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ABSTRACT

A striking characteristic of HIV is the enormous capacity of genetic variation. Frequent mutations,

deletions, insertions and recombination events create a population of genetically related but non-

identical viruses that is under constant change and ready to adapt to environmental changes. The

great genetic variability allows the virus to escape the host immune system, develop drug resistance

and escape candidate vaccines. Therefore, knowledge about the genetic variation of HIV-1 is

important for the design of drugs and vaccines, and for the understanding of the natural history and

pathogenesis of the infection. In this thesis, the genetic dynamics of HIV-1 was investigated from

different perspectives with special focus on recombination, drug resistance and intra-host evolution.

A new pyrosequencing assay was developed that could rapidly screen for the presence of drug

resistance mutations in the protease gene of HIV-1. The method was robust and sensitive compared

to conventional sequencing. Further development of the assay may provide a new tool for efficient

monitoring of the development of drug resistance mutations in HIV-1 patients.

The prevalence of drug resistance mutations in HIV-1 from newly diagnosed Swedish patients was

investigated by sequencing of the protease and RT genes. Among 100 patient samples, 6 carried

mutations that conferred intermediate to strong drug resistance, indicating transmission of drug-

resistant virus from antiviral treated patients. In addition, subtype-specific amino acid patterns were

found that might be important to consider when patients infected with different subtypes are treated.

Several intersubtype recombinant HIV-1 genomes originating from Central and West Africa were

characterised by full-length sequencing and recombination analysis. Two genomes were the first

representatives of a new circulating recombinant form called CRF13-cpx, and two other genomes

belonged to CRF11-cpx. Several unique recombinant genomes were identified as well as two other

isolates that may represent an additional new CRF. The problems associated with the characterisation

of complex recombinant genomes resulted in the development of a new metric called “the branching

index”. The branching index can aid in the classification of problematic sequence fragments that show

only distant relationship to a subtype despite a high bootstrap value. We believe that this new

approach may be a useful tool for classification of complicated HIV-1 sequences.

The intrahost evolution of HIV-1 was investigated by sequencing the env gene of an HIV-1

population in sequential samples from an asymptomatic drug-naive patient. Phylogenetic analysis of

the sequence clones revealed a robust pattern of subpopulations. In addition, it was possible to

distinguish a directed evolution from the intrasample diversity at a time interval of only two weeks.

Calculations of nucleotide substitution rates indicated an underestimation of the genetic divergence at

longer time intervals, suggesting that current nucleotide substitution models need to be improved.
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INTRODUCTION

Discovery of AIDS and HIV

In the early 1980s, a new clinical syndrome was discovered among homosexual men in the

United States. Previously healthy, young men suddenly developed opportunistic infections

such as Pneumocystis carinii and Kaposi’s sarcoma (31, 51, 61). These infections are

commonly associated with immunodeficiency, and indeed many of the patients had very low

numbers of CD4+ T cells. Similar symptoms were also detected in injecting drug abusers,

Haitians and hemophiliacs. The most frightening aspect of the disease was that the mortality

rate was nearly 100%. The new disease was called acquired immunodeficiency syndrome

(AIDS), and scientists over the world began to search for the cause of the disease.

In 1983, French researchers isolated a new virus from a patient with lymphoadenopathy (9).

Shortly after, the same virus was isolated from an AIDS patient by an American group (52,

145) and it was evident that the new virus was the causative agent of the disease. The virus

was first called lymphoadenopathy associated virus (LAV) or human T cell lymphotrophic

virus 3 (HTLV-3), but in 1986 it was renamed to human immunodeficiency virus (HIV) (29)

since it was shown to belong to the lentiviruses rather than the HTLV viruses. In 1986, a

second, closely related virus was discovered that is now called HIV-2 (28), while the first

virus is referred to as HIV-1.

         Total: 34 – 46 million

Figure 1.  Adults and children estimated to be living with HIV-1/AIDS as of end 2003. From
WHO/UNAIDS.
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At the time of the discovery of HIV and AIDS, it was difficult to imagine the proportions that

the epidemic would grow to. Today 34-46 million people are carriers of the virus and each

year 5 million new people are infected while 3 million die from AIDS (UNAIDS-WHO report

2003, www.unaids.org). The highest prevalence is seen in the sub-Saharan Africa where the

epidemic has become a growing human and economic catastrophe. The prevalence of

HIV/AIDS around the world is illustrated in Figure 1.

HIV-1 genome and proteins

HIV is a lentivirus that belongs to the Retroviridae family (49). The viral genome consists of

two plus stranded RNA molecules of approximately 9.6 kB. The RNA strands are capped in

the 5’ ends and polyadenylated in the 3’ ends, and thus resemble eukaryotic mRNAs. The

genome is embedded in a protein capsid together with certain viral enzymes (Figure 2a). The

capsid is surrounded by a matrix layer that in turn is enclosed by a lipid bilayer, the envelope.

The lipid bilayer is acquired from the host cell but is equipped with viral glycoproteins that

protrude from the membrane.

A

B

Figure 2.  A:  Schematic representation of an HIV-1 virion. Adapted from Images.MD. B:  Schematic
organisation of the HIV-1 genome. The scale bar indicates the approximate nucleotide positions.
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Like other retroviruses, the HIV genome consists of three genes encoding structural proteins;

gag, pol and env (Figure 2b). From the gag region, four proteins are produced from the

precursor protein p55: p17, p24, p7 and p6. These proteins build up the capsid and matrix

and give structure to the viral RNA. The pol region encodes the three enzymes reverse

transcriptase (RT), protease and integrase, which all have important functions in the viral

replication cycle (see below). The env gene codes for the precursor protein gp160 that is

cleaved into the smaller proteins gp120 (outer part) and gp41 (transmembrane part). These

two glycoproteins are anchored to and protrude from the lipid membrane. In addition to the

structural proteins HIV also possesses genes for several regulatory or accessory proteins:

tat, rev, nef, vif, vpr and vpu. The functions of these proteins are among others to stimulate

and regulate HIV transcription and to modulate the host cell machinery to favour its own

replication cycle. The nine genes are flanked by two repetitive regions called non-coding long

terminal repeats (LTRs). To utilize the genome size as efficiently as possible, all three

reading frames are used as well as differential splicing.

The viral replication cycle

The main cellular receptor for HIV is the CD4 molecule (35, 88). This means that the virus

can infect cells that express this molecule such as monocytes, macrophages, dendritic cells,

CD4+ T lymphocytes and microglial cells in the brain. The cellular entry is mediated by the

envelope protein and begins with the binding of the outer protruding gp120 to the CD4

molecule (Figure 3). This binding induces a conformational change in gp120 so that other

regions are exposed that can bind to a coreceptor adjacent to the CD4 molecule in the cell

membrane (reviewed in (43)). The coreceptors are usually the chemokine receptors CCR5 or

CXCR4. Coreceptor binding further induces a conformational change in the transmembrane

part gp41 so that a “fusion peptid” is exposed and inserted into the cell membrane, and this

triggers the fusion of the viral envelope to the cell membrane.

Now the viral particle is delivered into the cytoplasm where the reverse transcription is

initiated by the viral enzyme RT that is packed into the virion together with the RNA. During

this process, the two single stranded viral RNA molecules are converted into one double

stranded DNA molecule. The DNA is transported to the nucleus where it is inserted in the

cellular genome by the viral enzyme integrase. Here the integrated viral DNA, now called a

provirus, functions as cellular DNA and is transcribed by the cellular machinery. The

transcription is dependent on the binding of cellular transcription factors to the LTR regions

as well as binding of the viral protein Tat to the TAR element in the LTR region. In the early

phase of transcription, the regulatory genes tat, rev and nef are expressed.
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Figure 3.  The viral replication
cycle. See text for details. The
actions of two major antiviral
drug families are indicated.
From Images.MD.

The Rev protein mediates transport of unspliced mRNA to the cytoplasm by binding to the

rev responsive element (RRE) in the env gene and thereby induces a switch from expression

of early genes to late genes. Nef induces a down-regulation of CD4 molecules and MHC

class I molecules at the cell surface. Recent reports have provided new insights into the role

of Vif as an infectivity promoter through counteraction with the cellular protein APOBEC3G.

The packaging of APOBEC3G into retroviral particles leads to deamination of deoxycytidine

to deoxyuridine in viral cDNA transcripts, resulting in cDNA hypermutation and degradation

(66, 115, 169). This effect is reversed by the Vif protein by preventing incorporation of

APOBEC3G in viral particles and inducing its degradation (117, 170).

Transcription of late genes results in production of structural proteins for the viral particle as

well as viral enzymes. All mRNAs are translated in the cytoplasm by the cellular machinery

and the Env precursor proteins are extensively glycosylated and cleaved in the Golgi

apparatus before they are inserted in the cellular membrane. Assembly of the viral proteins

and genome takes place at the cell membrane where the new viral particle buds out from the

membrane, thereby receiving its envelope. The viral enzyme protease has an important

function in cleaving the polyproteins gag-pol to smaller proteins and thus generating mature

particles ready to infect new cells. Estimates of the viral replication rate in vivo suggest that

the generation time of HIV-1 is 1-2 days (142, 154).
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Coreceptors and biological phenotypes

For several years it has been known that different isolates of HIV express different biological

phenotypes. Some isolates grow rapidly to high titres in cell culture and induce syncytia in

PBMCs and certain cell lines such as the MT-2 cell line (5, 47, 48, 89). This phenotype has

been called rapid/high (R/H), syncytia inducing (SI) or MT-2 positive. Other isolates have a

slower growth rate, do not induce syncytia in PBMCs and do not infect cell lines, and this

phenotype has been called slow/low (S/L), non-syncytia inducing (NSI) or MT-2 negative.

Viruses expressing the first, rapid phenotype are often isolated from patients at late AIDS

stages whereas the second, slower phenotype usually dominates in more recently infected,

asymptomatic patients (166, 174, 175).

The mechanism behind the observed pattern was explained when a correlation between

phenotype and coreceptor usage was discovered (4, 11, 13, 40, 46). It was found that the

R/H, SI, MT-2 positive phenotype mainly utilizes the chemokine receptor CXCR4 for cell

entry while S/L, NSI, MT-2 negative isolates use another chemokine receptor called CCR5.

The CCR5 molecule is essentially expressed on CCR5+ T cells and macrophages, which are

primarily infected in the early phase of the infection. In some individuals, CXCR4 using

viruses emerge during the infection that are capable to infect CXCR4 expressing T cells, and

this usually correlates with the onset of AIDS symptoms (30, 141). However, exceptions do

exist from this generic pattern, and there also exist dual-tropic viruses that are able to use

both coreceptors. In addition, other coreceptors have been found besides CXCR4 and

CCR5. Examples of such coreceptors are CCR2b, CCR3, CCR8, BONZO/STRL-33 and

BOB/GPR-15 (74), but the significance of these coreceptors are not fully known.
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Genetic variation of HIV

A striking characteristic of HIV is the enormous capacity of genetic variation. The viral

polymerase RT is very error-prone and lacks proof-reading, which results in an error

frequency that has been estimated to 3.4x10-5 during the reverse transcription (116). This

corresponds to approximately one new nucleotide substitution per genome per replication

cycle (55). Deletions, insertions and duplications are also frequently introduced, as well as

recombination events. In addition, the high replication rate of the virus in combination with

selective forces in the host environment further contributes to the genetic variation (73, 190).

This means that the overall rate of nucleotide substitution is approximately one million times

higher than that of human genes (106). As a consequence, the infected individual harbours a

population of genetically related but non-identical viruses that is under constant change and

ready to adapt to changes in its environment. The quasispecies concept has often been used

to describe the genetic variation of HIV populations, although it has been argued that not all

requirements are completely fulfilled (60, 184).

There are large differences in genetic variation between different genetic regions. The env

gene, which is divided into 5 variable regions (V1-V5) and 5 more constant regions (C1-C5),

is particularly variable. The main explanation for this is that the protruding Env protein is a

major target for the immune system and extensive variation in these domains mediates

immune escape, which is beneficial for the virus. The principal neutralizing domain is the V3

loop (62, 130, 156). The V3 region also contains sites that determine coreceptor usage and

infectivity (26, 36, 80, 81). In contrast, the pol gene shows considerably lower variability,

since it encodes important enzymes that have to maintain there functions and thus cannot

afford much variation.

The clinical implications of the great genetic variability are extensive. It allows the virus to

escape the host immune system, develop drug resistance and escape candidate vaccines.

Therefore, knowledge about the genetic variation of HIV-1 is important for the design of

drugs and vaccines and for improving combination therapy. It can also help us to understand

more about the natural history and pathogenesis of the virus.

Genetic subtypes and groups

The extensive genetic variation of HIV-1 together with founder effects have resulted in

several genetically divergent lineages that can be classified into groups and subtypes based

on their phylogenetic relationships. Three distinctive groups have been defined: M (“main”),

O (“outlier”) and N (“novel” or “non-M, non-O”) (Figure 4). Group M is by far the largest and
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contains the vast majority of genetic variants. It is subdivided into nine genetic subtypes,

named A, B, C, D, F, G, H, J and K (83, 93, 101, 111, 112, 124). The subtypes differ by up to

30% of amino acids in the env gene and by up to 15% in gag. In a phylogenetic tree, the

subtypes form clearly separated clusters that are roughly equidistant from each other in a

star-like manner (Figure 4). In order to define a new subtype the following criteria should be

fulfilled (151):

- At least three representative strains should be identified in at least three individuals

with no direct epidemiological linkage.

- Three full-length genomic sequences are preferred but two complete genomes in

conjunction with partial sequences of a third strain are sufficient.

- The new subtype should be roughly equidistant from all previously characterized

subtypes in all genomic regions as analyzed by phylogenetic and distance analysis.

Figure 4 . Phylogenetic tree
showing the known groups,
subtypes and sub-subtypes of
HIV-1. The tree was made from
full-length sequences using the
F84 substitution model and the
NJ tree building model.0.05 substitutions/site
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Viral strains belonging to subtypes A and F cluster distinctly into two different sub-lineages

and are therefore further divided into the sub-subtypes A1/A2 and F1/F2, respectively (56,

178). It is also known that subtypes B and D are more closely related to each other than to

the other subtypes and that they behave like sub-subtypes rather than subtypes (32, 150,

151), but for historical reasons and consistency with the literature, the designation of these

subtypes has not been changed.

Hundreds of viral strains from different parts of the world belonging to the subtypes of the M

group had already been sequenced when a new, highly divergent group of strains, called

“O”, was discovered (37, 64, 183). The genetic distance between group O and M is much

larger than between the subtypes of the M group (Figure 4). A few years later, the N group

was described by the identification of a new highly divergent strain (172). The O and N group

still contains very few identified strains and are not divided into subtypes.

There are clear differences in the geographic distribution of HIV-1 subtypes. In Europe, North

America and Australia, subtype B was the first to be discovered and is still the predominant

variant, although other subtypes have been introduced through travelling and immigration (1,

18, 98, 176). In South America, subtype B is the most common but subtypes F and C are

also found (16, 118, 157). In Asia, subtypes B and C are the most common non-recombinant

subtypes (http://hiv-web.lanl.gov/content/hiv-db/mainpage.html). However, the greatest

degree of genetic diversity is seen in Africa, especially Central and West Africa. Here

subtypes A and C seem to be the predominant forms, but all other subtypes have been found

in this region together with many recombinant forms (20, 82, 111, 136, 177). Group O and N

strains are mainly found in Cameroon and neighboring countries (6, 138).

Recombination in HIV-1

As all other retroviruses, HIV-1 recombines (78). By this means the virus is provided with far

more adaptive potential than is available from nucleotide substitution alone. Recombination

occurs when the reverse transcriptase jumps back and forth between the two RNA templates

during the reverse transcription of the viral genome. It has been estimated that HIV-1

undergoes approximately two to three recombination events per replication cycle (85).

Recombination is thus a natural step in the replication cycle of retroviruses, and any newly

synthesized viral genome will be recombinant between the two parental RNA strands.

However, recombination is only obvious when it occurs between parental strands with large

genetic difference, such as different subtypes of HIV-1.

http://hiv-web.lanl.gov/content/hiv-db/mainpage.html
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Figure 5.  Intersubtype recombination. Two virus particles of different subtypes, represented by black
and grey colour, are entering cell 1. During replication cycle in cell 1, both genomes are packed into
the same particle. Reverse transcription in cell 2 results in a recombinant genome that is packed into
new viral particles.

Intersubtype recombination requires the simultaneous infection of a cell with two viruses of

different subtypes, allowing the encapsidation of one RNA transcript from each provirus into

a heterozygous virion (Figure 5). During subsequent infection of a new cell, the strand-

jumping polymerase will generate a mosaic provirus that is recombinant between the two

parental subtypes. After recombination among HIV lineages was discovered (104, 125, 152,

158) an increasing number of reported intersubtype recombinants has emphasized the role

of fast forward evolution due to recombination. An intersubtype recombinant HIV-1 virus can

be as functional as a non-recombinant virus, and can also be successfully transmitted (104).

In fact, the recombinant form must be as fit as or even fitter than any of its parents in order to

become the dominant form in the infected individual. If this not occurs, it is unlikely that the

recombinant will be transmitted. Recombination has also been detected between different

groups of HIV-1 (139, 173) and between viruses of the same subtype (42).

Cell 1

Cell 2

mosaic genome

reverse
transcription

infection and replication
of both viral genomes

packing of new particles
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The efficient spread of recombinant viruses has generated several so-called Circulating

Recombinant Forms (CRFs). A CRF is described as a lineage of recombinant viruses that

plays an important role in the HIV-1 pandemic (151). Similarly to the classification of a

subtype, in order to define a new CRF one should describe the same mosaic structure of the

HIV-1 genome in preferably three individuals without direct epidemiological linkage. The

majority of the CRFs have been found in areas with a high prevalence of different genetic

subtypes, such as Central and West Africa. Some recombinant lineages have truly

contributed to the HIV-1 pandemic by spreading efficiently, including CRF01-AE in Asia and

CRF02-AG in Africa (22, 23). Others have only been found in local epidemics so far, like

CRF05-DF in Democratic Republic of Congo (DRC) and CRF10-CD in Tanzania (94, 99,

136), but the distribution and relevance of these CRFs remain to be established. In areas

where CRFs have a high prevalence it is likely that they will be involved in new

recombination events, and indeed so called second generation recombinant viruses have

been reported (84, 123), which adds further complexity to the picture.

A large number of intersubtype recombinant strains have been detected in certain African

countries the last years. For example, in Yaounde in Cameroon, the frequency of

recombinant HIV-1 strains may be as high as 50% (67). It is likely that the incidence of

intersubtype recombination has been greatly underestimated in earlier studies, largely

because most classifications only involved small regions of the genome and the methods

that were used often failed to detect recombination. Today more efficient methods are

available both for sequencing and for analysing recombination, and it is agreed that an HIV-1

genome needs to be analysed preferably in its whole before recombination can be

completely ruled out.

Significance of HIV-1 genetic subtypes

The biological significance of subtype diversity and recombinant forms is not fully clarified.

Several groups have reported on differences in coreceptor usage between the different

subtypes (140, 180, 195), a fact that could imply differences in virulence, tissue tropism and

transmissibility, although this is still a matter of controversy (rewieved in (77)). Regarding

disease progression, one study have reported that patients infected with subtypes C, D and

G were more likely to develop AIDS than patients infected with subtype A. (87). Another

suggested that subtype C conferred a more rapid disease progression than subtypes A and

D (126), and yet another study claimed that subtype D gave a more rapid disease

progression than subtype A (86). As noted, these studies do not agree completely with each

other, and according to a Swedish study no differences in disease progression were detected

when patients infected with subtypes A, B, C and D were compared (2).
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Regarding drug sensitivity and development of resistance, subtype specific patterns of drug

resistance mutations have been reported (21, 110) and II), but whether that corresponds to a

phenotypic difference in drug resistance is not clear. Pillay et al found no evidence that

subtype determined virologic response to therapy when children infected with subtypes A, B,

C, D, F, G, H, A/E and A/G were compared (143). An in vitro study by Palmer et al found that

isolates of subtype D had a slightly lower susceptibility to antiviral drugs, but suggested that

this might be explained by the more rapid growth rate that was found of these isolates (131).

However, there are data that indicate that the effects of vaccines (109, 186) and molecular

diagnostic tests (3, 179) may depend on the subtype that is analysed.

Although it is still unclear whether the genetic differences between subtypes result in

significant biological differences, the classification of HIV-1 strains into genetic subtypes and

recombinant forms is a powerful epidemiological tool that makes it possible to track the

course of the global spread of the virus. For this reason it is important to make accurate

classifications of subtypes and recombinant forms and to continue to follow the trail of the

HIV pandemic.

Origin and evolution of HIV: where, how and when?

The large genetic variation among HIV strains found in west equatorial Africa suggests that

the epidemic may have started in this region. However, the origin of HIV and its introduction

into the human population has been extensively debated. The theory that most researchers

agree on today is that HIV-1 and HIV-2 have been introduced to humans as zoonotic

transmissions from other primates (65, 75). Lentiviruses have been found in a variety of

mammalians including primates, where they are called simian immunodeficiency viruses

(SIVs). The SIVs are species-specific and do not seem to cause any disease in their natural

host. A close phylogenetic relationship between HIV-2 and SIV of sooty mangabeys (SIVsm)

has revealed a common origin of these viruses (57, 72). In fact, the different subtypes of HIV-

2 seem to originate from at least four separate zoonotic transmissions from sooty

mangabeys. There are also geographic coincidences: the distribution of HIV-2 strongly

suggests that it originated in West Africa, which is the same area as the sooty mangabeys

inhabit. For HIV-1, each of the three groups M, N and O appear to be results of three

separate SIV transmissions from the central subspecies of the common chimpanzee, i. e.

Pan troglodytes troglodytes (54, 79). In a phylogenetic tree, this is visualized by intermixing

of the HIV-1 groups and the different chimpanzee SIV (SIVcpz) sequences (Figure 6). As for

HIV-2, the plausible geographic origin of the HIV-1 groups coincides with the geographic

range of the central chimpanzee.
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Figure 6 . Phylogenetic tree showing the relationships between HIV-1 groups and selected SIV strains.
The tree was made from full-length sequences using the F84 substitution model and the NJ tree
building model. P.t.t.: Pan troglodytes troglodytes. P.t.s.: Pan troglodytes schweinfurthii.
.

The modes of cross-species transmission have also been debated. In the book “The River”,

Edward Hooper suggested that HIV-1 and HIV-2 were introduced to the humans through

SIVcpz and SIVsm contamination of oral polio vaccines (OPV) that were used in the

vaccination programs in Central Africa between 1957 and 1960 (76). The theory implies that

the poliovirus vaccine was cultured in chimpanzee and sooty mangabey kidney cells,

respectively. However, this assumption is vigorously disputed by the staff that was directly

involved in producing the vaccines (90). They state that kidneys from Asian monkeys were

used to prepare the vaccines, animals not known to harbour SIVs. This statement is

supported by analyses of mitochondrial DNA from OPV stocks that found only DNA from

monkeys, and no chimpanzee DNA (14, 144). A more likely explanation to the cross-species

transmission is that the different SIVs have been transmitted to humans as a result of

cutaneous or mucous membrane exposure to infected animal blood (reviewed in (65)). The

direct contact is thought to have occurred during hunting and butchering of wild primates, or

through bites from captured primates kept as pets. In several African countries, hunting and
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consumption of wild animals like chimpanzees as a food source has become a commercial

enterprise termed the “bushmeat” trade (153). Analysis of monkeys captured to be sold as

bushmeat has showed a high prevalence of SIV infection (17%) in these animals (137).

Another question is when the HIV epidemic in humans started. The earliest documented HIV-

1 case is a frozen plasma sample from 1959 found in DRC (former Zaire) (197). Sequence

analysis of the sample showed that it grouped phylogenetically within the M group. But how

much earlier was the virus introduced to the human population? Estimates of the origin of the

HIV-1 M group vary a lot, but newer studies based on sophisticated mathematical

calculations date the last common ancestor of the M group to around 1930 (92, 161).

However, it is not clear whether this ancestral virus existed in a human or in a chimpanzee,

and it is thus difficult to determine when the cross-species transmission took place. If the

ancestor resided in a human, it is possible that the cross-species transmission occurred

much earlier than 1930.

Genetic evolution within and among patients

During the first period of an HIV-1 infection the viral population is relatively homogenous

(192, 196). Over the course of a typical infection, the viral population diversifies until genomic

sequences differ as much as 10-15% in the V3 region. At late AIDS stage, the genetic

diversity diminishes again, probably as a result of immune system failure (39, 120, 168). A

general pattern of divergence  (evolution from a founder strain) and diversity (the genetic

variation within the virus population at a given time-point), has been identified in a patient

group with moderate to slow rates of disease progression (168) (Figure 7). This general

pattern may serve as a schematic illustration of the intrahost HIV-1 evolution.

The rate of nucleotide substitution of HIV-1 has been studied in individual patients (113,

168), in transmission chains (102) and in the total M group. The estimates vary a lot among

studies, and the rate of evolution also varies between different genetic regions. The V3

region of the env gene may have the fastest evolution with a nucleotide substitution rate of

approximately 1% per year (102, 124, 168). Although the viral evolution may display different

patterns in different patients, many studies have found an inverse relationship between a

rapid intrahost viral evolution and disease progression (8, 53, 113, 168, 192). Within HIV-1

infected individuals, viral sequence heterogeneity exists in different body compartments. For

example, the viral population in plasma may be genetically distinct from that in PBMC (171).

Additional evidences of tissue-specific sequence variants have been found in splenic white

pulps, brain, skin and kidneys (25, 27, 119, 160). One explanation for this micro-
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compartmentalization may be a local activation of lymphocytes carrying resident variant HIV-

1 proviruses in the different tissues.

Figure 7.  Schematic
illustration of proposed
patterns in development of
HIV disease. From (168).
A)  Clinical phases of HIV
infection as well as CD3+,
CD4+ and RNA plasma levels.
B)  Viral sequence evolution.
Circle diameters represent the
mean viral population
diversities and vertical
displacement of the circles
represent the extent of viral
population divergence from
the founder strain. Shading
represents the proportion of
the population comprised
viruses with an X4 genotype.
C) Characteristic changes in
viral evolution in three
proposed periods of the
asymptomatic phase
(↑: increasing, ↓: decreasing,
↔: stable).

The genetic evolution of HIV-1 is a complex process that is influenced by several factors.

Under normal circumstances, the immune system of the host provides the most important

selective pressure. If antiretroviral therapy is used, however, the drugs present the strongest

selective forces, and thus the viral evolution may have different characteristics in a person on

antiviral treatment compared to a drug-naive patient (127). In addition, there is a random

genetic drift in the virus population that occurs independently of environmental factors, also

referred to as "neutral" evolution (159). One strategy used to try to understand the relative

importance of selection versus neutral evolution is by analysing the ratio of synonymous

substitutions to non-synonymous substitutions. Synonymous nucleotide substitutions (S) do

not change the amino acid whereas non-synonymous substitutions (N) do change the amino

acid. The dS describes the amount of synonymous substitutions that have occurred in
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proportion to all possible synonymous substitutions that can occur within the genetic region

that is analysed. A higher dS compared to dN is considered indicative of negative or purifying

selection, which means that the gene is striving to be conserved. If the dN is greater than the

dS, the gene is under positive or diversifying selection, and is probably driven by selective

forces to change. A dS/dN ratio close to one indicates a random genetic drift. Most coding

genetic regions in nature are under negative selection, since they have to maintain their

protein structure. However, some regions in HIV-1, such as the V3 region within the env

gene, sometimes show a positive selection, which indicates a strong immune selection on

this domain (8, 191, 193). However, while the dS/dN ratio gives the mean value over a

genetic region, an individual site that is under strong positive selection may be masked by an

overall negative selection in the analysed region.

Another way of studying HIV-1 evolution is to study glycosylation patterns. Many of the

variable amino acid sites in HIV-1 are also N-linked glycosylation sites. These are recognized

as an asparagine (N) followed by any amino acid followed by a serine (S) or threonine (T),

also written NXS or NXT. The gp120 region of env is heavily glycosylated with a median

value of 25 N-linked glycosylation sites (91). By this means the virus can disguise from the

immune system, since glycosylation in this region can reduce accessibility to neutralizing

antibody epitopes (7, 148). Recent data suggest that HIV-1 escapes neutralisation also by

moving or changing glycosylation sites (189).

HIV pathogenesis

The most important transmission routes of HIV-1 are: sexual contact, blood transfusions,

contaminated needles and perinatal transmission. Although the rate of disease progression

is highly variable among HIV patients, most infections follow a typical course that can be

divided into three stages (reviewed in (132)). The first stage is the primary infection that

occurs a few weeks after the initial infection. At this stage a very high level of virus replication

takes place, referred to as the acute phase viremia (Figure 8). Some individuals experience

an acute disease syndrom resembling infectious mononucleosis, while others remain

asymptomatic. The acute phase viremia is followed by a clinically latent, chronic phase that

may last from a few to ten years or more. This period is characterized by low but persistent

levels of virus replication, predominantly in lymph nodes, and a slow, continuous loss of

CD4+ cells in which HIV-1 is replicating (132, 133). Sometimes nonspecific clinical and

immunological symptoms such as diarrhea, chronic, fevers, night sweats and weight loss

may be seen, but in general the patient remains relatively healthy during this period. The

transition from the asymptomatic stage to the AIDS stage occurs through an accelerated loss

of CD4+ cells and a rise in virus replication. As a result of the weakening immune system,
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Figure 8.  Typical course of the HIV-1 infection. Modified from Images.MD.

opportunistic infections appear such as Herpesvirus infections, Pneumocystis carinii,

candidasis, tuberculosis, toxoplasmosis, cytomegalosis and Kaposis sarcoma. At the AIDS

stage, virus can be isolated from many body compartments including brain, eye, kidneys and

bone marrow. Without treatment, the patient usually dies within a few years after onset of

AIDS.

Before the era of modern antiretroviral therapy the mean time from initial infection to AIDS

was eight to ten years (19, 107). However, 10-15% of HIV-infected individuals constitute so-

called rapid progressors who develop AIDS within two to three years following primary

infection (132). In contrast, about 5% of the patients show no or very slow disease

progression during a period of 10-15 years after initial infection and they are called long-term

non-progressors (134).

Disease progression is monitored by observation of clinical symptoms and by quantification

of HIV-1 RNA plasma levels and CD4+ and CD8+ lymphocyte counts. In untreated patients

the CD4+ count is the most important consideration, while drug-treated patients are carefully

monitored by following the RNA levels. The HIV-1 RNA level is an important prognostic

marker as individuals with high RNA levels progress more rapidly to AIDS than those with

low levels (121).
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Antiretroviral therapy

In 1987, the first approved drug against HIV-1 become available. It was the nucleoside

analogue zidovudine (AZT) that had shown promising results in treatment of AIDS (50), and

it raised a hope for HIV-infected patients. This drug was followed by other similar drugs, but it

the treatment effect was usually limited and only prolonged life for 1/2 – 1 year. It was shown

that mono- or dual therapy frequently lead to the appearance of drug resistance within a few

years (96). Around 1995, the picture changed dramatically for HIV-1 patients through the

introduction of a new class of drugs, the protease inhibitors (PIs), and the initiation of

combination therapy. Since then, death rates have decreased substantially (129, 146), and

today many HIV-1 patients can live a normal life thanks to the effective therapy that is

available.

There are currently four classes of anti-HIV drugs available. Nucleoside RT inhibitors

(NRTIs) are nucleoside analogues that inhibit the viral transcription by serving as chain

terminators when they are incorporated in the growing DNA chain by the reverse

transcriptase. Examples of NRTIs are zidovudine (AZT), didanosine (ddI), lamivudine (3TC)

and abacavir (ABC). Non-nucleoside RT inhibitors (NNRTIs) also inhibit the reverse

transcription by binding to the RT and altering its ability to function. Examples are nevirapine

(NVP) and efavirenz (EFV). The third class is the protease inhibitors (PIs), which include

ritonavir (RTV), nelfinavir (NFV), saquinavir (SQV) and indinavir (IDV). They act by inhibiting

the protease cleavage of polyproteins to mature proteins in the budding virion, resulting in

non-infectious particles. Usually a combination of drugs is used, for example two NRTIs

together with one NNRTI or one PI (164). The most recent class of antiretroviral drugs are

the fusion inhibitors, of which enfuvirtide (ENF) is the first approved compound (reviewed in

(24)). ENF prevents fusion of viral and target cell membranes by binding to gp41, thus

preventing the entry of the virus into the cell. The fusion inhibitors may provide an important

alternative for patients whose regular treatment has failed.

Drug resistance

The development of drug resistance is a direct consequence of the genetic evolution and

constitutes a major problem in HIV-1 antiviral therapy. Sub-optimal therapy allows the viral

replication to continue in a strong selective environment, resulting in outgrowth of resistant

viruses. A substantial proportion of all treated individuals develop resistance to one or more

drugs within a few years. Many mutations conferring drug resistance to the above mentioned

drugs have been found (97, 122, 165) (34). For some drugs, such as 3TC and all available

NNRTIs, a single mutation is enough to induce high-level resistance. For others, such as
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AZT, ABC and most of the PIs, high-level resistance requires the serial accumulation of

multiple mutations and is thus slower to emerge. Mutations associated with resistance to

ENF have also been reported (188).

Several studies have shown that drug-resistant mutants may have reduced capability to

replicate compared to drug-susceptible variants (10, 33, 58). Therefore, viruses with

mutations conferring high-level resistance are likely to revert to the “wild-type” form after

cessation of treatment, although this sometimes take several years. In addition, such

mutations are not likely to appear spontaneously in untreated patients; instead the presence

of most drug resistance mutations in untreated patients indicates transmission of resistant

virus from drug-treated patients. The incidence of transmission of drug-resistant HIV-1 has

ranged from 0 to 25% in different European and North American studies (15, 17, 41, 45, 108,

114, 163, 187).

Currently two types of resistance testing are used: genotypic assays (i.e., sequencing to

detect mutations that confer drug resistance) and phenotypic assays (i.e., drug susceptibility

testing by growing virus in different concentrations of the drug). Genotyping is faster and less

expensive and offers the possibility to detect transitional mutations that may predict emerging

drug resistance. However, the genotypic mutation patterns are interpreted by different

computerized algorithms whose results may not always be concordant with each other.

Furthermore, the correlation between genotypic and phenotypic resistance is not always

perfect. Phenotypic testing, on the other hand, has the advantage of providing quantitative

data of resistance levels to the different drugs that are tested, but is more expensive and

time-consuming to perform. Another disadvantage of phenotypic assays is that the in vitro

environment of the assay may not mirror the in vivo conditions perfectly. Studies have shown

that genotypic testing can be a successful tool in selecting antiretroviral therapy for patients

whose treatment has failed (10, 44, 182). Resistance testing is recommended by the

International AIDS Society-USA Panel in cases of acute of recent HIV infection, for certain

patients who have been infected for 2 years or more prior to initiating therapy, in cases of

antiretroviral failure, and during pregnancy (70).
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AIMS

The aim of this thesis was to increase our understanding of the genetic variability and

evolutionary dynamics of HIV-1 with emphasis on recombination, drug resistance and

intrapatient evolution. More specific, the aims were to:

- Establish a method for full-length sequencing and characterisation of recombinant

HIV-1 genomes.

- Characterize complex recombinant HIV-1 strains from West and Central Africa.

- Study the prevalence and spread of drug resistant HIV-1 strains among newly

diagnosed individuals in Sweden.

- Develop a pyrosequencing assay for monitoring drug resistance in HIV-1 therapy.

- Study the high resolution genetic dynamics of an HIV-1 population within an infected

person.
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RESULTS AND DISCUSSION

A pyrosequencing assay for monitoring drug resistance in the protease gene

(I)

Pyrosequencing is a real-time sequencing-by-synthesis method that was first described in

1993 (128). The method is based on the detection of pyrophosphate (PPi) that it released

upon the incorporation of sequential added nucleotides in a primer-directed polymerase

extension reaction (Figure 1 in I). When nucleotides are incorporated, an enzyme mixture

generates a detectable light flash with an intensity that is proportional to the number of

nucleotides that are included. The light is converted to a signal pattern, or pyrogram, from

which the nucleotide sequence can be read. By use of an automated multi-channel

instrument, 96 samples can be sequenced in less than one hour. Compared to traditional

sequencing methods, pyrosequencing is rapid and inexpensive. However, a limitation of the

method is that only short stretches of DNA (currently 50-60 bases per reaction) can be

analysed before the signal gets blurred due to accumulation of waste products.

Pyrosequencing has been used for a wide range of applications including SNP typing and

bacterial and viral typing (rewieved in (155)).

In paper I, a pyrosequencing assay for detection of drug resistance mutations against

protease inhibitors (PIs) in HIV-1 was developed and evaluated. Twelve pyrosequencing

primers were designed that could detect 33 amino acid positions implicated in drug

resistance in the protease gene. The main focus was directed on the primary resistance

mutations at codons 30, 46, 48, 50, 82, 84 and 90 (71), but 26 additional codons reported to

be involved in drug resistance were also included in the analysis. Initial evaluation on the

laboratory HIV-1 strain MN showed that the twelve primers could successfully amplify the

indicated regions with an average read-length of 26 bases. Minor sequence variants of 25%

could be detected when wild-type and mutant variants were mixed at different ratios.

The pyrosequencing assay was further evaluated on clinical samples from four patients who

were monitored retrospectively for the development of PI resistance. Stored plasma samples

were selected from four time points before and after PI treatment failure as determined by

increases in plasma HIV-1 RNA levels. In all patients, development of primary and secondary

drug resistance mutations were detected during the observed time period. In addition,

several polymorphic positions indicating transitional stages between wild-type and drug
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resistance mutations could be identified (Figure 9). The pyrosequencing data correlated well

to corresponding data from Sanger dideoxy sequencing.

Figure 9.  Graphs showing changes in HIV RNA levels, treatment and development of drug resistance
at codon 10 in patient 2. Arrows indicate samples from time points 1 to 4 that were subjected to
pyrosequencing; dotted and solid boxes indicate NRTI and PI treatments, respectively. The amino
acids involved in drug resistance are shown beneath the DNA sequence and pyrosequencing pattern,
with the approximate proportions of mixed variants at time point 2 indicated.

The detection of minor sequence variants, recognized as polymorphic nucleotide positions,

may be an important issue in HIV-1 drug resistance genotyping as it allows the identification

of drug resistant variants before they become the dominant form. In the pyrosequencing

assay, the limit of detection was determined to be around 25%, which is comparable to other

sequencing strategies (105, 167). Some discrepancies between the pyrosequencing and

Sanger sequencing data regarding detection of minor sequence variants were observed, but

this was probably explained by low viral copy numbers giving rise to PCR products not

representative for the entire population.

Our study showed that it is possible to use pyrosequencing for analysing drug resistance

mutations within the protease gene of HIV-1. The rapid performance together with the cost-

effectiveness imply that this method could be an attractive alternative to conventional gel-

based sequencing. However, for pyrosequencing to be useful in clinical settings, the assay

would need to be extended to include the sequencing of amino acids involved in drug

resistance of the RT gene. This means that primers covering at least 28 additional amino

acid positions of the RT gene (34) would have to be designed. In addition, several other

resistance-associated mutations of unknown significance have been described both for PI
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and RT inhibitors (http://hivdb.stanford.edu/), and it is likely that such mutations will continue

to be described in the future as new drugs are developed, which rather suggests that the

entire gene regions should be sequenced. Although pyrosequencing has experienced some

developments recently including an increased read-length of approximately 50-60 bases

(59), it is unsure if this approach would be feasible for sequencing such large genetic

regions.

Another problem related to pyrosequencing of HIV-1 is the heterogeneous nature of the

virus. The various genetic forms that exist complicate the design of primers that can pick up

all possible variants. This problem exists for all sequencing strategies, but becomes extra

pronounced when a large number of primers are needed. In our study, degenerate primers

were designed in order to match this heterogeneity. However, while all clinical samples were

of subtype B, it was never evaluated whether the assay was applicable on other subtypes.

The viral heterogeneity also gives rise to the frequent polymorphic nucleotide positions seen

in HIV-1 sequence data. Although our study showed that pyrosequencing could detect

polymorphic positions accurately, the patterns can be complicated to interpret manually (see

Figure 5 in I). This problem would ideally be reduced by the development of computer

software that could recognize polymorphic pyrogram patterns and translate them

automatically into nucleotide sequences. However, pyrosequencing would probably be more

adequate for genetic analyses of viruses that are less heterogeneous.

Prevalence of genetic drug resistance in newly diagnosed Swedish HIV-1

patients (II)

Thanks to the introduction of antiretroviral drugs, the death rates from AIDS have decreased

substantially in the industrialised world (129, 146). Antiretroviral treatment is also expected to

reduce transmission of HIV by lowering viral loads in plasma and genital secretions, because

plasma HIV load is correlated with the risk of sexual transmission (147). However, virological

failure due to incomplete adherence may lead to selection and outgrowth of drug resistant

virus (38, 194). In these patients, the viral load raises which is likely to increase the

contagiousness. Although resistant viruses may have lower transmission fitness compared to

non-resistant viruses (100), an increased transmission rate of drug resistant virus has been

reported from a number of countries (45, 63, 108, 149). A person that becomes infected with

drug resistant HIV will not only be facing a devastating chronic disease, but will also have

lower probability of responding successfully to therapy. Mutations that confer high levels of

resistance to drugs are believed to cause significant loss in replication fitness in absence of

drugs and are thus not expected to exist as the predominant form in drug-naive patients.

http://hivdb.stanford.edu/
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Therefore, the presence of primary resistance mutations in HIV-1 from untreated individuals

indicates transmission of drug-resistant virus from individuals receiving treatment.

In paper II, we examined the prevalence of drug resistance mutations in 100 newly

diagnosed untreated HIV-1 cases in Sweden by sequencing of the protease and RT gene.

The subtype distribution among the samples was: 3 subtype A, 55 subtype B, 29 subtype C,

2 subtype D, 1 subtype G, 9 CRF01-AE, and one sequence that remained unclassified. The

high prevalence of non-subtype B sequences is explained by the high proportion of

immigrants that attended the clinics from which the samples were collected. In all sequences,

mutations reported to be involved in drug resistance were found. However, most of these

mutations are secondary mutations that cause no or very low level of resistance when they

are present alone. Thus, they probably represent naturally occurring sequence variants. In

contrast, some patients had mutations reported to cause high to intermediate levels of

resistance, and these patients may have been infected with resistant viruses from drug-

treated patients. In paper II, it is suggested that nine patients had mutations that indicated

drug resistance transmission (Table 1). However, this is probably an overestimation since the

predicted resistance levels of some of these mutations are very low. The V75L, G190W and

V118I mutations that were found in three of the nine patients are such amino acids that

probably are naturally occurring. Thus, the estimated rate of transmission of drug-resistant

HIV-1 in Sweden is probably not higher than 6%.

Patient
ID Gender Risk group Subtype

Substitutions contributing to drug
resistance

SE22129 M homosexual B RT: K103N

SE19415 M homosexual B RT: Y188H

SE19853 M homosexual B RT: T69D, D67N, T215S

SE17711 M unknown CRF01_AE PR: M46I, K20R, M36I, I93L

SE15418 M heterosexual B RT: V118I

SE21089 M homosexual B RT: V75L

SE22235 M homosexual B RT: T69N

SE15935 M homosexual B RT: M41L, T215CS

SE19297 M homosexual B RT: G190W

Table 1.  Primary and secondary mutations predicting different levels of resistance in nine treatment-
naive Swedish HIV-1 patients.

When the different subtypes were compared, we found that some resistance-associated

mutations were considerably more frequent in certain subtypes. These subtype-specific
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patterns were also present among sequences from the HIV sequence database, which

indicates that they represent naturally occurring amino acids. Because the “wild-type”

sequence HXB2 that is used as a prototype for non-resistant virus is of subtype B, it might

seem like some drug-resistant mutations are over-represented in the non-subtype B

sequences, although this probably only reflects the natural genetic variation between

subtypes. Future studies will indicate whether the pre-existing subtype-specific mutations

have influence on the outcome of the therapy. If this is the case, such patterns may be

important to consider when choosing therapy for patients infected with different subtypes of

HIV-1.

Of the HIV-1 sequences with intermediate to high levels of resistance, the majority were

found in homosexual men who were infected with subtype B virus in Europe and the United

States. Considering that homosexual patients infected with subtype B present a known risk

group that has received treatment for a long time in the industrialised world, it is not

surprisingly that the cases of resistance transmission were found in this group. Our study

showed that the prevalence of HIV-1 drug resistance mutations in Swedish patients

diagnosed 1998 to 2001 is still low and comparable to an earlier estimate (12). A recent

report from a study based on data from 19 European countries estimated the mean rate of

transmission of drug-resistant HIV-1 to be 10.5% (the CATCH study, unpublished), and in

this study most European countries had higher numbers than Sweden. Although the

transmission of drug-resistant HIV-1 in Sweden still is limited, it is indeed important to follow

the development by routinely testing for resistance in newly infected patients, as suggested

by the international AIDS society-USA panel (70).

Characterisation of recombinant HIV-1 genomes by full-length sequencing (III

and IV)

After recombination among HIV-1 strains was discovered (78, 104, 125, 152, 158), the

increasing number of reported intersubtype recombinants has emphasised the role of rapid

evolution due to recombination. The efficient spread of recombinant viruses has generated

several so-called circulating recombinant forms (CRFs). Until now, 15 CRFs have been

described (http://www.hiv.lanl.gov/content/hiv-db/CRFs/CRFs.html). The majority of the

CRFs and the unique recombinants have been found in areas with a high prevalence of

different genetic subtypes, such as Central and West Africa. The role and consequences of

recombinant viruses in the global epidemic are currently not fully understood. However, the

characterisation of the geographic spread of subtypes and recombinant forms may have

important implications for tracking the global epidemic and for the design of subtype-specific

vaccines.

http://www.hiv.lanl.gov/content/hiv-db/CRFs/CRFs.html
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By full-length sequencing and recombination analysis the complete recombination pattern of

an HIV-1 isolate can be elucidated. In study III and IV we used a previously described

method (with some modifications) to amplify and sequence 10 nearly complete HIV-1

genomes (162). The long-template PCR of this method amplifies all coding regions of the

HIV-1 genome as well as parts of the LTR regions. Some of the isolates were cloned

whereas others were directly sequenced from the purified PCR product. A set of 40

sequencing primers was used to sequence the complete fragment. The resulting genomic

sequence was compared to reference sequences by similarity plotting and bootscanning

analysis to reveal the recombination breakpoints. Each individual recombination fragment as

suggested from the similarity and bootscanning plots was analysed separately by

phylogenetic analyses (neighbour joining and maximum likelihood trees) with 500 bootstrap

replicates.

In paper III, four HIV-1 isolates from Cameroonian individuals were characterised (Figure

10). Two of them (CM1816 and CM4496) had the same recombinant structure as the

previously described CRF11-cpx (123, 135). This CRF that includes subtypes A, G J and

CRF01 had previously been found in the Democratic Republic of Congo (DRC), Cameroon

and the Central African Republic. Partial sequences of CRF11-cpx have also been found

Nigeria, Chad and Gabon, which implies that this recombinant form is fairly widespread in

Central and West Africa. A recent report estimates that CRF11-cpx represents 13% of all

circulating HIV-1 strains in Chad (185).

The remaining two isolates of study III (CM1849 and CM4164) had recombination patterns

identical to each other and were composed of subtypes A, G J and CRF01. The subtype J

fragments of these genomes were more closely related to the subtype J fragments of

CRF11-cpx than to the “pure” subtype J reference sequences. This recombinant structure

was found in two individuals with no direct epidemiological relationship, suggesting that it

might represent a new CRF. Therefore, this recombinant form was designated CRF13-cpx in

the Los Alamos sequence database (http://www.hiv.lanl.gov/content/hiv-

db/CRFs/CRFs.html). According to the HIV nomenclature proposal from 1999, preferably

three sequences should be identified in order to define a new CRF, which means that all

requirements were not fulfilled when paper III was published. However, now a third isolate

from Cameroon has been identified that share the same recombination pattern as CRF13-

cpx in the complete genome (Jean Carr, unpublished results), which means that CRF13-cpx

now fully qualifies as a CRF. The epidemiological importance and geographical distribution of

CRF13-cpx remains to be established.
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Although the parental subtypes that build up CRF11-cpx and CRF13-cpx are the same, the

recombination patterns are clearly distinguished from each other (Figure 10). It is interesting

to point out that the study was initiated because preliminary sequence analyses had

suggested that all four Cameroonian isolates had similar recombination patterns, since they

Figure 10.  Genetic arrangements of the recombinant genomes of paper III and IV. The
potential subtypes of fragments supported by a bootstrap value above 70% are indicated
with specific patterns, others are left white (U).

had the same subtype designations in the protease gene and in the C2-V5 region of env

(181). Sequencing of nearly complete genomes revealed that they in fact belonged to two

different CRFs, a finding that once again emphasizes the necessity of sequencing the entire

HIV genome to rule out recombination and to fully characterize the genetic makeup of a new

virus.

In paper IV, we characterised six full-length HIV-1 genomes: five that originated from Uganda

and one from the DRC. All sequences had recombination patterns not described before.

Three isolates were recombinant between subtypes A and D, and one isolate included

subtypes A, C and D (Figure 10). The two remaining sequences (SE8646 and SE9010) also

appeared to be recombinant but had a more complex pattern without well-defined

breakpoints. The recombination patterns of these two isolates were almost identical to each
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other, and because they were isolated from two epidemiologically unrelated individuals, they

may represent a new CRF. The most closely related subtypes appeared to be A, G, H and K,

but some regions remained unclassified (Figure 10). Extended analysis including the use of a

new method (see below) revealed that many of the involved fragments lacked close

relationships to the established subtypes. A possible explanation to this observation may be

that these sequences are recombinant genomes composed of distantly related

representatives to our known subtypes, perhaps as a result of a recombination event in the

early history of the HIV-1 M group. Another possibility is that SE8646 and SE9010 are

recombinants composed of one or more subtypes that have not been identified yet.

A new tool for subtype classification of HIV-1 sequence fragments (IV)

A relatively common problem in the classification of HIV-1 sequences is that some sequence

fragments fail to associate strongly to any specific subtype. Usually a sequence is classified

as a specific subtype if the bootstrap value that supports the association of the unknown

sequence to the subtype cluster is above 70%, since this support has shown to be significant

under certain conditions (68). However, sometimes a sequence clusters to a subtype with a

high bootstrap value but still branches off distinctively outside the reference sequences, as

we noticed during the classification of SE8646 and SE9010. There is currently no general

agreement on deciding how distant a taxon can be from a certain subtype cluster and still be

considered as a member of that subtype.

Figure 11.  Schematic picture of the branching
index. Here the association of sequence X to the
subtype cluster S is investigated. Letters a and b
are genetic distances that depend on the position
of the node of sequence X (white circle) at the
bold branch. The branching index is defined as
a/(a+b) and can take values between 0 and 1.

In paper IV we present a metric called the “branching index” (BI) that can aid in the

classification of problematic sequence fragments that show only distant relationship to a

S

X

a
b
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subtype despite a high bootstrap value. The branching index measures the relative distance

from the node of the unknown sequence to the subtype cluster (Figure 11), and can take

values from 0 to 1. The higher the BI, the stronger the support for subtype classification. To

investigate the behaviour of the BI, we modelled two situations using the reference alignment

from the HIV database that includes 2-4 reference sequences of each subtype

(http://www.hiv.lanl.gov). Situation I was designed to illustrate the classification of a

sequence that lack close relatives (subtype partners) while situation II should represent the

classification of a sequence in presence of its close relatives. For all subtypes, situations I

and II were modelled and the BI was calculated in 10 different genomic regions. When the BI

observations from the two situations were compared, a clear difference was observed

between the two distributions of data, although they overlapped in the mid region (Figure 2 in

IV). In order to find an accurate cutoff value for subtype classification, the sensitivity and

specificity of the BI test (BI> cutoff value: positive test, BI<cutoff value: negative test) were

calculated for different cutoff values. Our proposed cutoff value was set at the crossing-point

of the sensitivity and the specificity, which yielded a cutoff value of 0.55 with the sensitivity

0.94 and the specificity 0.95. Moreover, if we consider it important to have less than 5% false

positive and negative values, only sequences with a BI>0.57 should be considered as

belonging to the subtype in question and those with a BI<0.52 should be considered as

unclassified.

This approach has some limitations that should be considered. Importantly, the branching

index is highly dependent on the choice of reference sequences. For consistency, we

strongly recommend that the reference subtypes of the HIV sequence database always

should be used when calculating the BI for subtype determination. The BI is also dependent

on the choice of evolution model and tree-building method. Although maximum likelihood

trees often give the most reliable results, we choose to use neighbour joining trees with the

F84 substitution model because this combination is fast in performance and can still make

good estimates of subtype determinations and true topologies (69, 95, 103). Another

question is where the cutoff for subtype classification should be set. Our suggested value of

0.55 was based on experimental data using the reference sequences. However, even the

reference sequences sometimes failed to be accurately classified; within the interval 0.52-

0.57 the proportion of incorrect classifications was higher than 5%. We therefore recommend

that the cutoff value should be used with caution, but a low BI can still be an important

indication that a sequence perhaps not should be assigned to a specific subtype. When

recombinant sequences are analysed it should be noted that a low BI might also be an

indication of inaccurately located breakpoints. Finally, it is important to remember that it is not

meaningful to calculate the BI for a sequence association that is supported by a low

bootstrap value.

http://www.hiv.lanl.gov
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In this study we present a new metric that can be used to determine whether a sequence

should be classified as a specific subtype or not. We used the BI to resolve the subtype

classification of sequence fragments of our new HIV-1 genomes. Most fragments of SE6954,

SE8603, UG035 and UG266 had high BI values, whereas some of the fragments in SE8646

and SE9010 had BIs below the cutoff value, although the bootstrap values were above 70%.

According to our suggestion, these fragments should not be subtype classified, but should

rather be labelled “U” for “unclassified” or “unknown”. We believe that the BI can be a useful

tool that may lead to more conservative classifications of HIV-1 sequences, but perhaps also

for analysing relationships among other types of sequences.

Detailed genetic analysis of an evolving HIV-1 population in an infected

individual (V)

The intrahost genetic evolution is influenced by several factors and varies considerably

between different patients. In absence of antiretroviral drugs, the immune system of the host

probably provides the most important selective forces. In paper V we examined the genetic

evolution of an HIV-1 population in an asymptomatic drug-naive patient. Both short time

intervals (days) and longer (years) were studied. Molecular clones from selected time points

were obtained by limiting dilution of plasma RNA/cDNA prior to PCR amplification. A 3.1 kb

region covering vpu, env and one-half of nef was amplified and sequenced, and various

phylogenetic and population dynamics methods were used to analyse the evolution of the

viral population.

We used the program Modeltest to find the substitution model that best described our

collection of data, and the obtained model (the general time reversible model with variable

rates among sites, gamma shape=0.77 and proportion of invariable sites=0.61) was used to

perform a phylogenetic tree analysis of all sequences. The tree analysis revealed that the

viral population was divided into a stable pattern of subpopulations that persisted over time.

One interpretation of the subpopulation pattern is that it corresponds to different

microcompartments where virus replicates and is released to the plasma continuously or

periodically. Differences in dS/dN ratios among the subpopulations suggested that different

selective forces apply on the subpopulations. This was further supported by the finding of

subpopulation specific N-linked glycosylation sites. If the subpopulations represent different

microcompartments, the differences in selective pressure would be explained by dissimilar

immune pressure and other environmental factors within the microcompartments.

We also estimated the divergence (genetic distance from an earlier time point) and diversity

(genetic variation within the population at a given time point) in the two largest
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subpopulations. We found that the genetic distance differed significantly from the intrasample

diversity when sequence clones separated by two weeks or more were analysed. Thus, it is

possible to distinguish a genuine forward evolution from quasispecies polymorphism already

after two weeks, a finding that demonstrates the enormous capacity of the virus to adapt.

However, when the genetic distance was plotted against time, a non-linear relationship was

observed. It appeared as if the genetic distance was greatly underestimated when longer

time intervals (1.5 years) were analysed. This suggests that the available nucleotide

substitution models cannot adequately compensate for multiple hits, i. e. repeated mutations

at the same nucleotide position. This likely shortcoming of current substitution models have

implications for various evolution studies including attempts to estimate the age and origin of

HIV.

Ethical considerations

Ethical approvals for the studies were received from the Ethics committee of Karolinska

Institutet (I-V) and from the Ethical committee of Cameroon (III).
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES

This thesis summarises several studies in which the genetic variability and evolutionary

dynamics of HIV-1 were investigated from different perspectives. The subjects that were

considered were drug resistance, recombination and intrahost evolution.

A new pyrosequencing assay was developed that could rapidly screen for the presence of

drug resistance mutations in the protease gene of HIV-1. The results showed that the

method was robust and sensitive compared to conventional Sanger/didedoxy sequencing.

However, the method requires some further development to really be useful in clinical

settings. The limited read-length of the technique and the heterogeneous genome of HIV-1

currently limits the usefulness of pyrosequencing when it is applied to HIV-1 drug resistance

testing.

The prevalence of drug resistance mutations in HIV-1 from newly diagnosed Swedish

patients was investigated by sequencing of the protease and RT gene. Samples from 6

patients carried mutations that conferred intermediate to strong drug resistance, and may

indicate transmission of drug-resistant virus from antiviral treated patients. In Sweden, the

spread of drug-resistant HIV-1 is followed continuously through routine sequencing of the

protease and RT gene from most newly diagnosed individuals. The Swedish study is

coordinated with an European collaboration called SPREAD that started in late 2002 with the

objective to systematically collect reliable and comparable data on transmission of drug

resistance HIV-1 in Europe. In our study, subtype-specific amino acid patterns were found

that might be important to consider when treating patients infected with non-subtype B

viruses. Future follow up on our and other patients will indicate whether these subtype-

specific sequence differences may influence the outcome of therapy.

Ten intersubtype recombinant HIV-1 genomes originating from Central and West Africa were

characterised by full-length sequencing and recombination analysis. Among four

Cameroonian samples, two belonged to CRF11-cpx and two other represented a new CRF

called CRF13-cpx. Four other samples from Uganda possessed unique recombination

patterns, and yet two other samples from Uganda and Zaire also appeared to be

recombinant but had a more complex pattern. Since the recombination patterns of the latter

two isolates were almost identical to each other, they may represent an additional new CRF.

Future follow-up on the global distribution of recombinant HIV-1 strains will reveal the

importance and spread of the recombinant variants described in this thesis. It will be



CONCL UDING REMARKS

32

particularly interesting to follow the prevalence and importance of the new CRF13-cpx, of

which a third isolate recently was discovered.

The problems associated with the characterisation of complex recombinant genomes

inspired us to develop a new metric called “the branching index”. The branching index can

aid in the classification of problematic sequence fragments that show only distant relationship

to a subtype despite a high bootstrap value. We believe that this new approach may be a

useful tool for more conservative classifications of HIV-1 subtypes, e. g. to decide whether a

sequence should be classified as a specific subtype or not. The approach may also be

applicable on other types of sequences than HIV-1.

The intrahost evolution of HIV-1 was investigated by sequencing the env gene of an HIV-1

population from an asymptomatic drug-naive patient at repeated time points. Phylogenetic

analysis of the sequence clones revealed a robust pattern of subpopulations. In addition, it

was possible to distinguish a genuine forward evolution from the intrasample diversity at a

time interval of only two weeks. Calculations of nucleotide substitution rates indicated that

genetic divergence corresponding to longer time intervals may be underestimated,

suggesting a problem with current genetic models of nucleotide change. Additional studies

on this and other sets of HIV-1 population data have to be performed in order to improve

nucleotide substitution models and to increase the understanding of the evolution of HIV-1.

All studies in this thesis pertain to the enormous genetic variation of HIV-1 and its capacity to

change rapidly. The study of drug resistance among newly infected patients and the new

pyrosequencing assay have the most obvious clinical implications. The studies on HIV-1

recombination and intrahost evolution provide further insight into the complex nature of the

virus. In the long run, better understanding of the virus may hopefully provide better care for

HIV infected patients and reduce the expansion of the AIDS pandemic.
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