific CTL activity [13-19]. The selection 

pressure mediated by CTLs is one of the major forces driving viral evolution and diversity during the 

course of infection. Mutations that confer escape from CTL-mediated killing are rapidly selected 

and may result in loss of control of viremia and disease progression [20-23]. Escape from CTL 

responses can be mediated by mutations that disrupt viral epitope processing and presentation via 

HLA molecules or by mutations that diminish CTL recognition of the epitope. In the case of escape 

from CTL recognition, new CTLs recognizing the mutated epitope can be generated [24,25] and this 

mechanism of CTL escape therefore seems to have only a temporary effect. 

CTL responses targeting the viral Gag protein are associated with lower viremia as 

compared to CTLs targeting the viral Env protein [26-28]. The Gag protein is very conserved 

and structural constraints limit CTL escape mutations due to the attenuation of viral replication, 

whereas the Env protein is more variable. Furthermore, HIV-1 particles contain large quantities 

of Gag protein which can immediately be processed and presented via HLA molecules upon 

infection, before HLA class I is downregulated by the viral Nef protein. The same holds true 

for Pol, although the amount of Pol protein in the incoming virion is much lower than for Gag. 

The Env protein remains on the cell surface upon infection and therefore de novo synthesis is 

required for efficient presentation of this protein. Nef, Tat, Rev, Vpu, Vif and Vpr are not present 

in the viral particle and synthesis of these viral proteins by the infected host cell machinery is 

required before epitopes derived from these proteins can be presented [29-31]. 

Viral control is strongly associated with HLA-B alleles and these alleles preferentially present 

epitopes from the conserved Gag protein [27,32-34]. Furthermore, HLA-B alleles are more resistant 

to Nef-mediated downregulation of HLA alleles when compared to HLA-A alleles, which may also 

contribute to the better control of HIV-1 infection associated with HLA-B-restricted CTLs [35].

Sharing of HLA alleles between donor and recipient is reported to be disadvantageous for the 

recipient, as the transmitted viral variant has already adapted to shared HLA alleles, hampering 

control of viral replication exerted by de novo CTL responses. HLA concordance between donor 
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and recipient increases the risk of HIV-1 transmission, both for sexual transmission couples [36,37], 

as well as for mother-to-child transmission [38-40]. This may suggest that HLA-restricted cellular 

immunity plays an important role in the establishment of infection and outgrowth of HIV-1. 

Apparently, viral variants that have escaped through mutations at anchor residues that abrogate 

presentation by HLA alleles have a survival advantage in a new host that is concordant for at least 

part of the HLA alleles, likely explaining the higher probability of HIV-1 transmission in partial HLA 

concordant donor-recipient pairs. These findings may also imply that cellular HIV-specific immunity, 

for instance elicited by a vaccine, could indeed contribute to protection against infection.

Sharing of HLA class I alleles between donor and recipient has only a modest impact on viral 

load levels in the recipient after sexual transmission [41]. In mother-to-child transmission pairs, 

genetic similarity between mother and child compromises HLA-mediated viral control [42-45] 

and viral evolution in children is dominated by mutations within CTL epitopes restricted by 

HLA alleles that are inherited from the father (chapter 5, [46]). Furthermore, children carrying 

a protective HLA allele experienced a slower disease progression only when the protective 

allele was paternally inherited [44,45]. These results suggest a prominent role for de novo CTL 

responses in viral control and the clinical course of infection. 

However, in mother-to-child transmission pairs, the probability exists that the mother was 

infected by the father of her child, and that she obtained HIV-1 variants with adapting mutations 

to the paternal HLA. Although these mutations may revert in the mother, they potentially are 

still present in the virus that is transmitted to the child, resulting in an even more hampered de 

novo CTL response in the child who has maternal and paternal HLA alleles. This obviously could 

have implications for the disease course in the child. 

Mutations in viral proteins that result in escape from CTL-mediated killing are generally 

associated with loss of viral control [20-23]. However, this is not true for all CTL escape mutations, 

as some of these mutations come at a fitness cost, particularly when located in conserved viral 

regions [47-49]. In this way, the host can benefit from a lower viral replication rate despite escape 

from immune control [50]. When CTL escape mutations that come at a fitness cost are transmitted 

to a new host in whom antiviral immune responses have not yet developed, rapid reversion of 

these mutations is observed as a consequence of selection for the fittest viral variant [16,51-53]. 

It has been reported, however, that the presence of viral variants with lower fitness in the period 

before reversion of mutations occurs, can still be beneficial for the recipient, resulting in a lower 

viral load set point and higher CD4+ T cell counts in the early phase of infection [44,54-57]. 

It has been described that viral evolution during the initial phase of infection after sexual 

transmission is dominated by reversion of transmitted mutations [58-60], although others did 

not corroborate with these findings [52]. In contrast, after HIV-1 transmission from mother 

to child, viral evolution is not driven by reversion of transmitted mutations (chapter 5, [46]). 

However, it cannot be excluded that escape mutations in the transmitted virus did revert 

in the child, but were not detected, because de novo CTL responses in the child rapidly re-

selected the escape mutations. Reversion of mutations located in epitopes restricted by HLA 

alleles not shared between mother and child, were observed to some extent, but not for all 

transmitted mutations, which may indicate that the fitness cost associated with certain CTL 

escape mutations is limited, or that the fitness cost of the CTL escape mutation was already 

compensated in the mother before the transmission event. 
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Instead of reversion of a transmitted mutation that comes at a fitness cost, selection 

of forward mutations that restore viral replication capacity can also occur (chapter 3). As 

mutations are incorporated at random, a forward mutation that restores viral fitness can 

occur prior to reversion of the transmitted mutation, and compensation for the fitness cost 

associated with the transmitted mutation can circumvent the need for reversion of the escape 

mutation. It remains unclear why these compensatory mutations have not developed in the 

donor before the transmission event occurred. A large part of new HIV-1 infections arise from 

sexual transmission from individuals in the primary phase of infection [61-63], and therefore 

compensatory mutations may not have developed yet. 

Not all CTL escape mutations come at a fitness cost and these mutations can remain 

present in viral variants upon transmission. In addition, compensation of CTL escape mutations 

associated with a fitness cost in the donor can also lead to transmission of a stable CTL escape 

mutation. In this way, CTL escape mutations can persist in circulating viral strains, resulting 

in the accumulation of CTL escape mutations and possible compensatory mutations in the 

virus at a population level over time [64-66]. Adaptation to CTL responses can have important 

implications for viral control in newly infected individuals and must be considered in the 

development of a T cell-based HIV vaccine.

CTL RESPONSES AND VIRAL ESCAPE IN LONG-TERM 
NONPROGRESSORS 
A small percentage of HIV-1 infected individuals show spontaneous control of HIV-1 infection and 

maintain high CD4+ T cell counts for more than 10 years without the use of antiretroviral therapy 

(reviewed in [67]). Numerous studies in these so-called long-term nonprogressors (LTNPS) 

have demonstrated the relationship between certain HLA class I alleles and a better clinical 

course of infection, with the highest impact for HLA-B57 and HLA-B27 [68-73]. Control of viremia 

in LTNPs is associated with the presence of HIV-1-specific CTLs [74-81] which better defines 

disease progression than HLA genotype alone [74]. In LTNPs, CTLs recognize and kill infected 

cells at lower antigen concentrations and have a better proliferative capacity [81-87]. There is, 

however, no correlation between the number of HIV-specific CTLs and viral control [88,89]. The 

CTL responses in patients that can control HIV-1 infection do have superior functional capacity 

and polyfunctionality compared to CTL responses in non-controllers, including the capacity to 

secrete perforine, degranulate and produce multiple cytokines [78,81,90,91]. Furthermore, HIV-

1-specific CTLs maintain their proliferative capacity and functionality in LTNPs, whereas these 

CTL functions are lost in progressors during the course of infection [75-78,81,86]. Recently, it 

was demonstrated that CTL responses restricted by protective HLA alleles are not suppressed 

by CD4+ regulatory T cells (Tregs), whereas CTL responses restricted by other HLA alleles in the 

same individual are [92]. The low expression of the inhibitory Tim-3 receptor on activated CTLs 

restricted by protective HLA alleles prevents an interaction between CTLs and Tregs. Moreover, 

the protective CTLs kill Tregs, thereby escaping suppression and maintaining viral control [92]. 

Another recent report showed that LTNPs possess a larger population of HIV-specific CD8+ T 

cells that are resistant to apoptosis, through upregulation of anti-apoptotic molecules [93]. 

These findings indicate that patients capable of controlling HIV-1 infection maintain strong 
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CTL responses of high quality throughout infection, whereas CD8+ T cells from progressors 

lose functionality and become exhausted during prolonged infection. The question whether 

persistence of polyfunctional CTLs in LTNPs is a cause or a consequence of viral control remains 

unanswered. The fact that the proliferative capacity of HIV-specific CD8+ T cells and their ability 

to suppress viral replication are not restored in patients on suppressive cART [94] may seem to 

suggest that the prolonged strong CTL responses in LTNPs are not only the consequence of a 

low viral load or preserved CD4+ T cell help. However, patients that start cART may have less 

functional CTLs prior to start of therapy, and the fact that these functions are not restored 

during cART still does not give a definitive answer whether prolonged polyfunctionality of CTL 

responses in LTNPs are cause or consequence of viral control. 

Although the HLA-B57 and HLA-B27 alleles are overrepresented in LTNPs, most patients 

carrying these protective HLA alleles show a progressive course of infection in the absence 

of cART. The differential clinical course in HLA-B57 positive patients cannot be explained by 

differences in CTL activity against Gag epitopes or development of CTL escape mutations [50]. 

Viral escape from CTL responses against the immunodominant TW10 Gag epitope occurs via 

the T242N mutation [50,95,96]. Selection for this mutation is usually observed early in infection 

and is associated with reduced viral fitness [16,50,72,73]. This indicates a role for strong 

polyfunctional CTL response early in infection, resulting in the selection of an escape mutation 

that comes at a high fitness cost. During the course of infection additional mutations within 

or flanking the TW10 epitope in Gag occur, which compensate for the lower viral replication 

capacity of the T242N viral variant (chapter 2, [96,97]). The accumulation of these compensatory 

mutations restores viral fitness and may lead to disease progression (chapter 2, [98]). 

In contrast, in HLA-B27 positive patients the R264K CTL escape mutation in the 

immunodominant KK10 epitope occurs late in infection and is associated with higher viral load 

and disease progression [99-108]. This suggests that viral replication in HLA-B27 individuals 

is controlled by a strong polyfunctional CTL response and that escape from presentation 

by HLA-B27 is unfavorable for the virus. Indeed, the R264K mutation has a very high fitness 

cost, even higher than that seen for the HLA-B57 associated T242N mutation [47]. It has been 

suggested that this escape mutation is not viable on its own, but requires the presence of the 

S173A compensatory mutation, which may explain occurrence of the R264K mutation late in 

infection [108]. The R264G CTL escape mutation, however, has a lower fitness cost as compared 

to the R264K mutation, and this mutation can develop without the presence of the associated 

E260D compensatory mutation (chapter 4). However, the R264K/G CTL escape mutation is 

not seen in all HLA-B27-positive patients that progress to disease (chapter 4, [105-110]). This 

suggests that other factors, for instance lower TCR diversity and CTL exhaustion, may influence 

disease progression despite the presence of a protective HLA allele [111]. 

FUTURE PERSPECTIVES
The introduction of cART has dramatically prolonged survival of HIV-1 infected individuals and viral 

replication is controlled in the majority of treated individuals. Treatment with cART efficiently inhibits 

viral replication, however, HIV-1 infected cells are not eliminated. Although activated CD4+ T cells 

in which virus replication is blocked by cART will eventually undergo apoptosis, quiescent latently 

134



8

GENERAL DISCUSSION

infected cells remain present despite long-term cART. Strategies to purge the HIV reservoir are 

under study and the first compounds that activate latently infected cells are being tested in clinical 

trials. However, recent clinical studies using histone deacetylases (HDAC) inhibitors failed to 

detect a reduction in the viral reservoir despite reactivation of latent virus [112,113]. This suggests 

that circulating CTLs are not able to directly kill reactivated HIV-1 infected cells, which may indicate 

that these cells reside in immune privileged sites where CTLs are unable to kill these infected cells, 

or that circulating CTLs are functionally impaired and exhausted. It has been demonstrated that 

after antigen-specific prestimulation, CTLs were able to eliminate infected cells after reactivation 

of the viral reservoir [114]. Boosting of CTL responses in patients treated with cART by vaccination 

strategies and subsequent reactivation of latent HIV-1 may be a promising strategy for eradication. 

However, circulating CTLs might be unable to recognize reactivated HIV-1 infected cells due to the 

presence of CTL escape mutations, or the location of these cells. 

Furthermore, therapeutic vaccines may help to reduce viral burden and delay start of 

therapy [115,116]. A therapeutic vaccine could also be used to redirect CTL responses towards 

proteins that have been associated with viral control and viral attenuation once CTL escape 

mutations emerge. Patients may benefit from the reduction in viral replication capacity with 

lower viral load and less severe CD4+ T cell depletion, even though compensatory mutations 

that restore viral fitness may be selected over time. 

Although therapeutic vaccine strategies may help to reduce disease burden and HIV-1 

transmission risk, a vaccine focused on the prevention of new infections is needed to halt the 

HIV-1 pandemic. Preventive strategies mainly focus on sterilizing immunity via neutralizing 

antibodies. However, CTL responses may be capable of eliminating virally infected cells before 

establishment or outgrowth of infection, as demonstrated by the fact that CTL responses 

against Gag or Pol epitopes can kill virally infected cells approximately 6 hours after infection 

of a cell, before the replication cycle has been completed and new virions are produced 

[29-31]. Indeed, it was recently shown that a vaccine inducing specific effector memory T cells 

prevented the establishment and outgrowth of SIV infection in rhesus macaques after mucosal 

challenge [117]. However, a vaccine eliciting both strong CTL responses and broadly neutralizing 

antibodies will be needed to prevent transmission and outgrowth of new infections. In depth 

studies providing new mechanistic insights in the development of strong polyfunctional CTL 

responses and the development of broadly neutralizing antibodies may ultimately provide key 

information leading to the development of a protective vaccine against HIV-1.
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The clinical course of human immunodeficiency virus type 1 (HIV-1) infection is highly variable 

between individuals. Most patients show an average course of infection, with progression 

to acquired immunodeficiency syndrome (AIDS) approximately 8 years after infection in the 

absence of antiretroviral therapy. However, some patients show rapid progression within two 

years after infection or spontaneous control of infection for more than 20 years without the use 

of treatment. Prolonged survival after HIV-1 infection in so-called long-term nonprogressors 

(LTNPs) has been associated with the expression of certain human leukocyte antigen (HLA) 

class I alleles, such as HLA-B57/5801 and HLA-B27, and with strong cytotoxic T lymphocyte (CTL) 

pressure. However, the presence of a protective HLA allele does not guarantee a favorable 

course of the infection; about half of the HIV-infected patients carrying these HLA alleles 

exhibit a typical course of infection. 

HIV-1 continuously adapts to the high selective pressure exerted by the immune system, 

which results in the frequent emergence of escape mutations in CTL epitopes. Although the 

escape mutations allow evasion of the CTL response, viral escape is not always associated with 

disease progression as some mutations come at a fitness cost, particularly when situated in 

conserved viral regions. The T242N mutation in the HLA-B57/5801-restricted TW10 CTL epitope 

in Gag has been demonstrated to decrease the viral replication capacity, which can explain 

the protective effect of this HLA type even after escape from CTL responses has occurred. 

Previously, it was described that virus isolates from HLA-B57/5801 LTNPs and progressors 

contained multiple CTL escape mutations, and that these escape mutations were not 

associated with disease progression. However, compensatory mutations within or flanking the 

TW10 epitope can partially restore replication capacity and viral isolates from HLA-B57/5801 

progressors obtained late in infection showed better replication fitness than viral isolates 

obtained early in infection. In chapter 2, we compared Gag sequences from HLA-B57/5801 

LTNPs and progressors to identify compensatory mutations that restore the replication kinetics 

of CTL escape viral variants. In sequences from HLA-B57/5801 progressors, frequent variation 

in the amino acid composition was observed at 5 positions in Gag (S126N, L215T, H219Q, M228I 

and N252H). The combination of these mutations restored the replication fitness of CTL escape 

HIV-1 variants, which may explain the differences in disease progression. The number of escape 

and compensatory mutations in Gag correlated with the replication fitness of biological HIV-1 

variants isolated from HLA-B57/5801 patients, suggesting that the replication fitness of HLA-

B57/5801 escape variants is restored by accumulation of compensatory mutations.

Variation in disease progression was also observed in three homosexual men from a proven 

homosexual HIV-1 transmission cluster. In chapter 3, we evaluated the effect of viral evolution 

in the capsid protein on replication fitness of viral variants obtained from these three patients. 

Viral Gag sequences from all three patients contained a mutation at position 242 (T242N or 

T242S), which has been associated with lower viral replication. Interestingly, HIV-1 variants from 

patients with a progressive clinical course of infection developed compensatory mutations 

within capsid that restored viral fitness, instead of reversion of the 242S mutation. Restoration 

of the viral replication fitness in these patients may have contributed to disease progression 

and might explain the differential clinical disease course in the three patients. In HIV-1 variants 

145



&

SUMMARY

from the third patient, an HLA-B57 elite controller, no compensatory mutations that restored 

the viral fitness emerged during follow-up.

Like HLA-B57/5801, HLA-B27 has been associated with prolonged AIDS-free survival 

after HIV-1 infection. Loss of control of viremia in HLA-B27 patients has been associated with 

CTL escape at position 264 in the immunodominant KK10 epitope in Gag. This CTL escape 

mutation has a high fitness cost and it has been hypothesized that this mutation is not viable 

on its own, but requires the presence of compensatory mutations before emerging. In 

chapter 4, we studied sequence evolution within HLA-B27-restricted CTL epitopes in the viral 

Gag protein during disease progression in four HLA-B27 positive patients. Sequence variation 

was predominantly observed in the immunodominant HLA-B27-restricted KK10 epitope and 

CTL escape mutations in this epitope were observed in sequences obtained from three out 

of four patients. The R264K mutation was observed in sequences from one patient and the 

R264G escape mutation in sequences from two patients. These CTL escape mutations were 

accompanied by their respective compensatory mutations S173A and E260D. Comparing viral 

sequences, a higher number of total mutations in Gag was observed for viruses containing the 

R264K escape mutation, which may represent additional compensatory mutations that increase 

replication capacity and impact disease progression.

Mother-to-child HIV-1 transmission pairs represent a good opportunity to study the dynamics 

of CTL escape and reversion after transmission in the light of shared and non-shared HLA alleles. 

In chapter 5, viral evolution and the dynamics of CTL escape mutations and reversion of these 

mutations after transmission from mother to child were studied. Inside CTL epitopes restricted by 

non-shared and shared maternal HLA alleles, only a limited number of reversions was observed, 

which suggests CTL escape mutations that have been transmitted did not come at a fitness cost 

or that the fitness cost had already been compensated for in the mother. The highest numbers 

of forward mutations in viral sequences from these children were found within predicted CTL 

epitopes restricted by HLA alleles inherited paternally, indicating that viral evolution in the 

children is at least in part driven by CTL responses restricted by paternal HLA alleles.

In the majority of new HIV-1 infections, outgrowth of a single viral variant is observed. 

Throughout HIV-1 infection the viral population diverges and viral diversity increases over time. 

In chapter 6, we investigated whether the degree of viral diversity in env early in infection, 

as determined by heteroduplex mobility assay (HMA) and sequencing, was predictive of the 

subsequent disease course in adult males who were infected through homosexual transmission. 

Viral diversity early in infection was an independent predictor of accelerated disease 

progression. It is likely that viral diversity can be restricted by both the humoral and cellular 

immune response as well as target cell availability, and it remains to be established whether viral 

diversity itself plays a causal role in the increased damage to the immune system or whether it 

is a reflection of immune pressure or other selective forces.

HIV-1 entry into target cells is mediated by binding of the viral envelope to CD4 and one 

of the coreceptors, CCR5 or CXCR4. The majority of HIV-1 infections is established by the 

outgrowth of viral variants that can only use CCR5 for entry. CXCR4-using viral variants (X4-HIV) 

emerge during the course of infection in at least half of patients infected with HIV-1 subtype 

B, and in the absence of antiretroviral therapy, the emergence of X4-HIV variants is associated 

with accelerated CD4+ T cell decline and an accelerated disease progression. In chapter 7, 
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the effect of the presence of X4-HIV before start of treatment on the subsequent response to 

combination antiretroviral therapy (cART) was studied. We observed that patients harboring 

X4-HIV variants at baseline showed a delay in time to achieve viral suppression below the viral 

load detection limit, which was independent of viral load at baseline. Although no differences 

were observed in the CD4+ T cell increase after treatment initiation between patients with or 

without X4-HIV at baseline, the absolute CD4+ T cell counts were significantly lower in patients 

harboring X4-HIV variants at all time points. This indicates that patients harboring X4-HIV 

variants initiated cART with lower CD4+ T cell counts, which might be a consequence of the 

accelerated CD4+ T cell decline associated with X4-HIV. Therefore patients may benefit from 

earlier treatment initiation to obtain a better reconstitution of the CD4+ T cell population.

Taken together, the studies in this thesis describe HIV-1 evolution during infection and 

the effect of viral adaptation on the course of infection and treatment response. Insight in 

the mechanisms of viral adaption to the host, and to a population over time, enhances our 

knowledge regarding the interaction between HIV-1 and its host.
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Het klinische beloop van infectie met het humaan immunodeficiëntievirus type 1 (hiv-1) kan 

sterk verschillen per individu. De meeste patiënten laten een gemiddeld beloop van infectie 

zien, met ziekteprogressie naar AIDS (acquired immunodeficiency syndrome) ongeveer 8 

jaar na infectie als geen antiretrovirale therapie wordt gebruikt. Echter, sommige patiënten 

laten extreem snelle ziekteprogressie binnen twee jaar na infectie zien, terwijl andere 

patiënten gedurende meer dan 20 jaar controle over de infectie hebben zonder het gebruik 

van medicijnen. Langdurige AIDS-vrije hiv-infectie in zogenaamde long-term nonprogressors 

(LTNPs) is vaak geassocieerd met de expressie van bepaalde humaan leukocyt antigeen (HLA) 

klasse I allelen, zoals HLA-B57/5801 en HLA-B27, en met sterke cytotoxische T-lymfocyt (CTL) 

responsen. Echter, het hebben van HLA-B57/5801 en HLA-B27 is geen garantie voor een 

gunstiger beloop van de infectie. Ongeveer de helft van de hiv-geïnfecteerden met deze HLA’s 

vertonen gemiddelde ziekteprogressie.

Hiv past zich continu aan aan de hoge selectieve druk van het immuunsysteem. Mutaties 

die ervoor zorgen dat hiv-geïnfecteerde cellen niet meer als zodanig worden herkend door 

CTL worden veelvuldig geselecteerd. Deze escape mutaties zijn niet altijd geassocieerd met 

ziekteprogressie, ondanks het ontduiken van de antivirale CTL immuunreactie. Sommige 

van deze escape mutaties hebben een negatieve invloed op de replicatiesnelheid van het 

virus, waardoor het virus minder “fit” wordt, in het bijzonder wanneer deze mutatie zich in 

een geconserveerd viraal eiwit bevindt. Eén van deze mutaties is de T242N mutatie, gelegen 

in het TW10 CTL epitoop in Gag, welke door HLA-B57/5801 moleculen wordt gepresenteerd. 

Er is aangetoond dat deze mutatie de virale fitheid verminderd, wat het beschermende 

effect van dit HLA-allel kan verklaren, ondanks dat het virus ontsnapt aan CTL-responsen. 

Eerder is beschreven dat virus varianten verkregen van HLA-B57/5801 LTNPs en HLA-B57/5801 

progressors meerdere CTL escape mutaties in Gag bevatten en dat de aanwezigheid van deze 

escape mutaties het verschil in ziektebeloop niet kan verklaren. Echter, de replicatiefitheid 

van virale varianten met CTL escape mutaties kan deels worden hersteld door compenserende 

mutaties in Gag en virus isolaten verkregen van HLA-B57/5801 progressors van tijdspunten laat 

in infectie hebben een betere replicatiefitheid dan virale varianten van vroeg in de infectie. In 

hoofdstuk 2 hebben we Gag sequenties van HLA-B57/5801 LTNPs en progressors vergeleken 

om compenserende mutaties die de replicatiekinetiek van CTL escape varianten verhogen te 

identificeren. In virale sequenties van HLA-B57/5801 progressors zagen we frequente mutaties 

op 5 posities in Gag (S126N, L215T, H219Q, M228I en N252H). De combinatie van deze mutaties 

zorgde voor een herstel in replicatiefitheid van hiv-varianten en verklaart mogelijk de verschillen 

in ziekteprogressie. Daarnaast zagen we dat het aantal escape en compenserende mutaties 

in Gag gecorreleerd is met de replicatiefitheid van biologische hiv-varianten verkregen van 

HLA-B57/5801 patiënten, wat suggereert dat de replicatiesnelheid van HLA-B57/5801 escape 

varianten wordt hersteld door ophoping van compenserende mutaties.

Variatie in ziekteprogressie werd ook waargenomen bij drie homoseksuele mannen met 

bewezen hiv-transmissie van één van hen naar de twee anderen. In hoofdstuk 3 hebben we 

het effect van virale evolutie in het capside-eiwit op het replicatievermogen van virusvarianten 

van deze drie patiënten bestudeerd. De virale sequenties van alle drie de patiënten hadden 
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een mutatie op positie 242 (T242N of T242S), welke geassocieerd is met een lagere virale 

replicatiefitheid. Hiv-varianten van de twee patiënten met een progressief beloop van infectie 

ontwikkelden compenserende mutaties in plaats van reversie van de 242S mutatie. Herstel van 

de virale replicatiefitness in virus varianten van deze patiënten kan hebben bijgedragen aan 

ziekteprogressie en kan mogelijk het verschil in ziektebeloop in de drie patiënten verklaren. In 

hiv-varianten van de derde patiënt, een HLA-B57 elite controller, werden geen compenserende 

mutaties gevonden tijdens follow-up. 

Evenals HLA-B57/5801 is ook HLA-B27 geassocieerd met langdurige AIDS-vrije hiv-infectie. 

Verlies van controle over viremie in HLA-B27-positieve patiënten is geassocieerd met een CTL 

escape mutatie op positie 264 in het immunodominante KK10 epitoop in Gag. Deze CTL escape 

mutatie heeft een erg nadelig effect op de replicatiefitness van het virus en er is gesuggereerd 

dat deze mutatie in afwezigheid van compenserende mutaties niet kan repliceren. In 

hoofdstuk 4 onderzochten we de virale evolutie in CTL epitopen gerestricteerd door HLA-B27 

in Gag tijdens ziekteprogressie in vier HLA-B27-positieve patiënten. Sequentievariatie werd 

voornamelijk waargenomen in het immunodominante HLA-B27-gerestricteerde KK10 epitoop 

en CTL escape mutaties in dit epitoop traden op in sequenties verkregen van drie van de vier 

patiënten. De R264K mutatie werd waargenomen in sequenties van één patiënt en de R264G 

escape mutatie in virale sequenties van twee patiënten. Deze CTL escape mutaties werden 

vergezeld door hun compenserende mutaties, S173A en E260D respectievelijk. Voor virussen 

met de R264K escape mutatie werd een hoger totale aantal mutaties in Gag waargenomen in 

vergelijking met virus varianten zonder CTL escape mutatie. Deze additionele mutaties zouden 

compenserende mutaties kunnen vertegenwoordigen, welke zorgen voor verhoging van de 

replicatiefitheid en mogelijk van invloed zijn op de ziekteprogressie.

Moeder-kind transmissieparen geven de gelegenheid om de dynamiek van CTL escape 

mutaties en reversie van mutaties na transmissie te bestuderen aan de hand van CTL epitopen 

gerestricteerd door HLA-allelen die wel of niet gedeeld worden tussen moeder en kind. In 

hoofdstuk 5 onderzochten we de virale evolutie en de dynamiek van CTL escape mutaties 

en reversie van deze mutaties na hiv-transmissie van moeder op kind. Binnen CTL epitopen 

gerestricteerd door HLA-allelen die gedeeld worden door moeder en kind en HLA-allelen 

die alleen de moeder draagt werd slechts een beperkt aantal reversies van overgedragen 

mutaties waargenomen. Dit suggereert dat CTL escape mutaties die zijn overgedragen van 

moeder op kind weinig effect hebben op de fitheid van het virus, of dat er al compensatie heeft 

plaatsgevonden voor transmissie. Het grootste aantal nieuwe mutaties in virale sequenties van 

de kinderen vonden plaats binnen CTL epitopen gerestricteerd door HLA-allelen die het kind 

van de vader heeft gekregen, wat aangeeft dat de virale evolutie in de kinderen ten minste 

gedeeltelijk veroorzaakt wordt door CTL responsen gerestricteerd door deze HLA-allelen.

In de meeste nieuwe patiënten geïnfecteerd met hiv wordt de uitgroei van één virale variant 

waargenomen na transmissie. Het virus verandert en evolueert in de loop van de tijd en de virale 

diversiteit van de quasispecies neemt toe. In hoofdstuk 6 hebben we onderzocht of de mate 

van virale diversiteit in env in het eerste jaar na transmissie voorspellend is voor het verdere 

ziektebeloop bij volwassen mannen besmet via homoseksuele transmissie. Virale diversiteit in 

het begin van infectie was een onafhankelijke voorspeller van een versnelde ziekteprogressie. 

De virale diversiteit kan worden beperkt door humorale en cellulaire immuunreacties en 
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door de beschikbaarheid van doelwitcellen waarin het virus zich kan vermenigvuldigen. Of 

virale diversiteit een causale rol speelt in de schade aan het immuunsysteem, of dat het een 

afspiegeling is van selectiedruk moet nog worden onderzocht. 

Infectie van een cel door hiv vindt plaats door middel van binding van de virale envelop 

aan de CD4 receptor en aan een van de coreceptors: CCR5 of CXCR4. In de meerderheid van 

nieuwe hiv-infecties vindt enkel uitgroei plaats van virale varianten die binden aan de CCR5 

coreceptor. Virale varianten die CXCR4 gebruiken (X4-hiv) komen op in de loop van de infectie 

in minstens de helft van de patiënten die besmet zijn met hiv-1 subtype B. In patiënten die 

geen antiretrovirale therapie gebruiken is de opkomst van deze X4-hiv-varianten geassocieerd 

met versnelde CD4+ T-cel daling en een snellere ziekteprogressie. In hoofdstuk 7 werd het 

effect van de aanwezigheid van X4-hiv voor aanvang van behandeling op de response op 

combinatie antiretrovirale therapie (cART) bestudeerd. Patiënten die X4-hiv varianten hebben 

voor aanvang van cART hebben een langere tijd nodig om virale suppressie te behalen, en deze 

vertraging is onafhankelijk van de virale load op het moment van therapiestart. Er werden 

geen verschillen waargenomen in de toename van het aantal CD4+ T cellen na aanvang van 

de behandeling tussen patiënten met en zonder X4-hiv bij aanvang van therapie. Echter, de 

absolute CD4+ T-cel aantallen waren op alle tijdspunten significant lager voor patiënten met 

een X4-variant voor het starten van therapie. Dit geeft aan dat patiënten met een X4-hiv variant 

starten met cART behandeling met lagere CD4+ T-cel aantallen, wat waarschijnlijk het gevolg is 

van de versnelde CD4+ T-cel daling geassocieerd met de opkomst van deze X4-hiv varianten. 

Om een betere repopulatie van CD4+ T cellen te behalen, kunnen patiënten met X4-hiv baat 

hebben bij het vroeger starten van cART behandeling.

De studies in dit proefschrift beschrijven hiv-1 evolutie tijdens infectie en het effect van 

virale aanpassingen op het beloop van de infectie en behandeling. Inzicht in de manieren 

waarop hiv zich aanpast aan een gastheer, en aan een populatie, verhogen onze kennis over de 

interactie tussen virus en gastheer. 
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PHD PORTFOLIO
Esther F. Gijsbers 

March 2009 - April 2013

Supervision: Dr. N.A. Kootstra and Prof. dr. H. Schuitemaker

PhD TRAINING

Courses Year Work load (hours) ECTS

Basic laboratory safety 2009 12 0.4

Practical biostatistics 2010 40 1.4

Infectious diseases 2010 40 1.4

Advanced immunology 2010 80 2.9

Bioinformatics workshop on virus evolution  

and molecular epidemiology
2010 40 1.4

Project management 2011 16 0.6

Career development 2012 23 0.8

Seminars, workshops and master classes Year work load (hours) ECTS

Weekly department seminars 2009-2013 320 11.4

Journal club 2009-2013 160 5.7

Amsterdam cohort study on HIV/AIDS seminars 2009-2013 28 1.0

Master Class by Richard Koup 2012 4 0.1

Workshop “Article writing: Marketing the Main 

Message”
2012 4 0.1

Organization of CINIMA PhD student retreat 2009 2009 28 1.0

CINIMA PhD student retreat 2011 2011 28 1.0

TRIPLE I PhD student retreat 2012 2012 28 1.0

Presentations Year work load (hours) ECTS

NCHIV 2010 - Poster presentation 2010 14 0.5

Keystone HIV Genomics, Evolution and 

Pathogenesis - Poster presentation
2011 14 0.5

NCHIV 2011 - Oral presentation 2011 14 0.5

NVVI 2011 - Poster presentation 2011 14 0.5

Keystone HIV Vaccines - Poster presentation 2012 14 0.5

NCHIV 2012 - Poster presentation 2012 14 0.5

Master class by Richard Koup - Oral presentation 2012 14 0.5

NVVI 2012 - Poster presentation 2012 14 0.5

Keystone HIV Vaccines - Poster presentation 2013 14 0.5
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(Inter)national Conferences Year work load (hours) ECTS

NCHIV 2009 2009 8 0.3

NCHIV 2010 2010 8 0.3

Keystone HIV Genomics, Evolution and 

Pathogenesis
2011 36 1.3

DAVS 2011 2011 8 0.3

NCHIV 2011 2011 8 0.3

NVVI 2011 2011 16 0.6

Keystone HIV Vaccines 2012 36 1.3

NCHIV 2012 2012 8 0.3

NVVI 2012 2012 16 0.6

Keystone HIV Vaccines 2013 36 1.3

TEACHING

Internship supervision Year work load (hours) ECTS

Dorine Verboom - Bachelor student 2010 28 1.0

Alba Torrents de la Pena - Master student 2012 56 2.0

Lectures and student mentoring Year work load (hours) ECTS

Lectures and supervision 2009-2013 8 0.3

Practical workshops 2009-2013 8 0.3

PARAMETERS OF ESTEEM

Scholarships Year

Bill and Melinda Gates Foundation - Keystone 

HIV Vaccines
2012

National Institute of Health - Keystone HIV 

Vaccines
2013

Grants Year

Travel grant from Stichting "De Drie Lichten"  

to visit collaborating laboratory
2009
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DANKWOORD

DANKWOORD
De 4 jaar zitten erop, de tijd is echt voorbij gevlogen! Nu is het dan zover dat ik iedereen die, op 

welke manier dan ook, heeft bijgedragen aan mijn boekje kan bedanken. 

Allereerst wil ik alle deelnemers van de Amsterdamse Cohort Studies naar hiv-infectie en AIDS 

bedanken, zonder hen was het onderzoek beschreven in dit proefschrift niet mogelijk geweest.

Hanneke, bedankt dat je mij de mogelijkheid hebt gegeven om dit onderzoek uit te voeren en 

bedankt voor je vertrouwen. Neeltje, dankjewel voor het inkorten van mijn “laten we alles 3 

keer herhalen”-schrijfwerk en het deleten van de enters. Ik kon met al m’n vragen bij je terecht 

en je deur stond altijd open. Jouw begeleiding, kennis en humor waren van grote waarde en ik 

heb veel van je geleerd. 

Ad, koning van het kloneren. Bedankt voor al die mooie mutanten en je inzet bij de vele 

replicatieproeven. Na een paar keer oefenen konden we het zelfs zonder laten vallen en 

incuberen buiten de stoof! In de weekenden sups afnemen is niet onverdienstelijk geweest, 

het heeft een paar mooie hoofdstukken opgeleverd. Bedankt voor de goede samenwerking, ik 

ben blij dat jij mijn paranimf wil zijn. 

Mijn M01-106 (ex-)roomies, wat zou het saai geweest zijn zonder jullie! Bedankt voor de 

gezelligheid, ik hoop dat er op de volgende werkplek ook gezongen wordt. Tom, bedankt voor 

de gesprekken en je altijd goede humeur. Viviana, thanks for your company and good luck 

finishing your project, you’re almost there!! Maarten, je gaat als een speer, succes in je laatste 

jaar. Mede-theeleut Judith, bedankt voor je gezelligheid en je aanstekelijke lach. Jammer dat je 

naar boven verhuisde, maar gelukkig zagen we elkaar nog af en toe! Buurman Martijn, het was 

altijd gezellig, ook in de trein. Veel succes met je project in Rotterdam. Andere buurman John, 

fijn dat je terugkwam naar LVIP, al was het dan naar een andere kamer.

Ook wil ik alle collega’s en oud-collega’s bedanken voor alle steun en hulp de afgelopen jaren. 

Karel, altijd bereid te willen helpen, te regelen en uit te zoeken. Samen met Ad vorm jij de 

helpdesk voor wat-dan-ook en de stabiele basis van de 11.30uur lunch. Dank heren! Brigitte, 

bedankt voor je gezelligheid, misschien wordt het weer es tijd voor een musical. Thijs, dank voor 

de gesprekken in de auto als de trein weer es niet reed. Maaike, bedankt voor de gezellige NVVI 

en Keystone congressen. Fijn dat je weer terug bent! Lauren, bedankt voor je gezelligheid en 

enthousiasme. Diana, thanks for all your help with the phylogenetic analyses. Zelda, ik vond het 

erg leuk je nieuwe werkplek en huis te mogen zien. Heel veel succes in Boston! Marit, Daniëlle, 

Evelien en Sebastiaan, bedankt voor jullie kritische blik bij presentaties en de onvergetelijke 

borrels. Andrea, thank you for our collaboration in the initial phase of my project. Louis, succes 

met de afronding van je project. Madeleine, succes op 25 juni, zet ‘em op! Oud-collega’s Maggie 

en Ellen dank voor de gezelligheid en het LVIP-groepsgevoel. 

Dames en heer van CM: Irma, Marga, Sanne, Arginell en Agnes. Waar zouden we zijn zonder 

jullie. Dank voor het zoeken van alle ampullen en het ophalen en mengen van de SHITkits. Irma, 

bedankt voor je hulp bij de pipetkalibraties en succes bij de volgende ronde! 

De mensen van de Geijtenbeek-groep, leuk dat jullie M01 kwamen versterken. 
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Ook veel dank aan alle co-auteurs voor hun bijdrage, met name Anton Feenstra. Bedankt 

voor onze samenwerking aan de sequenties van de HLA-B57/5801 patiënten, het is een mooi 

stuk geworden. Angélique, bedankt voor de goede samenwerking voor hoofdstuk 7. Marjon, 

mede door jouw werk had mijn project een vliegende start, bedankt. Matthijs, bedankt voor 

de SHITkit. Jammer dat het niet het gehoopte resultaat heeft opgeleverd. Dank ook aan de 

mensen van de HIV-poli en de primo-studie voor de hulp bij het opzetten van de vragenlijst 

voor de partnerstudie en het includeren van patiënten. 

Student Dorine, bedankt voor je inzet, ook ik heb veel geleerd. Alba, thank you for your 

enthousiasm and great work. I am convinced you will be a fantastic PhD-student one day! 

De Utrecht-groep: Ingrid, Dan, Hilde, Debbie en Jose. Ik heb veel geleerd tijdens de 

gezamenlijke meetings, bedankt voor jullie input en hulp. 

Natuurlijk was er ook af en toe tijd voor ontspanning. Wendy, Karin, Martine, Dorina, Suzanne, 

Claire en Janna, bedankt voor jullie geduld, luisterend oor en de gezellige meiden-avonden. Ik 

bof met zulke fantastische vriendinnen. Evelyn, Astrid, Gaby, Digna en Marten, bedankt voor de 

gezellige tijden, dagjes uit en 4-daagse feesten. Nijmegen blijft een soort tweede thuis. Evelyn, 

ik weet dat je het kan, ga ervoor! Eveline, dank voor onze vriendschap, al ruim 16 jaar.

Grote zus, paranimf en mede-promovenda Linda. Het was fijn onze promotiefrustraties en 

-successen samen te kunnen delen. Ik heb in de loop van de jaren vaak je goede voorbeeld 

mogen volgen, en ik ben blij dat dat ook deze keer het geval is. 

Lieve papa en mama, bedankt voor jullie onvoorwaardelijke liefde en steun. Jullie hebben me 

altijd gestimuleerd te doen wat ik graag wil en mijn keuzes altijd gesteund. Dankzij jullie sta ik 

nu hier en ben ik geworden wie ik ben. Dankjulliewel, voor alles. 
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