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ABSTRACT
The human immunodeficiency virus type 1 (HIV-1) group M is responsible for the HIV
pandemic and has great genetic variability. The main subtypes and circulating
recombinant forms belonging to this group differ in their worldwide distribution, their
disease progression patterns, as well as in their coreceptor use phenotype distributions.
The coreceptor use phenotypes of HIV-1 are based on which coreceptor the virus uses
for cell entry, with the two main coreceptors being CCR5 and CXCR4, corresponding
accordingly to the R5 and X4 phenotype. The R5 phenotype is found early in the
infection while the X4 emerges over time and is associated with disease progression.
The main determinant of coreceptor use in HIV-1 is the third variable region (V3) of
the HIV-1 envelope glycoprotein 120, which is the docking surface protein that
attaches itself to the primary CD4 receptor and a coreceptor during cell entry.
In papers I and II, observations were made regarding the role of the V3 glycan and V3
charge in coreceptor use, based on sequences belonging to different HIV-1 subtypes
retrieved from the Los Alamos HIV Sequence database, which contains sequences
submitted from infected individuals all over the world. The V3 glycan was shown in
paper I to be strongly associated with CCR5 use while a net high charge acquired from
different positions in the V3 was shown in paper II to be important for CXCR4 use. As
a result, a model adjustable for different subtypes was created, referred to as the glycancharge model, for distinguishing between the coreceptor use phenotypes based on their
biological properties that can be deduced from the V3 amino acid sequence.
CCR5 inhibitors are a class of antiretroviral drugs that target the CCR5 coreceptor,
thereby blocking the entry of R5 viruses into cells. However, prior to their
administration it is important to verify that a patient does not harbour CXCR4-using
variants, which could otherwise be selected for. Biological methods of coreceptor use
determination are expensive and time-consuming. Hence, coreceptor use prediction
algorithms, which can predict the coreceptor use from HIV-1 V3 sequences, could help
to make CCR5 inhibitors more universally accessible, but their prediction accuracy
needs to be improved.
Infections with HIV-1 subtype C, which is the dominating subtype worldwide and in
sub-Saharan Africa, are usually associated with low CXCR4 use, but several studies
have found an increased CXCR4 use among treatment failure patients. To investigate
this further, 24 treatment failure patients infected with subtype C in Botswana were in
paper III compared with 26 treatment-naïve patients with regard to coreceptor use,
which was determined using the coreceptor use prediction algorithm Geno2pheno with
a false positive cut-off rate of 10 % as well as the glycan-charge model on population
sequences. Increased CXCR4 use was found in the treatment-experienced group,
suggesting that treatment with the only CCR5 inhibitor in clinical use to date,
maraviroc, would be less suitable in this group, which is of special significance since
maraviroc is mainly used as a salvage therapy drug.
Finally, in paper IV all currently available coreceptor use prediction algorithms,
including the glycan-charge model algorithm, were evaluated from a CCR5 inhibitor

treatment perspective in a uniquely suited testing material, which consisted of V3
sequences of the major HIV-1 subtypes retrieved from the Los Alamos HIV Sequence
database. A rigorous scrutiny of the original source articles was performed to verify
that the reported coreceptor use was determined biologically. The results showed that
learning algorithms were found to perform well in all studied subtypes, along with
subtype-specific complex rule algorithms.
In summary, papers I and II elucidated the biological properties of coreceptor use in
different subtypes, which could be determined using the V3 amino acid sequence,
paper III applied this knowledge to help investigate the increased CXCR4 use in
subtype C infected treatment failure patients, while paper IV compared all current
coreceptor use prediction algorithms, including the glycan-charge model based on the
observations in papers I and II, and applied in paper III, from a CCR5 inhibitor
treatment perspective.
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1 BACKGROUND
1.1

HIV-1 BASICS

One of the greatest pandemics of our time is caused by the human immunodeficiency
virus (HIV), which is the etiological agent of acquired immunodeficiency syndrome
(AIDS), a condition where the patient’s immune system deteriorates slowly, eventually
allowing the onset of opportunistic infections, which ultimately lead to premature death
if no interventions are made.
1.1.1 Origins
HIV is closely related to the simian immunodeficiency virus (SIV), which primarily
infects nonhuman primates, including chimpanzees (Pan troglodytes troglodytes),
gorillas (Gorilla gorilla), and sooty mangabeys (Cercocebus atys), inducing a condition
reminiscent of AIDS. It is believed that HIV is of simian origin, and is the result of
multiple cross-species transmissions of SIV from nonhuman primates to humans [1, 2].
Four different cross-species transmission events of SIV from chimpanzees and gorillas
gave rise to HIV type 1 (HIV-1) [1-4], while the less pathogenic HIV type 2 (HIV-2),
which is rarely found outside of West Africa [5], was the result of eight different crossspecies transmissions of SIV to humans from sooty mangabeys [1, 2, 6, 7]. The most
likely mode of transmission in these instances was due to contact with blood or other
bodily fluids of nonhuman primates infected with SIV during the hunt or the handling
of primate bushmeat [1, 2, 8, 9], while bites or other wounds inflicted from pet
nonhuman primates constitute another possible mode of transmission [2, 9]. Despite the
occurrence of multiple cross-species transmission events of SIV, only one of these, the
origin of the major HIV-1 subgroup, HIV-1 group M, accounts for the HIV-1 pandemic
[1, 2, 9].
1.1.2 Pandemic

Figure 1. Adults and children estimated to be living with HIV in 2012. Credit: UNAIDS/
ONUSIDA 2013 [10].
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The first emergence of HIV-1 group M has been estimated using phylogenetical and
statistical analyses to have occurred in 1931 (confidence interval of 1915-1941) [11], or
even earlier in 1908 (1884-1924) [12]. The most probable location of the early
epidemic is considered to have been Léopoldville [1, 9], now known as Kinshasa, the
capital city of the Democratic Republic of the Congo, where also the earliest samples of
HIV-1 group M were found, dating from 1959 [13] and 1960 [12]. Kinshasa was at the
time a growing community due to colonial administration and trade, and was the largest
city in west central Africa where urban lifestyle was continually on the increase, which
probably facilitated the spread of the epidemic [1, 9, 12, 13].
The AIDS epidemic was not brought to global attention until decades later in 1981,
when opportunistic infections as well as uncommon malignancies started emerging in
young male homosexuals in the US [14, 15]. Cases were also identified among
intravenous drug users, Haitians, and hemophiliacs, and the Center for Disease Control
named the new disease acquired immunodeficiency syndrome or AIDS, in 1982 [15].
In 1983, the cause of AIDS was identified to be a new human retrovirus [16, 17], at
first known by the name human T-cell lymphotropic virus type III (HTLV-III), but
subsequently renamed human immunodeficiency virus (HIV) in 1986 by the
International Committee of the Taxonomy of Viruses [18]. The first blood test for the
detection of HIV [19, 20] was approved for screening blood donors by the U.S Food
and Drug Administration (FDA) in 1985 [15], while the first drug against HIV
infection arrived in 1987 in the form of the cancer drug zidovudine (AZT), albeit the
treatment was not very successful due to the quick emergence of drug-resistant variants
[15]. The morbidity and mortality rates remained high until the turning point came in
1996 when the triple drug regimen combination therapy was introduced [21-23], known
as Highly Active Antiretroviral Treatment (HAART), transforming AIDS from a fatal
disease into a somewhat controllable condition [15]. Nevertheless, the antiretroviral
treatment continued to be cumbersome and wrought with side effects for years to come
until new and improved drug regimens were developed during the last decade [24-26].
This development has improved the quality of life and considerably increased the life
expectancy of HIV-infected patients in high-income, industrialized countries [27]
where the latest treatment is readily available as opposed to in low-income countries
[28], where the majority of afflicted patients reside [10].
Currently, 35.3 million adults and children are estimated to be living with HIV with 25
million, the absolute majority, located in Sub-Saharan Africa (Figure 1) [10]. In 2012,
1.6 million people died of AIDS, while 2.3 million became newly infected [10],
indicating the continual endurance of the pandemic, with different factors contributing
to its sustainment, such as drug availability [28], lack of a vaccine [15, 29],
socioeconomic conditions [30, 31], and risk-behaviour [32].
1.1.2.1 Botswana
Botswana is a sub-Saharan country where 17.6 % of the population aged above 18
months is infected with HIV, while the HIV prevalence among adults is 25 % and
among pregnant women is as high as 30.4 % [33], rendering Botswana the country with
the second-highest infection rate in the world [34]. As a result of the high HIV
mortality and infection rates, the life expectancy in Botswana has radically decreased
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[33]. In 2001, Botswana adopted the United Nations General Assembly Special Session
on HIV and AIDS (UNGASS) Declaration of Commitment, leading among other
things to the introduction of a national antiretroviral treatment program in 2002 [33].
Since then, the mortality rate has been reduced by 60 %, and 95 % receive antiretroviral
treatment of those who are eligible for it [33].
1.1.3 Structure

Figure 2. The structure of the HIV-1 virion. Adapted with permission from an illustration by
Peter Clevestig.

HIV-1 is a Lentivirus that belongs to the Retroviridae family, which is distinguished by
the presence of a reverse transcriptase enzyme. A mature virion (Figure 2) is roughly
145 nm (± 25 nm) in diameter [35] and consists of a host-derived lipid bilayer (the
envelope) and a truncated cone-shaped capsid (p24). The components of the capsid are
the enzymes reverse transcriptase (p66/p51), integrase (p32), and protease (p11), the
nucleocapsid core proteins (p7, p9), tRNA molecules necessary for primer function
during reverse transcription, and the RNA genome, which consists of two noncovalently-linked, positive sense RNA strands. The membrane associated matrix
protein (p17) is found between the capsid and the envelope, while the trimeric spikes
exposed on the surface of the virion consist of the docking glycoprotein (gp120) and
the transmembrane fusion glycoprotein (gp41). Since the envelope is derived from the
host cell membrane, other host specific proteins are also present on the surface, such as
the major histocompatibility complex (MHC) [36] and intercellular adhesion molecule1 (ICAM-1) [37].
1.1.4 Genome
As mentioned above, the HIV-1 genome is diploid, with two identical positive sense
RNA strands, each approximately 9-10 kilobases long. The 5’ end of each strand has a
methylated cap and the 3’end a poly-A tail, with long terminal repeat regions (LTRs) at
both ends, which include promoter and enhancer sequences, as well as the primer
3

binding sequence (PBS), to which tRNA molecules associate that initiate reverse
transcription. [38]

Figure 3. The HIV-1 genome. Adapted with permission from [39].

The genome has multiple open reading frames, encoding the three main structural
polyproteins Gag (group antigen), Pol (polymerase), and Env (the envelope
glycoproteins), but also a number of accessory and regulatory proteins (Figure 3). The
gag gene encodes the matrix protein (MA), which is important for virion assembly and
facilitates the transport of complementary DNA to the host cell’s nucleus [40], the
capsid protein (CA), and the nucleocapsid proteins (NC), which coat the viral RNA and
are involved in its delivery during the virus assembly process [38]. The pol gene
encodes the three enzymes, reverse trancriptase (RT), which transcribes the genomic
RNA into complementary DNA (cDNA), integrase (IN), which integrates the cDNA
with the host cell chromosomal DNA in the nucleus, and protease (PR), which
completes the virion’s maturation by cleaving the Gag-Pol polyprotein in the already
assembled virion [38]. The env gene encodes the 160 kD glycoprotein gp160, which
consists of the docking surface protein (SU) gp120 and the transmembrane (TM) fusion
protein gp41, which stay non-covalently associated and form the trimeric spikes that
are interspersed on the virion’s surface [41]. Gp120 is involved in the cell attachment
process through its binding to the primary receptor CD4 and subsequent to a
conformational change in the spike structure, to one of several possible coreceptors.
Coreceptor binding results in a second conformational change, which allows gp41 to
mediate fusion with the cell membrane, enabling the virion to enter the cell [38].
The regulatory proteins of HIV-1 are Tat (Transactivator of transcription) and Rev
(Regulator of virion expression). The function of Tat is to enhance the rate of
transcription, while Rev facilitates the transport of spliced and full-length RNA from
the cell nucleus to the cytoplasm, where translation and assembly of new virions take
place [38].
HIV-1’s accessory proteins comprise Nef (Negative factor), Vif (Virion infectivity
factor), Vpr (Viral protein R), and Vpu (Viral protein U). Nef increases viral infectivity
and is of importance for disease progression and viral spread. One of its main functions
is to downregulate CD4 and MHC class I expression on the host cell surface, thereby
evading detection by cytotoxic T cells [42].Vif is also important for infectivity. In
particular, Vif induces the degradation of the antiviral factor APOBEC3G, thereby
preventing APOBEC3G from incorporating itself into HIV-1 virions and interfering
with the replication process [43]. Vpr has multiple functions, including a role in nuclear
import of the pre-integration complex and cell growth arrest [38]. Vpu exhibits an
antagonizing effect on tetherin, thereby preventing tetherin from inhibiting HIV-1
virion release from the cell [44]. Interestingly, Vpu is not encoded by HIV-2, which
instead encodes Vpx (Viral protein X), which is absent in HIV-1. The function of Vpx
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in HIV-2 involves the degradation of SAMHD1, which interferes with the reverse
transcriptase step of lentiviruses [45].
1.1.5 Replication Cycle

Figure 4. The HIV-1 replication cycle. Reproduced with permission from [46].

One HIV-1 replication cycle (Figure 4) takes on average approximately 1-2 days [47].
HIV-1’s primary target cells are CD4 positive T-cell lymphocytes [16, 17, 48], as well
as other CD4-expressing cells, such as macrophages, dendritic cells and microglia [4851].
1.1.5.1 Attachment, binding and entry
The entry process of HIV-1 into a host cell can be broken down into four steps [52].
The first step is the binding of gp120 to CD4, the primary receptor [53, 54]. The
exterior envelope glycoprotein gp120 forms heterodimers with the transmembraneanchored fusion protein gp41 and together they constitute the heavily glycosylated
trimeric spike on HIV-1’s surface. One subunit of gp120 consists of five constant
regions (C1-C5) interspersed with five variable regions (V1-V5), out of which four
form flexible loop structures [52]. As a consequence of binding to CD4, a
conformational change is induced in gp120 where V1/V2 and then V3 are rearranged,
leading to the exposure of coreceptor binding determinants. These determinants consist
mainly of the V3 loop [55, 56], but the bridging sheet, a four-stranded β sheet formed
after gp120’s binding to CD4, also plays a role in the coreceptor binding process [5759]. This enables the second step, the interaction of gp120 with a coreceptor, usually
the C-C chemokine receptor type 5 (CCR5) [60-62] or C-X-C chemokine receptor
type 4 (CXCR4) [63, 64], allowing the exposure of the hydrophobic gp41 fusion
peptide. The third step involves the “surfing” of the virus across the surface with the
help of host cell machinery, in an attempt to find the optimal location for fusion with
5

the cell membrane [65]. Finally, the fourth step comprises the actual fusion. The gp41
fusion peptide is inserted into the cell membrane, thereby locking the viral and cell
membranes together. This facilitates the fusion peptide in each gp41 subunit of the
trimer to form a six-helix bundle, where the carboxy-terminal helical regions remain
close to the viral membrane while the opposing amino-terminal helical regions stay
close to the cell membrane [66, 67]. Consequently the six-helix bundle brings the
membranes together, allowing the fusion of the virion with the cell membrane via the
formation of a fusion pore, ensuing in the insertion of the viral core into the cytoplasm,
where the process of uncoating starts [52].
1.1.5.2 Reverse transcription and integration
When the viral core has been released into the cytoplasm, the virion is uncoated,
possibly with the aid of cyclophillin A, a cellular chaperon protein associated with the
capsid [68]. Simultaneously, the reverse transciption complex is formed, containing
MA, CA, NC, IN, Vpr, tRNA and the reverse transcriptase, RT [69]. Reverse
transcription is initiated with the help of tRNA (Lys3) acting as a primer at the 5’ end
of the single-stranded RNA genome. The DNA polymerase function of the RT is
responsible for creating a complimentary negative sense DNA strand (added to the 3’
end of the tRNA molecule), while the RNase H function of the RT subsequently
degrades the template RNA. The newly synthesized DNA strand is transferred to the 3’
end of the viral RNA where the direct repeats section (R) is located, allowing for the
continuation and completion of the negative sense DNA strand synthesis
simultaneously with the RNA degradation. The RNA strand contains a purine rich
sequence called the polypurine tract, which prevents the RNase H from degrading the
RNA further, thereby leaving an RNA sequence to serve as a primer for the synthesis
of the positive sense DNA strand. The positive sense DNA strand is synthesized until
18 nucleotides of the tRNA molecule are copied, allowing the RNase H to in turn
degrade the tRNA molecule, leaving only an A ribonucleotide at the 5’ end of the
negative sense DNA strand. The positive sense DNA strand is transferred to the primer
binding site region of the negative sense DNA strand, which will be complimentary
with the 18 nucleotides of the positive strand, copied from the tRNA molecule. This
allows the two DNA strands to anneal to each other, followed by the completion of the
synthesis of the negative and positive strands, forming a linear double-stranded DNA of
the full genome with some extra length at each end, comprised of U3-R-U5, where U3
was derived from the original RNA template’s 3’ end and U5 from its 5’ end. These
U3-R-U5 regions constitute the long terminal repeats (LTR). [70]
Late in the reverse transcription process, the reverse transcription complex is converted
to a preintegration complex, which includes the integrase, IN and other viral proteins.
The preintegration complex is actively imported to the cell nucleus, where IN removes
two nucleotides from the 3’ ends of the double-stranded DNA, allowing these ends to
target phosphodiester bonds on opposite ends of the aimed section of the host cell’s
DNA, leading to the joining of the viral DNA’s 3’ ends to the host DNA’s 5’ ends.
Subsequently, the unpaired two bases at the 5’ ends of the viral DNA are removed,
allowing the ligation of these 5’ ends to the host DNA. IN catalyzes the processing of
the 3’ ends and the DNA transfer stage, but other events are likely catalyzed with the
help of cellular enzymes. The integration of viral DNA can occur at multiple locations
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in the host genome, and the integrated DNA is called a provirus, which forms the basis
of retroviral infection. [71]
1.1.5.3 Transcription and translation
The integrated provirus can remain latent or be transcribed by the host cell’s RNA
polymerase II upon activation of the cell cycle, producing full-length mRNAs. The
mRNAs are spliced in multiple ways [72-74], generating approximately 30 different
transcripts. The early transcripts are multiply spliced to produce the regulatory proteins
Tat and Rev, as well as the accessory protein Nef. Tat enhances the transcription
process, Rev regulates the export of both spliced and unspliced mRNA to the
cytoplasm, and Nef downregulates molecules on the cell surface such as CD4, which
helps the virus to evade the immune system. The proteins Vpr, Vpu, Vif, and Env are
produced from mRNAs that are singly spliced, while the unspliced mRNA transcript
forms the Gag-Pol polyprotein. [75]
HIV-1 uses free polyribosomes in the cytoplasm to translate its mRNA into proteins.
As mentioned above, HIV-1 uses alternative splicing of mRNA to generate different
proteins to make the best use of its relatively small genome. Ribosomal frameshifting is
another strategy utilized by HIV-1 for this purpose, which allows the production of
Gag-Pro-Pol polyproteins even though the gag and pol genes are in different open
reading frames that nonetheless overlap [76], thereby also maintaining the correct ratio
between produced Gag polyproteins and Gag-Pro-Pol polyproteins necessary for the
regulation of the replication cycle and for the correct amount of monomers of
replication enzymes to be packaged during the assembly of new virion particles [77].
The Env glycoprotein precursor, gp160, is translated from a bicistrionic mRNA,
followed by co-translational modification in the lumen of the endoplasmic reticulum,
where N-linked oligomannosyl carbohydrate residues are added and trimmed [78]. The
gp160 precursor glycoprotein is then transported to the Golgi complex where gp160 is
cleaved into gp120 and gp41 by cellular proteases and the N-linked glycans are
modified to generate complex type carbohydrates [78]. After these maturation steps, the
glycoproteins are transported to the cell surface where they will become part of the
envelopes of budding virus particles.
1.1.5.4 Assembly, release and maturation
The assembly of the virion takes place at the cell membrane, where the envelope
trimeric spikes have already been incorporated, intermingled with host cell surface
proteins. The different domains of the Gag polyprotein direct the assembly process:
MA binds to the cell membrane and recruits the envelope glycoproteins, CA facilitates
the necessary protein-protein interactions and produces the capsid, and NC seizes the
viral genome and acts as a nucleic acid chaperone to tRNA during its annealing to the
genome as a primer. The different viral components are gathered into spherical
immature particles, where the Gag polyproteins are attached to the envelopes and
radially projected toward the centers of the particles. As the budding takes place, PR is
activated, resulting in the cleavage of the Gag polyproteins into MA, CA, NC, and p6,
and the Pol section of Gag-Pro-Pol polyproteins into RT, IN, and PR, converting the
produced viral particles into mature virions capable of infecting and replicating in new
host cells. [79]
7

1.1.6 Pathogenesis

Figure 5. The natural time course of HIV-1 infection. Reproduced with permission from [47].

Exposure to HIV-1 at mucosal surfaces or through percutaneous inoculation can lead to
infection [30]. The main modes of transmission are sexual, vertical, and by intravenous
drug injections [30]. Blood transfusions are another possible source of transmission in
countries where donated blood is not always screened properly for HIV.
HIV-1 infection can be divided into different phases (Figure 5). The first is the eclipse
phase, which lasts 1-2 weeks, when the virus spreads from the site of infection to other
organs and tissues, such as CD4+ T cells in draining lymph nodes and gut-associated
lymphoid tissue (GALT), where it is able to replicate [80]. During this stage, the virus
cannot be detected in the blood, and the patient is asymptomatic, since the immune
system has not yet mounted a proper response. The next 2-4 weeks mark the acute
phase, also called the primary infection. Some patients become symptomatic during this
stage with “flu-like” symptoms, such as fever, throat ache and enlarged lymph nodes.
The virus levels in the blood peak during this period up to approximately 107 RNA
copies/mL plasma, perhaps as a result of the lack of an early immune response and the
increase in available CD4+ T cells as the immune system begins to mount an antibody
and CD8+ T cell response against HIV-1. At the end of the acute phase, the virus levels
in the blood drop dramatically, roughly 100-fold, coupled with the transitory decline of
the amount of CD4+ T cells measured in the blood. [47]
The acute phase is sometimes divided into Fiebig stages, which give an indication of
the type of laboratory markers that can be used for diagnosis at the different time points
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[81]. HIV-1 RNA is detectable in the blood by polymerase chain reaction (PCR) after
about day 10 of the infection (Fiebig I), viral p24 antigen appears roughly after day 17
(Fiebig II), while HIV-specific antibodies can be detected by a recombinant proteinbased enzyme-linked immunosorbant assay after approximately day 23 (Fiebig III) and
by Western blot after day 26 (Fiebig IV) [81].
The acute phase is followed by the chronic phase, also known as “clinical latency”,
which can last from ≈ 1 to 20 years, during which the patient is asymptomatic, and
often unaware of the infection. During this time, the viral RNA levels are mostly fixed
at around 1-100 000 copies/mL blood, referred to as the “set point”, but may also be
gradually increasing. The CD4+ T cell count is close to normal levels at roughly 1000
cells/µL, but may begin to progressively decline. [47]
When CD4+ T cells have dropped to approximately 300-500 cells/µL, some symptoms
of immunodeficiency may start to appear [82], but an HIV-infected patient is not
considered to have AIDS until the CD4 count is below 200 cells/µL or if the patient has
acquired an AIDS-defining illness, examples of which are the opportunistic infections
Pneumocystis jirovecii pneumonia, esophageal candidiasis, and brain toxoplasmosis,
and malignancies such as Kaposi’s sarcoma and Burkitt’s lymphoma [83-85]. During
the AIDS stage, viremia steadily rises simultaneously with the decline of the CD4
count, since the immune system can no longer control the infection. Without
antiretroviral treatment at this point, the mortality rate is above 95 % and the patient
will most likely die before long [47].
1.2

HIV-1 GENETIC VARIABILITY

HIV-1 has a high genetic variability due to the error rate and the predisposition to
retroviral recombination of the reverse transcriptase enzyme during replication, coupled
with the high turnover of virions [86-89]. The single-step point mutation rate of HIV-1
is ≈ 3 x 10-5 mutations per base per replication cycle [90], and about 1011 viral particles
are likely generated daily [47].
1.2.1 Groups
HIV-1 can be further subdivided into groups (Figure 6), group M (major), N (non-M,
non-O), O (outlier), and the more recently discovered group P [91]. All four groups are
thought to be the result of separate cross-species transmission events [1], with group M
and N originating from SIV in chimpanzees [3], group P from SIV in gorillas [91, 92],
while the origins of group O are unknown, but a chimpanzee or gorilla SIV origin is
likely [1, 2]. Only two cases have been found of Group P [91, 92] and 13 of group N [1,
93], all being of Cameroonian origin. Group O represents less than 1 % of all HIV
infections and is mainly found in Cameroon, Nigeria, and Gabon [94, 95]. Group M on
the other hand represents the vast majority of HIV-1 infections with millions of people
infected, and is responsible for the global spread of the infection, existing in almost
every country [1, 2].
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Figure 6. HIV-1 groups and their phylogenetic relationship with SIV and HIV-2. Reproduced
with permission from [96].

1.2.2 Subtypes
HIV-1 group M is divided into subtypes based on their genetic similarity that are
distributed differently geographically (Figure 7). There are nine subtypes designated
with the letters A-D, F-H, J and K, as well as numerous recombinant forms. Subtypes E
and I were during later analysis found to be recombinant, and were subsequently
renamed accordingly to CRF01_AE and CRF04_cpx (or in some cases U for
unclassified), respectively [97]. The amino acid level of variation within a subtype is
between 8 and 17 %, but can be up to 30 %, while the level of variation between
subtypes ranges from 17 to 35 %, but can be as high as 42 %, with the highest diversity
observed in the env gene [98, 99]. Hence, subtypes B and D could due to their genetic
similarity be potentially classified as the same subtype, but are not so owing to
historical reasons [2].
Subtype C is the dominating subtype worldwide, responsible for more than 50 % of all
HIV infections [96, 100]. Subtype C is responsible for nearly 100 % of all HIV
infections in southern African countries such as South Africa, Zimbabwe,
10

Mozambique, Malawi, Swaziland and Botswana, but is also common in East Africa, as
well as in India and Oceania [2]. Subtype B predominates in Australia, Western Europe
and North America [101], and is perhaps hence the most studied subtype to date. It
originated most likely in central Africa, but spread later through Haiti to MSM (men
who have sex with men), intravenous drug user and hemophiliac populations in USA
and Europe [102]. South America also has a large proportion of subtype B infections,
along with subtype F infections. Subtype A is found among intravenous drug users in
Eastern Europe, as well as in East African countries, such as Uganda, Kenya and
Tanzania, where it co-circulates with subtypes C and D, together with various
recombinant forms based on these three subtypes [2]. Subtype D is largely restricted to
the East African countries Uganda, Kenya, South Sudan and Tanzania [103], as is
subtype G to West Africa [96].

Figure 7. The geographical distribution of HIV-1 group M subtypes. Reproduced with
permission from [96].

It has been suggested that the subtypes are not only differently distributed and
genetically dissimilar, but also have varying transmission efficiency and differing
disease progression [103]. Mother-to-child transmission in utero has been suggested to
be preferential in subtype C compared to subtypes A and D [104, 105], perhaps due to
increased vaginal shedding [105]. A study conducted in Senegal showed that females
infected with subtype A were less prone to progress to AIDS compared to females
infected with subtypes C, D and G [106], while a Swedish study on the other hand
showed no difference in disease progression between patients infected with subtypes A,
B, C and D [107]. Subtype D has nevertheless been associated with a faster disease
progression compared to subtypes A, B, and/or C in several studies [108-112]. It has
however been debated whether or not some of these observations are confounded by
factors such as mode of transmission, host genetic factors, nutritional status and access
to medical treatment [103].
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1.2.3 Circulating Recombinant Forms
The creation of circulating recombinant forms (CRFs) is the result of co-infection in the
same individual with different subtypes, allowing a recombination of their genomes
[103]. For a virus to be classified as a CRF, it needs to be found in at least three
epidemiologically unlinked individuals. Viruses that are found in fewer individuals are
designated as unique recombinant forms (URFs). There are at present 58 existing CRFs
and innumerable reports of URFs. CRFs are named according to a number and letter
system, where the number stands for the order in which the CRF was discovered and
the letters stand for the subtypes that the CRF is a recombination of. For instance,
CRF01_AE was the first recombinant form to be discovered (hence the number 01),
and is comprised of gag and pol genes from subtype A and an env gene from subtype E
(as mentioned above, subtype E is no longer considered a separate subtype and all its
sequences were consequently classified as CRF01_AE). If a CRF is a combination of
three or more subtypes, the letter code in the name is replaced with “cpx”, as is for
instance the case with CRF04_cpx (previously subtype I). [2]
The two most common CRFs are CRF01_AE, which is found primarily in south-east
Asia, and CRF02_AG, which predominates in West Africa causing up to 50-80 % of
the HIV infections in that region. Among intravenous drug users, CRF03_AB is
common in Eastern Europe and CRF07_BC and CRF08_BC in China, while
CRF06_cpx possibly represents as much as 20-50 % of all HIV infections in the West
African countries Togo, Burkina Faso, Niger and Nigeria. [2]
CRF01_AE has been associated with a faster disease progression compared to other
CRFs and subtype B in Singapore [113], as well as in Thailand compared to subtype B
infections in developed countries [114]. A Thai study on intravenous drug users found a
higher probability of transmission of CRF01_AE compared to subtype B, but could not
exclude that epidemiological, virological or host factors affected the results [115].
CRF02_AG has on the other hand not been associated with faster disease progression
compared with other CRFs and subtypes in western and west-central Africa [116].
However, according to a more recent study conducted in Guinea-Bissau, patients
infected with the A3/CRF02_AG (recombinant form between sub-subtype A3 and
CRF02_AG) progressed faster to AIDS compared to patients infected with sub-subtype
A3, suggesting that disease progression may vary among A-like subtypes/CRFs [117].
1.3

HIV-1 PHENOTYPE CLASSIFICATIONS

HIV-1 has since its discovery been classified into biological phenotypes in different
ways. Even though these classifications overlap with each other, they are not
synonymous [118], and ought therefore not to be used interchangeably.
1.3.1 Cell Tropism
In 1987, two genetically related but distinct HIV variants in the same patient were
isolated from brain tissue and cerebrospinal fluid, respectively. Both viruses could
infect peripheral blood mononuclear cells (PBMC), but only the virus from the brain
tissue could infect macrophages and monocytes, indicating that genetic variation of
HIV within a patient may lead to altered cell tropism of the patient’s viruses [119].
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Apart from in vivo observations, it could also be shown in vitro that HIV isolated from
PBMCs could be co-cultivated with differentiated macrophages or phytohemagglutinin
stimulated CD4+ T lymphoblasts [120]. HIV variants derived from monocytes could
infect both macrophages and CD4+ T lymphoblasts, while viruses derived from
lymphoblasts showed a sole preference for infecting T lymphoblasts [121]. Based on
these observations as well as other similar ones, HIV was classified into M-tropic
(macrophage- or monocyte-tropic) and T-tropic (T-cell-tropic) viruses, indicating that
HIV viruses could either be dualtropic for macrophages and T cells or have mixed
populations of M-tropic and T-tropic viruses coexisting simultaneously within the same
individual [122].
1.3.2 Growth Kinetics
Another classification, based on growth kinetic properties, was introduced by a
Swedish research group in 1989 [123]. Viruses derived from asymptomatic patients or
patients with minor symptoms replicated slowly and inefficiently in PBMC cultures
and could often not be passaged at all in CD4+ T-cell lines, while viruses from patients
with severe AIDS replicated rapidly and efficiently both in T cell lines and PBMC
cultures. Hence, the viruses were classified into slow/low and rapid/high, respectively,
and it was observed that a shift from one to the other could occur in a patient over time.
The slow/low viruses were exclusively M-tropic, while the rapid/high were both Mand T-tropic, based on the viruses’ abilities to infect indicator monocytoid and Tlymphoid cell lines, respectively [123].
1.3.3 Syncytium Inducement
The slow/low and rapid/high viruses also differed from each other by displaying
different cytopathogenic effects in cell culture [123]. The rapid/high dual T- and Mtropic viruses caused extensive syncytium formation in MT2 cell lines, which are
derived from T cells, while the M-tropic slow/low viruses rarely did so. This lead to the
classification of viruses into non-syncytium inducing (NSI) and syncytium inducing
(SI), resulting in the MT2 cell culture test being used as a prognostic assay to determine
the disease stage of the patient [124].
1.3.4 Coreceptor Use
That HIV-1 used the CD4 receptor for cell entry was found early on after the discovery
of the virus [53, 54, 125], but even then it was acknowledged that some other factor
was necessary to complete the entry process [126]. In 1996, it was established that
HIV-1 uses chemokine receptors as coreceptors in addition to CD4 to enter cells
(Figure 8), and these receptors could be either CCR5 [60-62] or CXCR4 [63, 64]. A
new phenotype classification was consequently introduced in 1998 [118], where viruses
using CCR5 were proposed to be called R5, while viruses using CXCR4 were to be
called X4. Dualtropic viruses [127] were denoted R5X4, and later as new HIV-1
coreceptors were added to the list [127, 128], they received similar abbreviations, such
as R3 for viruses using the C-C chemokine receptor type 3 (CCR3).
The new classification based on coreceptor use could more precisely describe the
biological properties of a viral isolate [118]. R5 viruses would not be syncytium
inducing (NSI), since MT2 cell lines lack CCR5 receptors, but they would be both M-
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and T-tropic, since both macrophages and T-cells express CCR5, and most likely
slow/low. X4 viruses on the other hand would be syncytium inducing (SI) due to the
expression of CXCR4 on MT2 cell lines, T-tropic, and rapid/high. Dualtropic R5X4
viruses would combine properties from both R5 and X4, and be SI, M-tropic and Ttropic, as well as likely rapid/high.

Figure 8. HIV-1 binding to the host cell, involving the primary receptor CD4 and the
coreceptors CCR5 or CXCR4. Adapted with permission from [129]. Illustrator: Taina Litwak.

1.4

HIV-1 ENTRY CORECEPTORS

The main coreceptors of HIV-1 are considered to be CCR5 and CXCR4, but the virus
may also utilize other receptors such as CCR1, CCR2b, CCR3, CCR4, CCR8, V28,
BoB (GPR15), Bonzo (STRL33) and Apj [128, 130-133].
1.4.1 CCR5
The natural ligands of chemokine receptors are chemotactic cytokines (chemokines),
which facilitate the chemotaxis of phagocytic cells and T cells to areas of inflammation.
The chemokines that naturally bind the CCR5 receptor are the β-chemokines RANTES
(Regulated on Activation Normal T cell Expressed and Secreted), MIP1α (Macrophage
inflammatory protein-1α) and MIP1β [134, 135]. RANTES is involved in
chemoattracting monocytes, memory T cells and eosinophils as well as in the
inducement of histamine release by basophils [134]. MIP1α and MIP1β both mediate
macrophage migration, but when it comes to other leukocytes, MIP1α primarily
mediates migration of B lymphocytes, activated CD8+ T cells, NK cells and
eosinophils, while MIP1β preferentially mediates migration of CD4+ T cells [136,
137]. All three chemokines are capable of blocking R5 virus infection in vitro [138],
but in vivo they can limit replication, but not hinder disease progression [139].
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CCR5 is substantially expressed on activated memory CD4+ T cells and GALT, as well
as on macrophages, monocytes, microglia (resident macrophage type in the central
nervous system), NK cells, dendritic cells and Langerhans cells (dendritic cells in
mucosal epithelia), which also express lower levels of CD4, making these cells target
cells for R5 viruses [140-147], which require both CD4 and CCR5 expression for cell
entry.
The CCR5 receptor is a member of the G protein-coupled receptor superfamily. It is a
7-transmembrane protein, composed of four intracellular and three extracellular loops
joined by hydrophobic membrane spanning domains, as well as an extracellular Nterminal and a cytoplasmic C-terminal domain [148]. A single potential N-linked
glycosylation site is present in the third extracellular loop (ECL3) [134], but it is not
posttranslationally modified [149], likely due to its proximity to the disulfide bridge
formed between the N-terminal and ECL3. Unlike most other G protein-coupled
receptors, no potential glycosylation sites are present in the N-terminal [134], which is
important for ligand binding [148] along with ECL2 [150].
Viruses with the R5 phenotype are generally the first to be present at the start of the
infection [131, 151-154], and have also been associated with transmission [30, 153157]. These variants are mainly T-tropic [154, 155, 157] and require high amounts of
CD4 on the host cell’s surface [156, 157], as opposed to R5 viruses that develop later
during the infection that have adapted to entering host cells with fewer CD4 molecules
on the surface, such as macrophages [153, 158], which play a role in HIV-1’s infection
of the central nervous system [158, 159].
A deletion of 32 base pairs in the gene coding for the CCR5 receptor, designated as
CCR5∆32, causes a premature stop codon in ECL2 of CCR5, leading to the retention of
the mutant CCR5 protein in the endoplasmic reticulum [160-162]. The allelic
frequency of this mutation is about 10 % in Caucasians [161, 162], and homozygous
individuals are strongly resistant to HIV infection [160, 161, 163], supporting the
importance of R5 viruses in transmission [30]. However, homozygosity is not an
absolute protection against infection [164-166], since a few homozygous individuals
were inferentially alleged to have been infected with X4 viruses [164-166].
Heterozygous individuals are also protected to some extent from infection [161, 162]
and disease progression [161, 163]. Even though homozygosity for CCR5∆32 does not
seem to result in any apparent detectable phenotypic consequences (apart from HIV
infection protection) in the affected individual [160-162], it has been found that
homozygotes are at an increased risk of symptomatic West Nile virus infection with
fatal outcome [167]. On the other hand, homozygous individuals are to some extent
resistant to acquiring non-HIV related non-Hodgkin lymphoma [168].
1.4.2 CXCR4
The natural ligand of the CXCR4 receptor is SDF-1 (Stromal cell-derived factor 1)
[169, 170], initially named owing to it being a bone marrow stromal cell derived factor
that enhances B cell proliferation [171]. It also acts as a chemoattractant to T
lymphocytes and monocytes, but not neutrophils [172]. SDF-1 is capable of blocking
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the infection of X4 viruses in vitro [169, 170], but seems not to have an inhibitory role
in vivo in patients with advanced disease, suggesting that the virus adapts to escape
antiviral chemokines [151].
The target cells of X4 viruses are primarily naïve CD4+ T cells [140, 141, 173, 174],
but CXCR4 is also expressed on other leukocytes, including memory CD4+ T cells,
GALT, Langerhans cells, and NK cells, which represent additional targets [140, 141,
145, 147, 174, 175]. In general, CXCR4 is expressed at various levels in nearly all
lymphocyte subsets, as compared to the more restricted CCR5 [174]. Macrophages and
monocytes also express CXCR4 [176, 177], but it remains hitherto unclear whether or
not X4 viruses are capable of productively infecting macrophages [178].
The CXCR4 receptor is also a member of the G protein-coupled receptor superfamily,
and is hence in many ways structurally similar to CCR5 [179]. Interestingly, the five
acidic amino acid residues Asp-972.63, Asp-1714.60, Asp-187 (ECL2), Asp-1935.32, and
Asp-2626.58 in CXCR4 that are found to be important for ligand binding [180, 181], as
well as infection with HIV [181], are replaced by the uncharged residues Tyr-892.63,
Gly-1634.60, Ser-179, Gln-1885.32, and Asn-2586.58 in CCR5 [179]. Also, the N-terminal
of CXCR4 has nine acidic residues as opposed to only three in the N-terminal of CCR5
[179]. Moreover, CXCR4 contains two potential N-linked glycosylation sites, one in
the N-terminal and one in ECL2, respectively, that are absent in CCR5 [182].
X4 viruses are believed to evolve from R5 viruses within a patient [126, 153], and
generally start to appear with disease progression [126, 131, 151-153], accompanied by
a rapid CD4 count decline [126, 131, 152]. If X4 viruses are the cause or the effect of
disease progression remains unclear [126, 183]. However, X4 viruses are easier to
neutralize compared to R5 viruses [183, 184], which could partially explain their
appearance when the immune system has sufficiently deteriorated [153, 183].
1.4.3 Dual Tropism
Dualtropic viruses that utilize both CCR5 and CXCR4 represent an intermediate intrapatient evolutionary state that arises when R5 viruses acquire enough mutations in
gp120 to allow the broadening and/or switch of coreceptor use [126, 185]. The
properties of dualtropic viruses vary, depending on whether or not they use CCR5 or
CXCR4 more efficiently [186, 187], sometimes denoted as Dual-R and Dual-X,
respectively [186]. Dual-R viruses have a closer resemblance to R5 viruses genetically,
while the same is true for Dual-X and X4 viruses [186, 187]. The terminology
dual/mixed (DM) often appears with regard to dualtropic viruses, indicating that it
cannot be distinguished whether the bulk of viral isolates contains truly dualtropic
variants or whether a mixture of R5 and X4 and possibly also dualtropic viruses is
present [183].
1.4.4 Other Coreceptors
As mentioned above, HIV-1 can utilize multiple other receptors as coreceptors in vitro
apart from CCR5 and CXCR4, but their role in vivo is likely marginal [41, 132, 183],
with the possible exception of CCR3, which may along with CCR5 play an important
role in the infection of microglia in the central nervous system [128, 144]. CXCR416

using viruses in advanced AIDS patients sometimes evolve the ability to use additional
coreceptors such as V28, CCR8, and Apj [132], but HIV-1 does not normally utilize
alternative coreceptors in vivo without also being able to use either CCR5 or CXCR4
[127, 132, 188].
1.4.5 Glycoprotein 120’s Interaction with Entry Coreceptors
The gp120 V3 region was found early on to be important in HIV-1 tropism and
syncytium-inducing capacity [189-194]. In most isolates, it is composed of 35 amino
acids forming a loop structure with the help of a disulfide bridge created by the cysteine
residues found at positions 1 and 35. The V3 loop tip consists of the GPG crown, which
is fairly conserved and forms a β-turn, whereas the flanking regions of the crown are
variable and together form the two strands of an antiparallel β-sheet [150, 195-197].
The crown plays an important role in the interaction of HIV-1 with the ECL2 of CCR5
[57, 179, 198] and ECL2 and ECL3 of CXCR4 [180, 199], while the N-terminal region
of CCR5 interacts with the V3 base [41, 179, 198, 200] and the adjoining bridging
sheet [57, 200].
The evolution from R5 viruses to X4 viruses involves various amino acid substitutions
[190-193, 201-206], in particular those that confer a change in the net charge, where a
higher net charge has been associated with CXCR4 use [190, 192, 193, 202, 203, 205,
206]. Hence, X4 viruses are also more heterogeneous in their V3 loop compared to R5
viruses [194, 205-207]. Furthermore, basic amino acid residues in positions 11, 24, 25
and 28 of the V3 loop have been coupled with CXCR4 use [190, 192, 201, 202, 205,
206]. The basic nature of the protruding V3 loop of X4 viruses has good electrostatic
compatibility with the acidic residues in the binding pocket of CXCR4 [179-181],
additionally supporting the importance of high V3 charge for CXCR4 use.
A potential N-linked glycosylation site, N301, is located in the V3 positions 6-8. The
loss of this site has been associated with a coreceptor switch from CCR5 to CXCR4
[208-210], as well as with an increased sensitivity to neutralization [210, 211].
Moreover, when this site was removed using site-directed mutagenesis in a dualtropic
isolate, it lost its CCR5-dependent fusion activity entirely, whereas 50 % of the wildtype CXCR4-dependent fusion activity was retained, emphasizing the importance of
this glycosylation site for CCR5 use [212].
Other regions of gp120 can also affect coreceptor use [199, 204, 208, 212-216], in
particular mutations and deletions in V1/V2 [199, 208, 214-216], while mutations in
the fusion peptide gp41 may have an impact on coreceptor use too [217].
1.4.6 Biological Coreceptor Use Determination
In order to determine coreceptor use biologically ex vivo, patient-derived HIV-1
isolates are tested on specific cell lines such as U87 and GHOST, which apart from
expressing CD4 are also transfected with CCR5, CXCR4, or other coreceptors of
interest [62, 183, 218]. Another way to determine coreceptor use ex vivo is by infecting
cell lines expressing both CCR5 and CXCR4 with patient-derived HIV-1 isolates while
alternately adding coreceptor antagonists such as the CCR5-inhibiting TAK799 and the
CXCR4-inhibiting AMD3100 [219, 220]. In more recent years, quite a few
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recombinant phenotypic assays for determining coreceptor use have been developed,
including the Trofile assay (Monogram Biosciences) [221]. Partial or full-length viral
env is amplified from patient plasma and used to create pseudoviruses or infectious
recombinant viruses. These are then tested for entry on indicator cell lines expressing
CD4 along with either CCR5 or CXCR4. The advantage of these assays is that it is
possible to distinguish between pure R5, pure X4 and dualtropic/mixed populations
[183]. Also, the enhanced sensitivity Trofile assay can detect minor X4 populations that
constitute as little as 0.3 % of the total quasispecies within a patient with 100 %
sensitivity [222, 223].
1.4.7 Coreceptor Use and HIV-1 Subtypes
CXCR4-using variants appear in about half of the AIDS patients infected with subtype
B [224, 225], but the prevalence in non-B HIV-1 subtypes varies. The subtype most
closely related to subtype B, HIV-1 subtype D, is also associated with increased
CXCR4 use [112, 186, 226], while several reports have suggested the same for
CRF01_AE [227-229]. The acquisition of CXCR4 use seems on the other hand less
likely in subtype C even at late clinical stages [207, 230-232], perhaps owing to the
requirement of more mutations for a coreceptor switch [233]. Then again, later studies
indicate that CXCR4 use in subtype C may not be as low as earlier reported [234-237],
which could be attributed to an evolving subtype C epidemic [183, 234, 235]. In
particular, the increase in CXCR4 use among treatment failure patients infected with
subtype C [234, 236, 237], is intriguing.
1.5

ANTIRETROVIRAL TREATMENT

Antiretroviral drugs target different steps of HIV-1’s replication cycle (Figure 9), and
are consequently divided into drug classes based on the step they target.
1.5.1 Drug Classes
The drug classes that make up the core components of HAART, the triple drug
combination given to HIV-1 infected patients in order to avoid the emergence of drug
resistance, are nucleoside reverse transcriptase inhibitors (NRTI), non-nucleoside
reverse transcriptase inhibitors (NNRTI) and protease inhibitors (PI). NRTIs target the
reverse transcription step by imitating natural dNTPs (deoxynucleoside triphosphates)
leading to their incorporation into viral DNA and thereby prematurely terminating the
chain, while NNRTIs target the same step by allosterically inhibiting the reverse
transcriptase enzyme. PIs, as implied by their name, block the maturation of HIV-1
virions by acting as competitive inhibitors to the protease enzyme. [238, 239]
First-line treatment usually consists of a combination of two NRTIs and one NNRTI or
one PI, while other drug classes are generally introduced in second- and third-line
treatments. If patient compliance desists, single mutations are enough to confer
resistance to NRTIs and NNRTIs [240, 241], while PIs are more forgiving and require
more mutations for resistance [242].
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Figure 9. Antiviral drug classes and HIV-1’s replication cycle. The antiviral drug classes are
boxed in white while host proteins interfering with the viral life cycle are boxed in grey.
Reproduced with permission from [238].

Newer drug classes target other steps of the viral replication cycle, such as the
integration and the entry step. IN strand transfer inhibitors (INSTIs) block the viral
DNA transfer activity of the integrase enzyme, thereby preventing integration of the
viral DNA into the host’s genome. Entry inhibitors can be divided into two subclasses:
fusion inhibitors, which disrupt the six-helix bundle that brings together the viral and
host membranes and in so doing prevents fusion, and coreceptor inhibitors. [238, 239]
1.5.2 Coreceptor Inhibitors
Coreceptor inhibitors are meant to block CCR5 or CXCR4, thereby precluding the
binding of HIV-1. No CXCR4 inhibitor has been licensed for clinical use to date [243].
The synthetic small molecule CXCR4 inhibitors AMD3100 and the orally bioavailable
AMD11070 were quite well tolerated, but did not show an antiviral effect in the form
of a significant decrease in viral loads in clinical trials, although a reduction of the
amount of X4 viruses in the patients was seen [244-246], indicating the potential
usefulness of giving CXCR4 inhibitors in conjunction with CCR5 inhibitors [243, 246].
Further clinical development of AMD11070 has however been halted due to potential
hepatotoxic effects observed in long-term animal studies [246].
Substantially more CCR5 inhibitors have been in development compared to CXCR4
inhibitors, but only one, maraviroc (Figure 10), has been licensed by FDA for clinical
use [243, 247]. The existence of individuals lacking the CCR5 receptor due to the
CCR5∆32 deletion, but without any significant health impacts, suggested the safety of
blocking CCR5 for clinical use. At first, modified natural ligands were tested, but
owing to their poor oral bioavailability, the research focus shifted to generating smallmolecule antagonists instead, which are given the suffix “viroc” in their names
meaning “viral receptor occupancy” [243]. These antagonists allosterically alter
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CCR5’s conformation, resulting in the inability of HIV-1 to bind to the coreceptor
[179, 243]. Some examples of developed CCR5 inhibitors apart from maraviroc are
vicriviroc, which did not show significant efficacy in phase III clinical trials [248],
aplaviroc, which was shown to be hepatotoxic in phase III clinical trials [249], and
cenicriviroc, which is currently being tested in phase IIb clinical trials [243, 250].
1.5.3 Maraviroc
Figure 10. Schematic overview of how maraviroc blocks the
entry process of HIV-1. Adapted with permission from [129].
Illustrator: Taina Litwak.

Maraviroc (Selzentry®) was approved by FDA for use in
treatment-experienced adult HIV-1 infected patients in
combination with other antiretroviral drugs in 2007 [247].
The license was extended to include treatment-naive
patients in 2009 [243]. Maraviroc is administered on a
twice daily dosing schedule and is well tolerated [129,
243].
Despite its approval for first-line treatment, maraviroc is
mainly given as a second-line drug, due to several
limiting factors. The twice daily dosing regimen prevents the co-formulation of
maraviroc with other first-line drugs such as Truvada® and Epzicom®, which combine
several drugs in one tablet administered only once per day. Reducing the amount of
drugs given to patients daily has a significant impact on compliance, resulting in
endeavours to limit first-line treatment to one-tablet-a-day dosing schedules. [243]
Another limiting factor is the requirement of an HIV-1 coreceptor use test to be
performed before administering the drug, since the prior existence of CXCR4-using
variants in the patient may lead to limited efficacy of the drug as well as drug resistance
through the selection for these variants [251, 252]. In the U.S., biological determination
of coreceptor use is recommended to be performed with the expensive and fairly timeconsuming enhanced sensitivity Trofile® assay, which requires a minimum plasma
HIV-1 RNA level of ≥ 1,000 copies/ml [221, 243, 253]. Genotypic assays, which
attempt to predict coreceptor use from HIV-1 sequences, are however the preferred
coreceptor use determining method in Europe, in particular those utilizing the
Geno2Pheno algorithm with a false-positive rate of 10 % [254], which when tested
retrospectively on material from clinical trials correlated well with the clinical outcome
of maraviroc treatment [255].
Apart from drug resistance acquired through the development and/or selection for preexisting CXCR4-using viruses [251, 252], resistance to maraviroc can also arise
through the emergence of HIV-1 R5 variants associated with particular mutations in V3
that can utilize the new drug-bound CCR5 conformation [243, 256]. Interestingly, such
variants do however retain full susceptibility to other CCR5-inhibitors [256].
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1.5.4 Antiretroviral Treatment Program in Botswana
As mentioned earlier, the national antiretroviral treatment program in Botswana was
introduced in 2002 [33]. At the time, the standard first-line treatment consisted of two
NRTIs, zidovudine (AZT) and lamivudine (3TC), together with one NNRTI, either
nevirapine (NVP) or efavirenz (EFV), while second-line treatment usually consisted of
two other NRTIs, didanosine (ddI) and stavudine (d4t), and one PI, nelfinavir (NFV)
[257]. The latest guidelines from 2012, however, recommend the following regimens:
two NRTIs, tenofovir disoproxil (TDF) and emtricitabine (FTC), together with one
NNRTI, EFV, often given as one tablet (Atripla®), as first-line treatment (alternatively,
the Truvada® tablet can be used, which contains the same drugs, but replaces FTC with
3TC), and two NRTIs, AZT and 3TC, together with one PI combined with a booster,
lopinavir/ritonavir (LPV/r), as second-line treatment [258]. Drug resistance testing is
routinely performed only after the patient has failed second-line treatment [258].
1.6

CORECEPTOR USE PREDICTION MODELS

Coreceptor use prediction models, as the name implies, use patient-derived HIV-1
gp120 V3 sequences to predict the coreceptor use of the HIV-1 variants harboured
within a patient. Most models do not distinguish between dualtropic and X4 variants,
categorizing them together as CXCR4 users instead.
1.6.1 Simple Rule Algorithms
Algorithms based on simple rules appeared even before the discovery of HIV-1’s
coreceptors, and were used to distinguish between slow/low, M-tropic NSI and
rapid/high, T-tropic SI variants, as they were classified at the time, and have since then
been inferentially translated to coreceptor use phenotypes. The most prominent of
these is the 11/25 rule, which classifies sequences as CXCR4-using if they contain a
positively charged amino acid (arginine or lysine) in position 11 of the V3 loop and a
neutral amino acid in position 25, or just a positively charged amino acid in position 25
[190]. Another simple rule algorithm derived from the observations of high V3 charge
in CXCR4 use [190, 192, 193, 202, 203, 205, 206], classifies sequences with a total V3
charge of ≥ 5 as CXCR4-using.
1.6.2 Learning Algorithms
As the field of bioinformatics evolved, the use of learning algorithms became common
for predicting coreceptor use. Learning algorithms are machine-learning methods that
have been fed sequences with known coreceptor use, based on which scores are
created. These scores represent how similar the tested sequences are to CXCR4-using
or non-CXCR4-using sequences that were used to create the algorithm. The scores can
be visualized on a scale where different false positive rate cut-off points may be chosen
to denote what scores will be used to classify sequences as CXCR4-using. Examples of
learning algorithms are SVM (support vector machine) [259], PSSM (position specific
scoring matrix) [260], and Geno2Pheno [coreceptor] [261], which is available with
different false positive rate cut-offs, where the 10 % is recommended by the European
Consensus Group on clinical management of HIV-1 tropism testing [254].
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1.6.3 Complex Rule Algorithms
Complex rule algorithms combine a set of rules into a decision tree. Several have
become available recently that have been developed for specific subtypes. One of them
is CoRSeqV3-C (Figure 11) [262], which is meant to be tested on subtype C
sequences. Other examples are algorithms developed for subtype D [263] and
CRF01_AE [264] by Raymond et al. that are based on 11/25 and net charge rules, as
well as the mutations of the V3 N-linked glycosylation site.
Figure 11. The decision tree of
CoRSeqV3-C showing how
CXCR4-using sequences are
classified based on specific V3
amino acids and total charge.
Reproduced with permission
from [262].
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2 AIMS
The general aim of this thesis was to investigate amino acid predictors of HIV-1
coreceptor use in different subtypes and apply the obtained knowledge to antiretroviral
treatment.
The more specific aims of each paper were:
Paper I: To investigate in HIV-1 groups and subtypes if the occurrence of potential Nlinked glycosylation sites in and around the gp120 V3 loop may be correlated with
specific coreceptor use, in particular if N301 is associated with CCR5 use, using all
available sequences from the Los Alamos HIV Sequence database and allowing only
one sequence per patient.
Paper II: To characterize charged V3 amino acids in R5 and X4 sequences belonging
to the major HIV-1 subtypes and describe the coreceptor switch from R5 to X4 from
this perspective, using all available sequences from the Los Alamos HIV Sequence
database and allowing only one sequence per patient.
Paper III: To investigate if there is an increase in CXCR4-using viruses in HIV-1
subtype C patients failing antiretroviral treatment in Botswana compared to treatmentnaïve individuals using population sequencing, as well as to further assess the
coreceptor use of minor HIV-1 quasispecies in treatment-experienced patients using
single genome sequencing.
Paper IV: To compare the performance of current available coreceptor use prediction
algorithms in major HIV-1 subtypes from a CCR5 inhibitor treatment perspective, as
well as to determine if the “analytical” glycan-charge model, based on observations
from papers I and II, can complement existing prediction algorithms, using all
available sequences from the Los Alamos Sequence database and allowing one
sequence per patient per phenotype.
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3 MATERIALS AND METHODS
3.1

MATERIALS

3.1.1 Sequences from the Los Alamos HIV Sequence Database
(Papers I, II and IV)
In paper I, the dataset consisted of 176 sequences retrieved from the Los Alamos HIV
Sequence database. The sequences were from unique patients and spanned the gp120
V3 loop and flanking regions. The coreceptor use of each sequence was determined
biologically and among the 176 sequences, 133 used CCR5, 29 used CXCR4 and 14
were dualtropic. Most of the sequences belonged to HIV-1 group M (n = 171), but
group O (n = 4) and N (n = 1) sequences were also included. The group M sequences
included subtypes A (n = 22), B (n = 62), C (n = 28), D (n = 12), G (n = 5) and U (n =
1), the circulating recombinant forms CRF01_AE (n = 20) and CRF02_AG (n = 11), as
well as other recombinants, namely AC (n = 4), AD (n = 1), A1DGJ (n = 1), AU (n =
1), BC (n = 1) and BF1 (n = 2).
In paper II, the primary dataset consisted of 528 sequences retrieved from the Los
Alamos HIV Sequence database, out of which 482 were R5 and 46 X4 sequences. The
sequences were from unique patients, had biologically determined coreceptor use,
spanned the gp120 V3 loop, and belonged to HIV-1 group M subtypes A (n = 48), B (n
= 231), C (n = 180), D (n = 37) and the circulating recombinant form CRF01_AE (n =
32). A secondary dataset, which was used only for within phenotype analyses,
consisted of an additional 12 R5 and 9 X4 sequences, resulting in a total of 494 R5 and
55 X4 sequences. Thus, in the secondary dataset, one patient could have a maximum of
two sequences included: 1 R5 and 1 X4.
In paper IV, the dataset consisted of 1,273 sequences retrieved from the Los Alamos
HIV Sequence database. One sequence per individual per phenotype was included. The
sequences spanned the gp120 V3 loop and had biologically determined coreceptor use.
The dataset contained 1,046 R5, 141 R5X4, and 86 X4 sequences belonging to HIV-1
group M subtypes A (n = 93), B (n = 607), C (n = 352), D (n = 84) and the circulating
recombinant form CRF01_AE (n = 137).
3.1.2 Patient Samples from Botswana (Paper III)
In paper III, blood samples were collected from all adult patients experiencing secondline treatment failure in Botswana’s national antiretroviral treatment (ART) program
over a two-month period (May to June) in 2006. In all, twenty-four patients were
identified, and both sexes were represented in the material. The patients were infected
with HIV-1 subtype C and were on treatment for a minimum of one year (the exact
duration of treatment was unavailable). Virological failure was determined as two
consecutive viral load measures above 1,000 RNA copies/mL, which enabled drug
resistance genotyping. Drug resistance profiles were available for twelve of the
patients.
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Twenty-six treatment-naïve patients infected with HIV-1 subtype C were selected as
controls from a previously described cohort with samples collected in 2003 [265],
rendering it likely that the treatment failure patients were started on treatment at a time
point similar to the collection date of the treatment-naïve control samples, since the
national ART program in Botswana was initiated only a year earlier [33, 257].
Furthermore, the probability of finding treatment-naïve patients with low CD4 counts
would be greater in a cohort from an earlier time point, since the national guidelines for
treatment commencement were different at the time. The inclusion criteria for the
controls were an available sequence spanning the envelope gp120 V3 loop and a CD4
count of ≤ 250 cells/µL, which would have made these patients eligible for treatment in
2006, and hence increased the likelihood of the CD4 counts being similar in the patient
and control groups.
3.2

METHODS

3.2.1 Selection of Sequences from the HIV Sequence Database
(Papers I, II and IV)
In paper I, the selection tool on the Los Alamos HIV Sequence database website
(http://www.hiv.lanl.gov/) was used to collect and sort the material. Initially, 1,015
sequences spanning the gp120 V3 loop, comprising all HIV-1 groups, group M
subtypes, sub-subtypes and circulating recombinant forms with a reported coreceptor
use that were available in the database as of October 2004, were retrieved.
Subsequently, since there were multiple sequences in the dataset belonging to the same
individuals, one sequence per patient was selected randomly using lottery, without
regard to the coreceptor use phenotypes present. Sequences lacking a patient identity
code or listed with coreceptor use phenotypes other than R5, X4 or dualtropic R5X4,
were discarded.
The selection process in paper II was similar to that of paper I, but differed in some
aspects. Initially, all V3 sequences with reported exclusive CCR5 or CXCR4 use in
HIV-1 group M subtypes A, B, C, D, and CRF01_AE as of June 16th 2009 were
retrieved from the database, resulting in a total of 3,307 sequences. One sequence per
patient was chosen using random number generators diminishing the number of
sequences to 724. The original articles were then perused to confirm that the reported
coreceptor use of the sequences was determined biologically, decreasing the amount of
sequences further to 482. During this scrutiny, additional sequences were added from
the original articles that were either not reported to the database at all or were not listed
in the database’s initial selection, resulting in a total of 528 sequences, which
constituted the primary dataset. The secondary dataset allowed the use of one sequence
per patient per phenotype. Consequently, the material was expanded to include
additional sequences belonging to patients in the primary dataset that had sequences of
both phenotypes. The additional sequences in the secondary dataset had sequences
belonging to the other phenotype of these patients that was not selected in the primary
dataset, resulting in a total of 549 sequences.
The dataset selection process in paper IV was identical to that of paper II, with the
exception of also including exclusive dualtropic R5X4 sequences, and allowing one
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sequence per patient per phenotype in the whole material. Initially, 7,878 sequences
were retrieved, representing all V3 sequences with reported exclusive R5, X4 or
dualtropic phenotype in HIV-1 group M subtypes A, B, C, D, and CRF01_AE as of
October 9th 2013. After the completion of the rigorous selection process (Figure 12),
1,273 sequences remained, derived from 123 original articles.

Figure 12. The sequence selection process in paper IV. *If available, 1 R5 and 1 R5X4 or X4
was allowed per patient. Reproduced from paper IV.

3.2.2 Population Sequencing (Paper III)
In paper III, population sequencing was performed on the samples obtained from the
24 patients failing treatment in order to obtain sequences for evaluating coreceptor use.
DNA was extracted from 200 µL of buffy coat using the QIAamp Blood kit (Qiagen,
Chatsworth, CA), eluted in 200 µL and stored at – 20ºC until ready for use. Sequences
corresponding to the HIV-1 gp120 V3 region as well as flanking C2-C3 regions were
amplified using two rounds of nested PCR consisting of 40 cycles each [266]. The
primers used in the first round were JA167 and JA170, while JA168 and JA169 were
used in the second round [267].
The PCRs were run in tubes and the results were visualized using gel electrophoresis,
followed by the purification of the positive PCR products using the QIA quick PCR
purification kit (QIAGEN, GmbH, Hilden, Germany). Ten ng/µL (Nanodrop) of the
purified PCR product was used in a 20 µL Big Dye terminator 3.1 (Applied
Biosystems, Foster City, CA) sequencing reaction, followed by the transfer of the tubes
to Eurofins MWG Operon, Ebersberg, Germany for sequencing.
The sequences were then edited and assembled into overlapping fragments using the
software program Sequencher (Gene Codes Corporation, Ann Arbor, MI). Each
sequence was analyzed for ambiguities at the nucleic acid level for the inclusion into
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phylogenetic trees. Additionally, majority rule was applied to the V3 region at the
amino acid level for genotypic assay coreceptor use analysis.
Population sequences from the control patients were retrieved from the Los Alamos
HIV Sequence database with the help of the accession numbers listed in Ndung’u et al.
[265].
3.2.3 Single Genome Sequencing (Paper III)
In addition to population sequencing, single genome sequencing was also performed on
the samples from the 24 patients failing treatment in paper III, in order to further
assess the coreceptor use of minor HIV-1 quasispecies. The procedure was mostly the
same as for population sequencing, but with several additional steps and alterations.
A limiting dilution PCR was performed prior to the regular nested PCR in order to
determine the dilution that would most likely generate PCR products from single
quasispecies. The limiting dilution PCR was run in four-fold dilutions of the sample
DNA with four replicas of each dilution, starting at 1:8, in MicroAmp Optical 96-well
reaction plates (AB Applied Biosystems, Singapore). Based on the Poisson theory of
random distribution, a yield of approximately a third positive PCR reactions likely
represents single proviruses [268-270]. Hence, a dilution was estimated from the
positive PCR products in the limiting dilution PCR that would likely generate ≈ 25 %
positive reactions. This dilution was then used to run regular PCR, also in MicroAmp
Optical 96-well reaction plates, in the hope of amplifying single viral genomes.
Finally, a sequence would be regarded as a single V3 genome only if ambiguities were
completely absent from V3. If no more than one ambiguity was present, the sequence
would represent two single V3 genomes and both would be included for the coreceptor
use determination and phylogenetic analysis. Ambiguities in the flanking regions were
nevertheless allowed, meaning that each molecular clone would be V3 unique, but
could consist of multiple variants sharing the same V3 nucleotide sequence. Sequences
that contained more than one ambiguity in V3 were discarded.
3.2.4 Phylogenetic Analysis (Paper III)
Phylogenetic trees were created in paper III to illustrate that the generated sequences
belonged to separate patients, as well as to evaluate within patients that harboured both
R5 and CXCR4-using sequences how the coreceptor use phenotypes were related to
each other.
All generated sequences were aligned using Clustal X version 1.81
(www.clustal.org/clustal2/) and manual adjustments to the alignment were then carried
out in the Bio Edit Sequence Alignment Editor (www.mbio.ncsu.edu/BioEdit/
BioEdit.html). Maximum likelihood phylogenetic trees were generated with bootstrap
values based on 1,000 data set replicates using Phylip version 3.69 (http://evolution.
genetics.washington.edu/phylip.html), specifically with the “dnaml,” “seqboot,” and
“consense” programs. Outgroup rooting was utilized on the phylogenetic tree
containing all patient sequences (Figure 13) using the group O sequence MVP5180
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with the accession number L20571. Midpoint rooting was utilized on the phylogenetic
tree where the R5 and CXCR4-using sequences of specific patients were evaluated.

Figure 13. Example of phylogenetic analysis, illustrated using the phylogenetic tree of all
patient sequences in paper III. The curly brackets indicate separate patients. Bootstrap values
are given in percentages. Reproduced with permission from paper III.
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3.2.5 V3 Charge and N-Linked Glycan Site Determination (Papers I to IV)
In papers I-IV, total charge of V3 sequences was calculated. The premises for these
calculations are that the amino acids lysine (K) and arginine (R) each have a charge of
+1, aspartic acid (D) and glutamic acid (E) each have a charge of -1, while histidine (H)
has a charge of +0.1 under physiological conditions.
In papers I, III and IV, potential N-linked glycosylation sites, or sequon motifs, were
identified in sequences. The sequons were governed by the amino acid order
asparagine-X-threonine/serine-Y (N-X-S/T-Y) [271], where X can be any amino acid
except proline (P) in the threonine (T) context [272, 273] and also not tryptophan (W),
aspartic acid (D), or glutamine (Q) in a serine (S) context [274]. For the Y position,
only proline would completely hinder the glycan addition through steric hindrance in
both contexts [272, 273].
3.2.6 Coreceptor Use Phenotype Prediction (Papers III and IV)
In papers III and IV, available phenotype prediction algorithms were used to evaluate
the coreceptor use of sequences. The Geno2pheno [coreceptor] learning algorithm
[261] with a false positive rate cut-off of 10 % (http://coreceptor.bioinf.mpiinf.mpg.de/index.php) was used as the primary coreceptor use determination method in
paper III, since this is the recommended method by the European Consensus Group on
clinical management of HIV-1 tropism testing [254].
Geno2pheno with different cut-offs was also one of the evaluated methods used in
paper IV, along with the learning algorithms PSSM (http://indra.mullins.microbiol.
washington.edu/webpssm/) [260] and SVM (http://genegames.org/wetcat/v3.html)
[259], and the simple rule algorithms 11/25 [190] and the total charge rule (see section
“1.6.1 Simple rule algorithms” for more detailed descriptions). Complex rule
algorithms were also evaluated and consisted of C4.5, C4.5-8-12 and PART (http://
genegames.org/wetcat/v3.html) [259], as well as the more recent subtype-specific
CoRSeqV3-C (Figure 11) [262] and Raymond et al.’s prediction models for subtype D
[263] and CRF01_AE [264] (see section “1.6.3 Complex rule algorithms” for more
detailed descriptions).
3.2.7 Statistical Methods (Papers I to IV)
Various statistical methods were utilized in papers I-IV. In paper I, two-tailed
Fisher’s exact test was used to compare the significance of the presence or lack of
specific glycosylation sites in conjunction with CCR5, CXCR4 or dualtropic use, and a
one-tailed test in the analysis of total net charge between R5 and X4, and R5 and
dualtropic sequences, respectively.
In paper II, the median test was used to compare the difference in charge between R5
and X4 strains in different subtypes. Also, the Wilcoxon signed rank test was used to
compare the impact of positions 11 and 25 versus other positions in charge acquisition
in the X4 phenotype in each subtype, and the unstructured mixed repeated effect’s
model was used for the same comparison, but in all subtypes pooled together.
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In paper III, two-sided Fisher’s exact test was applied when comparing the outcome
between the treatment-naïve and treatment failure group, using the same method
(population sequencing), while the two-sided exact sign test was applied when
comparing different methods (population versus single genome sequencing) within the
treatment failure group only. Also, two-sided Student’s t-test was applied when
comparing the genetic distances from the root of the phylogenetic tree between R5 and
CXCR4-using strains.
In paper IV, sensitivity, specificity, positive predictive values and negative predictive
values were calculated for all coreceptor use phenotype prediction algorithms from a
CCR5 inhibitor usage perspective, i.e. sequences were classified into CXCR4-using
and non-CXCR4-using, with detected CXCR4 use designated as a positive test.
3.2.8 Ethical Considerations (Paper III)
All patients enrolled in paper III provided informed consent. The study was approved
by the ethical committee in Botswana with the registration numbers HRU-13/18/1 Vol
II (5), HRU-13/18/1 Vol VI (37), and PPME-13/18/1 Vol I (89), as well as by the
regional board of ethical vetting in Stockholm with the registration number
2008:2007/1496-31/3.
Papers I, II and IV used publically available sequences from the Los Alamos HIV
Sequence database, and hence did not require ethical approvals.
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4 RESULTS AND DISCUSSION
4.1

V3 GLYCAN AND CORECEPTOR USE (Paper I)

The main aim of paper I was to study the occurrence of potential N-linked
glycosylation sites in and around the gp120 V3 loop in 176 individually unique
sequences covering the majority of HIV-1 groups, subtypes, and recombinant forms,
and investigate if any of these glycan sites could be related to coreceptor use, in
particular N301 to CCR5 use. Eight potential N-linked glycosylation sites were
examined (Figure 14), but only the fifth site, N301, which is located in the V3 loop,
showed a correlation with coreceptor use, namely with CCR5 use as compared to
exclusive CXCR4 use (P = ≤ 4.6 x 10-12).

Figure 14. Eight potential N-linked glycosylation sites and their frequencies in the studied V3
sequences. The position of each glycosylation site is underlined on the HXB2R reference
sequence, and the presented amino acids have the numbering 228-327 in gp160. The bars
display in percentages in how many sequences each glycan site was present, respectively. The
filled bars represent R5 sequences, the hatched dualtropic (R5X4), and the empty bars X4
sequences. The number of present/absent glycosylation motifs is given above each bar.
Reproduced with permission from paper I.

As can be seen from Figure 14, only 5 out of 133 R5 sequences lacked the V3
glycosylation motif. Moreover, the particular NNT motif was conserved within the R5
sequences of the known HIV-1 group M subtypes in all sequences except one
(120/121; 99.2 %). Interestingly, the 3 group M R5 sequences that lacked the V3
glycosylation site, had the amino acid motifs TNT, HNT, and NNA, respectively,
thereby differing only by 1 nucleotide each from the NNT motif.
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The loss of the V3 glycosylation site had in previous studies been associated with a
coreceptor use phenotype switch from R5 to X4 [208-210]. The findings in paper I are
in agreement with previous results, but emphasize the importance of the V3 glycan for
CCR5 use in HIV-1 group M. A site-directed mutagenesis study targeting the V3
glycan in a dualtropic isolate likewise emphasized the importance of the V3 glycan for
CCR5 use, while the effect on CXCR4 use was moderate [212]. Interestingly, when a
revertant mutant virus acquired changes in the V3 loop resulting in an increase in net
charge, it regained full use of CXCR4 [212]. Hence, the loss of the glycan in itself may
not be enough to attain CXCR4 use, since additional changes in the form of the
acquirement of positively charged amino acids to increase the total V3 charge seem
necessary [41, 212, 260]. Furthermore, it has been observed that the presence or
absence of the V3 glycan did not influence the replication ability of X4 viruses in
permissive cells [275].
Intriguingly, a later structural study [57] of how the CCR5 N-terminal domain interacts
with HIV-1 gp120, pointed out the importance of Asn302 (the middle amino acid
position of the V3 glycosylation motif). Asn302 interacts with the sulfotyrosine Tyr14
on the N-terminal of CCR5, and the modification of a single nitrogen, leading to the
transformation of Asn302 to Asp302, ablates recognition of CCR5 [57]. A similar
modification of the nearby Asn300, which is not part of the V3 glycosylation motif, had
little impact on the interaction with CCR5 [57]. This could explain the conservation of
the particular NNT motif in the known HIV-1 group M subtypes found in paper I.
Of additional interest is that CCR5 lacks two potential N-linked glycosylation sites, one
in the N-terminal and one in ECL2, respectively, that are present in CXCR4 [182].
Elimination of these glycans in CXCR4 broadens its coreceptor capacity to include
several R5 strains, without affecting entrance of X4 strains [182].
Moreover, R5 viruses have been found to be less sensitive to neutralizing antibodies
than co-existing CXCR4 viruses [183, 184]. Hence, yet another observation supporting
the importance of the V3 glycan for CCR5 use is that the loss of this site results in
increased sensitivity to neutralization [210, 211].
Consequently, the correlation of the V3 glycan with CCR5 use obtained in paper I in a
material collected globally and spanning practically all HIV-1 groups and subtypes,
strengthens the results obtained by previous and newer studies, by displaying their
validity in a worldwide and subtype context.
4.2

V3 CHARGE AND CORECEPTOR USE (Papers I and II)

In paper I, the role of the V3 loop net charge in relation to coreceptor use phenotype
was also evaluated, and as expected, the net charge of R5 viruses (median charge +3.0)
was lower than that of X4 (median +5.9) (P = 8.8 x 10-12) and dualtropic viruses
(median +5.5) (P = 0.002). In addition, a breaking point at a charge of +4.2 was
established, below which there were no X4 sequences and above which there were only
10/133 (7.5 %) R5 sequences. Hence, using net charge above +4.2 to distinguish the X4
phenotype had a sensitivity of a 100 % in the examined material, emphasizing the role
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of high V3 net charge for X4 viruses established in previous studies [190, 192, 193,
202, 203, 205, 206].
The main aim of paper II was to characterize the underlying amino acid components
that result in increased V3 charge in X4 sequences as opposed to R5 sequences in the
major HIV-1 subtypes, and from this perspective to describe the coreceptor switch from
R5 to X4. Dualtropic sequences were not included in this material in order to ascertain
that the observed amino acid properties would pertain to either CCR5 or CXCR4 use.

Figure 15. The charged amino acid distributions in the R5 phenotype in different HIV-1
subtypes. The V3 loop position numbering is indicated at the top. Consensus sequences for
each subtype derived from the Los Alamos HIV Sequence database are displayed in black.
When the consensus sequences based on the material differed from that of the database, they
were additionally displayed in italics. The total charge of each consensus sequence is indicated
in the charge column. Charged amino acids are bold, the charged amino acid positions
conserved in all subtypes are shaded, and the subtype-specific ones are boxed, with positively
charged being red and negatively charged being blue. The proportion of the most common
amino acid is indicated with a percentage vertically below it, followed by the second most
common amino acid. n = number of sequences; * = frequency of the second most common
amino acid was equal to the first. Reproduced with permission from paper II.
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Both generally conserved and subtype-specific positively and negatively charged amino
acid positions were observed in the R5 phenotype (Figure 15). Interestingly, the same
positions were discerned in the X4 sequences despite their heterogeneity. Nevertheless,
the X4 sequences had a higher net charge than R5. This was attributed to the
acquisition of positively charged amino acids other than the subtype-specific and
generally conserved ones, and the loss of negatively charged amino acids.
The presence of positively charged amino acids at the V3 loop positions 11 and 25 have
in multiple studies been found to be important markers of the X4 phenotype [190, 192,
201, 202, 205, 206]. In paper II, the proportion of acquired positively charged amino
acids at positions 11 and 25 versus other positions that were not subtype-specific or
generally conserved ones were calculated. For all five subtypes, only 41/161 (25 %)
acquired positively charged amino acids were at positions 11/25, while 120/161 (75 %)
were at other positions (P < 0.0001, Wilcoxon signed rank test). Moreover, less than
half of the X4 sequences (26/55, 47 %) followed the 11/25 rule [190]. Besides, when all
subtypes were pooled together the impact of other positions that were not subtypespecific or generally conserved ones on the overall gain in charge was greater than the
impact of positions 11 and 25 (P = 0.0001, mixed repeated effect’s model). Similarly,
other positions had an equal or greater impact in individual sequences on overall charge
increase compared with positions 11 and 25 in 73 % of the total X4 sequences.
Consequently, the observations in paper II of less position-dependent acquisition of
positive charge provide a simple and plausible explanation for the evolution of X4 from
R5, decreasing the fundamental role of the 11/25 positions. The importance of the basic
character of the V3 loop in X4 viruses described in paper II is further strengthened by
its electrostatic compatibility with the acidic residues in the binding pocket of CXCR4
observed in mutagenesis and structural studies [180, 181].
4.3

GLYCAN-CHARGE MODEL (Papers I to IV)

The V3 sequence properties associated with coreceptor use that were observed in
papers I and II were used to construct a model for discriminating between different
coreceptor use phenotypes, referred to as the glycan-charge model (Table 1).
According to the glycan-charge model, R5 sequences are characterized by the presence
of the V3 glycosylation site N301 and low V3 charge, while X4 sequences are
characterized by high V3 charge, regardless of the presence of the V3 glycan.
Consequently, based on these premises the dualtropic sequences should combine the
R5 property of having the glycan with the X4 property of high V3 charge.
As mentioned above, a charge cut-off of +4.2 below which there were no X4 sequences
was noted in paper I. This cut-off was used in the glycan-charge model (Table 1a) to
define the lower charge limit of the dualtropic group, while the higher charge limit was
defined using the highest V3 charge (+6.1) among the dualtropic sequences in paper I.
However, within these values, R5 and X4 sequences could be found too. Hence, this
group is designated as mixed, since the model cannot distinguish between R5, R5X4
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and X4 when the charge of the V3 sequences falls into this category and the glycan
motif is concurrently present.
Table 1a. Glycan-charge model based on paper I.
Envelope Glycoprotein 120 V3 Region Charge
< 4.2

≥ 4.2 – 6.1 ≤

> 6.1

Glycan N301 +

R5

R5, R5X4, X4

X4

Glycan N301 –

Undetermined

X4

X4

Table 1b. Subtype-specific versions of the glycan-charge model based on paper II.
Envelope Glycoprotein 120 V3 Region Charge
Subtype A

< 5.3

≥ 5.3

≥ 5.3

Subtype B

< 3.3

≥ 3.3 – 7.1 ≤

> 7.1

Subtype C

< 5.0

≥ 5.0 – 5.1 ≤

> 5.1

Subtype D

< 5.0

≥ 5.0 – 6.2 ≤

> 6.2

CRF01_AE

< 4.0

≥ 4.0 – 5.0 ≤

> 5.0

Glycan N301 +

R5

R5, R5X4, X4

X4

Glycan N301 –

Undetermined

X4

X4

The tables are adapted from paper IV.

The characterization of charged V3 amino acids in different coreceptor use phenotypes
described in paper II allowed the modification of the glycan-charge model by the
application of subtype-specific charge cut-offs. However, no dualtropic sequences were
included in paper II, so the charge cut-offs of the mixed group were defined using the
range between the X4 sequence with the lowest V3 charge and the R5 sequence with
the highest V3 charge for each studied subtype and recombinant form. In the subtype A
sequences there was no overlap between the charge of R5 and X4 sequences, and hence
the mixed group could not be distinguished from the X4 group by using charge cutoffs.
When V3 sequences lacking the V3 glycan are encountered with a charge too low to be
classified as CXCR4-using, they are classified as “undetermined,” since they cannot be
explained using the glycan-charge model. Such sequences are however rare, and in
almost all cases their actual biological coreceptor use phenotype is R5. A theoretical
explanation to the presence of such sequences could be that they were derived from
plasma samples, where uninfectious or defective viruses also may circulate. Another
explanation could be that sequences lacking the glycan might still be able to use CCR5
when the charge is too low for CXCR4 utilization, but that those viruses would
probably be outcompeted in vivo by R5 viruses containing the V3 glycan, since those
variants would be better at evading the immune system [210, 211], which could also
account for why sequences belonging to the “undetermined” category are rarely
encountered.
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The glycan-charge model attempts to describe coreceptor use based on biological
properties. In order for it to be of clinical use, however, it needed to be converted into
an algorithm form that would categorize sequences into CXCR4-using and nonCXCR4-using, which is achieved by classifying the mixed group category as CXCR4using, even though this entails the risk of at times generating false positive results,
since the mixed group normally also may contain pure R5. As the glycan-charge model
is based on biological properties, the algorithm derived from it was classified as an
“analytical” one. This algorithm was evaluated along with other algorithms for
coreceptor use prediction in paper IV. A subtype C-specific version of the glycancharge model algorithm was also applied on sequences from treatment failure patients
in paper III.
4.4

CORECEPTOR USE PHENOTYPE DISTRIBUTION IN DIFFERENT
SUBTYPES (Papers I, II and IV)

In papers I, II and IV, sequences belonging to different HIV-1 subtypes with known
biologically determined coreceptor use were retrieved from the Los Alamos HIV
Sequence database, which contains sequences collected worldwide since the beginning
of the 1990s. This opened the possibility to study the coreceptor use phenotype
distribution among the major subtypes, leaving in mind, however, that the perceived
distribution changes could partially be attributed to the choice of patients being
included in research studies.
The sequences in paper I were a mix of HIV-1 groups, subtypes, sub-subtypes and
recombinant forms. Unfortunately, however, within each category there were too few
sequences for meaningful within-subtype analysis of coreceptor use. There was
especially a lack of dualtropic and X4 sequences, although it can be noted that subtype
D had more X4 sequences (n = 9) than R5 (n = 2), which would be in accordance with
the observations of increased CXCR4 use in subtype D made in other studies [112, 186,
226].
Table 2. Subtype-specific distributions of the R5 and X4 phenotypes in paper II.
Number of
R5
X4
% R5
sequences
Subtype A

48

45

3

93.8

Subtype B

231

210

21

90.9

Subtype C

180

171

9

95.0

Subtype D

37

31

6

83.8

CRF01_AE

32

25

7

78.1

Total

528

482

46

91.3

The table was adapted with permission from the supplementary material in paper II.
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In paper II, coreceptor use was studied in the major HIV-1 group M subtypes,
consisting of subtypes A, B, C, D and the circulating recombinant form CRF01_AE
(Table 2). Also here, the amount of X4 sequences was low, but subtype C displayed
nevertheless a significantly higher proportion of the R5 phenotype (P = 0.03, two-tailed
Fisher’s exact test), while CRF01_AE displayed a significantly higher proportion of the
X4 phenotype (P = 0.015) compared to the other subtypes included in the study. This is
in accordance with earlier studies associating subtype C with low CXCR4 use [207,
230-232], as well as with both later and earlier reports associating CRF01_AE with
higher CXCR4 use [227-229].
The same subtypes were studied in paper IV, but a lot more sequences could be
included due to the increase of available sequences in the Los Alamos HIV Sequence
database. However, since the criteria of sequence inclusion were one sequence per
patient per phenotype, no coreceptor use distribution calculations would be valid, since
there would be an overrepresentation of some individuals. Nevertheless, all subtypes
had by now more reported R5 sequences than they had dualtropic or X4 sequences, and
subtype A had an exceedingly low amount of reported X4 sequences (n = 4), which
could either indicate the smaller amount of studies being conducted on this subtype or
imply an actual indication of low CXCR4 use in this subtype.
4.5

CORECEPTOR USE IN TREATMENT FAILURE IN SUBTYPE C
(Paper III)

Despite the correlation of subtype C with low CXCR4 use observed in paper II and in
other earlier studies [207, 230-232], there have more recently been quite a few reports
of increased CXCR4 use in treatment failure patients infected with subtype C [234,
236, 237]. The main aim of paper III was to investigate if there is an increase in
CXCR4-using viruses in HIV-1 subtype C patients failing antiretroviral treatment in
Botswana compared to treatment-naïve individuals using population sequencing and
genotypic assays. The increase of CXCR4-using sequences in treatment-experienced
patients, especially in a subtype previously reported to have little CXCR4 use, is of
special consequence with regard to treatment with CCR5 inhibitors, since the only
CCR5 inhibitor in clinical use, maraviroc, is mostly used as a salvage therapy drug
[243].
To assess the coreceptor use phenotypes obtained from population sequencing in the
treatment-naïve and treatment failure patients, the Geno2pheno algorithm with a 10 %
false positive rate cut-off was used, which is currently the recommended algorithm for
genotypic assays according to the European Consensus Group on clinical management
of HIV-1 tropism testing [254]. In addition, the glycan-charge algorithm adjusted for
subtype C based on papers I and II, was also used for phenotype prediction.
Of the 26 population sequences belonging to the treatment-naïve patients, 2 were
predicted to be from viruses able to use CXCR4 by the Geno2pheno method, while the
glycan-charge algorithm predicted all 26 to be R5 (Table 3). Among the 24 population
sequences belonging to the treatment-experienced patients, 8 were predicted to be from
CXCR4-using viruses by the Geno2Pheno method, while the glycan-charge algorithm
predicted 5 sequences to be potential CXCR4 users (Table 3). The seemingly higher
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proportion of CXCR4-using viruses in the treated individuals’ populations (8/24,
33.3%) versus the treatment-naïve individuals’ populations (2/26, 7.7 %) as predicted
by Geno2pheno was statistically significant (P = 0.03). This was also the case for the
predictions made using the glycan-charge algorithm: 5/24 (20.8 %) treated CXCR4
users versus 0/26 (9%) treatment-naïve users (P = 0.02).
Table 3. Prevalence of potential CXCR4-using HIV-1 subtype C sequences in treatment-naïve
and treatment failure patients using the Geno2pheno and glycan-charge algorithms,
respectively, for coreceptor use phenotype prediction.

*The mixed group is regarded as CXCR4-using. †Two-tailed Fisher’s exact test. ‡Two-tailed
exact sign test. European recom. cut-off = recommendations from the European Consensus
Group on clinical management of HIV-1 tropism testing (10 % false-positive rate). Adapted
with permission from paper III.

Single genome sequencing was applied in an attempt to identify CXCR4 use in minor
HIV-1 quasispecies in the treatment-experienced patients that may have not been
detected using population sequencing. Two more patients were found to harbour
CXCR4-using viruses using this sequencing method and the Geno2pheno algorithm
compared with population sequencing results with the same algorithm, while
correspondingly 11 more individuals were found to harbour CXCR4-using viruses
using the glycan-charge algorithm (Table 3).
Consequently, a statistically significant increased frequency of CXCR4-using viruses
was detected by genotypic tropism testing on population sequences in HIV-1 subtype C
infected patients failing antiretroviral treatment compared with treatment-naïve
patients, suggesting that CCR5 inhibitors may be less suitable as drugs in treatmentexperienced as opposed to treatment-naïve patients. Additionally, an even higher
frequency of CXCR4-using viruses was detected using single genome sequencing in
treatment-experienced patients.
An increase in CXCR4 use in treatment failure patients has previously been ascribed to
factors such as suboptimal treatment [234], specific drug resistance mutations [234,
276], or low CD4 counts [234, 236, 237]. However, in Botswana the treatment
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adherence rates have been good [257], and no statistically significant correlation could
be observed in paper III between coreceptor use and specific drug resistance mutations
or drug classes, although it should be noted that drug resistance profiles were available
for only half of the patients. With regard to low CD4 counts, an attempt was made to
minimize this bias by including control patients from an earlier cohort with CD4 counts
that would have warranted treatment according to the current national guidelines, and
hence likely matched the CD4 counts of the treatment-experienced patients. However,
consequently since the collection date was later for the treatment-experienced patients,
the observed increased CXCR4 use could be the result of the evolving subtype C
epidemic [183, 234, 235].
Another large recent study in Botswana, which focused on subtype C infected
treatment-naïve women with low CD4 counts, showed that the prevalence of CXCR4using virus was still low in this group [277] compared to prevalence in subtype B
infected individuals. These results in conjunction with those obtained in paper III
further support the usefulness of maraviroc as a first-line drug among subtype C
patients, at least in Botswana.
A limitation of paper III was that patients failing first-line ART could not be included,
since according to the national treatment guidelines, only patients failing second-line
treatment are eligible for drug resistance genotyping. As the source of samples was the
national drug resistance genotyping laboratory, only samples where genotyping had
been performed for clinical use could consequently be accessed. Hence, the treatmentexperienced patients included in paper III may have had more opportunity to acquire
multiple drug resistance mutations, which has been linked to CXCR4 use [278],
compared to treatment-experienced patients who fail first-line treatment.
Another limitation of paper III was the unavailability of material for creating single
genomes from the treatment-naïve patients, since only population sequencing data from
2003 were available for the treatment-naïve patients and not their DNA samples. For
this reason, a comparison between the treatment-naïve and the treatment-experienced
patients could only be performed on a population sequencing level, ruling out the
possibility to assess how the potential existence of minor CXCR4-using quasispecies in
the treatment-naïve group would affect the comparison with the treatment-experienced
group, where it was shown that more CXCR4 users were detected with single genome
sequencing. On the other hand, the clinical impact of small proportions of CXCR4using virus among a patient’s population of viruses is not known. In paper III, the
potential CXCR4-using strains in a single individual’s viral population could be
detected if they represented at least 7 % of the total quasispecies. If even smaller
proportions of CXCR4 use in a patient’s circulating population of viruses are of clinical
importance, more sensitive methods would need to be used, such as pyrosequencing
[279, 280], which however are more expensive and labour intensive, and hence more
difficult to use in resource-limited settings.
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4.6

CORECEPTOR USE PREDICTION MODELS AND CCR5 INHIBITOR
TREATMENT (Papers III and IV)

In paper III, two different coreceptor use prediction models were used, namely the
recommended Geno2pheno method and the glycan-charge algorithm adjusted for
subtype C based on papers I and II. The predictions made by both algorithms were
plausible even when they did not overlap, as demonstrated using phylogenetic analysis
methods, implying that the glycan-charge model adjusted for subtype C might have
potential for further development for clinical use purposes.
Since the introduction of CCR5 inhibitors in ART regimens, accurate coreceptor use
prediction models for utilization in genotypic assays, in particular those that take into
consideration subtype variations, have been actively sought after, since biological
determination of coreceptor use is time-consuming and expensive, and hence acts as a
limitation to the accessibility of CCR5 inhibitors. The main aim of paper IV was to
compare the performance of current available coreceptor use prediction algorithms in
major HIV-1 subtypes from a CCR5 inhibitor treatment perspective. The collected
testing material in paper IV was uniquely suited for the purpose of testing these
algorithms due to several aspects. It encompassed patient-derived sequences gathered
globally that had been accumulated over roughly the latest 15 years of the epidemic up
until present day. Sequences from even earlier time points were not included, since they
were not classified according to the coreceptor use phenotype classification, which was
not implemented until 1996 [118], thereby reducing possible misclassifications of
coreceptor use due to inference from previous phenotype classifications. Furthermore,
the material underwent a uniquely rigorous scrutiny with regard to the verification of
the biological determination of the coreceptor use phenotypes, which was based on the
original article sources as opposed to the information provided by the database due to
the database information often being incomplete and at times incorrect.
The 24 evaluated algorithms included simple rule algorithms, learning rule algorithms,
complex rule algorithms, and the “analytical” glycan-charge algorithm based on papers
I and II and applied in paper III. Some of the algorithms were subtype-specific and
were hence only evaluated on sequences from their respective subtype.
Learning algorithms generally performed well at predicting coreceptor use phenotypes
in all studied subtypes. The algorithm that performed best on the whole material was
the learning algorithm Geno2pheno (G2P): 2.5 % (false positive rate cut-off) with
specificity and negative predictive value at 94 % or above, positive predictive value at
84 %, and sensitivity at 77 %, closely followed by G2P: 5 %, which performed
similarly, but had higher sensitivity at 77 %, but lower positive predictive value at 70
%. The clinically recommended G2P: 10 % performed well as well, with sensitivity and
specificity above 80 % and negative predictive value at 96 %, but had a low positive
predictive value at 55 %, indicating a trade-off for higher sensitivity by allowing more
false positives.
The rule algorithms, both the simple and complex, had consistently high specificities,
ranging from 92 to 99 % in all subtypes, but were usually not very sensitive. An
exception to that were the more recent subtype-specific complex algorithms, where the
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subtype C specific CorSeqV3-C [262] outperformed all the studied methods with all
values above 90 %, but as it was subtype-specific, its values were only applicable for
that subtype. Similarly, the subtype-specific complex algorithms created by Raymond
et al. for subtype D [263] and CRF01_AE [264] also had the best sensitivities among
the remaining rule algorithms, with 90 % and 67 %, respectively.
Sensitivities were generally low for all algorithms tested on subtype A, ranging from 33
to 75 %, perhaps implying that subtype A X4 sequences may be more homogeneous
and hence more similar to subtype A R5 sequences, rendering them more difficult to
distinguish, which would increase the risk of generating false negatives. In contrast to
this, the algorithms tested on subtype D were not very specific, since 9 out of 18 tested
methods had values below 75 %, possibly implying that subtype D R5 sequences may
be more heterogeneous and hence more similar to subtype D X4 sequences, making
them more difficult to distinguish as well, which would increase the risk of generating
false positives. A plausible explanation for these observations could be that viruses of
different subtypes need to travel different evolutionary distances for their R5 viruses to
evolve CXCR4 use [41]. The observations made in paper IV regarding subtypes A and
D are of special interest, since these subtypes co-exist in the same regions of subSaharan Africa, but subtype D has been associated with a larger proportion of CXCR4using viruses [112, 186, 226] and a faster disease progression compared to subtype A
[108-111]. Of additional interest was that none of the tested algorithms performed
particularly well on subtype B even though most of them were designed using subtype
B sequences. A similar trend was noted for subtype D sequences, which are closely
related to subtype B sequences [2, 281] and display quite a high level of heterogeneity.
The “analytical” glycan-charge algorithm had generally an average performance on all
subtypes, excepting perhaps subtype C where it performed quite well. The glycancharge model is well suited for descriptive and explanatory purposes of the biological
properties of coreceptor use, but needs to be developed further in order to be useful as
an algorithm designed for clinical use. The glycan-charge model had particular
difficulties with classifying correctly the dualtropic sequences, which in fact was
difficult for all of the evaluated algorithms. One possible reason for this was that some
of the sequences that were denoted as dualtropic actually could be R5 or X4, since they
might have been derived from a dual/mixed population. Another possible reason could
be that some of the dualtropic sequences utilized CCR5 or CXCR4 more efficiently
than the other coreceptor [186, 245], and hence the sequences would look more R5- or
X4-like, respectively [186]. It now remains to elucidate the biological role of these
dualtropics. Perhaps it is not crucial for prediction algorithms in clinical use to detect
R5-like dualtropic sequences, since it is possible that their impact on drug resistance is
negligible due to an inefficient use of CXCR4, and that maybe only the dualtropic
sequences that are X4-like will not be blocked by CCR5 inhibitors. This is inferred
from that X4-like dualtropic sequences were efficiently inhibited by CXCR4 inhibitors,
while R5-like dualtropic sequences were not [245]. Hence, studies like paper II, where
the amino acid predictors of coreceptor use are studied in pure R5 and X4 sequences,
are crucial for the validation of the actual properties that pertain to CCR5 and CXCR4
use, respectively, that can then be applied to how dualtropic sequences are classified.
Moreover, some dualtropic sequences have identical V3 loops with R5 sequences
[186], indicating the potential role of regions outside of V3 in coreceptor use. How
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important these regions are for the ability to acquire efficient CXCR4 use needs to
however be evaluated further.
4.7

LIMITATIONS OF DATABASE MATERIAL (Papers I, II and IV)

The Los Alamos HIV Sequence database, from which material for papers I, II and IV
was retrieved, is a tremendous and unique asset for the HIV-1 research field, since it
enables large amounts of sequences representing the whole pandemic to be studied.
However, it has a number of limitations, in particular regarding the reporting of
coreceptor use, that need to be kept in mind during the retrieval and subsequent
analysis of the database sequences.
There is no current golden standard regarding the biological determination of
coreceptor use, which may lead to quality variations of the collected sequences, with
there not always being a perfect correlation between given sequence and alleged
coreceptor use phenotype, exemplified by sequences derived from plasma although the
coreceptor use determination was performed using viral isolates in entry assays. Also,
the coreceptor use of many older sequences is inferred from previous classifications.
There is a skewed distribution in the database with regard to R5 and X4 sequences,
with there being a lot fewer dualtropic and X4 sequences submitted. The low amount of
CXCR4-using sequences will influence the ability to reach statistical significance of
findings when R5 and X4 sequences are compared with each other, and the validity of
any observations made in R5 sequences will inevitably weigh greater, since they will be
based on more sequences.
Even though the sequences by and large are representative of the pandemic, there may
be a bias in the subtype and phenotype distributions regard to which patients and in
which countries most studies are conducted.
In addition to all of the above, the information accompanying the sequences in the
database may be incomplete or sometimes even incorrect. For instance, sequences
listed as dualtropic are often actually dual/mixed, and some sequences with reported
coreceptor use were in fact never evaluated for that. Consequently, it is of great
importance that the information given in the database is verified with the original
articles, like was done in papers II and IV, during the selection and retrieval of
sequences from the database for analysis.
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5 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES
To study the evolution of the coreceptor switch from R5 to X4 is important, since it
may have clinical implications. It remains unknown if the acquirement of CXCR4 use
by HIV-1 variants within a patient is the cause or the result of disease progression.
Regardless, more knowledge is needed concerning the amino acid predictors of
coreceptor use in HIV-1 sequences, since this could provide information about disease
stage as well as be applied to antiretroviral treatment, in particular to the clinical use of
CCR5 inhibitors.
The findings in papers I and II support and strengthen current knowledge regarding
the role of the V3 glycan and charge in coreceptor use, as well as demonstrate the
validity of this knowledge in a global and subtype context. This information can help
improve as well as create new coreceptor use prediction algorithms utilized in
genotypic tropism testing prior to the administration of CCR5 inhibitors, thereby
improving their accessibility in resource-limited settings. The analytic approach of the
glycan-charge coreceptor prediction model, based on the observations in papers I and
II, that is firmly rooted in the biological properties of coreceptor use, can be of
particular use in the improvement of coreceptor use prediction algorithms, since it
elucidates the truly important components determining coreceptor use. Hence, elements
derived from the glycan-charge model, such as the importance of the V3 glycan for
CCR5 use, can be incorporated into complex rule prediction algorithms where they
would weigh more heavily in the prediction process compared to other rules not
derived from biological property observations.
The varying distribution of HIV-1 subtypes worldwide and their possible differences in
disease progression and coreceptor use emphasize the need to develop coreceptor use
prediction algorithms that are subtype-specific. Moreover, subtype-specific prediction
algorithms were shown in paper IV to perform the best with regard to predicting
coreceptor use from a CCR5 inhibitor treatment perspective. As new coreceptor
prediction algorithms frequently emerge and methods to determine biological
coreceptor use phenotype become more and more standardized, the continual
evaluation of the performance of available algorithms, as was done in paper IV,
becomes imperative.
The findings in paper III of increased CXCR4 use in treatment failure patients infected
with subtype C compared with treatment-naïve patients could likewise have significant
clinical implications, since these findings help to elucidate which patient group might
be a poorer candidate for treatment with CCR5 inhibitors. Future studies are warranted
that compare treatment outcomes and drug resistance development in patients treated
with CCR5 inhibitors within salvage therapy regimens compared to within first-line
treatment regimens. These studies would be able to address the pressing question
regarding what proportions of CXCR4-using variants and which particular CXCR4using variants within a patient are of actual clinical importance, which could help in the
choice of sequence generating method as well as of phenotype prediction algorithm.
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