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ABSTRACT

The Human Immunodeficiency virus (HIV) is characterized by high replication rate and high levels of
diversity resulting in numerous quasispecies that form a ‘swarm’ in the infected individual. HIV
diversification is driven by selection pressure exerted by the host. The role of high viral diversity in
disease progression in context of infection with more than one subtype (dual infection) is not elucidated.
Delineating of the evolving viral diversity in dual infection will contribute to our understanding of HIV
pathogenesis and thus enable for better strategies for effective therapy and vaccine development
strategies. This study forms part of the HIV Superinfection Study (HISIS, www.mmrp.org) which aimed to
identify the frequency of dual and superinfection in a high risk cohort of women in Mbeya, Tanzania.
The Mbeya region is characterized by a highly diverse HIV epidemic where multiple HIV-1 subtypes

co-circulate including A, C, and D, as well as recombinant forms.

The aims of this thesis were: firstly, to investigate the distribution of HIV subtypes and recombinant
forms in a cohort from Mbeya, and to determine the prevalence of HIV dual infection using the multi
region hybridization assay (MHA); secondly to investigate the dynamics of viral evolution among dually
infected individuals using a gel based screening assay (heteroduplex mobility assay, HMA) and
sequencing, lastly the study aimed to investigate the role of point mutations and recombination on viral

diversity and immune escape in a dually infected individual.

The MHA was used to screen for different subtypes present in the study population (n=57). Subtypes A,
C, D and their recombinants forms were detected. Subtype A accounted for 5%, C 33%, D 7% and
recombinants 44%. Dual infection was detected in 11% of individuals. AC recombinants accounted for
60% of all recombinant viral strains, ACD and CD strains accounted for approximately 12% each and
AD recombinants accounted for 16%. This study provides additional information on the virus strains
circulating in Tanzania. Overall these studies confirm that Tanzania harbours a complex diversity of
viruses with a large proportion of the viruses being recombinant forms. The high prevalence of dual
infections is clearly fuelling the generation of these recombinant viruses and it would be of interest to
monitor the molecular epidemiology of the epidemic to determine if new circulating recombinant forms

emerge.

In a selected subset of chronically infected participants monitored over 21 months, we identified dual
infection in four out of the twelve individuals. The presence of dual infections was screened for using
the HMA based on the vpu and env C2C3 regions of the genome. Sequencing was employed to confirm

subtypes.
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Four of the twelve women were dually infected with two distinct subtypes (A and C). The majority of
single infections were by subtype C (n= 4), two were infected with subtype A, while subtype D was
responsible for one infection. One individual was infected by a CD recombinant virus. Analysis of 20
randomly selected clones from different timepoints was used to determine diversity at selected
timepoints. Env C2C3 region was more diverse than the vpu region with the mean DNA distances of vpu
ranging from 0.9% to 8.5% compared to 0.3% and 19.5% in the env C2C3 region. Tz14 was found to
harbour the most diverse viral strains with a maximum DNA distance of 12% (median 7%) in the vpu
region and 14% (median 11%) in the env C2C3 region. This individual was selected for an indepth

analysis of the role of point mutations and recombination on viral evolution in dual infection.

Analysis of clones from different timepoints demonstrated that dual infections were detectable in a
minority of follow-up visits with only one individual having detectable dual infection at most
timepoints. This emphasizes the importance of analyzing multiple time-points and that cross-sectional
studies will likely underestimate the prevalence of dual infections. An analysis of the contribution of
different viral variants in dual infection to overall viral burden illustrated large fluctuations of viral
populations over time. However, generally the viral populations were relatively homogeneous at single
time point suggesting that, while there is very high potential diversity, this diversity is largely

constrained.

Lastly, through full-length gene (gag and nef) sequencing we investigated positive selection,
recombination patterns and screened for evidence of CTL escape in a dually infected individual (Tz14)
over time (21 months). No evidence of positive selection was detected in both genes during the study
period. Recombination analysis revealed that gag sequences had similar break points at time point FO
and F7. Furthermore, it was shown that none of the sequences obtained from both genes were ‘pure’
subtypes. Limited evidence of predicted CTL escape was observed in the nef and gag. Based on these
results we postulate that viral diversity observed in these individuals is mostly a result of recombination

and to a very limited extent through point mutations.

This study confirms that multiple HIV-1 subtypes and recombinant viruses co-circulate in the population
of Mbeya, and that there is a high prevalence of dual infections. While dually infected individuals
harbour highly divergent viruses with high fluctuation of diversity over time, the diversity at a single
timepoint is usually constrained. An investigation of full-length gag and nef suggests that the major

mechanism of viral evolution is through recombination.
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Proteins coded by the regulatory genes are needed to regulate different stages of viral replication
(Vaishnav and Wong-Stall et al., 1991). The Nef protein is important in pathogenesis, it is a
multipotent protein that exerts several functions (increases viral replication, down regulates cell
surface CD4 molecules and activates T-cells) (Rhee and March et al., 1991). The Rev protein
regulates the amount of spliced versus non-spliced mRNAs and transports viral RNA to the
cytoplasm (Sodroski et al., 1986). Tat increases the initiation of transcription (Sodroski ef al.,
1985). Table 1.1.1 details in summary the functions of all HIV-1 genes.

Table 1.1.1 A: Functions of HIV-1 genes

Structural genes Functions References
gag Codes for the nucleocaspid proteins
Matrix (p17), Caspid (p24)
and Nucleocapsid (p9 and p6) Sodroski JG et al.,1989
pl7 functions to stabilizing the HIV-1 particle Gallay P et al., 1995
p24 forms the conical core of viral particles Franke EK et al., 1994
pol Codes for protease (pl0), reverse transcriptase

(p66/p51) and integrase (p32) enzymes.
Reverse transcriptase (p66/p51) is responsible for
cDNA synthesis.
Protease (p10) plays a role in the cleavage of Gag
and Gag-Pol polyprotein precursors. Ashorn P ef al., 1990
Integrase (p32) mediates the insertion of the HIV
proviral DNA into the genomic DNA Bushman FD et al., 1990

env Codes for the envelope proteins (gp120 and gp41).
Exists as a trimer on the surface of virions. Bernstein HB et al., 1995
gp 120 has five hypervariable loops (V1-V5),

V3 determines viral tropism and is targeted by neutralizing

antibodies that block infectivity Hwang SS et al,, 1999
Regulatory genes Functions References
Rev Facilitates the export of unspliced and incompletely

spliced viral RNAs from the nucleus to the cytoplasm. Kim SY et al., 1989

Tat It is a transcriptional transactivator that is essential for

HIV replication. Ruben S et al., 1989
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Tablel: 1.2.2: HIV-1 prevalence in Tanzania’s different regions and towns

Region /Town Area Study Population HIV-prevalence Reference
Dar es Salaam Capital Town youth (<25yrs) 20.8% among females
(urban) 15.5% among males Chalamila G et al., 2006
Kagena Bukoba females (15 - 24 yrs) - 24% in 1987
(urban) 13% in 1996
Muleba females (15 - 24 yrs) 10% in 1987
(rural) 4.3% in 1999
Karagwe females (15 - 24 yrs) 4.5% in 1987
(rural) 2.6% in 1999 Kwesigabo M et al., 2005
Kisesa (rural) mobile 7.7 % Kishamane C et al., 2006
Moshi Moshi female bar worker 26.3% in 2002 Kapiga SH et al., 2002
(urban)
Moshi Moshi female bar workers 19% in 2003 Ao TT et al., 2006
(urban)
Mbeya Mbeya town female bar workers 68% in 2003 Riedner G et al., 2003
(urban)
Mbeya Mbeya town female bar workers  from 13.9/100 to 5/100
(urban) over 30month period Riedner G er al., 2006

The population of female bar workers, young people and people who travel to far away places
from home constitute a high risk group than the general population. However, most studies

indicate a decline in HIV-1 prevalence in the whole population.

1.3 HIV classification

AIDS is caused by two related viruses, human immunodeficiency virus (HIV) type 1 and type 2.
Epidemiological analysis indicate that HIV-1 has spread all over the world, while HIV-2 is largely
restricted to West Africa and is less pathogenic than HIV-1. This study will only focus on HIV-1.

1.3.1 Classification of HIV-1

HIV-1 is divided into three main groups, the major (M), outlier (O) and the non-M\non-O (N)
(Myers et al., 1996; Figure 1.3.1). The group M viruses are responsible for the global HIV
pandemic (McCutchan et al., 2000). Group M is divided into nine (n = 9) genetic pure subtypes
(A-D, F-H, J, and K), which are approximately equidistant from each other. Subtypes A and F
have been further subdivided into sub-subtypes (Al and A2), and (F1 and F2) respectively this
because sub-subtypes A1A2 and F1F2 are more closely related to each other than to other
subtypes.
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Table 1.3.1: List of all CRFs their country of origin and subtypes contained in each, data obtained from the HIV

database, Los Alamos (www.hiv.lanl.gov/content/hiv-db/CRFs/CRFs.html), September 2006.

-

CRF Subtypes Country of origin Reference
CRF01_AE Aand E Thailand Laukkanen T et al., 1996
CRF02_AG Aand G Nigeria Howard T.M et al., 1994
CRF03_AB Aand B Kiliningrad, Russia Liitsola K et al., 1998
CRF04_cpx A /G, H andK Cyprus GaoFetal, 1998
CRF05_DF Dand F Belgium Laukkanen T et al., 2000
CRF06_cpx A,G,Jand K Burkina Faso Oelrichs R.B ez al., 1998
CRF07_BC Band C China Shao Y et al., 2004
CRF08 BC Band C China Piyasirusilp S et al., 2000
CRF09_cpx CRFO02 and A West Africa McCutchan F et al., 2004
CRF10_CD CandD Tanzania Koulinska LN et al., 2001
CRF11_cpx A,CFRO1,Gand]J Greece Paraskevis D et al., 2000
CRF12 BF BandF Argentina Carr J K et al., 2001
CRF13 cpx A, CRF01,Gand]J Cameroon Wilbe K et al., 2002
CRF14_BG Band G Spain Delgado E et al., 2002
CRF15_01B CRF01 and B Thailand Viputtigul K et al., 2002
CRF16_A2D CRF02 and D Kenya Dowling W.E et al., 2002
CRF17_BF BandF Argentina Carr 1 K et al., 2001
CRF18 cpx Al,F,G,H,andK Cuba Thomson M et al., 2005
CRF19 cpx Al,Dand G Cuba Thomson M et al., 2005
CRF20_BG Band G Cuba Sierra M et al., 2005
CRF21_A2D A2 and D Kenya Dowling W.E et al., 2002
CRF22 01Al CRFO01 and Al Cameroon Carr J KX et al., 2001
CRF23 BG Band G Cuba Sierra M et al., 2005
CRF24_BG Band G Cuba Sierra M et al., 2005
CRF25 cpx Cameroon Kijak G.H et al., 2004
CRF26 AU A and unknown Pending Peeters M
CRF27 Pending Pending Peeters M
CRF28_BF Band F Brazil Sa Filho D.J et al., 2006
CRF29 BF BandF Brazil Sa Filho D.J et al., 2006
CRF30 Pending Pending
CRF31_02A1 Pending Pending Carr JK
CRF32_06A1 CRF06 and A1l Estonia Adooan et al., 2005
CRF33_01B CRFO01 and B Pending Tee K.H
CRF34 01B CRF01 and B Pending McCutchan F
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Typically this is associated with control of virus replication and a gradual declining numbers of
CD4" T-cells. Finally after about 10 years, the number of CD4" T-cells declines to very low v:alues
and the symptoms of acquired immunodeficiency syndrome (AIDS) appear, coincidental with
sharply increased levels of virus and infected cells in circulation. Finally, the immune system
collapses resulting in death due to various opportunistic infections (Levy J.A 1993). Time from
infection to AIDS is typically 10 - 12 years, however in a minority of individuals progression to
AIDS occurs within a few years of infection (rapid progressors) and conversely, some individuals

do not progress despite being infected for as long as 15 - 20 years (non-progressors).

1.4.2 Viral load and CD4

The viral dynamics during primary HIV-1 infection is characterized by the following sequence of
events: the first viraemic phase of increasing viral load occurs for one to four weeks after infection
during that period a viral peak is reached. This phase is followed by a rapid decline in the viral
load, until a ‘steady state’ is reached. During this time there may be a gradual increase in viral load
which increases sharply with the onset of AIDS. There is correlation between the steady state viral
load (set point) and the duration of disease progression (Lyles et at., 1999 and Sterling et al.,
2001).

Serocornversion Death
Infection SMInor or NO symplome ARC/AIDS i
5 'l'e > <
"1000-— —\f )
3 800 - CDs* PBL \
3 ° Lo
L Amtibodies ©© HIV Env
HiV-specific CTL W
Antibodies to HIV p24e
Viremia
7
« = > € »
4.8 weelks Up t© 12 yoars 2-3 years

Figure 1.4.1: HIV-1 RNA dynamics during natural infection (Weiss et al., 1993)

Plasma viral load and CD4" cell count are central to management of HIV-1 infection as these
biological markers have been demonstrated to predict mortality among HIV-infected individuals
(Mellors et al., 1995 and Sterling et al., 2001). While most studies on the prognostic value of viral
load have been done in Europe and Africa, the relationship between viral load and disease

progression has also been demonstrated in a prospective study of Kenyan women followed up
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from time of infection, viral set point was strongly associated with mortality (Lavreys et al., 2006).
Women with a viral set point of >5 log copies/ml had a median survival duration of 7.1 .years

compared to women with 4 log copies/ml viral load that had a survival duration of 8.7 years. This
longitudinal study of Kenyan women also revealed an association between higher initial CD4" cell

count with decreased mortality and finally acute HIV-1 illness predicted mortality independent of

plasma viral load.

Some studies have shown differences between subtypes and disease progression, in a study by
Vasan et al., (2006) in Tanzania viral heterogeneity in the rates of disease progression was
observed. Patients with subtype D experienced the most rapid progression to death relative to
patients infected with subtype A (HR, 2,27; 95% CI, 1.46 - 3.52) or to the World Health
Organization stage 4 of illness (HR, 1.94; 95% CI, 1.20 - 3.14) and to a CD4+ cell count of <200
cells/ml (HR, 2.12; 95% CL, 1.42 - 3.17; Vasan et al., 2006).

1.4.3 Host factors

Viral replication usually requires that innate intracellular lines of defence of the host be overcome,
a task usually accomplished by specialized viral gene products. The host on the other hand has
numerous inborn mechanisms for protection against HIV-infection and dissemination. T-cells
express apolipoprotein B mRNA-editing enzyme-catalytic, polypeptide-like 3G (APOBEG3G) a
member of a family of cytidine deaminases that convert cytidines to uridines in mRNA (Sheehy et
al., 2002). APOBEG3G works as a deaminase and exerts its antiviral effects during reverse
transcription to trigger G-to-A hypermutation in the retroviral DNA (Teng ef al., 2002). In its
attempt to counter the APOBEG3G antiviral effects, HIV uses the virion infectivity factor (Vif)
protein (Sheehy er al., 2002).

HIV vif protects the virus by preventing the incorporation of APOBEG3G into virions, by rapidly
inducing its ubiquitination and proteasomal degradation (Xu et al., 2004). Previous studies have
demonstrated marked decrease in infectivity by HIV-1 with a defective vif protein (Mangeat et al.,
2003). In a study by Xu et al. (2004) a human APOBEG3G resistant to depletion induced by HIV
vif was identified, this protein had a single D128K mutation. It was postulated that the D128K
mutation reduces the HIV-1 vif binding affinity.

Host genetics play an essential role in HIV infection and determines the rate of disease
progression. Certain polymorphisms and deletions have been reported to influence host

susceptibility to HIV infection and the pathogenesis of the disease.
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The most studied of these include the CCR5A32, 1% of the Caucasian population carries the
homozygous allele for this mutation (Liu ef al.,, 1996). The deletion of the 32 amino acids in the
coding region of the CCRS genes results in the lack of expression of this receptor. CCRS is the
member of the 7-transmembrane G-protein coupled family, its functions as a co-receptor during
viral entry (Raport et al., 1996). Following the binding of gp120 to cellular CD4" conformational
changes take place to an able the binding of CCRS (Deng et al., 1996) resulting in viral entry.
Several studies have demonstrated ‘resistance’ to HIV infection by individuals carrying
homozygous alleles of CCR5 (Dean et al., 1996).

Individuals heterozygous for this mutation on the other hand have been shown to have slower rates
of disease progression compared to wild type carriers. A study by Winkler et al. (1998) reported
on the ligand polymorphism (SDF1-3’A) which delays disease progression. SDF1-3’A leads to
upregulation of SDF-1 thought to be the natural ligand of CXCR4. CCR2b polymorphisms, in
addition to SDF-1 variants are associated with slow progression. In addition to polymorphisms on
the actual co receptors, numerous polymorphisms on the CCR5 promoter region have been
reported. Some have been reported to accelerate disease progression (Mummidi ef al., 1998) while
others have been reported to slow disease the rate of disease progression (McDermott ef al., 1998
and Samson ef al., 1997).

1.5 Immunological factors

A number of studies have shown that HIV-specific CTL responses are associated with reducing
viral replication from the peak to the set point (Borrows et al., 1994 and Ogg et al., 1999). There is
limited evidence of the role of antibodies in controlling acute infection however recent findings
have shown that early neutralizing antibody responses are raised against HIV-1 in vivo (Richman,
Wrin et al., 2003; Wei, Decker et al., 2003 and Li, Decker ef al., 2006). Immune responses place
selective pressure on the infecting virus resulting in viral diversification and immune escape.
Neutralizing antibody responses are thought to exert ‘soft’ selection pressure (Frost et al., 2005) by
affecting the relative fitness of different strains present in the viral quasispecies. In contrast,
cellular immune responses may exert ‘hard’ selection pressure (Frost et al., 2005), in which the
absolute fitness of the population is affected suggested by the correlation of CTL responses and
class I HLA alleles (Novitsky et al., 2003).

Viral evolution is a consequence of multiple factors, among them immune pressure exerted by both
the neutralizing antibodies (nAbs) and cytotoxic T-lymphocytes (CTLs). HIV has the potential to
evolve at an extremely high rate due to the high mutation rate (Mansky et al., 1995) and a large
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population of productively infected cells within the host (Chun ef al., 1997). Evolution of escape to
immune responses may also play a role in driving the rapid diversity of the viral populz;.tion.
Escape from cellular immune response may occur through a combination of point mutations,

changes in glycosylation patterns and insertions and deletions (Frost et al., 2005).

A close temporal relationship between the levels of circulating virus-specific CTLs and HIV-1
viral load was reported by Price et al., (1999). CTLs exerts immune pressure on the virus leading
to viral evolution as a mechanism of immune escape. Higher detection of synonymous
substitutions compared to non-synonymous substitutions reflects negative selection favouring the
conservation of protein structure and function (Price et al., 1999). On the other hand, higher non-
synonymous substitution than synonymous substitutions leads to positive selection, which in turn

leads to viral evolution resulting in immune escape.

1.5.1 HLA (Human Leukocyte Antigen) restricted immune responses

The major histocompatibility complex (MHC) has been mapped to the short arm of chromosome
six and contains HLA class I and class II genes (Mungall ef al., 2003). HLA class I molecules are

coded for by three HLA genes, HLA-A, HLA-B and HLA-C. Class I molecules bind to antigenic
epitopes derived from intracellular pathogens that are then presented to CD8Jr T-cells. Previous

studies have revealed the existence of both advantageous and deleterious HLA class 1 alleles
(Scherer et al., 2004). The two most prominent HLA markers associated with delayed HIV-1
disease progression in subtype B infections are the B*27 and B*57 alleles (Goulder et al., 1997).
Alleles B*35 and B*53 on the other hand have been reported as markers of rapid HIV-1 disease
progression, primarily in Caucasian cohort studies (Gao et al. 2001). Similary associations have
been found in African populations where Tang et al., (2002) screened 259 subtype C infected
individuals from Zambia for favorable and unfavorable HLA class I alleles. The results revealed an

association between low viral load and two HLA-B alleles, HLA B*39 and HLA B*57.

In a study from Mbeya on a cohort of HIV-seropositive bar workers, possession of HLA class 1
alleles B*5801, B*8101 and B*0702 was associated with low median viral load (Geldmacher et
al., 2007). In contrast to previous studies among subtype B infected individuals neither B*35 nor
B*53 showed a clear disadvantage among subtype C infected individuals (Tang et al., 2002). A
recent study found supportive evidence that at a population level, the rate of disease progression is

strongly associated with HLA-B expression (Kiepiela er al., 2004). This study also found that
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A*30-Cw*03 was associated with lower viral Ioads. In this study, higher viral loads in subtype C

infected individuals were associated with A*02-Cw*16, A*23-B*24 and A*23-Cw*07.

1.5.2 Cytotoxic T-Lymphocyte response

Class I MHC restricted anti-HIV cytolytic T lymphocytes (CTLs) might be key in the successful
control of HIV infection (Borrow e al., 1994). A strong CTL response is often associated with
better viral control and slower disease progression (Ogg et al., 1999). CD8" T-cells have several
functions, including cytolysis and production of cytokines (INFy, TNFa and IL-2) and chemokines
(MIP-1B). Infected cells present viral peptides (epitopes) in the cleft of the MHC class I molecules
on their surface which are recognized by CTLs, this in turn triggers the immune system to kill all
the infected cells (Berke et al., 1995).

The important role played by CTLs in disease control is supported by evidence from several
observations and correlative studies; the presence of CD8" T-cells during SIV infection leads to

decreased viral replication and slower disease progression in rhesus macaques (Jin ef al., 1999).

The resolution of acute viraemia was found to occur simultaneously with a major expansion of

HIV specific CD8" T-cells, immunologic pressure mediated by SIV or HIV specific CD8" T-cells

is often manifested by viral escape mutations (Goulder et al., 1997). However, the CD8" T-cell

response to HIV in most infected patients is insufficient to maintain durable control of viral load

and disease progression (Betts et al., 2006).

The CTL response to HIV challenge is often targeted to the Gag and Nef proteins, the significance
of this choice remains a matter of speculation. Nef specific responses are considered important in
HIV infection and are said to be the earliest responses seen in acute HIV infection (Alter et al.,
2002). The preferential targeting of Gag epitopes, may be an important marker of immune
efficacy, since preferential targeting of Gag was associated with a lower viral load among subtype

C infected individuals (Masemola et al., 2004; Kiepela et al., 2006 and Christof et al., 2007).

More important than the genes targeted, is has been shown that the functional profile of HIV
specific CD8" T-cells is the most important factor for viral control. In a study between progressors
and non-progressors, it was found that among progressors the functional profile of HIV specific
CD8" T-cells was limited compared to that of non-progressors, who consistently maintained highly
functional CD8" T-cells (Betts et al., 2006). Rather than quantity, the quality of the CD8" T-cell

functional responses serves as an immune correlate of HIV disease progression (Betts et al., 2006).
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1.5.3 Neutralizing antibody defense

Neutralizing antibodies (Nabs) against the viral envelope proteins (Env) of HIV provide the first
line of adaptive immune defence, by blocking infection of susceptible cells (Moore, ef al., 1996).
The detection of HIV-specific Nabs has been reported as early as 52 days post infection (Wei et
al., 2003). However, their impact in protection against HIV is limited, primarily due to the
variability of the env gene which has up to 35% sequence diversity between subtypes and 20%

sequence diversity within subtypes (Shankarappa ef al., 1999).

Few broadly neutralizing human monoclonal antibodies (MAbs) have been isolated from HIV sero
positive subtype B infected individuals (Parren ef al., 1999). These MAbs neutralize many primary
HIV-1 isolates from varying subtypes. One group of MAbs recognize epitopes located on the
gp120 surface unit of the Env spike. This group consists of two examples MAb b12, which is
directed against an epitope overlapping the CD4 binding site (Roben et al., 1996) and MAb 2G12,
which recognizes a unique epitope in a carbohydrate-rich region on the outer domain of gp120
(Calarese et al., 2003). Another group of MADbs recognize epitopes located on the membrane
proximal external region of the gp41l transmembrane protein. This group consists of three
examples, MADb 2F5 has been mapped to a region overlapping the conserved sequence ELDKWA
(Parker et al., 2001). MAbs 4E10 and Z13 recognize an epitope involving the sequence
NWF(D/N)IT located adjacent to 2F5 epitope (Zwick et al., 2001). These MAbs have been shown
to provide protection against HIV challenge in passive transfer studies in macaques (Mascola et
al., 2002).

Other anti-Env MAbs of significant interest include MAbs against the gp120 V3 loop. The V3
loop is highly variable and tends to induce type-specific antibodies with limited breadth. MAb
447-52D is a V3 loop-specific MAb, which recognises the GPGR motif at the tip of the V3 loop of
subtype B isolates (Gorny et al., 2004). The last group of MAbs recognize discontinues epitopes
that overlap the conserved co-receptor binding site of gp120 to CD4, the group is made up of
MADbs X5 and 17b (Labrijn et al., 2003).

In a comprehensive study by Binley et al., 2004 gp120 MAbs showed greater activity against
subtype B viruses than non-subtype B viruses. The anti-gp41 MADbs showed broader inter-subtype
activity. In this study MAbs 2G12 and 2F5 did no neutralize subtype C viruses. To date there is no
consistent evidence that HIV positive sera preferentially did not neutralize autologous viruses

more effectively than they do viruses from other subtypes (Beirnaert et al., 2000).
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1.6 Genetic variation and HIV-1 diversity

HIV has a vast evolutionary potential in its host which could be attributed to its high mutation rate
(10'4 - 10” mutations per nucleotide per replication cycle) associated with replication (Mansky and
Temin, 1995), its rapid viral turnover rate (108 to 10° virions per day) (Ho et al., 1995),

availability of numerous target cells (107 to 108) (Chun et al., 1997), the high levels of
recombination (Jung et al., 2002) and the host’s selective forces which determine a continuous
process of intrahost virus evolution and diversification that gives rise to variants with different

biological properties (Shankarappa et al., 1999).

HIV-1 displays enormous genomic plasticity with very few nucleotide positions conserved across
the full-length genome (Coffin et al., 1995) and thus can exist as swarms termed quasispecies
(Eigen et al., 1998). The increase in HIV-1 diversity is related to increased HIV-1 replication
capacity (fitness) and pathogenesis (Troyer er al., 2005). This continual increase in genetic
diversity enables the virus to rapidly adapt to a variety of pressures, these include escape from
humoral (Richmond et al., 2003) and cytotoxic T-lymphocyte (Brander et al., 2003) immune

responses and the ability to be resistant against antiretroviral drugs (Johnson et al., 2003).

There are two main mechanisms for HIV-1 to establish genetic variation: mutations and
recombination. Replication of a retrovirus includes a reverse transcription step carried out by the
reverse transcriptase enzyme (RT). During this process the single stranded RNA genome of the
virus is converted to a double stranded DNA copy. Most mutations arise during this step, this is
due to the lack of the 3°-5’ exonuclease activity for proofreading of the RT which renders this
enzyme error-prone than the cellular DNA polymerase (Preston, et al., 1988). Recombination on
the other hand is a consequence of the RT switching templates during reverse transcription
(Goodrich and Duesberg, 1990). The switching between two templates results in a formation of a

mosaic genome with characteristics from both templates.

1.6.1 Dual infection

HIV-1 dual infection can be the result of coinfection with two variants infecting at or near the
same time before seroconversion. Dual infection can also result in superinfection, in which case
primary infection with one variant precedes infection with a second variant some time after
seroconversion (Gottlieb ef al., 2004). Dual infection can be defined as an infection by two strains

that are no more closely related to one another than to any epidemiologically unlinked strain
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(Gottlieb et al., 2004). Dual infection can be with strains of the same subtype or with viruses of

different subtypes (Diaz, ef al., 1994), '

Recent studies have shown an association between dual infection and an elevated viral load set
point in subtype C dually infected individuals (Grobler et al., 2005) and increased disease
progression (Gottlieb et al., 2005). Dual infection has implications for HIV treatment, transmission
and vaccine development (Goulder ef al., 2002), it might also an enable the viruses to efficiently

escape immune surveillance.

1.6.2 Mechanism of recombination

Genetic recombination is part of the normal mechanisms of retroviral replication and as such, plays
an important role in the generation of viral diversity (Najera et at., 2002). Generation of
recombinant retroviruses requires that two viruses infect a single cell, either simultaneously, by a
single transmission event, or sequentially, in multiple transmission events. In HIV-1,
recombination can occur between different strains of the same subtype (intra-subtype
recombination) or different subtypes (inter-subtype recombination). HIV-1 recombinant forms are

much more prevalent, geographically spread and diverse than previously thought.

HIV-1 is a diploid retrovirus, its genome consists of two RNA strands that undergo reverse
transcription during its life cycle. If a cell is dually infected with two distinct HIV-1 strains,
genomic RNA strands representing two different subtypes can be packaged into new progeny
virions. When a virus with this kind of genome infects another cell and recombination occurs

between the two strands, a mosaic genome is formed.

Recombination allows the progeny virus to acquire genetic material from its parental viruses and
form a new divergent viral genome faster than through point mutations. Recombination reshuffles
point mutations between quasispecies of individuals with single infection but gains new
significance when individuals become infected with more than one HIV-1 strain or subtype.
Recombinant viruses are becoming increasingly common and have been found in areas with high
prevalence of multiple genetic subtypes, such as in Africa where a number of CRFs have been

identified. The role and spread of CRFs is discussed in detail under section 1.3.1.
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1.6.3 Superinfection and HIV-1 pathogenesis

HIV-1 superinfection refers to the acquisition of another strain by an individual with an established
infection (McCutchan et al., 2005). Superinfection studies in animals was found to be possible in
studies performed in chimpanzees as 1987 which showed that HIV subtype B infected
chimpanzees could be superinfected with a second strain of HIV (Fultz et al,, 1987). In human
studies, the first proven case of superinfection was identified in an individual who was initially
infected with CRFO1_AE and later acquired subtype B (Jost er al., 2000). The next reports
described superinfection with the same subtype (subtype B; Altfeld et al., 2002 and Koelsch et al.,
2003). All these three cases where identified in men having sex with men. Superinfection in
Thailand was identified in two injecting drug users (IDU), in the first case, subtype B was acquired

after an initial infection with CRF01_AE.

In the second case CRFO1_AE was acquired an initial infection with subtype B (Ramos et al.,
2002). In the first case of superinfection identified in Africa, a recombinant AC viral strain was
acquired after the initial infection by a complex ACD viral strain in an individual from Mbeya,
Tanzania (McCuthan et al., 2005).

These data suggest that primary HIV-1 infection does not prevent secondary infection by another
viral strain. The reasons could be immunological, in that due to primary infection the immune
system could be eroded by the time superinfection occurs. Other reasons could be virological, the
ability of the secondary viral strain to evade the established immune response. The high prevalence
of unique recombinant virus forms in regions where multiple viruses circulate suggest that
superinfection is more common than originally thought, and that infection with one strain does not
necessarily protect from infection with a second strain. Superinfection can occur through various
routes including drug injection, heterosexual and homosexual contact. In all cases reported,
superinfection was found to be associated with increased viraemia and thus increase in disease
progression. Vaccine development strategies will need to take into account the phenomenon of
superinfection, since protective CTL targeting against HIV-1 may vary not only by subtype but
even by individual strains (Yang et al., 2005).
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1.7 Study scope and rationale

This study is based in Mbeya, Tanzania which is currently involved HIV clinical trial research. In
this region, three different HIV subtypes A, C and D co-circulate in the population (Hoelscher et
al., 1998). In addition, numerous unique recombinant fotms (URFs) have also been reported in the
Mbeya region (Hoelscher et al., 2001). In a study of 36 blood donors from this region, dual
infection with more than one subtype was detected in 40% of the individuals (Arroyo ef al., 2004).
The presence of multiple subtypes and recombinant viral strains in the population poses a

challenge for vaccine development.

The overall aim of this study is to describe HIV subtype distribution in Mbeya and to investigate
viral dynamics and mechanism of immune escape in individuals infected with more than one

subtype.

The specific aims of this study were:

(i) To characterize subtype distribution in a cohort from Mbeya by multi region hybridization
assay (MHA).

(i) To monitor viral dynamics in individuals infected with a single or multiple HIV subtypes

(iii) To investigate the extent and mechanism of immune escape over time in a dually infected

individual,

Most vaccines contain multiple gene inserts and it is important to have knowledge of subtype
designation across the genome. While full-length genome sequencing remains the gold standard,
this is both time consuming and expensive. In this study we evaluated the multi-region
hybridization assay (MHA) capable to genotype the HIV-1 genome in five different regions, and
have applied this method to characterize subtype distribution in the regions. The multi-region
hybridization assay (MHA), is based on the Tagman real-time PCR format, where subtype specific
exonuclease probes were used to genotype the HIV-1 genome in five different regions (Hoelscher
et al., 2001). This assay, accurately genotypes HIV-1 strains and can detect dual infections and

HIV-1 recombinant genomes.

High risk behaviour among individuals in settings with high HIV-1 prevalence and multiple
subtypes in circulation, are exposed to possible HIV-1 multiple infections. The high prevalence of
recombination observed in the region is a consequence of dual infection taking place in the
population. Dual infection illustrates the inability of the immune system to protect against
subsequent infection. The dynamics of viral populations in dually infected individuals is not well

characterized and data on the impact of dual infection on disease outcome is limited.
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In a subsample of twelve individuals with either dual infection or single infection, this study aimed
to investigate the dynamics of dual infections compared to single infection in a high-risk fémale
cohort in Mbeya Town, Tanzania followed over a 21 month period. Lastly, to understand the
implications on dual infection on virus evolution and the mechanism of immune escape, we
performed a detailed analysis on viruses from an individual infected with A and C subtypes

respectively.

This study forms part of the HIV-superinfection study (HISIS) which was funded by the European
Commission Framework 5 INCO Programme. The primary aim of this project was to understand
biological factors that lead to HIV superinfection which occur when an HIV infected individual
becomes re-infected with a second HI-virus. This study aims to provide insights into correlates of
protection which are important to the development of an effective HIV vaccine. HISIS is made up
of several international institutions that include the following; Institute for Infectious Diseases and
Molecular Medicine, University of Cape Town, S.A; Mbeya Medical Research Programme,
Tanzania; Dept Infectious Diseases and Tropical Medicine, Ludwig Maximilian University-
Munich, Germany; National Public Health Institute, Helsinki-Finland and the Henry M. Jackson
Foundation, Maryland USA. All projects are funded by the European Union.
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Understanding HIV genetic diversity in the region is important for informing vaccine trials and
provides information on studies aimed at determining the impact of HIV-1 genetic diversity on

vaccine efficacy.

Tanzania presents a genetically complex HIV epidefnic with three subtypes (A, C and D)
circulating in the population, together with numerous unique recombinant forms (URFs)
(Hoelscher et al., 2002 and Arroyo et al., 2004). In particular, Mbeya which is located at the cross
roads of Zambia, Malawi and Tanzania along the trans-African Highway is a meeting ground of
individuals potentially infected with viruses from different regions of Africa. A study by Hoelscher
et al., (2001) using full-length sequencing of nine samples showed that two of the nine individuals
were infected with pure subtype A viruses, two individuals were infected with pure C viruses and
five individuals were infected with unique recombinant forms (URFs) comprising of subtypes A, C
and D. Four of the five URFs had A and C genome sequences and one was a CD recombinant.
This study provided evidence of co-circulation of pure and recombinant HIV-1 forms in the
population. These results were supported by a study performed by Arroyo et al., (2004) who
characterized viruses among blood donors (n = 36) in Mbeya by full-length sequencing and multi-
region hybridization assay (MHA). From that report 11/20 (55%) viruses were pure C, 3/20 (15%)
A, 1/20 (5%) D and 5/20 (25%) were recombinant, 4/20 (20%) of the recombinant viruses
contained subtype C, 3/20 (15%) of the recombinants were AC, CD and AD recombinants
contributed 1/20 (5%) each. Dual infections with two subtypes was identified in 4/36 (11%)
individuals in that study population (Arroyo et al., 2004).

With the high frequency of recombinant viruses, full-length sequencing is the only method that can
comprehensively discriminate between pure subtypes and recombinant forms, however this
method is not suitable for large-scale population genotyping projects. Other methods like the
heteroduplex mobility assay (HMA) (Bachman er al., 1994), restriction fragment length
polymorphism (RFLP) (Janini et al., 1998) and sequencing of short genome segments (Gao et al.,
1994) are insufficient since they only screen subtype restricted regions of the genome and may not
detect recombinants. Hence there is a need for a high throughput automated genotyping method
capable of discriminating recombinants from pure subtype genomes. For this reason a multi-region
hybridization assay (MHA) was developed to identify HIV subtypes A, C, D in five genomic
regions (Hoelscher et al., 2002). The principle of the MHA is to amplify five genomic regions
(gag, pol, vpu, env and gp41) in separate first round PCR. Each amplicon is then distributed to a
second round PCR, each with a subtype-specific probe.
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Using a panel of 45 DNA samples from Uganda, Kenya and Tanzania of known full length
genome sequence, this method was found to have 90% sensitivity and 98% specificity to
discriminate between subtypes A, C and D indicating that it was a good tool for subtyping genomic

regions of viruses from East Africa.

The aim of this chapter was to evaluate the reliability of MHA utilizing RNA as a template (RNA
MHA), and to compare RNA-MHA to DNA-MHA (which represents integrated proviral
populations). The DNA-MHA results were provided for comparative purposes by M. Hoelscher
(University of Muﬁich, Germany). Secondly, we aimed to apply this technique to define the
epidemic in the Mbeya region. The study is part of the European Nations (EU) funded HIV-1 super
infection study (HISIS), consisting of several research groups based in Ludwig Maximiliasn
University, Germany; Mbeya Medical Research; National Public Health Institute, Helsinki-Finland
and Henry M. Jackson Foundation, Maryland US.

2.2 Materials and Methods

_—_—_—_—_—W—_—_\————-
2.2.1 Study population

A cohort of six hundred women from a high-risk population in Mbeya, Tanzania was enrolled
between September and November 2000 for a prospective HIV Superinfection Study (HISIS)
within the Mbeya Medical Research Programme. These women worked in bars along the trans-
African Highway joining Zambia, Malawi and Mozambique. Informed consent was given by all
participants and the study was approved by the University of Cape Town’s ethics committee
(number 198/99). For this study, blood samples were obtained from g group of fifty-seven (n = 57)

HIV positive individuals.

The characteristics of this cohort have being fully described by Reigner et al., (2003). Briefly, the
HISIS cohort consists of about six hundred (n = 600) women of whom 408 (68%) were
seropositive and 192 (32%) were seronegative on recruitment. The average age of the cohort was
28.5 years with a range of between 20 to 32 years. Sexually transmitted infections were clinically
diagnosed in 54.3% of the women at recruitment. Condom usage was reported to be less than 50%
on average. Participants reported engaging in sex with their steady partners as well as casual
partners. The women visited the clinic every three months for evaluation, during that time they
also donated blood samples. For this study samples were analyzed from 57 HIV positive
individuals. Thirty two (n = 32) of the fifty seven individuals had two consecutive blood draws (Tt
and T2), while twenty one (n = 21) had only the first time point (T1) and four individuals (n = 4)
had the second blood draw only (T2).
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Figure 2.2.3: Probes and primers for the MHA. The gene locations for gag, pol, vpu, env and gp and probes are
depicted. For each location, the sequences of probes for subtypes A, C and D (underlined), to which strand of DNA
they hybridize and the predicted 7m of the duplex formed are indicated. The sequences of outer and inner primers for
nested PCR amplification of each region are shown, with direction and 7m indicated. The probe locations for the
different subtypes are offset within env and gp regions, indicated by the break in sequence (Hoelscher ef al., AIDS
2002).

2.2.5 RNA Extraction

The extraction of viral RNA from plasma (200ul) was performed by the MagNA Pure total nucleic
acid robotic extraction procedure (Roche Diagnostics Corp, US) following the manufacture’s
manual. Negative controls were included in each extraction procedure and in the analysis to test

for contamination.

2.2.6 cDNA Synthesis

For the RNA-HMA, amplification of cDNA from plasma was performed using the One Step RT-
PCR (Qiagen Inc, US). Extracted viral RNA was used as template for the synthesis of
complementary DNA (cDNA). Amplification of the five short genomic regions (gag, pol, vpu, env
and gp41) was done in separate first round RT-PCRs. First and second round fragments were kept
as small as possible to provide maximum PCR efficiency. All reagents, primers and conditions for

the one step RT-PCR are listed in tabular form (Table 2.2.1 and 2.2.2).
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The one-step RT-PCR master mix was prepared as follows:

Table 2.2.1 Master Mix

Reagent Amount
Primer 1 (20uM) 2ul
Primer 2 (20pM) 2ul

dNTP mix (10mM each) 2ul

5x One step RT PCR buffer 10ul

One step PCR enzyme 2ul
RNAse inhibitor 0.25p1
RNA 32
Total Volume 50ul

Table 2.2.2 depicts the conditions for the amplification of first round DNA fragments.

Table 2.2.2: PCR conditions of amplification

Cycling conditions One-Step RT-PCR Cycles

(RT) 30 minutes (50°C) 1
(activation) 15 minutes (95°C) 1
(denaturing) 30 seconds (95°C)

- X 40
(annealing step) 1 minute (55°C)
(extension step) 1 minute (72°C)
(extension step) 10 minutes (72°C) 1
END END (4°C) ©

2.2.7 Second Round Polymerase Chain Reaction (PCR)

Each first round amplicon was distributed to three second round PCRs, each with a different

subtype specific fluorescent probe in a Tagman real-time format. The second round PCR

amplifications were performed in a 96-well spectrofluorometric ABI7700 sequence detection

system (Applied Biosystem, US). All reagents, primers and conditions for second round PCRSs are

listed in tabular form (Table 2.2.3 and 2.2.4).

Table 2.2.3: PCR reagents and volumes for DNA amplification

PCR Reagents Amount
Universal PCR master mix 12.5ul
Primer 3 (600 nM) 0.6ul
Primer 4 (600 nM) 0.6u1
Subtype specific probe (220 nM) Ll
deionized water 8.2ul
Template 2ul
Total 25u

HIV-1 subtypes in Mbeya

-33-






Other outcomes observed included samples that failed to be amplified by PCR and hence failure of
the probe to bind. On the other hand some amplified samples showed no probe hybridization by
any of the three subtype specific probes.

2.3 Results

2.3.1 RNA-MHA sensitivity evaluation

The multi-region hybridization assay (MHA) is a robust and high-throughput tool for HIV-1
genotyping of proviral DNA, with a sensitivity of 90% and specificity of 98% (Hoelscher et al.,
2002). It is an accurate and efficient technique for genotyping HIV-1 in populations of East Africa
were subtypes A, C and D co-circulate (Hoelscher et al., 2002). Previous studies utilized proviral
DNA as template and in the current study MHA was evaluated for genotyping sensitivity on
plasma RNA samples. For each of the 57 participants, all five genomic regions at each time point
were genotyped. The sensitivity of the assay was calculated for 445 reactions performed. The

percentage of positive determinants was stratified by the genomic regions assayed.

Table 2.3.1 depicts the break down for all regions assayed inclﬁding the number of negative
determinants observed. Pol had the highest number of positive determinants 93%, followed by gag
(92%), gp41(91%), env (88%) and vpu (85%). The main factor limiting sensitivity was the failure
of the probe to hybridize, rather than the lack of a PCR product. All five genomic regions showed

a sensitivity of over 85% with an overall sensitivity of 90%.

Table 2.3.1: Sensitivity of the RNA - MHA assay by genomic region

Genomic regions

Time point Gag  Pol Vpu Env Gp4l
Positive Determinations T1 49 49 44 44 49
Negative Determinations 4 4 9 9 ' 4
Percentage positive T1 93 93 83 83 93
Positive Determinations T2 33 34 32 34 32
Negative Determinations 3 2 4 2 4
Percentage positive T2 92 94 89 94 89
Total Positive T1/T2 82/89 83/89 76/89 78/89 81/89
Total positive (%) T1/T2 92 93 85 88 91
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2.3.2 MHA performance on DNA compared to RNA

Two independent investigators compared the performance of the assay using either DNA or RNA
as the template. Hoelscher (2002) developed and tested the DNA-MHA and in this study the RNA
HMA was developed and tested. Twenty-two (n = 22) individuals with two consecutive blood
draws (median 3 months) for both DNA and RNA (n = 44) were compared for their positive
frequency. Positive outcomes were stratified by genomic regions tested as depicted in Table 2.3.2.
In all regions, except for pol, the number of positive determinants was great using RNA as a
template compared to proviral DNA. Overall the RNA-MHA performed better than the DNA
MHA with a total of 200/220 (91%) positive determinants compared to 188/220 (86%). The
percentage of positive determinants at the first time point by DNA-MHA (DNA1) was 96/110
(87%) compared to 99/110 (90%) by RNA-MHA (RNA1). For the second time point, DNA-MHA
(DNA2) had 92/110 (84%) positive determinants compared to 101/110 (92%) by RNA-MHA
(RNAZ2) (described below Figure 2.3.1).

Table 2.3.2: Comparison of the performance of HMA-DNA against RNA-HMA

Template Gag Pol Vpu Eny Gp41 Total
DNA positive 38 40 37 35 38 188
negative 6 4 7 9 6 32

(%) positive 86 90 84 80 86 86

RNA positive 42 39 39 39 41 200
negative 2 5 5 5 3 20

(%) positive 95 89 89 89 93 91

Forty-one of the forty-four (93%) comparisons between RNA and DNA template at time point 1
(RNA1/DNA1) were concordant for subtype designation. Of the remaining three samples, one was
discordant in subtype designation. This sample (SW33) was identified as dual infection in env and
could be a consequence of higher sensitivity of RNA-HMA. The other two samples (SW62 and
86) were discordant due to a lack of subtype detection in certain genomic regions. The majority
15/41 (37%) of concordant outcomes were subtype C, 14/41 (34%) were AC recombinants, 6/41
(15%) were A, 4/41 (10%) were D and 2/41 (%) were dual. Fig. 2.3.1 depicts the 44 comparisons
between DNA-HMA and RNA-HMA on samples from 22 individuals with two consecutive draw

draws.
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The multi-region hybridization assay had been previously optimized and assessed on DNA
samples from Mbeya where the full-genome sequences were known (Hoeslscher ef al., 2002). We
adapted the assay to subtype RNA samples and a comparison between RNA-MHA to DNA-MHA
showed a concordance of 93% (41/44) (Fig. 2.3.1 results section). However subtyping using RNA
was more sensitive with 91% of regions subtyped compared to 86% for DNA. Our results show the
RNA-MHA to be a robust and reliable method for HIV-1 genotyping which was comparable to the
DNA-MHA if not more sensitive, a view shared by Arroyo ef al., (2004).

Subtype prevalence in the study population was identified, with recombinant strains being most
frequent comprising 44% of samples characterized, AC recombinants constituted 60% of all
recombinants observed in the study and 84% of all recombinants contained a subtype C sequence.
Subtype C was the dominant pure subtype at 33%, with subtype A at 5% and D constituted 7%.
Dual infections were observed in 11% of samples genotyped, which is similar to the 11% of dual
infections detected from a panel of 45 clinical samples from Tanzania, Kenya and Uganda used in
setting up the DNA-MHA (Hoelscher et al., 2002). MHA provides a unique advantage over other

methods for identifying dual infections as the method can detect binding of two probes.

In conclusion, MHA is able to determine HIV-1 subtypes A, C and D in multiple genomic regions
and efficiently discriminate pure from recombinant strains. This method offers a high throughput
assay for large scale pépulation genotyping studies in setting where multiple subtypes co-circulate.
It has the advantage over other screening methods for detection of recombinants since it assays
multiple regions. Added to that, this assay has the ability to detect dual infections. This study
provides additional information on the virus strains circulating in Tanzania. Overall these studies
demonstrate that Tanzania harbours a complex diversity of viruses with the majority of viruses
being unique recombinant forms (URFs). The high prevalence of dual infections is clearly fuelling
the generation of these URFs and it would be of interest to monitor the molecular epidemiology of

the epidemic to determine if new CRFs emerge.
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CHAPTER 3
HIV VIRAL DYNAMICS IN WOMEN INFECTED WITH EITHER SINGLE
OR MULTIPLE HIV-1 SUBTYPES
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3.1 Introduction

The high level of HIV-1 genetic diversity is caused by the ability of the virus to mutate, recombine
and replicate with a short generation time. The high mutation rate of 0.3 nucleotide changes per
genome per replication cycle (Jetzt et al., 2000) is the result of inaccurate viral DNA synthesis by
the viral enzyme reverse transcriptase, which is error-prone due to its lack of 3>— 5’ exonuclease
proofreading activity (Boyer at el., 1992). The enzyme also switches between the two RNA
templates that are packaged in each virion, approximately three times per genome per replication
cycle (Jetzt et al., 2000). When a cell is simultaneously infected with two or more phylogenetically
distinct HIV-1 strains (dual infection), recombination during replication leads to a novel viral

genome, which contains genetic information from both strains.

Dual infection is responsible for the genesis of recombinant HIV-1 genomes. The number of
Circulating Recombinant Forms (CRFs) and Unique Recombinant Forms (URFs) is increasing
especially in areas where multiple HIV-1 subtypes circulate in the population. Dual infection can
be a consequence of co-infection (infection of two strains simultaneously or within the short
window period during acute infection) or superinfection (infection with a second strain after
established infection). Understanding the timing, immune responses and frequency of dual
infection has implications for understanding HIV transmission and correlates of protection from
superinfection and can thus inform vaccine development. The frequency and pathogenic
consequences of dual infection are not completely understood. Intra-subtype dual infection has
been shown to be associated with higher viral load at setpoint and rapid disease progression

(Grobler et al., 2005 and Gottlieb et al., 2004).

HIV is endemic in Tanzania where three different subtypes A, C and D have been identified
(Hoelscher et al., 2001, Kiwelu et al., 2003 and Arroyo et al., 2004). In a study of blood donors in
Mbeya, more than 50% of the samples were subtype C, with a high proportion of subtype C
containing inter-subtype recombinants (Arroyo et al., 2004). The HIV epidemic in this region is
complex with differences between urban and rural populations. The urban population harboured
more recombinants viruses (OR, 2.69; 95% Cl, 1.08 - 6) and duals infections (OR, 5.16; 95% ClI,
1.07 - 24.9) compared to the rural population (Arroyo et al., 2005). In addition, co-infection with
more than one HIV-1 subtype appears to be more common in high-risk cohorts. A study showed
that high-risk populations have increased percentage of HIV-1 recombinant strains (54% vs 40%, p

< 0.05) and a higher frequency of dual infections (19% vs 9%, p < 0.02; Herbinger et al., 2006).
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A study by Gerhardt et al., (2005) identified an individual from the HISIS cohort who was triply
infected with AC viral strains that had two distinct subtype A sequences and depicted significant
fluctuation in molecular viral forms over time. Another study (McCutchan ef al., 2005) from the
same cohort identified a case of superinfection, wherein the study subject was first infected with a
complex ACD recombinant strain and later 6 to 9 months later was infected with another
recombinant (AC) viral strain. Many other potential dual infections have been identified in the

HISIS study using the multi-region hybridization assay (MHA; Hoelscher et al., 2002).

Information on HIV-1 genetic diversity is crucial to define requirements for an effective vaccine,
especially in regions where HIV-1 vaccine trials are planned. Studies on the dynamics of viral
evolution and recombination in dual infection contribute to understanding of correlates of
protection and the potential contribution of high diversity to disease progression. In this study we
employed a gel based screening assay heteroduplex mobility assay (HMA) for detection of dual
infection. In addition, through sequence analysis we investigated the dynamics of viral evolution

among dually infected individuals.

3.2 Materials and Methods
“

3.2.1 Study Population

A cohort of six hundred women from a high-risk population in Mbeya, Tanzania was enrolled
between September and November 2000 for a prospective HIV Superinfection Study (HISIS)
within the Mbeya Medical Research Programme. The women were working in bars on the
Tanzanian side of the Trans-African highway, which connects Zambia and Malawi with Tanzania.
Informed consent was obtained from all participants, each of which provided blood samples at
enrolment and every three months thereafter for a period of to 21 months (Gerhardt ef al., 2005).
Based on MHA results generated by M. Hoelscher (personal communication) six individuals with

single infection and six with dual infection were selected to form part of our study.

3.2.2 HIV Diagnosis

Antibodies to HIV were detected by the dual enzyme-linked immunosorbent assays Determine
HIV-1/2 (Abbot, Germany) and Enzygnost anti HIV-1/2 (Dade Behring, Germany). HIV diagnosis

data was provided by M. Hoelscher (Ludwing - Maximilians University, Germany).

Viral dynamics -45 -



3.2.3 Viral Loads

The viral loads were measured by HIV Amplicor v5 (Roche, Germany) and were made available

for this study by [Dr A. Puren, National Institute of Communicable Diseases (NICD)].

3.2.4 CD4" T-Cell Counts

Lymphocyte subsets were measured on fresh samples using FACscount (Becton Dickison,
Belgium) and CD4 T-cell counts were provided by [Dr M. Hoelscher (Ludwing - Maximilians

University, Germany)].

3.2.5 RNA Extraction

The isolation of viral RNA from plasma was performed manually using the QIAamp® Viral RNA
Mini Spin Kit method (Qiagen, Valencia, CA, USA). Viral RNA was extracted from 280ul plasma
following the manufacture’s instructions. RNA was eluted in 20-150 pl of RNase free water and

stored in aliquots at -80°C.

3.2.6 cDNA Synthesis

Extracted viral RNA was used as template for the synthesis of complementary DNA (¢cDNA) using
the Invitrogen ThermoscriptTM RT-PCR System (Invitrogen, GmbH, Karlsruhe, Germany). Master
mix number 1 containing 20pMols of gene specific primers (MHvpu2 5-CTTGTGGGTTGGGGTCTG -3’
for the vpu region or ed33 5-CCTCAGCCATTACACAGGCCTGTCCAAAAG-3' for the env C2C3 region; Table
3.2.1) was incubated at 65°C for 5 minutes to eliminate any RNA secondary structure before

adding to Master mix 2 (Table 3.2.2) and incubating for one hour at 50°C.

The master mixes were prepared as follows:

Table 3.2.1: Master Mix 1

Reagent Amount

MHyvpu 2 or ed33 (20pmol) Ipl

RNA (10 pg -5 pg) 4pul
10 mM dNTP Mix 1ul
Total Volume 6pl
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Table 3.2.2 Master Mix 2

Reagents Amount
5X Buffer 2ul
DTT (10mM) 0.5ul
RNaseOUT™( 40U) 0.5ul
Thermoscript RT enzyme (15U) 0.5ul
Water 0.5ul
Total 4ul

3.2.7 First and second round PCR for vpu and env C2C3 regions

All reagents, primers and conditions for the vpu and env C2C3 PCR are listed in tabular form
(Tables 3.2.3, 3.2.4, and 3.2.5). In a first round of PCR, vpu was amplified as a 688bp fragment
and a second round of nested PCR amplified a 501bp fragment. While the env C2C3 PCR

amplification yielded a first round fragment of 564bp and second round of nested PCR amplified a
511bp fragment.

Table 3.2.3: Primers for both vpu and env C2C3 PCRs

Region Primer Position (HXB?2)

First round vpu (Forward Primer) Vp-Fwd (5-GGTGCCAACATAGCAGAATAGGCAT-3’) 5783-5807
{Reverse Primer) Mhvpu2 (5-CTTGTGGGTTGGGGTCTG -3’) 6454-6471

Second round vpu (Forward Primer) Mhvpul (5’-CCTATGGCAGGAAGAAGCGG -3%) 5967-5986
(Reverse Primer) Vp-Rys (3°-GTGGGTTGGGGTCTGTGGGTACACA -3°) 6444-6468

First round env (Forward Primer) ED31 (5-TTACAGTAGAAAAATTCCCCTC-3%) 6817-6846
(Reverse Primer) ED33 (5°-CCTCAGCCATTACACAGGCCTGTCCAAAAG-3’) 7360-7381

Second round env (Forward Primer) envBF (5°- TACACAAGCCTGTCCAAAGGT -37) 6826-6847
(Reverse Primer) envBR(5’- AATTTCTAGGTCCCCTCCTGA -3°) 7317-7337

Table 3.2.4: PCR reagents and volumes for both vpu and env C2C3 PCRs:

PCR Reagents et vpu env env
Firstround Second round Firstround  Second round
5’- (Forward Primer) (20pmol/pl) 1l 0.5ul 2ul Tl
3’- (Reverse Primer) (20pmol/pl) Ipl 0.5pl 2ul 1ut
dNTP Mix (Roche, USA) (2.5mM each) 4ul 2ul 4ul 2pl
10x buffer 104 Sul 10l Sul
1.5mM MgCl, 1.5ul 1.5ul 8ul Sul
deionized water 72.4ul 38.4pl 63.4ul 31l
Supertherm Polymerase (Bertec, Taiwan). 0.24pl 0.12ul 0.6l 0.2
Template 10ut Sul 10ul Sul .
Total 100 100l S0ul 100pl 50pl
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Table 3.2.5: PCR cycling conditions for vpu and env C2C3 PCRs

Cycling vpu vpu eny eny Cycles

Conditions First round Second round Firstround Second round

(denaturing) 5 minutes (95°C) 5 minutes (95°C) 5 minutes (95°C) 5 minutes (94°C) 1
(denaturing) 10 second (95°C) 10 second (95°C) 10 second (95°C) 10 second (94°C)
(annealing step) 30 seconds (55°C) 30 seconds (57°C) 45 seconds (50°C) 45 seconds (55°C) X35
(extension step) 1 minutes (72°C) 1 minutes (72°C) 1 minutes (72°C) 1 minutes (72°C)
(extension step) S minutes (72°C) 5 minutes (72°C) 5 minutes (72°C) 5 minutes (72°C) 1

END END (4°C) END (4°C) END (4°C) END (4°C) ®©

Standard precautions were taken to prevent contamination between samples.

3.2.8 Gel Electrophoresis

For gel electrophoresis, 5ul of PCR product including a positive and a negative control were
loaded with 2pul loading dye on 2% agarose gel (agarose tablets, Bioline). Molecular weight
marker VI (Roche, Germany) was also included for band size comparison. All PCR products were
visualized on 2% agarose gel containing ethidium bromide (10mg/ml) (Sigma) on a transillumitor
UV box (UVP, San Gabriel, CA, USA), after gel electrophoresis at 100V for 1h00. Digital pictures

of all gels were captured using the Kodak digital science 1D camera.
3.2.9 Heteroduplex Mobility Assay (HMA)

Heteroduplex mobility assay was performed as described by Delwart et al, (1994) with
modifications. The Scie-Plas V20 vertical gel apparatus with glass plates 20cm h x 19.5cm and
spacers 1.5mm thick were used (Scie-Plas Ltd, Southam Warwickshire England). Total population
PCR products were mixed in a 200ul Eppendorf PCR tube, sample preparation included; S5ul PCR
product, Sul dH,O and 1.1ul HMA buffer. For analysis of clones, equal amounts (5ul) from a
reference clone and each of the screened clones. The samples were denatured at 95°C for two
minutes and allowed to denature at room temperature for five minutes. Samples were mixed with
3pl 5X Ficoll/Loading Dye and loaded onto a 5% Non-denaturing polyacrylamide gel (maker) and
allowed 5 hours of electrophoresis at 200V. The gels were stained by ethidium bromide (10mg/ml)
followed by viewing under a UV box and digital picture captured using the Kodak digital science

1D camera.
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3.2.10 PCR Clean up

PCR i)roducts were purified by the QIAquick Spin Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Briefly PB buffer (5x volume of PCR product) was mixed with the
PCR product and loaded on the spin column and centrifuged for one minute at 13000rpm. Bound
PCR products were washed with PE buffer and eluted by centrifugation at 13000rpm using buffer
EB (50pl).

3.2.11 Cloning and sequencing

Samples that showed the presence of heteroduplexes in the HMA assay and all F1 and F7 samples
were cloned into the pGEM®-T Easy vector (Promega, Madison - USA) according to the
manufacture’s instructions. Following transformation, colonies containing amplified HIV genes
were identified by colony PCR (Lee and Cooper, 1995). All bulk PCR products from each time
point and selected colony PCR products (those that showed population diversity by forming
heteroduplexes in HMA assays) were selected for sequencing using ABI PRISM dye terminator
cycle-sequencing kits (Applied Biosystems) and a 3100 ABI 16 capillary automated sequencer at
the University of Stellenbosch. All reagents, primers and conditions for both vpu and env C2C3
sequencing are listed in tabular form (Tables 3.2.6 and 3.2.7).

Table 3.2.6: Sequencing PCR reagents and volumes

PCR Reagents Sequence reaction
(Forward Primer) or (Reverse Primer) (3.2 pmol/pl) Tl
5x buffer 2ul
deionized water Il
Big Dye® enzyme (AB, USA) 4ul
Template 2ul
Total volume 20ul

Table 3.2.7: Sequencing PCR cycling conditions

Cycling Conditions Cycles

(denaturing) 10 seconds (96°C) 1
(denaturing) 30 seconds (96°C)
(annealing step) 15 seconds (50°C) X25
(extension step) 4 minutes (60°C)
END END (4°C) ©
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3.3.1 Subtype determination and detection of inter-subtype dual infection

MHA identified HIV subtypes using subtype-specific probes and therefore does not provide
information on the diversity within an individual. To investigate diversity over time, the
heteroduplex mobility assay (HMA) was applied. In this assay the sample is denatured and re-
annealed resulting in the generation of heteroduplexes (between mismatched sequences) and
homoduplexes (between homologous sequences) which are resolved by electrophoresis. Single fast
migrating bands are indicative of homogeneous populations, with slow migrating bands indicative
of diversity within the sample. To screen for diversity and possible shifts in viral populations, all
samples were screened using HMA and amplicons were sequenced. To determine shift in viral
populations samples from the first (F0) and last (F7) time points were amplified and cloned, and 20
randomly selected clones were sequenced. In addition, samples with multiple viral populations

(heteroduplexes), as determined by HMA, were cloned and 20 random clones sequenced.

Two regions of the HIV genome, the env C2C3 and the vpu region, were chosen for screening
diversity in this study. HMA analysis of the env C2C3 region has previously been shown to
identify dual infection with the same subtype (Grobler ef al., 2004) and thus has sufficiently high
diversity to enable resolution of both intra and inter-subtype dual infection populations. In
addition, this region contains the variable loop three (V3) which is involved in determining
coreceptor usage (Ling et al., 2004 and Poignard er al.,, 2001). The vpu region was selected as it
corresponded to the region targeted for subtyping by the MHA, and thus enables a direct

comparison between the two assays.

Single infections

Using HMA and sequencing, eight of the twelve participants were found to be infected with a
single HIV-1 subtype. Sequence analysis of the vpu and env C2C3 regions of the genomes,
identified one participant infected with subtype A, three with subtype C, one with subtype D and
two were infected with recombinant viruses classified as CD and CA in vpu and env C2C3

respectively. These are described individually below.
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Table 3.3.1: Summary table of the subtypes detected by both sequencing and MHA.

Sample ID  Genomic Region Subtype (sequencing) Subtype (MHA)*

Tz7 vpu A NB
env C2C3 A

Tz10 vpu c Aand C
env C2C3 C

Tz14 vpu AandC C
env C2C3 AandC

Tz48 vpu C AandC
env C2C3 Aand C

Tz76 vpu Aand C C
env C2C3 Aand C

Tz118 vpu C C
env C2C3 C

Tz126 vpu D D
env C2C3 D

Tz203 vpu C C
env C2C3 C

Tz217 vpu C C
env C2C3 D

Tz218 vpu AandC A
env C2C3 AandC

T220 vpu C C
env C2C3 A

Tz440 vpu C NB
env C2C3 C

*MHA results of the vpu region provided by M. Hoelscher (University of Munich, Germany).

3.3.2 Measure of viral diversity
Divergence of dominant viral populations over time

To understand the divergence of the dominant virus populations over the twenty-two months of
follow-up, we compared the sequences of the dominant virus represented by the bulk PCR
sequence. The graphical representation of DNA distance within individuals provided a visual
illustration of the space occupied by each radial tree, which represents the measure of diversity in

each individual over the study period.

DNA distances between the dominant viruses of participants with single infections ranged from
0.9% (Tz48) to 5.5% (Tz10) while the dual infections [represented in asterisk (Figure 3.3.15)] had
DNA distances ranging from 2.0% (Tz218) to 8.5% (Tz14). This lack of divergence in some dual
infections suggests that infection with a second subtype is not impacting on the sequence of the

dominant virus in these individuals and is not resulting in shifts in viral sequence over time.
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genetic variation as a baseline comparison, or "null model," to facilitate comparison of the residues
of a sequence fragment to those of a group of aligned sequences known to have the desired
property. The comparison leads to a score that can be interpreted as indicating the likelihood that
the sequence fragment has the property of interest. Using the PSSM a sequence can be assigned a
score: the higher the score, the more closely the sequence resembles those of known X4 viruses
(Jensen et al., 2006). In our study all viral populations both in single and dual infections were
predicted to be R5 viruses at all time points irrespective of subtype. This was true for subtypes A,
C and D viruses alike. V3 viral sequences from a dually infected individual (Tz14) are illustrated
in Table 3.3.2.

Table 3.3.2: V3 sequence phenotype prediction of Tz14 as detected by PSSM.

Sample ID  Subtype prediction  Residues at position 11 and 25 Net charge

Tz14-FO RS SG 4
Tz14-Focl RS SG 4
Tz14-F0c2 RS SG 4
Tz14-F0c3 RS SD 4
Tz14-F] RS SG 4
Tz14-F2 RS SD 3
Tz14-F3 RS SG 5
Tz14-F3cl RS SG 4
Tz14-F3c2 RS SD 4
Tz14-F3c3 RS SG 4
Tz14-F4 RS SD 4
Tz14-F5 RS SD 5
Tz14-F6 RS SG 4
Tz14-F7 RS SG 4
Tz14-F7cl RS SG 4
Tz14-F7c2 RS SG 4
Tz14-F7c3 RS SG 3

The presence of residues lysine (K), arginine (R) and histidine (H) at positions 11 and 25 = X4 ; net charge : >5 = X4 and <5 =R5

A majority of the subtype C sequences had a conserved GPGQ V3 crown at all time points
sampled, however Tz10 (Fig. 3.3.19B) was an exception having on its V3 crown the GPGR
sequence. The N-linked glycosylation sites in the V3 were only conserved by Tz10 subtype C
sequences (Fig. 3.3.19B), this region lays an important role in proper folding, infectivity and
evasion of the immune responses (Wei et al., 2003 and Li et al., 2001). Figure 3.3.19 depicts
examples of the V3 amino acid sequences of subtypes A (Tz7), C (Tz10) and D (Tz126) infected

individuals.

Viral dynamics -69 -















For our study we have categorised individuals based on composite of CD4 and viral ‘loads:
individuals with viral load greater than 100 000 copies/ml and CD4 lesser than 200 cells/pl \;vere
classified as at high risk of progression; individuals with viral loads between 10 000 — 100 00
copies/ml and CD4 counts between 200 — 500 cells/ul were classified in the medium risk group
and the low risk group was delineated by individuals with viral loads lesser than 10 000 copies/ml

and CD4 greater than 500 cells/pl.

Four participants (Tz7, 10, 217 and 440) belonged to high risk group; six participants (Tz14, 48,
76, 203, 218 and 220) belonged to the medium risk group and finally only one individual (Tz118)
belonged to the low risk group. Due to the lack of CD4 data for Tz126 the risk category can not be

determined, however, the viral load of greater than 30 000 copies/ml were measured (Table 3.3.3).

Table 3.3.3: Biological markers (viral loads and CD4 counts) measured from the study group delineating the risk
category of each individual.

Sample ID CD4 Count (copies/ml) Median Viral Load Count (copies/ml) Risk Category’

Tz7 91 160 500 high
Tz10 143 101 900 high
Tz14* 211 81900 medium
Tz48* 350 30750 medium
Tz76* 400 12 100 medium
Tz118 670 6 605 low
Tz126 ND 73 100 ND
Tz203 152 35200 high
Tz217 336 150 500 medium
TZz218* 497 58 050 medium
Tz220 468 64 650 medium
Tz440 115 293 500 high

* Denotes dually infected individuals ; ND = data unavailable ; CD4 count after 24 months ; riskk category as set up by Mellors et al., 1997,

Previous studies (Grobler et al., 2005 and Gottlieb et al., 2004) have reported an associated
between dual infection and rapid disease progression, however, that associated was not seen in our
study cohort. Figure 3.3.23 depicts viral dynamics over the study period among both single and
dually infected individuals and no obvious difference in the viral load trajectory is evidenced

between the two groups.
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However in our analysis using HMA and sequencing we found single infection in eight
participants and dual infection in four participants based on analysis of the vpu region. The direct
comparison was based on the vpu MHA and vpu HMA/sequencing since the same genomic region
was assayed by both methods. Of the ten individuals with results using both methods, only five
had concordant results. The HMA/sequencing method did not detect two dual infections which
were detected by MHA. HMA/sequencing may have missed these dual infections as this approach
is less sensitive and can only detect viral populations present at greater than 5% in the sample
material. However, this approach identified three dually infected individuals which were not
detected by MHA. Sequencing analysis confirmed dual infection in more than one timepoint in
these individual suggesting that these results were not due to contamination. This highlights the
limitation of techniques such as the MHA, where detecting viral populations is based on utilization
of subtype specific-probes. Since both methods are PCR based, their sensitivity will be impacted

by primer design which will influence the amplification of amplicons.

In this study we showed that most single infections harboured homogeneous viral populations that
exhibited limited viral diversity; these individuals also displayed mostly homoduplex HMA bands
(indicative of l’iﬁited diversity) compared to dually infected individuals. DNA distances among
single infections ranged from 0.9% to 5.5%. Among dually infected individuals, while being
infected with highly diverse viruses, in some instances the contribution to overall viral burden was
characterized by low diversity at certain timepoints similar to single infection. The low viral

diversity exhibited by some of these individuals show containment of viral diversity.

No evidence of superinfection was detected in this study as most of the dually infected individuals
showed evidence for the presence of the two infecting viruses at first follow-up. Unlike other
previous studies (Gottlieb et al., 2004 and Sagar et al., 2003) no difference in viral load trajectory
was observed between dual and single infections. However, as this was a chronic cohort it is
difficult to determine the impact of dual infection on disease progression. Viral dynamics over
time was characterized by huge fluctuations, replacement of one variant by another or by a
different subtype. The dominant viral variants contributed significantly to total viral load. This
observed fluctuation in viral populations could be the result of selective pressure. To adequately
elucidate the role of immune pressure as a driving force behind viral evolution whole gene and
indeed entire genome analysis is the ideal way to monitor. This study has provided some insight
into the dynamics of viral population diversity and elucidated the contribution of different viral

variants toward total viral burden.
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4.1 Introduction

HIV evolves mainly through two mechanisms: point mutations that are a result of the error prone
nature of reverse transcription (Preston et al., 1988); and recombination that occurs primarily
through template switching during reverse transcription (Liu ef al., 2002). HIV is constantly under
pressure to diversify in order to escape immune pressures exerted by the host. The cellular immune
system’s CD8" cytotoxic T lymphocyte (CTL) directly influences the evolution of circulating
viruses within a population by selecting for immune escape mutants (Moore et al., 2002) although
the influence of founder effects on identification of the frequency of immune escape mutants
suggests that the impact of escape on circulating viruses is less common than originally reported
(Bhattacharya et al., 2007). In addition, antibodies have also been shown to exert selective

pressure on the virus (Wei et al., 2003).

Previous studies have indicated the important role played by CTLs in both the control of HIV-1
viremia during the acute phase of infection, and in determining an HIV infected person’s clinical
outcome. The role of CTL responses in controlling viral replication (Koup et al., 1994 and
Novitsky el al., 2007) have been shown to drive the evolution of escape variants capable of
evading CTL recognition (Goulder et al., 1996 and Kelleher et al., 2001). In SIV models, CTL
responses correlated with the control of viremia in both naive and previously immunized animals
(Barouch et al., 1999). The importance of CTL responses is illustrated in a SIV-infected rhesus
macaque model where depletion of CTLs was correlated with loss of viral replication control
(Schmitz et al., 1999). The pattern of epitope recognition by CTL in response to viral infection is
strictly dependant on the class I HLA alleles expressed by the individual (Ferrari ef al., 2004). As a
result HLA class I alleles strongly impact the progression of disease in HIV infected individuals
(Carrington et al., 1999). The two most prominent alleles (B*27 and B*57) have been found to
induce immunodominant CTL responses to conserved HIV-1 epitopes (Tang et al., 2002). A recent
study by Geldmacher et al., (2007) indicated that the possession of HLA class I alleles B*5801,
B*8101 and B*0702 was associated with a low median viral load in a cohort of HIV seropositive

bar workers.

One of the most significant factors obstructing the development of an effective HIV vaccine is the
extreme genetic diversity of the virus (McCutchan et al., 2000) that, in turn, is a consequence of its
high mutation and recombination rates. Recombinant HIVs containing mixtures of genetic material
from different HIV-1 subtypes are being discovered with increasing frequency, particularly in parts

of the developing world where the pandemic is at its worst (Najera et al., 2002).

Recombination and point mutations -78 -



Currently over thirty circulating recombinant forms (CRFs) and numerous unique recombinant
forms (URFs) have been identified the world over. Unlike the slow accumulation of mutations that
occur through replication errors (Malim ef al., 2001), recombination enables very rapid increases
in viral sequence diversity. The emergence of recombinant HIV genotypes with novel properties is

therefore particularly worrisome in the context of both drug and vaccine development.

Inter-subtype recombination must occur within individuals simultaneously infected with two
different subtypes. The diverse viral populations harbored by these, so-called dually infected
individuals, potentiaily have a much greater opportunity to explore novel sequence variation than
those found in individuals infected with single viral variants. Previous studies on a limited number
of dually infected individuals have suggested that recombinant viruses may have a selective fitness
advantage in dual infections (Liu et al., 2002), presumably through recombination drawing from a

richer pool of variation in dually infected individuals.

In this chapter we focused our attention on the gag and nef genes from viruses longitudinally
sampled from a dually infected individual from Tanzania. These proteins are the most frequently
targeted with over 90% of individuals targeting one or both proteins (Ferrai ef al., 2001 and Addo
et al., 2002) the role of CTL responses to these genes is debated in the literature. Gag is
particularly an interesting gene because CTL responses against its expressed protein is strongly
correlated with control of viral replication (Edwards et al., 2002 and Geldemacher et al., 2007),
other studies however, have shown contradictory results (Masemola ef al., 2003 and Walker et al.,
2002). Nef CTL responses have also been reported to control and lower viral loads (Mashishi et
al., 2004) but other studies have found an inverse relation between Nef CTL responses and viral
load (Novisky et al., 2003). Anti-Gag and Nef responses are also quite broad in that they are the
most consistently reactive against viruses from subtypes other than that of the virus eliciting the

response (cross clade response: Ferrari ef al., 2004).

The role of recombination and point mutations on viral diversity was studied by monitoring known
CTL epitopes over time in the selected Tanzanian individual. Besides being responsible for the
vast array of obviously recombinant HIV-1 genotypes detectable in Tanzania (Hoelscher ef al.,
2001), dual infections and subtle, less obvious recombination events may also be responsible, at
least in part, for generating the enormous degrees of HIV diversity observed in that country. The
aim of this chapter was to decipher the role of point mutations and recombination on viral diversity

and immune escape in a dually infected individual.
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4.2 Materials and Methods

4.2.1 cDNA Synthesis

Extracted viral RNA was used as template for the synthe>sis of complementary DNA (cDNA) using
the Invitrogen ThermoscriptTM RT-PCR System (Invitrogen, GmbH, Karlsruhe, Germany). Master
mix number 1 containing 20pMols of gene specific primers (gagDR 5’-AATTCCTCCTATCATTTTTGG-3 or nef-
OR 5-AGGCAAGCTTTATTGAGG- 3, Table 4.2.1) was incubated at 65°C for 5 minutes to eliminate any
RNA secondary structure before adding it to Master mix 2 (table 4.2.2) and incubating for one
hour at 50°C.

The different master mixtures were prepared as follows:

Table 4.2.1 Master Mix 1:

Reagent Amount
Primer (20pmol) 1pl
10 mM dNTP Mix lul
RNA (10 pg -5 pg) 4ul
Total Volume 6pl

Table 4.2.2 Master Mix 2:

Reagents Amount
5X cDNA Buffer 2pl
DTT (10mM) 0.5ul
RNaseOUT™ (40U) 0.5ul

Thermoscript RT enzyme (15U) 0.5

Water 5ul
Total 4l

4.2.2 Amplification of full-length genes by PCR

All reagents, primers and conditions for the amplification of the whole gag and nef genes are listed
in tables 4.2.3, 4.2.4 and 3.2.4. In a first round of PCR, gag was amplified as a 1.78Kb fragment. A
second round of nested PCR amplified a 1.68Kb fragment. For amplification of nef the first round
PCR yielded a fragment of 700bp whereas a second round yielded a 650bp fragment.
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Table 4.2.3: Primers for both gag and nefPCRs

Region Primer Position (HXB2)

First round gag (Forward Primer) gag-DF (5’- CTCTAGCAGTGGCGCCCG - 3’) 621 - 644
(Reverse Primer) gag-DR (5-AATTCCTCCTATCATTTTTGG- 3’) 2383 - 2403

Second round gag (Forward Primer) gag-AF (5-CTCTCGACGCAGGACTCGGCTT-3’) 678 - 704
(Reverse Primer) gag-CR (5-TCTTCTAATACTGTATCATCTGC-3’) 2334 - 2361
First round nef (Forward Primer) SQI5FC (5- GAGAGCGGTGGAACTTCTGG- 3°) 8561 - 8580
(Reverse Primer) Nef OR (5-AGGCAAGCTTTATTGAGG - 3’) 9243 - 9261

Second round nef (Forward Primer) nef Fwd (5>-CCTAGA1AGAATAAGACAGGGCTT - 3’) 8754 - 8776
(Reverse Primer) nef Rvs (5°-CCTGGAACGCCCCAGTGG -3’) 9386 - 9401

Table 4.2.4: PCR reagents and volumes for both gag and nef PCRs

& a; ne; ne,
PCR Reagents Firsfrgound Secofdiound First rfound Secondfround

5°- (Forward Primer) (10pmol/ul) i 1ul 1l jmi
3’- (Reverse Primer) (10pmol/ul) 1pl 1pl 1ul 1l
dNTP Mix (Roche, USA) (2.5mM each) Iul pl 1l pl
10x buffer Sul Sul 5ul 5ul
1.5mM MgCl, 6ul 6l 6l 6pl

deionized water 30.2ul 33.2ul 30.2pl 33.2ul

Expand polymerase (Bertec, Taiwan) 0.8l 0.8ul 0.8p! 0.8l
Template 5ul 2ul 5ul 2ul

Total 50ul 50ul 50ul 50ul

Table 4.2.5: PCR cycling conditions for gag and nef PCRs

Cycling

Conditions

Gag/nef

First round

Number of

cycles

Gag/nef

Second round

Number

of cycles

(denaturing)
(denaturing)
(annealing step)
(extension step)
(denaturing)
(annealing step)
(extension step)

extension step)

2 minutes (94°C)
15 second (94°C)
30 seconds (48°C)
1 minutes (72°C)
15 second (94°C)
30 seconds (50°C)
1.5 minutes (72°C)
5 minutes (72°C)

1

x 10

x 15

2 minutes (95°C)
15 second (94°C)
30 seconds (55°C)
1 minutes (72°C)
5 minutes (72°C)
END (4°C)

1

x 30

END

END (4°C)
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4.2.3 PCR Clean up

PCR products were purified by the QIAquick Spin Kit (Qiagen, Valencia, CA) according t(; the
manufacturer’s instructions. Briefly PB buffer (5x volume of PCR product) was mixed with the
PCR product and loaded on the spin column and centrifuged for one minute at 13000rpm. Bound
PCR products were washed with PE buffer and eluted by centrifugation at 13000rpm using buffer
EB (50pl).

4.2.4 Cloning and sequencing

Samples were cloned into the pPGEM®-T Easy vector (Promega, Madison, USA) according to the
manufacturer’s instructions. Following transformation, colonies containing amplified HIV genes
were identified by colony PCR (Lee and Cooper, 1995). Twenty colonies containing nef and
twenty colonies containing gag genes were selected along with bulk, untransformed gag and nef
PCR products from each time point for sequencing using ABI PRISM dye terminator cycle-
sequencing kits (Applied Biosystems; Tables 4.2.6 and 4.2.7) and a 3100 ABI 16 capillary
automated sequencer at the University of Stellenbosch. The full set of gag sequencing primers are
presented in Appendix G, nef sequencing was carried out using the PCR primers presented in
Table 4.2.3.

Table 4.2.6: Sequencing PCR reagents and volumes

PCR Reagents Sequence reaction
(Forward Primer) or (Reverse Primer) (3.2 pmol/ul) 1ul
5x buffer 2ul
deionized water 11ul
Big Dye® enzyme (AB, USA) 4ul
Template 2ul
Total volume 20ul

Table 4.2.7: Sequencing PCR cycling conditions

Cycling Conditions  Cycles

(denaturing) 10 seconds (96°C) 1
(denaturing) 30 seconds (96°C)
(annealing step) 15 seconds (50°C) X25
(extension step) 4 minutes (60°C)
END END (4°C) ®©
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4.2.5 Phylogenetic analysis

Full-length gene (gag and nef) sequences were aligned using Clustal X (default settings)
(Thompson et al., 1994) and alignment columns with gaps were removed. Neighbour joining
phylogenetic trees with 100 bootstrap iterations were constructed with MEGA version 2.1 using

kimura 2 parameter distances and a transition:transversion ration of 2 (Kumar ef al., 2001).

4.2.6 Recombination analysis

Recombination was detected and analysed using the RIP method implemented at
http://hivweb.lanl.gov/RIP/RIPsubmit.html and the RDP (Martin and Rybicki, 2000) GENECONV
(Padidam ef al., 2001), BOOTSCAN (Martin et al., 2005a) MAXIMUM CHI SQUARE (Maynard
and Smith, 1992), CHIMAERA (Posada and Cradall, 2001) and SISCAN (Gibbs et al., 2001)
methods implemented in RDP3 (Martin et al., 2005b) with default settings.

4.2.7 Positive Selection

Dr Konrad Scheffler of the South African National Bioinformatics (SANBI) node at U.C.T used a
new method for the detection of positive selection in recombinant viral sequences (Scheffer ef al.,
2006). Other phylogenetic methods commonly applied to detect positive selection have been
shown to give misleading results when applied to recombining sequences. Briefly, this method
involves partitioning of alignments using detectable recombination breakpoints as a guide to split
alignments into sub-alignments each of which is then assumed to include no further evidence of
obvious recombination. Also included in this method is a codon substitution model that

incorporates synonymous rate variation.

Firstly the positions of recombination breakpoints were estimated using the non parametric RDP
(Martin and Rybicki, 2000), GENECONV (Padidam et al., 1999) and MAXIMUM CHI
SQUARED (Maynard and Smith, 1992) methods implemented in RDP3RDP3 (Martin et al.,
2005). Once the recombination breakpoints were detected, they were used to partition the
alignment into separate segments. Finally, topologies and branch lengths were estimated as in the
baseline method, except that a separate topology and set of branch lengths were used for each

segment during detection of selection using the HyPhy method (http://www.hyphy.org).
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4.2.8 HLA Genotyping

HLA genotyping was carried out in the laboratory of Dr Michael Hoelscher at Munich University,
Germany. DNA was isolated from peripheral blood mononucleocytes (PBMC) and patient
genotypes determined at low resolution using sequence specific primer polymerase chain reaction
(SSP-PCR) (Pel Freeze, USA).

4.2.9 Potential CTL epitopes

HLA Binding Motif Scanner (http://www.hiv.lanl.gov.contant/immunology/motif _scan/motif scan) was used
to identify putative CTL epitopes in sequenced and in silico translated gag and nef genes. This
program identifies HLA anchor residue motifs within input amino acid sequences for specified

HLA types and yields potential epitope sequences as output.

4.3 Results

To determine the role of point mutations and recombination on viral diversity in a dually infected
individual, we longitudinally sampled and sequenced full gag and nef genes and performed
phylogenetic, recombination, selection and CTL epitope prediction analyses. Tz14 was identified
for in depth analysis because two different subtypes (A and C) were detected in the vpu region of
viruses infecting this individual, more interestingly, a possible triple infection was detected but not
proven in the env C2C3 wherein two separate clusters of subtype C sequences were found in
addition to a subtype A cluster (Chapter 3). In addition, HLA data was available on this individual

enabling us to investigate putative CTL escape.

4.3.1 Full gene subtype determination

Full-length nef sequences were amplified from three time points [FO (0 months), F4 (12 months)
and F7 (21 months)] and gag sequences were amplified from two time points [FO (0 months) and
F7 (21 months)]. Twenty randomly selected clones were sequenced from each time point for each
gene. Phylogenetic based HIV-1 subtype determination was carried out on the 20 full-length gene
sequences from each time point of both genes. Appendices F and G depict all the nef and gag full
length sequences respectively. Whereas at FO all nef sequences were pure subtype C, at F4 both
subtypes A and C sequences were detected and at F7 only subtype A sequences were detected
(Figure 4.3.1).
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Similar evidence of chimeric gag sequences was observed in F7 sequences (Fig 4.3.3). "While
evidence of recombinant gag sequences was obtained at all time points no completely subtype C or
subtype A gag sequences were observed at any time point. This is based on the phylogenetic

analysis showing different subtypes for gag p17 and gag p24 regions.
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Figure 4.3.3: Tz14 gag neighbour joining trees at time point F7, full gene sequences (A), gag p17 sequences (B) and
gag p24 sequences (C). Scale bar indicates nucleotide divergence of 5% calculated from hundred repeats and only
bootstrap values over 75% are shown. Circles depict the bulk PCR sequences and the triangles represent the clone

sequences. The circles depict the bulk PCR sequence and the triangles represent the clone sequences.

4.3.2 Recombination analysis

To test the hypothesis that gag sequences were chimeric they were analyzed for evidence of
recombination using a variety of statistical and phylogenetic methods. Potential recombinants
amongst all nef and gag sequences from all time points were identified and probable
recombination events characterized using the RDP, GENECONV, BOOTSCAN, MAXIMUM
CHI SQUARE and SISCAN methods implemented in RDP3RD3.

All the FO nef sequences that clustered with the subtype C references in the phylogenetic analyses,
were found to contain short tracts of subtype A-like sequences. The recombination mosaics and
breakpoint positions for all nef sequences from this time point were similar (Fig. 4.3.4A). Two
distinct recombination mosaic patterns were observed for nef F4 sequences. Whereas one mosaic
was a mostly subtype C-like sequence with short tracts of subtype A-like sequence, the other
mosaic was mostly subtype A-like with short tracts of subtype C-like sequence. Interestingly,
breakpoint positions in both mosaics were similar and they therefore had a similar, albeit inverted,

appearance (Fig 4.3.4B). F7 nef sequences were predominantly subtype A-like with small tracts of

Recombination and point mutations -86 -


















Nef epitopes

Whereas epitopes FL-9 and YL-9 had no predicted anchor residue mutations throughout the siudy
period, FL-9 and YL-9 epitope sequences did display a degree of minor variability. Only two FL-9
sequences with a single mutation outside the inferred anchor residues were observed among
sequences from time point F4 (Figure 4.3.7A). Whereas at time point FO all epitope YL-9
sequences were identical, six sequences had mutations at time point F4 and a single mutation was
observed in all sequences sampled at F7 none of which where within anchor residues (position
two and nine; Figure 4.3.7D). A single mutation in the anchor residue was identified in epitope
TV-9 throughout the study period, this might be indicative of a potential immune escape mutation
(Figure 4.3.7C).

In contrast to these other Nef epitopes, all sequences obtained from time point FO had a potential
immune escape mutation within the anchor residues of epitope RL-9 (Figure 4.3.7B). At time point
F4, however, five of the 20 sequences determined possessed intact RL-9 anchor residues.
However, the epitopes with intact anchor residues contained additional point mutations which may
have been compensatory. All but two viral sequences from time point F7 contained predicted RL-9
anchor residues sequences. Collectively these results suggest the possibility of an immune evasion
mutant reverting to a wild-type state followed by selective expansion of the reventant over an 18

month period.

Gag epitopes

The majority of predicted gag epitopes were located in the p24 region of the protein (Figures 4.3.8
and 4.3.9). All Gag epitopes predicted from sequences obtained from both time point FO and F7
showed good overlap between predicted and experimentally defined subtype C epitopes
(Masemola et al., 2004). Few point mutations were observed within gag sequences throughout the
study and there were therefore very few predicted epitope sequences that contained potential

anchor residue immune escape mutations (red arrows).
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detected in this epitope at F7 (Figure 4.3.10B). Finally, Gag epitope TI-9 sequences had one

potential anchor residue escape mutation in all sequences from both FO and F7 (Figure 4.3.10C3.

4.4 Discussion

#

Tz14 was dually infected with subtypes A and C, had a median viral load of 81 900 (log 4.91)
during the study period and a CD4 cell count of 211 after 27 months of enrollment in the study.
Through sequence aﬁalysis of two full genes (gag and nef) at three different time points for nef (0,
12 and 21 months) and two time points for gag (0 and 21months) this study aimed to characterize
viral subtype, elucidate recombination patterns and investigate the role in immune escape of
recombination and point mutations in these genes. Both nef and gag were chosen because they are
the most targeted proteins by the CTL immune response (Masemola et al., 2004 and Kiepiela et
al., 2007).

Twenty sequences at each of the time points were typed using phylogenetic analysis. The nef gene
analysis yielded particularly interesting results. Whereas, all sequences from FO cluster with
subtype C reference sequences they also contained small tracts of subtype A-like sequences.
Sequences obtained 12 and 21 months (F4 and F7 respectively) later were progressively more
subtype A-like with sequences from F4 forming a cluster with neither subtype A and C reference
sequences. After 21 months (F7), mostly subtype A-like sequences but containing small tracts of
subtype C-like sequence were identified. Thus we observed an almost total replacement of subtype
C-like nef sequences with subtype A-like nef sequences within the viral population infecting

patient Tz14 via a transitional state in which both A and C like Nef sequences coexisted.

Since this individual was already chronically infected at the beginning of the study, superinfection
of an originally subtype C infected patient with a subtype A virus cannot be ruled out. However, it
is unlikely to be superinfected as it is apparent from the recombination analysis that both subtype
A and C-like virus sequences were already circulating within Tz14 at FO, the first sampling time
point. In fact, none of the nef or gag sequences sampled from this paticipant were ‘pure’ non-
recombinants with all of them displaying some degree of subtype A/C mosaic. In contrast to the
shift from subtype-C to subtype-A like sequences in nef over the study period, however, the
relative proportions of subtype A and C-like sequences comprising the recombinant gag sequences
remained constant. Over the entire 18-month sampling period the gag pl7 region remained

subtype C-like whereas the p24 region remained subtype A-like.
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As expected from previous studies (Novisky et al., 2002) low degrees of sequence diversity were
observed in gag and nef relative to that observed in other HIV genome regions such as the env.
Possibly because of this low degree of diversity, no evidence of positive selection was detected in

either gag or nef.

Both Gag and Nef CTL epitopes are known to be conserved across subtypes (Inwoley et al., 2005
and Thakar et al., 2005) and, as we have predicted here with the detection of numerous potential
CTL epitopes, these proteins are generally highly targeted by the cellular immune system
(Masemola et al., 2003). Importantly, most of the predicted epitopes identified in the Nef
sequences from patient Tz14 were concentrated in the n-terminal and middle region of the protein
and overlapped substantially with experimentally confirmed epitopes (Mashishi et al., 2001). In
Gag the predicted epitopes, which were mostly concentrated in the p24 region, also overlapped

substantially with those that have been experimentally verified (Masemola et al., 2004).

Importantly, the predicted CTL epitopes detected in gag were highly conserved throughout the
study period. It is perhaps not surprising therefore, that no strong evidence of immune escape
mutation was detected. Three of the four Nef epitopes screened showed limited diversity and were
thus highly conserved throughout the study period. However, epitope RL-9 was present as an
escape mutant at FO with the anchor residue L (at position 9) been replaced by I in all sequences
detected at that time point. At time point F4, five of the twenty sequences had the correct wild type
sequence and finally only two of the twenty sequences Nef sequences at F7 harbored the escape
mutant epitope, with all others (18/20) having the correct RL-9 epitope sequence. Despite this,
however, some of the mutational variation detected here, particularly at the later time points,
involved changes in one or both predicted epitope binding anchor residues that may have made

these epitopes less recognizable to patient Tz14’s CTLs (Leggatt et al., 1998).

On the whole, epitopes restricted by HLA-B were better (75%) conserved than those restricted by
HILA-A which may point to the more important role played by HLA-B targeted epitopes in CTL
recognition and disease control (Kiepiela et al., 2005). It is evident from this dual infection case
study that, in the gag and nef genomic regions of viruses infecting patient Tz14 at least, viral
diversification appears to have been driven largely by recombination between the dually infecting
subtypes. Unlike with the step-wise accumulation of diversity achievable via point mutation,
recombination provides a mechanism by which instantaneous leaps in diversity are achievable
(Mulim et al., 2001). While it is unclear from this study whether recombination has facilitated the
concentration of potential immune escape mutations detectable in gag and nef over the study

period, it is evident that, in nef at least, it has resulted in the displacement of an almost entirely
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subtype C-like sequences by subtype A-like sequences. Although physical linkage of nef and gag
is not demonstrated here, it is possible that recombination has, conversely, enabled preservatioh of
the same gag sequence lineage as the predominant population member in Tz14. This study
therefore provides good evidence of how, in a single patient, recombination facilitates the rapid

diversification of some genome regions at the same time enabling the conservation of others.
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CHAPTER 5
SUMMARY AND FINAL CONCLUSIONS

Since its first identification in the 1980s the human immunodeficiency virus (HIV-1) has
infected multitudes and killed more than 10 million people the world over, with 4.3
million people infected in 2006 alone and 2.9 million lives lost in the same year
(UNAIDS 2006). Since the advent of antiretroviral therapy the tide against HIV-1 has
turned for the better especially in the developed world. In Africa, however, antiretroviral
therapy has had limited impact; the continent is still the most affected with sub-Saharan
Africa carrying the worst burden of the disease. An effective HIV vaccine remains our
greatest hope of controlling the epidemic. Despite great efforts and improvements in
medical science, some scientific questions on developing an effective vaccine remain
unanswered. High HIV-1 viral diversity has been reported to pose a major challenge
facing vaccine development (Novitsky er al., 2002; Rowland-Jones et al., 1998 and
Williamson et al., 2003). Africa harbours the highest HIV-1 diversity globally with
various subtypes and their recombinants found in her populations. To further understand
the implications of infection with highly divergent HIV strains, this study aimed to
characterise viral dynamics in singly or dually infected individuals. This project formed
part of a larger study investigating correlates of protection in infected individuals who

become superinfected with a second HIV-1 subtype (www.mmrp.org).

The multi-region hybridisation assay (MHA) is based on a principle wherein five
genomic regions are genotyped simultaneously, in that way both dual infections and
recombinant forms can be detected without sequencing the whole genome (Hoelscher et
al., 2002). Using this assay we found that recombinant strains were responsible for most
infections comprising 44% of samples characterized, with AC recombinant constituting
60% of all recombinants. Subtype C containing recombinants constituted 84% of all
recombinant forms detected, while subtype C was the dominant subtype at 33%, with
subtype A at 5% and D constituted 7%. Dual infections were observed in 11% of samples
genotyped. Our study adds to available data which elucidates the genetically complex

HIV-1 epidemic where multiple subtypes and their recombinants co-circulate (Arroyo et
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al., 2004 and Hoelscher ef al., 2001). Together these studies show that viruses circulating
in Mbeya, Tanzania are predominately subtype C containing recombinants, subtypes A, C
and D plus numerous unique recombinant forms. The high prevalence of dual infections
is clearly fuelling the generation of recombinant viruses and it would be of interest to
monitor the molecular epidemiology of the epidemic to determine if new circulating

recombinant forms emerge.

We performed a detailed characterization of evolving viral populations over a 21 month
period in twelve women. Four women were found to be dually infected, two were
infected by recombinant viral strains, four harboured subtype C viruses, and subtypes A
and D infections accounted for one individual each. All viral strains obtained were
predicted to be RS viruses and no co-receptor switch to X4 was observed irrespective of
disease status or subtype. Viral strains were characterized by fluctuations over time, with
varying degrees of viral diversity observed among individuals. In addition, diversification
differed between the two genomic regions suggesting different selectjve pressures. An
analysis of the of the contribution of different viral variants in dual infection to overall
viral burden illustrated large fluctuations of viral populations over time. However,
generally the viral populations were relatively homogenous at a single time point
suggesting that, while there is very high potential for diversity, this diversity is largely

constrained.

We assessed the mechanism of gag and nef evolution in one dually infected individual
(Tz14), diversity through point mutations was compared to diversity due to
recombination. None of the viruses from this individual were ‘pure’ subtypes in these
regions, and both subtypes A and C short sequences were detected at different
proportions. However, nef sequences showed a displacement of subtype C-like viruses by
subtype A-like viruses through an intermediate where both subtypes A and C were
detected. While‘ there was no subtype displacement of gag sequences, sequences revealed
the presence of recombinant viral strains through out the study period. Recombination
was evident in both gag and nef regions of viruses from this dually infected individual.

Few point mutations were detected in conserved CTL epitopes of both regions but no
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positive election was detected towards these epitopes. We propose that the increase viral
diversity in dual infection is enabled mostly by recombination and to a lesser extent by
point mutations. Some evidence of CTL escape, facilitated through point mutations in
some viral sequences from this individual, were observed in the gag and nef regions. It
has been hypothesized that the ability to undergo major genetic shift in viral populations
may be the reason behind rapid disease progression in individuals with dual infection
(Grobler et al., 2004).

In conclusion, this study provided insights into a genetically complex HIV-1 epidemic
where multiple subtypes co-circulate among a high risk group population. The presence
of multiple subtypes is the contributing factor to the high prevalence of both dual
infections and recombinant viral strains in this region. Viral dynamics over time where
shown to be characterized by fluctuation of different viral populations. Although higher
viral diversity was exhibited by the dually infected individuals compared to individuals
with single infections over time, at certain time points diversity was often contained.
Recombination seems to be the mechanism involved in driving viral diversity among
dually infected individuals. The presence of multiple subtypes in a population and their
influence in the formation of recombinant strains poses another challenge for both HV-1

vaccine development strategies and therapies.
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APPENDIX

APPENDIX A : STANDARD DNA AND RNA TECHNIQUES
Al. Extraction of viral RNA

RNA was manually extracted using the QIAamp® Viral RNA Mini Kit for the purification of viral RNA
from plasma (Qiagen, Valencia, CA). A 140-280ul sample aliquot was added to 560ul prepared Buffer AVL
containing carrier RNA in a 1.5ml micro-centrifuge tube, mixed by pulse-vortexing for 15 seconds,
incubated at room temperature (15 -25°C) for 10- minutes and briefly centrifuged to remove drops from the
inside of the lid. Ethanol (560u1;96-100%) was added and mixed by pulse vortexing for 15 seconds, and
briefly centrifuged to remove drops form the inside of the lid and the solution was carefully applied to the
QIAmp spin columns and centrifuged at 6000x g (8 000rpm) for 1 minute. The column was placed in a
clean 2ml collection tube and the tube containing the filtrate was discarded. Next 500ul Buffer AW1 was
added and centrifuged at 6000x g (8 000rpm) for 1 minute, the column placed in a clean collection tube and
the tube containing the filtrate was discarded. Next 500u1 Buffer AW2 was added and centrifuged at 20 000x
g (14 000rpm) for 3 minutes and the tube containing the filtrate was discarded. The column was then placed
in a clean 2ml collection tube and centrifuged for an additional 1 minute at full speed. The sample was then
eluted after a one minute incubation step with 60ul AVE buffer, aliquoted to 10ul-20ul and either used
directly in the cDNA synthesis or stored at —~80°C.

A2. PCR Purification

PCR products were purified by the QIAquick Spin Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Briefly PB buffer (5x volume of PCR product) was mixed with the PCR product
and loaded on the spin column and centrifuged for a minute at 13000rpm. PE buffer (750pnl) was used to
wash by centrifugation at 13000rpm for one minute. Clean PCR product was eluted by centrifugation at
13000rpm using buffer EB (50ul).

A3.  Transformation

Preparation of competent cells

Both commercial available competent cells (cells supplied with the kits) and E. coli DH5a. cells,
prepared according to the dimethyl sulphoxide (DMSO) method (Chung & Miller, 1988) were used for
transformation. A 5ml volume of 2YT broth (Appendix B) was inoculated and incubated overnight at
37°C on a shaker. A dilution of 1/100 was made from the culture into 100ml 2YT broth in a litre culture
flask and grown on the shaker to early log phase (ODggg 0.2 to 0.4). The cells were then harvested by
centrifugation at 5000 rpm for 5 min at 4°C in a Beckman J2-21 centrifuge. The pellet was resuspended
in ice cold TSB
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buffer (Appendix B) and placed on ice for 10 min. Sterile glycerol was added to a final concentration of

10% v/v and 100 pl aliquots were stored at -80°C.
Transformation

Frozen cells were defrosted on ice and the 3pl ligation mix was then mixed with the cells and left on ice
between 10 to 20 min. The cells were heat shocked at 42 °C for 2 min. One milliliter of 2YT medium was
added and the cells were incubated for 30 to 45 min at 37°C. A volume of 50ul to 100pl was plated on
selective plates containing either ampicillin or kanamycin (Appendix B). Blue/White screening was done
with pGEM®-T Easy vector by the addition of Xgal (5-bromo-4-chloro-3-indolyl-B-D-galactosidase) and
IPTG (isopropyl-B-D-thio-galactopyranoside) to plates (Appendix B). The plates were then incubate at 37°C
and single colonies were either inoculated into 2 ml 2YT broth for minipreparations or for colony PCR

screening.

A4. Colony Screening

Following transformation colonies were screened by colony PCR as described by (Lee and Cooper, 1995).
The colonies were picked using a plastic i)ipette tip, replicated on another plate for future reference and
inserted into a 25ul to 50ul PCR master mix as described in chapter 2 (2.3.6). The PCR conditions and
master mixes were prepared the same way as in second round PCRs and 5pl of the PCR product was run on a

gel to confirm the presence of the insert. Posive PCR fragments were cleaned up for sequencing.

AS5.  Agarose gel electrophoresis

Fragments sizes of 510bp - 700bp were visualized in 2% agarose gels. Agarose gel electrophoresis was
performed using horizontal gel apparatus (Stratagene, La Jolla, USA). The agarose gel was prepared by
melting the appropriate weight per volume agarose (Agarose Di LE, Hispanagar, Burgos, Spain) in 1X TBE
(Appendix B1). Once melted 10mg/ml ethidium bromide stock solution was added to a final concentration
of 1pg/100ml agarose. The agarose was poured into gel setting trays and cooled down to room temperature
to allow setting and then placed in a gel apparatus submerged in 1X TBE. Before loading, 1-5pl PCR
product was mixed with 2ul of 6X agarose gel electrophoresis loading dye (Appendix B2). In order to
determine the size of the amplicons a DNA molecular weigh marker VI (Roche, GmbH, Mannheim,
Germany, Appendix C2) was included in the first lane of all gels. The gel was electrophoresed at 100 to
120V according to gel size for 60 minutes or until sufficient separation of bands. The DNA fragments were
then visualized on a UVP transilluminator (UVP, San Gabriel, California, USA) at 256nm wavelength and
photographed with a Kodak ds 1D, Electrophoresis Documentation and Analysis System 120, V 2.0.3.

computerized gel imager (Kodak ds 1D digital science, version 2.03).
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A6. HMA

HMA was used to assess the genetic diversity of each PCR-amplified sample. In a 200 ul Eppendorf PCR
tube approximately equal amounts of amplified fragments from the unknown and each reference were mixed
and heated to 94 - 96°C for 2 minutes in a thermocycler (or in a boiling water bath). This was allowed to cool
at room temperature for 5 min. Heteroduplexes was kept at room temperature until loading loading the gel.
The reaction was mixed with 3 pl 5X Ficoll loading dye and loaded onto a 5% non-denaturing
polyacrylamide gel. The gel appatarus was the Scie-plas/apelex CDC series of Vertical Gel Electrophoresis
Maxi V20-CDC 20 x 200m — V20-CDC (Scie-Plas Ltd, Southam Warwickshire, England). This is the Scie-
plas/apelex standard Maxi Vertical Gel Unit comparable to the Biorad Protean II units (Biorad-Laboroaries,

Hercules, CA). The active gel dimensions are 16.5 x 17.5cm.

Gel electrophoresis of HMA reactions

The glass plates were assembled as a sandwich first with two 3mm spacers. The glass plates were then
slipped into the gel running unit with the notched plates facing inwards to create the inner buffer tank. The
gel was made up according to appendix B and poured between the plates. It was left to polymerize for at
least 90 minutes. After polymerization the gel was placed in the buffer tank and 1X TBE buffer into the tank
so that at least 2cm of the glass plate was covered with buffer. The upper buffer tank was filled until the
wells were covered (top of the notched plate). The wells were flushed with a needle and syringe. A P20
PIPETMAN Gilson® micropipette (Gilson Medical Electronics, France) was used to load 15ul of the HMA
reaction onto each well with a long 1-2mm tip. The lid was placed on the electrophoretic box. The gel was
run at 200V for 4 hours. The gel was removed by inserting a spatula between the glass plates and the plates
gently lifted. Both the gel and plate was placed in an agitating ETBR 100ul (10mg/ml) solution until the gel
separates and was agitated for a further 30min at room temperature. The DNA fragments were then
visualized on a UVP transilluminator (UVP, San Gabriel, California, USA) at 256nm wavelength and
photographed with a Kodak ds 1D, Electrophoresis Documentation and Analysis System 120, V 2.0.3

computerized gel imager (Kodak ds 1D digital science, version 2.03).

APPENDIX B: STANDARD BUFFERS AND SOLUTIONS

B1. 10X TBE (Tris-Boric acid EDTA) buffer:

108g Tris-HCI, 55g Boric acid 20ml 1,5M EDTA, made up to one litre with dH,O.
B2.  6X Agarose Gel Electrophoresis Loading Dye:

0,25% bromophenol blue, 0,25% xylene cyanol FF 30% glycerol (In deionised water)
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B3.

B4.

BS.

B6.

B7.

BS.

B9.

B10.

B11.

B12.

X-Gal, IPTG, Ampicillin LB agar plates:

Per litre: 10g tryptone, 5g yeast extract, 10g NaCl, 15g agar after agar has been sterilised by .
autoclavation and allowed to cool down to ~ 50°C the following selective regents were added:
15pg/ml tetracycline, 100pg/ml ampicillin, 80pg/ml X-gal, 0,5mM IPTG.

6X Polyacrylamide gel electrophoresis loading dye:

0,25% Bromophenolblue, 0,25% Xylene Xylanol, 15% Ficoll in deionised water.

HMA Annealing Buffer:

100mM Tris/HCI, 1M NaCl, 20mM EDTA

LB Broth:

10g NaCl, 5g Yeast extract, 10g Tryptone, up to 11ul with deionised water

TSB:

1.6g peptone, 1.0g yeast extract, 0.5g NaCl, 10g polyethylene glycol (PEG) 3350-4000, Sml DMSO,
Iml 1MgCl, 1ml 1M Mg SOy plus water to 100ml. Store in 10ml aliquots.

2YT (yeast-tryptone) liquid medium (pH7.0):

16g tryptone, 10g yeast extract, 5g NaCl

2YT plates:

As for liquid 2YT, with an additional 15g agar per litre

Antibiotic and Xgal/IPTG selection:

Ampicillin (Sigma, MO, USA) 100pg/ml was added to liquid media and plates, kanamycin (Km;

-Nova Nordisk, Johannesburg, R.S.A) at a concentration of 15 pg/ml. Xgal (Biosolve, Netharlands)

20 mg/ml stock of 0.4g dissolved in 5Sml DMSO and made up to 10ml and IPTG (Roche, Germany)
200mg/ml stock were both added to plates at a final concentration of 0.1 mg/ml.

5% Non-denaturing Polyacrylamide Gel

8.3 ml acrylamide stock, (using a stock of 30% Acrylamide, 0.8% Bis-acrylamide) 5 ml 10X TBE
and 36.7 ml H20. Polymerization is initiated by mixing in 50 mg of Ammonium persulfate and 33
ul of TEMED (50 ml gel solution)

1X Electrophoresis Buffer

(Dilute from 10X TBE Gel Electrophoresis Buffer above)

Dilute 1/10 to a final concentration of 89 mM Tris-borate, pH 8.0, 89 mM Boric Acid 2 mM
EDTA in deionised water. 108g Tris-HC, 55g Boric acid 20ml 1,5M EDTA, made up to one litre
with dH,O.
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C3. AMINO ACID CODE
Alanine Ala A Leucine Leu L Arginine Arg R
Lysine Lys K Asparagine Asn N Methionine Met M
Asparticacid Asp D Phenyalanine @ Phe F Cysteine Cys C
Proline Pro P Glutamine Gln Q Serine Ser S
Glutamicacid Glu E Threonine Thr T Glycine Gly G
Tryptophan Tp W Histidine His H Tyrosine Tyr Y
Isoleucine Ile | I Valine Val VvV
C4. CODONS
Codon Aminoacid Codon Aminoacid Codon Aminoacid Codon Amino acid
AAA K CAA Q GAA E TAA *
AAC N CAC H GAC D TAC Y
AAG K CAG Q GAG E TAG *
AAT N CAT H GAT D TAT Y
ACA T CCA P GCA A TCA S
ACC T CCC P GCC A TCC S
ACG T CCG P GCG A TCG S
ACT T CCT P GCT A TCT S
AGA R CGA R GGA G TGA *
AGC S CGC R GGC G TGC C
AGG R CGG R GGG G TGG 'Y
AGT S CGT R GGT G TGT C
ATA I CTA L GTA \Y% TTA L
ATC I CTC L GTC \Y% TTC F
ATG M CTG L GTG \Y% TTG L
ATT I CTT L GTT \Y% TTT F
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Table D1: Viral loads supplied by Dr. Adrian Puren from the NICD, Johannesburg.

APPENDIX D: VIRAL LOADS

Sample number Follow up Viral load (copies/ml) Log viral load
Tz 7 FO (1* time point) 307 000 4.48
F1 (3months) 5 040 3.70
F2  (6émonths) 142 000 5.15
F3  (9months) 179 000 5.25
F4  (12months) 181 000 5.25
F5 (15months) 84 900 4.92
F6 (18months) 472 000 5.67
F7 (21months) 527 000 5.72
Median 160 500 5.20
Tz 10 FO (1* time point) 23 400 436
F1  (3months) 503 000 5.70
F2 (6months) 149 000 5.17
F3  (9months) 284 000 5.45
F4  (12months) 7590 3.88
F5 (15months) 72 800 4.86
F6 (18months) 131 000 5.11
F7 (21months) 50900 4.70
Median 101 900 5.00
Tz 14 FO (1* time point) 24 100 4.38
F1 (3months) 41200 4.61
F2 (6months) 217 000 533
F3  (9months) 56 800 4.75
F4 (12months) 554 000 5.74
F5  (15months) 107 000 5.02
F6 (18months) 137 000 5.13
F7 (21months) 53900 4.73
Median 81900 491
Tz 48 F0 (1* time point) 14 400 4.15
F1 (3months) 28 300 445
F2  (6émonths) 18 000 4.25
F3  (9months) 20100 430
F4 (12months) 119 000 5.07
F5 (15months) 33200 4.52
F6 (18months) 214 000 533
F7 (21months) 64 000 4.80
Median 30 750 4.48
Tz 76 FO (1" time point) 19 100 4.28
F1 (3months) 12 500 4.09
F2  (6émonths) 20300 430
F3  (9months) 5480 3.73
F4  (12months) 11 700 4.06
F5 (15months) 6 460 3.81
F6 (18months) 5320 3.72
F7 (21months) 28 900 4.46
Median 12 100 4.08
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Tz 118 FO (1% time point) 6 990 3.84

F1 (3months) 3180 3.50-
F2  (6months) 5770 3.76
F3 (9months) 5080 3.70
F4 (12months) 7 630 3.88
F5  (15months) 8580 3.93
F6 (18months) 6 220 3.79
F7 (21months) 9 840 3.99
Tz 126 FO (1 time point) 102 000 5.00
F1 (3months) 295 000 5.46
F2 (6months) 73 100 4.86
F3  (9months) 72 700 4.86
F4 (12months) 1 49 000 5.17
F5 (15months) 63 900 4.80
F7 (21months) 47 800 4.67
Median 73 100 4.86
Tz 203 FO (1* time point) 19 200 4.28
F1  (3months) 22200 434
F2  (6émonths) 17 900 4.25
F3  (9months) 32700 4.51
F4  (12months) 37700 4.57
F5 (15months) 42 800 4.63
F6 (18months) 62 500 4.79
F7 (21months) 48 500 4.68
Median 35200 4.54
Tz 217 FO (1* time point) 78 600 4.89
F1  (3months) 110 000 5.04
F2 (6months) 70 500 4.84
F3  (9months) 191 000 5.28
F4  (12months) 107 000 5.02
F5 (15months) 295 000 5.46
F6 (18months) 640 000 5.80
F7 (21months) 218 000 533
Median 150 500 5.17
Tz 218 FO (1* time point) 21 300 432
F1  (3months) 51500 4.71
F2 (6months) 52300 471
F3  (9months) 55500 4.74
F4 (12months) 124 000 5.09
F5  (15months) 60 600 4.78
F6 (18months) 85 500 4.93
F7 (21months) 89 100 4.94
Median 58 050 4.76
Tz 220 FO (1 time point) 104 000 5.01
F1 (3months) 102 000 5.00
F2 (6months) 28 200 4.45
F3  (9months) 49 400 4.69
F4  (12months) 64 900 4.81
F5 (15months) 81 700 491
F6 (18months) 55 800 4.74
F7 (21months) 64 400 4.80
Median 58 050 4.81
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Tz 440 FO (1% time point) 188 000 5.27

F1  (3months) 267 000 542 °
F2 (6émonths) 137 000 5.13
F3  (9months) 358 000 5.55
F4  (12months) 392 000 5.59
F5 (15months) 320 000 5.50
F6 (18months) 182 000 5.26
F7 (21months) 379 000 5.57
Median 293 500 5.47
6 —
— -
5.5 -
Log viral load (copies/mI) 5 4.86
467
4.5 —
4|
3.5 —_—
3 -
Dual Single

Figure D1: Viral load differences between single and dual infections. The highest and lowest values are presented by the
upper and lower bars, the median values are indicated by the parallel bars within boxes and the 25™ and 75™ percentiles are
indicated by the top and bottom of the boxes. Individuals with single infections had higher viral loads than dually infected
individuals (p > 0.05).
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Tz14-F7
Tz14-F701
Tz14-F702
Tz14-F703
Tzl4-F704
Tz14-F703
Tz14-F706
Tz14-F707
Tz1l4-F708
Tz14-F709
Tz14-F7010
Tz14-F7011
Tz14-F7012
Tz14-F7013
Tz14-F7014
Tz14-F7013
Tz14-F7016
Tz14-F7017
Tz14-F7018
Tz14-F7019
Tz14-F7020

Tz14-F7
Tz14-F701
Tz14-F702
Tz14-F703
Tz14-F7cd
Tz14-F703
Tz14-F7c6
Tz14-F707
Tz14-F708
Tz14-F709
Tz14-F7010
Tzi14-F7011
Tz14-F7c12
Tz14-F7013
Tzl4-F7o014
Tz14-F70153
Tz14-F7016
Tzl14-F7017
Tz14-F7c18
Tz14-F7019
Tz14-F7c20

Tz14-F7
Tzi1i4-F701
Tx14-F702
Tz14-F703
Tz14-F704
Tz14-F703
Tz14-F706
Tz14-F707
Tz14-F7008
Tz14-F709
Tz14-F7010
Tzi4-F7011
Tz14-F7012
Tz14-F7013
Tz14-F7014
Tz14-F7013
Tz14-F7016
Tz14-F7017
Tx14-F7018
Tx14-F7019
Tz14-F7020

Tz14-F7
Tzi4-F701
Tz14-F702
Tz14-F703
Tz14-F7c4
Tz14-F703
Tz14-F706
Tz14-F707
Tz14-F708
Tz14-F709
Tzl14-F7010
Tz14-F7011
Tz14-F7012
Tz14-F7013
Tz14-F7014
Tz14-F7013
Tz14-F7016
Tz14-F7017
Tzi14-F7018
Tzi14-F7019
Tz14-F7020
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