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The Disease 

AIDS Epidemiology 

The Acquired Immunodef ic iency Syndrome 

(A IDS) was f i r s t recognized in 1981 and in 1983 

the causative agent o f th is new sexually 

t ransmi t ted disease was iden t i f ied t o be a 

re t rov i rus ini t ial ly named Human T-Lymphotropic 

Virus I I I (HTLV I I I ) , Lymphadenopathy 

Associated Virus (LAV) and A I D S associated 

Retrov i rus (ARV)[1"4). Based on the 

character is t ics o f t he disease, t h e virus was 

renamed Human Immunodef ic iency Virus (HIV) P 1 . 

Two subtypes o f H I V are iden t i f i ed , H I V - 1 and 

H I V - 2 , which have a d i f f e r e n t geographical 

d is t r ibu t ion and d i f f e r e n t pathogenici ty. Thus, 

while t he d is t r ibu t ion o f H I V - 1 is worldwide, H I V -

2 is most prevalent in W e s t - A f r i c a n countr ies and 

is associated w i th a more benign disease course 

than H IV -1 [ 6 ) . 

H I V - 2 is believed to have entered t h e human 

population through cross-species transmission 

(zoonosis) and to or ig inate f r o m a Simian 

Immunodef ic iency Virus (S IV ) s t ra in t h a t is 

endemic in sooty mangabey monkeys (SIVsm)17"91. 

Recently, clues pointing to a similar or igin f o r 

H IV -1 have been described1101. Phylogenetic and 

geographic analyses ident i f ied a part icular 

SIVcmz s t ra in , de tec ted in t he chimpanzee 

subspecies Pan t rog lodytes t rog lodytes , as a 

possible candidate ancestor f o r H I V - 1 . Based on 

the presence and character izat ion o f H I V - 1 

sequences in a plasma sample dat ing f r o m 1959, 

t he in t roduct ion o f H I V - 1 into t h e human 

population is est imated to have occurred around 

t h e 1940s11'1. 

Two decades a f t e r t h e f i r s t recognit ion o f 

A I D S , H I V - 1 is responsible f o r t he death o f 

approximately 14 million people world wide and t h e 

est imated number o f people living w i th H I V / A I D S 

by t he end o f 1998 was 33.4 million (Fig. 1)I12]. I n 

1995 new, highly e f f e c t i v e an t i - re t rov i ra l drugs 

were introduced. The use o f these drugs in 

combination regimens, te rmed highly act ive an t i 

re t rov i ra l therapy (HAART), has resul ted in a 

decrease of A IDS-dea ths in t he western wor ld , 

which can be regarded as <m important v ic to ry in 

t he human combat against H I V - 1 . However, t he 

ini t ial euphoria brought about by t he prospect o f 

H I V - 1 eradicat ion being wi th in s ight , has since 

been tempered considerably. Eradicat ion o f t h e 

virus is hindered by t h e possibly l i fe- long 

persistence1131 o f H I V - 1 due to latent in fect ion o f 

long-lived rest ing CD4* T cells114"161. L i fe- long viral 

persistence, toge ther w i th drug tox i c i t y , non

compliance, and appearance o f mult iple drug 

res is tant H I V - 1 variants pred ic t t h a t cur ren t 

an t i - re t rov i ra l regimens, despi te t he i r 

e f fect iveness in inhibit ing virus repl icat ion and 

the i r capacity to prevent and reverse disease 

progression, will fa l l shor t in eradicat ing H I V - 1 

in fect ion. 

North America 

890 000 

Caribbean 

330 000 

Latin America 

1.4 million 

WesternEurope 

7 500 000 

North Africa 
& Middle East 

210 000 

Eastern Europe & 
CehträTAsia *-'.-.;, 

270000 
East Asia & Pacific 

'• 560 000 
South 
& South-East Asia 

6.7 million 
süb-Saharan Africa 

22.5 million Australia 
& New Zealand 

12 000 

Total: 33.4 million 
Fig. 1. Adults and children estimated to be living with HIV/AID5 as of end 1998 (from reference 12) 
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Notwithstanding the decrease in AIDS deaths 
in the western world, new infections still occur in 
virtually every country of the world. Moreover, 
the epidemic is still completely out of control in 
many (developing) countries, for which the current 
anti-retroviral treatment is financially out of 
reach. During 1998, 11 new infections were 
estimated to occur every minute (90% of which 
occurred in Sub-Saharan Africa and South and 
South-East Asia), affecting men (53%), women 
(36%) and children (below age 15, 10%)[12]. The 
number of people dying of AIDS, globally 6 per 
minute during 1998, lags only a few years behind. 
The imperfection of HAART and the tremendous 
and continuously increasing numbers of new 
infections and of people living with HIV/AIDS 
illustrate that the battle is not yet won by far. 

HIV-1 infection 

HIV-1 establishes a chronic infection in humans 
that is characterized by a clinically asymptomatic 
phase unequivocally resulting in AIDS. The median 
time interval between seroconversion and AIDS is 
9-10 years, however the length of this phase is 
highly variable. While some individuals develop 
AIDS within a few months after seroconversion, 
cases with lack of any signs of progression for 15 
years or more have also been reported1'7"221. 
Already during the asymptomatic phase large 

numbers of virus are produced every day[23"251, 
generally resulting in a steady increase in the viral 
load[2627l Simultaneously, the numbers of CÙ4" T 
cells decline126'311 and the functionality of the 
immune system detonates02"371. Once beyond a 
threshold, the immune system is no longer able to 
counter opportunistic infections and control the 
outgrowth of malignancies. This end-stage of HIV-
1 infection, thus characterized by a variety of 
illnesses, is called AIDS [38). 

The Virus 

HIV-1 

HIV-1 is a retrovirus belonging to the subfamily of 
Lentiviruses. Retroviruses are enveloped particles 
of 100 nm that contain an icosahedral nucleocapsid 
and have a single-stranded diploid RNA genome 
with a molecular weight ranging from l-3xl06. 
They carry an RNA-dependent DNA polymerase, 
called reverse transriptase, responsible for 
translating the viral genome into DNA, which is 
integrated into the host genome. 

Like the other members of the retroviral 
family, the HIV-1 virion consists of an outer 
membrane, formed by a lipid bilayer derived from 
the host cell membrane (Fig. 2). In the membrane 

reverse transcriptase 

P7 nucleocapsid 

Fig.2. HIV-1 virion', on the left, a schematic representation (®<5. Kelvin, adapted from reference 55); on the right, an 
electron micrograph (from reference 56) 
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the transmembrane proteins (TAA, gp41Env) are 
incorporated1391. The gp41 proteins are associated 
with the surface proteins (SU, gpl20Env), that 
protrude from the virion surface140"431, and on the 
inside of the virion with the matrix proteins (AAA, 
pl7<s°9)[44] -rne inner core of the virion is composed 
of capsid proteins (CA, p24Sa9)[44'451, and contains 
the two positive stranded RNA molecules, reverse 
transcriptase and RnaseH (RT/RnaseH, 
P51/p66Po1), integrase ( IN , p34Po1) and nucleocapsid 
(NC, p76a9) proteins. 

The above mentioned proteins are encoded by 
the &ag, Pol and Env genes'46"481, and are common 
among retroviruses. The viral protease (PRO, 
pllp°') is responsible for proteolytic cleavage of 
the two precursor proteins (pöö6"9 and pl65Sa9"p°l) 
that give rise to the core proteins (CA, AAA and 
NC) and the viral enzymes (RT/RnaseH, RT, PRO 
and IN) respectively149"521. 

In addition to the 3 typical retroviral genes, the 
HIV-1 pro-viral genome contains 6 genes encoding 
the regulatory and accessory proteins tat, rev, 
nef, vif, vpr and vpiF3]. The proviral genome is 
flanked by regulatory sequences called the long 
terminal repeats (LTR)[541. 

HIV-1 replication cycle 

HIV-1 entry of the host cell is mediated through 
binding of gpl20 to its cellular receptor CD4'57"591, 
and one of the coreceptors'60"631. Binding to CD4 
and the coreceptor exposes the fusion peptide of 
gp41 and brings it into close proximity of the cell, 
after which fusion of the viral and cellular 
membrane ensues (Fig. 3)[64]. Af ter fusion to the 
cell membrane, the inner core of the virion is 
released and uncoated and the process of reverse 
transcription is initiated in the cytoplasm. The 
proviral genome is transported to the nucleus and 
integrated into the host genome. The host 
transcription and translation machinery is 
employed for production of regulatory proteins, 
structural proteins and the viral RNA genome. 
Structural proteins and the RNA genome are 
transported to and assembled at the cellular 
membrane, after which the progeny virus buds 
from the membrane. 

To complete its replication cycle, the virus 
depends on the presence of cellular factors 
associated with cell division. In quiescent cells the 
process of reverse transcription is impaired'65"701 

and HIV-1 resides as an incomplete, labile proviral 
DNA species'65'661. Furthermore, even though it 
has been suggested that the matrix protein, vpr, 
and integrase mediate nuclear transport of the 
preintegration complex'711 in non-dividing cells'72" 
751, nuclear transport and integration of proviral 
DNA appear to be efficient only in activated 
cells'6876"781. 

Fig. 3. Schematic representation of HIV-1-receptor binding and fusion (adapted 

from reference 64) 

Tropism 

The cellular receptor of HIV-1, CD4, is expressed 
on T lymphocytes of the helper phenotype, thymic 
precursors, macrophages, dendritic cells (DC) and 
microglial cells of the brain. Consequently, these 
cell types are potential target cells of HIV-1'59 '79" 
84 l From observations that HIV-1 could not 
replicate in non-human cells expressing human CD4 
however, it became evident that additional factors 
were required to establish infection'85861. 
Furthermore, in the early years of HIV-1 research 
it became clear that two distinct HIV-1 
phenotypes could be recognized, with different 
tropism for CD4* T cell lines. These two HIV-1 
variants were distinguished as slow/low and 
rapid/high viruses'871, or by their differential 
capacity to induce syncytia, as non-syncytium-
inducing (NSI) and syncytium-inducing (SI) 
variants'88'891. The (rapid/high) S I variants 
appeared to be more T-cell-line-tropic compared 
to the (slow/low) NSI variants'901. The other way 
around, the tropism of most NSI variants 
appeared to extend to macrophages, while this 
was only occasionally observed for S I 
variants'91-921. 

These observations led amongst others to the 
search for CD4* cell-type-specific entry 
factors'931, which was successfully concluded in 
1996, when the chemokine receptor CXCR4 
(initially referred to as FUSIN or LESTR) was 
identified to be the coreceptor for T-cell-line-
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tropic, S I , HIV-1'601. This discovery was just 
preceded by the observation that NSI HIV-1 
replication is in vitro inhibited by ß-chemokines[94]. 
Hence, almost simultaneously to the discovery of 
the coreceptor for T-ce!l-line-tropic HIV-1 
variants, the receptor of the ß-chemokines, CCR5, 
was identified as the coreceptor for primary NSI 
variants'61"631. Since the identification of CCR5 as 
an HIV-1 coreceptor, data on coreceptor usage of 
primary HIV-1 variants has been accumulating and 
show that NSI variants are almost completely 
restricted to the use of CCR5. In contrast, 
primary S I variants are often capable to 
additionally use CCR5 and sometimes CCR2 and 
CCR3 as coreceptors'95"1031. The in vivo relevance 
of the capability of HIV-1 to use other receptors 
than CCR5 and CXCR4 remains to be established. 

The expression patterns of the coreceptors on 
cells «expressing CD4 offered, at least partly, an 
explanation for differences in tropism of HIV-1 
variants. Often used T cell lines like H9 and MT2 
exclusively express CXCR4, explaining the 
incapability of NSI variants to infect these cells. 
Microglial cells express CCR3 and CCR5"04"106', 
possibly contributing to the presence of 
predominantly macrophage-tropic variants in the 
brain1104-"11. The high levels of CXCR4 expressed 
by thymocytes during most stages of maturation 
[112-U5] Q g r e e s w j ^ n the m o r e thymocyte-tropic 
phenotype of S I variants compared to NSI 
variants, observed in a SCID-hu mouse model"16" 
118'. Besides the different expression patterns of 
the HIV-1 coreceptors on different CD4* cell 
types, CCR5 and CXCR4 are also differently 
expressed on T cell subsets. Thus, CXCR4 was 
shown to be mainly expressed on T cells with the 
resting, naive phenotype, while CCR5 was mainly 
expressed on cells with an activated, memory 
phenotype"191201. 

The mere presence of CCR5 or CXCR4 (or other 
coreceptors) is not the sole factor influencing 
tropism however. The multi-factorial basis of cell 
tropism is very well illustrated by HIV-1 infection 
of macrophages and dendritic cells. In general, 
macrophages do not support S I replication191921. 
Yet, some primary S I variants can use CCR5, and 
macrophages express CXCR4. Infection of 
macrophages by some exclusively CXCR4-using 
HIV-1 variants is restricted at the level of 
entry'121"124'. The constraints on (X4) virus entry 

into macrophages may be explained by a higher 
CD4 dependency of CXCR4 using isolate: 
compared to CCR5 using isolates, given the 
relatively low CD4 expression on macrophages'1251. 
In addition, due to cell-type dependent 
differences in post-translational processing 
CXCR4 exists in different biochemical forms or 
the surface of different cells'1261271. In 
macrophages, CXCR4 is present in a high molecular 
weight form, which fuses poorly with X4 HIV-1 
envelopes [127). HIV-1 infection of macrophages is 
not always restricted at the level of entry. 
Primary S I variants have been reported to enter 
macrophages via CXCR4 and in the case of dual-
tropic viruses also via CCR5"22123128'1291. In most of 
these cases, however, replication was shown to be 
restricted at post-entry events"211221241281. 

Similarly, contradictory observations have been 
made with respect to the infectability of DC and 
Langerhans cells (LC). Some studies showed that 
these cells can be productively infected in vitro, 
albeit at low levels, while others reported viral 
entry, but no virus production. In addition, while 
some reported that DC and LC can be infected by 
both S I and NSI variants, others detected 
infection by NSI variants only"30"1431. Clues 
directing towards an explanation for the different 
observations come from studies showing that 
infectability of DC"421431 and the expression 
patterns of CCR5 and CXCR4'137'138-143-1441 are 
associated with different stages of 
differentiation. The association between 
productive HIV-1 infection of DC and the stage of 
differentiation is further confirmed by the 
observation that productive infection of DC is 
achieved only upon interaction with CD4* T 
cells'1451. In parallel to what has been observed 
for macrophages and T cells, host factors 
associated with proliferation and the stage of 
maturation probably determine HIV-1 replication 
in DC and LC. 

HIV-1 phenotype 

The process of reverse transcription is error-
prone, due to the absence of proofreading 
activity, resulting in approximately one 
misincorporation per replication cycle"46"1481. In 
combination with the enormous production rate of 
1010 virions each day'251, this accounts for the fact 
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that HIV-1 changes its appearance 
continuously1'49'. Thus, large genotypic variation 
can be observed between HIV-1 isolated from 
different infected individuals, and even within 
each HIV-1-infected individual a population of 
distinct, yet closely related variants exists. 
Therefore, rather than to think of HIV-1 as one 
virus, it is more appropriate to regard HIV-1 as a 
quasispecies with a multitude of different 
genotypic and phenotypic characteristics. As 
mentioned above, HIV-1 phenotypic variation is 
manifested in differences in tropism, syncytium-
inducing capacity, and coreceptor usage. In 
addition, differences in replication 

capacity126'8715015" and cytopathicity'901 have been 
observed. 

Molecular aspects of H IV-1 variation 

The HIV-1 envelope protein (gpl20) consists of 5 
constant (C1-C5) and 5 variable (V1-V5) domains. 
Syncytium-inducing capacity, cell tropism and co-
receptor usage which are, as indicated above, 
highly inter-dependent viral properties, are largely 
determined by the f i rs t , second and third variable 
domain. 

V3 was shown to be the minimal determinant for 
tropism1152"1601, syncytium-inducing capacity'160"1631 

and co-receptor usage'164"1671. The presence of 1 or 
2 positively charged amino acids at 2 specific 
positions of the V3 region appeared sufficient to 
confer a S I phenotype and CXCR4 
usage'162'163'167'1681. The sequences conferring the 
S I phenotype and determining tropism are partly 
independent'1601691. 

Next to V3, specific sequences in VI, V2, V4 and 
V5 have been implicated in differential tropism, 
coreceptor usage and syncytium-inducing 
capacity'165166169"1751. These regions of the envelope 
protein were shown to be involved in increasing the 
efficiency of infection of specific cell types, and 
enhancing syncytium-inducing capacity. 

Furthermore, the length of V2 was shown to 
transiently increase during transition from NSI to 
S I phenotype in some HIV-1 variants'1761771. 

The accessory genes, nef, rev, vif, vpu, vpr, and 
tat regulate HIV-1 production at different levels 
of the viral life cycle. Hence mutations in these 
regions influence virus production, albeit to 
different extents and dependent on cell type'178" 
190] 

HIV-1 evolution 

I n recently infected individuals, a homogenous 
population of predominantly macrophage-tropic 
viruses is detected'191"1941. In the course of 
infection the virus population gets more 
heterogeneous,'195"2001 forming the quasispecies. 

Evolution of the virus is driven by Darwinian 
selection, favoring the f i t test phenotype given a 
specific environment. The selective forces can be 
envisaged to come from the genetic background of 
the host, the immune response and anti-retroviral 
drugs. The high mutation rate of HIV-1 results in 
accumulation of random mutations throughout the 
genome. These mutations either change (non-silent 
mutations) or do not change (silent mutations) the 
amino acid sequence. Most mutations will have 
litt le or no effect on the fitness of the virus. 
Such mutations particularly cause the 
heterogeneous appearance of the virus'1491. Some ' 
of the mutations however, will be deleterious to 
the virus and will therefore not persist (i.e. 
mutations in conserved sequences). On the other 
hand, some of the mutations will be highly 
beneficial, dependent on environmental factors, 
and viruses bearing this phenotype will increase 
proportionally. The role of environmental pressure 
is illustrated by the observation that in individuals 
with rapid disease progression, and thus probably 
with failing immune control, less virus evolution is 
observed'1992011. 

A few examples of H IV-1 evolution 

S I variants, CTL escape mutants and drug 
resistant mutants are examples o f H I V - 1 evolution 
and are highl ighted below. 

I n genera], S I variants are not among the 
viruses t ha t establish a new infection'191"1941, during 
disease progression however, S I variants emerge 
in about 50% of t he in fec ted individuals'88194 '2021. 
I n general S I variants have higher repl ication 
capacity than N S I variants'26 '871511 and because o f 
the capacity to use CXCR4 in addit ion to CCR5'97" 
100,102,103]̂  S I v a r j a n + s h a v e Q broader range of 

target cells. The absence of S I variants early in 
infection is thought to result from selective 
transmission of macrophage-tropic variants in 
combination with adequate immune pressure 
before the onset of immunodeficiency. I t has 
been suggested that since macrophage-tropic 
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variants can spread through cell-cell contact, they 
may better equipped to escape immune 
surveillance compared to S I variants'203"2051. In 
this view, 51 variants can prosper only when the 
immune surveillance weakens with progressive 
infection. In agreement with this, S I variants 
appear at a higher rate when CD4* T cell counts 
are below a certain threshold12061. Stil l, not in all 
individuals with low CD4* T cell counts S I variants 
emerge'2061, suggestive of the existence of 
additional constraints on S I evolution. A possible 
explanation might be that NS I to S I transition is 
accomplished via an intermediate genotype with 
low fitness. In support of this theory is the scarce 
observation of variants with intermediate 
genotypes'2071. Another remarkable feature of S I 
evolution is that, while after their emergence the 
proportion of S I variants increases over time, 
NSI variants persist and even still increase in 
number'2081. This might be explained by their 
partially different coreceptor usage, and indicate 
that both variants have their own niche within the 
human body. 

More important adaptations HIV-1 has to make 
are the ones necessary to prevail, and are those 
dealing with immune response and anti-retroviral 
drugs. When CTL responses are directed against 
one single variable epitope, the virus can easily 
adapt, while in contrast, CTL directed against 
conserved epitopes would prevent viral escape'209" 
2U]. The emergence of CTL escape mutants has 
been documented, and was associated in vivo with 
rapid expansion of virus 'despite' the presence of a 
strong CTL response'212"2191. 

During the early days of anti-retroviral 
treatment, when patients generally received only 1 
or 2 drugs, the emergence of resistant variants 
was the major obstacle interfering with success 
of treatment'220"2241. Stil l, in the era of protease 
inhibitors, resistance is easily acquired in vitro'225" 
2291 and HIV-1 variants with reduced sensitivity to 
protease inhibitors have been detected in treated 
patients'230"2331. The current treatment strategy 
encompasses a combination of 3 or more drugs, 
consisting of both reverse transcriptase and 
protease inhibitors, and is termed highly active 
retroviral therapy (HAART). HAART has been 
very successful in reducing virus production to 
undetectable levels'234"2361 and might thus prevent 
the emergence of resistance. Recently however, it 

was shown that even during HAART virus 
replication and viral evolution go on in some 
patients'2371, raising the pessimistic thought that 
even HAART may ultimately appear to merely slow 
down but not entirely stop the emergence of 
multiple-drug resistant variants. 

These examples demonstrate the various 
constraints presented by a hostile environment, 
with which HIV-1 deals quite easily, through fast 
and error-prone replication. 

The Course of Infection 

HIV-1 transmission 

HIV-1 can be transmitted via heterosexual'2381 and 
homosexual contact'2391, through blood 
transfusions'240'2411 and needle sharing (in 
particular) among intravenous drug users'2421, and 
from mother to child'2431, either in utero, 
intrapartum or post-partum via breast milk'244"2481. 
The diverse routes of transmission have resulted 
in infection of men, women and children, thereby 
affecting the entire human population and not, as 
believed during the early days of the epidemic, 
'only' the homosexual community. 

Whether upon exposure to HIV-1 transmission 
ensues and infection is established, depends on 
numerous factors influencing the infectiousness of 
the virus donor and susceptibility of the exposed 
individual. The stage of disease of the HIV-1 
donor is an important risk factor of 
transmission'249"2521. The association between 
transmission frequency and the stage of disease is 
explained by the positive effect of a high viral 
load on the transmission rate'253"2581. An extremely 
high viral load is mainly observed in individuals 
experiencing acute infection and individuals with 
AIDS'26"28'259"2641, rendering these individuals very 
infectious. In cases of sexual transmission, 
especially the viral load in semen and vaginal 
fluid'265"2711 is likely to be an important risk factor, 
which does not necessarily correlate with the viral 
load in the periphery'272"2751. The extent of HIV-1 
shedding in genital secretions has been associated 
with reduced immune status and the presence of 
other sexually transmitted diseases 

(STD)'273'274'276"2791. I n line with the above, other 
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factors associated with the stage of disease of 
the potential HIV-1 donor, such as high CD4* T 
cell counts and the presence of neutralizing 
antibodies have been found to correlate with 
reduced risk of transmission'280"2841. 

The degree of susceptibility of individuals 
exposed to HIV-1 influences the risk of 
transmission. Susceptibility to infection is based 
on genetic polymorphisms'285"2881 and is enhanced 
by the presence of other infections (STD) that 
cause lesions at the sites of transmission and 
attract potential HIV-1 target cells to the site of 
transmission'252'2892901. Some individuals remain 
uninfected despite frequent exposure to HIV-1. 
In some individuals the basis of natural resistance 
appeared to be a 32-bp deletion in both alleles of 
the CCR5 gene (CCR5A32), resulting in total lack 
of CCR5 cell surface expression'291"2961. Given the 
major role of CCR5 in HIV-1 infection, its natural 
ligands MIP-la, MIP-lß and RANTES, which 
inhibit viral replication in vitro'61"63-94'2971, may also 
be of influence during transmission. Mutations 
influencing the level of RANTES production have 
been identified'2981, and high concentrations of ß-
chemokines at the site of transmission might 
offer protection from infection'2991. 

The 32-bp deletion in CCR5 accounts for only a 
minority of all recorded cases of HIV-1 
resistance'293"296'3001. Furthermore, the CCR5A32 
polymorphism is common only in the Caucasian 
population'292-294'296-3011, and could not explain 
absence of infection for instance in frequently 
exposed African prostitutes'3021. Therefore, i t is 
evident that other host genetic factors 
contribute to the natural resistance to HIV-1 
infection'303"3051. Various studies showed that a 
strong cellular immune response can be detected 
in exposed uninfected individuals'303"30'1. Also, a 
non-HIV-1-specific, allogeneic humoral immune 
response directed against HLA molecules 
incorporated in the virion membrane'3101 has been 
suggested to explain cases of protection. In a 
monkey model, immunization with human HLA 
molecules conferred resistance to infection with 
SIV grown in human cells'311'3121. In human HIV-1 
infection however, conflicting data have been 
obtained regarding this mechanism of 
protection'313'3141. 

The selective transmission of macrophage-
tropic variants and the importance of CCR5 in 

transmission suggest that macrophages are among 
the f i rs t cells encountered by HIV-1. Also LC have 
been suggested to act as initial targets of HIV-1 
infection. LC from skin of infected individuals 
were shown to contain proviral DNA and mRNA, 
but the level of productive infection is low'315"3181. 
An important role for LC in transmission does not 
necessarily involve high levels of productive 
infection however. DC carry high amounts of 
virions on their membrane'3191, either as immune 
complexes captured by Fc receptors'3203211 or, as 
it was recently shown, via ICAM-1 and LFA-1 
interactions'3221. Migration of such 

(infectious'3213221) virus laden DC from the site of 
transmission to lymph nodes would facilitate 
dissemination of the virus. Both CD4* T 
lymphocytes and macrophages were shown to be 
readily infected and produce high levels of virus 
upon exposure to HIV-1 pulsed DC and LC'130"1353231. 
The role of DC and LC in transmission and routing 
of the virus to lymphoid tissue is confirmed in 
monkey and mouse models'324"3261. 

Primary HIV-1 infection 

Within a few weeks after infection, 50-70% of 
individuals experience an acute retroviral 
syndrome (ARS), which is characterized by flu and 
mononucleosis-like symptoms'327"3301. During this 
acute HIV-1 infection an enormous amount of virus 
is produced, with peak t i ters of 105-107 RNA 
copies per ml of serum'259'260'331'3321. The 'viral 
burst' is accompanied by a decline in the number 
of CD4* T cells. Af ter 2-3 months the viral load 
declines, and the CD4* T cell numbers regain 
subnormal levels. The reduction in viral load varies 
between individuals and results in a viral 'set-point' 
ranging from <500-106 copies per milliliter of 
serum. The viral load at this moment in infection 
greatly influences the subsequent rate of 
progression to AIDS'333"3371. 

Sometimes as early as a few days after the 
onset of the ARS, HIV-1 specific CTL'213'338"3401 

and non cytolytic CD8 activity'3411 can be detected, 
the presence of which temporally associates with 
the reduction in the host cell membrane (Fig. 2). 
In the membrane. Neutralizing antibodies have 
been detected in some individuals experiencing 
acute HIV-1 infection'3421. However, in multiple 
instances they could not be detected or were 
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found to be lagging behind the decrease in 
viremia'338'341'343'3441. 

Specific HLA types'3451, high frequencies of 
HIV-1 specific CTL[340'346], and a broad immune 
response13473 during the f i rs t 1-2 years of 
infection are associated with a low baseline RNA 
load and a better prognosis. This underscores the 
importance of an adequate immune response during 
the acute phase of infection. 

Chronic phase of H IV-1 infection 

After viral load has declined and CD4* T cell 
numbers rebounded to subnormal levels, the 
chronic phase of infection starts. A gradual 
decrease in CD4* T cell numbers and a gradual 
increase in viral load, ultimately resulting in AIDS, 
characterize this clinically asymptomatic phase of 
variable length. In most individuals, the period 
between seroconversion and AIDS diagnosis is 8 
to 10 years, which is called typical disease 
progression. At the one extreme, there are 
individuals who show a very rapid CD4* T cell 
decline from seroconversion onwards. In most of 
these cases the viral load is already high from the 
start, and does not necessarily further increase. 
On the other extreme, there are individuals who 
maintain stable and subnormal levels of CD4* T 
cells and viral load under current detection levels 
for periods ranging from 10 to over 15 years. In 
some of theses cases, after long stable periods a 
rise in viral load and drop in CD4* T cells (either 
rapid or slow) are suddenly initiated, resulting in 
progression to AIDS after all. The individuals 
categorized in this group are called long term non-
progressors or long-term survivors of HIV-1 
infection. The different rates of CD4* T cell 
decline and increase in viral load, and the virtually 
absence of these characteristics in some 
individuals point to the existence of variables that 
influence the course of HIV-1 infection. 

I. Viral load 
I n the early days of the HIV-1 epidemic, 
researchers were faced with the paradox of 
progressive immunodeficiency in the presence of 
only a low viral burden13483491. With the 
development of more sensitive methods to detect 
viral RNA in serum and virus in cell cultures, i t 
became evident however, that a substantial 

amount of virus was produced not only in AIDS 
patients but also during the asymptomatic 
phase128261"2641. I t was not until the introduction of 
potent inhibitors of HIV-1 replication in 1995, 
however, that the real magnitude of virus 
production was recognized. Based on the quasi 
steady state of plasma virus levels prior to anti
retroviral therapy and the rapid decrease in 
plasma virus levels after HAART, it was estimated 
that 109-1010 virons are produced every day'23"251. 
The high level of virus replication results in an 
accumulation of virus in the body. The levels of 
virus in the periphery commonly measured as cell-
free RNA in plasma or serum, proviral DNA, or 
infectious virus or mRNA levels in PBMC reflect 
the stage of disease and predict future disease 
progression'26-28'261-264-336'350'3511. Longitudinal 

studies have shown that the viral load in the 
periphery gradually increases during the 
asymptomatic phase of infection'26'271. 

The lymphoid tissues are thought to be the 
primary sites of viral replication'319'352'3531. The 
presence of viruses in the lymph nodes harboring 
mutations that cannot (yet) be detected in the 
PBMC quasispecies supports this'354'3551. Besides 
lymphoid tissues and peripheral blood, HIV-1 is 
also detected in other body tissues'356"3591. The 
presence of HIV-1 in non-lymphoid tissues likely 
represents migration of infected lymphocytes/ 
macrophages to places with ongoing opportunistic 
infections coinciding with AIDS'356'3571. 

II. CM* T cell decline 
The decline of CD4* cells is the main immunological 
feature of HIV-1 infection'26"311, yet the 
mechanisms responsible for this decline are still 
not fully understood. The loss of CD4* T cells may 
be explained by increased cell death. Increased 
death is partly due to direct virus mediated killing 
of infected cells'360"3631, and partly to death of 
uninfected cells through activation induced 
apoptosis'364"3671. The accelerated death of CD4* T 
cells can be envisaged to result in CD4* T cell 
depletion, if the body cannot make up for the loss. 
However, until recently, not much information was 
available on the regenerative capacity of human T 
cells. 

The introduction of the potent anti-retroviral 
protease inhibitors provided a tool to estimate the 
dynamics of T cell turnover. Based on the initial 
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increase of CD4* T cells in the blood after 
initiation of therapy, i t was calculated that 2 x 109 

CD4* T cells were being destroyed and replaced 
each day. Based on the idea that this turnover 
rate was severely increased compared to healthy 
individuals, it was suggested that physical 
exhaustion could explain the CD4* T cell loss in 
HIV-1-infected individuals'23241. This highly 
elevated turnover could not be confirmed 
however, by analysis of biological measures for 
cell turnover, like telomeric length and KI-67 
expression. Telomeres are the ends of 
chromosomes that shorten with each cell division, 
and consequently the telomeric length is supposed 
to be a measure of turnover, KI-67 is a nuclear 
antigen that is expressed only in cycling cells. 
These latter studies suggested a maximal 2- to 3-
fold increase in CD4* T cell turnover in HIV-1-
infected individuals1368'3691. The high expansion 
rate of CD4* T cells after potent anti-retroviral 
therapy while proliferation is only slightly 
elevated, might partly be explained by a release of 
CD4* T cells formerly trapped in lymph nodes 
when, as a result of therapy, viral antigen 
disappears from these sites and immune activation 
decreases'370'3711. 

Even though the 2- to 3-fold increase in T cell 
turnover appears to be only marginal, it is unknown 
whether the human body can handle such 
production rates for extended periods of time. I t 
has been suggested that in healthy adult 
individuals the level of CD4* T cell production at 
normal turnover rates is already close to its 
limits13721. The natural limitations to renewal 
capacity may be enhanced by viral interference 
with CD4* T cell production. In line with this, HIV-
1 has been shown to infect thymocytes in 
vitro[84,U3,U4,373,374] Q S w e | | „«. , „ vjv0(375.376] I n 

SCID-hu mice implanted with fetal human liver and 
thymic tissue, infection of thymocytes was 
associated with depletion of (particularly CD4CD8 
double positive) thymocytes1"6-118'377"3831 and 
disruption of the thymic microenvironment'380,3821, 
thereby interfering with thymopoiesis. Besides 
direct viral effects, interference with 
thymopoiesis could be attributed to apoptosis of 
uninfected cells1379'3811. The direct and indirect 
effects of HIV-1 infection likely account for the 
severe involution of the thymus observed in adults 
and children who died of AIDS1376'384"3871. 

Furthermore, in adult HIV-1-infected individuals, 
the abundance of thymic tissue was inversely 
associated with the stage of disease13881, 
suggestive of reduced CM* T cell generative 
capacity with ongoing disease. 

The renewal capacity of T cells may also be 
affected at earlier stages of T cell development. 
I t was shown that the generation of CbA* T cells 
from peripheral hematopoietic progenitors was 
impaired in HIV-1-infected individuals, and in 
particular in individuals progressing to 

AIDS[389,390] Mso j n HIV-1-infected SCID-hu 
mice a depletion of hematopoietic progenitors was 
observed, which was independent of direct 
infection13831. 

I t is easily envisaged that increased cell death 
and the incapability to make up for this loss, 
either because of natural and/or virus-induced 
constraints, together would result in the gradual 
CD4* T cell decline. Finally, since the decrease in' 
CD4* T cells is measured in the peripheral blood, a 
part of the decline may be explained by trapping 
of cells in the lymph nodes, rather than by actual 
depletion'370'3711. 

Scope of this thesis 

Both the odds of getting HIV-1-infected upon 
exposure and the course of HIV-1 infection are 
highly variable among individuals. This thesis 
focuses on a number of virus and host factors 
that influence HIV-1 infection and pathogenesis. 

Chapter 2 describes determinants associated 
with homosexual transmission. Studied was the 
role of viral load and susceptibility of PBMC to 
NSI HIV-1. The bases of differential 
susceptibility to NSI variants were studied in 
chapter 3. Associations between the NSI 
phenotype, CCR5 cell surface expression, and 
HIV-1 pathogenesis were further analyzed in 
chapters 4 and 5. One of the main parameters 
identifying differences in the course of HIV-1 
infection is the rate of increase in viral load. 
Chapter 6 compares the kinetics of two commonly 
used measures of viral load in individuals with 
varying clinical courses. Viral features 
contributing to differences in virus production are 
described in chapters 7-10. Chapters 7 and 8 
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describe replication kinetics of HIV-1 in relation receptor usage in determining tropism and 
to disease progression and viral load (chapter 7) pathogenesis (chapter 9), and coreceptor evolution 
and during the process of NSI to S I evolution during NSI to S I transition (chapter 10) are 
(chapter 8). Finally, the role of differential co- described. 
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Infectious cellular load in human immunodeficiency virus type 1 (HIV-1) -
infected individuals and susceptibility of peripheral blood mononuclear cells 

from their exposed partners to non-syncytium-inducing HIV-1 as major 
determinants for H IV-1 transmission in homosexual couples 

To study risk factors for homosexual transmission of human immunodeficiency virus type 1 
(HIV-1), we compared 10 monogamous homosexual couples between whom transmission of HIV-
1 had occurred with 10 monogamous homosexual couples between whom HIV-1 transmission had 
not occurred despite high-risk sexual behavior. I n the group of individuals who did not transmit 
virus, peripheral cellular infectious load was lower and the CD4* T cell counts were higher than 
in the group of transmitters. HIV-1 RNA levels in serum did not differ between transmitters 
and nontransmitters. Compared with peripheral blood mononuclear cells (PBMC) from normal 
healthy blood donors, 8 of 10 nonrecipients and only 3 of 8 recipients had PBMC with reduced 
susceptibility to in vitro infection with non-syncytium-inducing (NSI) HIV-1 variants isolated 
from either their respective partners or an unrelated individual. No difference in susceptibility 
was observed for infection with a syncytium-inducing (SI) variant. Among the individuals who 
had PBMC with reduced susceptibility, five nonrecipients and one recipient had PBMC that were 
equally or even less susceptible to NSI variants than PBMC that had low susceptibility and that 
were derived from healthy blood donors that were heterozygous for a 32-bp deletion in the 
CCR5 gene (CCR5A32). Three of these individuals (all nonrecipients) had a CCR5 A32 
heterozygous genotype themselves, confirming an association between low susceptibility to NSI 
variants and CCR5 A32 heterozygosity. All three recipients with less susceptible PBMC had 
partners with a high infectious cellular load; inversely both nonrecipients with normally 
susceptible PBMC had partners with a very low infectious cellular load. These results suggest 
that a combination of susceptibility of target cells and inoculum size upon homosexual exposure 
largely determines whether HIV-1 infection is established. 

Human immunodeficiency virus type 1 (HIV-1) can be revealed that sociobehavioral factors, such as the 
transmitted either vertically, parenterally, or number of sexual partners and specific sexual 
sexually. The risk factors involved in these routes of techniques, in particular anal receptive intercourse, 
transmission have been the subject of many studies, are risk factors for homosexual transmission of 
The presence of neutralizing antibodies'281"2831, high HIV-1 (reviewed in reference 393). Furthermore, 
CD4* T cell counts'2801, and low levels of HIV-1 RNA the infectivity of the initially HIV-1-infected 
in serum'256"2581 have been associated with reduced individual, which is influenced by factors such as the 
vertical transmission rates. The reduction in clinical stage of disease and the presence of 
transmission rates by treatment of mothers with additional sexually transmitted diseases, and the 
zidovudine during their pregnancy'3911, thereby susceptibility of the exposed individual, which is 
reducing the viral load, is in agreement with the determined by factors such as the presence of 
latter observation. For heterosexual transmission, ulcerative sexually transmitted diseases'3931, anti-
the clinical stage of the potential HIV-1 donor and HIV-1 activity of CD8* T cells, and susceptibility of 
the viral load were reported as important risk target cells'2881, are associated with homosexual 
factors'251'2521. HIV-1 transmission. Indeed, individuals lacking CC-

In the western world, transmission of HIV-1 via chemokine receptor 5 (CCR5), the coreceptor for 
homosexual contact is still a major route of HIV-1, are relatively nonsusceptible to HIV-1 
infection'3921. Studies on homosexual men that infection'291"2941. 
included both HIV-1-infected individuals and Since in most studies performed so far the HIV-1 
frequently exposed yet uninfected individuals donors were not known, it has been impossible to 
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study t he risk f o r transmission by combining fac tors 

associated wi th both the initial H IV-1 carr ier and 

the exposed sexual partner. I n order to analyze 

these risk fac tors , we studied 20 monogamous 

homosexual couples, all part icipating in the 

Amsterdam Cohort Studies on A I D S (ACS). 

Between 10 o f the couples, H IV-1 had been 

t ransmi t ted , which was conf irmed by homology in V3 

and consequences detected in both partners. I n the 

other 10 couples, no transmission had occurred 

despite periods o f unprotected sexual contact 

ranging f rom 6 months to 13 years. I n these couples, 

nontransmitters and t ransmi t ters were compared 

with respect to cellular infectious load, H IV-1 RNA 

load in serum, and CD4* T cell counts at the moment 

of (possible) transmission and peripheral blood 

mononuclear cells (PBMC) f rom nonrecipients and 

recipients were analyzed fo r H IV -1 susceptibil i ty. 

MATERIALS AND METHODS 

Subjects. Twenty monogamous homosexual couples with a 
discordant HIV-1 antibody status at the moment of entry in 
the ACS were selected for this study. In 10 of the couples 
(concordant couples), the initially seronegative individuals 
seroconverted during follow-up (recipients) after a mean 
risk period of 1.3 years (Table 1). Phylogenese analysis of 
the gag and V3 region sequences confirmed that HIV-1 had 
been transmitted between the partners of these couples 
(data not shown). The moment of transmission and 
seroconversion was estimated to be the midpoint between 
the last seronegative visit and the f i rst seropositive visit, 
which were mostly 3 months apart. PBMC and serum from 
the HIV-1-infected individuals who transmitted virus to 
their partners (transmitters) were analyzed from samples 
close to the moment of seroconversion of the receiving 
partner when possible (Table 1). 

Ten monogamous couples remained discordant, despite 
unprotected sexual contact for periods ranging from 0.5 to 
13 years (Table 1). In this period, the seropositive partners 
did not transmit (nontransmitters) virus to the specific 
sexual partner under study. Seven out of 10 individuals who 
did not get infected by their partners (nonrecipients) had 
had receptive anal intercourse with their seropositive 
partners. In all discordant couples the period of unsafe sex 
(and therefore the period in which transmission could have 
occurred) was just prior to or partly coincided with entry in 
the ACS. Analyses of nontransmitter PBMC and serum were 
performed on the f i rst available samples after entry (Table 
1). 

With the exception of one transmitter (of concordant 
couple CI) who had syncytium-inducing (SI) variants, all 
transmitters and nontransmitters only had non-syncytium-
inducing (NSI) variants at the moment of analysis (Table 1). 

Table 1. Characteristics of s tudy subjects 

Couple" 

Agi 

(yr) 

MR 
or R 

of: 

NT 
or T 

Reported 
length of 

risk period 

(yr)' 

Time of food 
determina
tion (moV7 

Virus 
phenotype at 
moment of 
(possibk) 

transmission' 

No. of 
virus 

clones 
anah-zed 

Dl 26 28 3 6.5 NSI 4 
D2 41 43 13 5.9 NSI 5 
D3 43 46 4 8.5 NSI 5 
D4 24 38 3 2.9 NSI 5 
D5 45 53 4 3.0 NSI 5 
D6 33 33 7 12.2 NSI 4 
D7 34 41 2 6.6 NSI 4 
D8 33 40 NK 8.8 NSI 5 
D9 40 40 9 3.0 NSI 4 
D10 40 34 0.5 3.3 NSI 5 
a 40 49 1 4.3 NSI 5 
a. 56 41 0.5 31.1 NSI 3 
C3 30 27 1 7.3 NSI 5 
CA 34 49 <0.5 4.2 NSI 5 
C5 36 28 NK -3.1 NSI 5 
Cb 37 34 1 21.4 NSI 5 
a 44 30 NK 6.1 S I 3 ' 
c& 28 39 4 2.7 NSI 5 
C9 48 32 NK 17.1 NSI 0 
CIO 31 24 2 3.5 NSI 0 

' D, discordant; C, concordant 
Age of transmitters (T) and recipients (R) at moment of transmission and oge of 

nontransmitters (NT) and nonrecipients (NR) at the end of the risk period 
' I n concordant couples, the period of unsafe sex until the moment of transmission. 
NK, not known 
Months after entry for nontransmitters and after the moment of seroconversion of 

the partner for transmitters 
' I n nontransmitters, the phenotype of the first time point at which virus clones were 
successfully grown; in transmitters, the phenotype close to the time point of 
seroconversion of the portner 
f Two NSI and three S I variants were analyzed 

Virus isolation and determination of cellular infectious 
virus load. Cryopreserved PBMC from transmitters and 
nontransmitters were thawed and cocultivated under limiting 
diluting conditions in order to obtain biological virus clones 
as described previously'194208'. Briefly, the PBMC were 
cocultivated with healthy donor PBMC that had been 
stimulated with phytohemagglutinin (PHA) for 2 to 3 days in 
96-well microtiter plates. Every week, culture supernatants 
were tested for p24 antigen by an in-house p24 antigen 
capture enzyme-linked immunosorbent assay13941. At the 
same time, one-third of the culture volume was transferred 
to new 96-well plates and fresh PHA-stimulated healthy 
donor PBMC were added to propagate the culture. From the 
positive wells, virus stocks were grown and stored at -70°C 
until use. The syncytium-inducing phenotype of the biological 
virus clones was analyzed by cocultivation with MT2 cells'891. 

The proportion of productively infected CD4* T cells was 
calculated with the formula for Poisson distribution; F - -
In(Fo), in which Fo is the fraction of negative cultures. In 
some cases, no (or only a few) virus clones could be grown 
from the PBMC sample closest to transmission, and 
(additional) biological virus clones were therefore obtained 
from PBMC samples 10 to 20 months later. 

Analysis of CÙ4* T cell counts. T lymphocyte 
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immunophenotyping for the CD4* T cells was carried out at 
3-month intervals by flow cytofluorometry. PBMC were 
stained with CD4 monoclonal antibodies according to 
standard procedures for fluorescence-activated cell sorting 
analysis. For nontransmitters, the mean CM* T cell counts 
for the f irst three visits were calculated. For transmitters, 
the mean CD4* T cell count for three visits including and 
close to the seroconversion date of the partners were 
calculated. In two cases, the transmitters entered the ACS 
after seroconversion of their partner (1.8 [C6] and 2.5 [C2] 
years); therefore, no samples were available close to the 
seroconversion date. In these cases, the mean CD4* T cell 
numbers for the f i rst three visits after entry were 
calculated. 

Quantitation of RNA load in serum. RNA levels were 
analyzed in cryopreserved serum samples derived from the 
same (or at most 2 months apart) visit as that from which 
the PBMC samples were obtained by use of a nucleic acid-
based amplification assay (HIV-1 RNA QT, Organon Teknika, 
Boxtel, The Netherlands13951). 

Susceptibility of recipient and nonrecipient PBMC. HIV-1 
stocks were titrated on PBMC of different origins, and the 
differences between titers were used as a measure of in 
vitro susceptibility to HIV-1 infection. Relative 
susceptibilities to three to five biological virus clones 
isolated from the respective partners as well as to unrelated 
NSI and 51 biological clones were studied for PHA-
stimulated peripheral blood lymphocytes from the 
corresponding recipients and nonrecipients and five healthy 
blood donors (bdl to bd5). The control N 5 I virus variant was 
a transmitted variant (based on the V3 sequence) derived 
from one of the transmitters, and the S I virus variant was 
derived from an ACS participant who was otherwise not 
involved in this study. Due to the limited availability of PBMC 
from the nonrecipients, neither control variant was titrated 
on PBMC from the nonrecipient of couple D6, and the S I 
control variant was not t itrated on PBMC from the 
nonrecipient of couple Dl. 

Two types of blood donors could be distinguished: those 
having PBMC with normal susceptibilities (bd2, bd4 and bd5) 
and those having PBMC with low susceptibilities (bdl and 
bd3) to HIV-1 infection. For each couple, the titers of the 
transmitter and nontransmitter viruses (expressed as 50% 
tissue culture infectious doses [TCID50] per milliliter of 
supernatant) established on both types of blood donor PBMC 
and on the specific recipient and nonrecipient PBMC were 
compared and analyzed with the Wilcoxon signed rank test. 
Thus, the susceptibilities of recipient and nonrecipient 
PBMC were classified relative to the susceptibilities of both 
types of blood donor cells (Table 2). 

Cryopreserved PBMC obtained from the recipients prior 
to seroconversion (minimally 6 months prior to the f irst 
HIV-1-seropositive sample) were used for analysis. Two of 
the concordant couples (C9 and CIO) were excluded from 
analysis because pre-seroconversion PBMC were not 

available. 

Table 2. Classification of relative susceptibilities of 
recipient and nonrecipient PBMC to partner HIV-1 

Susceptibility relative to PBMC Relative susceptibilities 
of healthy blood donors0 

of recipient and non-

bd2, bd4, and bd5 bdl ond bd3 
recipient PBMC 

Higher Higher + + + 

Equal Higher + + 

Equal6 Equal + + 

Lower Higher + 

Lower4 Lower + 

Lower Equal • / -
Lower Lower -

a As analyzed with the Wilcoxon signed ranktest 
No differences in virus titers on the two types of blood donor PBMC were observed 

CCR5 genotyping. Genomic DNA was isolated from 
cryopreserved PBMC (Qiagen [Hilden, Germany] blood kit) 
and analyzed by PCR using primers flanking the 32-bp 
deletion in CCR5 (CCR5A32)[396l 

For sequence analysis, CCR5 DNA was amplified with the 
full-length primers CCR5FLS (5-GGTGGAACAAGATG 
SATTAT-3'; positions 229 to 248; sense) and CCR5FLAS (5'-
AGAGTTGTGCACATGGCT-3' ; positions 1324 to 1343; 
antisense)[61l For amplification, DNA was denatured for 5 
min at 94°C, followed by 30 cycles of 1 min at 94°C, 1 min at 
50 °C, and 1 min at 72°C. PCR products were purified using 
Qiaquick Spin PCR purification kit (Qiagen). The positive 
strand was sequenced with CCR5FLS, CCR5A32S (5'-
GATAGGTACCTGGCTGTCGTCCAT-3'; positions 612 to 635), 
and CCR5A (5'-GCAGTAGCTCTAACAGGTTGGACC-3'; 

positions 1045 to 1068). The negative strand was sequenced 
with CCR5FLAS and CCR5A32AS (5'-AGATAGTCATCTTGGG 
GCTGGT-3'; positions 829 to 850). Radiolabeled terminator 
cycle sequencing with Thermo Sequenase DNA polymerase 
(Amersham) was performed with primers CCR5FLS, 
CCR5A325, and CCRFLAS. Dye terminator cycle sequencing 
with Amplitaq DNA polymerase (Perkin-Elmer) was 
performed with primers CCR5A32AS and CCR5A. 

Both DNA purification and sequencing procedures were 
performed according to the instructions of the 
manufacturers. 

Statistical analysis. Differences in cellular infectious load, 
RNA load in serum, CD4* T cell counts, and susceptibilities to 
the control NSI and S I variants were analyzed using the 
Mann-Whitney U test. The unpaired Students t test was 
used to analyze the differences in susceptibilities to all NSI 
variants between healthy blood donors. For each couple, the 
differences between virus titers on PBMC from the two 
types of healthy blood donors and PBMC from the recipients 
and nonrecipients was analyzed with the Wilcoxon signed 
rank test. 
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Fig. 1. Peripheral viral load and CD4* T cell counts in nontransmitters 
and transmitters, (a) Cellular infectious load, expressed as log TCIt> 
per 106 CD4* T cells, (b) RNA load in serum, expressed as log RNA 
copies per milliliter of serum, (c) Mean CD4* T cell counts per 
microliter of blood. For nontransmitters, PBMC and serum samples 
obtained as close as possible to the moment of entry into the ACS 
were analyzed. For transmitters, PBMC and serum samples as close as 
possible to the date of seroconversion of the recipients were analyzed. 
PBMC and serum samples were mostly derived from the same visit (in 
16 cases) or, maximally, 2 months apart. The mean CD4* T cell counts 
were calculated from the CD4* T cell counts on the f i rst three visits 
after the moment of entry for the nontransmitters and from the CÖ4* 
T cell counts on the three visits closest to the date of seroconversion 
of the recipients for the transmitters. Bars indicate median values, ns, 
not significant. 

RESULTS 

Transmitter and nontransmitter variables: viral 
load and CD4* T cell counts. The individuals who 

did or did not transmit HIV-1 to their respective 
partners were compared with respect to markers of 
disease progression. Close to the moment of 
transmission, the median infectious cellular load in 
peripheral CÙ4* T cells was significantly higher in 
the individuals who did transmit HIV-1, than it was 
at the end of the high-risk period in the 
nontransmitters (119 versus 8 TCID/106 CD4* T 
cells; P - 0.005) (Fig. la and Table 3). Nevertheless, 
three individuals who transmitted virus to their 
partners had a low cellular infectious load at the 
moment of transmission (10, 11, and 16 TCID/106 

CD4* T cells). The median HIV-1 RNA levels in 
serum, analyzed at the same moment as the 
infectious cellular load, showed no difference 
between the transmitters and the nontransmitters, 
i.e., 45,500 (=4.6 log units) versus 28,500 (=4.5 log 
units) RNA copies/ml of serum (P- 0.6) (Fig. lb and 
table 3). 

In accordance with the inverse correlation 
between cellular infectious load and CM* T cell 
counts'26'2081, the median C04* T cell counts were 
lower in the individuals who had transmitted HIV-1 
to their partners (429 versus 568 Cb4* T cell 
counts/nl of blood; P - 0.03) (Fig. lc and Table 3). 

For two of the transmitters, the f irst samples 

Table 3. Determinants for homosexual H IV -1 transmission 

Couple" 

Infectious 
cellukr load 
(TCID/IO6 

CD4'T cells) 

RNA lood 
(log copies ml 

of serum) 

MeanCM* 
cell 

counts/ml 

Rekrtive 
suscep
tibility 

cas 
genotype" 

for: 

Infectious 
cellukr load 
(TCID/IO6 

CD4'T cells) 

RNA lood 
(log copies ml 

of serum) 

MeanCM* 
cell 

counts/ml 

Rekrtive 
suscep
tibility NR 

orR 
NT 
o r T 

oi 4 3.40 520 + + w t hz 
D2 3 4.52 523 + + Wt wt 

03 3 3.93 443 + Wt wt 
04 44 4.80 863 + Itft w t 

05 4 4.38 330 + Wt hz' 
06 21 4.94 807 */- Wt wt 

D7 12 4.72 660 + / - hz wt 

08 66 4.72 613 - hz wt 

09 18 4.20 457 - wt wt 
010 4 3.79 630 - hz wt 

a 10 3.00 390 + + + wt wt 

CZ 115 4.64 560 + + + wt w t 

C3 11 3.77 363 + + wt w t 

CA 16 3.18 367 + + wt hz" 
C5 122 4.46 480 + + wt wt" 

C6 382 4.81 360 + wt wt 

a 1868 5.32 120 + wt hz' 
CS 213 4.67 467 • /- wt wt 

C9 79 5.23 503 NT* wt hz' 
CIO 395 5.60 520 NT wt wt 

" D, discordant; C,concordant 
* NT, not tested 
' wt, wild type; hz, heterozygous 
''Individuals from whom viruses were isolated that replicated to normal titer on PBMC 
with reduced susceptibilities from blood donors bdl and bd3 
'Viruses were not tested for replication on PBMC of different origins 
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available were already 21.4 and 31.1 months after 
the seroconversion dates of their partners (couple 
C6 and C2, respectively) (Table 1). Both individuals 
had a high load at these times; however, exclusion of 
these two individuals from viral load and CD4* T cell 
count analyses did not change the statistical 
significance. 

Recipient and nonrecipient variables: susceptibility 
of PBMC to HIV-1 variants of the partner. In a 
panel of five healthy blood donors, two types were 
distinguished with respect to susceptibility to in 
vitro HIV-1 infection. The mean titer of all 82 NSI 
variants analyzed in this study was significantly 
lower on PBMC of healthy blood donors bdl and bd3 
than on PBMC from the other three blood donors 
bd2, bd4, and bd5 (/> < 0.001). Based on this 
information, PBMC from bdl and bd 3 were 
classified as less susceptible (+/-) and PBMC from 
bd2, bd4, and bd5 as normally susceptible (++). 

The susceptibility of both types of blood donor 
PBMC to the virus variants of each transmitter and 
nontransmitter was analyzed separately. The HIV-1 
susceptibility of the nonrecipient and recipient 
PBMC was classified relative to the susceptibility of 
both types of blood donor PBMC to the same 
variants (Table 2). As a result, PBMC from recipients 
and nonrecipients were classified as less susceptible 
(+, +/-, or -) or normally to highly susceptible (++ or 
+++) to infection with HIV-1 variants derived from 
the respective partners. Low susceptibility was 
defined as susceptibility equal to or lower than that 
of bdl and bd3. The majority of HIV-1 variants 
derived from one of the nontransmitters (D5) and 3 
of the transmitters (C4, C5, and CT) replicated 
equally well on both types of blood donor PBMC; in 
these cases, the recipient and nonrecipient PBMC 
were classified as less or normally susceptible. 
Representative patterns are shown in Figure 2. 

Eight of 10 (80%) nonrecipients and 3 of 8 
(38%) recipients had PBMC with susceptibility lower 
than that of normally susceptible healthy blood 
donor PBMC (Fig. 3a and Table 3). Furthermore, the 
least susceptible PBMC were only found in 
nonrecipients, while the most susceptible PBMC were 
only found in recipients. In general, PBMC of 
nonrecipients were less susceptible to HIV-1 
variants isolated from their sexual partner than 
were the PBMC of recipients. 

In addition to the analysis of susceptibility to 
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Fig 2. Analysis of relative susceptibilities of recipient ond nonrecipient 
PBMC to corresponding transmitter and nontransmitter HIV-1 variants. 
Virus variants isolated from transmitters and nontransmitters were 
titrated (expressed as TCTD50 per milliliter of supernatant) on PHA-
stimulated PBMC from the respective recipients and nonrecipients and 
on PHA-stimulated PBMC from five healthy blood donors. Within each 
panel, the different symbols represent different virus variants derived 
from the specific transmitter or nontransmitter. The virus titers on 
PBMC from blood donors 1 and 3 (bdl and bd3) and blood donors 1, 2, 
and 4 (bd2,4 +5) are shown as separate groups and are compared with 
the virus titers on PBMC from the respective nonrecipients (nr) and 
recipients (r) of couple MO (a), couple CI (b), couple D3 (c), and couple 
C4 (d). - , + , + + , and + + + indicate the relative susceptibilities of the 
recipient and nonrecipient PBMC. 
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Fig. 3. Relative susceptibilities of PBMC from nonrecipients and recipients to partner and unrelated NSI and S I HIV-1 variants, (a) Relative 
susceptibilities of PBMC from each nonrecipient and recipient to HIV-1 variants isolated from their partners are plotted. Different symbols 
indicate individuals having PBMC with low susceptibility (o), intermediate susceptibility (-»), and normal to high susceptibility (•). (b and c) PBMC 
from recipients and nonrecipients were stratified by their susceptibilities to partner HIV-1 variants and analyzed for their susceptibilities 
(expressed as log TCID» per milliliter of virus stock) to an unrelated NSI variants (b) and an unrelated SI variant (c). Bars indicate median values, 
ns, not significant. 

HIV-1 variants isolated from the corresponding 
sexual partners, recipient and nonrecipient PBMC 
were tested for susceptibility to unrelated primary 
NSI and S I variants. PBMC derived from individuals 
who had low susceptibility to their partners' viruses 
also had low susceptibility to the control NSI 
variant (Fig. 3b). In contrast, all PBMC were equally 
susceptible to infection with the S I variant (Fig. 3c). 
Similarly, the healthy blood donor cells that were 
less susceptible to NSI variants were normally 
susceptible to this S I variant (data not shown). 

Susceptibility and CCR5 genotype. Since NSI and 
S I variants may use different coreceptors[60"62] and 
the observed reduced susceptibility was specific for 
NSI variants, we analyzed the CCR5 genotype in 
recipient, nonrecipient, and healthy blood donor 
PBMC. Both healthy blood donors who had PBMC 
with low susceptibility (bdl and bd3) were 
heterozygous for the 32-bp deletion in the CCR5 

gene. The blood donors bd2, bd4, and bd5, with 
normally susceptible cells, had a wild-type CCR5 
genotype. Three out of 10 nonrecipients had a CCR5 
A32 heterozygous genotype (Table 3). All three of 
these individuals had PBMC with low susceptibility 
(+/- or -). The other three individuals who had PBMC 
with low susceptibility (two nonrecipients and one 
recipient) had a wild-type CCR5 genotype, which was 
confirmed by sequence analysis of the coding region 
of the CCR5 gene (data not shown). In addition, the 
remaining recipients and nonrecipients with normally 
to highly susceptible cells all displayed the wild-type 
CCR5 genotype. 

Three transmitters and two nontransmitters also 
had a CCR5 A32 heterozygous genotype (Table 3). 
Interestingly, the majority of biological HIV-1 
clones from three of these individuals replicated to 
normal titers on the (in general) less susceptible 
PBMC from either or both of CCR5 A32 
heterozygous blood donors (Fig. 2d). 
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DISCUSSION 

Biological factors that may influence the risk for 
homosexual transmission of HIV-1 were studied in 
10 discordant and 10 concordant homosexual couples. 
In general, we observed a higher peripheral cellular 
infectious load and a lower CD4* T cell count in the 
individuals who had transmitted HIV-1 to their 
partners. This result is in agreement with previous 
reports on the association between stage of disease 
and the risk for transmission (reviewed in reference 
393). Surprisingly, we found no correlation between 
HIV-1 RNA load in serum and transmission. This 
finding might be explained by the absence of a 
correlation between viral RNA load in serum and 
that in semen'2721, the latter being a more relevant 
compartment for sexual transmission. Alternatively, 
transmission might predominantly occur via cell-
associated HIV-1. In agreement with the latter idea, 
an association has been found between cell-
associated HIV-1 variants in semen of HIV-1-
infected individuals and the virus variants present in 
the sexual partners to whom they transmitted the 
virus13971. 

Despite their different associations with 
transmission, both measures of peripheral viral load 
correlated with each other within the group of 
transmitters and the group of nontransmitters (data 
not shown), in agreement with our previous 
observations'3981. 

Eight of 10 nonrecipients had PBMC with reduced 
susceptibility to infection with virus variants 
isolated from their partners and with an unrelated 
NSI HIV-1 variant compared with healthy blood 
donor PBMC. In contrast, only three of eight 
recipients had less susceptible cells. Moreover, the 
most susceptible cells were found only in recipients, 
whereas the least susceptible cells were found only 
in nonrecipients. These results are suggestive of a 
role of susceptibility to HIV-1 in homosexual 
transmission. In accordance, CD4* T cells of multiply 
exposed yet uninfected individuals have been shown 
to be generally less susceptible than CD4* T cells of 
nonexposed controls'2881. Also, in vertical 
transmission, susceptibility of the child's target 
cells to virus variants from the mother has been 
shown to play a role'2871. 

Three nonrecipients had PBMC with normal 
susceptibility to HIV-1 infection. However, their 
respective HIV-1-infected partners had a very low 

cellular infectious load (3 to 4 TCID/106 CD4+ T 
cells), at least at the end of the period in which 
transmission could have occurred. Inversely, the 
three recipients with less susceptible cells all had 
HIV-1-infected partners with an extremely high 
cellular load close to the moment of transmission, 
being 0.7 to 2.8 log units higher than the load in the 
partners of nonrecipients with similarly susceptible 
cells. Furthermore, the recipient with the least 
susceptible cells seroconverted only after 4 years of 
high-risk sexual behavior (C8, Tables 1 and 3). These 
data suggest that the susceptibility of target cells 
in combination with the size of the virus inoculum 
determines whether infection is established upon 
exposure via homosexual contact. From this 
suggestion it would follow that factors influencing 
either viral load (e.g., antiviral treatment) or 
susceptibility (e.g., CCR5 genotype) also correlate 
with HIV-1 transmission. 

I t was previously shown that CCR5A32 
homozygous cells are not susceptible to NSI HIV-1 
infection in vitro and in vivo'2912921. This fact and the 
fact that CCR5 is the coreceptor for macrophage-
tropic HIV-1 variants'611 are in good agreement with 
the observations that macrophage-tropic variants 
establish infection upon entry in a new 
individual'1921931. Nevertheless, the existence of 
HIV-1 variants capable of using other receptors 
might explain the fact that homozygous individuals 
are not completely protected from infection'3991. 
Heterozygosity for the deletion in the CCR5 gene 
was shown not to protect from HIV-1 
infection'293'2943961, although the opposite has also 
been suggested'2921. The absence of protection 
seems in contrast to the observed lower 
susceptibility to in vitro infection of CCR5 A32 
heterozygous cells and the association between 
transmission and susceptibility. The fact that low 
susceptibility is associated with protection from 
infection while CCR5 A32 heterozygosity is not 
might be explained by the fact that low 
susceptibility has additional causes besides CCR5 
dysfunction. Moreover, we argue here that the 
inoculum size upon sexual exposure in combination 
with the susceptibility of the target cells largely 
determines whether infection is established. 
Promiscuous sexual behavior increases the chance of 
exposure to a high viral inoculum, which might 
override the relative lack of susceptibility. As a 
consequence, promiscuous individuals might need 
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cells with lower susceptibility than those of 
monogamous partners of HIV-1-infected individuals 
in order to remain uninfected, which would explain 
the increased frequency of CCR5 A32 homozygotes 
but not CCR5 A32 heterozygotes among frequently 
exposed uninfected individuals'2881. 

Whether the reduced susceptibility of PBMC 
from CCR5 A32 heterozygotes is due to reduced 
expression of CCR5, to a higher expression of 13-
chemokines, or to a combination of both is currently 
under investigation. 

Compared to the susceptibility of PBMC from 
CCR5 A32 heterozygotes, PBMC from three 
individuals (two nonrecipients and one recipient) had 
similar low susceptibility to NSI HIV-1 and normal 
susceptibility to S I HIV-1 yet had a wild-type CCR5 
genotype. The fact that the NSI variants showed 
impaired replication on the PBMC from CCR5 A32 
heterozygous blood donors indicated their 
dependence on CCR5 for efficient replication, 
excluding the dysfunctioning of other coreceptors 
as a likely explanation for reduced susceptibility of 
the PBMC from individuals with a wild-type CCR5 
genotype. Whether there are sequence-independent 
conformational differences for CCR5 that 
determine differences in ligand affinity and thus 
HIV-1 susceptibility will be the subject of future 
research. 

From three transmitters and from one 
nontransmitter, virus variants that replicated well 
on the CCR5 A32 heterozygous blood donor PBMC 
were isolated. This finding might be explained by a 
capacity of these viruses to use other chemokine 
receptors as cofactors for entry or, alternatively, 
by an enhanced affinity of these viruses for CCR5. 
Interestingly, three of these individuals had a 
heterozygous CCR5 A32 genotype themselves, which 
may have been the driving force behind evolution 
toward the use of other coreceptors or toward a 
higher affinity for CCR5. Whether this is indeed the 
case is currently the subject of our studies. 

This study does not exclude a role for immunity 
in homosexual transmission. The presence of 

neutralizing antibodies to autologous virus'2812831 is 
associated with a lower rate of transmission of 
HIV-1 from mother to child. Similarly, neutralizing 
antibodies in semen'400,40'1 might reduce the 
infectious t i ter of free virus and thereby 
influence transmission. Some studies have 
suggested a role for cellular immunity'3061 in 
homosexual transmission. Also, rare HLA subtypes 
have been associated with protection from 
infection in frequently exposed Nairobian 
prostitutes'4021. The basis for this protection 
might be alloreactivity against HLA proteins 
present in virion envelopes'3101. In support of this 
idea, macaques that were vaccinated with 
uninfected human cells or HLA class I or class I I 
molecules were subsequently protected from 
infection with cell-free simian immunodeficiency 
virus grown in human cells'311,312'4031. The data 
presented in the present study, however, suggest 
that target cell susceptibility and inoculum size 
are major determinants of homosexual HIV-1 
transmission. 
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Susceptibility of in vitro stimulated PBMC to infection with NSI H IV-1 is 
associated with levels of CCR5 expression and ß-chemokine production 

Susceptibility of phytohemagglutin and recombinant interleukin-2 (PHA/rIL-2)-stimulated 
peripheral blood mononuclear cells (PBMC) from 14 healthy blood donors to non-syncytium-
inducing (NSI) human immunodeficiency virus type 1 (HIV-1) infection was analyzed in 
relation to CCR5 expression and ß-chemokine production. After 1 week of culture in the 
presence of r IL -2 , but not at the moment of inoculation, CCR5 surface expression was 
positively and ß-chemokine production inversely associated with susceptibility to NSI H IV-1 
infection. Surprisingly, no association was observed between CCR5 genotype and in vitro 
NSI H IV-1 susceptibility, which was in agreement with similar levels of CCR5 surface 
expression and ß-chemokine production in CCR5A32/+ and CCR5 +A PBMC after PHA/rIL-2 
stimulation. In contrast to what was observed in vitro, CCR5 genotype did associate with 
CCR5 surface expression levels in vivo in resting as well as in activated CD4* T cell 
populations that were identified by the expression of CD45RO, CD27, HLA-DR and CD69. 
The association between CCR5 expression and susceptibility to infection by NSI H IV-1 in 
vitro, likely explains the in vivo observed protective effect of CCR5 polymorphisms that 
influence CCR5 expression on disease progression. Additionally, genetically based 
differences in the level of ß-chemokine production may enhance the effect of CCR5 
mutations and contribute to slow disease progression also in individuals with a wild-type 
CCR5 genotype. 

Non-syncytium-inducing (NSI) variants of human 
immunodeficiency virus type-1 (HIV-1) use the ß-
chemokine receptor CCR5 as a cofactor for entry 
of target ce||s[«-«,95,99,iouo2.404] T h e relevance of 

this receptor in HIV-1 infection and AIDS 
pathogenesis has become clear by virtue of 
genetic polymorphisms influencing its expression 
levels. In the human Caucasian population, the 
most prevalent polymorphism in the coding region 
of CCR5 is a 32-bp deletion (CCR5A32). Individuals 
homozygous for CCR5A32 (CCR5 A32/A32), who 
consequently lack CCR5 cell surface 
expression'291'4053, are protected from HIV-1 
infection1291-2961. However, the existence of HIV-1-
infected CCR5 A32/A32 individuals showed that 
this protection is not absolute099'406'4081, which 
might be explained by transmission of viruses that 
use CXCR4 as a coreceptor[409]. CCR5A32 
heterozygous individuals (CCR5 A32/+) were shown 
not to be protected from infection, but CCR5 A32 
heterozygosity has been associated with a mean 
elongated AIDS-free survival period compared to 
individuals with the wild-type CCR5 genotype 
(CCR5 +/+)P"-296,396,4io.4ii] M o r e r e c e nt ly , also 
other polymorphisms in the coding region14121 and 
the promotor region'301'413'4141 of CCR5 have been 

shown to be associated with disease progression. 
In line with the in vivo observations, peripheral 
blood mononuclear cells (PBMC) from CCR5 A32/+ 
individuals were shown to be less susceptible to 
NSI HIV-1 in vitro

[300'405'415'4161 and in vivo in PBL-
SCID mice14171 compared to PBMC from CCR5 +/+ 
individuals. The on average lower proportion of 
CCR5-expressing CD4* T cells and lower CCR5 
surface expression levels on PBMC1405'418', may 
result in slower spread of the virus and hence 
explain reduced NSI HIV-1 susceptibility of PBMC 
and slower disease progression in CCR5 A32/+ 
individuals. 

An additional factor influencing HIV-1 
replication is the presence of the natural ligands 
of CCR5: RANTES, MIP-la, and MIP-lß. These 
ligands were shown to inhibit NSI replication in 
vitro161"63'94'288'297'4191, and high endogenous 
production by PBMC and/or CD4* T lymphocytes 
was associated with protection from HIV-1 
infection in vivo'299'300'4201 and protection from 
HIV-1 disease progression14211. The inhibitory 
effect of ß-chemokines is proposed to act through 
blocking of the coreceptor as well as through 
down-regulation of CCR5 on the cell surface'4221. 
The relevance of ß-chemokine production in HIV-1 
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disease progression was recent ly supported by t he 

ident i f i ca t ion o f a polymorphism in t he RANTES 

promotor t h a t associates w i th reduced RANTES 

secret ion and concomitant ly w i th reduced CM* T 

cell decline12981. 

We here analyzed CCR5 expression levels and ß-

chemokine product ion o f t o ta l PBMC and PBMC 

depleted o f CD8* T cells, a f t e r in v i t ro st imulat ion 

w i th PHA and r I L - 2 . I n paral lel , t he suscept ib i l i ty 

f o r a panel o f pr imary N S I variants was 

determined and t h e re lat ion w i th CCR5 and ß-

chemokine levels was studied. 

MATERIALS AND METHODS 

Cells and viruses. Peripheral blood mononuclear cells 
(PBMC) were isolated from buffy coats from 14 healthy 
plasmapheresis donors by ficoll-paque isolation. PBMC 
were stored in liquid nitrogen until usage. Three days 
prior to infection (t=-3) thawed PBMC (5.106/ml) were 
stimulated with phytohemagglutinin (PHA; lug/ml). At the 
day of infection (t=0), PHA-supplemented medium was 
removed and from part of the PHA-stimulated peripheral 
blood lymphocytes (PHA-PBL), CD8* T cells were depleted 
by the use of CD8-coated immunomagnetic beads 
(miniMACS; CLB, Amsterdam, The Netherlands). Both 
total PHA-PBL and CD8" PHA-PBL (0.5.106 cells/ml) were 
suspended in medium supplemented with recombinant 
interleukin-2 (r IL2; 20 U/ml; Proleukin; Chiron Benelux 
BV, Amsterdam, The Netherlands). Cells used in the 
susceptibility assay were plated in 96-well plates (50,000 
cells per well), and cultured for 14 days. Parallel (mock-
infected) cultures for fluorescence-activated cell sorting 
(FACS) analysis and determination of ß-chemokine 
production in supernatant were grown in 6-well plates at 
the same cell concentration. 

Viruses were biological HIV-1 clones previously 
obtained from 3 different participants of the Amsterdam 
Cohort Studies on HIV-1 infection and AIDS (ACH). 

Susceptibility assay. Seven biological HIV-1 clones with 
the NSI phenotype (as determined on the MT2 cell 
line1891) were t i t rated on PHA-PBL (on average 67% of 
CD3* T cells were CD4* and 25% were CD8') and CD8-

PHA-PBL (on average 93% of CD3* T cells were CD4* and 
0.2% were CD8*) from each of the 14 blood donors. 
Briefly, the cells were inoculated with serial 5-fold 
dilutions of each virus stock and cultures were maintained 
for 14 days. At day 7, 1/3 of the medium was removed 
and replaced by fresh rIL-2-supplemented medium. At 
day 14, virus production was determined with an in-house 
p24 ELISA13941 and the 50% tissue culture infectious 
dose (TCID50) per ml of virus stock was determined. For 
each donor, the average TCID50 of 7 NSI viruses was 

used as a measure of NSI HIV-1 susceptibility of their 
PBMC and CD8TBMC. 

CCR5 genotyping. Genomic DNA was isolated from fresh 
PBMC (Qiagen; Westburg, Hilden, Germany). CCR5 
genotyping was performed by PCR analysis using primers 
flanking the 32-bp deletion in CCR5[396l 

FACS analysis. Prior to stimulation (t=-3), after PHA 
stimulation, (i.e., just before inoculation; t=0), and after 6 
days of mock-infection in the presence of rIL-2 (t=6), 
cells were stained with a combination of monoclonal 
antibodies (mAbs) directed against CD4 (-TC; Caltag, 
Burlingam, CA) and CCR5 (5S7-FITC; Pharmingen, San 
Diego, CA). Since after 1 week of culture the proportion 
of viable CD4* T cells decreases rapidly (unpublished 
observation), and hence most of the viral spread through 
the culture will occur during the f i rs t week, no analysis 
was performed on cells during the second week of the 
culture period. To monitor the efficiency of CD8 
depletion, cells were stained with a combination of mAbs 
directed against CD3 (-PE), CD8 (-FITC), and CD4 (-TC) 
(all mAbs from Caltag, Burlingam, CA). 

In order to determine CCR5 expression levels on in vivo 
activated CD4* T cells, cryopreserved, unstimulated PBMC 
were stained with a combination of 1: CD4 (-PERCP; 
Becton Dickinson, San Jose, CA), CD45RO (-APC; Becton 
Dickinson), HLA-DR (-PE; Caltag), and CCR5 (5G7-FITC; 
Pharmingen); 2: CD4 (-PERCP; Becton Dickinson), CD45RO 
(-PE; DAKO, Glostrup, Danmark), CD69 (-APC; Becton 
Dickinson), and CCR5 (5G7-FITC; Pharmingen); 3: CD4 (-
PERCP; Becton Dickinson), CD45RO (-APC; Becton 
Dickinson), CD27 (-FITC; CLB, Amsterdam, Netherlands), 
and CCR5 (5G7-PE; Pharmingen). All incubation steps were 
performed for 20 min at 4°C. Expression of the markers 
was analyzed with a FACScan or a FACScalibur (both 
from Becton Dickinson). 

ß-Chemokine production. At t=0 and t=6, 200 \i\ of cell-
free culture supernatant was sampled and stored at -20°C 
until analysis. The presence of MIP-la, MIP-lß, and 
RANTES in the supernatant was determined by ELISA 
(R4D systems; Minneapolis, MN). 

Statistical analyses. Comparisons between cells with the 
CCR5 +/+ and CCR5 A32A genotype, between cells with high 
and low susceptibility, and between total PBMC and CD8" 
PBMC were made with the Students f test. In the cases of 
comparisons of ß-chemokine levels, statistics were 
performed on the log-transformed values. The correlation 
between CCR5 expression and the log-transformed values of 
RANTES was determined with the Pearson's correlation 
coefficient (rf). Normality of the samples was determined 
by the Shapiro-Wilk W test for normality. All statistical 
analyses were performed by the use of SPSS 7.5 for 
windows. 
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Fig. 1. Susceptibility of total PBMC and CD8' PBMC for NSI HIV-1. 
The TCID50 of 7 NSI viruses were determined by p24 production 
after 14 days of culture. For each donor, 7 CCR5 +/+ and 7 CCR5 
A32A individuals, the average 10log TCID50 on parallel cultured 
PBMC (D) and CD8" PBMC (3) are depicted. Bars represent the 
standard error of the mean. Differences were analyzed with the 
paired ttest and statistical significance is indicated by * {P< 0.05) 
and • (0.05 < /><0.06). 

susceptibility. In order to classify the relative NSI 
susceptibility of the PBMC from each of the 14 
donors, the median of the 14 average TCID50 values 
was determined. PBMC with an average TCID50 below 
that of the group median were defined as having 
relatively low NSI HIV-1 susceptibility, PBMC with 
an average TCID50 equalling or above that of the 
group median were defined as having relatively high 
NSI HIV-1 susceptibility. Thus, 7 donors with less 
and 7 donors with more susceptible PBMC could be 
identified. For these 2 groups of donors, CCR5 
expression prior to stimulation (t=-3) and CCR5 
expression and ß-chemokine production after 3 days 
of PHA stimulation (i.e., just prior to inoculation; 
t=0) were compared. In parallel cultures that were 
mock-infected, the CCR5 expression and ß-
chemokine production after further propagation in 

RESULTS 

Susceptibility of total PBMC and CDS' PBMC. 
Three-day PHA-stimulated PBMC and CD8TBMC 
derived from 14 healthy donors were inoculated with 
a panel of 7 primary NSI variants, and further 
cultured in the presence of rIL-2. The donors were 
selected based on their CCR5 genotype: 7 had the 
CCR5 A32/+ and 7 had the CCR5 +/+ genotype. After 
14 days of culture, the TCID50 was determined for 
each virus-donor combination. Since cells from each 
donor were inoculated with the same stock of each 
virus, the differences in the virus titers are a 
reflection of differences in NSI HIV-1 
susceptibility of the cells. Paired analysis of PBMC 
and Cb8"PBMC showed that the susceptibility was 
similar in 11/14 cases (Fig. 1). For one donor the 
susceptibility of PBMC was higher than that of CD8" 
PBMC (donor 1: average TCID50 10460 versus 10422, 
respectively; P- 0.028). For two donors the inverse 
was observed, with reduced susceptible PBMC 
compared to CD8"PBMC (donor 7: average TCIDso: 

lO405 versus 10430, respectively; P- 0.058; donor 10: 
average TCID50: 10340 versus 10425, respectively; P-
0.002). Although inter-individual differences in 
susceptibility were observed, these differences 
were not related to differences in CCR5 genotype 
(Fig. 1). 

Correlates of NSI HIV-1 susceptibility. For the 
PBMC of each donor, the average TCID50 of 7 NSI 
variants was used as a measure for NSI HIV-1 
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Fig. 2. CCR5 expression on cells with high and low susceptibility for 
primary NSI HIV-1 infection, (a) The percentage of CCR5-expressing 
CD4' T cells and (b) the mean fluorescence intensity of the CD4* T cell 
population was compared for PBMC with high ( • ) and low (S) 
susceptibility. CCR5 expression was analyzed prior to stimulation and 
infection (t=-3), after 3 days of PHA stimulation (t=0) and after 6 
days mock-infection in the presence of rIU-2 (t=6). Error bars 
represent the standard error of the mean. Differences were analyzed 
with the Student's f test , statistical significance is indicated by * (P< 
0.05). 
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Fig. 3. ß-Chemokine production of cells with high and low 
susceptibility. MIP- la- , MIP-lß-, and RANTES-production in 
culture supernatants were compared for PBMC with high (G) and 
low (M) susceptibility. Analysis was performed on culture 
supernatants harvested after (a) 3 days of stimulation with PHA 
(t=0), and (b) again after 6 days of mock-infection in the presence 
of r IL-2 (t=6). Error bars represent the standard error of the 
mean. Differences were analyzed with the Student's t Test on the 
log transformed values and statistical significance is indicated by * 
(P< 0.05). 

the presence of r IL-2 (t=6) were analyzed. 
The percentage of CCR5* cells and the mean 

fluorescence intensity (MFICCRS) in the CD4* T cell 
population prior to stimulation and at the moment 
of inoculation did not di f fer between donors with 
relatively low and donors with relatively high in 
vitro NSI HIV-1 susceptibility (Fig. 2). However, 
in vitro susceptibility of PBMC was highly 
associated with the levels of CCR5 expression 
observed after 6 days of mock-infection (42 and 
20% CCR5* CD4* T cells in PBMC with high and low 
susceptibility, respectively; P - 0.002; MFICCRS of 
25 and 14 in PBMC with high and low susceptibility, 
respectively; P- 0.013; Fig. 2). 

Similarly, at the end of 3-day PHA stimulation, 
no difference was observed in the mean 

production of MIP-la, MIP-lß and RANTES 
between PBMC with relatively high and relatively 
low NSI HIV-1 susceptibility (Fig. 3a). After 6 
days of mock-infection, the mean level of each ß-
chemokine was higher in the cell cultures with the 
lowest susceptibility (mean values: MIP-la: 10.6 
versus 2.7 ng/ml; P- 0.025; MIP-lß: 5.5 versus 2.3 
ng/ml; P- 0.042; RANTES: 6.4 versus 0.6 ng/ml; P 
- 0.010; Fig. 3b). 

Similar to what we observed for PBMC, the NSI 
HIV-1 susceptibility of CD8PBMC was associated 
with the levels of CCR5 surface expression and ß-
chemokine production at t=6 (data not shown). 

Association between CCR5 surface expression 
and ß-chemokine production. Both high CCR5 
surface expression and low ß-chemokine 
production after PHA/rIL-2 stimulation (i.e., at 
t=6) were associated with high in vitro NSI HIV-1 
susceptibility. Since it was shown previously that 
low CCR5 cell surface expression is associated 
with high ß-chemokine levels0001, which is likely 
due to internalization of the receptor after 
chemokine binding'4221, we analyzed the correlation 
between ß-chemokine production and CCR5 
expression, in relation to susceptibility. No (or a 
weak) correlation was observed between the 
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Fig. 4. Correlation between RANTES production, percentage CCR5-
expressing CD4* T cells, and susceptibility. The levels of RANTES 
production in PBMC culture supernatants and the percentages of 
CCR5-expressing CD4* T cells measured after 6 days of mock-
infection are depicted. Correlation analysis was performed with the 
Pearson's correlation coefficient after log transformation of the 
levels of RANTES. For each donor HIV-1 susceptibility of the cells 
is depicted by the color of the symbols (o = 'low'; • = 'high') and 
the number next to the symbol, representing the 10log TCID50. 
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Fig. 5. CCR5 expression and ß-chemokine production in in vitro stimulated CCR5 +A and CCR5 A32/+ PBMC. (a) The percentages of CCR5-
expressing CD4* T cells prior to stimulation (t=-3, left panel) and in 6-day-mock-infected PBMC (t=6, right panel) were compared for PBMC 
from CCR5 A32/+ and CCR5 +/+ individuals. (b)The total level of ß-chemokines in the culture supernatant of 6-day-mock-infected PBMC was 
compared for CCR5 A32A and CCR5 +A PBMC. Horizontal bars indicate the average percentage of CCR5* CD4* T cells (a) or average total ' 
ß-chemokine production (b) and the standard deviation. Differences were analyzed with the Student's ttest. 

percentages of CCR5* CD4* T cells and the log-
transformed values of levels MIP-la and MIP-
lß after PHA/rIL-2 stimulation (rp - -0.455, P -
0.10; and rf = -0.301, P - 0.30, respectively; not 
shown). A strong inverse correlation was observed 
however, for the percentages of CCR5-expressing 
CD4* T cells and the level of RANTES production 
(rp - -0.630, P - 0.016; Fig. 4). I t is clear from 
Figure 4 that the PBMC with low susceptibility 
have both a relatively low proportion of CCR5-
expressing CD4* T cells and a relatively high level 
of RANTES production. 

CCR5 genotype and in vitro NSI HIV-1 
susceptibility. In contrast to what was found 
previously by somer3oo.405.4i5.4i6]( b u t j n a g P e e m e n t 

with others14171, we did not observe that 
susceptibility to NSI HIV-1 infection in vitro was 
associated with the CCR5 genotype (Fig. 1). In 
order to understand the basis of this dissociation, 
we analyzed the association of CCR5 genotype 
with in vitro induced CCR5 surface expression and 
ß-chemokine production after PHA/rIL2 
stimulation. As it was shown previously1405'4181, the 
percentage of CCR5-expressing CD4* T cells was 
associated with the CCR5 genotype prior to 
stimulation (24 % in CCR5 +/+ and 14 % in CCR5 
A32/+; P - 0.006; Fig. 5a). However, after 
PHA/rIL-2 stimulation this association was lost 
(31% CCR5-expressing CD4+ T cells both in CCR5 

+/+ and CCR5 A32/+ PBMC; P- 0.96; Fig. 5b). 
The similar CCR5 expression levels in CCR5 +/+ 

and CCR5 A32/+ cells after stimulation could be 
explained by an on average higher up-regulation in 
CCR5 A32/+ (on average: +17%; range: +2 to + 
40%) compared to CCR5 +/+ (on average: +7%; 
range: -16 to + 31%) cells. Similar observations 
were made for CCR5 expression as measured by 
the MFI (not shown). In addition, no CCR5 
genotype-related differences in ß-chemokine 
production were observed after PHA/rIL-2 
stimulation (mean values of 22.1 and 6.0 ng/ml for 
CCR5 +A and CCR5 A32/+ PBMC, respectively; P-
0.13; Fig. 5c). 

CCR5 genotype and CCR5 surface expression on 
in vivo activated cells. The absence of an 
association between CCR5 genotype and CCR5 
expression after in vitro stimulation prompted us 
to study the association between CCR5 genotype 
and CCR5 surface expression on in vivo activated 
cells. To this purpose, CCR5 expression was 
analyzed on resting and activated CD4* T cells in 
unstimulated PBMC from the 14 healthy blood 
donors. In vivo activation was identified by cellular 
expression of CD45RO in the absence of CD27 
expression1423'4241 or in combination with either 
HLA-DR or CE>69 expression. The proportion of 
CCR5-expressing cells was very low within the 
naive CD4* T cell population (average values: 
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Fig. 6. Ex vivo CCR5 surface expression on resting and activated 
CD4* T cell subsets, (a) The average percentage of CCR5-
expressing cells in total CD4* T celts (hatched bar) and in naive 
(Ü), resting memory ( I I ) , and activated memory (Ä) CD4* T 
cells was determined, (b and c) For the resting CD4* memory (b) 
and the activated CÙ4* memory (c) T cells, the expression levels 
on CCR5 A32/+ and CCR5 +/+ PBMC were analyzed separately. 
The subsets were defined as indicated in the figures. Vertical 
bars (a) represent the standard error of the mean, and 
horizontal bars (b,c) indicate the average percentage of CCR5* 
CD4* T cells within each CD4* T cell subset and the standard 
deviation. Differences were analyzed with the Student's /-test. 

CD45R07HLA-DR": 7%, CD45R07CD69', 3%; 
CD45RO-CD27*: 0.7%; Fig. 6a), and not 
statistically different between CCR5 +A and CCR5 
A32/+ PBMC (not shown). The proportion of CCR5-
expressing cells was highest in the activated 
memory CD4* T cells (average values: 
CD45R07HLA-DR*: 50%, CD45R07CÖ69*: 62%, 
CD45RO*CD27": 60%, f ig 6a), and intermediate in 
the resting memory CD4* T cells (average values: 
CD45R07HLA-DR": 29%, CD45R07CD69": 25%, 
CD45RCTCD27*: 22%; Fig. 6a). The association 
between the level of CCR5 expression and 
activation status of the cells is in agreement with 
previous observations1"9'120'4181. 

Both in the resting and in the activated memory 
CD4* T cell populations, the proportion of CCR5-
expressing cells (Fig. 6b and c) and CCR5 
expression as measured by MFI (not shown) were 
on average lower in CCR5 A32/+ compared to CCR5 
+A PBMC. 

DISCUSSION 

Susceptibility of PBMC and PBMC depleted of 
CD8* T cells for in vitro NSI HIV-1 infection was 
associated with the expression of the coreceptor 

3 60 

HIA-Dft- CD69- CÙ27+ 

f p-.o.oo2 n | - P- 0.0001 - | | - p = 0.058 —| 

• 

1 1 • 
a 

1 f 1 h ~ * H 

VF 

1 1 
• 
• • 

• 

à38A */* A32A */* A32A +A 

f- P< 0.000! - , r " °'041 1 r ' -M«n 

• 

T 
• 1 1 

•il 

A 

1 1 • 

•• 
m 

^ . r«4 * 

HLA-DR* CD69+ CD27-

A32A *A A32/. +/* A32/. 

for NSI variants, CCR5, and the levels of its 
natural ligands, the ß-chemokines, produced during 
culture. This association was only observed for 3-
day PHA stimulated PBMC that had subsequently 
been cultured for 6 days in the presence of r IL-2, 
paralleling 6 days of infection. The absence of an 
association of HIV-1 susceptibility with CCR5 
surface expression and ß-chemokine levels 
immediately after 3-day PHA stimulation, so at 
the moment of inoculation, suggests that under 
the presently used conditions virus production is 
determined by the capacity of the virus to spread 
through culture, rather than by the efficiency of 
the initial inoculation. 

In HIV-1-infected individuals in general, a 
correlation has been demonstrated between a 
CCR5A32 heterozygous genotype and a more 
benign clinical course of HIV-1 infection1293" 
396,396,4.0.4.1,425] T h j s W Q S a t t r j b u t e d t„ a reduCed 

percentage of CCR5-expressing cells, the target 
cells for NSI HIV-11405'4'81. Indeed, early in 
infection the mean viral load in CCR5A32 
heterozygotes was shown to be lower than in 
CCR5+A individuals, indicative of impaired virus 
replication1294'396-4101. Here, we did not observe a 
correlation between CCR5 genotype and in vitro 
NSI HIV-1 susceptibility. This by itself was in 
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good agreement with the equal CCR5 surface 
expression in CCR5A32A and CCR5+/+ PBMC after 
PHA/rIL-2 stimulation. The equal CCR5 surface 
expression in the two genotypic groups and the 
absent difference in NSI HIV-1 susceptibility may 
however be an in vitro artefact. Indeed, in the 
PBL-SCID mouse model, replication of NSI HIV-1 
was significantly lower in mice repopulated with 
PBMC from a CCR5A32 heterozygous donor 
compared to mice repopulated with CCR5+/+ 
PBMC[417]. Also, as we demonstrate here, ex vivo 
CCR5 expression is generally lower on cells from 
CCR5A32 heterozygotes, even on CD4* T cells with 
an activated phenotype, that were activated in 
vivo under more physiological conditions. Although 
the CCR5 surface expression on cells from 
CCR5A32A individuals is generally lower, there is 
a large overlap with the expression on cells from 
CCR5+A individuals'405'4181. This indicates that the 
CCR5 surface expression is not only influenced by 
the CCR5A32 genotype but under control of 
multiple mechanisms. Indeed, polymorphisms in the 
CCR5 promotor region have been 

demonstrated1301'413'4141 that might influence 
expression levels. In addition, the natural ligands 
are able to down-modulate their receptor14221 and 
high ß-chemokine levels may consequently result in 
reduced CCR5 expression. In agreement with this 
is the inverse correlation we here observed 
between RANTES production and CCR5 surface 
expression. The down-modulation of CCR5 by 
RANTES may explain the association between ß-
chemokine production and reduced susceptibility 
for NSI HIV-1. In addition the ß-chemokines may 
directly interfere with HIV-1 entry'4221. 

Our data indicate that the CCR5 expression 
level, and not CCR5 genotype perse, is an 

important determinant for NSI HIV-1 
susceptibility in vitro. In agreement, we previously 
demonstrated that among individuals with a CCR5 
+/+ genotype, a reduced CCR5 surface expression 
correlated with a better prognosis of HIV-1 
infection14181. 

Even though CCR5 A32/+ individuals are 
generally not protected from infection1292"296,4111, a 
higher frequency of CCR5A32/+ individuals and 
reduced in vitro susceptibility to HIV-1 infection 
was observed in uninfected monogamous sexual 
partners of infected individuals'415'4261. This 
suggests that reduced susceptibility may tip the 
balance in favor of the exposed individuals under 
certain conditions. In addition, susceptibility of 
cells is likely to be of importance during acute 
infection. Individuals that subsequently 
progressed to AIDS had already higher CCR5 
surface expression levels pre-seroconversion 
compared with individuals that did not progress to 
AIDS in the same infection period'4181. Thus, lower 
CCR5 surface expression and reduced 
susceptibility may result in a less severe viremia 
early in infection'294'396'4101 and consequently in a 
lower viral set-point, which is associated with a 
better prognosis'333'334'3371. 
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Adaptation to promiscuous usage of chemokine receptors is not a prerequisite 
for H IV-1 disease progression 

Fifty percent of human immunodeficiency virus type 1 (HIV-1)-infected individuals progress 
to AIDS in the presence of only non-syncytium-inducing (NSI) virus variants. These NSI 
variants are rapidly replicating and associated with a high viral load. Here, we studied 
whether disease progression in the absence of syncytium-inducing (SI) H IV-1 variants is 
associated with an expansion of the coreceptor repertoire of NSI HIV-1 variants. 
Biological H IV-1 clones isolated early and late in infection from progressors and LTS with 
wild-type or mutant CCR5 and CCR2b genotypes, were analyzed for their capacity to use 
CCR1, CCR2b, CCR3, CCR5, and CXCR4 on U87 cells co-expressing CD4. All H IV-1 clones 
were restricted to the use of CCR5. Lack of replication of all H IV-1 clones in peripheral 
blood mononuclear cells (PBMC) from a CCR5 A32 homozygous blood donor confirmed this 
result. These findings indicate that an expanded coreceptor repertoire of H IV-1 is not a 
prerequisite for a progressive clinical course of HIV-1 infection. 

Recently, it has been shown that in addition to 
CD4, syncytium-inducing (SI) human 

immunodeficiency virus type 1 (HIV-1) variants 
mainly use the CXC chemokine receptor 4 
(CXCR4). Some S I HIV-1 varianis additionally use 
CC chemokine receptor 2b (CCR2b), CCR3 and/or 

CCR5[6o.96-ioo) Non-svncy t ium-inducing (NSI) HIV-1 
variants use CC chemokine receptor 5 (CCR5) for 
entry into their target cell'61'63'95'961. In the 
asymptomatic phase of infection, macrophage-
tropic NSI HIV-1 variants predominate'26'91192" 
194,415,427] I n a b o u t f j f f y p e r c e n t o f HIV-1-infected 

individuals, S I T-cell-line-tropic HIV-1 variants 
emerge during the course of infection, preceding 
an accelerated CD4* T cell decline and a more 
«_~:~i -J:- ~~ ~„«««„,.,.;„.J26,194,202,428-430] Tu 

rapid disease progression1 i n 
agreement with these observations, a transition 
from CCR5 usage to multiple coreceptor usage has 
been correlated with disease 
progression1 [99,100,103,431] However, the majority of 
individuals who do not develop S I variants also 
progress to AIDS, some of them even 
rapidly'194,4281. This was even observed for 
individuals who were heterozygous for a 32-bp 
deletion in the CCR5 gene or individuals with a 
valine to isoleucine substitution in CCR2b'396'4321, 
two genotypes that in general have been 
associated with a delayed disease 
progression'293'396'432"435'. 

NSI HIV-1 variants isolated from individuals 
with a progressive disease course have higher 
replicative capacity in vitro and are associated 

with a higher viral load in vivo compared to NSI 
HIV-1 from asymptomatic individuals'4281. I n the 
present study, we analyzed whether these NSI 
HIV-1 variants have an expanded coreceptor 
repertoire and/or whether such a phenomenon may 
also explain the rapid disease progression in some 
of the CCR5 A32 heterozygotes and CCR2b-64I 
carriers who lacked S I HIV-1 variants. 

MATERIALS AND METHODS 

Subjects. Sixteen participants of the Amsterdam Cohort 
Studies on AIDS in homosexual men were analyzed. Eight 
of these individuals were classified as long-term survivors 
(LTS: ACH 16, 68, 78, 337, 434, 441, 583, 750), since 
they had an asymptomatic follow-up of at least 9 years 
(mean follow-up 144 months after seroconversion; range, 
124 to 152 months) with stable CD4* T cell counts 
(>400/mm3) in the absence of anti-retroviral therapy'4361. 
These individuals harbored solely NSI variants. In 
addition, we studied four rapid progressors (AIDS 
diagnosis at 25 to 76 months after seroconversion: ACH 
53, 172, 424, 638), three typical progressors (AIDS 
diagnosis at 99 to 109 months after seroconversion: ACH 
19, 38, 142), and one slow progressor (AIDS diagnosis at 
136 months after seroconversion, after a 10-year period 
of high and stable CD4* T cell counts: ACH 617). All 
progressors also lacked SI HIV-1 variants. 

Peripheral blood mononuclear cell (PBMC) samples from 
at least two time points were analyzed. One sample was 
chosen as early as possible after seroconversion or entry 
in the cohort studies (mean: 21 and 19 months for LTS 
and progressors, respectively). The other sample was 
chosen as late as possible after seroconversion or entry 
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in the cohort studies (mean: 111 months for LTS) or at 
time of AIDS diagnosis (mean: 74 months for 
progressors) (Fig. 1). 

CCR5 and CCR2b genotyping. Genomic DNA was isolated 
from cryopreserved PBMC (Qiagen blood kit; Westburg, 
Germany). CCR5 genotyping was performed by PCR 
analysis using primers flanking the 32-bp deletion in 
CCR5[396). CCR2b genotyping was performed by restriction 
fragment length polymorphism PCR analysis as described 
previously14321. 

Analysis of Cbf T cell counts. T lymphocyte 
immunophenotyping for the CD4* T cells was carried out 
at 3-month intervals by flow cytofluorometry. PBMC were 
stained with CD4 monoclonal antibody according to 
standard procedures for cell cytometric analysis. 

Quantification of RNA in serum. HIV-1 RNA was 
quantified in serum by using a nucleic acid sequence based 
amplification assay (HIV-1 RNA QT; Organon Teknika, 
Boxtel, The Netherlands) as described previously1333-3371. 

Virus isolation, SI phenotyping and determination of 
infectious cellular load. Viruses were isolated under 
limiting diluting conditions as previously described1"4-202'. 
Participant PBMC (0.5 to 4.0 x 10" cells/well in 32, 48 or 
96 wells) were cocultivated with phytohemagglutinin 
(PHA)-stimulated healthy donor peripheral blood 
lymphocytes (PBL; 105/ well) in 96-well microtiter plates. 
Every week, one-third of the culture supernatant was 
tested for p24 antigen by an in-house p24 antigen-
capture ELISA [394 l At the same time, half of the cells 
was transferred to new 96-well plates, and 105 fresh 
PHA-stimulated healthy donor PBL were added to 
propagate the culture. The proportion of productively 
infected CD4* T cells was calculated with the formula for 
Poisson distribution, F- -ln(Fo). in which Fo is the fraction 
of negative cultures. 

PBMC from wells tested positive were transferred to 
25-ml culture flasks containing 5 x 106 fresh PHA-
stimulated PBL in 5 ml of medium to grow virus stocks. 
From these cultures, the cell-free supernatant was 
stored at -70°C until use. To the remaining PBMC, MT2 
cells (106) were added to analyze syncytium-inducing 
capacity of the virus clones'891. The t i ter of the virus 
stocks was quantified by determination of the 50% tissue 
culture infection doses (TCID50) in PHA-stimulated PBL 
derived from a healthy blood donor with the common 
CCR5 genotype. 

Cell lines. Human astroglioma U87 cell lines stably 
expressing CD4 and either co-expressing CCR1, CCR2b, 
CCR3, CCR5 or CXCR4 were grown in Iscove's medium 
supplemented with 10% FCS, 5 pg/ml polybrene, 100 U/ml 
penicillin, 100 j/g/ml streptomycin and 1 pg/ml puromycine. 
The U87-CD4 control cell line was grown in the same 
medium without puromycine. 

CCR3, CCR5 and CXCR4 expression on the 
corresponding U87 cell lines was monitored by flow 
cytometry. Staining for CCR3 (7B11; obtained from 
Leukocyte, Inc., via the AIDS Research and Reference 
Reagent Program, Division of AIDS, N IA ID, NIH[104-4371) 
and CCR5 (2D7; Pharmingen, La Jolla, CA) was performed 
using unlabeled monoclonal antibodies, followed by FITC-
conjugated goat anti-mouse IgG (CLB, Amsterdam, the 
Netherlands), blocking with normal mouse sera and 
staining with PE-conjugated anti-CD4 monoclonal antibody 
(CLB, Amsterdam, the Netherlands). For staining of the 
U87-CXCR4 cell line, PE-conjugated anti-CXCR4 
monoclonal antibody (12G5; Pharmingen, La Jolla, CA) and 
TC-conjugated anti- CD4 (Caltag, Burlingame, CA) were 
used. Markers were set using isotype matched control 
antibodies. 

CCR1 and CCR2 expression was monitored by RT-PCR. 
RNA was extracted from U87 cells using TRIzol reagent 
(Gibco-BRL, Gaithersburg, MD) and reverse transcription 
(RT) was performed using random primers with 
Superscript Reverse Transcriptase (Gibco-BRL) according 
to the recommendations of the manufacturer. Before the 
RT reaction, RNA preparations were subjected to DNase 
treatment in the presence of 5 mM MgCb and subsequent 
inactivation of the DNase for 10 min at 65°C in the 
presence of 5mM EDTA. PCR was performed on a DNA 
thermal cycler 480 (Perkin Elmer, Foster City, Co) with 
Taq polymerase (Promega, Madison, WT) using primers 
CCR1 S (AACTCCGTGCCAGAAGGTGAACG), CCR1 AS 
(TCCACTCTCGTAGGCTTTCGTGAGG), CCR2 S (TGCTGTC 
CACATCTCGTTCTCGG), and CCR2 AS (CCCTATGCCTCTT 
CTTCTCGTTTCG) in the presence of 3 mM/l MgCI2. 
Conditions of PCR were 5 min of denaturation at 94°C; 35 
cycles of 1 min at 94°C, 1.5 min at 60°C, 1.5 min at 72°C; 
and 10 min elongation at 72°C. Chromosomal DNA isolated 
from the MT2 cell line was used as a positive control for 
PCR reactions. Primers for hypoxanthine phosphoribosyl 
transferase (HPRT)[438] were used as a positive control 
for RNA preparations. PCR was performed on RNA, 
without a prior RT reaction, to check for contamination 
of the RNA preparations with chromosomal DNA. PCR 
products were analyzed on an ethidium bromide stained 
0.8 % agarose gel. 

Analysis of HIV coreceptor usage. From each individual, 
2 to 9 biological virus clones per time point were analyzed 
for their coreceptor use, with on average 5 virus clones 
from early and 6 clones from late time points. Selection 
of virus clones was such that clones with dif ferent time 
points of f i rs t detection during clonal isolation were 
included. To be able to study a sufficient number of 
clones from progressor ACH 172, who had a low cellular 
infectious load also at later time points, biological HIV-1 
clones obtained from two late time points were used for 
analysis. In addition, HIV-1 biological clones from multiple 
time points from progressors ACH 617 and ACH 638 were 
analyzed since this allowed a more detailed analysis of 
the association between viral load and coreceptor 
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Fig. 1. Longitudinal analysis of CM' T cell counts and virus load of LTS (a) and progressons (b). Patient numbers are indicated in the upper 
left corner of each graph. CM' T cell numbers are indicated by open triangles (left y-axis), infectious cellular load by filled circles and 
viral RNA load by open circles (right y-axis). Filled arrowheads on the x-axis indicate time points of clonal isolation of NSI HIV-1 variants 
that were analyzed for coreceptor use. Open arrowheads indicate the time point of AIDS diagnosis. 

Two primary S I HIV-1 clones, ACH39.28.H5 and 
ACH208.13.B1, with a known ability to use CCR3 and 
CXCR4 or CCR5 and CXCR4, respectively, and the HIV-1 
variant H I B , a kind g i f t of Dr. R. Gallo, were used as 
controls. For all 3 control viruses, an inoculum of 102 

TCIDao/ml was shown to be sufficient to establish 
infection in the U87 cell lines expressing the appropriate 
coreceptors. 

To determine coreceptor use of biological virus clones, 
104 cells of each U87 cell line were seeded in 96-well 
plates and after 24 hours these were inoculated with 0.2 
ml of the different HIV-1 clones. The range of the 
inoculum size of the different virus clones obtained early 
or late in infection from the different individuals is given 
in Tables 2 and 3. The U87 cells were incubated with 
virus for another 24 hours, washed with phosphate-
buffered saline (PBS) and 0.2 ml of fresh medium was 
added. At day 7, cells were detached by trypsinization 
and transferred to 24-well plates. To analyze the use of 
coreceptors other than CCR5 on primary cells, inoculation 
of PHA-stimulated PBMC derived from a healthy blood 
donor who had a CCR5 A32 homozygous mutant genotype 
was performed with the biological HIV-1 clones under 
study. 

Supernatants harvested at days 7, 14 and 21 were 

analyzed for the presence of virus in an in-house p24 
antigen-capture ELISA13941. 

RESULTS 

LTS in general have a low viral load consisting o f 

only N S I H I V - 1 variants. However, 507» o f A I D S 

pat ients also car ry only N S I H I V - 1 variants but 

these generally have a high viral load. Here we 

studied whether d i f fe rences in t he evolution o f 

coreceptor usage between N S I variants f r o m LTS 

and progressors could account f o r t he d i f fe rences 

in changes in t he in vivo viral load and in t h e 

clinical course o f H I V - 1 in fect ion. Biological virus 

clones were isolated f r o m PBMC obtained ear ly 

and late in infect ion f r o m two LTS (ACH 441 and 

583) who continuously had a low viral load, and 

f r o m one LTS (ACH 68), two rapid progressors 

(ACH 53, 424) , and one typical progressor (ACH 

142) wi th increasing viral load (Fig. 1). A t t h e late 

t ime point o f virus isolation, t h e progressors had a 

high viral load. All individuals had t h e common 
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Fig. 2. Expression of HIV-1 coreceptors on U87 cell lines, (a) Flow 
cytometric analyses of the expression of CD4 and CCR3, CCR5, and 
CXCR4, respectively, on the indicated cell lines, (b) Transcripts of 
CCR1 and CCR2 in the indicated cell lines, analyzed by RT-PCR. 
Chromosomal DNA from the MT2 cell line was used as a positive 
control for PCR reactions. HPRT primers were used os a positive 
control for RNA preparations. PCR was performed on RNA, without 
a prior RT reaction (-RT), to check for contamination of the RNA 
preparations with chromosomal DNA. 

CCR5 and CCR2b genotype. Coreceptor use was 
studied by inoculation of the U87 cell lines 
expressing CD4 alone or co-expressing CD4 and 
CCR1, CCR2b, CCR3, CCR5 or CXCR4. Expression of 
the coreceptors was monitored by FACS analyses 
for CCR3, CCR5 and CXCR4 (Fig. 2a) and by RT-
PCR for CCR1 and CCR2 (Fig. 2b). Moreover, 
functioning of CCR3, CCR5 and CXCR4 was 
demonstrated by the use of control viruses with a 
known coreceptor usage (Table 1). 

All NSI HIV-1 clones were able to productively 
infect the CD4 and CCR5 co-expressing U87 cell 
line (Table 2). However, irrespective the moment 
of isolation or the clinical course of the patient 
from whom the clones were isolated, none of the 
NSI HIV-1 clones was able to replicate in the U87 
cell lines expressing CD4 and one of the other 
coreceptors. 

I t could be envisaged that besides the currently 
known receptors expressed on the U87 cell lines, 
other chemokine receptors expressed on PBMC 
could function as additional coreceptors for these 
NSI HIV-1 clones. To study this possibility and to 
exclude an in vitro ef fect exerted by the use of 
U87 cell lines, PHA-stimulated PBL obtained from 
a healthy blood donor with a CCR5 A32 
homozygous genotype, were infected with the 

biological HIV-1 clones under study. In parallel, 
PHA-stimulated PBL derived from a CCR5 wild-
type donor were inoculated. FACS analysis 
revealed the expression of CD4 and CXCR4 on 
cells derived from both donors, but CCR5 
expression was only detected on cells of donor 
with the common CCR5 genotype (data not shown). 
Also, the presence of mRNA for CCR1, CCR2b, 
CCR3, CCR4, CCR5, and CXCR4 was confirmed for 
cells of both donors by RT-PCR (data not shown). 
In agreement with our observations with the U87 
cell lines, none of the NSI virus clones was able to 
establish infection in the homozygous CCR5 A32 
cells. This observation excluded the capacity to 
use coreceptors that are expressed on CD4* T 
cells other than the ones tested on the U87 cell 
lines. The three control viruses with the S I 
phenotype did establish a productive infection in 
the PBL derived from the CCR5 A32 homozygous 
blood donor as well as in PBL derived from the 
blood donor with the common CCR5 genotype 
(Table 1). 

CCR5 A32 and CCR2b-64I have both been 
associated with a delayed HIV-1 disease 
progression1293-396'432"4351. However, among 
individuals with a rapid clinical course, CCR5 A32 
heterozygotes and CCR2b-64I carriers have been 
identified. I t has been argued that disease 
progression in these individuals is mediated by S I 
HIV-1 variants that can by-pass CCR5 genetic 
defects. In our cohort however, some CCR5 A32 
heterozygotes and individuals with the CCR2b-64I 
mutation showed a rapid disease progression in the 
presence of only NSI HIV-1 variants. Therefore, 
wè analyzed the coreceptor use of NSI variants 
isolated early and late in the course of infection 
from three LTS with a CCR5 A32 heterozygous 
genotype (ACH 16, 78, 434), one LTS with a 
CCR2b-64I heterozygous genotype (ACH 750), 
and one LTS with a CCR5 A32/CCR2b-64I 
heterozygous genotype (ACH 337). This was 
compared with the coreceptor repertoire of NSI 

Table 1. Coreceptor use of T-cell-line-adapted virus HIB 
and 2 primary SI HIV-1 isolates 

Infection of U87-CD4 co-expressing 

Isolate CCR1 CCR2 CCR3 CCR5 CXCR4 control 

PBMC 

CCR5 
A32/A32 

HIHB 
39.28.H5 

208.13.B1 
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Table 2. Coreceptor use of NSI HIV-1 clones isolated from LTS and progressors with the common CCP.5 and CCR2 
genotype 

CCR5 

geno

type" 

CCR2 
geno
type" 

Diagnosis by 
end of 

follow-up* 
(months after 

seroconversion) 

Time of 
coreceptor 

analysis 
(months after 

seroconversion) 

Infectious 
cellular load 
(TCTD/101 

C M ' T cells) 

RNA lood in 
serum 

(log copies/ml) 

Number of 
clones analyzed 

(range of log 
virus titers) 

Number of HIV-1 clones able to infect 

patient 
CCR5 

geno

type" 

CCR2 
geno
type" 

Diagnosis by 
end of 

follow-up* 
(months after 

seroconversion) 

Time of 
coreceptor 

analysis 
(months after 

seroconversion) 

Infectious 
cellular load 
(TCTD/101 

C M ' T cells) 

RNA lood in 
serum 

(log copies/ml) 

Number of 
clones analyzed 

(range of log 
virus titers) CCR1 

U87-CÛ4 cells 

CCR2 CCR3 

co-expressing 

CCR5 CXCR4 . 
PBMC 

CCR5A32 

68 +A •A as (151) 33 14 3.6 3 (2.0-3.4) 0 0 0 3 0 0 0 
100 124 47 5 (2.7-44) 0 0 0 5 0 0 0 

441 +A •A as (152) 16 1 3.0 3 (3.2-3.5) 0 0 0 3 0 0 0 
111 11 3.0 5 (3.4-4.9) 0 0 0 5 0 0 0 

583 •A •A as (149) 24 1 3.0 3 (2.7-3.9) 0 0 0 3 0 0 0 
109 27 3.7 5 (2.7-4.2) 0 0 0 5 0 0 0 

53 •A •A PCP (76) 35 25 4.8 5 (2.8-3.4) 0 0 0 5 0 0 0 
77 169 4.8 5 (34-4.6) 0 0 0 5 0 0 0 

142 •A +A KS (109) 21 8 3.1 5(2.1-3.2) 0 0 0 5 0 0 0 
93 315 4.6 5 (3.4-5.1) 0 0 0 5 0 0 0 

424 +A •A CO (38) 6 4 4.8 2 (2.8-4.3) 0 0 0 2 0 0 0 
43 288 4.7 5 (3.2-3.7) 0 0 0 5 0 0 0 

"+/+, CCR5 and CCR2b wild-type genotype 
*as, asymptomatic; PCP, Pneumocystis carinii pneumonia; KS, Kaposi's sarcoma; CO, Candidiasis oesophageal 

HIV-1 variants isolated from two rapid 
progressors (ACH 172, 638), a typical progressor 
(ACH 38), and a slow progressor (ACH 617) with a 
CCR5 A32 heterozygous genotype, and from a 
typical progressor (ACH 19) who was heterozygous 
for CCR2b 641. The late time point of virus 
isolation coincided with an increased viral load in 
the progressors but also to some extent in LTS 
ACH 337 and ACH 750 (Fig. 1, Table 3). All NSI 
HIV-1 biological clones, irrespective the time 
point of isolation in the clinical course of 
infection, were restricted to the use of CCR5. 
None of these NSI HIV-1 were able to replicate 
in cells expressing CD4 either or not in 
combination with CCR1, CCR2b, CCR3 or CXCR4 
(Table 3). In agreement with these observations, 
none of the virus clones was able to productively 
infect the PBMC from the CCR5 A32 heterozygous 
blood donor (Table 3). 

DISCUSSION 

Recently, several groups have described a 
correlation between changes in viral coreceptor 
use and disease progression in HIV-1-infected 
individuals1"'100'103'4311. In these studies, HIV-1 
evolution of coreceptor use was found to be 
associated with conversion of the NSI to the S I 
HIV-1 phenotype. However, approximately 50% of 
HIV-1-infected individuals progress to AIDS in 
the absence of S I HIV-1 variants1202'2061. The NSI 
variants isolated from all these individuals 

generally show increased replication kinetics as 
compared with NSI HIV-1 isolated from LTS, 
giving rise to an increased cellular infectious 
load'4281. Rapid disease progression in the absence 
of S I HIV-1 variants can even be observed for 
HIV-1-infected individuals with a CCR5 A32 
heterozygous genotype or a CCR2b 641 
genotype1396,4321. These observations prompted us 
to study whether in those individuals that do not 
develop S I HIV-1 variants, development of NSI 
HIV-1 that are able to use multiple coreceptors is 
associated with disease progression. 

Restricted CCR5 use of NSI HIV-1 clones that 
were isolated early and late in infection from LTS 
was observed which appeared to be in good 
agreement with the absence of disease 
progression in these individuals. However, 
biological NSI HIV-1 clones obtained early and 
late in infection from individuals with a 
progressive disease course could also only use 
CCR5. This excluded evolution of coreceptor use 
as an important determinant of disease 
progression of individuals harboring solely NSI 
HIV-1 variants. Also in individuals with a CCR5 A32 
heterozygous genotype, in whom CCR5 functioning 
is considered to be suboptimal'4051, HIV-1 evolution 
was not driven towards alternative coreceptor use. 
I t is feasible that NSI HIV-1 variants associated 
with a progressive disease course may use other, 
yet unidentified, coreceptors. Indeed, CCR8, 
SPR15, and STRL33, which are expressed on CD4* 
T cells, have been described as a fusion cofactor 
for HIV-l1439"4431. However, none of the 



48 HIV-1 coreceptor use in AIDS pathogenesis 

Table 3. Coreceptor use of NSI HIV-1 clones isolated from LTS and progressors with the CCR5 A32 and/or CCR2 641 
heterozygous genotype 

CCR5 
patient geno

type" 
geno
type" 

Diognosis by Time of 
end of coreceptor 

follow-up* analysis 
(months after (months after 

seroconversion) seroconversion) 

Infectious 
cellular load 
(TCID/106 

CD4'T cells) 

RNA load 
in serum 

(log copies/ml) 

Number of 
clones analyzed 

(range of log 
virus t i ters) 

Number of HIV-1 clones able to infect 

U87-CD4 cells co-expressing 

CCftl CCR2 CCR3 CCR5 CXCR4 

PBMC 

CCR5A32 

16 A32A • A as (143) 22 
114 

3 
7 

78 A32A • A as (124) 17 
115 

2 
29 

434 A32A +A as (140) 13 
19 

119 

3 
6 

33 

337 A32A 6 4 I A as (142) 24 
122 

9 
143 

750 •A 6 4 I A as (148) 16 
112 

16 
167 

38 A32A • A KS (101) 21 
102 

44 
125 

172 A32/+ • A KS (25) 5 
22 
25 

1 
9 

26 

617 A32A • A NHL (136) 15 
27 
84 
111 

126 

5 
8 

23 
83 

435 

638 A32A • A NHL (59) 22 
39 
54 

6 
4 

125 

19 •A 6 4 I A CW (99) 24 
98 

5 
173 

3.7 
3.8 
3.0 
3.7 
3.0 
3.5 
5.9 
4.2 
4.5 
4.3 
4.1 
3.8 
3.9 
4.5 
4.7 
4.5 
3.5 
3.9 
4.5 
4.6 
4.8 
4.2 
4.2 
4.1 
4.3 
5.2 

4 (3.2-4.1) 
4 (2.7-3.9) 
4 (2.3-3.7) 
5 (3.0-4.6) 
2 (3.0-3.2) 
7 (3.2-4.2) 
3 (3.2-3.7) 
5(2.8-3.9) 
5 (3.5-4.4) 
5 (3.2-3.7) 
5 (3.4-4.2) 
9 (3.0-4.8) 
4 (3.9-4.4) 
7 (3.2-4.4) 
6 (3.4-4.2) 
6 (2.5-4.8) 
2 (4.9-5.3) 
2 (3.9-4.8) 

5 (2.8-3.9) 
5 (2.5-3.7) 
2 (3.4-4.1) 
5 (4.2-4.8) 
9 (3.2-4.2) 
6 (3.5-4.4) 
5 (2.8-4.1) 
5 (2.7-4.6) 

"A32/+, CCR5 Û32 heterozygote; V+, CCR5 or CCR2 wild-type genotype; 64I/+, CCR2b 641 heterozygote 
bos, asymptomatic; KS, Kaposi's sarcoma; NHL. Non-Hodgkin lymphoma; CM, Cryptococcosis meningitis 

178 tested NSI HIV-1 variants isolated from 16 
different individuals was able to productively 
infect PBMC derived from a healthy blood donor 
with the CCR5 A32 homozygous mutant genotype 
nor the U87-CD4 cell line. This makes it unlikely 
that any of the coreceptors expressed on PBMC 
will play a major role in NSI HIV-1 infection, 
although a defect in yet unidentified coreceptors 
in conjunction with the CCR5 mutation cannot be 
excluded. Alternatively, NSI HIV-1 variants in 
individuals with a progressive clinical course may 
evolve to viruses with a higher aff inity for CCR5 
and/or CD4. This could contribute to the 
increased cellular infectious load also associated 
with NSI HIV-1 disease progression14281. 

Our findings are in accordance with the 
restricted CCR5 use found by other groups for 
primary NSI bulk isolates!97"1001031 or NSI HIV-1 
clones11031. Use of CCR2b, CCR3 and CXCR4 has 
been reported but only for HIV-1 luciferase 
reporter viruses pseudotyped with NSI envelopes; 
however, even these viruses mainly used CCR5 for 
entry1"1031 and their use of CCR2b, CCR3, and 

CXCR4 coreceptors may be due to the artificial 
system. 

Although the identification of novel HIV-1 
coreceptors continues'443"4481, in this study we have 
shown that NSI variants, even those associated 
with disease progression, seem to be restricted to 
the use of CCR5. Others have shown that the 
majority of S I variants are CCR5- and/or CXCR4-
restricted'97"99'4491. These findings indicate that 
the number of coreceptors that will have to be 
targeted in vivo to control HIV-1 infection may be 
limited. Therefore, in addition to interfering with 
reverse transcription by use of reverse 
transcriptase inhibitors and the processing of 
immature proteins with protease inhibitors, 
targeting HIV-1 entry remains a promising 
additional strategy to delay progression to AIDS. 
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CC chemokine receptor 5 cell-surface expression in relation to CC chemokine 
receptor 5 genotype and the clinical course of H IV-1 infection 

CCR5 cell-surface expression was studied in relation to CCR5 genotype and clinical course of 
HIV-1 infection. HIV-1-infected CCR5 +/+ individuals had higher percentages of CCR5-
expressing CD4* T cells as compared with HIV-1-infected CCR5 A32/+ individuals. For both 
genotypic groups, the percentages of CCR5-expressing cells were higher than for the 
uninfected counterparts (CCR5 */*. HIV* 28% and HIV" 15% [/> < 0.0001]; CCR5 A32A, 
HIV* 21% and HIV" 10% [/> = 0.001], respectively). In HIV-1-infected individuals, high 
percentages of CCR5-expressing cells were associated with low CD4* T cell numbers (P = 
0.001), high viral RNA load in serum (P = 0.046), and low T cell function (/» = 0.054). As 
compared with nonprogressors with similar CD4* T cell numbers, individuals who did progress 
to AIDS had a higher percentage of CCR5-expressing CD4* T cells (32% vs 21% [P = 
0.002]). Longitudinal analysis of CCR5 + A individuals revealed slight, although not 
statistically significant, increases in CCR5-expressing CD4* T cells and CD4* T cell subsets 
characterized by the expression of CD45 isoforms, during the course of H IV-1 infection. 
Pre-seroconversion, the percentage of CCR5-expressing CD4* T cells was higher in 
individuals who subsequently developed AIDS (28%) than in those who did not show disease 
progression within a similar time frame (20%; P = 0.059). Our data indicate that CCR5 
expression increases with progression of disease, possibly as a consequence of continuous 
immune activation associated with HIV-1 infection. In turn, CCR5 expression may influence 
the clinical course of infection. 

Specific (5-protein-coupled seven transmembrane 
spanning chemokine receptors have been found to 
function as coreceptors for human 
immunodeficiency virus type 1 (HIV-1)'450'4511. Non-
syncytium-inducing (NSI) HIV-1, including 
macrophage-tropic variants that initiate HIV-1 
infection1192,1931, use the CC chemokine receptor 5 
(CCR5)[61-63-95<"-10U°2'4041. The CXC chemokine 
receptor 4 (CXCR4) was described as entry 
cofactor for T-cell-line-adapted (TCLA) and 
primary syncytium-inducing (SI) HIV-l [ 6 a 9 7"1 0 2 1 0 3 ] . 
In vitro, some S I variants were able to use CCR2b 
and/ or CCR3[97'1001 but the relevance of these co-
receptors for in vivo infection remains unclear. 

Both CXCR4 and CCR5 are expressed on 
peripheral blood lymphocytes (PB!.)»19-405'452], but to 
different extents on different T cell subsets. 
CXCR4 is predominantly found on resting, naive 
(HLA-DR- and CD26'°W, CD45RA*) T cells whereas 
CCR5 is expressed on activated, memory (HLA-DR* 
and CD26hi3h, CD45RO*) T cells'119'120'4051. 

Healthy individuals who are heterozygous for a 
32-bp deletion in the CCR5 gene (CCR5 A32/+) 
showed decreased numbers of CCR5-expressing PBL 
and decreased mean CCR5 expression levels on PBL 

as compared with individuals with a CCR5 wild-type 
genotype (CCR5 +A) [405l Nevertheless, considerable 
overlap between CCR5 expression levels of both 
groups of individuals was observed. The mean 
AIDS-free survival period of HIV-1-infected CCR5 
A32/+ heterozygotes was shown to be prolonged as 
compared with the AIDS-free survival period of 
individuals with the CCR5 +A 

genotype1292'293'295'296'3964111. This might be explained 
by lower CCR5 expression resulting in reduced 
spread of the virus. Although the mean AIDS-free 
survival period of HIV-1-infected CCR5 A32/+ 
individuals is prolonged, rapid disease progression 
can be observed for some CCR5 A32/+ individuals. 
Recently, we have demonstrated that this is not due 
to the occurrence of HIV-1 variants able to use 
other coreceptors, because even CCR5 A32/+ 
heterozygotes can develop AIDS in the sole 
presence of CCR5-restricted NSI HIV-1 
variants14041. 

Considering the large variation in CCR5 
expression among CCR5 A32A individuals, we 
analyzed whether CCR5 expression correlated with 
the clinical course of HIV-1 infection, both in CCR5 
+/+ individuals and in CCR5 A32A individuals. 
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MATERIALS AND METHODS 

Study Subjects. Cross-sectional analysis was performed 
on peripheral blood mononuclear cells (PBMC) derived from 
30 healthy labworkers (mean age at time of analysis, 30.8 
years) and 55 HIV-1 seropositive participants of the 
Amsterdam Cohort Studies on AIDS (mean age at time of 
analysis, 42.3 years). The latter included 31 participants 
who entered the study while still seronegative for HIV-1 
antibodies. For these individuals, the seroconversion date 
was estimated to be the midpoint between the last 
seronegative and the f i rs t seropositive visit. The remaining 
24 HIV-1-infected persons were seropositive at their f i rs t 
visit and the seroconversion date for these individuals was 
estimated to be 18 months before entry in the 
study1396-4531. Follow-up visits of the HIV-1 positive men 
occurred every 3 months. At these visits, blood was 
collected for the determination of CD4* T cell numbers, T 
cell function and virus phenotype, and PBMC were 
cryopreserved188'891. These frozen PBMC were used for 
analysis of CCR5, CXCR4, CD4, CD45RA, and CD45RO 
expression. Twenty-five of the 55 HIV-1 seropositives 
developed AIDS during the study period after a mean 
follow-up of 98 (26-172) months after seroconversion 
(mean age at time of analysis, 42.9 years). Thirty HIV-1 
seropositive individuals did not develop AIDS during a 
mean follow-up period of 136 (78-179) months after 
seroconversion (mean age at time of analysis, 41.9 years). 
In these cases, the end-point of the study was March 1998 
or the start of anti-retroviral therapy with three or more 
drugs. 

The longitudinal analysis included 24 HIV-1 seropositive 
individuals of the Amsterdam Cohorts Studies on AIDS of 
whom 17 participants were HIV-1 seronegative and seven 
were HIV-1 seropositive at their f i rs t visit. During the 
study period, 10 individuals developed AIDS (mean age at 
f i rst moment of analysis, 39.2 years), who were analyzed 
on average at -25 (-33 to -11), +29 (+11 to +50), and +97 
(+66 to +149) months relative to time of seroconversion. 
AIDS diagnosis was on average 94 (43 to 141) months 
after seroconversion. The 14 HIV-1-infected individuals 
who did not develop AIDS during the study period (mean 
age at f i rst moment of analysis, 37.3 years) were analyzed 
on average at -38 (-69 to -11), +26 (+7 to +50), and +107 
(+74 to +181) months relative to time of seroconversion. 
Follow-up period of individuals who did not develop AIDS 
during the study period was on average 121 (70 to 179) 
months after seroconversion. 

Analysis of CDS T cell counts. T cell function, virus 
phenotype and RNA load in serum. Routine analysis of 
CD4* T cell numbers was conducted by flow 
cytofluorometry. PBMC were stained with CD4 monoclonal 
antibodies (mAbs) according to standard procedures for 
FACS analysis. T cell reactivity in response to stimulation 
with CD3 mAbs in vitro was determined in whole blood 
cultures'4541. The proliferative response was measured 
after 4 days of culture by means of [3H]-thymidine 

incorporation. The S I HIV-1 phenotype was determined 
by cocultivation with MT2 cells'891. RNA levels were 
analyzed in cryopreserved serum samples derived from the 
same (or at most 3 months apart) visit as that from which 
the PBMC samples were obtained by use of a nucleic acid 
based amplification assay (HIV-1 RNA QT; Organon 
Teknika, Boxtel, The Netherlands)'3951. 

CCR5 genotyping. Genomic DNA was isolated from 
cryopreserved PBMC (Qiagen blood kit; Chatsworth, CA). 
CCR5 genotyping was performed by PCR analysis using 
primers flanking the 32-bp deletion in CCR5'3961. 

mAbs, immunofluorescent staining, and FACS analysis. 
The CCR5 mAb 2D7 was kindly provided by Dr. C. Mackay. 
Mouse IgG2a was produced at the Central Laboratory of 
the Netherlands Red Cross Blood Transfusion Service 
(CLB; Amsterdam, the Netherlands). PE- conjugated 
CXCR4 (12G5) was purchased from Pharmingen (La Jolla, 
CA), FITC-labeled CD45RO mAb (UCHL-1) from DAKO 
(Glostrup, Denmark) and PE-conjugated CD45RA mAb 
(2H4-RD1) was obtained from Coulter Immunology 
(Hialeah, FL). PERCP-conjugated CD4 and PE- and FITC-
labeled goat anti-mouse IgG2a were purchased from 
Becton Dickinson (San Jose, CA). 

Cryopreserved patient PBMC were thawed, washed once 
with PBS, and resuspended in PBS containing 0.5% BSA 
(staining buffer). Cells, 2 x 105, were incubated with 
saturating amounts of directly labeled mAb. When 
unconjugated mAbs were used, 5 x 105 cells were 
incubated with goat anti-mouse Ig-FITC. Subsequently, 
cells were incubated with normal mouse serum (CLB; 
Amsterdam, the Netherlands) to block aspecific staining 
during incubation with additional mAb's. All incubation 
steps were performed at 4°C for 20 minutes. After each 
step, cells were washed twice with staining buffer and 
finally 104 cells were analyzed on a FACScan (Becton 
Dickinson). 

Statistical analysis. In the cross-sectional analysis, one 
randomly selected post-seroconversion sample per 
individual was used. The Student's t test was used to 
compare differences between 2 groups (i.e., HIV* vs HIV', 
CCR5 +/+ vs CCR5 A32/+, and progressors vs non-
progressors). The Pearson's correlation coefficient (rp) 
was calculated to analyze correlations between CCR5 
expression, progression markers, and CD45RO expression. 

In the longitudinal study, differences between the 
three time points were analyzed either with an ANOVA 
(i.e., CCR5, CXCR4, CD45RA, and CD45RO expression on 
CD4' T cells) or a Kruskal-Wallis test (i.e., CCR5 and 
CXCR4 expression on CD4* T cell subsets). The Student's 
/ t es t was used to compare differences between 2 groups 
(i.e., progressors vs nonprogressors). 

Normality of groups was tested by use of Normal plots 
and the Shapiro-Wilk W test for normality. SPSS for 
Windows (version 7.5.2) was used to perform all 
statistical analyses. 
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RESULTS 

CCR5 genotype and CCR5 expression on CÛ4' T 
cells and Cùf T cell subsets. The relationship 
between .CCR5 genotype and CCR5 expression on 
CD4* T cells was examined cross-sectionally in 30 
HIV-1 seronegative individuals of whom eight were 
CCR5 A32/+ heterozygotes, and 55 HIV-1 
seropositive individuals of whom 17 were CCR5 
A32A heterozygotes. The remaining HIV-1 
seronegative and seropositive individuals had the 
CCR5 +/+ genotype. In the HIV-1-uninfected 
individuals, higher numbers of CCR5-expressing 
CD4* T cells were found in the individuals with the 
CCR5 +/+ genotype as compared with the CCR5 
A32/+ individuals, 15% (7-23%) versus 10% (6-
14%), respectively (P - 0.003; Fig. la). The same 
was found for HIV-1-infected individuals with 28% 
(11-59%) CCR5-expressing CD4* T cells for the 
individuals with the CCR5 +/+ genotype as 
compared with 21% (7-38%) for the CCR5 A32/+ 
individuals (P - 0.02). Comparison of CCR5 
expression between HIV-1-infected and 
uninfected individuals showed that within both the 
CCR5 +A (P < 0.0001) and the CCR5 A32/+ (P -
0.001) genotypic groups the HIV-1 seropositive 
individuals had higher percentages of CCR5-
expressing CD4* T cells. 

Because CCR5 is expressed mainly on CD45RO* 
CD4* T cells1"91, differences in CCR5 expression on 
this memory T cell subset between CCR5 +/+ and 
CCR5 A32/+ individuals were analyzed. Both in the 
HIV-1 seropositive and seronegative individuals 
statistically significant higher numbers of CCR5-
expressing CD45RO* CD4* T cells were found in 
the CCR5 +/+ individuals than in the CCR5 A32A 
heterozygotes (Fig. lb). The mean percentages of 
CCR5* CD45RO* T cells in the HIV-1 seronegative 
persons were 30% and 19% for CCR5 +A and CCR5 
A32A individuals, respectively (P < 0.0001), 
whereas these respective percentages were 39% 
(CCR5 +/+) and 27% (CCR5 A32A) for the HIV-1 
seropositive persons (P - 0.022). Both for CCR5 
+A and CCR5 A32A individuals, higher 
percentages of CCR5-expressing CD45RO* T cells 
were observed for HIV-1 seropositive as compared 
with HIV-1 seronegative individuals (CCR5 +/+• P-
0.001; CCR5 32A: P - 0.065). Considerable 
variation and overlap in percentages CCR5-
expressing cells could be observed on both CD4* 
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Fig. 1. CCR5 genotype and cell-surface expression. Shown are 
percentages of CCR5-expressing 0>4* T cells (a) or CD45ROTD4* T 
cells (b) of HIV-1-infected and uninfected individuals with the CCR5 
+/+ or CCR5 A32/+ genotype. Lines represent means with standard 
deviations. 

and CD45RO* T cells of HIV-1 seropositive CCR5 
+A and CCR5 432A individuals. 

CCR5 expression and disease stage. To 
determine whether CCR5 expression is correlated 
with HIV-1 disease stage, CCR5 expression was 
analyzed in relation to CD4* T cell counts, T cell 
function, and viral RNA load in serum. As shown in 
Figure 2a, the proportion of CCR5-expressing CD4* 
T cells and the total number of CD4* T cells were 
inversely correlated (/> = -0.432, P- 0.001). This 
association could be observed both for individuals 
solely carrying NSI variants and for individuals 
carrying both S I and NSI HIV-1 variants. 

In agreement, i t was found that low T cell 
function as measured by aCD3 reactivity was 
associated with a high percentage of CCR5-
expressing CD4* T cells (rp = -0.292; P- 0.054; not 
shown). Individuals with high viral RNA load had a 
relatively high percentage of CCR5-expressing 
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Fig. 2. CD4* T cell numbers and CCR5 and CD45RO cell-surface expression. Correlation between percentage of CCR5-expressing CD4* T 
cells and CD4* T cell numbers (a), percentage of CCR5-expressing CD4* T cells and percentage of CD45RO* CD4* T cells (b), and percentage 
of CD45RO* CD4* T cells and CD4* T cell numbers (c) of individuals carrying NSI variants only (•) or carriers of both NSI and S I variants 
(o). 

CD4* T cells as compared with individuals with a low 
viral RN/\ load (rp - 0.330, P- 0.046; not shown). 

In agreement with the fact that CCR5 is mainly 
expressed on CD45RO* CD4* T cells, correlation 
analysis showed a higher proportion of CCR5* CD4* 
T cells at higher percentages of memory cells (Fig. 
2b; r? - 0.508, P - 0.003). In addition, as was ce 
previously described by Roederer et a/[455], the 
percentage of CD45RO* T cells increased with 
decreasing CD4* T cell numbers (Fig. 2c; rp = 
-0.546, P- 0.001). 

Ä W 5 expression in relation to disease 
progression. Although the cross-sectional analysis 
showed a clear correlation between advanced 
disease stage and increased CCR5 expression, it 
remained unclear whether the increased CCR5 
expression was a cause or a consequence of clinical 
progression. To determine the effect of increased 
CCR5* CD4* T cell counts on progression, we f i rs t 
compared CCR5 expression in individuals who did 
or did not develop AIDS within a similar study 
period (average: progressors, 98 months; non-
progressors, 136 months). At the moment of 
analysis, both groups had similar CD4* T cell 
counts (progressors 453 CD4* T cells/uJ; non-
progressors 553 CD4* T cells/ul; p - 0.145; not 
shown). The groups were also similar with respect 
to the genotypic distribution, with approximately 
one-third of the individuals having the CCR5 A32/+ 
genotype (progressors and nonprogressors 32% 
and 29%, respectively; Fig. 3), thereby excluding a 
possible biasing ef fect of genotype on the CCR5 
expression in both groups. 

HIV-1 seropositive individuals who developed 
A lbS had, on average, 32% CCR5-expressing CD4* 
T cells, whereas HIV-1 seropositive individuals who 
did not develop AIDS had 21% CCR5-expressing 
CD4* T cells (P z 0.002; Fig. 3). The higher 
percentage of CCR5-expressing cells in the CD4* T 

population was mirrored by a higher 
percentage of CCR5* cells in the CD45RO* CD4* T 
cell subset in the individuals who developed AIDS 
(44%) as compared with the nonprogressors (32%; 
P- 0.009; not shown). The same was observed for 
the CD45RA* T cell subset (progressors, 24%; non
progressors, 10%; Pz 0.012; not shown) and the 
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Fig. 3. CCR5 genotype and cell-surface expression. Percentage of 
CCR5-expressing CD4* T cells of HIV-1-infected individuals who did 
(progressors), or did not (nonprogressors) show progression to 
AIDS within the study period. CCR5 +/• (•) and CCR5 A32A ( ) 
individuals are indicated. Lines represent the means with standard 
deviations. 
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Fig. 4. Longitudinal analysis of CD4* T cell numbers and CCR5 and 
CXCR4 cell-surface expression. Mean CD4* T cell numbers (a), 
mean percentages of CCR5-expressing CD4* T cells (b), and 
CXCR4-expressing CD4* T cells (c) before seroconversion, 
relatively early, and relatively late in HIV-1 infection of HIV-1 
seropositive individuals who did (progressors, • ) or did not (non-
progressors.D) show progression to AIDS within the study 
period. Numbers within bars indicate the number of individuals 
analyzed. Error bars represent the standard error of the mean. 
*, Statistically significant differences between progressors and 
nonprogressors. Inserts show mean percentages of CD45RA* (•), 
CD45RO* (o), or CD45 double-dull («) cells within the CD4* T 
cell population (a) and mean percentages of CCR5 (b)- or CXCR4 
(c)-expressing CD45RA* (•), CD45RO* (o), or CD45 double-dull 
(®) CD4* T cells of HIV-1 seropositive individuals who did 
(squares) or did not (circles) show progression to AIDS within 
the study period. Error bars represent the standard error of 
the mean. 

CD45 double-dull T cell subset (progressors, 41%; 
nonprogressors, 20%; P - 0.001; not shown). 
Because analysis was performed at similar CD4* T 
cell counts, these data suggest that higher CCR5 
expression is not solely a consequence of the stage 
of disease but that CCR5 expression may influence 
disease progression. 

To further unravel whether increased CCR5 
expression was caused by and/or induced disease 
progression, longitudinal analysis of 24 HIV-1 
seropositives with the CCR5 +/+ genotype was 
performed. In this study group, 14 individuals 
progressed to AIDS and 10 individuals did not 
develop AIDS during the study period. At three 
different time points, percentages of CCR5-
expressing T cells were determined: before 
seroconversion (average: progressors, -25 and non

progressors, -38 months), relatively early (average: 
29 and 26 months, respectively) and relatively late 
(average: 94 and 107 months, respectively) in HIV-
1 infection. Relatively late in infection, the two 
groups showed a clear difference in CD4* T cell 
numbers (Fig. 4a). Proportional changes in CD4* T 
cell subsets over time were similar in both groups 
(Fig. 4a, insert). In the progressors, the 
percentages of CCR5-expressing CD4* T cells 
increased slightly over time from 28% (21-40%) to 
31% (19-59%) to 35% (19-56%) (Fig. 4b). The 14 
individuals who did not show progression to AIDS 
within the study period also showed a slight 
increase in percentage of CCR5-expressing T cells 
from 20% (13-28%) to 25% (11-38%) to 28% (11-
51%) (Fig. 4b). The difference in the percentages 
of CD4* T cells expressing CCR5 between time 
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Table 1. Statistical results for longitudinally analyzed individuals who did or did not show progression to AIDS within 
the study period 

No AIDS AIDS 

Increase over time P value Increase over time P value 

CCR5' cells in CD4 -T cells" •8.3% 0.303 •6.9% 0.632 
CCR5- cells in CD45RO' CD4* T cells* •6.8% 0.506 •3.1% 0.799 
CCR5- cells in CD45RA' CD4* T cells4 •7.3% 0.567 •8.2% 0.159 
CCk5- cells in CD45 dOull CD4' T cells* •10.3% 0.694 •12.5% 0.378 

CXCR4* cells in CD4* T cells" -27.2% 0.001 -24.8% 0.029 
CXCR4* cells in CD45RO' CD4' T cells* -35.0% 0.011 -36.0% 0.393 
CXCR4* cells in CD45RA' CD4* T cells* -3.0% 0.341 -30.0% 0.141 
CXCR4* cells in CD45 dDull CD4' T cells* -18.2% 0.012 -26.0% 0.202 

"Significance tested with ANOVA 
*Signif icance tested with Kruskal-Wallis test 

points was not significant. As shown in Figure 4b 
(insert), analysis of CD4* T cell subsets showed 
that the percentage of CCR5-expressing CD45RO*, 
CD45RA*, and CD45 double-dull cells within the 
CD4* T cell population all increased slightly. The 
increases in CCR5-expressing cells of different 
CD4* T cell subsets in both groups of individuals 
are summarized in Table 1. 

The percentage of CCR5* CD4* T cells analyzed 
at the pre-seroconversion time point was higher in 
those individuals who did develop AIDS (28%) than 
in those who did not show progression to AIDS 
within the study period (20%; P - 0.059; Fig. 4b). 
Similarly, early and late in infection progressors 
had more CCR5-expressing CD4* T cells (31% and 
35%, respectively) as compared with those 
individuals who did not show progression to AIDS 
within the study period (early, 25%, P- 0.266; late, 
28%, P - 0.296; Fig. 4b). The different pre-
seroconversion set-points suggest that numbers of 
CCR5-expressing cells may influence disease 
progression. 

CXCR4 expression in relation to disease 
progression. Increased percentages of CD45RO* 
T cells and CCR5* T cells over time possibly 
reflect increased immune activation. Since the co-
receptor of S I variants, CXCR4, is mainly 
expressed on naive resting cells'1191, we analyzed 
whether the expression of CXCR4 decreases 
during HIV-1 infection. Indeed, both non-
progressors as well as progressors showed 
significantly decreasing percentages of CXCR4-
expressing CD4* T cells over time as shown in 
Figure 4c (nonprogressors, pre-seroconversion 
82%, to early 66%, to 54% late in infection, P -

0.001; progressors, pre-seroconversion 76%, to 
early 65%, to 52% late in infection, P- 0.029). In 
analogy with increased CCR5 expression on each 
CD4* T cell subset, CXCR4 expression decreased 
on each subset (Fig 4c, insert). The decreases in 
CXCR4-expressing cells of different CD4* T cell 
subsets in both groups of individuals arz 
summarized in Table 1. Unlike CCR5 expression, no 
differences in pre-seroconversion CXCR4 
expression could be observed between individuals 
who did or did not show disease progression. 

DISCUSSION 

Several factors may be responsible for the 
variable clinical course of HIV-1 infection among 
different individuals. With the identification of 
CCR5 as the principle coreceptor for primary NSI 
HIV-1, differential functioning of this coreceptor 
has been hypothesized to be such factor. This was 
substantiated by the observation that individuals 
heterozygous for a 32-bp deletion in CCR5 showed 
a delayed progression to AIDS. However, also 
among individuals with a wild-type CCR5 genotype, 
long-term nonprogressors could be identified, 
whereas some CCR5 heterozygotes showed rapid 
disease progression. Here, we observed that on 
CD4* T cells, and also on the memory CD4* T cell 
subset, the percentage of CCR5-expressing cells 
was indeed lower in CCR5 A32/+ heterozygotes as 
compared with CCR5+/+ individuals. The large 
range in the percentage of CCR5-expressing cells 
supported the idea that a differential expression 
of CCR5 could contribute to the variable clinical 
course of HIV-1 infection. 
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At a time point in the clinical course of infection 
when CD4* T cell numbers were similar in the two 
groups, progressors indeed had higher 
percentages of CCR5-expressing cells as compared 
with individuals who remained asymptomatic. 
Moreover, in longitudinal analyses, the percentage 
of CCR5-expressing cells in PBMC samples 
obtained before seroconversion was higher in 
individuals who developed AIDS within the study 
period as compared with individuals who remained 
asymptomatic during follow-up. I t can be 
hypothesized that higher levels of CCR5 
expression allow higher levels of HIV-1 
replication, resulting in higher viral RNA load in 
plasma and consequently accelerated disease 
progression as compared with individuals with 
low CCR5 expression. A higher proportion of 
CCR5-expressing cells just before seroconversion 
may also be associated with a more severe primary 
infection. Of interest in this respect is our 
observation that CCR5 +/+ individuals as compared 
with CCR5 A32/+ heterozygotes continuously had a 
lower absolute CD4* T cell number of ~100 
cells/mm3 directly after the recovery from their 
primary infection onwards, when CD4* T cell 
numbers had returned to subnormal levels'3961. 
This impaired set-point could indeed explain how 
CCR5 expression might influence the clinical 
course of infection. 

We also obtained evidence for an increased 
percentage of CCR5-expressing cells as a 
consequence of disease progression. In a cross-
sectional analysis, we could demonstrate a 
correlation between high CCR5 expression and low 
CD4* T cell numbers, low T cell function, and high 
viral RNA load in serum. In agreement, we 
observed an increase in the percentages of CCR5-
expressing CD4* T cells with progression of 
disease. This could be explained by increased 
percentages of CCR5-expressing CD45RO*, 
CD45RA\ and CD45 double-dull CD4* T cells. In 
addition, an increase in the number of CD45RO-
expressing cells was observed, which could also 
account for the increase in the proportion of 
CCR5-expressing CD4* T cells. 

Numbers of CXCR4-expressing CD4* T cells 
decreased over time as did CXCR4 expression on 
CD4* T cell subsets. The decrease in percentage 
of CD45RA* T cells reciprocated the increase in 
CD45RO* T cells, while the decrease in CXCR4* 

cells in the CbA" T cell population was much 
greater than the increase in CCR5* cells (Table 1). 
This might be explained by the relatively high 
decrease in CXCR4-expressing CD45RO* cells, 
compared with an only slight increase in CCR5-
expressing CD45RO* T cells. Secondly, because 
about 80% of the CD45RA* T cells express CXCR4 
and only 30% of the CD45RO* T cell express 
CCR5, the equal loss of CD45RA* T cells and gain 
of CD45RO* T cells would result in a higher loss of 
CXCR4 than gain of CCR5. The increase in CCR5 
and CD45RO expression may reflect immune 
activation due to HIV-1 infection. In agreement, 
Ostrowski et al. showed that CCR5 expression is 
associated with HLA-DR expression and that 
expression of both surface markers increases 
with ongoing HIV-1 infection1120'. 

We observed an increasing percentage of CCR5 
and a decreasing percentage of CXCR4-expressing 
CD4* T cells with progressive disease, both in 
individuals solely carrying NSI variants and in 
individuals carrying both S I and NSI HIV-1 
variants. This indicates that despite the 
increasingly favorable conditions for NSI variants, 
S I variants can emerge and compete with the NSI 
variants. I t may be that sufficient Si-specific 
target cells are. left throughout infection since the 
percentage of CXCR4-expressing cells, although 
decreasing, always remained above that of CCR5-
expressing cells. Additionally, elevated percentages 
of CCR5-expressing CD4* T cells may actually 
accelerate the appearance of specific S I mutations 
through increased NSI HIV-1 replication and 
therefore enhanced mutation frequency. In 
agreement, we previously demonstrated that S I 
conversion tended to be more rapid, but not more 
frequent, in CCR5 +/+ individuals who generally 
have higher CCR5 expression levels than CCR5 
A32/+ individuals13961. Thus, higher CCR5 expression 
does not appear to prevent and may even 
accelerate the emergence of S I variants. 

The genotype-related differences in CCR5 
expression were independent of HIV-1 serostatus. 
However, the range in percentage of CCR5-
expressing cells was much larger in HIV-1-
infected individuals as compared with the 
uninfected subjects, confirming previous 
studies1120'4051. The large variability in CCR5-
expressing cells is in good agreement with the 
variability in CD4* T cell numbers in this group of 
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H I V - i n f e c t e d individuals in combination w i th t he 

here descr ibed inverse corre lat ion between 

percentages o f CD4-expressing and CCR5-

expressing cells. A l te rnat ive ly or in addi t ion, 

highly variable percentages o f CCR5-expressing 

cells may r e f l e c t d i f fe rences in levels o f immune 

act ivat ion associated w i th H I V - 1 in fect ion. 

I n te res t i ng l y , t h e percentage o f CCR5-

expressing cells in individuals t h a t u l t imately 

became in fec ted w i th H I V - 1 was higher than the 

percentage o f CCR5-expressing cells in H I V - 1 

negative contro l sub jects . This higher CCR5 

expression may be explained by t h e notion t ha t 

individuals w i th h igh-r isk sexual behavior more 

f requent ly encounter o ther pathogenic 

microorganisms t h a t may cause immune act ivat ion 

and consequently enhance CCR5 expression. The 

higher CCR5 expression may determine t h e host 

suscept ib i l i ty f o r H I V - 1 in fect ion. Whe the r 

individuals wi th a re lat ive resistance to H I V - 1 

infect ion indeed have lower percentages o f CCR5-

expressing cells remains to be establ ished. 
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Temporal relationship between human immunodeficiency virus type 1 RNA levels in 
serum and cellular infectious load in peripheral blood 

Cross-sectional analysis of 252 paired serum and peripheral blood mononuclear cell (PBMC) 

samples derived from 54 human immunodeficiency type 1 ( H l V - l ) - i n f e c t e d persons revealed a 

correlation between H I V - 1 RNA load in serum and infectious load in peripheral CD4* T cells 

a f ter 18 months of follow-up and before an A I D S diagnosis (Pearson's correlation coefficient 

[rp] = 0 . 7 1 , P < 0 .001) and during antiviral treatment (rp = 0 .78 , P < 0 .001) . To gain insight 

into the temporal relationship between both measures of virus load, longitudinally obtained 

samples from 23 persons with varying clinical course (slow or rapid disease progression, long-

term survival) and 22 persons undergoing antiviral therapy (zidovudine or didanosine, or both, 

or ritonavir) were analyzed. I n general, the kinetics of changes in both measures of virus load 

were similar in the natural course of infection (78% of study participants) and during 

treatment (82% of participants). These findings suggest that PBMC and serum represent 

closely related, if not the same, viral compartments. 

The stage o f disease in human immunodeficiency 

type 1 (H lV - l ) - i n fec ted persons is associated with 

the level of virus in serum or plasma and the level o f 

cell-associated vjrusPW94^08,262]_ I n a d d i t i o n ( p | Q S m a 

levels o f H IV-1 RNA early in infect ion are predict ive 

of the ra te of progression14561. This la t ter f inding, 

together with the fac t t ha t RNA load in plasma 

direct ly re f lec ts viral replication'23 '241, favored 

plasma RNA load as a progression marker in H IV-1 

infection and as a marker f o r init iation and 

evaluation o f antiviral therapy. 

Although both H IV-1 RNA levels in serum or 

plasma and frequencies of productively infected 

cells correlate wi th CD4* T cell decline and disease 

progression, the i r temporal relationship is not ful ly 

understood. Therefore, we longitudinally compared 

virus RNA load in sera and infectious load in 

peripheral CD4* T cells f r om a heterogeneous group 

consisting o f long-term survivors of H IV-1 infection 

(LTS) and slow or rapid progressors to A I D S , e i ther 

in the absence or presence o f syncytium-inducing 

(S I ) variants. I n addit ion, the e f f e c t of t reatment 

on virus RNA load in serum and on cellular infectious 

load was analyzed f o r patients receiving antiviral 

therapy. 

SUBJECTS AND METHODS 

Group A consisted of 23 participants of the Amsterdam 
Cohort Studies on AIDS (ACS). Fifteen subjects entered 
ACS while still seronegative for HIV-1 antibodies. Eight 
participants were already seropositive at their f i rst visit, 

and the seroconversion date of these persons was estimated 
to be 18 months before entry into ACS. Fifteen participants 
progressed to AIDS with an asymptomatic phase ranging 
from 2.8 to 11.3 years. Eight subjects, classified as long-
term survivors (LTS) were still asymptomatic after 10.2 to 
13.7 years and had stable CD4* T cell counts of >400/ul at 
least until year 9 of follow-up. 

Group B consisted of 22 patients who were participating 
in ACS or visiting the Academic Medical Centre AIDS clinic. 
Changes in serum HIV-1 RNA levels and in frequencies of 
productively infected cells were monitored during treatment 
with zidovudine (n - 10), didanosine (n - 6), a combination of 
zidovudine and didanosine {n- 2), or ritonavir (n- 4). 

Data were available for all participants as a result of 
ongoing research in our laboratory, and no specific selection 
was made. 

The biological phenotype of HIV-1 and frequencies of 
productively infected CD4* T cells were determined by 
cocultivation of patient peripheral blood mononuclear cells 
(PBMC) with fresh, phytohemagglutinin-stimulated, healthy 
donor peripheral blood lymphocytes under limiting-dilution 
conditions. The frequency of productively infected cells was 
calculated from the fraction of negative cultures (Fo) using 
the formula for Poisson distribution (F - -ln[Fo]) and was 
expressed as TCID/106 CD4* T cells1'94'2081. 

Serum RNA levels for untreated subjects and subjects 
receiving zidovudine or didanosine were determined by use 
of a nucleic acid-based amplification assay (NASBA; HIV-1 
RNA QT; Organon Teknika, Boxtel, The Netherlands). RNA 
levels for subjects receiving zidovudine and didanosine 
combination therapy or ritonavir were analyzed use of 
reverse-transcriptase polymerase chain reaction (Amplicor 
HIV-1 monitor assay; Roche Molecular Systems, Branchburg, 
NJ). RNA levels in plasma and in serum that are measured 
by NASBA correlate very well, with RNA levels in plasma 
being, on average, 0.5 log higher than those in serum14571. For 
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participants receiving zidovudine and didanosine combination 
therapy, the number of proviral HIV-1 DNA copies in PBMC 
was determined using a competitive quantitative polymerase 
chain reaction'4581. 

The correlation between serum RNA load and the cellular 
infectious load was analyzed in 252 paired serum and 
cryopreserved PBMC samples derived from the subjects in 
groups A and B and from 9 additional persons, from whom 
only samples from a single time point were analyzed (n - 54). 
To avoid bias caused by repeated measurements for 1 
person, the median of the paired measurements was 
determined for each person, and the correlation between 
the log-transformed load values was analyzed by use of the 
Pearson's correlation coefficient (rp). In cases in which the 
number of samples was small, the Spearman's correlation 
coefficient (rs) was used. The two-tailed Fisher's exact test 
and the Mann-Whitney U test were used to analyze the 
relationship between the frequency of productively infected 
CD4* T cells or serum RNA copies early in infection and the 
occurrence of and time to AIDS diagnosis. 

RESULTS 

Cross-sectional analysis of RNA load and cellular 

infectious load. Virus load was analyzed in 252 

paired serum and PBMC samples derived f rom 54 

patients. 

Analysis of the median of paired measurements o f 

all participants revealed a stat ist ical ly significant 

correlation between H IV-1 RNA levels in serum and 

the frequency o f productively infected cells (n - 54, 

rp - 0.52; P < 0.001) (Fig. la). Analysis o f subgroups 

o f samples, s t ra t i f i ed by t rea tment and stage o f 

disease, indicated tha t both measures o f virus load 

were highly correlated in the period between the 

f i r s t 18 months o f follow-up and A I D S diagnosis {n-

43 , r? - 0.71; P< 0 .001) and during t rea tment (/i = 

26, rp - 0.78; P< 0.001). However, neither measures 

of virus load correlated in the f i r s t 18 months of 

follow-up (n - 18, rs - 0.06; P- 0.8) or in the period 

a f t e r an A I D S diagnosis {n- 8, rs - -0.05; P- 0.9). 

S t ra t i f i ca t ion o f the samples by t he absence or 

presence o f S I variants showed a similar correlation 

between both measures o f virus load in persons 

harboring both N S I and S I variants (n - 24, ry -

0.53; P - 0.007) and in persons wi th only N S I 

variants {n- 42 , rf - 0.40, P- 0.008). Both measures 

o f virus load were higher in t he persons with 

S I variants (Fig. lb) . These data conf i rm the 

existence of an association between viral pheno-

type and cellular infectious load'2081 and also 

show a similar association between viral phenotype 
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Fig. 1. Cross-sectional analysis of HIV-1 RNA levels in serum and 
frequencies of productively infected C04* T cells (TCTD/106 CCA' T 
cells), (a) Virus load in serum and peripheral blood mononuclear cell 
samples for 54 persons at 252 identical time points during natural 
course of infection and during treatment. Results for 7 subgroups ore 
depicted: untreated (or prior to treatment) persons between f irst 18 
months of follow-up and AIDS diagnosis (•), untreated persons before 
18 months of follow-up (o), untreated persons after AIDS diagnosis 
(•), persons treated with zidovudine (»), persons treated with 
didanosine (s), persons treated with zidovudine-didanosine 
combination (A), persons treated with ritonavir ('*). (b) Samples 
depicted in (a) stratified by absence (•) or presence (o) of syncytium-
inducing variants. 

and RNA load in serum. 

Virus load during the natural course of HIV-1 

infection and during treatment. Three d i f f e ren t 

prof i les in serum RNA load and cellular infectious 

load were observed in the 23 group A participants. 

A f t e r the f i r s t 16 months (range, 2 to 28) of fol low-
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Fig. 2. Longitudinal analysis of HIV-1 RNA levels in sera and frequencies of productively infected CD4+ T cells (TCID/106 CD4* T cells) during 
natural course of infection (a) and during antiviral treatment (b). (a) For each pattern described in text, 1 representative is given: I , both measures 
of virus load remain stable at low levels (n - 5); U , both measures of virus load remain stable at moderate to high levels (n - 4); I U , both measures 
of virus load increase (n = 9); and IV, RNA levels in sera remain stable and frequencies of productively infected cells increase (n = 5). • = time of 
AIDS diagnosis; V = time syncytium-inducing variants appeared, (b) Represents persons treated with zidovudine ( I ; n= 10), didanosine ( I I ; 
n - 6), ritonavir ( I I I ; n = 4), or zidovudine and didanosine in combination (IV; n - 2). In persons receiving both zidovudine and didanosine, 
proviral DNA load in CD4* T cells was also measured. 

up until AIDS diagnosis or the end of follow-up 
(mean time, 5.3 years; range, 2.0 to 9.4), (1) both 
measures remained stable (<1 log increase and/or 
<104 RNA copies/ml of serum or <30 TCID/106 CD4* 
T cells at the end of follow up; n - 9); (2) both 
measures increased (>1 log; n - 9); or (3) the cellular 
infectious load increased while the RNA load 
remained stable (n- 5) (Fig. 2a). 

Maintenance of low levels of both measures of 
virus load was associated with long-term survival 
(5/5 were long-term survivors). Stable yet moderate 
to high levels (104 to 106 RNA copies/ml of serum 
and 50 to 70 TCID/106 CD4* T cells) or an increase 
in both measures of virus load was associated with a 
progressive clinical course (12/13 were progressors). 
Of the 5 persons in whom RNA load remained stable 
at moderate to high levels while the cellular 
infectious load increased, 2 were long-term 
survivors and 3 progressed to AIDS within 2.8 to 
5.5 years. In most patients (18/22) treated with 
different anti-HIV-1 drugs (group B), changes in 
serum RNA load and cellular infectious load were 
similar. For both persons treated with the 
combination of zidovudine and didanosine, proviral 
DNA was additionally quantified but showed no 
change (Fig. 2b). 

Predictive value of early virus load measures. In 
22 participants from group A, cellular infectious 
load was measured at least once between follow-up 
months 10 and 26. These persons were classified 

into 2 groups according to their cellular infectious 
load during this period. Persons in group 1 (n - 12) 
had <10 TCID/106 CD4* T cells; individuals in group 2 
(n- 10) had >10 TCID/106 CD4*T cells. 

The number of participants who were seropositive 
at entry was higher in group 1; as a result, the mean 
time point of analysis in relation to the estimated 
seroconversion date was later in group 1 (30 months; 
range, 16 to 42) than in group 2 (18 months; range, 
10 to 34). In group 1, 7 persons still had not 
progressed to AIDS after 10 to 12 years of follow-
up. Of the 5 persons in group 1 who progressed to 
AIDS, the mean incubation time was 7.2 years 
(range, 5.2 to 11.3). Nine of 10 persons in group 2 
progressed to AIDS within a mean of 4.4 years 
(range, 2.8 to 5.9). The 2 groups differed 
significantly with respect to the chance of 
progressing to AIDS (odds ratio = 12.6, 95% 
confidence interval = 1.2 to 134.0; P- 0.03) and with 
respect to the mean time to an AIDS diagnosis in 
those individuals who progressed to AIDS {P- 0.03). 

Similarly, stratification by virus RNA levels below 
or above 104 copies/ml of serum showed a 
correlation between early RNA levels and disease 
progression (odds ratio = 17.5, 95% confidence 
interval = 1.6 to 192.1; P- 0.02) and time to AIDS (P 
- 0.04). 

DISCUSSION 

In the present study, cross-sectional analysis 
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revealed a strong correlation between serum HIV-1 
RNA levels and cellular infectious load in the period 
after 18 months follow-up until AIDS diagnosis and 
during antiviral therapy. Moreover, the kinetics of 
changes in both measures of virus load were similar 
in the majority (78%) of persons studied during the 
natural course of infection and the majority (82%) 
of persons undergoing treatment. 

The finding that changes in RNA load in serum and 
cellular infectious load in peripheral blood generally 
coincide suggests that PBMC and serum represent 
the same, or at least closely related, virus 
compartments. Moreover, the simultaneous 
occurrence of rebound to baseline levels in serum 
RNA and frequencies of productively infected cells 
in most treated persons suggests that the turnover 
kinetics of cellular infectious load are similar to 
those reported for viral RNA in plasma'23'241. 

This seems to contrast with the finding that 
mutations in HIV-1 in RNA precede the appearance 
of these mutations in proviral DNA[I95]. However, the 
absence of a response to antiviral treatment in the 
proviral DNA load in PBMC suggests different 
turnover kinetics in the productively infected and 
the total infected cell populations, which may be due 
to a longer half-life of cells carrying defective HIV-
1. The notion that the kinetics of the total virus 
population lag behind those of the infectious virus 
population is supported by the finding that the viral 
quasispecies, which predominates after cocultivation 
of patient PBMC, only represents a minor fraction of 
the total virus population in the same PBMC. 
However, this quasispecies is the major sequence in 
the total virus population present in PBMC isolated 6 
months later in infection14591. Whether at any 
moment in time the infectious virus population in 
PBMC is identical to the virus population in RNA is 
currently under investigation. 

In accordance with the previously described 
correlation between the rate of progression and 
plasma RNA load early in infection14561, we found that 
both the cellular infectious load and serum RNA load 
in the f i rst 1 to 2 years of follow-up were predictive 
for the length of the asymptomatic phase. 

The strong correlation between cellular infectious 
load and RNA load in serum substantiates the use of 
RNA quantitation in monitoring disease progression 
and therapy. Quantitation of cellular infectious load, 
however, would provide additional relevant 
information because it reveals the presence of minor 

variants and the contribution of distinct variants to 
the virus load even when the load is very low. 

In some persons, distinct patterns in both 
measures of virus load were observed. In all these 
cases, the cellular infectious load gradually 
increased, while the RNA load reached moderate to 
high levels within 12 to 18 months of follow-up and 
subsequently remained stable. The resulting large 
discrepancies between both measures of virus load 
in this period and high fluctuations in RNA load seen 
early in infection in some persons might contribute 
to the absence of a correlation between both 
measures of virus load in the f i rst 18 months of 
follow-up. 

A stable RNA load in serum in the presence of an 
increasing cellular infectious load in the periphery 
might reflect a change in the ratio of noninfectious 
versus infectious virus particles, with the 
appearance of relatively increased infectious virus in 
later stages of infection. The increase in infected 
cells in peripheral blood might also result from an 
alteration in lymphocyte distribution. During 
infection, the lymph node architecture is lost'3521, 
which might result in leakage of infected cells from 
the lymph nodes. Furthermore, an increase in the 
cellular infectious load in peripheral blood might be 
explained by an increase in the number of target 
cells. Since the different chemokine receptors used 
as cofactor for HIV-1 entry160,951 are expressed in 
different quantities on T cells1460,46'1, evolution of 
HIV-1 variants with altered coreceptor usage and 
also evolution of variants with higher coreceptor 
affinity might result in an increased target cell 
population. In this light, a distinct pattern in serum 
RNA load and cellular infectious load can be 
envisioned to result from altered coreceptor usage 
coinciding with a more cytopathic phenotype. This 
would result in a higher frequency of productively 
infected cells yet simultaneously in a decreased 
half-life of infected cells and the amount of virus 
produced per cell. 

We were surprised to find declining CD4* T cell 
counts in half (7/15) of the participants with 
progressive disease, while either virus RNA load in 
serum or both RNA load and cellular infectious load 
remained stable at moderate to high levels. 
Conversely, we found that some persons who 
maintained stable and high CD4* T cell counts over 
prolonged periods had either increasing cellular 
infectious load and stable, moderately high virus 
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RNA load or an increase in both measures o f load 

( 3 / 8). From these 10 persons, we observed tha t , 

despite the previously described inverse 

correlation126'208'2621, virus load and CD4* T cell counts 

do not necessarily inversely correlate during t he 

ent i re course o f infect ion a t t he individual level. 

Therefore , additional markers should be used to 

monitor disease progression. 
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In vitro replication kinetics of human immunodeficiency virus type 1 (HIV-1) 
variants in relation to virus load in long-term survivors of H IV-1 infection 

In 7 long-term survivors (LTS) and 8 progressors, all carrying solely non-syncytium-inducing 
(NSI) variants, a possible correlation between in vitro virus replicative capacity, virus load, 
and clinical course of human immunodeficiency virus type 1 (HIV-1) infection was analyzed. 
Late in infection, 3 LTS and 7 progressors had a high virus load, which coincided with the 
presence of rapid-replicating viruses. In contrast to progressors, LTS maintained relatively 
high and stable CD4* T cell counts. Four LTS persistently had relatively slow-replicating 
viruses and a low viral load, even after 6.6 to 9 years of seropositive follow-up. All virus 
isolates from 1 of these LTS had a 4-aa deletion in nef. These results suggest a 
correlation between the in vitro replicative capacity of NSI HIV-1 variants and virus load. 
The presence of H IV-1 variants with relatively low replicative capacity throughout infection 
may have contributed to the beneficial clinical course in half of the LTS in this study. 

Some human immunodeficiency virus type 1 (HIV-
l)-infected persons maintain high and stable CD4* 
T cell counts and normal T cell function and remain 
free of clinical symptoms for prolonged periods of 
time[4361. Concomitantly, these persons, classified 
as long-term survivors of HIV-1 infection (LTS), 
have lower virus load than do persons with 
progressive disease1335,462'4631. 

The absence of progression in LTS may be 
determined by an interplay between host factors 
and viral factors. Both humoral and cellular 
immune responses have been implicated in long-
term survival. In LTS, high t i ters of antibodies 
with neutralizing activity have been 
detected1462,4631, although other studies reported 
no differences in neutralizing capacity between 
antibodies derived from LTS and 
progressors'335'4641. Strong and persistent 

cytotoxic T lymphocyte (CTL) responses against 
several HIV-1 epitopes have been detected in 
LTS; however, vigorous CTL responses are also 
readily detected during the asymptomatic phase in 
progressors1465-4671. 

Next to the immune response, host genetic 
factors may influence the length of the 
asymptomatic period. Several combinations of 
histocompatibility complex genes!4681 are 
associated with the length of the asymptomatic 
period. Also, heterozygosity for a 32-bp deletion 
in the gene of one of the cofactors for HIV-1 
entry, the CC chemokine receptor 5(62.63,95,97̂  WQS 

associated with longer AIDS-f ree survival12933961. 
Viral characteristics, such as cytotropism, 

cytopathicity, and replicative capacity, have been 
associated with different stages of infection, 
suggesting an important role for HIV-1 phenotype 
in the clinical course of HIV 
infection[26'26'87150151'193194'429'4691. On sexual, 
vertical, and parenteral transmission, infection 
seems to be initiated by macrophage-tropic 
variants11921931, while a shift from preferentially 
macrophage-tropic to preferentially T-cell-tropic 
HIV-1 populations is correlated with progression 
to disease11941. I n 50% of persons, this shift is 
associated with the emergence of syncytium-
inducing (SI) variants12021. Persons developing S I 
variants show an increased virus load, accelerated 
CD4* T cell loss, and rapid progression to AIDS 
compared with individuals harboring solely non-
syncytium-inducing (NSI) variants126'202-208'4301. 

LTS in general and 50% of all persons who do 
progress to AIDS carry solely NSI variants, 
suggesting that other viral characteristics might 
contribute to the differences in the clinical 
course of infection. Indeed, replication capacity 
of HIV-1 has been shown to be associated with 
virus load, CD4* T cell decline, and disease 
progression126'871501511. In these studies, however, 
the rapid replication was associated with the S I 
phenotype or the phenotype was not determined. 
Whether differences in replicative capacity among 
NSI variants might account for the differences in 
the course of infection between persons harboring 
solely NSI variants had not been studied before. 

We hypothesized that NSI variants in LTS, in 
contrast to NSI variants in persons who 
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progressed to AIDS, maintain a reduced 
replicative capacity throughout the infection, 
thereby enabling LTS to maintain low virus load 
and high CD4* T cell counts. Therefore, we 
analyzed virus load in relation to the in vitro 
replicative capacity of biological virus clones 
obtained early and late in infection from 7 LTS 
and 8 persons who progressed to AIDS in the 
presence of solely NSI variants. In addition, since 
defective nef genes have been implicated as being 
instrumental for low replicative capacity and long-
term survival'470"4731, the nef sequences of the 
biological variants isolated from LTS and 
progressors in this study were analyzed. 

MATERIALS AND METHODS 

Subjects. By October 1994, 12 participants of the 
Amsterdam Cohort studies on AIDS had an asymptomatic 
follow-up of at least 9 years with a relatively normal mean 
CD4* T cell count (>400/mm3). Additionally, these persons 
harbored solely NSI variants and did not receive any 
anti-HIV drug treatment during the course of infection. 
These individuals were termed LTS'4361. Seven of these 12 
LTS were studied here (ACH78 [LI], ACH441 [L2], 
ACH583 [L3], ACH709 [L4], ACH68 [L5], ACH337 [L6], 
ACH750 [L7]). L5 underwent splenectomy 72 months 
after entry in the cohort studies. 

For comparison, 8 progressors were selected on the 
basis of the presence of solely NSI variants during their 
clinical course. Three of them were rapid progressors 
(AIDS diagnosis after 43 to 76 months of follow-up: 
ACH424 [PI], ACH537 [P4], ACH53 [P5]), 4 were typical 
progressors (AIDS diagnosis after 99 to 109 months of 
follow-up: ACH19 [P2], ACH38 [P6], ACH1081 [P7], 
ACH142 [P8]), and 1 was termed a slow progresser (AIDS 
diagnosis after 136 months of follow-up, after a 10 year 
period of high and stable CD4* T cell counts: ACH617 
[P3]). 

From LI - L7 and PI - P3, at least 2 peripheral blood 
mononuclear cell (PBMC) samples were used for analysis. 
The f i rs t sample was obtained as early as possible after 
seroconversion or entry in the cohort studies. The other 
sample was obtained as late as possible, which was ~9 
years after seroconversion or entry for most LTS, 6.6 
years for L4, and about the time of AIDS diagnosis for 
the progressors. From P4-P8, a sample derived from a 
time point close to AIDS diagnosis was analyzed (Table 1). 

Analysis of CÖ4" T cell counts. T lymphocyte 
immunophenotyping for the CD4* T cells was carried out 
at 3-month intervals by flow cytofluorometry. PBMC were 
stained with CD4 monoclonal antibody according to 
standard procedures for cell cytometric analysis. 

Virus isolation and determination of infectious cellular 
virus load. Virus was isolated under limiting diluting 
conditions as previously described1'94,2081. Briefly, 
participant PBMC (0.5 to 4 x 104 cells/well in 48 or 96 
wells) were cocultivated with phytohemagglutinin (PHA)-
stimulated healthy donor PBMC (lOVwell) in 96-well 
microtiter plates. Every week, culture supernatants were 
tested for p24 antigen by an in-house p24 antigen-
capture ELISA13941. At the same time, one-third of the 
culture volume was transferred to new 96-well plates, and 
105 fresh PHA-stimulated healthy donor PBMC were 
added to propagate the culture. The proportion of 
productively infected CD4* T cells was calculated with 
the formula for Poisson distribution: F - -ln(Fo), in which 
Fois the fraction of negative cultures. 

PBMC from wells tested positive were transferred to 
25-ml culture flasks containing 5 x 106 fresh PHA-
stimulated PBMC in 5 ml of medium to grow virus stocks. 
From these cultures the cell-free supernatant was stored 
at -70°C until use. One million of the infected PBMC were 
used for DNA analysis. To the remaining PBMC, MT2 cells 
(1 x 106) were added to analyze syncytium-inducing 
capacity of the virus clones'891. 

Quantification of RNA in serum. HIV-1 RNA was 
quantified in serum by using a nucleic acid sequence-
based amplification assay (HIV-1 RNA QT; Organon 
Teknika, Boxtel, The Netherlands). One hundred 
microliters of serum was added to 900 ul of lysis buffer 
containing guanidinethiocyanate, Triton X-100, and Tris-
HCI. Three synthetic RNAs (QA, QB, QC) of known high, 
medium, and low concentration, respectively, were added 
to the lysis buffer containing the released nucleic acid. 
These Q-RNAs served as internal calibrators, each 
differing from the HIV-1 wild-type RNA by only a small 
sequence'333'. Subsequently, RNA was isolated as 
previously described'3351. Amplification of wild-type HIV-1 
RNA and Q-RNAs is based on primer extension of primer 
1 (nt 682 - 711 in relation to the HX2B gag sequence, 5'-
ACTCTCTTGGTTCCCCTTCACTGTATCGTGCCATATCACTC 
AGCATAATCTTAA-3'; anti-sense; T7-RNA polymerase 
recognition site underlined), by avian myeloblastosis virus 
reverse transcriptase (AMV-RT). Extension is followed by 
degradation of the template RNAs by Rnase H, synthesis 
of the second DNA strand through extension of primer 2 
(nt 569 - 590: 5'-AGTGGGGGGGACATCAAGCAGCCATGC 
AAA-3') by AMV-RT, and cyclic and isothermal (41°C for 
90 min) RNA synthesis by T7-RNA polymerase. 

Amplificates were hybridized with an HIV-1-specific 
bead-oligo (i.e., a biotin-oligo bound to streptavidin-
coated magnetic beads acting as solid phase) and 
ruthenium-labeled probes, each specific for the wild-type 
and control amplificates. Magnetic beads carrying the 
hybridized amplificate-probe complex are captured on 
the surface of an electrode by means of a magnet. 
Voltage applied to this electrode triggers the 
electrochemoluminescence reaction, and the light emitted 
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Table 1. Character is t ics o f subje cts in H I V - 1 S tudy 

Entry 
serostatus 

Date of entry or 
seroconversion 

Disease stage by end of 
folluw-up* (months after 
seroconversion or entry) 

Early 

Months after 
seroconversion or 

sample 

No. of biological 
virus clones 

Late sample Interval 

Participa 
Entry 

serostatus 
Date of entry or 
seroconversion 

Disease stage by end of 
folluw-up* (months after 
seroconversion or entry) 

Early 

Months after 
seroconversion or 

sample 

No. of biological 
virus clones 

Months after 
seroconversion or 

No.of biological 
virus clones 

samples 
(months) 

entry analyzed entry analyzed 

samples 
(months) 

LI • 8 Nov 84 Asymptomatic (124) 17 2 115 5 98 
L2 + 21 Jan 85 Asymptomatic (149) 16 3 111 6 95 
L3 • 18 Feb 85 Asymptomatic (138) 24 3 109 5 85 
L4 - 14 Aug 85 Asymptomatic (122) 43 2 80 3 37 
L5 * 6 Nov 84 Asymptomatic (143) 18 1 100 5 82 
L6 • 2 Jan 85 Asymptomatic (138) 24 4 113 5 89 
L7 + 23 Mar 85 Asymptomatic (148) 16 5 112 5 96 

PI - 14 Mar 88 AIDS (43) 6 2 43 5 37 

P2 + 28 Oct 84 AIDS (99) 24 5 98 5 74 
P3 + 27 Feb 85 AIDS (136) 15 2 111 5 96 

P4 - 14 Jul 86 AIDS (43) NA NA 37 4 NA 

P5 + 5 Nov 84 AIDS (76) NA NA 77 6 NA 

P6 + 24 Nov 84 AIDS (100) NA NA 102 5 NA 

P7 - 22 Sep 85 AIDS (101) NA NA 94 6 MA 

P8 • 22 Nov 84 AIDS (109) NA NA 93 6 NA 

Note. NA, not applicable 
° Long-term susrvivor (L) or progresser to AIDS (P) 
h End of follow-up is defined as the moment of AIDS diagnosis for progressons and July 1997/start of therapy for LTS 

by the hybridized ruthenium-labeled probes is 
proportional to the amount of amplif icate. 

On the basis of the relative amounts of the four 
amplificates, the original amount of wild-type RNA in the 
sample was calculated. 

Testing of replicative capacity of virus clones. From 
each subject 1 to 5 biological virus clones per time point 
were analyzed for their replicative capacity. From most 
persons, <5 clones from the early time point were 
analyzed (Table 1), because <5 virus clones could be 
recovered as a result of a low virus load. The selected 
viruses had different time points of f i rs t detection 
during clonal isolation. The t i ter of the virus stocks was 
quantified by determination of the TCID50 in PHA-
stimulated healthy donor PBMC. 

From each virus clone, 1250 TCID50 was added to 5 x 
106 PHA-stimulated PBMC derived from the same donor 
on which the TCID50 was determined. To keep the volume 
of the inocula from exceeding 1.25 ml, virus stocks with 
<103 TCIDso/ml were excluded from replication analysis. 
Virus and PBMC were incubated in a 1.5-ml volume for 2 h 
at 37°C. PBMC were then washed, resuspended in 5 ml of 
fresh recombinant interleukin-2 (20 units/ml; 
PROLEUKIN; Chiron Benelux B.V.)-supplemented medium, 
and cultured for 16 days. 

To determine the kinetics of virus production, 75 ul of 
the culture supernatant was harvested every 2nd day and 
stored at 4°C until analysis. At day 8 of culture, 4 x 106 

freshly PHA-stimulated PBMC in 2 ml of medium were 
added to the cultures. Supernatants harvested at all 
different time points were analyzed for the presence of 
virus in an in-house p24 antigen-capture ELISA1394'. p24 
production per ml of supernatant was determined and 

corrected for the differences in volume of culture 
supernatants between the moments of sampling. 

Nef sequence analysis. From 106 infected PBMC, 
obtained after propagation of the clonal virus stocks, 
proviral DNA was isolated. PBMC were lysed in L6 lysis 
buffer (0.08 M GuSCN [Life technologies Gibco BRL, 
Gaithersburg, MD], 0.08 M Tris-Cl, pH 6.4, 0.035 M 
EDTA, 2 % (wt/vol) Triton X100)[474] and stored at -70°C 
until use. DNA was precipitated by addition of isopropanol 
in a 1:1 ratio (vol/vol) and centrifugation for 15 min at 
13,000 g. DNA pellets were washed twice with 70% 
ethanol and resuspended in water. 

Nef UNA was amplified by a nested polymerase chain 
reaction (PCR) with primers Nef A (nt 2408 - 2428 in 
relation to the SF2 em sequence: 5'-
GTCTAGAACTAAAGAATAGTG-3', sense orientation) and 
LTR BCAT (nt 519 - 545 of the LTR sequence: 5'-
GCACTCAAGGCAAGCTTTATTGAGGC-3', antisense) in the 
f i rs t reaction and primers Nef B (nt 2526 - 2546 of the 
env sequence: 5'-ATCTAGAAGAATAAGACA6GG-3', 
sense) and Nef C (nt 350 - 370 of the LTR sequence: 5'-
AAGTCTAGAGCGGAAAGTCCC-3', antisense) for the 
second reaction. 

For both reactions DNA was denatured for 5 min at 
95°C, followed by 30 cycles of 1.5 min of denaturation at 
95°C, 1.5 min of annealing at 48°C, and 1.5 min of 
extension at 72°C, and a subsequent extra 5-min 
extension at 72°C and soaking at 4°C. Five microliters of 
DNA was amplified in 50-u.l reactions containing 1 x Taq 
buffer (Promega, Madison, WI) , 0.2 mM of each dNTP, 
100 ng of each primer, 1.5 mM MgCI2, and 1 U of Taq DNA 
polymerase (Promega). Five microliters of the f i rs t 
reaction was used as input for the nested PCR reaction. 
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PCR products were purified by use of a spin PCR 
purification kit (Quiagen, Chatsworth, CA). 

The positive strands were sequenced using Sequenase 
DNA polymerase (United States Biochemicals, Cleveland) 
with primers Nef B; LTR 1A (nt 412 - 438 of the nef 
sequence'. 5'-AGATATCCACTGACCTTTGGATGGTGC-3'), 
and Nef IC (nt 96 - 126 of the nef sequence: 5'-
A&CATCTC6AGACCT66AAAAACATGGAGC-3'). 

Both DNA purification and sequencing procedures were 
performed according to the instructions of the 
manufacturer. 

Statistical analysis. Differences between the 3 groups 
of phenotypically distinct virus variants in the increase in 
p24 production between days 4 and 8 of culture and the 
maximal p24 production were analyzed by one-way 
analysis of variance. The Mann-Whitney U test was used 
to analyze the relationship bet'.v?en the presence of 
rapid-replicating virus variants and the infectious cellular 
load. The correlation between the infectious load and the 
RNA load in serum was analyzed by use of the Spearman's 
correlation coefficient (rs). 

Fig.l 

4 8 12 0 4 6 12 0 4 

t ime in culture (days) 

Replication kinetics of biological virus clones (continued on next page). 
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Fig. 1 (continued). Replication kinetics of biological virus clones, (a 
and b) Healthy donor PBMC that had been stimulated wit PHA were 
infected with 1250 TCID50 of biological virus clones obtained from 
LTS (a) and disease progressors (b) early ( I ) and late ( I I ) in 
infection. Cultures were maintained for 16 days, and new target 
cells were added on day 8. p24 production in supernatant harvested 
every 2nd day was measured, (c) Replication phenotype was based on 
mean values for increase in p24 production during days 4 and 8 of 
culture and maximal p24 production reached within 14 days of 
culture, (o), slow-replicating; (•) , rapid-replicating; (•) , 
intermediate. 

RESULTS 

Correlation between HIV-1 replication 
characteristics and clinical course. Biological 
virus clones of 7 LTS and 3 progressors, obtained 
from PBMC that originated from an early and a 
late time point during follow-up (Table 1), were 
analyzed with respect to their replicative capacity 
(Fig. la and b). The replicative capacity of each 
virus was reflected by the rate of p24 
accumulation early in culture (between days 4 and 
8) and the maximum levels of p24 production 
reached within 14 days of culture. 

The mean increase in p24 production between 
days 4 and 8 of culture (0.25 ug/ml) and the mean 
maximal p24 production (1.26 ug/ml) of all viruses 
analyzed were used as reference for determining 
the replication phenotype of each single virus 
clone (Fig. lc). Variants with a p24 increase 
between days 4 and 8 and a maximal p24 
production above average were typed rapid (upper 
right quadrant in Figure lc; mean values, 0.5 ug/ml 
and 1.6 ug/ml, respectively); variants with both 
measures below average were typed slow (lower 

left quadrant in Figure lc; mean values, 0.1 ug/ml 
and 0.9 ug/ml). Viruses with only one measure 
above average were typed as variants with 
intermediate replicative capacity (upper left and 
lower right quadrant; mean values, 0.2 ug/ml and 
1.2 ug/ml, respectively). The mean values of both 
measures were significantly different between 
the three phenotypically distinct groups (P < 
0.001). 

At the early time point, all participants carried 
viruses with relatively low replication kinetics. 
Only LTS L6 and L7 additionally had viruses with 
high replication kinetics at this time point. In 4 of 
the 8 LTS (LI - L4), all late stage viruses that 
were analyzed also had relatively low replication 
kinetics; L4 even seemed to have developed less-
replication-competent viruses over time. 

Three LTS (L5 - L7) and the progressors (PI -
P3) had viruses with high replicative capacity late 
in infection. In these subjects (with the exception 
of LT), the proportion of rapid-replicating viruses 
had increased compared with that at the early 
time point, suggesting a shift to more-replication-
competent variants during the course of infection. 
In L6 and P2, all late-stage virus variants analyzed 
had high replication kinetics, while in the other 
subjects viruses with high replication kinetics and 
viruses with lower replication kinetics co-existed. 

Virus load in relation to replicative capacity of 
HIV-1. To study whether the replicative capacity 
of HIV-1 variants correlated with virus load, the 
infectious cellular load at the time points of virus 
isolation was calculated. The contribution of HIV-1 
variants with different replicative capacity to the 
virus load was estimated for each participant at 
each time point. This was achieved by 
extrapolating the relative contribution of rapid-, 
intermediate-, and slow- replicating viruses to the 
total infectious cellular load (Fig. 2). 

Early in infection, all participants had a low 
cellular virus load (1 to 16 TCID/106 CD4* T cells), 
which consisted of slow- and/or intermediate-
replicating viruses in most persons. The 2 LTS (L6 
and L7) in whom viruses with high replicative 
capacity were detected had the highest infectious 
cellular load (Fig. 2a). 

Because of the low virus load, <5 biological 
clones were obtained at the early time point for 
most persons (Table 1). From 3 of these (L4, L5 
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Fig. 2. Contribution of biological virus clones with different 
replicative capacity to infectious cellular load expressed as 
TCILVIO6 CD4* T cells. Proportion of each phenotype (a, slow-
replicating; • , rapid-replicating; • , intermediate) within analyzed 
groups of viruses was extrapolated to total cellular load early (a) 
and late (b) in infection. 

and P3), the replication kinetics of virus clones 
from an additional time point were analyzed, ~1 
year after the early time point. /Also at this time 
point, only viruses with relatively low replicative 
capacity were present (data not shown) and the 
cellular virus load was still low (see also Figure 3). 

The 4 LTS (LI - L4) who only had slow- and 
intermediate-replicating viruses late in infection 

also maintained a low infectious cellular load (1 to 
29 TCID/106 CD4* T cells). Interestingly, all 3 
progressors and the 3 LTS (L5 - L7) with rapid-
replicating variants late in infection had a high 
cellular load at this time point (83 to 288 
TCID/106 CD4* T cells) (Fig. 2b). 

We additionally analyzed the replicative 
capacity of biological virus clones derived from 5 
persons with a progressive disease course at a 
time point close to AIDS diagnosis (P4 - P8; Table 
1). For each subject, the infectious cellular load at 
this time point, consisting solely of NSI variants, 
is given in Table 2. For comparison of replicative 
capacity, slow- (/? = 7) and rapid-replicating viruses 
(/7= 7) from the f i rst experiment were included. 

In contrast to the rapid-replicating control 
viruses, which f i rst showed detectable p24 
production at days 2 to 6 of culture, the slow-
replicating control viruses did not produce 
detectable p24 levels until days 10 to 14 of 
culture. Therefore, the viruses from P4 - P8 were 
not classified by the combination of their increase 
in p24 production between days 4 and 8 of culture 
and the maximum p24 production, as in the f i rs t 
experiment, but by the combination of the f i rs t 
day of detection and maximal p24 production 
relative to the means of the control viruses (day 8 
and 0.2 ng/ml, respectively). In progressors P5 -
P8, but not in P4 who had a low infectious cellular 
load at the time point of analysis, viruses with 
high replicative capacity were detected (Table 2). 

Both early and late in infection, the infectious 
cellular load was significantly higher in subjects 
with rapid-replicating viruses than in subjects 
from whom no rapid-replicating viruses were 
detected (early median load, 12.5 [n - 2] versus 
2.5 [n = 8], p - 0.04; late median load, 171 [n - 10] 
versus 27 [n = 5]; P< 0.001). 

Table 2. Replicative capacity and infectious cellular load around A I D S diagnosis 

Participant 
No. of biological 

virus clones 
analyzed 

Repli :ative capacity, no (%) Infectious cellular 
Participant 

No. of biological 
virus clones 

analyzed Slow Intermediate Rapid 106 CD4' T cells) 

P4 4 0 4 (100) 0 32 

P5 6 1 (16.67) 4 (66.67) 1 (16.67) 169 

P6 5 1(20) 3(60) 1(20) 182 

P7 6 0 3(50) 3(50) 1543 

P8 6 0 1 (16.67) 5 (83.33) 315 
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Fig. 3. Longitudinal analysis of CD4* T cell counts and virus load. Nos. of CM' T cells (.) were routinely measured every 3 months during 
follow-up. Infectious cellular load (•) was calculated from outcome of clonal isolation procedure and is expressed as TCID/IO6 CD4* T cells. 
HIV-1 RNA copy numbers (o) were determined by nucleic acid sequence-based amplification assay. Follow-up is indicated in months after 
HIV-1 seroconversion or seropositive entry in cohort studies. Arrowheads on x-axis indicate time points from which virus clones analyzed 
for replicative capacity were obtained. 

Infectious cellular load and RNA load in serum. 
I t could be argued that a high infectious cellular 
ioad, in particular the high load observed in 3 of 
the LTS, might be an in vitro art i fact caused by 
activation of latently infected cells during culture 
procedures. Therefore, we analyzed the RNA 
levels in serum samples obtained at the late time 
points for all study participants (with the 
exception of P6). In agreement with our previous 
observations'3981, the log-transformed values of 
both measures of virus load were significantly 
correlated (rs - 0.67, P - 0.006). The low 
infectious cellular load in LI - L4 was accompanied 
by a low RNA serum load (<104 RNA copies/ ml of 
serum), while L5 - L7 and the progressors had 
both a high infectious cellular and a high serum 
RNA load (>104 RNA copies/ml of serum) (see also 
Figure 3). 

Virus load in relation to clinical course The 
finding of LTS with high virus load raised the 
question of whether this high load reflected the 

onset of disease progression in these subjects. 
However, during the 1- to 2-year follow-up period 
beyond the late time point, the CD4* T cell counts 
in L5 - L7 remained relatively stable (Fig. 3). 
Analysis of the infectious cellular virus load and 
viral RNA in serum at several additional time 
points during follow-up of these LTS revealed a 
relatively high cellular load (78 and 74 TCID/106 

CD4* T cells, respectively), even at earlier time 
points in L6 and L7. 

The time span between detection of a high load 
and the most recent measurement of high CD4* T 
cell counts was 43, 70, and 59 months for L5, L6, 
and L7, respectively. During this period, the 
number of CD4* T cells remained relatively stable 
(41, 13, and 1 CD4* T cell(s)/u.l/year for L5, L6, 
and L7, respectively). In contrast, the CD4* T cell 
decline observed in the progressors (PI - P3 and 
P8) appeared to coincide with or even precede the 
moment of f i rs t detection of high infectious 
cellular load (CD4* T cell decline between moment 
of f i rs t detection of high infectious cellular load 
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Fig. 4. Nef consensus 
sequences of biological virus 
clones derived early and late 
in infection from 3 pro
gressons (P) and 5 LTS (L), 
aligned with consensus 
sequence (cons) derived from 
all clones. Locations of 
putative functional domains 
(reference 475) are shown 
above consensus sequence. 
PxxP = proline repeat 
sequence: PKC = protein kinase 
C phosphorylation site; PPT = 
poiypurine tract. * 2 se
quences of late time point are 
depicted, since both geno
types were representative for 
50% of biological virus clones 
analyzed (n= 4). 
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and AIDS diagnosis: 117, 82, 97, and 66 CD4* T 
cells/uJ/year for PI, P2, L3, and P8, respectively). 

Together, these data show that some LTS 
maintain high and relatively stable CD4* T cell 
counts for an extended period of time in the 
presence of high numbers of infected cells and 
relatively high levels of viral RNA in serum. 

Nef sequence analysis. I t has previously been 
demonstrated that some LTS harbor HIV-1 
variants with a defective nef gene[470"473i. We 
analyzed whether the slow replication kinetics of 
viruses studied here also resulted from the 
presence of defective nef genes. Nef sequences 
of the slow-replicating biological virus clones of 
L1-L4 were analyzed. In addition, nef sequences of 
both slow- and rapid-replicating virus clones of L6 
and of progressors PI - P3 were analyzed (Fig. 4). 

Intersubject variation in nef sequences was 
observed, yet previously described functional 
domains'4751 were generally intact. No specific 
mutations could be related to the viruses from 
either progressors or LTS nor to slow- or rapid-
replicating viruses. In 4 subjects, the majority of 
viruses had an insertion of 4-aa at position 25. 
However, this insertion was observed in viruses 
with different phenotypes. Mutations in the 
(PxxP)3 domain (proline repeat sequence; positions 
69 to 78) were observed in all viruses of LI and in 
all late viruses of L2. The R-to-K substitution at 
position 71 in this domain has been described 
previously for variants from LTS[4751, although the 
nef sequences of these particular variants were 
shown to be functional in vitro14761. All viruses of 
L3 had a cysteine at position 138, recently 
described to affect replication capacity in H9 
cells'4721. However, this same mutation was also 
present in the nef of the rapid-replicating viruses 
isolated from the typical progressor P2 at the 
moment of AIDS diagnosis. 

Possible dysfunctional nef genes were observed 
in the viruses with slow kinetics of L4, which had a 
4-aa deletion at positions 156 to 159. This deletion 
was present in at least one of the viruses isolated 
from PBMC in 1989 and was still present in all 3 
viruses isolated from PBMC in 1992. 

DISCUSSION 

A small number of HIV-infected persons 

harboring solely NSI variants show no signs of 
progression to disease. However, 50% of all AIDS 
patients also harbor solely NSI variants. The 
absence of S I variants therefore cannot be the 
sole explanation for absence of disease 
progression. Next to a role for host 
factors'293'396'462'462'465-467'4671, viral characteristics 
other than syncytium-inducing capacity might 
contribute to the differential clinical course 
observed between HIV-1-infected persons. Here 
we tested the hypothesis that NSI variants 
present in LTS may have relatively attenuated 
replication capacity and are unable to achieve a 
high virus load in vivo, thereby explaining at least 
in part the beneficial clinical course observed in 
LTS. 

Biological virus clones were isolated from 7 LTS 
and 8 subjects with progressive HIV-1 infection 
and analyzed for their replicative potential. Early 
in infection, all participants analyzed had 
relatively slow-replicating viruses. Two LTS who 
had the highest infectious cellular load at the 
early point of analysis additionally had rapid-
replicating variants at this time point. 

At the time point late in infection, still only 
relatively slow-replicating viruses could be 
detected in 4 LTS. Accordingly, these LTS 
maintained low levels of RNA in serum as well as a 
low infectious cellular load. This is in agreement 
with the recently described low levels of viral 
mRNA transcripts late in infection in LTS'3361. I n 
contrast, from the other 3 LTS and the 
progressors late in infection, either solely rapid-
replicating viruses or co-existing rapid- and 
relatively slow-replicating viruses were detected. 
These persons all had an increased virus load, 
suggestive of a correlation between in vitro HIV-1 
replicative capacity and virus load in vivo. 

Increasing cellular load as well as RNA load has 
been associated with CD4* T cell decline and 
disease progression'26'28'28'208'261"263'462'4631. I t is 
therefore conceivable that the high load in 3 of 
the LTS is a sign of progression. However, these 3 
LTS maintained high and relatively stable CD4* T 
cell counts for a subsequent 43 to 70 months, 
suggesting that some LTS remain healthy for 
prolonged periods of time despite the presence of 
rapid-replicating viruses and a high virus load. In 
support of this, Rump et al.[4771 recently reported 
the existence of LTS with continuously high virus 
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load as measured by serum p24 antigen1477'. 
The maintenance of relatively stable CD4* T cell 

numbers in the face of increasing infectious load 
can have several explanations. In agreement with 
the low frequencies of infected cells in lymph 
nodes0191, the magnitude of CD4* T cell turn-over 
seems to be much smaller0681 than previously 
suggested03241. The loss of CD4* T cells might 
than be explained from a combination of HIV-1-
mediated killing and a failing homeostasis. The 
capacity by which new T cells can be generated 
might be genetically determined, thereby 
contributing to differences in CD4* T cell decline 
between individuals. 

Additionally, the low degree of CD4* T cell 
depletion might be due to the absence of an 
effective anti-HIV CTL response14781. I n support 
of this, only low frequencies of CTL precursors 
directed against epitopes of multiple HIV-1 
proteins have been observed in participant L6 
(Pontesilli O, personal communication). 

Finally, since viral cytopathicity may be a 
mechanism through which CD4* T cells are 
depleted1901, it could be envisioned that increased 
viral replicative capacity, which causes the 
increase in virus load, is not necessarily associated 
with increased cytopathicity of these viruses. 
Indeed, viruses isolated from persons with 
differing progression rates yet similar virus load 
were found to be differentially cytopathic in a 
SCID-hu mouse model14791. 

Af ter 6.6 (L4) or even >9 years of infection, 4 
LTS still harbored slow-replicating variants. To 
explain the absence of evolution to variants with a 
more rapid phenotype, several hypotheses might 
be envisioned. First, viruses are under selective 
pressure by host cellular immune responses. The 
persisting slow-replicating viruses in our study 
subjects may be best adapted to withstand 
cellular immunity, whereas changes associated 
with more rapid replicative capacity may generate 
epitopes that are well-recognized by CTL, causing 
immediate elimination of that variant. I t has been 
postulated previously that the presence of CTL 
directed against conserved epitopes prevents the 
evolution of virus populations0091. In this view, the 
slow-replicating variants may have mutations in 
relatively conserved sequences, which allow them 
to escape immune surveillance, yet at the same 
time result in severe attenuation. 

Next to specific immune pressure, viral 
characteristics may play a role in virus evolution. 
I t is conceivable that the virus variants that 
establish infection in a particular person, 
compared with the initial variants in another 
person, are genetically closer to a genotype that is 
associated with more rapid replication. In this 
case, i t would be just a matter of time to allow 
accumulation of relevant mutations0071. Finally, low 
replication kinetics might be due to aberrations in 
HIV-1 regulatory genes'480-4811. 

The best-studied in this respect is the nef 
gene. The absence of functional nef was 
associated with a lack of viral pathogenicity in the 
SCID-hu mouse model[48Z1 and in simian 
immunodeficiency virus strain mac-infected rhesus 
monkeys14831. This is in agreement with the 
observation that nef is required for efficient 
replication in primary cells1179"1811. More recently, 
nef was associated with HIV-1 pathogenesis in 
humans by the finding that some LTS have HIV-1 
variants with defective ne/genes'470"4731. 

Some of the slow-replicating viruses in our 
study carried changes in nef. Some of these 
changes have been observed before in LTS'4751 but 
were not associated with attenuated function in 
vitro14761. I t has been suggested that a cysteine 
residue at position 138 may attenuate nef 
function14721. However, the presence of a cysteine 
at this position in nef of slow- as well as rapid-
replicating viruses in our study supports the 
finding that this mutation is irrelevant for nef 
function'4761. With the exception of L4, who had 
viruses with a relatively large deletion in the nef 
gene, it seems unlikely that deviations in nef 
contribute to the absence of disease progression 
in the group of LTS studied here. 

In conclusion, we have shown that some persons 
classified as LTS persistently harbored slow-
replicating viruses associated with a low virus load, 
which might explain the absence of progression in 
these persons. The existence of LTS with rapid-
replicating viruses and a high virus load, however, 
suggests that the basis for long-term survival of 
HIV-1 infection differs between persons. In this 
light, it could be hypothesized that different yet 
specific combinations of several favorable 
conditions may result in the absence of disease 
progression. 
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Evolution of syncytium-inducing and non-syncytium-inducing biological virus 
clones in relation to replication kinetics during the course of human 

immunodeficiency virus type 1 infection 

To investigate the temporal relationship between human immunodeficiency virus type 1 
(HIV-1) replicative capacity and syncytium-inducing S I phenotype, biological and genetic 
characteristics of longitudinally obtained virus clones from two HIV-1-infected individuals 
who developed S I variants were studied. In one individual, the emergence of rapidly 
replicating S I and non-syncytium-inducing (NSI) variants was accompanied by a loss of the 
slowly replicating NSI variants. In the other subject, NSI variants were always slowly 
replicating, while the co-existing S I variants showed an increase in the rate of replication. 
Irrespective their replicative capacity, the NSI variants remained present throughout the 
infection in both individuals. Phylogenetic analysis of the V3 region showed early branching 
of the S I variants from the NSI tree. Successful S I conversion seemed a unique event 
since no S I variants were found among later-stage NSI variants. This was also confirmed 
by the increasing evolutionary distance between the two subpopulations. At any time point 
during the course of the infection, the variation within the co-existing S I and NSI 
populations did not exceed 2%, indicating continuous competition within each viral 
subpopulation. 

Human immunodeficiency virus type 1 (HIV-1) is 
susceptible to genetic recombination14843 and has 
an error-prone reverse transcriptase enzyme, 
which combined with the absence of proofreading 
leads to a misincorporation rate of 10"4 to 10"5 per 
base, or approximately one misincorporation per 
genome per replication cycle'146"148'4851. With 1010 

new viruses produced each day and a half-life of 
approximately 6 h'251, an HIV-1-infected individual 
harbors a swarm of closely related viruses that 
comprise the so-called HIV-1 quasispecies. These 
HIV-1 variants have been shown to di f fer in 
biological properties such as replication rate, cell 
tropism, and syncytium-inducing (SI) 

capacity187150'4291. Virus isolated in the early 
asymptomatic phase of infection is predominantly 
slowly replicating, macrophage-tropic, and non-
syncytium-inducing (NSI) in vitro

[26192-'94'427l 
During progression to disease rapidly replicating, 
more T-cell-tropic viruses appear, in about 50% of 
infected individuals associated with the 
emergence of S I variants'194'202'4291. 

Determinants which govern these biological 
properties have been mainly mapped to the 
envelope gene'155169'4861, especially to the variable 
(V) regions1154159162163176], although accessory 
genes like nef, vif, vpr, and vpu have also been 
shown to influence replication rate in certain cell 

types'184186"188'4831. Chimeric clones, constructed 
from an S I and an NSI molecular clone, showed 
that exchange of the gpl20 VI - V2 fragment 
together with the V3 fragment was sufficient to 
confer S I capacity'1761. Sequence analysis of the 
V3 fragment of a large panel of HIV-1 isolates 
with distinct biological phenotypes demonstrated 
the presence of positively charged amino acids at 
either one or two fixed positions in the V3 loop of 
S I variants'1621. During the transition from NSI to 
S I phenotype, the hypervariable V2 region is 
thought to undergo increases both in length, 
mainly through insertion of potential N-linked 
glycosylation sites, and charge'1761771. 

Although replicative capacity and S I phenotype 
in general are. coinciding biological features, their 
temporal relationship in the pathway of virus 
phenotype evolution is not known. S I variants 
could evolve from rapidly replicating NSI variants 
which are more likely to accumulate the mutations 
required for NSI to S I transition. Alternatively, 
S I variants could also initially replicate slowly but 
evolve to rapidly replicating HIV-1. When the V3 
sequences of virus populations present around the 
time of NSI to S I conversion were analyzed, few 
V3 sequences intermediate between the NSI and 
S I variants were detected, in agreement with the 
hypothesis that less f i t stages may have to be 
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crossed in o rder to reach the more f i t S I 

stager207 '. 

I n th is s tudy, we analyzed the temporal 

relat ionship between d i f f e r e n t biological 

proper t ies o f H I V - 1 . W e studied repl icat ion 

kinet ics o f biologically cloned S I and N S I variants 

in two individuals who developed S I variants in t h e 

course o f in fec t ion. From all virus clones, V3 

sequences were determined and used f o r 

phylogenetic analyses. For comparison, viruses 

isolated around the t ime o f A I D S diagnosis f r o m 

two individuals harbor ing only N S I variants 

throughout in fec t ion were analyzed. 

MATERIALS AND METHODS 

Study subjects. Four participants of the Amsterdam 
Cohort Studies on HIV infection and AIDS in homosexual 
men were analyzed. Characteristics of the four study 
subjects are depicted in Table 1. Three subjects 
(ACH0039, ACH0208, ACH0424) seroconverted in the 
course of the cohort studies and progressed to AIDS 
within 5 years thereafter. One subject (ACH0142) was 
seropositive at entry into the cohort studies and 
progressed to AIDS 9 years after seropositive follow-up. 

Limiting-dilution analysis. To isolate biological virus 
clones and estimate the frequency of productively 
infected cells, limiting-dilution cultures were performed 
as described previously1'942081. Briefly, participant 
peripheral blood cells (PBMC; 0.5 x 104 to 4 x 104 cells per 
well; 24 to 96 replicates per concentration) were 
cocultivated with phytohaemagglutinin (PHA)-stimulated 
healthy donor PBMC (105 per well) in 96-well microtiter 
plates. Every week for five weeks, 65 ul of each culture 
supernatant was collected for detection of p24 antigen 
by an in-house p24 antigen-capture enzyme-linked 
immunosorbent assay (ELISA). At the same time, half of 
the cells were transferred to new 96-well plates, and 105 

fresh PHA-stimulated healthy donor PBMC were added to 
propagate the culture. The proportion of productively 
infected CD4* T cells was estimated by the formula for 
Poisson distribution: F - -In (Fo), in which Fo is the 
fraction of negative cultures. PBMC from wells tested 
positive were transferred to 25-ml culture flasks 
containing 5 x 106 fresh PHA-stimulated PBMC in 5 ml of 
culture medium to grow virus stocks. All viruses obtained 
from one individual were grown on target PBMC from one 
seronegative blood donor. Virus containing cell-free 
culture supernatant was stored at -70 °C until further 
use, cells were frozen, and approximately 106 cells were 
used for isolation of DNA. S I capacity of virus clones was 
determined by cocultivation with MT2 cells'89'. 

In vitro characterization of virus replication rate. 
Target PBMC from the same seronegative healthy CCR5 
homozygous wild-type blood donor (determined as 
previously described'3961) were used in all replication 
experiments. All viruses obtained from one individual 
were analyzed within the same experiment. The t i ter of 
the virus stocks was quantified by determination of the 
50% tissue culture infectious dose (TCID50) in PHA-
stimulated healthy donor PBMC. From each virus clone, 
102 and 103 TCID50 was added to 5 x 106 2-day PHA-
stimulated PBMC derived from the same blood donor on 
which the t i ter was determined. Cells were incubated for 
2 h at 37 °C in a shaking water bath in 15-ml conical tubes 
in a 1.5-ml volume. PBMC were then washed twice, 
resuspended in 5 ml of culture medium containing 
recombinant interleukin-2 (r IL-2; 20 U/ml; PROLEUKIN; 
Chiron Benelux B.V.), and cultured for 14 days in a 25-ml 
culture flask. After 5, 8, and 11 days, approximately 3 x 
106 fresh stimulated target cells were added in 3 to 4 ml 
of culture medium containing rIL-2 (30 U/ml). Samples 
(75 ul) for determination of p24 production were 
harvested every day after infection for 14 days and 
stored at -70°C. All samples obtained for virus clones 
from one individual were tested for p24 production at the 
same time, using an in-house p24 ELISA. Cultures were 
considered positive for virus production when p24 antigen 
levels exceeded background twofold, which equaled 31 ng 
p24/ml. p24 production per milliliter of supernatant was 
determined and corrected for the differences in volume 
of culture supernatants between the moments of 
sampling. Due to the relatively high detection limit of our 
p24 ELISA, the very early replication kinetics are not 
measured. 

UNA isolation, PCR and sequencing. Total DNA from 
PBMC harboring the biological HIV-1 clones was isolated 
as described previously'4741. Envelope V3 sequences from 
subject ACH0208 were amplified by PCR as described 
previously'4871. PCR Products were purified with a 
Geneclean kit (BIO 101; Inc. Vista, CA) and sequenced 
directly using the dideoxy-chain termination method with 
Sequenase (U.S.Biochemical, Cleveland, OH), both as 
instructed by the manufacturers. 

Envelope V3 sequences from subject ACH0039 were 
amplified by PCR using primers Seql (5'-
TACATAATGTTTGGGCCACACATGCC-3', nucleotide 
positions 6417-6443, sense) and Seq2 (5'-TCCTTCATATC 
TCCTCCTCC/\GGTC-3', positions 7629-7653, antisense) in 
the presence of 3 mM MgCl2 in the f i rs t reaction and 
primers 5eq5 (5'-GTCAACTCAACTGCTGTTAAATGGC-3', 
positions 6988-7012, sense) and Seq6 (5'-ATCTAATTTGT 
CCACTGATGGGAGG-3', positions 7532-7556, antisense) 
in the presence of 3 mM MgCI2 in the nested reaction. 
For amplification the following PCR amplification cycles 
were used: 5 min at 95°C once, 1.5 min at 95°C, 1 min at 
55°C, and 1 min at 72°C, repeated 25 times; followed by a 
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Table 1. Characteristics of the four study subjects under study" 

Subject 

Time of: 

CCR5 
genotype Seroconversion 

or entry 

First 
MT2-positive 

sample 

AIDS 
(time postsero-
conversion [mo]) 

AIDS defining events 

ACH0039 wt 

ACH0142 wt 

ACH0208 hz 

ACH0424 wt 

Oct. 1987 (S) Mar. 1989 

Nov. 1984 (E) NA 

Dec. 1985 (S) Mar. 1987 

Aug. 1988 (S) NA 

Nov. 1990 (37) Candida esophagitis 

Dec. 1993 (109) Kaposi's sarcoma 

June 1990 (54) Pneumcystis pneumonia, Kaposi's sarcoma 

Oct 1991 (38) Candida esophagitis 

" wt, wild type; hz, heterozygous; NA, not applicable; S, seroconversion; E, entry 

5-min extension at 72°C and subsequent cooling to 4°C. 
Nested PCR products were purified with QIAquick PCR 
purification kit (Qiagen, Hilden, Sermany). Dye 
terminator cycle sequencing with AmpliTaq DNA 
polymerase (Perkin-Elmer, Applied Biosystems Division, 
Foster City, CA) was performed with the following 
amplification cycles: 30 s at 92°C, 15 s at 50°C, and 4 min 
at 60°C, repeated 25 times with the sense nested PCR 
primer Seq5. Sequence analysis was performed on ABI 
373S automated sequencer according to the 
manufacturer's protocol. 

Phylogenetic and sequence data analysis. Alignment of 
the sequences was straightforward and done with the 
PILEUP program, checked manually and keeping codons 
intact. Phylogenetic analyses were done with the 
neighbor-joining program14881 as implemented in the 
PHYLIP package14891. Bootstrap resampling was used to 
assess the strength of support for each branch of the 
phylogenetic trees14901. For bootstrapping, the SEQBOOT, 
DNADI5T, and CONSENSE programs from this package 
were used. PHYLIP's DRAWTREE program was used to 
produce the plots. For direct comparison of nucleotide 
sequences, the number of mismatches as a proportion of 
sequence length (Hamming distance) was used14911. The 
distance matrix input for the neighbor-joining analysis 
was generated using Kimura's two-parameter estimation 
for nucleotides'4921. Estimation of the number of silent 
and nonsilent substitutions was done according to Nei and 
Sojobori's method14931 as implemented in ME6A[494). In the 
statistical analysis of the data, to avoid the problem of 
dependence between data points, instead of the commonly 
used pairwise Hamming distance between clones [which 
results in «(«-l)/2 data points for n sequences], we 
calculated the distance between all clones and their 
consensus sequence, which results in n data points for n 
sequences, thus evading the problem of correlated 
observations. The significance of differences between 
the variation of groups of clones was evaluated using the 
/ test . 

Nucleotide sequence accession numbers. All newly 
generated sequences have been deposited in SenBank 
under the following accession numbers: for ACH0039, 
AF022257 to AF022302; for ACH0208, AF021477, 

AF021478, AF021494, AF021495, AF021499 AF0214503, 
AF021505, AF021508, AF021510, AF021513, AF021514, 
AF021516, AF021517, AF021518, AF021521, AF021522, 
AF021523, AF021524, AF021532, AF021533, AF021536, 
AF021537, AF021540, AF021542, AF021607, AF021608, 
AF021610, AF0216U, AF021612, AF021613, AF021614, 
AF021616, AF021617, AF021618, AF021620, AF021622, 
AF021646, AF021647, AF021650, AF021651, and 
AF021652. 

RESULTS 

Replicative capacity of longitudinally obtained 

biological virus clones. From two part ic ipants 

(ACH0039 and ACH0208) f r o m t h e Amsterdam 

cohor t , biological H I V - 1 clones were isolated a t 

several t ime points between seroconversion and 

A I D S diagnosis. Individual clones were compared 

f o r S I / N S I phenotype and analyzed f o r 

repl icat ion kinetics. I t is important t o note t h a t 

not all virus clones de tec ted in t he l imi t ing-

di lut ion exper iment were used in t he repl icat ion 

exper iments, but only a random sample o f 6 t o 10 

virus clones f r o m each t ime point. The N S I clones 

de tec ted in t he 17 months sample f r o m sub jec t 

ACH0039 were lost due to technical d i f f i cu l t i es . 

I n each exper iment, t he viral repl icat ion kinet ics 

a f t e r infect ions wi th 100 TCTD50 conf i rmed the 

observations a f t e r in fect ion w i th 1,000 TCID50 

(data not shown). The re fo re , only t h e resul ts f o r 

t h e inoculation w i th 1,000 TCID50 are. shown in t h e 

f igures. Four slowly repl icat ing N S I variants were 

isolated 10 months a f t e r seroconversion o f 

subject ACH0039, but t h e major i t y o f t h e 

isolated N S I virus clones already had rapid 

repl icat ion kinetics (Fig. 1, top l e f t panels). The 

f i r s t and rapidly repl icat ing, S I variants were 

obtained 17 months a f t e r seroconversion. 

Throughout fol low-up, co-exist ing S I and N S I 

variants t h a t had similar rapid repl icat ion kinet ics 
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Days Days Days Days Days Days 

Fig. 1. Replication kinetics of S I (•) and NSI (o) HIV-1 clones during the course of HIV-1 infection in two subjects harboring both S I and 
NSI virus variants. From each virus clone, 103 TCID50 was added to 5 x 106 2-day PHA-stimulated PBMC derived from the same donor on 
which the t i ter was determined. Af ter 5, 8, and 11 days, approximately 3 x 106 fresh stimulated target cells were added. Samples (75 (il) 
for determination of p24 production were harvested every day after infection for 14 days. Each line represents the results obtained for 
one virus clone; < indicates NSI clone 12B3 with arginines at positions 10 and 25. AIDS diagnosis for ACH0039 and ACH0208 was at 37 and 
54 months respectively, post-seroconversion (post sc). 

were isolated (Fig. 1, top right panels). 
In both the early and the late phases of 

infection, different replication patterns were 
observed in subject ACH0208 (Fig. 1, bottom 
panels). During the f i rs t 9 months after 
seroconversion of subject ACH0208, only slowly 
replicating NSI viruses were obtained (Fig. 1, 
bottom left panels). Af ter 15 months the f i rst , 
slowly replicating S I variants were detected; 
these were replaced within 4 months by rapidly 
replicating S I variants. The S I variants obtained 
from ACH0208 gained increasing replication 
kinetics over time, while the co-existing NSI 
variants maintained slow replication kinetics (Fig. 
1, bottom right panels). At the time of AIDS 
diagnosis, faster-replicating NSI variants were 
isolated, although replication was still markedly 
slower than of the co-existing S I variants. 

The viruses isolated around the time of AIDS 
diagnosis from these two patients were compared 
with those obtained from two individuals 
harboring only NS I variants throughout infection, 
ACH0142 and ACH0424. In general, viruses 
obtained from all four individuals had rapid 
replication kinetics around the time of AIDS 

Days Days 

Fig.2. Replication kinetics of S I (•) and NSI (o) HIV-1 clones in 
four subjects at the time of AIDS diagnosis. From each virus clone, 
103 TCID5o was added to 5 x 106 2-day PHA -stimulated PBMC 
derived from the same donor on which the t i ter was determined. 
After 5, 8, and 11 days, approximately 3 x 106 fresh stimulated 
target cells were added, samples (75 pi) for determination of p24 
production were harvested every day after infection for 14 days. 
Means and standard errors of the results for 4 to 5 clones per 
phenotype are shown. 



Chapter 8 89 

diagnosis, irrespective of the presence of S I 
variants (Fig. 2). 

Contribution of phenotypically different HIV-1 
clones to virus load. To analyze the significance 
of slowly replicating co-existing NSI variants, we 
calculated the contribution of NSI and S I virus 
clones to the total cellular infectious load in the 
limiting-dilution analysis. For each time point 
analyzed, the contributions of S I and NSI HIV-1 
variants to the total infectious cellular load are 
shown in Figure 3. 51 variants were f i rs t detected 
17 and 15 months after seroconversion in 
ACH0039 and ACH0208, respectively. The equally 
rapidly replicating co-existing S I and NSI 
variants in subject ACH0039 contributed equally 
to the infectious cellular load (Fig. 3, top left). 
However, also in subject ACH0208 the NSI 
variants constituted 50% of the total virus 
population throughout follow-up despite their slow 
replication rate (Figure 3, top right). The two 
NSI-harboring individuals, ACH0142 and 
ACH0424, also showed a gradual load increase 
over time, reaching viral loads similar to the two 
SI-and NSI-harboring individuals around the 
moment of AIDS diagnosis. 

Phylogenetic analysis. To understand the 
phylogenetic relationship between the co-existing 
S I and NSI variants in the two Sl-harboring 
subjects, a region encompassing the V3 domain of 
the gpl20 envelope molecule was sequenced, 330 
nucleotides for ACH0039 and 195 nucleotides for 
ACH0208. When comparing the deduced 65 amino 
acids sequenced for both subjects, the V3 
sequences were distinct, grouping separately into 
two groups, with a mean Hamming distance 
between the two groups of 157». Bootstrap 
resampling supported the distinction of two 
separate groups, 100 of 100 bootstraps. The 
deduced amino acid sequences for the two 
subjects are shown in Figure 4. 

The mean synonymous substitution rate (o's) in 
the V3 region was 0.025 (± 0.015) for ACH0039 
and 0.032 (± 0.030) for ACH0208 over 27 and 40 
months of follow up, respectively. The mean rates 
of nonsynonymous substitution (du) were 0.036 (± 
0.018) and 0.040 (± 0.023), respectively, which in 
both cases seems higher than the rate of 
synonymous substitutions but not significantly 

Fig. 3. Changes in cellular S I (•) and NSI (o) HIV-1 load in relation 
to time after seroconversion or seropositive entry. The frequency 
of cells productively infected with NSI or S I variants was 
determined by limiting-dilution analysis of patient PBMC on PHA-
stimulated target cells. 

different due to the large standard deviations. 
When comparing ds and ON for each time point 
separately, only at the last time point (37 months) 
for subject ACH0039 did we observe a significant 
difference (Student's t test P - 0.004). Figure 5 
shows the changes in o's and ON detected during 
follow-up. Variants in subject ACH0039 had a 
stable rate of synonymous substitutions (time 
effect analysis of covariance, P - 0.23), whereas 
the rate of nonsynonymous substitutions increased 
sharply during follow-up [P< 0.0001), resulting in a 
decreasing o's/ON ratio. In subject ACH0208, both 
the rate of silent substitutions and the rate of 
nonsynonymous substitutions increased over time 
(time effect, P - 0.005 and P < 0.0001, 
respectively). 

Early after seroconversion both subjects 
harbored a rather homogeneous group of NSI V3 
sequences (mean Hamming distance of 1.2 and 
0.8%, respectively). For both individuals, the f i rs t 
S I variants isolated were different from the co
existing NSI variants at at least 4 amino acid 
positions of the 35 amino acids in the V3 loop 
(mean Hamming distances were 3.8 and 3.9%, 
respectively at the f i rs t time point of detection 
of SI) (Fig. 4). To strengthen this observation, 
neighbor-joining trees with bootstrap resampling 
were constructed (Fig. 6). Indeed, in both patients 
the S I and NSI variants from all time points were 
separated but not with very high bootstrap values 
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Fig. 4. Deduced amino acid sequences of the V3 region. The sequences are aligned, with the consensus sequence of the variants present in 
the f i rs t sample for each patient. Amino acid positions involved in S I capacity are marked (4.). Clashes indicate identity with the reference 
sequence. - , silent mutation compared with reference sequence, (a) Alignment of V3 sequences from virus clones obtained during the 
course of infection of participant ACH0039. Position 1 corresponds to amino acid 268 of the HXB2 envelope protein, (b) Alignment of V3 
sequences from virus clones obtained during the course of infection of participant ACH0208. Position 1 corresponds to amino acid 296 of 
the HXB2 envelope protein. 
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Months after seroconversion 

Months after seroconversion 

Fig. 5. Plots of synonymous (ds) and nonsynonymous (dN) 
substitution rates in the V3 region of the virus clones obtained in 
the course of HIV-1 infection from two subjects ACH0039 (a), and 
ACH0208 (b). Estimation of the number of silent and nonsilent 
substitutions between all sequences from one time point and the 
consensus sequence of that time point was done according to Nei 
and Sojobori's method (reference 493) as implented in MESA 
(reference 494). Numbers of synonymous (o) and nonsynonymous 
(•) substitutions from the same time point are shown. *, P- 0.004). 

(92 and 72%, respectively). Total Hamming 
distances between the variants present at each 
time point increased over time in both patients 
(Fig. 7). Variation within each phenotypic group at 
each time point was relatively stable (mean 
Hamming distance approximately 1.5%). However, 
the evolutionary distance between the two groups 
of variants increased steadily over time (mean 
Hamming distances were 6.7 and 7.0%, 
respectively, at the last time point available). 
Accordingly, Hamming distances were 3.2 and 
4.9% between the late NSI variants and the early 
NSI variants, respectively, and were. 3.9 and 4.5% 
between the late S I and the early S I variants, 
respectively, for both patients. To test if the 
course of the variation over time differs between 
SI and NSI variants, an analysis of covariance was 
done with the variation (distance of each clone to 

the consensus) as the dependent variable, the 
time since seroconversion as a continuous, and 
S I / N S I as a dichotomous predictor. The time 
effect was significant in both patients for the 
comparison between S I sequences and NS I 
consensus, or NSI sequences and S I consensus 
(ACH0039, P - 0.0009 and P - 0.0001, 
respectively; ACH0208, P < 0.0001, P < 0.0001, 
respectively), but only in patient ACH0208 a 
significant interaction effect was observed, 
indicating that the NSI and S I variation 
developed differently over time (ACH0039: NSI P 
- 0.58, S I P- 0.70; ACH0208 NSI P- 0.0001, S I 
P- 0.0009). 

One of the NSI variants (12B3) isolated 15 
months after seroconversion from subject 
ACH0208 had arginines at positions 10 and 25, two 
amino acids positions that are positively charged in 
the co-existing S I variants but not in the other 
NSI variants (Fig. 4). Interestingly, this NS I 
variant had the highest replication kinetics of the 
NSI variants present at that time point (Fig. 1, 
second bottom panel, line marked with <). The 
NSI variants present in this individual at 46 
months after seroconversion had certain amino 
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Fig. 6. Results of phylogenetie analysis of the V3 region (neighbor-
joining method, unrooted tree) from virus clones obtained during 
the course of infection of participants ACH0039 and ACH0208. 
Bootstrap values indicate the percentages of trees showing the 
observed specific groupings. Filled symbols, S I sequences; open 
symbols, NSI sequences. 
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Fig. 7. Plots of Hamming distances for the V3 region between the 
virus clones obtained in the course of HIV-1 infection from two 
subjects, ACH039 (a) and ACH0208 (b). Distances were calculated 
by using DNADIST as implemented in the PHYLIP program. 
Comparisons between NSI variants, between S I variants, and 
between S I and NSI variants from the same time point are shown. 

acid changes that were only detected in S I 
variants before that time (for example, the 
lysine's at positions 32 and 47, the isoleucine at 
position 37 and, the glutamate at position 41) (Fig. 
4), When the four NS I variants were omitted 
from the data set the bootstrap value separating 
the S I and NSI branches of the phylogenetic tree 
increased from 72% to 91% (data not shown). 

DISCUSSION 

In this study, we analyzed the temporal 
relationship between changes in virus replication 
characteristics and the evolution of S I and NSI 
virus populations during the natural course of HIV 
disease. Interestingly, rapidly replicating S I virus 
clones had emerged more than 3 years before 
AIDS diagnosis in two individuals115'1. Af ter the 
emergence of, and compared to S I variants, the 
co-existing NSI variants had slower replication 

kinetics in one subject and similar replication 
kinetics in the other. The similar replication 
kinetics of the co-existing S I and NSI variants 
with very different V3 regions in this latter 
subject again illustrate that regions other than V3 
are important for replication rate1169'761. 

When S I variants are present in patient PBMC, 
they always outgrow the co-existing NSI variants 
in in vitro bulk coculture of the patient PBMC with 
PHA-stimulated target PBMC (unpublished 
observations). In vivo, however, irrespective their 
replicative capacity, NSI and S I HIV-1 clones 
each constituted 50% of the total infectious 
cellular load, in agreement with our previous 
observations1194'2081. The selective growth 
advantage for 51 HIV-1 as observed in vitro is 
apparently not present in vivo. I t is possible that 
the NSI variants detected in the periphery 
originate solely from compartments where virus 
production from macrophages predominates. Most 
primary S I variants are not able to infect 
macrophages in vitro'911, probably because their 
entry depends on much higher concentrations of 
CD4 on the cell surface than is expressed on 
macrophages'1251. Therefore, it seems likely that 
virus production from macrophage compartments 
is predominantly of the NSI phenotype. The S I 
variants are. apparently unable to compete with 
the direct spread of NSI variants from the 
macrophages to CD4* T cells which may occur 
during the close cell-to-cell contact during antigen 
presentation. 

Alternatively, the persistence of slowly 
replicating NSI variants may be explained by the 
existence of different target T cell populations 
for NSI and S I variants. Recently, several 
members of the CC and CXC chemokine receptor 
families have been shown to function as the co-
receptors for HIV entry. NSI variants primarily 
use the ß-chemokine receptor CCR5, while primary 
S I variants were shown in vitro to use both CCR5 
and the a-chemokine receptor CXCR4[60-63'95'981. 
The equal contribution to the infectious cellular 
load indicates the ability of the slow NSI variants 
to compete with the more rapid S I variants for 
the same CCR5-expressing targets. This may be 
mediated by increased aff inity for the CCR5 
and/or CD4 receptor, allowing replication in cells 
with lower expression of these molecules. 

Interestingly, the subject that harbored rapid 
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SI and slow NSI variants was heterozygous for 
the 32-bp deletion (A32) in the CCR5 gene'291-2921. 
I t is likely that the NSI viruses in this individual 
have adapted to entry of target cells expressing 
lower levels of CCR5, for example, by using other 
coreceptors or developing higher aff inity for 
CCR5 itself. Indeed, we have recently found 
evidence for adaptation of viruses from CCR5 A32 
heterozygous individuals for growth in cells from 
CCR5 A32 heterozygous blood donors (Blaak H, 
unpublished observations). As the NSI virus 
variants from subject ACH0208 have slower 
replication kinetics than the NSI variants from 
subject ACH0039, this adaptation may be 
associated with decreased replication kinetics. 

The fact that the evolutionary distance 
between co-existing NSI and S I populations 
increases over time may indeed indicate that in 
general there is only litt le interaction between 
these two compartments of HIV-1 replication. The 
two compartments evolved away from the common 
ancestral sequence with no sign of saturation, 
which may indicate that S I variants are newly 
generated in an individual rather than transmitted 
together with the NSI variant, as the latter 
scenario would result in two highly distinct co
existing S I and NS I populations already at the 
very f i rs t time point of detection of S I variants, 
of which we find no evidence in these patients, nor 
in several other cohort participants studied for 
this phenomenon (data not shown). Only in one 
case, where S I variants were detected 
immediately after infection of a new individual did 
we find co-existing S I and NSI populations that 
were more than 5% apart, reflecting transmission 
of both co-existing variants from the donor!'93]. 

After the f i rs t emergence of the S I variants in 
both subjects, no new S I variants generated from 
late NSI variants were detected. Once S I 
variants are present i t may be more diff icult for 
newly arising switch variants to compete. 
Alternatively, there may only be a certain type of 
NSI variants from which S I variants can be 
generated. When this stage in the evolution of 
NSI variants has been passed, no new S I variants 
will emerge or the new S I variants may not be able 
to compete with the late NSI variants. Indeed, at 
the time of AIDS diagnosis, high virus loads and 
rapid virus replication kinetics were found in all 
individuals, including the two individuals harboring 

only NSI variants throughout the course of 
infection. Apparently, the presence of rapid NSI 
variants was sufficient to establish progression to 
AIDS without the generation of S I variants. 
Possibly, these late rapid NSI variants were 
equally cytopathic as the late rapid S I variants in 
the other two individuals14791. Subject ACH0039, 
however, harbored rapid NSI variants 10 months 
after seroconversion. Stil l, in this subject S I 
variants emerged. This may suggest that the 
increased target cell repertoire of S I variants in 
some individuals provides enough selective growth 
advantage for S I variants to emerge in the 
presence of rapidly replicating NSI variants. 

In both subjects, the co-existing S I and NSI 
populations each are surprisingly homogeneous 
throughout the study period. In subject 
ACH0039, the average Hamming distance rarely 
exceeded 2%, and in subject ACH0208 only after 
more than 30 months of infection did the average 
Hamming distance per phenotype reach the 5% 
level. The homogeneity per phenotypic population 
may indicate fierce competition within the NSI 
and S I HIV-1 populations, where only the f i t test 
variant in both groups evolves further, generating 
the new virus population detected at the next 
time point. The possible recombination observed in 
subject ACH0208 suggests, however, that 
interaction between the co-existing S I and NSI 
variants may occur, which would imply at least 
some overlap of target cell populations, in 
agreement with the reported CCR5 usage of 
primary S I variants1971. Despite the homogeneity 
of each phenotypic virus population at a particular 
time point, there is a continued evolution toward 
new variants reflected in the increasing Hamming 
distance between the NSI and S I virus 
populations and between each population and the 
populations present at earlier time points. 

Overall, sequence variation increased with time 
in the two subjects, due to increases in both the 
number of synonymous and nonsynonymous 
substitutions in ACH0208 and due to increases in 
the number of nonsynonymous substitutions only in 
ACH0039. Nonsynonymous virus variation in both 
pl7 and V3 has been shown to be correlated with 
immune selective pressures1196'201'487'495"497]. The 
HIV-specific cytotoxic T-lymphocyte reactivity 
against autologous virus epitopes in the V3 region 
in these two subjects is currently under study. 
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In vivo H IV-1 infection of CD45R/TCD4* T cells is established primarily by 
syncytium-inducing variants and correlates with the rate of CD4+ T cell decline 

Switch from non-syncytium-inducing (NSI) to syncytium-inducing (SI) human immuno
deficiency virus type 1 (HIV-1) is associated with accelerated CD4* T cell depletion, which 
might partially be explained by higher virulence of S I variants compared to NSI variants. 
Since NSI and S I variants use different coreceptors for entry of target cells, altered 
tropism might offer an explanation for increased pathogenesis associated with S I H IV-1 
infection. To investigate whether S I and NSI HIV-1 variants infect different CD4* T cell 
subsets in vivo, the distribution of S I and NSI variants over CD4* memory (CD45RA~RO*) 
and naive (CD45RA*RO~) cells was studied using limiting-dilution cultures. In contrast to 
NSI variants that were mainly present in CD45RO* cells, S I variants were equally 
distributed over CD45RO* and CD45RA* cells. Infection of memory cells by both NSI and 
S I H IV-1 and infection of naive cells primarily by S I HIV-1 corresponded closely with the 
differential cell surface expression of CXCR4 and CCR5. The frequency of Si-infected 
CD45RA* CD4* T cells, but not the frequency of N S I - or SI-infected CD45RO* CD4* T 
cells, correlated with the rate of CD4* T cell depletion. Infection of naive cells by S I 
H IV-1 may interfere with CD4* T cell production and thus account for rapid CD4* T cell 
depletion. 

In 50% of HIV-1-infected individuals, a switch 
occurs from the non-syncytium-inducing (NSI) 
phenotype to the syncytium-inducing (SI) 
phenotype during the course of disease1194'202'429'. 
The emergence of S I variants is associated with 
an accelerated CD4* T cell loss and more rapid 
progression to AIDS'26'202'4291. The enhanced 
pathogenesis of S I HIV-1 infection may be 
explained by the more virulent characteristics of 
S I variants observed in vitro, such as enhanced 
cytopathicity1901 and higher replication 
kinetics'26151'4291. 

Since S I and NSI variants use different 
coreceptors for entry of target cells, altered 
tropism could of fer an alternative (or additional) 
explanation for the increased pathogenicity 
associated with the presence of S I variants14981. 
The vast majority of NSI variants are restricted 
to the use of CCR5, while S I variants use CXCR4 
and may use CCR5 and/or other chemokine 
receptors in addition197'9910'-1034041. CCR5 and 
CXCR4 are differentially expressed on different 
CD4* T cell subsets: CXCR4 is mainly expressed on 
cells with a resting/naive phenotype and CCR5 is 
mainly expressed on activated/memory T 

cells[ii9,i20] Moreover, we recently found that in 
HIV-1-infected individuals expression of CXCR4 
and CCR5 is largely mutually exclusive14991 within 

both the naive (CD45RO) and memory (CÖ45RO*) 
CE>4* T cell subset. Given the existence of two 
major and distinct HIV-1 target cell populations 
within the CD4* T lymphocyte compartment, one 
expressing the NSI-coreceptor and the other 
expressing the main SI-coreceptor, the total 
number of potential HIV-1 target cells expands 
considerably after the emergence of S I variants. 
This could explain the higher viral load observed in 
individuals with S I variants compared to 
individuals with only NSI variants at comparable 
CE>4* T cell counts'2081, and hence the accelerated 
disease progression. 

Next to the probable impact of an increase in 
the number of potential target cells, i t can be 
envisaged that the extent to which HIV-1 
infection affects the rate of CD4* T cell decline 
depends on the type of cells that are infected. 
Recently it was shown that both naive and memory 
CD4* T cells are productively infected with HIV-1 
in vivo[5001. Since naive cells contribute 
exponentially to the memory CD4* T cell pool, 
HIV-1 induced loss of naive cells is likely to have a 
large impact on CD4* T cell replenishment and 
would consequently contribute significantly to 
CD4* T cell depletion. Here we tested the 
hypothesis that specifically the conversion to the 
51 phenotype enables HIV-1 to efficiently infect 
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naive CD4* T cells, t he reby cont r ibut ing to t he 

increased pathogenesis associated w i th t he 

presence o f S I H I V - 1 . 

MATERIALS AND METHODS 

Subjects. The study group consisted of 18 participants 
of the Amsterdam Cohort Studies on AIDS in homosexual 
men (ACS). For 6 of the individuals, a time point was 
analyzed at which only NSI variants were present (NI
NO), and for 10 individuals a time point was analyzed at 
which both S I and NSI variants were present (S1-S10). 
For 2 individuals both a peripheral blood mononuclear cell 
(PBMC) sample obtained before and one obtained after 
HIV-1 phenotype switch were analyzed. For the samples 
obtained before S I conversion, these 2 individuals were 
included in the NS I group (N7 and N8) and for the time 
point after phenotype switch, these individuals were 
included in the S I / N S I group (N7=S11, N8=S12). In the 
S I / N S I group, the moment of analysis was at least 6 
months after S I conversion (median: 23 months; range, 
6.7 to 57.1). 

Isolation of C045RA* and C045RCX C04* T cells from 
PBMC. PBMC were isolated from fresh blood and used 
immediately (N l , N3, N4, N6, S5, S7, S10) or after 
cryopreservation. PBMC (20 to 30 x 106) were stained 
with monoclonal antibodies (mAbs) directed against CD4 
(conjugated with tri-color [TC]), CD45RA (conjugated 
with phycoerythrin [PE]) and CD45RO (conjugated with 
fluorescein isothiocyanate [FITC]) (all mAbs from Caltag, 
Burlingame, CA). CD4* CD45RA*RO" cells and CD4* 
CD45RA"RO* cells were separated by sorting with a 
FACStar (Becton Dickinson, San Jose, CA). Af ter cell 
sorting, contamination with the reciprocal CD4* T cell 
subsets was on average 0.3% (CD4TD45RO* in 
CD4*CD45RA* cell fraction) and 0.2% (CD4*CD45RA* in 
CD4*CD45RO* cell fraction). 

CCR5 and CXCR4 expression on CÙ45RA* C04* and 
C045RO' CD4* cells. CCR5 and CXCR4 expression on the 
memory and naive CD4* T cell subsets was analyzed by 
three-color flow cytometry. PBMC samples were obtained 
from time points maximally 3 months before or after the 
moment at which the PBMC samples used for virus 
isolation were obtained. PBMC (2.5 x 105) were stained 
with a combination of mAbs directed against 1) CD4 (TC; 
Caltag), CD45RA (2H4-RD1-PE; Coulter, Hialeah, FL) and 
CCR5 (5C7- FITC; Pharmingen, San Diego, CA); 2) CD4 
(TC), CD45RO (UCHL-1-FITC, DA KO, Slostrup, Denmark) 
and CXCR4 (12S5-PE; Pharmingen); or 3) CD4 (TC), 
CD45RA (2H4-RD1-PE) and CD45RO (UCHL-1-FITC). The 
latter staining was performed to identify cell populations 
single positive for only one of the two CD45 isoforms, 
which was extrapolated to the CCR5/CD45RA staining 
and the CXCR4/CD45RO staining. Thus, CCR5 expression 

was analyzed on the CD45RA" (=CD45ROhi9h) and 
CD45RAhi9h (=CD45RO) cells and CXCR4 expression was 
analyzed on the CD45RO" (=CD45RAhi9h) and CD45ROhi'h 

(=CD45RA) cells (Fig. 3a). 

Biological cloning of HIV-1 and determination of virus 
load. CD45RA*, CD45RO' CD4* T cells, and total PBMC 
were independently cocultivated with freshly 
phytohemagglutinin (PHA)-stimulated healthy donor 
peripheral blood lymphocytes under limiting diluting 
conditions, as described previously'194,2™1. Cultures were 
maintained for 4 weeks and every 7 th day culture 
supernatant was analyzed for virus production in an in-
house p24 antigen-capture ELISA. At weeks 2 to 4, S I 
phenotype of the biological virus clones was determined 
by analyzing the presence of syncytia after cocultivation 
with MT2 cells1891. 

The frequency of productively infected cells was 
calculated with the formula for Poisson distribution: F = -
In(Fo), in which Fo is the fraction of negative cultures, and 
expressed as tissue culture infectious dose (TCID) per 
106 CD4', CD45RA* CD4*, and CD45RO' CD4* T cells. The 
detection limit of the assay depends on the number of 
patient cells available for coculture and was calculated in 
cases where no virus clones were obtained. The 
proportions of biological virus clones with NSI and S I 
phenotype were used to calculate the NSI-virus load and 
the SI-vi rus load. 

C04* T cell decline. Lymphocyte immunophenotyping for 
CD4* T cells was carried out using flow cytometry at 3-
month intervals. The patients were matched for the 
moment of sampling at which virus load was determined 
(t=0) and the group mean CD4* T counts were calculated 
at each 3-monthly time point a year before and a year 
after t=0 (from t=-12 to t=12). These mean CD4* T cell 
values were used for linear regression analysis. Individual 
CD4* T cell decline in this period was also analyzed by 
linear regression analysis. 

Participants receiving anti-retroviral combination 
therapy at t=0 (S5, S7, 59 and S10) were excluded from 
analysis. From the remaining 8 NSI individuals and 8 
S I / N S I individuals, CD4* T cell data obtained prior to 
seroconversion (time points -12 to -6 , Fig. 4a, top) and 
CD4* T cell data obtained after initiation of anti
retroviral combination therapy (time points 6 to 12, Fig 
4a, top) were excluded from analysis. 

Statistical analyses. The Mann-Whitney i /Test was used 
to analyze differences between individuals with only NSI 
variants and individuals with S I and NS I variants with 
respect to the CD45RA* -load to CD45RO* -load ratio. 
Differences between CD45RA* cells and CD45RO* cells 
within the group of individuals with S I variants were 
analyzed with the Wilcoxon signed rank test (i.e., 
proportion of biological clones with S I phenotype, and S I -
load in CD45RA* and CD45RO* cells). CCR5 and CXCR4 
expression on CD45RA*RO" and CD45RARO* subsets was 
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analyzed w i th t he pai red Student 's f T e s t . Corre lat ions of 

CD4* T cell decline w i th virus load were de te rmined using 

t he Spearman's cor re la t ion coe f f i c i en t (rs). 

RESULTS 

Individuals with SI variants have a relatively 
high frequency of infected CÖ45RA' CO* T 
cells. The frequency of productively infected 
CD4* T cells, CD45RA* CM* T cells and CD45RCT 
CD4* T cells (expressed per 106 cells of the 
respective T cell subsets), was determined for 8 
individuals at a time point at which only NSI 
variants were present (N1-N8), and for 12 
individuals at a time point at which both S I and 
NSI variants were present (S1-S12) (Table 1). The 
total virus load had a broad range and did not 
di f fer significantly between both groups (2 to 269 
and 5 to 361 TCID/106 CD4* T cells, respectively; 
P-Q.3). 

In individuals with only NSI variants, the 
frequency of infected CD45RA* cells was 30- to 
70-fold lower than the frequency of infected 
CD45RO* cells (Table 1). This is visualized by the 
low ratio of CD45RA*- load to CD45RCT- load 

Table 1. Virus load in total CD4* T cells, CD45PM* and 
CD45RO* CD4* T cells 

Frequency of infected cells (TCTD/106 cells)4 

Participant" 
CD4* T cells CD45ROTD4* 

T cells 
CD45RA'CD4' 

T cells 

N l 5 22 <2 (DL) 

N2 269 709 11 

N3 191 434 9 

N4 34 115 4 

N5 111 431 6 

N6 20 38 1 

N7 53 178 4 

N8 2 2 <2 (DL) 

SI 340 431 53 

S2 81 77 25 

S3 361 420 212 

S4 142 380 41 

S5 NT 68 190 

S6 160 220 164 

S7 42 109 <19 (DL) 

S8 297 701 874 

S9 5 3 4 

S10 13 1 18 

S i l 103 282 39 

S12 25 48 <8 (DL) 

t 
- J 1 0.63 

N S I individuals S I / N S I individuals 

" N, participant with only NSI variants; S, participant with bath S I and NSI 
variants; For two patients a time point before and a time point after S I switch 
were analyzed: N7 = S i l and N8 = 512 
B NT, not tested; DL, detection limit of the assay 

Fig. 1. Ratio of virus load in CD45RA* to virus load in CD45RO* CD4* 
T cells. The ratio of the frequency of infected CD45RA*CD4* T 
cells to the frequency of infected CD45RCTCD4' T cells is shown 
for individuals with only NSI variants and individuals with both S I 
and NSI variants. Individuals with an undetectable virus load in the 
CD45RA* cells were excluded (Nl , N8, S7, S12; Table 1). The 
numbers and horizontal lines in the graph indicate median values. 
The difference between the two groups was analyzed with the 
Mann-Whitney L/test. 

(median = 0.02; Fig. 1). The high ratio observed for 
individuals with both NSI and S I variants (median 
= 0.63) reflects a relatively high frequency of 
infected CD45RA* cells (9-fold lower to 18-fold 
higher) compared to the frequency of infected 
CD45RO* cells (Table 1, Fig. 1). The CD45RA*-
load/CD45RO*-load ratio differed significantly 
between the individuals with and without S I 
variants (/"= 0.001). 

C045RA' CÙ4* T cells are preferentially 
infected with SI variants. The relatively high 
frequencies of infected CD45RA* cells in 
individuals with both NSI and S I variants 
compared to individuals with only NSI HIV-1 
(Table 1, Fig. 1), suggested a preferential infection 
of CD45RA* cells by S I variants. To verify this, we 
analyzed the distribution of co-existing NSI and 
S I HIV-1 in CD45RA* and CD45RO* cells from the 
individuals carrying both variants. Within each of 
the three populations of biological virus clones, 
obtained by cultivation of total PBMC, CD45RCT, 
and CD45RA* cells, the proportion of NSI and S I 
viruses was calculated (Fig. 2). The distribution 
patterns of NSI and S I variants in total PBMC and 
CD45RO* CD4* T cells werz similar, yet differed in 
the CD45RA* CD4* T cells (Fig. 2a-c). Paired 
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Fig. 2. Distribution of S I and NSI variants in total CD4* T 
cells, CD45RA*. and CD45RO' CM* T cells, (a) The total 
number of biological virus clones that were obtained by co-
cultivation of healthy donor PBL with total PBAAC (top), 
CD45RO*CD4* T cells (middle), and CD45RA*CD4* T cells 
(bottom) from S I carrying individuals are depicted at the top 
of each panel. The S I capacity of each virus clone was 
determined by analyzing the presence of syncytia after co-
cultivation with MT2 cells. The open bars represent the 
proportion of NSI clones and gray bars the proportion of S I 
clones. Total PBMC from patient S5 were not tested (NT). No 
clones were obtained from CD45RA*CD4* T cells from 
patients 57 and S12 (NA, not applicable), (b) The difference 
in the proportion of S I variants in CD45RO* and CD45RA* 
cells was analyzed for the individuals with detectable 
CD45RA*-load. The numbers and horizontal lines in the graph 
indicate median values. The difference between the two CD4* 
T cell subsets was analyzed in pairs using the Wilcoxon 
Signed rank test. 

analysis of CD45RA* CÙ4* T cells and CD45RO* 
CD4* T cells revealed a significantly higher 
proportion of S I variants in CD45R/** cells (median 
93.7 versus 40.0%; P - 0.01; Fig. 2d). Thus, while 
the proportions of S I and NS I variants were 
similar in CD45RO* cells, CD45RA* cells were 
almost exclusively infected with S I variants, 
explaining the higher CD45RA* load in carriers of 
S I variants compared to individuals with only NSI 
HIV-1. 

Since both CD4* T cell subsets were infected 
with S I variants, we calculated the frequencies of 
CD45R/V and CD45RCT cells infected with S I 
HIV-1. S I variants were equally distributed over 
CD45RO* cells and CD45R/T cells (median SI-load: 
60 and 47 TCID/106 cells, respectively; P - 0.17; 
not shown). 

cell surface expression of CCR5 and CXCR4 in the 
individuals under study, we analyzed CCR5 and 
CXCR4 expression on CD45RA* and CD45RC7CD4* 
T cells (Fig. 3). In agreement with Bleui et al.1"'1, 
CXCR4 was mainly present on Cb45RA*kO' cells 
(median CXCR4 positive: 95.3%), while CCR5 was 
mainly present on CD45RA"RO* cells (median CCR5 
positive: 34.8%) (Fig. 3b). More importantly, the 
proportion of CXCR4-expressing cells was higher 
than the proportion of CCR5-expressing cells both 
in the naive (95.3 and 9.1%, respectively; P< 0.001) 
and in the memory subset (44.4 and 34.8%, 
respectively; P- 0.04). These expression patterns 
of CXCR4 and CCR5 on CD45R/T and CD45RO* 
cells were indeed compatible with the distribution 
patterns of NSI and S I variants in these T cell 
subsets. 

CÙ45RA' Cb* T cells mainly express CXCR4. 
Cb45RCr CD4* r cells express CXCR4 and 
CCR5. To determine whether the differential 
distribution of HIV-1 variants correlated with the 

Rate of CÙ4* T cell decline correlates with the 
SI-load in Cb45RA* Cb4* T cells. To investigate 
the relation between the virus load in different T 
cell subsets and CD4* T cell decline, we f i rs t 
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Fig. 3. CCR5 and CXCR4 expression on CD45RA* and CD45RO' CD4* 
T cells. Using three-color flow cytometry the percentages of CCR5-
and CXCR4-positive naive and memory cells were determined, (a) 
FACScan images of one representative patient (511) are shown. 
CD4* lymphocytes were gated according to their forward and side 
scatter and CD4 staining. Left panel, CD45RA vs CCR5 staining; 
middle panel, CD45RO vs CXCR4 staining; and right panel, CD45RO 
vs CXCR4 staining. The proportion of CD45RAhi9h cells 
corresponded with the proportion of CD45RO" cells and the 
proportion of CD45RA" cells with the proportion of CD45ROhi9h 

cells; the percentages are depicted on the outside of the graphs. 
The percentages of CXCR4-expressing CD45RO* (RA") and 
CD45RO (RA*) cells and percentages of CCR5-expressing CD45RA* 
(RO) and CD45RA (RO*) cells are depicted in the graphs, (b) For all 
individuals, with NSI variants only (o) or with N 5 I and S I variants 
(•), these percentages are shown. The numbers and horizontal lines 
in the graph represent the median values. The differences in 
proportions of CCR5- and CXCR4-expressing cells within each CD4* 
T cell subset were analyzed with the Student's ttest. 

verified whether differences in CD4* T cell 
decline between individuals with and without S I 
variants could be observed in a short time-span 
surrounding the moment of sampling used in the 
virus load analysis (t=0). For this purpose, the 
individuals were matched at t=0, and at each 3-
monthly time point from t=-12 to t=12, the group 
mean CD4* T cell counts were calculated and used 
in linear regression analysis (Fig. 4a). The mean 
CD4* T cell decline in this period was about 5-fold 
faster in the individuals with S I variants as 
compared to the individuals with NSI variants only 
(10.0 and 1.8 CD4* T cells/uJ blood/month, respec
tively). 

In patients with S I variants, the rate of CD4* T 
cell decline in this 2-year period correlated with 
the SI-load in CD45RA* CM* T cells (rs - 0.79, P-
0.04) and with the ratio of CD45RA*-load to 
CD45RCT-load (rs = 0.75, P- 0.05) analyzed at t=0 
(Fig. 4b). In contrast, no correlation was observed 
between CM* T cell decline and the SI-load in 
CD45RO* cells (rs - 0.36, P - 0.4; not shown), or 
total PBMC (/•„= 0.18, P- 0.7; not shown). The CM* 
T cell decline in patients with only NSI variants 
did not correlate with the virus load in any of the 
cell types (data not shown). 

DISCUSSION 

Although depletion of CM* T cells is one of the 
main features of HIV-1 infection, the mechanisms 
underlying this depletion are still not fully 
understood. Destruction of cells might occur 
through virus-mediated killing of infected cells • 
and activation-induced apoptosis of uninfected 
cells (reviewed in reference 501). Although recent 
studies have shown that in HIV-1-infected 
individuals CD4* T cell turn-over is maximally 2-to 
3-fold increased13683691, limited CD4* T cell renewal 
capacity in adult individuals13725021 might further 
contribute to the depletion of CD4* T cells. In 
HIV-1-infected individuals the effect of natural 
limitations on T cell production may further be 
enhanced by virus induced impairment of the 
development of progenitor cells[389'390l 
Additionally, the decrease in CD4* T cells 
measured in peripheral blood might not be 
completely explained by actual depletion, but 
partly by increased trapping of cells in the 
lymphnodes during HIV-1 infection1370'3711. 

Until recently, the accelerated loss of CD4* T 
cells associated with the presence of S I 
variants176'202'4291 was attributed to the higher in 
vitro cytopathicity of S I variants compared to 
NSI variants'901. However, recently it was shown 
that NSI variants can be equally cytopathic as S I 
variants and that enhanced pathogenicity of S I 
variants can alternatively be explained by 
different tropism resulting in an increased target 
cell population'4981. 

In the present study we showed that S I HIV-1-
infected-individuals carry both NSI and S I 
variants in their CD45RO* (memory) CD4* T cells. 
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Fig. 4. CD4* T cell decline and virus load, (a) For the 2-year period 
spanning the moment of virus isolation and virus load determination 
(t=0), the average CD4' T cell counts at each 3-monthly interval 
were calculated for individuals with NSI variants only (o) and 
individuals with both S I and NSI variants («). At the top of the 
figure the number of included patients is shown. The linear 
regression coefficients (rc) are depicted. Bars indicate the 
standard errors of the means, (b) For the Si-carrying individuals, 
the individual CD4* T cell slopes in the same period of 2 years were 
calculated and correlated with the relative Si-virus load (left) and 
the absolute Si-load (right) in the CD45RA* cells. The Spearman's 
correlation coefficients (rs) and the p-values are shown. 

However, while the CD4* memory cells appeared to 
be the main T lymphocyte target cell population of 
NSI variants, S I variants were additionally 
detected in the CD45RA* (mainly naive) CD4* T 
cells. On average, the Si-virus load was similar in 
CD45RA* and CD45RO* CD4* T cells. The partly 
differential distribution of S I and NSI variants in 
the two CD4* T cell subsets agreed with the 
almost exclusive presence of CXCR4-expressing 
cells in the CD45RA* T cell subset, and the 
presence of both CCR5 and CXCR4-expressing 
cells in the CD45RO*T cell subset. 

The frequency of CD45RA* cells, but not the 
frequency of CD45RO* cells, infected with S I 
HIV-1 correlated with the CD4* T cell decline 
measured over a 2-year period encompassing the 

moment of viral load analysis. This suggests that 
not merely the expansion of the total HIV-1 
target cell population, but specifically S I infection 
of the (largely) naive CD45RA* CD4* T cell subset, 
contributes to the accelerated CD4* T cell decline 
in individuals harboring S I variants. Since naive 
cells contribute exponentially to the memory cell 
pool and given the intrinsically slow generation of 
naive cells in adults'3725021, killing of naive cells by 
S I HIV-1 may have a relatively large impact on 
CD4* T cell renewal. Interference with CD4* T cell 
renewal may in its turn explain the accelerated 
CD4* T cell loss associated with the presence of 
S I HIV-1. 

Although especially in HIV-1-infected 
individuals not all CD45RA* CM* T cells are naive 
cells'455', Ostrowski et al. recently demonstrated 
that truly naive (CD45RA*CD62L* ) CD4* T cells 
are HIV-1-infected in vivo, especially in individuals 
harboring CXCR4-using variants'5001. Though in the 
present study we cannot exclude that non-naive 
cells are among the infected CD45RA* cells, the 
truly naive cells are more likely to represent the 
major HIV-1-infected cells in the CD45RA* 
population for several reasons. First, non-naive 
CD45RA* CD4* T cells are considered to belong to 
the memory compartment. In agreement we 
recently observed that the frequency of CCR5-
expressing cells among the non-naive CD45RA* 
CD4* T cells was similar to that of resting 
CD45RO* CM* T cells, and intermediate to that of 
truly naive CD4* T cells and activated CD45RO* 
CD4* T cells'5031 (HB, unpublished observations). 
The low frequency of NSI variants in the 
CD45RA* cell subset would be diff icult to explain 
if, within the CD45RA* CD4* T cells, the non-naive 
cells represent the major population of HIV-1 
carrying cells. Furthermore, in most individuals 
studied here, we observed a low frequency of 
CCR5 and a high frequency of CXCR4-expressing 
cells in the CD45RA* cell population. This 
expression pattern is consistent with the 
assumption that at the moment of analysis, the 
majority of the CD45RA* cells were naive in most 
patients. 

At this moment it is not clear at what time point 
during their life cycle peripheral naive cells 
become infected. I f infection occurred when the 
T cells were already mature and expressing 
CD45RA, HIV-1 may be present as an incomplete 
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and labile proviral DNA species'5041, in analogy to 
observations in quiescent cells'65,66'771. On the 
other hand, the existence of proliferating cells 
within the naive cell population1505' may support 
integration of viral DNA in part of the naive cells. 
In agreement, Ostrowski et al. demonstrated that 
integrated proviral DNA is detected in naive cells, 
yet at lower levels compared to memory cells'5001. 
The capacity of S I variants to infect resting 
CD45RA* cells has been previously observed in 
vitro'504'506-5081. In one of these studies, infection 
of CD45RO* cells was shown to be more efficient 
than infection of resting CD45RA* cells, as 
measured by the presence of proviral DNA'5061. In 
the other studies however, no differences in viral 
entry and production of full length reverse 
transcripts in CD45RA* and CD45RO* cells was 
observed'507'5081. In agreement, similar levels of 
virus production could be induced with PHA-
stimulation of infected resting CD45RA* and 
CD45RO* cells'504-506-5081. 

Alternatively, peripheral HIV-1-infected naive 
cells may derive from infected thymocytes. 
Thymocytes can be infected during different 
stages of maturation'"31141. Since mature 
thymocytes are activated during the process of 
positive selection'5095101, they could theoretically 
support proviral integration and productive 
infection. Indeed, mature infected thymocytes 
are capable of virus production in the presence of 
cytokines normally present in the thymus'1141. The 
existence of stably infected thymocytes, surviving 
infection during subsequent differentiation 
processes, is suggested by the existence of 
productively infected CD3*CD8*CD4" 

thymocytes'511-5121, expressing viral rnRNA'5111. 
Survival of thymocytes with integrated provirus 
could thus result in peripheral naive cells with 
integrated HIV-1 DNA. Thymocytes express 

CXCR4 during most stages of maturation and only 
low levels of CCR5'112"1151, compatible with 
preferential infection by S I variants. Although 
conflicting results in this respect have been 
obtained in vitro'113114'5121, S I variants were shown 
to be more thymocyte-tropic in vivo in a SCID-hu 
mice model'1181. 

Even though especially in Sl-infected individuals 
naive cells were shown to carry replication 
competent HIV-1, it is not known whether naive 
cells support HIV-1 replication in vivo. However, 
virus production may be supported by low levels of 
residual proliferation or induced upon antigen 
induced stimulation, either way resulting in an 
increased death of naive cells. Since increased 
killing of CD45RA* cells may have a large impact, 
even when relatively low numbers of cells are 
infected, the capability of S I HIV-1 to infect 
CD45RA* cells next to CD45RO* cells may 
represent the crucial difference between S I and 
NSI variants with respect to their pathogenicity. 
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Differential coreceptor expression within CD45RA* naive and CD45RO* memory 
CD4+ T cells provide distinct cellular niches for independent non-syncytium-

inducing and syncytium-inducing HIV-1 evolution 

In HIV-1 infection, virus variants with syncytium-inducing (SI) capacity in the MT2 T cell 
line can evolve after a non-SI (NSI)-predominated phase. Recently, we showed that NSI 
variants can be isolated from CD45RO* (memory) and S I variants can additionally be 
isolated from CD45RA* (naive) CD4* T cells, corresponding with the differential expression 
of the H IV-1 coreceptors, CCR5 and CXCR4, on these T cell subsets. Here, we 
longitudinally analyzed biological H IV-1 clones that were obtained from four patients during 
the switch from NSI to S I H I V - 1 , with respect to tropism for CD45RA* and CD45RO* 
CD4* T cells, coreceptor usage, and phylogenetic relationships based on the envelope V3 
region. NSI variants were generally isolated from the CD45RO* CD4* T cell population and 
were CCR5-restricted throughout infection. S I H IV-1 variants seemed to evolve and 
persist in the CD45RO* CD4* T cells. In three of four patients, the first MT2-tropic 
clones preferentially used CCR5 and were unable to infect PBMC from a CCR5 A32/A32 
donor. These clones still had an NSI-like V3 loop and clustered with the NSI clones in 
phylogenetic analyses. S I clones that efficiently used CXCR4 showed several drastic 
changes in the V3 loop as compared to co-existing NSI variants and over time the NSI and 
S I populations in the patients diverged. With the ongoing evolution after S I conversion, S I 
clones lost the capacity to use CCR5. In concordance, increased S I H IV-1 infection of 
CD45RA* CD4* T cells was observed that ultimately equaled the S I HIV-1 infection of the 
CD45RO* T cell population. Differential CCR5 and CXCR4 expression provides distinct 
cellular compartments even within the CD45RO* CD4* T cell population, thus contributing to 
the co-existence of NSI and S I HIV-1 and their independent evolutionary pathways. 

In human immunodeficiency virus type 1 (HIV-1) progression, and a poor prognosis for survival12021, 
infection, an estimated number of 108 to 1010 viral CC chemokine receptor 5 (CCR5) has been 
particles are produced and eliminated from the identified as the coreceptor for entry of NSI 
human body per day[23"251. The large production of HIV-1. CXC chemokine receptor 4 (CXCR4) is the 
virus in combination with the error-prone reverse alternative main HIV-1 coreceptor, used by S I 
transcription of the viral RN/4 ultimately results in variants160"63'95,961. Other chemokine receptors 
a mixed virus population of so-called quasispecies. (such as CCR2, CCR3, CCR8, CX3CR1) or 
These virus variants may vary with respect to structurally related molecules (the orphan 
their biological properties, such as replication receptors BOB/gprl5, BONZO/strl33, apj) have 
rate, cytopathicity, and cellular tropism. Early in been identified as coreceptors for entry of HIV-1 
infection, a rather homogeneous population of in as well195'96'442'443'445"448'5131. However, with the 
general macrophage-tropic, non-syncytium- exception of CCR3, these molecules seem to be 
inducing (NSI) virus variants is present11921931, able to mediate entry of only a minority of HIV-1 
However, during the course of infection virus variants and the biological significance of these 
variants become predominantly T-cell-tropic'1941 additional coreceptors remains to be established, 
and in 50% of individuals this is associated with In several extensive studies, the vast majority of 
the appearance of syncytium-inducing (SI) the tested primary NSI isolates were shown to be 
variants. These S I variants can be discriminated restricted to CCR5 usage1101102'4041. Expanded 
from NSI variants by their ability to replicate and coreceptor usage has been observed for S I 
induce syncytia in T cell linesC89l The emergence of isolates, which may use CCR5 and other 
S I HIV-1 variants is associated with a subsequent coreceptors in addition to CXCR4. This expanded 
rapid CD4* T cell decline, an accelerated disease coreceptor usage was associated with more rapid 
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disease progression'100103 ' '311, as was previously 

descr ibed f o r t h e presence o f S I H I V - 1 isolates. 

The capacity t o repl icate and induce syncytia in 

T cell lines seems to be determined mainly by t he 

second and t h i r d variable loop (V2 and V3) o f 

gp l 20 , as demonst ra ted by chimeric viruses 

carry ing these envelope regions f r o m S I variants 

in an N S I background'1611761. Fur thermore, t he 

presence o f a posit ively charged amino acid a t 

e i ther one or both of two f i x e d positions o f V3 

(posit ion 11 or 25) was highly associated wi th S I 

capacity in pr imary isolates'162-5141. This suggests 

t ha t these amino acids play a crucial role in t he 

in teract ion o f H I V - 1 w i th CXCR4. Indeed, later 

studies conf i rmed the involvement o f V1/V2 and 

or V3 in usage o f CCR5, CCR3 and CXCR4 as 

coreceptors"24-165166175 '515 '5161. 

Through t h e acquisit ion o f t he capacity to 

in fec t CXCR4 expressing cells, S I conversion 

resul ts in a great ly increased potent ia l t a rge t cell 

population. S t i l l , S I H I V - 1 var iants emerge in only 

50% o f H I V - i - i n f e c t e d individuals'891. The f inding 

t h a t S I conversion seems to occur only once 

during H I V - 1 infection'5171 , t he ra r i t y o f virus 

variants w i th in termediate genotypes, and the 

non-gradual character o f evolution to S I H I V - l ' 2 0 7 1 

might suggest t h a t t he virus evolves to the S I 

phenotype through several stages wi th reduced 

f i tness. The re lat ively low frequency o f S I 

conversion, despi te t he high mutat ion frequency 

o f H I V - 1 , might then be explained by an 

incompetence o f in termediate , less f i t variants to 

compete w i th t h e wel l-establ ished N S I population. 

Once establ ished, S I variants appear to be 

more repl icat ion competent than N S I variants, 

given the broader t a rge t cell range and the in 

general higher repl icat ion kinet ics o f S I H I V - 1 in 

vitro'2687 '5171 . I n th is l ight , i t seems paradoxical 

t ha t N S I variants persist and may even expand in 

vivo a f t e r t h e emergence o f S I HIV-1 ' 2 0 8 1 . A 

possible explanation would be t h a t N S I and S I 

H I V - 1 have the i r own cellular niche wi th in an 

in fec ted individual. I ndeed , recent ly we showed 

t h a t N S I variants are mainly isolated f r o m 

memory, CD45RO* CD4* T cells whereas S I 

variants are isolated f r o m naive, CD45RA* C04* T 

cells as well'5181. 

Al though the ex is tence o f d is t inc t t a rge t cell 

populations could explain t h e co-existence o f N S I 

and S I H I V - 1 var iants, i t seems cont rad ic tory 

wi th the d i f f i cu l t y f o r emerging S I var iants t o 

compete wi th t he establ ished N S I population. To 

gain more insight into t he development o f N S I t o 

S I H I V - 1 and the i r potent ial to co-exis t in vivo, 

we studied coreceptor usage in relat ion to t rop ism 

f o r CD45RA* and CD45RO* CD4* T cells and the 

evolutionary relationships between t h e virus 

variants during N S I t o S I evolution. I n addi t ion, 

expression pat terns o f t he H I V - 1 coreceptors 

were determined on these CD4* T cell subsets. 

MATERIALS AND METHODS 

Patients. Four patients, ACH039, ACH171, ACH208, and 
ACH490, who developed S I HIV-1 variants during a 
progressive disease course were selected (Fig. 1). All 
patients were male homosexual participants of the 
Amsterdam Cohort studies on HIV-1 and AIDS. In this 
cohort, the presence of S I HIV-1 variants is 
prospectively determined at every visit by cocultivation 
of 106 uncultured patient peripheral blood mononuclear 
cells (PBMC) with 106 MT2 cells as previously 
described'89'. S I conversion was calculated as the 
midpoint between the last MT2-negative and the f i rs t 
MT2-positive visit. 

Isolation of CD45RA' and CD45RC C04* T cells from 
PBMC. Cryopreserved patient PBMC were stained with 
monoclonal antibodies (mAbs) against CD45RA (PE-
conjugated), CD45RO (FITC-conjugated) and CD4 (TC-
conjugated; all antibodies were obtained from Caltag, 
Burlingham, CA) and FACS-sorted on a FACStar (Becton 
Dickinson, San Jose, CA). Cells were separated in a 
CD45RO* CD45RA" and a CD45RO' CD45RA' CD4* T cell 
population. Upon re-analyses of the purified cell 
populations, contamination by the reciprocal subset was 
on average 0.3 %. 

Clonal isolation of virus. Biological virus clones were 
obtained via cocultivation of 2- to 3-day 
phytohaemagglutinin-stimulated healthy donor PBMC 
(PHA-PBMC) with serial dilutions of patient PBMC, 
purified CD45RA*, or CD45RO* CD4* T cells in a 96-well 
plate under limiting-dilution conditions. Per well, 10,000 to 
40,000 PBMC or 100 to 8,000 CD45RA* or CD45RO* CD4* 
T cells were cocultivated with 105 PHA-PBMC in a final 
volume of 200 rf of recombinant interleukin-2 (Proleukin, 
Chiron Benelux BV, Amsterdam, the Netherlands)-
supplemented medium for 28 days. For each cell dilution, 
multiple cocultures (24 to 48 wells) were performed. At 
day 7, 14, and 21, one-third of the culture supernatants 
was harvested for analysis of p24 production by an in-
house antigen-capture ELISA. Cells were resuspended 
and half of the cells was transferred to 96-well plates 
containing fresh healthy donor PHA-PBMC (105 cells/well) 
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and further cultured in a final volume of 200 /A. To 
determine S I capacity, 25,000 AAT2 cells per well were 
added to the remainder of the culture and scored by 
visual inspection for the presence of syncytia at days 3 to 
7. From positive wells in the PBMC cultures, virus stocks 
were grown in 25-ml culture flasks, cell-free 
supernatants stored, and the infected PBMC used to 
confirm S I phenotype by cocultivation with 106 MT2 cells 
in a final volume of 3 ml for 10 days. In cases where MT2 
infection did not correspond with the U87-CXCR4 
infection, the MT2 assay was repeated and additionally 
p24 production was determined by an in-house p24 
ELISA. 

The frequency of productively infected cells was 
calculated with the formula for the Poisson distribution: 
F- -ln[Fo], in which Fo is de fraction of negative cultures, 
and was expressed as tissue culture infectious dose 
(TCID) per 106 cells. Viruses obtained via this procedure 
were considered to be clonal if less than one third of the 
wells were positive for p24, as can be estimated from the 
Poisson distribution. 

Determination of coreceptor usage. Coreceptor usage 
was tested using human astroglioma U87 cells that stably 
express CD4 and one of the HIV-1 coreceptors, CCR1, 
CCR2, CCR3, CCR5, CXCR4, BOB or BONZO. All 
coreceptor-expressing cell lines were maintained in 
Iscove's medium supplemented with 10% FCS, 5 //g/ml 
polybrene, 100 U/ml penicillin, 100 /jg/ml streptomycin 
and 1 /x)/ml puromycin and were regularly selected for 
C M expression with 200 /jg/ml (5418. Ct>4 expression on 
each cell line and CCR1, CCR2, CCR3, CCR5, and CXCR4 
expression on the corresponding U87 cell lines was 
confirmed by flow cytometry or RT-PCR'4041. U87-BOB 
and U87-BONZO were obtained via retroviral transfer. 
Briefly, a packaging cell line was transfected with either 
pBABE-BOB or pBABE-BONZO and the supernatants 
were used to infect U87-CD4 cells. The transfected cells 
were maintained in selection medium and expression of 
BOB and BONZO was confirmed by RT-PCR (data not 
shown). An U87 cell line stably expressing CD4 but no 
HIV-1 coreceptor was included in all experiments as a 
control. This cell line was maintained in the same medium 
as the coreceptor-encoding cell lines but without 
puromycin. 

Twenty-four hours prior to virus inoculation, 104 cells 
per well of each cell line were seeded in 96-well plates. 
The cells were inoculated in a cell-free manner with a 
minimum of 102 TCID50 per virus clone in a total volume of 
200 fj\. After 24 hours, the cells were washed twice with 
PBS to remove unbound virus and cultured in 200 ^1 of 
medium. At day 7, the cells were transferred to 24-well 
plates and maintained in 1 ml of fresh medium. 
Supernatant was collected at 7, 14, 21, and 28 days after 
infection and analyzed by an in-house p24 ELISA. 

Virus clones from patients ACH039 and ACH208 were 
tested for the ability to use CCR1, CCR2, CCR3, CCR5, 
CXCR4 and in a subset of the clones for BOB and BONZO 

{n - 19 and n - 29 for ACH039 and ACH208, 
respectively). Clones from patient ACH171 and ACH490 
were tested for CCR3, CCR5 and CXCR4. After finishing 
the experiments, expression of CD4 and coreceptors on 
U87-CCR3, CCR5 and CXCR4 was reconfirmed by flow 
cytometry (data not shown). 

A subset of the virus clones was tested for the ability 
to productively infect PHA-PBMC from a healthy donor 
who is homozygous for a 32-bp deletion in CCR5 (CCR5 
A32/A32). PHA-PBMC were inoculated in a cell-free 
manner and cultured for 21 days. At day 7, 14, and 21 
virus replication was determined by use of an in-house 
p24 ELISA. 

Sequencing. Viral gpl20 V3 sequences were amplified by 
PCR as described15171. PCR products were purified and 
sequenced using the ABI prism BigDye Terminator 
sequencing kit (Perkin-Elmer) according to the 
instructions from the manufacturer using primers seq 5 
and seq 6t517). Sequences were analyzed on an ABI prism 
377 DNA sequencer. A number of sequences were 
available from previous studies'356'5171. 

Accession numbers for ACH039: AF022258, 
AF022262; AF022263; AF022267; AF022271, 
AF022273; AF022274; AF022277; AF022278 
AF022280, AF022283; AF022287-AF022291 

AF022293; AF022294; AF022299-AF022301; for 
ACH208: AF021477; AF021494; AF021499; AF021500. 
AF021502; AF021503; AF021505; AF021510; AF021514, 
AF021518; AF021523; AF021524; AF021532; AF021533 
AF021536; AF021607; AF021608; AF021612-AF021614 
AF021616-AF021618; AF021620; AF021622; AF021627-
AF021630; AF021639; AF021647; AF021650; AF021651; 
AF021668-AF021670. Newly generated sequences are 
deposited in Senbank under accession numbers 
AF180898-AF180906 for ACH208, and AF180907-
AF180716 for ACH39. 

Phylogenetic analyses. Deduced amino acid sequences of 
the V3 region were obtained using TRANSLATE and 
aligned by PILE-UP (SCS-Sequence Analysis Package). 
Phylogenetic analyses were performed on the deduced 
amino acid sequences using the neighbor-joining 
method14881, as implemented in the PHYLIP package14891. 
Distance matrices were prepared in PROTDIST using the 
Kimura model for amino acid substitutions'5191. For 
bootstrapping, SEQBOOT, PROTDIST and CONSENSE 
were used. DRAWTREE was used to produce the plots. 

Expression of CCR5 and CXCR4 on Cbf T cell 
subsets. Expression of CCR5 and CXCR4 on the CD45RO* 
and CD45RO" CD4* T cell subsets was determined by 
four-color flow cytometry. Cryopreserved PBMC from 
ACH171 and ACH490 were stained with mAbs directed 
against CCR5 (2D7-FITC; Pharmingen, San Diego, CA), 
CXCR4 (12S5-PE; Pharmingen), CD4 (-PERCP, Becton 
Dickinson) and CD45RO (-APC, Becton Dickinson) and 
analyzed on a FACScalibur (Becton Dickinson). 
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Time af ter S I conversion (months) 

Fig. 1. The clinical course of HIV-1 infection by CD4' T cell number 
(•) and serum RNA load (A). Black triangles at the x-axis indicate 
time points selected for isolation and analysis of virus. S I 
conversion occurred 16, 62, 14 and 75 months after seroconversion 
for patient ACH039,171, 208 and 490, respectively. 

RESULTS 

NSI to SI conversion during the course of 
HIV-1 infection. In order to analyze the 
sequential events in evolution of tropism and 
coreceptor usage during NSI to S I transition, 4 
patients were selected from the Amsterdam 
Cohort Studies on HIV-1 infection and AIDS 
(ACS), who developed S I variants during follow-up. 
For each patient, the course of infection as 
characterized by changes in CD4* T cell numbers 
and viral RNA load in serum is depicted in Figure 1. 
In the ACS, every participant is routinely 
monitored for the presence of S I variants by 
cocultivation of patient PBMC with MT2 cells as 
previously described'891. The moment of S I 
conversion is calculated as the midpoint between 
the last time point at which S I variants were not 
detected and the f i rs t moment at which they were 
detected. Since the MT2 assay is generally 
performed every 3 months, the moment of S I 
conversion can be estimated with reasonable 
accuracy. I t is important to note that S I 
conversion is by definition the moment of f i rst 
detection in the MT2 assay performed on total 
patient PBMC, which is not necessarily the moment 
of f i rs t appearance of S I variants in vivo, because 
of detection limits of the assay. In order to 
isolate S I variants as early as possible after their 
f i rs t appearance, biological clones were isolated 

from several time points encompassing the 
estimated moment of S I conversion. In addition, 
time points were selected well before and after 
the moment of S I conversion (Fig. 1). 

In two of the patients, S I variants were f i rs t 
detected within 1.5 years after seroconversion (16 
and 14 months for ACH039 and ACH208, 
respectively). I n ACH171 and ACH490, the 
transition to S I occurred 5 (ACH171) and 6 
(ACH490) years after seroconversion. 

Tropism for CÙ45RA' and CD45RCT CM' T 
cells. Recently, we demonstrated in a cross-
sectional study, that while NSI variants are mainly 
isolated from CD45RCT CD4* T cells, S I variants 
are isolated from both CD45RA* and CD45RO* 
CD4* T cells. To gain more insight into the 
evolution of tropism for CD45RO* to tropism for 
CD45RA* CD4* T cells during transition from NSI 
to S I HIV-1, we performed clonal virus isolation 
on longitudinally obtained total PBMC and purified 
CD45RA* and CD45RO* CD4* T cells from ACH171 
and ACH490. For both patients, six PBMC samples 
were analyzed, obtained during a 40-month period 
spanning the moment of S I conversion. 

The frequency of cells infected with either NSI 
or S I HIV-1 (hereafter: NSI - or Si-load) in the 
total, the CD45RA* and the CD45RCT CD4* T cell 
population is depicted in Figure 2a. Throughout 
the course of infection, the NSI variants were 
predominantly isolated from CD45RO* CD4* T cells 
(NSI-load in the CD45RO* T cells is about 100-
and 40-times higher than NSI-load in the 
CD45RA* T cells for ACH171 and ACH490, 
respectively; Fig. 2b). Stil l, NSI variants could be 
isolated from the CD45RA* CD4* T cells as well 
(Fig. 2a). Up to 20 months after S I conversion, S I 
variants were also predominantly isolated from the 
CD45RO* CD4* T cells (ratio Si-load in CD45RA* 
cells to Si-load in CD45RO* cells is <1 in both 
patients; Fig. 2b). However, after this point, the 
Si-load in CD45RA* CD4* T cells increased 
proportionally, and 2 years after S I conversion 
the Si-load in the CD45RA* CD4* T cells was even 
slightly higher than the Si-load in the CD45RO* 
CD4* T cells for both patients (~1.5 times higher 
for both patients; Fig. 2b). At this time point, NSI 
variants were no longer detected in the CD45RA* 
CD4* T cell subset (Fig. 2c). I n ACH490, still 40% 
of the clones isolated from the CD45RCT CD4* T 
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Fig. 2. NS I - and Si-load during NSI to SI conversion, (a) Serum RNA load (top) and the frequency of cells productively infected either 
with NSI or S I HIV-1 variants (NSI- or Si-load) in total PBAAC (top), CD45RO* (middle), and CD45RA* (bottom) CD4* T cells from patients 
ACH171 (left panels) and 490 (right panels). Black symbols indicate S I HIV-1 load and white symbols indicate NSI HIV-1 load. Serum RNA 
load is indicated by triangles, (b) Ratio of NSI-load in the CD45RO* to NSI-load in the CD45RA* CD4* T cell subset (left) and ratio of S I -
load in the CD45RA* to Si-load in the CD45RO* CD4* T cell subset (right) of patients ACH171 (•) and ACH490 (o). (c) Proportions of 
clones with the S I phenotype obtained from the CD45RA* (•) or CD45RO* (•) CD4* T cell subset in ACH171 (left panel) and ACH490 (right 
panel). 

cells had the 51 phenotype. For ACH171 the 
percentage of S I variants in this subset was much 
lower. Interestingly in this patient the 
contribution of S I variants to the total load was 
slightly lower than that of the NSI variants (Fig. 
2a). In general, NSI and S I HIV-1 contribute 
equally to the cellular infectious load in total CD4* 
T cells, as was already shown previously for 
ACH039 and ACH208[517] and can be seen here for 
ACH490. 

Coreceptor usage during NSI to SI switch. 
Given the gradual evolution from preferential 
infection of CD45RO* CD4* T cells to preferential 
infection of CD45RA* CD4* T cells by S I variants, 
we next analyzed evolution of coreceptor usage 
during NSI to S I conversion. In addition to the 
clones obtained from the CD45RA* and CD45RO* 
CD4* T cell subsets from ACH171 and ACH490, we 
analyzed coreceptor usage of NSI and S I clones 
isolated in a previous study from total PBMC from 

ACH039 and ACH208. 
Coreceptor usage of NSI and S I variants 

isolated from the different time points was 
analyzed by their capacity to infect U87 cell lines 
stably expressing CD4 in combination with either 
CCR3, CCR5, or CXCR4. None of the virus clones 
were able to infect the control U87-CD4 cell line. 
None of the tested virus clones from ACH039 and 
ACH208 were able to infect U87-CCR1, U87-
CCR2, U87-BOB and U87-BONZO. 

In agreement with their incapacity to infect the 
MT2 cell line, the majority of all NSI variants 
(108/111, 97%) were restricted to CCR5 usage 
throughout infection (Fig 3). Similarly, in line with 
their MT2-tropism, the majority of the S I 
variants (83/100, 83%) were capable of infecting 
the U87-CXCR4 cell line. CCR3 usage was observed 
among the S I variants in 3 of the patients(ACH39, 
171, and 490). Interestingly, in 3 of the patients 
(ACH39, 171, and 208) early S I variants were 
dual-tropic for CCR5 and CXCR4 (R5X4 or 
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Table 1. I n f e c t i o n o f CCR5 A32 /A32 PHA-PBMC by MT2 

and U87 t rop ism" 

is 
490 

Time to 51 con«riioo (monthi) 

V///A RJG5X* 

Fig. 3. (a) Coreceptor usage during the evolution from NSI to S I 
HIV-1 variants. Clones were subdivided in NSI (left panels) en S I 
(right panels) variants, (b) Coreceptor usage of S I virus clones 
isolated from CD45RA* or CD45RCT CD4* T cells from ACH171 and 
ACH490. Virus clones were pooled from the time points in which S I 
clones could be obtained from both the CD45RA* and the CD45RO* 
CD4* T cell subset (10.5,19.5, and 27 months for ACH171; 4.4,19.2, 
and 25.1 months for ACH490). CCR5 (R5, white)-; CCR5 and CXCR4 
(R5X4. gray)-; CCR3, CCR5 and CXCR4 (R3R5X4, hatched gray)-; 
CCR3 and CXCR4 (R3X4, dark gray)-; and CXCR4 (X4, black)-using 
virus clones are indicated. 

R3R5X4), while at the last time point analyzed 
67% (ACH171) to 100% (ACH39, 208, and 490) of 
the S I variants were either X4 or R3X4 variants. 
Thus, with progressing infection, S I variants 

patient 
MT2- MT2* 

patient 
R5 R5X4 R5 R5X4 R3R5X4 R3X4 X4 

A0HO39 0(1) 100 (5) 100 (5) 
ACH171 0(43) 0(2) 0(3) 100(1)100(11) 100(7) 
ACH208 0(4) 0(2) 100 (2) 
ACH490 0(32) 0(1) 0(12) 50 (2) 100 (9) 100 (10) 

' Percentages of clones with the designated U87 and WT2 tropism that were 
able to infect CCR5 A32A32 PHA-PBMC are indicated. Numbers in brackets 
indicate the number of clones analyzed. 

appeared to lose the capacity to use CCR5, 
whereas the capacity to use both CCR5 and CXCR4 
seemed to be an early stage in the evolution of S I 
HIV-1. 

For ACH171 and ACH490, we analyzed whether 
clones isolated from CD45RA* CD4* T cells and 
those isolated from CD45RO* CD4* T cells 
differed with respect to coreceptor usage. All 
types of S I variants could be isolated from both 
subsets in similar proportions, suggesting a 
dynamic exchange of S I HIV-1 variants between 
the CD45RA* and CD45RO* CD4* T cell 
compartments (Fig. 3b). 

Unexpectedly, MT2-tropism did not correlate 
absolutely with the capacity to productively infect 
the U87-CXCR4 cell line. A minority of NSI 
variants appeared to be capable to infect the 
U87-CXCR4 cell line (3/111, 3%), while especially in 
ACH490, MT2-tropic variants were detected that 
were incapable to infect the U87-CXCR4 cell line 
(17/100, 17%). The discordance between the 
capacity of some variants to infect the MT2 and 
the U87-CXCR4 cell lines might indicate 
inefficient CXCR4 usage. To further analyze this, 
we determined the capacity of these variants to 
infect PHA-PBMC from an individual homozygous 
for the 32-bp deletion in the CCR5 gene (CCR5 
A32/A32; Table 1). These cells do not express 
CCR5 on their cell surface and therefore 
replication must be due to entry via CXCR4 or 
possibly another HIV-1 coreceptor (e.g., CCR3). 
None of the CCR5-restricted NSI variants tested 
{n- 80) and none of the variants with a discordant 
phenotype (i.e., the R5X4 NSI and R5 MT2-tropic 
variants, n - 20) were able to productively infect 
the CCR5 A32/A32 PBMC, supporting the idea that 
CXCR4 usage of these variants is highly 
inefficient. These variants were mainly isolated 
early after S I conversion, which suggests that 
they represent an early stage in the evolution 
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toward efficient CXCR4 usage. The vast majority 
of the U87-CXCR4- and MT2-tropic S I variants 
(98%) were able to infect the CCR5 A32/A32 
PBMC, confirming the results obtained in MT2 and 
U87 cell lines. 

Sequence analysis of the third variable loop of 
gpl20. The S I phenotype is strongly associated 
with positively charged amino acids at either one 
or both of two fixed positions of the V3 domain 
(residue 11 or 25)[I62]. I n order to study the 
relation between coreceptor usage and evolution 
of the V3 region, sequence and phylogenetic 
analyses were performed on virus clones from 
ACH039 and ACH208. Sequences from the 
majority of the virus clones were available from 
previous studies1356'517': 387 and 189 nucleotides 
spanning the V3 region for ACH039 and ACH208, 
respectively. The deduced amino acid sequences of 
the V3 regions are depicted in Figure 4. 

For ACH039 and ACH208, the f i rs t efficiently 
CXCR4-using S I clones already differed in the V3 
loop by at least 7 and 4 amino acids, respectively, 
from the CCR5 using NSI clones isolated at the 
same time point. In both patients, all CXCR4-using 
S I variants had a positively charged amino acid at 
position 11 confirming previous observations. The 
association of a positive charge at this position 
with the S I phenotype indicates that the charge 
of the V3 loop might play an important role in the 
interaction with CXCR4. Indeed, one additional 
amino acid substitution between CXCR4-using S I 
clones and coexisting NSI clones resulted in the 
transition from a neutral to a positive charge (for 
ACH039 and ACH208) and one additional 
substitution resulted in the transition from a 
neutral to a negative charge (ACH039). Since the 
CXCR4-restricted S I clones (R3X4 and X4) did 
not have a higher positive charge than the clones 
that could use both CCR5 and CXCR4 (R3R5X4 and 
R5X4), a further increase in the charge of the V3 
loop was not the determinant for the eventual loss 
of the ability to use CCR5. 

The f i rs t MT2-tropic variants from ACH208 
(-1.5 months) and ACH490 (-1.6 to 19.1 months) 
were very inefficient in their ability to use 
CXCR4, as characterized by their incapacity to 
productively infect CCR5 A32/A32 PHA-PBMC and 
the U87-CXCR4 cell line. Interestingly, these 
clones did not have a positively charged amino acid 

at positions 11 or 25 (ACH208; Fig. 4; ACH490; 
not shown). This may indicate that a region outside 
the V3 region may encode the f i rs t step towards 
S I capacity and CXCR4 usage and that efficient 
CXCR4 usage is not established until a positive 
charge at either or both of these V3 positions is 
acquired. 

Phylogenetic relations of NSI and SI HIV-1. 
The neighbor-joining phylogenetic trees based on 
the amino acid sequences are depicted in Figure 5. 
The relatively large number of amino acid 
substitutions between CXCR4-using S I clones and 
coexisting NSI clones is reflected by the large 
phylogenetic distance. This divergence is stable in 
the bootstrap analyses, since it can be observed in 
94 (ACH039) and 77 (ACH208) of 100 replicate 
analyses. After the acquisition of CXCR4 usage by 
S I variants, the NSI and S I HIV-1 populations 
continue to diverge as can be seen in the 
increasing distance between the NSI and S I 
clones obtained from the same time points. The 
virus clones that use both CCR5 and CXCR4 
cluster between the CCR5-restricted clones and 
the CXCR4-restricted clones, which underlines 
their intermediate character in virus phenotype 

Fig. 5. Neighbor joining phylogenetic analyses of the deduced amino 
acid sequences of the V3 regions of the virus clones from ACH039 
(a) and ACH208 (b). Bootstrap values, based on 100 bootstrap 
analyses, indicate in how many replicate trees the clustering is 
observed. Coreceptor usage of the clones is indicated by the colors 
of the symbols: white symbols, CCR5 (R5)-; light gray symbols, 
CCR5 and CXCR4 (R5X4 or R3R5X4)-; dark gray symbols, CCR3 and 
CXCR4 (R3X4)-: and black symbols, CXCR4 (X4)-restricted clones. 
Asterisks indicate the f i rs t MT2-tropic clones from ACH208. 
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Fig. 6. Expression of CCR5 and CXCR4 on CD45RO- and CD45RO* 
CD4* T cells. Cryopreserved P8MC from ACH171 (left) and ACH490 
(right) obtained at 7 and 16 months after S I conversion, 
respectively, were stained with mAbs directed against CD4, 
CD45RO, CCR5, and CXCR4. The CD4'CD45RO- (top) and 
CD4*CD45RO* (bottom) cells were gated. Within these subsets, 
CCR5 and CXCR4 expression were determined. Numbers in the 
figures represent the percentages of gated cells in the 
corresponding quadrants. 

evolution. The early inefficiently CXCR4-using 
MT2-tropic clones from ACH208 (indicated by an 
asterisk in Fig. 5b) cluster with the CCR5-
restricted NSI clones in the phylogenetic tree, 
which underlines their close relatedness to the 
NSI clones. 

Expression of CCH5 and CXCR4 on Cb45R<J and 
CÙ45RCX CD4* T cells. The divergence of NSI 
and S I variants with respect to V3 sequence and 
coreceptor usage over time are compatible with 
the idea that both variants occupy different 
cellular niches within the CD4* T cell population. 
Stil l, NSI and S I variants persistently co-existed 
in CD45RO* CD4* T cells. To analyze whether 
distinct NSI and S I target cell populations can be 
distinguished within the CD45RO* CD4* T cell 
population, we determined the expression of CCR5 
and CXCR4 on CD45RO* and CD45RO" CD4* T cells 
by four-color flow cytometry on cryopreserved 
PBMC from ACH 171 and ACH490 obtained at 7 
and 16 months after S I conversion, respectively. 

Indeed, within the CD45RO* CE>4* T cell subset, 
approximately 25% of the cells were CXCR4* 
CCR5' and 35% of the cells were CCR5* CXCR4" 
(Fig. 6). A minority of the CD45RO* CD4* T cells 
was CXCR4* CCR5* (12 and 7%) and 30 to 34% of 
the cells were negative for both CCR5 and CXCR4. 

In agreement with previous results'518', the 
majority of the CD45RO" CD4* T cells were 
CXCR4* CCR5- (90 and 80% in ACH171 and 
ACH490, respectively). In this subset, only a small 
proportion of cells was positive for CCR5 (3 and 
8%, respectively). Similar results were obtained 
from samples obtained well before S I conversion 
(25 and 10 months, for ACH171 and ACH490, 
respectively; data not shown). 

Interestingly, these results were highly 
divergent from the expression levels observed in 
healthy donors. The majority of CD45RO" CD4* T 
cells were CXCR4* CCR5" (96%, average from 8 
donors), as was described for the HIV-1-infected 
individuals. However, also in the CD45RO* CD4* T 
cell population the majority of the cells were 
CXCR4* CCR5- (68%), while only a minority of the 
cells was CCR5* CXCR4" (5%), and on average 14% 
were CCR5* CXCR4* (data not shown). 

DISCUSSION 

To gain more insight into the evolution from NSI 
to S I HIV-1 and to elucidate the basis of co
existence of NSI and S I virus populations within 
an infected individual, we longitudinally studied 
changes in HIV-1 coreceptor usage and viral 
tropism for CD45R/T naive and CD45RO* memory 
CD4* T cells during NSI to S I conversion. 

NSI HIV-1 variants were always predominantly 
isolated from the CD45RO* T cell subset, 
independent of the presence of co-existing S I 
variants. Just after their emergence, S I variants 
were also mainly isolated from the CD45RO* cells, 
but with time an equal distribution over CD45RO* 
and CD45RA* CD4* T cell subsets seemed to be 
established, in agreement with previous 
observations from a cross-sectional study'5181. 

In agreement with their restricted tropism for 
CD45RO* CD4* T cells, the vast majority of NSI 
virus clones were unable to infect PBMC from a 
CCR5 A32/A32 donor or U87 cell lines other than 
the one expressing CCR5. Early S I variants could 
use both CCR5 and CXCR4 and the early variants 
from ACH039 and ACH171 could additionally use 
CCR3. With increasing time after S I conversion, 
the capacity to use CCR5, but not CCR3, was lost. 
During the transition from the NSI to the S I 
phenotype, virus variants could be isolated that 
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Fig. 7. Model of continuous evolution of S I HIV-1 population during and after the NSI to S I switch. NSI variants are CCR5 restricted and 
infect memory CM' T cells throughout infection. After the acquisition of a number of mutations, variants with a low capacity to use CXCR4 
are established. Via several less f i t stages, the capacity to efficiently use both CCR5 and CXCR4 evolves. These variants may infect CCR5 
expressing memory cells, but have to compete with co-existing NSI variants. The presence of CXCR4*CCR5" naive and memory CD4* T cells 
allow these S I variants to expand. Eventually, S I variants lose the ability to use CCR5, leading to a CXCR4-restricted S I and a CCR5-
restricted NSI HIV-1 population with mutually exclusive target cell populations. 

may represent intermediate phenotypes. These 
variants were MT2-cell-line-tropic, but lacked the 
capacity to infect the U87-CXCR4 cell line and 
CCR5 A32/A23 PBMC, or were unable to infect the 
MT2 cell line and CCR5 A32/A32 PBMC but 
capable to infect the U87-CXCR4 cell line. These 
discordant phenotypes most likely reflect 
inefficient CXCR4 usage. In line with these 
observations, these variants with intermediate 
phenotypes had NSI-like V3 sequences (i.e., 
negatively or uncharged amino acids at positions 11 
and 25) and clustered with NSI sequences in 
phylogenetic analyses. The capacity of these 
variants to replicate in MT2 cells, which 
completely lack CCR5 surface expression (data not 
shown), may thus implicate that the ability to use 
CXCR4, although inefficiently, is f i rs t determined 
by regions outside V3. In agreement with this, it 
was previously shown that the insertion of the 
\/l/V2 region of an S I isolate in an NSI 
background (both viruses isolated during S I 
conversion) resulted in a low but significant S I 
capacity. The additional insertion of the V3 loop 
fully restored S I capacity, indicating that V3 is 
not the sole but major determinant of the 
phenotype[176l 

A relatively large number of differences within 
the V3 loop and a large phylogenetic distance 
between the f i rs t efficiently CXCR4-using S I 
variants and the co-existing NSI variants and/or 
the CCR5 using MT2-tropic variants was observed. 
The inability to isolate variants with intermediate 
V3 sequences may indicate the existence of less 
f i t variants that represent a minority of the total 
virus population but are important to establish an 
S I population with efficient CXCR4 usage. I t is 

likely that after the acquisition of inefficient 
CXCR4 usage (as determined by regions outside 
the V3 loop), a specific combination of mutations, 
including mutations in V3, may be required for 
efficient interaction with CXCR4. Viruses that 
have not yet achieved the full combination of 
required mutations may be less replication 
competent and unable to compete with the co
existing NSI variants or may be more easily 
cleared from the body by a competent immune 
system. 

After the acquisition of efficient CXCR4 usage 
by S I variants, the NSI and S I HIV-1 populations 
continued to diverge as can be seen in the 
increasing phylogenetic distance between the NSI 
and S I clones obtained from the same time points. 
The S I clones further evolve from the ability to 
use both CCR5 and CXCR4 to a CXCR4-restricted 
phenotype (either or not in combination with CCR3 
usage). 

The divergence of NSI and S I variants with 
respect to V3 sequence and coreceptor usage, and 
their co-existence throughout infection are 
compatible with the idea that they occupy 
different niches within the CD4* T cell population. 
Otherwise, one would expect that a slight growth 
advantage would result in loss of the virus 
population with the lower replicative capacity. S I 
HIV-1 variants can be isolated from naive 
CD45RA* CD4* T cells, whereas NSI variants are 
isolated from this T cell subset only to low levels. 
Still the NSI and S I populations persistently co
exist in the memory CD45RO* CD4* T cells. Flow 
cytometric analysis showed that within the 
memory CD4* T cells a large CCR5* CXCR4" 
population and a large CXCR4* CCR5" population 
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ex is t in H IV -1 - i n fec ted individuals (in contrast to 

observations in healthy donors in whom CCR5* 

CD4* T cells in general also express CXCR4). These 

d is t inc t populations wi th in t he CD45RO* CD4* T 

cells may funct ion as d is t inc t cellular niches f o r 

N S I and S I H I V - 1 variants. 

Based on the resul ts descr ibed in th is study, we 

propose a model o f continuous virus evolution 

during and a f t e r t he conversion to S I H I V - 1 (Fig. 

7). N S I clones are CCR5-rest r ic ted and t h e r e f o r e 

capable o f in fect ing t h e CCR5 expressing 

CD45RO* memory CD4* T cells throughout 

in fect ion. N S I in fect ion o f CD45RA* naive CM* T 

cells also occurs, though a t low frequency 

probably due to t he low number o f CCR5-

expressing CD45RA* CD4* T cells. Random 

mutations may occur, resul t ing in a low capacity to 

use CXCR4. S t i l l , these variants pre ferent ia l ly use 

CCR5 in vivo and t h e r e f o r e have to compete w i th 

the co-exist ing and well-adapted N S I population 

f o r t he same CCR5 expressing t a r g e t cell 

population. The acquisit ion o f a combination o f 

mutations, including a posit ively charged amino 

acid a t e i ther posit ion 11 or 25 in t he V3 loop, 

eventually resul ts in an increased e f f i c iency to use 

CXCR4, though init ial ly a t t he expense o f viral 

f i tness. A f t e r t he acquisit ion o f e f f i c i en t CXCR4 

usage, t he t a rge t cell population o f t he S I H I V - 1 

variants is ex tended to include t h e CD45RA* and 

the CXCR4* CD45RCT CD4* T cells. I n f e c t i o n o f 

these CXCR4* CCR5" CD4* T cells o f f e r s t he 

opportuni ty t o avoid compet i t ion wi th N S I 

var iants, which may be very repl icat ion competent 

especially late in infect ion [ 4 2 8 ] . The existence o f 

th is d is t inc t cellular niche allows t h e S I variants 

to expand in ar\ environment where they are 

init ial ly outnumbered by t h e N S I population and 

eventually even reach equal levels as t he N S I 

variants. The acquisit ion o f increased a f f i n i t y f o r 

CXCR4 might exclude the capacity t o use CCR5 

because o f s t ruc tu ra l constra ints, explaining t he 

loss o f t he ab i l i ty to use CCR5 by late stage S I 

variants. Eventually, two virus populations are 

establ ished wi th two largely mutually exclusive 

ta rge t cell populations and t h a t have no 

in teract ion wi th each other : an N S I virus 

population t h a t is CCR5-restr ic ted and wi th in t he 

T cell pool pre ferent ia l ly in fec ts CCR5* memory 

CD4* T cells, and an S I virus population t h a t is 

CXCR4-rest r ic ted and pre ferent ia l ly in fec ts naive 

and CXCR4* CCR5' memory CÙ4* T cells. The 

occupation o f t he CXCR4* cellular niche by th is S I 

H I V - 1 population may prevent t he outgrowth o f 

possibly newly emerging S I variants by 

competi t ion f o r CXCR4* cells, thus explaining t h e 

f inding t h a t S I variants seem to evolve only once 

during in fect ion. 
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HIV-1 infection (1): The two 'parties' 

Multiple host and virus features influence the risk of infection upon HIV-1 exposure as well 
as the rate of disease progression. Thus, the risk of transmission is determined by factors 
that influence the infectivity of the potential H IV-1 donor (e.g., stage of disease, viral 
load), and factors that influence the susceptibility and the immune defense of the exposed 
individual. Once infection is established, the rate of disease progression is associated with 
viral factors that influence virus production, virus spread, and virus pathogenicity, and host 
factors that control virus production and virus spread (i.e., susceptibility and immune 
control), and the capacity of the host to replenish lost CD4* T cells. In this thesis some of 
the virus and host factors involved in infection/transmission and the course of infection 
have been described. Below, these and other features that have been identified during two 
decades of H IV-1 research are summarized and discussed. 

Host features 

Host factors that interfere with the efficiency of 
infection, virus production and virus spread 
through the body are likely to influence 
transmission and the clinical course of infection. A 
variety of polymorphisms have been implicated in 
this respect and are highlighted below. 

H I V - 1 susceptibility 

The idea that cases of natural resistance to HIV-1 
infection and long-term survival may partly be due 
to differences in host genetics came amongst 
others from in vitro observations that PBMC of 
different individuals are differentially susceptible 
to HIV-1 infection12852861. Low in vitro 
susceptibility was shown to be associated with a 
reduced risk of transmission from mother to 
child12871, and total insusceptibility to NSI 
infection was observed in HIV-1 negative 
individuals with high risk of infection t62288!. i n 
agreement, we showed in chapter 2 that reduced 
in vitro susceptibility of PBMC from exposed non-
infected individuals to NSI variants from their 
infected partners was associated with lack of 
transmission in (monogamous) homosexual couples. 

CCR5A32 

Upon HIV-1 transmission and during the early 
phases of infection, the fast majority of all HIV-1 
variants have the NSI phenotype[191"1941. 

Furthermore in half of the HIV-1-infected 
individuals only variants with the NSI phenotype 
can be detected throughout the course of 
infection188194'2021. In contrast to S I variants, that 
use CXCR4 and can often additionally use CCR5 
and CCR3, NSI variants almost exclusively use 
CCR5 as a coreceptor197"1031 (chapter 10), 
irrespective the stage of disease at which they 
are isolated (chapter 4). 

Soon after the identification of the 
coreceptors, several studies reported on the 
existence of a common polymorphism in CCR5'291" 
293 l The polymorphism comprises a 32-bp deletion 
in the coding region of CCR5, resulting in a 
truncated protein that is not transported to the 
cell surface. Concomitantly, individuals carrying 
the deletion at both alleles (CCR5 A32/A32 
individuals) lack CCR5 at their cell surface1291'4051. 
PBMC from CCR5 A32/A32 individuals appeared to 
be completely resistant to NSI infection1291'292'4171. 
Approximately 20% of the Caucasian population is 
heterozygous for CCR5A32 (CCR5 A32/+ 
individuals)!292'294'2963011. PBMC from CCR5 A32A 
individuals on average contain intermediate 
numbers of CCR5 expressing cells and have 
intermediate CCR5 cell surface expression levels, 
compared to CCR5 A32/A32 and CCR5 +/+ 
PBMC[4051 (chapters 3 and 5). Concomitantly, PBMC 
from CCR5 A32/+ individuals generally have an 
intermediate susceptibility to infection with NSI 
variants in vjtro[291'300'405'4161 (chapter 2). This 
effect of heterozygosity for CCR5A32 was even 
stronger in vivo in PBL-SCID mice14171. Despite the 
general association between CCR5A32 genotype 
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and CCR5 cell surface expression, large variation 
was observed within PBMC from CCR5 A32/+ and 
CCR5 +/+ individuals, resulting in overlapping 
expression levels between individuals from the two 
genotypic groups. In chapter 3, we showed that 
irrespective of the genotype, the frequency of 
CCR5 expressing cells is correlated with in vitro 
susceptibility to NSI variants. 

The in vitro observed effects of CCR5A32 on 
CCR5 expression and susceptibility to HIV-1 
infection ar& translated to the in vivo situation. 
Compared to the total human population, the 
frequency of CCR5 A32/A32 individuals was higher 
in people that remained uninfected despite 
frequent exposure to HIV-1'291"2961. The higher 
frequency of CCR5A32 homozygosity among 'high-
risk' individuals implies that this mutation protects 
against HIV-1 infection. The basis of this would be 
the preferential transmission of macrophage-
tropic (NSI) variants1191"1931, together with the 
complete lack of CCR5 surface expression12914051. 
This protection appeared not to be absolute, 
however, since some CCR5 A32/A32 individuals 
were shown to be infected with HIV-1'399'406"4081. 
Infection of CCR5 A32/A32 individuals can be 
explained by transmission of (macrophage-tropic) 
S I variants'1931. Indeed, one of the HIV-1-infected 
CCR5 A32/A32 individuals that was analyzed 
showed to harbor CXCR4-using viruses only14091. 

With the exception of one study'2921, no 
significant differences were observed in the 
frequencies of heterozygous individuals among 
HIV-1 positive, HIV-1 negative low-risk, and HIV-1 
negative high-risk individuals, suggesting that 
heterozygosity for CCR5A32 does not offer 
protection from infection'293"2961. The lack of 
protection from infection in individuals with the 
CCR5 A32/+ genotype seems in contrast with the 
association between this genotype and reduced in 
vitro susceptibility'291'300-416'4171, and the association 
between reduced susceptibility and lack of 
transmission'2871 (chapter 2). A couple of 
explanations can be envisaged. First, the 
association between reduced susceptibility and 
CCR5A32 genotype is not complete. In chapter 2 
we found that all CCR5 A32/+ individuals had 
PBMC with reduced susceptibility, yet 50% of the 
PBMC with reduced susceptibility were CCR5 +/+. 
Also, a study on frequently exposed uninfected 
individuals, showed that 3 out of 23 individuals 

screened were CCR5 A32/A32, while the others 
were CCR5 +/+[3001. These CCR5 +/+ individuals did 
have cells with reduced surface expression of 
CCR5 and reduced in vitro infectability'3001. 
Because of the existence of other determinants 
of susceptibility besides CCR5A32, the absence of 
a higher frequency of CCR5 A32/+ among 
frequently exposed uninfected individuals does not 
necessarily rule out the positive effect of reduced 
susceptibility on transmission. 

Second, additional factors may override the 
effect of lower susceptibility. I t has been shown 
that the stage of disease and the viral load in the 
virus donor are associated with the risk of 
transmission'249"2581. Indeed, in chapter 2 we 
observed that transmission despite low in vitro 
HIV-1 susceptibility of recipient PBMC coincided 
with a relatively high infectious cellular load in the 
HIV-1 donor, and the other way around absence of 
transmission despite normal susceptibility 
coincided with a low infectious load in the donor. 
Thus, whether transmission occurs is likely to be a 
combination of the viral inoculum at exposure and 
the susceptibility of the f i rst target cells 
encountered. Accordingly, frequent exposure to 
HIV-1 may override the effect of modestly 
reduced susceptibility resulting from a CCR5 
A32/+ genotype. Frequent exposure to HIV-1 will 
increase the overall chance that transmission 
occurs based on mere statistics, as well as the 
chance of encountering a high viral inoculum. In 
promiscuous individuals the effect of CCR5A32 
heterozygosity may therefore be too low to offer 
protection. In monogamous individuals however, in 
cases where the HIV-1-infected partner has a low 
viral load, the slight reduction in susceptibility 
may contribute to protection, as we described in 
chapter 2. 

Alternatively (or additionally), given the 
association between susceptibility and CCR5 
expression levels'3004051 (chapter 3), the 
difference in protection between promiscuous 
CCR5 A32A and monogamous CCR5 A32/+ 
individuals may result from differences in CCR5 
surface expression levels despite the same 
CCR5A32 genotype. CCR5 is mainly expressed on 
cells with an activated/ memory phenotype'1191201 

(chapters 3, 5, and 9). The presence of other 
STDs (associated with unsafe promiscuous sexual 
behavior) might increase the proportion of CCR5 
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expressing cells through immune activation and 
contribute to the higher risk of getting infected 
upon exposure associated with the presence of 
STDs[252.289,290] I n s u p p o r t Qf + h | S ^ + h e 

proportion of CCR5 expressing cells appeared to 
be higher in pre-seroconversion PBMC from 
individuals that got infected later on, compared to 
healthy (low risk) blood donors (chapter 5). 

Finally, the magnitude of the protective effect 
of reduced susceptibility may depend on sexual 
behavior and hence the route of transmission (i.e., 
relatively thin anal epithelial layer versus vaginal 
mucosa). In support of the latter, one study 
showed that CCR5A32 heterozygosity offered 
protection in heterosexual but not homosexual 
partners of HIV-1-infected individuals1426'. 
Although the protective effect of CCR5A32 
heterozygosity in HIV-1 transmission is limited, 
its protective ef fect on disease progression in 
HIV-1-infected individuals is evident. CCR5 A32/+ 
individuals are more frequently observed among 
long-term nonprogressors (LNTP) compared to 
progressorst293-296<396'4!°4114251. The contribution of 
CCR5A32 heterozygosity to a more benign course 
of infection is likely explained by limited viral 
spread due to lower CCR5 expression levels and 
reduced susceptibility. This ef fect is probably of 
most significance during the early phase of 
infection, given the on average reduced viral load 
already early in infection of CCR5 A32/+ 
individuals1294-396'4101, and the beneficial effect of a 
low viral load set-point on the subsequent rate of 
disease progression1333"337,5201. Indeed, the 
protective ef fect of heterozygosity for CCR5A32 
appeared to be confined to the pre-AIDS period, 
indicating that the positive influence is mainly 
exerted during the relatively early phase of 
infection15211. 

Even though the mean time to AIDS is lower in 
HIV-1-infected CCR5 A32/+ individuals compared 
to CCR5 +/+ individuals, some CCR5 A32A 
individuals progress rapidly to AIDS. Inversely, 
about half of the individuals with a benign course 
of disease are CCR5 +/+. The absence of a 
complete correlation between CCR5 genotype and 
disease progression may be due to several factors. 
For instance, coreceptor usage other than CCR5, 
and/or enhanced aff inity for CCR5 might 
accelerate disease progression despite low levels 
of CCR5. The protective ef fect of CCR5A32 on 

the rate of disease progression was also observed 
after the emergence of S I variants, albeit 
reduced compared to situations were S I variants 
were absent[396]. This indicates that alternative 
coreceptor usage cannot simply explain disease 
progression in the presence of CCR5A32. 
Furthermore, some CCR5 A32/+ individuals that 
progress to AIDS never develop S I variants. In 
chapter 4, we addressed the question whether 
evolution towards other coreceptor usage could 
explain rapid disease progression in CCR5 A32/+ 
individuals with only NSI variants. A total of 173 
NSI biological virus clones from CCR5 +/+ and 
CCR5 A32/+ nonprogressors and CCR5 +/+ and 
CCR5 A32/+ progressors from various stages of 
infection were all restricted to the use of CCR5. 
These observations show that rapid progression in 
CCR5 A32/+ individuals is not necessarily 
associated with the emergence of HIV-1 variants 
that are capable of using other coreceptors. 

In the study described in chapter 2, we 
observed that some NSI variants isolated from 
heterozygous individuals had a similar replicative 
capacity on PBMC from CCR5 A32/+ and CCR5 +/+ 
healthy blood donors, suggestive of evolution 
towards higher aff inity for CCR5. In agreement, 
observed differences in ß-chemokine sensitivity 
between different CCR5-restricted viruses1100'5221 

might point to the existence of viruses with 
different affinities for CCR5. 

An alternative (or additional) explanation of the 
discrepancy between CCR5A32 genotype and the 
rate of disease progression in some individuals 
may result from differences in the individual 
levels of CCR5 surface expression. As mentioned 
above, both in CCR5 +/+ and CCR5 A32/+ 
individuals the number of CCR5 expressing cells 
and the CCR5 surface expression levels vary 
widely14051 (chapters 3 and 5). Relatively high 
CCR5 expression in CCR5 A32/+ individuals and 
relatively low CCR5 expression in CCR5 +/+ 
individuals could therefore result in similar clinical 
outcome. 

The role of CCR5 expression levels in 
differential clinical course is described in chapter 
5. In HIV-1-infected individuals the frequency of 
CCR5 expressing cells was inversely correlated 
with CD4* T cell numbers and hence with ongoing 
infection. The increase in the proportion of CCR5 
expressing cells during HIV-1 infection likely 
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reflects a general increase in immune activation. 
This idea is based on the observation that CCR5 is 
mainly expressed on T cells with an 
activated/memory phenotype'1191201 (chapters 3, 5, 
and 9), together with the increase in the 
proportion of memory cells which is observed 
during HIV-1 infection'4555231 (chapter 5). The 
increasing frequencies of CCR5 expressing cells 
late in infection both in CCR5 A32/+ and CCR5 +/+ 
individuals may contribute to a decreasing 
protective ef fect of CCR5A32 heterozygosity 
with ongoing infection. 

At similar stages of disease, as reflected by 
similar numbers of CD4* T cells, the proportion of 
CCR5 expressing cells was higher in individuals who 
progressed to AIDS than individuals who did not 
progress to AIDS in a similar time span (chapter 
5). Furthermore, the difference in CCR5 
expression between CCR5 +/+ progressors and 
slow progressors was already apparent prior to 
seroconversion. Thus, the proportion of CCR5 
positive cells appears to influence the course of 
infection, irrespective of CCR5A32 genotype. The 
higher proportion of CCR5 expressing cells already 
prior to seroconversion in individuals that 
progress to AIDS more rapidly, are also in 
agreement with the early effect of CCR5 
expression. 

Other coreceptor polymorphisms 

The impact of CCR5A32 on HIV-1 transmission and 
disease progression and the wide variation in CCR5 
surface expression in CCR5 A32/+ and CCR5 +/+ 
individuals led to a search for other 
polymorphisms in CCR5. Also polymorphisms in 
other chemokine receptors and in the natural 
ligands became subjects of comprehensive study. 
Indeed, additional polymorphisms in CCR5 were 
identified, both in the coding region'4121, and in the 
promotor region1301'413'4141, that are associated with 
disease progression. Also, a commonly occurring 
mutation in the CCR2b gene, a valine to isoleucine 
substitution at position 64 (CCR2-64I), influences 
the rate of HIV-1 disease progression. The 
presence of CCR2-64I at one or both alleles was 
associated with delayed disease progression and 
concomitantly occurred more often in 
nonprogressors than progressors'301'432"4351. This 
finding was not confirmed by all studies'524'5251 and 
contradicting results on the magnitude of the 

effect of CCR2-64I were reported. A recently 
performed analysis on the combined HIV-1 
cohorts however, showed that the protective 
effect on the progression to AIDS conferred by 
CCR5A32 and CCR2b-64I is the same'5211. 

Similar to CCR5A32, the presence of CCR2-64I 
was associated with a lower plasma viremia early in 
infection'4344351. However, the effect of the CCR2-
641 was not detected in cohorts of seroprevalent 
individuals in contrast to cohorts of 
seroconverters'4341. These combined observations 
led to the hypothesis that the effect of CCR2-
641, even more than that of CCR5A32, is 
restricted to the early phase of infection'4351. 

In agreement with the positive ef fect of 
CCR2b-64I on disease progression, this mutation 
was retrospectively identified in 3 out of 3 
individuals described in chapter 2, who were CCR5 
+A, but who were among the individuals with the 
least susceptible PBMC (data not published). 

The mechanism through which the mutation in 
CCR2b exerts its effects is not clear. CCR2b does 
not appear to be a receptor commonly used by 
HIV-1, and the 641 mutation does not alter CCR2b 
surface expression or its function as coreceptor 
for a CCR2b using variant'526-5271. I t has been 
suggested that protection is accomplished through 
genetic linkage between the mutation in CCR2b 
and mutations in the promotor region of 
CCR5'301'4341. More recent studies however, showed 
that the CCR5 cell surface expression is only 
slightly decreased on CCR2-64I PBMC and no 
association between CCR2-64I and the 
functionality of CCR5 as an HIV-1 coreceptor was 
observed'5265271. Furthermore, the mutations in 
the CCR5 promotor region associated with CCR2-
641 had no effect on the promotor activity and 
CCR5 transcription levels'5261. 

No dysfunctions in the S I HIV-1 coreceptor, 
CXCR4, have been identified sofar'5281 making its 
role in HIV-1 pathogenesis less clear. The absence 
of major mutations in CXCR4 is probably related 
to its essential role in haematopoiesis, 
cardiogenesis, and vascular and cerebellar 
development, because of which CXCR4 lacking 
individuals would die early during embryonic 
development'529"5311. 

CA? and chemokines 

Already a decade prior to the identification of 
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CCR5 as an HIV-1 coreceptor and the ß-
chemokines as HIV-1 suppressive factors 
produced by CD8* T cells, the existence of non-
cytolytic anti-HIV-1 activity of CD8* T cells had 
been recognized. This HLA non-restricted non-
cytolytic soluble component was called CD8* T 
lymphocyte antiviral factor (CAF)'532"5371. In HIV-
1-infected individuals the antiviral activity was 
observed predominantly in asymptomatic 
individuals, and was undetectable or low in AIDS 
patients'535'538"5421, suggestive of a protective 
effect in HIV-1 infection. Initially, the antiviral 
activity was thought to be HIV-1 induced, since it 
was not detected in CD8* T cells from healthy 
individuals'536"5381 and increased during primary 
HIV-1 infection134'1. However, other studies did 
report CAF activity in CD8* T cells from healthy, 
low-risk individuals1535-543"5451. The discrepancies 
may result from the fact that CD8* T cells 
produce multiple HIV-1 suppressive factors. 

Increased insight into the identity of 
suppressive factors secreted by CD8* T cells came 
in 1995, when almost simultaneously IL-16'5461 and 
the ß-chemokines[94) were identified as HIV-1 
suppressive factors secreted by CD8* T cells. 
Exogeneously added16'"63'94'2974051 and endogenously 
produced ß-chemokines'300'4'91 were shown to 
inhibit NSI HIV-1 infection in vitro. In agreement, 
we observed an association between the 
susceptibility of healthy donor PBMC to NSI HIV-
1 infection and their production levels of MIP-la, 
MIP-lß and RANTES (chapter 3). Since CAF can 
inhibit replication of both NSI and S I 
variants134''536"539'543"5451 and CAF activity cannot be 
abrogated by antibodies directed against ß-
chemokines, the ß-chemokines are not likely to be 
the only constituents of CAF'547"5491. The inhibitory 
effect of IL-16 did appear to affeci both NSI 
and S I variants'546,5501. However, the suppressive 
effect of IL-16 on S I HIV-1 was lower compared 
to CAF, and like it was observed for ß-chemokines, 
a monoclonal antibody directed against IL-16 could 
not abrogate the effect of CAF[551], suggesting 
that CAF contains additional S I inhibitory 
components. 

The identity of additional S I inhibitory 
component(s) of the CAF is still not clear. The 
natural ligand of CXCR4, the a-chemokine stromal 
cell derived factor-1 (SDF-1), was shown to inhibit 
infection by S I variants1460552-5531. However, the 

low level of SDF-1 expression by CD8* T cells and 
the absence of an association between SDF-1 
expression levels and CD8* suppressive activity, 
ruled out this a-chemokine as the S I suppressing 
factor'554-5551. A natural ligand of CCR4, the ß-
chemokine, MDC[556], produced by a CD8* T cell 
clone, was shown to inhibit replication of both S I 
and NSI variants'5571. At which level this inhibition 
occurs is not clear. Since CCR4 is not a main 
coreceptor of HIV-1 (and especially not of NSI 
variants), the mode of inhibition is not likely to be 
at the level of entry, unless MCP and HIV-1 appear 
to share another, yet unidentified receptor. 

The multi-factorial nature of CAF is also 
illustrated by the level of action of the different 
CAF components. The activity associated with 
inhibition of S I variants (including IL-16) 
appeared to be at the level of 
transcription'550-558'5591, in contrast to the ß-
chemokines, which act at the level of entry. 
Two mechanisms have been proposed by which the 
chemokines might exert their effects: through 
induction of signal transduction upon coreceptor 
binding and through blocking of HIV-1-coreceptor 
binding. The coreceptors are & protein-coupled 
proteins and binding of the ligands results in 
activation associated with a (6 protein dependent) 
calcium flux response. Coreceptor activity (fusion) 
[560.561] QS w e N a s t n e in n i b l + o ry ef fect of a- and ß-

chemokines on HIVenv-coreceptor fusion 
appeared to be independent of the capacity of 
CXCR4'562'5631 and CCR5'4221 to induce a calcium flux 
upon ligand binding. In contrast, when the process 
of coreceptor internalization was prevented, the 
inhibitory effect of chemokines was 
reduced'422'5625641. Furthermore, the extent of 
internalization was associated with the inhibitory 
capacity of chemokines and chemokine 
analogues'522-5651. These data show that for both 
CCR5 and CXCR4, the inhibitory ef fect of the 
ligands is associated with the induction of down-
modulation of surface expression. In addition, 
since the inhibitory effect of chemokines is not 
completely abrogated when coreceptor down-
modulation is prevented, direct blocking of 
coreceptors likely provides an additional 
mechanism of chemokine mediated inhibition of 
HIV-1 replication'422'562"5641. In agreement with the 
negative influence of ß-chemokines on CCR5 
surface expression we showed in chapter 3 that 
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production levels of RENTES were inversely 
correlated with percentages of CCR5 expressing 
cells. 

Despite the clear inhibitory effect of MIP-la, 
MIP-lß and RANTES on NSI HIV-1 replication in 
vitro, the role of these ß-chemokines in vivo is not 
irrefutable. Analysis of serum ß-chemokine levels 
in progressors and nonprogressors resulted in 
quite unexpected findings. In stead of a 
protective effect, either no differences'566,5671 or 
even elevated levels of chemokines were found to 
be associated with AIDS'568,5691. Similarly, studies 
on in vitro induced ß-chemokine production by 
PBMC from progressors and nonprogressors 
resulted in conflicting observations1299,570"5721. The 
observed discrepancies are likely explained by the 
influence of the source of the chemokine 
production, rather than the absolute levels, as it 
was suggested by Saha et al'42'1. Thus it was shown 
that CD8* T cells from progressors produced high 
levels of ß-chemokines'421,566,570,5731, while in 
contrast the CD4' T cells are. the main ß-
chemokine producers in nonprogressors'4211. The 
negative effect of production of ß-chemokines by 
CD4* T cells, but not by CD8* T cells, on disease 
progression, might be explained by direct CCR5-ß-
chemokine binding upon secretion, thereby 
directly influencing the CCR5 expression on CD4* 
T cells. These data suggest that even though CD8* 
T cells produce ß-chemokines, the protective 
effect of CAF in disease progression1535,538"542,5741 

and transmission'304,574,5751, is not mediated by ß-
chemokine production. In line with this, CD4* T 
cells'288,300,4201, but not total PBMC'3001, of 
frequently exposed uninfected individuals 
produced elevated levels of RANTES in vitro. 
However, another study showed that the 
production of all 3 ß-chemokines was elevated in 
total PBMC of exposed uninfected individuals'2991. 
Nonetheless, these studies show that the capacity 
to produce ß-chemokines, which correlates with 
NSI HIV-1 susceptibility in vitro13001 (chapter 3), 
is associated with protection from infection and 
disease progression in vivo. The in vivo relevance 
of ß-chemokines was supported by the 
identification of a polymorphism in the promotor 
region of the RANTES gene that associates with 
reduced RANTES secretion and reduced CD4* T 
cell decline (but not HIV-1 transmission)'2981. 

The influence of CXCR4 and its natural ligand, 

SDF-1, on disease progression is unclear at the 
moment. A polymorphism in the 3' untranslated 
region of the gene encoding SDF-1 has been 
identified. However, its reported influence varied 
from a beneficial'5761 and no'5771 ef fect on the rate 
of disease progression to (slightly) accelerated 
progression to AIDS and death'301,5781. 

HIV-1 specific immune response 

The major histocompatibility complex (MHC) 
contains many genes that regulate immune 
function. The human leukocyte antigens (HLA) are 
encoded by MHC genes and comprise a highly 
polymorphic complex of molecules. HLA diversity 
is clustered geographical and ethnic, based on the 
different pathogens encountered through human 
history. Different HLA alleles or haplotypes are 
associated with increased or reduced 
susceptibility to different pathogens. Thus, 
particular HLA haplotypes have been linked to a 
more benign acute HIV-1 infection'3451 and delayed 
disease progression, while on the opposite other 
HLA haplotypes are associated with accelerated 
disease progression'579"5811. 

The association of certain HLA types with HIV-
1 pathogenesis point to an important role of the 
immune response in controlling HIV-1 infection. 
The importance of an HIV-1 specific cellular 
immune response as the f i rst line of defense is 
suggested from the observation of strong cellular 
immune responses in HIV-1 exposed uninfected 
individuals'303,305"3091. The early onset of an HIV-1 
specific CTL response during acute HIV-1 
infection'213,338"3401 and its association with low 
viremia and slower disease progression in the 
subsequent course of infection'340,346,3471 further 
support this notion. 

In HIV-1-infected individuals experiencing a 
benign course of HIV-1 infection, both 
humoral'335,462,463,582"5881 and cellular immune 
responses'462"465,467,589"5951 are detected. Even 
though both types of responses were also 
detected in progressors, high t i ters of 
neutralizing antibodies'582,587,5881 and frequencies 
of CTL'467,5911 were mainly persistent throughout 
infection in nonprogressors only. As it was 
observed for CTL '593"5951, the presence of HIV-1 
specific CD4* help response was inversely 
associated with viral load'5961, further supporting 
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the role of the cellular immune response in 
containment of viral replication 

Other host factors 

Polymorphisms in other genes have been studied 
with respect to their influence on the rate of 
HIV-1 disease progression. In these cases, both 
the association with disease progression and the 
mechanism of action are not always clear. Genetic 
linkage to genes that are associated with 
progression (like it was suggested for CCR2b-64I) 
has been offered as an explanation. Two such 
examples are tumor necrosis factor (TNF) and 
mannose binding lectin (AABL). 

TNF-a enhances HIV-1 replication in vitro15971 

through activation of nuclear factor KB 
(NFKB) ' 5 9 8 5 9 9 1 . Particular polymorhpisms in TNF-a 
are genetic linked with specific HLA haplotypes 
that are associated with faster disease 
progression (DR3, DR4'579"5811) and increased levels 
of TNF-a'600"6031. Nevertheless, no association was 
found between the TNF-a polymorphisms and 
HIV-1 disease progression16041. A variation of the 
TNF-ß gene however, appeared to be associated 
with slow disease progression16051. 

Man nose-bind ing lectin (AABL) is a protein that 
can activate the complement system and acts as 
an opsonic factor. AABL can bind many pathogens 
including HIV[606]. Variant alleles result in low 
serum AABL levels'607-6111 and are therefore 
associated with defects in opsonization'6121 and 
increased susceptibility to infections'613"6151. In line 
with this, individuals homozygous for the AABL 
variant alleles were at higher risk of HIV-1 
infection, and the presence of one or two variant 
alleles was associated with shorter survival after 
AIDS diagnosis'6161. The mechanism by which the 
variant AABL acts is not clear. Low levels of AABL 
could increase the susceptibility to HIV-1 itself, 
or to other (AIDS-related) pathogens. However, 
serum AABL levels, although more often 
undetectable in HIV-infected compared to 
uninfected individuals'6166171, were not associated 
with stage of HIV-1 disease'6176181. Furthermore, 
another study showed contrasting results, with a 
weak protective effect prior to AIDS, and no 
enhancement after AIDS'6191. Individuals 
homozygous for the variant allele lack any 
functional protein, in contrast to heterozygous 
individuals in whom the levels are reduced, but 

where the protein is still functional'6201. 
Concomitantly, the effect of variant AABL on 
increased susceptibility to (non-HIV-1) infections 
was more pronounced in homozygous 
individuals'613'6141. The low frequency of 
homozygous mutant individuals may contribute to 
the observed discrepancies with respect to the 
effect of the variant AABL on HIV-1 pathogenesis. 

Virus features 

The multiple variable features of HIV-1 already 
intuitively point to an association between the 
clinical course of HIV-1 infection and the HIV-1 
phenotype. Thus, viral features that increase 
HIV-1 virulence will be reflected by a higher viral 
load and a steeper CD4* T cell decline. 

SI versus NSI HIV-1 
The replacement of primarily macrophage-tropic 
variants by more T-cell-tropic variants is 
associated with disease progression'1941. When this 
shift is accompanied by acquisition of the S I 
phenotype at some point during infection, the rate 
of progression accelerates, associated with an 
accelerated decline in CD4* T cells and increase in 
Viral |OQd[88,202,208,429,469.621)^ y ^ ^ ^ 

pathogenicity of S I variants compared to NSI 
variants has been the subject of many studies. 
Besides the difference in S I capacity, these 
variants generally di f fer with respect to 
replication kinetics, coreceptor usage and tropism. 
These factors likely contribute to the enhanced 
virulence of S I variants. 

NSI versus NSI HIV-1 
Despite the lower pathogenicity of NSI compared 
to S I HIV-1, approximately 50% of all HIV-1-
infected individuals develop AIDS in the absence 
of S I variants. While the rate of progression is 
generally slower in individuals with solely NSI 
variants, some individuals progress to AIDS with 
similar kinetics as observed after S I switch. The 
differences in the rate of disease progression also 
among individuals solely harboring NSI HIV-1 
might suggest that also among NSI variants, 
differences with respect to at least some of the 
mentioned virulence factors can occur. 
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Replication kinetics 

The level of virus in the periphery is associated 
with the stage of disease1 '. 
Longitudinal studies showed that the viral load 
increases during the course of infection in 
individuals with decreasing CD4* T cells'26-271. In 
chapter 6, we analyzed the dynamics of viral load 
during the course of infection of 23 individuals. 
We observed 3 different patterns in the dynamics 
of viral load as measured by HIV-1 RNA copies in 
serum and the frequency of productively infected 
CM' T cells. I n 80% of the individuals both 
measures of viral load showed the same kinetics: 
either both measures remained stable at low, high 
or intermediate levels, or both increased gradually 
during infection. 

Increasing numbers of circulating free virus and 
frequencies of productively infected cells could 
theoretically have a number of causes. I f a cell, 
once infected, would produce virus for extended 
periods of time, the overall increase in virus load 
could merely be a result of accumulation of 
infected cells, while the virus production per cell 
(burst size) and the numbers of newly infected 
cell per time unit remain constant. HIV-1-infected 
cells however, have a very a short life span of 
approximately 2 days'251. Hence, the increase in 
viral load implies that either the production of 
virus per cell increases and/or that more cells are 
newly infected per time unit, either due to 
enhanced infectivity, host susceptibility, or 
weakening immune surveillance. An increase in 
production rate and/or enhanced infectivity is 
reflected by in vitro replication kinetics. Indeed, 
longitudinal analysis of in HIV-1 mRNA levels in 
PBMC from HIV-1-infected individuals and in vitro 
analysis of the replication kinetics of virus 
variants isolated from different stages of 
infection provided evidence for evolution of HIV-1 
replicative capacity'26-87150151-336-3501. 

In most studies high replicative capacity was 
associated with the S I phenotype'26-8715'1, or the 
phenotype was not determined, making it 
impossible to dissociate the replication capacity 
from the 51 phenotype. Yet, increases in viral load 
can be observed prior to the appearance, and even 
in total absence, of S I variants'261 (chapter 6). 
Therefore we determined whether replication 
kinetics of NSI variants evolve during the course 

of infection, and whether absence of evolution is 
associated with a stable course of infection. This 
study is described in chapter 7 of this thesis. As 
shown previously for S I variants, high replication 
kinetics and high viral load were observed around 
the moment of AIDS diagnosis. In most individuals 
we observed evolution from low towards high viral 
replication kinetics during the course of infection, 
yet viruses from 4/7 long-term nonprogressors 
(LNTP), showed no or only a slight increase in 
replicative capacity. The 3 LTNP in which virus 
evolution was detected all had increasing viral 
load, despite stable CM' T cell counts. In all 
instances the replication kinetics were associated 
with viral load. 

Thus, absence of an increase in replicative 
capacity of virus variants appears to be associated 
with maintenance of low viral load and high CM' T 
cell counts and hence with slow disease 
progression. This is also nicely illustrated by cases 
where individuals are infected with attenuated 
HIV-1 variants. These viruses have inactivating 
mutations in one or more of the regulatory genes. 
The most striking example consists of a group of 7 
HIV-1-infected individuals who received blood 
products contaminated by the same HIV-1-
infected blood donor. The recipients remained 
asymptomatic for at least 11-14 years. The donor 
and three of the recipients that were analyzed 
had in common that they harbored viruses with 
multiple deletions in the nef gene.'4701. Functional 
nef was shown to be associated with viral 
infectivity in vitro'179"18'1, and viral replication and 
pathogenesis in HIV-1-infected SCID-hu 
mice'482'622'6231 and SIVmac-infected rhesus 
monkeys'483'6241. The basis of the positive effect of 
nef on infectivity is not quite clear. Nef appeared 
to be (indirectly) involved in the process of 
reverse transcription'625-6261. Furthermore, 
mutations that abolish the capability of nef to 
interact with cellular protein kinases reduced 
virus infectivity'6271, suggestive of a role of 
cellular signaling. The effect of nef ov, CM down-
modulation'628"6321 did not appear to be associated 
with virus infectivity'625-627-6331. More recently it 
was shown that nef is also responsible for MHC 
class I down modulation'634-6351, a property that 
results in the escape of infected cells from CTL 
surveillance'6361. 

The higher pathogenicity of nef wild-type 



Chapter 11 129 

viruses is likely a combination of enhanced 
infectivity and CD4 and MHC class I down-
modulation. Even though the effect of nef 
deletion mutants on a benign course of infection is 
likely not totally due to reduced virus 
replication1622,6231, reduced replication capacity 
likely contributes to the low viral load in the 
mentioned LTNP. Similarly, other studies, among 
which the one described in chapter 7, reported on 
LNTP carrying HIV-1 variants with deletions in 
nef, or other regulatory genes1463471-4734804811. 

The combined observations that S I variants 
have high replication capacity, and that during the 
course of infection NSI variants can gain higher 
replication capacity, raised the question whether 
evolution towards the S I phenotype is preceded 
by evolution of higher replication capacity. In any 
case, as indicated above, the presence of NSI 
variants with high replication kinetics does not 
necessarily result in evolution of a S I phenotype. 
The sequential events in NSI to S I evolution with 
respect to replication kinetics were studied in 
chapter 8. The emergence of slow-replicating S I 
variants in the presence of slow-replicating NSI 
variants in one of the analyzed individuals showed 
that evolution of the S I phenotype can occur prior 
to and independent of the appearance of variants 
with high replication kinetics. Furthermore, it 
appeared that NSI variants do not necessarily 
gain higher replication capacity in the presence of 
SI variants. In agreement with chapter 7, 
evolution of replication capacity was observed 
during the course of infection. However, the more 
detailed study at several time points in chapter 8 
showed that viruses with high replication kinetics 
were present already a few years prior to AIDS 
diagnosis. This observation and the existence of 
LNTP with fast replicating viruses (chapter 7) may 
indicate that the presence of viruses with rapid 
replication rate by itself is no prerequisite for 
development of AIDS. This does not exclude 
however, that carrying a virus population with only 
slow replicating viruses can contribute to a benign 
course of infection. 

In vivo, NSI variants remain present after the 
emergence of 51 variants12081, despite the fact 
that S I variants outgrow NSI variants in vitro 
(unpublished). More remarkably, after the 
emergence of S I variants, NSI and S I variants 
contribute equally to the viral load, even when the 

replication kinetics of the NSI variants are lower 
than that of the S I variants (chapter 8). The 
other way around, emerging S I variants can 
obviously grow out, despite the presence of very 
replication competent NSI variants. The latter 
suggests that S I variants have an additional 
feature, which results in higher fitness compared 
to NSI variants regardless of their equal 
replication competence. This apparently higher in 
vivo fitness of S I variants seems in sharp contrast 
with their incapability to replace the NSI 
population. The obvious explanation would be that 
S I and NSI variants have their own niche within 
the body, omitting the necessity to compete with 
one another. This theory is in accordance with the 
increase in evolutionary distance between NSI and 
S I variants over time (chapter 8). In contrast, 
high homology of variants within the NSI and S I 
population at any given time point might point to 
fierce competition within each variant sub-
population. 

Tropism and coreceptor usage 

The different tropism of S I and NSI variants, 
partly resulting from the dependency of NSI 
variants on the presence of CCR5, while S I 
variants can additionally use other coreceptors'97" 
1031 (chapters 4 and 10), offers an explanation for 
their apparent occupancy of different niches. The 
high viral load of both variants in peripheral blood 
and CD4* T lymphocytes being the main target of 
both NSI and S I variants, suggest that the 
differences in tropism are not restricted to 
specific compartments as macrophages'91-921 and 
thymocytes1116'1181. Since CCR5 and CXCR4 are 
differentially expressed on CD4* T cell 
subsets1"91201, we studied whether NSI and S I 
variants have different target cells within the 
CD4* T cell population (chapter 9). Indeed, while 
NSI variants appeared to reside mainly in the 
memory subset (identified by surface expression 
of CD45RO), S I variants were detected in both 
memory as well as naive (identified by surface 
expression of CD45RA) CD4* T cells. The 
distribution of the variants over the different 
CD4* T subsets agrees with the almost exclusive 
expression of CXCR4 on naive cells, while memory 
cells can express CCR5 and/or CXCR4. Within the 
memory cells of HIV-1-infected individuals the 
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surface expression of CCR5 and CXCR4 appeared 
to be largely mutually exclusive, providing two 
major and distinct HIV-1 target cell populations 
(chapter 10). The existence of almost completely 
separated NSI and S I HIV-1 niches within the 
CD4* T cell compartment is consistent with the co
existence of NSI and S I HIV-1 and their 
independent evolutionary pathways. 

Individuals with 51 variants have a higher viral 
load compared to individuals with only NSI 
variants'2081 (chapter 6). This is not merely a result 
from the association between the presence of S I 
variants and late stage infection, since the 
difference was also observed between individuals 
with similar numbers of CD4* T cells. With the 
emergence of S I variants, that have an additional 
(X4R5 viruses) or alternative (X4 viruses) array of 
target cells compared to NS I variants, the range 
of total HIV-1 target cells expands considerably. 
The higher viral load in individuals with S I 
variants might thus result from increased 
infectivity of S I variants, due to a high replication 
rate and the capability to infect a wider range of 
cells, together with the continuous expansion of 
NSI infected cells within their own niche'2081 

(chapter 8). 

The increased pathogenicity associated with the 
presence of siP6.88.202.«9.469.62i]( i s probably not 
solely due to a broader host cell range. In chapter 
9 we showed that the frequency of infected naive 
cells was related to the rate of CD4* T cell 
decline. In contrast, the viral load in memory cells 
or total PBMC was not associated with CD4* T cell 
decline during the particular period analyzed, 
suggesting a greater impact of infected naive 
cells. The capacity of S I variants to infect and kill 
CD4* T cell precursors, like thymocytes and naive 
cells, may interfere with the renewal capacity of 
the host. A decreasing capacity to generate CD4* 
T cells (due to S I infection of progenitors) in the 
face of increasing numbers of infected and killed 
cells (due to expansion of the target cell range) 
can easily be envisaged to result in accelerated 
CD4* T cell decline. 

The broader and alternative host cell range of 
S I variants likely contributes to the worse 
prognosis after their appearance. While increased 
virulence resulting in accelerated disease 
progression is not beneficial to the virus, the high 
fitness associated with the S I phenotype is. I t is 

not totally clear therefore, why S I variants 
appear only in half of the infected individuals, and 
apparently only once during the course of 
infection (chapter 8). Siven the high production'251 

and mutation'146-1481 rate of HIV-1, it is hard to 
imagine that the required mutations do not appear 
sooner and more often than S I variants are 
actually detected. Hence, the emergence of S I 
variants is likely rather a matter of getting the 
opportunity to grow out than the chance of 
accumulating the right mutations. The fact that 
variants with an intermediate genotype are only 
rarely detected'2071, suggests that the 
evolutionary path leading to the S I phenotype 
moves via a stage associated with a less f i t 
phenotype. The already relatively high genetic 
distance between the f i rst S I variants and the 
NSI variants isolated from the same time point 
further confirms the scarcity of intermediate 
genotypes (chapter 8). Assuming that S I variants 
can only grow out when immune surveillance 
weakens'203"2051, the presence of NSI variants with 
high replication kinetics at later stages of 
infection (chapters 7 and 8) may explain the 
relatively low frequency with which S I variants 
appear. The only way for newly emerging S I 
variants to efficiently compete with the well-
established NSI viruses may be to use CXCR4 and 
to infect target cells out of reach for the NSI 
viruses. The capacity to use CXCR4 at a high 
affinity might be a gradual process however, and 
in this line of reasoning the presumed 
intermediate variants with low fitness might be 
variants with the capacity to use CCR5 but with 
low affinity for CXCR4 (or another coreceptor). 
Chapter 10 provides clues supporting this theory. 
Around the moment of S I switch, variants could 
be detected that were discordant with respect to 
their capacity to infect MT2 and U87CD4/CXCR4 cell 
lines, and that were in addition incapable to infect 
A32/A32 PBMC, indeed suggesting inefficient 
CXCR4 and preferential CCR5 usage. These 
variants had an NSI V3 genotype, which may 
indicate that regions outside V3 encode the f i rs t 
step towards the S I , CXCR4-using phenotype. 

In general, the f i rst efficiently CXCR4-using S I 
variants could also efficiently use CCR5 (and 
sometimes CCR3), however, at later stages of 
infection the majority of S I variants lost the 
capacity to use CCR5. The shift from R5X4(R3) to 
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X4(R3) viruses appeared to be temporarily 
associated with a relative increase in the 
frequency of Si-infected naive cells compared to 
the frequency of Si-infected memory cells. The 
increasing phenotypic difference thus creates an 
increasing physical barrier between NSI and S I 
variants over time, and is reflected in the 
separate evolutionary pathways of NSI and S I 
variants (chapters 8 and 10). 

I t is not known whether the (early stage) dual-
tropic S I variants infect memory cells via CCR5 
and/or via CXCR4. The existence of mainly 
CXCR4*CCR5" (naive and memory) and CXCR4" 
CCR5* (memory) CD4* T cell populations (chapter 
10), however, favor the option that also dual-
tropic S I variants preferentially use CXCR4 in 
vivo. Infection of CXCR4 positive cells provides 
the means to avoid competition with the NSI 
variants and hence infection of CXCR4* cells may 
offer a growth advantage compared to infection 
of CCR5* cells. I f infection of CXCR4* cells is 
attended by an increased aff inity for CXCR4, a 
gradual increase in the preference for CXCR4* T 
cells is likely to evolve. Loss of CCR5 usage is 
compatible with this model and may be a side 
effect of gaining increased aff inity for CXCR4. 

Cytopathicity 

Accelerated disease progression associated with 
the emergence of S I variants may partly result 
from enhanced cytopathicity. At this moment, only 
2 studies really addressed cytopathicity of NSI 
and S I variants within the particular cellular 
subsets they can infect. The f i rs t study showed 
that some T cell clones supported NSI replication, 
while others did not. I n contrast, S I variants 

could infect all T cell clones. Virus replication in 
the T cell clones infected by S I variants and the T 
cell clones infected by NSI variants was similar. 
However, while in the Si-infected clones the 
number of viable cells decreased during culture to 
approximately 10% of control cells, the viability of 
clones infected with NSI variants was similar to 
the uninfected control1901. This study was 
performed well before the identification of both 
coreceptors, and hence does not provide any 
information on the expression of the coreceptors 
or coreceptor usage of the variants used. 
Nevertheless, the incapability of the NSI variants 
to infect certain T cell clones al together might 
indicate that the clones are a fairly homogeneous 
cell population with respect to coreceptor 
expression. 

The other study appeared recently, and showed 
that in vitro infection of tonsil tissue with NSI 
variants results in high mortality among the cells 
that express CCR5 but not CXCR4, and to a lesser 
extent among double positive cells'4981. I n 
contrast, in Si-infected tonsil tissue all CD4* T 
cell subsets defined by CCR5 and CXCR4 
expression are killed. Thus, the cytopathicity of 
the analyzed NSI and S I variants appeared very 
similar within the subsets they are capable to 
infect, suggesting that increased host cell range 
might be the sole explanation to increased 
pathogenicity of S I variants. However, also among 
NSI variants differences in pathogenicity are 
observed. I t is therefore conceivable that some 
NSI variants (e.g. viruses of LNTP or variants 
present during early stages of infection) are less 
cytopathic than others, which would contribute to 
different rates of disease progression among 
individuals with only NS I variants (chapter 7). 
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HIV-1 infection (2): The 'battlefield' 

The summarized virus and host features all contribute to the rate of disease progression. 
Virus and host strategies are indissolubly connected, since HIV-1 infection is a dynamic 
process in which H IV-1 responds to the pressures the host imposes. In this final section 
interactions between virus and host during the course of infection are discussed. 

In the 'battle' between man and HIV-1, the host is 
obviously at a disadvantage since HIV-1 
undermines the most important line of defense, 
the immune system, and because of the genetic 
flexibility of the virus. The basis of the flexibility 
is the high and error-prone replication rate. As a 
result the intra-host virus population diversifies 
and it has been theorized that the mere 
diversification of HIV-1 can explain the ultimate 
failing immune defense, since an indefinitely broad 
immune response would be required to ultimately 
keep virus replication in control[637]. Next to the 
random accumulation of mutations, the virus 
acquires mutations that increase the fitness and 
allow for adaptation to the hostile environment. 
Hence, while the basis for evolution is formed by 
intrinsic characteristics of the virus, virus 
evolution is driven by the host and will result in 
increased viral fitness (virus production) and 
immune escape contributing to disease 
progression. Thus, if the host constraints are not 
strong enough to keep virus replication in control 
from the start, but are strong enough to promote 
virus evolution, HIV-1 infection appears to 
proceed as a down ward spiral, ultimately resulting 
in the defeat of the host. 

The main strategies of man to keep HIV-1 
replication in control are a strong immune 
response and a low susceptibility to infection. Low 
susceptibility is achieved via factors inhibiting 
virus entry, such as low levels of CCR5 surface 
expression and a high production of ß-chemokines, 
and factors inhibiting virus replication. I f virus 
production is not sufficiently suppressed, immune 
escape mutants may emerge, as well as viruses 
that are adapted to the inhibitory factors. Thus, 
variants may emerge with increased aff inity for 
CCR5 and/or a reduced sensitivity for ß-
chemokines, that can use other coreceptors, or 
that have adapted to the intracellular environment 
of the host, resulting in higher replication 

kinetics. Although low CCR5 expression in CCR5 
A32/+ individuals does not appear to promote the 
emergence of S I variants'3961, a strong inhibitory 
RANTES analogue was able to drive NSI to S I 
evolution in a human PBL-SCID mouse model[638]. 
All the mentioned virus adaptations will result in 
an increase in virus production. Furthermore, as a 
result of immune activation the proportion of 
CCR5 expressing cells increases, and hence the 
susceptibility to NSI infection, additionally 
contributing to enhanced virus production. Besides 
rapid evolution, HIV-1 may have additional 
strategies to increase virus production. One 
example is the down-regulation of MHC class I 
molecules on the infected cell surface, thus 
directly limiting the capability of the immune 
system to adequately respond to the infection. 

The increasing virus burden affects the immune 
system both quantitatively and qualitatively, 
through direct (virus-mediated killing) and 
indirect (induction of apoptosis, disturbance of 
immune regulatory processes'639'6403, interference 
with CD4* T cell renewal'389-3901) mechanisms. The 
weakening immune surveillance will result in even 
more virus production, and so on. I f S I variants 
emerge, either due to high levels of ß-chemokines 
or to weakening immune surveillance, the target 
cell range of HIV-1 broadens, mainly due to the 
fact that both S I and NSI variants persist, both 
in their own niche. As a result of the broadening 
target cell range, either in combination with an 
increased cytopathicity or not, the frequency of 
infected and killed cells will increase even further. 
More importantly, increasing numbers of CD4* T 
cell progenitors may get infected and killed, and 
the immune system is faced with an attack at two 
sites simultaneously. On the one hand more cells 
are killed, on the other, the capacity to 
regenerate the CD4* T cell population decreases. 

The gradual process of the immune system 
loosing and the virus gaining ground is absent in 
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some individuals that progress to AIDS very 
rapidly as well as in long-term nonprogressors 
(LNTP). The absence of an adequate immune 
response resulting in an out-of-control virus 
growth (with 'no need' for evolution) explains rapid 
disease progression. In LNTP, the numbers of 
CD4* T cells as well as the functioning of CD4-
helper and CTL largely stay intact and 
simultaneously the virus load remains low, 
suggesting that virus replication is kept in control. 
In some LNTP, the success of keeping virus 
replication in control be may be attributed to the 
presence of attenuated, slow-replicating viruses. 
I t is not clear however, why in some instances 
virus evolution appears to be absent. Restoration 
of gene function and repair of deletions has been 
reported in vitro[641], and in vivo for SIV[642]. I t 
might be that a low viral replication rate, resulting 
from specific mutations, slows down the process 
of virus evolution, and that it is merely a matter 
of time of accumulating the right mutations. 
Alternatively, an immune response directed at 
conserved epitopes might control viral replication, 
prevent the emergence of escape mutants and 
lower the rate of viral evolution in general. 
Whether the immune response is adequate in 
controlling virus replication, or results in 
emergence of escape mutations, likely depends on 
host genetics. 

The capacity of the virus to evade host attacks 
and circumvent host defenses appears to be a 
major obstacle in controlling infection, and hence, 
prevention of rapid increase in virus production 
and evolution seems to be the best host 'strategy'. 
This would explain the impact of the outcome of 
the acute phase of infection on the subsequent 
course of infection. Vigorous anti-HIV-1 immune 
responses and low susceptibility to infection 

confine the initial damage aff l icted by the virus, 
and prevent the virus from getting a head start. 
The importance of a favorable balance between 
host and virus at the end of the acute phase of 
infection is substantiated by a couple of 
observations: 1) The early ef fect of CCR5A32 and 
CCR2b-64I; 2) The beneficial ef fect of a strong 
and broad HIV-1 specific CTL response during the 
acute phase; 3) The prognostic value of viral load 
after the acute phase; 4) The positive ef fect of 
early and intermittent anti-HIV-1 treatment on 
subsequent immune control (possibly due to a head 
start of the immune system)'6431. 

The interaction between HIV-1 and man during 
infection might be compared with a battlefield, 
where both parties react to one another's actions 
in an ef for t to survive. The struggle can go on for 
variable periods of time, depending on the 
'aggression and flexibility' of the virus and the 
'strength and endurance' of the host. In most 
cases, the virus appears to be better equipped and 
the host is defeated sooner or later. Man has an 
obvious advantage over HIV-1 however, which is 
its capability to learn from battles lost and won. 
Thus the knowledge on factors involved in 
protection from infection and disease progression, 
as well as successes and failures in anti-HIV-1 
treatment can be used against the virus. So far, 
the major step forwards in the battle against 
HIV-1 has been the success of HAART in reducing 
virus replication for extended periods of time, 
which shows that there may be limits to the 
flexibility of HIV-1. Furthermore, current 
vaccination strategies may prove that an effective 
vaccine against HIV-1 is within reach. The battle 
has not been won yet, but the odds may be 
changing... 
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Summary 

Both the odds of getting HIV-1 infected upon 
exposure and the course of HIV-1 infection are 
highly variable among individuals. The studies 
described in this thesis focussed on a number of 
virus and host features that influence HIV-1 
infection and AIDS pathogenesis. 

A general introduction on HIV-1 and AIDS 
pathogenesis is followed by 4 chapters (2-5) that 
deal with aspects of the interaction between the 
host and the most prevalent HIV-1 variants, 
namely those with an NSI phenotype. The next 
chapter (6) describes the dynamics of viral load 
during the course of infection. Changes in viral 
load partly reflect changes in viral fitness and in 
that respect this chapter may be considered 
introductory to the 4 final chapters (7-10), which 
describe the evolution of viral features that 
enhance fitness/virulence and their influence on 
disease progression. The thesis is concluded with a 
general discussion. 

In chapter 1 the current knowledge on 
characteristics of HIV-1 and AIDS pathogenesis 
are summarized. Described are the basis of virus 
variability and commonly occurring HIV-1 
phenotypes that are associated with different 
stages of infection. Next, features that are known 
to influence transmission and the hallmarks of the 
acute and chronic phases of infection are 
summarized. 

In chapter 2 factors determining HIV-1 
transmission among male monogamous homosexual 
couples were studied. Both the cellular virus load 
in the potential virus donors around the moment of 
exposure and the susceptibility of PBMC from the 
exposed individuals for NSI variants of their 
partners were associated with HIV-1 transmission. 
Low susceptibility to NSI HIV-1 infection was 
partly associated with the presence of a 32-bp 
deletion in the gene encoding for the coreceptor 
of NSI variants, CCR5. This study confirmed the 
existence of differences in host susceptibility to 
HIV-1 infection and demonstrated the protective 
effect of low susceptibility on HIV-1 infection. 

In chapter 3 the influence of CCR5 cell surface 

expression levels and production of the natural 
ligands of CCR5, the ß-chemokines, on in vitro NSI 
HIV-1 susceptibility was studied. Large variation 
was observed in the levels of CCR5 surface 
expression after in vitro stimulation of PBMC, 
which appeared to be dissociable from the 
presence of the 32-bp deletion. Low CCR5 surface 
expression and high production of ß-chemokines 
were associated with reduced levels of in vitro 
HIV-1 replication. These findings suggest that in 
vivo differences in CCR5 expression and ß-
chemokine production might influence the extent 
of virus production and hence the course of 
infection. 

In chapter 4 we studied whether differences in 
disease progression among individuals with solely 
NSI variants could be attributed to evolution of 
the capacity to use alternative coreceptors. The 
coreceptor usage of NSI varianis isolated early 
and late in infection, from individuals either or not 
carrying the CCR5 A32 mutation and from 
individuals with rapid or slow disease progression, 
were all restricted to the use of CCR5. This study 
showed that disease progression can occur in the 
sole presence of HIV-1 variants that only use 
CCR5 and that other factors must exist that 
explain the differences in disease progression 
among individuals with solely NSI variants. 

In chapter 5 the role of CCR5 cell-surface 
expression levels on disease progression was 
studied. We showed that the proportion of cells 
that express CCR5 at their surfaces increases 
slightly during the course of infection. At 
comparable stages of infection however, the 
proportion of CCR5-expressing cells was higher in 
individuals who subsequently progressed to AIDS, 
compared to individuals who did not develop AIDS 
in a similar period of time. Furthermore, pre-
seroconversion the proportion of CCR5-expressing 
cells was higher in individuals who subsequently 
got infected and developed AIDS at a relatively 
fast rate. These findings show that the degree of 
NSI HIV-1 coreceptor availability influences 
AIDS pathogenesis. 

In chapter 6 one of the main parameters of 
disease progression, the viral load is described. 
We compared two commonly used measures of 
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viral load, the number of RNA copies in serum and 
the frequency of infected cells that can be 
induced to produce virus in vitro. The two 
measures correlated very well and longitudinal 
analysis revealed a gradual increase in either one 
or both measures during disease progression. The 
increase in circulating free virus and number of 
infected cells might reflect the evolution of HIV-
1 variants with increased fitness. 

In chapter 7 we studied whether differences in 
replication capacity among NSI variants could 
account for differences in the course of infection 
between individuals with NSI variants only. Late in 
infection the fast majority of progressors and 
about half of a group of long-term nonprogressors 
had a high virus load and harbored viruses with 
high replication capacity. In contrast, 4 out of 7 
long-term nonprogressors persistently had 
variants with low replication capacity. In all 
individuals the viral load was associated with the 
in vitro replication kinetics of HIV-1 variants. The 
absence of evolution towards high replication 
kinetics might contribute to a beneficial clinical 
course in some individuals. 

In chapter 8 the sequential events in the 
evolution of replication and S I capacity were 
studied. The evolution of S I variants could occur 
prior to evolution of variants with high replication 
kinetics. This observation, together with the 
existence of rapid-replicating NSI variants in the 
absence of S I evolution described in the previous 
chapter, shows that evolution of these viral 
characteristics is independent. After the 
emergence of S I variants, NSI variants remain 
present, and continue to expand, even when they 
continue to have lower replication kinetics 
compared to the co-existing S I variants. These 
data suggest a lack of competition between the 
two types of variants, which might be due to 
occupancy of dif ferent niches resulting from a 
different target cell range. 

In chapter 9 the tropism of NSI and S I variants 
for dif ferent CD4* T cell subsets is described. 

CD4* T cells of the memory subset express both 
CCR5 and/or CXCR4, while CD4* T cells of the 
naive subset almost exclusively express CXCR4. In 
agreement with their coreceptor usage, NSI 
variants were almost exclusively detected in the 
memory cells, and S I variants were detected both 
in memory and naive cells. The frequency of naive 
cells infected with S I variants was associated 
with the rate of CD4* T cell decline. Infection of 
naive T cells might interfere with the host's 
capacity to renew the CÙ4* T cell population. 

In chapter 10 the evolution of coreceptor usage 
and CD4* T cell tropism was studied during NSI to 
S I conversion. While initially all variants solely use 
CCR5, the transition of the NSI to S I phenotype 
is accompanied by an expansion of coreceptor 
usage with that of CXCR4 and in some cases CCR3. 
At the moment of S I conversion variants could be 
detected that were characterized by an 
intermediate capacity to use CXCR4 as shown 
from discrepancies in their capacity to infect the 
MT2 cell line and the U87-CXCR4 cell line. These 
virus variants with intermediate phenotypes had 
an NSI V3 genotype. The appearance of S I 
variants that could efficiently use both CCR5, 
CXCR4 and in some cases CCR3 was followed by 
the emergence of S I variants that lost the 
capacity to use CCR5. The different stages in 
coreceptor evolution were temporally associated 
with a relative increase in the frequency of S I 
infected naive cells. The existence of distinct 
CCR5- and CXCR4-expressing CD4* T cell 
populations, even within the memory compartment, 
provides an explanation for the co-existence of 
NSI and S I variants and their independent 
evolutionary pathways. 

In chapter 11 the studies described in this 
thesis are incorporated in an overview of host 
and virus features that influence HIV-1 
infection/transmission and the course of 
infection. Finally the interactions between virus 
and host and their implications on the course of 
infection are discussed. 
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Samenvatting 

De ziekte 'Acquired Immunodeficiency Syndrome' 
(AIDS) wordt veroorzaakt door infectie met het 
'Humaan Immunodeficiëntie Virus' (HIV). Na 
besmetting met HIV volgt een periode waarin 
mensen ogenschijnlijk gezond zijn, en die 0,5 tot 
meer dan 15 jaar kan duren. AIDS is het 
eindstadium van de infectie en gaat gepaard met 
klinische symptomen. 

HIV infecteert cellen (met name de witte 
bloedcellen) die een onderdeel vormen van het 
afweersysteem, dat nodig is om infecties met 
indringers als virussen, bacteriën en parasieten te 
kunnen bestrijden en te overleven. Daarnaast 
denkt men dat het afweersysteem betrokken is bij 
het onder controle houden van tumorgroei. Door 
de infectie met HIV verliest het afweersysteem 
op den duur zijn vermogen om afdoende te 
reageren op indringers en tumorgroei, wat immuun-
deficiëntie wordt genoemd. Als gevolg van deze 
immuun-deficiëntie lijden mensen die AIDS 
hebben aan allerlei infectieziekten en hebben vaak 
tumoren die bij gezonde mensen veel minder vaak 
voorkomen. Zonder medisch ingrijpen leidt infectie 
met HIV in bijna alle gevallen tot AIDS en de 
dood. 

Of iemand geïnfecteerd raakt nadat hij of zij 
wordt blootgesteld aan HIV is afhankelijk van 
meerdere factoren. Evenzo zijn er meerdere 
factoren die bepalen of en hoe snel iemand AIDS 
krijgt nadat hij geïnfecteerd is geraakt met HIV. 
De factoren die de kans op virus overdracht van 
de ene naar de andere persoon beïnvloeden en die 
de t i jd naar AIDS bepalen zijn gedeeltelijk 
dezelfde. HIV komt voor in verschillende 
gedaantes (^fenotypes), die gebaseerd zijn op 
verschillen in het genetisch materiaal (^genotype) 
van het virus. Zo zijn er kleine verschillen in de 
HIV varianten die aanwezig zijn in 2 verschillende 
personen, maar ook zijn er verschillen tussen de 
virusdeeltjes die in 1 persoon aanwezig zijn. Deze 
verschillen worden veroorzaakt doordat HIV zich 
heel snel vermenigvuldigt (in een geïnfecteerd 
persoon worden elke dag ongeveer 1 tot 10 miljard 
nieuwe virusdeeltjes gemaakt) en er bij elke 
vermenigvuldiging een klein foutje gemaakt kan 

worden, zodat elk 'nakomeling-virus' net een 
beetje anders kan zijn dan de 'ouder-variant'. De 
verschillende vormen van HIV zijn meer of minder 
schadelijk voor de gastheer die ze bij zich draagt. 
Omdat ieder mens anders is, verschilt de kans op 
infectie en het verdere vervolg van de infectie per 
persoon. De basis hiervoor wordt met name 
gevormd door genetische verschillen die bepalen 
hoe goed het afweersysteem op het virus kan 
reageren, en genetisch bepaalde verschillen in de 
infecteerbaarheid van de cellen die het doelwit 
van HIV zijn. 

Dit proefschrift beschrijft verschillende 
eigenschappen van HIV en van zijn gastheer, de 
mens, die de kans op HIV infectie beïnvloeden en 
die invloed uitoefenen op de snelheid waarmee 
AIDS zich ontwikkelt. Identificatie van deze 
eigenschappen geeft ons meer inzicht in hoe HIV 
AIDS veroorzaakt en hoe mensen zich van nature 
wapenen tegen HIV infectie en AIDS. Vanuit een 
breder perspectief gezien is het hebben van 
inzicht in HIV infectie en AIDS belangrijk om de 
ziekte te kunnen bestrijden. 

Een van de effecten die sommige HIV varianten op 
cellen kunnen hebben, is dat ze gaan 
samensmelten. Een groepje samengesmolten cellen 
wordt een 'syncytium' genoemd. HIV virussen die 
dit ef fect veroorzaken zijn de 'syncytium 
inducerende' (SI) varianten en de virussen die dat 
niet doen de 'non-syncytium inducerende' (NSI) 
varianten. NSI varianten zijn de meest 
voorkomende HIV varianten. In bijna alle gevallen 
waar een nieuwe infectie tot stand komt, gebeurt 
dit door NSI varianten, ook al waren er in de 
'virus-donor' wel S I varianten aanwezig. In 
ongeveer 50% van alle geïnfecteerde personen 
ontstaan vervolgens in de loop van de infectie S I 
varianten. De ontwikkeling van S I varianten is 
geassocieerd met een sneller verloop van het 
ziekte proces. 

NSI en S I varianten onderscheiden zich verder 
van elkaar door de moleculen die ze gebruiken om 
een cel binnen te komen. Elk HIV virus heeft 2 
specifieke eiwitten op het oppervlak van een cel 
nodig om deze te kunnen infecteren. Zo'n eiwit dat 
het virus gebruikt om een cel binnen te komen 
wordt een 'receptor' genoemd. Alle HIV varianten 
gebruiken een receptor die CD4 wordt genoemd, 



138 Samenvatting voor niet-ingewijden 

en (onder andere) op een bepaalde subgroep van 
witte bloedcellen zit. Naast CD4 heeft HIV een 2e 
receptor, oftewel een co-receptor, nodig. Voor 
NSI varianten is dat een eiwit dat CCR5 wordt 
genoemd, en voor S I varianten een eiwit dat 
verwant is aan CCR5, en CXCR4 wordt genoemd. 
Sommige S I varianten kunnen ook CCR5 (en soms 
nog andere verwante eiwitten) als co-receptor 
gebruiken. Niet alle cellen hebben dezelfde 
eiwitten op hun oppervlak en HIV kan dus alleen 
die cellen infecteren die CD4 in combinatie met 
CCR5 of met CXCR4 hebben. 

Wit te bloedcellen produceren en scheiden 
bepaalde stoffen uit, de chemokines, die aan CCR5 
en CXCR4 kunnen binden (door het binden van 
chemokines aan CCR5 of CXCR4 kri jgt de 
betreffende cel een signaal om een bepaalde 
functie uit te gaan oefenen). Doordat zowel HIV 
als chemokines aan dezelfde eiwitten kunnen 
binden, ontstaat er in de aanwezigheid van beide 
een competitie. Op deze manier remt de 
aanwezigheid van een overmaat aan chemokines de 
binding van HIV aan zijn co-receptor en dus 
infectie. 

In het eerst deel van dit proefschrift 
(hoofdstukken 2 to t en met 4) zijn studies 
beschreven waarin gekeken is naar aspecten van 
de interactie tussen NSI varianten en de 
gastheer. Het is gebleken dat overdracht van HIV 
van een geïnfecteerde homoseksuele man naar zijn 
seksuele partner aan de ene kant afhangt van de 
hoeveelheid HIV bevattende witte bloedcellen die 
de eerstgenoemde heeft op het moment van 
seksueel contact. Aan de andere kant hangt de 
overdracht af van hoe gevoelig de witte 
bloedcellen van de partner zijn voor infectie met 
HIV. 

Een lage gevoeligheid voor infectie met NSI 
varianten bleek gedeeltelijk te verklaren door de 
aanwezigheid van een afwijking in het gen dat 
codeert voor het eiwit CCR5. Het gevolg van deze 
afwijking (er missen 32 base-paren, de 
bouwstenen van het genetisch materiaal) is dat 
het percentage witte bloedcellen dat CCR5 op zijn 
oppervlak heeft lager is dan in mensen die deze 
afwijking niet hebben. In een 'in vitro' (- buiten 
het lichaam en in het lab) kweek systeem bleek dat 
als de concentratie van cellen met CCR5 op het 
oppervlak laag is, infectie met NSI varianten 

minder efficiënt verloopt. In geïnfecteerde 
mensen zou dit kunnen betekenen dat HIV zich 
minder snel kan vermenigvuldigen en dat ze dus 
minder snel ziek worden. Inderdaad leek het 
percentage witte bloedcellen dat CCR5 op het 
oppervlak heeft van invloed te zijn of mensen snel 
of minder snel AIDS ontwikkelden. 

Toch zijn er mensen met alleen NSI varianten 
en met een lage concentratie CCR5-dragende 
cellen, die snel ziek worden. Dit zou kunnen 
betekenen dat er varianten zijn die zich hebben 
kunnen aanpassen aan deze voor het virus nadelige 
omstandigheid. We hebben de mogelijkheid 
bestudeerd dat sommige NSI varianten een ander 
eiwit dan CCR5 kunnen gebruiken om een cel in te 
komen, maar dit bleek niet het geval te zijn. Een 
andere verklaring zou kunnen zijn dat er varianten 
bestaan die efficiënter aan CCR5 kunnen binden, 
waardoor deze varianten, ondanks dat er weinig 
CCR5-dragende cellen zijn, toch veel cellen kan 
infecteren. 

Het Ie en 2e gedeelte van dit proefschrift wordt 
onderbroken door een hoofdstuk (hoofdstuk 6) 
dat de hoeveelheid virus in het lichaam (de virus-
last) tijdens de infectie beschrijft. Twee maten 
om de 'virus-last' te meten, het aantal vrije virus 
deeltjes in het bloed, en het aantal geïnfecteerde 
witte bloedcellen, waren sterk met elkaar 
gecorreleerd. Tevens bleek dat in de meeste 
mensen vanaf het begin van de infectie tot AIDS 
diagnose de 'virus-last' geleidelijk toeneemt. Een 
toename in de 'virus-last' zou veroorzaakt kunnen 
worden doordat er virus varianten ontstaan die 
het vermogen hebben om zich sneller te 
vermenigvuldigen, of doordat er varianten 
ontstaan die meer typen cellen kunnen infecteren. 

Het 2e deel van dit proefschrift (hoofdstuk 7 tot 
en met 10) bevat studies waarin gekeken is naar 
de evolutie van zulke varianten en hun invloed op 
de snelheid waarmee AIDS ontwikkelt. 

Gevonden is dat wanneer NSI varianten een 
groter vermogen hebben om zich te 
vermenigvuldigen, dat gepaard gaat met een 
hogere 'virus-last'. Zulke varianten zie je in bijna 
alle mensen die AIDS hebben. We hebben virussen 
van een aantal mensen bestudeerd die al 8 tot 10 
jaar met HIV geïnfecteerd waren zonder ziek te 
worden. De helft van deze mensen had varianten 
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die zich zelf slechts langzaam vermenigvuldigden. 
Het hebben van HIV varianten die zich langzaam 
vermenigvuldigen, zou kunnen verklaren waarom 
sommige mensen zelfs na een lange infectie duur 
een lage 'virus-last' houden en nog geen AIDS 
krijgen. 

Zoals gezegd ontstaan in sommige geïnfecteerde 
mensen na verloop van t i jd S I varianten. Er wordt 
algemeen aangenomen dat deze S I varianten zich 
zelf beter kunnen vermenigvuldigen dan NSI 
varianten. Er bleken echter ook uitzonderingen te 
bestaan. 

Een van de algemene regels van evolutie is dat 
als bepaalde leden van een soort meer 
nakomelingen maken, en dus zijn genen vaker 
overdraagt dan een soortgenoot, deze 
laatstgenoemde soortgenoot langzamerhand 
uitsterf t . In dit opzicht was het vreemd dat we 
vonden dat NSI varianten aanwezig blijven in een 
geïnfecteerd persoon nadat er S I varianten waren 
ontstaan met een groter vermogen om zich te 
vermenigvuldigen Een algemene verklaring voor een 
dergelijk fenomeen in de evolutieleer is dat de 2 
soortgenoten elk op hun eigen plek (=niche) leven 
waar ze elkaar niet lastig vallen, en dat op die 
manier de zich langzamer vermenigvuldigende 
soortgenoot kan overleven. Wij hebben gevonden 
dat zoiets ook aan de hand is voor NSI en S I HIV 
varianten in een mens. De basis hiervoor is dat, 
zoals al eerder genoemd is, NSI en S I varianten 
een ander eiwit gebruiken om een cel binnen te 
komen, en dat deze verschillende eiwitten 
gedeeltelijk op verschillende typen (witte bloed-) 

cellen voorkomt. Zo zit CXCR4, wat door alle S I 
varianten gebruikt kan worden, vooral op een 
bepaald type witte bloedcellen dat de 'ndizve' 
cellen wordt genoemd. CCR5, wat door alle NSI en 
sommige, vooral de eerst ontstane S I varianten 
gebruikt kan worden, komt bijna niet voor op dit 
type cellen. Naast 'naïeve' cellen bestaat er een 
ander type witte bloedcellen, dat de 'geheugen' 
cellen wordt genoemd. Er zijn 'geheugen' cellen 
waar CXCR4 op zit, maar er zijn ook 'geheugen' 
cellen waar CCR5 op zit. Overeenkomstig kunnen 
NSI varianten alleen de 'geheugen' cellen 
infecteren en S I varianten zowel 'geheugen' als 
'naïeve' cellen. 'Naïeve' cellen zijn belangrijk in de 
aanmaak van witte bloedcellen en dus om het 
totaal aantal witte bloedcellen op peil te houden. 
Omdat S I varianten naïeve cellen infecteren en 
deze cellen daardoor waarschijnlijk dood gaan, 
verstoren de S I varianten het aanmaakproces van 
witte bloedcellen. Inderdaad vonden wij dat als 
mensen meer naïeve cellen hadden die 
geïnfecteerd waren met S I varianten hun aantal 
witte bloedcellen sneller omlaag ging. Dit zou 
kunnen verklaren waarom mensen sneller ziek 
worden als zij S I HIV varianten ontwikkelen in de 
loop van hun infectie. 

De afgelopen 10 jaar is er steeds meer bekend 
geworden over de eigenschappen van HIV en de 
mens die de kans op en het beloop van HIV 
infectie bepalen. Hierdoor weten we nu beter met 
wat voor een vijand we te maken hebben, wat een 
wapen biedt in de str i jd tegen HIV. 
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I k ben geboren op 25 januari 1968 in Groningen. 
Omdat de hele familie in 1973 naar Bussum 
verhuisde is dat de plaats waar ik verder 
opgegroeid ben en waar ik in 1986 aan het Willem 
de Zwijger College mijn -Atheneum examen behaald 
heb. Omdat mijn eindexamen pakket niet helemaal 
toereikend was om Biologie te studeren, wat ik 
graag wilde, ben ik vervolgens bijgeschoold in de 
vakken natuurkunde en scheikunde, aan het 
Instituut voor Inpassing van Voortgezette 
Opleidingen, aan de (toen nog) Rijks Universiteit 
Utrecht. Nadat in 1987 ook deze examens met 
succes afgelegd waren, ben ik begonnen met de 
studie Biologie, tevens aan de RUU. Na mijn 
propedeutisch examen werd het t i jd voor het 
serieuzere werk en ben ik naar Utrecht verhuisd. 
In 1990 ben ik begonnen met mijn eerste stage, 
bij de projectgroep Experimentele Embryologie, 
vakgroep Experimentele Dierkunde, faculteit 
Biologie (RUU). Onder begeleiding van André van 
Loon ben ik begonnen met een studie die tot doel 
had om de regulatie van transcriptie van cycline 
genen tijdens de vroege embryonale ontwikkeling 
van Patella Vulgata (een weekdier) te 

onderzoeken. In 1991 was ondertussen mijn 
interesse voor de virologie gewekt en zo ben ik 
terecht gekomen bij de afdeling Virologie van de 
vakgroep Immunologie en Infectieziekten aan de 
faculteit Diergeneeskunde, nog steeds in Utrecht. 
Hier ben ik begonnen met een stage waarin ik 
onderzoek deed naar het intracellulaire transport 
van het spike-eiwit van het Murine Hepatitis Virus, 

onder begeleiding van Harry Vennema. Aansluitend 
aan deze stage en een jaar later, ben ik bij 
dezelfde vakgroep begonnen aan mijn scriptie, 
onder begeleiding van Virgil Schijns en Peter 
Rottier. Het onderwerp van deze scriptie betrof 
de inductie van mucosale immuniteit via oro-nasale 
immmunisaties met adenovirus-cytokine recombi
nanten in een MHV-muizen model. Omdat bij mijn 
begeleiders het idee bestond om een project 
voorstel in te dienen betreffende dit onderwerp 
diende mijn literatuurstudie als een basis hiervoor, 
en zijn er ook nog preliminaire experimenten 
gedaan. Weer 9 maanden later, augustus 1993, ben 
ik afgestudeerd. Mijn grote wens was om 
virologisch onderzoek te blijven doen. Toen dat 
niet 1,2,3 te verwezenlijken bleek, en omdat er nog 
genoeg over virussen te leren viel (en omdat het er 
erg gezellig was) ben ik in het voorjaar van 1994 
teruggekeerd naar dezelfde groep. Ditmaal om 4 
maanden, samen met Leonie Boven, te werken aan 
de moleculaire basis van verschillen in celtropisme 
van Feline Immunodeficiency Virus varianten, . 
onder begeleiding van Ernst Verschoor. Deze 
studie heeft geresulteerd in mijn eerste 
coauteurschap. In juli van datzelfde jaar kreeg ik 
te horen dat ik aangenomen was op de afdeling 
KVI, op het CLB in Amsterdam. Onder begeleiding 
van Hanneke Schuitemaker en met behulp van 
Margreet Brouwer ben ik in oktober 1994 
begonnen met onderzoek naar de rol van 
biologische variabiliteit van het Human 
Immunodeficiency Virus in de Pathogenese van 
AIDS. Dit onderzoek, waaraan ik 5 jaar geleden 
begonnen ben, is nu voor mij afgerond met dit 
boekje en deze dag (22 oktober 1999). 
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Nawoord 

De afgelopen vi j f jaar is het HIV-dag-in en HIV-
dag-uit geweest, en toch is het me nooit gaan 
vervelen. Dat is vooral te danken aan de prettige 
samenwerking en het met elkaar meedenken, aan 
vriendschap en steun, aan gezelligheid overdag en 
ook vaak genoeg tot in de kleinere uurtjes. Dit 
alles was te vinden op KVT. 

Daar waren namelijk: de co-promotor, Hanneke. 
I k ben nog steeds blij dat je uiteindelijk toch 
besloten hebt om mij uit te nodigen voor een 
sollicitatie gesprek met alle gevolgen van dien. I k 
heb veel van je geleerd en het f i jn gevonden om 
jou als mijn begeleider te hebben. Alt i jd kon ik 
zomaar even binnen vallen en ondanks dat je me af 
en toe terecht terecht hebt moeten wijzen, heb je 
ook vaak geduld met mijn nukken gehad; de 
promotor, Frank. Hoewel we op de werkvloer niet 
vaak direct met elkaar te maken hebben gehad ben 
je toch alti jd aanwezig geweest, als de baas, 
kritisch publiek en kritisch lezer. Vooral in deze 
laatste fase van mijn promotie is het me bijzonder 
duidelijk geworden dat als het nodig is je erg 
bereikbaar bent, en ik ben blij dat j i j mijn 
promotor bent; de paranimfen, Margreet en Ana-
Maria. Dat jullie mijn paranimfen zijn zegt 
eigenlijk al genoeg. Margreet, naast dat je me op 
het lab veel hebt geleerd, schouderophalend 
dingen uitvoerde op die manier waarvan ik vond dat 
het persé zo moest, meedacht, veel slimme ideeën 
had en alti jd enthousiast was over resultaten, was 
je ook nog een vriendin. Ana-Maria, na 2 weken 
USA ben je uitgegroeid tot mijn steun en 
toeverlaat, vooral in buiten-werk-aangelegenheden. 
Je liet me zelfs je huis een half jaar lang 
bezetten. Dat waren rare, maar dankzij jou ook 
fijne tijden. En we hebben het ook nog samen over 
HIV gehad, zie hier het resultaat: we staan naast 
elkaar in de J I ; de analisten, Margreet (maar die 
hebben we al gehad), Leonie, nadat Margreet 
helemaal naar Ethiopië was gevlucht heb j i j het 
nog met me geprobeerd, maar het waren kennelijk 
echt een paar 96-wells plaatjes teveel tot mijn 
grote spijt. Ronald, j i j had de pech om midden in 
mijn aanloop naar de eindstreep binnen te vallen. 
I k heb je nogal verwaarloosd, je was alti jd 
begripvol en ik hoop dat je nu leukere dingen te 
doen hebt dan met mij samen te werken; de 

parttime insprinqers, Agnes en Jeanette, een 
stapeltje ELISA's om de t i jd mee te verdrijven?; 
de coauteurs, dat waren er vele zoals te zien is, 
maar een paar zijn toch bijzonderder dan de rest 
(naast Ana-Maria die al genoemd is) Angélique en 
Ronald. Angélique, ik had het geluk dat ik 2 studies 
die j i j begonnen bent 'af' mocht maken. Gelukkig 
ben j i j er ook om me helemaal vanuit de USA moed 
in te praten wat betreft het gepubliceerd krijgen 
van H9 (wat toch echt een mooi stukje is). Ronald, 
H10 heb je onder grote druk en met mij zwaar 
hijgend in je nek moeten produceren, maar je liet 
je mooi niet van de wijs brengen; de rook-maat.jes, 
Neeltje (van het eerste, maar ook van het laatste 
uur), Agnes en Tom (zo'n 5 jaar lang met meer en 
mindere regelmaat), Natasja (dat waren af en toe 
wel heel intensieve rook-momenten), en de 
'nieuwen', Tim en Mette; de ex-lab-en-noq-
steeds-maatjes, Katja, Nadine en Leonie. Nu zijn 
we alle 6 ex-KVI, die spelletjes worden toch wel 
vervolgd?; de echte vrienden, gedeeltelijk 
dezelfden als de paranimfen. En Natasja. Het mag 
dan begonnen zijn als rook-maatje, maar je bent 
ook een ik-moet-even-mijn-hart-luchten-maatje en 
stap-en-lach-maatje geworden en gelukkig ben je 
dat ondanks je vroegtijdige vertrek bij KVT 
gebleven; de leermeesters en grote voorbeelden. 
Maarten, Michèl, Angélique, Neeltje, Marie-José, 
Ron en Linde. Jullie waren al senioren toen ik nog 
moest beginnen, nu is het mijn beurt; de 
tegenwoordige lab-maaties en colleqa-AIO's, 
Ronald, Stefan, Debbie, Tim, Mette en David, die 
mij het laatste half jaar toch vooral als een 
stress-kipje hebben leren kennen, maar alt i jd door 
begrip, humor en steun (het zijn vooral die kleine 
gebaren), zowel inwendig maar ook op mijn gezicht 
weer een glim of zelfs een schaterlach konden 
toveren. En natuurlijk nog steeds Neeltje. I k vond 
het erg f i jn om zo bijna-samen te kunnen 
promoveren en alle daarmee samenhangende 
ervaringen uit te kunnen wisselen; de borrel-en-
f eest-genoten, naast dat dat voor veel van de 
hierboven genoemde figuren tel t , heb ik nog niet 
genoemd: Janny, Jeanine, Ad en Herbert (ook wel 
muziekmaatje), en 'die van van Lier' in het 
bijzonder Sijs (ook wel bep-maatje), Paul en Kiki; 
de olle-overige-ex-en-huidige-zonder-wie-KVI-
niet-KVI-was-en-is-collega's, Elisabeth, Lotte, 
Susana, Oscar, Dawn, Bert, Silvia, Sigrid, Peter, 
Fokke, Frank, Kees, Irma, Linda, Liesbeth, Dó'rte; 
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en tenslotte, de steun en hulp van verderop in de 
gang, Marijke (altijd vriendelijk en behulpzaam) en 
collega's, Berend, Corry, Johanna, Gerty, Wendy 
en Ellen. 

Kortom, zonder KVI-ers was het op KVI een 
stuk minder prettig werken geweest en had ik 
deze 1,5 bladzijde niet hoeven schrijven omdat 
dan de overige 164 bladzijdes immers ook leeg 
waren geweest. 

En dan er was ook nog een leven buiten KVI, met 
daarin een aantal voor mij zeer belangrijke 
mensen, 

Jacintha, Ingrid en Saida, Welke stad is nu 
eigenlijk de leukste stap-stad en hoe moet dat nu 
verder? Tanja, je b l i j f t een heel bijzondere 
vriendin. I k ben blij dat we de frequentie weer op 
hebben weten te schroeven, houden zo? Patrick, 
Josette, Pierre, Anouk, Erwin, Jeanine, René, Liki, 

Peter, Maaike, Frank, Fleur, dankzij jullie zijn de 
Utrecht-ti jden onvergetelijke tijden geweest. 
Gelukkig zijn we elkaar niet uit het oog verloren en 
ik hoop dat die met-z'n-allen-weg-weekendjes er 
nog lang in blijven. Marco, je hebt heel lang heel 
veel voor mij betekend, dat is niet zomaar 
vergeten. Mammie, Anneke, Bauke, Jan, Nellian, 
Gerda, Hans, wat moet een mens zonder familie? 
Gerda, jou wil ik nog even in het bijzonder 
bedanken voor de gezelligheid en de goede zorgen, 
zonder jou was ik waarschijnlijk verhongerd 
voordat ik 22 oktober had gehaald. 

En dan is er nog één iemand. Jouw aanwezigheid 
hier heeft vaak genoeg averechts gewerkt op mijn 
concentratievermogen en productiviteit, maar in 
het 'heetst van de str i jd ' was je voor mij ook vaak 
de beste afleiding en de leukste ontspanning... 






