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Abstract

One of the most notable features of the human immunodeficiency virus (HIV) is the 
high level of variability, both between patients and within infected individuals. This 
diversity enables the virus to evolve rapidly, altering both its pathogenicity and tissue 
tropism. Furthermore, the virus can evade neutralisation both by the host immune 
system and by anti-retroviral drugs, presenting a huge challenge for patient therapy and 
vaccine design.

This thesis is a detailed investigation into the variation and evolution of env gpl20, the 
most variable region of the viral genome. Two different aspects are discussed. Firstly, a 
heterosexual transmission cluster in a town in the north of England is described, 
including 15 patients. The molecular epidemiology illustrates that HIV-1 subtype B is 
well established in this community and that this subtype is perfectly capable of 
establishing a heterosexual epidemic. Two distinct related clusters were identified, 
further studies indicated the presence of R5 and R5X4 strains in each group 
respectively. Interestingly, the patients were also divided into the same two groups on 
the basis of clinical and epidemiological information.

Secondly, events taking place during early infection were studied. Two time points from 
eight seroconvertors were investigated, the first available sample after diagnosis and a 
time point 2-3 weeks later. Complete env gpl20s from DNA and RNA populations 
were sequenced. Genetic diversity varied between the patients, the majority harbouring 
homogenous populations, although 2/8 were heterogenous. Length changes in the VI- 
V2 region were a common feature, possibly as a consequence of viral escape from 
immune selection.

Together these studies give more insight into the biological consequences of the genetic 
diversity of HIV-1, with respect to transmission and primary infection.
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CHAPTER 1 

Introduction to HIV-1

1.1 General introduction to HIV-1

20 years ago, in 1981, several reports were made describing a new disease associated 
with severe immunodeficiency, prevalent in homosexuals and intravenous drug users in 
the USA (Masur et a l, 1981; Siegal et a l, 1981; Des Jarlais et a l, 1989). The main 
clinical symptoms were opportunistic infections such as P.carinii pneumonia (PCP) and 
the rare malignancy Kaposi’s sarcoma (KS). Initially this syndrome was called Gay 
Related Immunodeficiency, GRID. However, by 1983 it became apparent that the 
syndrome was also transmitted though other routes, i.e. from mother to child and 
through blood transfusions/products in addition to sexual contact. The syndrome was 
hence renamed Acquired Immunodeficiency Syndrome, AIDS, as it appeared to be an 
acquired defect as opposed to an inherent or congenital defect.

In 1983, Françoise Barré Sinoussi and colleagues identified a retrovirus present in a 
male AIDS patient with persistent lymphadenopathy, which they designated 
lymphadenopathy-associated virus, LAV (Barré-Sinoussi et a l, 1983). The following 
year Robert Gallo and colleagues described and characterised a retrovirus from 
symptomatic patients which formed multinucleated cells in cultures of human T- 
lymphocytes, they named this virus human T-lymphototropic virus III, HTLV-III (Gallo 
e ta l,  1984; Popovic eta l, 1984; Samgadharan e ta l, 1984; Schupbach et al, 1984). It 
was realised that this virus was related to, but distinct from, the HTLV family, as some 
of the strains could replicate to high titres in CD4^ T-cells and kill the cells, unlike 
HTLV which causes immortalisation in T- lymphocytes. The HTLV-III strain was later 
found to be a contaminant by the French group’s sample. These two AIDS-related 
viruses were therefore renamed human immunodeficiency virus type 1, HIV-1. 
Subsequently a second immunodeficiency virus was described, isolated from patients in 
West Africa, who also presented with AIDS like symptoms (Clavel et a l, 1986). 
Although this strain was related to HIV-1, it only shared -50% sequence similarity and 
also had a slightly different genetic structure. The virus was therefore called HIV-2.

HIV-2 infection is mainly restricted to West Africa, and seems to cause less severe 
immunodeficiency than HIV-1 in most (but not all) infected individuals (Pepin et al.
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1991; Whittle et a i ,  1994). In contrast to HIV-2 which remains relatively rare, 

transmission of HIV-1 has led to the current epidemic of -3 6  million infections world 

wide, predominantly in developing countries as a result of heterosexual contact.

Figure l .I  illustrates the current estimates of the global prevalence of HIV/AIDS. In the 

year 2000, there were -5 .3  million new cases. Overall it is estimated that worldwide 

AIDS has caused the death of approximately 16 million people. 70% of HIV cases are 

in sub-Saharan Africa, and the epidemic is spreading rapidly to parts of Asia, in 

particular India, China and Russia. In the western world, HIV-1 has historically been 

associated with homosexual contact and intravenous drug use. However in the UK, 

heterosexual transmission has now become the main route of infection (PHLS 

surveillance statistics, 1999 and 2001).
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1.2 Classification of HIV-1

HIV-1 is a lentivirus, a member of the Retroviridae family. It is a retrovirus, which 

characteristically contain gag (core protein; ‘group antigen’) and env (envelope) genes 

in addition to pol, which encodes a reverse transcriptase enzyme, RT. This enzyme gives 

the virus the ability to encode an RNA genome in the capsid that can be reverse 

transcribed to DNA and subsequently integrated into a host cell.
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The Retroviridae viruses were initially divided into 3 genera based on morphology 
determined by electron microscopy and pathogenicity. However the viruses were re
classified according to genome structure and phylogenetic analysis of viral sequences. 
Currently there are seven genera, as shown in Table 1.1, including the Lentiviruses of 
which HIV-1 is a member (Coffin, 1996).

Table 1.1. Classification of the Retrovirus genera

Genus Examples of members

Mammalian Type B mouse mammary tumour virus

Mammalian Type C murine leukaemia virus 

feline leukaemia virus

Avian Type C avian leukosis virus 

Rous sarcoma virus

Type D Mason-Pfizer monkey virus 

Jaagsiekte virus

BLV-HTLV HTLV-I, HTLV-n 

bovine leukaemia virus

Spuma viruses human spuma virus 

bovine syncytial virus

Lentiviruses human immunodeficiency virus type 1 (HIV-1) 

human immunodeficiency virus type 1 (HIV-2) 

simian immunodeficiency virus (SIV) 

bovine immunodeficiency virus (BIV) 

feline immunodeficiency virus (FIV) 

equine infectious anemia virus (EIAV) 

caprine arthritis-encephalitis virus (CAEV) 

visnamaedi virus
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The lentiviruses are exogenous retroviruses, meaning they are transmitted, as opposed to 
inherited (endogenous retroviruses). They often cause persistant neurological and 
immunodeficiency syndromes. The primate lentiviruses (HIV-1. HIV-2 and SIV) 
typically infect and deplete CD4^ lymphocytes and monocytes, targeting the 
haematopoetic and central nervous systems.

The mammalian type B and C viruses, the avian type C viruses and the BLV-HTLV 
group viruses are oncogenic and cause tumours (hence were classed as 'oncoviruses', 
based on the old classification system). The spuma viruses, also known as foamy 
viruses due to their cytopathic properties in tissue culture (in which they form syncytia 
and multinucleated giant cells), infect cattle, sheep, cats, hamsters and primates. However 
these viruses do not appear to cause disease.

1.3 Origin of HIV

Although the first cases of AIDS were reported in the USA in 1981, it is probable that 
the virus first entered humans in central Africa several decades earlier. Based on the 
phylogenetic relatedness shared between SIV (simian immunodeficiency virus) found in 
African non-human primates, particularly chimpanzees (Gao et a l, 1999), and HIV 
strains, it is generally thought that HIV is the result of cross species transmission events 
of SIV from these animals to humans in Africa. Several pieces of evidence support this 
hypothesis, including similarities between genomic organisation, prevalence in the 
natural host, coincidence in geographic location of the primate reservoir and the origin 
of the virus and plausible routes of infection (Hahn et al., 2000). Notably, although 
SIVs are called immunodeficiency vimses, there is no evidence that they cause 
immunodeficiency in their natural hosts.

Various strains of SIV from African monkeys and chimpanzees have been sequenced. 
At least 20 different primate species have been characterised that harbour SIV in sub- 
Saharan Africa (Hahn et a l, 2000). A subscript is used to show from which species the 
SIV strain was isolated, for example SIV̂ p̂  refers to strains found in chimpanzees. SIV 
sequences related to HTV-2, were described first, obtained from African monkeys, 
including rhesus macaques infected in captivity in North America and sooty mangabeys 
infected in the wild in West Africa. These strains, SIV and SIV clustered with 
HIV-2 in a phylogenetic tree, but were distinct from HIV-1 strains (Hirsch et al, 1989; 
Gao et a l, 1992). HIV-2 and SIV^  ̂strains found in humans and animals from the same 
local geographical region, appeared more related, implying local activities such as
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hunting and keeping animals as pets may have influenced transmission. Moreover the 
SrVj^ and HIV-2 genomes both contained the vpx gene, not present in other lentiviruses. 
On the basis of these findings, it was proposed that sooty mangabeys in West Africa 
were the primate reservoir for HIV-2. Phylogenetic analysis of sequences shows that the 
SlVg  ̂and HIV-2 strains are interspersed in the phylogenetic tree, indicating that 7 
separate introductions of HIV-2 may have taken place. It is therefore possible that 
humans, and animals kept in captivity, may have been exposed on several occasions to 
the circulating SIV strains in this region of Africa.

The origins of HIV-1 have been more difficult to determine. Initially SIV strains from 
chimpanzees in Gabon were obtained, SlV^p^^^g;, SlV^p^^^gj andSIV^p^^^ ,̂ which like 
HIV-1, contained the vpu gene not present in other lentiviruses, but these strains were 
only very distantly related to HIV-1 and due to a lack of other evidence, it was unclear 
whether this primate represented a reservoir for HIV-1 (Peeters et a l, 1989; Huet et al, 
1990). Subsequently strain SlV̂ p̂ .̂ g was isolated from a chimpanzee of subspecies Pan 
troglodytes troglodytes held in captivity in the USA, which clustered more closely to 
HIV-1, implying this subspecies might serve as a primate reservoir (Gao et ah, 1999).
To investigate this further, the search for SIV strains in Central and West Africa has 
been expanded over the last few years, and more SIV̂ p̂  sequences have been obtained 
that cluster with HIV-1. This includes strains from chimpanzees living in their natural 
habitat in Cameroon, thus providing further evidence that this species may be the 
primate reservoir of HIV-1 (Corbet et a l, 2000). HIV-1 is further genetically divided 
into three groups, termed group M, N and O (as described in more detail in section 
1.9.1.), strains from all three groups and SIV strains from chimpanzees are interspersed 
in the phylogenetic tree, presented in Figure 1.2 implying the groups are the result of 
several transmission events. However, unlike the introduction of HIV-2 and of HIV-1 
group N/0, it appears that a single introduction of HIV-1 group M has resulted in the 
worldwide epidemic in humans (Hahn et al., 2000; Sharp et al., 2001).

Phylogenetic analyses of the HIV and SIV strains described above have in addition been 
used to estimate when these zoonotic transmission events might have taken place, and 
samples isolated from known dates have been incorporated in these datasets as controls. 
This includes an HIV-1 sequence isolated from a blood sample taken in 1959 in the 
Democratic Republic of Congo (former Zaire). Initially, it was proposed that the 
epidemic may have started in the late 1940s (Smith et al., 1988). However more recent 
studies, including more sequences (subsequently available) and multiple evolutionary
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models of alternative molecular clocks, have estimated that the last common ancestor 
dates to 1931, with a confidence interval of 1915-1941 (Korber et a l, 2000).
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Figure 1.2. Phylogenetic tree illustrating the relationships between HIV-1, HIV-2 and 
SIV strains. Adapted from Sharp et al., (2001).
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Although it is now generally agreed that chimpanzees in Africa are the primate reservoir 
of HIV-1, there has been considerable debate as to how, when and why this virus 
entered the human population. Indeed this issue caused so much controversy that the 
Royal Society convened a meeting in London in September 2000 to discuss the 
evidence available (Cohen, 2000). An explanation proposed by Hahn and colleagues is 
the ‘Cut Hunter’ theory, inferring that zoonotic transmission occurred though exposure 
of humans to blood as a result of hunting and caring for animals (Hahn et a l, 2000).

A second, more controversial explanation, is the oral polio vaccine (OPV) theory, which 
was first published in the Rolling Stone magazine in 1992. A British writer, Edward 
Hooper, subsequently wrote a book called ‘The River’, elaborating on this theory, 
implying that oral polio vaccination programs could have started the HIV-1 epidemic 
between 1957 and 1960 in West Africa, through SlV^p^-contaminated batches of vaccine 
(Hooper, 2001). The theory suggested that kidneys from chimpanzee and sooty 
managabeys were used in the polio vaccine preparation. However, this theory has largely 
been disproved for several reasons. Firstly the animals that were suggested to have been 
used for the vaccine preparation were species P.T. schwenfurthii and P. paniscus, 
whereas HIV-1 is thought to have been the result of zoonotic transmission events 
involving P.t. troglodytes (based on the evidence described above). Furthermore, the 
estimates based on phylogenetic analysis time the initial introduction of the virus into 
humans decades before 1960, making the OPV theory unlikely (Sharp et al., 2001; 
Weiss, 2001).

Because of the disagreements surrounding this theory, several original polio vaccine 
batches (CHAT) used at the time were tested by PCR for the presence of HIV-1, HIV-2 
and SIV. None of the viruses were detected. Furthermore PCR incorporating primers 
specific for chimpanzee mitochondrial DNA were also performed to assess whether 
chimpanzee kidney cells had been used for generating the polio vaccine, but again 
amplification failed. Instead, DNA from rhesus or cynomolgus macaques was present 
respectively (depending on the batch tested), derived from the cells originally claimed to 
have been used to make the vaccines. Hence together the findings largely disproved 
Hooper’s theory (Berry et a l, 2001; Blancou et al., 2001). However, although the OPV 
theory remains very controversial, it demonstrates how medical activities could have 
unexpected effects on human health and the importance of maintaining strict regulations 
to prevent the future occurrence of such incidents (such concerns apply to 
xenotransplantation) (Hahn et al., 2000).
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Inespective of the mechanisms of its introduction, there is no doubt other factors that 
contributed to the spread of the epidemic. These include international travel, the use of 
HlV-1 contaminated blood products prior to the implementation of screening programs 
and the use of contaminated syringes by drug abusers, in particular when drugs like 
heroin became widely available in the 1970s.

1.4 Organisation of the HIV-1 genome and virion

The organisation of the HIV-1 genome and the structure of the virion are illustrated in 
Figures 1.3 and 1.4. The HIV-1 genome is ~9.8kb and encodes the structural proteins 
(gag, pol, env), regulatory proteins (rev and tat) and accessory proteins (vif, vpr, vpu and 
nef). In contrast to HIV-1, HIV-2 lacks the vpu protein, but encodes a functionally 
related protein, vpx.

Like other lentiviruses, the HIV-1 virion has spherical shape. Within the envelope the 
gag p24 proteins form a capsid, CA, shaped like a cone, containing two copies of the 
RNA genome (~9.8kb), with which the reverse transcriptase RT (RNA-dependent DNA 
polymerase) and nucleocapsid NC proteins (p6 and p9) are closely associated. The viral 
integrase IN, protease PR, nef, vpr, vif and cyclophilin have also been detected within the 
capsid. The capsid is further coated by a layer of myristylated matrix protein MA (pi7), 
just beneath the bi-hpid membrane, which is important for the integrity of the virion. The 
HIV-1 bi-lipid layer, further contains approximately 72 external spikes, presumably 
made up of trimers of gpl20 external surface (SU) envelope protein, non-covalently 
attached to the membrane by the transmembrane domain (TM) protein, gp41 
(Gelderblom et al, 1989; Helseth et a l, 1991). The external layer is derived from the 
host cell membrane and therefore also contains large amounts of host derived proteins 
such as major histocompatability antigens of class I and II (MHC I and II) (Arthur et 
al, 1992).
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Figure 1.4. S tructure o f  m ature H lV-1 virion. F igures a) and b) illustrates the 

three d im entional and tw o dim entional structure o f  the m ature virion  respectively.

Note the envelopes are shown in m onom eric form . Figure a) w as ob ta in ed  fro m  

htip://w w w .viro logy.net/B ig_V iro logy/Specia l/N erm ut/R etro .h tm l, and  fig u re  b) w as hand  

drawn accord in g ly  using the sam e colour schem e.

1.5 HIV-1 genes and viral proteins

Since the main emphasis of this thesis is on env gpl20, it will be described in more 
detail then the other gene products of HIV-1.

1.5.1 Structural proteins

Gag
The gag gene encodes a precursor protein, p55, which is cleaved into several proteins in 
the following order: matrix protein MA (pi7), capsid protein CA (p24) and the 
nucleoproteins NC (p6 and p7). Cleavage of p55 occurs coincidentally with virion 
export and is often incomplete in released virions, this ‘maturation process’ is 
associated with a changing morphology of the virion by EM, from the relatively lightly 
stained spherical immature (and non-infectious) capsid to the heavily stained cone or 
vase shaped mature capsid (Dettenhofer and Yu, 1999; Katsumoto et al., 1987).

The first component MA (pi7) plays an important role in viral assembly, targeting the 
gag-pol precursor proteins to the cell plasma membrane. It is believed to consist of a 
trimer, each unit containing an N-terminal myristate group followed by ca. 50 basic 
residues, which enable membrane binding to the acidic phospholipid ‘head groups’. 
The protein further aids incorporation of env proteins into viral particles via their long 
cytoplasmic tails (Freed and Martin, 1996).

The second component, capsid CA (p24), is important for creating the core structure 
which encapsulates the viral RNA genome and associated proteins, as described in 
section 1.4. The C-terminal domain enables viral assembly and oligomerisation of gag 
(Gamble et a l, 1997). The N-terminal domain plays a role during early post entry, 
possibly through association with cyclophylin A, CrpA, a putative cellular chaperone 
which aids protein folding. This complex with CrpA is thought to be involved in 
translocation of the preintegration complex to the nucleus and possibly in viral 
uncoating (Gamble et al., 1996).
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The nucleoproteins, NC, coat the RNA genome inside the CA core, and bind to the 
packaging signal, Y. They probably transport the viral RNAs to the assembling virion 
(Clever and Parslow, 1997).

Pol
The gag-pol gene precursor, p i60, is the result of a second translation from the same 
mRNA as that encoding gag^^  ̂and is produced in a ratio of 20:1 by a ribosomal 
frameshift near the gag-pol junction. It is thought that this ratio is a consequence of 
RNA stabilisation (Shehu-Xhilaga et a l, 2001). The pol precursor is subsequently 
cleaved into the integrase (IN), reverse transcriptase (RT) and protease (PR) proteins. 
The RT enzyme, a dimer of p66 and p51, is an RNA and DNA dependent DNA 
polymerase responsible for transcribing the viral RNA genome into DNA and for the 
subsequent synthesis of a second DNA strand to generate a DNA duplex. The enzyme 
also contains an additional RNAase H function required for the degradation of the RNA 
in the RNA/DNA complex (Hansen et ah, 1988). The integrase enzyme IN (p32) 
enables integration of the genomic DNA into the host chromatin, as described in more 
detail in section 1.6. The protease PR is responsible for the cleavage of gag and gag-pol 
polyproteins during maturation of the assembled virion.

Env
Env is translated into a 160 kDa glycoprotein from a singly spliced mRNA in the 
endoplasmic reticulum, ER. Post translational processing also takes place in this cell 
compartment, involving the addition of asparagine (N-) linked mannose sugars which 
contribute half the molecular weight of the mature protein. Although synthesised as a 
monomer, it is believed that gpl60 forms trimers, and that this oligomersation is 
required for transport out of the ER. These precursors are then targeted to the Golgi, 
where they are cleaved into the surface (SU) domain gpl20 and transmembrane (TM) 
domain gp41. These proteins remain bound through non-covalent interactions (Helseth 
et ah, 1991). The precursor protein is transported by several different ways though the 
cell, possibly causing a loss of up to 90% of uncleaved protein. The mature gpl20-gp41 
envelope complexes are transported to the cell surface and finally incorporated into 
budding vims particles.

Comparisons of HIV-1 sequences by computer analysis revealed the presence of several 
hypervariable regions within gpl20 between each sequence in the set, and with a high 
degree of variation in hydrophilicity and number of N-linked glycosylation sites 
(Modrow et ah, 1987; Starcich et ah, 1986). These 5 regions were termed V1-V5, and
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are interspersed by the constant domains, C1-C5. The V3, V4 and V5 loops are 
separated by a minimum of 50 amino acids, whereas V 1 and V2 are closely linked by no 
more than 12 amino acids (Lamers et aL, 1993). With the exception of V3, which is 
usually 34-36 amino acids long, extensive length variation has been observed within the 
variable loops, particularly within VI. The variable loops are formed by nine disulphide 
bridges between highly conserved cysteine residues. Figure 1.5 illustrates the secondary 
stmcture of gpl20, including the constant and variable domains.

The atomic structure of the envelope complex has been difficult to study, as crystals 
incorporating the variable domains are hard to obtain. However recently, crystals have 
been successfully grown consisting of a truncated gpl20, two domains of CD4 and an 
antigen-binding fragment of a CD4 inducing (CD4i) antibody, mAblVb. CD4 binding 
appears to induce conformational changes in gpl20, creating the chemokine receptor 
binding site and exposing several epitopes that the CD4i antibodies can bind to. These 
CD4i monoclonal antibodies, such as mAh 17b, block chemokine receptor binding. The 
gpl20 protein which was crystalised was derived from the HXB2 strain, and parts of the 
N and C termini, V1/V2 and V3 loops were removed prior to crystallization. This 
complex allowed structure predictions of the core of gpl20 by x-ray crystallography, as 
shown in Figure 1.6 (Kwong et aL, 1998; Wyatt et a i, 1998). This revealed that the core 
consists of an inner domain on which the VI and V2 loops are exposed, and an outer 
domain from which V3 and V4 extend. Hence the constant domains appear to form a 
core, whereas the variable loops are more exposed, potentially influencing the 
interactions with host receptors.

The inner and outer domains are linked together by the ‘bridging sheet’, which contains 
four antiparallel p sheets including the stem of the V1/V2 loops and strands from C4. 

The inner domain is believed to interact with gp41, whereas the outer domain is thought 
to be exposed on the exterior of the envelope trimer, presenting extensive variation and 
glycosylation, hence the domain names reflect their likely positions within the gpl20 
trimer. The proximal side of the core, including the N and C- termini, is thought to sit on 
the viral membrane, whereas the distal side is thought to face the target cell once CD4 
binding has taken place.

The V3 loop is an important immunogenic domain and has been described as the 
principal neutralization determinant, PND (Wolfs et al, 1991). Neutralization properties 
appear to vary between primary isolates and lab adapted strains (Beddows et aL, 1998). 
This region is also involved in CD4 and chemokine receptor binding (Malenbaum et aL,
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2000). VI and V2 also play a role in receptor binding, and in the masking of 

neutralizing epitopes.
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1.5.2 Regulatory proteins

Tat
Tat (transactivator of transcription) is a protein of 101 amino acids, and plays an 
important role in replication. Although sites for other cellular transcription factors, such 
as NF-k-B, Spl and TBP are also present in the LTR, transcription of viral RNA is less 

efficient without tat and results in the formation of shorter transcripts. Tat appears to 
increase transcription up to 100 fold, probably through elongation of the transcripts and 
may also increase the rate of initiation of HIV-1 RNA transcription (Jeang and 
Berkhout, 1992). The tat protein consists of an arginine rich domain that binds to an 
RNA hairpin stem loop structure in the 5’LTR, termed the transactivation response 
element, TAR, via a guanine in the major groove of the RNA. It is thought that tat 
requires other cellular proteins to maintain a stable structure such as cyclin T1 (Wei et 
al, 1998). Together with nef, tat also appears to play a role in T-cell activation and viral 
replication in quiescent cells (Wu and Marsh, 2001). Other roles of tat have been 
described in apoptosis, mimicking of SDF-1 and the regulation of expression of other 
genes such as TNF-a and IL-8 in the cell cycle (Mahieux et a l, 2001; Xiao et al,
2000).

Rev
Rev is the regulator of viral protein expression and is involved in the export of unspliced 
mRNA from the nucleus into the cytoplasm. At the N-terminal of the protein lies an 
RNA binding domain and a leucine rich- nuclear export signal (NES), whereas a nuclear 
localisation domain is in the C-terminal. All of these domains contribute to rev functions 
(Meyer and Malim, 1994). Export of mRNA is only induced when a certain amount of 
unspliced and spliced mRNA is present in the nucleus. Rev binding to the rev response 
element, RRE, it is thought to initiate the nuclear export pathway, via nuclear receptors, 
CRMl and nucleoporins. The RRE is present in the env gene, consisting of at least 
234bp of RNA sequence, of which 13 nucleotides are directly involved in binding. 
Several monomers of rev bind to the hairpin structures in the RRE, this multimerisation 
is thought to be important for rRev function due to an increase in the concentration of 
NES sites on a single mRNA. The amount of rev expressed in the nucleus is regulated 
by a negative feed back loop, hence when expression is high, a large amount of mRNA 
is exported, leading to the down regulation of rev. Rev may also act to increase the 
stability of mRNA.
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15.3 Accessory proteins

HlV-1 further encodes several accessory proteins, nef, v if, vpu, and vpr, which are not 
essential for replication in vitro, but play other roles during the viral life cycle.

W
Nef (negative factor) is a 206 amino acid protein involved in the modulation of CD4 
molecules in the infected cell. Nef seems to interact with a wide variety of cellular 
proteins in vitro and has hence been implicated in a wide variety of cellular processes, 
though which of these interactions are important in vivo has been widely debated. 
However the role of nef in the following processes seems to be well supported. Nef is 
N-terminally myristylated, a feature that appears to enable targeting of CD4 present on 
the cell surface or in the golgi, leading to targetting to lysosomes through binding of the 
nef-CD4 to an adaptor protein complex AP2 (Greenberg et aL, 1998). CD4 contains a 
dileucine signal in the cytoplasmic portion of the protein. This region is believed to 
interact with nef, as its elimination prevents down regulation of CD4. This reduction in 
CD4 presumably leads to a decrease in CD4-env interactions, thus promoting env 
incorporation into virions and increasing the amount of virus released.

Nef has also been shown to induce Fas ligand (FasL) expression on the surface of HIV 
infected T cells. The subsequent interaction of FasL with Fas (CD95) displayed on 
neighbouring cells, including HIV-1-specific cytotoxic T lymphocytes, may lead to 
bystander cell killing. Recently it was suggested that nef can protect against premature 
cell death, allowing viral replication (Geleziunas et aL, 2001), hence nef appears to play a 
role in cell killing and cell protection, presumably both conferring advantages for 
infection. As deletions in «e/have been found in strains isolated from HIV infected long 
term non progressors, it is likely that nef has an important function for pathogenesis 
(Deacon et aL, 1995; Oelrichs et aL, 1998; Rhodes et aL, 2000) (as described in section 
1.7.4).

Vpu
Like nef, vpu, a 16kDa protein, plays a role in the down regulation CD4. It does this by 
directing newly synthesized CD4 molecules in the endoplasmic reticulum (ER) to the 
ubiquitin pathway of degradation. Hence like nef, vpu reduces env-CD4 interactions and 
promotes transport of env to the cell surface for release in virus particles. 
Phosphorylation appears to play a role in regulation of CD4 degradation by vpu (Cohen 
et aL, 1996). In addition, vpu can down regulate production of cell surface MHC I, thus 
protecting cells from cytotoxic T- cell responses (Kerkau et aL, 1997).
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V f
Vif (viral infectivity factor) is a 193 amino acid protein, involved in viral infection. Vif 
mutants have a reduced efficiency of infection by 1000-fold in non-permissive 
peripheral blood leukocytes, demonstrating an important function for the production of 
highly infectious virus. However, vif only shows this feature on infection of certain cell 
types, indicating that in some cell lines, other cellular factors may compensate for its 
role. Vif is further thought to play a role in viral assembly and maturation (Simon and 
Malim, 1996). It has been estimated that vif is packaged into virions non-specifically, 
incorporating 60-100 molecules per virion (Liu et al., 1995).

Vpr
Vpr (viral protein R) is a 96 amino acid protein which plays a role after fusion and entry 
of the virus. It is involved in uncoating of the virus in the cytoplasm and transporting 
proteins like RT, IN, MA and RNA to the nucleus in the preintegration complex (Popov 
et aL, 1998). This transport occurs even in non-dividing cells, and is therefore 
particularly important for nuclear localisation and replication in macrophages and 
monocytes. An additional function of vpr is the induction of G2 cell cycle arrest, which 
can result in apoptosis of T-cells (Emerman, 1996). It also interacts with a number of 
cellular proteins with indirect effects on transcription.

1.6 Virus life cycle

The virus life cycle is illustrated in Figure 1.7 (for a review see Frankel and Young,
1998). The first step involves viral attachment to the host cell target, through the 
principle cellular receptor CD4, and the 7 TM (‘Seven Transmembrane’) chemokine co
receptor. This interaction involves several domains within the viral env gpl20, described 
in more detail in section 1.8.1. The resulting conformational change in the TM domain, 
enables fusion between the viral and cellular membrane via the fusion peptide within the 
amino terminal of gp41, subsequently promoting internalisation of the virion. The virus 
has also been shown to enter cells through endocytosis by EM (Pauza and Price, 1988), 
but as this process is independent of pH it is not thought to occur through the normal 
receptor mediated endocytotic pathway employed by other viruses, which require an 
acidic environment, i.e. low pH (McClure et aL, 1988). The virus can also induce cell to 
cell fusion, visualised by EM.
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Once inside the cell, the viral nucleoprotein complex including RT, MA and IN, vpr and 
RNA is directed to the nucleus where the reverse transcription process takes place. The 
RT recognises the tRNA^^^  ̂which is bound to the 3’ end of the primer annealed to the 
primer binding sites (PBS) at the 5’ end of the RNA genome. The RT can also bind to 
other sites, although the tRNA^^^Ts most efficient. Transcription is initiated from the 3’ 
end of the tRNAj^^* and the RNA template is reverse transcribed into (-) ssDNA 
(cDNA) in a continuous manner. The RNAase H activity of RT leads to the degradation 
of the RNA in the RNA/DNA complex, but excludes the RNA/ tRNAj^^* complex. The 
DNA is then transcribed into (+)ssDNA, by a discontinuous process involving several 
initiation sites, resulting in the dsDNA. This process also includes the incorporation of 
two LTRs from the RNA into the 3’ and 5’ end of the single dsDNA molecule. Reverse 
transcription causes errors since RT lacks proof reading activity, and as a consequence 
each host harbours a quasispecies of the vims (Goodenow et aL, 1989). Recombination 
may also take place at this stage, as described in section 1.9.4.

The next step in the viral life cycle is integration of the proviral DNA, mediated by the 
IN enzyme in the presence of Mg^ .̂ Two nucleotides are removed at the 3’ end of the 
linear dsDNA through the exonuclease activity of the IN, and the target host DNA is 
cleaved. The 3’ ends of the proviral DNA are then ligated with the 5’end of the cleaved 
host DNA. The two unpaired nucleotides at the 5’ end of the viral DNA are removed 
and the gaps filled in, resulting in a small dupUcation of cellular DNA at each end. 
Integration can take place at any site within the host genome, but more accessible sites, 
like those within the nucleosomes, may be preferred (Bushman, 1994).

Viral transcription is activated by tat at the promoter site in the 5’ LTR, transcripts are 
polyadenylated at a site in the 3’LTR. Early transcripts encode tat, rev and nef and are 
multiply spliced. Full length viral RNA is then transcribed for expression of the 
stmctural genes gag, pol, env, vpu, vpr and vif, which are further singly spliced. Spliced 
and unspliced mRNAs are then transported from the nucleus to the cytoplasm, a process 
regulated by rev, for translation of packaging into virions. The gag-pol mRNA is 
translated, and their resulting products gag and pol are localised in the cytoplasm. Env is 
translated in the ER, further glycosylated within the golgi and then transported to the cell 
surface (inappropriate interactions with CD4 molecules are avoided through the 
functions of nef and vpu described above). Assembly and packaging of the core particle 
takes place including the gag and gag-pol proteins and accessory proteins in the 
cytoplasm, initiated by the binding of gag to the packaging signal, Y, in the RNA.
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Budding commences incorporating SU and TM domains of env in the cell derived viral 

membrane (Hermida-Matsumoto and Resh, 2000). The virion then undergoes a 

maturation process, whereby the gag and gag-pol polypeptides are processed into their 

respective proteins (MA, CA, NC, p6 RT, IN and PR) by PR within the virion. Finally 

the mature virus is ready to infect a new target cell.

The life cycle has been estimated to take on average -1 .2  days, leading to the production 

of approximately 10.3 xlO^ virions per day in the infected individual. The lifetime of a 

plasma virion has been estimated to 0.3 days, and of a productively infected activated 

peripheral CD4^ T cell, 2.2 days (Perelson et aL, 1996).
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1.7 Course of HIV infection

1.7.1 Routes of infection

HIV can be transmitted through the following routes:
1) through sexual contact, by homosexual contact from male to male (M-M) and 

heterosexual contact, female to male (F-M) and male to female (M-F). In males, the 
virus is transmitted through seminal fluid containing both cell free and cell 
associated virus, whereas in females the virus is present in genital secretions.

2) parenteral transmission, through the sharing of contaminated needles by intravenous 
drug users (IVDU), by therapeutic users or through needle stick injuries.

3) transfusion of contaminated blood or administration of contaminated blood products 
or through organ transplantations. However due to the implementation of screening 
strategies, the number or infections that occur in this manner have been almost 
eliminated, at least in the western world.

4) transmission from mother to infant (perinatal/vertical transmission), either through 
the placenta, during birth or breastfeeding.

5) transmission can also occur through oral sex but this is much less common.

Heterosexual transmission accounts for >75% of infections world wide. This is the 
main transmission route in the developing countries of Africa, and parts of 
South/Central America and Asia, followed by vertical transmission and IVDU (Vemazza 
et aL, 1999). In the USA and Western Europe the virus has been predominantly 
transmitted through homosexual contact and IVDU. This has also been the main route 
of infection in the UK. However quarterly surveillance data presented by the PHLS for 
1999-2001 show that heterosexual contact has now become the dominant route for new 
infections (Kent, 2001). An increase in heterosexual transmission has also been 
observed among young females (aged 15-19) in the USA (Lee and Fleming, 2001).

Prevention o f infection
In the absence of a successful vaccine, other preventative measures of HIV transmission 
have been implemented and remain important for the control of AIDS (Weiss, 2001). 
Behavioral approaches include promoting ‘safe sex’, the use of condoms and the 
reduction in number of sexual partners. Vaginal microbiocides are also a promising 
method for reducing heterosexual transmission, provided the chemicals do not cause 
vaginal inflammation (Fichorova et aL, 2001; Weber et aL, 2001). Other methods are 
treatment of other STDs which reduces the transmission risk by reducing the frequency
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of genital lesions, an approach which has been successful in certain African countries.
In the developed world HAART can reduce viral load in HIV patients and hence may 
reduce the risk of spread to other individuals. (For a review on preventative strategies 
see Vemazza et aL, 1999 or Cohen and Eron, 2001).

1.7,2 Risk of infection

The risk of transmission depends on the route of infection and is influenced by a variety 
of factors. In North American and European couples, the per contact probability of 
HIV-1 transmission through heterosexual transmission has been estimated as -0.001, 
for homosexual transmission -0.008, for needle stick injuries 0.003-0.005 and for 
IVDU 0.007 (Downs and de Vincenzi, 1996; Henderson et aL, 1990; Kaplan and 
Heimer, 1992; Mastro and Kitayapom, 1998). Transmission risk is notably higher 
through anal intercourse than vaginal contact, presumably due to the presence of 
different target cell layers. The probability of female to male transmission is on average 
10 fold lower than male to female, at least in US and European studies (European Study 
Group on Heterosexual Transmission of HIV, 1992; Mastro and Kitayapom, 1998; 
Padian et aL, 1991). The chance of infection through perinatal transmission is typically 
20%, depending on the viral load of the mother, although antiviral dmgs can reduce this 
risk to at least -5% (Newell and Peckman, 1993; Simpson et aL, 1997).

High viral loads are likely to increase the risk of transmission, such as during 
seroconversion and late stage disease (Fiore et aL, 1997; Veenstra et aL, 1995). A recent 
study by Fideli and colleagues showed that the viral loads were higher in transmitters 
than nontransmitters in a cohort of more than 1000 heterosexual couples in Zambia, and 
that increased plasma viral load in females was associated with female to male 
transmission, but only weakly predictive of male to female transmission (Fideli et aL, 
2001). This also agrees with studies on a Ugandan heterosexual cohort reported by 
Gray and colleagues (Gray et aL, 2001).

Numerous reports have shown that other STDs including chlamydia, gonorrhoea and 
herpes simplex vims 1 influence the risk of transmission. Typically these infections 
increase the risk 2-5 fold, estimates ranging from 2.0 to 23.5 (Fleming and Wasserheit, 
1999; Vemazza et aL, 1999). This is probably due to various biological factors such as 
shedding of HIV-1, dismption at sites of infection in the mucosal surface (bleeding) and 
recmitment of cells susceptible to infection due to increased inflammation. Notably 
within the UK, it has been estimated that only half of women who acquired their 
infections heterosexually, have ever presented with other STDs (Madge et aL, 1998).
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Interestingly a recent report by Cohn and colleagues showed that vaginal inflammation 
was higher in HIV infected women from Thailand than the USA, irrespective of other 
STDs, suggesting Thai women may be more susceptible to infection through 
heterosexual contact due to active inflammation at the site of transmission. There may 
also be racial differences that influence transmission in this manner (Cohn et al, 2001).

Circumcision has further been associated with a reduced risk of transmission to the 
male. The removal of the foreskin causes the mucosal surface to develop into stratified 
squamous epithelium, which in vitro is more resistant to infection. Furthermore, the 
foreskin itself may normally provide an important route for viral entry into the body 
(Fleming and Wasserheit, 1999).

Host genetic factors have also been associated with transmission, such as genetic 
alterations/polymorphism in the CCR5 gene. CCR5 and CXCR4 are the chemokine co
receptors of HIV-1 essential for HIV-1 entry and infection, their roles are described in 
detail in section 1.8.2. A 32 bp deletion in the CCR5 gene, CCR5 A32, appears to give 

high levels of protection in patients who are homozygous for the allele and also some 
protection in heterozygotes (Samson et al., 1996). The prevalence of this genotype 
varies with race, and is virtually absent in Africans and Asians populations, in contrast to 
Caucasians who are approximately 1% homozygote and 12-15% heterozygote (Marmor 
et al., 2001). Conversely homozygosity for CCR5-59356-T genotype appears to 
increase the risk of perinatal transmission in African-American infants (Kostrikis et al,
1999). Studies have also shown that the natural ligands of the CCR5 co-receptor,
RANTES, M IP-la and MIP- Ip were up regulated in CD4^T cells obtained from 

exposed uninfected individuals, implying this phenotype may reduce infection during 
transmission of macrophage tropic strains (Paxton et al., 1998). (The association with 
the chemokine co-receptors and HIV-1 infection is described in detail in section 
1.8.2.2).
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1.7.3 Primary infection and the establishment of HIV infection

Like other viral infections, HIV-1 is characterised by a peak viraemia that is 
subsequently reduced by the host immune system. After exposure, infected patients go 
through a period of 3 - 6 weeks during which viraemia takes place, but anti-HIV 
antibodies production may not have been initiated or is not detectable. Hence infection 
can only be detected by PCR (polymerase chain reaction) of the viral nucleic acid. This 
period is called the ‘window’ phase, during which the patient progresses from 
seronegative (anti-HIV antibodies not detectable) to seropositive (anti- HIV antibodies 
detectable), meaning they ‘seroconvert’. It can take up to three months before a patient 
is confirmed seropositive.

Clinical symptoms of acute infection include flu like symptoms such as fever, rash, 
headaches, rapid weight loss, diarrhoea, night sweats, persistent lymphadenopathy and 
often oral candidiasis (Tindall et al., 1988) (for a review see Adler, 2001). However 
these symptoms may go unnoticed, and infection may not be detected until later stages 
of infection (as indeed described for the heterosexual cohort, presented in chapter 3, in 
complete contrast to the seroconverter cohort of homosexual men described in chapter 
6).

The initial increase and peak of virus in the blood is associated with a rapid decline in 
CD4^ lymphocytes. Peak viraemia is typically at least 10̂  viral RNA copies per ml of 
plasma. Conversely, an increase in CD8^ lymphocytes is observed, which, together with 
the CD4^ helper cells, exert a humoral and cellular response (Pantaleo and Fauci, 1996). 
During this phase HIV specific CTLs have been detected against gpl60, nef, gag, pol 
and tat (Borrow et a l, 1994; Koup et a l, 1994; Lathey et al., 1997; Safrit et al., 1994; 
Scarlatti et al., 1993). The virus specific CTL response has been associated with a rapid 
reduction in viraemia, whereas patients who lack this response primary viraemia appears 
to be less controlled (Borrow et al., 1994). A similar trend has also been observed in 
SIV infected macaques (Schmitz et al., 1999). This immune response further correlates 
with an increase in CD4^ lymphocytes, though this level does not reach that prior to 
infection. The relative levels of plasma viral RNA and CD4^ T-lymphocytes during all 
three stages of infection are shown in Figure 1.8, according to disease progression (as 
described in more detail in section 1.7.4).

HIV-1 neutralizing antibodies have also been detected during viraemia within 30 days 
post exposure (Lathey etal.,\991) against gpl20 and gp41 (Lewis et al., 1998). In 
some studies antibodies have been detected which do not have a neutralizing effect 
(Koup et al, 1994; Moog et a l, 1997; Moore et al, 1994), although it has been
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proposed this may merely reflect the target cell used in the neutralization assay, as some 
antibodies confer neutralization on macrophages but not lymphocytes (Ruppach et al,
2000). The neutralizing antibodies are predominantly IgG, in addition to minor levels of 
IgA. Furthermore, other factors in serum such as chemokines and cytokines may also 
exhibit neutralizing effects (Burrer et al., 2001).

Despite this immune response, the host immune system fails to mediate complete 
control of the virus. Although the initial response appears to be similar to responses 
against other viral infections such as EBV and influenza, HIV-1 employs several 
strategies to evade the immune response, hence primary infection of HIV-1 leads to 
chronic infection. These initial events are likely to be important for establishing the 
infection, and the virus responds to these through several mechanisms.

Typically, M-tropic NSI/R5 viruses (as described in section 1.8.2) have been isolated 
from the blood of patients during primary infection, irrespective of the route of infection 
(Lewis et al., 1998; van't Wout et al., 1994; Zhu et al., 1993). Notably, even if SI/X4 
variants predominate in the blood of the donors, NSI/M-tropic variants still persist in the 
recipient during primary infection, implying there are selective pressures favouring these 
variants. In some cases selection is apparent even before a detectable immune response 
(Scarlatti et al., 1993; van't Wout et al., 1994). The reasons for this are discussed in 
more detail in section 1.8.2.2.

Current models of infection suggest that at the site of infection the primary cell targets 
are predominantly macrophages and Langerhans cells. Antigen processing mechanisms 
are induced by infection, and hence these infected Langerhans and dendritic cells are 
recruited to the lymphoid tissue. This process transports the virus to new areas and 
hence increases viral infection. Recently a protein called DC-SIGN was identified that 
appears to help this process ( Cohen, 2000; Geijtenbeek et al., 2000a; Geijtenbeek et al., 
2000b). Entry via the CCR5 co-receptor may stimulate chemotaxis, leading to further 
recruitment of target cells. A pool of virus-infected cells is probably established at this 
stage of infection, particularly in the lymphoid tissue, which plays an important role as a 
viral reservoir during the subsequent chronic phase of infection (Chun and Fauci, 1999; 
Finzi etal., 1999).

During primary infection there is a further loss and overall reduction of CD4T’ cell 
proliferative responses, which may be permanently lost. HIV proteins, in particularly nef 
and vif (as described in section 1.5.3), can reduce the number of CD4 molecules present 
on the cell surface, thus interfering with antigen presentation. These proteins can also
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modulate death of infected cells though apoptotic pathways. This interference is likely to 
cause dysfunction both of the other antigen presenting cells (APCs), and of the B- and 
T-cell immune responses (Soudeyns and Pantaleo, 1999).

Another mechanism of evasion is the emergence of “escape” mutants, variants of the 
virus which differ sufficiently from the original for the immune system to fail to 
recognise them. These can be rapidly selected for during the acute stage, and may 
indeed have a selective advantage during this phase of infection. Escape mutants in env 
CTL epitopes have been found within 30-72 days of infection (Borrow et a l, 1997) (in 
fact they can also be transmitted vertically (Goulder et a l, 2001)). Nef CTL escape 
mutants have also been reported (Price et a l, 1997), and also identified in SIV infected 
macaques (Evans et a l, 1999). Hence, although the initial CTL response may be 
effective in reducing the peak viraemia, this selective force also leads to immune escape 
itself. Whether immune escape may influence co-receptor tropism has not been properly 
addressed. Table 1.2. summarises some of the mechanisms of viral escape during 
primary infection and the establishment of the chronic phase.

The events that take place early on in HIV infection are believed to be important in the 
determination of viral replication and disease outcome and it has been suggested that 
there is a viral ‘setpoint’ of viral RNA load which predicts subsequent disease 
progression and onset of symptoms (Mellors et a l, 1996).

Table 1.2. Sum m ary o f  m echanism s o f  virus escape during p rim a ry  infection an d  the 

estab lishm ent o f  chronic infection (a d a p ted  fro m  P anta leo  and  Fauci, 1996).

Virological mechanisms

Formation of a large pool of ‘latently’ infected cells 

Rapid recruitment of activated CD4"̂  T cells

Trapping of virus particles in the FDC network of the lymphoid tissue germinal centers 

Changes in genotypes and phenotypes

Immunological mechanisms

Accumulation of HIV-specific CTL in the peripheral blood versus the lymphoid tissue 

Depletion of HlV-specific CD4^ T cells 

Clonal exhaustion of HIV-specific CTLs
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1.7.4 Asymptomatic phase and disease progression

After the acute phase, a period is entered when the patient remains asymptomatic. On 
average this period is typically 8-10 years before the development of clinical symptoms 
of AIDS (Morgan and Whitworth, 2001; Porter et a l, 1999). During.this period, the 
vims is thought to be actively replicating at a low level, particularly in the lymph nodes, 
with a continuous turnover of vims (Coffin, 1995). This is further illustrated by the 
evolution observed in viral sequences over time (Shankarappa et a l, 1998; Zhang et al, 
1997).

Previously it had been claimed that African HIV infected patients progress more rapidly, 
although a recent report demonstrated that progression rates are comparable in both 
African and Western societies (Morgan and Whitworth, 2001). However in some 
individuals this period may be shorter or longer, and these patients have been 
categorised accordingly into rapid progressors (RPs) and slow/long term 
nonprogressors (SP/LTNPs) respectively. Rapid progressors are defined as those who 
progress to AIDS within 5 years of seroconversion. Patients who present more severe 
clinical symptoms during primary infection are thought to have a higher risk of 
progressing rapidly (Keet et a l, 1993). Long term non progressors, LTNPs, typically 
remain asymptomatic for over 15 years without the intervention of therapy. Many 
studies have therefore been performed on LTNPs in the hope of identifying factors 
which are characteristic to these patients and may be helpful for vaccine design.

Factors associated with RPs and SP/LTNPs
The differences in disease progression between these two groups may be related to a 
combination of host and viral factors (Barlotta et a l  1997). With respect to viral factors, 
deletions in nef have been associated with a group of haemophiliacs from Sydney 
(Deacon et a l, 1995; Oelrichs et a l, 1998) in addition to other LTNPs (Rhodes et al,
2000). Studies have also indicated that variation and other genetic features in the nef 
gene may influence disease progression (Kirchhoff et a l, 1999; Wang et a l, 2000). 
Conflicting reports have also been made with respect to the influence of sequence 
patterns in the LTR in RPs and LTNPs (Visco-Comandini et a l, 1999). Length 
extensions in the env V2 loop have further been linked with slower progression (Shioda 
et a l, 1997; Wang et al, 2000) and basic env V3 loops with rapid progression (Wang et 
al, 2000), presumably influencing interactions between gpl20 and CD4 and/or co
receptors, and syncytium inducing properties of the virus. Rapid progression has further 
been observed in a cohort of IVDUs infected with dual tropic X4R5/S1 viruses. 
Differences between viral isolates obtained from RPs and LTNPs have also been 
described by Quinones-Mateu and colleagues, based on the relative replication capacity
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of the strains to compete with each other and control strains respectively in PBMCs. 
Typically, the RP isolates outgrew the other strains (Quinones-Mateu et al., 2000).

Associations with CTLs directed towards pol, gag and env (Betts et a l, 1999) and a Ser 
to Argl32 change within vif (Hassaine et al., 2000) have further been reported. In 
addition an increase in the overall genetic diversity within the viral population has been 
described in LTNPs, possibly reflecting a broader immune response (as mentioned in 
section 1.9.5). Finally polymorphisms in the CCR5 promoter region have been found to 
be more prevalent in a cohort of Australian LTNPs (see next paragraph) (Clegg et al, 
2000).

Other host factors influencing disease progression
Polymorphism in the HLA class I and II alleles may confer differences in host CTL 
responses, and certain HLA class I genotypes have been linked with disease 
progression, with respect to both favourable prognosis and accelerated disease. 
Heterozygosity in a HLA-ID27* allele may give increased protection (Lockett et al, 
2001). In natural infection homozygosity within the HLA I aB27* and B57*, are 
associated with a poor prognosis, although these alleles have shown advantages for 
vaccine response (Kaslow et al., 2001). In contrast, a single amino acid change in HLA- 
B*35 has been linked with accelerated progression (Gao et al., 2001).

As mentioned in section 1.7.1, polymorphisms within the CCR5 co-receptor gene, its 
promoter and ligands (RANTES and MIP la ) have been associated with protection 

against infection. These polymorphisms may further influence disease progression 
(Marmor et al., 2001). Prolonged time to AIDS has been related to heterozygosity in the 
CCR5A32 allele (loannidis et al., 1998). Other reports have contradicted this evidence 

(D'Aquila et a l, 1998; D'Aquila et al., 1999; Mummidi et al., 1998), and these 
inconsistencies may be explained by different cohort numbers (Michael and Moore, 
1999). Another report claimed a hnk between heterozygosity and survival advantage, 
provided the patients harboured only NSI/R5 strains, but this is possibly lost if X4 
strains emerge, implying a co-association of phenotype and genotype with non
progressive HIV disease (Michael et al., 1997). It has also been postulated that 
polymorphisms in the chemokine genes may explain the differences observed in 
individuals in response to HAART (O'Brien et al., 2000).

Genotypes CCR5 59029A and CCR5 59353C, have further been associated with long 
term non progression (Clegg et al., 2000), in addition to polymorphisms in the CCR5 
promoter region -2135T and - 2086G. In contrast the -2086A genotype is associated
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with the early onset of AIDS (Kageyama et al, 2001). Overall, the frequency of the 
alleles in different races and populations appears to be fairly complex, and clinical 
outcome is likely to be a collective effect of several loci (Gonzalez et al, 2001).

Polymorphism within the natural ligand for CXCR4 co-receptor, the SDF1-3'A/3'A 
genotype, has been associated with an accelerated progression (Mummidi et al., 1998; 
Winkler et at., 1998). However interestingly no variants have been described for the 
CXCR4 co-receptor gene. The influence of CCR2 chemokine receptor genotype has 
also been investigated. Homozygosity in the CCR2-641 allele, present in 10 to 15% of 
African Americans and Caucasians, has been linked to accelerated progression (Smith et 
al, 1997), and has been reported to have a disease retarding effect in African Americans 
(Mummidi et al., 1998), whereas another study found that heterozygosity has the 
reverse effect (Kostrikis et al., 1998).

Finally, gender may also play a role in disease progression, by factors such as intake of 
oral contraceptives, response to HAART, psychological factors such as depression, 
social factors like child raising responsibilities and access to health care. Some studies 
have also shown women have lower viral loads during primary infection and higher 
CD4 counts throughout infection in comparison to men, despite the same degree of 
disease (Hewitt et al, 2001).

1.7.5 Symptomatic phase

The symptomatic phase is characterised by clinical signs, increased viral load, and 
decreased levels of CD4^ and CD8^ cells in the blood. In approximately 50% of patients 
X4/SI variants emerge, associated with more rapid CD4^ cell decline. Typically CD4 
counts decline from 600-1200 to 200-350 cells/ml. A CD4 count of less than 200 cells 
per ml, irrespective of clinical symptoms, is categorised as an AIDS patient, as defined 
by the CDC (CDC, 1992). Eventually the virus overcomes the host immune system, 
preventing the host defence against other pathogens. Clinically AIDS is marked by the 
appearance of one or more typical opportunistic infections (bacterial, viral, protozoan, 
fungal) or neoplasms (Kaposi’s Sarcoma, B cell lymphoma) and AIDS dementia. 
Ultimately, the immune dysfunction and opportunistic infections lead to death.
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1.7.6 Therapy, HAART treatment

The targets that have been successful for drug therapy to date interfere with the activities 
of the RT and PR enzymes. These drugs are divided into three categories: 1) the NRTIs, 
nucleoside analogues that inhibit RT, 2) the NNRTIs non nucleoside inhibitors that also 
inhibit RT, and the Protease inhibitors (Arts and Wainberg, 1996; De Clercq, 1998; 
Foster, 1998; Ren and Lien, 1998) (for a review see Weller and Williams, 2001). 
Monotherapy, meaning the use of a single drug, was initially used. However it became 
apparent that combination therapy including the intake of three drugs against both RT 
and Protease, termed HAART (Highly Active Anti Retroviral Therapy), thus targeting 
several stages of the viral life cycle (described in section 1.6) was more beneficial 
(Shafer et a l, 1995). HAART has severely reduced the clinical symptoms of HIV 
infection and progression to AIDS (De Clercq 1998; Palella et a l, 1998), and 
consequently also transmission rates. Unfortunately these drugs are very expensive and 
generally only available in developed countries. Therefore the areas where HIV/AIDS 
has most impact generally do not have access to these drugs, again demonstrating 
importance of a successful vaccine.

HAART can reduce plasma viral loads down to below 50 copies per ml in plasma, less 
than this threshold is termed undetectable. This therapy also increases the numbers of 
circulating CD4^ cells, helping to re-constitute parts of the immune system (Douek et 
al, 1998). However the drugs can have toxic side effects and require strict 
administration regimes, often including the intake of drugs at several specific times, 
hence non adherence can be a problem in many patients. Adaptation by the virus to 
these drugs has further led to the emergence and transmission of drug resistant strains 
(Phillips, 2001; Richman, 1994; Schuurman et al, 1995). A wide variety of specific 
mutations within pol have been identified conferring failure of therapy. This has lead to 
the development of genotype resistance testing, whereby the patients’ HIV strain is 
tested for these mutations, before a drug administration scheme is initiated, or in order to 
investigate why a patient has failed to respond to therapy. Interestingly, one report has 
described a 32bp insertion in RT conferring multidrug anti-viral resistance in vivo, with 
no deleterious effects on the replication capacity of the virus, implying RT may be more 
flexible than previously thought (Sato et a l, 2001).

Although HAART clearly has had great clinical benefits, it does not completely eradicate 
the viral infection, and replication competent HIV has been recovered despite successful 
suppression of plasma viraemia (Wong et al, 1997). Latently infected resting memory 
and naive CD4‘" T cells appear to persist during infection despite therapy, and can 
probably persist for more than several years, acting as viral reservoirs during HAART
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suppression (Finzi et al, 1999). The half life of these reservoirs has been estimated to 
range from 6 to 44 months (Chun and Fauci, 1999; Perelson et al., 1997).

The benefits of HAART during seroconversion are controversial. The general 
consensus has been that it is recommended, as it reduces the initial viral load, potentially 
influencing the viral ‘set point’ and reducing damage to the immune system. However 
there is the fear that drug resistance mutations may arise more rapidly during acute 
infection. The benefits of supervised treatment interruptions, STIs, with respect to 
reducing the intake of dmgs per patient, and boosting the immune system have also 
been proposed, although the full effects of STIs have yet to be uncovered (Altfeld and 
Walker, 2001). It has further been proposed that HAART may be more effective if 
administered before the emergence of X4/SI strains (Shankarappa et al., 1999; 
Spijkerman et al., 1998).

Transmission of dmg resistant strains is also a fear, though a recent report estimated 
that the emergence of dmg resistance is more often a result of exposure to HAART 
within individual patients, rather than through transmission of resistant strains (Blower 
et al., 2001). Notably, Fidler and colleagues recently reported that viral sequencing has 
provided no evidence for dmg resistant mutations before initiation of HAART in a 
cohort of seroconvertors tested (15/18) in the UK over the past 1-2 years (Fidler et al., 
2001). Interestingly 2/8 seroconvertors described in chapter 6, harboured known 
resistance mutations prior to initiation of therapy, and 2/10 subsequently recmited for 
the study also shared this feature. Furthermore, many of the patients (11/18) had other 
polymorphisms in protease or RT, though whether they influence viral resistance is 
unknown (personal communications. Dr. P. Newton).

1.8 Virus attachment and entry

Attachment of HIV-1 in the host target cell is initiated though the interaction between the 
env gpl20 and the principal host receptor, CD4, and further mediated though binding to 
a 7TM chemokine co-receptor, CCR5 or CXCR4. This leads to a conformational 
change enabling fusion with the cell membrane through the gp41 fusion domain, which 
finally results in entrance to the cell. A variety of other potential co-receptor molecules 
have also been described, but their roles in vivo remain unclear. (The processes that 
follow viral entry are described in section 1.6.).
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1.8.1 CD4

The CD4 molecule (also referred to as ‘T4’ for historical reasons) was first described 
as being an important factor for cell entry in 1984. Dalgleish and colleagues tested the 
susceptibility of various cell lines to infection with pseudotypes of vesicular stomatitis 
vims bearing retroviral envelope antigens of HTLV-I, HTLV-II and HTLV-III (strains 
LAVl and IIIB). Infection led to the formation of plaques, which could be scored. In 
addition they showed that the AIDS associated virus preferentially replicated in CD4^ T- 
lymphocytes (Dalgleish et al., 1984). Furthemore, antibodies against CD4 blocked 
infection in these cells, highlighting the role of the protein (Dalgleish et a l, 1984; 
Klatzmann et al, 1984; Sattentau et al., 1986). Maddon and colleagues also showed 
susceptibility of HIV infection was given by expression of CD4 on a normally non- 
permissive HeLa cell line (Maddon et al., 1986). Hence CD4 was defined as the main 
receptor for HIV-1.

Human CD4 is a 372 amino acid, 55kDa immunoglobulin like glycoprotein, attached to 
the cell membrane through a hydrophobic transmembrane domain (with a 41 amino acid 
tail present in the cytosol). The protein is mainly expressed on T lymphocytes (both 
Thl and Th2), primary macrophages, monocytes and dendritic cells. One of the roles of 
CD4, is in antigen recognition, where the protetin forms a complex with the MHC class 
II receptor, aiding presentation of antigens to T-cells via the T-cell receptor (TCR).

The interaction between CD4 and gpl20 involves four domains with the CD4 protein. 
These domains have mainly been deduced through site directed mutagenesis and 
blocking studies, due to the complications with growing crystals of gpl20. However the 
recent crystallization of a complex containing gpl20, part of CD4 and an antibody 
fragment 17b has given more insight into the spatial orientations of this interaction 
(Kwong et al, 1998; Rizzuto et al., 1998; Wyatt et al., 1998), and furthermore confirms 
the findings from the previous mutagenesis studies.

The structure of core gpl20 is described in section 1.5.1. Residues in the outer domain 
and bridging sheet of the core gpl20 interact with CD4 through the extracellular amino- 
terminal (Dl) and four-immmunoglobulin domains (D1-D4). This results in the 
formation of a cavity which contacts both domains of gpl20 and the bridging sheet. The 
V1V2 loops are thought to hide the CD4 binding site, and upon binding are 
repositioned to expose CD4i (induced) epitopes and the sites involved in chemokine 
interactions, which appear to overlap. Length extensions in V2 have been shown to 
affect the exposure of the CD4 binding site, and are likely to effect the accessibility to 
V3 and CD4 (Fox et al., 1997).
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The bridging sheet structure is probably stabilised, exposing different epitopes on V3, 
positioned to face the target cell. This agrees with previous predictions, shown by 
binding studies of soluble CD4 with intact virions in vitro (McKeating et al., 1992). 
Hence CD4 binding appears to re-orientate gpl20 to face the target cell, at the same time 
as generating the chemokine receptor binding site.

In vitro studies imply these conformational changes occur upon CD4 binding 
irrespective of subtype and SI/NSI phenotype (Mbah et at., 2001). The N-terminal 
glycosylation site has further been implicated to alter neutralization by antibodies to 
soluble CD4, CD4 inducing epitopes, masking these sites and also altering chemokine 
receptor binding (Malenbaum et al, 2000).

Several CD4 independent HIV-2 strains have been characterised (Reeves et a l, 1999), 
and a few CD4 independent lab-adapted HIV-1 strains have also been reported. Three 
mutations in C2 and V3 in env HIV-1 appear responsible for maintaining this 
independence in a X4 lab adapted strain (Dumonceaux et a l, 2001), and a change in the 
stem of the V1V2 loop, abolishing a single glycosylation site, can confer CD4 
independence. Again these findings emphasise the role of the VIV2 loop position and 
V3 in the interaction with CD4 (Kolchinsky et al., 2001; Kolchinsky et al., 1999). The 
significance of CD4 indépendance in vivo is unclear, although it has been proposed that 
the virus may have the ability to infect a broader range of cell targets. Moreover, the 
conformation of the envelope that confers a direct interaction with co-receptors may 
expose antigenic epitopes to neutralizing and other antibodies, and thus may influence 
host control of viral replication (Reeves et al., 1999).

1.8.2 The chemokine co-receptors

Studies on cell entry via CD4, showed it alone was not sufficient for entry, and that 
other cofactors were probably involved. This was mainly reflected by the division of 
HFV-l strains into macrophage tropic and T-cell line tropic variants. Unlike the T-cell 
line adapted strains (TCLAs) first studied, primary strains appeared to preferentially 
infect PBMCs/macrophages rather then T-cell lines (Asjo et a l, 1986; Gartner et al., 
1986; Tersmette et al., 1988). Furthermore, T-cell line strains did not necessarily infect 
primary macrophages (Evans et al., 1987). These properties further coincided with the 
syncytium inducing phenotype of the viruses on T-cell lines, hence the strains were 
further characterised as macrophage tropic/non syncytia inducing (NSI) and T-cell 
tropic/syncytia inducing (SI). The region responsible for this switch in phenotype from 
NSI to SI was env (Shioda et al., 1991).
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In the mid-nineties, the co-receptors of HIV-1 were identified as CCR5 and CXCR4, 
members of the chemokine receptor family. The CXCR4 co-receptor was originally 
termed ‘fusin’ and was shown to confer infection in transformed T cell lines by TCLAs, 
but not macrophage tropic strains (Feng et a i, 1996). In addition CCR5 was proposed 
as the cofactor for entry mediated by the macrophage-tropic strains, as antibodies to this 
factor and the ^-chemokines, RANTES, M IP-la and MIP- Ip, all blocked infection on 

CD4"̂  cell targets (Alkhatib et al, 1996; Deng et a l, 1996; Dragic et a l, 1996).

Subsequently a whole range of other chemokine receptors and co-factors have been 
shown to bind env gpl20, including CCRl, CCR2b, CCR3, CCR4, CCR8, US28, 
Bonzo/STRL33 GPRl, B0B/GPR15, API and RDCl (Husman and Schuitemaker, 
1998; Shimizu et a l, 2000). However their roles in vivo are less clear than 
CCR5/CXCR4 and they may be less important for pathogenicity and disease 
progression. The chemokine receptors and their ligands have also been exploited by 
other viruses including herpesviruses (CMV and HHV6-8), poxviruses and retroviruses 
(for a review see Murphy, 2001). The chemokine receptors are 7TM, G coupled 
receptor proteins, that are involved in induction of the G coupled signal transduction 
pathways. The proteins contain specific cysteine motifs, CC or CXC, (where X is an 
amino acid). One of the main roles of the chemokines and the chemokine receptor 
family is in recruitment of cells through chemotaxis to sites of immune activation.

The co-receptor usage of the viruses appears to explain their tropism for the cell lines.
At least the finding that T-cell lines do not express CCR5, would clarify why these cells 
fail to support replication by macrophage tropic/R5 strains. Hence the NSI/CCR5 
macrophage tropic strains have now been termed R5 strains, and the SI T cell tropic 
strains X4 strains. However several primary X4 isolates have been obtained which, like 
the R5 strains, tend to replicated poorly in T-cell lines (Koning et a l, 2001; Simmons et 
al, 1998). It has been proposed that this discrepancy is related to the expression levels 
of CD4 on the T-cell line. Increased expression of CD4 can make the cells more 
susceptible to infection by these X4 primary isolates in vitro (Platt et a l, 2000). 
Conversely primary macrophages express mainly CCR5, but also minor levels of 
CXCR4, hence co-receptor expression does not appear to fully explain why T-cell 
tropic/X4 strains cannot replicate in these cells. It has been suggested that X4 viruses 
might have different requirements of expression levels of CD4 and the respective 
chemokine co-receptors on primary macrophages, thus explaining this discrepancy 
(Tokunaga et a l, 2001).
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Strains that can use both receptors for entry, as determined by infection on transiently 
expressed non permissive cell lines, are termed dual tropic R5X4 strains, and may 
present either an SI or NSI phenotype. These strains appear to infect both T-cells and 
primary macrophages, which may reflect their ability to use either co-receptor, 
furthermore studies have shown that in ex vivo lymphoid tissue, dual tropic variants do 
not necessarily use both co-receptors for infection, implying that co-receptor usage in 
vivo may be different or more complex than in vitro studies infer (Malkevitch et al,
2001). Notably primary isolates that are dual tropic on these cell lines, may consist of a 
mixture of highly related (with respect to gpl20 sequence) R5, X4 and R5X4 strains 
(Singh and Collman, 2000).

The CCR5 receptor is mainly expressed on macrophages/monocytes, Langerhans cells, 
dendritic cells, many of which are present on the mucosal surfaces of the vagina, cervix 
and rectum, presumably the initial targets of HIV-1 infection. As mentioned above there 
are several natural ligands of CCR5, which include the P-chemokines RANTES, MIP- 

l a  and MIP- Ip. A chemically modified version of RANTES, called AOP-RANTES 

(amino-oxypentane), can also block infection of R5 strains (Simmons et a l, 1997).

CXCR4 is expressed especially on the CD4^ T-lymphocytes, in addition to a wide range 
of cells in the brain, heart, kidney, lung and spleen. Recently it was proposed that 
previous estimates of CXCR4 expression levels on various cell types might be 
underestimated. This was based on the finding that an antibody (I2G5) typically used 
for detection of CXCR4 expression did not to detect all CXCR4 molecules, due to cell 
dependent conformational heterogeneity of this receptor (Baribaud et a l, 2001). The 
natural ligand of CXCR4 is SDF-1 a  (stromal derived factor one), and AMD3100 is a 

chemically modified derivative of this.

Blocking the interactions between gpl20 and the respective co-receptors of HIV-1, have 
promise for drug therapies, using inhibitors like RANTES-AOP and AMD3100 
(Simmons et al., 1997). However there is concern that these compounds may present 
selective forces on the virus, promoting the emergence of strains capable of using 
alternative receptors (hence for example R5 strains may acquire CXCR4 tropism), as 
similarly seen in the presence of RT/Pro inhibitors in the pol gene. (For a review see 
Michael and Moore, 1999).
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1.8.2.1 Interactions between env gpl20 and CCR5/CXCR4

Co-receptor tropism and NSI/SI phenotype of HIV-1 in vitro are mainly determined by 
the V3 loop amino acid sequence of env gpl20. In particular changes in the 11^ and 

positions of this region can lead to a switch in co-receptor usage, and other 
positions in the C-terminal half have been implicated further (De Jong et al, 1992;
Hung et a l, 1999; Milich et a l, 1997; Shimizu et a l, 1999; Speck et a l, 1997). 
Typically the presence of basic amino acids Lys, Arg and His at these positions promote 
CXCR4 binding, whereas acidic residues Glu and Asp often confer CCR5 binding, and 
the overall charge of the V3 loop influences this switch. This association between the V3 
loop region and the syncytium inducing capacity and cell tropism of the virus are also 
true for other subtypes (Holm-Hansen et a l, 2000; Zhong et a l, 1995).

The interactions that occur between gpl20 and the chemokine molecules are not entirely 
understood, despite the successful crystallisation of elements that are involved.
As mentioned previously, recently the crystal structure of the core gpl20, CD4 and 
mAbl7b was obtained, mimicking the binding of gpl20, CD4 and the CCR5 co
receptor (mAh 17b lies within this binding site, as explained previously). Binding 
appears to involve the highly conserved gpl20 V1/V2 stem and the base of the gpl20 
V3 loop. This region is flanked by glycosylation sites, which appear to mask this 
binding site and prevent antigenic recognition (as mentioned in section 1.8.1). Binding 
to CCR5 is significantly reduced when soluble CD4 is present, implying CCR5 binding 
is CD4 dependent (Rizzuto et a l, 1998). The interaction between gpl20 and CD4, as 
described in section 1.8.1, causes a conformational change, presumably exposing the 
chemokine receptor binding sites, making the VI and V2 loops more accessible. 
However VI and V2 are probably not the only sites that are repositioned during binding, 
as when V1/V2 is removed CD4-dependent CCR5 binding can still take place, hence 
other sites may undergo conformational change. As mentioned previously, lower affinity 
binding with CD4 leads to the formation of a cavity including the inner and outer 
domains and the bridging sheet of gpl20, the conformational change presumably 
creating a high affinity binding site from these regions.

Residues within or near the bridging sheet of the gpl20 core are thought to be involved 
in CCR5 binding (where the mAh 17b lies), and studies indicate that the V3 loop is at an 
angle to this binding site. Hence the CCR5 binding site is thought to consist of V3 loop 
residues and conserved elements in the gpl20 bridging sheet. These residues within 
gpl20 appear to be highly basic, possibly favouring the interactions with the N-terminus
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of CCR5, which is acidic. The E2 loop domain of CCR5 is also probably involved in the 
interaction. Notably X4R5 strains appear to be more sensitive to changes in these 
r iio n s  of CCR5, than R5 strains (Rucker et a l, 1996). It is unclear how the 
interactions between gpl20 and CCR5 lead to membrane fusion, but it is thought they 
may alter the conformation /interaction between gpl20 and gp41, thus exposing the 
fusion domain within gp41 (Rizzuto et a l, 1998).

Site directed mutagenesis has illustrated that changes in N- linked glycosylation sites in 
the V1V2 and the V3 loops, change CCR5 and CXCR4 usage (Ly and Stamatatos,
2000; Ogert et al, 2001; Stamatatos et al, 1998). It has also been demonstrated that five 
sites near the VIV2 loop and V3, alter the properties of dual tropic strains (Labrosse et 
al, 2001). Studies have additionally shown that specific glycosylation sites within V2 
can enhance binding to both CD4 and CCR5. Moreover changes at the base of the V2 
effect replication kinetics in a cell dependent manner, probably reflecting the 
requirement for different expression levels of co-receptors on the target cells (Ly and 
Stamatatos, 2000). Notably VI and V2 have also been implicated in changes in 
syncytium inducing properties, which may again reflect changes in co-receptor usage 
(Palmer era/., 1996).

In vitro studies have additionally shown that co-receptor tropism can also switch 
independently of the V3 loop. Mutations in the C2, V4 and other variable regions have 
been implicated and it has been proposed that binding efficiencies with CD4 are likely 
to influence tropism (Hammond et a l, 2001; Hu et a l, 2000; Milich et a l, 1997; Singh 
and Collman, 2000).

Less is known about the interactions between gpl20 and CXCR4, though it is likely that 
highly conserved regions within gpl20, involved in the CCR5 co-receptor binding site 
described above, are important for interactions with CXCR4 as well. The CD4 inducing 
17b monoclonal antibody used in the crystallization studies described by Rizzuto and 
colleagues, neutralizes strains that also use CXCR4 (Rizzuto et al, 1998). It is believed 
that gpl20 interacts with the extracellular loop domains, ECLl and ECL2, of CXCR4, 
potentially enabled by the negatively charged ECL2, and the positively charged gpl20 
V3 loop (Fouchier et a l, 1992; Labrosse et a l, 2001).

As mentioned in section 1.8.2, conformational heterogeneity of the CXCR4 co-receptor 
and the level of CD4 expression may also influence viral tropism. Interestingly HlV-1
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Tat can act as an antagonist of this SDF-la in vitro (Xiao et a l, 2000), implying that 

viral tropism through co-receptor binding may not merely be defined by the gpl20 
region in vivo.

1.8.2.2 Co-receptor tropism and disease progression

The prevalence of R5 and X4 strains in the blood has been associated with different 
stages in HIV infection and disease. Typically R5/NSI, strains are found during 
seroconversion and primary infection, whereas X4 strains, including dual tropic variants, 
appear in later stages of infection and near the transitions to AIDS (Connor et a l, 1997; 
Hu et a l, 20(X); Schramm et a l, 2000; Singh and Collman, 2000). The emergence of X4 
variants has been associated with a switch from NSI to SI phenotype, loss of sensitivity 
to chemokines, and a decrease in the number of CD4^ cells in the blood (Connor et al,
1997). A study by Shankarappa and colleagues showed that X4 strains emerged 4-9 
years after seroconversion, notably also before the occurrence of AIDS related 
conditions (Shankarappa et al., 1999). It has further been proposed that dual tropic 
X4R5 viruses represent an intermediate stage, during the transition from R5 to X4 (Hu 
et al, 2000), and that even during the emergence of X4 variants, both R5 and X4R5 
strains may continue to persist (Nelson et a l, 2000; Singh and Collman, 2000).

Several authors have shown that disease progression in patients infected with X4 viruses 
and SI variants is relatively rapid and generally such cases have a relatively poor 
prognosis (Maas et a l, 2000; Shankarappa et a l, 1999; Spijkerman et a l, 1998). An 
increase in plasma viral load has also been shown to coincide with the NSI to SI 
conversion and the SI phenotype may represent an independent marker for progression 
to AIDS (Spijkerman et a l, 1998). Interestingly increased levels of SDF-la (the natural 

ligand of CXCR4) in the plasma have been associated with low CD4 counts and high 
viral load, implying SDF-1 is up-regulated by HIV-1 infection, particularly in late stage 
infection and AIDS (Ikegawa et al, 2001). X4/SI strains have been shown to be highly 
cytopathic, causing more CD4^ cell death than R5 strains in vitro and in ex vivo 
lymphoid tissue, independent of subtype, hence it has been proposed that this property 
could explain the lower CD4 counts and poorer disease status in patients harbouring 
these strains (Glushakova et a l, 1998, Malkevitch et a l 2001). It has further been 
demonstrated that dual tropic strains reduce the level of CD4^ cells more severely that 
R5 and X4 strains, and in CCR5 depleted systems this reduction is associated with 
preferential use of the CXCR4 co-receptor (Malkevitch et a l, 2001). Since the dual 
tropic strains can use either co receptor, it has been proposed they may have a broader 
range of cell targets.
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Despite the characterisation of a certain phenotype and of co-receptor tropism, this may 
change depending on which stage of infection a strain is isolated from. R5 stains can be 
divided into low and high replicating, and have been associated with earher and later 
stages of infection respectively. However, in contrast to these findings, and it has also 
been suggested that cytopathicity is entirely restricted by co-receptor usage, and that 
pathogenicity in vivo may evolve independently of this property (Kreisberg et al, 2001). 
These cytopathic effects may further be determined by the co-receptor expression on the 
target cells (Kwa et ai, 2001).

It is unclear why R5/NSI strains predominate during early infection. A study by 
Comelissen and colleagues reported the suppression of SI variants and emergence of 
NSI variants in a patient accidentally infected through a needle stick injury, presenting 
evidence for a selective advantage of R5 viruses (Comelissen et al, 1995). This study 
also demonstrated that although SI variants may be present at low levels during 
seroconversion, they can be suppressed after a certain period of time. This was further 
demonstrated by Lathey and colleagues, where SI variants were suppressed by 
neutralizing antibodies within 33-75 days after infection (Lathey et al., 1997). 
Interestingly dual tropic strains transmitted from a mother and child pair in the USA, 
presented a progressive decline in CXCR4 usage and reversion to a macrophage 
tropism, again implying selection for these strains (Paul et a l, 1999). Furthermore the 
transmission of macrophage/SI tropic strains that are CXCR4 tropic has been reported, 
implying that co-receptor tropism alone may not explain the selective constraints during 
transmission (Koning et a l, 2001).

The R5/NSI phenotype characterisitic of strains obtained during early infection may be 
explained by the predominant presence of the CCR5 co-receptor expressed on the cells 
at the site of infection, on the mucosal surfaces. The cells may include the Langerhans 
cells, dendritic cells, monocytes, macrophages and CD4^ T-cells. However studies have 
also demonstrated that X4 strains can infect cells in the cervical mucosa despite the lack 
of CCR5 co-receptor expression (Hladik et al., 1999). R5/NSI isolates have further 
been shown to induce immunostimulation in a lymphoid tissue block (Glushakova et al.,
1998), hence in vivo SDF-1 may be expressed at a higher level, potentially blocking 
virus attachment through the CXCR4 co-receptor. Other chemokines may also play a 
role in this process. However R5 macrophage tropic strains have also been found to 
predominate during primary infection in individuals who have acquired their infections 
through routes other than sexual contact (Comelissen et a l, 1995; Zhu et al, 1993).
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Transmission of X4 variants, though rare, has been reported including several 
individuals homozygous for the CCR5A32 genotype (Michael et a l, 1998; O'Brien et 
al, 1997; Theodorou et a l, 1997). One of these patients exhibited a rapid decline in 
CD4 cell count within 4 years, yet still survived more 13 years before the onset of 
AIDS. Notably transmission of SI variants correlated with rapid CD4^ T cell decline in 
a patient who was accidentally infected through needle stick injury (Comelissen et al, 
1995). Furthermore, in several cases of patients homozygous for the CCR5A32 

genotype infected with X4/SI that persisted throughout infection, presented with rapid 
CD4  ̂T counts declines despite relatively low viral load (Biti et al, 1997; Michael et al, 
1998; Theodorou et a l, 1997). A cohort of five IVDUs infected with a X4R5 strain (Yu 
eta l, 1998) were all rapid progressors, developing AIDS within 4 years of infection, 
implying these strains could be more pathogenic in vivo. Notably, heterozygosity for the 
CCR5A32 genotype has also been proposed to cause selection of SI/X4 viruses 

(D'Aquila et a l, 1998). In summary, the relationship between genotype and phenotype 
remains complex, and disease outcome may depend on the host CCR5 genotype and the 
co-receptor tropism of the transmitted strain.

Despite the associations between disease progression and emergence of X4 strains, 
these strains have only been detected in approximately 50% of AIDS cases investigated 
to date. Hence it would appear that R5 strains during late stage disease also lead to 
acquired immunodeficiency syndrome (Li et a l, 1999). This is also emphasised by the 
fact that subtype C isolates show preferential tropism for CCR5, yet still cause 
immunodeficiency in millions of people. However, this may merely reflect sampling in 
more recent, less established subtype C epidemics (spreading in Asia), hence the X4/SI 
phenotype may not yet be apparent. It therefore remains unclear as to whether the in 
vitro observations are a cause or consequence of disease progression. Furthermore, 
other properties of the virus may influence tropism, as mentioned previously HIV-1 tat 
can act as an antagonist of CXCR4, and in vitro it can further promote CCR5 tropism in 
an inoculum of X4 strains (Xiao et al, 2000).

The influence of HAART on co-receptor usage remains rather unclear. Notably, a recent 
report has demonstrated that HAART caused suppression of X4 strains in female AIDS 
patients, involving a reversion from X4 to R5, indicating HAART may alter phenotypic 
properties of the virus. This might have consequences for disease outcome for patients 
on therapy (Philpott et a l, 2001). Another report also showed that patients on 
successful treatment harboured X4 strains, implying that such patients on HAART still 
improve clinically (Holtkamp et al, 2000).
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19 Diversity of HIV

1.9.1 Genetic diversity of HIV-1 and HIV-2

As mentioned in section 1.1, HIV is divided into two types, HTV-l and HIV-2. During 
the 1990s, Louwagie and others recognised that HIV-1 sequences organise into specific 
clades (clusters) in a phylogenetic tree. Louwagie and colleagues categorised these into 
genotypes A-G (Louwagie et al., 1993). Since then, a vast number of sequences have 
been described, and HIV-1 has therefore been re-classified into groups and subtypes. 
The three groups of HIV-1 are the major group M, the outlier group O and the new 
group N.

Group M is associated with the HIV pandemic, responsible for more than 99% of 
infections worldwide. This group is further divided into subtypes, typically 20-25% 
different to each other within env, including subtypes A-E (Louwagie et al., 1993), F 
(Dumitrescu et al., 1994) G (Oelrichs et al., 1999), H (Janssens et al., 1994), I 
(Kostrikis et al., 1995), J (Alaeus et al., 1997; Laukkanen et al., 1999) and K (Roques et 
al., 1999; Triques et al., 2000). However several of these have subsequently been 
described as recombinants of each other or unknown subtypes. A new classification 
system was therefore introduced in 1999, to distinguish between subtypes and 
circulating recombinant forms, CRFs.

For a new subtype to be assigned, at least three separate genomes must be characterised 
from unlinked infections. New subtype names will be assigned in alphabetical order 
continuing from subtype K (Robertson et al., 2000). By this system, the true group M 
subtypes are A-D, F-H, J and K. Subtype E, a A/E recombinant, has therefore been 
reclassified as CRF01_AE, though a recent report by Anderson and colleagues provides 
evidence for the existence of separate lineages for subtype A and E, similar to the B and 
D lineages, implying subtype E may represent a subtype in its own right. The analysis 
by Anderson and colleagues included sequences of full length subtype A and E strains 
which had become available since the earlier reports had been made, and entailed more 
extensive analysis to identify recombination events. They suggested that the drastic 
changes in pairwise distances along the genome might be explained by different rates of 
evolution in regions, as opposed to actual recombination between strains (Anderson et 
al., 2000).
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Subtype F is further subdivided into subtype FI and F2. Subtype I, described initially in 
Cyprus (Kostrikis et al., 1995), was subsequently reclassified as a mosaic of subtypes 
A/I/G (Gao et at., 1998) and renamed CRF04_cpx. This nomenclature is described by 
Robertson et al (Robertson et al, 1999; Robertson et a l, 2000) and on the Los Alamos 
web page {http://hiv-web.lanlgov). Figure 1.9 and 1.10 illustrate the clustering of HIV- 
1 strains into clades.

New recombinants of group M subtype combinations are continually being 
characterised. Some of the mosaics described to date include combinations of A/B, A/C, 
B/C, A/D, A/E, A/G, B/F, B/C and F/D (Bobkov et a l, 1998; Carr et a l, 2001;
Kampinga et al, 1997; Liitsola et a l, 1998; Op de Coul et a l, 2000; Piyasirisilp et al, 
2000; Su et a l, 2000). The break points between these recombinants vary, including 
points in gag, nef and vpr/vpu. Hence recombinants derived from the same two 
subtypes may have different breakpoints, giving two novel mosaic strains. These 
recombinants can act as genetic markers for tracing the spread of strains, such as 
illustrated in two reports on the molecular epidemiology of Chinese strains. These 
studies inferred rapid spread of two different recombinant forms of subtype C and Thai 
B’ strain C/B’ through needle sharing and drug trafficking routes in different 
geographic regions of China (Piyasirisilp et al, 2(X)0; Su et a l, 2000).

Sequences of Cameroonian origin, distinct from group M, were first described in 1994, 
and were therefore designated outliers; group O (Chameau et a l, 1994). Group O 
strains show similar intra group diversity as within group M, although clear subtypes 
have not been assigned. However, Janssens and colleagues have described a subgroup 
of group O sequence they termed env ANT70 clade, as the sequences clustered with the 
previously identified ANT70 in gpl60 (Janssens et a l, 1999).

Group N strains, form the most recently described HIV-1 group, and were also found in 
Cameroon. They have a highly divergent vpu gene, in comparison to other reported 
HIV-1 strains. In contrast, the vifm d  rev genes cluster close to group M, whereas the 
remaining genes lie equidistant to group M (Simon et a l, 1998).

As mentioned in section 1.1, HIV-2 shares ~ 50% sequence similarity with HIV-1 
(Smith et a l, 1988). Unlike HIV-1 it possesses a vpx gene and lacks the vpu gene. 
HIV-2 is mainly restricted to West Africa and has not spread to the same extent as HIV- 
1, which is now prevalent in most parts of the world. Like HIV-1, HIV-2 sequences 
cluster into clades, which to date have encompassed 5 subtypes, A-G (Gao et al, 1994; 
Yamaguchi et a l, 2000), of which subtype A and B are the most prevalent.

56

http://hiv-web.lanlgov


100

96

100

pot

O_MVP5180 
—  O_ANT70

100

 SIVcpzUS
SIVcpzGABI

 N_YBF30
 M:H_90CF056
------------ M:H_VI991

1001

100

10 0 1

74

100

100
100

71 lOOl

100 100

II M:,
— I M "M:J_SE92809

M:G_SE6165
-  M:G_92NG083
-  M:A_U455
—  M:A_92UG037
—  M:C_92BR025
 M:C_ETH2220
-M:D_94UG114

-  M:D_NDK
-  M:B_RF
-  M:B_HXB2R 
M:K_MP535C 

-M:K_EQTB11C
- M:F2_MP255C 
-M:F2_MP257C 
 M:F1_VI850

M:F1_93BR020

0.02

Figure 1.9. Phylogenetic relationships between representative strains ofH lV -1  group M  

subtypes and o f  group N  and O, in addition to SIV^p ,̂ inferred from  pol sequences. The 

sequences were obtained from  an alignment o f  fu ll length strains representing typical levels 

o f  sequence divergence. Source: Robertson et al (1999).

57



1000

1000

1000

1000

1000

1000

1000

1000

942 996

1000

979

1000

, - 0 ^
-c UG268 X

subtype C
-c  SM145

-E CF402
subtype E

■E CM240

-A _ s F i7 o  I subtype A

— A U 4 5 5  ^

-H VI991 subtype H
-H 90CR056

-D Z2Z6

■D ELI

-B MN

subtype D

subtype B
-B_SF2 

 K_97ZREQ

■K_96CM-MP5 

—  F2_CMMP257

j" subtype K

-F2_cMMP2 5 sj subtype F2

Fl_93br020'|
r subtype F I

-FI V1850

■vT_SE9173

 J _ S E 9 2 8 0

 G NG083

} subtype J  

subtype G
-G_Blcongo

.SIVcpzUS

Figure 1.10. Phylogenetic relationships between strains representing group M subtypes A 
to K inferred from env gpl20 sequence comparisons. Sequences were randomly selected 
from the Los Alamos Database, and the tree was generated by the NJ method. Bootstrap 
resamplings higher than 900 (of 1000 replicates) are shown.

58



HIV-1 and HIV-2 infections can be distinguished by serological assays. However for 
subtyping of HIV-1 strains, DNA sequencing is by far the most reliable method, 
especially for the identification of recombinants. However this is an expensive and time 
consuming technique, so researchers have tried to develop alternative assays. The 
subtype specific serological assays tend to be less specific, and only useful in areas 
where a restricted number of subtypes co-circulate. The heteroduplex mobility assay, 
HMA, a widely used method, distinguishes the subtypes based on the different 
electrophoretic mobility patterns of sample PCR products in comparison to reference 
subtype strains (Agwale et a l, 2001; Delwart et al, 1993). In addition this method has 
been applied for the identification of recombinants, including CRF_AE and CRF_AG 
(Heyndrickx et a l, 2000). This method is a useful screening assay for determining the 
prevalence of subtypes, similar assays are also used to study sequence diversity of viral 
populations within or between samples (Nelson et a l, 2000).

Subtype specific PCRs have also been described (de Baar et a l, 2001; Hoelscher et al,
2001). Despite this, HMA and subtype specific PCRs tend to be targeted for specific 
regions of the genome, like env, gag and pol hence sequencing of full length HIV 
genomes still out performs the other methods. In this context a recent report showed a 
novel approach to subtyping of non-B subtypes based on sequences obtained for 
antiviral resistance testing (Yahi et al, 2001).

1.9.2 Molecular epidemiology of HIV-1

The prevalence of HIV-1 subtypes is typically associated with geographic areas 
(Louwagie et a l, 1992). Many of these studies are based on phylogenetic inferences 
and, although often biased towards the sampled cohort numbers (often with relatively 
few patients) and risk groups, nevertheless have contributed significantly to the 
understanding of the molecular epidemiology of HIV-1 worldwide. As mentioned in the 
previous section, the development of HMAs has further allowed rapid screening in order 
to estimate subtype prevalence in specific regions. However, unlike phylogenetic 
analysis of DNA sequences, it is not possible to infer the origins and spread of strains 
by HMA. Therefore phylogenetic analysis is a more powerful tool and can give 
inferences with respect to the direction of spread of a strain from one region to another 
and timing of this spread in the context of other epidemiological information (Grez et 
al, 1994) (as explained in more detail in section 1.10). Indeed phylogenetic analysis has 
been exploited for several decades to allow inferences of spread of pathogens and 
evolutionary relationships of many organisms.
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Globally, subtype A and C are most prevalent, followed by subtype B, CRF01_AE and 
CRF02_AG (Moore et al., 2001). Subtype C currently appears to be spreading most 
rapidly, in particular in Asia. Overall, Africa presents the most diversity of HIV strains. 
All the classified subtypes to date have been found in this continent, and moreover intra 
subtype variation is high, implying that the virus may have existed longer in this part of 
the world, supporting the theory that HIV-1 originates from central Africa (as described 
in section 1.3). Figure I .II  shows the subtypes that predominate in different 
geographical regions of the world.

A recent study performed on ~ 250 samples from the DRC (the Democratic Republic of 
Congo, formerly Zaire), illustrated the presence of all subtypes (A, B, C, D, F, G, H, J, K, 
CRFOI-AE) as defined by the env V3-V5, including recombinant viruses as well as 
different unclassified strains. The overall intrasubtype diversity was very high, ~45% 
(Vidal et a l, 2000). Notably similar findings have been found for in the DRC 
(Mokili et a i, 1999). Sequences obtained from nearby Cameroon, also present a high 
degree of viral diversity, include group M subtypes and recombinants, in particular A/G 
recombinants (CRF_02AG), in addition to group O and N strains (and HIV-2) (Carr et 
ai, 2001; Op de Coul et a l, 2000; Roques et a l, 1999; Triques et al., 2000). Overall 
subtype A predominates in these West African regions. In the rest of Africa subtypes A 
and D appear most prevalent in eastern and central Africa (Brennan et al., 1997; Neilson 
et al., 1999) and subtype B and C in the South (Janssens et a/. 1997; Kampinga et al., 
1997; Novitsky et al., 1999) (for a review see Janssens et al, 1997). Groups O and N 
are found in West Africa, mainly Cameroon (Simon et al., 1998). Heterosexual and 
perinatal transmission remain the most common routes of infection in this continent.

In Asia, the HIV epidemic first spread within South East Asia, in Thailand in particular. 
In Thailand, homosexuals and IVDUs tend to harbour a Thai specific subtype B strain 
(with a characteristic V3 loop crown motif) termed B’, in contrast to heterosexuals who 
are infected mainly with subtype E/CRFOI_AE (Ichimura et al., 1994; McCutchan et al, 
2000). Subtype E/ CRFOI_AE was probably spread rapidly, and based on phylogenetic 
analysis, it has been estimated that this took place around 1986-87, but in more recent 
years the epidemic appears more established in this country (Korber et a l, 2000; 
McCutchan et a l, 1992; McCutchan et al, 2000). A similar trend has been observed for 
Malaysia with respect to subtype B and E prevalence (Beyrer et a l, 1998). In the 
Phihppines, a subtype B virus predominates, though it is distinct from other Asian 
variants, followed by subtype E (Paladin et al, 1998; Santiago et a l, 1998).
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In South and Central America, subtype B predominates (Cleghorn et al., 2000; 

Quinones-Mateu and Domingo, 1999) and was initially associated with mainly 

homosexual contact and IVDU, but heterosexual transmission is now a more common 

route. In addition, a high frequency of subtype F and B/F recombinants have been 

reported in Brazil and Argentina (Marquina et al., 1996; Morgado et al., 1998; Potts et 

wA,1993X

In India and Nepal, subtype C has been shown to have spread rapidly through 

heterosexual transmission and IVDU (Grez et al., 1994; Oelrichs et cd., 2000). Notably 

subtype C strains in Botswana were described as more diverse than Indian strains, 

implying the strains in Africa may have been present for a longer period of time 

(Novitsky et al., 1999). Recombinant strains C/B’, B/C and CRF-01AE have rapidly 

spread along drug trafficking routes through IVDU further to China (Chen et al., 1999; 

Piyasirisilp et cd., 2000; Su et a i ,  2000). Cases of HlV-2 have also been found in India 

{Grez et cd., 1994).

Molecular epidemiology of HlV-1 in Israel has shown a distinct pattern of subtype 

transmission, prevalence depending on population. In this country, HIV positive patients 

originate from Israel and neighbouring states, in addition to Europe, USA and Ethiopia. 

Strains obtained from the Caucasians were typically of subtype B, in contrast to 

Ethiopians communities who appeared to have introduced subtype C strains on multiple 

occasions, presumably from their country of origin (Gehring et cd., 1997).
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In eastern Europe HIV-1 has spread homosexually, nocosomially and heterosexually. In 
the Czech Republic, Hungary and Greece, subtype B has been found to have a high 
prevalence (Mezei et a l, 2000; Papa et a l, 1998; Quinones-Mateu et a l, 1999), whereas 
in Romania subtype F predominates, in particular spread in children through 
contaminated blood products and needles (Apetrei et a l, 1998; Dumitrescu et a l, 1994). 
In Russia a variety of strains have been described, including subtype G (Bobkov et al,
1994), and recent studies have shown a rapid spread of subtype A, A/B and B through 
IDU (Bobkov et a l, 2001; Bobkov et a l, 1998; Dehne et a l, 1999; Liitsola et a l, 1998). 
Interestingly parts of the subtype I, A/G/I recombinant, isolated from patients in Cyprus, 
clustered with segments of A and G sequences known to originate from before 1976, 
indicating these subtypes might have been circulating outside Africa more extensively 
than previously believed (Gao et a l, 1998).

In the USA, the UK and rest of Western Europe, subtype B predominates. Initially 
outbreaks were reported in homosexuals and IDUs in the early 1980s, and it has been 
suggested that in the USA, the subsequent epidemic was the result of a founder effect 
during this period (Foley et a l, 2000). Interestingly one study inferred that the subtype 
B epidemic in Northern Europe originated from the USA (Lukashov et a l, 1996). 
Studies have shown that subtype B has been found to predominate in western Europe 
(Alaeus et a l, 1997; Engelstad, 1996; Fransen et a l, 1996; Puchhammer-Stockl et al, 
1998). Within Germany, Holland and Italy subtype B variants have been shown to be 
distinguishable, depending on transmission through homosexual contact or IVDU 
(Casado et a l, 2000). Many of the non-B subtypes have now entered these countries as 
well (Alaeus et a l, 1997; Artenstein et a l, 1995; Brodine et a l, 1995; Fransen et al,
1996), presumably through contact with people of African and Asian origin.

Within the UK, subtype B predominates, also confirmed by the findings presented in 
this thesis. Homosexual/IVDU transmission typically involves the subtype B strains, 
and it is believed that the virus spread rapidly within these communities in the early 
1980s. The study by Leigh Brown and colleagues further implied that the subtype b! 
epidemic in the UK may stem back to 1975 (Leigh Brown et a l, 1997). In addition, all 
the non-B subtypes have subsequently been reported in the UK (Arnold et a l, 1995; 
Barlow, 1999; Clewley et a l, 1996). It has been estimated that approximately 25% of 
HlV-1 positive patients in the UK are infected with non-B subtypes (mainly A, C and 
D) (Devereux et a l, 1999; Parry et a l, 2001). Furthermore 20% of the non-B infections 
in the UK have been estimated to be recombinants (Barlow et a l, 2001). Notably Parry 
and colleagues, showed that 40% and 61% of infections in heterosexual men and 
women respectively were non-B subtypes. Furthermore of 14% and 35% of the men

62



and women respectively were of UK or European origin. The findings further suggest 
that spread of infection of non-B subtypes is mainly the result of heterosexual contact 
between people bom in the UK and individuals infected in regions of high prevalence. 
This is supported by reports on Scottish cohorts (Yirrell et a l, 1999). As stated in 
section 1.7.1, heterosexual contact is now the most common form of transmission in the 
UK.

As a consequence of the predominance of subtype B in the western world, the majority 
of HIV-1 research to date has been done on this subtype, including the anti HIV drugs 
designed on the basis of the crystal structures of subtype B RT and protease enzymes.

1.9.3 Implications of genetic diversity

Diagnostic assays
Diagnostic assays for HIV are typically designed for the detection of anti-HIV 
antibodies prevalent during infection. These tests incorporate recombinant proteins or 
synthetic peptides of HIV antigens, typically gp41, gpl20, gpl60 and gp24 (Nuwayhid,
1995). Originally these serological assays were based on subtype B viruses. These 
assays therefore failed to detect HIV-2 and HIV-1 group O strains (Loussert-AJaka et 
al, 1994; Schable et a l, 1994), hence antigens for these strains were subsequently 
included. Assays also had poor reactivities with non-B subtypes variants (Brennan et al, 
1997; Preiser et a l, 2000). Consequently these assays have been optimised to detect a 
wider variety of subtypes, and a recent report by Koch and colleagues has claimed that 
the commercial assays approved by the FDA in the USA all detect A-G, J and group O 
(Koch et a l, 2001).

Due to problems associated with the detection of anti HIV-antibodies in children and 
during seroconversion, HIV infection in these circumstances is usually diagnosed or 
confirmed by detection of HIV antigens (usually p24) or PCR based assays for the 
presence of viral RNA/DNA. A recent study showed for a series of commercial assays 
applied in Europe, that the detection of p24 antigen in HIV-1 group M (subtypes A-G, 
CRF A/E) group O and HIV-2 samples could be detected, but at varying sensitivities, 
the AxSYM assay (Abbott Laboratories) showing the best overall performance (Ly et 
al, 2001). The nucleic acid based assays are overall more sensitive than the serological 
assays. However the early versions also displayed similar problems with respect to 
detection of diverse strains, due to mismatches between the PCR primers and the
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template (Alaeus et a l, 1997; Arnold et al, 1995; Barlow, 1999; Barlow et a l, 1997). 
However, most of these assays have also been improved to include the detection of all 
group M subtypes co-circulating in the population (Nkengasong et a l, 1999).

Nucleic acid based tests are also applied for quantification of viral RNA in plasma and 
used both for monitoring disease progression and for indications of disease prognosis. 
The most common commercial assays include bDNA (branched DNA, Chiron 
Diagnostics), NASBA (Nucleic Acid Sequence Based Amplification, Organon Teknika) 
and RT-PCR based technologies (LCx, Abbott and Amplicor HIV-1 Monitor). These 
assays have also been tested and improved for the detection of non-B subtype strains 
(Clarke and McClure, 1999). For a review on the implications of the genetic diversity of 
HlV-1 for diagnosis, see Tatt et al (2001).

Transmission and pathogenesis
It is still unclear whether some subtypes have advantages in comparison to others with 
respect to transmission, pathogenesis and fitness, as there are so many other factors that 
are involved. The high prevalence of subtype B found in homosexuals and IVDUs in 
the western world, in contrast to non-B subtypes in other parts of the world where 
heterosexual contact is more common, has raised debate as to whether some subtypes 
are more transmissible than others depending on the route of infection. Furthermore in 
Thailand, the containment of the subtype B within the homosexual and IVDU 
communities in contrast to the subtype E (CRF01_AE) in heterosexuals, supported this 
theory.

A report by Soto-Ramirez and colleagues showed that subtype E infected the 
Langerhans cells (the cells normally found in the genital tract) more readily than 
subtype B, and therefore proposed that subtype E (CRF_01AE) has a particular tropism 
for vaginal transmission (Soto Ramirez et a l, 1996). However several other studies 
failed to confirm this observation (Dittmar et a l, 1997; Pope et a l, 1997). In this 
context, Montano and colleagues also proposed transcriptional differences in subtype E 
could explain the epidemiological differences (Montano et al, 1997). A recent report 
showed increased vaginal inflammation in Thai women in comparison to American 
women, implying Thai women may be more susceptible to HIV infection, hence these 
founder effects may be explained by other factors depending on race (Cohn et al, 
2001).
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The majority of these studies identify possibly factors influencing transmission rates, 
but do not estimate the actual probabilities of transmission. Notably no differences have 
been found in the risk of transmission of subtype A and D in Ugandan heterosexual 
couples, i.e. a cohort within the same risk group (Gray et a l, 2001). Overall, there is no 
obvious evidence for transmission advantages of particular subtypes (Hu et aL, 1999; 
Workshop Report from the European Commission and Joint UN Programme on 
HIV/AIDS, 1997).

Although considerable variation in the genetic and biological properties of HIV-1 env 
has been described (Gao et al., 1996), an accumulating amount of evidence suggests that 
the genetic diversity of HIV-1 does not result in major differences in the phenotypic 
properties of the virus. It is more likely that the observed geographical distribution of 
the respective subtypes is the result of ‘founder effects’, meaning that individuals within 
the same risk category are likely to become infected by other individuals within the same 
group, thus once a specific strain has been introduced into this group, it will probably be 
spread to the others sharing the same risk behaviour (Cleghorn et a l, 2000). 
Furthermore the co-circulation of subtypes in a specific area, demonstrates this.
Findings presented in this thesis give further evidence for this theory, where subtype B 
was transmitted within a group of heterosexuals.

Associations between subtypes and disease progression also appear to be minor, and 
irrespective of the reported association between subtype B X4 strains and rapid disease 
progression (described in section 1.8.2.2), the subtype C R5 strains do not appear to be 
less pathogenic (Alaeus et aL, 1999). Furthermore, previous claims that Africans 
infected with non-B subtypes progress more rapidly to AIDS, have recently been 
rejected, further supporting the notion that subtypes do not result in obvious differences 
(Morgan and Whitworth, 2001). Hence it is unlikely that subtypes account for 
differences in progression (Hu et a i, 1999).

Subtype specific properties that have been characterised to date are as follows:
1) X4 strains are under represented within subtype C (Bjomdal et aL, 1999; Cecilia et 

aL, 2000; Ndung'u et aL, 2001; Ping et aL, 1999; Tscheming et aL, 1998)
2) subtype D and E show higher variability in the env V3 loop, whereas subtypes A and 

C show a lower degree of diversity in this region .
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3) subtype D strains have been found more frequently as SI than NSI in comparison to 
other subtypes (De Wolf et aL, 1994; Zhong et aL, 1995)

4) subtype C and E contain three and one NFkB sites respectively within the LTR, in 

comparison to other subtypes that typically have two (Hunt and Tiemessen, 2000; 
Jeeninga et aL, 2000; Naghavi et aL, 1999), and exhibit differences in response to 
TNFa and replication advantages in vitro (Montano et aL, 1998; Montano et aL,

1997). However the number of NFkB sites in subtype C are not completely 

consistent, and the replicative properties of this subtype are not necessarily higher 
than subtype B (Ndung'u et aL, 2001).

5) CRF01_AE has a distinct TAT/TAR region (Montano et al, 1998).

A residue in nef, F193, implicated in CD4 down regulation and PAK-2 activation, has 
also been proposed to be specific for subtype B (and possibly D), inferring there may 
be functional differences in nef between subtypes (Foster et aL, 2001).

HAART (Highly active anti retroviral therapy)
Anti HlV-1 dmgs currently available have all been designed to interfere with RT or 
protease enzyme activities, many have been based on the crystal structures of these 
enzymes obtained from subtype B strains. Again, since this subtype predominates in the 
countries where these drugs are available, there have been fewer reports on the effects of 
genetic variation in HAART treated patients infected with non-B subtypes. As 
mentioned in the previous section, the prevalence of non-B subtype strains continues to 
increase in industrialised countries, and antiretroviral treatments have recently become 
available in certain developing countries. Natural variation has been described in NNRTl 
group O (Descamps et aL, 1995) and for subtype F RT inhibitors (Apetrei et aL, 1998), 
subtype G for protease inhibitors (Descamps et aL, 1998). A recent report by Vergne 
and colleagues illustrated natural variation in HlV-1 group O and subtype J in RT for 
NNRTls in addition to several accessory mutations in protease present in a variety of 
non-B subtypes (Vergne et aL, 2000). A study on subtype C protease showed no 
natural prevalence of known mutations (Shafer et aL, 1999), though interestingly it has 
been observed that subtype A and C proteases might have a higher biochemical fitness 
in the presence of typical protease inhibitors in vitro, in comparison to subtype B 
(Velazquez-Campoy et aL, 2001).

Despite the reports of the existence of natural resistance mutations, their effects may not 
be as obvious in vivo. A recent report by Frater and colleagues showed that 79 African 
patients all infected with non-B strains responded well to HAART, giving hope for the

66



treatment of non-B infections (Frater et aL, 2001). Notably, the emergence of resistance 
mutations in the presence of NRTI has also been observed in patients infected with 
subtype E, inferring the emergence of drug resistance may also be a problem in non-B 
infections (Sato et aL, 2000). Another recent report further suggested there were no 
differences in the frequency of key resistance mutations with respect to subtypes 
(Barlow et aL, 2001).

Vaccine design
Like malaria, the diversity presented by HIV-1 makes vaccine design a real challenge, as 
it is difficult to identify effective conserved immune targets which will give broad 
protection against divergent strains. More than 15 years of research has demonstrated 
how difficult this task actually is. Although infected patients respond to the virus by 
generating anti HIV-1 antibodies (as used for diagnosis infection), identifying targets 
that will give neutralising antibodies and persistently protect against the virus, has 
proven very difficult. This is because of the potential ability to adapt and evade the 
immune system through viral escape mutations and the masking of epitopes by 
glycosylation. Furthermore the envelope itself alters confirmation during cell attachment 
and entry, potentially diverting or changing important immune targets.

Initial vaccine trials were based on subtype B strains. However these proved ineffective, 
and more recent vaccine developments have focused on subtypes which are more 
prevalent worldwide, such as the vaccine developed by McMichael and colleagues, 
designed on gag CTL epitopes derived from subtype A strains (Hanke and McMichael,
2000). Notably the immunogenic targets do not necessarily divide into the same groups 
as the designated genetic subtypes (Weber et aL, 1996; Zolla-Pazner et aL, 1999), and 
many studies have therefore been performed to determine whether epitopes are shared 
across clades. Antibodies raised against subtypes including A-H have shown cross 
reactivity in V2, V3, C5, CD4BS and gp41, though reactivities vary (Gomy et aL, 1998; 
JubierMaurin et aL, 1999; Nyambi et aL, 2000; van der Groen et aL, 1998). Cross clade 
and clade specific CTL recognition has also been reported in gag (Dorrell et aL, 1999; 
Leandersson et aL, 2000). For reviews on opportunities in vaccine development see 
Moore et al (2001) and Nabel (2001).
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19A  Factors contributing to the genetic diversity of HIV-1

There are several factors that contribute to the genetic variation observed in HIV-1. As 
mentioned in section 1.6, like other retroviruses, the HIV-1 RT enzyme lacks the 3’ to 
5’ endonuclease proof-reading activity, which results in a high error .rate during the 
replication cycle (Holland, et a l, 1992; Preston et a l, 1988). It has been estimated that 
the mutation rate is ~ 3.4 xlO"  ̂substitutions per site per cycle, which is higher than 
other retroviruses investigated (Mansky and Temin, 1995). As a result infected 
individuals harbour many different viral sequences, termed quasispecies (Goodenow et 
al, 1989).

The number of host cells that are typically infected (the actual population size), has been 
estimated to be within the range of 10̂  -10  ̂(Chun and Fauci, 1999). However, it has 
been suggested that the effective population size is lower, between 10 -̂10 ,̂ due to a 
combination of founder effects and subpopulation turnover, possibly supporting a more 
significant role of genetic drift in the evolution of HIV-1 (Brown, 1997; Frost et al, 
2001; Rouzine and Coffin, 1999).

Another important factor is recombination (Robertson et al, 1995). This process can 
take place during the reverse transcription of genomic RNA into cDNA, whereby the RT 
enzyme is believed to switch between the two 5’ linked RNA molecules. This therefore 
requires the infection and replication of two strains within a single cell, a process called 
superinfection. Once this occurs, the chance of recombination may be very high. For 
murine Moloney leukemia virus this has been estimated to 51% (Li and Zhang, 2000). 
The outcome of recombination could have several consequences for the virus. It may 
function as a method for the selection of fitter strains. However it is also likely that 
defective and deleterious variants would be generated. For this reason it is unclear 
whether this process occurs frequently in vivo or not (for a review, see Worobey and 
Holmes, 1999). One recent study showed that in vitro recombination between two HIV- 
1 strains occurred two to three times per genome per replication cycle (Jetzt et al,
2000).

Within a host, recombination can take place, as the result of a single infection or dual 
infection, within and between subtypes of HIV-1 (Morris et al, 1999; Zhu et a l, 1995). 
Intra subtype recombinants can be difficult to identify, as sufficient genetic variation is 
required to distinguish the segments of different origin. Inter subtype variation is 
therefore easier to detect, and an increasing number of such recombinants, that is strains 
with mosaic genomes, are being described and reported (Gao et a l, 1998). Indeed it has 
been estimated that 10% of the sequences submitted to the HIV-1 Los Alamos database
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may be recombinants (Robertson et a l, 1995), implying this process occurs at a higher 
frequency than originally thought. This partly confuses the true definition of a subtype, 
as these recombinants are characterised really on the basis of the first strains that 
happened to be found and described (Anderson et a l, 2000). Ultimately an increase in 
variation may eliminate the boundaries between subtypes. Particular regions in the 
genome have been described as being more prone to recombination than others, such as 
parts of gag and env (McCutchan et al, 1996).

The rapid estimated viral turnover of the virus further contributes to the diversity of 
HIV-1. The half life has been estimated to ~ 2-2.6 days, implying a potential a turnover 
of 5% of the CD4^ T cell population per day (Perelson et a l, 1996; Wei et a l, 1995). In 
addition, the overall cell turnover is increased due to the vast number of target cells that 
the virus has the ability to infect.

The amount of variation of particular regions within the HIV-1 genome varies possibly 
reflecting different molecular rates of evolution or exposure to selective pressures in 
each region (the epitopes reported to date are summarised on the Los Alamos web site 
http://hiv-web.lanlgov/immunology/index.html). Overall, the highest degree of diversity 
is observed in the envelope gene, in the gpl20 domain (Holmes et a l, 1992; Simmonds 
et a l, 1990). This is similar to other RNA viruses, such as HCV (Ray et a l, 1999). In 
addition and ne/present a degree of diversity. Antibody and CTL epitopes have 
been found all three of these genes, demonstrating host immune pressures may cause 
positive selection (JubierMaurin et al, 1999).

In contrast to env, the pol gene is relatively conserved and the number of nucleotide 
substitutions is considerably lower (Li et a l, 1988). Fewer epitopes have been identified 
in this region. However positive selection obviously occurs here too in the presence of 
antiviral drugs within individuals, demonstrating convergent evolution. Nevertheless, the 
number of mutations that do arise is also apparently at random, and it has been 
suggested that the role of genetic drift in the emergence of these strains may have been 
underestimated (Frost et a l, 2001)
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1.9.5 Diversity of env gpl20 within the host

A wide variety of studies have been performed on the sequence diversity of env gpl20 
within patients. As explained in the previous section (1.9.4), the envelope gene is the 
most variable gene of HIV-1, containing five hypervariable regions, V1-V5. These 
regions shown to contain a high number of N linked glycosylation sites (Modrow et aL, 
1987; Starcich et al, 1986). The variable regions, VI, V2, V4 and V5 all present length 
polymorphism, unlike V3, which remains constrained (Simmonds et aL, 1990). This is 
probably due to the important role of V3 for receptor binding and cell tropism, as 
described previously, in addition to immune recognition. Interestingly, since the constant 
and variable regions were first defined, the variability of amino acids at single sites 
throughout gpl20 has been reevaluated. A report by Yamaguchi-Kabata and Gojobori 
(2000) implied that several sites within the constant regions are also highly variable, 
possibly undergoing positive selection, with a potential role in the formation of 
discontinuous epitopes (Yamaguchi-Kabata and Gojobori, 2000).

The majority of studies on intrapatient diversity have focused on subfragments of 
gpI20, C2V3 in particular, as this region appears to be an important region of the 
envelope gene. Typically genetic distance estimates are generated, giving an indication of 
the degree of genetic dissimilarity between sequences. The K2P (Kimura-2-parameter) 
model has most widely been applied in HIV-1 diversity studies, as it can include 
different transition/transversion rates (ts/tv). Specifically it usually assumes that 
transitions (i.e A/G or T/C substitutions) occur more frequently than transversions (i.e. 
A/T, A/C, G/T, G/C substitutions) (Kimura, 1980). For HIV-1 this rate is typically ~2, 
reflecting the high A content and low C content. The ‘four parameter’ HKY85 model 
can further take into account different base constitutions, in addition to the ts/tv 
parameter (Hasegawa, Kishino, and Yano, 1985). A recent study by Posada and 
Crandall showed that the K2P model was not necessarily optimal for HIV-1 
evolutionary studies, depending on the length and region studied (Posada and Crandall,
2001). For inferring whether selective forces may be exerted on a specific region, the 
number of nonsynonymous (dN or Ka) and synonymous (dS or Ks) substitutions per 
site can be measured and their ratio, i.e. dN/dS or Ka/Ks calculated. A ratio >1 infers 
positive selection (Nei and Gojobori, 1986; Yang and Nielsen, 2000). However this 
method has also been criticised as different conclusions may be drawn if the difference 
between dN and dS (termed Ad) is evaluated instead (Rodrigo and Mullins, 1996).
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Since blood is the easiest source of material for practical reasons, diversity within the 
viral populations in the PBMCs and plasma has been investigated most extensively. In 
this context, it is worth mentioning that the PBMCs have been referred to as a ‘dumping 
ground’, containing an accumulation of defective virus. These defective viruses may not 
be erradicated from the cell population, as some of the cells in this body compartment 
may have a life time of up to several years. In addition, the genetic material of the cells 
(including the defective provirus) may be inherited through cell division and thus 
maintained in the PBMC population. For this reason molecular and in vitro studies 
based on this population could be misrepresentative with respect to the active viral 
population (Sanchez et aL, 1997). However, this compartment has also been described 
as an ‘archive’, hence whether this compartment is a good source of material depends 
on the objectives of the study (as also mentioned in section 1.10).

Inconsistencies between studies are likely to be due to several factors including the 
number of subjects, the region of env studied, sampling periods, route of infection, viral 
loads, gender and race. Hence, viral diversity is influenced by a variety of host and viral 
factors, again illustrating the complexity of HIV infection.

Variation during seroconversion and primary infection
The majority of studies performed on cohorts from the USA and northern Europe, have 
shown that sequence variation (within env) is limited (<1%) during and within the first 6 
months of seroconversion in individuals infected through sexual and IVDU contact 
(Kuiken et aL, 1996; Lewis et aL, 1998; Scarlatti et aL, 1993; Wolfs et aL, 1992; Wolfs 
et aL, 1991; Wolinsky et aL, 1992; Zhang et aL, 1993; Zhu et aL, 1993; Zhu et aL,
1996). Notably env gpl20 sequences have been described as more homogenous than 
other regions of the HlV-1 genome, including gp41, /?77*‘'^and ne /(Comelissen et aL, 
1995; Zhang et aL, 1993; Zhu et aL, 1993). Also minor variants found in the blood of 
the transmitter have been found to predominate in the recipient, implying there may be 
particular selection pressures through both sexual and perinatal transmission on the 
gpl20 region during exposure, transmission and early phases of infection (Scarlatti et 
aL, 1993; Wolinsky et aL, 1992; Zhu et aL, 1993).

Conversely, even when high diversity has been observed in the blood of the transmitter, 
variation has been shown to be restricted in the recipients (Wolfs et aL, 1992). It has 
therefore been debated whether the homogenous population observed at this point is the 
result of the transmission of a single vims particle, or the selection of a particular variant
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shortly after transmission, which has biological advantages for penetration and 
establishment of the infection. The accumulating amount of evidence, presented here, 
suggests the latter explanation, although presumably the former may also occur.

Findings from perinatal studies have given different results depending on the region of 
gpl20 that has been investigated. V3, V4 and V5 appear to be homogenous after 
transmission (Scarlatti et aL, 1993; Wolinsky et al, 1992), implying selective 
constraints remain in these regions, in contrast to the V1-V2 region, of which different 
genotypic variants have been described. This implies that transmission of multiple 
variants can occur through this route of infection (Lamers et aL, 1994). Another recent 
study based on HMA of a region spanning V3-V5, supports the transmission of minor, 
major and multiple variants through this route (Dickover et aL, 2001; Essajee et aL, 
2000), also demonstrating that the actual transmission event can take place during 
several stages of delivery (Dickover et aL, 2001). Transmission of multiple variants has 
also been shown through sharing of needles, and through heterosexual transmission, as 
described in the next section.

More recent reports carried out using sequence data on women of African origin, from 
Kenya and Rwanda, who acquired their infections though heterosexual contact, have 
further described the presence of heterogeneous viral populations during 
seroconversion. Poss and colleagues studied a cohort of female commercial sex workers 
infected with subtype A and D, and observed sequence variation in env obtained from 
the blood in addition to genital secretions (Poss et aL, 1995), some of which presented 
different proliferation profiles in T-cells (though the implications of these properties in 
vivo were unclear) (Poss and Overbaugh, 1999). Studies by Kampinga and colleagues, 
made similar observations in a cohort of mothers infected with subtype A and C, with 
sequence distance estimated in V3 ranging from 1.4 to 2.8%. In addition, one 
seroconvertor was co-infected with two subtypes.

These reports have been supported further by Long and colleagues (Long et aL, 2000). 
They estimated that intra patient diversity was more than 5% in women in the V1-V3 
region, in contrast to men, where less than 1% was observed. Hence their study suggests 
that there may also be gender differences in sequence diversity during seroconversion. 
The patients from the African studies were infected with subtypes A, C or D, implying 
the differences are irrespective of at least these three subtypes. However seeing as the 
majority of the other studies described above were performed on Caucasians infected 
with subtype B viruses, the different observations in these studies may be influenced by
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viral subtype and race. Indeed, the studies performed on blood samples from women of 
American or north European origin infected heterosexually by subtype B, show that 
only a minority have diverse viral populations during this phase.

There could be several explanations for the existence of genetic diversity during 
seroconversion, as follows: 1) re-infection may take place (recombinants are evidence of 
dual infections, as mentioned above), although overall this is probably less likely due to 
mechanisms implemented to prevent this happening such as the reduction of CD4 
expression of infected cells; 2) rapid evolution of single strains as a response to the host 
immune system and; 3) the transmission and simultaneous replication of multiple 
strains may take place. The report by Long and colleagues argued that this last 
explanation was the most likely for the heterogeneity observed during the short time 
period in their female cohort, seeing as the viral population was diverse both before and 
after the immune response was detected in these patients. Notably evidence for 
transmission of multiple variants has also been shown for a female rape victim in 
Sweden (thus acquiring her infection through heterosexual contact), at least in 
and pol (Albert et aL, 1994).

The establishment of a more diverse population during primary infection may be 
implicated in survival, as discussed in section 1.7.3, although the effect of higher viral 
diversity during acute infection with respect to disease outcome and survival has not 
really been addressed, (Ray and Quinn, 2000). The consequences of high viral diversity 
of infecting strains observed during seroconversion may give two different outcomes. 
Infection by a variety of strains may lead to the establishment of a broader immune 
response, improving overall disease prognosis. One recent study, which employed 
HMA for studying diversity, implied that perinatal transmission of multiple variants and 
early diversification might be associated with more favourable disease outcome (Essajee 
et aL, 2000). In contrast, high diversity during this early phase may reflect the absence a 
strong immune response, potentially leading to infection by more pathogenic strains, 
with different phenotypes and cell tropisms. Extensive longitudinal studies are required 
to explore these possible scenarios further, including other routes of transmission.

Variation during other phases of infection; snapshots and longitudinal studies 
In 1990, Simmonds and colleagues demonstrated that in V3 and V4-V5, genetic 

variation was extensive in PBMC provirus both within and between patients, including 
substitutions, duplications of sequences and insertions or deletions of N-linked 
glycosylation sites in the variable loops (Simmonds et aL, 1990). Rarely are sequences 
obtained from the same sample genetically identical. These observations have been
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confirmed by other studies, and it is clear that the genetic variation exists throughout the 
entire envelope gene within the same individual. In addition, sequences obtained from 
patients infected by a common source, have been shown to present more sequence 
similarity than sequences from unrelated infections (Balfe et a l, 1990; Simmonds et al,
1990) (as described in more detail, in section 1.10.).

Several longitudinal studies have been performed on both viral PBMC and plasma 
populations, and the overall consensus from these studies is that over time substitutions 
accumulate throughout env gpl20. The V3 region has been estimated to have a high 
nonsynonymous rate, presenting an accumulation of nonsynonymous substitutions 
within and between sequential samples (Li et al, 1988; Shankarappa et al, 1998; 
Simmonds et a l, 1990; Wolfs et a l, 1991; Zhang et a l, 1997). Furthermore the rate of 
evolution appears to differ in patients infected by epidemiologically linked strains, 
implying evolution is occurring in a host dependent manner (Zhang et a l, 1997). Taking 
these facts into account, it has been suggested that the sequence changes are probably 
the result of host immune pressures, and may confer viral escape from the immune 
system by causing changes in viral epitopes and increasing receptor affinities (Modrow 
et al, 1987; Nowak et a l, 1991; Shankarappa et al, 1998; Simmonds et al, 1990). 
Overall it has been estimated that V3 evolves within a range from 6.6x10'^ to 7.0x10 ̂  
substitutions per nucleotide site per year (Rodrigo, 1999). However despite this 
diversity, the V3 loop appears to retains its individual characteristics, probably due to 
structural/functional constraints (Holmes et al, 1992; Kuiken et a l, 1996). The overall 
genetic divergence within and between patients is similar, implying that during 
transmission the evolutionary clock is not re-set (Leitner and Albert, 1999; Zhang et al,
1997).

VI and V2 present extensive variation, more than V3, both with respect to sequence 
length and the number of substitutions. Lamers and colleagues reported that in HIV 
infected children monitored over two years, overall variation within VI or V2 varied 
from 2-20%, in contrast to C2 that never exceeded 4%. Like V3, the number of 
nonsynonymous substitutions appears to exceed the number of nonsynonymous 
substitutions, and that the two loops can evolve in an independent manner (Lamers et al, 
1993). Again these regions are antigenic, and hence change may reflect selective forces 
exerted by the immune system. Variation in VI and V2 in SIV env has also been 
demonstrated in macaques, including alterations in the number of glycosylation sites, 
though less variation in the region equivalent to the V3 (Almond et a l, 1993; Almond et 
al, 1992).
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Shankarappa and colleagues described three apparent phases of diversity in C2-V5 
during the asymptomatic period, including an early phase when diversity increases -1% 
per year, an intermediate phase of ~ 2 years during which the population continues to 
diverge, but diversity tends to stabilise, and a final phase when diversity stabilised or 
declines, associated with the decrease in CD4^ T cell counts (Shankarappa et a l, 1999). 
Emergence of the X4 strains in these study objects typically took place during the early 
or intermediate phase. A decline in diversity during the transition to AIDS has also been 
confirmed by others for the blood compartment (Delwart et a l, 1997; Wolfs et al,
1991). In contrast, a study where a heteroduplex tracking assay was employed, showed 
extensive shifts in V3 populations in late stage disease (Nelson et a l, 2000), and 
extensive diversity in AIDS patients has been observed in other body compartments 
(Hughes et al, 1997). Some studies also suggest that RNA sequences during 
seroconversion can persist as a minority in PBMC for several years.

Estimates on the evolutionary rate of gpl20 have been reported by several groups and 
range from ~ 0.4 to 1.2% per year (Balfe et al, 1990; Cleghom et a l, 2000; Kuiken et 
al, 1996; Li et al, 1988; Smith et al, 1988). The rates vary, depending on which 
subregion is included, and which model of evolution is used for estimating the genetic 
distances. Based on estimates of synonymous (dS) and nonsynonymous (dN) 
nucleotide substitutions, the evolutionary process in HlV-1 has been disputed, that is 
whether the vims follows a deterministic model of evolution, or a molecular clock 
through a stochastic/neutral process (meaning change is constant) (Coffin, 1995; 
Gojobori et a l, 1990). In depth analyses by Leitner, on a cohort of heterosexuals with 
known transmission histories spanning 25 years, have implied a molecular clock indeed 
exists in HlV-1 f o r a n d  env V3 (Leitner and Albert, 1999), supporting a model in 
which nucleotide substitutions occur by a stochastic Poisson process, though dN may 
be more that dS in V3 alone. Other studies further support an important role of genetic 
drift in population dynamics and evolution of HlV-1, due to the effects of subpopulation 
turnover and founder effects (Frost et a l, 2001).

The degree of variation within individuals in the env region, has been associated with 
disease progression (with respect to RP and SP/LTNP). It has been shown that higher 
diversity is associated with longer survival and lower CD4^ T-cell counts, thus implying 
that rapid progressors exhibit lower levels of variation whereas slower progressors 
present increased variation and higher dN/dS ratios (Bagnarelli et a l, 1999; Shioda et 
al, 1997). This may reflect a broader immune response, as discussed previously (Liu et 
al, 1997).
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Variation in different body compartments
As mentioned previously, most studies have been performed on blood, although 
comparisons and investigations of sequence diversity in other body compartments have 
also been carried out. Several of these studies have shown the presence of distinct 
populations within a body compartment, further implying that independent evolution 
may take place in certain areas. Evidence for distinctions between populations within 
individuals has been described for the PBMCs and cervical/vaginal secretions 
(Ellerbrock et a l, 2001; Poss et al., 1995) and the plasma/PBMCs and semen (Delwart 
et al, 1998; Ping et al., 2000; Zhu et al., 1996). In contrast to these studies, 
subpopulations in plasma and saliva appear to be more similar, implying these 
populations may stem from a common source (Freel et al., 2001). Korber and 
colleagues also found distinct V3 variants in the brain (Korber et a l, 1994). However 
Hughes and colleagues proposed that this does not apply to the V1-V2 region (Hughes 
et al, 1997). Furthermore, there is also evidence of recombination events of strains 
derived from different compartments, including the lymphoid tissue and brain (Morris et 
al, 1999).

Whether these populations have certain advantages with respect to tissue specific 
disease is unclear. Specific signature patterns in env potentially conferring particular 
properties of the virus in certain tissues, have been found in some compartments 
(Korber et a l, 1994), but not in others (Delwart et a l, 1998). Furthermore, although 
reports show differences in certain patients, these distinctions are generally not 
consistent in all individuals.

The existence of founder effects have further been described in the spleen and semen 
compartments, possibly demonstrating restriction of movement and interaction with 
other viral populations in these compartments (Delwart et al, 1998; Frost et a l, 2001; 
Gratton et a l, 2000). However, no distinction was found in viral populations from the 
blood and lymphoid tissues of SIV infected macaques 1.5 years post infection (Slade et 
al, 1995).

The effects o f therapy on evolution and observed variation
The effect of HAART on viral diversity in env is less clear. It is possible that HAART 
might cause a bottleneck, whereby viral strains with envelopes advantagous for survival 
and infection, might be selected. As mentioned in section 1.9.3, HAART can impose 
selective pressure on the virus in Protease and RT, conferring antiviral drug resistance. 
Indeed a higher incidence of nonsynonymous substitutions have been found at sites 
associated with drug resistance, in addition to an accumulation of other mutations over
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time (Gunthard et a l, 1999; Ross et a l, 2000). There is also increasing evidence that 
HAART cannot eradicate virus completely and that viral reservoirs exist, despite therapy 
reducing the levels of plasma RNA (Chun and Fauci, 1999).

Relatively few studies have addressed the effect that HAART has on the rate of 
evolution and sequence diversity within env. Several reports have provided evidence of 
on going replication in the blood during HAART over several years (Gunthard et al, 
1999; Imamichi et a l, 2001). The report by Imamichi and colleagues showed that the 
virus populations established before HAART acted as persistent sources of replication 
competent virus (Imamichi et al, 2001). Furthermore during the period of therapy, 
plasma RNA reflected proviral populations found in PBMCs, and the diverse proviral 
populations present at baseline in the PBMCs, prevailed with no decreases in 
intrasample distances. Divergent env populations were also found in blood and lymph 
nodes of patients treated for two years (Gunthard et al, 2001). Another recent report, by 
Frost and colleagues, presented evidence for diversity between pre HAART and two 
years post HAART, in 2/6 patients representing positive selection in C2V3 before or 
during HAART (Frost et a l, 2001).

1.10 HIV-1 transmission studies

The sequence diversity of HIV-1 has been exploited in order to determine whether 
apparently epidemiologically related cases represent actual transmission events. The first 
case investigated for determining links between infections involved the transmission 
between a Florida dentist and his patients (Ou et al, 1992), which was followed by a 
series of other studies including transmission between a surgeon and his patients 
(Holmes et a l, 1993), a rapist and his victim (Albert et a l, 1994) a health worker and 
several patients (Arnold et al, 1995), an outbreak in a IVDU cohort in a Scottish prison 
(Yirrell et al, 1997), families with unclear risks (Belec et a l, 1998; Salvatori et al,
1998), a heterosexual outbreak in New York (Coles, 1999), a surgeon and patient 
(Blanchard et a l, 1998), a nurse and patient (Goujon et a l, 2000) and a group of 
children (Yerly et a l, 2001). This type of analysis has also been exploited as evidence in 
court cases, to date including the rape case in Sweden described by Albert and 
colleagues in 1994 (Albert et al, 1994), a case in the Netherlands including a male 
convicted of infecting an ex-lover (Veenstra et al, 1995), a case in the USA in 1997, 
involving a doctor accused of intentionally infecting an ex-lover using blood from an 
HIV positive patient (Vogel, 1997; Vogel, 1998) and the transmission between a male 
and a child in Denmark (Machuca et a l, 2001).
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These studies are based on the concept that HIV-1 sequences from patients infected 
from a common source have a higher degree of similarity than a set of sequences from 
unrelated infections. Balfe and colleagues illustrated this in 1990, where they showed 
that env sequences spanning V3 and V4-V5, obtained from 8 haemophiliacs known to 
be infected by a common source, clearly clustered closer to each other in a phylogenetic 
tree, than to other unrelated published sequences (Balfe et a l, 1990; Simmonds et al, 
1990). The estimated average interpatient distance within the cohort was 5.5% within 
V4-V5, in contrast to 8.6% within unlinked infections in the same geographical area of 
the UK (Edinburgh) and 25.5% to unlinked infections in the USA.

This concept has been further demonstrated by several other groups. Burger and 
colleagues also explored genetic links in a known transmission cluster involving a 
family, where the mother had transmitted HIV to her partner heterosexually and to her 
daughter vertically (Burger et a l, 1991). The genetic distances measured in env 
(~1.4kb) between mother and partner and mother and daughter were 3.7% and 8.5% 
respectively, and it was known the daughter was infected more that 11 years. The study 
also illustrated that the daughter's predominant strain evolved from a progenitor of her 
mother's current strain. These studies were further supported by an extensive 
investigation by Leitner and colleagues (as mentioned in 1.9.5), who demonstrated that 
reconstructed trees from env V3 a n d s e q u e n c e s  obtained from a known 
transmission history including nine patients infections over 12 years, were a good 
estimate of the true phylogeny. Hence together these studies emphasise the utility and 
reliability of phylogenetic analysis of HIV-1 transmission even when the transmission 
events occurred several years previously (Leitner et al, 1996). Moreover, the concept 
that HIV sequences from infections known to be epidemiologically related are more 
similar, applies irrespective of transmission mode.

As the use of phylogenetic analysis for inferences on HIV-1 transmission has already 
been accepted as evidence in several court cases, it seems hkely that this method will 
increasingly be applied in this manner in the future. However some caution should be 
taken as many factors already mentioned here can influence the results and 
interpretation of the data, hence the use of phylogenetic analysis should not be 
considered on a par with DNA fingerprinting. Furthermore, it is not possible to 
determine for certain in which direction a transmission event takes place. Phylogenetic 
studies are therefore a useful tool for investigating the links between infections, but 
should not be used alone in court cases, without other evidence (Vogel, 1997).
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Phylogenetic analysis has also been applied for determining transmission events 
involving other viruses, including HBV transmission between healthcare workers and 
their patients (Sugauchi et a l, 2000; Zuckerman et a l, 1995) and HCV transmission in 
women infected through contaminated anti-D immunoglobulin (Power et al, 1995) to 
name a few cases. Indeed an investigation into a nocosomial outbreak of all three viruses 
in the same hospital, was recently described (Yerly et al, 2001).

Considerations in HIV-1 transmission studies
The first report of this kind, presented concerning the transmission of HIV between the 
Florida dentist and his patients, caused considerable controversy. It was claimed the 
region chosen, C2V3, was too short for the analysis, and additionally under selective 
pressures potentially distorting the phylogeny (DeBry et a l, 1993; Holmes et al, 1992; 
Holmes et a l, 1993; Smith and Waterman, 1992). Another study though, including 
extensive analysis on the V3 loop region, supported the conclusions drawn from the 
original report (Crandall, 1995).

Different regions of the HIV-1 genome have been used in the past for these studies, in 
particular subfragments of po l gag and env. The V3 loop of env has been used most 
extensively. However this variable region is under specific selection and is likely to be 
less suitable for phylogenetic analysis (Albert et a l, 1994). Pol and gag on the other 
hand may not contain a sufficient degree of diversity when compared to a set of 
background sequences. Previous studies by Arnold and colleagues and others (Arnold, 
1995; Arnold et al, 1995; Leitner et a l, 1996) further suggested that a minimum 
sequence length is required to give a reliable idea of the relationships between the 
sequences. For gpl20 this has been estimated to >750 bp. Notably, an increase in 
sequence length may also aid in the identification of possible recombinants.

In addition to the phylogenetic analysis, the identification of shared specific motifs, 
‘signature patterns’, can also enable determination of linkage, as demonstrated in the 
rape case described by Albert and colleagues (Albert et a l, 1994), and the transmission 
study presented in this thesis. This demonstrates the importance of including and 
examining all the information in the dataset. For large sets, the search for signature 
patterns can be performed with the aid of computer programs, like ‘VESPA’ (Korber 
and Myers, 1992).

The actual source of viral sequence may also influence the results, as studies have 
illustrated that evolution may occur independently within particular body compartments. 
Furthermore, within the blood, viral sequences can be obtained from either plasma RNA
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or proviral DNA in the PBMCs. The choice of viral RNA or proviral DNA may depend 
on the time period between the transmission event and the actual date of sampling, and it 
has been suggested that plasma RNA is more representative for recent events, as it 
contains the actively replicating viral population (Song et al., 1999). PBMCs have a 
more varied life span, and as mentioned previously have been criticised as being a 
‘dumping’ ground for defective virus (Sanchez et al., 1997), in contrast they can be 
regarded as an archive of virus during the period of infection (Wei et al., 1995).

Another consideration is that the strain transmitted sexually and consequently persistent 
in the recipient at the site of infection, may represent a different variant to that which 
circulates and persists in the blood compartment. Furthermore variants in the blood of 
recipients have been shown to represent minor variants in the transmitters (Delwart et 
al., 1998), as described in section 1.9.5. However recipient/transmitter sequences 
present in the blood are still likely to be more related in a phylogenetic tree, than to a set 
of unrelated control sequences, which is naturally the basis for the concept in the first 
place. Moreover, obtaining blood samples from patients is clearly much easier than from 
other body compartments, hence for practical purposes blood remains the preferred 
source of material.

Transmission studies further rely on comparisons to a set of background sequences. 
Typically searches of the sequence database are performed to find the nearest match 
with respect to sequence similarity based on BLAST algorithms, hence the ‘nearest 
match’ is biased towards the HIV sequences that have been deposited in the database. 
One of the reasons why Ou and colleagues specifically chose the C2V3 region for their 
study was because this was the best characterised region at that time. However, since the 
first studies were described in the early 1990s, there has been a significant increase in 
the number of sequences available. Despite this, where possible, it is advantageous to 
include a set of local control sequences, as sequences from the database are randomly 
deposited from all over the world, and consequently quite probably are not 
representative of the variants prevalent in the geographic area in which the study is 
performed. Furthermore, the control sequences should also be derived from a similiar 
time period, to reflect the circulating stains present in the population at the time of 
sampling.

A final consideration is whether to sequence individual molecules (diluted single 
molecules by limit dilution PCR, or individual clones) or directly ‘bulk’ sequence PCR 
products. The advantage of sequencing individual molecules is that intra sample 
variation can be measured. This also enables analysis in samples with a high degree of
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variation, especially when length polymorphism exists in the samples as this causes 
scrambling of the chromatograms, which become impossible to interpret. More 
conserved regions such as pol may be easier to interpret, hence bulk sequencing is 
usually adequate for genotypic resistance testing in pol. The advantage of bulk 
sequencing PCR products is that it is relatively quick to perform. However, minor 
variants involved in transmission may not be identified in the consensus population, as 
demonstrated by Jaffe and colleagues (Jaffe et al., 1994) and indeed the consensus 
sequence may not even exist as a specific variant in the population (Arnold, 1995). 
Hence direct sequencing has been criticised. Sequencing of single molecules obtained 
by limit dilution PCR is thought to avoid this sampling error, being more representative 
of the population (Simmonds et al, 1990) (as discussed in more detail in section 
2 .6 .1 .1).

Consequently, a further choice has to be made, with respect to the number of single 
molecules to sequence. Assuming the overall number of nucleotides to be sequenced is 
constant, there are two choices: to sequence a longer region including fewer molecules 
or conversely to sequence a shorter region including a larger number of molecules. 
Phylogenetic studies are often criticised due to a restricted number of taxa included in 
the data set. However interestingly a recent report by Rosenburg and Kumar showed the 
opposite, that longer sequences rather than extensive sampling, improves the accuracy of 
phylogenetic inference by all the methods they tested (including neighbor joining, 
minimum evolution, maximum likelihood, and maximum parsimony methods) 
(Rosenberg and Kumar, 2001). Advances are continuously being made in DNA 
sequencing technologies, meaning it is becoming easier to increase the numbers of 
nucleotides in a dataset.

The choice of method of phylogenetic inference is also important. Fortunately the 
advance in computer technology has helped reduce some of the complications 
associated with the computationally demanding methods of analysis, making the most 
thorough method, maximum likelihood, more feasible to perform on larger datasets. 
Maximum likelihood is considered the most extensive and statistically robust method 
for phylogenetic inference. However it is usually advisable to test several models on the 
same dataset to check for discrepancies in topology. As mentioned previously, for 
HIV-1 the K2P models have been found appropriate for this type of study. However 
this method has recently been re-evaluated by Posada and Crandall, demonstrating that 
the outcome can vary depending on the length and region included (Posada and 
Crandall, 2001).
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1.11 Scope of this thesis

In this thesis two different aspects of the sequence diversity of env gpl20 have been 
addressed. The first objective was to determine the molecular links within a group of 
HIV-1 infected individuals in the north of England, to study the patterns of transmission 
and to identify the genetic subtypes prevalent in this community (chapter 3). As the 
study progressed, more cases were included and the findings led to further studies on 
the co-receptor tropism of the strains the patients harboured, to explore a possible link 
between co-receptor tropism and disease progression (chapter 4).

The second objective was to explore sequence diversity of the viral populations in 
plasma and the PBMCs during seroconversion (chapter 6). The events during this phase 
of infection determine the establishment of the chronic state and may influence disease 
progression, hence it is important to understand the initial interplay between the virus 
and the host immune system. Unlike the majority of previous studies, the objective was 
to examine full length gpl20s, to identify changes through out the whole region and any 
characteristic features. Samples from two time points within 10-14 days of each other 
were selected, in order to study the dynamics during a very limited period of time at 
peak viraemia and subsequent viral suppression. Viral diversity was assessed by two 
methods: a) DNA sequence analysis of full length gpl20s to investigate the relationship 
between viral quasispecies, and b) fragment length analysis of the V1/V2 region to 
compare variation within and between time points, in plasma and PBMCs, as this is 
probably a highly immunogenic region. The sequence based findings described here 
will further be related to phenotypic properties of the virus and immunological 
parameters by another member of the research group.
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CHAPTER 2

Materials and Methods

This chapter describes methods which were used in this project. For clarity, some 
further details on specific techniques are covered in more detail in the results chapters. 
The solutions and reagents not included here are outlined in Appendix 1.

2.1 Summary of patient samples studied

2.1.1 Doncaster heterosexual cohort
This cohort consists of 15 patients from Doncaster, a town in the north of England 
(population -250 000). Initially three cases were detected in 1996. By the beginning of 
1999, a further 11 cases were detected and an additional two cases in 2000, resulting in a 
total of 15 patients. The patients from this cohort were given the prefix “Don” and a 
number.

2.1.1.1 Clinical and epidemiological information obtained

The data presented in this section was kindly provided by Dr. Tim Moss and Lee 
Naylor Adamson, at the Directorate of GU medicine, Doncaster Royal Infirmary. Note 
that a publication describing the epidemiology in more detail and the actions that took 
place in association with the outbreak from a public health perspective, is being written 
at the time of submission of this thesis, the contents of which remain confidential until 
published (personal communications, Philip Mortimer, CPHL, Colindale). In this 
section the information currently available is summarised.

In 1996, a female patient, termed Don2, attending the GU medicine clinic at the 
Doncaster Royal Infirmary was found to be seropositive for HlV-1. Prior to this date no 
female cases of HIV infection had been seen at this clinic outside recognised risk 
groups. An epidemiological follow up of this case and a local health campaign revealed 
a number of further previously undiagnosed cases. By 2000, 15 patients were diagnosed 
in total in association with the outbreak, with no risk factor other than heterosexual 
contact. It was established that some of these cases could be directly linked to the same 
male contact, termed ‘Donl’ who worked in local nightclubs, though there were several
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further cases where no link was found, including heterosexual males whose only 
(apparent) exposure was via contact with the infected females. All the identified cases 
were Caucasian and from the Doncaster area.

On further investigation the putative index case was found to be highly sexually active, 
claiming to have had ‘several hundred’ casual sexual encounters, including several with 
members of the infected group. Patients Don2, Don3, Don 19 and Don22 confirmed a 
relationship with him. Additional cases were diagnosed on presentation with AIDS 
defining illnesses. Donl refused initially to be tested, and it is believed he was infected 
for a long period of time before he consented to an HIV test. He died of AIDS in June
1999.

Like the putative index case, many members of this group have active sexual histories, 
often involving many (>20) casual partners per year, making conventional 
epidemiological contact tracing difficult. With the exception of Don3, all of the patients 
had a history of repeated STDs and other GU infections, including Herpes simplex II, 
gonorrhea. Chlamydia, genital warts and non-specific urethritis, which may have 
increased their susceptibility to HIV infection. In addition Donl was infected with HCV, 
which he probably gained shortly before he died through intravenous use of heroin. The 
other patients in the cohort who were tested for HCV were negative.

Don 25 and Don26 were detected later then the other patients, during the first half of
2000. Don25, was first diagnosed of the two, her main risk factors being young, female 
and from Doncaster. A‘ look back’ test revealed she was positive for the virus in 1997, 
at only 17 years of age. Her ex-partner, Don26, was subsequently tested and confirmed 
positive. Table 2.1 shows the clinical details of the individuals sampled. Note that ‘look 
back’ tests revealed that several of the patients had been HIV positive 2-3 years before 
they became aware of their infections, including Don 17, Donl9, Don23 and Don25, all 
of whom remain asymptomatic at the time of writing.

The known epidemiological links between these individuals are summarised in Figure 
2.1. The social contacts shown indicate the individuals who were all involved in the 
‘nightclub scene’ in Doncaster. One of the known links between Donl and female 
Don22 was believed to have taken place in 1992-93, hence it is possible these infections 
date to up to 6-7 years prior to sampling. Table 2.2 summarises the length of time that 
patients had been on therapy before sampling.
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Figure 2.1. N etw ork  illu stra ting  the known in ter-relationships betw een the individuals studied. M ale cases in the fig u re  are  

in d ica ted  by The p ro b a b le  ind irec t ID U  con tact betw een D o n l l  and D o n l in vo lved  a m ale drug u ser w ith  whom  D o n l l  h ad  

a rela tion sh ip  (1984-9), an d  w ho m ay have sh ared  needles w ith D o n l. D o n l l  had  a confirm ed so c ia l re la tion sh ip  w ith  D on 1. 

'Confirm ed sexual con tacts' w ere  those confirm ed by both partners, the unconfirm ed con tact w as confirm ed by only one partner. 

D on 25  an d  D on 26  h ad  a sexual relationship, but any epidem iologica l links w ith  D o n l an d /or the o th er m em bers o f  the coh ort 

are curren tly unknown.



Table 2.1. C lin ical de ta ils  o f  D on caster pa tien ts. * R etrospective  testing o f  s to red  sera, § - A sy=  A sym ptom atic  a t tim e o f  

testing, f  sam ple va lues rounded to help p reserve  p a tien t anonym ity, f  reason f o r  detection- Sym = P resen ted  w ith  sym ptom s, 

C.T. =  con tact tracing, f  clade defined by ph ylogen etic  analysis, see section  3.2.2.

“Don” 
number 
assigned 
to sample

Gender Year first 
known to be 
seropositive

Year
sample
taken

Antiviral
Therapy

Clade ♦ 
designated 
in section 
3.4.1

CD4 
count at 
time of 

sampling^

Viral
load"*

Disease
stage®

Reason
for

detection^

1 M 1996 1998 V I 10 500 000 AIDS Sym

2 F 1996 1998 V I 150 <400 AIDS Sym

3 F 1996 1998 X n 600 5 000 Asy C.T.-Donl

11 F 1996 1999 V I 200 <400 AIDS Sym

12 F 1996 1999 V m 300 <400 AIDS Sym

14 M 1997 1999 V I 150 <400 AIDS Sym

17 F 1996* 1999 X n 500 55 000 Asy C.T.-Don23

18 F 1997 1999 V I 250 <400 AIDS Sym

19 F 1996* 1999 X n 200 10 000 Asy C.T.-Donl

20 M 1999 1999 V IV 100 175 000 AIDS Sym

21 F 1998 1999 V I 50 90 000 AIDS Sym

22 F 1998 1999 X n 250 15 000 Asy C.T.-Donl

23 M 1996* 1999 X n 350 20 000 Asy C.T.-Donl7

25 F 1997* 2000 X n 100 160 000 Asy ‘risk group’

26 M 2000 2000 X n 400 35 000 Asy C.T.- Don25

00
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Table 2.2. Sum m ary o f  D on caster pa tien ts on therapy. Included is a lso  the p e r io d  o f  time 

that each p a tien t had been on HAART before the date o f  sam pling.

Patients on HAART at 
time of sampling

Approximate period of time on 
HAART prior to sampling

Donl 2 years and 1 month
Don2 ~ 2 years
Donl 1 2 years and 10 months
Donl4 2 years and 3 months
DonlS 1 years and 3 months
Don21 1 years and 1 months

2.1.1.2 Blood samples collected

The samples obtained from this cohort were labelled with the patient codes described 
above ( i.e. they were given the prefix “Don” and a number). This was done firstly for 
three samples received in 1998 (Donl -  Don3) and then again for 13 further samples 
received in April/May 1999 (Donll - Don23). In addition a plasma sample was obtained 
from a female in a neighbouring town, termed Don24. The cases detected in 2000 were 
subsequently termed Don 25 and Don26.

Frozen whole EDTA blood was used as a DNA source in these assays, so that the 
material could more easily be transported from Doncaster to the laboratory in London.
In addition, fresh blood from patients D onll, DonlT, Don 18 and Don22 was obtained 
and transported directly to London for PBMC preparation.
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2.1.2 Seroconverter cohort

Seroconverters are being recruited at an HIV clinic, the Mortimer Market Centre in 
London, based on clinical diagnosis of infection combined with discordant diagnostic 
assay results, i.e. HIV PCR positive, ELA. negative. To date eighteen patients have been 
recruited, of which eight are included in this study. Each patient is given a code name 
and a number with the prefix MM. In addition samples have been obtained from the 
index cases of one of the patients, MM5, termed ICI (IC refers to Index Case).
Fresh blood samples are being obtained from the patients approx. 1, 2, 3 and 4 weeks 
after first presentation and then 2, 3,6, 9 and 12 month later. Each sample is numbered. 
For example MM7.5, would refer to a sample from patient MM7, from timepoint 5.

2.2 Separation of whole blood components from HIV positive samples

Fresh blood samples from HIV positive patients were separated into aliquots for 
separation and storage. Typically between 4-1 Omis of fresh EDTA blood were received. 
The following aliquots were made:

1) 2-3x 200/xl aliquots of whole blood, for DNA preparation
2) 2-3x 150jLtl aliquots of plasma, for cell free RNA preparation
3) 4-8mls whole fresh blood, for PBMC preparation

2.3 DNA preparation from patient whole blood

The QIAamp DNA Blood Mini kit (Qiagen) was used to isolate genomic DNA from 
PBMCs/whole blood, by the manufacturers instructions. EDTA blood was stored at 
-70°C and thawed at room temperature. Briefly 200/xl blood was mixed with a lysis 
buffer containing Proteinase K, followed by a heat inactivation step (70°C). DNA was 
subsequently adsorbed on a silica gel membrane during brief centrifugation, washed 
with EtOH and DNA eluted into 200/tl elution buffer (lOmM TrisCl, 0.5 mM EDTA, 
pH 9.0) to prevent acid hydrolysis during storage. The DNA was stored at -20 °C. For 
higher yields, 4mls whole blood was prepared using the QIAamp DNA Blood Maxi kit 
and DNA eluted in 500^1 buffer.



2.4 RNA extraction from plasma and cell culture supernatents

Viral RNA was prepared from 140/rl of patient plasma or cell culture supernatant using 
the QIAamp viral RNA mini kit (Qiagen). The procedure is based on the same 
technology as the QIAamp DNA Blood kits. To prevent contamination by RNases, care 
was taken by frequently changing gloves and avoiding contact with the inside of the tube 
lids. RNA was eluted in 2 x40/xl RNase free elution buffer provided with the kit (AYE 
buffer).

2.4.1 DNA removal and cleanup of RNA

To ensure RNA was not contaminated with DNA (causing false positives in further 
experiments), DNA was removed with a DNase. RNA was incubated at 37 °C for Ihour 
in 30u DNAase (Roche), 30u RNase inhibitor (RNAasin, Promega) 0.5x universal 
buffer (Stratagene) and 2mM DTT (Roche), in a final reaction volume of 30[iL The 
DNAase and other residual components were subsequently removed using the 
QIAquick PCR Purification kit (Qiagen), following the manufacturers instructions. 
Briefly the RNA is bound to a silica membrane, washed and eluted in RNase/DNase 
free buffer (AYE) or dE^O (Promega) at pH >7. The treated RNA was then directly 
added to a PCR mix or stored in aliquots in the freezer to avoid freeze thawing.

2.5 DNA quantification

For accurate DNA quantifications the fluorescent dye binding assay with the 
Labsystems Fluoscan Ascent was used. Briefly 3/d of DNA was diluted in 150/xl assay 
diluent (lOOmM NaCl, ImM EDTA, lOmMTris-HCL pH 7.5). A 6 fold dilution series 
of standard was made ranging from 32 (X)Ong/ml to 32ng/ml. 150/xl of standard/sample 
were added to duplicate wells in a black nunc 96 well plate. Hoechst dye was diluted 
1:200 and 50/xl added to each well. The plate was then placed on a plateshaker for 10s 
and left in the dark for 5 min. The DNA was then measured, a standard curve 
automatically drawn and the DNA concentration estimated in each original sample in 
ng//xl.
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2.6 PCR amplification and cloning procedures

2.6.1 Considerations regarding PCR ampliHcation

2.6.1.1 PCR artefacts

Types o f PCR artefacts
Events may take place in vitro during PCR amplification, which may cause interpretation 
problems. The following points summarise such events:

1) Errors o f fidelity
The error rate of Taq has been estimated to be 1 in 9000 nucleotides. In a typical PCR 
reaction of 25 cycles, the frequency of errors is therefore expected to be -0.0025 
(Tindall and Kunkel, 1988). This error rate will be noticed if the PCR products are 
cloned and the individual clones sequenced, whereas if direct sequencing is employed, 
such random misincorporations will be averaged out. Only if the amplification is 
initiated from a very low copy number (<10) is it likely that a particular error will be 
identified in direct sequencing, as it would be amplified throughout subsequent cycles. 
The likelihood that a first cycle error will be observed, is influenced by the length of the 
fragment being amplified. Assuming an error rate of 1 in 9000 nucleotides, than a first 
cycle error will occur ini in 45 amplifications of a 200bp fragment, 1 in 18 
amplifications of a 500bp fragment and 1 in 6 amplifications of a 1.5kb fragment.

However, when the initial template is double stranded DNA, then an error in the 
first round will only affect one in four of the DNA strands taken through to the second 
round, hence it is less likely that a sequencing error will be detected in the final product.

2) In vitro recombination
Recombination has been shown to take place during PCR. During primer extension, a 
‘premature’ product may jump to another template, which may act as a template during 
subsequent rounds of amplification, resulting in a recombinant product. It is thought 
that breaks, apurinic sites and UV (DNA damage) can promote such events (Paabo et 
al., 1990). It has further been demonstrated that this process can occur during a single 
round of amplification, indicating that Taq polymerase can switch templates (Odelberg 
et aL, 1995). Recombination events may go unnoticed if there is a low degree of 
diversity within the DNA sample. Furthermore, if a recombinant is identified, it can be 
difficult to distinguish whether the event has occurred in vivo or in vitro. However, if the
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product is an exact recombinant of two other molecules in the same tube, it is probable 
the recombination event occurred in vitro. If the number of polymorphic positions (in 
comparison to the sequences from which it was derived) is higher than the maximum 
expected Taq error and is randomly distributed, the recombinantion event is more likely 
to have occured in vivo. However, in practice this is difficult to determine, as the 
recombinant may have been derived from other undetected molecules in the PCR.

3) Template resampling
Template re-sampling can also take place in a PCR. This may cause interpretation 
problems when there are polymorphisms in the DNA sample (i.e. the sample contains a 
mixture of templates, such as quasispecies). Hence a particular molecule, not necessarily 
representative of the major population, may be preferentially amplified by chance. The 
number of template copies in the initial PCR is likely to influence the likelihood of this 
event happening.

Methods to avoid the affects o f PCR artefacts
The affects of PCR artefacts can be reduced in several ways, depending on the objective 
of the study. Recombination and template re-sampling can generally be avoided by 
amplification of single molecules and direct sequencing. Odelberg and colleagues 
suggested physically separating PCR products using streptavidin coated beads during 
PCR amplification (Odelberg et al., 1995). The inclusion of proof reading enzymes, 
which have 3’-5’ exonuclease activity, can reduce the error rate of Taq, although they 
will not eliminate errors completely. Furthermore, errors during DNA sequencing can 
be detected by sequencing the fragement in both directions. Therefore, for the studies 
performed here, templates were typically sequenced 2-4 times.

As mentioned previously, HIV-1 infected individuals harbour quasispecies of the virus. 
This can cause interpretation problems for in vitro studies, as it is less clear whether the 
observed genetic diversity is tmly representative or/and the result of PCR artefacts. For 
the studies described in this thesis, several steps were taken to prevent such 
interpretation problems. Firstly, the proof reading enzyme Pwo was used together with 
Taq, as this has been shown to reduce the error rate of Taq by a factor of 10 (Roche). 
Secondly, PCR amplifications were repeated at least twice, to reduce the likelihood of 
template/amplification bias distorting the observations. Finally, more than 100 copies of 
DNA were included in each PCR to reduce the possibility of template re-sampling. As 
the regions amplified during the and 2"*̂ round gpl20 PCRs were at least 1.5 kb in 
size, the probability of a first round error taking place was high, in comparison to many 
other sequencing studies on HIV where much shorter regions have been investigated.
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Due to the length polymorphism in the variable loops of this gene, the PCR products 
had to be cloned and individually sequenced, as direct sequencing would have resulted 
in scrambled and unreadable chromatograms. Including the relatively high number of 
template copies (typically >100) in each reaction, reduced the likelihood of such a first 
cycle error having an affect on the overall observation. Furthermore, amplification of 
single molecules of this length can be difficult. However, the disadvantage with this 
method in comparison to PCRs of single molecules, is that in vitro recombination may 
occur, causing interpretation problems (as discussed in chapter 6).

2.6.1.2 PCR set up and prevention

Precautions were taken to prevent contamination by other templates during PCR set up. 
PCR mix was made up in a separate room (clean area), and carried through to the PCR 
room, where template was added, and then carried to a third room where the tubes were 
placed in a PCR machine. Genomic DNA/RNA was stored in a separate room from the 
plasmid DNA to prevent cross contamination. Lab-specific gloves and lab coats were 
worn at all times, including overshoes in the PCR lab. Items brought into the PCR lab 
were either transported out of the PCR lab in a plastic bag or decontaminated with dilute 
HCl (O.IM).

2.6.2 PCR amplification of full length HIV env gpl20 from proviral DNA

PCR was performed using the Expand Long Template PCR system (Roche) which 
contains a mixture of the DNA polymerases Taq and Pwo. This system was chosen for 
several reasons; a) Pwo has proofreading activity minimising PCR errors, b) Taq puts A 
overhangs on the PCR product allowing TA cloning, and c) the system is effective for 
amplification of large fragments i.e. at least >1.5 kb.

Two rounds of PCR were performed. The reaction mix for the first round contained 
500/xM dNTPs (Promega), Ix Expand buffer 3 (2.25mM MgCl2 final) (Roche), 0.75/d 
enzyme (3.5u/jLil) (Roche) and lOpmol of each primer. Multiple primers were often used 
to allow amplification of sequences in the event that only one of the primers failed to 
anneal to the template. Table 2.3 and Figure 2.2 describe the primers used for full length 
gpI20 amplification. Typically sense primers 988L and 943S and antisense primers 
609RE or 628L were used for first round amplification. DNA was added, the reaction 
volume made up to 50jul and mineral oil overlayered to prevent evaporation.
Occasionally the PCR mix volume was increased to lOO/rl for amplification of difficult
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samples. A second round PCR mix was made by adding 2/xl of the primary PCR 
product to a total secondary reaction volume of 20fi\. Primer sets 944S-P/E400010 or 
626L/125Y were generally used in the second round amplification.

The first and second round PCR conditions were typically as follows: 92®C for 45s, 
44°C for 45s, 68°C for 3min 30s, for 30 cycles, with a final extension at 68°C for 7 min. 
However extension times and the numbers of cycles were increased or decreased 
according to the length of the region being amplified. All routine reactions were carried 
out in a Perkin Elmer TC-1 thermal cycler. 10/xl of the secondary PCR product was 
visualized on a 1% agarose gel and 1- 2/tl used for cloning.
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Table 2.3. Prim ers used f o r  fu ll  length g p l2 0  am plification. + a n d - s ig n s  refer to  sense an d  

antisense prim ers respectively.

a - position  num bered according to  HXB2 (accession num ber K 03455), 

b - 944S has a natural K ozak sequence and A TG in corporated  which is requ ired f o r  p ro te in  

expression. This prim er w as a lso  syn th esised  with a phosphate a t the 5 ’ end, term ed 944S-P, 

fo r  cloning into a unidirectional vector.

c - E 400010 contains a stop  codon, f o r  term ination o f  pro tein  expression, 

d  - 626L an d  125 Y contain BstEII an d  M lu l RE sites respective ly

Primer Position" Sequence, 5’-3’

988L + 6089-6122 GTA GCA TTA GCG GCC GCA ATA ATA ATA GCA ATA G
943S + 6084-6104 CAA TAG (CT) AG CAT TAG TAG TAG

9448”+ 6202-6227 AGA AAG AGC GGC CGC CAG TGG CAA TG
989L + 6022-6044 TCA TCA AGT TTC TCT AYC AAA GC
626L*̂  + 6326-6347 GTG GGT CAC CGT CTA TTA TGG G
IISY**- 7716-7742 CAC CAC GCG TCT CTT TGC CTT GGT GGG
E400010' - 7736-7781 GGA GAA TTC TTA CCA CTG CTC TTT TTT CTC TCT GCA 

CCA CT
632L- 7797-7819 GCG CCC ATA GTG CTT CCT GCT GC
609RE - 7790-7816 CCC ATA GTG CTT CCG GCC GCT CCC AAG
631L- 7912-7937 CCA GAC TGT GAG TTG CAA CAG ATG C
628L- 8065-8086 TCA TCT AGA GAT TTA TTA CTC C

env gpl20 gp41

989L-^ ^  E400010
943S ^125Y

988L“ *‘ 626L~^ 631L
^  609RE 

— 632L 
^  628L

Figure 2.2. D iagram  show ing position s o f  the prim ers fo r  am plification  o ffu ll length env  

g p l2 0  (described  in Table 2.3).
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2.6.3 RT-PCR of HIV env gpl20

cDNA synthesis and the first round PCR were performed in the same step using the 
Titan kit procedure (Roche). The reaction mix contains a mix of a reverse transcriptase 
AMV and proofreading DNA polymerase Pwo. A 50/xl reaction mix was made 
containing lOu of the enzyme mix, Ix buffer, 500uM dNTPs (Promega), 25pmol of 
each primer, lOu RNasel (Promega), 3mM MgCl^ (Roche) and 5-15/xl RNA. cDNA 
synthesis was performed at 50°C for 30min and 60°C for 30 min. The same conditions 
were then used for first and second round amplification of full length gpl20s from 
proviral DNA as described previously, with the exception of one (instead of two) 
antisense primer being used in the RT/first round PCR mix for cDNA synthesis. 2/xl of 
the first round reaction were transferred to 25/xl of a second round mix using the 
Expand Long Template PCR procedure as described previously.

2.6.4 Limiting dilution PCR

Limiting dilution PCR was used to estimate the number of template copies of proviral 
HIV-1 gpl20 in a DNA sample (i.e. DNA extracted from PBMCs). The estimates were 
subsequently used to calculate the input number of template copies of gpl20 in each 
PCR, to ensure a minimum number of gpl20 copies (typically >100) was included in 
each reaction (see section 2.6.1.1 on PCR artefacts).

Since the distribution of a very dilute DNA template is a random process in which either 
reactive (positive) and non-reactive (negative) replicates are observed, the first term of 
the Poisson distribution can be used to estimate the copy number. The Poisson 
distribution describes the sampling distribution of the number of occurrences, r, of an 
event during a period of time (or in a unit of measurement). It is described by one 
parameter, p, which is the mean number of occurrences. The observed frequency {fa) of 

occurrences, i.e. in this case the copy number, can be calculated by the following 
equation:

p = -ln(Fo)

PCR amplification of gpl20 was performed from 1-lOpl of proviral DNA using the 
conditions and reaction mix described previously. A set of dilutions were made 1/5, 1/25, 
1/125 and 1/500, as shown in Figure 2.3. Each dilution was split into five, and four 
replicates of each dilution PCR amplified. lOpl of the PCR product were then visualised
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on a 1% agarose gel, and the number of negatives counted at the end point dilution. The 
number of copies of proviral gpl20 in the original sample was then calculated. For 
example, if 2iil were added to 100/d of reaction mix and diluted (as shown in Figure 
2.3), and the resulting end point dilution was 1/25 with a frequency of negatives 0.5, 
then the number of copies of gpl20 in 1/d of DNA would be calculated as follows:

No. of gpl20 proviral copies in 1/d DNA = -Ln(0.5) x 1/125 x 2ul = 43.75 copies

Hence if 10 ul of this stock DNA was subsequently used in the PCR for sequencing, 
then a total of 438 copies would be added.

2 /il DNA

2 0 f i \ 20/il

>► lOO/ilPCR
Mix

20/il ^  20^1 ^  20/il ^  20/il

BO/xl

20/d

50/il

1/5

1/25

1/125

1/500

Figure 2.3. Lim iting dilu tion  PCR. M ethod fo r  making a serie s  o f  5 fo ld  

dilu tions 1/5, 1/25, 1 /125  an d  1/500 in se ts  o f  4 replicates.
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2.7 Procedures for cloning gpl20 into TA vectors

Initially the PCR products from patient 3 and Donl, Don2 and DonS were cloned into 
pGEM®-T Easy vector (Promega) (shown in Figure 2.4), a bacterial transcription vector, 

as the objective was simply to sequence the clones and not to perform protein 
expression. However all subsequent PCR products were cloned into an expression 
vector pCR®3.1 bidirectional or unidirectional (Invitrogen) (shown in Figure 2.5) to 

enable subsequent expression in human cell lines. The latter vector ensures insertion of 
the PCR product in the correct orientation for expression (as illustrated in Figure 2.6).

Both pCR®3.1 and pGEM®-T Easy vector have T overhangs engineered into their 3’ 

ends to enable TA cloning. It is therefore not necessary to perform restriction digests on 
the insert or the vector prior to ligation. The ligation mix was made up according to the 
manufacturers instructions, as follows: 30ng pCR®3.1 vector (or 50ng pGEM®-T Easy 

vector), 4u T4 DNA ligase (Invitrogen/Promega), Ix ligation buffer 
(Invitrogen/Promega) and -0.5/d of PCR product in a total reaction volume of lO/d. 
Typically PCR product was first diluted 1:2-1:4. Ligation mixes were incubated 
overnight at I4°C. Fresh (same day) PCR product was cloned into the vector as 
recommended by the manufacturers protocol, to prevent loss of the A overhangs from 
freeze-thawing. Both pCR®3.I bidirectional and unidirectional were used depending on 

whether a phosphorylated primer was used in the PCR reaction.
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Xmn I 2009 

Seal 1890

-T 
Vector 

(3015bp)

Apa\ 
âMI 

Sph\ 
B s tl\  
Nco I 
B s tl\  
Not I 
Sac II 
EcoR

BstZ\

BstX\

1 start

pGEM®*T Easy Vector Sequence reference points:
T7 RNA Polymerase transcription initiation site 
SP6 RNA Polymerase transcription initiation site 
T7 RNA Polymerase promoter (-17 to +3)
SP6 RNA Polymerase promoter (-17 to +3)
multiple cloning region
lacZ start codon
/ac operon sequences
lac operator
p-lactamase coding region 
phage f1 region
binding site of pUC/M13 Forward Sequencing Primer 
binding site of pUC/M13 Reverse Sequencing Primer

1
141

2999-3
139-158

10-128
180

2836-2996, 166-395 
200-216 

1337-2197 
2380-2835 
2956-2972 

176-192

F igure 2.4. pGEM ®-T Easy vector circle  m ap an d  sequencing reference po in ts  

(P rom ega).
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T7 ptOTTCtertxtTwig site
638

708

i Nhe\
I

P/nel H/hdlll 
I

Kpn\ BarrHl 
I

TAATACGACT CACTATAGGG AGACCCAAGC TGGCTAGCGT TTAAACTTAA GCTTGGTACC GAGCTCGGAT 
ATTATGCTGA GTGATATCCQ TCTGGGTTCG ACCGATCGCA AATTTGAATT CGAACCATGG CTCGAGCCTA

Bsû(l EooAl 
I I

CCACTAGTCC AGTGTGGTGG AATTCGGCTOj 
GGTGATCAGG TCACACCACC TTAAGCCGaQ

BsO(l

PCR Product

Pme\

EcdR\ Pst\ BmRV
_  I I I
E agccg aattctgcag atatccagca

Ittcggc ttaagacgtc tataggtcgt

Not I Xho I Xba I ^pa I
I I  I I  1

cagtggcggc cgctcgagtc tagagggccc gtttaaaccc gctgatcag

GTCACCGCCG GCGAGCTCAG ATCTCCCGGG CAAATTTGGG CGACTAGTC

BGH reverse priming
: CTCGACTGTG CCTTCTA 
G GAGCTGACAC GGAAGAT

pCR

Comments for pCR*3.1
5060 nucleotides

CMV promoter: bases 1 -596
Putative transcriptional start: bases 620-625
T7 promoter/priming site: bases 638-657
Multiple cloning site: bases 670-801
TA Cloning* site: 737-738
BGH reverse priming site: bases 813-831
BGH polyadenylation site: bases 812-1026
pUC origin: bases 1116-1789
SV40 promoter and origin: bases 3194-3532 (complement) 
Neomycin/kanamycin resistance gene (ORF): bases 2371-3159 (complement) 
Thymidine kinase polyadenylation site: bases 1926-2196 (complement) 
Ampicillin resistance gene (ORF): bases 3611-4471 (complement) 
f1 origin: bases 4602-5058

F igure 2.5. Vector circle m ap ofpCR® 3.1 (b id irectional) show ing cloning and restriction  

sites, in addition  to sequencing reference po in ts (Invitrogen).

99



PCR Reaction

C h em ica lly  o r  E nzym atica lly  A d d ed

F o rw a rd  P r im e ra i-  o h

S'

OH—j R e v e rs e  P r im e r

Ligation Reaction

D irec tio n  o f  ^  C h em ica lly  o r  E n z y m a tica lly  A d d e d
T ra n sc rip tio n ^

.PCR^ A 
Product

OH

Figure 2.6. P rin cip le  o f  d irec tion a l cloning into pCR®3.1 u n id irec tion a l vec to r  

(Invitrogen). The P C R  reaction  involves am plifica tion  w ith  a 5 'p h o sp h o ry la ted  prim er, so  

tha t the resu ltan t P C R  p ro d u c t contains a 5 ’phosphate. The left arm  o f  the vec to r  d o es  

n ot have a 5 ’ph o p h a te  and w ill only liga te  to PC R  p ro d u c ts  w ith  a  5 ’ phosphate. I f  the 

PC R  p ro d u c t inserts in the opposite  orientation , only the v e c to r ’s righ t arm  w ill liga te  to  

the PC R  produ ct. This p ro d u ct w ill be d eg ra d ed  by endonucleases. The T-T  m ism atch  

p reven ts  vec to r  self-liga tion .
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2.7.1 Calcium Competent cells

3jnl XL-1 blue (Stratagene) or TOPI OF' (Invitrogen) cells (genotypes described in 
appendix 1) were transferred from a stock solution and grown overnight at 37°C in a 
glass bijou containing 3mls LB broth. 500/xl of this overnight culture were transferred 
to 50mls of LB in an Ehrlenmayer flask and grown for 2-3 hours at 37®C in an orbital 
shaker (2-300 rpm). The culture was chilled on ice for 10 min, transferred to sterile 
universal tubes and spun at 4500rpm for 5 min. The cell pellet was resuspended in 
25mls cold l.OM CaClj and left on ice for 1 hour. The cells were spun again and the 
pellet resuspended in 2.5mls cold O.IM CaClj. The cells were then competent and ready 
for transformation.

2.7.2 Transformation

200/xl of competent cells were transferred to pre-chilled 14ml sterile round bottom tubes 
(Falcon 2050), 5/xl of the ligation mix pipetted into the cells and left on ice for 40 min. 
Cells were heat-shocked at 42°C for 90s to initiate DNA uptake and returned to ice. 
Cells were then spread onto agar plates containing ampicillin (lOOpg/ml) (BDH) and 
incubated at 37®C overnight.

Alternatively commercial TOPlOFs (Invitrogen) were used according to the 
manufacturers protocol. Briefly 2/rl ligation were added to 50/xl commercial cells, the 
cells incubated on ice for 30min before heat-shocking for 30s at 42°C. The vials were 
then placed on ice for 2 min, 250/xl of SOC media added and the vials shaken for 1 hour 
at 37°C in an orbital shaker before plating on agar.

2.7.3 Colony screening

Colonies were screened by directly “looping” single colonies firstly onto a prepared 
numbered grid on a second plate and then into a 20pl PCR mix containing gpl20 
specific primers. The PCR mix consisted of 0.5u Tag (Promega), 1.5mM MgCl2 

(Promega), Ix buffer B (Promega), 200uM dNTPs (Promega) and 5pmol of primers 
617L and 619L. The following PCR conditions were used: 94®C for 45s, 55°C for 45s 
and 72°C for 2min, for 25 cycles. When the initial 94°C is reached, the bacterial cells 
burst, allowing the primers to anneal to their targets if present.

10/xl of the PCR product was visualised on a 1% agarose gel, and positive clones 
identified by the presence of a ~400bp band. Complete grids of screened colonies were 
incubated overnight at 37°C.
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2.7.4 Plasmid isolation

PCR positive clones were grown overnight at 37°C in a 3ml LB culture (100/xg/ml 
ampicillin). The culture was transferred to a 1.5ml eppendorf and centrifuged to pellet 
the cells. Plasmid isolation was then performed using the QIAamp Miniprep kit 
(Qiagen) according to the manufacturers instructions. Briefly, the bacterial cells are 
lysed in an alkaline solution (NaOH /SDS) and then neutralised so that protein, 
chromosomal DNA and cellular debris is precipitated out. The supercoiled plasmid 
DNA is left in solution and binds to a silica gel column. After two washes with 60% 
EtOH, the bound plasmid DNA is eluted into dHjO or TE buffer.

5/d of the plasmid were “sized” on a 1% agarose gel to check they contained an insert 
and to make an approximate estimate of the DNA concentration in the sample. For more 
accurate quantifications the Labsystems Fluoroscan Ascent method described 
previously was used. Typically DNA yields of ~100ng//il were achieved.

2.7.5 Restriction digest of plasmids

Both pGEM®-T and pCR®3.1 vectors contain Eco RI sites flanking the insert. To check 

the size of the inserts, Eco RI (Promega) restriction digests were performed on the 
plasmids. Not I (Roche/Promega) digests were performed to confirm the orientation of 
the insert, as the 944S primer and the pCR3.1 vector contain this RE site. Correct 
orientation would thus result in a ~1.5kb product (gpl20). Typically 3/d plasmid was 
digested with 2.5-4u of enzyme in Ix supplied buffer (reaction volume 10/d) and 
incubated for 1 hour at 37®C.
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2.7.6 Cloning of Doncaster gpl20s into HXB2 backbone

Selected pCR3.1 constructs containing gpl20s from the Doncaster patients were 
chosen for the generation of Don gpl20 HXB2 chimeras using vector 
HXB2.MCS.Aenv provided by Dr. P.Balfe (UCL). See Figure 2.7. .

Initiation codon 
^ATG

299bp 

A ►

gpl20/gp41

V3 C4 Nhel
--------------- h

Muni
- 4-

HXB2.MCS.Aenv

BstElI

I
626L -

308D
632L

Mlul
I

-125Y

Figure 2.7. D iagram  illustrating restriction  an d  cloning s ites o f  H XB2.M CS backbone. 

There is a  299bp deletion  betw een  the N h el and M uni sites, resulting in the 

H XB2.M CS.Aenv construct. The deletion  site is useful when screening fo r  the presence o f  

the sam ple g p l2 0  insert. The prim ers used fo r  ligation  and colony screening are in bo ld  

(308D  and 632L). R estriction sites are in italic.

The Expand Long PCR System mix (Roche) reaction mix was made as described 
previously, containing 2p\ plasmid template and primers 626L and 125Y. These 
primers contain BstEII and Mlul restriction sites respectively enabling cloning into the 
HXB2.MCS.Aenv vector. See Figure 2.8 a) and b).

20/xl of the PCR product was run on a 1% agarose gel, the band excised and extracted 
using the Qiagen Gel Extraction kit (Qiagen) following the manufacturers instructions. 
Briefly the gel slice is heated (55°C, 5 mins) and dissolved in QG buffer, the DNA 
bound to a silica membrane, washed with EtOH and eluted in 50pi EB buffer (lOmM 
Tris-Cl, pH 8.5). This method does not involve Nal, as this can be inhibitory in 
subsequent enzymatic steps.
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a) PCR amplification of Don gpl20 with 626L and 125Y primers incorporating 

BstElI/Mlul restriction sites

626L— ► <—  125V

Don gp 120

b) BstEII/Mlul double digest of gpl20 and HXB2.MCS.Aenv backbone and 

ligation

lulDon gpl20

BstEII

c) Electroporation of construct into SupTl cell line 

d) generation of chimeric virus

Don gp 120
HXB2 
gp41 -

CA

Genomic
RNA

Figure 2.8. M eth od  fo r  cloning D oncaster g p l2 0  into HXB2 backbone.
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Clean PCR product and vector were then digested with BstEII (Roche) and Mini 
(Stratagene). Digestions were performed with I Ou of each enzyme, I.5x universal 
buffer (Stratagene), SO/rl PCR eluate or SO/tl vector, for I hour at 37°C. 3u SAP 
(Shrimp Alkaline Phosphatase, USB) were added directly to the vector and incubated 
for a further I5min. This enzyme dephosphorylates the ends of the DNA preventing 
self ligation. 40/il of the reaction mix were then added to 7/d Strataclean (Stratagene), 
containing a resin that binds to protein, thus removing residual enzymes. The mix was 
vortexed, spun and the supernatant containing the DNA extracted.

The clean digested gpI20s and vector were then ligated in a lO/tl ligation mix 
containing 6u ligase (Invitrogen), Ix ligation buffer (Invitrogen) and incubated 
overnight at I4°C. Typically ~2jLtl (~120ng) of vector was incubated with 2-6/d DNA 
with an expected vectoriinsert ratio of 1:3 to 1:6. 2/d of the ligation were then screened 
for the presence of insert by PCR using gpI20 specific primers 308D+/632L. The 
usual Taq (Promega) mix was used with the following PCR conditions: 94®C, Imin, 
50”C Imin, 72°C 1:30, for 15 cycles. Sense primer 308D lies within the deletion of env 
in the construct, and 632L is outside this site (see Figure 2.7), hence positive inserts 
would generate a 400bp product whereas negatives/uncut vector would not result in a 
product.

2-6/d ligation mix were transformed in conunercial TOP I OF’s (Invitrogen) following 
the manufacturers instructions. After heat-shock the transformed cells were shaken for 
I hour at 37°C in 250/rl SOC medium. The entire 300/rl culture was then plated on 
agar containing ampicillin. Since the construct was so large (lOkb) the number of 
transformed cells was relatively low. There were therefore only 5-30 colonies on each 
plate, although typically 80% of these were positive (the number of self ligated 
plasmids/uncut plasmids was low).

Colonies were screened by PCR using the primer pairs described above. Positive 
clones were picked, grown overnight in LB broth and the plasmids isolated using the 
QIAamp Miniprep kit (Qiagen) method as described previously. 30/tl plasmid was 
digested with BstFII and Mlul and visualised on a 1% agarose gel, to check the size of 
the inserts. A region spanning gpI20 C2V3 was then sequenced from each constmct to 
confirm the presence of the correct patient gpl20.
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2.7.7 Preparation of chimeric gpl20/HXB2 plasmid DNA for transfection

Positive colonies were grown in 3mls LB broth during the day at 37®C, 50/ri transferred 
into 25mls of LB broth in a Ehrlenmayer flask and grown overnight. Cells were pelleted 
at 3500rpm for 5 min in polycarbonate universal tubes (Sterilin) and plasmids prepared 
using the Qiagen Plasmid Midi Kit (Qiagen) according to the manufacturers 
instructions. Briefly DNA is bound to an anion-exchange column (by flow through as 
opposed to centrifugation) under high salt conditions, eluted under low salt conditions 
and pelleted in isopropanol. The pellet is then washed with EtOH and dissolved in EB 
buffer. In comparison to the silica gel spin column method, cleaner DNA is obtained by 
this method and hence is more suitable for transfections.

2.7.8 Bacterial glycerol stocks of plasmids

Positive colonies were picked and grown overnight in 3mis LB broth at 37°C. 500/d 
culture were then added to a sterile 1.5 tube containing 500/d glycerol, vortexed and 
stored at -20*̂ 0.

2.8 DNA sequencing of plasmids and PCR products

DNA sequencing was performed on three separate systems as follows: a) Vistra 725 
DNA semi-automated sequencer system (Amersham Pharmacia), b) ABI377 system 
and c) ABI 3100 system. Several systems were used due to changes in availability 
during the course of the project (in the described order). The main difference between 
the systems is their capacity, the dye labels used for detection and the method of 
electrophoresis. The systems have the following capacities a) 10 samples per run, b) 96 
samples per run and c) 192 samples per run respectively.

2.8.1 Method for DNA sequencing on the Vistra 725 DNA system

Sequencing reactions were carried out using a Vistra Thermo Sequenase pre-mixed 
cycle sequencing kit (RPN2444, Amersham Lifesciences) according to the 
manufacturers instructions. This method involves the incorporation of 5’ tagged primer 
with a fluorescent Texas Red marker which can be excited by a Helium-Argon laser 
beam and detected by a CCD camera device. Four separate reactions each containing 
2/tl enzyme/termination mix of either A,C,G or T reagents are carried out. All 
sequencing reactions were performed in a TCI (PE Biosystems). The entire completed 
sequencing reactions were mixed with gel load (Amersham Lifesciences) and denatured. 
The gel was made using 50% Long Ranger Polyacrylamide mix (EMC) and TBE buffer
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in accordance with the manufacturers instructions. Samples were loaded on the 
sequencer and the machine run for 6-9 hours.

2.8.2 ABI systems

The same sequencing kits, protocols and clean up methods were used for both the ABI 
377 and ABI 3100 systems. The ABI Prism BigDye Terminator Cycle Sequencing 
Ready Reaction kits were used (PE Biosystems). These kits contain Taq and 4 ‘big dye 
terminators’ which are labelled with dRhodamine acceptor dyes: dR6G, dROX, dRl 10 
and dTAMRA, one for each base. The dyes are detected by an argon ion laser in the 
ABI instrument. Typically 500ng plasmid DNA or 1.5-2.5jLtl PCR product (~200ng) 
were added to the reaction.‘Half reaction’ mixes were also frequently used by adding 
half the volume of ready mix (4ul) and an equivalent volume (4ul) of 2.5x buffer 
(200mM Tris-Cl, 5mM M gCy. Excess dye was removed by NaOAc (PE 
Biosystems)/EtOH (Fischer Chemicals ) precipitation either in microfuge tubes or in a 
96 well plate according to the manufacturers instructions.

Like the Vistra 725 Sequencer, the ABI 377 involves a gel. The 50cm gel format was 
used to ensure electrophoresis of longer products. The Long Ranger Single Gel for ABI 
377-48cm (EMC kit) was made and poured according to the manufacturers instructions. 
Clean PCR products were dissolved in 5/d loading dye/formamide (PE, Biosystems) in 
a ratio of 1:5 and denatured for 2min at 95°C. 0.7/d were then loaded on the gel and the 
machine run for 7-8 hours according to the manufacturers instructions.

The ABI 3100 system uses capillary electrophoresis in 16 capillaries, avoiding the use 
of gels. The capillaries were filled with “P0P6” polymer mix (PE Biosystems). For 
the 3100 system PCR sequencing reactions were frequently performed in a 9600 PCR 
machine (PE Biosystems) as all the reaction steps, including sample loading, could be 
performed in the same 96 well plate (PE Biosystems). After clean up, the PCR products 
were dissolved in 15-20/d formamide. The plate was then placed in the machine and run 
with the recommended settings for the 50cm array, with the exceptions that the 
electrophoresis temperature was decreased to 40“C, the injection time shortened to 10s 
and the injection voltage increased to 4mV. These modifications to the standard 
conditions were found to give slightly better results in our system.

107



2.8.3 DNA sequencing of full length env gpl20

To ensure that a clone was sequenced at least twice and in both directions, typically eight 
different primers were required to sequence a full gpl20 fragment (~1.5kb). For the 
majority of the Doncaster samples a shorter region of ~930bp was sçquenced, therefore 
only five to six primers were needed. Occasionally primers would not anneal due to 
mismatches, in which case alternative primers were tested (see Table 2.4 summarising 
the sequencing primers). Note that some of these primers were also used to PCR 
amplify specific regions of gpl20. The relative positions of the primers in gpl20 are 
shown in Figure 2.9.

Table 2.4. G p l2 0  sequencing prim ers

a - position  num bered accordin g  to HXB2, 

b  - N/A as p rim ers specific  f o r  vector,

c - + and -  signs refer to the orien tation  o f  p rim er i.e. sense an d  antisense, 

d  -  vector specific  prim ers

* - indicate the typ ica l 8  p rim ers used to  sequence a fu ll g l2 0 .

Oligo ID " Position in env* Sequence, 5 ’-3 ’

626L+ 6326-6347 GTG GGT CAC CGT CTA TTA TGG G

364F+ 6327-6344 TGG GTC ACC GTC TAT TAT G

A589+ 6580-6600 GTG TAA AAT TAA CCC CAC TCT G

*A589- 6580-6600 GAG AGT GGG GTT AAT TTT ACA C

A590- 6874-6899 AATCGCACAACCAGCCGGGGACAATA

*625L+ 6542-6561 GGA TAT AAT CAG TTT ATG GG

*E80+ 6858-6878 CCA ATT CCC ATA CAT TAT TGT G

*62IL- 6945-6967 GTA CAT TGT ACT GTG CTG ACA TT

E110+ 7002-7025 CTG TTA AAT GGC AGT CTA GCA GAA

*619L+ 7010-7029 TG GCAGTCTAGC AGAAGAAG

307D-/617L- 7315-7332 CTG GGT CCC CTC CTG AGG

325H- 7515-7533 GGG CAT ACA TTG CTT TTC C,

308D+ 7360-7380 GAG GGG AAT TTT TCT ACT TGT A

*3080- 7360-7380 TTA CAG TAG AAA AAT TCC CCT C

015S+ 7211-7230 ACA TTG TAA CAT TAG TAG AG

125Y- 7716-7742 CAC CAC GCG TCT CTT TGC CTT GGT GGG

N/A" TAA TAG GAC TCA CTA TAG GG

SP6< N/A" CGA TTT AGG TGA CAC TAT AG

*PCR3.1“ N/A" TAG AAG GCA CAG TCG AGG

108



Env gpl20
C l C2 C3

V1-V2 V3 V4 V5

626L-*  ̂ ^  621L ^  ^ U 5 Y
625L-^ E80-^ ^ 617U 308D

A589^ E110/619L-  ̂ ^  307D
^ 0 1 5 8

Figure 2.9. D iagram  show ing the position s o f  the g p l2 0  sequencing prim ers (described  in 

Table 2.4). The arrow s refer to orientation o f  the prim ers; sense ( —>) and antisense (<—). 

Variable VI-V5 and constant regions C 1-C 3 o f  g p  120 are indicated.

EJ.9.1.39.pCR3.1 <  (
EJ.9.1 .39.0153 > >

EJ.9.1.39.325H

EJ.9.1 39.E80 ) >
EJ.9.1.39.3Ü7D < (

EJ.9.1 39.625L ^

EJ.9.1.39.621 L < (
EJ9.1.39 .T7

EJ9.1 39.A589-

1 200 488 818 960 1,158 1,338 1,564 1,901

F igure 2.10. C ontig  building f o r  g p l2 0  (example: clone E J9 .1.39, la ter  renam ed as 

M M 4.1.39). The postfix  refers to  the p rim er used in the individual sequencing reaction.

109



2.9 Sequence alignments and editing

Sequence files were saved in “SCF’ format and imported into the Sequencher 3.1 
program (Gene Codes Corp. Ann Arbor, MI). The chromatograms \yere checked by eye 
on the computer and continuous regions of overlapping sequences (contigs) assembled. 
From these contigs a consensus strand was generated, see Figure 2.10.

Consensus DNA sequences for each clone were saved as text files and multiple 
sequence ahgnments performed in the Clustal W/X package (National Center for 
Biotechnology Information, MD, USA, available fromftp//ncbi.nlm.nih,gov). Briefly the 
alignments were carried out in 3 stages: 1) all sequences were compared to each other 
(pairwise alignments), 2) a dendrogram was generated, describing the approximate 
groupings of the sequences by similarity and 3) the final multiple alignment was carried 
out, using the dendrogram as a guide.

All alignments were further checked by eye. Alignments were saved as PHYLIP input 
(.phy) files or nexus files (input format for PAUP*) and further hand-edited in BBEdit 
or in the SeAL package (A. Rambaut at Oxford University, available from web site 
http://evolve.zoo.ox.ac.uk). The latter is useful as all DNA sequences can be translated 
into coding protein sequences. Gaps in the alignments, typically resulting from length 
polymorphisms in the variable loops of gpl20, were either a) completely removed by 
deleting whole columns in the sequence alignment, or b) ‘effectively removed’ by 
weighting, i.e. by assigning columns with gaps zero weight and columns of data that 
included a nucleotide at every position a weight of 1. Weights were then implemented 
by placing a W on the first line of the ‘phy’ file.

Sequences representative of HIV-1 subtypes A-G were obtained from the Los Alamos 
database (web site http://hiv-web.lanl.gov/). Sequences of British origin were also 
included (in particular the CPHL cohort for comparison, (Arnold et al, 1995)). In 
addition, by using BLAST searches, other available sequences were chosen from the 
database which had the highest similarity to the sample sequences.

1 1 0
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2.10 Phylogenetic Analysis

Phylogenetic trees were generated in the following packages: Clustal W/X package 
(NJplot), PHYLIP 3.5c (Phylogenetic Inference Package, J. Felsenstpin, University of 
Washington, Seattle, WA) and PAUP* version 4.05b (Swofford, 2000). The NJplot 
uses the Neighbour Joining (NJ) method, which is very rapid to gain an initial overview 
of the dataset. In addition pairwise distances and bootstrap values can be estimated in 
this program.

Genetic distance measurements were generally made using the program DNADIST 
(PHYLIP) (Felsenstein, 1981), using the Jukes Cantor (JC model) or Kimura 2 
parameter (K2P) model (Kimura, 1980). The K2P model incorporates a 
transition/transverion ratio (ts/tv), which is typically 2 for HIV-1. The genetic distances 
were subsequently analysed in FITCH (Fitch and Margoliash, 1967) (PHYLIP) to 
generate a phylogenetic tree. The average interpatient and intrapatient values were then 
calculated and analysed in Excel spreadsheets.

The maximum likelihood method was applied in PAUP* and in DNAML (PHYLIP). 
This method can be very computationally demanding, especially in the case of large 
datasets. To reduce the computational load to achievable levels, a NJ tree was generated 
in PAUP* using the HKY85 model (Hasegawa, Kishino, and Yano, 1985) (NNI branch 
swapping option) and used to estimate the transition/transversion ratios and gamma 
values. The phylogenies were then inferred using these estimates by the maximum 
likelihood method (TBR branch swapping options).

Trees could be viewed on screen in PAUP* and saved as PAUP ‘tre’ files for printing 
or as PICT files/ postscript files/phy files for import into other programs. All treefiles 
generated with the PHYLIP suite of programs were drawn in DRAWTREE or 
DRAWGRAM, which were further saved as plotfiles in postscript format and as PICT 
files.

To further assess the robustness of the trees, bootstrapping was performed using 1000 
replicate neighbor-joining trees. In the case of the PHYLIP suite of programs 1000 
bootstrap data sets were generated with the SEQBOOT program and analysed in 
DNADIST, NEIGHBOR and CONSENSE. In PAUP* this was performed using 1000 
NJ replicate trees constructed on the distances estimated under the same model used 
previously in the analysis (NJ bootstrap option).
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PAML (Phylogenetic Analysis by Maximum Likelihood) was further used for 
estimating nonsynonymous, dN, and synonymous substitutions, dS substitutions and 
the dN/dS ratios (Yang, 2000), both by the method of Nei and Gojobori (Nei and 
Gojobori, 1986) and by maximum likelihood (Goldman and Yang, 1994). To assess the 
presence of signature patterns common to sequences in a dataset, the program VESPA 
was applied (Korber and Myers, 1992). Finally RIP (Recombination Identification 
Program) was used to evaluate potential recombination events (Siepel and Korber, 
1995).

2.11 Fragment length analysis of gpl20 V1-V2 using GeneScan 

on the ABI 3100

A region spanning the VI and V2 loops of gpl20 was PCR amplified with a EAM 5’ 
labelled sense primer A589 and an unlabelled antisense primer A590. This resulted in 
PCR products of 310-365bp. The following 20/xl reaction mix was made: lOOuM 
dNTPs (Promega), l.Opmol primer, Ix reaction buffer (Promega), l.SmM MgCl^ 0.5u 
Taq (Promega) and 2/xl of first round gpl20 PCR product (from pro viral DNA or viral 
RNA). The following cycling conditions were used: 92°C 45s, 55®C 45s, 72®C Imin 
30s for 25 cycles followed by a post PCR incubation for 30 min at 60°C (as 
recommended by the manufacturers instructions) to prevent interference of A overhangs 
added by Taq, as these can result in tail peaks.

The product was visualised on a 1% agarose gel. 2/xl of this product were then diluted 3 
to 4 times in 20/xl of formamide (PE Biosystems) in a 96 well plate to give a range of 
peak intensities to ensure that some were not off-scale. 0.25/xl of size standard GS500 
(PE Biosystems) were diluted in 4/xl of formamide (PE Biosystems) and added to the 
reaction. This marker contains 16 ROX labelled fragments; 35, 50,75,100,139, 150, 
160, 200, 250, 300, 340, 350,400 450,490 and 500 bp. The samples were then 
denatured at 95°C for 3 minutes, incubated on ice for 5 min and the plate placed in the 
ABI 3100.

The manufacturer recommended using the 36cm capillary array and “P0P4” polymer 
for the GeneScanning application. However to prevent having to change the array and 
polymer between each sequencing and GeneScan run, the 50cm array and “P0P6” 
polymer (PE Biosystems) were also tested. The GeneScan default run settings were 
used with a running time of 7500s. The collected data was analysed with the 
GeneScanning software, the analysis parameters set to start analysis after the initial
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primer peak, generally just after 4000s. The ROX labelled marker generated red peaks, 
whereas the F AM labelled PCR product formed blue/green peaks. The sample peaks 
were sized according to the markers and presented in a table (as shown in more detail in 
Chapter 6). The tables were then imported into an Excel spreadsheet, where the 
differences in fragment lengths were analysed.

2.12 PCR amplification and DNA sequencing of HIV-1 nef
Nefv/as amplified according to the method described previously by JubierMaurin et al 
(1999). Briefly two rounds of PCR were performed, including 25pmol/reaction of 
primers in A and B in the first round, and C and D in the second round (see reference 
for details on primer sequences). The previously described Expand PCR amplification 
system was used and typically 3-5pl of template DNA added to the reaction. PCR 

products were visualised on a 1% agarose gel and were ~500bp. The band intensities 
were subsequently used to determine the quantity of the PCR product to include in the 
DNA sequencing reaction. The outer primers C and D were used as sequencing 
primers, and direct sequencing performed by the methods previously described in 
section 2.8.

2.13 PCR detection of A32 CCR5 receptor allele

Primers dCCR5’ (5’CACAGCCCTGTGCCTCTTCTT 3’) and dCCR5 3' (5’ 
CTTCATTACACCTGCAGCTCT 3’) specifically flanking the 32bp deletion in the 
CCR5 co-receptor gene were kindly provided by Sam Hibbitts (Wohl Virion Centre, 
UCL). These were added to a reaction mix containing 1.2u Taq (Promega), Ix reaction 
buffer (Promega), 1.5 mM MgCl^ (Promega), lOOuM dNTPs (Promega), 20pmol 
primers and 2-4^1 patient genomic DNA. The following PCR conditions were used: 
pre-incubation at 95°C for 5min, followed by 30 cycles of 95°C 30s, 50°C 30s, 72°C 
30s and a final extension at 72°C for 5min. Heterozygote and homozygote controls 
were included. 10/rl of PCR product were mn on a 2% agarose gel with a lOObp ladder. 
Heterozygotes produced two bands of 150 and 182bp, whereas homozygotes were 
represented by single bands of 182bp (wt) or 150bp (A32).

2.14 Eukaryotic cells lines

All cell lines were incubated at 37°C, 5%C02. All tissue culture media components were 
purchased from Gibco, with the exception of IL-2 (Roche) and Tween 20 (BDH), 
unless stated otherwise.
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2.14.1 SupT-1 cells

SupT-ls are immortalised mammalian T-lymphoid cells (Smith et al., 1984). The cells 
were maintained in 10%FCS RPM I1640, and generally split once a week in a ratio of 
1:5-1:10. Nitrogen stocks were made by spinning down the cells for 10 min at 
1200rpm, washing with media, and resuspending at 5x10^ in 1ml freezing mix 
(20%DMSO, 20%FCS DMEM). These cells were kindly provided by David Bibby 
(Dep. Virology, UCL).

2.14.2 U87 cell lines

U87 cells are adherent human malignant astrocytoma cells (Westermark et al., 1973). 
U87s expressing CD4, CD4/CCR5 and CD4/CXCR4 (Clapham et al., 1991; Hill et al., 
1997) were maintained in 4% FCS DMEM with the appropriate antibiotics (G418 and 
puromycin) and split every 4-6 days. Cells were washed with serum-free media, 
detached with trypsin, resuspended in media and split in a ratio of 1:3-1:8. Nitrogen 
stocks were made by the method outline for SupT-1 cells. The U87 cell lines were 
kindly provided by Paul Clapham’s laboratory at the Wohl Virion Centre, UCL

2.15 Isolation of primary viruses

2.15.1 Preparation of Peripheral Blood Mononuclear Cells (PBMCs), with and

without CD4 enrichment

Fresh blood, supplied from the Hospital Transfusion Centre, was diluted 1:1 in RPMI 
1640 and carefully layered on 15mls of ficoll (Nycomed) in a 50ml falcon tube and 
centrifuged for 30 min at 1200rpm. This resulted in the separation of the following 
layers: erythrocytes, ficoll, PBMCs and plasma. The PBMCs were carefully aspirated 
off using a sterile pastette or pipette, diluted in RPMI 1640 in a new falcon tube and 
centrifuged for 10 min at 1200rpm. The cells were then washed twice with 15 ml RPMI 
1640 and resuspended in RPMI 1640, 20% FCS.

PBMCs were prepared from two different donors and subsequently mixed (Mixed 
Lymphocyte Reaction) to induce immune stimulation. The cells were diluted to 
2xl0^/ml in media containing 20%FCS and 0.5ug PHA and cultured for three days.
The cells were pelletted and resuspended in media supplemented with 10% IL-2 for 2-3 
days, at which point they were ready for co-cultivation with patient PBMCs. Donor cells 
were generally cultured for a week before discarding.
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Donor PBMCs were also prepared by the Rosette Sep method (Stem Cell 
Technologies). This method involves the addition of an antibody cocktail containing 
bispecific antibodies against cell surface markers on human hematopoetic cells (CDS, 
CD 16, CD 19, CD36, CD56) and against glycoprotein A on red blood cells. The 
antibodies therefore complex with CD4 negative cells by crosslinking them to red blood 
cells. The complexes are then pelletted during centrifugation and the CD4 enriched 
PBMCs at the plasma interphase removed, washed and diluted in media to 2xlOVml.

3-5mls EDTA blood from infected patients were prepared by the same ficoll density 
gradient method. The PBMCs were then cultured for 3 days in 20%FCS, 10%IL-2 
RPMI 1640 before co-cultivation with donor cells.

2.15.2 Infection and co-cultivation

Patient PBMCs were centrifuged for 5 min at 1200rpm and resuspended with 0.5-1ml 
of media containing 10% IL-2. 1x10  ̂target cells were typically pelletted and incubated 
together with the patient cells in a 20ml universal for 3-4 hours in a water bath at 37°C. 
After incubation, 4mls of media were added and the culture transferred to a T-25cm^ 
flask and placed in an incubator at 37°C, 5% CO .̂ Virus production was monitored after
3-4 days by p24 EIAs (described in section 2.17). Fresh media or cells were added once 
a week or when virus production peaked. If no virus was detected within 31 days the 
cultures were discarded.

2.16 Production of chimeric Doncaster gpl20/HXB2 viruses

2.16.1 Transfection of plasmid DNA into SupT-ls by electroporation

SupT-1 cells were split to 0.25 xlOVml two days prior to transfection to ensure 
exponential growth. Cells were counted, centrifuged for 10 min at 1200rpm and 
resuspended to 20x1 OVml in 20% FCS RPMI 1640 and placed on ice for 10 min. l/rg 
of plasmid DNA was pipetted into a sterile cuvette (Invitrogen) and 250/xl of the cell 
suspension (i.e. 5xl0^cells) added. Cells were electroporated with a 50-60ms shock at 
330V and lOOOpF, (see Figure 2.6). Transfected cells were transferred to a T-25cm^ 

flask containing 5mls oflxlOf cells/ml (SupTls) and incubated for 3 days at 37®C, 5% 
CO .̂ HXB2.MCS (an infectious molecular clone of HXB2 construct containing 
multiple cloning sites, X4- tropic strain) and 612.30 (R5-tropic molecular clone obtained 
from P.Balfe, (Lewis et al, 1998)) were used as positive controls in addition to 
HXB2.MCSAenv, which can only transfect non-productively due to the deletion in env.
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At day 3, 5mis of fresh 10%FCS RPMI 1640 were added to the flask, or two ml of 
media was removed and co-cultured with U87s as described in section 2.17.2. At days 4 
and 5, 25mls were added and the cultures transferred to T-75cm^ flasks. Virus 
production was monitored from day 3. Cultures were also assessed for cytopathic 
properties by microscopy, i.e. syncytia formation. Once peak virus production and/or 
syncytia formation was detected, vims was harvested. Cell culture supernatant was spun 
for 10 minutes at 1200rpm, the supernatant aliquotted into Nunc cryovials in 0.5 or 1ml 
volumes and placed in the liquid nitrogen. Non productive cultures were discarded after 
14-28 days.

2.17 Detection and measurement of virus production

Two different EIAs were used for monitoring p24 production. This was a reflection of 
the fact that vims isolation and gpl20/HXB2 chimera production experiments were 
carried out in two different category three laboratories. The main difference between the 
assays was the choice of capture/detector antibody and the method of detection i.e. 
luminometric or colourimetric and was in part defined by the availability of equipment in 
each facility.

2.17.1 p24 EIA; Method 1

A 96well white Maxisorp plate (Nunc) was coated with anti p24 antisemm D3720 (Alto 
Bioreagents), a mix of three different sheep antisera. Antisemm was diluted 1/200 with 
lOOmM NaHCOj, pH8.5, and lOO/zl/well incubated overnight at room temperature, or 
over the weekend at 4°C. After incubation, the plates were washed twice with TBS, 
blocked for 15-60 min with 2% Marvel (Cadbury’s) in TBS and washed twice with 
TBS. 80/tl of vims supernatant was inactivated in 20/xl 5% Empigen (Surfachem Ltd) 
in TBS and further diluted 1/20 by adding 10/xl to 190/xl of TBS (final concentration 
Empigen 0.05%). The sample was diluted further if expected to give a strong signal.

A p24 standard (HIV-1 rp24 IIIB, ADP620 from the AIDS reagents project) was 
prepared by adding I/xl of lOug/ml standard to 1ml 0.05% Empigen in TBS. This was 
further diluted to give the following dilution series: lOng/ml, 3ng/ml, Ing/ml, 300pg/ml, 
lOOpg/ml, 3pg/ml. Supematent from uninfected cells was used as a negative control, in 
addition to a buffer blank containing 0.05% Empigen in TBS. 100/xl of the test sample 
and diluted standards were added in triplicate to the plate and incubated for 4 hours at 
room temperature. After incubation the plates were washed twice with TBS and the
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detector antibody added. The alkaline phosphatase conjugated detector antibody 
EH12E1-AP (ADP452, AIDS reagents project) was diluted 1/2000 (0.5ug/ml) in 4% 
marvel, 20% sheep serum, 0.5% Tween 20 in TBS and lOO/d added to each well. After 
an incubation at room temperature for 1 hour, the plates were washed 5 times in 0.5% 
Tween in TBS. 100/xl AP substrate (DAKO) were added and incubated for 40 min. The 
plate was then stored in the dark for 5 minutes and the luminescence read at 490 nm.

2.17.2 p24 EIA; Method 2

A 96 well Maxisorp plate (Nunc) was coated with 100/xl per well of capture antibody 
EH 12 (Bridget Ferns, Virology Dept) at a concentration of 2.5ug/ml in 50mM Tris-Cl, 
pH 9.2 and stored overnight at 4°C. The plate was then washed twice with 0.1% Tween 
PBS and coated with blocking buffer containing 4% Marvel, 5% human sera, 0.1% 
Tween, 0.1% azide in PBS for 1 hour. The plate was washed 3 times with 0.1% Tween 
in PBS. 50/xl supernatant were diluted 1:1 0.01% azide 0.01%Triton in RPMI, and 
100/xl added to each well. Samples were incubated overnight at 4°C or for 4 hours at 
room temperature, and subsequently washed with 0.1% Tween in PBS. Detector anti- 
p24 antibody (a mixture of ADP365 and ADP366) was diluted 1/1000 in 4% Marvel, 
5% human sera, 0.1% Tween in PBS and 100/xl added to each well and incubated at 
37°C for 1 hour. The plate was washed twice with 0.1% Tween in PBS and a goat anti
human HRP conjugate (DAKO) diluted 1/2000 in 4% Marvel, 5% human sera, 0.1% 
Tween in PBS. 100/xl of conjugate were added to each well and incubated for 40min at 
37°C. The plates were subsequently washed 5 times in 0.1% Tween in PBS. One tablet 
of visualizing substrate TMB (Sigma) was dissolved in 10% DMSO, O.IM 
citrate/acetate buffer (Sigma), pH 7.2. 100/xl of the reagent were added and incubated 
for 15min. Positive wells turned blue. 20/xl of concentrated HCl were then added to stop 
the reaction, generating a yellow solution whose colour intensity could be measured at 
450nm.

2.18 Co-receptor typing for CCR5 and CXCR4 on U87 cell-lines

2.18.1 Infections

HlV-1 chimeras and primary isolates were tested for their ability to infect U87 cell-lines 
expressing 1) CD4, 2) CD4/CCR5 and 3) CD4/CXCR4. Cells were seeded at 1 xlO"̂  
/well in 48 well dishes in 0.5 mis 4% FCS DMEM per well. The following day, the 
media was replaced and the cells infected with 100-200/xl of virus supernatant in a 10 
fold dilution series in duplicate. The plates were incubated for 3 days at 37°C, 5% CO  ̂
and fixed and stained as described in section 2.18.3. R5 strains 2040 or 612.30 and X4 
strain HXB2.MCS were used as positive controls.
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2.18.2 Co-cultures of SupT-1 and U87 cell lines

Infected SupT-ls were co-cultured with each of the three U87 cell lines described above 
to increase virus production. This was performed in 6 well plates. Wells were seeded 
with 6xl07well U87 cells one day prior to infection. 1-2 mis of day 3 cultures of 
infected SupT-ls (cells and supernatant) were incubated on the U87s for 3 days. The 
supernatant was removed and the adherent cells washed with media. The cells were then 
fixed and stained as described in section 2.18.3. The R5-tropic strain 612.30 and the 
X4-tropic parental strain HXB2.MCS were used as positive controls.

2.18.3 Intracellular immunostaining of HIV-1 infected cells;

‘the blue cell assay’

The following method was performed in 48 or 6 well dishes. Cells were fixed for 5 
minutes in 1:1 ice cold methanol:acetone and washed once with PBS. Anti p24 antibody 
(ADP 365, ADP 366, AIDS reagents project), diluted 1/40 in 1%FCS PBS, (lOOpl/well, 

48 well dish; 0.5ml/well in 6 well plates), was added to each well and incubated for 1 
hour at room temperature. The wells were washed three times in 1% FCS PBS. A (3- 

galactosidase conjugated second anti mouse antibody (Harlem SeraLabs) was diluted 
1/400 in 1% FCS PBS, (lOOpl/well, 48 well dish; 0.5ml/well in 6 well plates) added to 
each well and incubated for 1 hour at room temperature. Wells were washed twice in 1% 
FCS PBS and once with serum free PBS. Substrate X-gal (5-bromo-4-chloro-3- 
galactopyranoside. Sigma) was diluted to 0.5 mg/ml in PBS containing 3mM potassium 
ferricyanide, 3mM potassium ferrocyanide and ImM MgCl^. Substrate was added to 
each well (0.5mls/well in 48 well dish; 1 ml/well in 6well plates) and incubated in the 
dark for 3 hours at 37°C or overnight at room temperature. Cells were then washed 
twice with PBS and stored in 0.5ml 1%FCS, PBS, 0.05% azide at 4®C. Single and 
multinucleated foci (SNF/MNF) were counted per well.

2.18.4 Photography of cell culture assays

A 35mm SLR camera was used to photograph cell cultures and stained cells through the 
microscope using KODAK chrome titanium slide film for best results.
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CHAPTER 3 

Heterosexual Transmission Study, Part I:

The Molecular Epidemiology of HIV-1 in a Town in the North of England

3.1 Background

One of the aims of this thesis is to gain more insight into the molecular epidemiology of 
heterosexually transmitted HIV-1 in the UK. Heterosexual contact has become the 
most common route of infection in the UK (PHLS surveillance data for 1999 and 
2001). Heterosexual epidemics in other parts of the world are typically associated with 
non-B subtypes (Africa in particular), and it has been suggested that the number of 
infections associated with these strains might increase in the UK (Arnold et al, 1995; 
Clewley et al, 1996; Balfe, 1998). Although subtype B remains the most common 
subtype in the UK, it has been estimated that approximately 25% of HIV-1 positive 
patients in the UK are infected with non-B subtypes, of whom almost all are 
heterosexuals. Findings suggest that spread of infection of non-B subtypes to 
heterosexuals bom in the UK is from individuals infected in regions of high prevalence 
(Parry et a l, 2001). Furthermore 20% of these non-B infections have been estimated to 
be inter-subtype recombinants (Barlow et al, 2001).

In this chapter, an in depth investigation is presented into the molecular epidemiology 
and diversity of HlV-1 in a heterosexual cohort of patients. This cohort consists of 15 
patients from Doncaster, a town in the north of England (population -250 000). Initially 
three cases were detected in 1996, hence the initial aim of the study was to investigate 
the molecular links between these three patients alone. However, by the beginning of 
1999 (during the first year of this PhD project) a further 11 cases were detected, and an 
additional two cases in 2000, resulting in a total of 15 patients. This therefore provided 
an opportunity to investigate the molecular diversity in a cohort of patients outside a 
region of typically high prevalence (such as London and other major cities) who had all 
been infected through heterosexual contact. (The clinical and epidemiological data for 
this cohort is summarised in more detail in section 2.1.1)

The env gpl20 was chosen as the basis for the studies as this region contains sufficient 
variation to relate and distinguish viral sequences from different sources. More then 900 
bp was investigated, a sequence length previously shown to be robust for this type of 
analysis (i.e. >750bp in env gpl20) (Arnold et a l 1995). This study resulted in several
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interesting findings, leading to further studies on the co-receptor tropism of the 
Doncaster strains. This second part is presented in Chapter 4. The data will be 
discussed in a separate chapter (chapter 5) together with the findings from chapter 4.

3.2 PCR and cloning results on gpl20

As described previously (in chapter 2), proviral DNA (from PBMCs), as opposed to 
viral RNA, was chosen as the source of virus. This was for several reasons, firstly six of 
the patients had low copy numbers of RNA as they were on HAART, which would 
make amplification of RNA significantly more difficult. Secondly, the proviral 
population in PBMCs has been described as an ‘archive’ of infection (Hermankova et 
al, 2001; Pierson et al., 2000). Finally for practical reasons, most of the samples were 
frozen whole blood, which were subsequently transported to London on dry ice, hence it 
is likely that some RNA degradation would have take place during freeze thawing.

Full length gpl20s were successfully amplified from all of these samples, with second 
round primers 944S and E400010. Figure 3.1 shows typical second round PCR 
products. Amplification was more difficult for Donl, Don2 and Don3. These samples 
were received several months before the others, and had not been stored optimally 
before receipt in London (they had been held at -20°C for several months). It is hence 
possible that some DNA degradation had occurred in these samples. In addition Donl 
was in late stage disease with CD4^ count of 10, hence the initial number of cells from 
which the DNA was extracted, was likely to be low in comparison with the other 
patients.

The number of proviral copies of gpl20 included in each initial reaction was estimated. 
The number of copies included in each reaction are summarised in Table 3.1. The table 
shows that a minimum of 100 proviral DNA copies of gpl20 were included in each 
initial PCR (with the exception of sample Donl), thus avoiding sampling biases 
associated with low copy numbers. The full length gpl20s were cloned and sequenced, 
constructs are summarised in Table 3.2.
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Figure 3.1. S econ d  round g p l2 0  PC R  produ ct, am plified  with p r im ers  944S and  

E 4 000I0 . The PCR p ro d u c t is typ ica lly  1 .5-1 .6  kb. The firs t lane is a kb ladder, fo llo w e d  

by: 1) D 1 1, 2) D M , 3) 0 2 2 , -\-ve) p o s itiv e  con tro l SF162, an d  - v e )  n ega tive  w a ter  

con tro l.

Table 3.1. Sum m ary o f  p ro v ira l cop ies included in the g p l2 0  PC R  am plifica tion s f o r  

each p a tie n t sam ple.

P a tien t  
sam  p ie

No of proviral g p l2 0  
co p ie s /in itia l reaction

Donl 18

Don2 145

Don3 126

Donl 1 240

Don 12 167

Don 14 158

Don 17 111

Don 18 270

Don 19 217

Don20 380

Don21 308

Don22 164

Don23 216

Don25 266

Don26 303
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Table 3.2. Table sum m arising fu ll length g p l2 0  clones ob ta in ed  an d  sequenced. A ll 

pa tien t sam ples have the p refix  ‘D  f o r  D oncaster. The f ir s t  num ber indicates the patient, 

and the secon d  num ber the clone. The clones containing C 2C 3 w ere obtained la ter in the 

study (see section  3.5). C lones m arked w ith an asterix  w ere included ip the prelim inary  

an alysis as described  in the text. Sam ples containing fram esh ifts (Ib p  deletion) are  

m arked by a delta. Clone D 3 .12  ( d e f  con ta ined  a scram bled  C-term inal, fro m  within the 

C4 dom ain

Patient Full gpl20 Total
clones number per 

patient

Patient Full gpl20 Total 
clones number 

per 
patient

Donl D1.2*  
D1.5  
D1.25  
D1.6  
D1.23  
D l .2 6

Oonl8 0 1 8 .2 6  
0 1 8 .3 3  
0 1 8 .5 1 *

3
Oonl9 0 1 9 . 61A 

0 1 9 .6 4  
0 1 9 .6 8 *D l . l  (C2C3) 

D1.3 (C2C3) 
D 1.8  (C2C3) 
0 1 .2 0  (C2C3)

3
Oon20 0 2 0 .6 9  

0 2 0 .7 2 *
10 2

Don2 0 2 .2 9 *  
0 2 .3 1

Oon21 0 2 1 .3 4 *  
0 2 1 .3 6  
0 2 1 .4 42

Oon3 0 3 .2  
0 3 .4
0 3 .1 2 *  (d e f )

3
Oon22 0 2 2 . 82A 

0 2 2 .8 6 *  
0 2 2 .8 83

O o n l l  0 1 1 .5 A  

0 1 1 .7  
0 1 1 .1 2 *

3

Oon23 0 2 3 .1 4  
0 2 3 .2 9  
0 2 3 .4 3 *3

3
Oonl2 0 1 2 .1  

0 1 2 .3 *
Oon25 0 2 5 .1

0 2 5 .2
0 2 5 .32

Oonl4 0 1 4 .6 *  
0 1 4 .1 3  
0 1 4 .4 3

3
Oon26 0 2 6 .2  

0 2 6 .4  
0 2 6 .1 03

OonlV 0 1 7 .3  
0 1 7 .5  
0 1 7 .4 4 *

3

3
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3.3 Phylogenetic analysis of Doncaster sequences, gpl20 C1-C4

3.3.1 Preliminary tree analysis

Initially one clone from each patient was sequenced to generate an overview of all the 
samples (these are marked in Table 3.4). Typically 930 bp was sequenced from each 
clone, the sequence was then used in a BLAST search of the HIV database and the most 
similar sequence chosen. This included strains BAL-1, US7I5, SFMHS20 and JRFL 
from the USA (Gao et a l, 1996; Guo et a l, 1991; Koyanagi et a l, 1987; McCutchan et 
al, 1998). AC-3 was the closest British sequence in the database (Guillon et a l, 1995), 
in addition there was high similarity to sequences from Milan (Balotta et a l, 1997). 
However these sequences did not span the entire C1-C4 region and were only included 
in the analysis performed in C2C3 described later in section 3.5.

All of these sequences are of the subtype B, indicating the Doncaster strains were of this 
clade. Sequences from other typical subtype B reference strains both of UK and USA 
origin (CAM-1, MN and SF2) were therefore also added to the dataset. In order to 
confirm the subtype/s of the Doncaster strains, sequences representative of subtypes A- 
G were also included in the preliminary analysis (subtypes H, J and K have been 
reported since this work was performed). The majority of the analysis on gpl20 C1C4 
excludes patients Don25 and Don26 as they were diagnosed at a later date.

The DNA sequences were aligned and hand edited, the full alignment of 31 sequences 
of 1070bp length. The gaps were ignored in the analysis due to length polymorphism, 
resulting in an alignment of effectively 798 bp. The phylogenetic analysis was 
performed by the NJ (Clustal W), ML and FITCH (in PHYLIP) methods, using the 
default settings, all giving roughly the same tree topologies, as shown in Figure 3.2. The 
NJ tree was also bootstrapped (1000 replicates).

The preliminary analysis indicates first of all that the Doncaster sequences are of the B 
subtype. The bootstrap value at the ancestral node of the subtype B clade is high, 100%. 
The subtype was also confirmed by the subtyping tool method on the Los Alamos 
Database {http://www.ncbi.nlm.nih.gov/retroviruses/subtype/subtype.htmr), a tool 
enabling the identification of inter-subtype recombinants, none of which were found in 
the Doncaster sequences.
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Figure 3.2. P relim inary phylogen etic  tree o f  the D on caster sequences, including reference  

strains represen tative o f  subtypes A-G. L etters in italics and bo ld  refer to the subtype. One 

sequence fro m  each D on caster p a tien t is included, indica ted  by  the prefix  'D on ’ and the 

p a tien t number, the num ber in the brackets referring to the clone. B ootstrap  values o f  

significance d iscu ssed  in the text, are m arked a t the nodes as a percentage. The roman 

num erals I-IV  indicate the c lades as defined in the text.
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Of the Doncaster sequences, eleven form one main cluster, with a bootstrap value of 93 
% at the ancestral node. The main cluster is subdivided into two smaller clusters, termed 
clade I and clade II. Clade I includes Donl, Don2, Donl 1, Don 14, Don 18 and Don21, 
whereas clade II consists of Don 3, Don 17, Don 19, Don22 and Don23. The remaining 
Doncaster samples Don 12 and Don22 are distinctly separated from clade I, II and from 
each other by other unrelated reference sequences. They are termed clade III and clade 
rv respectively, these samples therefore also act as local controls.

3.3.2 In depth analysis

3.3.2.1 Phylogenetic tree analysis

To investigate the molecular links in more detail and to ensure the clones sequenced so 
far were representative of each infection, a further two clones were sequenced from each 
of the related Doncaster strains (with the exception of Don2 from whom only one 
further clone was obtained, and Don 12 and D20, as these appeared to be unrelated to the 
cluster). This also allowed the assessment of intra patient diversity.

The non B subtype reference strains were excluded from the dataset as these would not 
contribute any further to the analysis. Additional subtype B strains from England,
CPHL 1-3 and CPHL 7-9, were further selected for comparative purposes. These 
strains are from another published heterosexual HIV transmission study (Arnold et al, 
1995), in which CPHL 7-9 were found to be related, whereas CPHLl, 2 and 3 remained 
unrelated to each other and the other sequences in the dataset. This final alignment 
consisted of 50 sequences of 762bp length (large sections of VI, V2 and V4 were 
ignored in the analysis due to gaps and problems aligning these diverse regions).

The final analysis was performed by several methods including NJ, FITCH and ML in 
Clustal X, PHYLIP and PAUP*. The most basic and quickest method is NJ in Clustal 
X, whereby the tree is generated from distance estimates generated from the alignment 
(no incorporation of the different base substitution/ratio models). FITCH analysis was 
performed, based on DNADIST estimates, using two transition/transversion ratios of
1.5 and 2.0 respectively by the K2P model. The ratio did not significantly change the 
topology of the tree.

Finally a phylogenetic tree of the sequences was reconstmcted using the maximum 
likelihood (ML) method, considered the most reliable and statistically valid method. The 
four parameter model HKY85, which (as opposed to the other programs) combines the
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K2P model and permits different frequencies of all four bases, was used in the PAUP* 
software package. The most favourable transition/transversion ratio and gamma 
distribution can be estimated during tree reconstmction in this program, which for this 
dataset was 2.012 and 0.545 respectively. Bootstrap analysis was also performed using 
1000 replicate NJ trees constmcted on the distances estimated under the same 
substitution model as the ML analysis.

The results from all of the phylogenetic analyses were robust, that is irrespective of the 
type of analysis, the same topology was inferred. The final ML consensus phylogeny, 
generated in PAUP*, is presented in Figure 3.3. The labels from each individual 
sequence were removed and replaced with the Doncaster sample name, for presentation 
purposes. The percentage values shown refer to the bootstrap values (1000 bootstrap re
samplings using the NJ method).

The final ML topology presented in Figure 3.3 confirmed the preliminary analysis. The 
Doncaster sequences clustered into the same four clades I-IV, the putative index case, 
Donl, lay in clade I. Don 12 and Don20 remained unrelated to each other and the other 
members of the cohort. The bootstrap value at the ancestral node of clade I and II was 
98%, indicating the topology was robust, and that these clades shared a common 
ancestor (the control sequence set also included the three highest matches to the 
Doncaster sequences obtained from the BLAST search). The values at the nodes of 
clade I and II were also higher, at 88% and 100%.

It is interesting that the main Doncaster clusters formed these two distinct clades (this is 
perhaps more evident on the unrooted phylogram in Figure 3.3 as opposed to the 
dendogram in Figure 3.2). It was expected that related infections would form one cluster 
of intermingled samples. This result was also surprising as four of the members of 
clade II named Donl in clade I as their contact, whereas none of clade I members did. 
Interestingly the distance between clade I and the shared ancestral node with clade II, is 
quite significant (>0). The sequences were further checked for recombination both by 
eye and by the RIP program. There was no evidence for recombination, and the variation 
between the two clades appeared to be randomly spread through out the whole region 
that was sequenced.
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3.3.2.2 Intra- and interpatient diversity

The genetic distances between every sequence in the dataset were estimated in 
DNADIST (transition/ transversion =2, K2P). The mean intra- and interpatient and 
intra- and interclade distances were then calculated, as summarised in Table 3.3. These 
estimates were averaged based on individual pairwise distances from each patient (2™* 
column), in addition to averaged pairwise distances for each patient (3"̂  column).

The average inter-patient distance within the Doncaster cluster (clade I and II) is 9.07%. 
This is higher then would be expected for a set of related sequences, the value is in fact 
indistinguishable from the average distances between the unrelated sequences used as 
controls, 9.75%. Indeed the average interpatient distance within clade II alone is similar 
to this value, as 9.5%. An immediate assumption inferred from this topology and the 
distances alone might be that Donl is not linked to clade II.

As mentioned in section 3.3.2.1, the branches between the patients in clade I were 
considerably shorter then within clade II, as reflected in the pairwise distance estimates. 
In clade I the average inter-patient distance is 4.4%, in contrast to clade II where the 
mean value is double, 9.5%. If the assumption that longer branches on a phylogeny 
imply greater time since infection is valid, it would seem that the members of clade II 
have been infected for a longer time than the members of clade I, since branch lengths 
within this clade are significantly longer than within clade I (Table 3.3, Wilcoxon U, 
p<0.001). This data was further compared to the transmission cluster of known date, the 
CPHL sequences. Transmission in this previously described heterosexual cluster was 
dated to a period two to three years prior to sampling, in that case the mean pairwise 
distance between patients was 7.3%. The clade I and clade II mean distance are lower 
and higher than this value (4.4% and 9.5% respectively). Therefore, by genetic criteria 
alone, this might infer that the two infection clusters described here are respectively 
younger (clade I) and older (clade II) than this previously reported subtype B 
transmission cluster.

Unfortunately the assignment of probable dates of infection to the members of the 
group proved problematical, as many of the patients had had multiple casual partners 
and were unable to recall the exact dates of their exposure to Donl. In addition several 
patients were unwilling to disclose such details. However one clear relationship, between 
Don 17 and Don23 was established to have occurred in 1996, 2-3 years prior to 
sampling. The phylogenetic analysis links these cases (bootstrap value 86%) with a 
pairwise genetic distance between them of 5.3%.
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Table 3.3. G enetic d istance estim ates fo r  the D on caster patien ts, (% ) within pa tien ts and  

within an d  betw een clades. *- averaged  mean distances are m eans o f  each pa tien t's  se t o f  

d istan ces (see text), f-  distances betw een control group range fro m  0.061 -  0.1411.

S am p le D istances (s.e .) A veraged  
D is ta n c e s  (s.e)

Intra-patient distances

Clade I

Donl 0.34 (0.19)

Don2 0.25

D on ll 1.77 (0.26)

Don 14 1.52 (0.59)

Don 18 0.76 (0.66)

Don21 1.82 (1.36)

Average intra-patient distance (clade 1) 1.08 (0.51)

Clade 11

Don3 2.12(0.97)

Don 19 1.09 (0.53)

Don22 1.69 (0.90)

Donl? 1.01 (0.33)

Don23 0.25 (0.13)

Average intra-patient distance (clade 11) 1.23 (0.57)

Clade 111

Don 12 1.64

Clade IV

Don20 0.50

Intra clade distances

Clade 1 4.05 (1.49) 4 .39(1.01)

Clade n 9.02 (3.83) 9.53 (1.94)

Clade 1 + Clade 11 9.31 (3.85) 9.07 (3.26)

Inter clade distances

Clade 1 -  Clade 11 11.61 (0.85) 11.63 (0.73)

Clade 1 -  Clade 111 14.97 (0.56) 14.93 (0.48)

Clade 1 -  Clade IV 15.26 (0.31) 15.27 (0.24)

Clade n  -  Clade 111 14.41 (0.42) 14.41 (0.20)

Clade 11 -  Clade IV 16.04 (0.58) 16.07 (0.56)

Clade in -  Clade IV 13.59 (0.12) 13.59
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Table 3.3 contd.

S am p le D istances (s.e .) A veraged  
D ista n ces*  (s.e)

Distances between clades and control 
sequences

Clade I 12.62 (1.77) 12.93 (1.20)

Clade II 12.05 (1.66) 12.05 (1.67)

Clade III 11.85 (1.59) 11.85(1.61)

Clade IV 11.35 (1.42) 11.35 (1.29)

Distances between control sequences^ 9.75 (2.1)

In contrast, another male member of this cohort, Donl4, although clearly linked to 
Don 18 by phylogenetic criteria (distance 2.2%, bootstrap value 95%), claims to have 
had no direct contact with her. Furthermore, both Don 14 and Don 18 claim to have had 
only a social relationship with Donl. If this lack of relationship is true, the genetic 
analysis would imply that several intermediate cases linking these individuals remain to 
be discovered.

The average intra patient distances for the index case Donl, ranged from 0.12% to 
0.49% and were on average 0.34% (based on three clones). The average intrapatient 
diversity within clade 1 was 1.08% and within clade 111.23%, hence these values are 
quite similar for the two clades. This is perhaps surprising based on the assumption that 
clade 1 represents a later set of infections then clade 11 and that the rate of evolution 
within the host is constant.

3.3.3 Additional cases; Don25 and Don26

Between Jan and April 2000, ex-partners Don25 and Don26 were detected in 
association with the outbreak, and samples obtained. Three individual clones were 
sequenced from each of these patients by the same method as described previously in 
the same region. These sequences were then added to the previous dataset (the final 
alignment consisting of 56 sequences of 762bp length) and phylogenetic trees generated 
by the NJ method in ClustalX and ML in PAUP* as described previously. The 
transition/transversion ratio and gamma distribution were estimated to 1.96 and 0.540 
respectively for this dataset. The final consensus ML tree is shown in Figure 3.4.
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The tree shows that Don25 and Don26 cluster with each other, as expected, and a 
bootstrap value of 100% at their ancestral node. Furthermore they cluster within clade
II. Notice the bootstrap value at the ancestral node of clade II is higher (95%) in this 
tree, then the one shown previously (88%), presumably due to the addition of related 
sequences strengthening the analysis in this part of the tree. Again the bootstrap values 
at the ancestral node of the Doncaster cluster and the remaining sequences in the dataset, 
is 100%. This cluster is split from the remaining strains, the bootstrap value 98%, hence 
the topology of the two clades is identical to the previous analysis with respect to clade I 
and clade II. However notice how the branches for the other strains have rearranged, 
with the exception of the CPHL control cluster (CPHL 6, 7, 8, and 9, bootstrap at shared 
ancestral node 100%), illustrating how these sequences are more plastic and result in a 
less consistent pattern. Irrespectively, Don 12 and Don20 remain separate from each 
other and the rest of the Doncaster cluster, hence the conclusions from the analysis 
remain the same with respect to the relationships between the Doncaster sequences, with 
the further addition of Don25 and Don26.

Notably the intrapatient distance for Don25 is much higher then Don26 (1.96%, SE 
0.3% and 0.44%, SE 0.2% respectively), possibly implying that Don25 had been 
infected for a longer time then Don26. The average distance between them is 2.6% (SE 
0.5%). This relationship is thought to have taken place 3 years prior to sampling, like 
Donl? and Don23, hence these two pairs which cluster in the same clade can be 
compared with each other. The average genetic distance between Donl? and Don23 is 
5.3% (as mentioned in 3.3.2.2), which is approximately two times higher. The genetic 
distances would therefore suggest that the rate of evolution in these hosts is different. 
However the phylogeny in Figure 3.4 does show that the lengths of the branches from 
the tips of the two sets to the shared ancestral node in clade II is approximately 
equidistant, implying the transmission events took place at a similar point in time 
assuming a constant rate within different patients. This would agree with the information 
available, i.e. that the transmission events date to 1996 and 199? for Donl?-Don23 and 
Don25-26 respectively.
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3.4 Amino acid alignment of Doncaster sequences

The full length amino acid sequence alignment for all of the Doncaster strains, including 
all four clades, was generated as shown in Figure 3.5. This shows the variation seen 
within and between patient samples and the clades, highlighting the division between the 
clades. By eye the variation observed between clade I and II appears to be randomly 
distributed through out the sequences. To confirm this, the peptide alignments were 
checked for shared motifs, by VESPA analysis, a computer program that identifies 
signature patterns between sequences. This confirmed a lack of signature 
patterns/motifs between the two clades.

A major part of the VI and V2 were ignored in the phylogenetic analysis due to the high 
degree of polymorphism in this region, as illustrated in the amino acid alignment. These 
regions were difficult to align, bearing in mind that they also had to be aligned to the 
reference strains. The amino acid alignment of this region, highlights other information. 
Notice that the VI and V2 region in clade I is typically longer then clade II. (with the 
exception of Don22 which had a long insertion in VI).

132



Don3

Donl9
Doxi2 5 Don2 6

Don2 3

Don22
1 0 0 Donl?

Donl

Donl2 Donl4

DonlS
CPHL9 B-BALI Donll10

Don21^
DOn2

CPHL9 B-US715

B-AC3
CPHL6

CPHL8 B-SFMHS20 CPHLlB-JRFL

Don2 0 J
IV PHL3

5 changesCPHL2
B-SF2B-MN

Figure 3.4. Phylogenetic tree w ith the additional cases D on 25  and D on26. The tree was 

im plem ented by the M L method, including the sam e d a ta se t as d escrib ed  previously. 

Sam ples D on25 and D on26 are m arked by a h igher fo n t an d  d o tted  circle. The fo u r  

D on caster clades (1-IV) are m arked as previously.

133



F igure 3.5. A m ino a c id  a lignm ent o f  a ll the D on caster sequences, spanning C 1-C 4 (position  118 to 421 in H XB2 p e p tid e  sequence). The 

sequ en ces are com pared  to sequences D o n l.2, and  fu rth er organ ised  into clades, f o r  com para tive  pu rposes.
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3.5 Further sequence analysis on the putative index case, Donl

The phylogenetic analysis clearly shows that clade I and II are related. It is therefore 
peculiar that the diversity observed in Donl is relatively low, seeing as he was believed 
to be linked to both groups. If he was indeed responsible for the outbreak and had been 
infected for a longer period of time, it was expected that his proviral sequences would be 
more diverse, provided evolution has not completely halted during time. In contrast to 
this hypothesis, other reports have shown that sequence diversity decreases in the 
plasma/PBMC population during progression to AIDS (Delwart et a l, 1997; 
Shankarappa et al, 1999; Wolfs et a l, 1991), hence in this case may reflect the lack of 
variation within Donl. Furthermore, he was on therapy at the time of sampling 
(although this was not controlling his viraemia according to viral load measurements), 
hence it remains unclear how HAART may have influenced the observed viral diversity 
of Donl’s viral population.

To explore the proviral population from Donl further, another three clones were 
sequenced (clones D1.6, D1.23 and DI.26), and then aligned with the Donl sequences 
from the previous dataset. Surprisingly there was a 90bp deletion in V2 in two of the 
clones, DI.6 and D1.26 as (Figure 3.6). Whether these envelopes are viable, is 
unknown based on sequence data alone. There was an additional 6 bp insertion in VI, 
creating a glycosylation site (NRS). The alignment shows a few other polymorphic 
positions, but still appears similar to the remaining ‘clade F clones.

As a final approach to search for other Donl quasi species, population sequencing was 
performed in contrast to the previous method of sequencing single molecules. The full 
length gpl20 again proved difficult to PCR amplify. It is possible some degradation had 
occurred during the time period since the first set of experiments. However a shorter 
region was successfully amplified of approximately 500bp, spanning C2C3. This region 
should furthermore exclude variable sites where length variation is typically found, thus 
avoiding overlapping chromatograms that are impossible to interpret. The PCR product 
is shown in Figure 3.7.

The PCR product was directly DNA sequenced in both directions using the primer set 
used in the second round PCR. Although the two chromatograms were relatively easy to 
align, there were overlapping peaks in many positions, implying the sample contained 
mixed populations. The chromatogram was therefore compared with chromatograms 
representing clade I and clade II respectively (from D onll and Don 17 clones). The
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positions where there were overlapping peaks in sample Donl, appeared to be a mixture 
of the clade I and clade II peaks, as shown in Figure 3.8.

To investigate this further, the PCR product spanning C2C3 was cloned into a vector, so 
that the individual populations could be analysed. Four clones were sequenced in total: 
D l.l, D1.3, D1.8 and DI.20 (as summarised in Table 3.2). These sequences were then 
aligned to the full dataset, spanning from amino acid position 220 to amino acid 378 in 
gpI20 HXB2 strain.

By eye it was possible to infer from the alignment that several of the new sequences 
looked similar and distinct to the previous set, implying Donl contained both clade I- 
and clade II- like strains. To see where the sequences clustered in relation to the 
previous dataset, trees were constructed by the NJ and ML methods and bootstrapping 
performed, as described previously. As mentioned in section 3.3.1, the Doncaster 
sequences showed similarity to strains from Milan (based on BLAST searches). 
Sequence was available in the database spanning C2C3, therefore the highest match 
‘CM23’ from a rapid progressor (Barlotta et a l, 1997), was chosen and added to the 
dataset. The final dataset consisted of 64 sequences of 462bp. The transition 
/transversion ratio and gamma distribution for the dataset was estimated to 2.029 and 
0.604 respectively by the ML method. The final ML tree is shown in Figure 3.9.
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Figure 3.6. A m ino a c id  a lignm ent o f  6 in d ividual c lon es o b ta in ed  fro m  D o n l, spanning  

C 1-C 4 (305  aa). V ariable loops (V 1-V 4) are  m arked  with boxes. The 90bp  deletion  in V2 

is highlighted. T a ’ and T b ’ refer to the su bclu sters o f  c lade  I defin ed  in fig u re  3.9.
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F igure 3.7. P C R  p ro d u c t spanning C 2C 3 o f  gp  120, o b ta in ed  from  am plifica tion  with  

p rim ers  E 80 a n d  617L, run on a 1%  a g a ro se  gel. D l )  D o n l fro m  p ro v ira l DNA, -\-ve) 

HXB2, an d  - v e )  w a ter control.
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D o n l TGT nRC CTT f l Gfe iM f l NMf lG RM TGG

Donl7 (II) TGTRRCCTTRGBRRRGCRGRRTGG 
Donll (I) TGTRRCCTTRGI^RGRRRRGRTTGG

 1— Z --------1Consensus TGTRRCCTTRG^RRRHRGRUTGG
 +#  # .......

ORF C N L S ? ? ? W

R - A or G 
M - A or C  
W - A or T

Donl

Donl 7-0  lade

Figure 3.8. Com parison o f  chrom atogram s from  D on l, Don II  and D o n l l  sam ples, fro m  the 

cysteine position  at the C-term  o f  the V3 loop. The figu re  im plies that D o n l v ira l popu lation  

is a m ixture o f  c lade I  (D on l I) like an d  clade  II (D o n ll)  like vira l sequences. Polym orphic  

sites in the D o n l sequence are m arked with an N. The h ighlighted T  show s the equivalent 

position  in the sequence an d  chrom atogram  alignments. O RF -  open reading fram e.
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Figure 3.9. P hylogenetic tree including additional D o n l sequences. The tree w as  

gen era ted  by M L m ethod ba sed  on the previou sly  d escrib ed  D on caster dataset, w ith the 

addition  o f  seven D on! sequences an d  strain  CM23, spanning C2C3. The D on caster  

clades 1 and II are m arked w ith dash ed  circles. The D o n l sequences are c irc led  with  

d o tted  lines, within clade I  and II respectively. The boo tstrap  values indicated a t the 

nodes are discussed in the text.
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The tree shows the same clustering of the Doncaster sequences as the previous analysis 
performed on C1C4, with respect to the division into the four clades. The bootstrap 
values at the ancestral nodes of the two clades are again robust, 100% clade I and 84% 
clade II, and the shared node, 94%, although slightly lower then the full length analysis 
were the values were 100%, 88% and 98% respectively. This reflects how decreasing the 
length of the dataset weakens the analysis. Furthermore the arrangement of the samples 
within the clades is also less robust in the analysis on the shorter dataset. Don 12 and 
Don20 in Figure 3.9 now cluster together. However this is misleading as the bootstrap 
value at their ancestral node is less than 50%.

As speculated from the amino acid alignment, two of the new Donl sequences, D l.l 
and D1.3, actually cluster in clade II, whereas the remaining four, D1.8, D1.20, D1.6 
and D1.26 cluster in clade I. Furthermore, the two sequences in clade II are distinct 
from the other samples in the clade, excluding the possibility of contamination by the 
other samples. This is the first direct evidence that the infections in both of these clades 
are indeed linked by Donl. To distinguish between the groups of sequences in Donl, 
the groups have been defined as follows; Donl-I and Donl-II, the roman numerals thus 
referring to clade I and clade II. The amino acid alignment of all of these sequences is 
shown in Figure 3.10.

The distances were estimated within and between the samples as summarised in Table 
3.4. Overall these are slightly higher then the previous estimates based on C1C4, as 
would be expected since the number of changes is averaged across a smaller number of 
sites, in addition to a relatively diverse region being chosen. Interestingly the two 
sequences obtained from the clones with the 90bp deletion, D1.6 and D1.26, cluster 
with the other Donl clade I sequences, but are distinct within this clade, with an average 
distance of 4.02% to the other Donl clade I sequences. This minor population has 
therefore been defined as Donl-Ib, in contrast to the major population, defined as 
Donl-la. The mean distance within Donl was 2.54% and 0.43% within clade la and Ib 
respectively. The previous estimate for the average diversity in Donl (clade I), based on 
the C1-C4 region, was merely 0.34%, hence the subsequent analysis reveals more 
variation then previously in this patient. The average distance between the two clades, I 
and II, in Donl was 9.56% (bearing in mind this estimate is slightly biased as the two 
dataset do not contain the same number of sequences for comparison i.e. 8 versus 2 
sequences).
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The minor population in Donl had not been identified until the C2C3 analysis was 
performed, hence it was possible that minor populations had not been detected in the 
other patients in the cohort either. Indeed, although Donl was considered the most 
promiscuous case in the cohort, it seemed likely that other members of this highly 
sexually active group might also harbour mixed populations. For this reason, the 
analysis was consequently repeated on all of the Doncaster samples, that is the C2C3 
region was PCR amplified and directly DNA sequenced under exactly the same 
conditions as previously performed on sample Donl. All of the chromatograms were 
then compared with each other, to search for mixed populations. Overlapping peaks 
were observed in certain positions, but the overall consensus sequence from each 
individual patient was homologous to the consensus previously obtained from the 
individual clones. Hence there was no evidence of mixed populations in any of the other 
Doncaster patients.
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Table 3.4. Sum m ary o f  d istance estim ates gen era ted  on a sequence alignm ent spanning  

C2C 3 region (472bp) in D N AD IST by the K 2P  method. *- estim ates gen era ted  from  

average in terpatien t values.

Sample Average * 
distance 

(%)

' SE 

(%)
INTRA PATIENT DISTANCES
Clade I
Donl-I 2.54 1.72
Donl-Ia 1.26 0.74
Donl-Ib 0.43 NA
Don2 0.43 NA
Donll 1.16 0.13
Donl 4 1.02 0.50
DonlS 0.73 1.39
Don21 2.15 1.66
AVERAGE 1.10 1.10
Clade II
Donl-II 0.43 NA
Don3 1.90 1.14
Donl 7 0.58 0.13
Donl 9 1.31 0.79
Don22 1.59 0.89
Don23 0.29 0.12
Don25 2.21 0.77
Don2 6 0.29 0.25
AVERAGE 1.08 1.92
Clade III
Donl 2 1.76 NA
Clade IV
Don20 0.65 NA

INTRA CLADE DISTANCES
Intra clade I 4.22 1.10
Intra clade II 6.38 1.92
Intra clade III 1.76 NA
Intra clade IV 0.65 NA

INTER CLADE DISTANCES*
Clade I-II 9.74 1.03
Clade I-III 14.24 0.68
Clade 1-IV 12 .39 0.56
Clade II-III 13.88 0.79
Clade II-IV 14.92 0.73
Clade III-IV 11.37 NA
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F igure 3.10. A m ino a c id  alignm ent o f  C 2C 3 clones ob ta in ed  fro m  D o n l, including all 

the clones (ten in total). The V3 loop is m arked with a box. Sequences that c luster in 

clade I and c lade  11 are indicated  with brackets.
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3.6 Sequence analysis of C4

Some further sequence data was generated continuing from C4 into the V5 loop. These 

sequences were briefly examined, to search for specific motifs linking clade I and II. A 

short motif of six amino acids ‘LILV RD ’ was identified in a conserved region C4, 

which is identical in clade I and clade II sequences (with the exception of Don3 who has 

a M at the second position, which was not observed in any other sequences). This motif 

differed in the second and fourth amino acid position from clade III, clade IV and the 

reference strains. This is illustrated in Figure 3 .11. Interestingly a BLAST search with 

the DNA sequence gave only a single match in the database (a sequence obtained by 

Shankarappa and colleagues (Shankarappa et al., 1998)). Notice that the ‘change’ seen 

at the first highlighted position between the Doncaster sequences and the first 

underlined position unrelated strains involves a transversion (C to A), leading to a non 

synonymous substitution.

F igure 3.11. DNA and am ino a c id  sequ en ce alignm ents spanning C4, ju s t  p r io r  to V5.

The figure illu stra tes a com m on motif, in the re la ted  D o n ca ster  sequ en ces (c lade  1 and  

II), which is not p resen t in the o th er reference sequences (in clu din g  c lade  111 an d  IV).

The p o s itio n s  are h igh ligh ted

DNA AMINO ACID

B-CAMl
B-AC-3

B-SF2 TGT TCA TCA AAT ATT ACA GGG CTG CTA TTA ACA AGA GAT
Donl ... A. . ... GT.......
Don2 ... A. . ... GT.......
Donll ... A. . ... GT.......
Donl 4 . .C ... C.... ... A. . ... GT.......
DonlS . .A A. . . . . GT.......
Don3 ........ A . . . GT.......
Donl 7 ... A.. ... GT.......
Donl 9 ... A.. ... GT.......
Don22 ... A.. ... GT.......
Don23 ... A.. ... GT.......
Don25 ... A. . ... GT.......
Don26 ... A. . GT.......

Donl 2 ... A. .
Don20 ..C ...

B-MN . .A ...
CPHL7 . .c . . . ........ A . .A . . . ... GT.......

A.A

CSSNITGLIL!TRD 
.... I . V
 I . V .
. . . .  I  .V.  
. . . .  I  .V.  
. . . .  I  .V.
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3.7 Co-receptor predictions of the Doncaster strains

The co-receptor usage of the Doncaster strains were predicted based on the amino acid 
at positions 11 and 25 of the V3 loop, in addition to the overall charge. The consensus 
V3 loop sequences for all of the strains are included in Table 3.5. The amino acid at 
position 25 was typically a positively charged lysine (K) within clade I. In contrast this 
position was a neutral or negatively charged amino acid (alanine or glycine or aspartate), 
in clade II. The sequences therefore imply that clade I and clade II sequences may 
reflect CCR5 and CXCR4 usage respectively.

Table 3.5. Table sum m arising the pep tid e  consensus sequence and overa ll charge o f  the 

D on caster V3 loops (the average charge fo r  each group is m arked in brackets). Positions 

asso c ia ted  w ith co-recep tor tropism  are highlighted. B asic  (K /R) -  CXCR4, acid ic  (D/E) 

CCR5. * = No variation, : = C onservative substitution (e.g. R/K).

Clone Clade V3 Sequence Charge
Donl-I I CTRPNNNTRRGIHIGPGRAVYAADKIIGDIRQAHC +6

Don2 CTRPNNNTRRGIHIGPGRAVYAAEKIIGDIRQAHC +6

Donll CTRPSNNTRRGISIGPGRAVYAAEKIIGDIRQAHC +5

Donl 4 CTRPNNNTRRGIHIGPGRSVYAAEKITGDIRQAHC +6

DonlS CTRPNNNTRRGIHIGPGRSVYAAEKIIGDIRQAHC +6

Don21 CTRPNNNTRKGISIGPGRAVYAAEQIIGDIRQAHC +5

(+5.7)

Donl-II II CTRPGNNTRKSIHIGPGRAFYTTGEIIGDIRQAHC +5

Don 3 CTRPSNNTRKSIHIGPGKTFYATGGIIGDIRQAHC +5
Don 17 CTRPSNNTRKSIPIGPGRAFYTTGEIIGDIRQAHC +4
Donl 9 CTRPGNNTRKSIHIGPGKAFYTTGEIIGDIRQAHC +5
Don22 CTRPGNNTRKSIHIGPGRAFYATGAITGDIRQAHC +6

Don23 CTRPSNNTRKSIPIGPGRAFYTTGEIIGDIRQAHC +4

Don25 CTRPGNNTRKGIHIGPGRAFYTSEGIIGDIRQAHC +5

Don26 CTRPGNNTRKSIHIGPGRAFYTSEGIIGDIRQAHC +5

(+4.9)

D12 III CTRPNNNTRKSITIGPGKTFYA-GEIIRDIRQAHC +5

D20 IV CTRPNNNTRRGISIGPGRAFYA-GEIIGDIRQAHC +4

US715 CTRPNNNTRKSIHIGPGRAFYTTGEIIGDIRQAHC +5

Conservation^ • ******
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Unlike the remaining sequencing in the dataset, two of the Donl clones, Donl.8 and 
Donl.20 (shown in Figure 3.9), contained a positively charged arginine residue in the 
V3 loop crown,‘RRGR’, at position 15. However, the overall charge of the V3 loop was 
not increased, as this positive charge is compensated by a negatively charged serine at 
position 11.

It is interesting that the two clades show two different predictions with respect to co
receptor usage. Co-receptor tropism has been reported to be associated with rate of 
progression and disease status, CXCR4 usage being associated with later stages of 
disease and poorer prognosis (Connor et a l, 1997; Shankarappa et al, 1998). It was 
noted that the patients in clade I, predicted to harbour X4 viruses, were in fact all 
diagnosed due to AIDS related symptoms, with low CD4 counts. In contrast clade II 
patients, predicted to harbour R5 strains, were only detected through contact tracing and 
still remain asymptomatic. Hence this implies a possible association between the co
receptor tropism of the Doncaster strains and the clinical profiles in the respective 
patients. This is investigated in more detail in the next chapter 4.

3.8 Brief analysis on nef region of the genome

Some sequence analysis was also performed in the nef region, for two reason. Firstly 
this was performed to identify whether this region also distinguished clade I and II 
sequences as in gpI20, based on both amino acid alignments and phylogenetic analysis, 
and further to confirm the subtype of the virus. Although clade I and clade II are very 
distinct in gpl20, they may represent recombinant viruses, and could potentially remain 
more homogenous in a different region of the genome. A more obvious choice for this 
analysis would probably be gag, as together with env they are the most common regions 
to investigate in transmission studies. Since nef has previously been associated with 
disease progression, in particular due to specific deletions (Deacon et aL, 1995; 
Kirchhoff et al, 1999) (as described in the introduction in chapter 1), it was decided to 
briefly compare clade I and clade II sequences to determine whether any changes 
previously reported, or any major deletions/insertions common between the groups 
could be observed, given that the division between clade I and clade II patients had also 
been identified with respect to their clinical profiles.

A^/was amplified and directly sequenced from a subset of patient samples including 
patients Donl, D onll, Don 14, Don 18, Don21 (clade I) and Don 17, Don22, Don25 
(clade II), and Don20. The chromatograms were not as clean as previously observed in 
the C2C3 region, possibly reflecting problems in the actual sequencing reactions, or
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possible polymorphism. However consensus sequences were obtained for several 
patients. Interestingly Donl did not appear more polymorphic then the other samples, in 
contrast to the gpl20 C2C3 analysis. BLAST searches were performed as described 
previously, and NL43, BIB, SP5 and MP32 subsequently included in addition to MN 
and CAM (which were included in the env analysis, unfortunately sequences were 
not available from all of the reference strains included in the previous analysis). The 
DNA sequences were translated into open reading frames, aligned and compared with 
reference sequences. There were no obvious mutations identified in sites previously 
associated with specific functions (HIV Reference Compendium 2000). Notably length 
polymorphism was observed in Don22, in addition to several insertions. This may be 
explained by immune pressures present in this region (Borrow et ah, 1994).

The DNA alignment was edited and gaps removed resulting in a final alignment of 
514bp which was used to generate phylogenetic trees by NJ and ML as previously 
described. This typically resulted in the following topology: bootstrap analysis showed 
that the only node that had a high value was the one shared between Don 14 and Don 18 
(typically 90%). Donl, D onll, Donl4, DonlS, Don21 Don 17 and Don25 typically 
clustered together, but again with bootstrap values below 50%. Furthermore Don22 
clustered separately, though analysis on a shorter region, including sample Don3, 
revealed these to clustered together with a value of 40% (data not shown).

This illustrates that nef'is perhaps not ideal in this type of study, i.e. for the 
determination of links between infections. Furthermore, sequencing of individual clones 
would be an advantage due to intra sample polymorphism. This brief analysis was 
therefore not very conclusive, although it did confirm that the Doncaster samples tested, 
are of the subtype B strain in nef'm addition to env.

150



CHAPTER 4 

Heterosexual Transmission Study, Part II:
Studies on the Co-receptor Tropism of the Doncaster strains

4.1 Background

As described in chapter 3, the V3 loop sequences of the Doncaster samples suggest that 
clade I and clade II strains use the CCR5 and CXCR4 co-receptors respectively (see 
Table 3.5). Furthermore clade I patients show a poor clinical profile, of which two 
members have died of AIDS related illnesses, in contrast to the clade II patients who still 
remain asymptomatic. Low CD4 counts and rapid disease progression have previously 
been reported to have an association with CXCR4 usage (and SI phenotype), therefore 
the co-receptor tropism in the Doncaster strains might explain the differences observed 
in the clinical profiles between the two groups of patients (Connor et a l, 1997; 
Shankarappa et al, 1998; Spijkerman et al., 1998; Tersmette et al., 1989).

Although the amino acid positions 11 and 25 of the V3 loop have been shown to be 
good indicators of co-receptor usage in vitro, there are exceptions (Hammond et al., 
2001; Hu et al., 2000; Singh and Collman, 2000). The objective of the study described 
in this chapter was therefore to confirm the co-receptor tropism based on the sequence 
predictions. Initially the aim was to perform the co-receptor typing on viral isolates. 
However due to the isolation problems associated with the presence of antiviral drugs, 
chimeric viruses were generated. This chapter should give insight into the biological 
properties of some of the Doncaster strains. The data will be discussed in a separate 
chapter (chapter 5) together with the findings from chapter 3.
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4.2 Samples

Fresh blood was obtained from two patients representing each of the two clades as 
summarised in Table 4.1. The samples were taken six months after the previous sample 
set obtained for the molecular studies described in chapter 3.

Table 4.1. Sum m ary o f  p a tien t sam ples ob ta in ed  f o r  virus isolation. The vira l load  and  

C D 4 counts w ere only availab le  fo r  sam ple D on lS . H ow ever, as the sam ples w ere  

ob ta in ed  only 6  months after the p reviou s sam ple set d escr ib ed  in ch apter 3, and no 

changes in health w ere reported  during this tim e period , it is likely that this data  is sim ilar  

to the previou s m easurem ents, indicated in brackets.

Clade Patient Material Gender Therapy Viral load 
copies/ml

CD4 cell 
count/ml

Clade I D on ll Fresh Female HAART (<400) (200)

DonlS Whole Female HAART <400 350

Clade n Don 17 blood Female naive (55, 000) (500)

Don 22 Female naive (15, 000) (200)

4.3 Virus isolation studies

Virus isolation was attempted on the four patient samples as described in methods 
section, chapter 2 (by co-cultivation with IL-2/PHA stimulated PBMCs from two mixed 
donors). As an indicator of viral growth, p24 antigen was monitored by El A (El A 
throughout) from day 3. Virus production in the supernatant of samples Donl? and 
Don22 peaked around day 10-13, and virus was harvested when the p24 antigen levels 
were approximately 5ng/ml for Donl? and 2ng/ml for Don22. However no virus was 
detectable from samples Donl 1 and DonlS, and the cultures were finally terminated at 
day 28. This was probably due to the presence of antiviral drugs and the consequent low 
viral titres in the initial samples.

A further attempt was made to isolate virus from the clade I patients Donl 1 and DonlS, 
using CD4^ enriched donor PBMCs, by the Rosette Sep method (Stem Cell 
Technologies), thus increasing the concentration of target cells for viral infection. Sam 
Hibbitts (Wohl Virion Centre, UCL) showed that higher titres of virus could be 
obtained by this method. However, again no p24 antigen was detectable during the 2S 
days (data not shown) by the p24 EIA. Furthermore there was no detectable RT activity 
at day 11 and day 1? (when virus production often peaks), as measured by the Lenti- 
RT™ Activity assay (Cavidi Tech, Uppsala, Sweden). This is an EIA specific for Lenti
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type viral RT and more sensitive then the p24 EIA, with a detection range of 0.01 -  50 
pg RT. Elaine Thomas at the Wohl Virion Centre kindly performed this assay.

The ability of the virus isolates Don 17 and Don22 to infect U87 cell lines expressing 
three co-receptors, CCR5, CXCR4 and CCR3 is summarised in Table 4.2, illustrating 
the Don 17 and Don22 strains are CCR5 tropic.

Table 4.2. Summary o f  virus iso la tes ob ta ined  and their co -recep to r  p roperties  on U87  

cell lines expressing the receptors indicated. A ll o f  the cell lines express CD4. The 

infection o f  virus w as m easured by scoring the num ber o f  blue fo c i p e r  well, represen ted  

as  + and - sym bols as described  by others (H am m ond et al., 2001) as fo llow s: - = 0 , ±  

<5, + = 5-10, + +  = 11-30, + + + = 31-100, +-i- + + > 1 0 0  fo c i. * - controls w ere kindly  

p ro v id ed  by the Wohl Virion Centre

Virus C C R 5 C X C R 4 C C R 3 C D 4

S a m p l e

Don 17 obtained ++++ - - -

Don22 obtained ++ - - -

Controls'^

X4 strain; SL2 stock - ++++ - -

R5 strain; 2044 stock ++++ - - -

Due to the isolation problems with the samples from HAART patients, it was decided to 
generate chimeric viruses with ‘Doncaster’ gpl20 and a HXB2 backbone, to investigate 
the co-receptor tropism of the strains, as determined by their gpl20s. Some groups have 
successfully isolated virus from HAART patients (Imamichi et al., 2001; Wong et al., 
1997). However as this is often a difficult, unreliable and time consuming process, the 
generation of chimeras seemed a good alternative for the objectives of this study. 
Furthermore, the co-receptor data already obtained from Don 17 and Don22 could be 
used as controls.
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4.4 Chimera studies: Don gpl20 / HXB2 backbone

4.4.1 Cloning and sequence analysis of patient gpl20s

Full length gpl20s from the four Doncaster samples (Don 11, DonlS, Don 17 and 
Don22) were cloned into a HXB2 backbone, using the HXB2.MCS.Aenv construct 

obtained from Peter Balfe (as described in the methods section, chapter 2). The gpl20 
clones generated previously (as described in chapter 3) could have been manipulated, 
however it was decided to study the blood samples from the second time point for two 
reasons; a) for consistency, to compare with the data already obtained on the matched 
virus isolates from the same sample set, and b) to briefly investigate the rate of evolution 
in gpl20, by comparing the datasets from both the first and second time points, to 
determine whether there were different rates of evolution in the clade I and II strains.

Gpl20 / pCR®3.1 clones were made from the second sample set, as described 
previously, summarised in Table 4.3. An alignment of the gpl20 amino acid sequences 
from the second time point was generated, illustrating the differences between the 
clones, as presented in Figure 4.1. The positions predictive of co-receptor usage are 
highlighted, position 25 differing between the two clades as a positively charged Lys 
(K) in clade I and negatively charged Asp (D)/neutral Ala (A) in clade II. These gpI20 
were checked for frameshifts/stop codons and then further subcloned into the HXB2. 
Overall, two chimeric clones were obtained from each patient, as summarised in Table 
4.3.
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Table 4.3. Summary o f g p l 20 clones and chimeric clones obtained from  the second time 

point. The second number after the patient sample refers to the time point, (eg D o n ll .2 

3.}, the third number to the g p l2 0  clone number (eg D on l 1.2.3) and the fourth number 

(eg D on l 1.2.3.4) the chimeric clone number obtained.

Clade Patient Env gpl20 clones 
(vector pCR®3.1)

Chimeric clones, 
Dongpl20/HXB2

Clade I D o n l  1 D l l . 2.3 D l l . 2 . 3 . 4

D l l . 2 . 4 D l l . 2 . 4 . 1 6

D l l . 2 .10

D o n lS D I S .2.11 D I S . 2 .1 1 .S

D I S .2 .19 D 1 S .2 .19 .30

D I S .2 .49

Clade 11 D on 17 D 1 7 .2 .1 7 D 1 7 .2 .1 7 .1

D 1 7 .2 .2 0 D 1 7 .2 .2 0 .2

D 1 7 .2 .2 1

D o n 2 2 D 2 2 .2 .3 2 D 2 2 .2 .3 5 .2

D 2 2 .2 .3 5 D 2 2 .2 .4 2 .1 6

D 2 2 .2 .4 2
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Figure 4.1. Am ino a c id  alignm ent o f  the g p l2 0  C 1-C 4 region ob ta in ed  from  the f ir s t  and  

secon d time po in ts o f  sam ples D o n l l ,  D on lS , D o n l?  an d  D on22 (three sequences from  

each tim epoint). The secon d num ber ‘2 ’ after the pa tien t sam ple number, refers to the 

tim e point. Sam ples m arked with an asterix  w ere cloned  into the HXB2 backbone. The 

roman num erals refer to the clades defined in chapter 3, which the sequences cluster in. 

The variab le  loops are marked, and position s 11 and 25, a sso c ia ted  w ith co-recep tor  

usage, are highlighted.
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4.4.2 Phylogenetic analysis on the gpl20 sequences from the second sampling

DNA sequences were aligned with the previous Doncaster data set and phylogenetic 
trees analysis performed as described previously (68 sequences of 762bp length, 
estimated transition/transversion = 2.080, gamma distribution = 0.511). The final ML 
tree is presented in Figure 4.2, which confirms that the sequences from the second time 
point clustered with their respective samples from the first time point in the ‘Doncaster’ 
tree. Notice that sequence D17.2.20 clusters by the ancestral node of Don 17 and 
Don23. Don 17 was believed to have infected Don23, hence this sequence may represent 
a quasispecies more related to the strain originally transmitted. Table 4.4 summarises 
the average genetic distance estimates for each patient including all the clones sampled 
to date (hence from the first and second time point). The average intra distance estimate 
for Don 17, is higher than the previous estimate based on three clones from the first time 
point, partly reflecting the presence of the distinct D17.2.20 clone sequence. Notably the 
average intra distance for Don 18 is also considerably higher than the previous estimate. 
This may reflect lack of sampling from the first time point, or that evolution has taken 
place during the time period between the two samples.

Table 4.4. G enetic distance estim ates fo r  f ir s t  and secon d  tim e p o in ts  fo r  pa tien ts D o n ll ,  

D on lS , D o n l7  and Don22. These estim ates are ba sed  on 6  clones p e r  pa tien t (3 from  

each tim e point). * - f o r  com parative purposes, the in itial estim ates p resen ted  in chapter 3 

(tab le  3 .5) are included.

Clade P atien t Average distance S E Previous estimate* SE

% % % %

Clade I Donll 1.53 0.70 1.77 0.26

Don 18 1.43 0.55 0.76 0.66

Clade 11 Don 17 2.38 1.27 1.01 0.33

Don22 1.86 1.05 1.69 0.90

It was decided to see if it was possible to estimate the rate of evolution in clade I and II, 
using the data obtained from the first and second time point. However, seeing as some 
of the second samples intermingled with previous sets in the phylogenetic tree (notably 
D 17.2.20), and the time period between the two samplings was only six months, the 
results from the analysis were inconclusive (data not shown). More sequences from the 
respective time points would probably need to be obtained for such an analysis, or 
ideally samples from a third time point at least six months after the second one.
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Figure 4.2. Phylogenetic tree including the second time po in ts from  pa tien ts D o n l 1, D on lS , 

D o n l?  and Don22, generated  by ML method. The fo u r  pa tien ts are m arked in red, the firs t  

and second time poin ts are m arked with red  stars and triangles respectively. C lade 1 and II 

are m arked by dashed circles. B ootstrap values are indicated a t the nodes (1000  replicates).
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4.4.3 Isolation and co-receptor properties of chimeric virus

The chimeric clones were electroporated into the SupTl T-cell line and the cell culture 
supernatant monitored for p24 production by EIA, as described in the methods chapter 
2. The SupTl cell line expresses CD4 and CXCR4, but not CCR5, therefore it was 
predicted that the X4 control and clade I chimeras from samples Donl 1 and Don 18 
(predicted to use the CXCR4 co-receptor) would result in a productive infection of this 
cell line. In contrast the R5 control and clade 11 chimeras from Don 17 and Don22 were 
expected to be non-productive, due to the lack of the CCR5 co-receptors on the cell 
surface, hence virus should be harvested within 48-72 hours, i.e. after a single round of 
replication.

‘HXB2.MCS.79’ was used as an X4 control (i.e. the ¥lXB2Aenv vector backbone 

without the deletion, which on transfection generates a HIV^^bz viral stock), a strain 
adapted for growth in T-cell lines. ‘HXB2.MCS.612.310’ was obtained as an R5 
control and has been described previously by Lewis et al (Lewis et al, 1998).

The p24 antigen measured in the cell culture supernatants is shown in Figure 4.3 from 
day 1- day 14 for duplicate clones from the four patients. Virus was typically detectable 
by day 2-3. Virus production from clones obtained from D onll and Don 18 then 
increased, peaking by day 7-9, chimera Donl8.2.11.6 exhibiting highest growth. In 
contrast, Don 17 and Don22 chimeras gave low levels of p24 antigen ~100-1000pg/ml, 
around day 2-3 and subsequently became undetectable (though by day 15-21 the p24 
antigen started to increase again, possibly due to adaptation, data not shown).

After virus had been harvested and stored, 100-200pl of supernatant from the liquid 

nitrogen were thawed and incubated on the U87 cell lines for three days, to test which 
cell lines the chimeras could infect. The assay worked well for the clade 1 samples, as 
summarised in Table 4.5. However no infection, as measured by intracellular staining of 
p24, was observed in the clade 11 samples. This was probably due to their low viral titres, 
therefore, to prevent any loss of virus due to storage in liquid nitrogen, fresh cell culture 
supernatant was directly incubated with the U87 cell lines at day 3. However the assays 
were again negative.
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Finally to boost viral production enough for detection by intracellular staining, 

SupTls were co-cultivated 24 hrs post-transfection with the three separate U87 cell- 

lines (in separate wells) for three days. The hypothesis was that during the first 24 

hours, the DNA would be taken up by the SupTls, also allowing the cells to recover 

from the electroporation process, and the first round of replication to begin. When 

virus production has taken place within 48-72 hours, the virus is released into the 

supernatant, at which point the cells would be in close proximity to the U87 cells. 

Virus entry would then be restricted to the cells expressing the correct co-receptor, 

visualised by intracellular staining for p24 in the U87 cells. Furthermore, the number 

of cell targets for infection were increased by plating the cells in 6 well dishes as 

opposed to the 48 well dishes used previously (at the same confluency). The X4 and 

R5 controls were included, in addition to sample chimera D18.2.11.6 which had 

already been successfully typed several times, to check that the results from two 

methods were consistent with respect to the co-receptor assay results.
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After the three days of co-cultivation, the U87 adherent to the bottom of the well, were 
directly washed (to remove the supernatant and SupTls), fixed and stained as described 
previously. The results are shown in Table 4.6, illustrating that the controls were 
consistent between the two methods, and furthermore that the Don 17 and Don22 
chimeras were CCR5 tropic by this method. The background is higher (i.e. some blue 
foci were scored in all wells, even in the negative control), then the conventional co
receptor assay, probably due to the presence of single SupTl cells, and possibly of 
SupTl and U87 cells adhering to each other. Intracellular staining is shown in Figure
4.4 for samples D18.2.11.6 and D22.2.42.16.

Table 4.5. C o-receptor tropism  o f  D oncaster clade I chim eras on U 87 cell lines 

expressing C D 4 and the respective  co-receptors. The infection o f  virus w as m easured by  

scoring the num ber o f  blue fo c i p e r  w ell as described  by o thers as fo llo w s: - = 0 , ±  <5, + 

= 5-10, + +  = 11-30, +-I-+ = 31-100, + + 100 fo c i (H am m ond e t al., 2001).

Sample CD4/CCR5 CD4/CXCR4 CD4
P atien t

D o n l  1 D l l . 2 . 3 . 4 -H- -H- -

D l l . 2 . 4 . 1 6 -H- -H- -

D o n lS D 1 8 . 11 .2 .6 4-H-4- -

D 1 8 .2 .1 9 .3 0 +++ -1- -

Controls

Vector HXB2Aenv - - -
X 4 strain H X B2 - -H-I-+ -
R5 strain 61 2 .3 1 + - -
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Figure 4.4. Chim eric virus induced cy topath ology on U 87 cells lines expressing C D 4 an d  the 

C C R 5 or CXCR4 co-receptor, as indica ted  f o r  each figure. C ytopathology is v isu alised  by  

in tracellu lar stain ing o fp 2 4 . Results from  tw o o f  the sam ples represen tative o f  D o n lS  and  

D on22 are shown here (a-c), in addition  to the positive  R5 an d  X 4  controls (d-e), and  

negative controls fo r  each ce ll line (f-h). S ingle and m ultinucleated fo c i  can be seen in a ll 

sam ples and positive  controls. ---------
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%
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b) DonlS: DIS.2.11.6 
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Figure 4.4 contd.
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Table 4.6. C o-recep tor tropism  o f  the D on caster clade II chim eras, based  on the 

S u pT I/U 87  co-cu ltivation  assay describ ed  in the text, a) show s the num ber o f  blue fo c i  

scored  p e r  w ell in the assay, and b) sum m arises this da ta  to indicate co -recep tor usage by 

a + o r  - sym bol, ' + ’ assum es a num ber o f  fo c i > 4  fo ld  h igher then the background fo r  

each sam ple. * - chim era D o n l8 .1 1.2 .6  fro m  p a tien t D o n I8  w as used as a control 

sam ple in this assay, to com pare the co -recep tor assays.

a)

Sam ple S u p T l-U 8 7

C C R 5/C D 4

S u p T l-U 8 7

C X C R 4 /C D 4
S u p T l-U 8 7

C D 4

P atien t

D o n l 7 D 1 7 .2 .1 7 .1 2 7 4 75 43

D 1 7 .2 .2 0 .2 134 58 52

D o n 2 2 D 2 2 .2 .3 5 .2 174 3 0 59

D 2 2 .2 .4 2 .1 6 1153 16 18

Controls

Vector HXB2Aenv 37 5 0 36

X 4 strain HXB2 138 > 1 0 0 0 150

R5 strain 6 1 2 .3 0 8 0 0 45 71

D o n l S * D 1 8 .2 .1 1 .6 > 1 0 0 0 > 1 0 0 0 83

b)

Sample CCR5 CXCR4 CD4
Patient
D o n l 7 D 1 7 .2 .1 7 .1 + - -

D 1 7 .2 .2 0 .2 + - -
D o n 2 2 D 2 2 .2 .3 5 .2 + - -

D 2 2 .2 .4 2 .1 6 + - -

Controls

Vector HXB2Aenv - - -
X 4 strain H XB2 - + -
R5 strain 6 1 2 .3 0 + - -
D o n l  8* D 1 8 .2 .1 1 .6 + + -
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4.4.4 Syncytium inducing cytopathology of chimeric viruses

The advantage of using the SupTl cell line for viral production, is that the phenotypic 
properties of the viruses on a T-cell line can be studied directly. HIV-1 strains have 
previously been classified as syncytia inducing, SI, and non syncytia inducing, NSI in 
T-cell lines (typically MT2 or SupTl cell lines). Interestingly several of the chimeras 
obtained from clade I patients formed syncytia in culture. Chimera D 18.2.11.6 in 
particular formed large numbers of syncytia. Syncytia formation in this culture (in a T- 
75cm^ flask) typically started on day 7 or 8, and by day 13, more then 100 syncytia were 
observed. The HXB2 positive control also formed syncytia by day 5-6, as expected. No 
syncytia were observed in the cultures containing clade II chimeras or the R5/NSI 
control 612.31 (even when production peaked at the later time point indicating the virus 
may have adapted) however this might be a reflection of low viral titre. Figure 4.5 shows 
the induced cytopathology observed in the SupTl cultures for samples Donll and 
Donl8.

4.5 Summary of the co-receptor properties of the Doncaster viruses

The following table summarises the observations made from the studies described in 
this chapter.

Table 4 .7. P roperties o f  D oncaster isola tes and chim eras studied, w ith respect to co 

recep tor tropism  on U 87 cell lines and syncytium  inducing phenotype d irec tly  observed  in 

the SupT l (T-) cell line. The question mark im plies that this conclusion is not com pletely  

reliable, as d iscussed  in the text.

Clade Patient Chimeric
clone

Phenotype 
in SupTl

Co-receptor tropism 

Chimeric virus Viral
isolate

Clade I D o n l  1 D l l . 2 . 3 . 4 SI CCR5/CXCR4 N/A

D l l . 2 . 4 . 1 6 SI CCR5/CXCR4

D o n lS D 1 8 . i l . 2 . 6 SI CCR5/CXCR4 N/A

D 1 8 .2 .1 9 .3 0 SI CCR5/CXCR4

Clade II D o n l 7 D 1 7 .2 .17.1 NSI? CCR5 CCR5

D 1 7 .2 .20 .2 NSI? CCR5 CCR5

D o n 2 2 D 2 2 .2 .3 5 .2 NSI? CCR5 CCR5

D 2 2 .2 .4 2 .1 6 NSI? CCR5 CCR5
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Figure 4.5. Syncytium induced cy topath ology o f  

D oncaster chim eras in T-cell line, SupTl. The 

figures include the fo llow in g sam ples; a) D o n lS  

(SI) and b) D o n l 1 (SI), an d  the fo llo w in g  controls; 

c) p o sitive  SI control, HXB2, d) p o s itiv e  NSI 

control*  612.310 an d  e) negative control, 

uninfected SupT l cells.

*  -  this control has previously been determ ined as NSI 

(Lewis et al., 1998). However, the titre o f  this culture 

was very low, hence m ay not be en tirely representative, 

as discussed in the text.
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4.6 Screening for the 32bp deletion in the CCR5 receptor gene

Previous reports have implied that certain polymoiphisms in the gene encoding the 

CCR5 co-receptor, are associated with disease progression to AIDS (Clegg et al., 2000; 

Michael et al., 1998; Rucker et al., 1998). A 32bp deletion (CCR5A32) can lead to 

protection against infection in homozygotes and it is thought heterozygotes may also 

have some protection (although this remains controversial (D'Aquila et a i ,  1998; 

loannidis et al., 1998)). The genotype for this specific deletion was therefore determined 

for the Doncaster patients, as this might influence infection in these patients. The results 

are presented in Figure 4.6, illustrating that both D onl and Don21 are in fact 

heterozygote for the 32bp deletion in the CCR5 co-receptor gene.

Di D2 D3 Dll 012 014 017 018 019 020 D21 022 023 025 026 He Ho HgO
I

182bp
Q  —  :_150b„

F igure 4.6. D éterm ination  o f  the C C R 5A 32 gen otype  in the D o n ca ster  pa tien ts. A single  

ban d  o f  182bp represen ts WT, tw o bands o f  150bp an d  I8 2 b p  in d ica tes  h e terozygo te  an d  

a sin g le  ban d  o f  150bp hom ozygote. The h etero zyg o tes  in the coh o rt f o r  this gen o type  are  

underlined, i.e. p a tien ts  D o n l an d  D on21. S am ples w ere  se p a ra te d  on a 2%  a g a ro se  ge l
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CHAPTER 5

Heterosexual Transmission Study, Part HI: ' 
Overall Summary and Discussion

5.1 Foreword

The work on the sequencing and co-receptor typing of the Doncaster material forms two 
tightly interlinked chapters (3 and 4) of this thesis. It was therefore decided to integrate 
the discussions and conclusions from the results presented in a single section, as one is 
difficult to write without the other.

It is important to mention that in the last few weeks since writing these chapters, it has 
been confirmed that Donll and Don21 actually did have sexual contact with Donl, 
around 1997 and 1996 respectively. However the studies and analysis were performed 
and analysed without this knowledge. This information was therefore not included either 
in the results sections or in the earlier publication of this work. However this new 
information is important for the study, and indeed supports the original hypothesis and 
findings, hence the information is included in this discussion.

5.2 Molecular epidemiology

The study presented here is a detailed investigation into the molecular hnks between the 
viruses present in a heterosexual transmission cluster consisting of 15 cases and gives 
an insight into the molecular epidemiology in a group of people from a community 
outside a typically high risk area. It further demonstrates how phylogenetic analysis can 
be a useful tool for determining the patterns of HIV transmission in an outbreak where 
conventional contact tracing and epidemiological investigation fail to produce a clear 
picture. The findings suggest that the HlV-1 subtype B is well established in this 
community, as inferred by the extent of the viral diversity observed in the patients 
(assuming evolution during time). Furthermore the related infections subdivide the 
patients into two distinct groups based both on phylogenetic clustering and clinical 
profiles.

The complex network of multiple sexual exposures, which inter-link the members in this 
cohort means it is difficult to establish reliable relationships by contact tracing alone. 
Only four contacts involving Donl (with Don2, Don3, Don 19 and Don22) and links 
between ex-partners Donl7/Don23 and Don25/Don26 were traced with any certainty
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prior to the studies described here. Phylogenetic reconstruction of the relationships 
between the viral gpl20 sequences obtained, and by inference the relationships between 
the individuals who harbour them, imply that the majority of the cases in this cohort are 
in fact related. However it is not possible from the data available to infer the likehhood 
of transmission for each exposure as has been done in other studies, notably that in 
Chautauqua County, New York State (where a very high “attack rate” of 31% was 
estimated) (Coles, 1999). Nevertheless, as all of the patients in the cohort had histories 
of other STDs, it is likely that these patients may have been more susceptible to 
infection, as STDs have been shown to be linked with an increased risk of transmission 
(Fleming and Wasserheit, 1999).

The sequence data obtained clearly show that the thirteen of the fifteen cases discovered 
to date are related to one another and support a direct link with the putative male index 
case, Donl. Among the sequences wliich are linked to Donl, two clear groups are 
apparent. The first group, clade I, including patients Don2, D onll, Don 14, DonlS and 
Don21, is tightly linked to Donl by genetic criteria. The second set of sequences, clade 
II, including Don3, Donl7, Don 19, Don22, Don23, Don25 and Don26 are less closely 
related to one another, with an average interpatient distance in gpl20 double the estimate 
for clade I (based on analysis including >900bp of sequence).

Interestingly the average distance between these two clades is almost indistinguishable 
from the unrelated strains in the dataset. In fact, the average inter patient distance within 
clade II alone is further indistinguishable from an estimate previously generated from 
«n/mkeûf heterosexual subtype B infections in Trinidad and Tobago (Cleghom et ah, 
2000). Indeed genetic distances alone would indicate that these clades are not related. 
However, there are several lines of evidence that support a hnk between them. Firstly, the 
bootstrap value (100%) at the shared ancestral node of the two clades is very high, 
implying the analysis is robust. Secondly a motif, albeit a short one, just prior to the V5 
loop was found that was shared among the two groups of sequences, yet is 
distinguishable from all the other strains in the dataset and the HIV database. Thirdly, 
several clade II members named Donl as a contact, furthermore clade I members Don2, 
D onll and Don21 also recalled sexual relationships with Donl. Finally, the finding of 
viral sequences from Donl that cluster into both clades directly supports a genetic link 
between the two groups, reinforcing the known epidemiology.

The remaining two samples in the study Don 12 (clade III) and Don20 (clade IV) remain 
unrelated both to each other and to the other sequences in the dataset, hence these 
represent ideal local controls for the study. Don 12 shares an ancestral node with
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CPHL-1, a sequence obtained from a previously reported heterosexual outbreak, and 
could even be distantly related. The overall clustering of the Doncaster samples 
therefore implies that at least three separate introductions of HIV-1 have taken place in 
this community.

Most other molecular studies performed to investigate the links in an outbreak have not 
included patients who are, or have been, on HAART. In this study six of the patients had 
been on therapy (between 1-2 years) prior to sampling, it is unclear whether this has 
distorted the true phylogeny. It is well documented that HAART leads to positive 
selection in pol and RT, resulting in antiviral resistance. However few studies have 
addressed the effect that HAART has on evolution in the envelope gene. It is unclear 
whether HAART might generate a bottleneck, selecting for the viruses with envelopes 
that have a specific survival advantage, thus possibly influencing the observed genetic 
diversity of the viral population. One recent study gave some evidence for positive 
selection in gpl20 during therapy (in 2/6 study objects) (Frost et al., 2001). If positive 
selection does occur, increasing the rate of change overall for the gpl20 gene, then the 
branch lengths for the treated patients in the observed phylogeny in this study are 
presumably longer than would be the case in an untreated cluster.

In contrast, if HAART has stopped or severely reduced the evolution process, the 
reverse effect might be observed. Previous studies have estimated that HIV-1 gpl20 
evolves at a rate of -  0.5-1.0% per year (Balfe et al, 1990; Li et a l, 1988; Smith et al, 
1988; Cleghom et a l, 2000) (notably 0.5% was estimated for a Trinidad/Tobago 
heterosexual cohort). Given the estimated age of the clade this would imply that the 
distance estimates for clade I are on average approximately 0.5-2.5% shorter then the 
expected phylogeny, resulting in a tighter cluster than expected.

Irrespective of which of these scenarios is most valid, the patients were on therapy for, 
on average, only one year prior to testing, hence presumably the topology of the 
observed tree is still likely to reflect the true phylogeny, leading to the same conclusions 
with respect to the relationships between the infections. The rates of evolution in the two 
clades were briefly investigated here as described in chapter 4, but this data was 
inconclusive, largely because the time period between the two samplings was too short 
(six months). Indeed even if the rates were estimated, it would still be unclear whether an 
observed difference would be a consequence of therapy or of some other intrinsic 
property of the clade I or clade II strains.
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It has been estimated that, even during HAART, the CD4^ T cell population carrying 
replication competent virus persists with a half life of up to 44 months (Pierson et al, 
2000). Therefore, the sequences obtained here should represent viral populations 
present both before and during therapy, further illustrating why the proviral population, 
in contrast to the replicating viral population, is an appropriate source of material for this 
study.

Another factor that might have an influence on the topology is the time of sampling. 
Donl l-Don23 were sampled almost a year after Don 1-3, and Don25 and 26 
approximately one year subsequent to that. Hence the observed phylogeny might appear 
slightly different had the samples been available contemporaneously, as a “snap shot” 
of a single time point.

5.3 Biological characteristics of clade I and clade II viruses

5.3.1 Inferences from gpl20 amino acid sequences

Several features distinguished clade 1 and clade 11 from each other with respect to their 
gpl20 amino acid sequences, the most notable difference being in the V3 loop. 
Inspection of the V3 loop sequences of the Doncaster sequences predicted CXCR4 and 
CCR5 co-receptor usage for clade 1 and 11 respectively, thus conferring several 
differences with respect to the biological phenotypes of the Doncaster strains. This is 
discussed in more detail in the next section (5.3.2).

Secondly, the lengths of the VI and V2 loops also distinguished the two clades. Overall, 
in clade 1 sequences, the VI and V2 loops are longer and shorter respectively than in 
clade 11 (with the exception of Don22 who had an insertion in VI). Previous reports 
indicate that length variation in VIV2 is associated with disease progression, in 
particular extensions in V2 have been related to slower progression (Shioda et a l, 1997; 
Wang et a l, 2(X)0). The findings here, if true, contradict the latter reports, as here the 
longer V2 sequences were found in the patients with poor health (clade 1 members). No 
doubt, the length of this region can alter the number of N-linked glycosylation sites on 
the surface of the envelope, which, as discussed more fully in chapter 6 (in light of the 
seroconvertor study), may effect immune recognition, CD4 and co-receptor 
affinity/binding and consequently disease outcome (Fox et a l, 1997; Labrosse et a l, 
2001; Ogert et al, 2001; Palmer et a l, 1996; Rizzuto et a l, 1998). Hence again, it is 
probable that these regions also contribute to and possibly distinguish the biological 
properties of the viruses in clades 1 and 11.
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In this context, it is worth mentioning the 90 bp deletion found in two clones obtained 
from Donl, in the V2 region. Although length polymorphism is frequently found in this 
region, such large deletions tend not to be seen within a single host (further implied in 
chapter 6 in the seroconvertor cohort, where the maximum size of an insertion/deletion 
was found as 51bp for V1V2). This deletion results in the loss of a glycosylation site 
recently reported to have an association with CD4 independent infection (Kolchinsky et 
al, 2001). Moreover it has eliminated the cysteine at the C-terminal of the V2 loop, 
which would probably disrupt the structure of the gpl20 protein substantially. It would 
be interesting to test if this envelope is actually viable, as it might even play a role in 
CD4 independent infection, a property otherwise associated with certain HlV-2 isolates 
(Reeves et al., 1999). Moreover, these two sequences form their own branch within the 
Donl cluster (Donl-lb), hence one could even speculate that they represent a novel viral 
population sequestered in a previously unsampled tissue or are characteristic of late 
stage disease (Donl was progressing to AIDS during sampling). There is no real way 
of establishing the validity of such speculations in this case, but future studies may 
benefit from a closer follow up of very late stage length polymorphism.

Finally, a feature that is common to both clades and distinguishes them from the other 
sequences in the sample set and database, is the short amino acid motif just prior to the 
V5 loop. This could also have a potential biological significance, as it is next to a highly 
conserved aspartate (D) involved in CD4 binding (2000 HIV reference compendium). 
Alternatively, it could simply be the result of a genetic founder effect, which has 
subsequently been maintained in these viral populations.

5.3.2 Co-receptor tropism of the Doncaster strains

The in vitro studies presented in chapter 4, illustrate the technical difficulties of working 
with primary envelope genes and the different outcomes that can be obtained by 
performing U87 co-culture experiments in different ways. However the low titre viral 
stocks were eventually typed successfully and the conclusions confirmed the genetic 
predictions made from the sequencing studies.

Overall, the studies on the virus isolates from clade 11 patients (Don 17 and Don22) and 
on chimeric viruses constructed from both clades (patients Don 17, Don22, D onll and 
Don 18), illustrate that the clade 11 samples can indeed utilise the CCR5 co-receptor for 
infection, in contrast to the clade 1 samples, that additionally use the CXCR4 co-receptor, 
thus conferring dual tropism (X4/R5 strain). Furthermore these X4/R5 clade 1 chimeras 
present a SI (syncytia inducing) phenotype in the T-cell line (SupTl), as is typically 
observed for CXCR4 utilising viruses (Speck et al, 1997). Indeed, the fact that the clade
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I and clade II chimeric clones resulted in productive and non productive infection 
respectively in the SuptTl T-cell line, also explains their cell tropism, as this cell line 
does not express the CCR5 receptor.

This point also reflects one of the main advantages of this transfection system, as the T- 
cell tropic viruses could be produced to high viral titres and their cytopathology studied 
directly in culture. Although the electroporation method for transfection is very quick, 
reliable and convenient, the transfection efficiency was relatively low, which was a 
problem with respect to the clade IIR5 chimeras, as the viral titres obtained were very 
low (ranging from lOO-lOOOpg /ml). It is therefore unclear whether the clade II samples 
were truly NSI, or whether this was merely a reflection of a low titre virus. In other 
studies, viral titres were increased by infecting donor PBMCs with the supernatants 
from the transfected cultures after a single round of infection (Hammond, 1998; Lewis 
et al., 1998). Since the PBMCs express both the CXCR4 and CCR5 co-receptors, they 
are suitable cell targets for infection, thus resulting in higher viral titres. The 
disadvantage with this system is that there is more scope for changes in the properties of 
the virus in culture, due to the time period before viral production peaks (8-12 days). To 
avoid this, in the studies presented here the SupTl supernatants were co-cultured after 1 
day with the U87 cell lines expressing the different co-receptors, for a maximum of a 
further 3 days. These cultures were therefore maintained for only 4 days, reducing the 
risk of adaptation. This method was also relatively quick and simple to perform.

However, the degree of co-receptor tropism could not be quantified between samples by 
this method, as the viruses were not titrated before infection onto the U87 cell lines. 
These assays only define whether viruses can infect a certain cell line, provided there is 
sufficient virus in the sample. An alternative method, rather than measuring TCIDg^s, is 
to count the number of foci forming units per ml of viral supernatant, FFU/ml, on the 
U87 cell lines for each sample, and then perform subsequent assays using the equivalent 
FFU/ml for each virus, as done by others (Hibbitts et at., 1999). However these assays 
were not necessary for the aim of the in vitro studies presented here, or for the main 
objectives of this thesis. Hence, overall, the experiments presented here were adequate 
for studying co-receptor tropism alone, but not for generating stocks of high titre virus 
for further studies.

Finally the co-receptor tropism presented by the primary viral isolates obtained from 
clade II patients agree with the results from the chimera studies, i.e. that clade II virus 
can use the CCR5 co-receptor for infection. Though there is some evidence that other 
regions of the genome can affect this property (Xiao et al., 2000), the results presented
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here support previous reports in that gpl20 defines co-receptor tropism (Hammond et 
al., 2001; Hung et a i, 1999; Speck et al., 1997), at least in vitro, and as mentioned in 
section 5.3.1, the co-receptor tropism may be defined and modulated by several regions 
of gpl20, not only the V3 loop. These chimera studies also demonstrate that several of 
the gpl20 sequences that were used to show the links between infections in the 
phylogenetic analysis, are in fact viable.

It is perhaps important to mention again, that the viruses investigated here are derived 
primarily from HIV-1 DNA and hence this may not represent the actual replicating virus 
population that causes infection and disease in the host. However, a study by Philpott 
and colleagues indicated that co-receptor tropism determination in cultured PBMCs is 
essentially parallel to uncultured plasma virus (Philpott et a l, 2001), illustrating that 
provirus is still representative with respect to this property. Interestingly the same study 
also suggested that X4 strains revert to baseline to R5 strains after treatment over 2-3 
years. However the data presented here does not really support this, as these studies 
show no evidence for the presence of R5 monotropic strains in the clade I patients.

5.4 Disease progression in clade I and clade II patients

Interestingly, the clinical profiles and the co-receptor tropism determinations divide the 
thirteen Doncaster patients into the same two groups as defined by genetic criteria.
Clade I patients all share a poor clinical profile, and were diagnosed due to presentation 
with an AIDS defining illness and low CD4 counts ranging from 10-90 cells/ml. 
Consequently these patients have been on HAART since diagnosis, two of them have 
died during the study, only three years after first presentation (patients Donl and Don 
21). All of these patients consistently denied sexual contact with Donl until very 
recently, when it was confirmed that Donl 1 and Don21 admitted to having sex with 
Donl around 1997 and 1996 respectively. If this new information is true, it would imply 
that Don21 presented with an AIDS defining illness 1-2 years after seroconversion 
(with a CD4 count of 50) and actually died after only 3-4 years of HIV infection (two of 
which were on therapy). This information therefore suggests that Don21 progressed 
very quickly.

In contrast, the clade II patients were all asymptomatic at diagnosis, and remain healthy 
to date. As a result, they are all drug naive. Their CD4 counts were between 300 and 450 
cells/ml at diagnosis (with the exception of Don25, whose CD4 count was 100 cells/ml, 
possibly due to her pregnancy at the time of diagnosis). They were all identified 
through contact tracing, four named Donl as a sexual contact. Epidemiological
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information also indicates that some of these transmission events date back to the early 
1990s (as shown in the Figure 3.3), therefore e a r lie r  then clade I.

There could be several explanations for this clinical division between the patients. It is 
noteworthy that all of the symptomatic AIDS^defining illnesses observed among the 
thirteen patients have occurred in the clade I patients whose virus is predicted to be SI 
and X4/R5 dual tropic. In contrast the patients in clade II are asymptomatic and are 
believed to harbour R5 strains. Several authors have shown that disease progression in 
patients infected with CXCR4 utilising viruses and SI variants is relatively rapid and 
generally such cases have a relatively poor prognosis (Connor e t  a l ,  1997; Fenyo e t a l ,  

1989; Glushakova e t a l ,  1998; Maas e t a l ,  2000; Shankarappa e t a l ,  1999; Tersmette e t 

a l ,  1989). Various studies have also illustrated that in v itro , CXCR4 tropism may lead 
to more CD4^ T cell death, including a recent study in ex  v iv o  histocultures of human 
lymphoid tissue demonstrating the most severe depletion from infection by dual tropic 
strains (as opposed to monotropic R5 or X4 strains) (Malkevitch e t  a l ,  2001). This 
therefore raises the question as to whether co-receptor tropism alone could explain the 
difference in disease status in the clade I and II patients.

In fact the time of origin of clade I infections implied from the phylogenetic analysis 
and epidemiological information, in addition to the poor clinical profiles raises the 
possibility that the members of clade I were all initially infected with a virus capable of 
utilising CXCR4. This is an unusual observation, as strains in seroconvertors tend to be 
CCR5 tropic, as also indicated by studies described in this thesis in chapter 6 (in the 
seroconvertor study). The transmission of dual tropic X4R5/SI viruses in a group of 
IVDUs has indeed been described before, furthermore those patients progressed to 
AIDS within 5 years of infection (Yu e t a l ,  1998). Another group also recently reported 
parenteral transmission of dual tropic viruses with no selection for SI variants (Koning 
e t  a l ,  2001) (though in contrast, another report demonstrated positive selection for 
R5/NSI variants after perinatal transmission of a dual tropic strain (Paul e t  a l ,  1999)). 
Furthermore, infection in patients homozygous for the CCR5A32 have shown rapid 

dechne in C D 4^ cells despite relatively low viral loads, likely due to infection with X4 
or X4R5 strains (Michael e t  a l ,  1998; Theodorou e t  a l ,  1997).

Here the combination of the SI phenotype and the ability to infect cells expressing either 
co-receptor, may have given the clade I virus an advantage during transmission and the 
establishment of infection. In fact one can speculate that, had the clade I patients been 
infected with the clade II variant, none of the Doncaster cases may yet have come to 
light. However this association can obviously not be proven in this cohort, due to the
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lack of samples at seroconversion. Furthermore the biological properties were only 
tested for two patients in clade I, and although highly (genetically) related to the other 
members of the clade, may not necessarily be representative. These predictions are also 
made solely from one body compartment (i.e. the blood). Moreover, it still remains 
controversial as to whether the X4 phenotype is a cause or merely a consequence of 
disease progression.

Finally it should be noted that patients Don 12 and Don20, who act as local controls, 
both presented with ADDS defining illnesses, but, in contrast to clade I patients, they 
retained viral sequences consistent with a CCR5 utilising phenotype (though Don 12 had 
a lysine at position 28) again illustrating the complexity of interpreting viral tropism and 
disease progression.

In light of this, the effect of co-receptor tropism may further be influenced by host 
factors. Two of the patients in the cohort, 13% of the patients (2/15), namely Donl and 
Don21, were heterozygous for A32 in the CCR5 co-receptor gene, a genotype 

associated with alterations in disease progression. Typically 10-17% of the Caucasian 
population have this genotype (Marmor et al, 2001; Samson et a l, 1996) (as also 
shown for the seroconvertor cohort in chapter 6), hence the estimate for the Doncaster 
cohort is in agreement with this. This heterozygosity might have several implications as 
follows. Firstly this genotype has been associated with slower rate of progression to 
AIDS (Sullivan et al, 2001). Interestingly it has been proposed that this survival 
advantage is only associated with infections with R5/NSI strains (Michael et a l, 1997). 
In this respect, this may have allowed Donl to retain his highly active sex life for longer 
(at least if he initially harboured the clade IIR5/NSI variant), potentially exposing more 
people to the strains he harboured, in addition to exposing himself to other strains. 
Consequently this might also enable more intra host evolution, potentially explaining the 
significant genetic distance in gpl20 between the strains he harboured (Donl-I and 
Donl-II). In contrast, this phenotype has also been associated with selection for X4/ SI 
strains (DAquila et a l, 1998), hence in the case of Donl and Don21 this might have led 
to faster progression (provided CXCR4 tropism causes more rapid decline in health and 
is not merely a consequence). Interestingly Donl and Don21 are the only two members 
in the cohort who have died from AIDS to date, though this may be purely a 
coincidence.

In fact, the different clinical profiles could also be related to other host factors, as in 
addition to the polymorphisms reported in the CCR5 gene, the HLA class I alleles have 
also been associated with disease progression, certain genotypes leading to either
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favourable prognosis or accelerated progression in HIV patients (Gao et al., 2001; 
Kaslow et at., 2001; Lockett et al, 2001). Indeed the Doncaster cohort gives a unique 
opportunity to study host factors in a group of patients who are infected with related 
viruses, and studies on the CTL responses and HLA I genotypes in this cohort are 
therefore being initiated by Dr. Philip Goulder at Oxford University. Realistically the 
difference between the clinical profiles in the two groups of patients is likely to be a 
result of both host and viral factors, again illustrating the complexity of HIV infection 
and pathogenesis, although the data presented in this thesis suggests that in this 
outbreak the virus itself may be a primary determinant of progression rate.

Finally, it is worth noting that Donl may have been in late stage disease when he had 
sexual contact with the members of clade I. Consequently, a more cytopathic strain may 
have been transmitted in this group of individuals, with biological properties 
characteristic of late stage disease, enforced by, or even independent of, the co-receptor 
tropism of the strain (Fenyo et al, 1989; Glushakova et a l, 1998).

5.5 How did the clade I and clade II strains spread in the Doncaster 

community?

The initial identification of two genetically distinct strains that had been transmitted in 
this community was, at first, surprising especially as the infections were thought to be 
the result of a series of heterosexual transmission events involving a single person (i.e. 
Donl). Furthermore the genetic distance between the two groups, at -10%, is virtually 
indistinguishable from unrelated infections. The subsequent discovery of viral 
sequences in Donl that clustered in both clade I and clade II provided a direct genetic 
link between these two clades, supporting a major role of Donl in the outbreak. It is 
believed Donl had been infected for a substantial amount of time, also taking into 
account that the first confirmed sexual contact (with Don22) dated back to 1992-3. It is 
not known when or where he gained his infection, though there was some evidence of 
IVDU in Amsterdam in the 1970s. If Donl actually introduced the virus into the 
Doncaster community (though Don22 clusters nearer to the root of the tree, possibly 
implying she infected him rather then the other way round), it is still difficult to establish 
the order and direction of transmission events that have subsequently taken place in this 
community.
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Based on the genetic, clinical and epidemiological data several scenarios may be 
suggested. Firstly, Donl may have harboured a quasispecies that evolved independently 
during the course of his viral infection into two distinct strains. The fact that only two 
out of 10 sequences cluster in clade II could suggest that the clade II strain was a minor 
variant at the time of sampling, and was more prominent earlier in infection. This is 
further supported by the fact that these sequences also cluster much closer to the root of 
clade II than the other samples, with short branch lengths. If the branch lengths actually 
represent a time scale then the phylogeny suggests that, overall, clade I and clade II 
represent two sets of younger and older transmission events respectively, as also 
supported by some of the epidemiological information. Therefore one scenario is that 
early during infection, Donl harboured and transmitted an R5 strain, resulting in clade 
II, then at a later time point (of several years) by when the second dual tropic strain had 
evolved, predominating Donl’s viral population, a further set of transmission events 
took place, involving clade I. Hence intra-host viral diversification over time may have 
led to the transmission and spread of two distinct strains with potentially different 
pathogenic properties. Moreover one could speculate that these two main transmission 
events took place during seroconversion and late stage disease of Donl respectively, 
when viral loads were high, increasing the risk of transmission. This might also explain 
the ‘jump’ in distance observed between the shared ancestral node of the two clades to 
the node of clade I.

Alternatively, Donl was only responsible for the spread of one of the variants (clade II), 
and was subsequently dually infected along with the rest of clade I. Previously it has 
been thought that dual infection is a rare event, as it requires superinfection of a single 
cell, although it obviously occurs, based on finding of inter-subtype recombinants. It has 
also been reported in subtype B infection before (Morris et al, 1999; Zhu et a l, 1995), 
as discussed in more detail in chapter 6 in the context of primary infection. Due to his 
highly active sex life, Donl may in fact have been exposed several times to the virus, 
thus increasing the chance of dual infection taking place. This suggests that the two 
clades represent two separate introductions of virus. In this case ‘separate 
introductions’ means that two smaller, inter linked outbreaks took place, seeing as 
irrespectively, these strains are genetically related, thus raising the question of who 
initially harboured the second strain.

A third “hybrid” hypothesis is also possible, in which Donl was superinfected with the 
clade II progenitor virus, and subsequently transmitted a novel recombinant virus to the 
members of clade I, with both differences from the clade II virus and homology to it (as 
indicated by the highly significant shared branch these two clades are located on in the
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phylogenetic topology). Studies on other regions of the genome may give insight into 
this theory, and indeed the «e/gene was briefly investigated for this purpose. However 
the data set was insufficient for reliable inferences based on phylogenetic analysis, only 
confirming that the subtype of the Doncaster strains was the same for this region.

Interestingly the co-existence of two phylogenetically distinct CXCR4 and CCR5 
strains that depend on each other for viral replication and production in culture within a 
single host has been observed before (Wang et a l, 2000). Based on the evidence 
supporting CCR5 and CXCR4 tropism for the clade I and clade II strains, one can 
speculate that a similar scenario might apply to the viruses present within Donl.

It is difficult to determine which, if any, of the these scenarios may be true, seeing as 
samples are not available from earlier time points, and due to the lack of information 
regarding seroconversion dates. In the light that more than 20 sexual partners a year was 
common place for members of this cohort, it is possible that several of the members 
have in fact been exposed to HIV-1 several times, and although they named Donl as a 
contact, may actually have been infected by one of the other members. Furthermore, the 
tight genetic clustering of clade I may be explained by series of transmission events in a 
short space of time, when viral loads were high due to seroconversion. Overall, the 
transmission and spread of clade I and clade II in this community of highly sexually 
active individuals is likely to be the result of a combination of factors and events where 
the chance of transmission and prevalence of specific strains has been dependent on the 
biological properties of viruses, in addition to viral loads, host factors and timing.

5.6 Other cases related to the Doncaster outbreak

There are also several other cases probably related to the Doncaster outbreak, who were 
not included in the study. A female patient died in 1996 before the molecular study was 
initiated, in addition another female patient from Retford, termed Don24, also named 
Donl as a contact. A plasma sample was even obtained from this second patient, but 
unfortunately RNA was not isolated successfully from the sample. There is also some 
evidence suggesting that several female patients attending a London clinic are linked to 
the outbreak (personal communications. Prof. Brian Gazzard). Interestingly these 
patients also presented with very low CD4 counts, and relatively low viral loads. 
Epidemiological information suggests that one of these patients had contact with Donl 
merely three years before developing AIDS, implying the patient might be related to 
clade I, again supporting rapid progression in the clade I patients.
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Other cases may also be detected in the future (the index case had links to Derby), 
especially if they are infected with the clade II virus, given that members infected with 
this strain remain asymptomatic to date. Indeed, a characteristic of both this cohort, and 
of heterosexual transmission in general, is that diagnosis takes place later in infection. 
Furthermore the topology of the phylogenetic tree indicates there are several 
intermediate cases linking some of the infections.

5.7 Overall impressions from the Doncaster studies

Overall, the study on the Doncaster cohort is interesting from a biological aspect, in 
addition to being directly relevant to pubhc health. From an evolutionary point of view, it 
is interesting that two distinct strains, have been successfully spread and maintained 
within the same community of people, possibly even conferring different clinical 
outcomes. Furthermore the study illustrates the complex interplay between host and 
viral factors which result in HIV infection and disease. Unfortunately the lack of 
information with respect to seroconversion dates and the uncertainty of the effects of 
HAART, have made it more comphcated to draw conclusions from all the analyses 
performed here. However, irrespectively the study emphasises how phylogenetic 
analysis can be a powerful tool for investigating links between infections, even when the 
transmission events may have taken place over seven years.

All of the Doncaster patients harbour subtype B viruses, including both the related and 
unrelated cases, hence non-subtype B variants do not predominate in the heterosexual 
population, at least in this community, when there has been no known contact to other 
areas of high prevalence. Therefore the impression from these studies is that, if founder 
effects favour its introduction, subtype B virus of HIV-1, (genetically indistinguishable 
from other subtype B viruses transmitted through other routes) is perfectly capable of 
establishing a heterosexually transmitted epidemic, in agreement with other recent 
reports (Cleghom etal„ 2000; Coles, 1999).

The set of transmission events described here have taken place during the 1990s. 
However, with respect to public health, their consequences will probably be felt in the 
Doncaster community for some time to come. Overall, given the increasing frequency of 
heterosexual infection in the UK, it is probable that further outbreaks of this type will be 
described in the future (PHLS quarterly surveillance data, 2001). In fact the Department 
of Health has now presented a strategy for reducing the prevalence of undiagnosed 
sexually transmitted infection and HIV-1 in the England (Kinghom, 2001; White,
2001), since this has become a recognised problem for public health.
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5.8 Future studies

As mentioned in section 5.4, studies are being initiated on the HLA class I genotypes 
and CTL responses in some of the Doncaster patients. This cohort gives a opportunity 
to investigate patients who harbour related viruses, hence this allows the investigation 
into the prevalence and persistence of resistance mutations, and exploration into immune 
responses. Further studies could also be performed to explore in more detail the 
properties of the proviral and replicating populations. It would still be difficult to infer 
associations between properties of the virus and disease outcome. However their 
dynamics over time, both genetically and phenotypically could be investigated, including 
sequence analysis of more variants from the time points already investigated here, and 
later samphngs, if available.

Other regions of the viral genomes could also be characterised, such as gag, to confirm 
the observations made here with respect to genetic linkage and subtype, and to explore 
potential recombination events. Finally any new cases that are detected, could be added 
to the dataset, and the work analysed in hght of such new data.
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CHAPTER 6

Studies on the Genetic Diversity of Env gpl20 During Primary Infection

6.1 Background

The successful design of any vaccine or therapies against HIV will require knowledge 
of the primary immune targets of nascent infection. A cohort of patients is therefore 
being studied during the seroconversion process with respect to genetic diversity, 
inununology and virology. This project, which is a collaboration involving several 
groups at UCL and the Edward Jenner Institute (Compton), is based on previous studies 
which provided evidence for the presence of an autologous antibody immune response 
and CTL escape during and after seroconversion respectively (Borrow et a l, 1997; 
Lewis et a l, 1998). These studies were based on single patients, hence one of the main 
objectives of the seroconvertor project as a whole is to extend this research to multiple 
patients. The work presented here is an investigation into sequence variation in viral 
RNA and DNA populations during the first weeks of infection. In the future, this work 
will be integrated further with other biological and immunological studies performed by 
others to gain an overall picture of viral events and immune recognition during primary 
infection.

In this study patients have been identified during the earliest stages of infection by 
discordant diagnostic assay results i.e. patients were initially ‘HIV negative’ by the 
antibody ‘Fujirebio’ EIA, but positive by the Chiron vRNA assay. Patient samples have 
been collected 1,2,3 and 4 weeks immediately after first detection and then 2, 3, 6,9 and 
12 month later, followed by 6 monthly intervals. To date 18 patients have been recruited 
by the HIV clinic in London (Mortimer Market Centre). The project is on going and 
hence new patients are being identified continuously.

Here the first eight patients were studied, all of who were infected through homosexual 
contact. Epidemiological evidence and contact interviews suggest that these patients were 
exposed between 2-6 weeks before detection. For the sequencing study the first 
available sample and a sample 2-3 weeks later were investigated. None of the patients 
were on therapy before this second sampling. In addition, for MM5, a blood sample was 
available from the index case, and hence the relationship between the recipient and donor 
viruses has also been studied briefly.
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In this chapter data will be presented on variation and change observed in viral 
sequences within and between the two time points, with respect to specific amino acids 
and overall shifts in genetic diversity. In addition, length polymorphism in the V1-V2 
region has been assessed. The latter is of interest as an increasing number of reports 
have suggested the involvement of certain positions and glycosylation sites in this 
region in both immune recognition and receptor/co-receptor binding.

6.2 Patient samples and clinical data

On the basis of diagnostic results, each ‘potential’ seroconvertor identified upon their 
first visit to the clinic, confirmed as a seroconvertor or not, is potentially recruited. The 
eight confirmed seroconvertors included in this thesis were named MM1-MM5 and 
MM7-MM9 (MM6 was excluded, as this patient changed clinic). Their antibody 
profiles are summarised in Table 6.1. Subsequent samples from a patient were 
numbered in the order obtained (i.e. by date) and indicated on the sample name as a 
second number. For example: ‘MM2.3’ would refer to patient MM2, time point 3. 
Hence when comparing two samples, a higher second number refers to a later point in 
time than a lower number. The patient samples studied, their codes and their number of 
days collected following onset of symptoms are further summarised in Table 6.2.

None of the patients were on HAART during the time of sampling presented in this 
study, with the exception of MM3, who started 1 day after the second sequenced time 
point (MM3.4), explaining the drop in his viral load by the third time point sampled 
(MM3.5). Notably, genotypic resistance testing was performed on all of the patients 
prior to any treatment, and two of the patients, MM7 and MM9, harboured known 
mutations in RT and protease respectively.

The putative index case for patient MM5 was assigned the code ICI (Index Casel). He 
was diagnosed in February 1999, with stage IB infection, i.e. approximately one month 
before MM5. His blood sample was obtained two months after MM5 was diagnosed.

The CD4 counts and viral load profiles during the first weeks of infection, including the 
two time points studied, are shown for each individual patient in Figure 6.1. This data is 
also summarised for the first 5-6 months of infection collectively, in Figures 6.2 and 
6.3, demonstrating the general trend in clinical profiles in the cohort.

In all patients the viral load was on the decline, with the exception of MM2 whose viral 
loads fluctuate. The decline for each patient varies, presumably this depends on the
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initial viral load, but also on how early in infection the patient was detected for the study. 
The viral load dropped the most in patients MM3 and MM8, in fact the viral loads from 
the first time point from both of these patients are not included in the graphs, as the 
value goes off scale (>25 x 10̂  and -40 x 10̂  respectively). The figures also illustrate 
how the viral loads stabilise in all patients during the course of infection, by the final 
point shown several patients have begun HAART (MM3, MM5, MM7).

Figures 6.2b and 6.3b demonstrate that the change in CD4 count during the first weeks 
of infection is largest in MM3. In this patient a measurement several months previous to 
infection was available, which is included in the figures, giving an indication of the 
patients ‘normal’ CD4 count, for comparison. Notably the CD4 counts during the 
initial 6 months of infection remain relatively low in several patients. Patient MM7 had a 
CD4 count fluctuating around only 200 cells/ml for the first three months of infection. 
This patient was admitted to hospital with lymphocytic meningitis and had raised CSF 
protein levels. He also received pneumocystis camii pneumonia (PCP) profylaxis. 
Several months after commencing HAART, his symptoms resolved, and his CD4 count 
rose to 500-600 cells/ml (as illustrated in Figures 6.2b and 6.3b). Patient MM2 had 
persistent generalised lymphadenopathy, and declined therapy following good initial 
control of his viraemia. Patients MMl, MM4 and MM8 also declined therapy, and 
appeared to resolve their symptoms within 3 months of infection.
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Table 6.1. Sum m ary o f  p a tien t an tibody pro files  during seroconversion  (perform ed by the D iagn ostic  Service, UCL H ospita ls). The tim e poin ts  

a t which the sam ples in vestiga ted  in this thesis w ere obtained, are a lso  included. ‘D ays  ' is in rela tion  to  the day  o f  on se t o f  sym ptom s (o f  acute  

retrovira l infection), hence a n egative  value is p r io r  to this date. D ata  ob ta in ed  fro m  Dr. P. N ew ton  (M ortim er M arket Centre, UCL).

*- approxim ate estim ate, N D  -not determ ined, -ve negative, + ve  positive , PHI- p rim a ry  H IV  infection.

§ ‘evolving  - f ir s t  d a y  on w hich any o f  the 4  d iagnostic  A b based  tests used  gave  a p o sitive  signal, 

t  ‘POSITIVE', day  on w hich d iagn ostic  an d  confirm atory tests a llo w ed  a p o s itiv e  c lin ica l d iagn osis  o f  infection

Patient m v  Ab 
Last -ve

(days)

Likely
exposure

(days)

Proviral 
DNA +ve 
(In-house 

PCR)

(days)

PHI
-ve

(days)

PHI
Evolving*

(days)

PHI
POSITIVE*

(days)

ist

sample
studied
(days)

2nd

sample
studied
(days)

3rd

sample
studied
(days)

HAART

(days)

Ethnicity

M Ml >6 mths ago -15 14 -9 14
(1/4 +ve)

19 29 79 - - White
European

MM2 -219 -8 4 4 13
(evolving)

15 15 28 - 40 . Black
Caribbean

MM3 -149 -15* 13 ND 13
(evolving)

17 18 31 37 31 White
European

MM4 -59 -17* 18 ND 18 26 20 52 - - White
European

MM5 -46 > -1 2 13 ND 12
(evolving)

13 14 30 - 30 White
European

MM7 -109 -23/24 ND ND 11 
3/4 +ve

14 23 29 - 55 South
African

MM8 -72 >-21 5 ND 5
1/4 4-ve

12 7 12 22 - Australian

MM9 -9 -50* 7 7 19 19 19 27 34 - Australian



Table 6.2. Summary o f  pa tien t sam ples studied. The num ber o f  days betw een each time 

p o in t is shown. CD4"  ̂ counts and viral loa d  estim ates are  a lso  included (data p ro v id ed  by 

Dr. P. Newton, M ortim er M arket Centre, London). The sam ple fro m  the index case o f  

M M 5 is m arked in italics. Whole b lood  w as availab le  fro m  a ll the tim e poin ts f o r  DNA  

an d  RNA extraction w ith the exception o f  M M 8.1.

D F O S - days fo llow in g  onset o f  acute retrovira l sym ptom s 

+ by this time po in t the pa tien t had started  on HAART  

^ plasm a sam ple ava ilab le  only (RNA)

P a tien t S am p le
num ber

Days
between
samples

Day sam ple

taken
(D F O S )

CD4 count 
c e l ls /m l

Viral load 
c o p ie s /m l

MMl MM1.2 29 N/A 34,400

MM 1.5 40 79 1000 5,400

MM2 MM2.3 15 430 185,300

MM2.5 13 28 N/A 426,600

MM3 MM3.2 18 860 897,500

MM3.4 13 31 1270 187,300

MM3.5+ 6 37 1460 8,200

MM4 MM4.1 20 N/A 160,000

MM4.4 32 52 990 9,900

MM5 MM5.1 14 430 408,900

MM5.4 16 30 720 31,200

INDEX; ICI 60 N/A 430 15, 000

MM7 MM7.3 23 240 690,000

MM7.4 6 29 250 325,300

MM8 MM8.1* 7 N/A 39,837,300

MM8.2 5 12 290 5,927,000

MM8.4 8 22 400 159,700

MM9 MM9.2 18 780 142,700

MM9.3 9 27 560 23,500

MM9.4 7 34 720 14,500
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Figure 6.1. C lin ica l profiles  during the f ir s t  weeks o f  seroconversion. C D 4 counts an d  vira l 

lo a d  m easurem ents are shown f o r  each patien t. For pa tien ts M M 3 and M M 8 the h ighest v ira l 

loads are o ff  sca le  and therefore not included. *- tim e po in ts s tu d ied  in this thesis. D ata  

p ro v id ed  by Dr. P. Newton.
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Figure 6.1. contd.
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Figure 6.2. C lin ica l profiles during the f ir s t  6 months o f  infection. Sum m ary o f  the v ira l lo a d  

(a) and C D 4 (b) profiles  o f  the eight seroconvertors. N ote f o r  M M 3 a  C D 4 count w as  

ava ilab le  p r io r  to  infection (five months before diagnosis, m a rk ed -5 m n th ), illustrating the 

rela tive overa ll decrease in C D 4 count as a  consequence o f  H IV  infection, wk/mnth- 

week/m onths p o s t onset o f  sym ptom s, ‘- I w k ’- one w eek p r io r  to onset o f  sym ptom s.
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Figure 6.3. C lin ica l profiles o f  H AART an d  non H AART pa tien ts during the f ir s t  6 months o f  

infection. The figu res p resen t the sam e inform ation as F igure 6.2, hut distinguish betw een  

patien ts on HAART (red) an d  not on H AART (blue). The tim e po in t a t which H AART  

treatm ent w as in itia ted  is in d ica ted  by  a black arrow  fo r  each pa tien t respectively.
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6.3 PCR and sequencing results

6.3.1 Proviral DNA

Complete env gpl20s (codon 1 to -500) were successfully PCR amplified from all 
proviral DNA samples with the exception of MM7. Figure 6.5 shows a typical gpl20 
product after the second round PCR. Amplification with primers 944S/E400010 proved 
more difficult on samples MM5, MM8 and MM9, although primers 626L and I25Y, 
which do not incorporate the natural signal peptide, amplified well. The PCR product 
amplified from this primer set was typically 100 bp shorter than the 944S/E400010 set. 
PBMCs were not available from MM8.1 and so DNA from the following time point 
‘MM8.2’ was used.

The template from the first time points from MM7 proved difficult to amplify, this was 
probably due to low DNA concentration in the sample and consequently low proviral 
load in the sample. As multiple sets of primers failed, which otherwise successfully 
bound to the RNA template, it is unlikely that primer mismatches were the cause. 
Inspection of the genomic DNA prepared from this sample showed very low 
concentration, but no evidence for degradation. A full length gpl20 from a later time 
point, MM7.5, was amplified but not investigated further as it would not have been 
possible to compare it to the first time point. The number of template copies of proviral 
DNA gpl20 used in the initial gpl20 PCR reactions were estimated for each sample by 
limit dilution titration (Balfe et al., 1990) (as described in section 2.6.4). All values were 
above 100 copies/reaction (with the exception of MM7), as summarised in Table 6.3.
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i I 2,036 bp

- - ^ 1 , 6 3 6  bp

^  1,018 bp

^  506 bp

'#*  unincorporated primer

Figure 6.4. Second round g p l2 0  PCR products amplified with prim ers 944S and  

E400010. The product is typically 1.5-1.6 kb. PCR products were obtained from 1)

MM 1.2, 2) MM3.2, 3) MM3.4, +ve) positive control HXB2 and -ve) negative water  

control.

Table 6.3. Summary o f  proviral copies o f  gp 120 included in PCR amplifications fo r  each 

patient sample (see text fo r  further details).

P a tien t

sa m p le

No of proviral g p l2 0  
co p ie s /in itia l reaction

MM 1.2 120

MM 1.5 890

MM2.3 720

MM2.5 433

MM3.2 900

MM3.4 600

MM3.5 900

MM4.1 720

MM4.4 870

MM5.1 140

MM5.4 180

MM7.3 N/A

MM7.5 N/A

MM8.2 190

MM8.4 170

MM9.2 140

MM9.4 120
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Table 6.4. C lones ob ta in ed  and sequenced  from  p ro v ira l DNA. The secon d  round g p l2 0  

prim ers that w ere used fo r  am plification  are included. The sam ple tim e po in t is indicated  

by the f ir s t tw o num bers (eg M M 2.3), and  a th ird num ber assign ed  f o r  each clone. The 

orientation  o f  the insert w ith respect to  the pCR®3.1 C M V  p rom oter is in d ica ted  as ‘v ’ 

(correct) o r  ’x ’ (incorrect). fram esh ift in ORF, *-stop codon, s to p  codon presen t in 

C 5 o f  a ll sam ples.

P a t i e n t T im e

p o i n t

S a m p le C lo n e

n u m b er

O r i e n t a t i o n  

i n  v e c t o r

T o t a l  n o /  
t im e  p o i n t

P r im e r s  
i n c o r p o r a t e d  
i n  2““* r o u n d

MMl ISt MMl. 2 MMl. 2 . 1 V 9 4 4 S / E 4 0 0 0 1 0
MMl. 2 . 3 V 9 4 4 S / E 4 0 0 0 1 0
MMl. 2 . 4 V 9 4 4 S / E 4 0 0 0 1 0
MMl. 2 . 7 V 4 9 4 4 S / E 4 0 0 0 1 0

2 nd MMl. 5 MMl. 5 . 1 V 9 4 4 S / E 4 0 0 0 1 0
MMl. 5 . 1 8 V 9 4 4 S / E 4 0 0 0 1 0
MMl. 5 . 5 8 V 3 9 4 4 S / E 4 0 0 0 1 0

MM2* ist MM2 . 3 MM2. 3 . 1 V 9 4 4 S / E 4 0 0 0 1 0
MM2. 3 . 2 V 9 4 4 S / E 4 0 0 0 1 0
MM2. 3 . 4 V 3 9 4 4 S / E 4 0 0 0 1 0

2nd MM2 . 5 MM2. 5 . 1 V 9 4 4 S / E 4 0 0 0 1 0
MM2. 5 . 2 V 9 4 4 S / E 4 0 0 0 1 0
MM2. 5 . 1 1 * V 3 9 4 4 S / E 4 0 0 0 1 0

MM3 ist MM3 . 2 MM3. 2  . 1 V 9 4 4 S / E 4 0 0 0 1 0
M M 3 . 2 . 2 V 9 4 4 S / E 4 0 0 0 1 0
MM3. 2 . 3 V 3 9 4 4 S / E 4 0 0 0 1 0

2 nd MM3 . 4 MM3. 4 . 1 V 9 4 4 S / E 4 0 0 0 1 0
MM3. 4 . 2 1 V 9 4 4 S / E 4 0 0 0 1 0
MM3. 4 . 2 6 V 3 9 4 4 S / E 4 0 0 0 1 0

3 rd MM3 . 5 MM3. 5 . 1 9 * * V 9 4 4 S / E 4 0 0 0 1 0
M M 3 . 5 . 2 2 V 9 4 4 S / E 4 0 0 0 1 0
MM3. 5 . 3 2 V 3 9 4 4 S / E 4 0 0 0 1 0

MM4 MM4 . 1 MM4. 1 . 3 3 V 9 4 4 S / E 4 0 0 0 1 0
MM4. 1 . 3 4 V 9 4 4 S / E 4 0 0 0 1 0
MM4. 1 . 3 9 V 3 9 4 4 S / E 4 0 0 0 1 0

MM 4 . 4 M M 4 . 4 . 4 4 V 9 4 4 S / E 4 0 0 0 1 0
MM4. 4 . 4 8 V 2 9 4 4 S / E 4 0 0 0 1 0

MM5 MM5 . 2 MM5. 2 . 4 V 6 2 6 L / 1 2 5 Y
MM5. 2 . 1 X 6 2 6 L / 1 2 5 Y
M M 5 . 2 . 5 X 3 6 2 6 L / 1 2 5 Y

MM5 . 4 M M 5 . 4 . 3 1 V 9 4 4 S / E 4 0 0 0 1 0
MM5.4.37® V 9 4 4 S / E 4 0 0 0 1 0
MM5 . 4 . 4 4 * V 3 9 4 4 S / E 4 0 0 0 1 0

I C I I C I . 1 7 X 6 2 6 L / 1 2 5 Y
I C I . 1 3 V 6 2 6 L / 1 2 5 Y
I C I . 2 6 V 3 6 2 6 L / 1 2 5 Y

MM7 N/ A N/ A N / A N/ A N / A N/A

MM8 1st MM8.2 M M 8 . 2 . 5 0 V 6 2 6 L / 1 2 5 Y
M M 8 . 2 . 5 1 V 6 2 6 L / 1 2 5 Y
MM8. 2 . 5 8 V 3 6 2 6 L / 1 2 5 Y

2nd MM8 . 4 MM8. 4 . 5 1 V 6 2 6 L / 1 2 5 Y
M M 8 . 4 . 5 8 V 6 2 6 L / 1 2 5 Y
MM8. 4 . 5 4 V 3 6 2 6 L / 1 2 5 Y

MM9 1 s t MM9 . 2 M M 9 . 2 . 2  6 X 6 2 6 L / 1 2 5 Y
M M 9 . 2 . 7 5 V 6 2 6 L / 1 2 5 Y
M M 9 . 2 . 8 0 V
M M 9 . 2 . 8 1 X 4 6 2 6 L / 1 2 5 Y

2nd MM9 . 4 M M 9 . 4 . 7 4 X 6 2 6 L / 1 2 5 Y
M M 9 . 4 . 7 8 V 6 2 6 L / 1 2 5 Y
MM9. 4 . 8 0 X 3 6 2 6 L / 1 2 5 Y
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All full length gpl20 PCR products obtained from the proviral DNA were cloned into 
vector pCR®3.1 for DNA sequencing (as described in the methods, chapter 2). A 
minimum of three clones were sequenced from each of the two time points from each 
patient spanning the entire gpl20 region (with the exception of MM4.4 where only two 
clones were obtained). These clones are summarised in Table 6.4. For patient MM3, 
three clones were also obtained from a third time point, MM3.5. The reasons individual 
clones were generated/sequenced were; a) to prevent problems with overlapping and 
scrambled chromatograms due to length polymorphism in the variable loops or other 
extensive polymorphic positions, b) to allow the measurement of genetic distance and c) 
for possible future studies on the biological properties of these full length gpl20s (the 
resultant proteins are being assessed in a separate study, for initial autologous and 
heterologous humoral antibody recognition).

6.3.2 Viral RNA

In comparison to the proviral DNA, amplification of full length gpl20s from the viral 
RNA was more difficult mainly due to the additional reverse transcription step and 
possible contamination of RNases. Though all precautions were taken to prevent 
degradation of RNA, it is likely that degradation took place in some samples. As the 
‘Titan’ kit‘ (described in the methods, chapter 2) involves the RT step and first round 
PCR in the same reaction, gpl20 specific primers were used in the RT step. When full 
length gpl20s were not successfully amplified, primers spanning a variety of shorter 
regions were tried both in the RT/first round PCR reaction and in the second round 
PCR reaction.

Table 6.5 summarises the regions of gpl20 that were successfully amplified from RNA, 
with the viral load of the original plasma sample from which the RNA was extracted. As 
described previously, RNA was extracted from 140pl plasma and eluted in 50pl AYE 

buffer, of which 5-15pl was added to the RT-PCR reaction. Assuming the RNA 

extraction and clean up steps were consistent with a 100% recovery rate, the sensitivity 
of the RT-PCR for full length gpl20 could be estimated.
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Sample MM9.3 was the sample with the lowest viral load (notably commençai viral load 
assays target a different region of the genome) from which full length gpl20 was 
obtained, the estimate for that sample was as follows:

= 140pl X viral load (copies/lOOOpl) x fraction of eluate added to RT reaction 

= 140p X ( 23,500/1000pl) x 10pV50pl 

= 658 copies

RNA was not amplified from patient MMl from either time point. The copy number in 
the second sample MM 1.5 was probably below the limit of the assay. However for the 
first time point MM 1.2, the expected copy number in the reaction was presumably 
higher then sample MM9.3 (viral load 34,400 > 23,500). Various other primer 
combinations spanning shorter regions were tested on both samples, in addition to the 
volume of RNA being increased in the RT step. However the reactions still failed. It 
therefore seems likely that the RNA had degraded in the samples or that an RT/PCR 
inhibitor was present.

Due to the inconsistency in the data set (i.e. of the lengths of the fragments obtained), 
few full length gpl20 were obtained from a single patient from both time points. 
Therefore instead of generating individual clones, the PCR products were “bulk” 
sequenced. Given the general dogma, that sequences are homogenous in seroconvertors, 
there should be relatively few overlapping peaks in the chromatograms, and indeed this 
was true in some cases. However length polymorphism of the variable loops 
(V1/V2/V3/V4) and also polymorphism in other regions made several of the 
chromatograms impossible to interpret. Retrospectively fragment length analysis 
showed that length polymorphism was indeed present in many samples spanning VI- 
V2, in agreement with the bulk sequence results (see section 6.9). Unfortunately these 
data compromise the utility of this very convenient method. In the case of MM3, several 
individual full length gpI20 clones were obtained and sequenced for comparison.

In order to include analysis on full length gpI20 from several time points for each 
patient, the majority of the phylogenetic analysis presented in this chapter was 
performed on proviral DNA rather than RNA, although some analyses on the RNA and 
DNA populations, particularly the C2C3 region have been included. Sequence analysis 
on the V3 loops from the consensus RNA and DNA populations were compared, in 
addition to length polymorphism in VI-V2 (section 6.9) as measured by fragment 
length analysis.
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Table 6.5. Sum m ary  o /e n v  g p l2 0  PC R  produ cts ob ta in ed  fro m  vira l RNA. *- RNA  

tem plate m ay have degraded, a ltern a tively  copy num ber m aybe under detectable  lim it o f  

assay, x- sequenced, - not sequenced.

Patient Time Region Region bulk viral load.
point PCR amplified sequenced copies/ml

MMl MMl .2 F a i l e d * N / A 3 4 , 4 0 0

M M l . 6 F a i l e d * N / A 5 , 4 0 0

MM2 MM 2 . 3 V I - V 5 X 1 8 5 , 3 0 0

MM 2 . 5 V I - V 5 X 4 2 6 , 6 0 0

MM 3 MM3 . 2 g p l 2 0 X 8 9 7 , 5 0 0

MM3 . 5 g p l 2 0 X 1 8 7 , 3 0 0

MM 4 MM4 . 1 g p l 2 0 X 1 6 0 , 0 0 0

MM 4 . 4 C 2 / C 3 f a i l e d 9 , 9 0 0

MM5 MM 5 .1 g p l 2 0 X 4 0 8 , 9 0 0

MM5.4 C 2 / C 3 X 3 1 , 2 0 0

MM7 MM7 . 3 g p l 2 0 X 6 9 0 , 0 0 0

MM 7 . 4 g p l 2 0 X 3 2 5 , 3 0 0

MM 8 MM 8 . 1 g p l 2 0 X 3 9 , 8 3 7 , 3 0 0

MM 8 . 2 g p l 2 0 - 5 , 9 2 7 , 0 0 0

MM 8 . 3 g p l 2 0 X 9 8 4 , 4 0 0

MM 9 MM9.2 g p l 2 0 X 1 4 2 , 7 0 0

MM 9 . 3 g p l 2 0 X 2 3 , 5 0 0

6.4 Overview of the dataset: phylogenetic analysis of gpl20s

The consensus gpl20 DNA sequence from each patient was initially subtyped using the 
‘HIV Subtyping tool using BLAST’ webpage on the NCBI web site 
(WWW, ncbi. nlm. nih. gov/retroviruses/subtvpe/subtvpe. html). In this program the 
sequence is compared to other reference strains representative of the HIV-1 group M 
subtypes, group N and group O using the BLAST algorithm. It also allows the 
identification of inter-subtype recombinants. The program showed that all samples were 
subtype B.

To confirm this by phylogenetic analysis, and to gain an overview of the molecular 
epidemiology of the samples, a phylogenetic tree of all the full length gpl20s was 
generated using the NJ algorithm in Clustal X, shown in Figure 6.5. This method was 
used initially due to the large dataset and consequent computational demand. The 
dataset included 85 strains, with a total length of 1203bp, from amino acid positions 36 
to 502 in HXB2. Reference strains representing subtypes A, B, C, D, E, FI, F2, G, H, J 
and K in env gpl20 were included, in addition to typical subtype B strains from the US
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and the UK (note that the CPHL reference strains from the UK and also strain Donl 
from the Doncaster cohort were included). The bootstrap value at the node dividing the 
B subtype sequences from the other subtypes is 999, clearly indicating that all samples 
are subtype B. Interestingly MM2 clusters distinctly within the subtype B cluster, with a 
bootstrap value of 1000. However there was no evidence for inter-subtype 
recombination either by RIP analysis or by sectioning of the alignment into fragments 
and generating individual trees (data not shown). Epidemiological information suggests 
this patient was infected with an African strain B (as opposed to the other patients who 
were infected with strains of European origin), which may explain why the viral 
sequences cluster separately.

As expected, all samples (individual clones) from the same patient clusterered closely 
together with high bootstrap values (typically between 995-1000). The tree also 
illustrates that samples from patient MM5 and the named index case, ICI, cluster 
together as expected, with a bootstrap value of 1000 at their shared ancestral node. The 
remaining seroconvertor strains cluster relatively ‘randomly’, i.e. they are interspersed 
between independent UK and US reference strains with relatively low bootstrap values 
at several of the nodes. This is as expected as none of the patients have any known 
epidemiological links to each other, apart from attending the same London clinic. The 
average distance (measured using DNADIST, K2P model, transition/transversion ratio 
=2 and averaged in Excel) calculated between each seroconvertor was 12.1% (SE 1.5%), 
the average intra-subtype B distance (including the MM strains) was 11.2% (SE 1.9%) 
and the average inter-subtype distance was 19.7% (SE 2.3%). These values agree with 
estimates reported previously. Notably the average distance within the seroconvertor 
cohort is higher than the subtype B strains overall. This may be explained by the distinct 
strain of MM2.

An NJ tree including all the sequences obtained in the laboratory for this thesis was also 
generated, including all the seroconvertor and ‘Doncaster’ strains, to check for any 
cross contamination. None was detected (data not shown).
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Figure 6.5. NJ tree representing the relationship betw een  a ll the serocon vertor sam ples  

and HIV-1 reference strains representative o f  subtypes A-K. The analysis w as perform ed  

on a 1203 bp alignm ent, fro m  amino a c id  position s equ iva len t to 3 6  to 502 o f  HXB2.

The alignm ent w as strip p ed  o f  all gaps, which w ere ignored  in the analysis. A ll sequences  

were ob ta ined  fro m  p ro v ira l DNA, w ith the exception o f  M M 7 which w as obta ined  from  

viral RNA since the fo rm er  w as not availab le  (hence the sam ple prefix  V ’j.

6.5 Variation within and between patients; gpl20 from proviral DNA

DNA sequence alignments of the fiill length gpl20s were generated for each patient in 
Clustal X and hand edited. Figures 6.6-12 show the amino acid sequences encoded 
from the DNA alignments, highlighting differences between positions. Stop codons 
were found in several clones, in total 10 for the entire dataset, (indicated by an asterix in 
the peptide alignment, also summarised in Table 6.4), in addition a single frame shift 
was found in MM5.1.37.

A stop codon was in fact present in the same position, eight amino acids from the stop 
codon incorporated by the primer, in MM2 from all clones from both time points. This 
would imply that gpl60 translation in vivo would terminate here and hence no gp41 
would be produced. The 3’ end of the antisense primer E400010 used for the second 
round gpl20 amplifications of these MM2 samples was Ibp from the TTG encoding 
the stop codon. To investigate this observation further, a region spanning the stopcodon 
was amplified from MM2.3 proviral DNA (using antisense primers present in gp41) 
and subsequently consensus sequenced. This revealed that the position where the 
stopcodon (TGA) was present in the individual clones, encoded a Leucine (TTA) in the 
consensus sequence. This suggested that the stop codons were PCR artefacts rather 
than a phenomenon in vivo. However, it seemed unlikely that the T to G change 
occurred randomly during PCR amplification, as the mutuation was detected in 
individual clones obtained from sequential samples from the patient (but not in other 
patient samples). This might suggest there was a bias towards incorporation of a G 
rather than a T, however it is unclear why this occurred.
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Figure 6.12. Amino acid alignment of  full length gpI20 sequences, patient MM9 (proviral DNA). Sequences obtained from the second

time point are in italics. Variable loops are boxed, and potential N-linked glycosylation sites are highlighted  * -  stop codon.



The DNA alignments were further gap stripped (weighted), and the positions encoding 
stop codons removed. In addition the alignments were truncated so that they all spanned 
the same region, equivalent to position amino acid position 36 to 502 in HXB2, to avoid 
bias in the datasets during subsequent phylogenetic analysis. Depending on the primer 
sets used for the second round gpl20 amplification, the gpl20s start at either position 1 
(primers 944s/E400010) or position 36 (primers 626L/125Y).

The pairwise genetic distances were measured between every sequence in the dataset for 
each patient (three clones from the frst and second time point respectively, with the 
exception of MM4.4 where only 2 were obtained) using DNADIST program (applying 
the Kimura 2-parameter model with a transition/transversion ratio = 2). The average 
distances within (intra) and between (inter) each time point were estimated. The average 
‘net divergence’ was also calculated between the first and second time point, using the 
following equation, as described by Frost et al (Frost et ah, 2001):

net divergence = d^- (d  ̂+dy)/2

where x is time point 1 and y is time point 2. This is an alternative way of measuring the 
distance between time points, additionally taking into account the intra sample variation. 
This implies that net divergence can be negative when the divergence is low, this gives a 
good indication of distance in samples with high levels of variation.

Seeing as the time points are relatively close to each other in time (especially in 
comparison to typical longitudinal studies, where samples may be obtained months or 
even years apart), the total variation was also estimated, to give an overall estimate of the 
diversity observed during the first month of infection (although admittedly, the average 
may include a wide range of distances) for each patient. A summary of the genetic 
distance estimates for each patient are shown in Table 6.6.

The degree of variation within and between each time point for each patient and the total 
diversity, is illustrated graphically in Figure 6.13. Overall the range within a time point 
was shorter then the average. Assuming the data is sampled at random, then this would 
be expected (thus if all the distances within each time point were presented as a 
histogram they would display a symmetrical distribution around the mean node for the 
time point). MM3 and MM4 however are the exception.
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Table 6.6. Sum m ary o f  average intra and in ter time p o in t d istan ces f o r  each pa tien t 

dataset. The net divergence w as a lso  estim ated, as d escrib ed  in the text.

P a tien t A verage
%

R ange
%

A verage
%

R ange  
' %

Intra time point
1st 2nd

MMl 0.83 (0 .55-1 .11) 0.42 (0 .14-0 .62)
MM2 0.53 (0.36 - 0.73) 0.92 (0.51 - 1.24)
MM3 0.52 (0.50 - 0.57) 4.15 (0.50 - 6.01)
MM4 0.37 (0.28 - 0.42) 2.34 N/A
MM5 0.48 (0.43 - 0.50) 0.38 (0.29 - 0.43)
MM8 2.50 (1.88 -3.06) 0.76 (0.29 - 1.00)
MM9 0.76 (0.55 - 0.97) 0.78 (0.69 - 0.90)

Inter time point
1st and 2nd

Net

MMl 1.60 (1.33 -2 .04) 1.01 N/A
MM2 0.77 (0 .36-1 .31) 0.05 N/A
MM3 3.45 (1 .94-6 .31) 1.12 N/A
MM4 1.36 (0.42 - 2.34) 0.00 N/A
MM5 0.86 (0 .79-1 .01) 0.43 N/A
MM8 5.35 (5.03 - 5.67) 3.72 N/A
MM9 0.91 (0 .62-1 .17) 0.14 N/A

Total
MMl 1.23 (0.55 - 2.04)
MM2 0.76 (0 .36-1 .31)
MM3 3.00 (0.50 - 6.39)
MM4 0.96 (0.28 - 2.34)
MM5 0.69 (0.29 - 1.01)
MM8 3.86 (0.29 - 5.67)
MM9 0.85 (0.55 - 1.17)
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Figure 6.13. Summary o f  the genetic distance estimates fo r  the seroconvertor cohort. The graph includes average intra- and inter time point 
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exception o f  the net value. The days follow ing onset o f  symptoms are also shown fo r  each time point, in brackets.



Overall the figure shows two distinct profiles; low diversity and high diversity. Patients 
MMl, MM2, MM5 and MM9 show relatively low genetic diversity typically <1,5%, in 
comparison to patients MM3, MM4 and MM8. Patients MM3 and MM4 show a 
similar trend, in that the average diversity within the second time point is higher then 
within the first. However the overall distance between the two time points is in the 
middle. This implies that distinct sequences within these sets are present in each time 
point. However in MM4 only two sequences were compared from the second time 
point, therefore the analysis is less robust. In contrast the distance between the two time 
points in MM8 (3.9%) is higher than within each time point (2.5%/0.76%) suggesting 
that each time point is represented by a distinct population. Furthermore, the net 
divergence between the two timepoints is also high (3.72%).

As mentioned previously, a third time point was analysed from patient MM3. Table 6.7 
summarises the distances estimated within and between the three time points, further 
illustrated in Figure 6.14. Interestingly the graph demonstrates how the average genetic 
distance within the three time points increases with time. Notably the net divergence is 
positive between the first and second, and first and third time points respectively, but 
negative between the second and third time point.

Table 6.7. D istance estim ated  within and betw een sam ples, p a tien t M M 3 (three time 

poin ts). * - recom binant' clone M M 3.5 .19  excluded, as d iscu ssed  in section  6.6.1.

P a tien t A verage
%

R ange
%

Intra
P‘: MM3.2 0.52 (0.50 - 0.57)
2"“: MM3.4 4.15 (0.50 - 6.01)
3'": MM3.5 4.70 (3.56 - 6.39)

6.39* N/A
Inter time point Net

and 2"“ 3.45 (1 .94 -6 .31 ) 1.12
2"‘* and 3"* 3.47 (0.43 - 6.16) -0.96

3.33* (0.43 - 6.16)* -1.94*
and 3'" 4.16 (2.01 - 6.47) 1.55

4.19* (2.01 - 6.47)* 0.73*
Total
P‘ and 2"“ 3.00 (0.50 - 6.39)
2"“ and 3̂ “ 3.85 (0.43 - 0.43)

3.88* (0 .43-6 .16)*
f ‘ and 3"* 3.54 (0.52 - 6.47)

3.31* (0.52 - 6.47)*
jst/2nd/3rd 3.55 (0.43 - 6.47)

3.45* (0.43 - 6.47)*
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Figure 6.14. G raph illustrating the average d istance estim ates f o r  p a tien t MM3. This graph  

includes the da ta  shown in Figure 6.13 f o r  the f ir s t tw o tim e po in ts (M M 3.2/M M 3.4), in 

addition  to the th ird  tim e p o in t (M M 3.5), based  on fu ll length g p l2 0 . The range fo r  each  

sam ple is ind ica ted  by triangles. N ote the net divergence is negative betw een the secon d  and  

th ird  tim e point. The recom binant clone is excluded in the graph  (M M 3.5 .19) (see next 

section).
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6.6 Phylogenetic analysis of individual patient datasets

6.6.1 Analysis on gpI20 from proviral DNA

As mentioned previously, full length gpl20 datasets were obtained from the proviral 
DNA, including two time points from each patient. The sequence alignment for each 
patient that was used for distance estimates (described in section 6.5) was investigated 
further by phylogenetic analysis. The phylogenies between the sequences in each 
dataset were inferred using both the NJ and maximum likelihood methods.

The phylogenetic trees generated by ML (DNAML in PHYLIP) are shown in Figure 
6.15. For comparative purposes they have been adjusted to the same scale. As the 
figures illustrate, the variation in MMl, MM2, MM5, MM9 was hmited. This was 
reflected by low confidence limits (by ML analysis) and low bootstrap values (NJ) 
analysis. An outgroup was not included for this reason as the distance between the 
sample sequences and any outgroup were so large (data not shown). However, the 
distance to an out group is illustrated in the NJ tree. Figure 6.5. The confidence limits 
and bootstrap values were higher for these patients.

Typically sequences from each time point clustered according to time point, hence 
forming two clades, with the exception of MM4 and MM3. Interestingly in both these 
patients a sequence from the second time point is split from the remaining dataset by a 
long branch.

Further analysis was performed on MM3, to included the third time point, MM3.5. An 
initial ML tree was generated, presented in Figure 6.16. The tree is split into three main 
clades termed I, II and III, split as follows: clones from the first time point MM3 (I) and 
clones from the second and third time point (II and III). The latter probably explaines 
why the estimated net divergence (presented in Table 6.7) between the second and third 
time point was negative.

214



Figure 6.15. P hylogenetic trees fro m  fu ll length gp 120s fro m  p ro v ira l DNA, region  

spanning position  36  to 502 in HXB2, gen erated  in DNAM L in PHYLIP. The second  

num ber in each sam ple name designates the time po in t fro m  w hich it derives, f o r  example 

M M  1.2.1 derives fro m  the secon d  tim e po in t availab le  on p a tien t 4, the f ir s t  sequenced, 

w hereas M M  1.5 .18  is the secon d sequence set fro m  this pa tien t, d erived  fro m  tim e po in t 5. 

The second time po in ts are fu rth er indica ted  w ith asterix.

M M l.5.18*
M M l.5.1*

M M l.2.7
MM 1.2.4

M M l.2.3
M M l.2.1

MM2.5.1*

MM2.3.2

MM2.5.11*
MM2.3.4

MM2.3.1MM2.5.2*

a) Patient MMl b) Patient MM2

MM4.4.44*

MM4.1.33

MM4.4.48*

MM4.1.34

MM4.1.39
MM5.4.37* 

MM5.4.31*

MM5.1.5

M
MM5.4.44*

^  MM5.1.1 

MM5.1.4

c) Patient MM4 d) Patient MM5
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MM3.4.1*

MM3.4.21*

MM3.4.26*
MM3.2.3

MM3.2.2
MM3.2.1

e) Patient MM3

MM9.2.81

MM9.4.78*
MM9.2.75

MM9.4.80* MM9.2.80

MM9.4.74* MM9.2.26

J) Patient MM9
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MM8.2.51

MM8.2.50

MM8.2.58

MM8.4.58*

MM8.4.54*
MM8.4.51*

g) Patient MM8
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[M3.4.26*
% MM3.5.32*

MM3.4.21*

MM3.2.2
MM3.2.3

MM3.1.1 \
MM3.5.19*

/ MM3.4.1*^ MM3.5.22*

Figure 6.16. M L tree representing relationship betw een  sequences ob ta in ed  from  M M 3  

fro m  three tim e points, M M 3.2, M M 3.4 and M M 3.5. The roman num erals represent the 

clades explained in the text. Clone M M 3.5.19 is m arked with a box and d iscussed  in the 

text. * - second time point, $  - th ird  time poin ts

Interestingly sequence MM3.5.19 clusters between clade II and III, raising the 
possibility that the sequence could be a recombinant. To investigate this further, RIP 
analysis was performed, using MM3.2.1 and MM3.5.22 as background sequences for 
comparison (representing clade I/II and clade III respectively). To make the analysis as 
thorough as possible, the first 35 positions were also included in the analysis (these had 
been ignored previously to prevent bias in the datasets). The analysis implied a break 
point around 600bp in the sequence alignment. The peptide alignment revealed this 
region mapped to the C2 region. Break points typically exist in conserved regions 
(homology enables recombination to take place). Although there was no obvious break 
point since the sequences share homology, it seemed likely it was present in the 
‘CNTSTITQACPKV SFEPIPIHYCAPAGFAILKCKDKKFNGTGP’ sequence 
immediately after the V2 loop. The alignment was therefore split into two alignments of 
594 bp and 930 bp and new trees generated for these two sets, shown in Figure 6.17.
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The figures (6.17) illustrate that the sequence MM3.5.19 changes position in the tree 
depending on the region analysed, implying the sequence may be a recombinant. The 
region before the ‘breakpoint’ clusters with clade I and II (note how these clusters 
almost collapse into one, this is due to the limited diversity in the Cl domain, much of 
the variation in V1-V2 is weighted out due to extensive length polymorphism). In 
contrast, the region after the ‘breakpoint’ clusters with clade III. However MM3.5.19 is 
more distinct than the other clones in the respective clade, indicating it may be a 
recombinant of other related surrounding strains. This becomes more apparent from 
looking at the sequence peptide alignment itself by eye (Figure 6.8), especially in the 
variable regions where gaps and insertions are present.

Figure 6.17. M L trees representing M M 3 g p l2 0  sp lit into tw o regions a) C 1-C2, 594bp  

and b) C2-C5, 930bp. The rom an num bers represen t the c lades d escrib ed  in the text. * - 

secon d  tim e point, $  - th ird  tim e poin ts. The po ten tia l recom binant is m arked w ith a box.

a)

/ MM3.4.21*j MM3.5.19'/
MM3.4.26*

M M 3.5.32M  
MM3.2.2 \  MM3.2.2 

MM3.2.1

\

/

^ M 3 .4 .r

b) m

MM3.5.22* \MM3.5.19*

MM3.4.1*

MM3.4.26* \

M M 3 .4 .2 1 * ^  
MM3.5.32* /

y k M M 3 .2 .3  

M M 3.2 .2 ' MM3.2.1
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6.6.2 Comparison between RNA and DNA populations

Chromatograms of sequences from bulk RNA populations were generally more difficult 
to interpret. If length polymorphism is present this causes overlapping peaks in the 
chromatograms. Although it may be possible to imply how many basepairs the insertion 
or deletion is, by looking for repeats in the chromatogram, it is impossible to obtain a 
clear sequence. In addition if there is a high degree of polymorphism it becomes very 
difficult to interpret the sequence. A lot of information is consequently lost as only the 
consensus is included, biasing the result.

For this reason, consensus RNA sequences were generally only obtained from shorter 
regions (mainly spanning C2-C3). Hence inferences based on this dataset will be less 
robust than those obtained from the DNA set. However, some analysis was performed 
to gain insight into the RNA and DNA dynamics (see Table 6.8 and Figure 6.18). 
Typically the C2-C3 regions (positions equivalent to 220 and 378 in HXB2) were used 
in the analysis. Again, MM3 was studied in more detail, in addition two individual 
clones from the first two time points (MM3.2 and MM3.4) were obtained from the 
RNA population.

Table 6.8. Summary o f  RNA popu la tion s that w ere investigated. The tab le  show s which  

sam ples w ere com pared  with the DNA popu lation  ( ‘in c lu ded’). A s m entioned in the text, 

chrom togram s were scram bled  fro m  severa l o f  these sam ples and w ere therefore not 

p o ssib le  to include in in the analysis ('n o t in c lu ded ’), a lso  in d ica ted  in the table.

P a tien t Included N ot included

Time p o in t R e g io n Time p o in t R ea so n

MMl N/A N/A

MM2 MM2.3 C2C3 MM2.5 Length variation V3/ polymorphism

MM3 MM3.2 C2C3 MM3.4 Length variation C3/ polymorphism

MM4 MM4.1 C2C3 MM4.4 polymorphism

MM5 MM5.1
MM5.4

C2C3
C2C3

MM7 Not applicable, as no DNA for comparison

MM8 MM8.1 C2C3 MM8.2 Polymorphism

MM9 MM9.2 C2C3

As the diversity was limited for MM2, MM4, MM5 and MM9, there are limitations as 
to what can be interpreted from the phylogenies. Some branches have collapsed in 
comparison to the phylogenies generated on full length gpl20s, since the region is 
approximately 1/3 (-500/1500 bp). For example, the branch separating MM4.4.44 from
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the other sequences in the MM4 cluster presented previously (based on whole gpl20 
Figure 6.15), has collapsed, moving MM4.4.44 closer to the other sequences, thus 
implying that other regions in gpl20 outside C2C3 lead to the long branch length 
observed in the original phylogeny.

In summary RNA from the first time points from MM2 and MM4 cluster near the 
DNA sequences from the same time points though not very distinct from the second 
time point. In contrast the RNA from the first time point from MM9 clusters with the 
DNA from the second time point, although the branch separating the two clusters is very 
short. Interestingly the RNA from the first and second time points from MM5 form a 
separate clade and are distinct from the DNA population (confidence limit separating the 
RNA and DNA populations positively significant, p<0.01). In contrast the RNA 
obtained from the first and second time points from MM8 cluster with the first time 
point. However the position of rMM8.4 in the topology was not stable.

MM3 was investigated in more detail, including the RNA consensus sequence from the 
first time point (MM3.2), in addition to two sequences from the first and second time 
points (MM3.2 and MM3.4) respectively from individual clones (shown in italics in 
figure 6.18b). This analysis was therefore more robust. Again C2C3 was investigated. 
Interestingly all the RNA sequences clustered with the distinct clade III, (named 
previously, see 6.6.1). The bulk RNA sequence from the second time point (MM3.4) 
could not be included in the analysis due to a 3 bp deletion in C3. However by 
comparing the chromatograms with samples from DNA, it appeared that mixed 
populations were present, both representing clade I, II and III like sequences.
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Figure 6.18. Phylogenetic rela tionsh ips betw een  DNA and RNA popu la tions, including  

the p ro v ira l DNA sequences p resen ted  previou sly  (figure 6 .15) and the RNA consensus 

sequences from  the equivalent time po in ts when ava ilab le  (estim ated  by ML). The trees  

are based  on a region spanning g p l2 0  C2C3. DNA and RNA sequences are m arked with  

the prefixes ‘d ’ and  V ’ respectively, in addition  RNA is circled. *- secon d  tim e point, $  - 

th ird  time point.

dMM2.5.3*
a) Patient M M l

dMM2.3.2

dMM2.3.1
rMM2.3

b) Patient MM3

dMM3.5.22* dM M 3.4.1*

/  r M M 3.2 .3 ^^  
rMM3.2.4 \
rMM3.4.10*  /

N ote fo r  this p a tien t 

4 clones were  

obta in ed  fro m  RNA, 

m arked in italics

dM M 3.2.3

< dM M 3.2.2 

dMM3.2.1dM M 3.4.26*
dMM3.5.32*

dM M 3.4.21*
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Figure 6.18. contd.

c) Patient MM4

d) Patient MM5

dMM4.1.39

rMM4 '
(JMM4.1.34

dMM4.L33

dMM5.1.1

dMM5.1.5

dMM5.4.44 *
dMM5.1.4

rMM5.1
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Figure 6.18, contd.

e) Patient MM8

dMM8.2.58
dMM8.2.51

dMM8.2.50

/  rMM8.4

{ rMM8.2.

\  dMM8.4.54* 
dMM8.4.58*

f) Patient MM9

,dMM9.2.81
dMM9.4.78*

dMM9.2.2

dMM9.2.80
rMM9.2

dMM9.2.26
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6.7 Synonymous and nonsynonymous changes within and between time 

points

The ratio between the number of nonsynonymous, dN, and synonyihous sites, dS, is 
often used as a measure to identify whether there is positive or negative selection in a 
dataset, a dN/dS ration > 1 indicating positive selection. The number of dN and dS sites 
present and their ratio dN/dS was estimated for the pro viral DNA gpl20 datasets for 
each patient, within and between each time point.

The methods by Nei and Gojobori (1986) and Goldman and Yang (1994) were applied 
(references for these methods are sited in chapter 2). The Nei and Gojobori (1986) 
method has been used extensively for this type of analysis by other groups. However 
the newer method includes pairwise comparisons by ML giving the option of different 
ratios for different branches in a phylogeny. The methods have been compared by Yang 
(Yang and Nielsen, 2000) for HIV env sequences, and although the differences between 
the models tend to be minor, the authors recommend the ML method as it is statistically 
more robust. Both methods were tested on the datasets in this analysis, again there was 
no significant difference between the models (data not shown) when full gpl20 was 
included. The data presented here was obtained from the ML method, including one 
dN/dS rate. The average values within and between each time point are summarised in 
Table 6.9 and further illustrated in Figure 6.19.

Again, MM3 was analysed in more depth including all three time points. The analysis 
was performed both with and without the ‘recombinant’ MM3.5.19, typically resulting 
in higher and lower estimates, though the difference was not significant. In addition 
clade I/II versus clade III variants, as defined in section 6.6 were compared. The 
estimates for MM3 are summarised in Table 6.10 and Figure 6.20.

Overall this data suggests that positive selection (i.e. dN/dS >1) is only present within 
samples MM2.3 and MM4.1, and between the two time points of patient MM8. 
However, in the first two cases, this is rather misleading as the values of dN and dS were 
very small ranging from 0.002 to 0.007 substitutions per site, equivalent to 2-10 
substitutions though out the entire gpl20 region. The number of nonsynonymous and 
synonymous substitutions for MM8 is much higher, hence the dN/dS estimate between 
MM8.2 and MM8.4 is more reliable. However, this value is only just above one 
(-1.1%), hence it is unclear whether this truly represents positive selection.
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The analysis on the complete gpl20s, assumed positive selection over a region spanning 
more than 400 amino acids, averaging the number of substitutions throughout the whole 
region. However, the amino acid alignments of MM3 and MM8 (Figures 6.8 and 6.11) 
demonstrate that variation is typically concentrated in particular areas. Furthermore these 
regions contain previously described epitopes (summarised on the Los Alamos web 
page; http://hiv-web.lanl.gov/immunology/index.html), and hence it may be more useful 
to investigate these parts of the envelope for positive selection. Notably Yamagucih- 
Kabata and Gojobori have also shown positive selection may occur in particular sites, 
not necessarily within the variable regions (Yamaguchi-Kabata and Gojobori, 2000). 
Further analysis was therefore performed on these patients, focussed on two shorter 
regions; a) C2C3 (~500bp, amino acid position 220 to amino acid 378 in gpl20 HXB2 
strain) including the V3 loop and flanking regions, and b) the V3 loop alone (~ 105 bp). 
In addition, two low diversity patients, MMl and MM5, were included for comparison.

Unfortunately, when the sequence length was reduced in this manner, the dN/dS ratios 
were frequently invalid, as the dS estimate was zero. This was a common feature in all of 
the patients datasets, particularly when only the V3 loop was assessed. The lowest value 
within a data set was often zero, although this was not necessarily reflected in the 
average estimate, as shown in Table 6.11. In the case of the low diversity patients,
(MMl and MM5) the number of substitutions was minimal, both the dN and dS values 
frequently zero. In contrast, in the high diversity patients, the dN value was often 
significantly positive, implying positive selection may be present. Since the actual dN/dS 
ratios were difficult to analyse, the data was assessed by comparing the dN and dS 
values individually, rather than their ratio, as shown in Figure 6.21. The dN/dS ratios 
presented in Table 6.11 were however calculated directly from the average dN and dS 
estimates in the table, to give an indication of the ratio in the dataset (hence they do not 
include the other parameters the ML method normally incorporates for estimating this 
ratio).

Overall, this analysis provides some evidence for positive selection in patient MM3, in 
the V3 region. This is apparent both within the first and second timepoints and from the 
total estimate. Furthermore, the dN is higher than dS between clades I/II and clade III 
(the rough estimate for dN/dS =1.28), implying positive selection may have been 
exerted on this region during seroconversion, possibly contributing to the distinction 
between the observed clades I/II and III. In contrast, the remaining datasets do not 
provide convincing evidence for positive selection in any of the other patients.
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Table 6.9. Summary o f  the average dN, dS and dN /dS ra tios estim ated  f o r  each pa tien t 

d a ta se t on fu ll length g p l2 0 . The estim ates w ere derived  fro m  p ro v ira l DNA, based  on the 

p a irw ise  M L m ethod (G oldm an and Yang, 1994). dN /dS >1 are m arked in bold.

S a m p le dN R an g e  (dN ) dS R an g e  (dS ) dN /dS R an g e  (dN /dS )

M M l  

M M  1.2 0.008 (0.005 - 0 .011) 0.011 (0.008 - 0 .013) 0.73 (0.59 - 0 .89)

M M  1.5 0 .010 (0 .001- 0 .005) 0.018 (0 .004) - 0 .010) 0.56 (0.25 - 0 .74)

M M 1 .2 - M M 1.5 0.013 (0 .010  - 0 .020) 0.025 (0 .019 - 0 .033) 0.54 (0 .39  - 0 .85)

T O T A L 0.011 (0.001 - 0 .020) 0.019 (0 .004 -  0 .033) 0 .60 (0.25 -  0 .89)

MM2

M M 2.3 0.007 (0 .005 - 0 .009) 0.002 (0 .000  - 0 .003) 1.67 (0 .00  - 3 .05)

M M 2.5 0.007 (0 .003 - 0 .010) 0.015 (0.011 - 0 .023) 0.52 (0.27 - 0 .90)

M M 2.3 - M M 2.5 0.007 (0 .003 - 0 .013) 0.010 (0 .003 - 0 .014) 0.98 (0 .36  - 2 .54)

T O T A L 0.007 (0 .003 - 0 .013) 0.009 (0 .000 - 0 .023) 1.03 (0 .01-3 .05)

MM3

M M 3.2 0.005 (0 .004  - 0 .006) 0.008 (0 .005 - 0 .013) 0.71 ( 0 .2 9 -1 .1 0 )

M M 3.4 0.039 (0 .005 - 0 .057) 0.047 (0 .016 - 0 .069) 0 .70 (0 .2 9 -  1.00)

M M 3.2  - M M 3.4 0.030 (0 .016 - 0 .057) 0.049 (0 .034  - 0 .075 ) 0.57 (0.37 - 0 .88)

T O T A L 0.027 (0 .004  - 0 .057) 0.0041 (0 .005 - 0 .075) 0.63 ( 0 .2 9 -1 .1 0 )

MM4

M M 4.1 0.004 (0 .003 - 0 .005) 0.004 (0 .003 - 0 .006) 1.08 (0 .62  - 1.73)

M M 4.4 0.022 0 .024 0.021 0.025 0 .96 (0 .959

M M 4.1- M M 4.4 0.014 (0 .004  - 0 .023) 0.014 (0 .000  - 0 .028) 0.93 (0 .00  - 1.93)

T O T A L 0.012 (0 .004  - 0 .023) 0.012 (0 .000  - 0 .028 ) 0.98 (0 .0 0 -  1.93)

MM5

M M 5.I 0.005 (0 .004  - 0 .005) 0.005 (0.005 - 0 .005) 0.91 (0.78 - 0 .98)

M M 5.4 0.003 (0 .002  - 0 .003) 0 .009 (0 .005 - 0 .010) 0.31 (0.28 - 0 .39)

M M 5.1- M M 5.4 0.007 (0 .006  - 0 .008) 0.016 (0 .014  -  0 .020) 0.42 (0 .34  - 0 .53)

T O T A L 0.005 (0 .002  - 0 .008) 0.012 (0 .005 - 0 .020) 0 .50 (0 .28  - 0 .98)

MM8

M M 8.2 0.022 (0 .016  - 0 .029) 0.037 (0 .030  - 0 .043) 0 .59 (0 .49  - 0 .76)

M M 8.4 0.006 (0.001 - 0 .009) 0.012 (0 .008  - 0 .016) 0.45 ( 0 .1 3 -0 .7 0 )

M M 8.2- M M 8.4 0.056 (0 .053- 0 .061) 0.051 (0 .045 - 0 .059) 1.10 (0 .92  - 1.33)

T O T A l 0.039 (0.001 - 0 .061) 0.041 (0 .008 - 0 .059) 0.87 (0.13 - 1.33)

MM9

M M 9.2 0.008 (0 .006  - 0 .009) 0.013 (0 .0 1 1 -0 .0 1 5 ) 0.62 (0.36 - 0 .77)

M M 9.4 0.006 (0 .005 - 0 .008) 0.013 (0 .0 1 1 -0 .0 1 4 ) 0.48 (0.33 - 0 .59)

M M 9.2  -• M M 9.4 0.009 (0.007 - 0 .013) 0.013 (0 .009 - 0 .018) 0.78 (0 .42  - 1.53)

T O T A L 0.008 (0 .005 - 0 .013) 0.013 (0 .009 - 0 .018) 0.69 (0.33 - 1.53)
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Figure 6.19. F igure illustrating the dN /dS ratios estim ated  for each patient, within and between each time point. A dN /dS  ratio > I im plies 

p ositive  selection, above the m arked line dN /dS = 1. The range for each sam ple is also included indica ted  by the triangles.



Table 6.10. Summary o f  average dN, dS and dN /dS estim ates fo r  M M 3 p ro v ira l gpI20 . 

The asterix  indicates that the ‘recom binan t’ sequence f o r  M M 3.5.19 w as included in the 

analysis.

S am p le dN R ange
(dN)

dS R ange
(dS)

dN/dS R ange
(dN /dS)

INTRA

MM3.2 0.005 (0.004 - 0.006) 0.008 (0.005 - 0.013) 0.71 (0.29 - 1.10)

MM3.4 0.039 (0.005 - 0.057) 0.047 (0.016 - 0.069) 0.70 (0.29 - 1.00)

MM3.5 0.062 N/A 0.078 N/A 0.79 N/A

MM3.5* 0.044 (0.031 - 0.062) 0.061 (0.052 - 0.079) 0.72 (0.59 - 0.79)

INTER 

MM3.2 - MM3.4 0.030 (0.016 - 0.057) 0.049 (0.034 - 0.075) 0.57 (0.37 - 0.88)

MM3.2 - MM3.5 0.041 (0.016 - 0.064) 0.051 (0.027 - 0.075) 0.74 (0.47 - 0.94)

MM3.2 - MM3.5* 0.041 (0.017 - 0.065) 0.049 (0.027 - 0.075) 0.81 (0.47 - 1.00)

MM3.4 - MM3.5 0.032 (0.002 - 0.063) 0.040 (0.006 - 0.072) 0.63 (0.14 - 1.02)

MM3.4 - MM3.5* 0.033 (0.002 - 0.063) 0.042 (0.006 - 0.073) 0.70 (0.14 - 1.18)

I/II vs III 0.038 (0.00 - 0.080) 0.058 (0.00 - 0.094) 0.59 (0.00 - 1.06)

TOTAL

TOTAL*

0.033

0.034 (0.002 - 0.064)

0.044

0.045 (0.006 - 0.079)

0.66

0.70 (0.14 - 1.18)
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Figure 6.20. G raph illustrating the average dN /dS  ratios fo r  pa tien t M M 3 p ro v ira l g p l2 0 .  

The range fo r  each estim ate is in d ica ted  by the triangles. C lade I/II w as a lso  com pared  with  

clade III, shown as ‘M M 3 I/II V5 III' in the figure.
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Table 6.11. Sum m ary o f  the average dN, dS and dN /dS f o r  C 2C 3 an d  V3. dN /dS ratios  

>1 are m arked in bold. * - equation invalid. See text f o r  fu rth er details.

P a t ie n t  S am p le R eg io n dN R an g e  (dN ) dS R an g e  (dS ) dN /dS

M M l M M  1.2 C2C3 0.010 (0 .013 - 0 .008) 0.025 (0.011 -0 .0 4 5 ) 0.41

(low) V 3 0.016 (0.011 -0 .0 2 2 ) 0 .048 (0 .000 - 0 .091) 0 .34

M M 1.5 C2C3 0.002 (0 .000  - 0.003) 0.013 (0 .000 - 0 .019) 0 .14

V 3 0.007 (0 .0 0 0 -0 .0 1 1 ) 0 .069 (0 .000 - 0 .104) 0.10

M M  1.2- M M  1.5 C2C3 0.008 (0.005 - 0 .010) 0.035 (0 .010 - 0 .045) 0 .24

V 3 0.012 (0 .000  - 0 .023) 0 .057 (0 .000 - 0 .091) 0.21

T O T A L C2C3 0.008 (0 .000  - 0 .010) 0 .029 (0 .000 - 0 .045) 0.28

V3 0.012 (0 .000  - 0 .023) 0 .056 (0 .000 - 0 .104) 0.22

M M 5 M M 5.1 C2C3 0.006 (0 .006  - 0 .006) 0 .000 (0 .000  - 0 .008) *

(low) V3 0.008 (0 .0 0 0 -0 .0 1 1 ) 0 .000 0.000 ♦

M M 5.4 C2C3 0.002 (0 .000  - 0 .003) 0 .008 (0 .000  - 0 .013) 0.23

V3 0.008 (0 .000  - 0 .012) 0 .047 (0 .000  - 0 .078) 0.16

M M 5.1- M M 5.4 C2C3 0.006 (0.005 - 0 .008) 0 .006 (0 .000  - 0 .018) 1.08

V3 0.008 (0 .000  - 0.024) 0 .025 (0 .000  - 0 .078) 0.31

T O T A L C2C3 0.005 (0 .000  - 0.008) 0 .006 (0 .000  - 0 .018) 0.85

V 3 0.008 (0 .000 - 0 .024) 0.024 (0 .000 - 0 .078) 0.32

M M 8 M M 8.2 C2C3 0.026 (0 .010 - 0.037) 0.030 (0.015 - 0 .043) 0.87

(high) V 3 0.031 (0 .000 - 0 .046) 0.061 (0 .000 - 0 .092) 0 .50

M M 8.4 C2C3 0.008 (0 .000 - 0 .012) 0.008 (0 .000  - 0 .008) 1.46

V 3 0.008 (0.000 - 0 .012) 0.000 0.000 *

M M 8.2- M M 8.4 C2C3 0.071 (0.064 - 0.083) 0.077 (0 .070  - 0 .089) 0.92

V3 0.051 (0 .046 - 0 .063) 0 .164 (0 .098 - 0 .194) 0.31

T O T A L C2C3 0.049 (0 .000 - 0 .083) 0.053 (0 .000  - 0 .089) 0.92

V3 0.038 (0 .000 - 0 .063) 0.111 (0 .000  - 0 .194) 0.35

M M 3 M M 3.2 C2C3 0.005 (0.005 - 0 .005) 0.018 (0 .009 - 0 .027) 0.29

(high) V 3 0.007 (0 .0 0 0 -0 .0 1 1 ) 0 .000 0.000 *

M M 3.4 C2C3 0.043 (0 .000 - 0 .068) 0.043 (0 .000  - 0 .064) 1.00

V 3 0.030 (0 .000 - 0.045) 0 .000 (0 .000  - 0 .001) *

M M 3.5 C2C3 0.076 N /A 0.082 N /A 0.93

V3 0.046 N /A 0.139 N /A 0.66

M M 3.2- M M 3.4 C2C3 0.035 (0.017 - 0 .073) 0.073 (0.061 - 0 .084) 0.47

V3 0.030 (0.011 - 0 .068) 0 .000 (0 .000  - 0 .001) *

M M 3.2- M M 3.5 C2C3 0.048 (0 .019  - 0 .080) 0 .078 (0 .059  - 0 .094) 0.62

V 3 0.044 (0.023 - 0 .069) 0 .039 (0 .000  - 0 .078) 1.12

M M 3.4- M M 3.5 C2C3 0.038 (0.005 - 0 .075) 0.038 0.075 1.00

V3 0.026 (0 .000 - 0 .046) 0 .050 (0 .000  - 0 .078) 0.52

I/II vs III C2C3 0.073 (0 .066 - 0 .080) 0.077 (0 .064 - 0 .094) 0.95

V3 0.053 (0 .000 - 0 .069) 0 .042 (0.001 - 0 .078) 1.28

T O T A L C2C3 0.038 (0 .000 - 0 .080) 0 .058 (0 .000 - 0 .094) 0.654

V3 0.030 (0 .000 - 0 .069) 0.024 (0 .000  - 0 .078) 1.249
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Figure 6.21. d N  and dS  estim ates fo r  C 2C 3 and V3. E stim ates are included f o r  low  an d  high 

d iversity  sam ples (M M I/M M 5 an d  M M 3/M M 8 respectively), see  text f o r  fu rth er details. The 

graphs are shown on the sam e sca le  fo r  com parison.
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6.8 Amino acid sequence analysis: associations with biological properties

6.8.1 V3 loop

The consensus V3 loop amino acid sequences from the RNA and DNA populations 
were aligned and compared. The length of the V3 loops were consistent within each 
patient, (typically 34-36 amino acids), with the exception of patient MM2. The pattern of 
the chromatogram obtained from MM2 RNA, indicated an overlap of 3 bp, thus 
equivalent to a codon.

The consensus V3 loops from each patient sample are shown in Table 6.12. These 
peptide alignments again illustrate the higher degree of variation in MM3 and MM8. In 
addition, although the proviral DNA is homogenous, the viral RNA populations of 
MM2 and MM9, appear to have more variation.

A single glycosylation site was found within each V3 loop, which is typical for this 
region. The amino acids at positions 11 and 25, together with the low overall charges, 
imply that the strains are CCR5 tropic. Patient MMl however, may be an exception as 
the overall charge is higher (+7). Interestingly the charge is higher (+4) in the second 
time point from MM8 than the first (+3), due to a glutamine to lysine change in the 
crown of the loop.
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Table 6.12. C om parisons o f  consensus V3 loops ob ta in ed  fro m  RNA (prefix ‘r ’) an d  DNA  

(prefix ‘d ’) populations. P ositions 11 and 25 which are a sso c ia ted  with co -recep tor  

tropism  are in bold. The length, charge and num ber o f  g lycosyla tion  sUes o b served  in the 

V3 loop are also sum m arised. Sites where severa l po sitio n s w ere identified are indicated  

with m ultiple am ino acids.

Patient Sample V3 loop Length
aa

Charge
m l dmi.2 

dMMl.5 
rmi.2 
rmi, 5

CTRPNNNTRKGIHIGPGRAFYATCa)IIGKIRQAHC

N/A
N/A

35 4 7

m2 dMM2.3 
dMM2.5 
rMM2,3 
rMyi2.5

C T R F M ^T T R K G IP IG P G A A F Y T G E IIG D IR K A Y C 34

34/35?

+3

Q H
m3 dMM3. 2 CTRPNNISriPKSIHMGPGGMjYTTGAIIGDIREAHC

dMM3.4   G-----------------------------------
,5 ——--------—— —y,----“FF“———————— - -———

2tMM3 • 2 — G-------- — — —TI-----F F — ———————— ———
eMM3 . 4  T----------G— L i-------- F F A ----------------------------

S R T

35 44

m4 c3m4.i
dm 4.4
rMM4.1
rMM4.4

C T R PN N ISrrR R G IH L G PG G A FFT T G D IIG D IR Q A H C

N/A

36 4 4

ms d m s .i
dMM5.4
rMMS.l

rmS.4

C T R P N N N T R K S IS IG P G R A F F T T G Q IIG D IR Q A H C 36

m 7 <3MM7.3 
(3MM7.4 
rMyf7.3 
rMM7,4

N/A
N/A
CTRPNNNTKRSINIGPCaiVFDATGHIIGDIRQAHC 35 4 5

ms C3m8.2
d m s.4
rms.i

rmS.3

C IR P N N N T R K S IH F G P G Q T L Y A T D IIG D IR Q A H C  

G  W

34 4 4

4 5

1VM9 dMM9.2
(3MM9.4
rm 9.2
rMM9.3

C T R P S N N T R R S IG IG P G R A F Y A T G D IIG D IR K A Y C

N  K T -R -Q R  ? ?

35 4 4
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6.8.1.1 Determination of the CCR5A32 genotype

In light of the CCR5 predictions, the genotype for the CCR5A32 allele was also 

determined for each patient, as this has been associated with protection against infection 

and disease progression (as discussed for the Doncaster cohort, in chapter 5). All of the 

seroconvertors harbour the wild type, with the exception of MM5, who is heterozygote 

for the allele, as shown in Figure 6.22. Overall, 12.5 % of the seroconvertors were 

heterozygote for this allele, in agreement with previous estimates for Caucasians 

(Samson e t a l, 2001).

F igure 6 .22. D eterm ination  o f  the C C R 5A 32 genotype. A s in g le  b an d  o f  182bp represen ts  

WT, tw o  bands o f  ISObp an d  182bp in d ica te  h e tero zyg o c ity  an d  a sin g le  ban d  o f  ISObp 

hom ozygocity . P a tien t M M 5, which is h e terozygo te  f o r  th is g en o typ e  is underlined.

MMl MM2 MM3 MM4 MM5 MM7 MM8 MM9 He HzO

6.8.2 V1-V2 loops

As there is frequently length variation in the V1-V2 loops, this data is often weighted out 

and not included in the phylogenetic analysis, due to the gaps in the sequence alignment. 

To include this data for further analysis of the diversity, the full amino acid sequence 

alignments were studied. Glycosylation sites were counted, and in places where there 

was an addition or removal of such a site in comparison to the other clones obtained 

from the same sample, the reason was determined, whether this was due to a sequence 

change, or an insertion/deletion, as summarised in Table 6.13.

Interestingly changes in the numbers of glycosylation sites within and between time 

points were observed in 4 patients: MMl ,  MM3, M M4 and MM8. The number of sites 

ranged from six to nine. Furthermore, irrespective of the overall number of sites, in 

M M l and MM8 the actual site near the carboxy-terminus o f the V2 loop shifted
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completely by one amino acid position between the first and second time point. Notably, 
the viral sequences obtained from the index case of MM5, contained one less 
glycosylation site, than MM5 (as illustrated in Figure 6.10).

Table 6.13. Sum m ary o f  g lycosyla tion  sites observed  in the p ro v ira l DNA g p I2 0  pep tid e  

sequences (b a sed  on alignm ents in F igures 6.5-11). N t -  nucleotide, *- the num ber o f  

sites ranging fro m  the VIV2 stem  to the site  im m ediately a fter the V2 carboxyterm inus .

P a tie n t S am ple Sites observed in 
V 1V2

No of changes Reason for 
ch an g e

V 2*

MMl M M l.2 8.8,8,8 0 4,4,4,4

MM 1.5 8,8,7, 1 nt substitution 4,4,4,

MM2 MM2.3 7,7,7 0 4,4,4

MM2.5 7,7,7 0 4,4,4

MM3 MM3.2 8,8,8 0 5,5,5

MM3.4 8,8,7 1 deletion 5,5,4

MM3.5 8,7,7 1 deletion 5,4,4

MM4 MM4.1 8,8,8 0 4,4,4

MM4.4 8,8,9 1 nt substitution 4,4,4

MM5 MM5.1 7,7,7 0 4,4,4

MM5.4 7,7,7 0 4,4,4

MM8 MM8.2 8,8,8 0 4,4,4

MM8.4 7,7,7 1 nt substitution 3,3,3

MM9 MM9.2 9,9,9,9 0 5,5,5,5

MM9.4 9,9,9 0 5,5,5

6.8.3 Variation in other regions of gpl20

According to the peptide alignments shown in Figure 6.8 and 6.11, high variation is 
present in the V4 loop of both MM3 and MM8, influencing the length of the loops and 
the number of glycosylation sites. Notably there is a 24 bp deletion in several of the 
MM3 sequences equivalent to 6 codons, eliminating one glycosylation site, although 
this is compensated at the N-terminus of the loop. A 3bp deletion is present in MM8 
equivalent to one codon. A 9 bp deletion was also observed in the V5 loop of MM3. In 
contrast V4 and V5 appear relatively constant in the remaining patients.

As mentioned previously, the regions flanking V3, both at the C and N terminal ends, in 
C2 and C3 respectively are particularly diverse regions (hence dNdS analysis was
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performed on this region). Based on dN/dS analysis of single sites for gpl20,

Yamaguchi-Kabata and Gojobori classified several of these sites as highly variable and 
called them putative positive selection (PN) sites (Yamaguchi-Kabata and Gojobori, 
2000). The PN sites flanking V3 are therefore marked in the amino acid alignments for 
patient MM3 (Figure 6.8) and patient MM8 (Figure 6.11), as some of these positions 
appear polymorphic in these samples. Interestingly a deletion was also observed in the 
C3 region in MM3.

With respect to the other regions of gpl20, there is one feature shared by all patients, 
with the exception of MM4. Variation is present in the C2 region, equivalent to amino 
acids position 228 to 234 in HXB2. This observation is addressed in the discussion.

6.9 Analysis of V1-V2 length polymorphism by fragment length analysis

Fragment analysis of the V1-V2 region was performed as an alternative method, as a 
way of studying variation without involving sequence analysis. The V1-V2 region was 
chosen as several reports by others have indicated its role in immune recognition and 
binding to CD4 and the co-receptors (as described in detail in chapter 1) (Ly and 
Stamatatos, 2000; Rizzuto et al, 1998).

The assay was performed on the ABI3100, since this had not been applied before, a 
control sample of HXB2 was tested of a known length. The V1-V2 region of HXB2 
was amplified with the primers FAM-A589+ and A590 (see methods chapter 2 for 
specifics), in addition to a longer fragment incorporating V3 (amplified with primers 
FAM-A589+ and 617L). The calculated lengths of these fragments based on the 
published sequence from the database were 319 and 387 bp respectively. The PCR 
product from both samples was mixed in an equal ratio, 4 dilutions generated and run 
on the ABI3100 by capillary electrophoresis. Figure 6.23 illustrates the measured peaks 
and the set up of the analysis software. The size standard is indicated by the red peaks, 
and the sample by the blue peaks. The program estimates the length of the fragment 
according to the size standard, in addition to the peak intensity.

The measured values by the GeneScan software were -321 bp and -385 bp, i.e. several 
basepairs off the actual value, therefore the samples were run several times to check that 
the separation and measurements were consistent. Indeed they remained consistent 
between each run, which was of most importance for the study, in order to look at 
relative change in fragment lengths within and between samples. The peak intensity of
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the longer fragment is slightly lower then the shorter one. The same template and PCR 
conditions were used for both samples, hence the difference probably reflects different 
compositions of the 4 bases within the two fragments. In addition they may reflect 
experimental error, differences in the optimal conditions of the PCR for the antisense 
primers, in addition to the preferential amplification of shorter fragments in a PCR 
reaction.

For each size standard and sample, the run time, size, peak height, peak area and data 
point are summarised, in a tabular form, and graphs representing the data can be made, 
as shown in the Figure 6.23. A primer peak was always observed initially from 
unincorporated primer, which would interfere with the sizing, the analysis was therefore 
set to start immediately after the primer peak. Different concentrations of primers were 
tested to reduce this artefact. Typically 1-2 pmol per reaction were used (lower 
concentrations affected the success of amplification).

The V1-V2 region was successfully amplified from all RNA and DNA samples (all 
patients including the two time points, typically from >1000 copies/ml template), though 
with the exception of MMl RNA (as explained previously this failed to amplify). Three 
to four dilutions of the PCR products were made typically ranging from 1/25 to 1/500 
in order and run in parallel on the machine, to ensure the peaks were in range. The 
maximum peak intensity is around 7000, above which background may start to cause 
interference in the analysis. It proved useful to compare the dilutions for each sample to 
confirm the presence of peaks and also for comparing their intensities. If for example a 
sample contained two peaks of which one was off range, it was not possible to 
determine the relative peak intensities, as the off range peak would be underestimated. 
The subsequent dilutions could therefore be used. Sample MM8.1 contained 4 peaks 
sized to -321 bp, -327 bp, -330 bp and -333 bp, see Figure 6.24. As the middle two 
peaks (-327bp and-330bp) were very short, it was more difficult to establish whether 
these were true peaks or not, even at the ‘off range’ dilution. However there was no 
other background signal, and interestingly the peaks were all spaced in codon 
boundaries of 3bp. It seems likely therefore that all 4 peaks are real. This may also 
imply that the method is quite sensitive.
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Figure 6.23. Snap shot of a window from the GeneScan software, used to measure the 
fragments run on the ABI3100. The size standards form red peaks, whereas the sample is 
indicated by blue peaks. The table shows the data characterising each peak, in this case 
showing the thirteen size standard peaks ranging from 35-400 bp, and the two HXB2 peaks 
which are highlighted at the bottom, sized to 320.76 bp and 385.21 bp respectively.
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An example of a patient sample (from MMl) is included in Figure 6.25. The figure 
shows that there is a single peak present both in the first and second time points from 
the proviral DNA from this patient. The fragment length measured in the two 
independent samples is very similar i.e. 358, illustrating the consistency in the analysis. 
This value was compatible with the length observed in the sequenced clones, 359 bp. 
Notably in the second time point (MM 1.5) there was a hint of two addition peaks at 
approximately 329 and 339 bp. However these were not detected by the analysis 
software and therefore subsequently ignored.

In order for the RNA and DNA populations to be compared both within and between 
time points for each patient, graphs were generated illustrating the number of fragments 
present in a sample and their sizes and relative ratios (estimated from the peak heights), 
shown in Figure 6.26. In addition, a table was made summarising the lengths measured 
in the sequenced clones obtained from proviral DNA and from the bulk RNA 
consensus sequences (provided the chromatogram could be interpreted), see Table 6.14. 
This enabled a) the comparison of fragment lengths obtained from both fragment 
analysis and sequencing methods, and b) comparison of the proportion of the fragments 
in each sample by the two methods. The values were adjusted in the graph (Figure 6.26) 
to calibrate with the lengths observed in the sequences (for example, MMl the value has 
been adjusted from 358 bp to 359 bp).

Overall thirteen different fragment sizes were observed ranging from 314 bp to 365 bp 
in the entire data set, as shown in Figure 6.26, hence the data set shows that this region 
can vary up to 17 amino acids in length (i.e. 5Ibp), across individuals. In most cases the 
major variant found by fragment analysis, was concordant with the major population 
measured in the individual clones (by sequence analysis), as highlighted in Table 6.13.

No length variation was observed in patients MMl and MM5 (though notably the RNA 
population was not determined for MMl). The length measured in ICI proviral DNA 
population, was interestingly the same size as the recipient MM5. Minor variation was 
measured in MM2, MM7 and MM9. However, the four fragment lengths were observed 
in the previously defined ‘high’ ‘diversity patients, MM3 and MM8.
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Figure 6.24. M ultiple peaks p resen t in the RNA popu la tion  from  the firs t tim e p o in t fro m  

M M 8 (rM M S.l), shown in blue. The arrow s indicate the presen ce  o ffo u r  peaks, their sizes  

highlighted in the table (-3 2 1 , -3 2 7 , -3 3 0  an d  -3 3 3 ). The size  s tan dard  peaks are m arked in 

red, ranging from  250-400  bp.
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Figure 6.25. Snap shot o f  GeneScan graph  fro m  pa tien t M M l. The fig u re  show s the single  

fragm ents p resen t in the f ir s t  (M M  1.2) an d  secon d (M M  1.5) tim e po in ts (provira l DNA), 

m arked in blue. (The m inor peaks p r io r  to the 358.23 bp p ea k  in M M  1.5 w ere ignored  in the 

analysis, as described  in the text). The sizes are  h igh ligh ted  in the table, and  m arked on the 

graphs. The size stan dard  peaks are m arked in red, ranging from  250 to  490 bp.
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Table 6.14. Length o fV l-V 2  determ ined  by sequence and fragm en t analysis respectively, 

f o r  RNA and DNA populations. The table sum m arises the equivalen t to the region  

am plified  by prim ers A 589  and A590. The lengths w ere m easured  in a ll the clones  

obta in ed  fro m  DNA. In addition  RNA sequences ob ta in ed  fro m  the bulk sequencing were  

m easured, i f  the chrom atogram s w ere interpretable. These lengths are referred to as  

‘S e q \  w hereas 'G S ’ refers to the G eneScan m ethod. The p roportion  o f  each fragm en t in 

each sam ple is indicated, determ in ed  according to the to ta l num ber o f  sequenced  clones 

(Seq m ethod) o r  p ea k  in tensity (G S m ethod). The m ajor fra g m en t is fu rth er m arked in 

bold. To fu rth er sum m arise the observations, d iversity  is classified  by a po sitive  (> I  

fragm en t length ob served  overa ll) o r  negative sym bol (1 fragm en t lenght ob served  

overall). a 3bp  repeat w as identifiable in bulk sequence. * - the observed  length in the 

tw o  individual clones sequenced fro m  RNA.

Patient Sample Clones

Seq

length

DNA

GS

% length %

Seq

length

RNA

GS

length %

Overall
diversity

M M l M M  1.2 M M  1.2 .1 

M M  1.2.3 

M M  1.2.4 

M M l.2 .7

359bp

359bp

359bp

359bp 100% 358bp 100% N /A N /A N /A

M M I.5 M M l.5 .1

M M l.5 .1 8

M M l.5 .5 8

359bp

359bp

359bp 100% 358bp 100% N /A N /A N /A

M M 2 M M 2.3 M M 2.3.1

M M 2.3.2

M M 2.3.4

329bp

329bp

329bp 100% 329bp 100% N /A

326bp

329bp

77%

23% +

M M 2.5 M M 2.5.1

M M 2.5.2

M M 2.5.11

329bp

329bp

329bp 100% 329bp 100% N /A 329bp 100%

M M 3 M M 3.2 M M 3.2.1

M M 3.2.2

M M 3.2.3

347bp

347bp

347bp

100%

344bp

347bp

353bp

66%

12%

22% o v e rla p

344bp

347bp

56%

44 %

+

M M 3.4 M M 3.4.1

M M 3.4.21

M M 3.4.26

344bp

353bp

353bp

33%

67%

344bp

347bp

350bp

353bp

41%

16%

7%

36% O v e rla p

344bp 100%

+

M M 3.5 M M 3.5.19 

(stop  ) 

M M 3.5.22 

M M 3.5.32

341bp

344bp

353bp

33%

33%

33%

344bp

347bp

353bp

25%

22%

52% N /A N /A N /A +
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Table 6.14. contd.

Patient Sample Clones

Seq

length

DNA

GS

% length %

Seq

length

RNA

GS

length %

Overall

diversity

M M 4 M M 4.1 M M 4.1.33

M M 4.I.34

M M 4.1.39

362bp

362bp

362bp 100% 362bp 100% 362 362bp 100%

M M 4.4 M M 4.4.44

M M 4.4.48

362bp

365bp

50%

50%

362bp 100% N /A 362bp

326bp

36%

64% +

M M 5 M M 5.2 M M 5.2.4

M M 5.2.1

M M 5.2.5

326bp

326bp

326bp 100% 326bp 100% u n c le a r 326bp 100%

M M 5.4 M M 5.4.31

M M 5.4.37

M M 5.4.44

326bp

326bp

326bp 100% 326bp 100% N /A 326bp 100%

I C I IC I I C I .17 

IC 1.13 

I C I .26

326bp

326bp

326bp 100% 326bp 100% N /A N /A N /A .

M M 7 M M 7.3 N /A

317bp 100%

N /A 314bp

317bp

2%

98% +

M M 7.4 N /A

317bp 100% 317*

314bp

317bp

18%

82% +

M M 7.4 N /A N /A

M M 8 M M 8.2 M M 8.2.50

M M 8.2.51

M M 8.2.58

320bp

320bp

320bp

100% 320bp

326bp

329bp

332bp

78%

12%

6%

4% o v e rla p

320bp

326bp

329bp

332bp

51%

5%

6%

38% +

M M 8.4 M M 8.4.51

M M 8.4.58

M M 8.4.54

329bp

329bp

329bp

100%

326bp

329bp

332bp
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6.10 Summary and discussion

In this chapter, data has been presented on sequence variation in eight seroconvertors 
who were antibody negative but PCR positive when diagnosed. Env gpl20 derived from 
DNA and RNA populations during the first weeks of infection have been studied 
extensively by sequence and phylogenetic analysis and fragment analysis.

Overall, the seroconvertors in this cohort were divided into two groups characterised by 
a ‘lower’ or ‘higher’ degree of variation with respect to distance estimates, dN/dS 
ratios, amino acid content and VIV2 length polymorphism, as summarised in Table 
6.15. Patients MM3 and MM8 fell into the second ‘higher’ category, MM8 showing 
the highest degree of variation overall, whereas the remaining patients fell into the ‘low’ 
category, with the exception of patient MM7 who was not categorised due to a lack of 
data. In this section the results presented in this chapter are discussed in more detail.

6.10.1 Genetic variation in seroconvertors

Like the members of the Doncaster cohort described in chapter 3, all of the patients in 
this cohort harboured subtype B strains of HlV-1. Interestingly MM2 formed a distinct 
cluster within the subtype B clade. This patient was thought to have an African contact 
and this genetic distinction may reflect a subtype B strain of African origin, in contrast 
to the other strains in the cohort which are all of European origin.

In this study, the proviral gpl20 population was explored in most detail. In the high 
diversity group, the total mean pairwise diversity of full length proviral gpl20 molecules 
in patients MM3 and MM8 was 3.5 % and 3.9% respectively. In contrast this value was 
<1.2% in the other patients, the lowest estimate was 0.69% in patient MM5. This 
division was also true with respect to the distances between samples within the same 
host. For MM3 and MM8 these inter-time point distances were 3.45% and 5.35% 
respectively (the first and second time points). In terms of nucleotides, this is equivalent 
to -50 and -75 positions respectively, in a full length gpl20 (-1.4 kb). Furthermore, 
the actual total amount of variation was slightly underestimated in these patients as the 
sequences were ‘gap stripped’ prior to analysis due to length polymorphism (this also 
applies to patient MM4). In contrast, distances ranged from 0.77 to 1.6% (equivalent to 
11 and 22 nucleotides) in the low diversity group. The net divergence also distinguished 
the two groups (as summarised in Table 6.15).
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Table 6.15. Sum m ary o f  d istan ce and substitu tion  estim ates, illustrating the division  o f  the sero co n verto rs  into 'low ' an d  ‘h ig h ’ d iversity  

groups. V iral lo a d  inform ation is a lso  included fo r  com parative purposes, as d iscu ssed  in the text. With respec t to  the g p l2 0  analysis,

the averages f o r  each grou p w ere determ in ed  fro m  each p a tie n t’s average. $  - days p o s t on set o f  sym ptom s, T - log  in crease (as  

o pposed  to  decrease, hence value excluded  in average estim ate), tp t -tim e poin t, ♦ - ‘a v e ra g e ’ refers to  the p redom in an t observa tion  fo r  

the category, * - day  5 7  w as a lso  studied, N/A -not available, ? - ca tegory  o f  M M 7 w as not de term in ed  due to  the lack  o f  da ta  ob ta in ed  

f o r  this pa tien t.

P a tie n t A n alysis o f  fu l l  length g p l2 0  fro m  provira l DNA V ariation in 
V l-V 2 ^

V iral load, co p ies/m l
D istan ce estim ates, % S u b s t i tu t io n s

Intra Inter Net Total dN dS dN/dS Length Glyco. At peak T' 2 n d FoldJ^ Days^
J S t 2 n d p t _ 2 n d Total, Total, Total DNA/RNA sites vireamia tpt tpt studied
tpt ___ tnl___ — to i— % %

O n
Low d ivers ity

M M l 0.83 0.42 1.63 1.01 1.23 1.07 1.86 0.60 no/NA 1 81,800 34,400 5,400 6 29/79

MM2 0.53 0.92 0.77 0.05 0.76 0.72 0.92 1.03 no/yes - 426,600 185,300 426,600 Î2 .3 15/28

MM4 0.37 2.34 1.36 0.00 1.16 1.16 1.21 0.98 no/yes 1 160,000 160,000 9,900 16 20/51

MM5 0.48 0.38 0.86 0.43 0.69 0.54 1.24 0.50 no/no - 408,900 408,900 31,200 13 14/30

MM9 0.76 0.78 0.91 0.14 0.85 0.82 1.28 0.69 no/yes - 142,700 142,700 14,500 10 19/34

average 0.59 0.97 1.11 0.33 0.94 0.86 1.30 0.76 no/yes - 244,000 186,260 97,520 11 19/44

H igh d iversity
MM3 0.52 4.15 3.45 1.12 3.45 2.71 4.06 0.62 yes/yes 1 >25 mill 897,500 8,200 . 109 *18/31

MM8 2.50 0.76 5.35 3.72 3.86 3.92 4.07 0.87 yes/yes 1 ~40 mill -6  mill 159,700 37 12/22

average 1.51 2.46 4.40 2.42 3.66 3.31 4.07 0.75 yes* 1 -33 mill ~3.4mill 83,950 73 15/53

?MM7 NA NA NA NA NA NA NA NA no/yes NA 690,000 690,000 325,300 2 23/29



As mentioned in section 2.6.1.1, Taq errors may take place in a PCR. Notably, during a 
PCR of 25 cycles, the expected number of Taq errors would be 3-4bp in a 1.5 kb 
fragement like gpl20. Proof reading enzyme Pwo was therefore included in PCRs as 
this is claimed to reduce the error rate 10 fold (Roche). Furthermore, templates were 
consistantly sequence at least 2-4 times (in both direction) in order to detect any Taq 
errors that had been incorporated during the sequencing reactions. However some of the 
polymorphisms observed in this data set might still reflect Taq errors. Irrespectively, the 
number of polymorphisms, even with respect to the low diversity group, still remained 
above the expected number of errors induced by Taq.

With respect to intra sample variation, the distance measurements overall (in 6/7 
patients), implied that polymorphism at the first time point, shortly after first 
presentation, was very limited (<1%) in agreement with previous studies (Lewis et al., 
1998; Scarlatti et al., 1993; Wolfs et al., 1992; Wolinsky et al., 1992; Zhang et al,
1993; Zhu et a l, 1993; Zhu et a l, 1996). It remains unclear whether this homogeneity 
presented in env shortly after transmission is the result of a single virus particle being 
transmitted, or the selection of a specific variant which outgrows the other variants 
shortly after transmission. Indeed, either or both explanations may be valid, depending 
on the other factors that influence transmission, such as the viral load of the transmitter 
and the immune system of the recipient.

In contrast, one of the patients, MM8, presented extensive variation (average genetic 
distance of 2.5%) at this first sampling during seroconversion. Furthermore, within 2-3 
weeks, other distinct quasispecies were detected not only in this patient, but also in 
patient MM3. As mentioned in chapter 5, it has previously been estimated that env 
gpl20 evolves -0.4-1% per year (Balfe et a l, 1990; Cleghom et a l, 2000; Kuiken et al, 
1996; Li et al, 1988; Smith et a l, 1988), hence if the sequence differences observed in 
these two patients actually represent a directional change, then the virus is evolving very 
rapidly during a period of several weeks. Indeed, this m^rapatient diversity is similar to 
the mrerpatient distances calculated in the Doncaster clade I samples described in 
chapter 3.

The decline in viraemia during the sampling period is most dramatic in these two 
patients (as shown in Table 6.15), presumably due to the presence of strong immune 
pressure. However, despite a higher number of substitutions overall, following the 
assumption that an excess of nonsynonymous substitutions over synonymous 
substitutions infers positive selection (Nei and Gojobori, 1986), the data do not give 
strong evidence for this, at least when the entire gpl20 region is assessed. Notably this
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ratio was just above one for MM8 over the time period. Positive selection may instead 
be expected to be localised to specific regions associated with immune recognition 
(epitopes), and interestingly the dN estimate was high in the V3 loop of patient MM3, 
but not in patient MM8. Hence this data implies that the V3 loop indeed might have 
been under positive selection in patient MM3 (which might be expected as the V3 loop 
is one of the most antigenic regions in gpl20). However the high level of substitutions 
in MM8 may have been caused by other factors. Indeed other studies have indicated that 
variation is higher in other regions of HIV-1 genome during seroconversion, such as 
piys^g (Zhang et a i, 1993; Zhu et a l, 1993).

It is worth mentioning that the viral load measurements for these two patients at peak 
viraemia were also the highest by far in comparison to the other patients, hence this 
could relate to immune escape or lack of initial neutralization and control. It is also 
interesting how several of the sites flanking V3 have previously been identified as PS 
(positive selection) sites, which could potentially be associated with discontinuous 
epitopes (Yamaguchi-Kabata and Gojobori, 2000). Indeed for future studies, it might be 
useful to perform more extensive analysis on specific sites, to compare this dataset with 
the findings of Yamaguchi-Kabata and Gojobori and relate them to other data on HIV 
epitopes (and to the immunological data being obtained by the other member of the 
research group).

Unfortunately when shorter regions were assessed by these methods, the number of 
synonymous sites was often zero, thus making the dN/dS inferences invalid. However 
some of the dN estimates remain positive, indicating positive selection. Notably the ML 
method (by Goldman and Yang, 1994) gave higher dS estimates in comparison to the 
NG method (by Nei and Gojobori, 1986), when the analysis was restricted to shorter 
regions (C2C3 and V3). This probably reflects the fact that the ML method incorporates 
the transition/transversion ratio and base frequencies, which may explain why the NG 
method tends to overestimate the dN/dS ratio in comparison. Unfortunately the number 
of substitutions were systematically underestimated in the VIV2 region, when the entire 
gpl20 was analysed, due to the gap stripping, and these regions are also likely to be 
important in selection, as discussed in more detail in section 6.10.4.

Irrespective of the degree of intra host evolution, the total distance estimates give an 
indication of the overall diversity within each individual in a snap shot of several weeks 
during primary infection. These estimates still remain considerably larger for patients in 
the ‘high’ diversity category, (-3.7%), than the low diversity group (0.9%). Admittedly 
processes in the PCR reaction can influence the observed sequence variation, through
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Taq errors (although proof reading enzymes were used), chimeric PCR products and 
recombination, as mentioned previously (discussed in section 2.6.1.1). However it is 
unlikely that the degree of variation observed in MM3 and MM8 could entirely be the 
result of such artefacts. Furthermore, in addition to a random distribution of 
substitutions throughout gpl20, there were marked hotspots of substitution in regions 
previously defined as variable (Modrow et al., 1987; Yamaguchi-Kabata and Gojobori, 
2000) in addition to regions involved in immune recognition (epitopes). However, it is 
worth considering the influence the initial viral loads may have had on the observations. 
The fact that the viral loads were highest in the patients presenting high diversity, could 
reflect a higher sensitivity for ‘minor’ variants, due to an overall higher concentration of 
quasispecies in the PCR reaction, which remained undetected in the ‘low’ diversity 
samples. However, limit dilution endpoint determination of proviral litres suggests that 
the number of viral genomes in each of the samples amplified were broadly comparable, 
making such an explanation less tenable. Furthermore the low frequency of defective 
sequences seen was not associated with the level of polymorphism, suggesting that PCR 
error was not a significant factor.

Together these findings could imply that the high genetic diversity reflects the 
transmission of multiple variants, as it seems unlikely that the virus could have evolved 
this rapidly throughout the entire gpl20 region, within a period of just a few weeks. 
Instead the existence and predominance of these multiple variants may have fluctuated 
rapidly over several weeks during primary infection. Indeed for MM8 the populations 
were not found as minor variants in the sequenced populations, hence this may reflect 
rapid selection, the predominant strain detected at each time point representing the 
selected variant at the time of sampling, possibly implying that the strains selected at the 
later time points had a selective advantage for the establishment of infection. However, 
this needs to be investigated further as the viral sequences identified at the second time 
point, may also have been present in the first sample as rare minor variants, but were not 
detected. For MM3 this transition is more evident, as more time points were explored.

Although most reports have shown that viral populations are homogenous during 
seroconversion, evidence for the transmission of multiple variants has been documented 
in heterosexual, perinatal and parenteral transmission (Comelissen et al., 1995;
Dickover et al, 2001; Lamers et al., 1994; Long et a l, 2000). Interestingly a recent 
report by Long and colleagues described the persistence of viral populations in 
heterosexual seroconversion that were more than 5% variable in the V1-V3 region, in 
contrast to patients whose intrapatient distances were less than 1%, They concluded this 
heterogeneity was due to transmission of several strains (Long et a l, 2000). In
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agreement with their report, the data presented here divides the patients into similar 
categories with respect to the prevalence of homogenous and heterogenous populations. 
However, Long and colleagues further suggested that the differences between the two 
groups was associated with gender, high diversity being typical in female patients. In 
contrast to their report, the study subjects presented in this chapter are all homosexual 
men, hence in this respect diversity is not entirely gender specific, and can be seen in 
this route of infection as well.

6.10.2 Phylogenetic analysis of proviral and viral populations

The phylogenetic analysis of the proviral sequences showed overall that samples from 
the same time point clustered together. However in most of the patients the branch 
length between the two clusters was relatively short, again illustrating the low degree of 
diversity observed in these patients (MMl, MM2, MM5 and MM9). Indeed the 
confidence intervals for the phylogenies were also low, due to the lack of variation, 
hence they are not particularly informative for these patients.

In contrast, the phylogenies created from MM4 and MM3 sequences showed that some 
of the quasispecies from the second time point clustered with the first, implying that 
these populations were present and maintained during the time interval between 
sampling, as might be expected. The construction of phylogenetic trees was particularly 
useful for the analysis of MM3 sequences, as it led to the identification of the 
recombinant sequence, which would not have been readily identifiable from the distance 
estimates alone.

Sequences from MM3 and MM8 formed two distinct clusters, illustrating the presence 
of different populations which evolved in the seroconvertors themselves or were co- 
circulating in their respective transmitters. This observation could reflect positive 
selection due to an exerted host immune response, although, as mentioned in the 
previous section, the ratio of nonsynonymous and synonymous sites did not strongly 
support this, although there may be some positive selection in the V3 region in MM3. 
Furthermore, if the seroconvertors were caught really early, before the immune response, 
when the virus could replicate freely, presumably only genetic drift would be observed. 
However the overall diversity might be obscured by the transmission of multiple variants 
(irrespectively the viral loads decrease during sampling, hence presumably this is not the 
case).
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The analysis on the RNA populations proved more difficult to interpret than the DNA 
population. The phylogenies incorporating both RNA and DNA populations were less 
robust than previous analyses, as less information was included, i.e -0.5 kb in contrast 
to -1.4 kb. Furthermore, full gpl20 could not be easily amplified from RNA and bulk 
sequencing frequently resulted in scrambled chromatograms. These overlapping peaks 
were presumably a result of variation, particularly by insertions and deletions, implying 
there is indeed diversity in these RNA samples. Unfortunately the actual degree of 
diversity is difficult to measure, as even the insertion or deletion of a single nucleotide 
will result in scrambled chromatograms. This effect was particularly noted in the ‘high’ 
diversity patients, MM3 and MM8, thus agreeing with the data on the proviral 
population. Moreover, in several of the other ‘low’ diversity patients such differences 
were identified between the first and second time point, the second one typically being 
more diverse than the first. Overall, the topologies presented three different trends as 
follows;

a) In the low diversity patients (MM2, MM4 and probably MM9) the RNA from the 
first sampling and the DNA population, cluster together, illustrating overall that the 
viral population were homogenous at this point of seroconversion, and furthermore 
that the pro virus was truly representative of the active infection. Some diversity was 
observed in the RNA at the second time point, suggesting the virus might be 
evolving, but that this is not yet reflected in the proviral population. This trend was 
also true for MM8. However, there was a major change between the first and second 
time points in the proviral DNA population in this patient, as discussed previously.

b) In patient MM5, the RNA population was distinct from the DNA, suggesting an 
interplay between the two populations. Provided the samples were representative, this 
may be explained by a rapid turnover and loss of the PBMC populations, during the 
early stages of infection, or reflect the entrance of virus from another body 
compartment. Interestingly the confidence value separating these populations of 
sequences from the rest of the tree was significant (p<0.01), implying this data is 
relatively reliable.

c) For patient MM3, three time points were studied, giving a more in depth view of the 
dynamic viral population. The trend in this patient, differed from the other 
seroconvertors (though possibly enhanced by the fact that more information was 
analysed). It is important to note here that for the first sampling the sequences 
obtained from cDNA clones were concordant with the consensus (bulk) sequence. 
However, for the second time point (MM3.4), although the individual clones did
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represent the major population, a minor population of clade I/II and III like strains 
were also identifiable in the bulk sequence (implying that the sequences obtained 
from individual clones reflected the major population).

Interestingly RNA populations from this patient isolated from both time points 
clustered with DNA from the later sampling (clade III). Furthermore the proviral 
sequences from the second and third sampling were interspersed in the tree. This 
observation may imply that the actively replicating virus cannot be identified in the 
proviral population until a later date. As the proviral DNA population at the first time 
point (clade I) could not be found in the plasma RNA population at the first time 
point, this proviral population may already reflect an archive of virus, not replicating 
in the blood by the first sampling. Overall, the RNA population identified in the first 
time point (rMM3.2) probably represents the replicating population in the blood at 
this stage of infection, which further infects cells (as reflected in the proviral 
population later on in clade III, dMM3.4/7.5) and moreover persists for a further two 
weeks. Hence the clade III population appears to represent both the cell free 
infectious virus and the actively replicating provirus at the second time point. 
Furthermore, some minor clade I variants were identified in the plasma RNA, 
implying this population may have been re-activated at the later date or have persisted 
at a low level. Overall, the clade III variants therefore seem most persistent, although 
the interplay between the cell free and cell associated viral populations appears 
complex and dynamic during this short period of time.

6.10.3 Does recombination play a role during the establishment of HIV 

infection?

Interestingly a recombination event was detected in MM3, which appeared to have a 
break point in C2. Two stop codons were present in this clone, suggesting that the 
recombination event took place in the seroconvertor as opposed to the transmitter, since 
the stop codons would have resulted in non-infectious virus. This is of course assuming 
that these events do not reflect Taq errors or alterations during PCR amplification, as 
discussed previously. The probability of all three events taking place at once in vitro is 
unlikely, but cannot be ignored.

252



As mentioned in chapter 5, in the context of a potential dual infection in patient Donl, 
two strains must infect a single cell for recombination to take place. It is unclear how 
often this process occurs, but seroconversion is probably an opportune time for this 
event, as viral titres are high and target cells may be faced with a high multiplicity of 
infection of virus particles, especially in tissues where viral diffusion may be restricted 
and where HIV induced down regulation of cell surface CD4 has not yet occurred in 
recently infected cells.

Recombination within individuals is normally difficult to detect, due to a lack of 
variation or information. The MM3 samples contained a higher degree of diversity, 
hence the recombination event was detectable. However, it remains difficult to interpret 
this result, as it cannot be determined for certain whether the event took place in vitro or 
in vivo. Hence this result cannot be assessed further. As mentioned previously, one 
method of avoiding such interpretation problems, is to amplify from a single template 
copy, a method not chosen here for other reasons (explained in section 2.6.1.1).

Irrespectively the finding of this event further emphasises how exploring the DNA 
population, as opposed to the active RNA population, can provide different observations. 
It also illustrates how more information can be obtained from analysing the entire gpl20 
as opposed to shorter regions. If only the C2C3 region had been investigated, as 
typically chosen in previous studies, then the recombination event described here would 
not have been detected. This therefore further supports the choice of obtaining fewer 
longer sequences, as opposed to many shorter molecules, for this study.

6.10.4 Variation in the VI and V2 loops

Fragment length analysis by capillary electrophoresis of fluorescently labelled PCR 
products proved a useful, alternative method for studying variation. Others have 
previously used slab gel electrophoresis of radio-labelled PCR products to look at 
length variation in the variable regions of HIV-1 (Fox et al., 1997; Simmonds et al., 
1990). To my knowledge the capillary technology described here has not been applied 
for this purpose before. In comparison to the cloning and sequencing techniques, this 
method proved very rapid.

The sized fragments were typically ±1 bp in comparison to the length measured by 

sequence analysis (bearing in mind estimates are not necessarily whole numbers) and 
the result for a single sample always remained consistent. The minor difference in size 
measured between the two methods is likely to be due to the different compositions of 
the 4 bases (A, G, T and C) within each fragment (giving slightly different mobility
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properties). Normally Taq adds an A residue on the end of a PCR product during 
amplification, hence -90% of the fragments would actually be Ibp too long. The 
additional incubation time of 30min at 60®C, is included in order to force this process to 
occur on all of the products. However, with respect to the entire data set, the products are 
not consistently longer than the measured values, hence presumably some other factor is 
influencing the electrophoretic mobility of the molecules, resulting in the observed 
shorter and longer fragments. As long as the results are consistent for each sample, this 
should not effect the interpretation of the results. It is advisable to run several dilutions 
of the sample in parallel to distinguish and exclude any ‘false’ background peaks, and 
also for the comparison of peak heights. The method itself could be useful for further 
studies, and could easily be extended to the other variable loops in gpl20, or indeed to 
full length gpl20. Furthermore the method avoids the use of radioactive materials, and 
the ABI3100 machine used has a capacity of 192 wells (potentially 64 different 
samples of 3 dilutions), which is more than any slab gel (maximum 96 wells for the ABI 
377).

The major V1-V2 population (with respect to nucleotide length) detected by this method 
was generally concordant with the predominant variant found in the sequenced samples. 
Several novel minor populations were also picked up, which were not found previously 
by sequencing. This is in agreement with previous studies by Simmonds and colleagues, 
who also compared the two methods in the same region (Simmonds et al., 1990). This 
finding implies that more extensive cloning and sequencing would be required to find 
these minor populations (hence in this study, more than 6 clones overall per patient). 
Irrespectively the results of both the cloning and fragment analysis will be biased 
towards the populations that have actually been PCR amplified in the first place, hence a 
preconception is that this initial PCR is also representative. To prevent such bias in the 
analyses, at least 100 copies of full length gpl20 were included in each reaction 
(estimated by limit dilution PCR), and all the PCRs were performed in at least duplicate.

Interestingly, the size difference between fragments was consistently in three bp 
segments, the same as a codon boundary. These difference in size within a single patient 
ranged from three to 36 bp, equivalent to twelve amino acids. Like the sequence based 
studies, the patients showed two main trends of no/low and high variation respectively, 
as summarised in Table 6.15. Overall the analyses imply that the majority of the patients 
harbour viral populations that are variable in the VI-V2 loop region with respect to this 
property. This is interesting as this may reflect changes independent of the rest of the 
gene, implying an important role for this region during primary infection. Length 
variation was observed in 6/8 patients in either the DNA or RNA population, or both. In
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3 of the patients, the variation was only detected within the viral RNA and not in the 
DNA. In these RNA populations, >20% of a particular fragment appeared to emerge or 
disappear by the second time point. The reason for this inconsistency is unclear, but 
again may reflect rapid turnover. Patients MMl and MM5, who displayed a low degree 
of diversity based on phylogenetic analysis, showed no length variation in the V1-V2 
region. In contrast the ‘high’ diversity patients MM3 and MM8, who showed the 
highest degree of variation in V1V2 based on distance estimates, presented four 
different sizes of VI-V2 in both RNA and DNA populations.

The amino acid sequences obtained from proviral DNA, demonstrated the addition or 
removal of single glycosylation sites as a result of a mutation, deletion or insertion, in 
50% of the patients. Furthermore in two of the patients (MMl and MM8), the 
glycosylation site near the carboxy-terminal of the V2 loop shifted position by the 
second time point. Interestingly, in MM4 the V1-V2 region in particular distinguished 
the variants in the population, emphasising the possible importance of this region. Also 
the size of the VIV2 fragment of MM5 was identical to the index case sample (ICI), 
although a change in the number of glycolsylation sites was observed between the two 
patient samples (Figure 6.10). Therefore both the position and number of glycosylation 
sites in V1V2, in addition to the overall length of the region, may be crucial for primary 
infection.

Previous reports have shown that the V1V2 region plays a role in CD4 and co-receptor 
binding, and in cell tropism (Kwong et al., 1998; Palmer et al., 1996; Rizzuto et al.,
1998; Stamatatos et al.„ 1998); Fox et a l, 1997; Hammond et a l, 2001; Kolchinsky et 
al, 2001; Labrosse et al., 2001; Ogert et a l, 2001). In addition, variation in this region 
has been associated with immune recognition and disease progression (Shioda et al, 
1997; Wang et a l, 2000). Several studies have shown that the elimination of certain 
regions of the V2 loop make it more susceptible to neutralization (Barnett et a l, 2001; 
Malenbaum et al, 2000). Further reports have related this to specific glycosylation sites 
which normally mask neutralization epitopes (Ly and Stamatatos, 2000). In light of 
these reports, the variation observed in the seroconvertors might be related to masking of 
neutralization epitopes and the emergence of viral escape mutants, possibly indicating 
that immune selection is exerted in these regions even very early in infection. In 
addition, the virus may modulate alterations in receptor and co-receptor affinity through 
this region, further influencing cell tropism. Interestingly, similar extensive variation in 
V1V2 has also been described in perinatally infected infants during primary infection 
(Scarlatti et al, 1993; Wolinsky et a l, 1992).
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6.10.5 The role of amino acid variation in other regions of gpl20

On the basis of the V3 loop sequence predictions, all eight seroconvertors harbour 
CCR5 tropic viruses, in agreement with other reports (Hu et al, 2000; Lewis et al,
1998; van't Wout et al, 1994; Zhu et al, 1993). However, as discussed previously in 
chapter 5, changes in co-receptor tropism and cytopathic properties are not completely 
defined by the positions in V3. A recent report by Hammond and colleagues showed 
that switches in co-receptor tropism for CCR5 and CXCR4 were associated with 
changes in C2 and V4 (Hammond et a l, 2001). Interestingly the majority of the patients 
described here (6/7) displayed variation in the same region of C2, in addition to some 
variation in V4. Furthermore, as mentioned in the previous section, the V1V2 region 
may also influence this property. Hence the overall variation observed in the gpl20s 
obtained from the patients, may effect the structure of gpl20, altering not only 
conformation dependent epitopes, but also affinity for the CD4, CCR5 and CXCR4 
receptors (and possibly other molecules) and consequently cell tropism, which is likely 
to be important for the establishment the chronic infection. If a population is diverse, 
this may allow the virus to enter a wider range of cells, enabhng entry both at the initial 
site of infection and at other parts of the body. This could be very important during 
initial exposure and the first weeks/months of infection, as discussed in chapter 5 in 
regard to the Doncaster cohort.

6.10.6 Overall impressions from the seroconvertor study

The majority of reports have provided evidence that viral populations are homogenous 
during early stages of infection. However more recently heterogeneity in seroconvertors 
infected through heterosexual and perinatal transmission has been described (Dickover 
et a l, 2001; Long et a l, 2000). The study presented here demonstrates sequence 
conservation shortly after infection in the majority of patients, supporting the earlier 
reports. Limited variation has been observed by others both before and after detectable 
immune response has been initiated, indicating this homogeneity may be the result of 
particular selection processes upon transmission and/or as a consequence of the 
immune pressure (Comelissen et a l, 1995; van't Wout et a l, 1994).

However, this study provides evidence for heterogeneity in some (25 %) of the study 
subjects (2/8). Interestingly, in contrast to the study subjects in previous reports 
(Dickover et a l, 2001; Essajee et a l, 2000; Kampinga et a l, 1997; Long et al, 2000; 
Poss et al, 1995), these patients acquired their infections through homosexual contact.
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Why this has not been previously observed in homosexual men in other studies remains 
unclear. This observation may be associated with the actual sampling times and other 
host factors. Indeed, the timing of sampling during this period may be crucial to the 
interpretation of events, as had only single time points been studied from these two 
patients their heterogeneity from distance measurements alone would not have been 
evident (the intra-sample genetic distance was <1% for several time points, as shown in 
Table 6.15). The ‘snapshot in time’ is likely to depend on the interplay between the 
virus and the host during this early stage of infection, hence this heterogeneity may have 
been missed in some of the other patients. Alternatively, and in agreement with other 
longitudinal studies, heterogeneity may simply be uncharacteristic of many primary 
infections (Lewis etal., 1998).

One of the clear clinical features that distinguishes the high diversity patients from the 
others, was their exceptionally high viral loads upon presentation (25-40 million 
copies/ml) and the rapid decline in this viraemia during the sampling interval. If these 
patients were caught earlier than the other patients in the cohort, such peaks may have 
been missed in the other patients. However, the estimated number of days after onset of 
symptoms at sampling does not support this. Interestingly, Lewis and colleagues 
described a homogenous population during seroconversion in a patient whose peak 
viraemia was merely 100 000 copies/ml (Lewis et al., 1998). The viral load during acute 
infection is thought to be directly related to the probable rate of progression to AIDS, a 
higher viral load giving poorer prognosis (Mellors et a l, 1996). In which case this may 
imply that the heterogeneity reflects a poorer immune response and an inadequate 
control of viraemia during seroconversion, which may have consequences for later 
stages of infection and clinical outcome. Patients who present more severe clinical 
symptoms during primary infection are thought to have a higher risk of progressing 
rapidly (Keet et a l, 1993).

In LTNPs it has been argued that high genetic diversity may reflect a broader immune 
response and better control of HIV infection (Bagnarelli et a i, 1999; Liu et a l, 1997). If 
this applies to the acute stage of infection, this would imply better control of infection. 
Indeed one recent study which implemented HMA for studying diversity in V3-V5, 
demonstrated that in perinatally infected children high diversity was associated with 
favourable disease prognosis (Essajee et a l, 2000). This contradicts the theory 
described above, that high viral load and poorer disease progression are related to high 
variation. This contradiction may be related to the actual cause of the observed 
heterogeneity during this phase. If the findings described here are true, they might imply 
that during the first weeks of infection, the immune system is exerting extensive
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pressures on the virus, potentially resulting in the emergence of viral escape mutants. 
Indeed viral escape in CTL epitopes has been documented by others (Borrow et al, 
1997; Price et a l, 1997). The extensive localised variation in VIV2 region supports this, 
as this diversity was observed in most of the patients, even in the presence of low 
variation elsewhere, which would not be expected from genetic drift alone. Interestingly 
length variation was detected in majority of the patients, more so than in previous studies 
on acute infection, possibly inferring that the fragment analysis method applied here is 
more sensitive and possibly more representative. Finally, as mentioned before, the data 
gives some evidence for positive selection in V3 of one patient.

However it seems unlikely that the observed diversity can be explained entirely by rapid 
evolution in the host alone, at least when compared to the rates of viral evolution 
measured at other stages of infection (Balfe et a l, 1990; Shankarappa et a l, 1999). 
Furthermore, the average mr^rpatient genetic distance between one of the seroconvertors 
and his index case, is lower than the /«rrapatient diversity in the two high diversity 
cases. This could therefore imply that, in addition, heterogeneity during seroconversion 
may be the result of transmission of multiple variants, an explanation also suggested by 
others (Long et a l, 2000). Furthermore, in light of the data obtained from patient MM3, 
the consequent interplay between the viral variants and the host appears to be complex 
and dynamic, with rapid fluctuation between populations. Hence overall, diversity during 
seroconversion is likely to be due to the initial transmission of multiple variants, genetic 
drift, rapid cell turnover, positive selection and viral escape.

The categories of low and high diversity presented here were made on the basis of a 
summary of several observations, hence this study further illustrates the importance of 
combining data obtained from several different methods of analysis. In particular it is 
necessary to identify the information which is lost during gap stripping of an alignment, 
as this alignment is used for the subsequent analysis with respect to distance and dN/dS 
estimates, phylogenetic analysis, which may consequently influence the interpretation. 
The estimations of the true level of variation and determination of selective pressures are 
underestimated when gaps are removed. However, it still remains impossible to include 
this data in these types of analysis.

It is important to consider what these pairs of observations actually represent and 
signify in all eight patients. During seroconversion, many cells are being infected, at the 
same time as many are being killed through the innate immune response, hence 
quasispecies are probably lost and not detected during this period. Furthermore, if this 
process is very dynamic, the relationship between the plasma and PBMC population is
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likely to be more diffuse, than at later stages of infection, due to the high production and 
infection rate of virus. However this is difficult to explore further, as many more 
samples would need to be incorporated, which for practical reasons is not very feasible. 
Moreover, artefacts as a result of the PCR cannot be excluded. The fact that high 
diversity was observed in patients with high viral loads, as mentioned previously, may 
bias the actual PCR results and consequently observations from the sequence analysis.

Due to sequencing costs and time constraints, the limiting factor/s in these type of study 
are typically reflected either in the number of study samples, the choice of the RNA or 
DNA population, the number of clones and sequences obtained and the length of the 
sequences investigated. Furthermore, due to difficulties in obtaining samples, the main 
body compartment studied is the blood. Here, data from both RNA and DNA have 
contributed to the conclusions drawn here, and the data shown emphasises that it is 
important to study both, retrospectively. The data also shows that for future studies it 
would be useful to investigate single molecules from the RNA population as well as the 
DNA population.

Finally one of the important aspects of this study, which differentiates it from others, is 
that full length gpl20 molecules from viral populations have been explored over a very 
limited period of time. These studies extend and support further findings described 
previously by others. In addition this study raises more questions about the importance 
of gender, route of transmission and initial viral loads for the establishment of HIV 
infection. Moreover, it emphasises a potential role for the V1V2 region shortly after 
infection. In this context therefore it will be very interesting and valuable to relate this 
data to studies currently being undertaken on the biological properties of these vimses 
and the autologous immune response of these patients, to gain further understanding of 
the complex processes that take place during primary HIV infection.

6.10.7 Future prospects

Due to time constraints, only two time points from eight patients were investigated, 
although more samples have been collected. The improvement and enhanced availability 
of sequencing facilities during the course of this project have certainly increased the 
amount of data that could be obtained for the study. Based on these results, it would be 
interesting to perform more extensive investigations in some of the patients, in particular 
MM3 and MM8 representing high diversity. Also further analysis on MM4 may reveal 
new findings, the data obtained for the second time point was limited from this patient.
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More extensive studies might include sequencing of more clones from the same time 
points, in addition to more time points during the first month and also on samples 6 
months later. Further in depth sequence analysis with respect to rates of substitution in 
specific sites could further be undertaken. In addition, the diversity of the sample could 
be explored by HMA as another alternative method.

It would also be interesting to perform studies on gpl60, to compare with the results on 
gpl20. This region is more difficult to both amplify and sequence than gpl20, 
especially from RNA, indeed some attempts were performed which illustrated the 
problems associated with this. However, amplification from the first time points should 
be possible and from other time points with very high viral loads. Sequences of full 
length gpl20 and gpl60 populations could then be compared from the same time point, 
and also between time points.

As mentioned previously, another member of the research group is performing studies 
on virus isolation and expression of the gpl20 clones generated and analysed in this 
study to test for autologous and heterologous immune recognition. It will therefore be 
interesting to determine whether there is a correlation between the degree of genetic 
variation and immune recognition, and how this might relate to specific regions of the 
gpl20. Furthermore, co-receptor typing studies are also planned, which may confirm the 
predictions of R5 strains made here.
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CHAPTER 7

Final Summary

In this thesis two different aspects of sequence variation of HIV-1 gpl20 have been 
explored. The first study addressed the molecular epidemiology of a set of heterosexual 
transmission events, which had taken place over a period of 7 to 8 years. In contrast the 
second study involved an investigation into sequence diversity in a cohort of 
homosexual men during just the first few weeks of acute infection. The route of 
transmission characteristic to each of these studies, neatly illustrates how patients who 
have acquired their infections through heterosexual contact are typically diagnosed at 
later stages of infection, unlike homosexual men who are usually more aware of their 
risk of exposure and the clinical signs indicating an HIV-1 primary infection. 
Homosexual men tend to present at clinics earlier than heterosexuals, and indeed this 
awareness made possible the study on primary infection described here. In this context, 
both the seroconvertors and the Doncaster (clade I) patients presented at their respective 
clinics with symptoms typical of HIV infection, but associated with two very different 
stages of disease, i.e. early and late, respectively.

The information available in gpl20 has been exploited for two very different purposes; 
firstly, as a genetic tool for the determination of hnkage between infections, and 
secondly to gain insight into the emerging patterns of diversity in this region during 
seroconversion, in order to understand the dynamics and events that play a role at this 
stage of infection. Together these studies illustrate how, during primary infection, 
sequence diversity is generally limited (<1%), though in some individuals heterogeneous 
populations (>3.5%) appear to persist. During the course of infection generic variation 
increases. The clade II infections in Doncaster show how after a period of 3-8 years, 
this generic variation can increase to 10% between individuals infected from a common 
source. The degree of this variation may be influenced by several factors, including the 
route of transmission, the gender of the patient and the strength of the host immune 
response.

With respect to investigating primary infection, the sampling times may have been 
crucial to the observations made here, and in previous studies by others. The phase prior 
to, during and immediately after the immune response has been initiated, is likely to be 
very dynamic, as the viral load and CD4 count can change dramatically within a 
relatively short period of time. Even a few days may make a major difference in terms of

261



mass neutralization, potentially obscuring the results made here with respect to diversity. 
Ideally these processes should be monitored daily to give a clear picture of the events 
during this stage of infection. Unfortunately this is not practical, as patients are rarely 
detected immediately after exposure and cannot be sampled at such regular intervals. 
However, at least for the study presented here, there are another one or two samples 
available between (and after) the time points chosen, which, if investigated, may give 
some more insight into these processes.

How the genetic diversity observed in the studies presented here specifically influences 
the biological properties of the virus is more difficult to determine, as the extensive 
variation is often scattered throughout the whole gene. However, as implied from the 
Doncaster study, amino acid changes can lead to defined alterations in co-receptor 
tropism, possibly modulating the cytopathicity of the virus and hence effecting 
consequent disease outcome. The co-receptor predictions made from the V3 loop 
sequences obtained from the seroconvertors are consistent with previous studies, in that 
R5 strains appear to predominate during primary infection, at least in the blood 
compartment. In contrast, as a result of late stage disease of the index case, the 
Doncaster study raises the possibility that these more cytopathic R5/X4 strains may be 
transmitted, leading to more rapid disease progression in the recipients. It was discussed 
whether this progression was due to the CXCR4 tropism of the virus, but it is likely that 
other viral factors also influence this cytopathic property.

In both studies, blood was used as a source of material for virus. In the Doncaster study, 
where half of the patients were receiving HAART, only the PBMC population was 
investigated, whereas in the seroconvertor study, the plasma population was also 
assessed. The length of region sequenced in these two studies was not the same, 
reflecting the different objectives of each study. In the determinations for molecular 
epidemiology, it is only important to include a region incorporating enough information 
to distinguish whether infections are related or not. The region spanning C1C4 
(~900bp) was used for this purpose. The analysis was also performed on a shorter 
region, C2C3 ( ~500bp), which also supported the findings. However, as expected, the 
confidence intervals and bootstrap values were lower, implying that the data was less 
reliable. In contrast, in the second study, the entire gpl20 region was investigated, as it 
was of interest to look at patterns of change throughout the whole gene. The majority of 
previous studies with respect to both molecular epidemiology and sequence evolution 
within hosts, have only concentrated on relatively short stretches, typically C2V3 (4-500 
bp), but generally have compensated for this by including more molecules. Here fewer 
much longer sequences were obtained, defined as a minimum of three sequences of at

262



least 900bp in each study. Which approach results in the most representative 
observation of the quasispecies, is less clear, as this depends on what this is being 
analysed, i.e. the gpl20 gene as a whole, or a short part of it. More minor variants may 
be detected if more sequences are included (as demonstrated in patient Donl who 
harboured two distinct variants), although other information may be undetected, such as 
recombination (as shown in patient MM3), presenting the investigator with a dilemma. 
Many studies on viral diversity have previously been criticised for not containing 
sufficient numbers of taxa, although recent studies have illustrated the statistical 
advantages of including longer sequences for phylogenetic analysis (Rosenberg and 
Kumar, 2001), further justifying the choices made here.

In a similar vein, it was also important to consider which population in the blood, i.e. the 
RNA or the DNA population, should be explored in the respective studies. The PBMC 
population has been criticised as being a ‘dumping ground’ for defective virus (Sanchez 
et aL, 1997). However, although the majority of the gpl20 molecules were not all tested 
for viability, the majority of them did not contain stop codons or frameshifts. For the 
epidemiology study it made sense to include the PBMC population, as this compartment 
may reflect an archive of virus (Hermakova et al., 2001; Perelson et al, 1997; Pierson et 
ai, 2000). That is, even if the envelopes are not actually viable, they should still share 
common ancestry with the other host sequences. In addition, as several of the patients 
had undetectable viral loads due to HAART (<50 copies/ml), the plasma RNA would 
have been difficult to obtain. Furthermore, with respect to understanding the overall 
transmission patterns of HIV-1 in a community or geographical region, it is important to 
include all of the available clinical and epidemiological information, to gain an integrated 
and congruent picture in which independent lines of evidence supported the overall 
conclusions drawn. However, with respect to the co-receptor tropism of the circulating 
viruses, it would have been interesting to investigate the plasma population, to assess 
whether the sequences obtained do indeed reflect replicating infectious virus.

The inclusion of single molecules as opposed to consensus sequences, in both studies, 
was also justified, as the degree of polymorphism observed in some of the patients 
would have made it impossible to identify the consensus and/or individual sequences in 
the population. In fact the bulk sequences obtained from the plasma RNA from the 
seroconvertors illustrated this problem, in retrospect it would have been useful to study 
individual molecules in this population as well, as the data would have been easier to 
interpret (future investigations may be useful to explain further some of the 
observations). The single molecules investigated were obtained through cloning of PCR 
products. This method has also been criticised, as errors may occur in the PCR reaction
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and certain variants may be preferentially amplified, biasing the results or in vitro 
recombination may occur (as discussed in section 2.6.1.1). To prevent this, proof 
reading enzymes were used, >100 copies per reaction were included for each PCR and 
PCRs were performed in duplicate. An alternative method for avoiding these problems 
is sequencing of single molecules obtained by limit dilution PCRs. However this 
method is overall more labour intensive and more expensive, especially as the cloning 
steps would have had to be performed, screened and replicates sequenced for every 
molecule if their biological properties were to be assessed, as in the case of the 
seroconvertor study. With respect to the Doncaster study, it seems unlikely that this 
second method would have significantly altered the overall conclusions drawn from the 
study, as the sequences obtained produced a robust dataset. However, retrospectively 
this method may have been useful for exploring the genetic variation in primary 
infection, especially if populations are heterogeneous and as a benchmark with which to 
compare alternative methods. Notably this method would havemade it possible to 
distinguish whether the MM3 recombinant was merely a PCR artefact or in vivo 
occurrence.

As mentioned previously, the method of sequence analysis can also influence the 
results. Here the JC, K2P and the HKY85 models of evolution were included. Since this 
work was performed, a report by Posada and Crandall has suggested that the K2P 
model may be less appropriate for HIV-1 evolution than previously thought (Posada 
and Crandall, 2001). Although this should be taken into account for future work, it is 
unlikely that it would have influenced the conclusions drawn here, as all of the models 
tested resulted in the same phylogenies. Furthermore, in their report, they also 
demonstrated that this inaccuracy decreased when more information was incorporated 
(>230bp).

Overall, the findings described in this thesis further advance our understanding of the 
genetic evolution of HIV-1 gpl20, both with respect to the early phases of infection, and 
the epidemiological patterns showing the spread of virus between individuals. This work 
is not only interesting from an evolutionary point of view with respect to the dynamics 
of the viral diversity in primary infection, contributing to the our increasing knowledge 
of this process, but is also important in public health as an improved method for the 
investigation of contacts and hence for the control of future infections detected in the 
population. Finally this research, like many previous studies, highlights the difficulties 
that the genetic diversity of HIV poses to the design of effective drugs and vaccines in 
the combat of the worldwide epidemic.
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Appendix 1: Materials

Agarose gel electrophoreses
1% or 2% agarose gel:
Ig or 2g agarose (Promega)
IxTAE
Ethidium Bromide

Ikb DNA ladder (Gibco)

Agarose Gel Loading Buffer:
10% (w/v) Ficoll 400 (BDH)
0.25% (w/v) Orange G (BDH)
Prepared in 1 x TE

Bacterial growth medium
LB -medium 
5g NaCl2 (BDH)
2.5g yeast extract (Oxoid)
5 g tryptone (Oxoid)
->fmal volume 1 litre with dĤ O

SOC medium Qnvitrogen)
2% tryptone 
0.5% yeast extract 
0.05% NaCl 
2.5mM KCL 
lOmM MgCl̂
20 mM glucose (dextrose)

Agarose plates 
5g NaCl̂  (BDH)
5g tryptone (Oxoid)
2.5g yeast extract (Oxoid)
7.5g agarose (Promega)
> final volume 500ml

Agarose is used in preference to the cheaper agar as it has been shown that agar 
interferes with subsequent PGR screening of colonies on plates.

304



Ampicillin (BDH)
stock solution: lOOmg/ml in dĤ O

Bacterial strains
Both of the following strains are derivatives of Escherichia coli (E. Coli):
• XL-1 blue (Stratagene):. {r̂ cAl, endAX, gyrA96, thi-1, hsdRll, supEM, relAl, 

lac{F\ proAB, lacEZAM15, 7«10, (Tef\ Amy, Camr)}
• TOPI OF’ (Invitrogen). {F’{L<2cETnlO(Tef)} mcrA A(mn-hdsfRMS- 

mrcBC)F80/flcZAM15 AlacXlA depR recAl araD\2>9 A(ara-leu)7697 galU gaïK. 
rpsL end Al nupG}

Buffers
lOx TBE
llOg/lTris base (BDH)
55g/l boric acid (BDH)
9.3g/l Nâ EDTA (BDH)

50x TAE (Tris Acetate EDTA) 
242g/l Tris base (BDH)
57.1 ml/1 glacial acetate (BDH) 
37.2g/l EDTA (BDH) 
pH 8.1

lOxTE
lOmM Tris-Cl 
ImM EDTA 
pH 8.0

TBS lOx
8.5% NaCl (BDH)
0.05% Tween-20 (BDH)
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Expand lOx buffer 3 (Roche Diagnostics)
20mM Tris-Cl, pH 7.5,
lOOmM KCL
ImMDTT
0.1 mM EDTA
22.5 mM MgCIj
0.5% (v/v) Tween 20
0.5% (v/v) nonidet ® P40*
50% (v/v) glycerol

Titan one Tube RT-PCR lOx buffer IRochel 
Same as Expand lOx buffer 3, without MgClj

Tag lOx buffer B (Promega)
20mM Tris-Cl, pH 8.0 
lOOmM KCL 
ImMDTT 
0.ImM EDTA 
0.5% (v/v) Tween 20 
0.5% (v/v) nonidet ® P40*
50% (v/v) glycerol

T4 ligase buffer lOx Hnvitrogenl 
60mM Tris-Cl, pH 7.5 
60mM MgCl2 

50mM NaCl
Img bovine serum albumin 
70mM p-mercaptoethanol 
ImM ATP 
20mM DTT 
lOmM spermidine

T4 ligase buffer lOx (Promega)
300mM Tris-Cl, pH 7.8 
lOOmM MgClj 
lOOmM DTT 
lOmM ATP
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Buffer H IQx rPromega/Roche)
50mM Tris-Cl 
lOmM MgClj 
lOOmM DTT 
pH 7.5

Universal buffer lOx (Stratagene)
IM KOAc
250mM Tris Acetate, pH7.6 
lOOmM MgOAc 
5mM p-mercaptoethanol 
lOOpg/ml BSA

PBS. Ix rOxoide)
10 tablets per litre dĤO

Oligonucleotides
All oligonucleotides were purchased from Os well DNA Services (Southhampton) 

Sequencing reagents
For the Vistra 725 DNA semi-automated sequencer system (Amersham Pharmacia) 
Sequencing gel solution (~30mB:

3ml Long Ranger Gel 50% stock solution (FMC Bioproducts)
3ml TBE lOx buffer 
15ml dHjO 
llg Urea
200pl 10% APS (ammonium persulphate)
20pl TEMED
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Appendix 2: Abbreviations

aa - amino acid
Ab - antibody
AIDS - acquired immunodeficiency syndrome
Amp - ampicillin

bp - base pair
ca. - approximately
CA - capsid; core antigen
CDC - Centre for Disease Control
contd. - continued
CTL - cytotoxic T-lymphocyte
DMEM - Dulbecco’s Modified Essential Medium

DMF - dimethyl formamide
DNA - deoxyribonucleic acid
DNase - deoxyribonuclease
dNTP - 2' deoxyribonucleotide 5' triphosphate
Don - Doncaster
dsDNA - double stranded DNA
DTT - dithioreitol
EDTA - ethylene-diaminetetra-acetic acid
EIA - enzyme immuno assay
ELISA - enzyme linked immunosorbent assay
Env - envelope
ER - endoplasmic reticulum
EtOH - ethanol

ECS - fetal calf serum
g, mg, pg, ng - gram, milligram, microgram, nanogram
GU - genito-urinary
HAART - highly active anti-retroviral therapy
HBV - hepatitus B virus
HCV - hepatitus C virus
HIV - human immunodeficiency virus

HKY85 - Hasegawa, Kishino and Yano, 1985
HLA - human leukocyte antigen
HMA - heteroduplex mobility assay
HTLV - human T-lymphotropic virus
HRP - horse radish peroxidase
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Ig - immunoglobulin
IL-2 - interleuken 2
IN - integrase
IPTG - isopropyl p-D-thiogalactopyranoside
IDU/ IVDU - intra-venus drug user
JC - Jukes Cantor model
kb - kilo base
kDa - kilo dalton
K2P - Kimura two parameter model
LAV - lymphadenopathy associated virus
LTNP - long term non progressor
LTR - long terminal repeat
MA - matrix
mAb - monoclonal antibody
MHC - major histocompatability complex
ml, p,l - millilitre, microlitre
ML - maximum likelihood
mRNA - messenger RNA
NC - nucleocapsid
NG - Nei and Gojobori
NJ - neighbour joining
NSI - non syncytium inducing
PAML - phylogenetic analysis by maximum likelihood
PAUP - phylogenetic analysis by parsimony
PBMC - peripheral blood mononuclear cell
PBS - phosphate buffered saline
PGR - polymerase chain reaction
PHYLIP - phylogenetic inference package
PR - protease
R5 - CCR5 using HIV strain
R5X4 - CCR5 and CXCR4 using HIV strain
RANTES - regulated upon activation, normal T-expressed and secreted
RNA - ribonucleic acid
RNaseH - ribonuclease H
RP - rapid progressor
RT - reverse transcriptase
SDF - stromal derived factor
SI - syncytium inducing



SIV - simian immunodeficiency virus
SP - slow progressor
STD - sexually transmitted disease
SU - surface glycoprotein
ssDNA - single stranded DNA
TAR - transactivation response
Tat - transcription transactivating protein
TCID - tissue culture infectious dose
TCLA - T-cell line adapted strain
Ti/tv, ts/tv - transition/transversion ratio
TM - transmembrane domain
TNF - tumor necrosis factor

- viral infectivity protein
vpr - viral protein R
vpu - viral protein U (HIV-1)
vpx - viral protein X (HIV-2)
X4 - CXCR4 using HIV strain
X-gal - 5 -bromo-4chloro-3 -indoy 1- P-D-galactosidase
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Appendix 3: Current list of publications incorporating work from this thesis

Havman. A . Moss, T., Simmons, G, Arnold, C., Holmes, EC., Naylor-Adamsen, L., 
Hawkswell, J., Allen, K., Radford, J., NguyenVan Tam, J., and Balfe,- P. (2001). 
‘Phylogenetic analysis of multiple heterosexual transmission events involving subtype B 
of HIV-1’, AIDS Res. Hum.Retroviruses 17(8), 689-95.

Havman. A.. Moss, T. and Balfe, P. (2000). ‘A heterosexual outbreak of HIV-1 in 
Doncaster’, HIV & Current Trends, 6 (2), 9-10.
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Phylogenetic Analysis of Multiple Heterosexual Transmission 
Events Involving Subtype B of HIV Type I

ANNA HAYMAN,] TIMOTHY MOSS,  ̂ GRAHAM SIMMONS,  ̂ CATHERINE ARNOLD,  ̂
EDWARD C. HOLMES,  ̂LEE NAYLOR-ADAMSON,^ JANET HAWKSWELL,  ̂ KEN ALLEN,  ̂

JOHN RADFORD,  ̂ JONATHAN NGUYEN-VAN-TAM,^ and PETER BALFE^

ABSTRACT

Between 1996 and 1999 thirteen cases of HIV infection were detected in Doncaster, a small town in the north 
of England (population ~250,000). A complex network of shared sexual histories involving local nightclubs 
linked these cases, with the only known risk factor being heterosexual intercourse. A series of frozen blood 
samples was collected in 1998-1999 and amplified by PCR to generate full-length gpl20 clones. Sequencing 
demonstrated that all the transmission events in this heterosexual group involved the B subtype of HIV-1. 
When relationships between the samples were assessed it became clear that these 13 cases represented at least 
three separate strains of HIV-1, indicating that HIV is well established in this community. Eleven of the 13 
cases were related, forming two distinct groups. Further investigation revealed that one group contained five 
patients whose general health was good and who were not receiving HAART. In contrast, the second group
of six patients, including the putative index case, were symptomatic, receiving HAART, and may have been
infected with a CXCR-4-utilizing virus. Several of the cases that were linked by genetic criteria were not linked 
by contact tracing, implying that further undiagnosed cases may exist in this community. To our knowledge, 
this is the largest outbreak of HIV studied within the heterosexual community in the United Kingdom to date, 
suggesting that this route of infection is becoming more common within the United Kingdom.

INTRODUCTION demiological phenomenon has been difficult to o b t a i n , a l 
though some evidence both for biological differences between

Human immunodeficiency virus type I was first described different subtypes of HIY-L®’' ' and for differing rates of viral
in a homosexual male population in the early 1980s. Sev- evolution in men and women has been found. 

eral viral subtypes exist in different parts of the world, how- Understanding the relationship between HIV genetic diver- 
ever until recently in Europe and North America the majority sity and which variant viruses are able to transmit is important
of cases were of subtype B.'-  ̂In contrast, in Africa, where het- both for understanding HIV pathogenesis and for future vac-
erosexual transmission is the usual route of infection, other sub- cine studies. Several studies have reported relationships be-
types predominate. Introductions of HIV-1 into heterosexual tween viruses that share a common ancestor, these links being
populations in India and Thailand have been associated with defined by sequence comparison(s). i ̂ -̂ 3 Previous studies
subtypes C and E, respectively. In Thailand subtype B was both by ourselveŝ "̂  and otherŝ ® have suggested that, provid-
found mainly among homosexual men and drug us ers .These  ing sufficient sequence data are obtained (>750 base pairs
data have led to the suggestion that some a priori property of within of HIV-1), phylogenetic analysis of sequences
HIV-1 subtype B may lead to its preferential transmission in derived from clinical material is sufficiently robust to allow in-
homosexual cohorts.^ However, direct evidence of this epi- ferences about relationships to be drawn.

•Department o f  Virology, Windeyer Institute, RFUCMS, London, W IT 4JF, UK.
^Department o f Genitourinary Medicine, Doncaster Royal Infirmary, Doncaster, South Yorkshire, DN2 5LT, UK.
^Virus Reference Laboratory, Central Public Health Laboratories, Colindale, London, NW9 5HT, UK.
'•Department o f  Zoology, University o f Oxford, South Parks Road, Oxford, 0X 1 3PS, UK.
^Doncaster Health Authority, Doncaster, South Yorkshire, DN4 5DJ, UK.
^Communicable Disease Surveillance Centre (Trent), Public Health Laboratory Service, Queens Medical Centre, Nottingham, NG7 2UH, UK.
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In this article we describe an epidemiological cluster of 13 
cases in Doncaster (4 male, 9 female), apparently linked only by 
heterosexual contact. Unfortunately, the epidemiology linking 
these individuals was rather complex and ill defined. Therefore 
the aim of this study was to determine genetic links between the 
cases, using molecular techniques, and to combine these data with 
other information to characterize the patterns of transmission. 
These studies show that all individuals were infected with sub- 
type B of HIV-1 and that the various viral sequences present 
showed distinct patterns of disease in the infected individuals. 
Sequence inferences suggest that CXCR-4-utilizing viruses may 
have been transmitted in five cases.

CLINICAL DETAILS AND METHODS USED

Clinical and Epidemiological Background

A female patient, termed Don2, attending a genitourinary 
(GU) medicine clinic in 1996 was found to be seropositive for 
HTV-1; prior to this date no female cases of HTV infection had 
been seen at this clinic outside recognized risk groups. An epi
demiological follow-up of this patient revealed a number of 
other previously undiagnosed cases. It was established that 
some of these cases could be directly linked to the same male 
contact who worked in local nightclubs, although there were 
several further cases where no link was established; these in
cluded heterosexual males whose only apparent exposure was 
via contact with the infected females. All cases identified to 
date are Caucasian. On further investigation, the putative index 
case was found to be highly sexually active, having had “sev
eral hundred” casual sexual encounters, including several mem
bers of the infected group (Don2, DonB, Donl9, and Don22 
confirmed a relationship). Additional cases were diagnosed on 
presentation with AIDS-defining illnesses.

Like the putative index case, many members of this group have 
active sexual histories, often involving many (>20) casual part
ners per annum, which made conventional epidemiological con

tact tracing difficult. Several members of the group had a history 
of repeated sexually transmitted infections (STIs) and other GU 
infections, including herpes simplex II, gonorrhea, genital warts 
and nonspecific urethritis (NSU), which may have increased their 
susceptibility to HIV infection.^ Table 1 shows the clinical de
tails of the individuals sampled, and Fig. 1 summarizes the known 
epidemiological links between the individuals.

DNA preparation, PCR amplification, and cloning of 
gp 120-encoding regions

Blood was collected from each patient in EDTA Vacutain- 
ers and frozen. DNA was prepared from 4 ml of each sample, 
using a resin-based column method (Qiagen, Valencia, CA). 
The final DNA sample was resuspended in 2(X) pA of 
Tris-EDTA (TE) buffer (pH 7.5).

A “nested” polymerase chain reaction (PCR) was per
formed in a volume of 50 /il, using 5 p \  of patient DNA 
(>1000 proviral copies), according to previously published 
methods.^® The PCR product was cloned into the expression 
vector pCR3.1-TA in accordance with the manufacturer in
structions (InVitrogen, Carlsbad, CA). Positive colonies were 
grown overnight and DNA was prepared with a plasmid 
miniprep kit (Qiagen).

Sequencing

Plasmid DNA was sequenced with an Amersham (Arlington 
Heights, IL) Vistra 725 automated sequencer and a cycle se
quencing protocol (RPN2444), using six Texas Red-labeled 
primers. The two strands were aligned with Sequencher 3.1 soft
ware (Gene Codes, Ann Arbor, MI) and a consensus strand of 
~930 bp was obtained from the Cl region (amino acid [aa] 118 
in the HXB2 peptide sequence) to the start of the C4 domain 
region (aa 421 in the HXB2 peptide sequence). These nucleo
tide sequences were translated to give the inferred amino acid 
sequences. The full set of sequences may be downloaded from 
http://www.ucl.ac.uk/~rege340/Haymanetal.html, and they

T a b l e  1. C l in ic a l  D et a ils  o f  In d iv id u a ls  S a m pled

Don 
number 
assigned 
to sample Sex

Year first 
known to be 
seropositive

Year
sanq>le
taken

Antiviral
therapy

Clade
designated

CD4+ cell 
count (cell/ml) 

at time of 
sampling

Viral
loacP

(copies/ml)
Disease

stage

Reason
for

detection

1 M 1996 1998 Yes I 10 500,000 AIDS Sym
2 F 1996 1998 Yes 1 150 <400 AIDS Sym
3 F 1996 1998 No n 600 5,000 Asy C.T.-Donl
11 F 1996 1999 Yes I 200 <400 AIDS Sym
12 F 1996 1999 Yes m 300 <400 AIDS Sym
14 M 1997 1999 Yes I 150 <400 AIDS Sym
17 F 1996*> 1999 No n 500 55,000 Asy C.T.-Don23
18 F 1997 1999 Yes I 250 <400 AIDS Sym
19 F 1996*» 1999 No n 200 10,000 Asy C.T.-Donl
20 M 1999 1999 Yes IV 100 175,000 AIDS Sym
21 F 1998 1999 Yes I 50 90,000 AIDS Sym
22 F 1998 1999 No n 250 15,000 Asy CT.-Donl
23 M 1996*» 1999 No n 350 20,000 Asy C.T.-Donl7

Abbreviations: Don, Doncaster; Sym, presented with symptoms; Asy, asymptomatic at time of testing; C.T., contact tracing. 
^Sample values rounded to help preserve patient anonymity.
•^Retrospective testing of stored sera.

http://www.ucl.ac.uk/~rege340/Haymanetal.html
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(  Don2l)
Don22

Don3

1992-3

1993-4
DonlyDonlo

^ ^ 1 9 9 6
Donl*

Don14* Don23*
IDU* 1995-7

1984-9

Donl9Donll

Don2

C o n f irm e d  sex u a l c o n ta c t  

— — — P r o b a b le  (u n c o n f irm e d )  sex u a l c o n ta c t

•  •  •  •  P r o b a b le  in d ir e c t  ID U  c o n ta c t

O th e r  s o c ia l c o n ta c t

F I G .  1 .  N e tw o r k  i l lu s t r a t in g  th e  k n o w n  in te r r e la t io n s h ip s  b e tw e e n  th e  in d iv id u a ls  s tu d ie d . T h e  s o c ia l  c o n ta c ts  s h o w n  in d ic a te  
th a t  th e  in d iv id u a l s  w e re  a ll in v o lv e d  in  th e  “ n ig h tc lu b  s c e n e ”  in  D o n c a s te r .  T h e  p ro b a b le  in d i r e c t  ID U  c o n ta c t  b e tw e e n  D o n l l  
a n d  D o n l  in v o lv e d  a  m a le  d ru g  u s e r  w ith  w h o m  D o n l  1 h a d  a  r e la t io n s h ip  ( 1 9 8 4 - 1 9 8 9 ) ,  a n d  w h o  m a y  h a v e  s h a r e d  n e e d le s  w ith  
D o n l ;  D o n l l  h a d  a  c o n f i rm e d  so c ia l  r e la t io n s h ip  w ith  D o n l .  “ C o n f irm e d  s e x u a l c o n ta c ts ”  w e re  th o s e  c o n f irm e d  b y  b o th  p a r t 
n e rs ;  t h e  u n c o n f i r m e d  c o n ta c t  w a s  c o n f irm e d  b y  o n ly  o n e  p a r tn e r .  M a le  p a t ie n ts  a re  in d ic a te d  b y  a n  a s te r i s k  (* ).

h a v e  b e e n  d e p o s i t e d  w ith  G e n B a n k  w ith  a c c e s s io n  n u m b e rs  

A F 3 2 5 9 3 0 - A F 3 2 5 9 6 5 .

Phylogenetic analyses

T h e  s a m e  r e g io n  o f  H IV  w a s  s e q u e n c e d  fo r  a ll m e m b e rs  o f  th e  

g ro u p , a n d  th re e  s e q u e n c e s  w e re  o b ta in e d  w ith  d if fe re n t c lo n e s  

d e r iv e d  f ro m  th e  s a m e  sam p le ; u s in g  e q u a l n u m b e rs  o f  re p lic a te s  

fo r  e a c h  p a t ie n t  p re v e n ts  b ia se s  in  th e  e s tim a tio n  o f  to p o lo g y  

c a u s e d  b y  u n e q u a l  w e ig h tin g  o f  d if fe re n t b ra n c h e s . A lig n m e n t o f  

th e  n u c le o t id e  s e q u e n c e s  re q u ire d  th a t  g a p s  b e  in s e r te d  in  th e  V I ,  

V 2 , a n d  V 4  r e g io n s  (C L U S T A L  X  p a c k a g e ) . W h e re  n e c e s sa ry , 

th e s e  g a p s  w e re  a d ju s te d  b y  h a n d  to  a lig n  a t c o d o n  b o u n d a rie s . 

In  a ll  s u b s e q u e n t  a n a ly s e s  th o s e  n u c le o tid e s  th a t  a lig n e d  w ith  g a p s  

in  o th e r  s e q u e n c e s  w e re  ig n o re d  (a s s ig n e d  w e ig h ts  o f  z e ro ); th is  

a l lo w s  th e  a n a ly s is  o f  s e q u e n c e s  o f  d if fe r in g  le n g th s  b u t  m a y  r e 

su lt in  th e  u n d e re s t im a tio n  o f  d if fe re n c e s  w h e n  s u b s titu tio n a l 

c h a n g e  o c c u r s  s im u lta n e o u s ly  w ith  le n g th  p o ly m o rp h ism . A  

s e a rc h  o f  th e  a v a i la b le  s e q u e n c e s  in  G e n B a n k  fo u n d  th a t  th e  s e 

q u e n c e s  B A L -1  a n d  U S 7 1 5  w e re  th e  m o s t c lo se ly  re la te d  fu ll  

g p l 2 0  s e q u e n c e s  a v a i la b le ,  A C 3  w a s  th e  c lo s e s t  B r itis h  s e q u e n c e  

in  th e  d a ta b a s e ,  a n d , in  a d d itio n , th e re  w a s  a  h ig h  h o m o lo g y  to  

V 3  lo o p  s e q u e n c e s  f r o m  M ila n  (C M 2 3 ), b u t  th e  g p l2 0  s e q u e n c e s  

o f  th e s e  v iru s e s  a r e  n o t  a v a ilab le .

T w o  ty p e s  o f  a n a ly s is  w e re  p e rfo rm e d  in  o rd e r  to  a s s e s s  th e

re la tio n s h ip s  b e tw e e n  th e  s a m p le s  o b ta in e d  (u s in g  th e  P H Y L IP  

su ite  o f  p ro g ra m s , v e rs io n  3 .5 c  [J. F e ls e n s te in . U n iv e rs ity  o f  

W a s h in g to n , S e a ttle , W A ] a n d  th e  P A U P *  p ro g ra m  [D .L . S w o f-  

fo rd^^]). T h e  f ir s t  a n a ly s is , u s in g  th e  m a x im u m  lik e lih o o d  (M L ) 

m e th o d , w a s  p e r fo rm e d  w ith  a  “ fo u r -p a ra m e te r” m o d e l (H K Y 8 5 )  

a n d  w ith  tra n s it io n /tra n s v e rs io n  ra tio s  a n d  g a m m a  fu n c tio n  d e 

riv e d  f ro m  th e  d a ta  (T s /T v  =  2 .0 1 2 , g a m m a  =  0 .5 4 5 ). T h e  re s u lt  

o f  th is  a n a ly s is  is  th e  m o s t  s ta t is tic a lly  l ik e ly  to p o lo g y  fo u n d . A  

s e c o n d  m e th o d , n e ig h b o r  jo in in g  (N J , b a se d  o n  K im u ra  tw o -p a 

ra m e te r  d is ta n c e s ) ,  w a s  a lso  u s e d  to  a s s e s s  th e  d a ta  a n d  to  g e n e r 

a te  b o o ts tra p  re s a m p l in g  e s tim a te s  fo r  th e  b ra n c h e s  seen . F o r  th e  

re la tiv e ly  lo n g  s e q u e n c e s  p re s e n te d  h e re  ( —9 3 0  b p ) th e  re su lts  

w e re  fo u n d  to  b e  “ ro b u s t” b y  b o th  m e th o d s ; th a t is , ir re s p e c t iv e  

o f  th e  ty p e  o f  a n a ly s is , th e  s a m e  to p o lo g y  w a s  in fe rred .

RESULTS

Sequencing and measurement o f  
within-sample variation

In  a ll c a s e s  s e v e ra l  p la s m id s  c o n ta in in g  g p l 2 0  in s e r ts  w e re  

o b ta in e d  f ro m  e a c h  s a m p le . I n i t ia l ly  o n e  c lo n e  f ro m  e a c h  p a 

t ie n t  w a s  s e q u e n c e d  to  g e n e r a te  an  o v e rv ie w  o f  a ll  th e  s a m p le s .  

T h is  in it ia l  d a ta  s e t  s h o w e d  th a t  a ll th e  s e q u e n c e s  o b ta in e d  w e re
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m e m b e rs  o f  th e  B  s u b ty p e  (c la d e )  o f  H IV -1 .  T o  a s s e s s  in tr a 

p a t ie n t  p o ly m o r p h is m  tw o  f u r th e r  p la s m id s  w e re  s e q u e n c e d  

f ro m  e a c h  c a s e  ( e x c e p t  fo r  D o n 2 ,  f r o m  w h o m  o n ly  o n e  f u r th e r  

c lo n e  w a s  a v a i la b le ) .  T h e  p u ta t iv e  in d e x  c a s e ,  D o n l ,  s h o w e d  

a n  a v e r a g e  w ith in - p a t ie n t  d is ta n c e  o f  0 .3 4 %  (r a n g e , 

0 .1 3 - 0 .5 2 % ) .  F u r th e r  s e q u e n c e s  a n d  w i th in - p a t ie n t  d is ta n c e s  

w e re  o b ta in e d  fo r  th e  o th e r  p a t ie n ts  a n d  a re  s h o w n  in  T a b le  2 . 

O v e ra l l ,  w i th in - p a t ie n t  v a r ia t io n  w a s  m u c h  s m a l le r  th a n  th a t  

s e e n  b e tw e e n  p a t ie n ts .

Phylogenetic analyses

T h e  n u c le o t id e  s e q u e n c e  d a ta  d e r iv e d  f r o m  th e  p a t ie n t  s a m 

p le s  w e re  u s e d  to  a s s e s s  th e  d e g re e  o f  re la te d n e s s  b e tw e e n  p a 

tie n ts .  T h e  c o n s e n s u s  p h y lo g e n y  g e n e r a te d  b y  M L  a n a ly s is  is  

s h o w n  in  F ig .  2 . T h e  p e rc e n ta g e  v a lu e s  s h o w n  r e f e r  to  th e  f r e 

q u e n c y  w ith  w h ic h  th e  to p o lo g y  s h o w n  o c c u r re d  in  1 0 0 0  b o o t 

s tra p  r e s a m p l in g s ,  u s in g  th e  N J  m e th o d .  F ig u r e  2  c le a r ly  s h o w s  

th a t  11 o f  th e  s e q u e n c e s  fo r m  1 m a in  g ro u p ,  w h ic h  is  s u b d i

v id e d  in to  2  s m a l le r  c lu s te r s ,  te rm e d  c la d e  I  a n d  c la d e  II . T h e  

a v e r a g e  in te rp a t ie n t  d is ta n c e  w ith in  th e  g ro u p  is  9 .0 7 %

( ± 3 .2 6 % ) ,  in d is t in g u is h a b le  f ro m  th e  a v e r a g e  d is ta n c e s  b e 

tw e e n  th e  u n re la te d  s e q u e n c e s  u s e d  a s  c o n tro ls  (9 .7 5  ±  2 .1 % ; 

T a b le  2 ) ;  h o w e v e r ,  th e  b o o ts t r a p  v a lu e  th a t  d is t in g u is h e s  th is  

g r o u p  f r o m  th e  o th e r  s e q u e n c e s  in  th e  p h y lo g e n y  is  9 8 % . T h is  

c o n tro l  s e q u e n c e  s e t  in c lu d e s  th e  th re e  h ig h e s t  m a tc h e s  to  th e  

D o n c a s te r  s e q u e n c e s  o b ta in e d  f r o m  a  B L A S T  s e a rc h  o f  G e n 

B a n k .  T a k e n  to g e th e r  w ith  th e  o b s e r v a t io n  th a t  f o u r  m e m b e rs  

o f  c la d e  I I  n a m e d  D o n l  in  c la d e  I a s  th e ir  c o n ta c t  (F ig .  1), th e s e  

d a ta  s t ro n g ly  s u p p o r t  th e  c o n c lu s io n  th a t  th e s e  tw o  c la d e s  s h a re  

a  c o m m o n  a n c e s to r .  In  a d d i t io n ,  th e  t r e e  s h o w s  th a t  tw o  o f  th e  

s e q u e n c e s ,  D o n  12 a n d  D o n 2 0 ,  w e re  u n re la te d  to  th e  in d e x  c a s e  

( D o n l ) ;  h o w e v e r ,  w h e n  th e  a n a ly s is  w a s  p e r fo r m e d  u s in g  j u s t  

th o s e  s e q u e n c e  p o ly m o r p h is m s  th a t  d o  n o t  le a d  to  a m in o  a c id  

c h a n g e s ,^ ^  D o n l  2  w a s  fo u n d  to  b e  m o re  c lo s e ly  r e la te d  to  th e  

r e s t  o f  th e  s e q u e n c e s  (a n a ly s is  n o t  s h o w n )  a n d  h e n c e  m a y  b e  a  

d is ta n t  m e m b e r  o f  th is  g ro u p .

T h e  a s s ig n m e n t  o f  p ro b a b le  d a te s  o f  in fe c tio n  to  th e  m e m 

b e rs  o f  th e  g ro u p  p r o v e d  p ro b le m a tic a l .  M a n y  o f  th e  p a t ie n ts  

h a d  h a d  m u lt ip le  c a s u a l  s e x u a l p a r tn e r s  a n d  w e re  u n a b le  to  r e 

c a ll th e  e x a c t  d a te s  o f  th e i r  e x p o s u r e  to  D o n l ;  in  a d d i t io n ,  s e v 

e ra l p a t ie n ts  w e re  u n w il l in g  to  d is c lo s e  s u c h  d e ta ils .  H o w e v e r ,

T able 2. G enetic D istance E stimates  ̂within 
Patients a n d  within a n d  b e t w e e n C lades

S am ple D ista n ce  (SE)
A v e ra g e d  

distances^  (SE)

Intrapatient distances
C la d e  I

D o n l 0 .3 4  (0 .1 9 )
D o n 2 0 .2 5
D o n l  1 1 .7 7  (0 .2 6 )
D o n  14 1 .5 2  (0 .5 9 )
D o n  18 0 .7 6  (0 .6 6 )
D o n 2 1 1 .8 2  (1 .361

A v e ra g e  in t r a p a t ie n t  d is ta n c e  (c la d e  I): 1 .08  (0 .5 1 )

C la d e  I I
D o n  3 2 .1 2  (0 .9 7 )
D o n  19 1 .09  (0 .5 3 )
D o n  2 2 1 .6 9  (0 .9 0 )
D o n  17 1.01 (0 .3 3 )
D o n 2 3 0 .2 5  (0 .131

A v e ra g e  in tr a p a t ie n t  d is ta n c e  ( c la d e  II): 1 .2 3  (0 .5 7 )
Intraclade distances

C la d e  I 4 .0 5  (1 .4 9 ) 4 .3 9  (1 .0 1 )
C la d e  II 9 .0 2  (3 .8 3 ) 9 .5 3  (1 .9 4 )
C la d e  I  +  c la d e  II 9 .3 1  (3 .8 5 ) 9 .0 7  (3 .2 6 )
C la d e  I I I  (D o n  12) 1 .6 4
C la d e  IV  (D o n 2 0 ) 0 .5 0

Interclade distances
C la d e  I - c l a d e  II 11 .6 1  (0 .8 5 ) 1 1 .6 3  (0 .7 3 )
C la d e  I - c l a d e  I I I 1 4 .9 7  (0 .5 6 ) 1 4 .9 3  (0 .4 8 )
C la d e  I - c l a d e  IV 1 5 .2 6  (0 .3 1 ) 1 5 .2 7  (0 .2 4 )
C la d e  I l - c l a d e  I I I 1 4 .41  (0 .4 2 ) 1 4 .41  (0 .2 0 )
C la d e  I l - c l a d e  IV 1 6 .0 4  (0 .5 8 ) 1 6 .0 7  (0 .5 6 )
C la d e  I l l - c l a d e  IV 1 3 .5 9  (0 .1 2 ) 1 3 .5 9
D is ta n c e s  b e tw e e n  c o n tro l  seq u en ces '^ : 9 .7 5  (2 .1 )

“E x p r e s s e d  a s  a  p e rc e n ta g e .
•^A veraged  d is ta n c e s  a re  m e a n s  o f  e a c h  p a t ie n t 's  s e t  o f  d is ta n c e s  (s e e  te x t) .  
"^D istances b e tw e e n  c o n tro l  g ro u p  r a n g e  f r o m  0 .0 6 1  to  0 .1 4 1 1 .
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F I G .  2 . T U n ro o ted  p h y lo g e n e t ic  t re e  o f  th e  s e q u e n c e s  o b ta in e d  f ro m  th e  D o n c a s te r  p a t ie n ts .  H o m o lo g y  s e a rc h e s  w ith in  th e  L o s  
A la m o s  d a i ta b a s e  o f  H IV  s e q u e n c e s  id e n t i f ie d  U S 7 1 5 ,  B A L I ,  a n d  A C 3  a s  th e  n e a r e s t  k n o w n  m a tc h e s  to  th e  n e w  s e q u e n c e s  p r e 
s e n te d  h e r e .  T h e  o th e r  s e q u e n c e s  u s e d  a re  r e p re s e n ta t iv e  o f  th e  B  s u b ty p e  o f  H IV -1 .

o n e  c le a r  r e l a t i o n s h ip ,  b e tw e e n  D o n  17 a n d  D o n 2 3 ,  w a s  e s ta b 

l is h e d  to  h ia v e  o c c u r re d  in  1 9 9 6 , 2 - 3  y e a r s  p r io r  to  s a m p l in g .  

T h e  p h y lo g e n e t i c  a n a ly s is  l in k s  th e s e  c a s e s  (b o o ts tra p  v a lu e  o f  

8 6 % )  w ith  a  p a i r w is e  g e n e t ic  d is ta n c e  b e tw e e n  th e m  o f  5 .3 % . 

In  c o n t r a s t ,  a n o th e r  m a le  m e m b e r  o f  th is  c o h o r t ,  D o n  14, a l 

th o u g h  c le ia r ly  l in k e d  to  D o n  18 b y  p h y lo g e n e t ic  c r i te r ia  (d is 

ta n c e ,  2 .2 % ;  b o o ts t r a p  v a lu e ,  9 5 % ) ,  c la im s  to  h a v e  h a d  n o  d i 

r e c t  c o n ta c t  w i th  h e r .  F u r th e r m o re ,  b o th  D o n  14 a n d  D o n  18 

c la im  to  h a v e  h a d  o n ly  a  s o c ia l  re la t io n s h ip  w ith  D o n l .  T h is  

la c k  o f  r e la t i o n s h ip ,  i f  t r u e ,  w o u ld  im p ly  th a t  s e v e ra l  in te r m e 

d ia te  c ase s ; l in k in g  th e s e  in d iv id u a ls  re m a in  to  b e  d is c o v e re d .  

In  g e n e r a l ,  f e w  d a ta  a b o u t  l ik e ly  e x p o s u r e  t im e s  w e re  a v a i la b le  

fo r  th e  m a j o r i t y  o f  th e  m e m b e rs  o f  th e  c o h o r t ;  h o w e v e r ,  i f  th e  

a s s u m p t io n  t h a t  lo n g e r  b ra n c h e s  o n  a  p h y lo g e n y  im p ly  g re a te r  

t im e  s in c e  i n f e c t io n  is  v a l id ,  i t  w o u ld  s e e m  th a t  th e  m e m b e rs  

o f  c la d e  11 h a v e  b e e n  in fe c te d  fo r  a  lo n g e r  t im e  th a n  th e  m e m 

b e rs  o f  c la td e  1, s in c e  b ra n c h  le n g th s  w ith in  th is  c la d e  a re  s ig 

n i f i c a n t ly  L o n g e r  th a n  w ith in  c la d e  1 (T a b le  2 , W ilc o x o n  U  te s t ,

p  <  0 .001)1.

T h e  c l a d e s  p r e s e n te d  in  F ig .  2  c a n  b e  c o m p a re d  w ith  t r a n s 

m is s io n  c l u s t e r s  o f  k n o w n  date.^® ’'^ ’̂ "̂  F ig u r e  2  in c lu d e s  b o th  

u n re la te d  ( C P H L  1, 2 , a n d  3 ) a n d  l in k e d  c a s e s  o f  s u b ty p e  B  in 

f e c t io n  ( C P H L  6 , 7 , 8 , a n d  9 ). T r a n s m is s io n  in  th is  p re v io u s ly

d e s c r ib e d  h e te ro s e x u a l  c lu s te r  w a s  d a te d  to  a  p e r io d  2  to  3 

y e a r s  p r io r  to  s a m p l in g ;  in  th a t  c a s e  th e  m e a n  p a i rw is e  d is ta n c e  

b e tw e e n  p a t ie n ts  w a s  7 .3 %  (S D  0 .6 % ) .  I n  th e  tw o  n e w  c la d e s  

p re s e n te d  h e re  w e  fo u n d  f o r  c la d e  1 th a t  th is  v a lu e  w a s  4 .4 %  

(S D  1 % ), a n d  f o r  c la d e  11, 9 .5 %  (S D  1 .9 % ). T h e re fo r e ,  b y  g e 

n e tic  c r i te r ia  a lo n e ,  w e  w o u ld  in fe r  th a t  th e  tw o  in fe c tio n  c lu s 

te r s  d e s c r ib e d  h e re  a re  r e s p e c t iv e ly  y o u n g e r  ( c la d e  1) a n d  o ld e r  

(c la d e  11) th a n  th is  p re v io u s ly  r e p o r te d  s u b ty p e  B  tr a n s m is s io n  

c lu s te r .

Predicted coreceptor usage in clades I  and II

T h e  tw o  d is t in c t  c la d e s  in  F ig . 2  w e re  fo u n d  to  c o r r e s p o n d  

to  tw o  d is t in c t  c l in ic a l  p ro f i le s .  C la d e  1, o f  w h ic h  D o n l  w a s  a  

m e m b e r ,  in c lu d e d  a ll  th e  p a t ie n ts  w ith  lo w  C D 4 ^  c e l l  c o u n ts  

w h o  h a d  an  A ID S - d e f in in g  i l ln e s s  a n d  w h o  w e re  h e n c e  r e 

c e iv in g  h ig h ly  a c t iv e  a n t i r e tro v ir a l  th e ra p y  (H A A R T )  (T a b le  

1). In  c o n tra s t ,  a ll  th e  m e m b e rs  o f  c la d e  11 w e re  re la t iv e ly  w e ll 

a n d , a t  th e  t im e  o f  s a m p l in g ,  w e re  n o t  r e c e iv in g  th e ra p y .  I n 

s p e c tio n  o f  th e  s e q u e n c e s  o b ta in e d  fo r  th e s e  tw o  c la d e s  s h o w e d  

th a t  th e  m e m b e rs  o f  c la d e  11 a ll p o s s e s s e d  v ira l  s e q u e n c e s  th a t  

h a v e  b e e n  p r e d ic te d  to  b e  a s s o c ia te d  w ith  u s a g e  o f  th e  C C R 5  

c h e m o k in e  re c e p to r ,^ ^  w h e re a s  a ll m e m b e rs  o f  c la d e  1 h a d  a
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d if f e r e n t  s e q u e n c e ;  m o s t  n o ta b ly ,  a l l  s h a re d  a  ly s in e  a t  r e s id u e  

2 5  o f  th e  V 3  lo o p , a n d  h e n c e  w e re  p re d ic te d  to  h a v e  v iru s e s  

th a t  u t i l iz e d  th e  C X C R 4  c h e m o k in e  re c e p to r .  P r e l im in a r y  c o r e 

c e p to r  ty p in g  o f  v ira l  is o la te s  o b ta in e d  f ro m  tw o  p a t ie n ts  in  

c la d e  II , u s in g  tw o  c h im e r ic  v iru s e s  d e r iv e d  f r o m  p a t ie n ts  in  

c la d e  I,^^ h a s  c o n f irm e d  th e  in fe re n c e s  m a d e  f ro m  s e q u e n c e  

d a ta  ( d a ta  n o t  s h o w n ) . G e n e r a l ly ,  u s a g e  o f  C X C R 4  b y  H IV  is  

a s s o c ia te d  w ith  m o re  a d v a n c e d  d is e a s e  a n d  c o u ld  th u s  e x p la in  

th e  d if f e r e n c e s  in  d is e a s e  o u tc o m e  b e tw e e n  th e  tw o  g ro u p s  o f  

p a t ie n ts .

A  r e t ro s p e c t iv e  re v ie w  o f  th e  c a s e  n o te s  f o r  D o n l  r e v e a le d  

th a t  h e  h a d  h a d  a  s e r ie s  o f  i l ln e s s e s ,  a lm o s t  c e r ta in ly  in d ic a t iv e  

o f  H IV -a s s o c ia te d  im m u n e  s u p p re s s io n  (A ID S ) , fo r  3 y e a r s  

p r io r  to  h is  a g re e m e n t  to  b e  te s te d  in  1 9 9 6 . T h is  r a is e s  th e  p o s 

s ib i l i ty  th a t  th e  m e m b e rs  o f  c la d e  I  w e re  a ll in i t ia l ly  in fe c te d  

w ith  a  v iru s  c a p a b le  o f  u t i l iz in g  C X C R 4 . In  a d d i t io n  to  th is  p u 

ta t iv e  c h a n g e  in  v ira l p h e n o ty p e ,  a l l  th e  m e m b e rs  o f  c la d e  I 

w e re  r e c e iv in g  a n tiv ira l  th e ra p y  a t  th e  t im e  o f  s a m p l in g .  T h is  

c o m b in a t io n  o f  fa c to r s  w ill  p r o b a b ly  le a d  to  u n p re d ic ta b le  

c h a n g e s  in  th e  e v o lu t io n a ry  p ro c e s s e s  a f f e c t in g  th e  v iru s e s  in  

th is  g r o u p  th a t  r e n d e r  in v a lid  a n y  a s s u m p tio n s  a b o u t  th e  r e la 

t io n s h ip  b e tw e e n  t im e  a n d  b ra n c h  le n g th  in  th e  p h y lo g e n y .

DISCUSSION

T h e  s tu d y  p re s e n te d  h e re  d e m o n s t r a te s  h o w  p h y lo g e n e t ic  

a n a ly s is  c a n  b e  o f  h e lp  in  d e te rm in in g  th e  p a t te rn s  o f  H IV  t r a n s 

m is s io n  in  an  o u tb re a k  w h e re  c o n v e n t io n a l  c o n ta c t  t ra c in g  a n d  

e p id e m io lo g ic a l  in v e s t ig a t io n  fa il  to  p ro d u c e  a  c le a r  p ic tu re .

T h e  c o m p le x  n e tw o rk  o f  m u l t ip le  s e x u a l e x p o s u r e s  th a t  in 

te r l in k  th e  m e m b e rs  o f  th is  g ro u p  m e a n s  th a t  fe w  r e l ia b le  r e la 

t io n s h ip s  c a n  b e  e s ta b l is h e d  b y  c o n ta c t  t r a c in g  a lo n e ;  in d e e d , 

o n ly  f o u r  c o n ta c ts  in v o lv in g  D o n l  (w ith  D o n 2 ,  D o n 3 ,  D o n l9 ,  

a n d  D o n 2 2 )  a n d  a  l in k  b e tw e e n  D o n  17 a n d  D o n 2 3  w e re  t ra c e d  

w ith  a n y  c e r ta in ty  p r io r  to  th e  s tu d ie s  d e s c r ib e d  h e r e  (F ig . 1). 

P h y lo g e n e t ic  re c o n s tr u c t io n  o f  th e  r e la t io n s h ip s  b e tw e e n  th e  v i 

ra l s e q u e n c e s  o b ta in e d ,  a n d  b y  in fe re n c e  b e tw e e n  th e  in d iv id 

u a ls  w h o  h a rb o r  th e m , h a s  a l lo w e d  u s  to  a s c r ib e  th e  m a jo r i ty  

o f  in fe c t io n s  d e s c r ib e d  h e re  to  a  p o in t  s o u rc e  o u tb re a k .  H o w 

e v e r ,  i t  is  n o t  p o s s ib le  f r o m  th e  d a ta  a v a i la b le  to  in f e r  th e  l ik e 

lih o o d  o f  tr a n s m is s io n  fo r  e a c h  e x p o s u r e  a s  h a s  b e e n  d o n e  in  

o th e r  s tu d ie s ,  n o ta b ly  th a t  in  C h a u ta u q u a  C o u n ty ,  N e w  Y o rk  

S ta te .

T h e  d a ta  o b ta in e d  c le a r ly  a s s o c ia te  th e  m a jo r i ty  o f  th e  h e t 

e ro s e x u a l  c a s e s  d is c o v e re d  to  d a te  in  th e  D o n c a s te r  a re a  w ith  

o n e  a n o th e r  a n d  s u p p o r t  a  d i r e c t  l in k  w ith  th e  p u ta t iv e  m a le  in 

d e x  c a s e ,  D o n l .  A m o n g  th e  s e q u e n c e s  th a t  a r e  l in k e d  to  D o n l ,  

tw o  c le a r  g ro u p s  a re  a p p a r e n t .  T h e  f i r s t  g ro u p  (c la d e  I)  is  t ig h t ly  

l in k e d  to  D o n l  b y  g e n e t ic  c r i te r ia  a n d  in c lu d e s  th e  p a t ie n ts  

D o n 2 ,  D o n l l ,  D o n  14 , D o n l 8 , a n d  D o n 2 1 ,  w h e re a s  th e  s e 

q u e n c e s  in  th e  s e c o n d  s e t  ( c la d e  I I ) ,  in c lu d in g  D o n 3 ,  D o n  17, 

D o n  19 , D o n 2 2 ,  a n d  D o n 2 3 ,  a re  le s s  c lo s e ly  r e la te d  to  o n e  a n 

o th e r .

T h e r e  a re  s e v e ra l  p o s s ib le  e x p la n a t io n s  f o r  th e  d is t in c t io n  

b e tw e e n  th e s e  tw o  c la d e s .  F ir s t ,  th e  tw o  c la d e s  m a y  r e p re s e n t  

s e p a ra te  in tr o d u c t io n s  o f  H IV -1  in to  D o n c a s te r ;  h o w e v e r ,  th e  

t re e  a n d  th e  c o n ta c t  t r a c in g  s u g g e s t  th e y  s h a r e  c o m m o n  a n c e s 

t ry  a n d  h e n c e  r e f le c t  a  s in g le  f o u n d in g  e v e n t .  A lte rn a t iv e ly ,  i t  

m a y  b e  th a t ,  a f te r  a  s in g le  in tr o d u c t io n ,  d iv e rg e n c e  in to  tw o  

s tra in s  to o k  p la c e  a n d  th e s e  s t ra in s  h a v e  in fe c te d  d if f e r e n t

g ro u p s  o f  p e o p le  to  p ro d u c e  th e  d is t in c t  c la d e s  w e  n o w  see. 

T h is  e x p la n a t io n ,  h o w e v e r ,  s e e m s  u n l ik e ly  a s  m o s t  o f  th e  m e m 

b e rs  o f  c la d e  I I  n a m e d  D o n l  (in  c la d e  I)  a s  a  s e x u a l  c o n ta c t .

S e c o n d ,  i t  is  p o s s ib le  th a t  D o n l  is  th e  t ru e  s o u rc e  o f  th e  o u t

b re a k ,  b u t  th a t  a  c o m b in a t io n  o f  in t r a h o s t  v ir a l  d iv e r s i ty  a n d  

r a p id  e v o lu t io n a ry  p ro c e s s e s  h a s  d is to r te d  th e  t ru e  p h y lo g e n e t ic  

h is to ry .  I f  th e  b ra n c h  le n g th s  a c tu a l ly  r e p r e s e n t  a  t im e  sca le , 

th e n  th e  tre e  w o u ld  s u g g e s t  th a t  c la d e  I a n d  c la d e  I I  r e p re s e n t  

tw o  s e ts  o f  y o u n g e r  a n d  o ld e r  t r a n s m is s io n  e v e n t s ,  re s p e c t iv e ly .  

In d e e d ,  e p id e m io lo g ic a l  e v id e n c e  s u g g e s ts  th a t  a t  le a s t  s o m e  

m e m b e rs  o f  c la d e  I h a d  th e ir  c o n ta c t  w ith  D o n l  la te r  th a n  d id  

m e m b e rs  o f  c la d e  II . H o w e v e r ,  th is  t im e  s c a le  m a y  h a v e  b e en  

d is to r te d ,  a s  c la d e  I  p a t ie n ts  w e re  a ll  r e c e iv in g  H A A R T  a t  th e  

t im e  o f  s a m p l in g ,  w h ic h  is  l ik e ly  to  a f f e c t  th e  r a te  o f  v ir a l  e v o 

lu tio n .

F in a l ly ,  an  a d d i t io n a l  in te rp r e ta t io n  o f  th e  d a ta  is  th a t  th e  p u 

ta t iv e  in d e x  c a s e  D o n l  h a r b o r e d  tw o  re la te d  v iru s e s ,  w ith  d is 

t in c t  p a th o g e n ic  p ro p e r t ie s ,  th a t  m a y  h a v e  b e e n  t r a n s m it te d  an d  

e v o lv e d  in to  th e  s e p a ra te  g ro u p s .  T h e  c l in ic a l  in fo r m a t io n  an d  

c o r e c e p to r  p r e d ic t io n s  d iv id e  th e  p a t ie n ts  in to  th e  s a m e  tw o  

g ro u p s ;  a l l  c la d e  I  m e m b e rs  w e re  o r ig in a l ly  d ia g n o s e d  b e c a u s e  

o f  p re s e n ta t io n  w ith  a n  A ID S - d e f in in g  i l ln e s s  ( D o n l  d ie d  

s h o r t ly  a f te r  s a m p l in g )  a n d  a re  th o u g h t  to  h a r b o r  v iru s e s  th a t  

c a n  u s e  th e  C X C R 4  c o re c e p to r .  In  c o n tra s t ,  a ll c la d e  I I  m e m 

b e r s  re m a in  h e a l th y  a n d  h a r b o r  v iru s e s  p re d ic te d  to  u s e  th e  

C C R 5  c o re c e p to r .  S e v e ra l  a u th o rs  h a v e  s h o w n  th a t  d is e a s e  p ro 

g re s s io n  in  p a t ie n ts  in fe c te d  w ith  C X C R 4 - u t i l iz in g  v iru s e s  is  

re la t iv e ly  ra p id  a n d  g e n e r a l ly  s u c h  c a s e s  h a v e  a  r e la t iv e ly  p o o r  

p rognosis .^® “ ^^ T h e  o b s e r v a t io n s  r e p o r te d  h e re  s u p p o r t  th e s e  

f in d in g s ,  in  th a t  a ll  th e  s y m p to m a tic  A ID S - d e f in in g  i l ln e s s e s  

o b s e r v e d  to  d a te  a m o n g  th e s e  11 p a t ie n ts  h a v e  o c c u r r e d  in  c la d e  

I w h o s e  v iru s  is  p r e d ic te d  to  u t i l iz e  th e  C X C R 4  c o re c e p to r .  

G iv e n  th e  t im e  o f  o r ig in  o f  c la d e  I im p lie d  f r o m  th e  p h y lo g e 

n e tic  a n a ly s is ,  th is  ra is e s  th e  p o s s ib i l i ty  th a t  th e  m e m b e rs  o f  

c la d e  I w e re  a ll  in i t ia l ly  in fe c te d  w ith  a  v iru s  c a p a b le  o f  u t i l i z 

in g  C X C R 4 . H e n c e  th e  d a ta  le a d  u s  to  s p e c u la te  th a t  th e  v ir a l  

s tra in  t ra n s m it te d  b y  D o n  1 m a y  h a v e  u n d e rg o n e  a  s w itc h  f ro m  

C C R 5  to  C X C R 4  u s a g e  d u r in g  th e  c o u r s e  o f  h is  d is e a s e .  W o rk  

is  o n g o in g  to  in v e s t ig a te  th is  fu r th e r .

T h e  o v e ra l l  im p r e s s io n  f r o m  th e s e  s tu d ie s  is  th a t ,  i f  f o u n d e r  

e f fe c ts  f a v o r  its  in t r o d u c t io n ,  s u b ty p e  B  H IV -1  v iru s  is  p e r f e c t ly  

c a p a b le  o f  e s ta b l is h in g  a  h e te ro s e x u a l ly  t r a n s m it te d  e p id e m ic .  

T h is  o b s e r v a t io n  is  in  a g r e e m e n t  w ith  th e  r e p o r t  o f  C le g h o m  

a n d  c o l le a g u e s  o f  a  s im i la r  h e te ro s e x u a l  o u tb re a k  in  T r in id a d  

a n d  T o b a g o .^ ^  F u r th e r m o re ,  i t  m a y  b e  p o s s ib le  f o r  v iru s e s  u t i 

l iz in g  th e  C X C R 4  c o r e c e p to r  to  b e  s p re a d  b y  h e te ro s e x u a l  

tra n s m is s io n  i f  th a t  v iru s  is  p r e s e n t  in  a  s e x u a l ly  a c t iv e  in d i 

v id u a l.  G iv e n  th e  in c re a s in g  f r e q u e n c y  o f  h e te r o s e x u a l  in f e c 

t io n ,  i t  is  p ro b a b le  th a t  f u r th e r  o u tb re a k s  o f  th is  ty p e  w il l  b e  d e 

s c r ib e d  in  fu tu re.^ '^
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