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Rational e e 

Thee scope of this thesis has been on the impact of genetic variation and variability 

betweenn the various HIV-1 groups, subtypes, and isolates on molecular diagnostics. 

Geneticc differences and similarities have resulted in a classification system that is 

continuouslyy subject to adaptation in the light of new information and findings. Although 

thee majority of the content of this thesis reviews genetic variation and variability in the 

perspectivee of assay development and technology, the amount of sequences we obtained 

duringg this research have had a small spin-off in the field of HIV-1 evolution as well. In 

thiss general discussion chapter, the impact of HIV-1 genetic diversity on molecular 

diagnostics,, understandably, will be discussed, as well as the (future) evolution of HIV-1 

basedd on the subtype and cluster specific genetic features as we described in chapter 3. 

Additionally,, the impact of genetic variation and variability on vaccine development will 

bee discussed. 

HIV-11 evolutio n 

Thee various HIV-1 group M subtypes seem to have evolved from one common 

ancestorr (chapter 1 and 52). Variability between the subtypes is influenced by several 

virall and host factors. The main viral factors that are responsible for generation of 

variationn are major errors made by the reverse transcriptase and recombination between 

subtypess and isolates of HIV-1.124J I31J133 Host factors that possibly contribute to inter- and 

intra-subtypee variation are determining selection from a pool of genetically variable 

isolatess during transmission. Attacks of the virus by the host immune system can result 

inn further selection. Probably there are still a number of unknown host factors that 

contributee as well to the high number of different viral isolates circulating throughout the 

bodyy and present in the world. 

HIV-11 has evolved since its introduction in the human population, and this 

evolutionn is still going on. An interesting question that arises is where is this evolution 

going?? Viral evolution does not have a goal, but is a resultant of factors that act on the 

viruss and the host in any way. The hypothesis for the evolution of SIV is that the virus 

wass introduced into the population of monkeys long time ago, and that during the years, 

thee virus has changed, as well as monkeys have adapted in a way that the virus is less or 

nott pathogenic. This is observed for SIV variants that are harmless in their African host, 

butt are harmful in Asian monkeys. Is HIV going the same way? Is the virus selected for 

lesss pathogenic variants or is the human population been selected for the most resistant 

personss to survive before we can control the pandemic and the disease? These are 

interestingg questions on which no answer is known yet. 
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Ann important part of the evolution of HIV-1 was the separation of several distinct 

subtypess from the common ancestor (chapter 1 and 52). Since the discovery of genetic 

variationn between HIV-1 isolates and the genetic classification, scientists have been 

interestedd in the HIV-1 subtypes and groups. Several studies have focussed on possible 

differencess and similarities between subtypes and groups. The question arises: are there 

biologicall distinctions between subtypes? 

AA number of reports indicate that there are differences in the biology between the 

variouss subtypes. A difference in susceptibility of infection of Langerhans' cells was 

suggestedd for the subtype B, C, and CRF AE viruses.144 This distinction suggested an 

influencee on heterosexual transmission, as these cells are involved in vaginal 

transmission,, and was considered a possible reason for the rapid (heterosexual) spread of 

CRFF AE viruses in Thailand. These findings have not been substantiated by other studies 

though.120;121 1 

Anotherr reported difference between subtypes is for example the higher frequency 

off SI variants among subtype D viruses relative to the other subtypes, and the relatively 

loww amount of SI variants for subtype C viruses. In addition, subtype C viruses have been 

reportedd to hardly ever use CXCR4 as a co-receptor, while a substantial part of the viral 

isolatess of the other subtypes can infect cells carrying this CXCR4 molecule.153 

Too get an impression of the genetic variation within the target of most of the 

developedd diagnostic assays, we have analyzed the LTR-sequences of the various 

subtypes.. To classify the viruses, we assigned subtypes to LTR sequences in analogy to 

thee gag subtype assignment of sequences from the same viral isolates. Recombination 

betweenn the LTR and gag had occurred for 7 out of 82 viral isolates,26 which is in line 

withh reported recombination between other parts of the genome.133 In agreement with 

earlierr reports, we described several subtype specific features in the long terminal 

repeatss (LTR), for example a subtypee specific secondary structure of the TAR hairpin for 

alll group M subtypes confirming a previously noted CRF AE specific TAR hairpin structure. 

Thee TAR element is a highly conserved stable stem-loop structure that is required for Tat-

mediatedd trans-activation of HIV-1 gene expression, and the Tat-TAR interaction may 

influencee the rate of disease progression. Based on these and reported findings about the 

diversityy in the configuration of important regulatory regions in the LTR,103 ;104 ;166 we have 

conductedd a study on LTR-related subtype specific differences in replication capacity and 

regulation.. We replaced the promoter region from a subtype B virus by promoter regions 

fromm other subtypes. Due to the exchange of the subtype specific promoter region some 

off these chimeric viruses became relatively faster replicating viruses in certain cell-types 

thann other chimeric viruses and the original subtype B isolate.78 This indicated that the 
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differentt subtypes could adapt to acquire a phenotype with a cell specific enhanced 

replicativee capacity, and that this might occur via recombination of the LTR-region. There 

iss always a bias in such in vitro results though, as it is never clear what the 

representativee strain is for a subtype. Therefore, from these experiments it is impossible 

too conclude that a certain subtype has an advantage in specific cell-lines or cell-types; or 

inn a broader context, is preferentially suited for, e.g., heterosexual transmission. 

AnAn evolution model based on the LTR of HIV-1 subtypes 

Thee LTR contains several promoter sequences that are influencing viral replication. 

Basedd on the data as described in chapter 3 of this thesis, I have drawn a model that 

relatess the depicted subtype-specific differences and similarities in the LTR and PBS to an 

HIV-11 gag-subtype evolutionary tree (Figure 1). This subtype evolution is based on the 

commonn ancestor theory, which includes that all HIV-1 subtypes from the M-group have 

evolvedd out of one common ancestor. In addition, I assume that LTR regulatory elements 

andd other regions of the HIV-1 genome are functionally intertwined, e.g. the tar or pol 

gene.. The gag subtype is arbitrarily chosen as a representative for the HIV-1 genomic 

subtype.. In this tree, a distinction is made between events that occurred in all sequences 

off a subtype or subgroup (marked with boxes) and events that occurred in a majority of 

subtype-- or subgroup-specific sequences, but were subordinate to variation (marked with 

circles).. Several events were fixed within subtype lineages and described in chapter 3 of 

thiss thesis, while other events were not fixed (yet) and might still be evolving towards a 

fixedd subtype-specific feature. Described were the lack of a TATA box in subtype A, H, 

andd CRF AE viruses and a 2 nt TAR hairpin bulge in subtype A and CRF AE viruses instead 

off a 3 nt TAR hairpin bulge for the other subtypes (see also figure 2). Moreover, a third 

NF-KBB site in subtype C viruses, specific, non-consensus E-boxes for subtype G and CRF 

AEE viruses, the gain of a TATA (-110 bp) box as well as the gain of a GABP site for 

subtypee CRF AE viruses were included in the model. We have shown that the gained 

TATAA (-HObp) box of latter viruses is not functional though.78 One could speculate that 

thee events that were subordinate to variation between and within subtype lineages are 

stilll evolving, by selection, into a determined landmark, or here, a subtype mark. 

Exampless of such landmarks could be the formation of a subtype-specific TAR variant (as 

depictedd in figure 2) and the duplication of the TCF-la site and PBS motif. The changes in 

thee regulatory elements that were fixed in one or more subtypes might indicate an 

adaptationn of the virus to specific influences. The model assumes that changes in the LTR 

andd PBS have occurred and are occurring to facilitate optimal regulation of viral 

replication.. Indeed (see previous paragraph), we have shown that the differences in LTR 
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promoterr sites contribute to a (slight) differentiation at the level of transcription and viral 

productionn 78. These studies support the hypothesis that subtype specific features are 

distinguishablee within groups of viruses, either via stochastic events or via evolution by 

selectionn and viral competition. My hypothesis would be that such evolution is still going 

on,, to facilitate optimal regulation of viral replication as part of an optimal viral lifecycle 

includingg transmission and spread in the population. In that context, adjustment of 

subtypess to specific cell types within the host- and cell-specific environment would be a 

likelyy scenario. 
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Figuree 1. Phylogenetic tree based on HIV-1 gag sequences, depicting the establishment of subtype-specific 
sequencee motifs in the LTR. Numbers in boxes are related to sequence motifs that are found in all isolates 
thatt it refers to, while numbers in circles are related to sequence motifs that are found in the majority of 
thee subtypes specific sequences. 
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Figuree 2. TAR RNA secondary structure model for each subtype. The black boxes mark the nucleotide changes 
observedd in the majority of the individual subtypes in comparison to the HIV-1 LAI, subtype B model.8 

Thee nucleotides that are indicated next to the stem-loop structure represent subtype-specific bases that 
weree found more than once, but not in the majority of sequences. 
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Implication ss of geneti c diversit y for HIV-1 molecula r diagnostic s 

Becausee of the high level of intra- and inter-individual genetic variation and 

variability,, HIV-1 viruses can be compared with snowflakes: not one isolate is identical to 

thee other, although they look similar. Variation Is less high at the amino acid level than 

att the nucleic acid level, which aspect is used in molecular diagnostics for detection of 

virall antigens and/or immune responses against viral antigens. Antigen or antibody 

detectionn is less hampered by variation between isolates, subtypes, and groups than 

nucleicc acid diagnostics. We have observed this, amongst others, during the development 

off the p7-assay (chapter 2). Variation between subtypes and groups of HIV-1 did not 

hamperr the detection or sensitivity of this assay.28 There are several reasons for the fact 

thatt antigen detection assays are less frequently used these days. The amount of HIV-1 

antigenss present in serum or plasma of an infected individual was used as a marker that 

reflectss the amount of viral particles in these biological fluids. The assessment of the 

amountt of viral particles has become important to predict disease progression. In 

addition,, it reflects the effects of antiretroviral therapy. Since antiretroviral therapy has 

beenn introduced, HIV-1 diagnostics has changed its focus. Changes in the amount of viral 

particless between different time-points had to be detected to evaluate therapy efficacy, 

andd the detection levels of the assays had to become lower since therapy became more 

andd more potent. Unfortunately, the sensitivity of antigen assays that is needed to 

accuratelyy monitor therapy effects was also not enough, i.e. the p7-assay.28 Another 

mainn disadvantages of antigen detection assays is that gradually during the course of 

infection,, the correlation between the amount of viral particles and the amount of 

measuredd antigen is becoming low. Disturbance of this correlation is due to shedding of 

antigenn that is not incorporated into the viral particle, into the circulation, and due to 

antibodyy responses against the antigens, which hamper accurate quantification or even 

detectionn of the antigen. In summary, lack of correlation between the amount of viral 

particless and antigen levels in serum or plasma, combined with lack of sufficient 

sensitivity,, have pushed the field of diagnostics to use technologies that can fulfill these 

requirements. . 

Quantitativee nucleic acid diagnostics, in particular viral RNA assays, have become 

highlyy important in current HIV diagnostics, because they can meet the required 

sensitivityy for therapy evaluation, and there is a proven high correlation between the 

amountt of viral particles and the measured amount of viral nucleic acids. Therefore, the 

virall RNA level in serum or plasma is the best predictive marker for disease progression 
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andd is the best way to monitoring therapy effects. An additional advantage is that 

detectionn of viral RNA is the sole evidence for mother-to-child transmission, since 

maternall antibodies give false-positive results in the antibody screening assays. As 

result,, the antibody screening assays could only be performed with a high degree of 

accuracyy later than 18 months after birth when the maternal antibodies have 

disappeared. . 

Whereass before each subtype had more or less its geographical restrictions, the 

subtypess have spread globally and nearly every subtype can be found in higher or lesser 

frequenciess all over the world. Together with this global spread of the various subtypes, 

geneticc variation and variability increased both intra- and inter-subtype. And now therapy 

thatt generates resistance conferring, naturally not occurring mutations, has become 

availablee in any part of the world, albeit still at small scale in Asia and Africa, the global 

geneticc variability will only increase more. In the near future when vaccines are becoming 

availablee or are being tested, the host immune selection will also contribute to the 

existencee of escape mutants with higher genetic variability as a result. The increasing 

presencee of the subtype variants and the increasing genetic variation and variability had 

aa major impact on nucleic acid diagnostics. Primers and probes that were necessary for 

amplificationn and detection of viral RNA circulating in industrialized countries, where such 

assayss were developed, did not fit or fit less well on the various subtype isolates. In 

specificc the enzymatic amplification assays that used primers and probes to amplify the 

targett had problems with the mismatches between some subtype targets and the primers 

orr probes. For the NucliSens HIV-1 QT RNA assay (Organon-Teknika, Boxtel, the 

Netherlands),, this resulted in underestimation of the amount of subtype A and CRFs AE 

andd AG viral RNA and no detection of subtype G and group O viral RNA. For the Amplicor 

HIV-11 RNA vl.0 assay (Roche Molecular Diagnostics, Branchburg, NJ), these problems 

weree similar because the primer and probe locations were nearly identical. A later version 

off the Amplicor assay though, the Amplicor HIV-1 RNA vl.5 assay, could accurately 

quantifyy all subtypes of group M but could not quantify group O viral RNA. The only 

commerciallyy available hybridization assay, the Quantiplex v3.0 (Bayer Diagnostics, 

Germany),, could accurately quantify all group M isolates, and could detect but not 

accuratelyy quantify group O viruses.173 For the group N isolates, no data have been 

publishedd thus far for any of those assays. 

Accuratee quantification of viral RNA of any subtype and group has become very 

important,, for the reason that all subtypes have spread worldwide, and nucleic acid 

diagnosticss have become available all over the world, and are not restricted any longer to 

countriess where subtype B is the most prevalent subtype. Parallel to the introduction of 

120 0 



alll subtypes anywhere in the world, each subtype becomes subject to anti retroviral 

therapyy as well. Besides the first line patient care, assays like those are necessary as well 

too evaluate current and new drugs in their ability to have an antiviral activity against all 

subtypes.. One of the aims of our clinical research was to investigate similarities and 

differencess in the effects of existing therapy among the various HIV-1 subtypes, using 

nucleicc acid diagnostic assays. And last but not least, broad subtype reactive assays are 

veryy necessary in basic science, for example to study possible pathogenic differences 

betweenn the various subtypes. Therefore, one of our first goals was to design an HIV-1 

RNAA quantification assay that was able to detect and quantify all HIV-1 subtypes and 

groups,, based on NASBA technology. 

Too improve the subtype reactivity, we selected a region within the HIV-1 genome 

thatt was highly conserved for all subtypes, including the group N and O viruses. This 

regionn was located in the 5' LTR. Sequence analysis of the LTR of a large cohort of 

infectedd individuals with any subtype of the M-group revealed that this part of the HIV-1 

genomee contains highly conserved parts, specifically the functional regions within the 

LTR.266 In first instance, we developed an assay that could accurately quantify viral RNA 

levelss of all group M subtypes and could detect viral RNA of group 0. This assay was 

basedd on separate amplification and detection steps.29 Detection was performed using 

linearr probes that were labeled with an electrochemiluminescent reporter.9186 Whereas 

thee NucliSens HIV-1 RNA QT assay amplifies a part of the gag gene, together with 3 

calibratorr molecules within one reaction,163 we showed in these experiments that similar 

accuratee quantification could be obtained by co-amplifying only one calibrator molecule. 

Thee calibrator molecule was designed to amplify with equal efficiency as subtype B viral 

RNA.. Primers and probes fitted perfectly on both subtype B viral RNA (wild-type RNA) 

andd calibrator RNA (Q-RNA). If viral RNA from other-than-B subtypes was co-amplified, 

primerr mismatches could negatively influence the amplification efficiency of the wild-type 

virall RNA, leading to underestimation of the amount of viral RNA. A big advantage of 

NASBAA is that it is hardly sensitive for a few mismatches, although that this property 

dependss on the primer length and the position of the mismatches within the primers 

(unpublishedd data). The separate detection step involved a hybridization step at C 

withh linear probes. These probes, because of the low hybridization temperature, also are 

nott extremely sensitive for one or two mismatches. Therefore, the gap-based assay was 

ablee to efficiently amplify and accurately quantify most HIV-1 isolates, but still 

underestimatedd or even missed some. In recent, published and unpublished studies, we 

havee shown that the LTR is superior above the gag gene for development of broad 

subtypee reactive nucleic acid diagnostics (29, chapter 6, and unpublished data). 
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Thee previously described, broad subtype assay, based on the LTR, was still not 

ablee to accurately quantify group O viruses. The amplification of this group of viruses was 

similarlyy efficient with the LTR primers as isolates from the M-group. For the detection 

step,, a slightly adapted version of the LTR-based assay was designed. A highly accurate 

assayy for group O ANT-70-like isolates was the result, which was used in a retrospective 

clinicall study to the effects of anti retroviral therapy in two HIV-1 group O infected 

individualss (ANT70 and her partner), as monitored by the viral RNA levels. 

Inn the meantime, modern, state-of-the-art technology had made it possible to 

designn a high-throughput version of the LTR-based HIV-1 viral RNA assay, in which the 

previouslyy separate detection step was replaced for real-time detection by fluorescent 

reporterr probes (molecular beacons) within the same tube. These molecular beacons are 

oligonucleotidess with a stem-and-loop structure, labeled with a fluorescent reporter on 

onee site and a dark quencher on the other site.154 Due to the stem-and-loop structure, a 

significantt difference in design is applied compared to the linear detection probes as used 

inn our other assays. These stem-and-loop structures are more sensitive to mismatches 

betweenn the target and the hybridizing region of the molecular beacon when compared 

withh linear probes. This summarizes instantly the major drawback of design as well: to 

hybridizee with high efficiency, highly conserved regions within the target need to be 

presentt and found. To decrease the sensitivity of the molecular beacons for one mismatch 

inn the hybridizing region, less specific nucleotides (e.g. inosines) can be incorporated at 

thee position of the hybridizing mutant target nucleotide. 

Inn summary, we have shown that the impact of subtypes in the field of HIV-1 

nucleicc acid diagnostics is significant, specifically due to genetic variation and variability 

inn amplified regions of the HIV-1 genome between the various subtypes and groups. 

Particularlyy since the viral subtypes and groups have spread world-wide, with less strict 

geographicc localization, and the increasing genetic variability, broad subtype reactive 

molecularr diagnostic assays are necessary, to accurately assess viral RNA levels as part 

off optimal first line patient care. 

Thee globa l futur e of HIV-1 molecula r diagnostic s 

Futuree diagnostic assays that are to be developed for a global market will have to 

focuss on the global availability of cheap and reliable diagnostic tools to reach the most 

optimall patient care under the available circumstances. The awareness of HIV positivity 

togetherr with good prevention campaigns that are directed against the spread of the 

virus,, are the two most influencing factors to halt the epidemic. The determination of 

HIV-11 positivity is most often performed using a combination of antibody- and antigen 
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detectionn assays, together with western blot assays. Such diagnostic assays are available 

alll over the world, are cheap and easy to perform. 

AA major problem is the determination of HIV-1 positivity for newborn children. The 

antibody-- and antigen screen assays cannot be used, since maternal antibodies present 

inn the infants' circulation up to 18 months after birth hamper the results. The only direct 

evidencee for the presence of an HIV-1 infection is the presence of HIV-1 nucleic acids, 

likee RNA or DNA. Therefore, widespread availability of (qualitative) HIV-1 RNA assays is 

needed,, which can reliably detect isolates of any HIV-1 subtype or group. Due to the 

largee difference in resources, the nucleic acid based assays are currently only widely 

availablee in the industrialized and not in the developing countries. As far as sheer 

numberss of mother-to-child transmissions are concerned, the developing countries are in 

mostt need for these expensive nucleic acid based assays. 

Anotherr area that requires viral RNA assays, which can reliably detect isolates of 

anyy HIV-1 subtype or group is vaccine research and development. Three different 

strategiess are applied to the development of a vaccine. The first one is the development 

off a prophylactic vaccine, which completely blocks transmission of HIV-1 of any subtype 

orr group. The second is the development of a therapeutic vaccine, which boosts the 

immunee system, so the infection can be controlled by specific immune responses from 

thee host against the virus. Controlling will be mainly by down-modulating viral RNA 

levels,, which has a similar effect as drug therapy: delayed progression of disease and 

decreasedd horizontal and vertical transmissibility 56;12S. In analogy to that, the third 

strategyy for vaccine development is a vaccine that does not block transmission 

completely,, but that down-modulate the infection, by keeping viral RNA levels low due to 

hostt immune responses. The effects are similar as a therapeutic vaccine. For any of these 

vaccinee strategies, viral RNA assays are needed that can reliably detect and quantify HIV-

11 RNA levels. For prophylactic vaccines, the presence of HIV-1 RNA is evidence for 

vaccinee breakthrough, whereas for the other two types of vaccines the HIV-1 RNA levels 

reflectt the effects of the vaccine. 

Forr the currently available HIV-1 viral assays, sophisticated laboratories with 

highlyy skilled technicians are required, which both are not often available, if at all. 

Besidess that, in previous section we have discussed that most assays underestimate viral 

RNAA of certain subtypes. Overall, it means that new diagnostic assays should be 

developedd that are cheap, easy to use, and still highly reliable with regard to subtype 

detectionn and quantification. Thiss probably needs development of completely new 

systemss and technologies, for 1) RNA isolation, 2) RNA amplification, and 3) amplicon 

detection.. Several companies and academic institutions are working hard on one or more 
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off any of those three aspects, in order to create inventive new diagnostic assays that 

meett the current and future requirements. One of the assay types we work on ourselves 

involvess RNA amplification using NASBA technology, which can take place in a cheap, 

temperature-regulatedd waterbath, together with a new line-probe detection technology 

(figuree 3). This detection technology uses probes that are labeled with a dye that is 

visiblee by eye and immobilizes the amplified product at a specified position of a strip. A 

coloredd dot at that position of the strip will only be visible if viral RNA was present in the 

initiall sample. Such an assay suffices for a positive-negative discrimination, is fast, does 

nott need any instrumentation and is very simple to perform. Isolation methods for RNA in 

ann easy, non-laborious and cheap way are being developed. One-step isolations of nucleic 

acidss from serum using columns or salts are preferred in these methods. 

Figuree 3. Example of a combination of NASBA amplification technology with a new line-probe detection 
technology.. See text for details. 

Inn short, either for the industrialized countries, but surely as well for the non-

industrializedd countries, a lot of effort should be made in the near future to create 

diagnosticc tools for effective and reliable monitoring of HIV infection. The assays 

describedd in this thesis fulfill already the requirements of wide-subtype reactivity, low-

costs,, and easy performance. A combination of prevention campaigns, prophylactic and 

therapeuticc vaccines, worldwide availability of antiretroviral drugs and good patient 

monitoring,, should halt and preferably return the increasing proportions of the HIV 

pandemic. . 

Concludin gg remark s 

Inn the highly dynamic area of HIV research and development, people are 
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concentratingg on trying to find one main solution to prevent HIV transmission in the 

future:: a vaccine. Before this vaccine will appear and will be globally available, a lot of 

timee will pass. To bridge this time for those whom already have been infected, continuous 

effortt will have to be made in optimizing therapy and therapy strategies, as well as 

clinicall diagnostics, as well as making it globally available. New cheap and highly potent 

drugss will have to be explored, and the focus of clinical, molecular diagnostics should be 

onn making diagnostics cheaper, easier, faster, and better, as well as on finding early 

markerss for therapy/virological drug failure. 

Besidess the discussed aspects of therapy and monitoring, a worldwide focus on 

preventionn of infection, by means of prevention campaigns, should be a number one 

issue.. Awareness of the possibilities to prevent HIV transmission can already add much to 

thee halting of the HIV pandemic. 
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