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CHAPTERR 1: 

INTRODUCTION N 



HIVV and AIDS 

Infectionn with HIV results in a progressing decline in the amount of CD4+ T-cells 

inn blood and a reduction in CD4+ T-cell function, which finally leads to a clinically 

apparentt immundeficiency. In the majority of infected individuals, HIV causes acquired 

immunodeficiencyy syndrome (AIDS) within 7-12 years.37;101 Disease progression due to 

HIV-infectionn is highly correlated to the steady-state viral RNA level in serum of the HIV 

infectedd individual at one year after infection. The higher level of HIV RNA is present after 

onee year, the faster AIDS becomes manifest.37;100;101;112;14S Consequently and 

consistently,, lowering the viral RNA levels by highly active anti-retroviral therapy 

(HAART)) leads to a rapid halt in disease progression and a recovery of CD4+ cells and 

immunity. . 

Inn the following chapters of this thesis, the focus will be on different aspects of 

measuringg the number of circulating viral particles. In this chapter, an introduction will 

bee given covering the more general aspects of an HIV infection, the natural course of 

infectionn and pathogenesis, as well as the effects of therapy intervention on plasma and 

serumm HIV-1 RNA levels as a reflection of virus production. In addition, the molecular 

toolss that were used for RNA detection and quantification will be explained. 

Thee structur e of HIV 

Humann immunodeficiency virus (HIV) is a member of the Lentiviridae and has the 

structuree of a typical retrovirus (Figure 1 A). The viral particle is surrounded by a 

bilayeredd lipid envelope, derived from the host cell membrane during the assembly-

buddingg process of the virus. The envelope contains viral transmembrane proteins (TM, 

gp41),, that are non-covalently linked on the inner side of the viral particle to the matrix 

proteinss (MA, pl7) and on the outside of the viral particle to the surface proteins (SU, 

gpl20).S7;1677 The gp41-gpl20 complex determines the affinity of the virus for specific 

hostt cell receptors. Within the enveloped viral particle, a core particle can be found, 

whichh is assembled of capsid protein (CA, p24). Inside the core particle, two single 

strandedd RNA genomic molecules can be found, each covered by approximately 1,400 

nucleocapsidd protein molecules (NC, p7).28 Besides this complex, the viral enzymes 

integraseintegrase (IN), protease (PRO) and reverse transcriptase (RT) are present in low 

numbers. . 
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Figuree 1. A schematic representation of the structure of HIV-1 with its proteins and RNA molecules (A.) and the 

organisationn of the HIV-1 genome (B.) 

Thee structural proteins NCp7, CAp24, MApl7, and p6 as well as several other small 

proteinn fragments are encoded by the gag gene (figure 1 B)68 and are synthesized from a 

precursorr polyprotein that is cleaved by PRO.38 This PRO is generated by autocleavage 

fromm the gag-pol precursor protein, a fusion protein that is produced as a result of a 

frameshiftt within the gag-po/-coding region.38 PRO also cleaves the enzymes RT and IN 

fromm the gag-pol precursor protein. The env gene encodes the precursor gpl60 that is 

cleavedd into gpl20 and gp41 by the cellular protease furin.66 The gag, pol and env genes 

aree typical for retroviruses and can be found in all of them. Besides these genes, six open 

readingg frames can be found in the HIV genome, encoding the functional and accessory 

proteinss tat, rev, nef, vif, vpr, and vpu. Each retroviral genome is flanked by a typical 

sequence,, the long terminal repeat (LTR), which contains several promoter elements as 

welll as the sites for integration of the viral genome into the host genome.25 In figure 1 B, 

aa schematic overview is given of the genomic organization of HIV-1. 

HIVV epidemiolog y 

IntroductionIntroduction of HIV-1 into the human population 

Sincee the finding and description of HIV in the early 1980s,7;50;51;122 scientists 

havee put a tremendous effort in understanding the characteristics of the virus and the 
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differentt aspects of HIV infection. HIV can be divided into two main classes, HIV-1 and 

HIV-2.. HIV-1 can be found world wide, whereas HIV-2 is most prevalent in West-African 

countriess and some European countries, like Portugal.143 The way by which HIV has been 

introducedd into the human population has long been debated. HIV-2 is genetically very 

closee to a simian immunodeficiency virus strain (SIVsm), that is endemic in sooty 

mangabeyss (Cercocebus atys).16 It is believed that HIV-2 has entered the human 

populationn by zoonotic transmission from sooty mangabeys, infected with SIVsm, to 

humans.54;733 Although such a genetically close simian virus has not been found for HIV-1, 

theree are recent, strong indications that zoonotic transmission from a SIV variant found 

inn the chimpanzee Pan troglodytis troglodytis (SIVcpzUS), circulating in West equatorial 

Africa,, to humans introduced the virus to the human population.52 The phylogenetic 

relationshipp of these various described viral groups and strains is depicted in Figure 2. 
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Figuree 2. Phylogenetic tree of human and simian immunodeficiency viruses, derived from pol protein sequence 
comparisons.. SIVs have subscripts denoting their species of origin. Phylogenetic relationships were 
determinedd by the neighbor-joining method. The horizontal branch lengths are drawn to scale; vertical 
branchh lengths are for clarity only. The tree was midpoint-rooted using TREECON.158 

Ass will be explained in more detail later in this introduction, HIV-1 isolates can be 

dividedd into three groups, M (major), N (non-M, non-O), and O (outlier),89 of which the 

M-groupp encompasses more than 99% of all circulating strains. An additional sub-division 

intoo various genetic subtypes is made for group M isolates, which are named A through 

H,, and J and K.89 It is generally believed that all HIV-1 subtypes comprising the M-group 

havee evolved out of one common ancestor.52'65 Evolution within the new host in a 

'starburst'' radial fashion was likely the reason for the numerous viral lineages of HIV-1 

groupp M, being the subtypes A through H, and J and K. The epidemics of group N and O 

virusess most likely have been caused by separate transmission cases from chimpanzees 

too humans. Transmissions could have happened via several routes like biting during 
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huntingg or pet keeping, or via consumption of uncooked contaminated meat. The date of 

introductionn is very difficult to be estimated,60*5'90^80 The date that the common ancestor 

existedd can be calculated. This common ancestor identifies when this viral lineage began 

too diversify. The date of existence of the last common ancestor is still unclear, but seems 

too be between 1915 and 1940, roughly around 1930.90 There are three hypotheses that 

explainn a date of the transmission event and are in concordance with the date of the last 

commonn ancestor.72;90 The first hypothesis explains that the virus could was transmitted 

too humans much earlier than the date of the last common ancestor. In that case, for 

yearss this first HIV-1 isolate, or HIV-1-like isolate, has circulated in a small population 

beforee it started to spread to other human populations and began to diversify. This is the 

so-calledd Transmission Early Hypothesis. The second hypothesis is the Transmission 

Causess Epidemic Hypothesis, which describes that the virus was transmitted from 

chimpanzeess to humans around 1930 and immediately began to spread and diversify in 

thee human population. The third hypothesis is the Parallel Late Transmission Hypothesis. 

Thee theory behind this hypothesis is that multiple strains of SIV were transmitted from 

chimpanzeess to humans at about the same time in the 1940s and 1950s. The data and 

publicationss that appeared thus far support the Transmission Early Hypothesis best. 

Establishingg the date of emergence of HIVs is imperative to elucidating how transmission 

occurredd and to finding ways to prevent zoonotic transmission in the future, as well as to 

establishingg the reservoir of HIV viruses. 

Theree will be several factors underlying to the fact that AIDS did not became prevalent 

untill the 1970s, although its presence in human populations since at least 1930.65 

Initiallyy the spread of the virus appeared to be very slow. The epidemic took off at the 

endd of the 1960s. The spread of the virus coincided the end of colonial rule in Africa, 

severall civil wars, the introduction of widespread vaccination programs with deliberate or 

inadvertentt reuse of needles, the growth of large African cities, the sexual revolution, and 

increasedd travel by humans inside, to, and from Africa. Besides that, sociobehavioral 

factorss like social disruption, prostitution, and other not fully understood ones will have 

contributedd as well. In Europe and the USA, homosexual transmission has long been the 

majorr route of spread of HIV-1. Lately though, heterosexual transmission is becoming the 

mostt important in those areas as well, as it is in African, Asian, and South American 

countries.. And unfortunately, a large proportion of infections in non-industrialized 

countriess is still caused by contaminated hospital equipment and transfusions with 

contaminatedd blood. 

13 3 



TheThe global spread of HIV-1 

Sincee HIV-1 is more pathogenic and globally more widespread than HIV-2,116;123 

thee focus for basic and clinical research, as well as epidemiology has been mainly on HIV-

1.. The geographic designation of the various subtypes as indicated in Figure 3 reflects 

thee majority of circulating subtypes for that specific area. Differences in the presence of 

subtypess have been found for different geographic areas. In Africa, the main subtypes 

aree A, C, D, and G, in Asia the main subtypes are B and C and the Circulating 

Recombinantt Form (CRF) AE, in Latin-America the subtypes B and F are mainly observed, 

whilee in Europe and the USA subtype B is dominant. 

Epidemiologicall data about the HIV and AIDS epidemic are updated frequently by the 

Jointt United Nation Programme on HIV/AIDS, UNAIDS.155 Their last report from June 

20000 states that in 1999 about 5.4 million people have been newly infected with HIV, of 

whichh 620,000 were children younger than 15 years. The total estimated number of 

peoplee living with HIV/AIDS is 34.3 million, of which 1.3 million younger than 15 years. 

Aboutt 24.5 million (70%) of these infected people live in Sub-Saharan Africa, 5.6 million 

inn South- and South-East Asia (15%), and 1.3 million in Latin-America (5%). Last year, 

2.88 million people have died of AIDS, which brings that to an estimated total of 18.8 

millionn AIDS deaths since the beginning of the epidemic. At this moment 11 people get 

infectedd with HIV every minute. Development of effective vaccines, effective and 

affordablee drugs, fast and accurate diagnostics and good prevention campaigns are in 

greatt demand to halt the HIV epidemic. 

Figuree 3. The geographicc localization of the subtypes. Indicated are the major circulating subtypes for the 
specificc areas. 

% % 
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HIVV variatio n 

AnalysisAnalysis of genetic diversity 

Geneticc analysis of the HIV-1 genome from different isolates has revealed that it is 

veryy heterogeneous. HIV is a retrovirus, which means that its genome consists of RNA, 

andd prior to the integration of the genetic material as DNA into the host genome, a 

reversee transcription step is required in between. This reverse transcription of RNA into 

DNA,, is the step where the virus changes mostly, from a genetic point of view. 

Relationshipss between genes or complete genomes can be determined by phylogenetic 

analysis.. Phylogenetic analysis of HIV-1 isolates includes the calculation and generation 

off a distance matrix and a method to determine relations and hierarchy between the 

analyzedd isolates. Genetic distance is represented in a phylogenetic tree as a branch 

lengthh and is an estimate of how many mutational events actually occurred between two 

sequences.. The significance of the position of the branches is represented by the 

bootstrapp value, which gives information about the stability of the tree topology (the 

branchingg order), and helps assess whether the sequence data is adequate to validate 

thee topology. The bootstrap randomly resamples columns for a specified number of times 

fromm a sequence alignment and builds a new tree every time from this dataset. The 

bootstrapp value is a count or percentage of how often each branch was present in exactly 

thee same topology in all the resampled trees, so it gives an impression of how much the 

treee topology could change if, for example, you'd reconstruct it using a different gene. 

Basedd on genetic variation and relationship analysis of the different isolates, definitions 

havee been made to classify HIV viruses in subtypes. There are some guidelines for the 

definitionn of a (new) subtype. Representative strains must be identified in at least three 

individualss with no direct epidemiological linkage. Three near full-length genomic 

sequencess are preferred, but two complete genomes in conjunction with partial 

sequencess of a third strain are sufficient to designate a new subtype. A new subtype 

shouldd be roughly equidistant from all previously characterized subtypes in all regions of 

thee genome with a distinct pre-subtype branch similar to those of other subtypes. Based 

onn these rules, one can determine the subtype of an unknown isolate by sequencing parts 

off or the complete genome and analyze it against a set of reference sequences. An 

examplee of a phylogenetic tree with the different subtypes is depicted in figure 4. 

Thee genetic variation at nucleotide level within one infected individual can be as high 

ass 3%,1S9;16  whereas the variation between two infected individuals with a closely related 

virus,, can be as high as 15%, both based on part of the env gene (the so-called V3-

region).. Viruses that are that closely related form together a subtype of HIV. Subtypes 

cann differ as much as 30% from each other at the nucleotide level.89 There are currently 

tenn subtypes defined, designated A trough H and J and K that comprise the major group 

MM of HIV-1. Besides the M-group, an outlier group O has been described in the early 
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1990'ss that can be divided in two subtypes, the ANT-70- and MVP1582-like subtypes, 

whichh are named after their representative strains.32;64;77 Recently a third group within 

thee HIV-1 family has been described, the non-M, non-0 group, named group N.142 
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Figuree 4. Phylogenetic relationship between the various groups of HIV-1 and the subtypes within the major 
groupp as calculated based on the gag gene sequences of the subtype reference set.89 

Withinn subtypes, new strains are continuously being generated due to the error-prone 

aspectt of HIV replication, but also genetic recombination increases the amount of new 

HIVV variants.124;131;133 Genetic recombination is the exchange of parts of the viral 

genomess from two strains of either the same or two different subtypes, with a new viral 

variantt as result. More than 10% of the sequenced isolates all over the world have a 

mosaicc genome. Recently, a proposal for the nomenclature of the HIV-1 isolates has been 
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publishedd for the different HIV-1 subtypes and groups, based on the definition of 

subtypess as explained earlier.132 Some of the recombinant variants, the so-called 

Circulatingg Recombinant Forms (CRFs), can spread in the human population with a 

significantt presence, and have been classified and recognized for the first t ime within this 

proposal.. Examples of significant CRFs are the AE, and AG (IbNG-like) viruses. Besides 

intrasubtypee and intersubtype recombination, intergroup recombination between the Inl-

andd O-groups has recently been described as well.148 To complete the picture, there are 

strongg indications that the group N viruses arose from inter-species recombination 

betweenn simian and human immunodeficiency viruses. The phylogenetic relation between 

thee different groups of HIV-1 viruses is depicted in figure 4. Figure 5 A and B show the 

resultss of a phylogenetic analysis of a set of sequences of the gag, and the env genes. 

Thee formation of subtype clusters is evident. Note the difference in clustering as a result 

off recombination for e.g. the boxed sequences and the CRF AE viruses that are subtype A 

inn gag and a separate cluster in env. 
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Figuree 5. Phylogenetic trees of HIV-1 sequence subtypes, derived from nucleotide sequence comparisons of (A) 
completee gag and (B) complete env sequences (derived from http://igs-server.cnrs-
mrs.fr/anrs/phylogenetics/hiv_evolution// hivl_gag_env.html). Brackets on the right indicate the 
sequencee subtypes identified (A-H); subtype H has only been characterized from partial sequences in env 
(nott shown). CRF AE (indicated here as E) viruses cluster in subtype A in the gag phylogeny. The boxed 
virusess cluster in different subtypes in the two genomic regions. Phylogenetic relationships were 
determinedd by the neighbor-joining method. The numbers on nodes represent the percentage bootstrap 
sampless with which the cluster to the right is supported, only those values greater than 80% are shown. 
Thee trees were rooted using SIVcpz as an outgroup. 
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Recentt publications showed a very close phylogenetic relationship between SIVcpz 

strainss and HIV-1 group N sequences in env, but not in pol (see figure 2), supporting the 

hypothesiss that HIV-1 group N results from an inter-species recombination.21;52;142 

Besidess these genetic relationships, those human and simian viruses occupy a common 

geographicc area (Cameroon), which further supports the hypothesis of a zoonotic 

transmissionn followed by recombination. 

ImpactImpact of genetic diversity 

Thee natural genetic variation, as represented by the groups and subtypes of HIV-1 

att the nucleotide level, as well as the genetic variability within groups and subtypes have 

hamperedd the design and development of nucleic acid diagnostic assays that can detect 

andd quantify all the different HIV-1 isolates. As will be explained in more detail later in 

thiss chapter, nucleic acid diagnostic assays make use of primers and probes that 

hybridizee with parts of the HIV-1 genome. Hybridization only takes place upon 

complementarityy between genome and primers or probes. Genetic variation and 

variabilityy result in heterogeneity of the complete viral genome, with only small areas 

thatt are highly homologous. These regions are the common denotater for nucleic acid 

assayss in their ability to detect all HIV-1 isolates. Besides its consequences for 

diagnostics,, genetic variation also has a major influence on drug and vaccine 

development,, as will be explained in next paragraph. 

Mostt HIV vaccine strategies aim to induce both antibody-mediated (humoral) and 

cellularr immunity, which are thought to protect against incoming viruses and to fight 

virus-infectedd cells, respectively. The immune system recognizes HIV proteins or protein 

fragments.. Although many stretches of amino acids in the viral proteins have highly 

conservedd sequences and the majority of amino acids are common to all subtypes, 

subtypee variation and genetic variability is also present at this level and has its 

consequences.6;133 A protective immunological response to one viral strain, either humoral 

orr cellular, will not necessarily protect against any other, genetically different viral strain, 

butt there will definitively be cross-clade reactivity.13 Another consequence of genetic 

variationn and variability at amino acid level is to design drugs that will equally efficiently 

combatt every single virus from any subtype, as the target for the current anti-viral drugs 

aree the RT and protease proteins. The RT and protease proteins are very conserved 

amongg the HIV-1 isolates. Without drug selection, a pool of natural occurring viral 

isolatess exists, as has been explained before. Drug pressure leads to the selection of new 

resistantt variants that are not present naturally. Thereby, drug pressure contributes to 

andd increased genetic variability within the HIV-1 isolates. 
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Steadyy stat e level s of HIV RNA: natura l histor y and therap y 

NaturalNatural history 

Afterr infection with HIV, cells start producing viral particles up to as high as 107'8 

particless per ml serum. The initial high amount of produced viral particles coincides with 

aa rapid drop in CD4+ cells: the target cells for HIV (Figure 6). This phase is called the 

primaryy infection. 

Figuree 6. The natural course of an acute HIV infection, as depicted by viral RNA levels and amounts of CD4+ 
cells. . 

Thee events following on a primary infection differ between each individual. On 

averagee though, it is followed by a rapid drop in viral RNA levels that partially will be 

causedd by an upcoming immune response, either humoral or cellular, together with other 

(unknown)) factors. After about a year, the viral RNA level in serum has reached a steady 

statee level and is predictive for the progression to AIDS. 3 7 ; 1 0 0 ; 1 0 1 ; 1 1 2 ; 1 4 5 After a prolonged 

stablee period (steady state, non- or a-symptomatic period) the viral RNA level rises 

shortlyy before and during the progression to AIDS. 

Basedd on large cohort studies, HIV infected individuals can be stratified into four 

groupss based on their initial and steady state HIV RNA |e v e |s,7 9 ; 1 0 0 ; : 0 1 ; : 4 5 which are 

schematicallyy depicted in Figure 6. The first group of HIV-infected persons (~10%), that 

lackss the capacity to efficiently reduce the level of replicating virus after the primary 

infectionn usually progresses to AIDS within 5 years after infection and can be classified as 

rapidd progressors. The second group that develops AIDS between 5 and 10 years after 

infectionn are the so-called intermediate progressors, and are characterized by fairly 

reducedd levels of replicating virus for 5-10 years. The third group are the long-term 

asymptomatics,, which are able to substantially reduce the level of replicating virus for a 

prolongedd period (10-15 years) before progressing to AIDS. The fourth, remaining group 

off non-progressors (~2% or less) stays non-symptomatic for more than 15 years with 

continuouss low levels of replicating virus. The frequency and viral RNA patterns of each of 

thesee groups is schematically depicted in Figure 7. 
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Figuree 7. Viral RNA levels of the four different strata of HIV-1 infected individuals (see text for explanation). 

Inn agreement with conditions that can keep viral RNA levels low in naive untreated 

seropositivee individuals, interventions with antiretroviral drug combinations have a 

similarr effect: a reduced risk for progression to disease. The goal of antiretroviral therapy 

iss to get the viral RNA levels in any compartment down, keep them as low as possible 

andd thereby reduce the risk to disease progression as much as possible, as well as reduce 

thee risk of both horizontal and vertical transmission.56 '125 

TreatmentTreatment of HIV infected individuals 

HIV-managementt with antiretroviral drugs has thoroughly changed over the past 

feww years. It started in 1986 with the introduction of AZT.134 Therapy with AZT was able 

too reduce mortality somewhat in individuals with advanced HIV infection. The number of 

CD4++ cells in treated individuals increased, indicating that the immune system showed 

recovery.. AZT monotherapy did not provide lasting benefit in terms of immune 

restoration,, morbidity and mortality. Clinical resistance occurred, reflected in rising HIV 

RNAA levels, which later could be related to genetic resistance of the virus against AZT. 

AZTT and the compounds that became available later were initially almost exclusively used 
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ass monotherapy. As significant residual HIV replication went on during therapy, and due 

too the high error-prone nature of the HIV RT, this led too selection and outgrowth of drug 

resistantt viruses and virological failure within periods of a year.12 In the meantime, 

variouss clinical experiments showed that a combination of drugs from the than available 

threee different classes of anti-viral compounds was superior to mono- or dual-therapy 

withh nucleoside analogues in suppressing viral replication and in restoring CD4+ cell 

numberss and the immune system. These three different classes of anti retroviral 

compoundss are the nucleoside analogue RT inhibitors (NRTIs), non-nucieoside analogue 

RTT inhibitors (NNRTIs) and protease inhibitors (Pis). 

Despitee the high level of suppression of viral replication, residual replication of HIV 

goess on.47;48;118;140;179 Selection and outgrowth of drug resistant viruses fortunately is 

limitedd in HIV infected individuals whom (can) adhere to their therapy,18 despite the 

residuall replication. An increasing percentage of treated individuals though is not able to 

adheree to therapy because of severe side effects, like lipodystropy. This has caused an 

increasingg number of treatment problems, with drug resistance as a consequence. 

Recently,, less toxic regimens containing three NRTIs have been shown to be similarly 

effectivee to reduce viral RNA levels and restore the immune system as regimens that 

containn at least one pi,49*3-146 Continuous improvement of drug regimens and therapy 

schedules,, as well as availability is necessary to improve quality of life for those living 

withh HIV and AIDS. In addition, close monitoring of therapy with the goal of early 

differentiationn between responders and non-responders as well as early identification of 

failingg therapy is warranted to reach these objectives. 

Differen tt  target s fo r quantificatio n of HIV 

AA marker to measure effectiveness of therapy, is the number of viral particles that 

iss present in serum or plasma of HIV infected individuals. The earliest developed assays 

measuredd the amount of p24, one of the core proteins of the virus.59192 The amount of 

p244 is not always linearly correlated with the amount of viral particles because of two 

reasons.. Shedding of free p24 into the blood occurs as a result of over production of the 

free,, not particle-associated protein, which disturbs the correlation between the amount 

off p24 and the amount of viral particles. Besides that, circulating anti-p24 antibodies as 

resultt of host immune responses interfere with antigen capture assays, which use similar 

epitopess as those natural antibodies. In addition, the commercially available p24 assays 

havee a relative poor sensitivity, although some of the sensitivity problems seem to be 

possiblee to solve by using heat-denatured plasma and a signal-amplification boosted 

detectionn technology.97" All the phenomena were enough reasons though to attempt to 

developp assays that better reflect the amount of viral particles in the blood and that had 

ann increased sensitivity over the p24 assays. One of the aimed targets of such an assay 
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iss NCp7, the nucleocapsid protein, which covers the viral RNA in a constant ratio. Besides 

that,, it can hardly be found as a sole protein in serum and no antibodies are present that 

cann interfere with the assay. These features are excellent for the development of a fast 

andd accurate viral quantification assay. We developed several assays for the 

quantificationn of NCp7, unfortunately they all lacked the required sensitivity for use in 

vivo.vivo.28 28 

Besidess protein assays to quantify the amount of HIV particles, new technologies 

becamee available that increased sensitivity and specificity for HIV quantification: 

measuringg the amount of viral RNA molecules. The rationale of these assays is that an 

HIVV particle contains 2 genomic RNA molecules,79 so a direct relationship between the 

amountt of viral particles and RNA molecules is present. These most accurate and 

sensitive,, but also most expensive and time-consuming assays for quantification of viral 

particless make use of, either a nucleic acid amplification technology (polymerase chain 

reactionn [PCR] or nucleic acid sequence based amplification [NASBA]), or a signal 

amplificationn technology (branched DNA = bDNA). These different technologies will be 

explainedd in next paragraph. Quantification is performed by relative amplification of 

eitherr internal or external calibrators. An internal calibrator is competing within the same 

reactionn tube for primers and nucleotides with the wild-type RNA that has to be 

quantified.. In order to be able to quantify linearly, the amplification efficiency of the 

internall calibrator should be similar to that of the wild-type RNA molecules that need to 

bee quantified. The ratio between the amplification of the known amounts of calibrator 

versuss the unknown amounts of wild-type RNA is used to calculate the amount of wild-

typee molecules. When internal calibrators are used, one calibrator is sufficient for 

accuratee quantification, as we have shown for NASBA29 and others have shown for 

PCR.1066 If external calibrators are used, a standard curve should be amplified in the same 

runn as the samples that contain the to be quantified RNA. Quantification of the unknown 

samplee is performed by extrapolation of the results on the calibration curve. If an 

externall calibration is used, a system control should be added to the unknown samples to 

controll for amplification. A system control is designed to amplify only if no or hardly any 

wild-typee RNA is present. A system control is also used in qualitative assays, for control 

off the isolation, amplification and detection procedures. 
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Amplificatio nn and detectio n technologie s 

PolymerasePolymerase Chain Reaction (PCR) 

PCRR is the best-known amplification technique. It involves two oligonucleotide 

primerss that flank the DNA fragment to be amplified. Amplification is a cyclic event, 

whichh involves heat denaturation of the DNA, annealing of the primers to their 

complementaryy sequences, and extension of the annealed primers with DNA polymerase. 

Thee use of Taq, a thermostable DNA polymerase that was isolated from a 

hyperthermophilee bacteria (Thermus aquaticus) allows the reaction to be performed at 

highh temperatures (see Figure 8). 

PCRR amplification of RNA requires first the conversion of RNA into a complementary DNA 

copyy using the enzyme reverse transcriptase. This two-step procedure was facilitated by 

thee discovery of Tth, an enzyme isolated from Thermus aquaticus with both reverse 

transcriptasetranscriptase and DNA polymerase activity and is followed by regular PCR amplification of 

aa DNA template. 

Primer r 
annealin g g 

SS-DNA A 

DS-DNA A 

Figuree 8. Schematic representation of the PCR amplification principle. 

BranchedBranched DNA signal amplification assays (bDNA) 

Thee bDNA technique is based on amplification of the detection signal rather than 

thee target sequence itself. Single-stranded DNA or RNA is hybridized to an assortment of 

hybridd probes that contain, in addition to an HIV-1-specific sequence, a sequence 

complementaryy to either the capture probe or to the branched DNA molecule. In case of 

thee HIV-1 RNA assay, the array of probes consists of 32 detection probes and 10 capture 

probes,, all hybridizing to sequences in the pol gene of the HIV-1 genome. The RNA-probe 
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complexx is captured onto a solid phase followed by hybridization of branched DNA 

amplifierr molecules that mediate signal amplification. Enzyme-labeled probes are then 

boundd to the branched DNA molecules, and detection involves the addition of appropriate 

substratee (see Figure 9). 
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Figuree 9. Schematic representation of the bDNA signal amplification principle. 

NucleicNucleic Acid Sequence Based Amplification (NASBA) 

NASBAA is an isothermal amplification method, specifically developed to amplify 

anyy RNA target, e.g. HIV-1 genomic RNA molecules.63 The amplification process is 

schematicallyy depicted in Figure 10. The process starts with the binding of a specific 

primerr PI to the positive stranded HIV-1 viral RNA. The PI primer has a T7-promoter 

sequencee at its 5' end. This primer is elongated by the RNA-dependent DNA polymerase 

activityy of AMV-RT, one of the three enzymes involved in the NASBA amplification 

process,, whereby cDNA is synthesized. The internal RNase H activity of the RT degrades 

thee RNA of the RNA:cDNA hybrid. This degradation process is being enhanced by another 

enzymee in the process, RNase H. The result is negative stranded cDNA molecules, that 

aree the target for the second specific primer P2. This primer is elongated by the internal 

DNA-dependentt DNA polymerase activity of the RT, resulting in double stranded DNA 
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molecules,, with a double stranded T7-promoter sequence at the 3' end. This sequence is 

usedd by T7-RNA polymerase, the third enzyme in the NASBA process. This enzyme starts 

thee actual amplification, resulting in several hundreds of negative stranded RNA 

amplicons.. Each of these amplicons can serve as a target for the P2 primer again and 

startt the process from the beginning. The complete amplification process takes place at 

.. To quantify the viral RNA, a known amount of calibrator molecules can be added to 

thee reaction mixture. The calibrator molecules are than amplified using the same primers 

PII and P2. The ratio between amplified viral RNA molecules and the added calibrator 

moleculess makes it possible to assess the amount of viral RNA molecules. Another valid 

methodd of quantification is the addition of an external standard curve within each 

experiment,, as will be discussed in chapter 6. 
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Figuree 10. Schematic representation of the NASBA amplification process, adapted from Guatelli et al.63 

Ann encountered difficulty during the development and evaluation of nucleic acid 

amplificationn assays was that several subtypes of HIV could not or hardly be detected and 

quantified,, as has been extensively documented.1;23;29;39;58;110 This was due to genetic 

variationn as well as variability of the virus at nucleotide level, specifically of the amplified 

target.. Primers that were used in either PCR or NASBA amplification technology are 

relativelyy sensitive to primer mismatches. The bDNA assay, that amplifies the signal, did 

hardlyy encounter this problem. The 32 different probes along the pol gene that hybridize 

withh the RNA target are together less vulnerable for sequence variation. The differences 
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inn performance between the PCR and NASBA amplification technologies are summarized 

inn Table 1. RNA amplification assays that can detect and quantify all different strains and 

subtypess of HIV-1 need highly conserved genetic regions within the HIV genome. The 

developmentt of these RNA assays has encountered at least two problems. 

Thee first problem is that highly conserved regions are difficult to identify, because 

limitedd genetic information is available for some of the subtypes or for specific genomic 

regions.. We managed to find a region, the LTR, of the viral genomic RNA that is highly 

conservedd for all subtypes as well as for all groups. A detailed characterization of a series 

off isolates encompassing the different subtypes has ascertained the conserved nature of 

thee LTR-region (chapter 3, 4, 5, 6, and 8). 

Thee second problem for the viral RNA assays was the throughput. The demand for 

assayss and tests increased with increasing numbers of individuals whom required 

monitoring,, e.g. whom received therapy. As a consequence, the throughput of the RNA 

assayss in a set period of time had to be high as well. In this respect, protein assays are 

veryy fast but lack the required sensitivity, whereas RNA assays are very sensitive, but 

lackk the required throughput. Therefore, new high-throughput amplification and detection 

technologiess have been developed in the last few years. Because in next chapters NASBA 

iss used as main amplification technology, the different detection possibilities for NASBA 

aree described in next paragraph. 

Tablee 1. Some performance characteristics from the two amplification technologies, PCR and NASBA. 

Isothermall amplification 

Sensitivity y 

DNAA detection 

RNAA detection 

Highh Throughput (96 well) 

PCR R 

no o 

good d 

yes s 

no* * 

yes s 

NASBA A 

yes s 

good d 

noT T 

yes s 

yes s 

TT DNA detection is possible but still cumbersome protocol 
** RNA detection is possible by RT-PCR. 

Detectio nn technolog y combine d wit h NASBA amplificatio n 

Afterr or during NASBA amplification of target RNA, several detection technologies 

cann be applied. Until recently, the NASBA assays have used a detection system in which a 

rutheniumm labeled probe is hybridized to the amplicons, and photons are released after 
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excitationn of the label.9;86;163 Before quantification of the released photons, the NASBA 

ampliconss had to be immobilized to small electromagnetic beads via a biotin labeled 

probee in a specially designed detection device. For each wild-type viral RNA and 

calibratorr RNA, a separate detection tube with its specific detection step was required. 

Thee ratio between the released photons from the amplicons of both viral and calibrator 

RNAA was used to assess the amount of wild type viral RNA molecules present in the 

analyzedd sample.163 This method was applied for the assays as described in the chapters 

55 and 6. 

amplico nn RNA 
W W W » » 

Ligh t t 
Molecula rr  Beaco n 

Figuree 11. Schematic representation of a molecular beacon with its fluorophore (F) and its quencher (Q), 
beforee and after hybridisation to its target amplicon. 

Recently,, a real time detection system has been developed that can detect the 

ampliconss of either solely viral RNA or both viral RNA and calibrator molecules in the 

samee tube during the amplification process, depending on the content of the tube. This 

hass dramatically decreased the time between start of amplification until final result. Real-

timee detection is achieved by adding molecular beacons to the amplification reaction 

mixture.988 Molecular beacons are oligonucleotides with a stem-and-loop structure (Figure 

l l ) . 1 5 44 The stem structure brings the 5' and 3' ends of the oligonucleotides into close 

proximity.. The molecular beacons have been linked at the 5' end with a fluorescent label 

(fluorophore)) and at the 3' end with a quencher. A quencher is a molecule that absorbs 

thee energy of the photons that are released by the fluorophore after excitation, if it is in 

closee proximity of the fluorophore. The loop structure of the molecular beacon is able to 

hybridizee with the NASBA amplicons instantly upon synthesis, thereby unfolding the 

stem-and-loopp structure (Figure 8). After hybridization, the distance between the 
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fluorophoree and quencher increases because of linearization of the molecular beacon. 

Consequently,, fluorescence is emitted and can be measured since it is not quenched any 

longer.. The ratio between the released photons of the molecular beacon specific for the 

virall RNA amplicons and the ones specific for the calibrator amplicons, either as internal 

orr external calibration sample, is used to assess the amount of wild-type viral RNA 

moleculess in the analyzed sample. 

Scop ee of thi s thesi s 

Thiss thesis will focus mainly on the impact of subtypes in the fields of diagnostics, 

andd to a lesser extent in the fields of therapy and vaccine development. Our research and 

developmentt in HIV molecular diagnostics has led to several new quantification and 

detectionn assays. One of those assays has an HIV-1 protein (NC, p7) as target, (chapter 

2)) while the other assays are based on nucleic acid sequence based amplification of the 

LTRR or gag regions of the HIV-1 genome (chapters 4, 5, 6, and 7). The use of each assay 

iss discussed within the context of HIV-1 subtypes and groups and its specific rationale for 

development.. Besides assay development, we have studied in more detail differences 

betweenn the LTR and gag regions of the viral genome, in the light of recombination and 

specificc structures of the LTR (chapter 3 and 8). This study was a result of our search for 

thee most conserved regions within the viral genome in order to develop nucleic acid 

diagnosticss with wide subtype reactivity, as well as those regions in the genome for 

developmentt of assays with highly specific and controlled subtype reactivity. 

Inn the last chapter, the impact of the specific assays on molecular diagnostics will be 

discussed,, as well as the impact of subtypes and groups within this area. Besides that, I 

willl explain my opinion about the future and direction of clinical, molecular HIV-1 

diagnosticss (chapter 8). 
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