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General Introduction
HIV, human immunodeficiency virus, is the cause of AIDS (acquired immune 
deficiency syndrome), and was identified in 1983 [1,2]. The first report on 
aiDs described a 33-year – old homosexual men with cervical lymphaden-
opathy and asthenia [1]. It is estimated that at present 33 million people are 
living with AIDS worldwide and that 2.7 million people were newly infected 
with HIV in 2007. Since 1981, AIDS has killed more than 25 million people, 
which makes it one of the most destructive epidemics in our history [3]. The 
most affected countries in the world are found in sub-saharan africa, where 
it is believed that HIV originated during the early twentieth century [4].

HIV classes and subtypes
Two variants of HIV have been identified; HIV type 1 (HIV-1) in 1983 [1] 
and HIV type 2 (HIV-2) in 1986 [5]. It is believed that HIV-1 and HIV-2 were 
introduced in the human population via two separate cross-species jumps 
from primates, probably during exposure to blood from bush – meat hunting 
[6,7], or inoculation of human blood from malaria attenuation experiments 
[8]. HIV-1 is related to viruses isolated from the common chimpanzee (Pan 
troglodytes) [4] and reservoirs of HIV-2 have been found in the sooty manga-
bey (cercocebus atys). 

One of the most remarkable features of HIV-1 is the extremely broad 
genetic diversity that discriminates the many strains [9]. The diversity has 
crucial implications for the understanding of viral transmission, pathogen-
esis, and diagnosis, and influences strategies for vaccine development. 

the three distantly related “groups” of HiV-1 viruses that have been es-
tablished are termed M (for major), O (for outlier) and N (for non-M non-O). 
More than 90% of all HiV-1 infections worldwide are caused by group M 
viruses. to date, 12 subtypes (a1-a3, B, c, D, f1-f2, G, H, J, K) of group M 
have been found [10]. Genetic variation within a subtype can vary between 
8 and 17% in amino acid sequence, whereas variation between subtypes is 
higher (e.g. 17% in the gag gene and 25% in env between subtype A and B) 
[11]. HIV viral diversification has been attributed to high rates of virus pro-
duction [12], the error-prone reverse transcriptase (RT) that causes a high 
mutation rate, a rapid turnover of virus that facilitates the emergence of 
more than 1010 mutants per day, and frequent recombination between viral 
genomic RNA strands as they are reverse transcribed into DNA [13-16]. 
therefore, individuals infected with more than one subtype may generate an 
array of unique recombinant forms (urfs) over the course of the infection. 
The most recent URF, identified in July 2007 [17], has been classified as a 
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circulating recombinant form (crf), meaning that at least two complete 
genomes, in addition to the (partial) sequence of the urf, have been identi-
fied in at least three individuals who have no direct epidemiological linkage 
[10]. Up to date, 43 CRFs have been described; CRF01_AE and CRF02_AG 
are found mostly in southeast asia and West africa but others have a more 
limited distribution [18,19].

contribution to the group M pandemic by each of the subtypes varies 
greatly with subtype c (49.91%), subtype a (12.13%) and subtype B (10.42%) 
being the most prevalent [20]. The greatest diversity of HIV-1 is found in 
central (sub-saharan) africa, with subtype a and c as the most common 
subtypes. in north and south america, asia, oceania and europe subtype 
B is predominant, showing a strong founder effect. subtype c is the most 
common subtype in south east Africa, India and Brazil [21]. The involvement 
of crfs in global HiV-1 infections has increased up to 18% of current in-
fections [22,23] and CRF02_AG and CRF01_AE represent the predominant 
local forms in West Central Africa [24,25] and Southeast Asia, respectively 
[26,27]. HIV-2 has a more restricted distribution and it is mainly found in 
West Africa [5] (Figure 1).

Figure 1. The global distribution of the HIV-1 subtypes and recombinant strains.
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Virus structure
HiV-1 belongs to the lentivirus genus, a subfamily of the Retroviridae [28]. 
retroviruses carry two identical positive stranded rna molecules in each 
virion that are reverse transcribed into Dna by a unique enzyme called 
reverse transcriptase (rt). the proviral Dna genome is approximately 9.8 
in length and contains multiple open reading frames (ORFs) [29,30], includ-
ing three major ones encoding gag, pol and env [31] (Figure 2). The gag orf 
encodes the Gag polyprotein precursor, which is proteolytically processed 
into three structural proteins: the capsid (CA-p24), the matrix (MA-p17) and 
nucleocapsid (NC-p7). The pol orf encodes three enzymes, reverse tran-
scriptase (RT-p66), integrase (IN-p32) and protease (PR-p12), all of which 
are crucial for the virus replication cycle [32]. The env gene encompasses 
the reading frame for the viral envelope glycoprotein 160 (Env), which after 
cleavage gives the surface (su-gp120) and transmembrane (tM-gp41) pro-
teins of the virus [33,34]. Additionally, the HIV-1 genome encodes four ac-
cessory genes: vif, vpr, vpu, nef, and two regulatory genes: tat [35,36] and rev 
[37,38] (Figure 2). Accessory genes are not strictly required for viral replica-
tion in many in vitro cell culture systems but are important for pathogenesis 
and viral replication in vivo [39-41]. The coding sequence of HIV-1 is flanked 
by long terminal repeat sequences (LTRs), which contain three regions: U3 
(unique 3’), R (repeat) and U5 (unique 5’) [42,43]. A number of sequences 
and structural motifs important for viral replication are located in the LTR; 
such as the TATA box [44], and the TAR hairpin [45]. 

Figure 2. The genome organization of HIV-1

LTR gag pol
vif
vpr

LTR
env nef

vpu

tat
rev

HiV-1 is an enveloped virus (figure 3). the outer surface of the viral par-
ticle is composed of a bilayered lipid envelope that is derived from the host 
cell membrane. The transmembrane gp41 protein is non-covalently linked to 
the p17 protein on the inside and to the gp120 glycoprotein on the outside of 
the virus [34,46,47]. Underneath the lipid bilayer, matrix protein p17 forms 
a shell. inside this shell are two genomic rna molecules surrounded by a 
core of p24 capsid proteins. During the fusion of the virus with the host cell, 
the viral core is released into the cytoplasm of the cell where it is uncoated. 
the rna molecules are reverse transcribed by the rt enzyme into double 
stranded DNA that is integrated into the host genome [48].



14

Chapter 1

AIDS (acquired immune deficiency syndrome)
aiDs is the set of symptoms and opportunistic infections resulting from 
chronic infection by the human immunodeficiency virus [49]. By killing 
or damaging cells of the human body’s immune system, HiV progressive-
ly destroys the body’s ability to fight opportunistic infections and tumors. 
HiV can be transmitted via direct contact of mucosal membranes or with 
bodily fluids, such as blood, semen, vaginal fluid and breast milk [50,51]. 
the transmission can occur after blood transfusion, anal, vaginal or oral 
sex, using contaminated needles, or between mother and baby, during preg-
nancy, childbirth or breastfeeding [50,51]. 

an infected person’s immune system soon becomes vulnerable to oppor-
tunistic infections, e.g. infections caused by pathogens (such as bacteria, 
parasites, viruses and fungi) which usually do not cause disease in healthy 
persons [52]. Patients with AIDS also have increased risk to develop differ-

Figure 3. Structure of HIV-1
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ent types of cancer, especially Kaposi’s sarcoma (a tumor caused by human 
herpesvirus 8, HHV8), cervical cancer and lymphomas (cancers of the 
immune system). the prevalence of opportunistic infections depends for a 
large part on the prevalence of certain pathogens in the patients geographic 
location [52]. 

there are two diagnosis systems based on the clinical staging of the HiV-
infected patients. in developing countries, the WHo (World Health organi-
zation) staging system based on clinical and laboratory data is used [53,54], 
while in developed countries, the cDc (centers for Disease control) clas-
sification system is applied [55,56]. According to the WHO disease staging 
system there are four stages of HIV infection:

Stage I: HIV infection is asymptomatic and not categorized as AIDS 

Stage II: includes minor mucocutaneous manifestations and recurrent 
upper respiratory tract infections 

Stage III: includes severe bacterial infections, pulmonary tuberculosis 
and unexplained chronic diarrhea for longer than a month

Stage IV: includes candidiasis of the esophagus, trachea, bronchi or lungs, 
toxoplasmosis of the brain and Kaposi’s sarcoma; these diseases are indi-
cators of aiDs. in 1993, the centers for Disease control and prevention 
(CDC) defined AIDS as the condition in HIV-infected patients when the 
cD4+ t cell count drops below 200 per µl of blood or less than 14% of all 
lymphocytes are CD4+ T cells [57]. 

The majority of HIV-infected individuals develop an acute HIV infec-
tion syndrome within three to six weeks after infection. The symptoms of 
an acute HIV infection last for about a week and include sore throat, fever, 
tiredness, lack of appetite, vomiting, diarrhea, nausea, joint and muscle 
pain, and swollen lymph glands, and are often called ‘flu-like symptoms’. 
During the primary stage of the infection, the viral load is high as the virus 
is replicating without any suppresion. subsequently the viral load drops as 
the immune system responds to the infection. this is associated with the 
activation of CD8+ T cells, which kill HIV-infected cells, and subsequent-
ly with antibody production and seroconversion. the gastrointestinal tract 
(Gt) undergoes the most extensive cD4+ t cell depletion compared to pe-
ripheral blood [58] or lymph nodes (LNs), at all stages of HIV disease. This 
cell depletion happens preferentially among CCR5+ CD4+ T cells [59]. Most 
of the cD4+ t cells in the Gt express ccr5 at a higher level than blood 
cD4+ t cells, and are more often of an activated phenotype than in the pe-
ripheral blood or lns. these cells are therefore a perfect target for HiV-1. 
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the direct infection of the Gt cD4+ t cells results in a dramatic depletion 
during the acute phase of the disease [59].

after the acute infection syndrome most people do not have symptoms 
for years since part of the killed CD4+ T cells are replaced by new ones. 
However, the balance between the virus and the immune system shifts at 
some point in favor of the virus, and then the symptoms of chronic HIV in-
fection begin to appear. During this period the immune system is engaged 
in a massive battle with the virus. the depletion of ccr5+ cD4+ t cells in 
the Gt tract is sustained during this phase of infection. this constant deple-
tion implies that total body cD4+ t cell numbers are continuously reduced 
and replenished since the very early stages of infection. also, the abnormal 
immune activation that takes place during the chronic phase of HIV infec-
tion impacts upon the ability of the lymphoid tissue to support the normal 
lymphocyte homeostasis and antigen presentation [59]. At last, the balance 
shifts towards the virus, and the patient becomes weak and vulnerable to 
AIDS-defining illnesses. In this stage the CD4+ cells count has decreased 
below 200 cells/mm3.

HIV-1 super-, co- and dual infection
for a long time it was believed that infection with more than one strain 
of HIV-1 was impossible or at least an extraordinary event [60], but such 
a double infection has now been shown to occur regularly. superinfections 
have been reported to occur regularly for other viruses. e.g. superinfection 
with herpesviruses has been reported for herpes simplex virus type 1 [61], 
herpes simplex virus type 2 [62], human herpesvirus 8 [63] and Epstein-
Barr virus (EBV) [64]. For hepatitis B virus (HBV) and hepatitis C virus 
(HCV) both co- and superinfection were documented [65,66]. Dual infection 
with both HiV-1 and HiV-2 has already been reported at the beginning of 
the HiV epidemic and this type of infection is not uncommon in West africa 
[67-71]. Initially, there was some confusion about the nomenclature of HIV 
double infections. now it has been agreed upon that an HiV-1 superinfection 
is a second HIV-1 infection that occurs after a specific immune response to 
the first infecting strain has developed (after seroconversion) and an HIV-1 
co-infection is a (simultaneous) infection with two strains of the virus before 
seroconversion. HiV double infections where the timing of the second infec-
tion is not known are described as dual infections [72]. 

HIV-1 superinfection: detection methods
The detection and confirmation of HIV dual infections is challenging. It 
requires not only broad laboratory analyses but also appropriate blood 
samples. serial sampling provides better detection because of the possible 
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fluctuation and recombination of the strains [73]. Sometimes in the early 
stages of co-infection one of the virus strains can overgrow the other strain 
which could then no longer be detected in later samples [72]. Or the expres-
sion of one strain can vary with time, so that it will be found at detectable 
levels at some time points only [74]. 

one way to detect HiV superinfections is to be aware of sudden, unex-
pected rises in the plasma viral load, preferably of at least 10-fold [74-79]. In 
HiV-1 infected patients treated with antiretroviral drugs, increases in the 
plasma viral load are mostly related to poor drug adherence facilitating the 
appearance of drug resistant virus variants. rapid increases in the plasma 
viral load are also observed in untreated patients, but there they do also not 
necessarily indicate superinfections. Vaccinations, opportunistic infections, 
sexually transmitted diseases or other stimulations of the immune system 
can also cause a (transient) rise in the plasma viral load [80-85]. Another 
method to detect HiV dual infections is based on the level of ambiguity in 
the Viroseq genotyping sequence of the HiV-1 pol gene [86]. Population se-
quencing of the protease-reverse transcriptase (prot/rt) gene fragment is 
routinely requested by physicians to assess drug resistance mutations if a 
patient is failing antiretroviral treatment, or before this treatment is started 
to detect if a patient’s viruses already harbor any drug-resistance mutations 
[86]. Population sequencing of a heterogeneous viral quasi-species can lead 
to multiple bases being present at a certain position in the sequence. such 
heterogeneous positions will be assigned a degenerate base code. Degener-
ate base codes (single-letter nucleotide codes of the iupac-iuBMB for in-
completely specified bases in nucleic acid sequences) taken into account are 
r (a or G), y (c or t), K (G or t), M (a or c), s (G or c), W (a or t), B (c, G 
or T), D (A,G or T), H (A,C or T), and V (A, C or G) [87]. In sequences with a 
high score of degenerate base codes, 34 or more in the rt fragment, a high 
percentage (43%) of HIV-1 dual infections was detected [86]. 

although a sudden rise in the plasma viral load and a high score of de-
generate base codes are good predictors of an HiV-1 dual infection, other 
methods have also been used. Heteroduplex mobility assay (HMa) is a fast 
and sensitive method to screen pcr products for the presence of divergent 
sequences [88-91]. Another method is serotyping which, however, allows 
only to distinguish between HIV-1/HIV-2 dual infections [92], and between 
HIV-1 groups O, M and N intergroup dual infections [93-97]. 

the Multiregion Hybridization assay (MHa), which is a real-time pcr 
amplification, uses subtype-specific probes for detection, and detects dual in-
fections without additional sequencing. as such, it can only be used to detect 
intersubtype dual infections. therefore, it is only useful in areas where dif-
ferent subtypes co-exist, such as in Asia [98] and Africa [99].
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Any pre-selection method requires confirmation of the suspected dual in-
fection through cloning, sequencing and phylogenetic analysis of the viral 
sequences. two phylogenetic methods often used in HiV evolution studies 
are the neighbor-joining method (NJ), and Bayesian inference of phylogeny, 
a maximum-likelihood approach [100]. Divergent sequences from a patient 
that cluster together should always be attributed to viral evolution and not 
to dual infection. sometimes it is claimed that a superinfection can only be 
proven if sequences from a suspected superinfection case can be coupled to 
those of an identified source partner. Unfortunately, in most cases it is dif-
ficult to identify such a source, especially in case of anonymous sexual con-
tacts. However, sometimes a candidate transmission donor can be retrieved 
from databases with HIV-1 sequences [101-105]. 

HIV-1 superinfection: the first cases
for years an HiV-1 superinfection event was not considered to be possible 
for a few reasons. first of all, the chance of acquiring an HiV-1 infection 
itself is rather low, not only in the general population but also in high risk 
groups. Moreover, it was assumed that a primary HiV-1 infection protects 
against a second infection. However, the increasing emergence of recom-
binant forms provided the first evidence that HIV-1 dual infections do occur 
frequently. In 1987, artificial superinfection of a chimpanzee with HIV-1 
was reported. it was possible to re-infect the animal with a distinct strain of 
HIV-1 15 months after primary infection [106]. However, in a second chim-
panzee superinfected at 5.5 months after primary infection, the second virus 
could not be detected at 1, 2 or 6 months after superinfection. 

in 2002 three reports of HiV-1 superinfection in humans were published 
[75,107,108]. A report by Jost et al. describes a case of a male having sex 
with men (MSM) infected with a CRF01_AE strain who became superin-
fected with a subtype B strain [107]. In the paper from Ramos et al. two 
intravenous drug users were initially infected with CRF01_AE or a subtype 
B strain, and they were subsequently superinfected with a subtype B strain 
and CRF01_AE, respectively [108]. Altfeld et al. presented a patient with 
an HIV-1 superinfection where both the first and the second virus were 
subtype B strains [75]. In 2007, an interesting case report was published 
that describes superinfection with a dual-tropic virus strain [109]. The 
primary strain consisted only of ccr5-using variants whereas the superin-
fected virus strain was dual-tropic, being able to use both the ccr5 and the 
cXcr4 receptor.

up till now, at least 30 case reports of HiV-1 superinfection have 
been published (reviewed in [79,110]). A few studies about HIV-1 su-
perinfections were performed in a larger cohorts [74,91,111-114]. 
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HIV-1 triple infections
so far, four articles have described patients infected with three HiV-1 
strains. The first one was a 23-year old Cameroonian woman infected with 
a group O virus, a subtype D strain and an A/G recombinant virus [93,115]. 
in 2005, Gerhardt et al. described a case of a woman from tanzania infected 
with two subtype a strains and a subtype c virus or recombinants thereof 
[73]. However, in both cases it was not possible to examine whether the 
triple infections were the result of coinfection or superinfection. the third 
report describes a 35-year old male patient infected with subtype B strains 
before 2001 and in 2002, who was again superinfected with CRF01_AE in 
2003 ([116] and chapter 3 and 4 of this thesis). The fourth case involves an 
intravenous drug user from spain who was infected with a subtype B strain 
and 12 years later dually superinfected with two other subtype B strains, 
one of which had drug resistance mutations in the pol gene [76].

HIV-1 superinfection and antiretroviral therapy
the use of antiretroviral drugs is very common in developed countries and is 
continuously increasing in developing countries. An efficient infection with 
a new virus is challenging in the presence of antiviral drugs. the occurrence 
of HiV-1 superinfection in patients under therapy is as expected rather 
exceptional [102]. Despite detectable plasma viral load Chakraborty et al. 
found no superinfection in 14 HiV-infected couples treated with antiretro-
viral therapy during 1-4 years of follow-up despite high risk behavior [117]. 
similar results were obtained by Willberg et al. when they reported the 
absence of HiV-1 superinfection in 49 male Haart-treated individuals with 
either viremic or non-viremic male partners exhibiting high-risk behavior 
[118]. Two large studies employed pol genotyping sequences to detect HiV-1 
superinfection by phylogenetic analysis of consecutive sequences. one study 
in the usa, at the stanford university Hospital in san francisco found 
that none of 718 patients was superinfected during approximately 5 years of 
follow-up [119]. The other study was performed in Amsterdam, The Nether-
lands, and here also no superinfections were detected [120].

It is likely that antiviral immune responses decrease during effective 
antiretroviral treatment. this may explain the superinfection cases that 
were observed in patients during interruption of antiretroviral therapy 
[75,107]. 

to date eight cases of superinfection involving drug-resistant HiV-1 
strains have been described. Sometimes the first virus was drug-resistant 
[77,111,121], in two cases the second virus was the resistant virus [111,122] 
and in two other patients both virus strains were found to be drug resistant 
[102,123]. Drug-resistant viruses often [76,122,123], but not always, have 
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a decreased replicative capacity compared to wild-type variants. superin-
fections involving drug-resistant viruses might result in the outgrowth of 
multidrug resistant viruses (MDr). if two strains that infect a patient would 
contain multiple drug resistance mutations and recombine, a pan-resistant 
virus could emerge. a patient infected with such a virus cannot be treated 
with any of the available antiretroviral drugs. such a case was reported in 
New York by Blick et. al [102]. Here, a homosexual man experienced rapid 
progression to aiDs after acute infection with a multidrug-resistant, dual-
tropic strain of HiV-1. the resistant strain originated from a chronically 
HiV-1 infected individual harboring a subtype B MDr strain. this person 
was superinfected by a second subtype B MDr HiV-1 strain, followed by the 
emergence and transmission of a pan-resistant recombinant HIV-1 [102]. 

HIV-1 dual infection and recombination
the increasing number of crfs is a strong indicator that recombination 
plays a significant role in generating the diversity of HIV-1 strains in the 
epidemic. the high recombination potential is instigated by the HiV-1 rep-
lication mechanism [124]. RNA dimerization allows retroviruses to carry 
two RNA genomes in the virion [125]. After entering the target cells, viral 
encoded rt reverse-transcribes the viral rnas into Dna. recombination 
can occur during the reverse transcription process, which can generate Dna 
containing parts of genetic information from each co-packaged RNA mole-
cule [126]. Genotypically different recombinants can only be generated from 
viruses containing two rna molecules encoding different sequences (het-
erozygous virions) but not from viruses with two identical copies of rnas 
(homozygous virions) [127].

The dimerization initiation site (DIS) of HIV-1 was first identified in a 
subtype B strain [130]. Shortly after this publication several groups re-
ported the presence of similar sequences in other HiV-1 subtypes, also in-
volved in dimerization of the RNA genome [131-133]. The presence of a self-
complementary sequence in the Dis loop in all HiV-1 subtypes suggests 
that dimerization occurs through symmetrical intermolecular interactions 
between these sequences to form a kissing-loop complex [128,129,131,134]. 
any mutation that destroys the self-complementarity in the Dis loop pre-
vents dimerization, whereas introduction of compensatory mutations re-
stores the process [128,129,132,135,136]. Dimerization of RNA templates 
could enhance recombination, a hypothesis supported by several in vitro 
biochemical studies on HIV-1 [137-139]. Indeed, the in vitro recombination 
rate between CRF01_AE and subtype C, which have an identical DIS se-
quence, was higher than that between CRF01_AE and a subtype B virus 
[124]. However, the DIS sequence is not the only part of the genome in-
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volved in dimerization [130]. In fact, field isolates show that recombina-
tion between different subtypes of HiV-1 occurs throughout the viral rna 
genome [140,141], which is consistent with the theory that in the virion the 
two RNA genomes are linked at multiple sites [142,143]. 

recombination requires that a single cell is infected by at least two 
virions, which can then produce heterozygous offspring. in patients who are 
coinfected with two strains or different subtypes of HiV-1, a new recom-
binant can arise with novel, possibly advantageous, biological characteris-
tics or phenotype, such as higher cytopathogenicity or an increased replica-
tion rate [144]. Recombination between HIV-1 genomes plays a significant 
role in the evolution of the virus [145,146] by increasing the diversity of the 
viral quasispecies within a patient [147] and within the epidemic [148,149]. 
Mathematical models indicate that limited HiV-1 superinfection incidence 
can generate recombinant viruses at a high frequency when a small core 
group of highly sexually active individuals is combined with a large group of 
low-risk individuals [150,151]. Analysis of a high-risk group of bar workers 
in Tanzania confirmed that the incidence of HIV-1 dual infections and re-
combinant strains was higher in this group compared to the normal-risk 
population [152]. It is therefore likely that HIV-1 recombinant strains will 
continue to spread in the HiV-1 epidemic.

HIV-1 superinfection and superinfection resistance (SIR)
the viral life cycle is a complicated process that involves numerous viral 
and host proteins. Some host gene products can block virus infection at the 
cellular level [153]. These proteins can either be true anti-viral factors or in-
active variants of essential genes (e.g. receptor variants that do not support 
viral infection). at the cellular level, cells can usually prevent a secondary 
infection by a virus that is closely related to the virus which already estab-
lished an infection. this phenomenon is called ‘superinfection resistance’ 
(sir) and in most cases virus encoded proteins are responsible for it. the 
first infecting virus prevents re-infection of the same cell after a short time 
window, which is in the range of 4-24 hours [154]. A simple form of SIR is 
receptor occupancy by env proteins, which prevents the attachment of the 
second virus. additionally, expression of gag protein in a cell can interfere 
with reverse transcription of simple retroviruses like murine leukemia virus 
[154]. Other mechanisms involving the accessory HIV-1 genes are implicat-
ed in sir, where besides env, both the Vpu and nef proteins are involved 
in downregulation of the cD4 receptor molecule by distinct mechanisms (re-
viewed in [155,156]). 
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HIV-1 superinfection and immunity
It is not known whether and how specific host factors influence the occurrence 
of an HIV superinfection. It is likely that the adaptive immune response may 
play a significant role in preventing superinfection. Neutralizing antibodies, 
which arise relatively late in infection, could be one important aspect of this 
response. Animal experiments show that neutralizing antibodies can block 
primary infection of a HIV/SIV (simian immunodeficiency virus) chimeric 
strain [157-160]. Preliminary results suggest that they may also block su-
perinfection. three patients who became superinfected with HiV-1 showed 
weaker neutralizing antibody responses to the initial infection than did non-
superinfected individuals [78]. In two injection drug users from Thailand 
infected with both CRF01_AE and a subtype B strains both humoral and 
cellular immune responses to the primary virus were seen [108]. However, 
cross-subtype antibody responses to the immuno-dominant env-V3 region 
were lacking and superinfection was not prevented [108]. In contrast, in a 
cohort of high-risk Kenyan women four of six superinfected patients had 
cross-reacting neutralizing antibodies that already emerged before super-
infection occurred [161]. Also, the neutralizing antibody response did not 
differ significantly in both breadth and potency in these individuals from 
that in 18 non-superinfected women belonging to the same cohort [161]. 

the cellular immune response, mainly the cytotoxic cD8+ t-cell (ctl) re-
sponse, could potentially also protect against superinfection. in general, the 
CTL response develops within the first month after infection [119]. This is 
reminiscent of the situation in macaques infected with HiV-2, which remain 
susceptible to superinfection up to one month after the primary infection. 
However, in humans there are documented cases in which HiV-1 superin-
fection occurred despite the development of a CTL response [75,77,107,108]. 
as described by altfeld et al., superinfection with another subtype B strain 
resulting in an increase in viremia occurred in a patient who manifested 
a strong and broadly directed virus-specific CTL response and a relatively 
stable control of initial viremia [75]. In this individual as well as in other pa-
tients the neutralizing antibody response to the autologous strain was very 
low and there was no cross-protective immunity against the second virus 
[78,108]. Another patient was described who regardless of having broad 
and stable CTL response against the first strain and reaching an equilib-
rium of viremia without antiretroviral treatment, was superinfected with 
a second subtype B strain [77]. Most of the CTL responses decayed rapidly 
after the superinfection. the newly developed responses were fewer and 
failed to contain the second virus. in the two HiV-1 superinfected drug users 
from Thailand mentioned earlier [108] it was suggested that although the 
superinfected patients developed a ctl response, it was limited in its ca-
pacity to cross-react when compared to non-superinfected thai drug-users. 
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[162]. This study also suggested that cross-reactive responses were higher 
and broader to CRF01_AE than to subtype B in this cohort, suggesting that 
superinfection with CRF01_AE after a primary infection with a subtype B 
strain would be easier than the reverse [162].

rachinger et al presented a case in which a long-term elite controller 
regained viremic control after experiencing an HIV-1 superinfection [163]. 
although actual ctl responses were not measured in this patient, he was 
found to carry HLA-B57, an allele associated with control of HIV-1 viremia. 
This finding is in line with the reports of Casado et al [164] and Lamine et al 
[114], where HIV-1 co- and superinfections were found in patients with long-
term non-progressive disease, suggesting that some individuals are able to 
suppress replication of an incoming HiV-1 strain for a second time. in these 
studies, however, nor Hla type nor ctl response was analyzed. 

to summarize, HiV-1 co-infections and superinfections are existing phe-
nomena that contribute to viral diversity by the generation of recombinant 
virus strains. the incidence of HiV-1 dual infections is probably mainly 
controlled by risk behavior and HIV-1 prevalence. The contribution of the 
immune system in preventing HiV-1 superinfections is unclear, but the ap-
parent inability of immune system to avert a second HiV-1 infection in the 
numerous cases presently known has serious implications for HIV vaccine 
design.

Scope of the thesis
When the first cases of HIV-1 superinfection in patients were published 
many questions were raised, both at the individual patient and at the epi-
demiological level. At the patient level, the most important questions are: 
can everyone be superinfected with HiV-1, and does superinfection affect 
the clinical course? at the level of the epidemic, important questions could 
be: how frequent do HIV superinfections occur, can everyone be re-infect-
ed or does it imply a certain virus or host defect, and how about vaccines 
when a natural infection cannot protect against a new infection? this thesis 
will address some of these questions. Chapter 1 gives an introduction on 
the topic of HiV, aiDs and HiV-1 superinfection. the second chapter de-
scribes the first case of a patient who was twice superinfected with HIV-1, 
once with a subtype B strain and 9 months later with CRF01_AE after a 
primary infection with a subtype B virus. the third chapter describes the 
extensive follow-up of this patient. Real-time PCR with virus-specific primers 
showed the continuous presence of all HiV-1 strains. Despite the fact that 
the CRF01_AE LTR exhibited the highest replication activity in vitro, the 
plasma viral load measured in the patient was similar for the two superin-
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fecting virus strains, B2 and CRF01_AE, and much higher than the plasma 
viral load of the primary virus strain B1. in addition, the evolution of the 
three strains over time was investigated by sequence analysis. little conver-
gent evolution was seen, especially in the CRF01_AE sequences. Chapter 
four investigates the incidence of HiV-1 superinfections when a sudden rise 
in the plasma viral load is detected in untreated patients. of the 14 patients 
analyzed, two (14%) were found to have an HiV-1 superinfection. in the re-
maining 12 patients, the viral load increase could be linked to stimulation 
of the immune system, either by (opportunistic) infection or vaccination. in 
chapter five the viruses from the two superinfected patients from chapter 
four were analyzed in more detail. the ex vivo replicative fitness of the 
superinfecting HiV-1 strain was compared to that of the primary infecting 
strain. all HiV-1 strains were of subtype B. in both cases, the superinfect-
ing strain showed an increased fitness compared to the primary strain, and 
the same was seen in blood plasma samples from the patients. in chapter 
six, the complete genome of the biological clones used in the fitness experi-
ments of chapter five was sequenced to relate any genotypic differences to 
the replicative capacity tested in vivo and ex vivo.
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triple hiV-1 infeCtion

Dual infection with different strains of HiV type 1 (HiV-1) is reported with 
increasing frequency, attributed mostly to coinfection at the time of primary 
infection. However, some patients were superinfected with a second virus 
after the original seroconversion,[1] which generally accelerated disease 
progression [2].

We encountered a case of serial HiV-1 superinfection resulting in a triple 
infection in a Dutch patient who was originally infected with a subtype B 
virus. a 35-year-old homosexual man was found to be HiV-1-seropositive in 
March 2001 and was referred for follow-up. early in July 2003, the patient 
presented with acute onset of fever, rhinorrhoea, cough and arthralgia; 
the symptoms lasted for approximately one week. A plasma sample drawn 
during the episode of illness on July 24, 2003, showed an extremely high 
HIV-1 load with a markedly reduced CD4+ cell count (Figure 1). Analysis of 
serial samples for viral genotype provided evidence of a novel HiV-1 infec-
tion by a circulation recombinant form 01_AE of the virus (subtype CRF01_
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Figure 1. Changes in plasma HIV-1 RNA levels, CD4+ cell counts, and viral sequences 
in samples obtained from a Dutch patient serially infected with three strains of 
HIV-1. the HiV-1viral envelope (env) V3 sequences were amplified from plasma with upstream 
primer 5’acagggccatgyamaaatgt 3’ and downstream primer 5’cccctccacaattaaarctrtg 3’,which 
can amplify both HIV-1 subtype B and CRF01_AE. A reverse-transcripatase-polymerase-chain-
reaction (RT-PCR) analysis was performed as described elsewhere [4]. Fragments were cloned 
and sequenced [4]; the number of clones obtained for each of the virus types (B1 is shown 
in yellow, B2 green, and AE orange). Additional amplifications with strain-specific primers 
confirmed the absence of subtype B2 or CRF01_AE at early time-points (data not shown).
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Figure 2. Phylogenetic trees of env and gag fragments obtained from the same patient. 
in panel a, the phylogenetic tree shows the different env fragments obtained from patient 
at the moment of the second superinfection. reference sequences were downloaded from HiV 
sequence database of the Los Alamos National Laboratory (http://hiv-web.lanl.gov/). the tree 
is based on a distance matrix calculated with the use of the Kimura-2-parameter method and 
constructed with the NJ option available in the MEGA software package (http://www.megas-
oftware.net). five hundred bootstrap replicates were analyzed. the colors are the same as in 
figure 1 . in panel B, the phylogenetic tree shows the different gag fragments obtained from 
the patient at the moment of the second superinfection. the gag fragments were amplified from 
plasma as described elsewhere [4], with primers LOUW-1-gag 5’ttgactagcggaggctagaa 3’ and 
sK39 5’ttggtccttgtcttatgtccagaatgc 3’, and nested primer set GaG-2i 5’gggaaaaaattcggttaiggcc 
3’ and GaGae-3 5’actattttatttaatcccaggat 3
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ae) that dominated the viral population on July 24, 2003 (figure 2), and 
suggested that the patient also harbored a second subtype B virus. an in-
vestigation of stored plasma samples indicated that a superinfection with 
this second B-type virus (tentatively labeled B2) had occurred between July 
and october 2002, since the sample obtained on october 22, 2002 was the 
first to contain B2 RNA sequences (Figure 1). The patient did not have clini-
cal symptoms nor did his cD4+ cell count decline when he was reinfected 
with the second subtype B strain, whereas reinfection with a more divergent 
subtype CRF01_AE strain resulted in acute viral illness, a prominent rise in 
viral load, and a decline in cD4+ cell count. transient superinfection with a 
subtype B strain has been reported to produce no symptoms [3]. 

it is not clear whether any patient with HiV-1 infection can be superin-
fected or whether characteristics of the host or viral factors modulate sus-
ceptibility to superinfection. The main risk factor for serial HIV-1 infections 
in this patient was probably his reexposure by way of repeated unprotected 
sexual contact with other men infected with HiV-1. this unusual case illus-
trates the potential for repeated HiV-1 superinfection in an HiV-1- infected 
patient who continues to practice unsafe sex, and it underscores the need for 
continued preventive efforts aimed at ensuring safe sexual practices even 
among persons already infected with HiV-1.
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Abstract
With millions of people infected worldwide, the evolution of HiV-1 in vivo 
has been the subject of much research. Although recombinant viruses were 
detected early in the epidemic, evidence that HiV-1 dual infections really 
occurred came much later. Dual infected patients, consisting of coinfected 
(second infection before seroconversion) and superinfected (second infection 
after seroconversion) individuals, opened up a new area of HiV-1 evolution 
studies. Here, we describe the in-depth analysis of HiV-1 over time in a 
patient twice superinfected with HIV-1, first with a subtype B (B2) strain 
and then with CRF01_AE after initial infection with a subtype B (B1) strain. 

the nucleotide evolution of gag and env-V3 of the three strains followed 
a similar pattern: a very low substitution rate in the first 2-3 years of in-
fection, with an increase in synonymous substitutions thereafter. conver-
gent evolution at the protein level was rare: only a single amino acid in a 
gag p24 epitope showed convergence in the subtype B strains. reversal of 
ctl-epitope mutations were also rare, and did not converge. recombinant 
viruses were observed between the two subtype B strains. luciferase-assays 
suggested that the CRF01_AE long terminal repeat (LTR) constituted the 
strongest promoter, but this was not reflected in the plasma viral load. Spe-
cific real-time PCR assays based upon the env gene showed that strain B2 
and CRF01_AE RNA was present in equal amounts, while levels of strain 
B1 were 100-fold lower. all three strains were detected in seminal plasma, 
suggesting that simultaneous transmission is possible.
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Background
The overall rate of evolution of human immunodeficiency virus type 1 
(HiV-1) is the highest documented for viruses to date. several mechanisms 
contribute to this phenomenon, amongst them the high error rate of the viral 
reverse transcriptase (RT), which lacks an 3’ → 5’exonuclease proofread-
ing capacity, the short generation time, and the high rate of recombination 
between viral genomes. recombination is facilitated by the average pres-
ence of three to four proviral genomes in the infected cell [1], combined with 
the template-switching ability of the viral RT [2]. Recombinant genomes are 
most easily spotted when different subtypes of HiV-1 are involved, but as 
recombination is typical in HiV replication, recombinant viruses are present 
in any infected persons. the rate of evolution, e.g. the rate of nucleotide sub-
stitution and recombination, of HiV-1 as governed by the viral rt is sup-
posed to be more or less constant. However, selection factors, such as host 
immune pressure and the use of antiviral drugs influence the viral quasi-
species so that there can be rapid outgrowth of only a limited number of 
viral genomes. the outcome of these evolution and selection processes is 
such that viruses at the end of the infection (aiDs stage) are clearly related, 
but distinct from the quasi-species that was present during the acute infec-
tion and from the viruses seen during the chronic phase of the infection. 
HiV-1 variation over time has been studied extensively in patients infected 
with single strains (e.g. see [3,4]). It has been suggested that HIV-1 evolu-
tion follows a similar pattern in most patients, whereby a period of linear 
increase in divergence and diversity is replaced by a stabilization of diver-
sity, and finally by an evolutionary slowdown late in infection, accompanied 
by the appearance of CXCR4 using viruses [3,4]. Due to the availability of 
effective anti-viral treatment, the later stages of viral evolution are now-
adays more difficult to study in vivo. Studies on HIV-1 evolution, mainly 
focussing on recombination events, in dually infected patients [5-11] and 
in patients coinfected with three HIV-1 strains [12,13] have also been per-
formed. However, most studies suffer from a lack of samples (insufficient 
follow-up), and/or of a precise timing of the infections. therefore, a more 
detailed description of how different HiV-1 strains present in the same host 
influence each other, except for the occurrence of recombination, is not avail-
able yet. We described earlier a Dutch patient who was twice superinfected 
with HIV-1 at identified time points; once with a subtype B virus, and once 
with CRF01_AE after initial infection with a subtype B strain [14]. Here 
we present an extensive follow-up of the HiV-1 quasi-species in this patient 
after triple infection, both in blood and in seminal plasma. The influence of 
infection with a second or third strain upon the evolution of the other strains 
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was investigated in the gag and env genes, as well as was the frequency of 
convergent evolution. Biological clones were generated to estimate the oc-
currence of recombination. Virus production of the distinct strains in blood 
and seminal plasma was measured to see if, and to what extent, replication 
of the three strains continues or whether there is outgrowth of a single virus 
species. continuous expression of all three strains was observed. ltr-luci-
ferase experiments suggested that the CRF01_AE LTR has substantially 
higher promoter activity than the ltr’s of both subtype B strains from this 
patient. This increased promoter activity was not reflected in plasma viral 
load differences, where strain B2 and CRF01_AE had similar copy numbers, 
while the strain B1 viral load was substantially lower. 

Methods
Patient samples and HLA-typing. Patient H01-10366 is infected with three 
HiV-1 strains (in, or shortly before 2001 with subtype B (strain B1), in autumn 2002 
with subtype B (strain B2), and in summer 2003 with CRF01_AE [14]). The patient 
was first demonstrated to be HIV-1-seropositive in March 2001 at the Municipal 
Health service anonymous testing facility in amsterdam, and referred for follow 
up to the academic Medical centre of the university of amsterdam. Blood plasma 
samples were thereafter obtained at regular hospital visits of the patient. at a 
few time-points, pBMc’s were collected using the BD Vacutainer®cpt™ system 
(Becton Dickinson, Plymouth, UK). Semen samples were collected at the same 
visits, and centrifuged for 20 minutes at 600 g to collect the seminal plasma used 
in the experiments. 

HLA-typing of patient H01-10366 was routinely performed at Sanquin Diagnos-
tiek (Amsterdam, The Netherlands) and the following results were obtained: HLA 
class I: A3, A32(19), B8, B62(15), and Cw3 (Cw4-8 were not tested); HLA class II: 
DRB1*12, DRB1*13, DRB3* positive, DQB1*03 and DQB1*06. 

Plasma viral load. Blood plasma HiV-1 rna was measured using the Versant 
HiV-1 rna 3.0 assay (bDna) (Bayer Diagnostics Division, tarrytown, ny), which 
has a detection level of 50 copies/ml. the HiV-1 viral load of the seminal plasma 
was determined with an in-house real-time pcr assay, with primers located in the 
HiV-1 pol gene. Primer/probe sequences were: upstream primer 5’TGC ATT YAC 
catacc taG t 3’, downstream primer 5’att Gct GGt Gat cct ttc ca 3’, and 
probe 5’aaa caa tGa Gac acc aGG Gat taG ata 3’. the detection limit of 
this assay was 5 HiV-1 rna copies per reaction. 

Viral strain-specific PCR assays. although the pcr primers used in this 
study are able to amplify both HIV-1 subtype B and CRF01_AE, the efficiency 
with which the strains are detected in a mixed sample differs. therefore, three 
additional strain-specific nested primer sets located at approximately the same 
positions in the env gene were developed to detect the B1, B2 and ae strains more 
accurately (for primer sequences see table 1). reverse transcriptase (rt) reactions 
were performed with aMV rt (roche applied science, indianapolis, in) and the 
3’outer primer. 
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Viral strain-specific real-time PCR assays. to measure the viral copy 
number of each of the three strains independently in a single sample, three ad-
ditional real-time pcr assays were developed. primers and probes for the three 
strains, B1, B2, and CRF01_AE, were located at approximately the same positions 
in the V3 region of the HiV-1 env gene (for primer and probe sequences see table 
1). No cross-reaction was found between each specific primer and probe set with 
the other strains of patient H01-10366. The detection limits of the assays were 10 
HiV-1 rna copies per reaction. 

Generation of biological clones. freshly phytohemagglutinin (biotraD-
ING Benelux, Mijdrecht, The Netherlands), glutamax and interleukin-2 (Proleuk-
ine) stimulated peripheral blood mononuclear cells (pBMc’s), obtained from four 
healthy (HiV-1 negative) human donors, were combined and cultured in rpMi 
1640 medium (Invitrogen Corporation, Carlsbad, CA) supplemented with antibiot-
ics, l-glutamine and 15% heat-inactivated foetal calf serum for 3 days. cD8+ t 
cells were depleted after 2 days using the Dynabeads M-450 CD8 kit (Invitrogen 
corporation, carlsbad, ca). Different concentrations (104, 2.5 x 104, 4 x 104 6 x 104 
cells/well) of pBMc’s from the HiV-1 infected patient were cocultivated with 1x106 

CD4+ T cells in the same medium in 96- wells plates for 21 and 28 days, respec-
tively. Each 7 days culture supernatants were tested for the presence of p24 with 

an in-house antigen capture enzyme-linked immunosorbent assay (elisa). at the 
same time, to propagate the culture, one-third of the cell culture was transferred to 
new 96-wells plates and fresh PHA, Il-2 stimulated CD4+ cells were added. Viruses 
were considered to be clonal if less than one-third of the microcultures are positive 
at a given cell number (poisson distribution). HiV-1 clones were expanded and 
cultured [15]. After 7 days the clones were harvested. PBMC’s and supernatant 
were cryopreserved at –150°C [16]. 
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real-time PCR assays were developed. Primers and probes
for the three strains, B1, B2, and CRF01_AE, were located
at approximately the same positions in the V3 region of
the HIV-1 env gene (for primer and probe sequences see
Table 1). No cross-reaction was found between each spe-
cific primer and probe set with the other strains of patient
H01-10366. The detection limits of the assays were 10
HIV-1 RNA copies per reaction.

Generation of biological clones
Freshly phytohemagglutinin (bioTRADING Benelux,
Mijdrecht, The Netherlands), glutamax and interleukin-2
(Proleukine) stimulated peripheral blood mononuclear
cells (PBMC's), obtained from four healthy (HIV-1 nega-
tive) human donors, were combined and cultured in
RPMI 1640 medium (Invitrogen Corporation, Carlsbad,
CA) supplemented with antibiotics, L-glutamine and 15%
heat-inactivated foetal calf serum for 3 days. CD8+ T cells
were depleted after 2 days using the Dynabeads M-450
CD8 kit (Invitrogen Corporation, Carlsbad, CA). Differ-
ent concentrations (104, 2.5 × 104, 4 × 104 6 × 104 cells/
well) of PBMC's from the HIV-1 infected patient were coc-
ultivated with 1 × 106 CD4+ T cells in the same medium
in 96-wells plates for 21 and 28 days, respectively. Each 7
days culture supernatants were tested for the presence of
p24 with an in-house antigen capture enzyme-linked

immunosorbent assay (ELISA). At the same time, to prop-
agate the culture, one-third of the cell culture was trans-
ferred to new 96-wells plates and fresh PHA, Il-2
stimulated CD4+ cells were added. Viruses were consid-
ered to be clonal if less than one-third of the microcul-
tures are positive at a given cell number (Poisson
distribution). HIV-1 clones were expanded and cultured
[15]. After 7 days the clones were harvested. PBMC's and
supernatant were cryopreserved at -150°C [16].

RT-PCR of gag and env
A 804 nucleotide HIV-1 gag gene fragment, encompassing
the complete p17 gene and the first part of p24, and a 264
nucleotide V3 sequence of the HIV-1 envelope gene were
amplified by RT-PCR as described [17,18]. To amplify the
whole of gag-p17 the 5'primers described by Cornelissen
et al [17] were replaced with outer primer 5'GAC GCA
GGA CTC GGC TTG CTG A 3', and nested primer 5'TCC
TTC TAG CCT CCG CTA GTC AA 3' (the original 5'outer
primer). Primers used are able to amplify both subtype B
and CRF01_AE.

PCR amplification of vpr and vpu
The complete vpr and vpu genes of the biological clones
were amplified and completely sequenced as described
[19].

Table 1: Primer and probe sequences

Primers Primer sequence 5'-3'

V3 evolution B1 virus
5'tripleB1_1 GAA AAT TTC ACA GAC AAT GCT 1st PCR
3'tripleB1_rt TTA ATT TTG TAA CTA TCA GTT C 1st PCR
5'tripleB1_2 TAA TAG TAC AGC TGA ATG CAT Nested PCR
3'tripleB1_3 AGT GTT ATT CCA TTT TGT TAA Nested PCR
V3 evolution B2 virus
5'tripleB2_1 GAC AAT TTC ACA GAC AAT AAG 1st PCR
3'tripleB2_rt TTA ATT TTT CAA CTG TCT GAT T 1st PCR
5'tripleB2_2 TAA TAG TAC AGC TGA AGA CAG Nested PCR
3'tripleB2_3 AGC ATT ACC CCA TTC TAC TCC Nested PCR
V3 evolution AE virus
5'tripleAE_1 GAA AAT CTC ACA GAT AAT ACC 1st PCR
3'tripleAE_rt AGT GCT CTT TTA ATT TTT CAG 1st PCR
5'tripleAE_2 CAT AAT AGT GCA CCT TAA TAA Nested PCR
3'tripleAE_3 CCA TTT TGT TCT ATT AAT CTC Nested PCR
Taqman strain specific assay B1
5'B1/B2triple-taqman TTA ATT GTA CAA GAC CCA GCA ACA
3'B1triple-taqman AAG GTT ACA ATG TGC TTG CCT TA
B1triple-probe2rev TCT CCT ATT ATT TCT CCT GTT GCA T 5'label 6-FAM
Taqman strain specific assay B2
5'B1/B2triple-taqman TTA ATT GTA CAA GAC CCA GCA ACA
3'B2triple-taqman ACT AAT GTT ACA ATG TGC CTT T
B2triple-probe TAA AAA ATG CTT TCC CTG GTC CCA TA 5'label 6-FAM
Taqman strain specific assay AE
5'AEtriple-taqman TCA ATT GTA CCA GAC CCT CTA AC
3'AEtriple-taqman TTG TTC TAT TAA TCT CAC AAT A
AEtriple-probe TAT AGA ATA CTT GTC CTG GTC CCA TA 5'label 6-FAM

Table 1. Primer and probe sequences.
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RT-PCR of gag and env. a 804 nucleotide HiV-1 gag gene fragment, encom-
passing the complete p17 gene and the first part of p24, and a 264 nucleotide V3 
sequence of the HiV-1 envelope gene were amplified by RT-PCR as described {Cor-
nelissen, 1995 306 /id;Cornelissen, 1996 1020 /id}. To amplify the whole of gag-p17 
the 5’primers described by Cornelissen et al {Cornelissen, 1995 306 /id} were 
replaced with outer primer 5’Gac Gca GGa ctc GGc ttG ctG a 3’, and nested 
primer 5’tcc ttc taG cct ccG cta Gtc aa 3’ (the original 5’outer primer). 
Primers used are able to amplify both subtype B and CRF01_AE.

PCR amplification of vpr and vpu. the complete vpr and vpu genes of the 
biological clones were amplified and completely sequenced as described [19]. 

Cloning and sequencing. HiV-1 gag and V3 fragments were cloned with the 
TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA), and sequenced with the 
BigDye Terminator cycle sequencing kit (Applied Biosystems, Foster City, CA, 
usa). electrophoresis and data collection are performed on an aBi prisM 3100 
genetic analyser (also from applied Biosystems). the number of clones (n) for each 
virus strain per time point varied from n = 4 till n = 54, with an average of 10 
clones per virus strain per time point. for 2002 three consecutive time points were 
sequenced and pooled in the analysis. 

for the biological clones multiple primer sets were used to generate overlapping 
fragments that were directly sequenced as described above. 

Nucleotide distance calculation and phylogenetic analysis. sequences 
were aligned with and without reference HiV-1 gag, vpr, vpu and env-V3 sequences 
[20] using ClustalW available in BioEdit Sequence Alignment Editor version 7.0.1 
[21]. Recombination events between the B1 and B2 strains in gene fragments from 
the biological clones were identified from the nucleotide alignments. Nucleotide 
distances were estimated with the Tamura-Nei [22] distance with the gamma 
model. This model corrects for multiple hits, and takes into account the different 
rates of substitution between nucleotides and the inequality of nucleotide frequen-
cies. the nucleotide composition of the HiV genome is quite different from other 
species, being A-rich and C-poor. The gamma shape parameter α for HIV-1 gag (α 
= 0.25) and env-V3 (α = 0.38) was taken from Leitner et al. [23]. 

neighbour-Joining (nJ) trees based upon tamura-nei distances were construct-
ed with the MEGA 3.1 software package [24], and 1000 bootstrap replicates were 
analysed. Bootstrap values ≥ 80 were considered significant. Additional phyloge-
netic analyses were done with the parallel version of MrBayes 3.1 [25], modified 
so that the program now uses the sprng library [26] to generate independent 
streams of random numbers. MrBayes3.1 was run at the sara High performance 
Computing Facilities [27]. Here, posterior probability values ≥ 0.8 were considered 
significant. 

LTR-constructs and luciferase-assays. the ltr region of the viral genome 
(from the biological clones or from plasma for subtype AE) was amplified by nested 
reverse transcription (RT)-PCR, with primer sets described earlier [28]. PCR 
products were cloned into pcrii-topo (invitrogen corporation, carlsbad, ca) 
using the BfrI-site. Four clones from each strain; B1, B2, AE, X and B (LAI), were 
sequenced as described above. subtype X is a novel HiV-1 subtype distantly related 
to subtype K, discovered recently in a single patient [29]. For strain B2, two sizes 
of ltr fragments were discovered of which the longer one contained a duplication 
of 23 nucleotides and was named B2_L(ong), while the shorter LTR was designated 
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B2_S(hort). Sequences were aligned and transcription factor binding sites were 
identified with TFSEARCH [30] and Alibaba 2.1 [28,31,32].

a representative clone for each subtype was selected for subcloning into 
pBlue3’ltr, which is a Bluescript Ks(+) plasmid containing a XhoI-BglI lai 
3’ltr fragment. then, constructs were digested with BseAI and BfrI and the 
fragment (position –147 to +63 of the viral genome) was cloned into pBlue3’LTR-
luc as described previously [28].

the cervix carcinoma cell line c33a was used in all luciferase experiments. 
cells were grown in 2-cm2 wells to 60%-70% confluency as described earlier [28,33] 
and transfected by the calcium phosphate method [34]. Mixtures contained 100ng 
of different LTR-luciferase constructs (B1, B2_S, B2_L, AE, X and B(LAI)), 0.5ng 
of prl-cMV plasmid (promega, Madison, Wi) expressing Renilla luciferase as an 
internal control for transfection efficiency [33], and pBluescript in such a concen-
tration that the total amount of Dna would always be 1000 ng. to test the activa-
tion of the promoters by tat, constructs were titrated with different concentrations 
of a tat-expressing plasmid (ptat). cells were cultured for two days and lysed in 
Passive Lysis Buffer (Promega, Madison, WI). Firefly and Renilla luciferase activi-
ties were determined with the dual-luciferase reporter assay (promega, Madison, 
WI) as described previously [33]. The activity of different constructs was calcu-
lated as the ratio of the firefly and Renilla luciferase activities, and corrected for 
between-session variation [35].

Results

Detection of the three viral strains in blood and seminal plasma
to verify the presence of the three viral strains over time in both blood and 
seminal plasma, three specific nested PCR primer sets were developed in 
the env-V3 region. figure 1 shows the overall viral load in blood and seminal 
plasma (panel A) and the detection of strains B1, B2 and CRF01_ AE in 
seminal plasma (panel B). in blood plasma, all three env fragments were 
detected by PCR amplification at all time-points, in line with the relatively 
high viral load (result not shown). in seminal plasma, however, the viral 
load was much lower and was sometimes even below the detection limit. in 
line with this, not all strains could be detected at every occasion (figure 1B), 
but over the course of the 1.5 years analysed here the patient was able to 
transmit any strain at some point. at all time points except one, at least two 
strains were simultaneously present. interestingly, the env gene of the first 
infecting virus B1 was detected the least in seminal plasma. 

to determine the contribution of each viral strain to the total blood plasma 
viral load, three strain-specific real-time PCR assays were used to amplify 
a fragment of env-V3 of strains B1, B2 and CRF01_AE in sequential plasma 
samples of patient H01-10366 (Figure 2). As expected, sequences of strain 
B2 were not detected until the B2 superinfection moment, and the CRF01_
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AE sequences were similarly not detected until the CRF01_AE superinfec-
tion moment. at the latter time-point, the very high plasma viral load was 
mainly due to the newly infecting virus CRF01_AE. From the later time 
points, when three viruses are present in blood plasma, env-V3 sequences 
from strain B2 and CRF01_AE are present in more or less equal amounts 
(± 30.000 copies/ml), while strain B1 env-V3 sequences form a minority (less 
than 300 copies/ml). cD4+ cell counts are stable after superinfection with 
strain B2, but rapidly decrease after the second superinfection with CRF01_
ae (figure 2). 

Analysis of biological clones
to assess the occurrence of recombination between the three strains, a total 
of 20 biological clones were generated corresponding to three time points 
(time point 1 = January 2004, time point 2 = february 2004, time point 3 = 
November 2004, approximately 6, 7, and 15 months after triple infection). Of 
these 20 clones, three were completely sequenced, while the structure of the 
other 17 was roughly analysed by amplifying and sequencing LTR, gag, vpr, 
vpu, and env-V3 fragments (Table 2). Two clones, 2301#12 and 2602#1, of 
which the former was completely sequenced, appeared to contain a complete 
strain B2 virus, while the other 18 clones were all recombinants between 
B1 and B2 virus sequences. No full-length B1 or CRF01_AE viruses found, 
nor were any CRF01_AE sequence fragments detected in the clones. Recom-
bination between the strain B1/B2 viruses was found at different sites; the 
analysis of 10 clones suggested that recombination occurred between the 
gag and the vpr genes, in one virus recombination occurred in the gag gene 
(between p17/p24), and in another virus recombination was found in the vpr 
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ingly, the env gene of the first infecting virus B1 was
detected the least in seminal plasma.

To determine the contribution of each viral strain to the
total blood plasma viral load, three strain-specific real-
time PCR assays were used to amplify a fragment of env-
V3 of strains B1, B2 and CRF01_AE in sequential plasma
samples of patient H01-10366 (Fig. 2). As expected,
sequences of strain B2 were not detected until the B2
superinfection moment, and the CRF01_AE sequences
were similarly not detected until the CRF01_AE superin-
fection moment. At the latter time-point, the very high

plasma viral load was mainly due to the newly infecting
virus CRF01_AE. From the later time points, when three
viruses are present in blood plasma, env-V3 sequences
from strain B2 and CRF01_AE are present in more or less
equal amounts (± 30.000 copies/ml), while strain B1 env-
V3 sequences form a minority (less than 300 copies/ml).
CD4+ cell counts are stable after superinfection with
strain B2, but rapidly decrease after the second superinfec-
tion with CRF01_AE (Fig. 2).

Detection of the three viral strains over timeFigure 1
Detection of the three viral strains over time. (A) HIV-1 viral load in blood and seminal plasma. (B) Strain-specific RT-
PCR detection of HIV-1 subtypes B (strains 1 and 2) and CRF01_AE in seminal plasma.
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ingly, the env gene of the first infecting virus B1 was
detected the least in seminal plasma.

To determine the contribution of each viral strain to the
total blood plasma viral load, three strain-specific real-
time PCR assays were used to amplify a fragment of env-
V3 of strains B1, B2 and CRF01_AE in sequential plasma
samples of patient H01-10366 (Fig. 2). As expected,
sequences of strain B2 were not detected until the B2
superinfection moment, and the CRF01_AE sequences
were similarly not detected until the CRF01_AE superin-
fection moment. At the latter time-point, the very high

plasma viral load was mainly due to the newly infecting
virus CRF01_AE. From the later time points, when three
viruses are present in blood plasma, env-V3 sequences
from strain B2 and CRF01_AE are present in more or less
equal amounts (± 30.000 copies/ml), while strain B1 env-
V3 sequences form a minority (less than 300 copies/ml).
CD4+ cell counts are stable after superinfection with
strain B2, but rapidly decrease after the second superinfec-
tion with CRF01_AE (Fig. 2).

Detection of the three viral strains over timeFigure 1
Detection of the three viral strains over time. (A) HIV-1 viral load in blood and seminal plasma. (B) Strain-specific RT-
PCR detection of HIV-1 subtypes B (strains 1 and 2) and CRF01_AE in seminal plasma.
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Figure 1. Detection of the three viral strains over time. (A) HiV-1 viral load in blood and 
seminal plasma. (B) Strain-specific RT-PCR detection of HIV-1 subtypes B (strains 1 and 2) and 
CRF01_AE in seminal plasma.



49

hiV-1 sequenCe eVolution after superinfeCtion

gene. six clones showed a more complex pattern of recombination, with mul-
tiple crossover sites being present (table 2). in general in the recombinants, 
the genome composition was such that the 5’ end of the virus originated from 
strain B1, while the 3’half of the viruses corresponded to strain B2, except of 
course for the 3’ltr, which belonged to B1 again. 
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Analysis of biological clones
To assess the occurrence of recombination between the
three strains, a total of 20 biological clones were generated
corresponding to three time points (time point 1 = Janu-
ary 2004, time point 2 = February 2004, time point 3 =
November 2004, approximately 6, 7, and 15 months after
triple infection). Of these 20 clones, three were com-
pletely sequenced, while the structure of the other 17 was
roughly analysed by amplifying and sequencing LTR, gag,
vpr, vpu, and env-V3 fragments (Table 2). Two clones,
2301#12 and 2602#1, of which the former was com-
pletely sequenced, appeared to contain a complete strain
B2 virus, while the other 18 clones were all recombinants
between B1 and B2 virus sequences. No full-length B1 or
CRF01_AE viruses found, nor were any CRF01_AE
sequence fragments detected in the clones. Recombina-
tion between the strain B1/B2 viruses was found at differ-
ent sites; the analysis of 10 clones suggested that
recombination occurred between the gag and the vpr
genes, in one virus recombination occurred in the gag
gene (between p17/p24), and in another virus recombina-
tion was found in the vpr gene. Six clones showed a more
complex pattern of recombination, with multiple crosso-
ver sites being present (Table 2). In general in the recom-

binants, the genome composition was such that the 5' end
of the virus originated from strain B1, while the 3'half of
the viruses corresponded to strain B2, except of course for
the 3'LTR, which belonged to B1 again.

Of the completely sequenced virus clones, the genomic
structure is shown in Fig. 3. Clone 2301#5 was found to
be almost completely composed of strain B1 sequences,
except for a small part in the middle of the genome
encompassing the vif and vpr genes, which originated
from strain B2. Clone 2301#12 contained a complete
strain B2 virus. Clone 2301#14 was a more complex
recombinant virus where recombination did occur once
between the pol and vif genes, and again between the env
and nef genes.

Because no CRF01_AE sequences were found amongst the
biological clones, the presence of CRF01_AE DNA in the
PBMC samples used in the biological cloning procedure
was analysed with PCR primers specific for CRF01_AE.
Indeed, CRF01_AE env-V3 sequences were present in the
preparations (not shown); suggesting the deficiency of the
clones is not explained by the absence of viral DNA.

Viral load of the three HIV-1 strains in blood plasmaFigure 2
Viral load of the three HIV-1 strains in blood plasma. Real-time PCR analysis with specific primers and probes located 
in env-V3 was performed on sequential blood plasma samples of patient H01-10366. The plasma viral loads measured by real-
time, strain specific PCR is shown, as well as the overall plasma viral load determined with the VERSANT HIV-1 RNA 3.0 assay, 
which is based upon the pol gene. CD4+ cell counts (× 109) measured at the same time points are also shown.
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Figure 2. Viral load of the three HIV-1 strains in blood plasma. real-time pcr analysis 
with specific primers and probes located in env-V3 was performed on sequential blood plasma 
samples of patient H01-10366. The plasma viral loads measured by realtime, strain specific 
pcr is shown, as well as the overall plasma viral load determined with the Versant HiV-1 
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4). Seminal plasma gag sequences cluster together with
blood plasma sequences from the corresponding time
points for both strains. This sampling time-related cluster-
ing was also seen for the gag-sequences obtained from the
biological clones (not shown).

Evolution of env-V3: nucleotide distances
Mean nucleotide distances per year of the env-V3 region of
the viral genome of strains B1, B2, and CRF01_AE are
shown in Table 4. Overall nucleotide distances in blood
plasma slowly rise over the years for all three strains. This
rise is mostly accounted for by an increase in synonymous
substitutions, while non-synonymous nucleotide dis-
tances are more or less constant throughout the period
investigated. Mean nucleotide distances were also calcu-
lated for the viral population of strains B1 and B2 ampli-
fied from seminal plasma (Table 4), and were found to be
similar to the blood plasma values, despite the much
lower viral load in seminal plasma. For strain B1, no env-
V3 fragments could be amplified from the 2005 seminal
samples (Fig. 1). Figure 5 shows an NJ tree based upon V3
nucleotide fragments from 2001–2005 from both blood
and seminal plasma. It is obvious from this tree that there
is very little sequence evolution in V3 in this patient, as
indicated by the short branch lengths. Sequences did not
cluster according to year or compartment. Both phyloge-
netic methods (NJ and Bayesian analysis) yielded similar
trees.

Evolution of gag and env: CTL-epitopes
Escape from CTL pressure, or reversion of escape muta-
tions, is one of the main driving forces in HIV evolution

[36-38]. We therefore set out to examine mutations in
CTL epitopes of this triple infected patient, and to investi-
gate whether or not escape (or reversal) occurs in more
than one virus strain. Visual inspection of the translated
gag amino acid alignment suggested only a single site dis-
playing convergent evolution in both subtype B viruses:
amino acid 41 of gag p24 showed a S→T substitution
which was found in none of the early viruses, but in over
90% of the 2005 viruses of both the B1 and B2 strains. The
S→T substitution was not seen in the subtype AE
sequences. Serine-41 belongs to a CTL epitope that is
strongly reactive in ethnic Africans, but has not been asso-
ciated with a specific HLA type [39]. Ser-41 is not one of
the major phosphorylation sites of the HIV CAp24, which
are Ser-109, Ser-149, and Ser-178, thus probably allowing

Phylogenetic analysis of HIV-1 gag sequencesFigure 4
Phylogenetic analysis of HIV-1 gag sequences. NJ tree 
of HIV-1 gag nucleotide fragments obtained from blood and 
seminal plasma collected in 2001–2005. Distances were cal-
culated with the Tamura-Nei method using the gamma 
model with α = 0.25, and 1000 bootstrap replicated were 
analysed. The three separate clusters comprised of strains 
B1, B2, and CRF01_AE are indicated. A representative 
sequence set was used to draw the phylogenetic tree.
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Genomic organization of three completely sequenced biolog-ical clones from the January 2004 time pointFigure 3
Genomic organization of three completely 
sequenced biological clones from the January 2004 
time point. Clone 2301#12 contained a complete strain B2 
virus, while clones 2301#5 and 2301#14 were strain B1/B2 
mosaics. CRF01_AE sequences were not found.
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Figure 3. Genomic organization 
of three completely sequenced bi-
ological clones from the January 
2004 time point. clone 2301#12 
contained a complete strain B2 virus, 
while clones 2301#5 and 2301#14 
were strain B1/B2 mosaics. CRF01_
ae sequences were not found.
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of the completely sequenced virus clones, the genomic structure is shown 
in figure 3. clone 2301#5 was found to be almost completely composed of 
strain B1 sequences, except for a small part in the middle of the genome 
encompassing the vif and vpr genes, which originated from strain B2. clone 
2301#12 contained a complete strain B2 virus. clone 2301#14 was a more 
complex recombinant virus where recombination did occur once between the 
pol and vif genes, and again between the env and nef genes. 

Because no CRF01_AE sequences were found amongst the biological 
clones, the presence of CRF01_AE DNA in the PBMC samples used in the 
biological cloning procedure was analysed with PCR primers specific for 
CRF01_AE. Indeed, CRF01_AE env-V3 sequences were present in the prep-
arations (not shown); suggesting the deficiency of the clones is not explained 
by the absence of viral Dna. 

Evolution of gag: nucleotide distances
Having three distinguishable virus strains in one patient is a great opportu-
nity to learn whether or not the nucleotide evolution of a single virus is influ-
enced by the presence of other virus strains. Therefore we amplified, cloned 
and sequenced gag gene fragments from consecutive time points for the B1, 
B2 and ae viral strains using generic pcr-primers, and calculated their 
overall diversity (= nucleotide distance) per year in both blood and seminal 

Retrovirology 2007, 4:59 http://www.retrovirology.com/content/4/1/59

Page 7 of 14
(page number not for citation purposes)

Evolution of gag: nucleotide distances
Having three distinguishable virus strains in one patient is
a great opportunity to learn whether or not the nucleotide
evolution of a single virus is influenced by the presence of
other virus strains. Therefore we amplified, cloned and

sequenced gag gene fragments from consecutive time
points for the B1, B2 and AE viral strains using generic
PCR-primers, and calculated their overall diversity (=
nucleotide distance) per year in both blood and seminal
plasma. Mean nucleotide distances for the gag gene frag-
ments are summarized in Table 3. From this table it is
clear that nucleotide variation in blood plasma follows a
similar pattern for viral strains B1 and B2, although strain
B2 has a relatively high amount of synonymous variation
in the year of initial infection (2002). In approximately
the first 2–3 years of infection, overall nucleotide varia-
tion is low for both strains. After this period (in 2004 for
B1, and in 2005 for B2), mean nucleotide differences start
to rise. This rise is almost completely accounted for by an
increase in synonymous substitutions. The amount of
non-synonymous substitutions does not differ signifi-
cantly over the years in both strains. A phylogenetic NJ
tree based upon gag sequences is shown in Fig. 4. From
this tree, the low level of evolution of HIV-1 gag in this
patient is also obvious from the short branch lengths. A
similar phylogenetic tree was obtained with a Bayesian
approach.

Mean nucleotide distances in seminal plasma are lower
than in blood plasma for virus strains B1 and B2. This is
probably correlated with the low HIV-1 copy number in
seminal plasma compared with the blood compartment
(Fig. 1). Phylogenetic analysis of blood plasma and semi-
nal plasma derived HIV-1 gag sequences suggest that there
are no semen specific sequences and that compartmental-
ization does not occur in the seminal compartment (Fig.

Table 2: Genomic organization of 20 biological clones

Date Clone LTR Gag Vpr Vpu V3 
env

23.01.04 2301#1 B1 B1 B2 B2 B2
2301#2 B1 B1 B2 B2 B2
2301#3 B1 B1 B2 B2 B2
2301#4 B2 B1 B2 B2 B2
2301#5 B1 B1 B2 B1 B1
2301#6 B1 B1 B2 B2 B2
2301#7 B1 B1 B2 B1 B2
2301#8 B1 B1 B2 B2 B2
2301#9 B1 B1 B2 B2 B2
2301#10 B1 B1 B2 B2 B2
2301#11 B1 B1/

B2
B2 B2 B2

2301#12 B2 B2 B2 B2 B2
2301#13 B1 B1 B1/B2 B2 B2
2301#14 B1 B1 B2 B2 B2
2301#15 B1 B1 B2 B2 B2

26.02.04 2602#1 B2 B2 B2 B2 B2
2602#2 B1 B1 B2 B1/B2 B1

03.11.04 0311#1 B1 B1 B2 B2 B2
0311#2 B1 B1 B2 B1/B2 B1
0311#3 B1 B1 B2 B2 B1

Table 3: Mean nucleotide distances within the gag gene over time in blood and seminal plasma

B1 strain B2 strain Subtype AE

Year Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync

2001 blood 0.008 ± 
0.001

0.011 ± 
0.004

0.006 ± 
0.001

- - - - - -

2002 blood 0.007 ± 
0.001

0.012 ± 
0.003

0.005 ± 
0.001

0.009 ± 
0.002

0.022 ± 
0.006

0.005 ± 
0.001

- - -

2003d blood - - - - - - 0.003 ± 
0.001

0.002 ± 
0.002

0.003 ± 
0.001

2004 blood 0.022 ± 
0.004

0.071 ± 
0.012

0.006 ± 
0.002

0.008 ± 
0.002

0.008 ± 
0.004

0.008 ± 
0.002

0.004 ± 
0.002

0.006 ± 
0.006

0.003 ± 
0.002

2005 blood 0.021 ± 
0.003

0.051 ± 
0.009

0.010 ± 
0.002

0.025 ± 
0.005

0.060 ± 
0.014

0.011 ± 
0.003

-e - -

2004 semen 0.008 ± 
0.002

0.011 ± 
0.003

0.006 ± 
0.002

0.002 ± 
0.001

0.006 ± 
0.004

0.001 ± 
0.001

-e - -

2005 semen 0.007 ± 
0.002

0.017 ± 
0.005

0.003 ± 
0.001

0.008 ± 
0.002

0.007 ± 
0.004

0.008 ± 
0.002

-e - -

a: Tamura-Nei distance with gamma-parameter α = 0.25. Standard errors were estimated by the bootstrap method with 500 bootstrap replicates 
each.
b and c: Nei-Gojobori method, p-distance, syn= synonymous, nonsyn= nonsynonymous
d Nucleotide differences of strains B1 and B2 were not calculated in 2003, because only B1/B2 or B/AE recombinant sequences were retrieved.
e Nucleotide distances were not calculated for subtype AE in 2005 (blood plasma), 2004 and 2005 (seminal plasma) as no AE fragments were 
amplified by the generic primers from these samples.

Table 2. Genomic organization of 20 biological clonesa
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plasma. Mean nucleotide distances for the gag gene fragments are sum-
marized in table 3. from this table it is clear that nucleotide variation in 
blood plasma follows a similar pattern for viral strains B1 and B2, although 
strain B2 has a relatively high amount of synonymous variation in the year 
of initial infection (2002). In approximately the first 2-3 years of infection, 
overall nucleotide variation is low for both strains. after this period (in 2004 
for B1, and in 2005 for B2), mean nucleotide differences start to rise. this 
rise is almost completely accounted for by an increase in synonymous sub-
stitutions. the amount of non-synonymous substitutions does not differ sig-
nificantly over the years in both strains. A phylogenetic NJ tree based upon 
gag sequences is shown in figure 4. from this tree, the low level of evolution 
of HiV-1 gag in this patient is also obvious from the short branch lengths. a 
similar phylogenetic tree was obtained with a Bayesian approach.

Mean nucleotide distances in seminal plasma are lower than in blood 
plasma for virus strains B1 and B2. this is probably correlated with the low 
HiV-1 copy number in seminal plasma compared with the blood compart-
ment (figure 1). phylogenetic analysis of blood plasma and seminal plasma 
derived HiV-1 gag sequences suggest that there are no semen specific se-
quences and that compartmentalization does not occur in the seminal com-
partment (figure 4). seminal plasma gag sequences cluster together with 
blood plasma sequences from the corresponding time points for both strains. 
this sampling time-related clustering was also seen for the gag-sequences 
obtained from the biological clones (not shown). 
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Evolution of gag: nucleotide distances
Having three distinguishable virus strains in one patient is
a great opportunity to learn whether or not the nucleotide
evolution of a single virus is influenced by the presence of
other virus strains. Therefore we amplified, cloned and

sequenced gag gene fragments from consecutive time
points for the B1, B2 and AE viral strains using generic
PCR-primers, and calculated their overall diversity (=
nucleotide distance) per year in both blood and seminal
plasma. Mean nucleotide distances for the gag gene frag-
ments are summarized in Table 3. From this table it is
clear that nucleotide variation in blood plasma follows a
similar pattern for viral strains B1 and B2, although strain
B2 has a relatively high amount of synonymous variation
in the year of initial infection (2002). In approximately
the first 2–3 years of infection, overall nucleotide varia-
tion is low for both strains. After this period (in 2004 for
B1, and in 2005 for B2), mean nucleotide differences start
to rise. This rise is almost completely accounted for by an
increase in synonymous substitutions. The amount of
non-synonymous substitutions does not differ signifi-
cantly over the years in both strains. A phylogenetic NJ
tree based upon gag sequences is shown in Fig. 4. From
this tree, the low level of evolution of HIV-1 gag in this
patient is also obvious from the short branch lengths. A
similar phylogenetic tree was obtained with a Bayesian
approach.

Mean nucleotide distances in seminal plasma are lower
than in blood plasma for virus strains B1 and B2. This is
probably correlated with the low HIV-1 copy number in
seminal plasma compared with the blood compartment
(Fig. 1). Phylogenetic analysis of blood plasma and semi-
nal plasma derived HIV-1 gag sequences suggest that there
are no semen specific sequences and that compartmental-
ization does not occur in the seminal compartment (Fig.

Table 2: Genomic organization of 20 biological clones

Date Clone LTR Gag Vpr Vpu V3 
env

23.01.04 2301#1 B1 B1 B2 B2 B2
2301#2 B1 B1 B2 B2 B2
2301#3 B1 B1 B2 B2 B2
2301#4 B2 B1 B2 B2 B2
2301#5 B1 B1 B2 B1 B1
2301#6 B1 B1 B2 B2 B2
2301#7 B1 B1 B2 B1 B2
2301#8 B1 B1 B2 B2 B2
2301#9 B1 B1 B2 B2 B2
2301#10 B1 B1 B2 B2 B2
2301#11 B1 B1/

B2
B2 B2 B2

2301#12 B2 B2 B2 B2 B2
2301#13 B1 B1 B1/B2 B2 B2
2301#14 B1 B1 B2 B2 B2
2301#15 B1 B1 B2 B2 B2

26.02.04 2602#1 B2 B2 B2 B2 B2
2602#2 B1 B1 B2 B1/B2 B1

03.11.04 0311#1 B1 B1 B2 B2 B2
0311#2 B1 B1 B2 B1/B2 B1
0311#3 B1 B1 B2 B2 B1

Table 3: Mean nucleotide distances within the gag gene over time in blood and seminal plasma

B1 strain B2 strain Subtype AE

Year Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync

2001 blood 0.008 ± 
0.001

0.011 ± 
0.004

0.006 ± 
0.001

- - - - - -

2002 blood 0.007 ± 
0.001

0.012 ± 
0.003

0.005 ± 
0.001

0.009 ± 
0.002

0.022 ± 
0.006

0.005 ± 
0.001

- - -

2003d blood - - - - - - 0.003 ± 
0.001

0.002 ± 
0.002

0.003 ± 
0.001

2004 blood 0.022 ± 
0.004

0.071 ± 
0.012

0.006 ± 
0.002

0.008 ± 
0.002

0.008 ± 
0.004

0.008 ± 
0.002

0.004 ± 
0.002

0.006 ± 
0.006

0.003 ± 
0.002

2005 blood 0.021 ± 
0.003

0.051 ± 
0.009

0.010 ± 
0.002

0.025 ± 
0.005

0.060 ± 
0.014

0.011 ± 
0.003

-e - -

2004 semen 0.008 ± 
0.002

0.011 ± 
0.003

0.006 ± 
0.002

0.002 ± 
0.001

0.006 ± 
0.004

0.001 ± 
0.001

-e - -

2005 semen 0.007 ± 
0.002

0.017 ± 
0.005

0.003 ± 
0.001

0.008 ± 
0.002

0.007 ± 
0.004

0.008 ± 
0.002

-e - -

a: Tamura-Nei distance with gamma-parameter α = 0.25. Standard errors were estimated by the bootstrap method with 500 bootstrap replicates 
each.
b and c: Nei-Gojobori method, p-distance, syn= synonymous, nonsyn= nonsynonymous
d Nucleotide differences of strains B1 and B2 were not calculated in 2003, because only B1/B2 or B/AE recombinant sequences were retrieved.
e Nucleotide distances were not calculated for subtype AE in 2005 (blood plasma), 2004 and 2005 (seminal plasma) as no AE fragments were 
amplified by the generic primers from these samples.

Table 3. Mean nucleotide distances within the gag gene over time in blood and 
seminal plasma.
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Evolution of env-V3: nucleotide distances
Mean nucleotide distances per year of the env-V3 region of the viral genome 
of strains B1, B2, and CRF01_AE are shown in Table 4. Overall nucleotide 
distances in blood plasma slowly rise over the years for all three strains. 
this rise is mostly accounted for by an increase in synonymous substitu-
tions, while non-synonymous nucleotide distances are more or less con-
stant throughout the period investigated. Mean nucleotide distances were 
also calculated for the viral population of strains B1 and B2 amplified from 
seminal plasma (table 4), and were found to be similar to the blood plasma 

values, despite the much lower viral 
load in seminal plasma. for strain 
B1, no env-V3 fragments could be am-
plified from the 2005 seminal samples 
(figure 1). figure 5 shows an nJ tree 
based upon V3 nucleotide fragments 
from 2001-2005 from both blood and 
seminal plasma. it is obvious from this 
tree that there is very little sequence 
evolution in V3 in this patient, as in-
dicated by the short branch lengths. 
sequences did not cluster according 
to year or compartment. Both phy-
logenetic methods (nJ and Bayesian 
analysis) yielded similar trees.

Evolution of gag and env:  
CTL-epitopes
escape from ctl pressure, or rever-
sion of escape mutations, is one of 
the main driving forces in HiV evolu-
tion [36-38]. We therefore set out to 
examine mutations in ctl epitopes 
of this triple infected patient, and 
to investigate whether or not escape 
(or reversal) occurs in more than one 
virus strain. Visual inspection of the 
translated gag amino acid alignment 
suggested only a single site displaying 
convergent evolution in both subtype 
B viruses: amino acid 41 of gag p24 
showed a S→T substitution which 
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4). Seminal plasma gag sequences cluster together with
blood plasma sequences from the corresponding time
points for both strains. This sampling time-related cluster-
ing was also seen for the gag-sequences obtained from the
biological clones (not shown).

Evolution of env-V3: nucleotide distances
Mean nucleotide distances per year of the env-V3 region of
the viral genome of strains B1, B2, and CRF01_AE are
shown in Table 4. Overall nucleotide distances in blood
plasma slowly rise over the years for all three strains. This
rise is mostly accounted for by an increase in synonymous
substitutions, while non-synonymous nucleotide dis-
tances are more or less constant throughout the period
investigated. Mean nucleotide distances were also calcu-
lated for the viral population of strains B1 and B2 ampli-
fied from seminal plasma (Table 4), and were found to be
similar to the blood plasma values, despite the much
lower viral load in seminal plasma. For strain B1, no env-
V3 fragments could be amplified from the 2005 seminal
samples (Fig. 1). Figure 5 shows an NJ tree based upon V3
nucleotide fragments from 2001–2005 from both blood
and seminal plasma. It is obvious from this tree that there
is very little sequence evolution in V3 in this patient, as
indicated by the short branch lengths. Sequences did not
cluster according to year or compartment. Both phyloge-
netic methods (NJ and Bayesian analysis) yielded similar
trees.

Evolution of gag and env: CTL-epitopes
Escape from CTL pressure, or reversion of escape muta-
tions, is one of the main driving forces in HIV evolution

[36-38]. We therefore set out to examine mutations in
CTL epitopes of this triple infected patient, and to investi-
gate whether or not escape (or reversal) occurs in more
than one virus strain. Visual inspection of the translated
gag amino acid alignment suggested only a single site dis-
playing convergent evolution in both subtype B viruses:
amino acid 41 of gag p24 showed a S→T substitution
which was found in none of the early viruses, but in over
90% of the 2005 viruses of both the B1 and B2 strains. The
S→T substitution was not seen in the subtype AE
sequences. Serine-41 belongs to a CTL epitope that is
strongly reactive in ethnic Africans, but has not been asso-
ciated with a specific HLA type [39]. Ser-41 is not one of
the major phosphorylation sites of the HIV CAp24, which
are Ser-109, Ser-149, and Ser-178, thus probably allowing

Phylogenetic analysis of HIV-1 gag sequencesFigure 4
Phylogenetic analysis of HIV-1 gag sequences. NJ tree 
of HIV-1 gag nucleotide fragments obtained from blood and 
seminal plasma collected in 2001–2005. Distances were cal-
culated with the Tamura-Nei method using the gamma 
model with α = 0.25, and 1000 bootstrap replicated were 
analysed. The three separate clusters comprised of strains 
B1, B2, and CRF01_AE are indicated. A representative 
sequence set was used to draw the phylogenetic tree.
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Genomic organization of three completely 
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Figure 4. Phylogenetic analysis of 
HIV-1 gag sequences. nJ tree of HiV-1 
gag nucleotide fragments obtained from 
blood and seminal plasma collected in 
2001–2005. Distances were calculated 
with the tamura-nei method using the 
gamma model with α = 0.25, and 1000 
bootstrap replicated were analysed. 
the three separate clusters comprised 
of strains B1, B2, and CRF01_AE are 
indicated. a representative sequence set 
was used to draw the phylogenetic tree.
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immune pressure, and did not replace 
ser-41 over two years of infection. 
ser-41 is also part of a HiV-1 cD4+ 
T-cell epitope [41,42]. The peptide 
speVipMfsalse (p2433-45, ser-41 
is underlined) was found to bind to 
several HLA-DR molecules [42]. This 
suggests that cD4+ t cell responses 
could also be responsible for shaping 
viral evolution in this patient. 

according to the Hla type of our 
patient, 6 epitopes could be recognized 
in the gag and the env fragments ob-
tained. these epitopes together with 
the deduced amino acid sequence of 
the viral strains are listed in table 
5. the p24 epitope mentioned above 
for which no associated Hla type is 
known, but for which a viral reaction 
is seen in this patient, is also includ-
ed in table 5. for the other epitope 
in p24, all three viruses have a pos-
sible escape mutation already at the 
earliest time point, and no changes 
are seen over time. two B8 restricted 
epitopes are apparent in gag p17. All 
three viruses have at least one muta-
tion from the consensus sequence of 
the epitope, but in two instances a 
reversal to a more ancestral state is 
seen (in B1 by substituting V→I in 

was found in none of the early viruses, but in over 90% of the 2005 viruses 
of both the B1 and B2 strains. The S→T substitution was not seen in the 
subtype ae sequences. serine-41 belongs to a ctl epitope that is strongly 
reactive in ethnic Africans, but has not been associated with a specific HLA 
type [39]. Ser-41 is not one of the major phosphorylation sites of the HIV 
CAp24, which are Ser-109, Ser-149, and Ser-178, thus probably allowing the 
substitution observed [40]. However, replacing Ser-41 with Ala-41 delayed 
replication of the mutated virus in vitro [40], suggesting that it affects 
viral fitness. As the S→T substitution is observed in both strains B1 and 
B2, pressure from CTL’s directed at this epitope is likely to be high in this 
patient. In contrast, the CRF01_AE virus did not react to this hypothetical Retrovirology 2007, 4:59 http://www.retrovirology.com/content/4/1/59
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the substitution observed [40]. However, replacing Ser-41
with Ala-41 delayed replication of the mutated virus in
vitro [40], suggesting that it affects viral fitness. As the
S→T substitution is observed in both strains B1 and B2,
pressure from CTL's directed at this epitope is likely to be
high in this patient. In contrast, the CRF01_AE virus did
not react to this hypothetical immune pressure, and did
not replace Ser-41 over two years of infection. Ser-41 is
also part of a HIV-1 CD4+ T-cell epitope [41,42]. The pep-
tide SPEVIPMFSALSE (p2433–45, Ser-41 is underlined) was
found to bind to several HLA-DR molecules [42]. This
suggests that CD4+ T cell responses could also be respon-
sible for shaping viral evolution in this patient.

According to the HLA type of our patient, 6 epitopes could
be recognized in the gag and the env fragments obtained.
These epitopes together with the deduced amino acid
sequence of the viral strains are listed in Table 5. The p24
epitope mentioned above for which no associated HLA
type is known, but for which a viral reaction is seen in this
patient, is also included in Table 5. For the other epitope
in p24, all three viruses have a possible escape mutation
already at the earliest time point, and no changes are seen
over time. Two B8 restricted epitopes are apparent in gag
p17. All three viruses have at least one mutation from the
consensus sequence of the epitope, but in two instances a
reversal to a more ancestral state is seen (in B1 by substi-
tuting V→I in EVKDTKEAL, and in B2 by substituting
F→Y in ELKSLFNTV), suggesting that no CTL pressure is
exerted upon these sequences. None of these substitutions
occurs in any other strain. At the first gag p17 aa(18–28)

epitope, restricted by the HLA-A3 allele, mutations are
seen in both the B1 and the B2 strains. This epitope has
been determined to be the most dominant gag CTL-
epitope in Caucasians in vivo [39], also because HLA-A3
has a high phenotypic frequency in Caucasians. However,
mutations in strains B1 and B2 are different both at the
start of the infection, although they involve the same
amino acid residue, and after a number of years.
CRF01_AE did not show any changes in this epitope, but
had a different sequence from B1 and B2 at the time of
infection (with the derived C-terminal amino acid being a
Q instead of an R (B1), or an S (B2)).

Two HLA-A3 epitopes are predicted in env-V3. All three
HIV-1 strains have mutations in these motifs at the start of
the infection, and no changes over time (from the years
2001 to 2005) are seen in any strain (Table 5).

LTR promoter activity
Promoter activity of the LTR sequence of strains B1, B2
and CRF01_AE from patient H01-10366 was analysed
with a luciferase-assay. Aligned LTR sequences are shown
in Fig. 6A, together with those from controls B(LAI) and
subtype X (chosen because its TAR hairpin is identical to
that of B2_L, Fig. 6B). Fig. 6C shows the transcriptional
activity of the 6 LTR constructs, in the presence of different
concentrations of tat. It is clear that the LTR of subtype AE
has a comparable activity to that of the controls B(LAI)
and subtype X, but that the activity of the three subtype B
constructs of patient H01-10366 is much lower. The B2_L
construct has the lowest activity of all, suggesting that the
23 nt duplication is decreasing promoter activity. This
longer LTR was found in two of the three biological clones
that contained a B2 LTR (2301#12 and 2602#1); the
shorter LTR was only seen once (in clone 2301#4).

Phylogenetic analysis of HIV-1 env-V3 sequencesFigure 5
Phylogenetic analysis of HIV-1 env-V3 sequences. NJ 
tree of HIV-1 env-V3 nucleotide fragments obtained from 
blood and seminal plasma collected in 2001–2005. Distances 
were calculated with the Tamura-Nei method using the 
gamma model with α = 0.38, and 1000 bootstrap replicated 
were analysed. The three separate clusters comprised of 
strains B1, B2, and CRF01_AE are indicated. A representa-
tive sequence set was used to generate the phylogenetic 
tree.
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HIV-1 env-V3 sequences. nJ tree 
of HiV-1 env-V3 nucleotide fragments 
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EVKDTKEAL, and in B2 by substituting F→Y in ELKSLFNTV), suggest-
ing that no ctl pressure is exerted upon these sequences. none of these 
substitutions occurs in any other strain. At the first gag p17 aa(18-28) epitope, 
restricted by the Hla-a3 allele, mutations are seen in both the B1 and the 
B2 strains. this epitope has been determined to be the most dominant gag 
CTL-epitope in Caucasians in vivo [39], also because HLA-A3 has a high 
phenotypic frequency in caucasians. However, mutations in strains B1 and 
B2 are different both at the start of the infection, although they involve the 
same amino acid residue, and after a number of years. CRF01_AE did not 
show any changes in this epitope, but had a different sequence from B1 and 
B2 at the time of infection (with the derived c-terminal amino acid being a 
Q instead of an r (B1), or an s (B2)). 

two Hla-a3 epitopes are predicted in env-V3. all three HiV-1 strains 
have mutations in these motifs at the start of the infection, and no changes 
over time (from the years 2001 to 2005) are seen in any strain (table 5). 
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Discussion
Having a patient twice superinfected with HIV-1 provides
a unique opportunity to study the evolution of three dis-
tinct HIV strains in a shared in vivo environment. We have
analysed different aspects of the viruses of patient H01-
10366, including the plasma viral load of each strain over
time, the presence of each strain in seminal plasma, the
rate of nucleotide evolution, the occurrence of recombina-
tion, and of possible convergent CTL escape mutations.
Finally, we have analysed the strength of the viral LTR's as
promoter sequences in luciferase-assays.

Interestingly, all three virus stains, two subtype B strains
named B1 and B2 and CRF01_AE, remain detectable in
the plasma until at least two years after the second super-
infection with CRF01_AE in 2003. In blood plasma, the
viral loads of strain B2 and CRF01_AE are comparable,
and approximately 100× higher than that of strain B1, the
first infecting virus. In seminal plasma, the average total
viral load is 100× lower than in blood plasma; at a single
time point HIV-1 is undetectable by PCR. Here, the virus
strains have only been detected qualitatively, but the over-
all picture is similar: the B1 strain is sometimes undetect-
able, suggesting it has a low copy number, while the B2
and AE strains are always detectable (except for the single

Table 5: Predicted CTL epitopes in HIV-1 gag and env-V3 (according to the patients HLA type) and their evolution

Protein, position CTL epitope HLA-I type Subtype B1 2001 Subtype B2 2002 Subtype AE 2003

Gag p17, 18–28 KIRLRPGGK
or RLRPGGKKK

A3 KIRLRPGGKKR*
K→R (42%) in 2005

KIRLRPGGKKS
S→R (100%) in 2005

KIRLRPGGKKQ, no 
changes over time

Gag p17, 74–82 ELRSLYNTV B8 ELKSLYNTV, 50% 
V→I in 2005

ELKSLFNTV, 67% 
F→Y in 2005

ELKSLYNTV, no 
changes over time

Gag p17, 93–101 EIKDTKEAL B8 EVKDTKEAL, 83% 
V→I in 2005

DVKDTKEAL, no 
changes over time

EILDTKEAL, no 
changes over time

Gag p24, 8–21 GQMVHQAISPRTLN A3- supertype Cw3 GQMVHQPISPRTLN, 
no changes over time

GQMVHQPISPRTLN, 
no changes over time

GQMVHQPVSPRTLN
, no changes over time

Gag p24, 41–60 SALSEGATPQDLNT
MLNTVG

unknown SALSEGATPQDLNT
MLNTVG 92% S→T 
in 2005

SALSEGATPQDLNT
MLNTVG 96% S→T 
in 2005

SALSEGATPQDLNM
MLNIVG, no changes 
over time

Env-V3, 296–305 CTRPNNNTRK A3 CTRPSNNTRK, no 
changes over time

CTRPSNNTRK, no 
changes over time

CTRPSNNTRT, no 
changes over time

Env-V3, 308–322 RIQRGPGRAFVTIGK A3 SIHIAPGRAFYATGE, 
no changes over time

SIHMGPGKAFFTTGE
, no changes over time

SIHMGPGQVFYRTG
D, no changes over 
time

* Underlined amino acids are deviations from the consensus epitope sequence. Changes over time are marked in bold.

Table 4: Mean nucleotide distances within env-V3 over time in blood and seminal plasma

B1 strain B2 strain Subtype AE

Year Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync

2001 blood 0.010 ± 
0.002

0.011 ± 
0.003

0.008 ± 
0.002

- - - - - -

2002 blood 0.017 ± 
0.004

0.014 ± 
0.005

0.012 ± 
0.003

0.006 ± 
0.002

0.010 ± 
0.004

0.004 ± 
0.002

- - -

2004 blood 0.012 ± 
0.004

0.012 ± 
0.007

0.010 ± 
0.004

0.005 ± 
0.003

0.000 ± 
0.000

0.006 ± 
0.003

0.009 ± 
0.002

0.010 ± 
0.002

0.008 ± 
0.002

2005 blood 0.028 ± 
0.009

0.050 ± 
0.021

0.015 ± 
0.006

0.022 ± 
0.006

0.040 ± 
0.014

0.014 ± 
0.004

0.010 ± 
0.003

0.021 ± 
0.003

0.005 ± 
0.002

2004 semen 0.009 ± 
0.004

0.017 ± 
0.012

0.006 ± 
0.003

0.008 ± 
0.003

0.013 ± 
0.009

0.005 ± 
0.002

-d - -

2005 semen -d - - 0.010 ± 
0.003

0.017 ± 
0.010

0.006 ± 
0.002

-d - -

a: Tamura-Nei distance with gamma-parameter α = 0.38. Standard errors were estimated by the bootstrap method with 500 bootstrap replicates 
each.
b and c Nei-Gojobori distance method, p-distance, syn = synonymous, nonsyn= nonsynonymous.
d Nucleotide distances were not calculated for strain B1 in 2005 (seminal plasma) and subtype AE in 2004 (seminal plasma) and 2005 (seminal 
plasma) as the generic primers did not amplify B1 or AE fragments from these samples, and the products generated with specific primers were too 
short to conduct evolution studies.

Table 4. Mean nucleotide distances within env-V3 over time in blood and seminal 
plasma.

function [28]. Subtype AE has three unique transcription factor binding sites: an AP1 motif, a 
GABP motif and a CACCC box-binding factor motif [46,47]. The TAR hairpin sequence (position 
176–232) is underlined. B. structure of the tar rna secondary structure in different HiV-1 
subtypes, using the structure of subtypes B(LAI) and X [29] as references. Nucleotide differ-
ences between the strains are boxed and nucleotide deletions are indicated by (black triangle). 
a detailed phylogenetic analysis of HiV-1 subtype B tar sequences has been described previ-
ously [48,49]. C. transcriptional activity of the HiV-1 ltr promoter sequences from strains 
B(LAI), X, B1, B2_S, B2_L, and AE. Transcriptional activity was tested in the presence of 
increasing concentrations of Tat. The value is the average of four independent measurements; 
the standard deviation is indicated.
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LTR promoter activity
Promoter activity of the LTR sequence of strains B1, B2 and CRF01_AE 
from patient H01-10366 was analysed with a luciferase-assay. Aligned LTR 
sequences are shown in Figure 6A, together with those from controls B(LAI) 
and subtype X (chosen because its TAR hairpin is identical to that of B2_L, 
Figure 6B). Figure 6C shows the transcriptional activity of the 6 LTR con-
structs, in the presence of different concentrations of tat. it is clear that the 
ltr of subtype ae has a comparable activity to that of the controls B(lai) 
and subtype X, but that the activity of the three subtype B constructs of 
patient H01-10366 is much lower. The B2_L construct has the lowest activ-
ity of all, suggesting that the 23 nt duplication is decreasing promoter ac-
tivity. this longer ltr was found in two of the three biological clones that 
contained a B2 LTR (2301#12 and 2602#1); the shorter LTR was only seen 
once (in clone 2301#4). 

Discussion
Having a patient twice superinfected with HiV-1 provides a unique opportu-
nity to study the evolution of three distinct HiV strains in a shared in vivo 
environment. We have analysed different aspects of the viruses of patient 
H01-10366, including the plasma viral load of each strain over time, the 
presence of each strain in seminal plasma, the rate of nucleotide evolution, 
the occurrence of recombination, and of possible convergent ctl escape mu-
tations. finally, we have analysed the strength of the viral ltr’s as pro-
moter sequences in luciferase-assays. 
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Discussion
Having a patient twice superinfected with HIV-1 provides
a unique opportunity to study the evolution of three dis-
tinct HIV strains in a shared in vivo environment. We have
analysed different aspects of the viruses of patient H01-
10366, including the plasma viral load of each strain over
time, the presence of each strain in seminal plasma, the
rate of nucleotide evolution, the occurrence of recombina-
tion, and of possible convergent CTL escape mutations.
Finally, we have analysed the strength of the viral LTR's as
promoter sequences in luciferase-assays.

Interestingly, all three virus stains, two subtype B strains
named B1 and B2 and CRF01_AE, remain detectable in
the plasma until at least two years after the second super-
infection with CRF01_AE in 2003. In blood plasma, the
viral loads of strain B2 and CRF01_AE are comparable,
and approximately 100× higher than that of strain B1, the
first infecting virus. In seminal plasma, the average total
viral load is 100× lower than in blood plasma; at a single
time point HIV-1 is undetectable by PCR. Here, the virus
strains have only been detected qualitatively, but the over-
all picture is similar: the B1 strain is sometimes undetect-
able, suggesting it has a low copy number, while the B2
and AE strains are always detectable (except for the single

Table 5: Predicted CTL epitopes in HIV-1 gag and env-V3 (according to the patients HLA type) and their evolution

Protein, position CTL epitope HLA-I type Subtype B1 2001 Subtype B2 2002 Subtype AE 2003

Gag p17, 18–28 KIRLRPGGK
or RLRPGGKKK

A3 KIRLRPGGKKR*
K→R (42%) in 2005

KIRLRPGGKKS
S→R (100%) in 2005

KIRLRPGGKKQ, no 
changes over time

Gag p17, 74–82 ELRSLYNTV B8 ELKSLYNTV, 50% 
V→I in 2005

ELKSLFNTV, 67% 
F→Y in 2005

ELKSLYNTV, no 
changes over time

Gag p17, 93–101 EIKDTKEAL B8 EVKDTKEAL, 83% 
V→I in 2005

DVKDTKEAL, no 
changes over time

EILDTKEAL, no 
changes over time

Gag p24, 8–21 GQMVHQAISPRTLN A3- supertype Cw3 GQMVHQPISPRTLN, 
no changes over time

GQMVHQPISPRTLN, 
no changes over time

GQMVHQPVSPRTLN
, no changes over time

Gag p24, 41–60 SALSEGATPQDLNT
MLNTVG

unknown SALSEGATPQDLNT
MLNTVG 92% S→T 
in 2005

SALSEGATPQDLNT
MLNTVG 96% S→T 
in 2005

SALSEGATPQDLNM
MLNIVG, no changes 
over time

Env-V3, 296–305 CTRPNNNTRK A3 CTRPSNNTRK, no 
changes over time

CTRPSNNTRK, no 
changes over time

CTRPSNNTRT, no 
changes over time

Env-V3, 308–322 RIQRGPGRAFVTIGK A3 SIHIAPGRAFYATGE, 
no changes over time

SIHMGPGKAFFTTGE
, no changes over time

SIHMGPGQVFYRTG
D, no changes over 
time

* Underlined amino acids are deviations from the consensus epitope sequence. Changes over time are marked in bold.

Table 4: Mean nucleotide distances within env-V3 over time in blood and seminal plasma

B1 strain B2 strain Subtype AE

Year Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync Tamura-
Neia

Synb Nonsync

2001 blood 0.010 ± 
0.002

0.011 ± 
0.003

0.008 ± 
0.002

- - - - - -

2002 blood 0.017 ± 
0.004

0.014 ± 
0.005

0.012 ± 
0.003

0.006 ± 
0.002

0.010 ± 
0.004

0.004 ± 
0.002

- - -

2004 blood 0.012 ± 
0.004

0.012 ± 
0.007

0.010 ± 
0.004

0.005 ± 
0.003

0.000 ± 
0.000

0.006 ± 
0.003

0.009 ± 
0.002

0.010 ± 
0.002

0.008 ± 
0.002

2005 blood 0.028 ± 
0.009

0.050 ± 
0.021

0.015 ± 
0.006

0.022 ± 
0.006

0.040 ± 
0.014

0.014 ± 
0.004

0.010 ± 
0.003

0.021 ± 
0.003

0.005 ± 
0.002

2004 semen 0.009 ± 
0.004

0.017 ± 
0.012

0.006 ± 
0.003

0.008 ± 
0.003

0.013 ± 
0.009

0.005 ± 
0.002

-d - -

2005 semen -d - - 0.010 ± 
0.003

0.017 ± 
0.010

0.006 ± 
0.002

-d - -

a: Tamura-Nei distance with gamma-parameter α = 0.38. Standard errors were estimated by the bootstrap method with 500 bootstrap replicates 
each.
b and c Nei-Gojobori distance method, p-distance, syn = synonymous, nonsyn= nonsynonymous.
d Nucleotide distances were not calculated for strain B1 in 2005 (seminal plasma) and subtype AE in 2004 (seminal plasma) and 2005 (seminal 
plasma) as the generic primers did not amplify B1 or AE fragments from these samples, and the products generated with specific primers were too 
short to conduct evolution studies.

Table 5. Predicted CTL epitopes in HIV-1 gag and env-V3 (according to the patients 
HLA type) and their evolution
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interestingly, all three virus stains, two subtype B strains named B1 and 
B2 and CRF01_AE, remain detectable in the plasma until at least two years 
after the second superinfection with CRF01_AE in 2003. In blood plasma, the 
viral loads of strain B2 and CRF01_AE are comparable, and approximate-
ly 100x higher than that of strain B1, the first infecting virus. In seminal 
plasma, the average total viral load is 100x lower than in blood plasma; at 
a single time point HiV-1 is undetectable by pcr. Here, the virus strains 
have only been detected qualitatively, but the overall picture is similar: the 
B1 strain is sometimes undetectable, suggesting it has a low copy number, 
while the B2 and ae strains are always detectable (except for the single neg-
ative sample), implying a much higher copy number. the almost continuous 
presence of all three viral strains in seminal plasma implies that this triply 
infected patient is able to transmit multiple strains at most time points. 

The LTR-luciferase assays suggested that the LTR from CRF01_AE has 
a much higher activity in vitro than either subtype B ltr, but this differ-
ence is not reflected in the in vivo viral load in blood plasma. It is possible 
that the cervix carcinoma cell line used in the in vitro assays does not reflect 
the in vivo situation due to differences in the availability or concentration of 
transcription factors. Previous work also showed that the CRF01_AE LTR 
is much more potent in vitro than LTR’s from subtype B [28]. Early after 
seroconversion, patients infected with CRF01_AE also show a three times 
higher viral load than those infected with subtype B, although viral load dif-
ferences decrease later on [43]. Possibly, CRF01_AE cannot replicate to its 
full extent after early infection due to decreasing levels of available cD4+ t 
cells. Interestingly, some strain B2 viruses contained a repeat-like insertion 
of 23 bp in the ltr that decreased the in vitro promoter activity, but did 
result in viable viruses as it was found amongst the biological clones. in the 
LTR sequence of CRF01 _AE, the most active promoter of the three viruses 
in the in vitro assays, three transcription factor binding motifs were differ-
ent from the subtype B LTR’s. One of the NF-κB sites is mutated to a GABP 
site, an sp1 site is mutated into a caccc binding motif, and a novel ap1 
site overlaps the rBe iii site. However, none of these changes were present 
in the subtype B (lai) and X ltr’s, which were similarly active in vitro. 

In this triple HIV-1 infected patient, copy numbers of the first virus, strain 
B1, decrease sharply after the second superinfection, suggesting that the su-
perinfections could have been facilitated by an initial infection with a less 
fit virus. Another explanation for the apparent disappearance of strain B1 
can be found in the analysis of the biological clones generated from samples 
postdating the second superinfection. of the 20 clones examined, 18 were 
found to be recombinants between the B1 and B2 strains, with 14 clones 
having a B2 env gene sequence and only four clones having a B1 env gene 
sequence. if indeed B1/B2 recombinant viruses with mainly strain B2 en-
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velope sequences have by then become the major virus population in blood, 
assays targeting the env gene will underestimate the level of B1 sequences. 
an assay targeting e.g. the pol gene might well overestimate strain B1, and 
give lower values for strain B2 copy numbers. 

No CRF01_AE sequences were detected amongst the biological clones, 
neither as full-length viruses nor as recombinant viruses. other experi-
ments showed that CRF01_AE DNA was present in the patients PBMC’s 
and that CRF01_AE RNA could be detected at high levels in blood plasma. 
If CRF01_AE does not grow in our donor PBMC’s as well as the subtype B 
strains, more biological clones should be analysed to optimize the detection 
of this virus. on the other hand, biological clones were generated using tech-
niques that are probably optimized for HiV-1 subtype B, suggesting that 
modifications to the protocol are needed to increase the likelihood of obtain-
ing CRF01_AE clones. The absence of AE/B recombinant viruses could be 
due to the low frequency of recombination between subtype B and CRF01_
AE. Although multiple subtype B/CRF01_AE recombinant viruses are circu-
lating in Asia (see e.g. [44]), the in vitro recombination rate between subtype 
B and CRF01_AE is 9-fold lower than the intrasubtype recombination rate, 
mainly due to mismatches in the dimerization initiation signal (DIS) [45]. 
For subtype C and CRF01_AE, which have an identical DIS, the intersub-
type recombination rate was only two-fold lower than the intrasubtype rate 
[45]. So, to detect any recombination between subtype B and CRF01_AE 
in this patient, many more clones need to be analysed due to its estimated 
minor frequency. Unfortunately, biological cloning using patient H01-10366 
PBMC’s was very inefficient in our hands, and sample limitations disabled 
further efforts.

nucleotide and deduced amino acid sequences of the gag and the env gene 
were also analysed over time in this patient. Viral strains B1 and B2 fol-
lowed a more or less similar trajectory, whereby nucleotide substitutions 
were low in the first 2-3 years, after which the synonymous substitution 
rate increased. Follow-up for CRF01_AE was much shorter, but no devia-
tion from the subtype B pattern was evident. the nonsynonymous substitu-
tion rate remained rather constant over the years. this low nonsynonymous 
evolution rate was connected to another remarkable aspect of HIV-1 in this 
patient: the virtual lack of CTL-epitope evolution. Gag and env epitopes, as 
taken from the Los Alamos Database according to the patients HLA type, 
were studied longitudinally. no changes were seen in any env-V3 epitope. 
a convergent change in the gag p24 epitope salseGatpQDlntMlntVG 
was seen in strain B1 and strain B2. Here, the n-terminal s was changed 
into a t after 3-4 years of evolution, suggesting intensive ctl pressure. 
However, as we did not measure actual ctl responses in this patient, and 
this serine is also part of a cD4 epitope, it is unclear if the escape is really 
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due to ctl effects. reversal of ctl escape mutations in part of the viral 
population was seen in two gag epitopes in strain B1 and B2. in the gag p17 
epitope ELRSLYNTV, 67% of the B2 strain reversed its escape mutation F 
to wild type y after three years of infection. However, in strain B1, 50% of 
the viral population contained after four years of evolution a c-terminal i 
instead of the V present in both the consensus epitope and in strain B2. also, 
the second epitope in gag p17 a change was seen in strain B1 (83% V→i), but 
this amino acid remained a V in strain B2. so, for the changes in gag p17, 
it is unclear whether the (absence of) ctl pressure has introduced them, 
especially as we did not examine the CTL response of patient H01-10366. 

Overall, the different HIV-1 strains found in patient H01-10366 seem to 
influence each others evolution only minimally, except for excessive recom-
bination between the subtype B strains. It is striking that the later arriving 
viruses (strain B2 and CRF01_AE) replicate at much higher levels in blood 
compared with the first infecting virus B1. Because the assays are targeted 
at env-V3, and many recombinant viruses were found to contain a 5’end of 
one strain and a 3’genomic part of the other subtype B strain, it is possi-
ble that B2 copy numbers are apparently increased because of the replica-
tion of a B1/B2 recombinant virus with a B2 env gene. in both subtype B 
strains mutations (either forward or reverse) are observed, but no changes 
are seen in CRF01_AE. This suggests that immune pressure is waning later 
in infection, and coincides with clinical progression in the patient after the 
second superinfection. Decreasing cD4+ cell counts at that time are soon 
followed by the initiation of antiretroviral therapy. Surprisingly, the first 
superinfection did not result in lowering of the cD4+ cell numbers. this sug-
gests that the immune system of the patient was able to cope with a second 
HIV-1 subtype B virus, but not with the more distantly related CRF01_AE 
variant. at present, antiretroviral therapy is successful in this patient, and 
the plasma viral load has become undetectable. 
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Abstract 
Objective: to investigate the association between an unexpected increase 
in the blood plasma HiV-1 viral load in chronically untreated HiV-infected 
patients and the occurrence of an HiV superinfection, we analyzed the HiV-1 
quasispecies in plasma samples before and at peak level in 14 patients.
Results: phylogenetic analysis of HiV-1 env-V3 fragments showed that in 2 
patients a superinfection had occurred: their dominant V3 population at the 
peak level clustered separately from the V3 sequences in a sample predat-
ing the peak level. The rapid rise in viral load could be attributed to upper 
respiratory tract infections or a vaccination in 4 patients, suggesting that 
even minor health problems can result in significantly increased HIV-1 rep-
lication. In most other patients, no minor or major medical condition accom-
panied the rise in HiV-1 viral load, implying that in these patients the viral 
load increase was probably associated with disease progression. 
Conclusion: this study suggests that an unexpected rapid rise in the 
plasma HiV-1 viral load of untreated patients can infrequently be ascribed 
to an HiV-1 superinfection. 
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Introduction
in treated HiV-1-infected individuals, a sudden rise in plasma viral load is 
mostly associated with noncompliance to highly active antiretroviral therapy 
(Haart) or with therapy withdrawal for other reasons. During therapy, 
intermittent episodes of low-level viremia, called “blips” are common, and 
can be associated with drug resistance [1-4]. However, patients not treated 
with antiretroviral therapy can also experience unexpected rapid rises in 
the plasma viral load that sometimes resolve spontaneously later on. op-
portunistic infections, sexually transmitted infections such as syphilis, and 
vaccinations can cause such an increase in the HIV-1 viral load [5-10]. Al-
ternatively, significant rises in viral load have been associated with a HIV-1 
superinfection [11-17]. To explore the association between sudden rises in 
plasma viral load and the occurrence of HiV-1 superinfection, we analyzed 
the HiV-1 quasispecies in 14 patients who were followed at our HiV out-
patient clinic between 1996 and 2006 and who experienced an unexpected 
increase in plasma viral load that was not due to treatment interruption. 

Subjects and methods
Patient selection. for this cross-sectional, retrospective study, patients were 

selected based on plasma viral load follow-up data collected during the years 
1996 to 2006 from a group of 1596 HIV-1-seropositive individuals followed at the 
academic Medical centre in amsterdam, the netherlands. follow-up per patient 
varied from 0 to 28.1 years, with an average of 7.0 years. The occurrence of viral 
load increase was examined in 2005 and 2006. In this group the male to female ratio 
is approximately 4:1, and 77 to79% of the patients were treated with HAART in 
2005 to 2006. Patients selected either had never had any antiretroviral treatment 
or had stopped all antiviral treatment at least 1 year before the sudden increase in 
the viral load was detected, in order to exclude individuals with viral load increase 
due to treatment interruptions, changes, or failure. 

During regular follow-up, plasma viral load measurements are on average 
performed at 3-month intervals. after some important event, such as a large increase 
in viral load, patients are monitored more often, usually every 4 weeks. Patients 
selected experienced a sudden, at least 5-fold rise in viral load from 1 follow-up 
moment to the next, eg, within 12 weeks of an earlier measurement, in the year 
2005 or 2006. Individuals with a gradual rise of <5 times were excluded to circum-
vent patients with ongoing disease progression. Here we assumed that a sudden, 
substantial increase in the viral load represents an acute, new HiV infection. 
Whether or not the viral load decreased spontaneously after the peak level was not 
taken into account. In a primary HIV infection, the viral load normally decreases 
after the acute phase to a much lower level when specific immune responses are 
developed. often, but not always, after HiV-1 superinfection the plasma viral load 
is persistently increased. of the 14 patients selected, 10 had never been treated 
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with any antiretroviral therapy, and the other 4 had stopped all therapy 1 to 3.5 
years before the rapid rise in viral load. patients a, D, f, G, i, K, l, and p initially 
presented at our clinic with a primary HIV-1 infection defined by the detection of 
antigen in an initial test and by an incomplete pattern on subsequent Western blot 
analysis.

in 8 patients, the viral load decreased again spontaneously, 3 others initiated 
HAART immediately, and in 1 patient the load did not decrease significantly 
but Haart was not initiated because his cD4 cell count remained stable. for 
2 patients, no data were available. two of the patients in whom the viral load 
decreased spontaneously nonetheless initiated Haart 3 to 4 months after the 
viral load peak. The CD4 cell count at the HIV-1 load peak did not change signifi-
cantly in 10 patients, and decreased in 2 patients (table 1). for 2 patients, no cD4 
counts could be retrieved. Because acute syphilis infection has been related to an 
increase in the HIV-1 plasma viral load [8-10], syphilis serology was also tested 
(Table 1). Additionally, medical records were searched to find any events coinciding 
with the defining peak level. 

HIV-1 plasma viral load determination. Blood plasma HiV-1 rna was 
measured using the Versant HiV-1 rna 3.0 assay (bDna) (Bayer Diagnostics 
Division, tarrytown, ny, usa), which has a detection level of 40 copies/ml. samples 
with a viral load above 5 × 105 copies/ml were diluted 1:10 and tested again because 
the assay is not validated above this value. the other samples were only tested 
once, inasmuch as this assay has excellent reproducibility and is approved for 
clinical use [18]. 

Amplification and sequencing. Samples taken before and at the peak level 
were analyzed by reverse transcriptase polymerase chain reaction (rt-pcr) and 
population sequencing of a 1302-nucleotide pol fragment using the Viroseq HiV-1 
genotyping kit version 2.0 (Celera Diagnostics, Alameda, CA). Furthermore, a 
264-nucleotide V3 fragment of the HIV-1 env gene was amplified and sequenced 
[19]. Amplification products of V3 were cloned with the Topo TA cloning kit (Invit-
rogen, carlsbad, ca) and sequenced with the BigDye terminator cycle sequencing 
kit (Applied Biosystems, Foster City, CA). Electrophoresis and data collection were 
performed on an aBi prism 3100 genetic analyzer (applied Biosystems). sixteen 
clones were analyzed per sample. the lower limit of detection of this method is 8% 
of a minority viral population. A 720-nucleotide fragment of the HIV-1 gag gene, 
encompassing most of p17 and the first part of p24, was amplified, cloned, and 
sequenced from 2 patients to collect additional evidence for an HiV-1 superinfec-
tion [20].

Phylogenetic analysis. sequences were aligned with reference HiV-1 pol, 
env-V3 and gag sequences (from the Los Alamos National Laboratory, available at: 
http://hiv-web.lanl.gov) using ClustalW available in BioEdit Sequence Alignment 
Editor Version 7.0.1 (Ibis Biosciences, Carlsbad, CA; available at http://www.mbio.
ncsu.edu/Bioedit/bioedit.html). nucleotide distances were estimated with the ta-
mura-Nei [21] distance, using the gamma model to correct for multiple hits and 
to account for different rates of substitution between nucleotides and the inequal-
ity of nucleotide frequencies. The gamma shape parameter α for HIV-1 env-V3 
(0.38) and HiV-1 gag (0.25) were taken from Leitner et al. [22]. Neighbor-Joining 
(nJ) trees based upon tamura-nei distances were constructed with the MeGa 
3.1 software package (available at: www.megasoftware.net), and 1000 bootstrap 
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replicates were analyzed. additional phylogenetic analyses were done with the 
parallel version of MrBayes 3.1 (available at: http://mrbayes.net), modified so 
that the program uses the scalable parallel random number Generators library 
(available at: http://sprng.cs.fsu.edu/) to generate independent streams of random 
numbers. MrBayes3.1 was run at the sara High performance computing facili-
ties (available at: http://www.sara.nl). 

Results 
the HiV-1 quasispecies was analyzed to detect the occurrence of an HiV-1 
superinfection in 14 cross-sectionally selected patients who experienced 
an unexpected increase in the plasma viral load in 2005 to 2006 that was 
not due to treatment interruption (table 1). all patients were followed at 
our HIV outpatient clinic between 1996 and 2006, and serial samples were 
available. 

none of the patients showed a switch from nonsyncytial-forming (ccr5-
using) to syncytial- forming (CXCR4-using) viruses at the peak level as de-
termined from the deduced env-V3 amino acid sequences (not shown). phy-
logenetic analysis of pol and env-V3 fragments showed that the sequences 
of the 2 time points clustered together with high bootstrap values in 12 
patients, suggesting that these patients had not acquired an HiV super-
infection at the second time point (not shown). However, in 2 patients, l 
and p, the dominant population of both pol and env fragments at the peak 
level was completely different from the earlier time and formed a separate, 
highly supported cluster in the phylogenetic trees (not shown). all viruses 
were subtype B strains. At the second time from patient L, only 2 of 16 V3 
clones represented the first virus, whereas 13 of 16 clones were from a novel 
subtype B strain. one fragment was found to be a recombinant between the 
2 strains. the patient was HiV-1 infected at this maximum measured level 
for half a year. further analysis showed that in another sample predating 
the peak, only the V3 sequence of the first strain was demonstrable, whereas 
in a fourth sample postdating the peak, the second strain was exclusively 
detectable. All clones obtained at the peak level from patient P were from a 
completely different subtype B strain compared to the measurement before 
the viral load peak (not shown). Patient P was also known to be HIV positive 
for approximately half a year, identical to patient L. To confirm the HIV-1 
superinfection in these patients, a 720-nucleotide fragment of the HIV-1 gag 
gene was amplified and sequenced [20]. Phylogenetic analysis of these gag 
fragments confirmed the acquisition of novel, distinct subtype B strains in 
both patients at the defining peak level (not shown). 
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Discussion
In this study, we wanted to address the question: “How many people with 

a sudden rise in the plasma viral load have an HiV-1 superinfection?” by 
examining a small, representative subset of HiV-1 infected individuals vis-
iting our hospital. of course, this small study size limits the conclusions 
drawn from it, so the estimate of HiV-1 superinfection occurrence in the 
total cohort is very imprecise. But it does show that there are many reasons 
for a sudden, substantial increase in the HiV-1 plasma viral load, and that 
an HiV-1 superinfection is at best only a minor explanation. from 14 pa-
tients experiencing such a sudden rise in the HiV-1 blood plasma viral load, 
2 increases were found to be due to an HiV superinfection. Both superinfect-
ed patients reported continuing unsafe sexual practices after their primary 
HIV-1 infection. The main risk factor for HIV-1 superinfection is probably 
risk exposure, which is dependent upon 2 aspects: unsafe sexual behavior 
and HiV prevalence. if HiV prevalence is low or safe sex is practiced, an 
HIV superinfection becomes less likely. Other protective factors presumably 
are a broad-neutralizing antibody response [15,16,23] and the use of ART 
[24], although superinfection with a drug-resistant virus under therapy has 
been described [25]. Cytotoxic T-cell lymphocyte responses probably play a 
lesser role in superinfection prevention, as a broad and effective cD8 t-cell 
response did not protect against HIV-1 superinfection [12,16]. 

although the lower limit of detection of our cloning method is only 8% of a 
minority viral population, it is questionable that we missed any superinfec-
tions because of this. It is unlikely that an incoming virus comprising < 8% 
of the total population will give rise to a massive increase in the plasma viral 
load of the virus already in residence. 

the medical records of the other 12 patients were searched retrospec-
tively to find any explanation for the peaking of their HIV-1 plasma viral 
load. In 3 patients (B, H, and N), the HIV-1 viral load peak coincided with an 
upper respiratory tract infection, whereas 1 patient (patient i) had had vac-
cinations for a holiday in the tropics at that time. For 6 other patients, their 
medical records revealed no condition that could explain the rapid increase 
in HiV-1 copy numbers. this suggests that the rise in viral load was associ-
ated with disease progression. Because this study was performed retrospec-
tively, it was impractical to query the patients for any events at the time 
of the peak level load that had not been filed. For 2 other patients, medical 
records were lacking. Five patients had positive syphilis serology compatible 
with an old infection during the viral load increase (table 1), but this has 
never been associated with HiV-1 viral load rises. the only patient (l) with 
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TABLE 1. Characteristics of 14 Patients With a Sudden Rise in the HIV-1 Plasma Viral Load

Patient
Risk
Group Age, y

Estimated
Duration of
Infection, y

HAART
(Stop, y)

HIV-1 Count
Before Peak,

Copies/mL (Date)*

HIV-1 Count
at Peak,

Copies/mL (Date)*

A MSM 43 1 No 5.1 3 104 2.7 3 105

(6/2006) (9/2006)
B MSM 35 11 Yes (–1.5 y) 3.4 3 105 2.3 3 106

(8/2004) (1/2005)
C Heterosexual† 33 5 No 5.5 3 103 3.7 3 104

(3/2005) (6/2006)
D MSM 34 3 Yes (–1 y) 1.5 3 104 1.1 3 105

(2/2006) (6/2006)
E MSM 30 Unknown No 2.9 3 105 2.6 3 106

(6/2005) (11/2005)
F MSM 41 6 Yes (–3.5 y) 4.5 3 104 7.2 3 105

(10/2005) (1/2006)
G MSM 34 3 No 2.0 3 104 3.6 3 105

(5/2005) (8/2005)
H MSM 38 4 No 9.4 3 103 1.8 3 105

(12/2005) (3/2006)
I MSM 33 1 No 5.3 3 104 1.3 3 106

(3/2005) (6/2005)
K MSM 34 3 No 2.1 3 103 6.5 3 104

(3/2006) (6/2006)
L MSM 43 0.5 No 6.9 3 104 2.5 3 106

(10/2005) (2/2006)
M MSM 35 Unknown No 3.6 3 103 1.3 3 105

(5/2006) (9/2006)
N MSM 47 5 Yes (–3.5 y) 2.7 3 104 2.3 3 106

(1/2006) (3/2006)
P MSM 52 0.5 No 2.0 3 102 1.4 3 106

(6/2006) (8/2006)

Patient
Times
Change

CD4 Cell
Count at Peak HIV Subtype

Syphilis Serology
(TPPA; RPR)

Medical Record
at Peak

HIV-1
Superinfection?

A 5 No change B 1:1280; 1:2 No abnormalities No
B 7 Decrease B 1:2560; 1:2 Upper resp. tract infection No
C 7 No change C Neg. No abnormalities No
D 7 No change B Neg. No abnormalities No
E 9 Unknown B Neg. NA No
F 16 No change B Neg. No abnormalities No
G 18 No change B Neg. No abnormalities No
H 19 No change B Neg. Upper resp. tract infection No
I 25 No change B 1:10240; 1:1 Vaccinations No
K 32 No change B 1:2560; 1:2 No abnormalities No
L 36 Decrease B/B 1:1280; 1:8 NA Yes
M 36 Unknown B No material left NA No
N 84 No change B Neg. Upper resp. tract infection No
P 7247 No change B/B 1:320; neg. NA Yes

*Blood plasma HIV-1 RNAwas measured using the Versant HIV-1 RNA 3.0 assay (bDNA) (Bayer Diagnostics, Tarrytown, NY). The date (month/year) of measurement is indicated
in parentheses.

†Patient C was female.
TPPA indicates treponema pallidum particle agglutination assay; RPR, rapid plasma reagin; MSM, men who have sex with men; NA, not available.

Table 1. Characteristics of 14 Patients With a Sudden Rise in the HIV-1 Plasma Viral 
Load

an active syphilis infection that could have been associated with an increase 
in HiV-1 copy numbers experienced a simultaneous HiV-1 superinfection. 
it is possible that this active syphilis infection facilitated the second HiV-1 
infection. 

this study implies that a sudden rise in plasma viral load is not a very 
reliable predictor of an HiV-1 superinfection, as it only found such a rela-
tionship in 14 % of the patients with a sudden rise in plasma viral load. 
furthermore, neither the increase factor nor the absolute number of HiV-1 
copies was indicative of an HiV-1 superinfection (table 1). HiV-1 coinfec-
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tions (second infection before seroconversion) and superinfections (second 
infection after seroconversion) are notoriously difficult to detect, both clini-
cally and in the laboratory. However, because many dual infections have 
been associated with either a higher viral set point or with disease pro-
gression [26-28], there is a clinical demand for an easy detection technique. 
recently, we described a novel method that uses ambiguity in the Viroseq 
genotyping sequence of the HiV-1 pol gene as an indicator of HiV-1 dual 
infections [29]. This method was found to predict HIV-1 double infections 
in approximately half of the suspected cases and could thus prove more re-
liable than relying on unexpected viral load peaks to forecast double infec-
tions. Additionally, this method [29] can be used to detect dual infections at 
any time point, whereas unexpected increases in the plasma viral load can 
at best only suggest superinfections, not HiV coinfections. 

In conclusion, unexpected plasma viral load peaks occurring in chroni-
cally HiV-1- infected patients are infrequently associated with an HiV-1 
superinfection. Minor medical conditions such as upper respiratory tract in-
fections or vaccinations seem more likely to increase HIV-1 replication. Our 
2 superinfection cases occurred within a half year of their original HiV-1 
infection, consistent with prior observations [17]. Thus, suddenly increased 
HIV-1 levels in the first 1 to 2 years after primary infection may be more 
suggestive for HiV-1 superinfection than those occurring later.
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Abstract
two HiV-1 positive patients (l and p) participating in the amsterdam 
cohort studies were selected for an analysis of potential superinfection 
based on a sudden rise in viral load and the concomitant appearance of a 
mixed viral population sequence. phylogenetic analysis of the cloned gag 
and env sequences derived from serial time points during infection indicated 
that both patients acquired an HiV-1 superinfection within half a year from 
their primary HiV-1 infection. the aim of this study was to compare the 
replicative fitness of the primary and superinfecting HIV-1 strains of both 
patients. 

Biological HiV-1 clones were derived from peripheral blood cD4+ t cells 
from both patients comprising different time points, and identified as a 
primary or secondary virus through sequence analysis of gag, pol, and env 
fragments. competitions were performed with pairs of 5 biological clones 
per patient, in pHa/il-2 activated pBMc from a pool of HiV seronegative 
blood donors. Dual virus infections were analyzed using the Heteroduplex 
Tracking Assay (HTA) and isolate-specific PCR amplification. Serial plasma 
samples were tested with the same isolate-specific PCR to study the in vivo 
situation. 

Head-to-head competitions with primary and superinfecting strains in 
activated PBMC pointed to a significant lower replicative fitness of the 
primary HIV-1 strain (B1; B3) over the second virus (B2 and B4, respective-
ly). The use of isolate-specific primer sets showed that primary and second-
ary strains co-exist strains at all time points after the moment of superinfec-
tion in plasma samples. interestingly, the second virus B2 also outcompeted 
the primary B1 strain in vivo. the results for strain B4 were less clear. 
When inspecting env-V3 sequences similar amounts were found of strain B3 
and B4, but gag analysis suggested an advantage of strain B4. possibly, the 
generation of recombinant virus variants can account for this discrepancy. 
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Introduction
Fitness is the parameter that is defined as an organism’s adaptability to a 
specific environment with regard to the production of viable progeny [1,2]. 
Fitness is affected by multiple factors, which for a virus like HIV-1 largely 
depend on the host environment (i.e. target cells, immune response, antiret-
roviral treatment), as well as host and viral genetics [1,2]. To measure rela-
tive viral fitness in vitro, three types of assays have been used for HIV-1 
so far: replication assays, single round infection assays and competition 
assays [1]. The latter are considered the ‘gold standard’ of fitness assays and 
involve direct competitions between different viral strains in cell culture 
[1,3]. For all assays, either molecular clones (virus gene of interest cloned 
into standard viral backbone), biological clones (virus isolate) or a virus pool 
(quasi-species) can be used [1]. Competition assays have been used to de-
termine the relative fitness of HIV-1 group M, HIV-1 group O and HIV-2 
[4], to show that HIV-1 fitness increases during disease progression [5,6], 
to suggest that HIV-1 attenuates over time [7] and, in contrast to the previ-
ous study, to imply that fitness is increasing in the HIV-1 epidemic in The 
Netherlands [8]. 

The description of HIV-1 superinfection in vivo is relatively new [9]. It 
is likely that parasites, including viruses, able to establish a productive su-
perinfection have increased fitness over the primary infecting strain (see 
[10,11] and references therein). In line with this, several reports described 
superinfection with a wild type HIV-1 strain in patients first infected with 
a drug-resistant HIV-1 strain with presumed lower fitness [12-14]. In two 
studies, the relative fitness of the superinfecting strain was compared with 
that of the primary strain in replication assays, but the analysis was re-
stricted to the pol gene [13,14]. In both cases no differences were observed, 
suggesting that fitness determining factors may be positioned outside pol, as 
the superinfecting strains appeared fitter in vivo. In another superinfection 
case, two multidrug resistant HIV-1 strains were involved, of which the first 
appeared fitter in dual infection competition assays [15]. Not much is known 
about the relative fitness of viruses in wild type superinfections. Therefore 
we decided to compare the replicative fitness in two cases of HIV-1 super-
infection. Biological clones of the two virus strains were generated, in vitro 
competition assays were performed [5]. The in vitro results were compared 
to the in vivo situation. 
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Materials and Methods
Patients. two HiV-1 positive patients, l and p, were found to have an HiV-1 
superinfection in an earlier study analyzing sudden plasma viral load rises in 
patients followed at the academic Medical center in amsterdam, the netherlands 
[16]. Both individuals initially presented with primary HIV-1 subtype B infections; 
patient l with fiebig stage ii (vrna+) and patient p with fiebig stage V (Western 
blot + p31-) [17]. Both experienced an HIV-1 superinfection with another subtype B 
strain within half a year from their first presentation. HLA-typing of both patients 
was performed at Sanquin Diagnostiek (Amsterdam, The Netherlands) and the 
following results were obtained. Patient L: HLA class I: A2, A24(9), B27, B60(40), 
Cw 1 and 7; HLA class II: DR1, DR12(5), DR52, DQ5(1), DQ7(3). Patient P: HLA 
class I: A2, A25(10), B44(12), B18, Cw5; HLA class II: DR15(2), DR12(5), DR51, 
Dr52, DQ1 and DQ3

HIV-1 plasma viral load measurement. to determine the blood plasma HiV-1 
rna the Versant HiV-1 rna 3.0 assay (Bayer Diagnostics Division tarrytown, 
ny) with a detection level of 40 copies/ml was used. since the assay is not validated 
above 5x105 copies/ml, all samples with a viral load above this value were diluted 
10 times and tested again. the remaining samples were tested once because the 
assay is highly reproducible and approved for clinical use [18].

Cloning and sequencing of molecular clones from plasma. samples 
collected before and after superinfection were analyzed by RT-PCR amplifica-
tion and population sequencing of pol fragment of a 1302-nucleotide length using 
ViroSeq HIV-1 genotyping kit version 2.0 (Celera Diagnostics, Alameda, CA).

rna was isolated from plasma samples from both patients with a method using 
silica and guanidium thiocyanate [19]. the HiV-1 env-V3 and gag fragments were 
reverse transcribed, amplified, cloned with the TOPO TA cloning kit (Invitrogen, 
carlsbad, ca, usa), and sequenced with the BigDye terminator cycle sequencing 
kit (Applied Biosystems, Foster City, CA, USA). Electrophoresis and data collec-
tion were performed on an aBi prisM 3100 genetic analyzer (also from applied 
Biosystems). the number of clones (n) analyzed for each patient per time point was 
at least n=16 for each strain.

Generation of biological clones. freshly phytohemagglutinin (biotraD-
ING Benelux, Mijdrecht, The Netherlands), glutamax and interleukin-2 (Proleuk-
ine) stimulated peripheral blood mononuclear cells (pBMc’s), obtained from four 
healthy (HiV-1 negative) human donors, were combined and cultured in rpMi 
1640 medium (Invitrogen Corporation, Carlsbad, CA) supplemented with antibiot-
ics, l-glutamine and 15% heat-inactivated foetal calf serum for 3 days. cD8+ t 
cells were depleted after 2 days using the Dynabeads M-450 CD8 kit (Invitrogen 
corporation, carlsbad, ca). Different concentrations of pBMc’s from the HiV-1 
infected patient (104, 2.5 x 104, 4 x 104 6 x 104 cells/well) were cocultivated with 1x106 

CD4+ T cells in the same medium in 96-wells plates for 21 and 28 days, respec-
tively. Each 7 days culture supernatants were tested for the presence of p24 with 

an in-house antigen capture enzyme-linked immunosorbent assay (elisa). at the 
same time, to propagate the culture, one-third of the cell culture was transferred to 
new 96-wells plates and fresh PHA, Il-2 stimulated CD4+ cells were added. Viruses 
were considered to be clonal if less than one-third of the microcultures became 
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positive at a given cell number (poisson distribution). HiV-1 clones were expanded 
by culturing and harvested after 7 days [20]. PBMC’s and supernatant were cryo-
preserved at –150°C [21].

RT-PCR of gag, env, vpr and nef of biological clones. to characterize the 
biological clones, a 264 nucleotide HIV-1 V3 fragment of the env gene and a 804 
nucleotide fragment of the gag gene, encompassing the entire p17 gene and the 5’ 
part of the p24 gene were amplified by RT-PCR as previously described [22-24]. 
The complete vpr gene of the biological clones was amplified and sequenced [25]. 
A fragment of the nef gene was amplified using 5’ End-env-s primer (5’TAG AAG 
aat aaG aca GGG ctt GG3’) and r-ltr3’fM (5’aGa ccc aGt aca GGc aaa 
AAG CAG CTG CTT ATA3’) using Amplitaq (Perkin Elmer 5units/μl) in a final 
concentration of 1.8 mM Mgcl2. Amplification was done for 40 cycles, with each 
cycle involving three steps: 1 min at 95°C, 1 min at 55°C, and 2 min at 72 °c, plus 
a final extension of 10 min at 72 °c. 

Full genome sequencing of biological clones. the complete genome of four 
biological clones from patient l and three from patient p was sequenced. over-
lapping fragments of about 600-1000 bp in length, spanning the entire genome, 
were amplified and sequenced. Sequences were compiled with CodonCode Aligner 
version 2.0.3. Detailed analyses of the complete genomes will be presented in 
Chapter 6. 

Phylogenetic analysis. initially, nucleotide sequences were analysed with 
codoncode aligner version 2.0.3. next, sequences were aligned in Bioedit with the 
clustal W sequence alignment tool (Bioedit sequence alignment editor Version 
7.0.9). Reference sequences were obtained from the Los Alamos HIV sequence 
database (Los Alamos National Laboratory, available at http://www.hiv.lanl.
gov/content/index). Finally, the alignments were manually adjusted to preserve 
in-frame insertions and deletions. Detailed phylogenetic analyses were performed 
with the MEGA3.1 software package (www.megasoftware.net). Distances were 
estimated with the Tamura-Nei method [26], using the gamma model to correct 
for multiple hits and to account for excess transitions, unequal nucleotide frequen-
cies, and variation of substitution rate among different sites. the shape parameter 
alpha, which describes the variation across sites by a gamma distribution (α =0.38 
for env-V3 and α= 0.25 for gag) was previously calculated by Leitner et al [27]. 
Phylogenetic trees were generated with the neighbor-joining method and bootstrap 
resampling with 1000 replicates. phylogenetic analyses of vpr and vpu genes were 
performed in a similar fashion.

Growth competition assays. Different HiV-1 biological clones generated as 
described above were selected based on their env-V3 sequence and tested in growth 
competition assays. the infectivity of the viruses was determined with the method 
of reed and Muench which yields the tissue culture dose for 50% infectivity (tciD50) 
[28]. Briefly, each stock of biological clone was serially diluted in quadruple and 
then plated with 2x105 CD4+ T cells in a 96-well plate. Virus production was tested 
in each well with an in-house p24 antigen capture enzyme-linked immunosorbent 
assay (elisa). 

the growth competition assays were performed in pHa/il-2 activated pBMc’s 
as described previously [4,8]. PBMC’s from at least four healthy donors were mixed. 
the cells were infected with two different viruses at equal multiplicity of infection 
(0.0005 Moi). uninfected cultures were used as HiV-1-negative controls and mo-
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noinfected cell cultures of each virus provided the positive controls. Virus mixtures 
were incubated with 2 x105 PBMC’s at 37°C in 5%CO2, washed three times with 1 
x phosphate buffered saline (pBs) for 25 hours postinfection and then resuspended 
in complete medium [4,7,8,29]. Cell-free supernatant was tested for p24 antigen 
detection 7 days postinfection with an in-house ELISA [30]. Two aliquots of super-
natant and cells were harvested at day 7 after infection and stored at -80 °c for 
further analysis. 

HTA analysis of dual infections. the viral Dna of all dual-infected and mono-
infected cultures was extracted from lysed cells with the Qiaamp Dna Blood Mini 
kit (QIAGEN Inc., Valencia CA, USA). HIV-1 DNA was amplified by PCR using a 
set of external primers (ED14: 5′-TCTTGCCTGGAGCTGTTTGATGCCCCAGAC-3′ 
and EnvB: 5′-AGAAAGAGCAGAAGACAGTGGCAATGA-3′), followed by nested 
primers (E125 5′-CAATTTCTGGGTCCCCTCCTGAGG-3′ and E80 5′-CCAATTC-
CCATACATTATTGTG-3′) [31]. Both the external and nested PCRs were carried 
out in a 100µl reaction mixture under defined cycling conditions [4,5]. The nested 
products from env (C3V3) were analyzed with a heteroduplex tracking assay (HTA) 
to determine the composition of the virus mixture in the competition experiments as 
described earlier [4,5,7,29]. The radiolabeled DNA probes were amplified from the 
env region using the set of primers described above. for this pcr reaction, one of 
the primers was radiolabeled with T4 polynucleotide kinase (PKN, Roche Belgium) 
and 2 µCi of [γ-32P] ATP [4]. Subsequently, labeled probes were separated on 1% 
agarose gel and purified with the QIAquick gel extraction kit (QIAGEN Benelux, 
Venlo, the netherlands). the Hta reaction mixtures containing Dna annealing 
buffer (100mM NaCl, 10mM Tris-HCl pH 7.8, 2mM EDTA), 10µl of amplified DNA 
from the dual infection/competition culture and 0.1 pmol of radioactive probe were 
denatured at 95 °C for 3 min, incubated at 37 °c for 5 min and transferred on wet 
ice for re-annealing. Dna heteroduplexes were resolved on criterion 5% tBe non-
denaturated polyacrylamide gels (BIORAD Belgium) for 75 min at 200V. Gels were 
dried at 80 °c for 45 min, exposed and scanned with a phosphor imager (cyclone, 
Perkin Elmer Inc., Boston MA, USA) and analyzed with OptiQuant software 
package also from PerkinElmer [5].

Viral fitness assay. in the competition experiments, the ratio of two viruses 
produced in a dual infection was analyzed with Hta and compared to the mo-
noinfections [5,31]. The production of individual HIV isolates in dual infection (fo) 
was divided by the initial proportion in the inoculum (io). this quotient is referred 
to as relative fitness (W = fo/ io). The ratio of the relative fitness values of each 
HIV variant in the competition is a measure of the fitness difference (WD) or ratio 
between two HiV strains (WD = WM / WL), where WM corresponds to the relative 
fitness of more–fit virus and WL corresponds to the relative fitness of less–fit virus 
[4].

Strain-specific PCR. the results of the competition experiments were 
confirmed with a virus strain specific PCR. For this purpose, a specific nested PCR 
primer set was designed for each virus strain. primers were located in different 
parts of V3-env or gag; amplified nested PCR products have a distinct length for 
each strain. The specificity and sensitivity of the different primer sets were similar 
(not shown). the amount of Dna was estimated by comparing the intensity of the 
bands using TINA version 2.09g [32]. The same strain specific primer sets were 
used for detecting viruses in plasma samples. the amount of Dna was estimated 
by comparing the intensity of the bands on agarose gels using tina version 2.09g.
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Results

Patient L: plasma virus analysis
serial plasma samples were available from follow-up of patient l. phyloge-
netic analysis of the plasma–derived clones for env-V3 (figure 1) and gag 
(data not shown) regions were carried out on samples from october 2005, 
November 2005, December 2005, January 2006 and April 2006. Figure 1B 
shows the analysis of the env-V3 fragment. the molecular clones from 2005 
(represented by circles) cluster together and were named strain B1, which 
belongs to subtype B. a new cluster was formed by sequences from January 
2006 (represented by diamonds), which was named strain B2, also belong-
ing to subtype B. even though we were still able to detect strain B1, the 
new strain B2 dominated the viral population at that time point. three 
months later, in April 2006 (represented by squares), both the B1 and B2 
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Figure 1. Immunological and virological characteristics of patient L. A. CD4+ T-cell 
counts and plasma viral load of patient L. the cD4+ t-cell counts (grey squares) and 
the plasma viral load (black diamonds) are shown from October 2005 till June 2007. Arrows 
indicate the presence of one (B1) or two (B1 and B2) virus strains. the vertical line indicates the 
probable time of superinfection. the time points of which samples were analyzed are indicated 
by a circle (19.12.2005), a diamond (16.01.2005) and a square (10.04.2006), respectively. B. 
Phylogenetic tree of env-V3 sequences for patient L. nJ tree constructed with represen-
tative nucleotide sequences derived from HiV-1 env-V3. the two clusters formed by strains 
B1 and B2 are indicated. symbols in the tree correspond to symbols in figure 1a. reference 
sequences were from HIV-1 subtype A, B, D, G, and CRF01_AE (AE), respectively.
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strains were detected. these results suggested that patient l was superin-
fected with a second HiV-1 strain somewhere between December 2005 and 
January 2006. 

Plasma samples from patient L were then tested with strain-specific 
primers. in December 2005, as expected, only the B1 strain was detected in 
both env-V3 and gag (figure 3a and 3B). at all later time-points, gag and 
env-V3 fragments of the B1 and B2 strain were amplified concurrently, al-
though relative levels fluctuated slightly. 

Patient P: plasma virus analysis
The env-V3 and gag fragments of molecular clones amplified from plasma 
samples collected during follow–up of the patient were analyzed by sequenc-
ing. phylogenetic analysis of both gene fragments was performed on samples 
from May 2006, August 2006 and November 2006. Figure 2B shows a neigh-
bor-joining tree of representative plasma-derived clones for the env-V3 
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Figure 2. Immunological and virological characteristics of patient P. A. CD4+ T-cell 
counts and plasma viral load of patient P. the cD4+ t-cell counts (grey squares) and the 
plasma viral load (black diamonds) are shown from March 2006 till December 2006.Arrows 
indicate the presence of one (B3) or two (B3 and B4) virus strains. the vertical line indicates the 
probable time of superinfection. the time points of which samples were analyzed are indicated 
by a circle (03.05.2006), a diamond (07.08.2006), and a square (06.11.2006). B. Phylogenetic 
analysis of HIV-1 env-V3 sequences. nJ tree of HiV-1 env-V3 nucleotide fragments obtained 
from plasma collected from the patient. the two separate clusters comprised of strains B3 and 
B4 are indicated. symbols in the tree correspond to symbols in figure 2a. reference sequences 
were from HIV-1 subtype A, B, D, G, and CRF01_AE (AE), respectively.
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fragment (gag data not shown). The sample from May 2006 (represented 
by circles) showed only a single virus – strain B3, whereas a new cluster, 
named strain B4, was additionally present in the August 2006 sample (rep-
resented by diamonds). analysis of molecular clones from plasma sampled 
three months later revealed the presence of both strains B3 and B4 in 
almost equal numbers (represented by squares). these results suggested 
that patient P acquired an HIV-1 superinfection between June 2006 and 
August 2006. 

to estimate the ratio of strains B3 and B4 over time in vivo, we performed 
PCR on plasma samples with virus specific primers. Figure 3C illustrates 
results from plasma samples taken in May 2006, August 2006 and Novem-
ber 2006 for the env-V3 region of patient P. Virus strain B3 is present in 
the plasma sample from May 2006 but it was not detected in plasma col-
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Figure 3. Detection of viral strains in plasma samples from patients L and P. Quantifi-
cation of HiV-1 subtype B strains 1-4 in blood plasma samples from patient l (upper two panels) 
and patient p (lower two panels). Panel A. Quantification of env-V3 fragments amplified by 
RT-PCR from patient L. Three different time-points were analysed: 19.12.2005, 16.01.2006 
and 10.04.2006. Grey bars: strain B1; black bars: strain B2. Panel B. as panel a, but here gag 
gene fragments were amplified and quantified. Panel C. Quantification of env-V3 fragments 
amplified by RT-PCR from patient P. Three different time-points were analysed: 03.05.2006, 
07.08.2006 and 06.11.2006. Grey bars: strain B3; black bars: strain B4. Panel D. as panel c, 
here gag gene fragments were amplified and quantified.
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lected two months later, but reappeared in Nov 2006. The B4 strain was not 
detected in May 2006, as expected, but it was present in plasma samples 
from August and November 2006. Results for the gag gene fragment largely 
confirm these results, although both variants were detectable in August 
2006 and only the B2 strain in Nov 2006. 

Analysis and characterization of biological clones
the structure of the biological clones was roughly analyzed by amplifying 
and sequencing gag, nef, vpr and env-V3 fragments. since antiretroviral 
drug resistance mutations can influence HIV-1 replicative fitness [33,34] we 
analyzed the protease-reverse transcriptase (prot/rt) coding regions of the 
pol gene with the Stanford University HIV drug resistance database (http://
hivdb.stanford.edu). none of the clones displayed any drug resistance muta-
tions (data not shown). 

for patient l we generated approximately 200 biological clones from 
samples collected in November 2005 and January 2006, respectively. All 
clones from november 2005 appeared to contain complete strain B1 viruses 
(data not shown). From the PBMC sample of January 2006 biological clones 
from both strain B1 and B2 were obtained. subsequently we completely se-
quenced one clone (B1.1) from november 2005 and two clones (B1.3, and 
B2.3) from January 2006. Clones B1.1 and B1.3 were found to be composed 
of strain B1 sequences whereas clone B2.3 contained a complete strain B2 
virus (table 1). 

five isolates from patient l were competed against each other in pHa/
il-2 activated donor pBMc’s. figure 4 presents the results obtained in the 

Patient no. Clone no. 
Primary/ 

superinfecting 
virus 

Sequence analysis Strain Sample date 

L B1.1 primary Complete genome B1 Nov 2005 
 B1.2 primary Fragments only B1 Jan 2006 
 B1.3 primary Complete genome B1 Jan 2006 
 B2.3 superinfecting Complete genome B2 Jan 2006 
 B2.5 superinfecting Fragments only B2 Jan 2006 

P B3.1 primary Complete genome B3 March 2006 
 B4.1 superinfecting Fragments only B4 August 2006 
 B4.2 superinfecting Complete genome B4 August 2006 
 B4.3 superinfecting Fragments only B4 August 2006 
 B4.4 superinfecting Complete genome B4 August 2006 

Table 1.  HIV-1 subtype B biological clones used in the ex vivo fitness experiments
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experiments where three B1 isolates (B1.1; B1.2; B1.3) were competed in 
pair-wise fashion against two strain B2 clones (B2.3 and B2.5). in all six 
competitions B2 isolates (black bars) outcompeted the B1 isolates (grey 
bars). Clone B2.3 showed the highest relative fitness values. Overall, the 
relative fitness value of clone B2.5 was slightly lower than that of clone B2.3, 
but still higher than that of the B1 strain viruses. no direct competition was 
performed with clones B2.3 and B2.5 because they cannot be differentiated 
by the HTA probes used. The ranking order of relative fitness was: B2.3 ≥ 
B2.5 > B1.3 ≥ B1.2 ≥ B1.1. The competition experiments were confirmed by 
virus strain-specific PCR (data not shown).

From patient P, one clone was generated (strain B3) from the March 2006 
sample and from the August 2006 sample twenty clones were obtained. 
these 20 clones were roughly analyzed by amplifying and sequencing gag, 
env-V3, nef and vpr, and appeared to contain complete strain B4 proviruses 
(data not shown). no strain B3 or B3/B4 recombinants were found amongst 
the biological clones from the August 2006 time-point (data not shown). The 
only clone generated from the March 2006 sample and two clones from the 
August 2006 sample were completely sequenced. The single clone (B3.1) 
from March 2006 was confirmed to contain a full-length strain B3 provirus 
and the two clones from August 2006 (B4.2 and B4.4) indeed encoded full-
length strain B4 proviruses (table 1). that only a single clone was obtained 
from the March 2006 sample can probably be attributed to the low plasma 
viral load (around 103 copies/ml) which itself could be an indication for a low 
replication capacity of the viral quasispecies present at that time. 

Figure 4. Relative fitness of HIV-1 biological clones from patient L. Graph depicts the 
relative fitness of biological clones from head-to head competitions cultured in PBMCs. The 
results were obtained using HTA method. The colour bars represent the relative fitness of 
clones: grey bars the relative fitness of different isolates of the B1 virus (B1.1; B1.2; and B1.3) 
and black bars the relative fitness of different clones of B2 virus (B2.3 and B2.5).
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A total of five biological clones from patient P were selected based upon 
their env-V3 sequence and were subsequently competed against each other 
under the same conditions as for patient l. figure 5 shows the results of 
these competition experiments where a single B3 strain clone, clone B3.1 
(grey bar) generated from first time-point was competed against four B4 
strain isolates generated from the second time-point (B4.1, B4.2, B4.3, and 
B4.4; black bars). The ranking order of relative fitness was: B4.3 ≥ B4.4 > 
B3.1 > B4.1 ≥ B4.2. The competition experiments were confirmed by virus 
strain-specific PCR (data not shown). 

Discussion
In this study the relative fitness of viral strains involved in two HIV-1 su-
perinfection cases was analyzed. Patients L and P were identified to have 
experienced an HiV-1 superinfection within half a year from their HiV-1 
seroconversion date by analyzing sudden rises in the plasma viral load [16]. 
Both virus strains in the two patients are supposedly “wild-type” viruses, 
meaning that no drug-resistance mutations in pol or deletions in the nef 
gene were found. therefore, these HiV-1 strains are well suited to test the 
hypothesis that productive superinfection can occur only with a virus that 
has a higher relative fitness than the primary infecting strain [10,11]. HIV-1 
superinfections in which the first virus has some known replication defect 
have already been described in three cases of drug-resistant strains whereby 
a superinfection occurred with a wild-type virus [12-14]. 

To estimate the relative fitness of the virus variants able to establish an 
HiV-1 superinfection and to compare that with the primary strain, replica-
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Figure 5. Relative fitness of HIV-1 biological clones from patient P. the graph shows 
the relative fitness of the biological clones representing the B3 and B4 strains of HIV-1 isolated 
from patient P when competed against each other. Grey bars: B3 strain. Black bars: B4 strain 
(B4.1; B4.2; B4.3 and B4.4).



87

relatiVe fitness of superinfeCtinG hiV-1 strains

tion competent virus isolates were obtained by biological cloning. an initial 
genome analysis was performed by PCR amplification of gene fragments 
and subsequent sequence analysis. for patient l around 200 clones were 
obtained in line with the relative high plasma viral load at the time points 
sampled (>105 copies/ml). strain B1 clones were isolated before and after 
the superinfection moment, strain B2 only after superinfection. Both the 
in vitro competition experiments with multiple pairs of B1 and B2 strains 
and the ratio of the two strains in blood plasma samples indicated that the 
second strain B2 is the better replicating strain, in line with the hypothesis 
that a more virulent strain can take over a host infected with a less virulent 
strain [10,11]. For the second patient P the situation turned out to be more 
complex. The first restriction is that only a single clone of initial B3 virus 
was obtained. This is probably due to the low viral load at the first time 
point. in fact, the viral load remains low for many months before superinfec-
tion occurs. in blood plasma, gag and env-V3 fragments from the B3 strain 
could not be amplified from all samples, confirming low copy numbers of this 
strain. in contrast, strain B4 sequences were abundantly present in plasma 
samples taken after the superinfection moment. This, together with the sus-
tained increased plasma viral load suggests a significantly higher level of 
replication of the second strain. the situation in vitro, however, was more 
complex. the single B3 clone obtained was able to outgrow two B4 clones in 
the replication assays, although it appeared less fit in comparison with two 
other B4 clones. probably, the single B3 clone isolated is one of the better 
replicating variants of the quasispecies, and not representative of the B3 
quasispecies, which is the second limitation of this study. Taken together, 
the in vitro and in vivo data strongly suggest that the superinfecting strain 
in patient p is a better replicating virus than the primary strain. However, 
in vivo it might be that the second strain experiences less pressure from 
the adaptive immune system, and is then able to replicate at higher levels, 
e.g. the cytotoxic t cell (ctl) response could be mainly directed against the 
primary strain [14]. 

HIV-1 superinfection has been recognized first because of its association 
with disease progression as exemplified by a permanent rise in the plasma 
viral load and an accelerated decrease in cD4+ t cell numbers in HiV-1 in-
fected patients. Mathematical modeling suggests that, except for the direct 
negative effect on the patient, co- and superinfections can also have an im-
portant impact upon the virus as a species and thus upon the epidemic by 
increasing the replication capacity and possibly the virulence of the patho-
gen [11]. In vitro experiments with vesicular stomatitis virus (VSV), show 
that the progeny of co-, but also of superinfections, has a higher fitness than 
that of single infections as these dual infections allow for faster adaptation 
by favoring competition [35]. Often higher fitness, measured here as replica-
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tive capacity, is associated with higher virulence, e.g. in nef-deleted HiV-1 
or drug-resistant HIV-1 variants [33,36]. Studies on HIV-1 fitness and viru-
lence have been contradictory. a study suggested attenuation of HiV-1 over 
time in Belgium [7], another study reported increasing fitness of HIV-1 in The 
Netherlands from 1986-2003 [8], while a third study indicated that HIV-1 
virulence is not changing over time in North America [37]. However, up till 
now HiV-1 co- and superinfections are less prevalent in the areas studied 
compared to the situation in Africa (reviewed in [38]), and have possibly 
contributed little to changes in fitness here. Whether offspring of HIV-1 dual 
infections has a higher fitness than that of single infections could be tested 
by analyzing the replicative capacity and virulence recombinant viruses. up 
till now, over 30 circulating recombinant forms (crf’s) have been described. 
their sheer number may form an indication that these recombinants are 
well adapted and highly fit. Recombinant viruses are highly prevalent in 
Africa and South East Asia [39,40]. From one recombinant, CRF02_AG, ex-
periments suggest that it replicates at higher levels in vitro than its parents, 
subtype A and subtype G [41,42]. Also, CRF02_AG is very successful in vivo, 
being the predominant strain in West Central Africa [41,42]. However, pa-
tients infected with CRF02_AG did not show differences in survival, clinical 
disease progression or cD4+ t cell decline compared to patients infected 
with other strains [43], suggesting that higher replicative capacity is not as-
sociated with higher virulence in this case. recombinant viruses are often 
generated in dually infected patients and in many cases overgrow the initial 
strains [44-49]. In our patients no recombinant viruses were detected, possi-
bly because the patients were analyzed close to the superinfection moment. 
To examine whether recombinant viruses with increased fitness will be gen-
erated, later time points should be evaluated. 

thus, the analysis of the relative replicative capacity of four HiV-1 strains 
obtained from two patients with an HiV-1 superinfection suggest that, al-
though no strain has a severe replication defect, the second superinfecting 
strain has a higher replicative capacity both in vitro and in vivo. to extend 
these data, it would of interest to analyze the complete virus genome se-
quences to pinpoint genotypic determinants of replication differences, in-
cluding possible escape from predicted ctl epitopes. it remains important 
to examine the replication capacity of viruses from other patients with an 
HiV-1 superinfection to see if the suggestion of a better replicating second 
virus can be confirmed. 
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Chapter 6

Abstract 
We have previously described the replication fitness of HIV-1 strains iso-
lated from two patients with an HIV-1 superinfection: patients L and P 
(chapter 5). Biological clones of the initial and superinfecting strains of each 
patient were generated and competed against each other in an ex vivo assay. 
the competition results suggested that, even though none of the strains had 
a severe replication defect, the second superinfecting virus has a higher rep-
licative capacity in both patients. analysis of the ratio of the two strains in 
blood plasma confirmed this finding. Here we have analyzed the full genome 
sequences to investigate if any mutations are present that would explain 
the differences in replication capacity of the strains. We also studied the 
predicted CTL epitopes to find possible escape mutations that would help 
understand the in vivo data. 
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Introduction
Earlier work analysed the relative fitness of the primary and secondary 
strains of two cases of HiV-1 superinfection (chapter 5). Biological clones 
were generated for the primary and secondary virus strains and competed 
with each other in virus culture assays. the in vivo viral load was monitored 
and we measured the relative viral copy number of the two strains over 
time. results suggested that in both cases the primary strain replicated at a 
lower level compared to the superinfecting strain. Here, complete genomes 
of the viral clones used in the fitness experiments were sequenced and ana-
lysed to find an explanation for the difference in replication capacity. Muta-
tions that could negatively influencing viral replication were identified in 
the primary infecting strains. in patient l, where the primary HiV-1 strain 
showed a markedly decreased replication rate in vivo and ex vivo, we dis-
closed a mutation in the tat gene that is associated with a slower replica-
tion rate. for the HiV-1 strains isolated from patient p, the situation was 
slightly more complex. In vivo, the primary strain could rarely be detected, 
in contrast to the superinfecting strain, suggesting a lower replication level. 
But ex vivo, the early virus replicated at an intermediate level, although we 
were able only to isolate a single clone, which may not represent the viral 
quasispecies. overall, the low initial viral load in this patient indicates a 
significant replication problem. Several mutations were found in the LTR 
promoter region that have been associated with a lower replication rate. 

from the results obtained from these two HiV-1 superinfection cases it 
appears that an HiV-1 superinfection that gives rise to a systemic infection 
is facilitated by a primary infection with a less fit strain that has a lower 
replication capacity than the superinfecting strain.

Materials and methods
Full genome sequencing of the biological clones. HiV-1 biological clones were 
generated previously (chapter 5) from pBMcs collected from patients l and p. 
Several clones were selected for complete genome sequencing (for patient L clones: 
B1.1, B1.3, and B2.3, for patient P clones: B3.1, B4.2 and B4.4). Overlapping 
fragments of about 600-1000bp, spanning the whole genome, were amplified with 
different primer sets and sequenced. figure 2 shows representative sequences from 
both patients. Differences between the clones, B1.1 and B2.3 from patient l and 
B3.1 and B4.2 from patient p, will be discussed in the results section. any differ-
ences observed between clones of the same strain (B1.1 vs. B1.3 and B4.2 vs. B4.4), 
will also be discussed. 

Computational analysis. the sequences were assembled in codoncode 
aligner version 2.0.2 and aligned in Bioedit sequence alignment editor Version 
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7.0.9 using the CLUSTAL W sequence alignment tool (Ibis Biosciences, Carlsbad, 
CA; available at http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Transcrip-
tion binding sites were identified in the LTR sequences with TFSEARCH [1] and 
Alibaba 2.1 [2]. 

Results

Analysis of the HIV-1 biological clones. 
first, the overall genome structure of the biological clones was analyzed. 
clones B1.1 and B1.3 from patient l represented pure strain B1 viruses. 
Clone B2.3 appeared to be a pure B2 strain, likewise, clones B3.1, B4.2 and 
B4.4 from patient p represented pure B3 and B4 viruses. thus, no B1-B2 or 
B3-B4 recombinants were detected. The actual sequences confirm that all 
four strains analysed are representatives of subtype B. We will now describe 
the different genome regions in further detail.

LTR promoter sequence
Because the long terminal repeat (ltr) region is involved in transcription 
of the integrated provirus and is therefore essential for replication [3,4], se-
quence differences could impact the viral replicative fitness. LTR sequences 
include binding motifs for many transcription factors; e.g. nuclear factor 
of activated T cells (NFAT) [5-8], upstream stimulatory factor (USF) [9], 
lymphoid enhancer-binding factor 1 (LEF-1) [10-12], the E-twenty-six spe-
cific (Ets) family proteins [13-15], two factors for Ras responsiveness (RBF-1 
and RBF-2) [16], NF-κB sites [17], the SP-1 family proteins [18-20], and the 
tata-binding protein. usf is a positive regulator of ltr-mediated tran-
scriptional activation [9]. It was suggested that USF is involved in the patho-
genesis of AIDS [21-23], that is by upregulating viral gene expression and 
enhancing viral entry through upregulation of the CXCR4 promoter [23]. 
the ltr region also contains a cac(a/G)tG sequence named the e-box, 
which is the target sequence of proteins of the B class of the basic-helix-loop-
helix-leucine zipper (b-HLH-Zip) family [9].

only the ltr of the B1 strain of patient l could be sequenced as all 
primer sets tested failed to amplify ltr sequences from the strain B2 
clones. alignment of the strain B1 ltr (both B1.1 and B1.3) sequences with 
the HXB2 reference sequence revealed the presence of a 16nt repeat-like in-
sertion near the 5’end of the ltr (data not shown).

In the LTR of all three clones of patient P the expected RBEIII, NF-κβi-ii, 
sp1i-iii sites were present when compared to HXB2. clone B3.1 had a 5 nu-
cleotide deletion at position 287-292 in the USF site (Figure 1), which also 
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Figure 1. 5’ LTR sequences from HIV-1 strains B3 and B4. partial ltr sequence of 
HIV-1 clones B3.1, B4.2 and B4.4 isolated from patient P. Clone B3.1 represents the first virus, 
clones B4.2 and B4.4 the superinfecting virus strain. the HXB2 reference strain is used to 
align the sequences. Dots indicate identical nucleotides, gaps are represented by dashes. the 
TAR hairpin sequence is underlined. Boxes indicate motifs involved in promoter function [87]. 
clones B4.2 and B4.4 have an additional ap1 transcription factor binding site. a mutation in 
the polya hairpin of clone B3.1 is indicated by a yellow box.
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B4.2     ...................L.......S............N...Y.........T..................F..Q......IR...T.-......*

Vpr

10        20        30        40        50    60        70        80               

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

B1.1     MQSLVIFAIIALVVALIAAIVVWSIVIIEYRRILRQRKIDRLIDRIRERAEDSGNESEGDQEELSALVEMG-----HDAPWVIDDL*

B2.3     ..PIQVA..V.....I.I.............K..............A..................T..D..-----.H....VN..*

B3.1     MQSLQILAIASLVVVGIIAIVVWTLVFIEYRKILRQRKIDRLIDRIRERAEDSGNESEGDQEELLAIMEMG-----HDAPWNVDDL* 

B4.2     ....H.A..VG.I.AA.......SI.L......RK.K.....L.....................S.LV.R.HLEMG.H....I...*

Vpu

10        20        30        40        50   60        70        80        90       100                 

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

B1.1      MEPVDPRLEPWKHPGSQPKTACNNCYCKKCCLHCQVCFMKKGLGISYGRKKRRQRRRSPQDSQAHQVSLSEQQTHHPRGDPTGPKESKKKVETETTADPQT*

B2.3      ......S.............P.TK....R..F......TR.................A.E...T......K.PASQ....S...........SK.ET..FA

B3.1      MEPVDPSLEPWQHPGSQPKTACNNCYCKKCCFHCQVCFTKKGLGISYGRKKRRQRRRSPQGSKTHQAYLSKQPASQPRGDPTGPTE*---------------

B4.2      ......R....K...........P..............IT.................A..DNQA..VS.P.......H......K.S...........PGH*

tat

10        20        30        40        50   60        70        80        90       100       110       

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

B1.1      MAGRSGDSDEDLLKTVRLIKFLYQSSRPTTQEGTRQARRNRRRRWRQRQQQIHKLSGWILSTHLGRPAEPVPPQLPPLERLTLDCSEDCGTSGTQGVGGTQVLGESPTILESGTKE*

B2.3      .........DE..R...........TP.PNP...............A..R...S........F.........L..........................P...V...AV..P.A..*

B3.1      MAGRSGDSDEDLLKAVRLIKRIYQSNPPPNPEGTRQARRNRRRRWRERQRQISTISGWILSTYLGRPAEPVPLQLPPLERLTLDHSEDCGTSGTQGVGNPQVLVESPAVLDSGTKE*

B4.2      ..........E...TI....FL.....L.S.T..............G.....QA........H...SP................CN............S........E..E...Q.*

rev

10        20        30        40        50 60        70        80        90       100       110    120       130   

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

B1.1     MGGKWSKRRG-GWSAVRERMRRTDPAADGVGAASRDLENHGALTTSNTAANNADCAWLAAQEEEEEVGFPVRPQVPLRPMTYKGALDLSHFLKEKGGLEGLIYSQQRQDILDLWVYNTQGYFPDWQNYTP

B2.3     ........CKIE.P...R..E.AE........V.....R...I.S..--......V..E...D..-.................A..................H..K........I.H.............

B3.1     MGGKWSKSRQPGWSTIREKMKQAEPAADGVGAVSRDLDKHGAITVNNTAATNPDCAWLEA-QEE-EEVGFPVRPQVPLRPMTYKGALDLSHFLKEKGGLDGLIWSQKRQEILDLWVYHTQGYFPDWDNYTP

B4.2     ........KLF....V..R.RR..........A....ER.....NS..T...A....V...Q..G...................A.V............E...H..Q..D.......N...F....Q....

140       150       160       170       180 190       200            

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

B1.1    GPGTRFPLTFGWCFKLVPVEPDKVEEATAGENNCLLHPMNQHGMDDPERKVLQWKFDSHLAFRHVARELYPDYYKN*V

B2.3    ...I.Y...................K.NE...IS.....S...T....KE..M.....R...H.M...IH.E...DC*

B3.1    GPGIRYPLTFGWCFKLVPADPEQVEAANEGENNKLLHPISLHGMDDPEKEVLVWKFDSHLAFKH--*ELHPEYYKN**

B4.2    ...T..............VET.E..K.......S......Q.......R...Q.....R...H.VAR..Y......**

nef
Myristoylation

site Charged-α helix Acidic cluster PXXP motif (SH3 domain)
di-Arg motif oligomerization

di - acidic motifs

di - Leu motif

G-box FG-box

HI domain HII domain HIII domain

Cholestreol recognition
motif (CRM) Fig. 2

Figure 2. Translated amino acids sequences of the vif, vpr, vpu, tat, rev and nef genes 
from HIV-1 clones used in the competition assays. amino acids sequences of the HiV-1 
(accessory) genes of clones B1.1, B2.3, B3.1 and B4.2. Dots indicate identical amino acids, gaps 
are represented by dashes and stop codons by asterisks. The conservative amino acids are 
underlined.
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deletes most of the e-box motif. However, it is unclear whether deletion of 
the USF site influences the process of transcription, as the USF literature 
describes opposing results. some papers suggest that usf represses tran-
scription [24-26], others show that it activates transcription [9]. Naghavi et 
al. proposed a consensus in that usf can either be a positive or negative 
regulator of transcription depending on the cell type [27]. The B4 clones 
have no deletions in the usf motif. strain B4 viruses had an additional 
ap1 transcription factor binding motif that was not present in the B3 clone 
(figure 1). However, clone B3.1 did have a unique mutation in the poly a 
hairpin (549ttà549CA, Figure 1). Such a mutation makes the structure of 
the B3.1 hairpin less stable than that of the B4 clones that have the wild 
type sequence, which may influence the intricate polyadenylation of the 
viral transcripts [28,29]. A less stable polyA hairpin structure could result 
in premature 5’ polyadenylation in the 5’ ltr giving rise to a reduction in 
viral replication. the ltr regions of clones B4.2 and B4.4 were identical 
(not shown). 

Gag CTL escape
escape from cytotoxic t cell (ctl) pressure is one of the main forces driving 
HIV evolution [30-32]. Escape from CTL pressure frequently results in a 
fitness loss, especially if escape occurs in conserved genome regions, like 
gag-p24. therefore, mutations in predicted ctl epitopes were investigated 
to see if they could explain differences in replication fitness. 

The HLA class I type of patient L was determined to be A2/A24, B27/B60, 
and Cw1/Cw7. HLA-B27 targets the well-described KK10 epitope in gag-p24 
(KrWiilGlnK263-272). escape mutations in this epitope are associated with 
fitness loss [33]. Clone B1.1 has L268M mutation in KK10 epitope sequence. 
clone B2.3, however, had the wild-type of this epitope. an Hla-a24 re-
stricted epitope is also present in gag: KYKLKHIVW28-36. in this epitope, 
clone B1.1 has one mutation, K30r, while clone B2.3 has two escape muta-
tions: K30r and i34l. furthermore, clones B1.1 and B1.3 were different only 
in two amino acids at positions 490 and 494; S/L in clone B1.1, and K/R in 
clone B1.3, respectively.

the Hla class i type of patient p was determined to be a2/a25, B18/B44 
and Cw5. Two escape mutations in the B3 clone, T84A and T86V, are found 
in the gag–p17 B44-restricted epitope LYNTVATLY80-88 that has the wild 
type sequence in the B4 viruses. Mutations were also found in an Hla-a25 
restricted epitope in gag-p24 (QaisprtlnaW150-160). the B3.1 clone has a 
ctl escape mutation at position 151 (aàp) and the B4 strain at position 
152 (iàl). 
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clone B3.1 has an 11-codon repeat of the ’ptap’ motif at the beginning 
of the gag-p6 protein reading frame that is not present in the B4 strain. 
a sequence repeat of 3-9 amino acids at this location has been associated 
with low CD4+ T cell counts, drug resistance and poor prognosis [34-36]. 
These findings could, however, be due to the advanced disease state of pa-
tients in which gag-p6 repeats were detected [34]. CTL-escape is probably 
not the mechanism selected for the ptap repeat in patient p, as the Hla-a2 
epitope found in there that can be targeted by this patient is still intact after 
the duplication. Interestingly, gag-p6 PTAP repeats have been associated 
with positively-charged amino acids at certain positions in the env-V3 loop 
linked to a syncytium-inducing phenotype [34]. Interestingly, the 11th posi-
tion in the V3 loop of the B3.1 clone encodes a positively charged amino acid, 
R, suggestive of a CXCR4-using virus [37-39], but the 25th position could not 
be clearly assigned to a charged amino acid [34,38,39].The B4.2 and B4.4 
clones had an identical sequence in the gag gene.

Pol drug resistance mutations
Although both patients did not take any anti-retroviral therapy, it could be 
that the transmitted viruses harbour drug-resistance mutations in the pol 
gene, that are often associated with reduced viral fitness [40-43]. There-
fore the presence of such mutations was examined in the viral strains from 
patient L and P by comparing the sequences with known drug-resistance 
associated mutations as compiled in the HiV Drug resistance Database of 
Stanford University (available at http://hivdb.stanford.edu/). 

no drug resistance mutations were found in the pol gene of both patient 
l strains. However, the strain B1 protease has a minor resistance muta-
tion (M36I) weakly associated with protease inhibitor (PI) resistance when 
present together with other mutations. furthermore, the strain B1 protease 
gene has a few polymorphic sites (I62V, L63P, A71V and I93L). For the B2 
virus strain also one minor mutation was observed that has been associated 
with resistance, l10i, again only when occurring together with other muta-
tions. Two common polymorphisms were found in the strain B2 protease: 
L63P and I93L.

in the HiV-1 strains isolated from patient p no drug-resistance mutations 
were found. only a few common polymorphisms in the protease reading 
frame of clone B3.1 were seen: A71V, V77I and I93L. The B4.2 and B4.4 
clones had an identical pol gene sequence.

The accessory Vif protein
the mammalian apoBec3f and -3G proteins are cytidine deaminases that 
potently inhibit retroviral replication. these enzymes are targeted by the 
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HiV-1 accessory protein Vif. the Vif coding region has a few important so-
called ‘boxes’; stretches of amino acids that are essential for protein func-
tion. The G-box is critical for binding APOBEC3F [44], while the FG-box is 
required for the interaction between Vif and both APOBEC3F and -3G [45] 
(figure 2–Vif). 

clones B1.1 and B1.3 of patient l have the same vif gene sequence. the 
B1 strains have a wild-type G-box sequence: YRHHY40-44, whereas strain B2 
has a mutation at position 41 (ràK) of this conserved region. the part of 
wild type fG-box sequence is arlVi62-66 but the strain B1 viruses have two 
mutations so that the sequence reads aKVVi62-66 while the B2 strain has one 
mutation (R63T) (Figure 2 –Vif). 

the strain B3 in patient p has a wild type G-box sequence while the B4 
strains have a mutation in this motif (r41K). additionally both strains have 
mutations in the FG-box. The B3 strain has 3 mutations: A61àG, 63RàK 
and I66àV while the B4 strains have only one mutation at position 65 
(Vài). the only difference in the Vif gene between clones B4.2 and B4.4 is 
at position 167, where B4.2 has an R and B4.4 has an A.

The accessory Vpr protein
The Vpr protein of HIV-1 is approximately 96 aa long and fulfills multiple 
functions including cell cycle arrest [46-49], transport of preintegration com-
plexes [50-53], modest transcription activation of the HIV-1 LTR and other 
cellular promoters [54-57], and induction of apoptosis [58-61]. There are 
three important helical domains in the vpr gene: HI, HII and HIII (Figure 
2–Vpr). The HII domain corresponds to residues 35-46 and is essential for 
incorporating Vpr into virus particles [62]. 

a few interesting mutations were observed in the HiV-1 strains of patient 
L. The wild type HII domain has 37I, 41N and 45H, whereas strain B1 has 
37G, 41S and 45Y and strain B2 encodes 37V, 41G and 45H (Figure2–Vpr). 
there are no amino acid differences in Vpr between the B1.1 and B1.3 clones. 

Viruses from patient p also have mutations in the Hii domain. i at posi-
tion 37 was replaced by P in both the B3 and B4 strains and at position 41 N 
was replaced by G as in the B2 virus strain of patient l. in addition, at posi-
tion 45 of Vpr, strain B3 virus encodes H and strain B4 encodes y (figure 
2–Vpr). I37G and H45W mutants of domain HII of Vpr resulted in prod-
ucts that could still be incorporated into virions, but the second mutation 
decreases the stability of the protein [62]. Strain B4 viruses have a point 
mutation at position 77 (R to Q; Figure 2–Vpr) which was seen more often 
in long term non-progressors (86.7%) compared to patients with progressive 
disease (42.1%) [63]. 
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The Tat protein
By binding to the tar hairpin in the ltr, HiV-1 tat protein activates tran-
scription and is indispensable for replication where it acts as a potent ac-
tivator of viral gene expression [64-69]. Site-directed mutagenesis studies 
showed that the minimal tat activation domain is located between residues 
1 and 48 [70-74]. 

Mutational analysis of four highly conserved aromatic amino acids within 
the activation domain showed that, amongst others, the f32l mutation 
greatly reduced tat activity and virus replication, although this replication 
defect is probably less severe in primary cells [75]. This F32L mutation is 
present in the B1 viral clones of patient l. clone B1.1 and B1.3 differ in 
amino acid sequence between positions 72 and 76: QQTHH and HHHPQ, 
respectively (data not shown). clone B2.3 did not show obvious mutations 
that might influence its fitness.

the tat gene of the B3.1 virus clone from patient p is 15 aa shorter com-
pared to the B4 clones (figure 2–tat). However, this deletion is common 
among HIV-1 strains and does not influence viral fitness [76]. No difference 
in tat sequence was observed between the B4 clones. 

The Rev protein
the rev protein is involved in nuclear export of intron-containing viral 
mRNAs [77]. When compared to each other, the B1 clones of patient L had 
many differences in the rev gene. clone B1.1 encoded srpttQ at position 
26-31, whereas B1.3 encoded TTTPSQ. Clone B1.1 has an A37 and P73; clone 
B1.3 has a G and an l at these positions, respectively. We did not observe 
any described mutations in clone B2.3 that could influence the fitness of the 
virus.

Clone B3.1 of patient P did not have any mutations known that possi-
bly influence its fitness. Similarly to the Tat protein, the B4 strain isolates 
encoded an identical rev protein. 

The accessory Nef protein
the accessory protein encoded by the nef gene overlapping the 3’ltr se-
quence also has multiple functions. it downregulates cD4 and MHc mol-
ecules on the cell surface and alters cellular activation pathways [78,79]. 
furthermore, nef greatly enhances viral infectivity and virus load in vivo. 
Virus strains with deletions in Nef are known to be less pathogenic [80,81], 
making the Nef gene an important region to study in relation to viral fitness. 
several extensive studies revealed that nef gene has on its surface several 
conserved protein interaction domains (Figure 2–Nef): acidic cluster, di-
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acidic motifs and di-leucine motifs which are essential in interactions with 
adaptor proteins (ap) to induce the downregulation of surface receptors 
[79]. Nef also has a Src homology (SH3) domain, QVPLR72-77, which is in-
volved in interactions between the cellular protein Hck and Nef [79,82]. Pos-
sibly, nef improves viral infectivity by increasing cholesterol biosynthesis, 
transporting cholesterol to sites of viral budding and incorporating it into 
newly-formed virions [83]. Mutation of the cholesterol binding motif (CRM)  
lHpeyyK198-204 at the c-terminus of the nef protein diminished or abol-
ished these activities. Another study, however, could not confirm that these 
results were due to cholesterol binding of nef, although they did show that 
Nef indeed modifies the lipid composition of HIV particles as well as the host 
cell membrane [84]. 

clones B1.1 and B1.3 of patient l have only two neighbouring positions 
(179-180) that differ (RK versus KE, respectively). Clone B1.1 has the typical 
sequence of the acidic cluster, eeee, whereas B2.3 has a less common sub-
stitution: EDEE [76]. Both clones have rather unusual mutation in the so-
called di-arg motif, where rr was replaced by rQ (figure 2–nef). clone 
B1.1 has a wild type di-acidic motif (ee) but clone B2.3 has a substitution 
of the second e to a negatively charged K that decreases the charge. Both 
clones B1.1 and B2.3 have mutations of unknown significance in the CRM 
at the C-terminus of the Nef protein [83,84]. In clone B1.1 the second and 
fourth amino acid of the motif lHpeyyK198-204 have been replaced (H→Y 
and E →D), in clone B2.3 only the first amino acid is changed (from L to I). 

clone B4.2 and B4.4 of patient p have an identical nef gene sequence 
(data not shown). clone B3.1 has a wild type acidic cluster site (eeee), but 
strain B4 has a rare insertion of a single G (EEGEE) [76]. Also in the di-Arg 
motif both clones encode different amino acids. strain B3.1 has a negative-
ly charged K at the first position while strain B4.2 has a Q there. Moreo-
ver, both strains have a rather unusual sequence in the di-acidic motif. the 
B3.1 clone has sequence ea, where the second e was substituted by a non-
charged a. However, in strain B4 the second e was mutated to a negatively 
charged K, which decreases the charge of the motif. 

there is an important deletion of 9 aa at the c-terminal end of the nef 
protein of clone B3.1 due to an premature stopcodon in the gene (figure 
2–Nef) that deletes the CRM in the resulting protein [83,84]. in strain B4 
there is a substitution in the crM whereby the second H residue is mutated 
to y (figure 2–nef), as in clone B1.1 of patient l. the effect of this mutation 
is, however, not known. 
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Discussion
We have analyzed in detail the genomes of six HiV-1 biological virus clones 
from two patients with an HiV-1 superinfection, patient l and patient p, to 
find mutations that would explain variations in replicative capacity of the 
first and the superinfecting virus strains ex vivo and in vivo. 

for patient l, the superinfecting virus strain outcompeted the primary 
strain in serial blood plasma samples, and also the biological clones ob-
tained from the first virus strain were less fit in an ex vivo competition 
assay (chapter 5). sequence analysis of full-length proviral clones of both 
the primary (clones B1.1 and clone B1.3) and the superinfecting (clone B2.3) 
HiV-1 strain revealed several differences that might explain the observed 
fitness variation. First of all clone B2.3 had two escape mutations (K30r, 
i34L) in the HLA-A24 restricted Gag-p17 epitope KYKLKHIVW28-36 com-
pared to the wild type HXB2 sequence. clone B1.1 has the l268M mutation 
often seen in the Gag-p24 KrWiilGlnK263-272 or KK10 epitope targeted by 
HLA-B27 which the patient carries. However, this mutation does not affect 
the viral fitness in vitro, nor does it affect binding to HLA-B27 [85]. 

clone B2.3 has a point mutation at position 41 in the G-box, a conserved 
region of the vif gene involved in binding APOBEC3F [44] that is not seen in 
the strain B1 clones. additionally, clone B2.3 has three mutations in another 
conserved region of Vif: the FG-box responsible for binding APOBEC3F 
[45]. In the tat gene, the B1 strain viruses have a mutation at position 32 
that encodes an f in wild type HiV-1 but is mutated to an l here. tat f32l 
mutants have a much lower tat activity and replicate slower compare to 
wild type HIV-1 [75]. This suggests that the strain B1 viruses have a lower 
replicative capacity compared to the B2 strain that encodes wild type tat. 

some possibly deleterious mutations were found in both strains, e.g. 
strains B1 and B2 both have three mutations in a conserved region of the 
Vpr gene, and both have a mutation in the crM motif of nef. However, it 
is unknown if, and to what extent, these mutations influence the fitness of 
the viruses. 

the results from patient p were more complex. first of all because we 
were able to obtain only one single biological clone from the first virus 
(chapter 5) probably due to very low viral load at that time point. this single 
biological clone displayed intermediate fitness ex vivo compared to biological 
clones from the superinfecting virus. Despite the higher viral load at later 
time points no additional biological clones of strain B3 were obtained. it is 
likely that this single clone B3.1 is one of the best replicating viruses of the 
quasispecies, and not entirely representative of strain B3 which is one of the 
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limitations of this study. However, analysis of plasma virus env-V3 frag-
ments of both the first and second time point showed that cloned fragments 
were highly homologous to the clone B3.1 sequence in this gene region (not 
shown). this suggests that clone B3.1 is not an exceptional virus with regard 
to env-V3. since no recombinant viruses between the B3 and the B4 strain 
were detected, strain B3 probably replicates at a lower level than strain 
B4. Indeed, strain B3 specific fragments could not always be amplified from 
serial plasma samples obtained from patient p, in contrast to strain B4 spe-
cific fragments, suggesting that copy numbers of strain B3 in vivo are much 
lower than those of strain B4 (chapter 5). 

the analyses of the ltr and the gag gene showed some mutations that 
might explain the difference in replicative capacity of clone B3.1 virus com-
pared to B4 strain viruses. the B3.1 virus had two mutations, tt242ca, in 
the poly a hairpin of the ltr (figure 1) that affect viral replication in a 
negative way [28]. The Gag-p17 HLA-B44-restricted epitope 80lyntVat-
ly88 in clone B3.1 contained two mutations that could represent escape from 
Hla-B44 and might give the virus an in vivo replicative advantage possibly 
together with a decreased fitness ex vivo. However, actual ctl responses 
were not measured in this patient. 

The C-terminal p6 region of the gag gene encodes two proteins, p6gag of 52 
aa and a transframe p6p°l protein of 46aa. Deletion of most of this region does 
not have major consequences for viral replication in vitro or in vivo [86]. Du-
plications in the N-terminus of p6gag protein are generally found in patients 
with an advanced HiV-1 infection and are selected for under antiretroviral 
drug pressure [35,36]. Interestingly, inserts in p6gag in untreated patients 
were associated with mutations in the V3 region of the envelope gene associ-
ated with CXCR4-using variants [34]. Clone B3.1 not only has a repeat of 11 
aa in p6gag but has also amino acid changes in the V3-loop that are sugges-
tive of CXCR4-using, syncytium-inducing viruses [37]. 

Another intriguing finding is the difference in replication capacity of 
clones B4.2 and B4.4, where the latter clone has a substantial ex vivo repli-
cation advantage over the former clone. such a replicative gain is, however, 
difficult to estimate from sequence variation as very little was found. In ad-
dition to one amino acid difference in Vif, modest variation was found in the 
env gene, consisting of two amino acid changes, one in the signal peptide 
and one in env-V5, respectively, and an additional glycosylation site in the 
env-V4 region of clone B4.4 (not shown). 

after analysing complete genome sequences from biological clones gener-
ated from primary and superinfecting HIV-1 strains, mutations known to 
negatively influence viral replication were only found in the primary infect-
ing strains. in patient l, where the primary HiV-1 strain showed clearly 
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decreased replication both in vivo and ex vivo, this strain carried a mutation 
in the tat gene associated with lower tat activity and a slower replication 
rate in vivo. for the HiV-1 strains isolated from patient p, the situation 
was slightly more complex. In vivo, the primary strain could not always be 
detected, in contrast to the superinfecting strain, suggesting a lower replica-
tion level. indeed, in the ltr of the primary strain, deleterious mutations 
associated with lower replication rates, were found. However, the ex vivo 
data were slightly more complex. only a single biological clone was available 
for analysis, and this clone replicated at an intermediate level compared to 
the clones from the superinfecting strain. Having only one clone, with pos-
sibly an advanced replication capacity compared to the whole quasispecies, 
could explain the effect seen. 

from the results obtained from two HiV-1 superinfection cases it appears 
that an HiV-1 re-infection that give rise to a systemic superinfection is fa-
cilitated by a primary infection with a less fit strain that has a lower replica-
tion capacity than the superinfecting strain. 
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Discussion
With more than 6500 new infections daily, HIV-AIDS is one of the most 
destructive pandemics in the human history. Despite years of research and 
the fact that the search for an HiV vaccine is one of the highest health pri-
orities, a preventive HIV vaccine has not been developed yet [1]. Recently, 
the most promising vaccine candidate failed to protect against HiV infection 
in clinical trials [2], nor had it an impact on early plasma viral load. Moreo-
ver, the vaccine seemed to increase the likelihood of HIV-1 infection, prob-
ably associated with pre-existing immunity against ad5, the adenovirus on 
which the vaccine vector was based [3]. One can conclude from this trial that 
we after so many years of research still do not have sufficient knowledge to 
develop an effective vaccine, emphasizing the need for further fundamental 
research.

In 2002, the first reports on HIV-1 superinfection in humans were pub-
lished [4-6]. Because a re-infection event suggests that immune responses 
generated against the primary infection are not necessary able to protect the 
patient against the next infection, there are obvious implications for HiV 
vaccine design [7]. Evaluating HIV-1 superinfection cases offers a unique 
opportunity to study the correlates of immune protection. therefore the re-
search described in this thesis was dedicated to answering some fundamen-
tal aspects of HiV-1 superinfection, and the best methods to detect such 
superinfections. 

The detection and confirmation of HIV dual infections, including su-
perinfections, is challenging. it requires not only broad laboratory analy-
ses but also appropriate, serial blood samples because of potential fluctua-
tions of the different strains in the collected plasma, and the likelihood of 
recombination [8]. Some methods for the detection of HIV dual infections 
have been described [9]. Serotyping based on ELISA allows to distinguish 
between HIV-1 and HIV-2 [10], and between HIV-1 groups O, N and M [11-
15], but not between intra- or inter-subtype dual infections. The first cases 
of HiV-1 inter-subtype superinfection were detected during routine testing 
for drug resistance mutations in the pol gene [16,17]. Subsequently, phy-
logenetic analysis of viral sequences obtained from serial plasma samples 
suggested that an HiV-1 superinfection had occurred. We have described 
the criteria for a positive identification of an HIV-1 dual infection by phylo-
genetic analysis which should be performed with at least two independent 
methods [18]. Sequences of an individual patient should form two independ-
ent clusters, but if they cluster together the bootstrap/posterior probability 
value connecting the clusters should be non-significant (value below 80/0.8).  
Divergent sequences from a patient that cluster together with statistical 
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support should always be attributed to viral evolution and not to dual in-
fection. in two large studies prot/rt sequence analysis was used to detect 
HIV-1 superinfections. One study was performed on 718 patients from the 
Stanford University Hospital in San Francisco, USA [19] and another on the 
ATHENA national observational cohort in The Netherlands [20]. In both 
studies no HiV-1 superinfections were detected. However, the second su-
perinfection in patient H01-10366 described in chapter 2 was detected by 
comparing HiV-1 genotyping sequences. analysis of the viral genotype at 
the time point of a sudden rise in the plasma viral load provided evidence for 
a new infection with CRF01_AE, as the patient was already infected with a 
subtype B strain as determined by prot/RT genotyping [21]. 

in fact, another way to discover HiV-1 superinfections is to be aware of 
sudden, unexpected increases in the plasma viral load [22-27]. It can be en-
visaged that a productive superinfection will always lead to a (temporary) 
increase in the plasma viral load. However, because of the infrequent sam-
pling moments such a temporary increase might easily be missed. to inves-
tigate the relation between plasma viral load increase and the occurrence of 
an HiV-1 superinfection, a representative group of HiV-1 infected individu-
als was tested (chapter 4). an association was found in 14% of the patients, 
e.g. in two out of 14 cases. retrospectively, three other patients with an 
unexpected peak in their plasma viral load had experienced an upper respi-
ratory tract infection at that time. six patients did not endure any obvious 
medical problems that could have triggered the increase in HiV-1 copy 
numbers. recent reports show that vaccinations, opportunistic infections, 
sexually transmitted diseases or upper respiratory tract infections can cause 
a rise in the HIV-1 plasma viral load [28-33]. If we analyze the plasma viral 
load of the triple HIV-1 infected patient H01-10366 (chapter 2), only single 
significant rise in the plasma viral load was observed that could have been 
an indication for a superinfection, namely the second superinfection with 
CRF01_AE. The first superinfection with a subtype B strain did not signifi-
cantly influence the plasma viral load, although it is possible that the actual 
peak moment was missed due to lack of sampling around that time. 

other methods to detect HiV superinfections include a novel method 
based on ambiguity in the Viroseq genotyping sequences of the HiV-1 pol 
gene and a method called MHa that can only be used to detect inter-subtype 
dual infections. Both were described in the introduction of this thesis.

The first cases of HIV superinfections were noticed because of a rise in 
the plasma viral load and a decline in CD4+ T cell numbers [34-36]. These 
clinical parameters suggested that HiV superinfections are associated with 
accelerated disease progression or alternatively, that these superinfections 
could be identified because of faster disease progression. However, not all 
patients experience symptoms. An example is patient H01-10366 described 
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in chapters 2 and 3. The first superinfection with a subtype B strain did not 
cause any significant changes in the plasma viral load or in the CD4+ T cells 
counts, which were stable around 500 cells/µl. in contrast, the second su-
perinfecting virus (CRF01_AE) caused a significant rise in the plasma viral 
load with a permanent increase compared to the initial setpoint viral load 
and a severe decrease in the cD4+ t cell count. additionally, the patient ex-
perienced flu-like symptoms such as fever, rhinorrhoea, cough and arthral-
gia, which were not present at the time of the first superinfection. In the two 
cases described in chapter 4, HiV-1 superinfection was associated with a 
sudden rise in the plasma viral load and a strong decline in the cD4+ t cell 
count in patient p, but not in patient l. 

Many of the previous studies, including the triple HiV-1 infected patient 
H01-10366, described cases of HIV-1 superinfection with high viral load and 
rapid disease progression [37-47]. However, studies on LTNP (long term 
non-progressors) revealed dual HiV-1 infections, including superinfection, 
without any disease progression [48,49]. Also, in case of HIV-1 superin-
fection in a Dutch elite controller, the patient was able to recover relative 
control of the second infection, with an average plasma viral load of 2000 
copies/ml after two years of follow-up [50]. 

Knowledge of the frequency and timing of HiV superinfections is im-
portant for designing vaccine strategies. The first months till 3 years after 
primary infection are probably the most optimal time period for the acquisi-
tion of an HIV-1 superinfection [51]. Patient H01-10366 was superinfected 
with a second subtype B strain approximately 17 months after his first posi-
tive HiV-1 antibody test and then 9 months later he was superinfected with 
CRF01_AE (chapter 2 and 3). Both superinfected patients from chapter 4 
also acquired a second infection relatively early after their initial infection; 
patient P at around 5 months and patient L at approximately 6 months after 
primary infection. However, there are some reports of HiV-1 superinfection 
occurring after much longer time periods, e.g. 9 years [52] or 12 years [53] 
after the first infection. In monkeys infected with HIV-2 or SIV the suscep-
tibility window for superinfection is very short and is mostly limited to a 
few weeks after the initial infection [54-59]. The adaptive immune response 
is probably the most important factor in the prevention of superinfection. 
Adaptive immune responses are induced normally within a few weeks to 
months after primary HiV or siV infection. the precise development of the 
adaptive immune responses depends on the individual patient; in some the 
effective immune response takes longer to mature, in others the immune 
system could already be deteriorating, allowing for a second infection. 

Kinetics of other cellular or viral factors could also play a role in determin-
ing the susceptibility to and the timing of an HIV-1 superinfection [60]. It is 
possible that the plasma viral load is associated with the strength or specifi-
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city of the T cell response. E.g. the higher viral loads observed in CRF01_AE 
infections compared to subtype B infections likely drive the strength and 
breadth of the T cell response that is superior in CRF01-AE infection [61]. 
infection with a strain with relatively low replicative capacity could also de-
crease the strength and cross-reactivity of the immune response, facilitating 
a second infection. if the second virus is replicating at an increased level, it 
not only benefits from suboptimal immune responses, but can also efficiently 
overgrow the primary strain. in the three patients described in this thesis, 
indeed a lower replicative fitness was observed for the initial strains. For 
two initial strains, mutations in the ltr and in the tat gene, both associat-
ed with decreased viral replication, were detected. the third primary virus 
strain was replicating at a lower level in vivo, but no obvious deleterious 
mutations were found in the genome fragments sequenced. 

the main target for siV in macaques is the gut-associated lymphoid 
tissue [62]. During the acute stage of the infection, a massive destruction 
of 60-80% of memory CD4+T cells in the lymph nodes takes place [63-65]. 
cD4+ t cells from other compartments are subsequently transported to the 
mucosa to refill the lost T cells. At the same time, the number of peripheral 
blood cD4+ t cells slowly starts to decrease. a similar chain of events occurs 
in humans during HIV infection [66]. If antiretroviral therapy was given in 
early stages of the infection then most of the intestinal cD4+ t cells were 
maintained, but this did not happen when treatment was given during the 
chronic phase of the infection. How can a superinfection occur if most of the 
target cells are gone? 

first of all in macaques the virulence of the infecting strain was associ-
ated with the rapidity and degree of cD4+ t cell depletion in the intestine 
[67,68]. Monkeys infected with an SIV strain with a deletion in the nef gene 
(SIVmac239Δnef ) did not undergo a dramatic depletion of intestinal cD4+ t 
cells [69]. This suggests that a defective virus strain does not destroy these 
target cells as profoundly as does a virulent strain. in humans, ltnps are 
also able to sustain a normal level of cD4+ t cells both in pBMcs and in the 
intestinal mucosa [70]. Some of these individuals were found to be infected 
with attenuated HIV-1 strains [71,72]. So, at least in patients infected with 
less virulent HIV strains, there should be sufficient mucosal target cells left 
for a productive second infection. the same would probably be true for those 
patients starting antiretroviral treatment very early in infection [73]. The 
20 to 40% of mucosal memory cD4+ t cells left uninfected in other patients 
would in fact also be sufficient to support a second HIV-1 infection, espe-
cially if cD4+ t cells from other compartments travel to the mucosal tissues 
to replenish the lost cells.
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 the hypothesis that an HiV-1 superinfection follows an earlier infec-
tion with a less virulent strain that leaves ample mucosal target cells was 
tested in chapter 5. Here, the relative fitness of the primary strain and su-
perinfecting variant was compared in ex vivo competition experiments for 
two superinfection cases. in patient l, the ex vivo fitness of the superinfect-
ing virus (strain B2) was higher than that of the primary strain B1 in all 
competition experiments. these ex vivo results were similar to the in vivo 
situation, were the second strain B2 predominated the viral quasispecies in 
every plasma sample collected after the superinfection. thus, in patient l 
the superinfecting strain had a higher fitness than the initial strain, both ex 
vivo and in vivo. 

The superinfecting strain B4 from patient P, however, was fitter than 
the primary strain B3 in only 2 of 4 ex vivo competition assays. this can 
most likely be explained by the specific viral clone that was used in the 
assays. only a single, fast growing, biological clone of the B3 strain was 
obtained, suggesting that it represents an exceptional clone isolated from 
an otherwise poorly replicating viral quasispecies. consistent with this 
idea is the low initial viral load. In vivo the second virus strain was clearly 
fitter than the primary strain, yielding a significantly higher viral load after 
superinfection. thus, in these two patients with an HiV-1 superinfection, 
the secondary strain is indeed more fit and replicating at a higher level 
than the primary strain, both ex vivo and in vivo. the next step would be 
to perform larger studies to examine the general validity of this hypoth-
esis. other reports have also suggested that the superinfecting strain has 
a higher fitness compared to the primary strain. In three reports, patients 
were first infected with a drug-resistant viral variant with suspected lower 
fitness before superinfection with a wild-type HIV-1 strain [74-76]. In two of 
these studies, a replication assay with HiV-1 clones with the particular pol 
genes was used to compare the relative fitness of the primary strain with 
the superinfecting variant [77,78]. No difference in fitness was observed 
in this experiment. However, the wild-type strains were fitter in vivo, sug-
gesting that fitness-determining factors are located outside the pol gene in 
these cases. re-analysing the plasma viral load of the three HiV-1 strains of 
patient H01-10366 with a strain-specific assay (chapter 3) showed that RNA 
copy numbers of the primary strain (B1) decrease sharply after the second 
superinfection, suggesting that here also the first infecting virus is a less fit 
variant. 

experiments on HiV-1 isolates collected for the amsterdam cohort 
Studies on HIV/AIDS indicated that the fitness of recent HIV-1 strains 
(1996-2003) is significantly higher than that of early (1986) strains, suggest-
ing a gain-of-fitness of HIV-1 associated with increasing age of the epidemic 
[79]. HIV-1 co- and superinfections could contribute to this increased fitness, 
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e.g. by the generation of more fit recombinants. In vitro experiments with 
vesicular stomatitis virus suggested that especially coinfections, but also su-
perinfections, allow a rapid emergence of virus variants with higher fitness 
[80]. Higher fitness is intuitively linked to increased virulence, but both 
characteristics are not necessarily related. a higher virulence was reported 
for feline immunodeficiency virus (FIV) co- and superinfections in cats com-
pared to single infections, although the total viral load was similar [81]. 

Recombinant viruses are a typical product of retrovirus replication [82]. 
recombination is one of the most important mechanisms to increase the di-
versity of viral quasispecies both within a patient and within the epidemic 
[83-85]. In case of a dual infection, inter-strain recombinant offspring can be 
produced. HiV-1 inter-subtype recombinants have been recognized since the 
beginning of the pandemic, since they are easier to detect than e.g. intra-
patient or intra-subtype recombinants [86]. At present, many recombinant 
strains of HiV-1 are circulating, especially in africa and southeast asia 
[87,88]. The generation and outgrowth of a recombinant form in patients 
infected with two different HIV-1 subtypes has been described [89-91]. This 
suggests that here indeed a fitter variant is produced by a dual infection, con-
veniently discernible to the investigator in the form of a recombinant virus. 
The now broadly dispersed recombinant strain CRF02_AG was shown to 
replicate at higher levels in vitro than its parental subtypes A and G [92,93], 
implying that fitter viruses can also have an epidemiological advantage. Of 
course, viruses with higher fitness arising from a dual infection do not nec-
essarily have to be recombinants, but those are more difficult to discover. 
In the triple HIV-1 infected patient H01-10366, recombinant viruses were 
prominent among the biological clones, albeit only between the two subtype 
B strains (chapter 3). of the 20 clones examined, 18 were found to be recom-
binant offspring from the B1 and the B2 strain, with 14 clones having a B2 
env gene. Ex vivo fitness was not tested here, but the in vivo abundance sug-
gests an advantage for these recombinant viruses over the parental strains. 
Despite the fact that in blood plasma samples the viral loads of strain B2 
and CRF01_AE were comparable, and about 100 fold higher than strain B1, 
no recombinants between subtype B and CRF01_AE were detected. In pa-
tients L and P no recombinant viruses were identified amongst the biologi-
cal clones (chapter 5), possibly related to the short time of follow-up. also in 
patient P, copy numbers of the first infecting virus were very low throughout 
the course of infection. 

escape from ctl pressure or reversion after transmission is one of the 
main driving forces in HIV evolution [94-96]. To examine whether CTL pres-
sure is different for the first and superinfecting HIV-1 strains, we used an 
indirect method in chapter 3. Mutations in ctl epitopes compatible with 
the patients Hla type were investigated in all three strains as an indication 
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for ctl pressure experienced by the virus. Based upon to the Hla type of 
patient H01-10366, six epitopes in the gag and env genes were investigated. 
no convergent evolution were observed in any gag epitope. Various escape 
mutations were present in the two env epitopes of all strains. the only con-
vergent evolution in strains B1 and B2 was seen in a gag epitope that is 
strongly reactive in ethnic africans but has not been associated with any 
specific HLA type [97]. In the B1 and B2 strains an S→T amino acid position 
substitution at 41 of gag p24 was found in over 90% of the late sequences, 
but was not present in the early viruses. Interestingly, the third CRF01_
ae variant in this patient did not develop this mutation over two years of 
follow-up. no convergent evolution was seen during reversal of ctl escape 
mutations in gag epitopes. e.g. 50% of the B1 sequences contained the V82i 
mutation in the gag p17 epitope ELRSLYNTV74-82 three years after infection, 
while 67% of the B2 sequences had the reversal mutation F79Y. CRF01_AE 
did not revert in this epitope, although it contained a R76K escape muta-
tion. the second gag p17 epitope, EIKDTKEAL93-101, showed the V94i re-
versal mutation in strain B1 after three years. no changes were detected in 
strain B2 that carried the sequence DVKDtKeal93-101, or in CRF01_AE car-
rying the sequence eilDtKeal93-101. However, actual ctl pressure was not 
measured in this patient. from these observations it is clear that the three 
HIV-1 strains influence each others evolution only marginally in vivo, and 
convergence is almost absent. 

the study of HiV-1 superinfections is attractive from a virological, an 
immunological and a clinical point of view. in this thesis, important issues 
relating to the virological aspects of HiV-1 superinfection have been inves-
tigated. fitness studies compared with whole genome sequencing provide 
evidence that HiV-1 superinfection occurs preferentially when the primary 
infection concerns a virus strain with impaired replicative capacity. infec-
tion with such a strain could lead to suboptimal immune responses while 
simultaneously leaving sufficient mucosal CD4+ target cells available for 
the second virus. actual ctl responses were not measured in the studies 
described here, but the evolution of HiV-1 strains in a triple HiV-1 infected 
patient indicate the near absence of ctl escape mutations, suggesting that 
the ctl response is not optimal (chapters 2 and 3). no ctl-escape muta-
tions were seen in the third strain, CRF01_AE, suggesting that the initial 
ctl-response was not strongly cross-reactive and no novel responses were 
generated. 

the relationship between HiV-1 superinfection and clinical progression 
is variable in the three cases described here. A significant increase in the 
plasma viral load accompanied the superinfection in patients l and p, and 
the second superinfection in patient H01-10366. All three patients are cur-
rently receiving antiretroviral drugs. Patient H01-10366 started antiretro-
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viral therapy 23 months after the second superinfection because of disease 
progression (CD4+ T cell counts <250 cell/µl, plasma viral load >70.000 
copies/ml). Patient L began antiretroviral treatment 37 months after super-
infection (CD4+ T cell counts <300 cell/µl, plasma viral load >100.000 copies/
ml). patient p started antiretroviral therapy 8 months after the superin-
fection event (CD4+ T cell counts <250 cell/µl, plasma viral load >200.000 
copies/ml). CD4+ T cell counts <250 cells/µl are usually reached in chronic 
HIV infection approximately 6-8 years after primary infection [98], suggest-
ing that HiV-1 superinfection has increased disease progression in the cases 
described here. 
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Summary
HIV superinfection in humans, defined as a second HIV infection after se-
roconversion due to a first infection, has become a frequently studied topic 
since the first conference reports on potential superinfections and dual in-
fections appeared in 2000. evidence of HiV-1 superinfections in humans 
suggests that a primary infection with HiV-1 does not always generate a 
protective immune response against a second infection. 

In this thesis we describe the first case of serial HIV-1 superinfection in 
a Dutch patient, finally resulting in a triple HIV-1 infection (chapter 2). 
the two HiV-1 subtype B strains (B1 and B2) and the recombinant virus 
CRF01_AE infecting this patient were studied in-depth in chapter 3. the 
association between a sudden increase in the plasma viral load and the oc-
currence of an HiV-1 superinfection was investigated in chapter 4. this 
search yielded two patients with an HiV-1 superinfection, of which the 
primary and secondary viruses were competed against each other to analyze 
their comparative replication fitness in a study described in chapter 5. 
Chapter 6 describes the complete genome analysis of these virus variants.

in chapter 2 we described the first HIV-positive patient, infected with a 
subtype B virus variant, with two consecutive HiV-1 superinfections. the 
first superinfection occurred with another subtype B virus approximately 
17 months after testing HIV-1 positive in March 2001. A second superin-
fection with the recombinant strain CRF01_AE took place 9 months after 
the second superinfection. the patient was a 35-years old caucasian man, 
living in amsterdam, and reported to having sex with multiple men. in July 
2003 a large increase in the plasma viral load was noticed, and the cD4+ 
T cell count was substantially reduced. Also, the patient experienced flu-
like symptoms like fever, rhinorrhoea, arthralgia and cough. Analysis of a 
plasma sample from this time point revealed the presence of two subtype 
B strains and a CR01_AE virus variant. Based on retrospective studies of 
stored plasma samples we were able to show that the first superinfection, 
with the second subtype B strain, occurred between July and october 2002. 
The first superinfection did not cause any acute infection symptoms in the 
patient, although a small increase in the plasma viral load was seen. Having 
such an unusual case provided us with an opportunity to investigate the ev-
olution of three HiV-1 strains within a single patient and the possible virus 
interactions, especially recombination. 

Chapter 3 describes the extensive follow-up of the HiV-1 quasispecies 
within this unique patient after triple infection. We investigated the evolu-
tion of the first, second and third strain by sequencing the gag and env genes 
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at different time points. Additionally we checked the viral production of all 
three strains in blood and seminal plasma to investigate the replication ca-
pacity of the strains. Measuring the transcriptional activity of the ltr pro-
moter in a luciferase system revealed that the CRF01_AE variant has a 
higher promoter activity than strains B1 and B2. However, the increased 
promoter activity was not reflected in the plasma viral load, as we observed 
the continuous expression of all three strains in blood plasma, with similar 
viral loads for strain B2 and CRF01_AE, which were about 100-fold higher 
than that of the first B1 virus. Overall, the viral load was about 100-fold 
lower in seminal plasma than in blood plasma. strain B1 sequences were 
frequently undetectable, while ample sequences of strain B2 and CRF01_AE 
sequences were detected; suggesting that strain B1 also has the lowest copy 
number in seminal plasma. We also generated biological clones to analyze 
recombination events. overall, little evidence was obtained for such virus 
interactions, except for recombination between strains B1 and B2. no in-
ter-subtype recombinants were found between the HiV-1 B viruses and the 
CRF01_AE subtype. 

the triple HiV-1 infection case described in chapters 2 and 3 was first 
identified because of a sudden increase in the plasma viral load. In chapter 
4, we therefore investigated the association between such a sudden rise in 
the plasma viral load and the occurrence of an HiV-1 superinfection. We 
have analyzed the HiV-1 variants in plasma samples from 14 chronically 
untreated HiV-1 infected patients. phylogenetic analysis of env-V3 and gag 
fragments from two time points, before the rise in plasma viral load and at 
the peak of the load increase, revealed additional HIV-1 superinfections in 
two patients (patients l and p). Both patients were superinfected with a 
second subtype B variant approximately 6 months after the primary HIV-1 
subtype B infection. in six other patients retrospective studies suggested 
diverse explanations for the sudden rise in their plasma viral load, such 
as upper respiratory tract infections or other stimulations of the immune 
system, e.g. vaccination in one patient. When no medical explanation could 
be given, the increase in the HiV-1 copy number was probably attributed to 
disease progression. We concluded that a rapid increase in the plasma viral 
load is only infrequently related to HiV superinfection. 

in chapter 5 the relative fitness of the primary HIV-1 strain and that 
of the superinfecting strain isolated from patients l and p was compared. 
Ex vivo competitions were performed with pairs of biological virus clones 
generated from patients l and p. the dual virus infections were analyzed 
with a heteroduplex tracking assay (HTA) and with isolate-specific PCR am-
plification. Head-to-head competitions showed a significantly higher repli-
cative fitness of the superinfecting strain (B2) over the first B1 strain in 
patient l. in only two out of four competitions the superinfecting virus (B4)  
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outcompeted the primary strain (B3) in case of patient p. However, it was 
very difficult to obtain B3 clones, which may suggest a replication defect. 
the relative rna copy numbers of each virus in blood plasma samples 
were also analyzed over time to estimate the in vivo replication capacity. 
in both patients l and p, the superinfecting strains B2 and B4 had higher 
copy numbers than the primary strains B1 and B3. these combined results 
suggest that the superinfecting strains have a superior replication capacity 
in vivo compared to the primary strains. 

in chapter 6 we sequenced the full-length genomes of the B1-B4 biologi-
cal clones to investigate what variation could account for the differences in 
replication capacity of the strains. for the primary infecting strain B1 of 
patient l, the most important candidate mutation is f32l in the tat protein 
that has been associated with reduced tat activity and reduced replication 
capacity of the virus. the primary strain B3 of patient p was found to have 
two interesting mutations in the polya hairpin that could negatively in-
fluence the regulation of polyadenylation and virus replication. No obvious 
mutations interfering with the replication process were found in the super-
infecting HiV-1 strains of both patients. 
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Samenvatting
Superinfectie met HIV beschrijft een tweede infectie met een HIV variant 
nadat men eerder reeds besmet is geraakt met dit virus, waartegen ook al 
een immuunreactie was opgebouwd. Dit onderwerp mag zich verheugen 
in een groeiende belangstelling sinds het verschijnen van de eerste weten-
schappelijke rapporten over het voorkomen van HIV superinfecties in 2001. 
Het optreden van HiV superinfecties in patiënten leert ons dat een eerdere 
infectie met dit virus niet automatisch een beschermende immuunreactie 
opwekt, een bevinding die serieuze consequenties heeft voor het onderzoek 
naar een beschermend HiV-vaccin. 

Een kort overzicht van dit proefschrift is als volgt. In hoofdstuk 2 wordt 
het eerste geval van seriële HiV infectie, resulterend in een drievoudige HiV 
infectie, beschreven in een nederlandse patiënt. een gedetailleerde analyse 
van de twee aanwezige HiV subtype B varianten (genaamd B1 en B2) en 
de recombinante virusstam CRF01_AE wordt beschreven in hoofdstuk 3. 
Het eventuele verband tussen een plotselinge verhoging van de hoeveelheid 
virus (viral load) in het bloed en het optreden van een HiV superinfectie 
is het onderwerp van hoofdstuk 4. In dit onderzoek werden twee nieuwe 
patiënten geïdentificeerd met een HIV superinfectie. De beide virusstammen 
van deze patiënten werden geïsoleerd. infectie experimenten met de beide 
stammen in celculturen (virus competities) worden beschreven in hoofd-
stuk 5 om te bepalen of de tweede HIV stam een hogere biologische fitness 
moet hebben dan de eerste stam om een superinfectie mogelijk te maken. In 
hoofdstuk 6 wordt het complete genetisch materiaal van de virusstammen 
uit hoofdstuk 5 geanalyseerd, waarbij vooral is gekeken naar de aanwezig-
heid van mutaties in de eerste virus varianten die verantwoordelijk zouden 
kunnen zijn voor replicatiedefecten. 

Hoofdstuk 2 beschrijft de eerste patiënt met twee opeenvolgende HIV 
superinfecties. De patiënt is allereerst geïnfecteerd met een HiV stam van 
het subtype B virus, waarna een eerste superinfectie plaatsvindt ongeveer 
17 maanden na de eerste positieve HIV test in maart 2001. Een tweede su-
perinfectie met de recombinante CRF01_AE stam vindt plaats 9 maanden 
na de eerste superinfectie. De patiënt is een 35-jarige blanke Nederlandse 
man, woonachtig te Amsterdam, die seksuele contacten had met meerdere 
mannen. In juli 2003 werd plotseling een sterke verhoging gemeten van de 
hoeveelheid virus in het bloed, en tegelijkertijd nam het aantal CD4+ T-
cellen onverwachts sterk af. Ook had de patiënt griepachtige verschijnse-
len (koorts, loopneus, spierpijn en hoesten) die lijken op de symptomen 
van een acute HiV infectie. in het bloedplasma van dit moment werden na  
een uitvoerige moleculaire analyse maar liefst drie HiV stammen aangetrof-
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fen, namelijk de al eerder genoemde subtype B1 en B2 stammen en de recom-
binante stam ae. analyse van eerdere bloedmonsters die waren opgeslagen 
toonden aan dat de eerste superinfectie met de B2 stam plaats moet hebben 
gevonden tussen juli en oktober 2002. Symptomen die verband houden met 
een acute HIV infectie worden rond deze tijd niet gerapporteerd door de 
patiënt, maar er werd wel een lichte verhoging van de plasma virale load 
waargenomen. Het voorhanden zijn van zo’n unieke drievoudige HIV-infec-
tie geval stelde ons in staat om de evolutie van drie virus varianten in één 
persoon en de interacties tussen de drie virusstammen in detail te bestud-
eren. 

Hoofdstuk 3 beschrijft een gedetailleerde analyse van het HIV genetisch 
materiaal uit deze patiënt. Daartoe wordt de sequentie bepaald van de gag 
en env genen en nadere analyse kan gebruikt worden om de evolutie van 
de drie virusstammen gedurende de infectie te volgen. De hoeveelheid van 
de B1/B2/AE stammen werd in de tijd gevolgd in het bloed van de patiënt, 
wat informatie verschaft over de relatieve in vivo replicatiecapaciteit van 
de verschillende virus varianten. Klonering van de virale ltr promoter se-
quenties in een luciferase reporterconstruct toonde aan dat de transcrip-
tionele activiteit van de ae promoter hoger is dan die van beide subtype 
B stammen. echter, deze verhoogde promoter activiteit resulteerde niet in 
een hogere virale load van de ae variant in het bloed van de patiënt. De 
virale load van de AE en B2 stam is bij benadering even hoog, en ongeveer 
100 maal hoger dan die van de eerste B1 stam. De totale virale load in het 
bloed bleek ongeveer 100 maal hoger dan de virusconcentratie in het sperma 
(seminaal plasma). De onderlinge verhoudingen zoals gemeten in het bloed 
werden teruggevonden in het seminaal plasma, waar geen B1 sequenties 
aangetoond konden worden, terwijl het genetisch materiaal van de B2 en 
AE varianten wel altijd detecteerbaar was. Dit suggereert dat stam B1 ook 
in seminaal plasma een lagere virale load heeft ten opzichte van de andere 
twee virusstammen, wat uiteraard negatieve consequenties kan hebben voor 
de kans op transmissie van deze B1 variant. Daarnaast werden biologische 
kloons van de virussen geïsoleerd om eventuele vermenging/recombinatie 
tussen de B1, B2 en AE stammen op te sporen. Zulke interacties tussen de 
virusstammen werden nauwelijks aangetoond, afgezien van enkele recom-
binante B1/B2 virussen. inter-subtype recombinaties tussen B en ae virus-
sen werden niet gevonden. 

De drievoudige HiV infectie beschreven in de hoofdstukken 2 en 3 werd 
in eerste instantie opgemerkt door een onverwachte, substantiële stijging 
van de plasma virale load. in hoofdstuk 4 wordt daarom nagegaan in ho-
everre een plotselinge stijging van de plasma virale load voorspellend is voor 
een HiV superinfectie. Daartoe hebben we de HiV-1 varianten onderzocht 
in 14 onbehandelde, chronisch-geïnfecteerde patiënten waarbij zo’n onbe-
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grepen verhoging van de plasma virale load werd waargenomen. De molecu-
laire virusanalyses voor en na de stijging van de virale load leverde twee 
nieuwe HiV-superinfectie gevallen op (patiënten l en p). Beide patiënten 
werden ongeveer 6 maanden na de primaire infectie met een subtype B stam 
geïnfecteerd met een andere subtype B stam. Veelal was de verhoogde virale 
load dus niet voorspellend voor een superinfectie. retrospectieve analyse 
van de medische dossiers van 6 patiënten suggereerde dat in deze gevallen 
de plotselinge stijging van de HIV virale load wellicht geassocieerd is met 
een stimulatie van het immuunsysteem, bijvoorbeeld door een luchtwegin-
fectie of vaccinatie. Uiteraard is er altijd een geleidelijke stijging van de 
plasma virale load tijdens het voortschrijdende ziektebeloop van de HIV in-
fectie, en dit kan de oorzaak zijn van de stijging in de andere patiënten. Con-
cluderend kunnen we zeggen dat een onverwachte verhoging van de plasma 
virale load soms, maar niet altijd, geassocieerd is met HIV superinfectie. 

Hoofdstuk 5 beschrijft het relatieve replicatievermogen (fitness) van 
de virusstammen geïsoleerd uit de patiënten l en p. Daartoe werden in 
celkweken steeds twee virusstammen met elkaar in competitie gebracht, 
waarbij het snelst replicerende virus de competitie wint. Deze experimenten 
werden uitgevoerd met biologische virus kloons geïsoleerd uit bloedcellen 
van de patiënten. De experimenten werden geanalyseerd met een geavan-
ceerde heteroduplex tracking assay (HTA) die de samenstelling van een vi-
rusmengsel analyseert en met behulp van PCR amplificaties die specifiek 
zijn voor een bepaalde virusvariant of subtype . In geval van patiënt L had 
het tweede virus (stam B2) een duidelijk verhoogde replicatiecapaciteit ten 
opzichte van het eerste virus (B1). Dit was minder duidelijk bij patiënt P, 
waar de tweede virusstam (B4) slechts twee van de vier competities wist te 
winnen van de eerdere stam (B3). Dit laatste resultaat is wellicht vertekend 
omdat in feite slechts één goed replicerende kloon gekweekt kom worden 
van de eerste virusstam (B3), iets dat toch duidt op een replicatieprobleem 
van het B3 virus. Wellicht belangrijker is het feit dat in beide patiënten het 
aantal virale genomen van de tweede stam (B2 en B4) in het bloed hoger 
is dan dat van de eerste stam (B1 en B3). Deze analyses wijzen erop dat 
de tweede, superinfecterende HiV stam een verhoogde replicatiecapaciteit 
heeft ten opzichte van de eerste stam. 

tenslotte wordt in hoofdstuk 6 het genetisch materiaal van de virussen 
uit hoofdstuk 5 gesequenced en geanalyseerd om te onderzoeken welke 
genetische variatie ten grondslag zou kunnen liggen aan het verschil in re-
plicatiecapaciteit, met name of er defecten aantoonbaar zijn in de zwakker 
replicerende eerste virusvarianten. De eerste virusstam B1 van patiënt l 
is bijzonder vanwege de aanwezige F32L mutatie in het Tat eiwit die geas-
socieerd is met verminderde tat activiteit en een lagere replicatiecapaciteit  
van het virus. De eerste virusstam B3 van patiënt p vertoonde twee interes-



140

saMenVattinG

sante mutaties in de polya haarspeld structuur van het rna genoom die 
wellicht een negatief effect kunnen hebben op het proces van polyadenyl-
ering van het HiV-1 rna en aldus op de virusreplicatie. Geen opvallende 
mutaties werden gevonden in de tweede, superinfecterende stammen van 
beide patiënten (B2 en B4).
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