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Abstract  
HIV-1 subtype C (C-HIV) causes more than 50% of HIV-1 infections worldwide, but C-HIV
pathogenesis is poorly understood. In HIV-1 subtype B (B-HIV) viral the envelope
glycoproteins (Env) can adopt altered conformations to enhance the efficiency of HIV-1 to
enter macrophages, and the efficiency of CCR5-mediated HIV-1 entry over the course of
infection. Here, I aimed to characterise the Env determinants of HIV-1 pathogenicity during
progressive C-HIV infection. To do this, a panel of plasma-derived Envs were used that use
CCR5 as a coreceptor (R5), cloned from 20 antiretroviral (ART)-naïve subjects experiencing
progressive C-HIV infection over a 3-year period.
Env pseudotyped viruses were generated and tested for entry into monocyte-derived
macrophages (MDM). Only 8% of C-HIV Envs (15/199 Envs from n=10 subjects) could
efficiently enter MDMs, presenting two different phenotypes; (1) 7 Envs that displayed
enhanced ability to interact with low CD4 levels and increased sensitivity to neutralization
by the monoclonal antibody (mAb) b12 and (2) 8 Envs that could not use low CD4 levels, did
not have increased sensitivity to b12 and inhibition studies with MVC showed that they do
not interact with CCR5 more efficiently than non-M-tropic C-HIV Envs, despite being highly
M-tropic. In testing Env pseudotyped viruses for sensitivity to the CCR5 antagonist
maraviroc (MVC), it was demonstrated that 14 Envs (14/244 Envs) were incompletely
inhibited by MVC in NP2-CD4/CCR5 cells and this was even more pronounced in 293Affinofile cells, suggesting baseline resistance to MVC in some infected individuals. Env
determinants responsible for M-tropism and baseline resistance did not emerge with a
temporal pattern and alterations were identified in a subject-specific manner.
Our results show that M-tropic Envs rarely exist during progressive C-HIV infection. When
M-tropic viral variants do emerge in plasma, their Env phenotypes may be characterised as
(1) those having reduced CD4-dependence similar to M-tropic B-HIV Envs, or (2) those able
to efficiently enter MDM via an alternate mechanism, which may be unique to C-HIV strains.
In addition, MVC resistance can occur naturally in treatment-naïve C-HIV infected subjects
and their determinants are subject-specific. Further investigations are required to
investigate the unique M-tropic phenotype and the influence of baseline MVC-resistance in
therapy or prophylaxis in C-HIV infections.
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Chapter  1:  Introduction
1. Human Immunodeficiency Virus Type (HIV-1)
More than 25 million people have died as a result of human immunodeficiency virus (HIV)
infection since the virus was discovered in 1983 1, two years after Gottlieb and colleagues
reported a relationship between T-lymphocyte depletion and the acquired immune
deficiency syndrome (AIDS) in 5 homosexual men 2. The most common type of HIV is HIV
Type 1 (HIV-1). In 1986, researchers found a less virulent HIV strain in West Africa, called
HIV-2 (human immunodeficiency virus type 2) 3. Today more than 35.0 million people are
infected with HIV and approximately 71% of HIV infected people are living in Sub-Saharan
Africa 4.

1.2 Epidemiology
Due to genetic variations, HIV-1 is classified into three different groups containing a number
of different subtypes. HIV-1 is classified into the M (Major/Main), N (Non-M) and O (Outlier)
groups, where M-group is divided further into 9 subtypes A-D, F-H, J and K and 15
recombinant forms (CRFs)

5-8.

HIV-1 subtype C (C-HIV) is becoming the most prevalent

subtype worldwide and causes more than 95% of the infections in sub-Saharan Africa and is
also predominant in central Asia and Brazil. HIV-1 infections in Western and central Europe,
Australia, North and Central America are primarily caused by HIV-1 subtype B (B-HIV)
(reviewed in

9-11).

In addition the main route of transmission in different regions and

subtypes also differs, for example C-HIV is mainly transmitted via the heterosexual route
and B-HIV was mainly transmitted homosexually at the beginning of the epidemic. Abraha et
al. and Ball et al. suggest that C-HIV is more efficient in replicating in cells of the genital tract
due to the sexual transmission route 12-14.
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Figure 1.1: Distribution
of HIV-1 subtypes. Size of
the pie-charts reflects
the prevalence of HIV
subtypes
worldwide
(Figure adapted from 15).
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1.3 Structure and replication cycle
HIV is a Lentivirus that belongs to the Retroviridae family and together with the α-,	
   β-,	
   γ-,	
   δand	
   ε-retroviruses, originated from the sub-family Orthoretrovirinae. HIV is an enveloped
virus with a size of around 100 – 120 nm

16.

Viral envelope glycoprotein (Env) spikes are

embedded in the host-derived lipid membrane via 20 hydrophobic amino acids of the
transmembrane glycoproteins gp41 that are arranged with the surface gp120 glycoprotein
17,18.

The HIV Env glycoprotein complex is explained in greater detail in the Chapters 1.5.1 to

1.5.3. Each virion has approximately 10 Env spikes on the surface. Located in the inside of
the cone-shaped cylindrical core that consists out of the viral capsid protein p24, is the 9
kilobase (kb)-long RNA genome (two positive-sense RNA strands). The HIV genome encodes
9 genes within numerous open reading frames (ORFs) that encode for 13 viral proteins,
including Gag (group-specific antigen), responsible for the matrix (MA), capsid (CA),
nucleocapsid (NC) and p6 proteins, the Gag-Pol polyprecursor that is cleaved into the
protease (PR), the error-prone viral reverse transcriptase (RT), intergrase (IN), also the Env
precursor that is cleaved into the glycoprotein gp41 and gp120, as well as the essential
regulatory elements (tat, rev) and the accessory regulatory proteins (nef, vpr, vif and vpu).
The replication cycle starts with the entering of the cell-free virion in the target cell (HIV-1
entry described in Chapter 1.6) and is followed by the partial uncoating in the cytoplasma
(see Figure 1. 3). The ensuing step is that the HIV RNA genome undergoes a conversion into
double stranded (ds)DNA by RT and then carried into the nucleus as part of a
preintergration complex (PIC) that consists of viral and cellular proteins. DsDNA is flanked
by long terminal repeats (LTR) that are necessary for the next step, the integration.
Once the viral DNA reaches the nucleus the integration, facilitated by the viral IN (reviewed
in

19)

process	
   begins,	
   where	
   the	
   viral	
   DNA	
   ends	
   are	
   3’end	
   processed	
   and	
   then	
   connected	
  

with the host cell chromosomal DNA, followed by refilling the gaps in cooperation with the
cellular repair machinery 20-22.

Figure 1. 2: Organization of the HIV-1 genome (Figure adapted from 23).

After integration the late events occur next, beginning with the initiation of the transcription
of the 13 viral proteins from the integrated DNA by the host cell’s	
  RNA	
  polymerase (Figure
1. 3). The generation of the viral messenger RNA (mRNA) is dependent on the participation

20

of the viral Tat protein the cellular host factor nuclear factor-kappaB (NF-κB) and Sp1
transcriptional transactivating proteins. Spliced and unspliced mRNA is carried with the
support of Rev into the cytoplasma, where the translation of the Env precursor occurs on
the endoplasmatic reticulum (ER) 24,25 and for Gag and Gag-Pol proteins on free cytoplasmic
ribosomes.	
   After	
   the	
   transport	
   to	
   the	
   plasma	
   membrane	
   the	
   process	
   of	
   “budding”	
   occurs,	
  
where the virus particles are released from the cell and mature due to proteolytic cleavage.
As described the replication cycle depends on the participation and collaboration of viral
and host factors 26, proteins and promoter sequences 27 (reviewed in 28,29).

21

Figure 1. 3: Replication
cycle of HIV-1 (Figure
modified after 30).
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1.4 Cellular tropism
HIV-1 can enter multiple cells of the immune system, including T-cells, as well as antigenpresenting cells like macrophages and dendritic cells 31. They all express the main receptor
for HIV entry, CD4, as well as the coreceptor (CoR), either CCR5 and/or CXCR4 on the cell
surface

32,33.

CD4 is a 55-kd member of the immunoglobulin (Ig) superfamily. The CD4

protein contains a highly charged cytoplasmic domain, a single hydrophobic membrane
spanning domain, as well as four distinct ECL domains

34.

The chemokine receptors CCR5

and CXCR4 are G-protein coupled receptors, expressed on the cell surface of leucocytes, and
consist of 7 transmembrane helices (TM) that form a hydrophobic cavity; 3 extracellular
loop domains (ECLs 1-3); as well as an N-terminal domain and cytoplasmic C-terminal tail 3537.

Natural ligands for the CCR5 receptor are β-chemokines like macrophage-inflammatory

protein (MIP)-1α, MIP-1β and regulated on activation, normal T expressed and secreted
(RANTES, CCL5) 38. In vivo the natural ligands for CXCR4 are the stromal cell-derived factor
(SDF)-1, macrophage migration inhibitory factor (MIF) and ubiquitin 39-41.
The tropism of HIV depends on the CoR usage, which is determined by the Env entry
protein. Viruses that utilize CCR5 as a coreceptor for HIV-1 entry are referred to as CCR5tropic (R5) and Envs binding to CXCR4 are called CXCR4-tropic (X4). If HIV-1 Envs can
utilize both coreceptors, they are termed dual-tropic or R5X4.
In vitro studies demonstrated that other chemokine receptors, such as CCR2b, CCR3, CCR8,
FRLP1 and STRL33 can be used as coreceptors and support HIV-1 infection 42 43. The role of
these alternative receptors in HIV-1 infection in vivo is still unclear. However, Agrawal et al.
demonstrated that some HIV-1 strains could only infect microglia and monocyte-derived
macrophages (MDM), if CCR3 and CCR5 are both expressed on the cell surface. It is therefore
reasonable to assume that CCR3 could play an essential role, in combination with CCR5, for
the infection of MDMs and microglia 44.
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1.5 Synthesis and structure of the envelope
glycoprotein
The HIV-1 Env glycoprotein is important in the transmission, pathogenesis and disease
progression of HIV infection. The Env subunits gp120 and the transmembrane protein gp41
are derived from a polyprotein precursor with a molecular mass of 160 kDa (gp160) that is
translated from a singly spliced mRNA at the rough endoplasmatic reticulum (rER) (Figure
1. 3) 25,45.
During translation gp160 is glycolsylated with predominantly N-linked oligosaccharides 46,
which accounts for more than half of the molecular weight

47.

Furthermore gp160 forms

intramolecular disulfide bonds and oligomerizes into a heterotrimeric complex before being
guided to the Golgi complex 48,49. In the Golgi a host endoprotease (cellular furin or furin-like
proteases) cleaves the gp160 into the two subunits gp120 and gp41, followed by the
transport to the cell surface

50,51.

The efficiency of cleavage of gp160 into the gp41 and

gp120 subunits plays a significant role in viral infectivity 52. Both subunits are associated via
non-covalent interactions between the gp41 proteins

53-55.

The mature Env glycoprotein

complex, also called the viral spike, consists of three gp120 and gp41 and is transported to
the cell surface, where it is incorporated into the cell membrane and then assembled with
the accumulated gag/pol precursors into immature HIV-1 virion. The last step involves
budding and the maturation of the virion (Figure 1. 3), and progeny virion can initiate
further infections. The following subsections address the structure of gp120 and gp41
(Figure 1.4) in more detail.

Figure 1.4: Scheme of the envelope glycoprotein of HIV-1 (Figure adapted from 25)

1.5.1 Gp120
Gp120 consists of 5 conserved regions (C1-C5) and 5 variable regions (V1 – V5). The
organization of the Env conservative and variable regions is shown in Figure 1.4. These
regions are targets for neutralizing antibodies (Ab)

56,57.

The Env outer domain mainly

consists of variable (V)-loops and is heavily glycosylated 58,59. The first to the fourth variable
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(V1-V4) loops are formed by disulfide (S-S) bonds between cysteine residues 46, the 18 Cys
residues responsible for the intramolecular interactions are highly conserved given that
they determine the tertiary structure

46.

This heavily glycosylated outer domain is thought

to protect the virion from antibody responses and also to regulate contact with the host cell
surface 60.
Kwong et al. published the first crystal structure describing gp120 with a resolution of 2.5 Å
in 1998

61.

A gp120 monomer was complexed with a 2-domain CD4 protein and the

neutralizing antibody 17b however was deglycosylated and contained deletions of the V1V2
loops and N- and C-terminus 61. Subsequent studies described different crystal structures of
gp120 combined with various antibodies

62-68.

Unfortunately, many structures are missing

parts of gp120, especially the V1V2-loops since they are highly flexible and vary greatly in
length and glycosylation sites

69-71.

Pan et al. were able to crystalize a V1V2-scaffold

molecule bound to the human monoclonal antibody (mAb) 830A, in this complex V1V2
showed a 5-stranded beta barrel with glycosylation sites at the outer surface

72.

Another

group showed a relationship between the length of V1V2, the number of glycosylation sites
and disease progression, suggesting that the V1V2 loop influences the host humoral immune
response to HIV infection 73. The structure of the V1V2 domain is heavily influenced by the
fragment antigen-binding (Fab) fragments used in each experiment

74,75.

However, cryo-

electron images of an unliganded Env trimer, albeit with a poorer resolution indicate that
the V1V2 loop is located at the tip of the trimer and exposed 76-79.
Arranged around the V1V2 loops are the conserved regions C1 and C2, which together with
parts of C4 come together to form the bridging sheet 58,80-82. The bridging sheet consists of 4
ß-sheets (β2-β3	
  and	
  β20-β21)

61

and has a basic surface and connects the inner and outer

domain of gp120. Together with the V3 loop, the bridging sheet is involved in CoR binding
77,83,84.

Not only is the third variable loop involved in CoR binding, as shown by mutagenesis studies
82,85,86,

it is also responsible for CoR specificity

87,88

and therefore important for HIV-1

tropism 89,90. There are three structural domains within the approximately 36 amino acids of
the V3 loop: the base (residue 296-300 and 326-331; numbering according to HXb2), the
stem (residue 301-305 and 321-325; numbering according Hxb2) and the third component
the β-hairpin tip (residue 306-320)64, including the well-conserved GPGR motif

91.

Specifically, the basic and polar residues Lys121, Arg419, Lys421 and Gln422 of gp120 are
engaged in CoR binding 86.
Env determinants responsible for CD4 binding are located in the conservative regions C1, C3
and C4

54,92,93

and are extremely conserved. In the native, unbound form of Env, the CD4

binding site is partially covered by the V1V2 and the V3

29,94.

Gp120 residues Asp368,
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Glu370 and Trp427 interact with Phe43 and Arg59 of the host cell receptor CD4, while
Phe43 binds in one of two cavities of gp120 61.

Figure 1.5: Inner and outer domain of gp120 describes the position in the trimer (Figure
adapted from 95)

1.5.2 Gp41
While gp120 is responsible for interacting with the host receptors and initiating the HIV-1
entry process, gp41 mediates the fusion between the viral and target membrane. The first
insights in the structure of gp41 were published in 1997, which described a crystal structure
after fusion occurred 18,96,97. A structure of gp41 in a native trimeric state exists, although the
resolution of 9 Å is poor

98.

Gp41 consists of an ectodomain, including the hydrophobic

fusion peptide at the N-terminus, two heptad repeats (HR, pattern of 7 aa repeated 3 – 4
times) at the N-terminus (NHR or HR1) as well as at the C-terminus (CHR or HR2) and the
membrane proximal region (MPER)

18.

HR1 and HR2 are connected via a disulfide-bridges

loop. Buried in the native Env is most of gp41, except the MPER, which has been a vaccine
target due to being relatively exposed to the immune system (reviewed in 99 100). Other gp41
structural features are the transmembrane peptide and the cytoplasmic tail

99.

The

structural organization can be found in Figure 1.5. In the trimeric complex that consists of
three gp120 and three gp41, is the coiled-coil structures of gp41 surrounded by gp120, the
two HR regions are packed against the C1 and C5 region of gp120 101,102.
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1.6 HIV-1 entry
HIV-1 entry is the initial step of the HIV-1 life cycle, which is shown in Figure 1. 3. It involves
3 successive steps (i) binding to the target cell and interaction between the primary host cell
receptor CD4, (ii) CoR binding and lastly (iii) membrane fusion and release of the virus core
into the host cell cytoplasm

29,

as reviewed in

103

and

104.

The viral components gp120 and

gp41 catalyse HIV-1 entry and initiate the first contact with the negatively charged CD4
receptor
65,81,105

61.

Binding of CD4 into the CD4 binding site (CD4bs) of the highly flexible gp120

leads to conformational changes of the first, second and third variable loops (V1, V2,

V3) 61. An important contact point is the hydrophobic pocket (Asp368, Glu370 and Trp427)
that is interacting with the Phe-cavity, Phe43 and Arg59, of CD4 29,61.
While V1V2 changes after CD4 engagement leading to an open conformation at the apex of
the trimer 79, V3 elongates about 30 Å from the V3 base after CD4 is bound 64,77, assuming to
initiate contact with the CCR5 ECLs

64.

The conformational changes in combination with

assembly of the bridging sheet are responsible for the exposure of the coreceptor binding
site (CoRbs). The first contact in coreceptor binding is assumed to be between the stem of
the V3 and parts of the bridging sheet of gp120 and the N-terminal domain of CCR5 and then
the tip of the V3 then interacts with the second extracellular loop (ECL2) of CCR5

64,82,106.

Some evidence indicates that the first interaction occurs between a conserved pocket in the
V3 stem and the N-terminus of CCR5 due to the involvement of sulfotyrosine binding leading
to a more rigid structure of the otherwise flexible V3 loop. Further experiments
demonstrated that the O-linked sulphated tyrosines on position 10 and 14 of the N-terminus
of CCR5 are especially significant for an efficient interaction with gp120 35,107,108.
Consequently, rearrangements in gp41 lead to the exposure of the hydrophobic FP and
insertion into the destabilized plasma membrane

96,109.

HRs of the gp41 convert from a

coiled coil structure into a six-helix hairpin by folding the HR2 domain back and
surrounding the coiled-coil HR1 structure

18,96,110,

viral and target cell membrane closer together

which provides the energy to bring the
18,100,111,112.

As a result a fusion pore is

generated and the viral core can be released into the cell cytoplasm 113.

1.7 HIV-1 subtype C
Although HIV-1 subtype C (C-HIV) is responsible for more than 50% of HIV-1 infections
worldwide

114,

most of the research regarding coreceptor usage, disease progression,

macrophage (M)-tropism, viral tropism and also the influence of antiretroviral therapy
(ART) on C-HIV is not as comprehensive as for B-HIV. HIV-1 subtype B is represented in
developed regions like Europe, North America and Australia. The resources like accessibility
of hospitals, research labs, availability of treatment and funding in developed regions are
27

better than in regions that are affected by C-HIV, therefore it is more convenient to localize
cohorts of B-HIV infected subjects for research.
It is known that the pathogenesis between the two subtypes is distinct 10. This may be due to
differences in structural genes like the env and gag, that differ between B- and C-HIV by up
to 30% and 20%, respectively

115,116.

Genetic differences can influence the structure and

function of proteins like the envelope glycoprotein (Env), which is responsible for mediating
entry into target cells 117.
The role of Env in the pathogenesis of HIV-1 is examined in detail in earlier chapters
(Chapter 1.5). Some studies demonstrated that the viral fitness between subtypes of the Mgroup could be ranked from high to low in the order of subtype B, D, A, E and lastly C 8,12,118.
Due to a low virulence of C-HIV it is suggested that the slower disease progression and
therefore a longer asymptotic phase may be responsible for the wider spread of C-HIV 10. It
is also suggested that differences in the living conditions within geographical regions, where
C-HIV and B-HIV are dominant, may influence the viral tropism

10.

This includes a higher

prevalence of co-infections with parasites, like malaria or schistosomiasis, or mycobacterium
tuberculosis and also poor hygiene and lack of nutrition

119-122

that are common in regions

with predominantly C-HIV infections. Studies demonstrated that an increase in immune
activation, induced by co-infections, can influence the expression of the coreceptor on the
cell surface of immune cells

123-126

like CD4+ T-cells

127-129,

microglia, macrophages and

monocytes 129-131.
Further studies of transmitted viruses isolated of C-HIV infected subjects showed that these
Envs are underglycosylated

132,133,

similar to Envs of subtype A

69

and conversely to B-HIV

Envs 69,134. It is assumed that underglycosylated transmitted Envs may have an advantage in
the process of transmission, but the mechanism in detail are unidentified 69,132.
Given the prevalence and spread of C-HIV around the world, further research is needed to
investigate the distinct pathogenesis and characteristics between the different subtypes.

1.8 Pathogenesis/ HIV-1 coreceptor use and disease
progression
HIV-1 transmission occurs sexually, perinatally, orally or intravenously
on the viral load of the infected person
strains are mainly R5 viruses

138-140.

137.

135,136

and depends

Many studies demonstrate that transmitted

The post transmission stage, also referred to as the

‘acute	
   phase’,	
   is characterised by a high level of viremia with a viral load up to 106 to 108
HIV-1 copies/ml and rapid, extensive CD4+ T-cell depletion that typically lasts a few weeks
141.

During this phase, some newly infected individuals exhibit flu-like symptoms such as

28

fever, diarrhea and headaches

142-144.

Humoral and cell-mediated immune response

incompletely control the viral replication 144.
During the acute phase, it was demonstrated that R5 viruses are primarily present 138,145,146
and consequently dominate during early stages of infection

147,148.

One of the explanations

for the prominence of R5 species in early stages of infection is the biological bottleneck,
which selects for R5 viruses due to the environment in the genital tract. Furthermore, a
higher proportion of CD4+ T-cells expressing CCR5 are recruited and are responsible for the
reduction of X4 viruses during early stages of infection 138,145,146.
The ensuing phase is	
  the	
  asymptomatic	
  ‘clinical	
  latency’,	
  during which the HIV-1 virus can
generally persist for up to ten years with a viral load stable at 105 copies/ml due to the lysis
of infected cells by CD8+ cytotoxic T lymphocytes (CTL)

141,149,150.

CXCR4-using viruses

typically	
   cannot	
  be	
   isolated	
  during	
  this	
  ‘clinical	
  latency’	
  phase 151,152 and R5 viruses are still
dominant during this phase.
The later stages, referred to as the ‘symptomatic	
  stage’,	
  of HIV-1 infection are characterised
by a rapid viremic increase that coincides with CD4+ T-cell loss (AIDS defined by CD4 T-cell
count of less than 200 cells/µl
1,155-157.

153) 154,

AIDS-defining opportunistic infections and cancers

In nearly 40-50% of B-HIV infections, the X4 and R5X4 phenotypes emerge during

later stages of infection

158-163.

A population consisting only of X4 viruses is relatively

uncommon 164. The increase of X4 viruses in the population leads to a faster decline of CD4+
T-cells and therefore severe immune deficiency and advanced progression of AIDS

162,165.

The reason behind the faster disease progression may be the wider repertoire of target cells
for X4 viruses. Nearly 90% of CD4+ T-cells, such as naïve CD4 T-cells

166,

express the

coreceptor CXCR4 162 and only a subset of 15-30% have CCR5 on the cell surface 167-169. This
leads to a higher mortality caused by non CCR5-using viruses

159,170.

However, half of the

population infected with B-HIV harbor only R5 viruses in late stages of infection. These R5
viral strains are more virulent compared to corresponding R5 strains from earlier stages 171173.

Furthermore, it has been demonstrated that these R5 strains have an increased viral

fitness; a more exposed CD4bs in gp120; are more efficient to utilize low levels of CD4 and
CCR5; and their sensitivity to CCR5 antagonists is decreased (reviewed in 104).
By comparing the coreceptor usage over the course of HIV-1 infection between subtype B
and C, it was found that the continuance of R5 viruses is more pronounced in C-HIV than BHIV 174-178, reviewed in 9. More recent studies demonstrated that there is a possibility for a
higher frequency for X4 and X4R5 phenotype up to 30%
individuals from Zimbabwe and South Africa

161.

13,

shown in 20 C-HIV infected

Kassaye et al. demonstrated that 52% of

treatment experienced subjects harbored X4 or R5X4 viruses 179.
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1.9 Macrophages
Macrophages (MØs) are part of the innate and adaptive immune system and are derived
from circulating monocytes. Depending on their location in the body they are also referred
to as alveolar MØs (lungs) or Kupffer cells (liver), in addition microglia are located in the
brain and are able to function as macrophages. The role of macrophages in the immune
system is to phagocytose the cellular debris and pathogens, and serve as antigen-presenting
cells (APC) 180. Depending on the role of these completely differentiated, non-dividing cells
181

the lifetime of inflammatory MØs can differ from a few days for inflammatory MØs 182 to

several weeks and years for microglia and alveolar MØs

183-185.

Macrophages can

differentiate from blood circulating monocytes (MDMs) into two different types (i)
proinflammatory MØs, referred to as M1 and (ii) anti-inflammatory MØs, referred to as M2.
The polarization of MDMs is dependent on the localization in the body and the presence of
specific signals like TNFs, IFNs and LPS to stimulate M1 polarization and on the other hand
IL-4 and IL-13 produced from T helper (Th)-2 type immune response to stimulate M2
polarization (reviewed in

186,187).

Blood monocytes mainly differentiated to the M2

phenotype, because of high Macrophage colony-stimulating factor (MCSF)-levels, one of the
functions of the M2 phenotype is cell repair. In the context of HIV-1 infection, infected M2MDMs showed a decrease in viral replication after integration via the inhibiting function of
interleukins like IL-4 and IL-13 (reviewed in

187,188).

Furthermore, IL-4 and IL-13 down

regulate the expression of CD4 and the CoR CCR5 and CXCR4 on macrophages, which
contributes to the inhibition of viral entry

188.

Shen et al. demonstrated that even during

differentiation from monocytes to macrophages in an intestinal environment HIV-1 entry is
inhibited due to missing expression of CD4 and CCR5. However, MØs located in the genital
tract are permissive for HIV-1 infection

389,390,391.

On the other hand, HIV-1 infected M1-

MDMs support HIV-1 replication and tissue damage due to certain cytokines that are
expressed (reviewed in 186,187).
Since macrophages can persist for such a long time, coupled with the resistance to
cytopathic effects of the HIV replication cycle 189-191 and HIV-1 can be found in MØs isolated
from treatment-experienced subjects, some research groups propose that MØs can act as
viral reservoir

190,192,

but until now there is no real evidence for this hypothesis. Further

functions of MØs during the HIV-1 infection include viral dissemination

193-198.

Viral

dissemination can occur due to cell-free or cell-to-cell transmission. In the latter process Tcells are predominantly involved 199,200, however there is evidence that macrophages can be
also part of cell-to-cell transmission, but the detailed mechanism is still unclear

197,201,202.

The information that is known of cell-to-cell transmission in general is that a virological
synapse is generated between an infected cell and an uninfected cell, initiated by CD4-gp120
30

interactions and also the presence of adhesion molecules

203-206.

The role of MØs in HIV-1

pathogenesis will be explored further in section 1.9.1.

1.9.1 Macrophages and their role in HIV-1 pathogenesis
Over the course of infection, MØs can play any number of different roles (reviewed in 207,208).
During the early stages of infection they are involved in the humoral and cellular immune
response

209.

MØs are the first stage of defense in the mucosal surface together with

dendritic cells (DCs) and CD4+ T-cells 195. HIV-1 is phagocytosed by MØs and then presented
by MHC-II (major histocompatibility complexes) to CD4+ T-cells

210.

MØs cannot only

phagocytose HIV-1 particles. Baxter et al. demonstrated a mechanism of MDM infection
through phagocytosis of HIV-1 positive CD4+ T-cells via co-cultivation of MDMs and
activated HIV-1 positive CD4+ T-cells. MDMs capture these cells and this in Env-CD4/CCR5independent manner 392.
Infected MØs can also play a significant role in the spread of HIV infection by attracting T
lymphocytes to the mucosal surface by secreting cytokines (reviewed in

207,211,212).

This

helps the spread of HIV-1 infection, because the more primary target cells get attracted to
the site of infection. For the infection of other cells the HIV-1 infected MØs can then transfer
the virus to other cells via cell-to-cell transmission by generating a virological synapse 197,213.
In addition to cell-to-cell transmission, perivascular monocytes can disseminate the virus
via their migratory characteristic into other organs such as lungs and the brain; this also
contributes to the establishment of the infection during the early stages

198.

Williams et al.

suggest that macrophages are the main mechanism by which the central nervous system
(CNS) is infected 214. Thompson et al. were able to detect viral DNA from perivascular MØs
and astrocytes in macaques as early as 10 days after infection with simian
immunodeficiency virus (SIV)

215.

Furthermore they demonstrated that viral DNA could be

detected in perivascular MØs and astrocytes from brain tissue isolated from individuals who
died during the latent stage of HIV-1 infection 216.
Some studies suggest that once infection is established MØs can act as a viral reservoir
during the latent stage. Sharova et al. showed that functional viruses can be found in
cytoplasmic lysates of MØs up to 6 weeks, in contrast to the decline of cell-free HIV-1 after 2
weeks, which is not protected from neutralizing antibodies (nAb)

201.

The viral reservoir

may be important especially in late stages of the infection when there is significant CD4+ Tcell depletion and the virus production occurs predominantly from the MØ reservoir

192.

Yukl et al. were able to detect HIV DNA in non CD4+ T-cells isolated from rectal biopsies and
isolated rectal cells of ART-receiving subjects

217,

also another study identified HIV DNA in

the duodenal mucosa of patients receiving ART 218, suggesting that non CD4+ T-cell may act
as a viral reservoir since the viral DNA persists in the subjects even under ART.
31

Monkey models demonstrated that approximately 95% of simian/human immunodeficiency
virus (SHIV)-infected cells were tissue MØs

191.

Despite the effectiveness of ART, complete

elimination of HIV-1 in the individual will be difficult due to the long-lived MØ reservoir 219221.

1.9.2 Env determinants of M-tropism over the course of infection
The ability of HIV-1 to enter MØs efficiently evolves over the course of infection 165,222,223 and
is dependent on the Env protein characteristics, especially gp120 and the CoR specificity
(reviewed in 224). Viruses using CXCR4 as a CoR are able to infect primary CD4+ T-cells and T
cell lines, but in most cases they are not efficient at entering MØs
exceptions where viruses are able to enter MØs via CXCR4

226-230.

225.

There are some

Virus strains with the

R5X4 phenotype are able to enter primary CD4+ T-cells, T cell lines and MØs via CCR5
and/or CXCR4 231-234. However, the majority of M-tropic viruses use CCR5 as a CoR to enter
MØs as well as primary CD4+ T-cells and DCs 33,37,235,236. Nevertheless, not all R5 viruses are
able to enter MØs efficiently 104,237,238.
Most of the research regarding M-tropism focuses on HIV-1 subtype B. It is known that CHIV has reduced replication capacity in PBMCs, as well as MØs

12.

By comparing R5 C-HIV

Envs and R5 isolates of B-HIV, it was demonstrated that viruses from subtype C were poor
in replicating in PBMCs, while isolates harboring the phenotype X4 or R5X4 showed similar
results for both subtypes

239.

Also studies of C-HIV transmitter/founder (T/F) viruses

showed no ability to enter MDMs efficiently

240,241

and even comparing the ability to enter

MDMs of T/F Envs to Envs of the donor isolated from the chronic stage of C-HIV infection
there was no evidence of M-tropism 240.
M-tropic R5 viruses can be isolated from the CNS and the blood 222,226,242-246, but the latter is
rare and emerge predominantly during late stages of the infection 165,222,223,237.
By comparing M-tropic Envs from the CNS and blood, different mechanisms are revealed.
Since MØs express low levels of CD4 on the cell surface 130,247-249, and taking into account the
donor variability regarding CD4 expression

130,250,

the interaction between CD4 and gp120

plays an important role in M-tropism. Envs isolated from the CNS demonstrate a reduced
CD4 dependence, because these Envs are able to use low levels of CD4, also they have an
increased sensitivity to sCD4 and a more exposed CD4bs

226,242,243,245,251-260.

It is suggested

that a more accessible CD4bs of brain-derived Envs evolved, because the HIV-1 strains can
replicate in an environment with low concentrations of neutralizing antibodies due to
limited concentrations of immunoglobulin caused by the brain-blood barrier and therefore
they are able to infect cells with low levels of CD4

261-266.

Residues in Variable loops 1, 2, 3

and 4, as well as the conservative regions 2 and 4 are thought to be responsible for the
reduced CD4 dependence of M-tropic Envs (reviewed in

238).

Neutralization assays with
32

mAbs 447-52D, PG9 and PG16 demonstrated that some M-tropic Envs have altered
confirmations at the apex of the trimer, especially in the V1/V2 loop and in the V3 loop,
which may lead to a different and more efficient recruitment of the bridging sheet after CD4
binding 267.
Many groups demonstrated that particular Env amino acids including N283
E153

258,

N386

246,252,

D368

269,

D197 and T/V200

270

245,

N362

268,

are associated with increased M-

tropism. Lynch et al. showed more efficient entry into MØs, if I309 in the V3 is substituted
by leucine in blood-derived C-HIV Envs 271.
The interaction between gp120 and CD4 is not the only important part for M-tropism.
Francella et al. demonstrated in a macaque model infected with SIV that entry into MØs is
possible via CCR5 alone, independent of CD4 272. It is therefore reasonable to assume that a
more efficient usage of CCR5 from Envs isolated from blood or CNS can also contribute to an
enhanced entry into MØs

222,226,273,274.

In vitro studies demonstrated that the CCR5

expression levels and the CCR5 density also play also a role in the efficiency of R5 Envs to
enter into MDMs

275-279,

even though MØs express similar levels of CCR5 compared with

CD4+ memory T cells 249. Our group showed that a correlation exists between the infectivity
for MØs and the level of entry in cells expressing low levels of the CCR5 coreceptor 280. Mtropic R5 Envs isolated from the blood demonstrated a greater exposure of the CCR5bs after
CD4 was bound 280, decreased sensitivity to MVC and a higher reliance on the ECL2 of CCR5
227,280.

Interestingly brain-derived M-tropic R5 Envs had a more efficient interaction with the

N-terminus of CCR5 244.
To summarize, the interaction between gp120 and the host cell receptor CCR5 is significant
for the ability to enter MDMs. Alterations in the Env, like reduced CD4 dependence,
increased sensitivity to sCD4, a more exposed CD4bs and also an efficient usage of CCR5 are
needed to overcome the low CD4 expression levels on MDMs to enter these cells.

1.10 CCR5 as a target in ART
HIV-1 entry is the initial step of the HIV-1 replication cycle (described in chapters 1.3 and
1.6) and is therefore a good target to block the life cycle of HIV-1. It is known that
individuals homozygous for a 32 base-pair deletion in the CCR5 gene (CCR5-∆32)	
   are	
  
relatively resistant to HIV-1 infection 32,281-283. This is due to the absence of CCR5 expression
in these people. Furthermore, those heterozygous for CCR5-∆32	
   have	
   reduced	
   CCR5	
  
expression, which although not associated with reduced susceptibility to infection, is
associated with slower disease progression

32,281.	
  

Importantly,	
   those	
   carrying	
   the	
   ∆32	
  

mutation appear otherwise healthy suggesting that targeting CCR5 is a viable approach in
inhibiting HIV-1 replication.
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1.10.1 CCR5 antagonists
Maraviroc (MVC or UK427,857) is the first CCR5 antagonist that is approved by the US Food
and Drug Administration (FDA) and European Union (EU) for treatment-experienced and
treatment-naïve HIV-1 infected subjects, who harbor only R5 viruses 284-286, reviewed in 287.
The CCR5 antagonist MVC has many positive characteristics that are important for antiviral
drugs, such as high potency, specificity for CCR5, excellent pharmacokinetics and safety 284286,288,289.

MVC inhibits HIV-1 entry by binding to the hydrophobic pocket of CCR5 that is formed
between the transmembrane domains 1, 2, 3, 5, 6 and 7 290-294, and this leads to an alteration
in ECL conformations

295.

Furthermore, computational studies suggest that MVC prevents

the V3 crown of gp120 from interacting with several amino acids located in the hydrophobic
pocket 292,296. Due to inhibition studies using ECL2-directed antibodies, where the binding of
the mAb were blocked, it was found that the binding of MVC introduces conformational
changes in the ECL regions of CCR5, as mentioned previously, but since CCR5 N-terminal
directed antibodies were still able to bind it led to the suggestion that the N-terminal
domain of CCR5 is not influenced by MVC binding 297, resulting in the inhibition of the HIV-1
entry due to the non-binding of gp120. Because of this evidence it is reasonable to assume
that CCR5 antagonists act as allosteric inhibitors of the HIV-1 Env/CCR5 interaction 298,299.
Studies by Tamamis et al. demonstrated a comparison between the MVC-CCR5 crystal
structure

292,296

and the first molecular dynamics simulation of CCR5 in complex with an

R5X4 gp120 V3 loop. The group discovered that CCR5 antagonists block the V3 crown of
gp120 from binding in the transmembrane domain, because they share similar interaction
partners such as Tyr37, Tyr108, Thr251 and Glu283 with gp120 292. These findings suggest
that in addition to allosteric inhibition of gp120 binding, MVC may directly inhibit gp120
binding to CCR5.

1.10.2 Determination of coreceptor specificity
Since MVC only inhibits HIV-1 entry of virus strains with the R5 HIV-1 phenotype, it is
important to determine coreceptor specificity of HIV-1 within the infected subject before
treatment. The administration of a CCR5 antagonist to an individual that harbors virus with
the ability to use CXCR4 for HIV-1 entry will likely fail and has the potential to accelerate
disease progression. As mentioned earlier individuals with X4 or R5X4 virus strains lead to
a faster CD4+ T-cell decline and ensuing faster immune deficiency and advanced
progression of AIDS 162,165.
There are two options to determine coreceptor specificity. First of all, the traditional
tropism test

286,300-302,

such as the Trofile assay

300,303.

In this case recombinant viruses are
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generated and pseudotyped with Envs isolated from the patient by PCR. Then the
recombinant virus is used to infect cell lines expressing CD4 and CCR5 or CXCR4

300,304-306.

The second option is prediction algorithms that are less expensive, faster, involve less
equipment and are accessible to a wider group

304,305,307-312.

Genotypic assays are based on

the amplification and sequencing of the env genes, specifically the third variable loop from
the patient. The amino acid sequence gives information about the coreceptor specificity
317.

312-

Examples of these prediction algorithms are PhenoSeq, specific and sensitive for the

subtypes A, B, C, D and circulating recombinant forms (CRFs) AE and AG
312,318

and Position Specific Scoring Matrix (PSSM)

319.

310,

Geno2Pheno

The detailed description of these

prediction algorithms is summarized in the following publications 310,312,319,320.
The accuracy for Geno2Pheno and PSSM, based on two independent sets of V3 sequences
came to the result that geno2pheno with a false positive rate of 5.75% has a sensitivity of
100% and 70.7% to identify the correct phenotype of X4 viruses on the basis of V3
sequences and the specificity to identify R5 viruses is 97.6 % and 92.2%. Likewise, the
WebPSSMX4R5 program is able to identify X4 viruses with a sensitivity of 41.7% and 55.4%
and a specificity to recognize R5 viruses with 95.1% and 96.3%. The results for PhenoSeq-B
on the same set of sequences was 100% and 78.4% sensitivity to identify X4 virus strains
and a specificity of 87.8% and 80.3% to identify R5 virus strains. However, the specific
prediction algorithms of PhenoSeq for subtype C, D, AE and A/AG, demonstrated higher
sensitivity and specificity than geno2pheno or WebPSSMX4R5 310.

1.10.3 Development of resistance to the CCR5 antagonist MVC post- and pretreatment
HIV-1 resistance against the CCR5 antagonist MVC develops after the administration of MVC,
but also pre-treatment due to alterations in the Env. Two mechanisms are responsible for
the emergence of resistance against MVC in vivo (reviewed in 287). First, a switch in the usage
of coreceptor, from CCR5-using viruses to CXCR4-using viruses (R5X4 or X4) leads to an
evasion of the effect of MVC, since it only interacts with the CCR5 coreceptor, therefore the
entry of X4 viruses via the CXCR4 receptor is selected for. The observations were made in
following studies: the MOTIVATE-1 and -2 trial 285, also in the MERIT phase-III MVC trial in
treatment-experienced 286 and treatment-naïve individuals

284.

Further studies investigated

if the CoR switch appeared because of the selective pressure on a minor subset of X4 virus
strains that could not be detected with the initial tropism test, but identified by ultra-deep
sequencing or if the R5 viruses switched genuine to X4 or R5X4 viruses. A study by Westby
et al showed in two subjects, who failed MVC treatment due to the occurrence of X4 viruses
that the X4 viruses already circulated in the subjects before the application of MVC and their
replication was preferred after R5 viruses were not able to use MVC bound CCR5 (hereafter
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referred to as the CCR5:MVC complex) to enter the cell

321.

Similar findings were made by

using ultra-deep sequencing and genotypic prediction algorithm in some individual who
participated in the MOTIVATE trial 322. The development of X4 viruses has negative effects of
the disease progression, since X4 viruses appear to be more pathogenic 158,162,323.
The second mechanism is that R5-tropic Envs are able to bind CCR5:MVC

324,325.

Inhibition

studies showed that MVC-resistant Envs plateaued at a maximal percent inhibition (MPI) of
less than 100% and even by increasing the concentration of the CCR5 antagonist the plateau
remained stable. This demonstrates a mechanism of non-competitive resistance 325-328. This
is different to other ARVs demonstrating a shift in the 50% inhibitory concentration (IC 50),
which is typically competitive resistance. Additional information can be obtained from the
magnitude of the MPI like the efficiency of the Env to utilize CCR5:MVC, for example an Env
that uses CCR5:MVC less efficiently has a higher MPI (> 80%) than an Env with an efficient
ability to use CCR5:MVC (<20% MPI) 108,327,329. However, the MPI values vary depending on
the cell line and in this regard also on the CCR5 expression levels on the cell surface 108,327,329.
High expression levels of CCR5 lead to a lower MPI-value than low CCR5 levels

108,327,329,

suggesting an increased ability to use CCR5:MVC when the density of this complex is higher.
Several studies showed that the mechanism of MVC resistance of R5 viruses relies on
alterations in the V3-loop of R5 Envs demonstrating resistance to MVC 108,325,330. The V3 loop
contributes to CoR binding, therefore is it expected that mutations in this region may
contribute to an alternate binding of CCR5:MVC. In addition, several other studies mapped
MVC resistance of R5 viruses to mutations in the C2 and C4 domains of gp120, but also in
gp41 331-334. However, the alterations in the gp120 that contribute to MVC resistance appear
in a subject-specific manner and MVC resistance was not replicable once the mutation was
introduced in a HIV-1 background 326,331. In the majority of cases, mutations in the resistant
Env alter the mechanism of interaction, because the Env relies more on the unmodified Nterminus of CCR5

108,297,334-336

than the ECL2 domain that is conformationally changed by

MVC binding.
As the literature shows, the HIV-1 Env is versatile and continuously changing, and the
likelihood of R5 Envs being resistant to MVC without the application of treatment, may be a
possible	
  option.	
  Hereafter,	
   this	
  characteristic	
  is	
  referred	
  to	
  as	
  “baseline	
   resistance”.	
   	
  A	
  study	
  
by Ping et al. focused on Envs isolated from C-HIV treatment-naïve subjects over the course
of infection and their ability to enter cells in the presence of MVC in an in vitro setting where
cell lines were expressing high concentrations of CCR5 on the cell surface

337.

The groups

made the observation that Envs from the early stages of infection are less efficient in using
CCR5:MVC than Envs isolated from the chronic stage of C-HIV infection. Another suggestion
is that the baseline resistant Envs are able to bind a CCR5 conformation that is not able to
bind MVC. The observations were based on an incomplete inhibition of HIV-1 by MVC,
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visible as a plateau under 100% inhibition for Envs that were resistant to the CCR5
antagonist, only in the context of a cell line expressing high concentrations of CCR5

133.

A

different group 338 made similar findings as Ping et al. Since these findings were observed in
an in vitro setting, the importance in vivo has to be confirmed.

1.11 Thesis Overview & Importance
Most studies of HIV-1 pathogenesis have been conducted on B-HIV Env glycoproteins, even
though B-HIV is responsible for a minority of HIV-1 infections worldwide. The populations
where the HIV-1 pandemic is severe are predominantly infected by C-HIV, including
populations in Sub-Saharan Africa and Central Asia and this means that over 50% of HIV-1
infected subjects worldwide would benefit from advances in HIV research, since little is
known about C-HIV pathogenesis. Differences between B-HIV and C-HIV pathogenesis exist
and this is likely due to unique structural and functional alterations in the C-HIV Env.
This study utilizes an extensive bank of C-HIV Envs (n=323) that have been generated in the
Gorry laboratory. The Envs were isolated from plasma that was taken from 21 C-HIV
infected ART-naïve subject from rural Zimbabwe. This longitudinal cohort enables us to
investigate plasma-derived Envs from three different time points over a period of three
years, which reflects disease progression from chronic to advanced stages of HIV-1
infection, known by the clinical and immunological data of the subjects. All Envs were
characterised for their CoR usage, as previously described in 178.
The aim of this study was to understand how the C-HIV Env adapts during progressive HIV1 infection. In particular, elucidating alterations in virus-cell interactions associated with
progressive C-HIV infection, based on the hypothesis that C-HIV Envs are more efficient in
interacting with CD4 and/or CCR5 in later stages of C-HIV infection. The second aim was to
determine the role of M-tropism during progressive C-HIV infection with the acquisition
that M-tropism occurs predominantly in late stages of infection. This increase is mainly
caused by an increased interaction with CD4 and/or CCR5 and leads to the investigation of
Env determinants, like a more exposed CD4bs and/or CCR5bs which may lead to an increase
of M-tropism during progressive C-HIV infection. Furthermore, I elucidated the amino acid
sequence and structural determinants of C-HIV Envs that are important for M-tropism,
because it is hypothesized those structural alterations affect the CD4bs and CCR5bs, leading
to a more efficient and stable interaction between C-HIV Env and CD4 and/or CCR5.
The significance of this study is that it provides novel mechanistic insights about the
interaction between the C-HIV Env and macrophages and the natural evolution of C-HIV
pathogenesis. Since C-HIV is the predominant subtype worldwide and therefore the most
relevant subtype to study in order to expedite development of vaccines and drugs to those
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who are most in need, this knowledge will be useful to identify new strategies to produce
antibodies against stable exposed neutralizing epitopes of C-HIV Envs.
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1.11.1 Aims and Hypothesis
Aim 1: To elucidate baseline maraviroc resistance during progressive C-HIV infection.


The hypothesis is that R5 Envs isolated of ART-naïve subjects evolve to become
resistant to the CCR5 antagonist MVC through alterations in the amino acid
sequence and structural determinants of the Env that facilitate the interaction
between gp120 and the CCR5:MVC complex.

Aim 2: To determine the role of M-tropism alterations during progressive C-HIV infection.


This aim is based on the hypothesis that M-tropic Envs occur more commonly in
later stages of C-HIV infection and when it appears, it is facilitated by Envs that are
able to use districted levels of CD4 and/or CCR5, which is a characteristic of MDMs.

Aim 3: To elucidate alterations in virus-cell interactions associated with progressive C-HIV
infection.


The hypothesis is that Envs evolve more to an increased ability to interact with CD4
and/or CCR5 during C-HIV disease progression.

Aim 4: To determine the Env determinants important for M-tropism of C-HIV.


The hypothesis is that M-tropic Envs isolated of subjects infected with C-HIV display
increased exposure of the CD4bs and/ or CCR5bs, thereby enhancing M-tropism
through efficient gp120-receptor interaction.

Aim 5: To investigate the amino acid sequence and structural determinants important for Mtropism and an increased ability to interact with CD4 and/or CCR5 of C-HIV Envs.


This aim is based on the hypothesis that M-tropic C-HIV Envs have an increased
ability to interact with CD4 and/or CCR5, which is caused by alterations that affect
the structure of the CD4bs and the CCR5bs. These alterations result in a more stable
and favorable interaction between gp120 and CD4 and/or CCR5.
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Chapter  2:  Baseline  maraviroc  
resistance  in  a  longitudinal  C-HIV  cohort
2.1 Background & Introduction
HIV-1 entry is triggered by the interaction between the viral Env that consists of a trimer of
heterodimers of gp120 and gp41 and the host cell receptors CD4 and CCR5 and/or CXCR4
29,31,339.

Envs can be classified by their coreceptor usage either as R5 (CCR5-using virus) and

X4 (CXCR4-using virus), and there are also some Envs able to utilize both coreceptors to
enter cells and they are called R5X4. Over the course of infection it was demonstrated that
during the acute and latent phase the predominant phenotype is R5

138,145,146

and in later

stages of infection nearly 40-50% of HIV-1 infected individuals emerge to become X4/R5X4
phenotype 158-162. Studies showed that an emerge of X4 virus strains leads to a faster decline
of CD4+ T-cells, because the majority of CD4 T-cells expresses the coreceptor CXCR4 rather
than CCR5

162,166

and therefore severe immune deficiency and faster progression of AIDS

162,165.

The interaction between gp120 and the main host cell receptor CD4 introduces
conformational changes in the V1, V2 and V3 loops of gp120 that recruits the bridging sheet,
which then leads to the exposure of the CoR binding site 58,61,86 and the CoR binding occurs.
To inhibit this interaction with an entry inhibitor is one option in ART.
The first FDA-approved entry inhibitor was maraviroc (MVC)

284-286.

MVC is a CCR5

antagonist that inhibits HIV-1 entry by binding with a hydrophobic cavity, formed by the 7
transmembrane helices of CCR5

290-292.

This leads to an unrecognizable conformation of

CCR5, so that gp120 is not able to bind the CoR anymore 292,296. Due to the high turnover rate
and error prone replication of HIV-1, resistance to MVC can occur. Two mechanisms are
known for a virus to become resistant to MVC. First, mutations within Env that cause a
switch in coreceptor usage to CXCR4, rendering CCR5 blockade irrelevant. During the
natural course of HIV-1 disease, coreceptor switch from CCR5 to CXCR4 occurs in
approximately 50% of the B-HIV infected individuals
HIV infections

161,174-178,

285,340.

A CoR switch occurs less in C-

for example one African cohort harbored 17% of X4 and R5X4

viruses isolated from later stages of C-HIV infection
from 20 subjects contained X4 and R5X4 viruses

13.

174

and another study showed that 8

But one longitudinal cohort showed an

exception and demonstrated that nearly 52% of the participants were able to use CXCR4 for
HIV-1 entry

179.

The second mechanism of resistance to MVC occurs through mutations in Env that allow for
recognition and binding of the MVC altered form of CCR5 324,325,330. The latter mechanism is
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characterised in viral inhibition assays by a reduction in the maximal percent inhibition
(MPI) and has been demonstrated in B-HIV and C-HIV Envs in the presence of a range of
CCR5 antagonists 133,325,330,338,341. The two mechanisms of MVC resistance evolved under the
pressure of the MVC administration. However, the Env is continuously changing and flexible
in its nature, so the assumption that an Env is able to bind the complex of CCR5 and MVC
prior MVC administration is possible. This so-called baseline resistance was demonstrated
in a panel of X4 and R5X4 Envs that displayed resistance to AMD3100, a CXCR4 antagonist
342

and has also been observed in clinical trials of another CCR5 antagonist called Aplaviroc

(APL), where one of 191 subjects demonstrated APL resistance before application of
therapy

329,343,344.

With the attention to baseline resistance in C-HIV infected individuals, two cross-sectional
studies showed a reduction in the MPI to the CCR5 antagonist MVC, especially in Envs
isolated from chronically infected patients, in NP2-CD4/CCR5 cells (expressing moderate
levels of CCR5) and even more pronounced in cell lines expressing high levels of CCR5 on
the cell surface

133,338.

Therefore, Envs from the chronic stage of infection were able to use

the CCR5:MVC complex more efficiently than Envs from earlier stages of infection 338.
The significance of baseline MVC resistant Envs in later stages of the HIV-1 infection still has
to be determined, but to prevent R5 transmitter virus strains MVC is under investigation to
prevent new infections with pre-exposure prophylaxis (PrEP) and microbicides

138,345-348.

Also it may be helpful to characterise baseline resistance further, since the application of
MVC to baseline resistant subjects may direct the virus strains towards a CoR switch to X4
virus strains, followed by faster disease progression and to failing therapy because of MVC
resistance.
The aims of the present study were to identify baseline resistance to MVC in C-HIV infected
treatment-naïve individuals from Zimbabwe, who experienced disease progression from
chronic to advanced stages of infection 178 to determine if a similar phenomenon occurs in a
longitudinal study as compared to earlier published cross-sectional studies 133,338.
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2.2 Materials & Methods
2.2.1 Cells & Cell lines
Cell	
  lines	
  were	
  incubated	
  at	
  37˚C	
   with	
  5%	
   CO2 in Thermo Direct Heat CO2 incubator (Forma
Scientific).

293T cells
DMEM-10	
   [Dulbecco’s	
   modified	
   Eagle	
   medium	
   (DMEM,	
   Invitrogen	
   Gibco)	
   supplemented	
  
with 10% heat inactivated fetal calf serum (Hi-FCS) (vol/vol), 1X GlutMax and 100µg/ml
penicillin and streptomycin (P/S)] was used to culture human embryonic kidney carcinoma
293T cells 273.

JC53 cells
JC53 cells are derived from the HeLa cell line and stably express high levels of CD4, CCR5
and a moderate level of CXCR4 on the cell surface 349. The cells were cultured in DMEM-10
after they were treated with Tryple Express to support detachment.

NP2 cells
Human glioma cell line, NP2-CD4/CCR5 cells stably expressing high levels of CD4 and CCR5
were maintained in DMEM-10, similar to NP2-CD4/CXCR4 cells. In addition 0.5mg per ml
G418 was added to maintain the CD4 expression as well as 1µg puromycin per ml for
continuous expression of CCR5 after washing with 1x phosphate buffered saline (PBS,
Invitrogen Gibco) and treatment with Tryple Express to detach the cells. Further NP2-CD4
cells expressing the alternative coreceptors CXCR6, GPR15, GPR1, APJ, CCR6 and CCR1 were
cultured under the same conditions as NP2-CD4/CCR5 cells.

293-Affinofile cell line
293-Affinofiles are a cell line that can be stimulated by addition of minocycline or
ponasterone A (ponA, Invitrogen) to independently induce different levels of CD4 and CCR5.
Cells were maintained in DMEM-10, containing sodium pyruvate and non-essential
aminoacids. The cells were maintained under drug selection with 50µg blastocidin per ml
after they were treated with Tryple Express 337,350.
The dually inducible quadruple stable cell line was generated by the transfection of HEK 293
cells with the following plasmids: PcDNA5/TO-CD4 regulates the CD4 expression due to the
addition of minocycline, an analog to tetracycline. CD4 expression is initiated via the release
of a repressor protein, located next to the Tet-O-CMV promoter. The expression of CCR5 is
initiated by the addition of ponasterone A (ponA) that exists in two subunits and can be
dimerized by the expression of a transactivator from the plasmid pcVgRXR. PonA binds
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upstream to a ponA-responsive promoter, followed by the activation of the CCR5 expression
337.

Figure 4. 1: Schematic diagram of 293-Affinofile cells including the four plasmids that are used
for a stable transfection to express CD4 and CCR5 independently (Figure adapted from 337).

2.2.2 Ethics statement
As defined in previous papers

43,178,309,

the permission to use the stored plasma samples to

derive Env clones was given by the subjects. Ethics approval for the use of the samples was
granted by the Medical Research Council of Zimbabwe (MRCZ/A/918) and by the Central
Medical Scientific Ethics Committee of Denmark (624-01-0031).

2.2.3 Single round HIV-1 Env pseudotyped luciferase reporter viruses
Plasmids
The pSVIII-Env expression plasmid contains a simian virus 40 (SV40) origin of replication
and the gp160 Env gene is under the control of a HIV-1 long terminal repeat (LTR) promoter
351.

The expression plasmid was used to insert the plasma-derived envelope via the KpnI and

BamHI site, described in detail in Jakobsen et al.

178.

The plasma-derived Envs with their

corresponding GeneBank Accession numbers used in this study are listed in Jakobsen et al.
178

and in the Appendix 1.1.

PSVIII-∆KS, -ADA, -JRCSF and -YU2 were used as controls. These R5 Envs are well studied
and characterised

226,234,352,353.

PSVIII-∆KS	
   contains	
   a	
   non-functional Env, because of a

deletion between the KpnI and StuI restriction sites and was used as negative control, since
no HIV-1 entry is possible. Further controls included MVC-sens and MVC-res Envs 354. MVCsens is a subtype B Env that displays an inherent, low level baseline ability to interact with

43

the CCR5:MVC complex and MVC-res is a resistant Env generated in vitro from the parental
Env MVC-sens 354.
pCMV∆P1∆envpA,	
   pHIV-1Luc were provided by Joseph Sodroski (Dana-Farber Cancer
Institute).	
   pCMV∆P1∆envpA	
   contains	
   gag/pol	
   and	
   tat	
   gene,	
   while	
   pHIV-1Luc provides the
viral RNA and is defective in all HIV-1 genes besides tat and a luciferase reporter gene.

Plasmid propagation
Top	
   10	
   F’	
   Escherichia coli (E.coli) were transformed with pSVIII-Env, expressing different
Env	
  clones,	
  as	
  well	
  as	
  pCMV∆P1envpA	
  and	
  pHIV-1 Luc. E.coli’s	
  were	
  made	
  competent	
  by the
rubium chloride method described in the Promega protocols and amplification guide, 3 rd
Edition. To transform E.coli, 50µl of the glycerol stock was incubated with 1.5µl of DNA on
ice	
  for	
  30	
  min,	
  then	
  heat	
  shocked	
  at	
  42˚C	
  for	
  60	
  sec	
  and	
  incubated for 2 min on ice, before
2ml LB-media was added to the E.coli. The transformed bacteria were incubated for 1 hr at
37	
  ˚C	
  and	
  200	
  rpm,	
  followed	
  by	
  streaking	
  the	
  bacteria	
  on	
  agar plates, complemented with
50µg of ampicillin (Amp) per ml. Transformed E.coli were incubated	
  over	
  night	
  at	
  37˚C.
Single colonies of each Env expressing plasmid were isolated and inoculated in LB-media
(containing	
  50µg/ml	
  Amp)	
  and	
  incubated	
  over	
  night	
  at	
  37˚C,	
  shaking	
  at	
  200	
  rpm.
Overnight cultures were centrifuged at 6000g for 15 min at 4°C. The DNA was purified using
a QIAGEN Plasmid Maxi Kit according to the	
   manufacture’s	
   protocol	
   (QIAGEN	
   GmbH,	
  
Germany) until step 13. For the Ethanol (EtOH)-Precipitation the pellet was resuspended in
500μl	
   TE-buffer, and the DNA was precipitated due to the addition of 10% 3 M Sodium
Acetat (NaAc) and 1.5ml of 100% (vol/vol) ice cold EtOH. After an incubation of 1 hr at –
20°C the DNA was centrifuged for 30 min at 20.000g at 4°C. The Pellet was washed 2-times
with 70% (vol/vol) EtOH and dried on air, then re-dissolved in TE-Buffer (10mM Tris, pH
8.0) and stored at -20°C.

DNA quantification
To quantify the purified DNA the NanoDrop spectrophotometer was used at a wavelength of
260 nm (Thermo Scientific, USA).
pSVIII-Env was digested to confirm the presence of the Env in the plasmid and the right size
of the Env. 4 units of the restriction enzymes BamHI and Acc651 (New England Biolabs
(NEB)) were used to digest 500ng of purified DNA. To analyse the digest, gel electrophoresis
was used with a 1.2% (wt/vol) agarose gel in 1x Tris-acetate-EDTA buffer (TAE). The size of
the env fragment was compared to 1kb-Plus DNA molecular weight markers (Invitrogen).
DNA was visualized by 1x Sybr Safe DNA gel stain (Invitrogen) under blue light conditions.
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Generation of HIV-1 Env-pseudotyped luciferase reporter viruses
To generate single round luciferase reporter viruses three plasmids were used. First,
pCMV∆P1∆envpA that encodes the HIV-1 packaging components (Gag/Pol) and the Tat
protein

355,

which is required for active transcription. Second, pHIV-1 Luc that carries a

packageable HIV-1 vector and is defective in all HIV-1 genes except tat and expresses the
luciferase reporter gene that is needed as the reporter to quantify HIV-1 entry 356. Third, the
pSVIII-Env that encodes the envelope glycoprotein (see Material and Methods).
12 hr before transfection, 293T cells were seeded into a 6-well plate at a density of 0.35x106
cells/ml in DMEM-10 without antibiotics. 293T cells were co-transfected with plasmids
pCMV∆P1∆envpA,	
  pHIV-1Luc and pSVIII-Env at a ratio of 1:3:1 using Lipofectamine 2000, as
previously described

234,268.

The supernatant was then changed 4 to 6 hr post-transfection

and replaced with fresh DMEM-10 containing 100µg/ml P/S, followed by a further
incubation period of 42 to 44 hr. The supernatants containing the virus particles was
removed and then filtered through 0.45µm filters and stored at -80˚C in cryo vials.

Quantitation of HIV-1 Env-pseudotyped luciferase reporter viruses
12 hr before infection 1x104 JC53 cells were seeded into a 96-well plate. Cells were infected
with 100µl of 5-fold serial dilutions of the virus stock (0.0016, 0.008, 0.04, 0.2, 0.5, 1) to
determine the infectious dose of the Env-pseudotyped luciferase reporter viruses. 12 hr
post infection the media was changed to remove residual inoculum, followed by further
incubation for 48 hr. Subsequent to this, the cells were lysed and luciferase activity
determined with the Luciferase Assay System	
   (Promega)	
   according	
   to	
   the	
   manufacture’s	
  
protocol. Luminescence was measured using the FLUOStar microplate reader (BMG Labtech,
GmbH, Germany).
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Figure 3. 1: Generating luciferase reporter viruses pseudotyped with Env (picture by Martin Jakobsen). 293T cells were co-transfected with a ratio of 1:3:1 of
the	
   plasmids	
   pCMV∆P1∆envpA,	
   pHIV-1Luc and pSVIII-Env using Lipofectamine 2000, as previously described 234,268. Once the virus particles were isolated
from the supernatant and stored at -80°C, they were used to infect cell lines expressing CD4 and CCR5 and/or CXCR4 to quantitate the infectious titer.
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2.2.4 HIV-1 Entry Assay
Inhibition assay in the presence of the CCR5 antagonist maraviroc (MVC)
NP2-CD4/CCR5 cells were seeded at a density of 1x104 cells/100µl into a 96-well plate.
24 hr later cells were pre-incubated with 5µM MVC (diluted in DMSO) for 45 min prior
to adding Env-pseudotyped luciferase reporter viruses, equivalent to 200,000 RLU
measured in JC53 (see Quantitation of HIV-1 Env-pseudotyped luciferase reporter
viruses). In addition to cells with MVC, NP2-CD4/CCR5 cells were also prepared with an
equivalent concentration of DMSO (0.1%, vol/vol). After 12 hr incubation, the inoculum
was removed and replaced with fresh media containing drug or DMSO followed by a
further 48 hr incubation period. Cells were then lysed with 100µl 1x cell culture lysis
reagent (Promega) and luciferase activity in cell lysates was measured with a FLUOStar
microplate reader (BMG Labtech GmbH, Germany) according to the manufacturers
protocol. Residual HIV-1 entry was calculated as a percentage of the HIV-1 entry in cells
incubated with DMSO.
To determine residual entry in 293-Affinofile cells

337,

5x106 cells/20ml were seeded

into a T75-flask and cultured for 24 hr. To generate a cell population which expressed a
moderate level of CD4 and a high level CCR5 (293-Affinofile CD4mod/CCR5high), the media
was replaced with 10ml fresh media containing 5ng minocycline per ml (CD4
expression) and 2µM ponasterone A (ponA, CCR5 expression). After 18 hr of incubation,
the media was removed and the cells were detached and seeded with a cell density of
2x104 cells/50µl into a 96-well plate that was coated with 50µg/ml Poly-D-Lysine
hydrobromide (mol wt 70,000-150,000, Sigma-Aldrich) to promote cell attachment. The
cells were then incubated with 50µl MVC (x4 for a final concentration of 10μM) or DMSO
(0.1% final concentration) for 45 min prior to addition of 100μl of virus dilution that is
equivalent to 200,000 RLU. After 72 hr, the cells were lysed and HIV-1 entry was
measured as described above.
For MVC inhibition curves, the cells were pre-incubated with 5-fold dilutions of MVC
(0.64 to 10,000nM) for 45 min, followed by the same procedure as described above.
Inhibition curves were generated by fitting a nonlinear function to the data and plateaus
of the MPI were determined from the inhibition curves 325,330.

293-Affinofile affinity-profiling system
CD4 and CCR5 dependency of C-HIV Envs was investigated by using the 293-Affinofile
affinity-profiling system 337,350.
2x104 cells/well were seeded into a 96-well plate that was coated with 50µg/ml Poly-D47

Lysine hydrobromide (mol wt 70,000-150,000, Sigma-Aldrich) to promote cell
attachment. 24 hr later, the cells were treated with 2-fold dilutions of minocycline
(0.156 to 5.0ng/ml) that induces CD4 expression from approximately 1,500 to 160,000
CD4 molecules per cell. In addition to minocycline, cells were treated with 8
concentrations of ponA (0.0156 to 2.0µM) to express CCR5 on the cell surface in a range
from 1,500 to 160,000 CCR5 molecules per cell. After an incubation of 18 hr	
   at	
   37˚C	
   the	
  
cells were inoculated with 400,000 RLU of luciferase reporter virus in a volume of
100µl. The amount of CD4 and CCR5 receptors on the cell surface was determined by
quantitative flow cytometry (qFACS) at the time of infection as described in Chapter
2.2.5. At 12 hr post infection, 100µl of media was added to each well, followed by
incubation for 48 hr	
  at	
  37˚C.	
  Cells	
  were	
  harvested	
  and	
  assayed	
  for	
  luciferase	
  activity	
  as	
  
described in section 2.2.2 (Quantitation of HIV-1 Env-pseudotyped luciferase reporter
viruses).
After normalization of the virus entry data, the relative dependence of Env-pseudotyped
reporter viruses on CD4 and CCR5 expression levels was mathematically modeled using
the VERSA computational platform (http://versa.biomath.ucla.edu), as described
previously

337,350,357.

With the use of this model, viral infectivity is quantified using a

single vector. The vector magnitude and mean induction reflect the efficiency of virus
entry, and the vector angle represents the relative dependence on CD4 or CCR5. The
mathematical derivation of these metrics has been described in detail previously

337,350.

In theoretical extremes, viruses that have the greatest possible sensitivity to alterations
in CD4 expression but are unaffected by alterations in CCR5 expression have a vector
angle of 0°, and conversely, viruses that have the greatest possible sensitivity to
alterations in CCR5 expression but are unaffected by alterations in CD4 expression have
a vector angle of 90°.
The relative level of entry was expressed as a percentage of the entry in the cell
population with the highest expression of CD4 and CCR5. Values were used to generate a
three-dimensional plot for each Env with Microsoft® Exel 2011 Version 14.3.6.

Entry assay of luciferase reporter viruses pseudotyped with Env in cells
expressing CXCR4
To determine a swap in CoR usage after Env determinants were mutated, 1x104 NP2CD4/CXCR4 cells were inoculated with undiluted virus stocks in 100µl volume for 12hr.
Media was changed and cells were incubated for further 48 hr. Infected NP2CD4/CXCR4 cells were harvested and lysed with 100µl 1x cell culture lysis reagent
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(Promega). HIV-1 entry was measured with a FLUOStar microplate reader (BMG
Labtech, GmbH, Germany) assaying the luminescence.

2.2.5 Env mutagenesis
Single amino acid changes were generated with the QuickChange II Site-Directed
Mutagenesis Kit according to the protocol of the company.

2.2.6 Determination of CD4 and CCR5 cell surface expression
Expression of CD4 and CCR5 on the cell surface of 293-Affinofile cells was determined
via qFACS. 1.2x105 cells/well in a 24-well plate were treated with increasing
concentrations of minocycline and ponA. CD4 expression was induced through
minocycline (0.156 to 5ng/ml) and the addition of ponA in a range from 0.0156 to 2µM
regulates the CCR5 expression. To detach the cells, Tryple Express was added after 18 hr
and the cells were resuspended in 450µl FACS wash buffer (FWB; 1X PBS with 2.5%
(vol/vol) HiFCS and 0.25% of 10% (vol/vol) Sodium Azide). Cells were transferred into
a 96 well V-bottom plate and centrifuged at 659g at RT for 3 min. The cell pellet was
resuspended in 200µl blocking solution (1x FWB with 5% (vol/vol) normal mouse
serum (Sigma- Aldrich)) and incubated for 30 min at RT. After washing the cells twice
with FWB, CCR5 expressing cells were stained with 10μl/well	
   of	
   Phycoerythrin	
   (PE)	
  
Mouse Anti- Human CD195 antibody (BD Pharminogen) in 50µl FWB. CD4 expressing
cells were treated with 50µl FWB containing 10µl PE Mouse Anti-Human CD4 antibody
(BD Pharminogen). Both cell populations were incubated for 45 min at RT. PE Mouse
IgG2aκ	
  antibody	
  (BD	
  Pharminogen)	
  was	
  used	
  as	
  an	
  isotype	
  control	
   for	
   CCR5	
  expressing	
  
cells and PE Mouse IgG1 antibody, as isotype control (BD Pharminogen) for CD4
expressing cells. The cells were centrifuged (same conditions as above) and washed
twice with 200µl FWB/well, before being fixed in 200µl 4% (wt/vol) paraformaldehyde
in 1x PBS.
1x105 events were collected for each cell population on a FACSCalibur flow cytometer
(BD Bioscience) and analysed using FlowJo software version 8.8.7 (Tree Star). Receptor
expression was quantified by using a QuantiBRITE fluorescence quantitation system
(BD Bioscience) and the regression curves were generated in Microsoft Excel 2011
Version 14.3.6.
To measure CD4 and CCR5 expression of cells other than 293-Affinofile cells, for
example CF2Th Syn CCR5 cells 274, the same method and antibodies were used, without
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the need to activate the cells. Expression levels were also analysed by FlowJo software
version 8.8.7 (Tree Star).

2.2.7 Statistical analysis
Data analysis was performed using the Prism software package (GraphPad Software).
This applies to the entire analyses performed during this study.
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2.3 Results
2.3.1 Characteristics of the C-HIV cohort
In this study 244 Envs (GenBank Accession Numbers see Appendix 1.1,

178)

were

selected and isolated from longitudinal plasma samples of 20 subjects from rural
Zimbabwe, who were part of the Mupfure schistosomiasis and HIV (MUSH) cohort
126,358.

124-

All the participants were ART-naïve, because before 2005 there was no or poor

access to ART in rural Zimbabwe. Subjects demonstrated disease progression from
chronic to advanced stages of infection over a 3-year time period and plasma samples
were isolated at enrolment (E), 1.5 years after enrolment (I=intermediate) and three
years after enrolment (F=Final). Furthermore, the 20 subjects demonstrated a CD4+ Tcell decline and a relatively constant plasma viral load over the 3-year sampling period.
Plasma samples were used to amplify the gp160 coding region of the envelope and
cloned into pSVIII-Env expression plasmid. The C-HIV Env bank and subjects are
characterised in detail in Jakobsen et al.

178.

In addition, all Envs were phenotyped as

exclusively R5 and did not undergo a CoR change during disease progression 178.

2.3.2 Incomplete inhibition by MVC of Envs during progressive C-HIV
infection
Previous cross-sectional studies showed that Envs may be incompletely inhibited by the
CCR5 antagonist MVC

133,338.

This observation was made more frequently in Envs

isolated from the chronic stage of C-HIV infection than in Envs from earlier stages, even
though the incomplete inhibition was relatively low (0.01 to 1.0% residual entry) in
NP2-CD4/CCR5 cells in the presence of saturating MVC concentrations

338.

In fact, the

incomplete inhibition of the same Envs was more pronounced in 293-Affinofile cells
expressing higher CCR5 levels

338.

To extend this observation to later stages of C-HIV

infection and investigate baseline resistance in a longitudinal cohort rather than crosssectional studies, tested was the frequency and magnitude of residual entry of 244 CHIV Envs isolated from longitudinal plasma samples of 20 antiretroviral (ART)-naïve
subjects from rural Zimbabwe, who progressed from chronic to advanced stages of
infection over a 3 year sampling period, as described by Jakobsen et al. 178.
To investigate the ability of subtype C Envs to bind the CCR5:MVC complex, NP2CD4/CCR5 cells were treated with 5µM MVC and inoculated with luciferase reporter
viruses pseudotyped to express the 244 C-HIV Envs or a control B-HIV Env; ADA, YU2,
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JR-CSF, MVC-res and MVC-sens 108,354. The control Envs ADA, YU2, JRSCF and MVC-sens
demonstrated near complete inhibition, even though MVC-sens has a baseline ability to
use CCR5:MVC and MVC-res was incompletely inhibited by MVC. MVC-res is a resistant
Env that was generated in vitro via continuously passaging in PBMC in the presence of
MVC

354,

which led to resistance to MVC and the ability to use the CCR5:MVC complex

more efficiently, since MVC-res can enter the cell by binding the altered form of CCR5,
even though MVC is bound 354.
MVC-sens was used to define a subjective threshold of 2.0% HIV-1 entry relative to
untreated cells to determine incomplete inhibition of other Envs that may be clinically
relevant. Compared to MVC-sens (1.82% residual entry) and MVC-res (37.8% residual
entry), 16 C-HIV Envs from 8 subjects (204, 550, 1375, 1441, 1503, 1684, 1854, 2042)
displayed pronounced usage of CCR5:MVC in NP2-CD4/CCR5 cells and therefore
incomplete inhibition by MVC (Figure 2. 1) with a residual entry ranging from 2.7% to
20.3%. It is noteworthy that the majority of Envs exhibiting incomplete inhibition
entered NP2-CD4/CCR5 cells with values located in the lower range of residual entry
levels (Table 2.1). The Envs with the highest efficiency to interact with CCR5:MVC were
derived from subject 1375 with a mean of 9.73 ± 2.5% (1375_E2) and 20.32 ± 5.23
(1375_I8) (Table 2. 1).
Envs that demonstrated incomplete inhibition to MVC were not more frequent at the
final timepoint, which suggests that the ability to use CCR5:MVC is not associated with
disease progression from chronic to advanced stages of infection. This observation
extends the results of the cross-sectional studies by Parker et al. and Ping et al., where
an increase of Envs in the efficiency to use CCR5:MVC occurred over the disease
progression from early to the chronic stage of HIV-1 infection 133,338. It may be possible
that a greater number of Envs is needed to observe a temporal pattern in the frequency
of Envs that exhibit the ability to use the CCR5:MVC complex in the context of disease
progression.
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Figure 2. 1: MVC baseline resistance screen of 20 subjects. Infection of NP2-CD4/CCR5 cells
with Envs pseudotyped luciferase reporter viruses the residual entry in the presence of
saturating concentration of MVC (5µM) is presented relative to the entry in the absence of
MVC. Plasma-derived Envs were isolated from three different time points (E=enrolment;
I=intermediate; F=final) and Envs labeled in red are able to use the CCR5:MVC complex.
Each data point is the mean value of triplicate wells. Dotted line presents the cutoff value
set by the residual entry of MVC-sens.
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Table 2. 1: Residual entry of Envs in NP2-CD4/CCR5 cells and 293-Affinofile cells that
express CD4mod and CCR5high in the presence of saturating concentrations of MVC (see
Material and Methods Chapter 2.2.4). Residual entry is represented as the mean of
triplicate wells including the standard error. Some values were not available (n.a.).
Env clone

Residual entry in NP2 cells
(%)

ADA

0.25 ± 0.04

Residual entry in Affinofile
cells (%)
n.a.

YU2

0.04 ± 0.02

0.26 ± 0.02

JRCSF

0.09 ± 0.02

0.18 ± 0.02

MVC res

37.8 ± 1.01

68.45 ± 14.35

MVCsens

1.82 ± 0.2

47.28 ± 2.23

204

E7

3.6 ± 0.09

36.24 ± 5.01

550

I2

3.80 ± 0.71

52.6 ± 13.87

I7

3.84 ± 1.00

36.2 ± 1.81

F12

4.32 ± 1.32

60.32 ± 7.20

F20

2.80 ± 1.11

38.83 ± 4.09

E2

9.73 ± 2.50

84.20 ± 8.99

I8

20.34 ± 5.23

69.03 ± 9.10

E1

5.70 ± 0.47

44.77 ± 2.55

E2

2.7 ± 1.00

53.69 ± 9.14

E6

6.72 ± 0.66

67.26 ± 9.58

I2

3.90 ± 0.49

68.34 ± 11.52

I9

4.57 ± 0.42

79.78 ± 4.18

1503

F7

3.37 ± 0.71

n.a.

1684

E7

2.84 ± 1.74

27.46 ± 3.51

1854

I7

4.56 ± 0.73

n.a.

2042

I38

2.95 ± 0.86

38.77 ± 0.53

Patient ID

1375

1441
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2.3.3 Alternative coreceptor usage of baseline resistant Envs
16 Envs were identified that were able to use the CCR5:MVC complex and this
phenotype is not related to the disease stage. However, a previous study by our
laboratory demonstrated in our C-HIV R5 Env panel an increase of the ability to use the
alternative coreceptors CCR3 and FPRL1 over the course of infection, which may be
associated with a an increased flexibility to use CCR5

43.

Increased flexibility in CoR

usage has also been demonstrated in B-HIV cohorts, together with a reduced sensitivity
to the natural CCR5 ligand RANTES 172,173,359.
Table 2.2 represents the alternative CoR usage and the ability to use the CCR5:MVC
complex for C-HIV Env clones. The majority of the R5 Envs is able to enter cells via CCR5
and also via FPRL1 efficiently (independent of the ability use CCR5:MVC), with one
exception, Env clones of subject 1503 that are not able to use FPRL1. 15 of 25 Envs were
able to use the alternative CoR CCR3 and only 10 of 24 Envs could use CCR8 as an
addition to CCR5. However, the efficiency for CCR3 and CCR8 was not as high as for
FPRL1.
To summarize, the majority of R5 Envs was able to use one alternative CoR in addition
to CCR5, but there was no pattern visible that was related to the usage of CCR5:MVC and
the usage of the alternative CoR. This leads to the suggestion that increased flexibility of
using CCR5 may not necessarily relate to the usage of CCR5:MVC and may be a more
complex mechanism.
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Table 2. 2: Coreceptor usage of Env clones (data adapted from 43).
Subject ID

Env clone

204

E15
E7
I32
I2
I7
F12
F20
E21
E2
I8
E7
E1
E2
E6
I2
I9
E11
F7
I13
E7
E8
I7
E26
I38

550

1375

1441

1503
1684
1854
2042

Usage of
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC
CCR5:MVC

CCR5
++
++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
++
+++
+++
+++
+++
++

Coreceptor usage
CCR3
FPRL1
++
+
++
+++
+++
+++
+++
+++
+++
+++
++
+++
+++
+
+++
+
+++
++
++
++
+
+++
+
++
+
+++
+
++
++
+++
++
+++
++
+
++
+
++

CCR8
+
++
+
+
+
+
++
++
+
++
-

2.3.4 Levels of incomplete HIV-1 inhibition by MVC are more pronounced in
293-Affinofile CD4mod/CCR5high cells
Our group, as well as the groups of Swanstrom and Doms have shown that the ability to
use CCR5:MVC was more pronounced in cell lines expressing a higher levels of CCR5 on
the surface demonstrated by higher residual entry and lower MPIs

133,330,338.

with higher levels of CCR5, compared to the NP2-CD4/CCR5 cell line

338

A cell line

is the dually

inducible 293-Affinofile cell line, where the application of different concentrations of
minocycline and ponA influences the expression levels of CD4 and CCR5 (337 see
Materials and Methods).
Since the residual entry in NP2-CD4/CCR5 cells was relatively low for the majority of
the 16 Envs with incomplete inhibition to MVC, to confirm the phenotype 293-Affinofile
cells expressing moderate levels of CD4 and high levels of CCR5 (293-Affinofile
CD4mod/CCR5high) were infected with luciferase reporter viruses pseudotyped with 14 of
the 16 Envs and the control Envs YU2, JRCSF, MVS-sens and MVC-res. Higher values of
residual entry and lower MPIs were expected than in NP2-CD4/CCR5 cells that only
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express moderate levels of CCR5. The cells were treated with a saturating amount of
MVC, corresponding to 10µM MVC.
Table 2.1 shows the residual entry of Env clones in 293-Affinofile cells, compared to the
entry in NP2-CD4/CCR5 cells. Control Envs YU2 and JRCSF that are not able to use
CCR5:MVC showed even in 293-Affinofile CD4mod/CCR5high cells complete inhibition by
MVC with residual entry levels below 0.5%. MVC-sens on the other hand demonstrated
residual entry of 47.28% ± 2.23 and demonstrated the ability to use CCR5:MVC, even
though the residual entry in NP2-CD4/CCR5 cells was only 1.82% (Table 2.1). The
resistant control Env MVC-res doubled the residual entry to 68.45 ÷ 14.35%, compared
to residual entry in NP2-CD4/CCR5 cells.
Overall, the residual entry for the 14 C-HIV Envs of the longitudinal cohort in 293Affinofile CD4mod/CCR5high cells was higher, and ranged from 27.5% to 84.2%, compared
to NP2-CD4/CCR5 cells with residual entry from 2.7% to 20.34%.
Once the residual entry was determined, comprehensive inhibition curves were
generated for the 14 Envs to determine the MPI; here genetically-related Envs from the
same subjects were included that did not exhibit incomplete inhibition to MVC and were
expected to plateau with an MPI of approximately 100%. Envs that showed high
residual entry in the presence of MVC were expected to show a decrease in the MPI
133,325,329,330,360.

The determination of MPIs was also performed in 293-Affinofile

CD4mod/CCR5high cells, because they are more sensitive as seen in the previous assay
(Table 2.1).
The inhibition curves showed that Envs (204_E15, 550_I32, 1375_E21, 1441_E7,
1684_I13 and 2042_I38) with low residual entry levels, could not enter 293-Affinofile
cells at higher concentrations of MVC, resulting in a plateau at around 100% inhibition
(Figure 2. 2). The genetically-related Envs of subjects 204, 550, 1375, 1441, 1684 and
2042, displaying incomplete inhibition by MVC and high residual entry levels in 293Affinofile CD4mod/CCR5high cells, demonstrated a reduction in the plateau level and low
MPIs in the inhibition curves (Figure 2.2). Table 2.2 summarizes the MPIs of all Envs
that were used in the MVC inhibition assay, and confirms that Envs which are able to use
CCR5:MVC have a lower MPI and reduction in the plateau at high MVC concentrations,
compared to Envs that are unable to utilize CCR5:MVC. However, Env clone 550_I32,
that was determined as unable to use CCR5:MVC, shows incomplete inhibition at high
levels of MVC with an MPI of 92.7 ± 0.62. Therefore, it may be possible that a
predisposition to use CCR5:MVC is inherited, which is only visible at high cell surface
levels of CCR5. The subjects 1375 and 1441 exhibit Envs with the lowest MPI, which are
1375_E2 with 16.54%, 1441_I9 with 27.51% and 1441_I2 with 32.92%.
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In summary, incomplete inhibition via MVC is more pronounced in CD4mod/CCR5high
293-Affinofile cells with residual entry levels 7- to 20-fold greater than the residual
entry in NP2-CD4/CCR5 cells that only express a moderate level of CCR5 on the cell
surface. Therefore, 293-Affinofile cells are more sensitive to detect incomplete
inhibition by MVC.
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Figure 2. 2: MVC inhibition curves of baseline resistant Envs and their genetically-related
sensitive Envs. Luciferase reporter viruses pseudotyped with Envs of 6 subjects were used
to infect 293-Affinofile (CD4mod/CCR5high) cells in the presence of increasing concentration
of MVC. The data is a representative of one experiment and the data points present the
mean and standard error of triplicate wells. Inhibition curves were calculated as
described in Material and Methods.
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Table 2. 3: MPIs of C-HIV Envs in 293-Affinofile (CD4mod/CCR5high) cells to MVC, calculated
from the inhibition curves of Figure 2.2.
Patient ID

Env clone

MPI (%)

SD (%)

204

EE-7
E15

100.13

1.66

E7

68.65

16.62

III
I32

92.7

0.62

I2

49.03

13.75

I7

65.38

3.33

F12

43.39

1.42

F20

62.65

2.09

E21

100.01

0.69

E2

16.54

10.53

I8

30.87

9.17

E7

99.25

0.56

E1

60.47

3.94

E2

48.02

5.56

E6

36.85

12.35

I2

32.92

12.34

I9

27.51

0.05

I13

100.27

1.46

E7

72.63

2.91

E26

100.99

1.57

I38

63.55

1.30

550

1375

1441

1684

2042

2.3.4 Magnitude of reduced MPI to MVC relates to efficient usage of the
CCR5:MVC complex
After determining the MPI of the baseline resistant Envs, the efficacy of Envs to use the
CCR5:MVC complex was investigated. A previous study showed that an efficient
interaction between gp120 and CCR5:MVC is represented by a lower MPI

354.

The

magnitude of the MPI can provide information about the efficiency of the Env to use
CCR5:MVC. Therefore, Envs with a very low MPI are more efficient in using CCR5:MVC
than Envs that have a higher MPI

354.

Therefore, Envs from two subjects were chosen

that exhibited different MPI levels. First, 1684_E7 with a MPI of 72.63% and the
genetically-related Env 1684_I13 with a MPI of 100.27%, and secondly, Env clone
1375_E2 with a low MPI of 16.54% and the genetically-related Env 1375_E21 with
100.01% MPI (Table 2.2). The assay that was used to quantify how efficient the Env
adopted the ability to use CCR5:MVC, was the 293-Affinofile affinity profiling system
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337,350,361,

which allowed to generate 48 different cell populations, each expressing

diverse levels of CD4 and CCR5 controlled by individually inducible promoters (241,337,350,
see Materials and Methods). Env-pseudotyped reporter viruses of subject 1684 and
1375 were then used for infection of the 48 cell populations in the absence and presence
of a saturating concentration of MVC (10µM).
In the absence of MVC, both Envs independent of the MPI showed similar entry patterns
into the 48-different cell populations (Figure 2.3). All Envs displayed maximal infectivity
between 68% and 100% in 293-Affinofile cells that express high levels of CD4 and CCR5
(CD4high/CCR5high). Even when comparing HIV-1 infectivity in cell populations, which
were associated with high CD4 and low CCR5 expression levels, all 4 Envs irrespective of
their phenotype could enter the cells within a range between 21% to 37% infectivity.
However, once the concentration of CD4 and CCR5 decreased the Envs demonstrated
barely HIV-1 entry in certain cell populations (Figure 2.3).
In the presence of MVC, the infectivity of 1684_E7, which has a high MPI (72.63%), was
reduced by 80% in CD4high/CCR5high cells (down to 19.7%) compared to infectivity in the
absence of the CCR5 antagonist (100%). In contrast, the infectivity of 1375_E2, which
has a comparatively low MPI (16.54%) and is therefore able to efficiently engage
CCR5:MVC, was reduced by only 43% (from 100% to 57.47% ) in CD4 high/CCR5high cells
after the addition of MVC (Figure 2.3). Furthermore, 1375_E2 could enter
CD4high/CCR5low 293-Affinofile cells with a low infectivity of 3%, whilst 1684_E7 was not
able to enter this cell population in the presence of MVC.
To summarize, the magnitude of a reduced MPI to MVC and therefore the extent of
baseline resistance in C-HIV Envs to MVC, is related to the efficiency of the Env to use
the CCR5:MVC complex.
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2.3.5 Determinants for susceptibility to MVC are subject-specific in the C-HIV
cohort
The identified baseline resistant Envs were quantitated in their usage of the CCR5:MVC
complex, so to elucidate the Env determinants that are contributing to baseline resistance
the sequence of gp120 was analysed. As previous studies of B-HIV Envs have shown,
changes in the V3 contribute to the emergence of resistance to CCR5 entry inhibitors
326,330,362.

To investigate MVC resistance determinants in C-HIV of treatment-naïve subjects,

V3 sequences of Envs were analysed that are efficient at using CCR5:MVC, compared to their
corresponding genetically-related Envs that are inefficient at using CCR5:MVC and
plateaued at 100% in 293-Affinofile cell population CD4mod/CCR5high (Figure 2.4).
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Envs, not able to use CCR5:MVC (-) and their geneticallyrelated Envs, which are able to use the complex (CCR5:MVC).

Sequence analysis of subjects 1375 and 1441 showed unique amino acid changes between
Envs that were incompletely inhibited by MVC with a low MPI and Envs that were inhibited
by MVC demonstrating a high MPI plateauing at 100%. Interestingly, all of the subject 1375
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Envs that were inefficient at using CCR5:MVC plateau at 100% exhibit a Ser at Env position
306, whereas all of the subject 1375 Envs that are efficient at using CCR5:MVC with lower
MPIs exhibit a Gly. Similarly, while all of the subject 1441 Envs that are inefficient at using
CCR5:MVC express a Arg at Env position 305, the majority of subject 1441 Envs that are
efficient at using CCR5:MVC exhibit a Gln at position 305. Although Envs of subject 1441
exhibit additional changes in the V3 region at positions 320 and 328 (Figure 2. 4), the
focuse was on position 305 since previous studies in clinical C-HIV strains demonstrated
that the V3 loop contributes to incomplete inhibition via CCR5 antagonist

341,363.

Based on

these sequence analysis results, next 4 Env mutants (Figure 2. 5) were generated, labeled as
1375_E2_G3306S, 1375_E21_S306G, 1441_E6_Q305R and 1441_E7_R305Q.
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Subsequently luciferase reporter viruses pseudotyped with Env mutants were generated
that were utilized in single round entry assays to determine the significance of the residue
located in the V3. Notably, all Env mutants maintained their R5 phenotype and entered the
NP2-CD4/CCR5 cells efficiently (Figure 2. 6 and Figure 2. 7). Env clone 1375_E2_G306S,
contains the backbone of the Env insensitive to CCR5:MVC and serine instead of glycine. The
introduction of S306 resulted in an increase from 36% to 87%. As such, 1375_E2_G3106S is
less able to use CCR5:MVC than the wild type 1375_E2 Env. Similar outcomes were seen
with mutation Q305R that was inserted in the backbone of the baseline resistant Env
1441_E6, leading to complete inhibition of 1441_E6_Q305R (Figure 2. 8).
To summarize, I found that in Envs of the subjects 1375 and 1441 a single amino acid
change in the V3 loop modulates the inhibition ability of MVC and therefore it may be
necessary for incomplete inhibition by MVC in C-HIV Envs. However, additional mutations
outside the V3 may be required, since the mutations were not sufficient for incomplete
inhibition by MVC. Our results are consistent with previous studies of Envs isolated of
treatment-experienced subjects that exhibited genuine MVC resistance

108,325,330.

Further

mutational studies may confirm the significance of the V3 loop in C-HIV Envs that exhibit
baseline resistance to MVC.
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Figure 2. 8: MVC inhibition curves of Env mutants. Luciferase reporter viruses pseudotyped with WT Envs (black) and Envs containing the V3 alteration
(red) were used to inoculate 293-Affinofile CD4mod/CCR5high cells in the presence of increasing concentrations of MVC. The data points represent the mean
and standard error of triplicate wells out of 3 individual experiments. Inhibition curves were calculated as described in Material and Methods (Chapter
2.2.4).
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2.4 Discussion & Conclusion
In this chapter 244 Envs of 20 subjects were screened, belonging to an Env clone bank
generated and isolated from a longitudinal C-HIV cohort composed of 21 ART-naïve subjects
from Zimbabwe, to elucidate the natural occurrence of baseline resistance to MVC and the
associated alterations in gp120. The longitudinal study comprises three time points over the
time period of three years and displays disease progression during later stages of C-HIV
infection.
By testing the Envs for their sensitivity to the CCR5 antagonist MVC, 16 Envs from 8 subjects
displayed incomplete inhibition by MVC as demonstrated by residual entry over the set
cutoff of 2%, and they were defined as baseline resistant Envs. The appearance of baseline
resistant Envs was not related to the stage of infection in our C-HIV cohort, since no increase
was observed from the chronic to advanced stage of C-HIV infection. Our study extended
observations from cross-sectional studies made by Ping et al. and Parker et al., who
demonstrated the appearance of incomplete inhibition to MVC was more pronounced in
strains isolated from chronic disease compared to those isolated during acute disease 133,338.
However, a previous study by our group found that Envs isolated from the advanced stage of
C-HIV infection were able to utilize alternate coreceptors, especially FPLR1 and CCR3

43.

This suggests evolution of Env leading to increased flexibility to engage the CoR and was
also demonstrated in previous studies of subtype B infections

172,173.

Furthermore, this

observation has been associated with reduced sensitivity that is determined by higher IC 50s,
to the natural CCR5 ligand RANTES and the CCR5 antagonist TAK-779 173,359, in addition to
MVC

364.

By comparing the alternate CoR usage in our cohort with the ability to use

CCR5:MVC (see results 43), the results demonstrate that increased flexibility of CCR5 usage is
not necessarily related to a low MPI to the CCR5 antagonist MVC. Alterations in C-HIV R5
Envs isolated from ART-naïve subjects experiencing disease progression that do not
undergo CoR switch may underlie an unknown selective pressure that leads to a more
efficient usage of the CoR CCR5 and may be determined in various ways, including the
ability use CCR5:MVC or alternative CoR. Previous studies demonstrated that R5 Envs
isolated from late stages of HIV-1 infection are more replication competent than R5 Envs
from early stages 171-173,365, therefore alterations in the Env to use CCR5 could be important
to ensure efficient replication in late stages of HIV-1 infection. The baseline resistant C-HIV
Envs have to be investigated in the context of the extent of pathogenicity, and if these Envs
exhibit a advantage in fitness compared to other Envs that were completely inhibited by
MVC.
Incomplete inhibition of Envs to the CCR5 antagonist MVC is more pronounced in the 293Affinofile cell line expressing CD4mod and CCR5high that expresses higher levels of CCR5 than
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NP2-CD4/CCR5 cells. The expression of high levels of CCR5 makes it possible to identify
Envs with low levels of incomplete inhibition or a predisposition for baseline resistance, for
example as shown for the control Env MVC-sens and Env clone 550_I32 that demonstrated
nearly complete inhibition in NP2-CD4/CCR5 cells. The higher sensitivity of the 293Affinofile cell line expressing CD4mod and CCR5high to determine MVC resistance was also
demonstrated in previous studies 338,354.
In accordance with other studies

108,327,329,

a relationship between reduced MPIs in the

presence of MVC and a more efficient interaction between gp120 and CCR5:MVC was found.
The C-HIV baseline resistant Envs of the longitudinal cohort behave in a similar way to BHIV Envs with genuine CCR5 antagonist resistance. Another consistent feature with other
studies in the context of CCR5 antagonist resistance 325,329,330 331,341,362,363 is that the ability of
baseline resistance C-HIV Envs to use CCR5:MVC can be traced back to residues in the V3
loop in a subject-specific manner in the two tested subjects. However, to investigate the
contribution of mutations outside the V3, like alterations in the C2 and C4 domain or even in
the gp41 to resistance

331-334,

further studies on C-HIV baseline resistant Envs are needed.

Also the finding of a common characteristic for MVC resistance, could be helpful to identify
the predisposition for resistance to prevent treatment-failure and the outgrowth of X4
viruses strains that were not detected by the Trofile assay, but with ultra-deep sequencing
322.

This characteristic could be included into prediction algorithms to detect Envs that may

be able to use CCR5:MVC before beginning treatment.
This chapter provides information about the interations between gp120 and CCR5:MVC that
can be useful since R5 HIV-1 strains are preferentially transmitted and the CCR5 antagonist
MVC is under investigation to prevent new infections with pre-exposure prophylaxis (PrEP)
and microbicides

138,146,345.

In addition this informtion can help for the following characterization of this longitudinal CHIV cohort of ART-naïve subjects.
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Chapter  3:  Characterisation  of  
macrophage  tropism  in  a  longitudinal  CHIV  cohort
3.1 Background & Introduction
Macrophages play an important role in HIV-1 pathogenesis, not only as part of the innate
and adaptive immune system to defend the body against pathogens 195, but also as a direct
target cell for virus infection and therefore for HIV-1 replication (reviewed in 207).
The ability of HIV-1 to infect MØs, known as M-tropism, has in some studies been shown to
evolve over the course of B-HIV infection, so that M-tropism appears in later stages of the
infection 165,222,223, when the CD4+ T-cell counts decrease. During the early stages of infection
M-tropic Envs have not been identified and it seems that M-tropism is not common. Studies
of T/F viruses of C-HIV infected subjects did not demonstrate the ability to enter MDMs
efficiently 240,241.
The majority of virus strains that are able to infect MØs are R5

33,37,235,

but there are some

viruses that can enter MØs via the CoR CXCR4 226-229. Conversely, it is to mention that not all
R5 viruses are able to enter MØs.
The isolation of M-tropic R5 viruses from the blood is rare and evolves especially in later
stages of HIV-1 infection
226,242,243.

165,222,223,

compared to M-tropic R5 viruses derived from the CNS

M-tropic Envs are distinguished from non M-tropic Envs through the ability to use

lower CD4 densities on the MØs cell surface or an efficient interaction with CCR5 to initiate
HIV-1 entry 222,226,242,243,249,251,273,274.
Some studies suggest that M-tropism is predominantly responsible for the establishment of
the HIV-1 infection in the CNS 214-216. However, other studies suggest that brain-derived Envs
had to adapt to the selective pressure in the brain, including immune cells that express low
levels of CD4 and therefore evolved to become M-tropic to replicate more efficiently in brain
microglia and MØs 242,243.
However, since M-tropism is mainly investigated in the context of B-HIV Envs the
knowledge and importance about C-HIV M-Tropic Envs is not fully understood. It is known
that C-HIV Envs are less efficient in replicating and entering MØs and PBMCs than B-HIV
viruses 12.
In this study I was able to investigate the natural history of evolution towards M-tropism on
the basis of an Env panel (n=213) isolated from plasma of C-HIV infected subjects (n=20),
who did not receive any antiretroviral therapy (ART). The plasma samples were taken over
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a time period of three years, first sample at enrollment time point (E = enrollment), second
sample after 1.5 years (I = intermediate) and the final sample once the study was finished
after 3 years (F = final). All subjects were in the chronic or late stage of infection.
This will disclose new insights into the pathogenesis of C-HIV, with the focus of M-tropism of
blood-derived Envs.

3.2 Materials & Methods
3.2.1 Cells & Cell lines
Cell	
  lines	
  were	
  incubated	
  at	
  37˚C	
   with	
  5%	
   CO2 in Thermo Direct Heat CO2 incubator (Forma
Scientific).
To generate more single round HIV-1 Env pseudotyped luciferase replicative viruses, 293T
cells and JC53 cells were handled as described in chapter 2.2.1.

Isolation of donor peripheral blood mononuclear cells
Buffy coat packs, from healthy HIV-1 negative donors, were used to purify peripheral blood
mononuclear cells (PBMC) via density gradient centrifugation by Ficoll-Hypaque (GE
Healthcare). Blood of the buffy coats was diluted with 1X PBS, which was then overlayed
over Ficoll. Buffy coat contents were separated via centrifugation at 731g at room
temperature (RT) for 30 min. Only the white blood cell interface was transferred to 1X PBS
and centrifuged at 228g at RT for 15 min. The supernatant was aspirated and the cell pellet
resuspended in 1X PBS and centrifuged under the same conditions as above. After the cell
pellet was washed three times, 1x108 cells/ml were resuspended in freezing solution (80%
(vol/vol) Hi-FCS, 10% (vol/vol) RPMI 1640 media (RPMI, Invitrogen Gibco) and 10%
(vol/vol) dimethyl sulfoxide (DMSO, Sigma Aldrich)) and were stored in liquid nitrogen.

Culture of monocyte-derived macrophages (MDM)
Monocytes were isolated via plastic adherence from PBMCs. PBMC aliquots were
transferred into ice cold RPMI containing 10% (vol/vol) Hi-FCS and 100µg P/S per ml. Cells
were centrifuged at 185g for 10 min at RT. The cell pellet was resuspended in 20ml	
  Iscove’s	
  
modified	
   Dulbecco’s	
   medium	
   (IMDM,	
   Invitrogen	
   Gibco)	
   supplemented	
   with	
   10%	
   (vol/vol)	
  
AB-human serum (Invitrogen Gibco) and 100 µg P/S per ml. PBMCs were seeded with a
density of 1x106 cells/well into a 48 well culture plate. After incubation for 2 hours (hrs) at
37	
  ˚C,	
  non-adherent cells were washed three times with 500 µl of IMDM-10 (10% (vol/vol)
HiFCS, instead of human serum). Maturation of monocytes to macrophages was achieved by
culturing for 5 days in 200µl IMDM-10 (with human serum) and 12.5ng/µl of macrophage
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colony stimulating factor (M-CSF, Invitrogen). Cultures were visually inspected for the
presence of the classic morphological shape of macrophages prior to use.

3.2.2 Ethics statement
Ethics were granted as described in Chapter 2.2.2.

3.2.3 Single round HIV-1 Env pseudotyped luciferase reporter viruses
Plasmids
For the production of luciferase reporter viruses pseudotyped with Envs, the protocol in
chapter 2.2.2 was followed.

3.2.4 HIV-1 Entry Assay
Macrophage Entry Assay
1x106 MDM cells were inoculated with 200,000 RLU (relative light unit) in 200µl volume for
12 hr. Media was changed and cells were incubated for a further 72 hr. Infected MDMs were
harvested and lysed with 100µl 1x cell culture lysis reagent (Promega). HIV-1 entry was
measured by determining the level of luciferase driven luminescence with a FLUOStar
microplate reader (BMG Labtech, GmbH, Germany).
Negative controls were mock-infected cells treated with media alone and MDMs inoculated
with luciferase reporter viruses pseudotyped with JRCSF (poorly macrophage (M)-tropic),
ADA and YU2 (both highly M-tropic) 273 as internal controls.

3.2.5 Statistical analysis
Data analysis was performed using the Prism software package (GraphPad Software). This
applies to the entire analysis performed during this study.
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3.3 Results
3.3.1 Selection of Envs
In this study 213 Envs (Table 3. 2) isolated from longitudinal plasma samples of 20 subjects
from rural Zimbabwe were selected. All the participants were antiretroviral (ART)-naïve,
demonstrated a disease progression from chronic to advanced stages of infection over a 3year time period and a CD4+ T-cell decline and a constant plasma viral load over the 3-year
sampling period, some of the clinical characteristics is summarized in Table . A detailed
description of the longitudinal cohort can be found in Chapter 2.3.1 and in Jakobsen et al. 178.
Table 3. 1: Clinical characteristics of subjects (Table adapted from 178). Data collected at 3
different timepoints (Tenrol = study enrolment; Tinter = intermediate, approximately 1.5 years
after enrolment; Tfinal = 3 years after enrolment). Alteration of plasma viral load and CD4+ Tcell	
  count	
  is	
  represented	
  in	
  ∆	
  Viral	
  load	
  and	
  ∆CD4+	
  T -cell count. F = female; M = male, n.a = not
available.
Subject
ID

Sex

Age

Plasma viral load (RNA

∆ Viral

copies/ml)

load

Tenrol

Tinter

Tfinal

CD4+ T-cell count (cell/µl)

Tenrol

Tinter

Tfinal

∆ CD4+ Tcell count

204

F

26

5.70

5.75

5.76

0.064

253

271

157

-96

258

F

30

5.76

5.74

5.73

0.025

503

334

305

-198

455

F

44

5.75

5.74

5.80

0.048

157

313

141

-172

513

F

46

5.70

5.66

5.76

0.06

640

324

216

-424

550

F

31

5.66

5.65

5.77

0.11

164

126

35

-129

574

F

27

5.67

5.68

5.68

0.009

241

281

172

-69

805

F

40

5.61

5.57

n.a

-0.034

341

143

n.a

-198

858

F

27

5.69

5.65

5.66

-0.027

320

280

250

-70

1114

F

35

5.63

5.7

5.74

0.118

284

220

149

-135

1136

F

29

5.70

5.75

5.78

0.08

231

78

97

-134

1375

F

22

5.71

5.71

5.7

-0.006

464

349

171

-293

1408

F

27

5.72

5.77

n.a

0.05

392

198

n.a

-197

1441

M

28

5.68

5.73

5.73

0.04

208

170

111

-97

1503

F

29

5.73

5.69

5.71

-0.016

369

168

259

-137

1554

F

28

5.73

5.71

5.69

-0.036

342

237

177

-165

1684

F

40

5.73

5.69

5.72

-0.006

208

138

141

-67

1689

M

34

5.63

5.67

5.63

0.005

229

157

138

-91

1854

F

31

5.61

5.67

5.67

0.001

435

279

272

-163

2042

F

41

5.73

5.75

5.71

-0.015

278

5

10

-277

2253

F

42

5.69

5.77

5.79

0.09

278

147

129

-149
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Table 3. 2: List of the 20 subjects and envelope clones (n=213) 178.
Subject

204
n=12

Time point
(E=enrolment;
I=intermediate; F=final)
E

I
F

258
n=12

E

I

F

455
n=11

E

I

F

513
n=10

E

I
F

550
n=12

E

I

F

Clone
number

Subject

7
10
12
15
6
10
3
4
5
6
8
10
5
6
20
23
1
2
6
9
1
2
20
24
23
24
27
2
9
22
24
2
5
9
23
3
4
8
1
5
8
1
2
4
26
3
8
13
20
7
30
31
32
1
9
12
20

574
n=10

Time point
(E=enrolment;
I=intermediate; F=final)
E
I

F

805
n=7

E

F

858
n=8

E
I

F
1114
n=12

E

I

F

1136
n=12

E

I

F

1375
n=10

E

I

F

Clone
number
5
6
11
4
12
14
15
1
6
10
15
29
31
2
7
8
34
1
8
1
5
7
8
3
12
1
8
9
10
4
5
8
10
17
18
19
33
1
4
11
12
3
10
11
12
7
11
12
13
2
5
20
21
2
3
8
9
13
20
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Subject

Time point
(E=enrolment;
I=intermediate; F=final)

Clone
number

Subject

Time point
(E=enrolment;
I=intermediate; F=final)

Clone
number

1408
n=7

E

30
31
33
31
33
34
35
1
2
6
7
2
3
8
9
20
24
28
32
11
13
22
7
11
13
27
6
9
40
43
3
8
10
7
8
9
10
3
4
8
10
2
7
9
19
13
26
29
30
8
12
17
22

1689
n=12

E

5
6
8
9
24
25
26
28
2
5
25
26
5
8
10
3
4
6
20
6
8
14
21
15
25
26
13
21
27
38
24
25
26
28
21
22
23
24
21
22
28
21
29
36

F

1441
n=12

E

I

F

1503
n=11

E
I

F

1554
n=11

E
I

F

1684
n=12

E

I

F

I

F

1854
n=11

E
I

F

2042
n=11

E
I

F

2253
n=10

E

I

F

75

3.3.2 Quantitation of luciferase reporter viruses pseudotyped with Env
Luciferase reporter viruses pseudotyped with the 213 Envs were generated by cotransfection of	
   the	
   plasmids	
   pCMV∆P1∆envpA,	
   pHIV-1Luc and pSVIII-Env using
Lipofectamine 2000 in 293T cells, as described in the Materials and Methods. The generated
virus stocks were tested for functionality and infectivity by inoculation of JC53 cells with a
5-fold dilution of the virus. As negative controls and to determine the background levels, the
RLU of cells only and pSVIII-∆KS was measured. PSVIII-∆KS	
  contains	
  a	
  non-functional Env
and is not able to enter the cell.
The following Figure 3. 2 demonstrates all luciferase reporter viruses pseudotyped with the
individual Env clone from 3 different time points of the 20 subjects and the control Envs.
Cells alone showed a mean value and standard error of 1034 ± 110.3	
   RLU	
  and	
  by	
  using	
  ∆KS	
  
undiluted it reached an RLU of 2302 ± 891. To exclude the background level from the
results,	
   the	
   mean	
   value	
   of	
   ∆KS	
   was	
   subtracted	
   from	
   all	
   the	
   HIV-1 entry levels of the
luciferase reporter viruses pseudotyped with Envs. Since the B-HIV Envs ADA, YU2 and
JRCSF are well characterised, I expected to see high infectious titers by using the virus stock
undiluted. ADA reached 773,903 ± 84,655 RLU, YU2 reached 1,184,000 ± 5120 RLU and for
JRCSF 4,819,000 ± 5737 RLU was measured.
The arbitrary cut-off of 20,000 RLU was set when used undiluted, since Env-pseudotyped
luciferase viruses were not able to provide efficient entry in further experiments. After
analyzing the luciferase reporter viruses 18 Env-pseudotyped luciferase viruses were found
that showed RLUs under 20,000 and therefore were excluded in from this study.
Subsequently, 199 functional Envs were used in future experiments to investigate the
efficiency to enter MDMs.
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Figure 3. 2: Titration of luciferase reporter viruses pseudotyped with Envs. Infection of JC53
cells with different concentrations (1:1, 1:2, 1:5, 1:25, 1:125, 1:625) of Env-pseudotyped
luciferase virus stocks. Cells only is presented as a single value, since no dilutions were
necessary. The Y-axes shows the relative light unit (RLU), while the dotted line marks the
arbitrary cutoff value of 20,000 RLU. Data points are presented as a mean of triplicate wells.

3.3.3 Phenotypic variability between MDM donors
After the generation of Env pseudotyped luciferase reporter viruses and the quantitation of
infectivity, the ability of Envs to enter MDMs was tested. But first the MDM entry assay was
validated to keep our results consistent, because MDMs isolated from different donors vary
in their ability to become infected. This is due to different CD4 and CCR5 expression levels
on the cell surface 250 and in vitro manipulation. A reference bank of donors was created so
that each virus can be tested with the same donor allowing for appropriate comparison. To
do this, 19 donors were selected and tested the infectivity using a range of control Env
pseudotyped reporter viruses
Therefore, the infectivity was tested by inoculating MDMs from different donors with
200,000 RLU of the luciferase reporter viruses pseudotyped with the Envs of B-HIV control
viruses ADA, YU2 and JRCSF. ADA and YU2 demonstrated the expected results in entering
MDMs, since they are characterised as M-tropic

244,273

(Figure 3. 3), while JRCSF is not M-

tropic and functions as a threshold for non (or poor) M-tropism.
Donors #1, #2 and #6 demonstrated similar entry patterns for the three control Envs;
whereas ADA and YU2 entered MDMs with RLU levels over 300,000, the non M-tropic Env
JRCSF entered MDMs of the three donors only with a efficiency of approximately 50,262 to
100,000 RLU. As shown in Figure 3. 3, donor #3 was not infectable by the control Envs at all
with entry levels in a range from 2,654 RLU (JRCSF) to 20,540 RLU (YU2); because of these
low entry levels donor #3 was not used in further MDM entry assays. The MDMs of donor #4
and #5 showed the best results in the context of infectivity, since the highly M-tropic Envs
YU2 and ADA were able to reach values from 450,003 RLU (ADA) up to 756,420 RLU (YU2)
for donor #4 and 600,139 RLU (ADA) up to 1,055,431 RLU (YU2) for donor #5. The non Mtropic Env JRCSF entered the MDMs with lower efficiency in the range between 112,904
RLU to 213,886 RLU.
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MDMs for the analysis of M-tropism of C-HIV Envs were chosen after the entry patterns of
the three control Envs. In other words, when ADA and YU2 enter MDMs efficiently with high
levels of RLU and the entry levels for JRCSF are significantly lower in the same MDM donor,
the MDMs were used in further assays. In the case of the donors presented in Figure 3.3,
MDMs of donor #1, #2, #4, #5 and #6 were used further.
As each donor that was used in this study was infected with a different efficiency, each assay
had to contain the control B-HIV Envs ADA, YU2 and JRCSF in order to set thresholds for Mtropism and non M-tropism and also to normalize the HIV-1 entry for all Envs independent
of the MDMs donors.

Figure 3. 3: Infection of MDMs isolated from different donors (#1 - #6) with 200,000 RLU of
luciferase reporter viruses pseudotyped with the M-tropic Envs ADA, YU2 and the non Mtropic Env JRCSF. The data shows the mean of triplicate wells, while the error-bars present the
standard deviation.

3.3.4 M-tropism of Envs over the course of C-HIV infection
Once the MDMs were tested for their permissiveness to infection by using the control Envs
YU2, ADA and JRCSF, the panel of C-HIV Envs isolated from different timepoints was tested
for M-tropism. It is known from the literature that M-tropic B-HIV Envs appear with a higher
frequency at later stages of HIV-1 infection

165,222,223.

Therefore, alterations of M-tropism

over the course of C-HIV infection in 20 ART-naïve subjects were investigated, focusing on
the chronic to advanced stages of infection, to investigate if a similar increase of M-tropism
in C-HIV can be observed as in B-HIV. MDMs from different donors (examples shown in
Figure 3. 3) were inoculated with luciferase reporter viruses pseudotyped with 199 diverse
functional Envs.
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In each infection the control Envs YU2, ADA and JRCSF demonstrated the expected results.
YU2 is an Env isolated from a brain primary isolate, and ADA derived from blood and are
highly M-tropic. Both positive controls show highly efficient entry in MDMs (Table 3.2).
JRCSF is non M-tropic and functioned as a threshold to identify M-tropic Envs.
The data shows that overall the C-HIV Envs are less efficient in entering MDMs than the BHIV control viruses that were used (Figure 3. 4). The mean value of non M-tropic C-HIV Envs
is significant lower than the value of B-HIV JRCSF (p-value = < 0.0001). By comparing the
appearance of M-tropic Envs over the course of infection from chronic to advanced stages of
infection, an increase of M-tropism was not observed (Figure 3. 4). I identified 5 M-tropic
Envs (7.5% from 66 Envs) in the early time point, 5 M-tropic Envs (7.4% from 67 Envs) in
the intermediate time point and the final time point harbored 4 M-tropic Envs (6.1% from
66 Envs). The distribution of M-tropic Envs was evenly distributed over the time period of
three years.
Overall, 10 subjects harbored M-tropic Envs, in detail 14 Envs from 199 Envs (7%) were
identified as able to enter MØs better than JRCSF (Figure 3. 5). Table 3.3 displays the entry
of M-tropic Envs as a percentage of YU2, including the standard deviation. The high
standard deviation, for example Env clone 1114_F19 (81.33 ± 27.65% HIV-1 entry), reflects
differences in HIV-1 infection, because of the donor variability.
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Figure 3. 4: Infection of MDMs with luciferase reporter viruses pseudotyped with 199 Envs, as well as B-HIV control Envs YU2, ADA and JRCSF. The HIVentry is expressed as a percentage of the macrophage entry in YU2. Each data point is the mean-value of HIV-1 entry as a percentage of YU2 (set as 100
%) in three individual MDM donors. All data points in red or framed in red are M-tropic. The 199 Envs are divided in three different time points
(E=enrolment; I=intermediate; F=final). P-value calculated with Mann-Whitney test, two-tailed.
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Figure 3. 5: The HIV-1 entry of identified M-tropic Envs compared to the entry value of JRCSF
(slightly to non M-tropic), which was used in the individual assays as a threshold for M-tropic
Envs. Each data point is the mean-value of HIV-1 entry as a percentage of YU2 (set as 100%) in
three individual MDM donors.
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Table 3. 3: HIV-1 entry of identified M-tropic Envs as the mean entry-value in MDMs of three
different donors. P-value calculated using a two-tailed Mann-Whitney test.
Subject

Time point

YU2
ADA
JRCSF
204

E

455
513
550
805
1114

F
E
I
E
F

1554
1684

I
I
F
E
I
I

1854
2042

Clone number

7
15
2
8
32
31
19
33
9
26
8
5
3
38

Mean of Entry as a
% of YU2
100.00
54.42
5.72
26.33
14.33
19.67
30.67
30.67
13.60
81.33
53.67
63.44
34.00
163.3
228.7
63.67
38.33

Std. Deviation

15.33
3.36
6.66
6.44
9.87
11.93
2.08
8.14
27.65
16.74
22.43
10.39
101.7
155.6
28.01
8.02

P-value in
comparison to
JRCSF entry
< 0.0001
< 0.0001
0.0005
0.0112
< 0.0001
< 0.0001
< 0.0001
0.0101
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0002
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3.4 Discussion and Conclusion
Since macrophages play a significant role in HIV-1 pathogeneses and most of the research is
done on B-HIV cohorts, this study represents the largest investigation of M-tropism in an
ART-naïve longitudinal C-HIV cohort. The investigation of the natural occurrence of Mtropism in late stages of C-HIV infection in 20 ART-naïve subjects from Zimbabwe will
provide new insights into HIV-1 pathogenesis of HIV-1 subtype C.
14 C-HIV highly M-tropic Envs from 199 R5 phenotyped Envs were identified in the C-HIV
cohort, although C-HIV Envs are known for a reduced replication capacity in PBMCs and
MØs

12.

The pattern of emergence of M-tropic Envs increasing during disease progression,

which has been observed for B-HIV Envs 165,222,223, was not observed in our ART-naïve HIV-1
subtype C cohort.
Since the infection of MØs with HIV-1 becomes more important in later stages of the
infection, especially because most of the CD4+ T-cells are depleted, the CD4+ T-cell count
may provide information to explain the plateau of M-tropism during disease progression in
this cohort. The clinical characteristics of the subjects presented in the study by Jacobsen et
al. demonstrated that 16 of 21 subjects had a CD4+ T-cell count of under 200 cells/µl at the
final time point during the longitudinal study but relatively consistent plasma viral load 178.
However, by comparing the CD4+ T-cell count at the final time point with the enrollment
time point, 11 subjects already showed CD4+ T-cell levels under 300 cells/µl, 8 subjects had
under 500 cells/µl and only two subjects had a CD4+ T-cell count of over 500 cells/µl.
However, a pattern between the change of CD4+ T-cell levels between enrollment and final
time point in association with the appearance of M-tropic Envs isolated from participating
subjects was not observed. Change of CD4+ T-cell levels ranged from -67 to -277 cells/µl
and one outlier with -424 cells/µl (subject 513)

178.

Therefore by starting the longitudinal

study at the chronic stage of infection, determined by clinical and immunological data 178, it
may be possible that an increase of M-tropism occurred before the enrollment time point
and a plateau was measured during the study or more time is necessary for the evolution of
M-tropic Envs in C-HIV.
Furthermore, whilst blood-derived M-tropic Envs are relatively rare and emerge
predominantly during late stages of infection, brain derived Envs are typically M-tropic
165,222,223,237.

It may be therefore possible that brain-derived Envs isolated from the C-HIV

infected ART-naïve subjects would provide the expected temporal pattern, since brain
microglia and MØs are the major target cells in the brain, which leads to a higher selective
pressure towards M-tropic Envs. Further investigations need to be performed in C-HIV
infected subjects including analyzing M-tropism of brain-derived Envs.
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The role of M-tropism in C-HIV during disease progression is not clear yet and both
subtypes have a distinct pathogeneses. Also the different living conditions in the
geographical regions are assumed to influence viral tropism 10,119-122. The prevalence of coinfections with parasites is higher, the hygiene is poorly and a lack of nutrition exists in
populations where C-HIV infections dominating, like Sub-Saharan Africa, which leads to an
increasing immune activation in the affected individuals

119-121.

Studies showed that due to

higher immune activation the expression levels of coreceptors on immune cells are
influenced

123,129-131

which may generate a selective pressure that does not prefer the

evolution of M-tropic Envs in the C-HIV pathogenesis, because the CD4 and CCR5 levels may
not be the limiting factor anymore.
Nevertheless, further longitudinal studies, beginning at earlier stages until the late stages of
C-HIV infection, are needed to identify the importance of M-tropism in C-HIV infection, as
well as the mechanism and the natural appearance of M-tropism over the course of C-HIV
infection.
The results of the evaluation of the HIV-1 entry assay in MDMs showed that the MDM donor
variability is high. So this leads to the question, if this assay is the “gold standard”	
   for	
   the	
  
identification of M-tropic Envs. In 2009, Johnston et al. developed a cell line that can be
independently manipulated in their CD4 and CCR5 expression

337,

so it is possible to

generate a cell population with similar expression levels of CD4 and CCR5 as on MØs. Other
research groups showed in some studies that M-tropic Envs can be detected with this cell
line once the specific expression levels are induced 133,244,249,260. So to confirm the results the
identified M-tropic C-HIV Envs had to be tested in this cell line with CD4 and CCR5
expression levels similar to MDMs.
This chapter examined the presence of M-tropic Envs isolated during late stages of C-HIV
infection from a longitudinal cohort out of ART-naïve subjects. In the ensuing chapter the
focus lies on the 14 identified M-tropic Envs and explores the mechanism of enhanced
tropism for macrophages. First, are the M-tropic Envs less dependent on CD4 and/or CCR5
receptor? Second, what Env determinants are responsible for M-tropism? Third, are the
results comparable with M-tropic Envs isolated from B-HIV infected samples?
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Chapter   4:   Determination   of   CD4   &  
CCR5   dependence   of   C-HIV   M-tropic  
envelopes  
4.1 Background & Introduction
Macrophage tropism is dependent on the envelope glycoprotein, especially gp120, and the
ability to use the main host receptor CD4 and the coreceptor CCR5 and/or CXCR4 (reviewed
in 224), as mentioned in the previous chapters.
The envelope glycoprotein gp120 evolves during disease progression, which in some viral
populations leads to the ability to infect MØs efficiently in later stages of the infection. These
alterations change the dependency of the Envs against their interaction partners on the cell
surface, specifically the CD4 receptor

242,243,251,252,260,366.

The majority of R5 M-tropic Envs

have been isolated from the CNS and are commonly associated with a lower CD4
dependence, so that they can enter MØs expressing only low levels of CD4 and have
therefore only low CD4 densities 249 247. However, not all M-tropic Envs are isolated from the
CNS, and occasionally Envs isolated from the blood are able to enter MØs efficiently

237.

In

addition to enhanced CD4 interactions, M-tropic Envs can also exhibit a more efficient usage
of the coreceptor CCR5 leading to a lower CCR5 dependence 222,273,276.
In this chapter, I aimed to confirm the results from the HIV-1 entry assay in MDMs with a
cell line where similar levels of CD4 and CCCR5 can be induced, named 293-Affinofile cells
241,337,350.

Further, this specific cell line is also the basis of the 293-Affinofile affinity profiling

system that is used to investigate the dependency of the Env to CD4 and CCR5 241,350.
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4.2 Materials & Methods
4.2.1 Cells & Cell lines
Cell lines were incubated at 37˚C	
   with	
  5%	
   CO2 in Thermo Direct Heat CO2 incubator (Forma
Scientific).
To generate more single round HIV-1 Env pseudotyped luciferase replicative viruses, 293T
cells, JC53 cells and 293-Affinofile cells were handled as described in chapter 2.2.1.

Cf2th-Syn CCR5 cells
Cf2th-syn CCR5 cells is an adherent cell line that stably expresses the human coreceptor
CCR5 containing a C-terminal nonpeptide (TETSQVAPA) tag. The cells were cultured in
DMEM-10 under drug selection of 0.4mg G418 per ml after treated with Tryple Express.

NP2 cells
Human glioma cell line, NP2-CD4/CCR5 cells stably expressing high levels of CD4 and CCR5
were maintained in DMEM-10. In addition 0.5mg per ml G418 was added to maintain the
CD4 expression as well as 1µg puromycin per ml for continuous expression of CCR5 after
washing with 1x phosphate buffered saline (PBS, Invitrogen Gibco) and treatment with
Tryple Express to detach the cells. Further, NP2/CD4 cells expressing the alternative
coreceptors CXCR6, GPR15, GPR1, APJ, CCR6 and CCR1 were cultured under the same
conditions as NP2/CD4/CCR5 cells.

4.2.2 Ethics statement
Ethics were granted as previously described in chapter 2.2.2.

4.2.3 Single round HIV-1 Env pseudotyped luciferase reporter viruses
Plasmids
For the production of further luciferase reporter viruses pseudotyped with Envs, the
protocol in chapter 2.2.2 was followed.
Further plasmids were pSVIII-ADA R/S and VSV-g. ADA R/S is CD4 independent envelope
and contains an amino acid change in the V1-V2 stem (190/197 R/S) in comparison to the
control envelope ADA 367. The pSVIII-ADA R/S plasmid was generated by polymerase chain
reaction (PCR) of the template pNL-ADA R/S full-length	
   plasmid	
   with	
   the	
   5’-Primer-KpnI
(5’-GTCTATTATGGGGTACCTGTGTGG-3’)	
   and	
   the	
   3’-Primer-Env	
   Bam	
   Outer	
   (5’CGTCCCAGATAAGTGCTAAGGATCC-3’).	
   The	
   PCR-product was digested with Acc651
(isoschizomer from KpnI) and BamHI and cloned into pSVIII-∆KS.	
  The	
  vesicular	
  stomatitis	
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virus glycoprotein (VSV-g) mediates viral entry via endocytosis and is able to enter cells
with no CD4 or CCR5 receptor on the cell surface.

4.2.4 HIV-1 entry assays
293-Affinofile affinity-profiling system
This assay was done as previously described in Chapter 2.2.4.

Entry assay of luciferase reporter viruses pseudotyped with Env in Cf2th-Syn
CCR5 cells
To determine CD4 independence of M-tropic Envs, 1x104 Cf2th-Syn CCR5 cells were
inoculated with 200.000 RLU in 100µl volume for 12 hr. Media was changed and cells were
incubated for further 48 hr. Infected Cf2th-Syn cells were harvested and lysed with 100µl 1x
cell culture lysis reagent (Promega). HIV-1 entry was measured with a FLUOStar microplate
reader (BMG Labtech, GmbH, Germany) assaying the luminescence. The same assay was
conducted in the presence of 3mM MVC to block HIV-1 entry with CCR5.
Positive controls were VSV-g (enters cells via endocytosis) and ADA R/S (CD4 independent
Env), further YU2 and JRCSF acted as negative controls and they rely on the presence of the
CD4 receptor for entry.

Inhibition assay in the presence of the CCR5 antagonist maraviroc (MVC)
To determine different usage of the CCR5 receptor of the Envs, 1x104 NP2-CD4/CCR5
cells/well were seeded out 12 hr before infection. Cells were preincubated for 30 min with a
3-fold serial dilution of MVC (0 to 600nM) before 300,000 RLU of the Env pseudotyped
reporter virus was added to investigate differences in coreceptor usage between the Envs.
72 hr post infection the cells were harvested and lysed with 100µl cell lysis buffer.
Luminscence was measured according to chapter 2.2.2 and the IC50 was calculated by least
squares regression analysis of inhibition curves using Prism 6 Version 6.0a.

2.2.5 Determination of CD4 and CCR5 cell surface expression
This assay was done as previously described in Chapter 2.2.5.

4.2.6 Statistical analysis
Data analysis was performed using the Prism software package (GraphPad Software).
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4.3 Results
4.3.1 Selection of specific Envs
In the third chapter 14 M-tropic R5 Envs from different timepoints in the ART-naïve C-HIV
cohort were identified, and to investigate the mechanism behind M-tropism in subtype C I
decided to focus on the 14 M-tropic Envs and 1 to 2 of their genetically-related non M-tropic
Envs in future assays. The following chart demonstrates the selection (Figure 4. 2).
Generation/Quantitation of
213 Env pseudotyped
luciferase reporter viruses
(Chapter 3.3.2)

199 functional Envs were
tested for their efficacy to
enter MDMs (Chapter 3.3.4)

14 identified M-tropic Envs
and 14 genetically-related
non M-tropic Envs are
elucidated in further assays

Figure 4. 2: Schematic diagram of Env selection.

4.3.2 Quantitation of CD4 and CCR5 expression on the cell surface of 293Affinofile cells
Before infecting 293-Affinofile cells expressing different levels of CD4 and CCR5, the
expression levels have to be quantitated for further analysis and the system has to be
validated for consistency of CD4 and CCR5 expression every time a new assay is started. The
expression levels of CD4 and CCR5 were induced by the application of different
concentrations of ponA and minocycline and quantified by qFACS, as described in the
Materials and Methods. The expression of CD4 and CCR5 was determined for two reasons,
1) to ensure a linear increase in receptor expression in response to increasing drug
concentration, and 2) the absolute number of receptor molecules on the surface of each cell
population was required for the VERSA calculations.
The following results and calculations are representative of all the independent experiments
(n=15) that were conducted in this study. Figure 4. 3 shows the expression levels at
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different concentration levels of ponA and minocycline. Receptors can be induced
independently, in other words the addition of more minocycline increases the CD4
expression and the same pattern is visible by the addition of ponA,
By illustrating the CD4 and CCR5 expression as a histogram after collecting 10,000 events,
the geometrical mean of each sample could be determined.

Figure 4. 3: Histograms of CD4 and CCR5 expression with increasing concentrations of
minocycline and ponasterone A (ponA). M1 – M6 labels the different concentration of
minocycline and P1 – P8 stands for the increasing concentrations of ponA. The values show
the relative fluorescence generated by the FlowJo software version 8.8.7.

The receptor concentrations on the cell surface were measured during every 293-Affinofile
affinity profiling assay. To calculate the PE molecules/cells I used the QuantiBRITE
fluorescence quantitation system. By plotting the given values of Table 4.1, the following
equation was calculated from the linear regression (see Figure 4.2).
I.
II.

y = mx + a
y = 147.72x + 496.09

Table 4. 1: Given values of the QuantiBRITE fluorescence quantitation assay
bead peaks

geometrical mean

PE molecules/cell

low

2.94

474

medium-low

34.50

5359

medium-high

151.00

23843

high

421.00

62336
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Figure 4. 4: Plot of the geometrical mean against the PE molecules/cell of the QuantiBRITE
beads, including the linear regression. Equation and R-squared were calculated with Prism 6
Version 6.0f.

The geometrical mean of the 293-Affinofile cell populations that have to be quantitated for
CD4 and CCR5 expression, was defined and inserted in II) y = 147.72x + 496.09 to determine
the number of PE molecules/cell for each of the 293-Affinofile cell populations (see Table
4.2).
Table 4. 2: Calculated number of PE molecules/cell for 293-Affinofile cell populations,
activated by minocycline (M) or ponasterone A (P, ponA). M6 Iso and P8 Iso were treated with
the highest concentration of minocycline or ponA, but were incubated with the isotype
control. These values are a representative of 15 experiments. 10,000 events were collected.

M0
M1
M2
M3
M4
M5
M6
M6 Iso
P0
P1
P2
P3
P4
P5
P6
P7
P8
P8 iso

drug concentration (ng/ml)

geometrical mean

PE molecules/cell
(Isotype control subtracted)

0
0.16
0.31
0.63
1.25
2.5
5
5
drug concentration (µM)
0
0.016
0.031
0.06
0.13
0.25
0.5
1
2
2

10.1
11.3
19.1
125
593
921
1276
3.19
geometrical mean
26.4
24.9
31.4
36.5
49.8
87
236
472
886
4.01

1020.0066
1197.2706
2349.4866
17993.0346
87125.9946
135578.1546
188018.7546
967.3168
PE molecules/cell
3292.6788
3071.0988
4031.2788
4784.6508
6749.3268
12244.5108
34254.7908
69116.7108
130272.7908
1088.4472
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Every assay showed a different amount of CD4 and CCR5 receptors on the cell surface of the
specific cell population. In this study, the CD4 and CCR5 expression was measured
approximately 15-times by qFACS (see Figure 4. 5). This results in a range of CD4
expression from 95,302.1 ABS (antibody binding sites) per cell to 243,115.1 ABS per cell
(mean = 180,274.8; SD = 53,080.3) by activating the cells with 5ng minocycline per ml.
Treating the cells with the lowest concentration of 0.16ng minocycline per ml the range
reached from 680.8 to 2069.8 ABS per cell (mean = 1,323.8; SD = 405.9). By inducing the
highest CCR5 expression with 2µM ponA the number of CCR5 receptors on the cell surface
reached from 24,143.0 to 130,272.8 ABS per cell (mean = 66,384.6; SD = 28,127.4). Next, the
range of CCR5 expression of the cell population treated with 0.016µM ponA, which is located
between 1361.9 to 5755.2 ABS per cell (mean = 2560.6; SD = 1228.2).
The quantitation of the receptor expression on the cell surface of 293-Affinofile cells
demonstrated that the range of CD4 and CCR5 expression levels varies considerably,
especially in higher concentrations of minocycline and ponA. This is due to the state and
quality of the cells, because higher concentrations will induce an increase in cell death and
therefore cell loss.
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Figure 4. 5: CD4 and CCR5 expression of the different 293-Affinofile cell populations,
individual induced with different concentrations of minocycline (responsible for CD4
expression) or ponasterone A (ponA; responsible for CCR5 expression). Each dot represents
the CD4 or CCR5 expression of an individual assay and the error bars represent the deviation
in between each assay.

4.3.3 Determination of CD4 and CCR5 dependency via the vector angle
Previous studies have shown that certain subtype B R5 isolates become more M-tropic
during the course of infection 165,222,223 and display advanced ability to use low levels of CD4
and CCR5 receptors

237,244,249,251,260,273.

Therefore, the identified C-HIV M-tropic Envs and

their genetically-related non M-tropic Envs were tested for their CD4 and CCR5 dependency
by using the 293-Affinofile affinity profiling system 337,350,361. The raw data of the HIV-1 entry
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levels in 293-Affinofile cells was used and the calculated expression levels of CD4 and CCR5
for all the 48 different cell populations (see 4.3.2 Quantitation of CD4 and CCR5 expression
on the cell surface of 293-Affinofile cells) to calculate the vector angles for each Env via the
computer platform VERSA. The vector angle places a value to the responsiveness of the Env
towards the receptors CD4 and CCR5

350.

Envs with values lower than 45 ° are more

responsive to changes in CD4 receptor expression, and values above 45 ° respond more
efficiently to changes in CCR5 receptor expression 244,350.
First, the M-tropic Envs and the non M-tropic Envs were compared and as Figure 4. 6 shows
the p-value is 0.0937 (Mann-Whitney, two-tailed) between the two groups and is
statistically non-significant.
The vector angles for the B-HIV controls exhibit a higher value for the M-tropic Envs YU2
(29.51° ± 7.57°) and ADA (25.75° ± 6.86°) than the non- to slightly M-tropic Env JRCSF
(15.14° ± 2.51°). By analyzing the Envs in a subject-specific context, a visible difference
between the vector angle of M-tropic and non M-tropic Envs was obvious in two subjects.
Subject 1854 includes 2 M-tropic Envs 1854_E5 (35.96° ± 1.379°) and 1854_I3 (24.76° ±
3.330°), both Envs demonstrated a higher vector angle than the genetically–related non Mtropic Env 1854_E10 (16.84° ± 1.803°) and 1854_I4 (16.51° ± 2.876°). Further, subject 1554
with the M-tropic Env clone 1554_I9 (20.53° ± 1.961°) showed a higher vector angle as well
than 1554_I8 (10.54° ± 1.188°), which is non M-tropic (seeTable 4.3.).
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Table 4. 3: Vector angles of Envs calculated via the computer platform VERSA.
Subject

204

455

513
550

805

1114

1554

1684

1854

2042

Env
clone
YU2
ADA
JRCSF
E7
E10
E15
E12
F2
F5
F23
E4
E8
I30
I31
I32
E15
E29
E31
F17
F18
F19
F33
I7
I8
I9
I26
I29
I30
F8
F17
F22
E5
E8
E10
I3
I4
I6
I13
I21
I38

Vector angle of M-tropic Envs
± std. deviation
29.51
7.57
25.75
6.86
13.39

0.29

11.96

6.61

9.15

1.75

10.19

0.05

17.71

28.31

21.85
21.52

15.14

2.51

12.27

3.39

10.77

3.06

26.86
13.02
18.11

5.28
3.46
2.65

16.54
10.47

0.92
3.07

16.22
21.79

5.28
0.22

18.40
18.09

3.96
4.72

18.33
10.54

4.49

24.39
21.72

0.14
1.51

26.96
15.32

3.80
2.09

16.37
16.84

2.74
1.80

16.48
11.26
15.34
15.73

2.84
3.96
10.52
5.72

1.54

0.82

6.98
6.23

20.53
20.15

0.72
0.52

24.74

0.40

35.96

1.38

24.76

3.33

15.06

Vector angle of non M-tropic
Envs ± std. deviation

4.26

Overall all the vector angles lie under 45 ° and therefore they respond more to changes in
CD4 levels than CCR5 levels, irrespective of whether they are M-tropic or not, regarding the
vector angle analysis.
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Figure 4. 6: Calculated vector angles via the computer platform VERSA displayed as a boxplot.
Each dot represents the mean value of three independent experiments. P-value was calculated
with the Mann-Whitney - test (two-tailed).

4.3.3 Determination of CD4 affinity of M-tropic Envs
Since the analysis by VERSA was not able to identify significant differences in the overall
responsiveness to either CD4 or CCR5, independent of the level of the host cell receptors,
the entry levels in specific 293-Affinofile cell populations of the M-tropic C-HIV Envs were
evaluated. Three-dimensional plots were generated from the measured and normalized
HIV-1 entry levels to visualize the infectivity in the 48 individual cell populations (Figure 4.
7). For these analyses via the 293-Affinofile affinity profiling system, I choose all the Mtropic Envs and only one of the genetically related non M-tropic Envs, instead of two non Mtropic Envs per subject. The three-dimensional graphs of the B-HIV control Envs YU2, ADA
and JRCSF displayed the expected pattern

244.

The M-tropic Envs YU2 and ADA diminish

their entry levels with decreasing CD4 expression, but are still able to enter the cells
expressing low concentrations of CD4 in comparison to the non M-tropic JRCSF.
With the attention to the C-HIV M-tropic Envs I was able to identify some Envs (204_E7,
550_I32, 1114_F19, 1114_F33, 1684_F8, 1854_E5 and 2042_I38) exhibiting a similar pattern
to the M-tropic B-HIV Envs. The other approximate half of C-HIV M-tropic Envs (204_E15,
455_F2, 513_E8, 805_E31, 1554_I9, 1684_I26 and 1854_I3) fits the pattern of the non Mtropic B-HIV Env JRCSF, as well as the other non M-tropic C-HIV Envs (Figure 4. 7.). These
Envs are not as efficient in entering cells expressing low levels of CD4. The two distinct
patterns in the three dimensional plots separated the Envs in three groups:
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1. Non M-tropic: Envs that are not able to enter MØs and not able to enter 293Affinofile cells expressing low levels of CD4
2. CD4 phenotype: Envs are able to enter MØs and 293-Affinofile cells expressing low
levels of CD4 efficiently
3. Alternate phenotype: Envs are able to enter MØs, but are not efficient in entering
293-Affinofile cells expressing low levels of CD4
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Figure 4. 7: 293-Affinofile affinity profiling system of M-tropic Envs. Luciferase reporter
viruses pseudotyped with Envs were used to inoculate 48 different 293-Affinofile cell
populations expressing various levels of CD4 and CCR5.Env clones labeled in red were
identified, as M-tropic and Env clones labeled in black are non M-tropic. Infection was
normalized by HIV-1 entry into to the cell population with CD4high (M6) and CCR5high (P8). Each
graph is a representative of three independent experiments.
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To investigate the two M-tropic groups further, one specific cell population was chosen out
of the 48 cell populations to compare the entry levels. Since one of the characteristics for Mtropic Envs is the ability to use low levels of CD4 efficiently by a moderate level of CCR5,
because these closely mirror the receptor expression on MØs, CD4low/CCR5mod were chosen
from the 48 cell populations. To clarify the specific 293-Affinofile cell population
CD4low/CCR5mod, CD4low was activated by the lowest concentration of minocycline (M1,
0.16ng per ml) that results in approximately 1197 CD4 molecules per cell and CCR5 mod was
activated by a moderate concentration of ponA (P4, 0.13µM) to express approximately 6750
CCR5 molecules per cell (see Table 4. 2).

Figure 4. 8: HIV-1 entry into 293-Affinofile cells expressing low levels of CD4 (CD4low, M1) and
a moderate level of CCR5 (CCR5mod, P4) relative to the entry into the cell population expressing
high levels of CD4 and CCR5 (CD4high/CCR5high). Bars in red or red surrounding are M-tropic
Envs. Each value demonstrates the mean of three independent experiments, including the
standard deviation.

Figure 4. 8 displays the entry levels of the Envs in 293-Affinofile cells expressing
CD4low/CCR5mod. The bar graph exhibits the expected results for B-HIV Env controls YU2,
ADA and JRCSF

244.

YU2 and ADA are M-tropic and mediate high levels of infectivity in

CD4low/CCR5mod cells. On the contrary, the non M-tropic Env JRCSF is not able to enter the
cells efficiently, if the CD4 levels are low and CCR5 expression levels are moderate.
By comparing the identified M-tropic C-HIV Envs with their genetically-related non M-tropic
Envs, the Env clones 204_E7, 550_I32, 1114_F19, 1114_F33, 1684_F8, 1854_E5 and
2042_I38 (assigned to CD4 phenotype) were identified and they are able to enter the
CD4low/CCR5mod cell population with an efficiency from 5.68% (1114_F19) up to 11.35%
(1854_E5) (Figure 4. 8). HIV-1 entry for the non M-tropic Envs lied between 0.07 % and
1.48% in the same cell population (Figure 4. 8). However, the other M-tropic Envs 204_E15,
455_F2, 513_E8, 805_E31, 1554_I9, 1684_I26 and 1854_I3 (assigned to alternate phenotype)
demonstrated a rather low entry into the cell population CD4low/CCR5mod. Infectivity levels
ranged from 0.13% (204_E15) to 3.57% (1854_I3) (Figure 4. 8).
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Overall, Figure 4. 8 demonstrates that the M-tropic B-HIV control Envs YU2 (15.01 ± 1.64%
entry in CD4low/CCR5mod) and ADA (15.23 ± 4.31% entry in CD4low/CCR5mod) are more
capable of mediating viral entry into cell lines expressing low levels of CD4 than M-tropic CHIV Envs.
Observing the entry values into CD4low/CCR5mod show that M-tropic Envs separate into two
distinct groups (Figure 4. 9), namely those with efficient viral entry and those without. I
specified an arbitrary cut-off of 5% viral entry and classified those above this cut-off as the
“CD4 phenotype”	
  and	
  those	
   below the cut-off	
  were	
  classified	
  as	
  the	
  “alternative phenotype”.	
  
Statistical analysis via a two-tailed Mann-Whitney test showed a significant difference
between the CD4 and alternate phenotype in the ability to enter 293-Affinofile cells
expressing CD4low/CCR5mod (Figure 4. 9). Further analysis indicated that the difference
between the alternate phenotype and the non M-tropic Envs is non significant (ns) and they
enter the CD4low/CCR5mod cell population to a similar degree.
Our results have identified two different M-tropic phenotypes, the CD4 phenotype and the
alternate phenotype with both groups exhibiting a unique responsiveness to low levels of
CD4, which requires further investigation.
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Figure 4. 9: CD4 dependency of M-tropic Envs. HIV-1 entry into 293-Affinofile cell population
expressing CD4low/CCR5mod relative to the entry into CD4high/CCR5high. Each dot represents the
mean-value of three independent experiments. P-values were calculated by using a two-tailed
Mann-Whitney test, p-values <0.005 are set as non significant (ns).

4.3.4 Association between viral entry in CD4low/CCR5mod Affinofile cells and viral
entry in macrophages
Since the efficiency to respond to low levels of CD4 is associated with M-tropism in B-HIV
Envs

226,242-244,251,

the association between the entry of C-HIV Envs in CD4low/CCR5mod was

investigated and the entry levels into MDMs from Chapter 3.
First of all I statistically calculated the Pearson correlation of HIV-1 entry of all Envs, Mtropic and non M-tropic Envs (n=38) in the two mentioned cell types, where the X-axis
shows the entry in 293-Affinofile cells CD4low/CCR5mod and the Y-axis presents the entry in
MDMs relative to the % entry of YU2. For all the Envs a correlation coefficient (r) of 0.7537
(Figure 4. 10 & Table 4. 4) and a p-value of less than 0.0001 was determined. By an increase
of the MDM-entry the variable on the X-axis, the % entry in CD4low/CCR5mod increases, too.
If all the Envs are divided into M-tropic Envs and non M-tropic Envs, a correlation for the
non M-tropic Envs (n= 24) regarding the two variables could not be determined (r =
0.08754). But the M-tropic Envs showed a positive correlation with a coefficient of 0.6610
and a significant p-value of 0.0073, which shows a stronger relationship between the two
variables, presenting the entry in MDMs and in 293-Affinofile cells CD4low/CCR5mod.
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Figure 4. 10: Correlation between the HIV-1 entry of luciferase reporter viruses pseudotyped
with Envs in MØs and 293-Affinofile cells expressing CD4low/CCR5mod. Statistical analysis is
shown in Table 4. 4.
Table 4. 4: Correlation coefficient after Pearson, calculated with Prism Version 6.

all Envs
non M-tropic
M-tropic
CD4 phenotype
alternate
phenotype

Number of
Envs (n)
38
24
14
7
7

Correlation
coefficient (r)
0.7537
0.08754
0.6610
0.4808
0.8164

0.5681
0.0077
0.4369
0.2311

p-value (> 0.05 =
ns)
< 0.0001
0.6774; ns
0.0073
0.2748; ns

0.6666

0.0134

R-square
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4.3.5 Evaluation of CD4 independence of M-tropic envelopes
M-tropic Envs of the alternate phenotype demonstrated low entry levels in 293-Affinofile
CD4low/CCR5mod, compared to M-tropic of the CD4 phenotype, therefore I wanted to exclude
the option of an CD4 independent entry mechanism for the alternate phenotype. There is
evidence published by Francella et al. that showed a CD4 independent entry mechanism
initiated by SIV 272. So due to the low entry levels of the M-tropic C-HIV Envs of the alternate
phenotype in 293-Affinofile cell population CD4low/CCR5mod, the CD4 independence of the
M-tropic Envs was investigated by infection assays of the CD4 negative (CCR5 positive) cell
line CF2-Syn-CCR5.
In this experiment four control Envs were used. First the negative controls YU2 and JRSCF,
because they both rely on the presence of CD4 and second the CD4 independent Env ADA
R/S. VSV-g is completely independent of the entry receptors CD4 and CCR5, since it enters
the cells via endocytosis. As expected the Envs YU2 and JRCSF were not able to enter the
cells in the absence of CD4, conversely to ADA R/S and VSV-g, which exhibit a RLU of 1.7 x
106 and 3.9 x 106. M-tropic Envs of the CD4 phenotype that showed an efficient entry in 239Affinofile cells CD4low/CCR5mod did not mediate infection of reporter viruses into the CD4
negative cell line. The alternate phenotype was defined by the inefficient entry in the
mentioned cell population, even though they are M-tropic. However, a CD4 independent
mechanism can be excluded since no entry into CF2 Syn CCR5 cells was measured.
Furthermore I added in a second assay with the same set up 3mM MVC to block entry
mediated by CCR5 and as expected the only samples that were able to enter was VSV-g, due
to endocytosis.
This assay demonstrated that Envs with the alternate phenotype are not able to enter MDMs
or 293-Affinofile cells expressing low levels CD4 and a moderate level of CCR5 due to a CD4
independent mechanism. Therefore it may be possible that the alternate phenotype is more
efficient in the usage of the coreceptor CCR5 than the CD4 phenotype.
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Figure 4. 11: Infection of Cf2 Syn cells with luciferase reporter viruses pseudotyped with Mtropic C-HIV Envs in the absence and presence of 3mM MVC. The data represents the meanvalue of triplicate wells.

4.3.6 Determination of CCR5 usage
Envs with the alternate phenotype demonstrated low entry levels in cells expressing low
levels of CD4, compared to the CD4 phenotype; since a CD4 independent entry mechanism
was excluded the interaction between gp120 and CCR5 was investigated further. Studies
from our lab showed that the interaction between gp120 and the CoR CCR5 can influence Mtropism of B-HIV Envs and that M-tropic Envs are less sensitive to the inhibition with the
CCR5 antagonist MVC 222,244,273. Based on this knowledge the difference in efficiency of CCR5
usage between the non M-tropic and the Envs belonging to the two phenotypes of Mtropism was determined. NP2/CD4-CCR5 cells were inoculated with luciferase reporter
viruses pseudotyped with the mentioned Envs in the presence of an increasing 3-fold
dilution of the CCR5 antagonist MVC to vary the amount of accessible CCR5 on the surface.

105

Inhibition curves were constructed to calculate the 50 % inhibitory concentration (IC50) of
MVC for each of the Envs.
As positive controls I used the R5 M-tropic B-HIV Env YU2 and the non M-tropic Env JRCSF.
The control Envs showed the expected results 108 and were both completely inhibited at the
highest concentration of MVC (600nM). YU2 exhibited an IC50 of 0.6627nM and JRCSF
exhibited an IC50 of 0.8235nM (Figure 4. 12).
The majority of the C-HIV Envs reached the complete inhibition with 600nM MVC and the
error bars occur due to cell loss in the last step of the assay where the media had to changed
against the cell lysis buffer. In chapter 2, the baseline resistance of this cohort was discussed
and demonstrated that the used Envs in this chapter did not exhibit any baseline resistance
against the CCR5 antagonist MVC (see Chapter 2). Figure 4. 12 shows the inhibition curve
for each M-tropic Env (red surroundings) and the genetically-related non M-tropic Envs
(black surroundings). Focusing on specific Env pairs a difference between some of the Mtropic and non M-topic Envs was recognized. For example subject 204 with the Env clone
E12 (non M-tropic) displayed a relatively low IC50 of 0.5884nM compared to the Env clone
of the same subject E7 (M-tropic; CD4 phenotype), where a higher concentration of MVC
(IC50 = 5.917nM) was necessary to inhibit 50% of the entry. 204_E7 was tested previously
for the sensitivity to MVC and showed residual entry of 3.6% in NP2-CD4/CCR5 cells and
36.24% in 293-Affinofile cells CD4mod/CCR5high in presence of MVC and was determined as
weak baseline resistant (see Chapter 2). The M-tropic Env clone 1684_F8 showed an IC50 of
1.011nM that is 3.5 times higher than the IC50 for the non M-tropic counterpart 1684_F17
with a value of 0.2821nM. However, for the majority of the Env clones I could not determine
a discernable difference.
Sequentially, the IC50s of the Envs for each phenotype were grouped together and compared
the mean to determine a trend in coreceptor usage for the phenotypes (Figure 4. 13). By
comparing the IC50 of the non M-tropic Envs (n=13) with the two M-tropic phenotypes I was
not able to identify a significant difference in the CCR5 usage between the three groups.
Furthermore, I was not able to identify a more efficient usage of CCR5 in the context of the
M-tropic alternate phenotype compared to the non M-tropic or even the M-tropic CD4
phenotype via comparison of IC50s to the CCR5 antagonist MVC. Since all Envs showed
similar sensitivity to MVC inhibition an interaction between CCR5 and MVC is more likely
than a interaction between gp120 and CCR5, due to less competition between gp120 and
MVC. In a subject-specific manner two M-tropic Envs of the CD4 phenotype showed a more
efficient usage of the coreceptor CCR5 compared to the genetically-related non M-tropic
Env.
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Figure 4. 12: MVC inhibition curves of M-tropic Envs. NP2/CD4-CCR5 cells infected with Envpseudotyped reporter viruses in the presence of increasing concentration MVC (0 – 600nM).
M-tropic Envs are labeled in red (CD4 phenotype displayed as squares and Envs of the
alternate phenotype displayed as dots) and genetically-related non M-tropic Envs are labeled
in black. Each data point represents the mean value of three independent experiments.
Inhibition curves were calculated as described in Materials and Methods.
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Figure 4. 13: IC50 of MVC calculated via inhibition curves, as described in Material and
Methods. Envs were grouped in non M-tropic (grey triangles) and the M-tropic Envs (red
surrounded data points), divided into CD4 phenotype and alternate phenotype. Each data
point represents the mean value of the calculated IC50 of 3 independent experiments.

4.3.7 Determination of alternative coreceptor usage
The previous assay did not show a more efficient usage of CCR5 for Envs belonging to the
alternate phenotype of M-tropism, therefore the ability of the Envs to enter cell lines
expressing different alternative CoR was investigated, which may explain that the alternate
phenotype has wider repertoire of CoR usage. Alternative coreceptors were used in a
previous study from our lab that focused on the HIV-1 entry in vitro of Envs, belonging to
the same cohort. The alternative coreceptors FPRL1, CCR3 and CCR8 were tested 43. R5 Envs
isolated at later stages of HIV-1 infection that were able to use an alternate CoR, especially
FPRL1, in addition to CCR5 was reputed to have a wider use of CCR5 and are more flexible
to bind CCR5 43. However, the previously tested alternate CoRs 43 did not comprise the Envs
used in this study. To complete the spectrum of alternative coreceptors I determined the
usage of alternative coreceptor CXCR6, GPR15, GPR1, APJ, CCR6 and CCR1 by the M-tropic
Envs, specifically the alternate phenotype, and also the non M-tropic Envs in vitro. Therefore
NP2/CD4 cells expressing CXCR6, GPR15, GPR1, APJ, CCR6 and CCR1 were inoculated with
the C-HIV Env-pseudotyped luciferase reporter viruses and measured the entry via
luminescence as described in the Materials and Methods.
Figure 4. 14 shows the results of the experiment, and as expected all R5 C-HIV Envs enter
the NP2/CD4 cells expressing the principal coreceptor CCR5, which was set as a positive
control of this assay. Further it is evident that the Envs were not efficient in entering
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NP2/CD4 cells expressing the alternative coreceptors CXCR6, GPR15, GPR1, APJ, CCR6 and
CCR1. The measured luminescence, which correlates with the HIV-1 entry, for each Env
were near the RLU for cells only (not shown) indicating background luciferase activity only.
Our results demonstrate that regardless of the degree of M-tropism the Envs selected in this
study are not able to use alternative coreceptors in vitro to enter cells.

Figure 4. 14: Infection of NP2/CD4 cells expressing different alternate coreceptors (CXCR6,
GPR15, GPR1, APJ, CCR6 and CCR1) with luciferase reporter viruses pseudotyped with various
C-HIV Envs. Each data point represents the mean value of triplicate wells of one Env.
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4.4 Discussion & Conclusion
In this chapter, the mechanism behind the identified C-HIV M-tropic Envs was investigated.
One well-known and published characteristic of B-HIV M-tropic Envs is the decreased
dependency on the host cell receptors CD4 and CCR5 226,237,242,243,259,268,368. Therefore a good
approach to determine if C-HIV M-tropic Envs behave in a similar way as B-HIV M-tropic
Envs is the 293-Affinofile affinity profiling assay 241,337,350.
The 293-Affinofile cell line demonstrates similar properties in CD4 and CCR5 expression
levels and densities to macrophages, when certain concentrations of minocycline
(0.16ng/ml) and ponA (0.16nM) are present

244,249.

And since it is difficult in an in vitro

setting to obtain good consistency in isolated MDMs from different donors, entry assays in
the 293-Affinofile cell population CD4low/CCR5mod are used as an alternative to the infection
of MDMs

249.

This study identified 15 M-tropic C-HIV Envs, of which 50% displayed the

classical reduced CD4 dependence in 293-Affinofile cells.	
   This	
   so	
   called	
   “CD4	
   phenotype”	
  
exhibits similar patterns in entering MDMS and also CD4low/CCR5mod 293-Affinofile cells
compared to well-studied M-tropic B-HIV Envs

226,242-244,251,260.

Therefore it is reasonable to

assume that Envs with the CD4 phenotype are efficient in using low levels of CD4 and/or
CCR5, indicating a decreased CD4 dependency. On the other hand, I identified 7 M-tropic
Envs that were not efficient in entering the 293-Affinofile cells CD4low/CCR5mod, but were
able to enter MDMs relatively efficiently. This phenotype was termed the “alternate	
  
phenotype”.	
  By	
  using	
  only	
  293-Affinofile cells expressing low levels of CD4, this phenotype
would not have been determined, because the entry levels of M-tropic Envs were similar to
entry levels of non M-tropic Envs of B-HIV. This was also observed for entry levels of Mtropic C-HIV Envs, therefore it is necessary to utilize MDMs from several donors to identify
M-tropic Envs, independent of the subtype. It is still unclear if this phenotype is unique and
can only be isolated from C-HIV infected ART-naïve subjects, and moreover what kind of
mechanism is behind it.
An additional feature of the 293-Affinofile affinity profiling assay is that it allows us to
calculate a certain value, called vector angle. The vector angle describes the dependency of a
certain Env regarding the CD4 receptor or the coreceptor CCR5. In the C-HIV cohort I could
not find any significant differences in the context of vector angles between the identified
groups (non M-tropic Envs and M-tropic Envs) as for example it was demonstrated in a
previous study on B-HIV Envs isolated from the brain or lymph nodes

244.

The CCR5

expression levels varied considerably in our hands from assay to assay and even the
baseline expression of CCR5 in the absence of ponA showed similar levels as the expression
in the presence of low concentrations of ponA. Therefore it was reasonable to assume that
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the responsiveness of the Envs to the coreceptor CCR5 is similar between the non and Mtropic Envs, whereas the two phenotypes were combined in the group of M-tropic Envs.
The results of the vector angles were corroborated by inhibition assays with the CCR5
antagonist MVC, where increasing concentrations of the drug regulated the availability of
CCR5 receptors. In the previous chapters, our results showed that the Envs studied here do
not display baseline resistance to MVC thus use of the CCR5:MVC did not complicate our
interpretations. In essence, the Envs independent from the phenotype did not respond to
changes in CCR5 levels differently, hence the alternate phenotype is not less dependent on
CCR5 than the CD4 phenotype.
This chapter answered the question if the 293-Affinofile cell line could be the gold standard
to determine M-tropism of HIV-1 Envs and if C-HIV M-tropic Envs mirror the same
dependencies to CD4 and CCR5 than B-HIV M-tropic Envs. With the identification of the
alternate phenotype, the following chapter explores differences between the two M-tropic
phenotypes and investigates the CCR5 engagement of the M-tropic Envs.
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Chapter  5:  Envelope  determinants  of  CHIV  M-tropism
5.1 Background & Introduction
M-tropism relies on the interaction between the receptors CD4 and CCR5 with the envelope
glycoprotein (Env). The Env consists of different domains, including the CD4 binding site
(CD4bs) and the coreceptor binding site (CoRbs) that determine the ability of the Env to
enter MØs. The exposure of both receptor binding sites plays a significant role in the
efficiency to enter MØs

226,242,243,251,253-255,257.

Peters et al. and many other research groups

demonstrated an increased sensitivity to sCD4 that leads to a more efficient interaction
between gp120 and the CD4 receptor

226,251,253,268,

which is characteristic of R5 M-tropism.

The mAb b12 binds to a similar epitope to sCD4 on the outer domain of gp120
61,68,771,84,369,370,

even though the b12 epitope is not well conserved and is not exposed every

Env 251,267. Together, these studies suggest that the interaction between the Env protein and
the CD4 receptor is a key determinant of macrophage tropism.
Some specific amino acids in gp120 have been found to influence the interaction between
gp120 and the main receptor CD4. For example, N283 in the C2 domain increases M-tropism
due to a reduced reliance on CD4 and an additional H-bond that strengthens the interaction
between gp120 and CD4

243,245,259,371.

Another amino acid was identified via mutagenesis

studies, N362, which influences the fusogenicity and the exposure of the CD4bs in a way that
M-tropism is promoted 268. Furthermore, many other research groups identified amino acid
changes that influences M-tropism 246,252,258,269-271.
The interaction between the Env protein and the CCR5 coreceptor has also been shown to
be a determinant of m-tropism. Some M-tropic Envs exhibit a different engagement of the
CoR CCR5, represented by a reduced dependence on the CCR5 N terminus and therefore an
increased dependence on the ECL2 domain of CCR5 273. In addition, ECL1 and ECL3 may also
contribute to the gp120-CCR5 interaction

36,106.

HIV-1 Entry assays using CCR5 mutants

showed an increased reliance on specific amino acids in the ECL domain (H181 & Y184),
whereas the dependence on Y15 in the N-terminus is decreased 273. Furthermore, Sterjovski
et al. showed a connection between the binding of mAb 17b and M-tropism of B-HIV Envs
244,273.

The mAb 17b binds to CD4 induced epitopes that overlap the CoRbs

61,372

and is well

conserved in HIV-1, and can provide information on the extent of exposure of the CD4
induced epitope of the CoRbs 61,273,373. Mutagenesis studies showed that amino acids with a
basic and polar property like K121, R419, K421 and Q422 are also involved in CoR binding
61,86.
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Differences in the CD4bs and the CoRbs can be analysed and visualized with the help of
crystal structures, which serve as a template to generate homology models. Wyatt et al. and
Kwong et al. published a crystal structure of gp120 bound to sCD4 and the mAb 17b that
provides insights in the structure of gp120 and the CD4 induced epitopes

58,61.

Another

research group published gp120 crystal structures bound to a CCR5 N-terminal peptide and
an Ab called 412d, providing information about the interactions between gp120 and the
CCR5 peptide. In this structure the Tys10 of the N-terminal CCR5 peptide is in contact with
R327 of gp120 over a salt bridge and D11 interacts with R440 of gp120 via an ionic
interaction. Furthermore is Y14 located between the V3 and bridging sheet and the aromatic
ring of Y15 pushes against I439 of the gp120 bridging sheet 64.
This chapter investigates the exposure of the CD4 and CCR5 binding site of M-tropic C-HIV
Envs with the use of mAb. Further mutagenesis studies may provide new information about
the Env determinants that are responsible for M-tropism, but with the lack of the ability
using low levels of CD4 on the cell surface of 293-Affinofile cells. Structural analysis with the
help of homology models will add to the spectrum of information.
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5.2 Materials & Methods
5.2.1 Cells & Cell lines
Cell lines were	
  incubated	
  at	
  37˚C	
   with	
  5%	
   CO2 in Thermo Direct Heat CO2 incubator (Forma
Scientific).
To generate more single round HIV-1 Env pseudotyped luciferase replicative viruses, 293T
cells and JC53 cells were handled as described in chapter 2.2.1.

Cf2-CD4 cells
Cf2-CD4 cells, derived from a canine thymocyte cell line

235

and stably express the CD4

receptor on the cell surface, were cultured in DMEM-10 supplemented with 0.4µg G418 per
ml. To promote detachment the cells were treated with Tryple Express.

5.2.2 Plasmids
For the production of luciferase reporter viruses pseudotyped with Envs, the protocol in
chapter 2.2.2 was followed. The plasmid pSVIII-Env was used to express certain Envs of the
C-HIV cohort on the cell surface of 293T cells.
In addition the following plasmids were used in this chapter. pSVL-Tat expresses the HIV-1
trans-activating regulatory protein (Tat)

268,

responsible for efficient transcription in the

HIV-1 replication cycle. To express CCR5 on the cell surface of cell lines pcDNA3-CCR5 was
used

226.

Plasmids expressing the CCR5 mutants have been described in previous studies

36,106.

The mutations in the N-terminus of CCR5 including a swap from tyrosine to alanine on

position 10, 14 and 15, as well as a deletion of the amino acids 2 to 17. Mutations in the
ECL1 region included a swap from histidine to alanine on position 88 and a change from
tyrosine to alanine on position 89. Furthermore, the following changes were located in the
ECL2 region H181A, Y184A and Q188A (Figure 5. 1).

5.2.3 HIV-1 entry assays
Neutralization assay with monoclonal antibody (mAb) b12
To determine the sensitivity of the Envs to mAb b12 that is effective in neutralizing HIV-1
374,

500,000 RLU of Env pseudotyped reporter virus was combined with a 5-fold serial

dilution (0 to 30µg per ml) of mAb b12 and preincubated for 1 hr before being added to
1x104 NP2/CD4 - CCR5 cells per well. MAb b12 binds to an epitope at the outer domain that
overlaps the CD4 binding site of the Env and induces conformational changes of gp120
61,369,370.

114

Cells were lysed 72 hr post-infection and luciferase activity was measured according to
section 2.2.2. IC50 was calculated by least squares regression analysis of inhibition curves
using Prism 6 Version 6.0a.

5.2.4 Binding assay with 17b
Differences in the CoRbs were investigated via a binding assay with the mAb 17b, which
binds to the epitope near the CoRbs.
0.3x105 293T cells were seeded in a 6-well plate. After 12 hr cells were co-transfected with
the pSVIII-Env and the Tat expression plasmid pSVL-Tat in a 3:1 ratio using Lipofectamine
2000 according the protocol. pSVL-Tat alone and the pSVIII-ADA, -YU2 and –JRCSF were
included as controls. 4 hr post transfection the media was replaced by fresh DMEM-10 and
incubated for 24 hr.
For the 17b binding reactions 2.5x105 cells were resuspended in FWB and transferred into a
96-well V-bottom plate. Cells were incubated with 20 µg/ml soluble (s)CD4 for 1 hr at RT,
then centrifuged at 513g at RT for 3.5 min. Supernatant was aspirated and the cell pellet was
washed twice with FWB. 50µl of FWB containing 5µg/ml of 17b was added to the cells and
incubated for 1 hr, then washed twice with FWB. In addition, 17b binding reactions were
generated without sCD4 with the same procedure as mentioned above.
Parallel to the 17b binding reaction, 2.5x105 cells were also stained for Env expression. Cells
were transferred to a 96-well V-bottom plate and pre-incubated for an hour on ice. After
washing the cells 2-times with FWB they were incubated with 50µl FWB including BB10
sera, BB10 is an anti-CD23 mAb that can be induced by gp160

375,

in a ratio 1:100 for 1 hr

before another washing step followed.
In both cases the cells were resuspended in FWB containing the goat anti-human Ig (H+L
chain) FITC labeled F(ab)2 in a ratio 1: 200. Finally the cells were washed 2-times in FWB
and fixed in 4% (wt/vol) paraformaldehyde in 1x PBS after FWB was aspirated. 1x10 5
events were collected on a FACSCalibur flow cytometer (BD Biosciences) and the relative
fluorescence was analysed using FlowJo software version 8.8.7 (Tree Star).

5.2.5 Infection of cells expressing CCR5 mutants
Transfections in CF2-CD4 cells were performed as previously described

108,244.

CCR5 WT

DNA was added in a serial of concentration with a 2-fold decrease starting from 3µg DNA to
generate a standard curve of CCR5 expression levels. Furthermore 3µg of CCR5 DNA that
contains different mutations in the N-terminus	
   (Y10,	
   Y14,	
   Y15	
   and	
   ∆2-17) and ECL (H88,
Y89, H181, Y184, Q188) was used in the transfection according the Lipofectamine 2000
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protocol. 24 h pre-infection 2x104 of the transfected cells per 100µl media were seeded into
a 96-wellplate, as well as 2x105 cells per 2ml median of each of the transfected cell
population were plated into 6-wellplate for quantifying the CCR5 expression levels by flow
cytometry. Cells were infected with virus stocks equivalent to 250,000 luciferase counts per
100µl.

Figure 5. 1: Illustration of the CCR5 receptor with the position of the inserted CCR5 mutations
(modified after 273).

Simultaneously, the expression of CCR5 and CCR5 mutants on the cell surface of CF2-CD4
cells was determined. To detach the cells, Tryple Express was added and the cells were
resuspended in 450µl FWB. Cells were transferred into a 96 well V-bottom plate and
centrifuged at 659g at RT for 3 min. The cell pellet was resuspended in 200µl blocking
solution and incubated for 30 min at RT. After washing the cells twice with FWB, cells
expressing CCR5 mutated at the N-terminus were stained with 10μl	
   per	
   well of CCR5specific antibodies 2D7 (BD Pharminogen) and cells expressing CCR5 mutated in the ECL
regions were stained with 10µl of CCR5-specific antibodies CTC5 (R&D Systems) in 50µl
FWB.
Afterwards the cells were incubated for 45 min at RT. Next, the cells were centrifuged (same
conditions as above) and washed twice with 200µl FWB/well, before the cells were fixed in
200µl 4% (wt/vol) paraformaldehyde in 1x PBS. 1x105 events were collected for each cell
population on a FACSCalibur flow cytometer (BD Bioscience) analysed using FlowJo
software version 8.8.7 (Tree Star).
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Media from the inoculated cells was changed 12 hr later. After 48 hr incubation the cells
were lysed and HIV-1 entry measured as above. HIV-1 entry into CF2-CD4 cells that express
CCR5 mutants is shown as a percentage of HIV-1 entry into CCR5 wt cells, expressing a
similar level of CCR5 of the cell surface.

5.2.6 Sequence analysis
Multiple alignments of Env amino acid sequences against HxB2 were generated using CLC
Main Workbench 7 (CLC), as well as generating protein sequences and Env mutants.

5.2.7 Env mutagenesis
Envelope mutants were generated via Overlap-PCR
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or via QuickChange II Site-Directed

Mutagenesis Kit from Agilent-Technologies.
Table 5. 1: Env mutagenesis strategies. Description of domain swaps for Env mutants.
Envelope mutant

Description (positions relative to Hxb2 gp120)

1684_I30.V3.I26

aa 309 – 351 (includes V3) of 1684_I26

1684_I26.V3.I30

aa 309 – 351 (includes V3) of 1684_I30

1854_I3_S243N

Additional glycosylation site at position 243

1853_I4_N243S

Loss of glycosylation site at position 243

1854_I3.V1/V2.I4

aa 127 – 205 (V1/V2) of 1853_I4

1854_I4.V1/V2.I3

aa 126 – 205 (V1/V2) of 1854_I3

1854_I3.C3.I4

aa 342 – 394 (C3) of 1854_I4

1854_I4.C3.I4

aa 342 – 394 (C3) of 1854_I3

Overlap PCR was used to introduce a domain swap between two envelopes. The first three
PCRs generated intermediate fragments (ex. 1684_I30/1, /2, /3) including an overlap
region, which was inserted via primers (ex. I30_C2+rev; +I26_V3; I26_V3+rev) (Appendix
1.4).
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Figure 5. 2: Example of an Overlap-PCR to introduce a V3 domain swap between two envelopes. Arrows (blue, yellow) indicate the primers. KpnI-Env and
BamHI-Env are the outer primers and the inner primers carry the overlap regions, which are presented as a different colored line bended down from the
arrow. The first three PCR reactions are generating the individual PCR fragments (intermediates: C1-C2; C3-gp41; V3) with overlap regions, which are used in
a second PCR as internal primers. In a second PCR reaction the intermediates were denatured and the complementary overlap regions were annealed, so that
the recombinant PCR fragment can be extended by the polymerase to a double strand and then amplified via the addition of the external primers KpnI-Env
and BamHI-Env. Finally, the amplified recombinant Env was digested with the restriction enzymes KpnI and BamHI.
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Conditions for the PCR reactions were chosen according to the manual of the Expand High
Fidelity PCR System (Roche) (Table 5. 2) and for generating the 3 individual PCR fragments
the primers were added at the start, different to the generation of the intermediates.
Variables were depending on the melting temperature (Tm) of the Primers and the length of
the fragment (Appendix 1.4). The overlap regions are needed as internal primers in the next
step. Intermediates were added to a fresh PCR reaction without primers. After denaturation,
the complementary overlap regions anneal and the polymerase extends the fragments to a
double strand. The recombinant PCR fragments were amplified by using the outer primers
(KpnI-Env; BamHI-Env) according to Figure 5. 2.
Table 5. 2: PCR reaction to generate a recombinant PCR fragment
Mix 1
dNTPs
Primer 1 (fw)

Stocksolution
10 mM
10 µM

End concentration
400 µM of each dNTP
100 nM

Primer 2 (rv)

10 µM

100 nM

H2O
Mix 2
Reaction buffer
MgCl2
Expand HiFi Polymerase
H2O
Intermediate 1
Intermediate 2

Stocksolution
10x
25 mM

up to 25 µl
End concentration
1x
2 mM
3.5 units/reaction
up to 24.0 µl
5 ng
5 ng

add Primers after 15
cycles + 3.5 units
polymerase

Table 5. 3: Thermal cycling for Overlap-PCR
Temperature	
  [C˚]

Time [sec]

Number of cycles

Initial denaturation
94
120
1
Denaturation
94
15
Annealing
50
30
10
Elongation
72
60 - 90
Cooling
4
Transfer 5 µl of reaction mix (intermediates) to a fresh PCR mix including primers
Initial denaturation

94

120

Denaturation

94

15

Tm - 5
72
72
4

30
60 – 90 + 5sec per new cycle
480

Annealing
Elongation
Final elongation
Cooling

1
22
1

Single amino acid changes were generated with the QuickChange II Site-Directed
Mutagenesis Kit according to the protocol of the company.
To analyse the PCR products, gel electrophoresis was used with a 1.2% (wt/vol) agarose gel
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in 1x Tris-acetate-EDTA buffer (TAE). The size of the Env fragments was compared to 1kbPlus DNA molecular weight marker (Invitrogen) or Hyperladder 1 (Figure 5. 3). DNA was
visualized by 1x Sybr Safe DNA gel stain (Invitrogen) under blue light conditions. DNA was
purified from the gel with High Pure PCR Purification Kit (Promega), according the
manufacture protocol. To quantify the purified DNA the NanoDrop spectrophotometer was
used at a wavelength of 260nm (Thermo Scientific, USA).

Figure 5. 3: Molecular weight markers.

Env mutants and pSVIII-ΔKS were digested with 4 units of the restriction enzymes BamHI
and Acc651 (New England Biolabs (NEB)). DNA was then purified with the same kit as
above, before ligating the Env mutant into the digested pSVIII-ΔKS using T4 DNA Ligase
according manufacturer protocol. The ligation reaction was then propagated in Top10 E.coli,
and the DNA was quantitated as previously described in chapter 2.

5.2.8 Sequencing
The sequence of the Env mutants was confirmed via Sanger sequencing through the
Australian Genome Research Facility (AGRF), Melbourne, Australia. The following primers
were used Env1A (5’-GGC TTA GGC ATC TCC TAT GGC AGG AAG AA-3’), ED5 (5’-ATG GGA
TCA AAG CCT AAA GCC ATG TG-3’) and C5 (5’- GGG ACA ATT GGA GAA GTG AAT TAT ATA
AAT ATA AAG-3’) as forward primers and ED12 (5’-AGT GCT TCC TGC TGC TCC CAA GAA
CCC AAG-3’) and EnvFab (5’-CGT CCC AGA AGT TCC ACA ATC C-3’) as reverse primers.
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5.2.9 Generation of luciferase reporter viruses pseudotyped with Env mutants
The luciferase reporter viruses pseudotyped with Env mutants were generated via a cotransfection with plasmids pCMV∆P1∆envpA	
   and	
   pHIV-1Luc in a ratio of 1:3:1 using
Lipofectamine 2000, as described earlier in Chapter 2.

5.2.10 Infection of MDMs with luciferase reporter viruses pseudotyped with Env
mutants
1x106 MDMs were infected with 200,000 RLU of the luciferase reporter viruses
pseudotyped with Env mutants. The assay was performed as previously described in
Chapter 3.

5.2.11 Computer-aided modeling
The Discovery Studio suite version 2.5 (Accelrys) was used to create homology models of
certain subtype C Envs used in this study, according to the Build Model protocol as
described by Sterjovski et al. 273. The homology models were bound to CD4, mAb b12 and a
CCR5 N-terminus peptide. To generate an atomic structure of the protein of interest from a
template molecule and a sequence alignment, the Modeller algorithm was utilized.
Optimization of the template-based was done using continuous cycles of conjugate-gradient
minimization against a probability density function. This function contains spatial restraints
consisting of properties from the template and residues
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The following crystal structure

was used as a template to generate predicted homology models of primary subtype C R5
Envs. A CD4 bound model was generated with YU2 bound to CD4 and a NMR structure of an
N-terminus peptide of CCR5 (residue 2-15: SPIXDINXY) that was docked into the CoRbs
[kindly provided by P. D. Kwong (63)]. The crystal structure contains the third variable loop.
The first step was a sequence alignment of the primary Envs against the template sequence.
Only the gp120 region was used. Sequence alteration had to be done to maintain the
appropriate geometry by deleting the V1/V2 loop and replacing it with the linker sequence
Gly-Gly (GG). Further, chain breaks were inserted in the sequence at same positions as in the
template sequence. The model structure was refined by applying harmonic constraints,
followed by optimization using the Steepest Decent protocol. This incorporates iterative
cycles of conjugate-gradient energy minimization versus a probability density function,
including spatial restraints as mentioned earlier (378).
Lastly, similarities in the three-dimensional structure had to be defined by the root mean
square deviation (RMSD) that calculates differences between the predicted model and the
crystal structure in the context of the distances between the main-chain atoms (N, Ca, C and
O atoms). Rigid body superposition was first applied to distinguish high levels of homology
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between the three-dimensional structure and the overlaid Env, RMSD-values of <1 Å were
significant. The interface between gp120 and the CCR5

2-15

peptide was identified by

selecting atoms within 4Å atoms of gp120 atoms and the ligands. Further, the buried surface
area (BSA) of individual residues was identified by using the Protein Interfaces, Surfaces
and Assemblies (PISA) computational platform 379.

5.3 Results
5.3.1 Determination of the exposure of the CD4 binding site
To investigate differences in Env determinants between the CD4 and alternate phenotype
that are responsible for the incapability of the alternate phenotype to enter cells with low
levels of CD4, but still contribute to M-tropism I looked at differences in the CD4bs.
Neutralization assays demonstrated that M-tropic Envs from subtype B virus strains are
sensitive to the mAb b12
subtypes B and C

132,
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and since neutralization patterns differ between the two

the differences between the non M-tropic Envs and the two

phenotypes of M-tropic C-HIV Envs in the context of the sensitivity to mAb b12 were
investigated. Since there is significant overlap between the sCD4 and mAb b12 epitope on
gp120 84, these experiments will also provide information on the exposure of the CD4bs.
Virus stocks were neutralized with a 5-fold increasing serial dilution of the mAB b12 and
then added to NP2/CD4 - CCR5 cells. The IC50 was calculated for each Env and grouped into
the three phenotypes (non M-tropic; M-tropic: CD4 phenotype; M-tropic: alternate
phenotype) (Figure 5. 4). As expected, Envs of the CD4 phenotype exhibit a lower IC50 (mean
= 1.071 ± 2.339µg/ml) compared to non M-tropic Envs (mean = 13.83 ± 12.15µg/ml) and
the alternate phenotype (mean = 14.77 ± 14.42µg/ml), but the standard deviation is high for
the last two groups.
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Figure 5. 4: IC50s of Envs were calculated by least squares regression analysis of mAb b12
inhibition curves. Data points represent the mean value of three independent experiments
performed in triplicate wells. P-value was calculated with a two-tailed Mann-Whitney test.

For this reason I examined the neutralization curves for each subject, represented in Figure
5. 5. The control Envs YU2 and JRCSF, showed that the b12 binding epitope is more exposed
in the non M-tropic control Env JRCSF with an IC50 of 0.3964 µg/ml than the M-tropic Env
YU2 with an IC50 of 1.772µg/ml. M-tropic Envs, belonging to the CD4 phenotype (204_E7,
550_I32, 1114_F19, 1684_F8, 1854_E5 and 2042_I38) displayed a lower IC50 than their
genetically-related Envs. Here, it has to be mentioned that mAb b12 is not able to neutralize
some of the non M-tropic Envs (1854_E10 and 2042_I13); therefore it is reasonable to
assume that these Envs do not inherit the b12 binding epitope.
While most of the Envs of the CD4 phenotype showed lower IC50 than the non M-tropic Envs,
Envs of the alternate phenotype seem to have no consistent pattern. Isolates 204_E15,
805_E31, 1684_I26, as well as 1854_I3 showed a higher IC50 than the non M-tropic Envs,
aside from Envs of the subjects 455, 513 and 1554. The M-tropic Env 455_F2 has a lower
IC50 than the non M-tropic Env 455_F23, and demonstrates the same characteristics of Mtropic Envs with the CD4 phenotype. An IC50 for Envs of subject 513 and 1554 could not be,
calculated, this may be due to a too low b12 concentration range or due to the absence of the
b12 binding epitope.
The comparison between the three phenotypes using the mean-value of b12 IC50 was
difficult, since some of the Envs were not sensitive to b12 (Envs 513 and 1554). However, by
investigating the IC50 individually for each subject, it was observed that M-tropic Envs of the
CD4 phenotype demonstrated predominantly lower b12 IC50s. This was not observed for
most Envs of the alternate phenotype.

This suggests that M-tropic Envs of the CD4
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phenotype may also have greater exposure of the CD4bs, as indicated by greater binding of
the b12 antibody.
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Figure 5. 5: Neutralization with mAb b12. NP2/CD4-CCR5 cells were inoculated luciferase
reporter viruses pseudotyped with Envs that were pre-treated with a 5-fold serial dilution (0
to 30 µg per ml) of the mAb b12. Each dot presents the mean-value of 3 independent
experiments performed in triplicate wells; dots in red are M-tropic Envs, grey dots represent
non M-tropic Envs. Inhibition curves were calculated by least squares regression analysis.
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5.3.2 Investigation of the CCR5 binding site
The previous studies demonstrated that Envs with the CD4 phenotype have a more exposed
CD4bs, which may contribute to M-tropism and the ability to enter cells expressing low
levels of CD4. However, this was not shown for the alternate phenotype, therefore the CoR
binding site of the Envs were investigated. Previous studies have shown that B-HIV Envs
exhibited a connection between the binding efficiency of 17b and M-tropism 244,273. The mAb
17b epitope overlaps the CD4-induced coreceptor binding site and can provide information
on the extent of exposure of the CoR binding site. Therefore, 17b was used to investigate
differences in the level of exposure of CD4 induced epitopes between the three M-tropism
phenotypes of our Clade C Env panel. In this assay, the Envs were expressed on the surface
of 293T cells and 17b was added following incubation with sCD4, which triggers exposure of
the 17b epitope. Binding of 17b was detected using a goat anti-human Ig (H+L chain) FITC
labeled F(ab)2 and quantified using flow cytometry. Control Envs YU2, ADA and JRCSF were
included, and 17b binding was examined in the presence and absence of sCD4. In order to
compensate for differences in Env expression, Env expression on 293T cells was also
measured using the Env-reactive BB10 polyclonal antisera and relative fluorescence of 17b
binding was normalized to the level of Env expression (relative fluorescence/BB10).
Out of the three control viruses, M-tropic Env ADA (mean = 0.7850) demonstrated the
highest relative fluorescence/BB10 in the presence of sCD4 (Figure 5. 6), followed by the
non M-tropic Env JRCSF (mean = 0.5955) and at last the highly M-tropic brain-derived Env
YU2 (mean = 0.4234). The primary non M-tropic Envs showed a relative fluorescence/BB10
of 0.6927, less than M-tropic Envs of the CD4 phenotype with a mean relative
fluorescence/BB10 of 1.096. Therefore, the Envs of the CD4 phenotype have a more exposed
CD4 induced binding epitope for 17b, following exposure of the CoRbs. However, the Mtropic Envs of the alternate phenotype exhibited approximately half of the relative
fluorescence/BB10 (mean = 0.5103) than the CD4 phenotype in the presence of sCD4, this
pattern is also distinguishable by looking at the individual Envs (Figure 5. 6).
By not adding sCD4, it is possible to investigate the pre-induced 17b binding epitope. As
expected the relative fluorescence/BB10 decreases in all samples compared to the values in
the presence of sCD4 (Figure 5. 6) However, Envs of the M-tropic: CD4 phenotype have a
more pre-exposed 17b binding epitope, which is accessible without the conformational
changes induced by sCD4. By comparing the M-tropic Envs to their genetically-related non
M-tropic Envs, a more efficient binding of 17b was observed for the majority of M-tropic Env
(Figure 5. 6).
Overall, these results show that Envs of the CD4 phenotype have a more exposed 17b
binding epitope in the presence and absence of sCD4, which translates to a more exposed
CoRbs. On the other hand, M-tropic Envs with the alternate phenotype showed similar
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binding patterns between M-tropic Envs and genetically-related non M-tropic Envs,
suggesting that they have similar exposure of the CoRbs.

Figure 5. 6: Binding assay with mAb 17b. Envs were expressed on the cell surface of 293T cells
via co-transfection of pSVIII-Env and pSVL-Tat using Lipofectamine 2000 and then treated
with mAb 17b in the presence (+sCD4) and absence (-sCD4) of sCD4. Relative fluorescence is
shown relative to the Env expression determined by BB10 sera for the individual phenotypes
and individual Envs (no * = non M-tropic; * = CD4 phenotype; ** = alternate phenotype). Data
represents the mean value and standard deviation of three independent experiments
performed in triplicate wells.

5.3.3 Determination of differences in CCR5 engagement
The alternate phenotype demonstrated similar patterns in the exposure of CoR binding site
than non M-tropic Envs, so I investigated if the interaction mechanism between the two
phenotypes may differ and contributes to M-tropism of the alternate phenotype. However, a
more efficient usage between M-tropic Envs and non M-tropic Envs (see Chapter 4.3.6) was
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not found, expected was no differences on the dependence to ECL2 between the phenotypes.
Sterjovski et al. showed that M-tropic Envs rely more on residues located in the ECL2
domains of CCR5 than on residues in the N-terminal domain of CCR5

273.

To confirm our

results, CCR5 mutants were expressed on the cell surface of CF2-CD4 cells then inoculated
with luciferase reporter viruses pseudotyped with Envs of the C-HIV cohort and YU2 and
JRCSF control Envs. Expression of mutant CCR5 receptors on the cell surface was quantified
using flow cytometry and compared to the levels of CF2-CD4 cells expressing the wt-CCR5
receptor. HIV-1 entry levels were evaluated by normalizing the entry in cell expressing
CCR5 mutants to the entry into cell expressing wt-CCR5.
First, the HIV-1 entry in cells expressing CCR5 with mutations in the ECL region (H88A,
Y89A, H181A, Y184A and Q188A) was examined (Figure 5.7). Figure 5. 7 shows that the
relative fluorescence and therefore the expression of H181A is higher than the expression of
wt CCR5 treated with 3µg of DNA (3.0 wt ECL). CF2-CD4 cells expressing the CCR5
containing H181A as mutation could not be used to investigate HIV-1 entry in the context of
M-tropism because I was unable to compare luciferase virus entry into this cell population
with any of the values of the standard curve (wt ECL). Expression levels of the other CCR5
mutants were in the range of the standard curve (Figure 5. 7). For example, the entry of Envpseudotyped luciferase reporter viruses in CF2-CD4 cells expressing Q188A can be
normalized with the entry into CF2-CD4 cells treated with 1.5µg CCR5 WT DNA, since they
show similar levels of relative fluorescence.
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Figure 5. 7: Relative fluorescence of CF2-CD4 cells expressing different levels of CCR5 wt
(treated with 0 to 3µg CCR5 WT DNA) or CCR5 mutants (treated with 3µg DNA). Cell
populations were stained with CCR5-specific antibodies CTC5 (pink outline) or with CCR5specific antibodies 2D7 (blue outline). The data represents the mean value and standard error
of relative fluorescence calculated from three independent experiments.

Once the relative fluorescence was paired with the suitable CCR5 wt, the influence of
mutations in the ECL region or at the N-terminus was analysed and presented the HIV-1
entry relative to CCR5 wt in Figure 5. 8. The CCR5 mutants Y89A, Y184A and Q188A did not
appear to influence HIV-1 entry of Envs, independent of the phenotype (non M-tropic, CD4
phenotype, alternate phenotype), with levels of entry around 100% relative to cells
expressing wt CCR5 (Figure 5. 8). The H88A mutation in the ECL1 domain of CCR5 appeared
to affect all 3 phenotypes, reducing entry of non M-tropic Envs to 61.87 ± 23.22%, M-tropic
Envs of the CD4 phenotype to 81.77 ± 47.29% and M-tropic Envs of the alternate phenotype
to 54.4 ± 16.76% of compared to wt CCR5. Furthermore, by calculating the p-value (twotailed, Mann-Whitney test) to identify significant differences I identified that the mutation
Y89A significantly decreases the entry of Envs of the alternate phenotype to 90.91 ± 6.86%
compared to the CD4 phenotype (p-value = 0.0023). Similar observations were made by
calculating a p-value of 0.014 between the CD4 and alternate phenotype in cell populations
expressing the CCR5 Y184A mutant, the alternate phenotype showed a reduction of % entry
relative to wt down to 90.38 ± 13.62% and the CD4 phenotype entry levels above 100%
with a mean-value of 114.1 ± 12.49% entry relative to wt.
Alterations in the N-terminal domain of CCR5 have more influence on the entry of the
luciferase reporter viruses pseudotyped with the Envs compared to mutations in the ECL
domains; especially a change of tyrosine to alanine on position 14, with a decrease down to
7.02% entry for the CD4 phenotype and 13.88% entry for the alternate phenotype and also
a change from tyrosine to alanine on position 15, with a decrease down to 14.42% entry for
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the CD4 phenotype and 14.24% entry for the alternate phenotype. I was not able to identify
significant differences in entry between the phenotypes in one of the CCR5 mutations at the
N-terminus at position 14 and 15. Differences between non M-tropic and M-tropic Envs
were observed by comparing the Envs to their genetically similar counterparts, however the
standard deviations were too high to use to form any conclusions.
In summary, C-HIV Envs were mostly influenced by changes in the N-terminus of CCR5 at
position 10, 14 and 15 and a change on position 88 in the ECL domain of CCR5. However,
significant differences between non M-tropic Envs, Envs of the alternate and CD4 phenotype
were not obvious.
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Figure 5. 8: Infection of CF2-CD4 cells expressing CCR5 mutants. Cells were infected with
luciferase reporter viruses pseudotyped with Envs. The HIV-1 entry is presented as a
percentage of the entry in Cf2-CD4 cells expressing the CCR5 wt. Each data point is the meanvalue of 3 independent experiments performed in triplicate wells. Line marks 100% entry.

5.3.4 Investigation of envelope determinants responsible for M-tropism
(alternate phenotype)
Since the entry assays did not represent an explanation for the M-tropism of the alternate
phenotype, specific amino acids and regions in C-HIV Envs were determined that are
responsible for entering MØs, but not able to enter 293-Affinofile cells expressing low levels
of CD4 and moderate levels of CCR5 (CD4low/CCR5mod); Envs of the subjects 1684 and 1854
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were mutated. Subject 1684 and 1854 contain Envs of both M-tropic phenotypes (CD4
phenotype & alternate phenotype), therefore it was possible to identify regions and amino
acids that are unique for the alternate phenotype and not present in non M-tropic Envs or in
Envs of the CD4 phenotype (alignments see Appendix 1.4 und 1.5). For instance, the Env
1684_I26 is a M-tropic Env of the alternate phenotype and 1684_I30 is the geneticallyrelated non M-tropic Env. By examining the sequence alignments including the other Mtropic Env from the CD4 phenotype (1684_F8), I identified that the domains around the V3
domain differ from the non M-tropic and the CD4 phenotype. Therefore, the V3 domain
between the M-tropic Env 1684_I26 and the non M-tropic Env 1684_I30 was swapped,
which are termed as 1684_I26.V3.I30 and 1684_I30.V3.I26.
Domain swaps were introduced by Overlap-PCR and single amino acid changes were
introduced via QuickChange II Site-Directed Mutagenesis Kit from Agilent-Technologies.
The strategy for the Overlap-PCR is shown in Table 5. 1. First, the individual fragments,
labeled with /1, /2, /3 at the end of each Env clone had to be generated via PCR.

133

Table 5. 4: Overlap-PCR strategy and primers to generate Env mutants
Name of Env
mutant
1684_I30.V3.I26

Name of PCR
product
1684_I30/1
1684_I30/2
1684_I30/3
1684_I30.2/3
1684_I30.V3.I26

1684_I26.V3.I30

1684_I26/1
1684_I26/2
1684_I26/3
1684_I26.2/3
1684_I26.V3.I30

1854_I3.V1/V2.I4

1854_I3/1
1854_I3/2
1854_I3/3
1854_I3.1/3
1854_I3.V1/V2.I4

1854_I4.V1/V2.I3

1854_I4/1
1854_I4/2
1854_I4/3
1854_I4.1/3
1854_I4.V1/V2.I3

1854_I3.C3.I4

1854_I3/1/C
1854_I3/2/C
1854_I3/3/C
1854_I3.1/3/C
1854_I3.C3.I4

1854_I4.C3.I3

1854_I4/1/C
1854_I4/2/C
1854_I4/3/C
1854_I4.1/3/C
1854_I4.V1/V2.I4

1854_I3_S192N
1854_I4_N192S

Template

Primer
rev

Position in the
Env in bp
(aligned to Hxb2)

KpnI-Env
I30_C3
+I26_V3

I30_C2+rev
BamHI-Env
I26_V3+rev

112 – 954
1062 – 2340
916 – 1077

+I26_V3

I26_V3+rev

KpnI-Env

BamHI-Env

KpnI-Env
I26_C3
+I30_V3

I26_C2+rev
BamHI-Env
I30_V3+rev

+I30_V3

I30_V3+rev

KpnI-Env

BamHI-Env

KpnI-Env
I3_C2
+I4_V1/V2

I3_C1+rev
BamHI-Env
I4_V1/V2+r
ev
I4_V1/V2+r
ev

fw
1684_I30
1684_I26
1684_I30/2
1684_I30/3
1684_I30.1/3
1684_I30/2
1684_I26
1684_I30
1684_I26/2
1684_I26/3
1684_I26.1/3
1684_I26/2
1854_I3
1854_I4
1854_I3/1
1854_I3/3
1854_I3.1/3
1854_I3/2
1854_I4
1854_I3
1854_I4/1
1854_I4/3
1854_I4.1/3
1854_I4/2
1854_I3
1854_I4
1854_I3/1/C
1854_I3/3/C
1854_I3.1/3/C
1854_I3/2/C
1854_I4
1854_I3
1854_I4/1/C
1854_I4/3/C
1854_I4.1/3/C
1854_I4/2/C
1853_I3
1854_I4

KpnI-Env
KpnI-Env

BamHI-Env

KpnI-Env
I4_C2
+I3_V1/V2

I4_C1+rev
BamHI-Env
I3_V1/V2+r
ev
I3_V1/V2+r
ev

KpnI-Env
KpnI-Env

BamHI-Env

KpnI-Env
I3_V4
+I4_C3

I3_V3+rev
BamHI-Env
I4_C3+rev

KpnI-Env

I4_C3+rev

KpnI-Env

BamHI-Env

KpnI-Env
I4_V4
+I3_C3

I4_V3+rev
BamHI-Env
I3_C3+rev

KpnI-Env

I3_C3+rev

KpnI-Env

BamHI-Env

I3_S192N
I4_N192S

I3_S192Nre
v
I4_N192Sre
v

112 – 951
1060 – 2340
913 – 1078

112 – 392
651 – 2340
358 – 648

112 – 395
651 – 2340
361 – 646

112 – 1077
1219 – 2340
1042 – 1225

112 – 1077
1219 – 2340
1042 - 1235
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The PCR end products were then visualized on a 1.2% agarose gel to confirm the correct
sized PCR product was being generated and then you purified the PCR fragment using a
High Pure PCR purification kit (Promega).
Figure 5.9 shows a representative agarose gel of PCR fragments (1-4 & 6-9) used for the Env
mutants. The positive PCR control fragment in lane + is the pSVIII-Env 1684_I26, which was
only added to control the agarose gel. Lane 5 shows a band at approximately 2,300
basepairs (bp), demonstrating that the outer primers Kpn1-Env and BamHI-Env work on
subtype C Envs. The fragments 2 and 3 of subject 1684 display the expected size,
1684_I26/2 (lane 1) and 1684_I30/2 (lane 7) have 1,280 bp and 1684_I26/3 (lane 3) and
1684_I30/3 (lane 9) have a size of 160 bp as expected (Figure 5.9). PCR fragments from
1854_I3/2 (lane 2) and 1854_I4/2 (lane 8) show the expected size of 1,690 bp and
1854_I3/3 (lane 4) and 1854_I4/3 (lane 6) the expected fragments size of 290 bp.

Figure 5. 9: Agarose gel (1.2%) of PCR fragments (intermediates) to generate Env mutants
(neg. = negative control; + = positive control, pSVIII-Env; 1 = 1684_I26/2; 2 = 1854_I3/2; 3=
1654_I26/3; 4 = 1854_I3/3; 5 = 1684_I30; 6 = 1854_I4/3; 7 = 1684_I30/2; 8 = 1854_I4/2; 9 =
1684_I30/3), as ladder was used the 1 kb Plus Ladder.
Once all the fragments were purified, intermediate Env fragments were generated by PCR.
Overlap regions were introduced via primers in the first round, and then the amplification
occured through forward and reverse primers at the end of the fragments. As an example, the
intermediate product 1684_I30.2/3 was generated combining the PCR fragments 1684_I30/2
and 1684_I30/3 as templates in a PCR reaction containing an inner primer that bind in the
overlap
region
and
outer
primers
+I26_V3
and
I26_V3+rev
(
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Table 5. 4).
Figure 5. 10 represent the intermediate PCR products. Control PCR reactions gave the
expected results, intermediate PCR products of subject 1684 (lane 1) and (lane 2) both,
demonstrated the expected band at 1,440 bp. Followed by 1854_I3.1/3 (lane 3) and
1854_I4.1/3 (lane 4) with a band at 570 bp and at last the intermediate products to
introduce a domain swap in the C3 region of gp120 1854_I3.1/3_C (lane 5) and
1854_I4.1/3_C (lane 6) with a band at 1,150 bp (Figure 5. 10).

Figure 5. 10: Agarose gel of recombinant PCR intermediates generated by joining to PCR
fragments together via internal primers (neg. = negative control; + = positive control, pSVIIIEnv; 1 = 1684_I30.2/3; 2 = 1684_I26.2/3; 3 = 1854_I3.1/3; 4 = 1854_I4.1/3; 5 = 1854_I3.1/3_C;
6 = 1854_I4.1/3_C), as ladder was used Hyperladder 1.

The next step was to generate the whole Env by using the last PCR fragment and the
intermediate product. To amplify the entire Env fragment, the outer primers KpnI-Env and
BamHI-Env were used to introduce the KpnI and BamHI restriction sites for subsequent
cloning into the pSVIII expression vector. Figure 5. 11 shows the complete Env mutants of
subject 1684 that were generated via Overlap-PCR, as well as in the previous agarose gels
the control bands demonstrate the expected results. Lane (1) and (2) showed the Env
mutants 1684_I26.V3.I30 and 1684_I30.V3.I26 with a band at approximately 2,280 bp.
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Figure 5. 11: Agarose gel of recombinant PCR fragments that were generated and amplified by
using the external primers KpnI-Env and BamHI-Env (neg. = negative control; + = positive
control, pSVIII-Env; 1 = 1684_I26.V3.I30; 2 = 1684_I30.V3.I26), as ladder was used the
Hyperladder 1.

Once all the Env mutants were generated and purified, the sequence was analysed by Sanger
sequencing, as described in the methods. Unfortunately, nucleotide sequence changes were
identified to the original sequence as a result of the Overlap-PCR process. The alignment in
Figure 5. 12 demonstrates two nucleotide changes on position 132 and position 405 of the
nucleotide sequences generated via the primers Env1A and ED5 to the original Env mutant
sequence 1854_I3.V1/V2.I4.

137

Figure 5. 12: Part of the
alignment of Env mutant
1854_I3.V1/V2.I4 and the
nucleotide
sequences
generated by the primers
Env1A and ED5. The
section
demonstrates
position 390 to 1462
aligned to Hxb2.
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In order to prevent nucleotide changes in subsequent experiments, I attempted to
optimize the overlap-PCR method. First, since dNTP depletion during PCR can lead to
incorporation of incorrect nucleotides, the addition of dNTPs (400µM of each dNTP)
after 15 cycles was trialed in order to replenish the dNTP reservoir. Unfortunately, the
sequencing revealed that the generated Env mutants contained nucleotide changes in
other positions in the Env (data not shown). Then the concentration of MgCl2 was
increased to 3mM and 4mM MgCl2, but this also did not prevent alterations in the
sequence (data not shown).
Since the further optimization of the Overlap-PCR method to prevent the
misincorporation of nucleotides was not possible due to save time, the generation of the
Env mutants was done by de novo gene synthesis (GenScript, USA).

5.3.5 Infectivity of Env mutants
In order to test whether the Env mutants were functional, luciferase reporter viruses
pseudotyped with Env mutants were generated and tested for their infectivity by
inoculating JC53 cells.
The Envs YU2 and JRCSF were used as positive controls, and both were highly infectious
with mean-values of 3.8 x 106 RLU and 2.4 x 106 RLU, as shown in figure 5.13. Entry by
mutant Env pseudotyped virus was compared to entry by the corresponding wt Envs
(1684_I26, 1684_I30 and 1854_I3, 1854_I4) in order to determine the impact of the
domain swaps and amino acid changes. The M-tropic Env 1684_I26 showed a RLU of
450,000 and the virus stock of the corresponding non M-tropic Env 1684_I30 showed
28,000 RLU. Unfortunately, the Env clone 1684_I30 was not infectious enough for
further experiments, especially for infecting MDMs. This could be due to various
reasons, like the plasmid DNA contains impurities, was degraded or poor quality.
By introducing the V3 of the non M-tropic Env 1684_I30 in the M-tropic Env 1684_I26,
the Env mutant 1684_I26.V3.I30 decreased in infectivity from 450,000 RLU to 102,952
RLU. Although, by introducing the M-tropic V3 into the weak non M-tropic Env the
infectivity of 1684_I30.V3.I26 was not restored (Figure 5. 13). This suggests that there
may be regions outside the V3 loop that determine infectivity of 1684_I26.
For subject 1854, 3 different domain swaps of the two Env clones were designed, which
included 2 domain swaps, first the V1/V2 domain and second the C3 domain and one
single amino acid change. The wt Env clones 1854_I3 and 1854_I4 showed infectivity of
approximately 612,550 RLU and 1,500,000 RLU, respectively. Focusing on the M-tropic
Env 1854_I3 and the corresponding Env mutant, a domain swap of the V1/V2 domain of
the non M-tropic Env 1854_I4, resulted in an increase of infectivity up to 2,400,000 RLU
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(1854_I3.V1/V2.I26). On the contrary a swap of the C3 domain abolished infectivity in
the Env mutant 1854_I3.C3.I4. Further, the addition of one glycosylation site on position
243 in 1854_I3_N243S reduced the RLU to 140,380.
Regarding the Env mutants of the non M-tropic Env 1854_I4, wt Env 1854_I4 has a RLU
of 1,500,000. By inserting the V1/V2 domain of the M-tropic Env 1854_I3 into 1854_I4,
the Env mutant 1854_I4.V1/V2.I3 decreased in infectivity to 69,600 RLU. However, it
appears that a domain swap of C3 on the other way increased infectivity up 2,100,000
RLU (1854_I4.C3.I3), a similar effect was observed when the glycosylation site on
position 243 leads to a gain in RLU up to 2,500,000 (1854_I4_S243N).
In summary, these experiments investigated the influence of Env mutations in subjects
1684 and 1854 regarding their infectivity in JC53 cells. Changes in the V3 of 1684_I26
were found that reduced the infectivity in JC53 cells and alterations in subject 1854 led
to an increase or decrease in infectivity depending on the domain swap, but all Env
mutants of 1854 were functional. Unfortunately, some of the Env mutants were not
useable for further investigation because of their non-infectivity, including 1684_I30,
1684_I30.V3.I26. However, the remaining functional Env mutants were next
investigated for their ability to enter MDMs in future assays.
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Figure 5. 13: Infectivity of Env mutants. JC53 cells infected with undiluted virus stocks of
luciferase reporter viruses pseudotyped with wt Envs (black and red outline) and the Env
mutants (blue outline). Data presents the mean value and standard deviation of triplicate
wells.

5.3.6 Envelope mutants and their ability to enter MDMs
To further investigate the influence of domain swaps and mutations of the Env mutants
in the context of M-tropism, MDMs isolated from three different donors were inoculated
with luciferase reporter viruses pseudotyped with the Env mutants and compared to the
corresponding wt Envs.
Control Envs YU2 (100% entry) and ADA (54.22 ± 17.58 entry as % of YU2) showed the
expected results of high entry in MDMs, while the non-M-tropic Env JRCSF (1.93 ± 0.78
entry as % of YU2) demonstrated low entry in MDMs as expected (Figure 5. 14). As
mentioned previously some Envs were not used in this assay due to poor infectivity in
JC53s, including 1684_I30 and 1684_I30.V3.I26 (see results Chapter 3). As expected, the
M-tropic wt Env 1684_I26 was able to enter MDMs to 44.27 ± 17.99% relative to the
entry of YU2. By inserting the V3 domain of the non M-tropic Env 1684_I30 the entry of
1684_I26.V3.I30 diminished down to 1.18 ± 0.76% relative to the entry of YU2, which
would be defined as non M-tropic given that the non M-tropic Env JRCSF exhibited an
entry of 1.93%. This suggests that that V3 loop contains determinants for M-tropism in
subject 1684. As for Envs from subject 1854, wt Env 1854_I3 entered MDMs more
efficient than JRCSF with 5.21 ± 1.84% relative to the entry of YU2 (Figure 5. 14),
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however in previous MDM entry assay 1854_I3 demonstrated a more efficient entry
(63.67 ± 28.01% relative to the entry of YU2, see Table 3.3). It has to be mentioned that
in all MDM entry assays different donors were used and I was not able to repeat the
assay in MDMs of the same three donors of the first assay, which may explain the lower
level of entry into MDM demonstrated by wt 1854-I3. The 1854_I3.V1/V2.I4 Env mutant
demonstrated decreased entry into MDM compared to wt with 1.46 ± 0.51% relative to
the entry of YU2, which is attributed to the introduction of the V1/V2 domain of non-Mtropic 1854_I4. The 1854_I3.C3.I4 Env mutant showed no significant difference in the
ability to infect MDM (4.58 ± 2.27% relative to the entry of YU2) compared to the
1854_I3 wt. Interestingly, the addition of the glycosylation site on position 243 in
1854_I3_N243S appeared to have a substantial influence on M-tropism, resulting an
increase in MDM entry of 20.26 ± 4.70% relative to the entry of YU2. A V1/V2 domain
swap of the M-tropic Env 1854_I3 into the non M-tropic Env results in an increase up to
10.99 ± 5.32 % relative to the entry of YU2 compared to the entry of 1854_I4 (5.05 ±
1.84% relative to the entry of YU2). The introduction of the C3 domain of 1854_I3 into
1854_I4 showed a lower influence, resulting in an entry of 7.88 ± 4.05% relative to the
entry of YU2. Lastly, removing a glycosylation site at position 243 of Env 1854_I4 leads
to no difference in the ability of 1854_I4 Env to mediate entry in MDMs (5.167 ± 2.38%
relative to the entry of YU2)(Figure 5. 14).
The assay shows that some domain swaps alter the entry in MDMs, however it was
difficult to compare the entry levels since the donor variability may had an influence
regarding the extent of M-tropism. Furthermore, alterations in the Envs were subjectspecific and to confirm the influence of the domain swaps they have to be introduced in
other subjects, for example a V1/V2 domain swap in subject 1684 or a V3 domain swap
in subject 1854.
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Figure 5. 14: Infection of MDMs, isolated from three different donors, with luciferase
reporter viruses pseudotyped with wt Env (black surrounded), Env mutants (blue) and
control Envs YU2, ADA and JRCSF. Entry is presented as a percentage of the M-tropic Env
YU2. The data represents the mean value and standard deviation of three independent
experiments, performed in triplicate wells.

5.3.7 Investigation of the CCR5bs by using homology models
To further characterise structural alterations in the CoRbs of M-tropic Envs and non Mtropic Envs, as well as generated Env mutants, the Discovery Studio suite version 2.5
(Accelrys) was used to create homology models aligned to a YU2 crystal structure bound
to CD4 and a N-terminus peptide of CCR5 docked in the CoRbs (provided by P. D. Kwong
63).

The homology models were generated from two subjects, 1684 and 1854, because

they include all three phenotypes (CD4 and alternate phenotype, as well as the non Mtropic phenotype). This information may provide an explanation for previous
experimental results and which Env determinants are responsible for the alternate
phenotype in this C-HIV cohort. Furthermore the homology models provide information
about accessible surface area (ASA), buried surface area (BSA) and differences in
hydrogen bonds (H-bonds) calculated with the platform PDBePISA (Protein, Interfaces,
Structures and Assemblies, http://www.ebi.ac.uk/msd-srv/prot_int/). The platform
PDBePISA determines H-bonds by accepting a distance of less than 4.0 Å between the
atoms of the two proteins, as well as the angle.
Figure 5. 15 shows the protein structure of 1684_I26 gp120 modeled against the crystal
structure of YU2 bound to CD4 (pink) and a docked N-peptide of CCR5 (turquoise) as an
example. The homology model presents gp120 as a ribbon diagram (Figure 5. 15 A) and
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as solid surface where the interfaces in a 4Å radius between gp120 and CD4 (pink) and
the N-peptide of CCR5 (green) are presented. These homology models do not include the
V1/V2 loops, which are replaced with a GG-insertion.
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The M-tropic Env clone 1684_I26, showed a high entry in MDMs (see Chapter 3.3.4 and
5.3.6) and was not able enter 293-Affinofile cell expressing CD4low/CCR5mod efficiently,
therefore an Env mutant 1684_I26.V3.I30 was generated to locate the domain which
may be responsible for this characteristic. Both Env clones were then modeled against
the crystal structure of YU2 bound to CD4 and CCR5 N-peptide. Since the Env mutant
contains the V3 domain, which is part of the CoRbs, the interface for the two Envs
(Figure 5. 16) was calculated and the corresponding CCR5 N-peptide to identify changes
in structure and interactions. As Figure 5. 16 illustrates the M-tropic Env 1684_I26 has
two additional acidic residues (Asp339 and Asp343) in the CoRbs domain (colored red
in Figure 5. 16), located in the V3 loop, compared to the Env mutant 1684_I26.V3.I30
and the non M-tropic Env 1684_I30 (data not shown). Due to the two additional
negative charges, is the CoRbs of 1684_I26 neutral in charge, compared to
1684_I26.V3.I30 and 1684_I30 that contains the nonpolar amino acid Gly on position
339 and the polar uncharged amino acid Asn on position 343 which results in an overall
charge of the CoRbs of +2.
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Furthermore, the number of hydrogen bonds (H-bonds) between gp120 and the CCR5
N-peptide of 1684_I26 and 1684_I26.V3.I30 was analysed with the platform PDBePISA.
All identified H-bonds for 1684_I26, 1684_I26.V3.I30 and 1684_I30 are shown in Figure
5. 17 and in Table 5. 5. By comparing the M-tropic Env 1684_I26 and the corresponding
non M-tropic Env mutant 1684_I26.V3.I30 it was found that the M-tropic Env exhibits 10
H-bonds compared to the Env mutant that exhibits 7 H-bonds with the CCR5 N-peptide,
according to PDBePISA (Figure 5. 17). Not only does 1684_I26 have 3 more H-bonds
than the Env mutant, further the analyses demonstrated that the M-tropic 1684_I26
(501.2 Å2) has a higher interface area compared to the Env mutant (487.2 Å2).
The analysis of the CCR5bs of subject 1854, in the context of charge changes and the
positioning of H-bonds did not show any differences between homology models of the
Env clones (see Figure 5. 18 & Appendix 1. 10).
The analysis of the CCR5bs showed that subject-specific changes in H-Bonds and
charges may contribute to a more efficient or stronger interaction between gp120 and
the CoR CCR5, especially in subject 1684.

148

Table 5. 5: Identified hydrogen bonds between gp120 residues (1-letter code of amino acid and position according to Hxb2 numbering; including the 4letter atom name in PDB notation in square brackets) and the residues of the CCR5 N-peptide (residue 2-15: SPIXDINXY), calculated with the platform
PDBePISA, based on the generated pdb-files of the homology models. Distance is shown in Ångström [Å]. N, nitrogen; NH2, hydrogenf nitrogen atom 2;
NH1, hydrogen of nitrogen atom 1; O3, oxygen atom 3; OD1, delta oxygen atom 1; OH, hydroxyl; O1, oxygen atom 1; O2, oxygen atom 2; O, oxygen.

1684_I26

1684_I26.V3.I30

1684_I30

gp120

Distance [Å]

CCR5 N-peptide

gp120

Distance [Å]

CCR5 N-peptide

gp120

Distance [Å]

CCR5 N-peptide

1

I344 [N]

3.30

Y10 [O3]

I344 [N]

3.25

Y10 [O3]

R345 [NH2]

3.73

Y10 [O2]

2

R345 [N]

3.69

Y10 [O3]

R345 [N]

3.67

Y10 [O3]

I344 [N]

3.15

Y10 [O3]

3

R345 [NH2]

2.55

N13 [OD1]

R345 [NH1]

2.80

N13 [OD1]

R345 [N]

3.52

Y10 [O3]

4

S457 [OG]

3.51

N13 [OD1]

R317 [NH2]

3.13

Y14 [OH]

R345 [NH2]

2.27

N13 [OD1]

5

R317 [NH1]

3.60

Y14 [OH]

G461 [N]

3.17

Y14 [O1]

R317 [NH1]

2.65

Y14 [OH]

6

G461 [N]

3.13

Y14 [O1]

T322 [N]

3.03

Y14 [O2]

G450 [N]

3.21

Y14 [O1]

7

T322 [N]

3.09

Y14 [O2]

N321 [N]

3.63

Y14 [O2]

T322 [N]

2.87

Y14 [O2]

8

T322 [OG1]

2.74

Y14 [O2]

N321 [N]

3.48

Y14 [O3]

9

N321 [N]

3.67

Y14 [O3]

A460 [N]

3.9

Y14 [O]

10

N321 [ND2]

2.24

Y14 [O3]
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5.3.8 Investigation of the CD4bs by using homology models
To investigate and visualize structural alterations in the CD4bs of M-tropic Envs and non
M-tropic Envs, as well as generated Env mutants of subject 1684 and 1854, the
Discovery Studio suite version 2.5 (Accelrys) was used to create homology models
aligned to a YU2 crystal structure bound to CD4 and a N-terminus peptide of CCR5
docked in the CoRbs (provided by P. D. Kwong

63.

The homology models provide

information about structural changes of the Envs that influences the CD4bs, which is
important for M-tropism. An example of the homology model structure was presented in
the previous chapter (see Figure 5. 15).
By analysing charge differences in subject 1684, I found that the M-tropic Env 1684_I26
has one additional negatively charged amino acid compared to 1684_I26.V3.I30 that is
taken into account of the CD4bs. Glu482, located in the V5 loop, is positioned across the
positively charged amino acid Asp80 of CD4 (Figure 5. 19), however electrostatic
interaction are weak and the distance between the residues is 9.44 Å. The Env mutant
1684_I26.V3.I30 features Glu482 in the sequence alignment as well, but as the sequence
alignment (Figure 5. 17) and the illustration (Figure 5. 19) shows it does not map to the
CD4bs. A common characteristic is the electrostatic interaction between Asp385 in
gp120 and the Arg59 of CD4, which are in a radius of approximately 2.75 Å. Arg59 sits
within the Phe-cavity of CD4 and undergoes further interactions with Asn445 and
Val450 that are both located in the ß20/ß21 bridging sheet. The 1684_I26.V3.I30 gp120
exhibits the same interaction between Arg59 and gp120, however the 1684_I30 is an
exception since Arg59 only interacts with Asp385 and Val450.
In addition, the interface area between gp120 and CD4 of each of the Env clones was
calculated using PDBePISA and I observed that the M-tropic Env 1684_I26 (1081.1 Å2)
exhibits the larger interface area compared with non M-tropic Envs 1684_I26.V3.I30
(981.8 Å2) and 1684_I30 (978.4 Å2) and also the M-tropic Env 1684_F8 (956.4 Å2; data
not shown) of the CD4 phenotype.
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Homology models for certain Env mutants (1854_I3.V1V2.I4 and 1854_I4.V1V2.I3) were
not generated, since the used crystal structure YU2 crystal structure bound to CD4 and a
N-terminus peptide of CCR5 docked in the CoRbs (provided by P. D. Kwong 63) does not
include the V1 and V2 loop, therefore structural alterations would not be visible in this
analysis.
The CD4bs of Env clones that belong to subject 1854 exhibit differences in charge. For
instance the M-tropic Env 1854_I3 contains an additional positively charged residue at
position 452 (Arg452) (Figure 5. 18 and Figure 5. 20), just before the V5 loop. Using
PDBePISA interface analysis I found that Arg452 of 1854_I3 interacts with Lys35 of CD4
(Lys35CD4) via a H-bond, with a distance of 1.58 Å between the residues. 1854_I4.C3.I3
also contains an Arg452 in the CD4bs, however it does not interact via a H-bonds with
CD4. In summary, 1854_I3 interacting via 15 H-bonds with CD4, rather than 11 H-bonds
that were calculated for 1854_I4 and 1854_I4.C3.I3.
Furthermore, M-tropic Env 1854_I3 show more electrostatic interactions that are in a
close proximity to CD4 (< 4 Å) than non-M-tropic Env clones of the same subject (Table
5. 6). Asp369 in the CD4binding loop of gp120 is consistent in each of the Env of subject
1854 and interacts via a double H-bond with Arg59 and Phe43 of CD4, which are part of
the Phe-cavity.
Table 5. 6: Electrostatic interactions of subject 1854.
Env clone

Residue gp120

Distance [Å]

Residue CD4

1854_I3

Asp369
Asp453
Asp369
Asp369

2.67
3.7
2.64
3.56

Arg59
Lys35
Arg59
Arg59

1854_I4
1854_I4.C3.I3

Finally, the analysis of all M-tropic Envs regarding net charge of each Env domain (V1 –
V5 and C2 – C4) did not show a significant differences between M-tropic and non Mtropic Envs, as well as the two phenotypes of M-tropism (see Appendix 1. 9). The same
analysis was done by comparing the length of the Env domains (see Appendix 1. 9) that
did not exhibit any alterations in between the groups. No significant pattern or
characteristic for the alternate phenotype was obvious in this analysis.
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5.3.9 Additional glycosylation site in the C2 region increases M-tropism
Previous studies showed that alterations in the C2 domain reduce the CD4 dependence
and leads to an additional H-bond between gp120 and CD4 which increases the ability to
enter MDMs 243,245,259,371. Therefore the C2 residues in 1854 and generated Env mutants
were investigated that introduced a possible glycosylation site on position 243 to the Mtropic Env 1854_I3 (1854_I3_N243S) (Figure 5. 21).

Figure 5. 21: Homology models of gp120 of 1854_I3_N243S (grey) bound to CD4 (pink) and
the N-peptide of CCR5 (turquoise) that is docked to the coreceptor binding site were
prepared by using the Build Model protocol of the Discovery Studio suite, described by 273.
The ribbon diagram of gp120 (grey) indicates the position of the glycosylation site on
position 243 that is presented by the CA-atom of Asn243 in green.

The introduction of Asn243 into the already M-tropic 1854_I3 resulted in an increase of
M-tropism (see Chapter 5.3.6) and by calculating the ASA of the structure of the
homology model via PISA it was found that Asn generates a higher ASA (105.09Å) than a
Ser on the same position (ASA = 81.26Å). However, residue 243 is not in a 4Å range of
CD4, therefore the influence on CD4 binding cannot be assessed and also the loss of the
glycosylation did not affect the non M-tropic Env 1854_I4.
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5.4 Discussion & Conclusion
This chapter deals with the investigation of Env determinants that are responsible for Mtropism in the context of the alternate phenotype and compares it against non M-tropic
Envs, as well as Envs of the CD4 phenotype. The 7 identified M-tropic Envs of the alternate
phenotype were examined regarding the exposure of the CD4bs, CCR5bs and their
dependencies to different residues of the CoR CCR5. Furthermore, the generation of Env
mutants was used to locate Env domains that contribute to the alternate phenotype.
The literature already describes many characteristics of Env determinants in the context of
B-HIV M-tropism and it is known that the interaction between gp120 and the receptors CD4
and CCR5 are significant contributors to M-tropism 226,242,243,253,257. By comparing Envs of the
alternate phenotype isolated from ART-naïve C-HIV infected subjects with non M-tropic
Envs or Envs of the CD4 phenotype from the same cohort, I found that the alternate
phenotype is less sensitive to neutralization by mAb b12 than the CD4 phenotype, therefore
the CD4bs may be more exposed and accessible to CD4 in the case of the CD4 phenotype. Mtropic C-HIV Envs of the CD4 phenotype isolated from patient plasma samples exhibit
similar characteristics than M-tropic B-HIV Envs isolated from the CNS where the CD4bs is
also more exposed compared to non M-tropic Envs 226,242,244,257,259.
It was observed that the b12 epitope is not well conserved. The binding sites of the mAb b12
are published, such as the ß2, ß3 sheets and domains in the C2, C3, C4 and C5 regions

380,

which overlap the CD4bs. The analysis of the sequence alignment demonstrated that
phenotype-specific characteristics between the groups are not obvious.
However, to find a common trend for each of the phenotypes the Envs from two subjects
(1684 and 1854) were compared in detail with the use of structural modeling. In this case,
subject-specific alterations in the CD4bs were found for Envs of subject 1684, where the Mtropic Env 1684_I26 has an additional negative charge in the CD4 binding domain compared
to the non M-tropic Env 1684_I30. 1684_I26 demonstrates a similar binding site to the Env
1684_F8 M-tropic Env (data not shown) of the CD4 phenotype regarding charged residues,
but with differences in the interface area of 1684_I26, which is 124.7 Å2 larger than the
interface area of 1684_F8. However, other residues may contribute to the interaction
between CD4 and gp120, since 1684_I26 is less sensitive to neutralization by mAb b12 than
the genetically-related Envs 1684_F8 and 1684_I30. Nevertheless, to confirm the exposure
of the CD4 binding site a neutralization assay with sCD4 has to be performed, which was not
possible due to the costs of sCD4 for the amount that has to be tested.
The homology models of Envs from subject 1854 predicted a stronger interaction between
CD4 and gp120 of the M-tropic Env 1854_I3, because of more H-Bond connections than non
M-tropic Envs and more electrostatic interactions that may contributes to a more stable
interaction between gp120 and CD4. To investigate if more H-Bonds may contribute to a
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stronger interaction and influence M-tropism, further experiments need to be done such as
entry kinetics with T20 that would provide information about the efficiency of entry. T20
(Enfuvirtide) is a peptide that interacts with the HR1 domain of gp41 and therefore blocks
the fusion process of HIV-1, since HR2 cannot bind anymore. Different HIV-1 strains differ in
their sensitivity to the fusion inhibitor T20 and the efficiency of binding to the domain HR1
depends on the interaction between Env, CD4 and CoR as well as cellular factors like the
receptor density 381-385.
A study by our lab and others demonstrated previously that specific residues also influence
the fusogenicity which was associated with M-tropism in a strain-specific manner 223,268,386,
therefore it would be interesting to investigate the mechanism of Envs of the alternate
phenotype in the context of the fusion process.
The analysis of the CoRbs and CCR5 engagement results in subject-specific alterations
between the M-tropic Envs of the alternate phenotype and the related non M-tropic Envs of
the same subject. By grouping the individual phenotypes, only the CD4 phenotype
demonstrated expected results in the exposure and also in the pre-exposure of the CCR5bs.
Studies on M-tropic B-HIV Envs established that M-tropic Envs isolated from the blood have
a greater exposure of CD4 induced epitopes and therefore demonstrate a higher relative
fluorescence once 17b was bound

244,273.

The M-tropic Envs that were isolated from C-HIV

infected subjects and inherited the CD4 phenotype presented similar characteristics than Mtropic B-HIV Envs in the context of 17b binding and the accessibility of the CoRbs for CCR5.
Conversely, the Envs of the alternate phenotype did not present a different trend than the
non M-tropic Envs.
Furthermore, the M-tropic Envs in the subtype C cohort did not show a stronger reliance on
the ECL2 domain of CCR5 but were more influenced by alterations in the N-terminus of
CCR5 similar to non M-tropic Envs, according to the results of Chapter 4.3.6 that
demonstrated no differences in the efficiency to use CCR5 in between the phenotypes. These
results contradict those within a previous study, where M-tropic B-HIV Envs relied more on
residues located in the ECL2 domains of CCR5 than on residues in the N-terminal domain of
CCR5

273.

To make conclusions in a subject-specific manner and to compare M-tropic and

non M-tropic Envs, regardless of the phenotype, the next step would be eliminate variables
in this assay like cell death due to high concentrations of expression plasmids that carry the
CCR5 mutants. Stable cell lines expressing CD4 and the individual CCR5 mutants would
eliminate the high standard deviations in HIV-1 entry and would ease the procedure.
As mentioned before alterations that may be responsible for C-HIV entry in MDMs, but not
entering the 293-Affinofile cells expressing CD4low/CCR5mod, are more likely to be subjectspecific and also time point-specific. Therefore, the molecular models and sequence analysis
of subject 1684 predicted a higher affinity between the M-tropic Env 1684_I26 and the CCR5
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N-peptide due to 10 H-Bonds compared to the other Envs of 1684 and the Env mutant
1684_I26.V3.I30 with a less number of H-Bonds. A stronger interaction between gp120 and
CCR5 may contribute in this case to M-tropism, because CCR5 is relatively mobile on the cell
surface

387

and stabilizes the interaction between gp120 and the receptor. This hypothesis

can be supported by the Env mutant 1684_I26.V3.I30 that is not able to enter MDMs
efficiently and inherited the V3 domain of a non M-tropic Env 1684_I30, therefore decreased
the number of H-Bonds between gp120 and the CCR5 N-peptide. It was not possible to test
whether the V3 loop is necessary and sufficient for M-tropism since the Env mutant
1684_I30.V3.I26 was not infectious enough. With this in mind an entry assay in 293Affinofile cells that express CD4low/CCR5mod has to be performed to investigate the influence
of the V3 domain in the context of the alternate phenotype.
In addition, the mAb 17b binds over the acidic complementary determining region (CDR) H3
loop and the CDR H2 loop to a basic surface in the gp120, located in the bridging sheet and
the base of V3, the higher relative fluorescence of the non M-tropic Env 1684_I30 is
explainable since it shows no acidic residues in the binding site of the CCR5 N-peptide
compared to 1684_I26.
Since no differences were found in the CoRbs of subject 1854, this may lead to the
association that a strong interaction between gp120 and CCR5 is not an overall
characteristic for M-tropism and strengthen suspicion that M-tropism in the case of the
alternate phenotype is subject-specific.
In conclusion, this chapter showed that M-tropic Envs of the CD4 phenotype isolated from CHIV infected subjects behave similar to M-tropic Envs of subtype B in the way of binding
mAb 17b, the accessibility of the CoRbs to CCR5 and the sensitivity to mAb b12. However, an
alternate phenotype specific characteristic in the context of the exposure of the CD4bs and
the CoRbs was not found. Alterations in the alternate phenotype may be subject-specific and
inherit a mechanism that relies on the fusion process or dissociation rate between gp120
and the receptors. However, this has to be investigated in further experiments.
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Chapter  6:  Conclusion  &  Discussion
This project provided insights in certain aspects of the Env glycoprotein in the context of Mtropism and alterations in the interactions between gp120 and the host cell receptors CD4
and CCR5 during progressive C-HIV infection that was not influenced by treatment. In
addition changes in gp120 during progressive C-HIV infection was investigated and the
influence in the efficiency to interact with the CCR5:MVC complex, providing further
information about the gp120-CCR5 interaction.
This project utilized a unique longitudinal cohort of 21 subjects, who experienced disease
progression from the chronic to advanced stages of C-HIV infection. Above all, the focus was
on 244 functional plasma-derived Envs (244 of 300 Envs) of 20 subjects that were isolated
from three different time points (enrollment, intermediate and final time point) over a
three-year period and all used Envs were phenotyped as CCR5-using viruses

178.

Envs that

were phenotyped as X4-using viruses or dual-tropic were excluded from this study.
Importantly, the subjects were all ART-naïve and therefore this cohort allowed us to
investigate the natural changes of the Env over the course of C-HIV infection.

6.1 Conclusions of the Thesis
6.1.1 Macrophage tropism over the course of C-HIV infection
Chapter 3 provided information about M-tropism in later stages of C-HIV infection in the
absence of ART. By testing Envs from this longitudinal cohort in different MDM donors, an
increase in M-tropism over the time period of three years was not found, and the identified
M-tropic Envs (n=14) were evenly distributed between the three time points. The
hypothesis that typically M-tropic Envs occur predominantly in late stages of C-HIV infection
was not shown in this cohort and the results are different to previous studies on B-HIV Envs
165,222,223.

However, these findings have to be evaluated with caution, because B-HIV and C-HIV have
distinct pathogenesis, which may be able to explain the non-existing increase in the
analyzed C-HIV cohort. The significance of M-tropism in the C-HIV pathogenesis is still
unclear, especially since C-HIV exhibits reduced viral fitness in PBMCs and MDMs that was
also shown in this cohort. This may lead to a slower disease progression compared to B-HIV
8.

With a slower disease progression it may be possible that also a three-year time period is

not long enough to observe an increase of M-tropism in this longitudinal C-HIV cohort, and
that Envs from the chronic stage may be too far in their evolution that they passed this stage
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of infection sometime prior. Date of infection and information of symptoms were not
available.
Moreover, the number of tested Envs per time point is relatively small (n = 3-4) to observe a
relationship between M-tropism and disease stage in a subject-specific manner.
Further investigations have to follow on larger longitudinal cohorts with subjects
experiencing disease progression from earlier stages up to late stages to further investigate
the role of disease progression on M-tropism in C-HIV infection.

6.1.2 M-tropic Envs can be separated in two different phenotypes with distinct
characteristics
Chapter 4 investigated the virus-cell interactions of the identified M-tropic Envs and their
genetically-related non M-tropic Envs via the 293-Affinofile affinity profiling system that
determines the CD4 dependency of Envs. This assay presented a high dependency of the non
M-tropic C-HIV Envs to CD4, similar to non M-tropic B-HIV Envs

244

and two distinct

patterns for the M-tropic C-HIV Envs of this cohort by focusing on cell populations with low
levels of CD4. The so-called	
  “CD4	
  phenotype”	
  is	
  less	
  dependent	
  on	
  CD4,	
  therefore	
  can	
  utilize	
  
low levels of CD4 to enter MDMs and behaves similar to well-studied M-tropic B-HIV Envs
226. On

the contrary, this assay exposed a M-tropic phenotype,	
   termed	
   “alternate	
   phenotype”	
  

that did not demonstrate the classical characteristic of M-tropism. The alternate phenotype
is dependent on CD4 expression levels, is not able to use low levels of CD4 in the 293Affinofile cells efficiently and also the alternate phenotype does not exhibit a more efficient
usage of the CoR CCR5. The latter was described in previous studies of M-tropic B-HIV Envs,
where a more efficient usage of CCR5 could enhance the entry in MDMs

242-244,251,273,276.

Furthermore, in Chapter 5 some of the M-tropic Envs from the alternate phenotype
demonstrated reduced sensitivity to the mAb b12, and the CD4-induced epitopes were
shown to be not as exposed as compared to Envs having the CD4 phenotype and M-tropic BHIV Envs.
It may be possible that this phenotype is unique for Envs isolated from C-HIV infected ARTnaïve subjects, who experienced progression from chronic to advanced stages of infection.
Furthermore, I assume that a different mechanism is responsible for M-tropism in the
context	
  of	
  the	
  alternate	
  phenotype,	
  although	
  we	
  were	
  unable	
  to	
  reveal	
  it’s	
  mechanism.	
  Env	
  
fusogenicity, which influences the extent of gp120-CD4 interactions

280

and cellular

attachment factors were not investigated in this project and have to be considered in future
studies. This study only focused on some parts of the viral entry such as the attachment of
the Envs to the host cell receptors on specific cell types, and the Env – host cell interactions,
but not on the fusion process that has also been shown to be important for M-tropism

268.

Besides by using luciferase reporter viruses pseudotyped with the Envs and not using full161

length viral clones, differences and influences of several Envs during other steps of the viral
replication like magnitude of replication cycles and assembly between the three phenotypes
(non M-tropic, M-tropic: CD4-phenotype and alternate phenotype) were not investigated.
Therefore further investigations are necessary, including the study of further M-tropic Envs,
with the alternate phenotype to identify common characteristics and understand the entry
mechanism.

6.1.3 MDMs are necessary to identify M-tropic Envs
Since MDMs show high donor variability and vary also due to in vitro manipulation, some
laboratories have utilized alternative systems to identify M-tropic Envs that are more
reliable and consistent 249,260. The 293-Affinofile cell line may be an option, because it can be
induced to independently express different levels of CD4 and CCR5, and therefore a cell
population can be generated that has similar properties to MDMs in the context of CD4 and
CCR5 expression levels. In chapter 4, M-tropic Envs and their genetically-related non Mtropic Envs in this cell population were tested and identified M-tropic Envs that were not
able to enter 293-Affinofile CD4low/CCR5mod cell population,	
   termed	
   the	
   “alternate	
  
phenotype”.	
   The	
   result	
   showed	
   that	
   by	
   using	
   only	
   the	
   293-Affinofile CD4low/CCR5mod cell
population to determine M-tropism, some Envs would not be detected in this assay, because
they would not enter this cell population efficiently. Therefore, it reasonable to say that
MDMs from several donors are necessary to determine M-tropic Envs and that the high
donor variability has to be evaluated by control viruses.

6.1.4 Alterations in M-tropic Envs of the alternate phenotype are subject-specific
Chapter 4 focused on differences in the virus-cell interactions between the two M-tropic
phenotypes and the non M-tropic Envs, but no characteristic pattern for the alternate
phenotype was found. Therefore, Chapter 5 dealt with more subject-specific changes,
especially focusing on two subjects (1684 and 1854) that harbour non M-tropic Envs and Mtropic Envs of the two phenotypes. Mutational studies showed that alterations in the V3
domain of the M-tropic Env 1684_I26 decreased the number of H-bonds compared to other
Envs of the subject without the alternate phenotype, which may lead to a less efficient
interaction between gp120 and CCR5, resulting in a reduced ability to enter MDMs. A strong
Env-CCR5 interaction could enhance M-tropism due to influences on fusion.
Domain swaps in subject 1854 did not have a major influence on M-tropism and resulted in
reduced ability of the M-tropic Env to enter the MDMs of the donors not efficiently. The only
increase in M-tropism was shown by an introduction of a glycosylation site in the C2 domain
in the M-tropic Env 1854_I3, which enhanced the ability to enter MDMs.
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Furthermore, an analysis by homology models was not useful for V1/V2 domain swaps
since the YU2 crystal structure bound to CD4 and a N-terminus peptide of CCR5 docked in
the CoRbs (provided by P. D. Kwong 64) has a GG insertion instead of the V1/V2 loops.
In this regard the use of homology models has some limitations (see Chapter 6.2), even
though it provides valuable insights into possible conformational alterations associated with
functional differences in Envs.

6.1.5 Baseline resistance to MVC does not alter during progressive C-HIV
infection, but once it occurs responsible Env determinants are subject-specific
In Chapter 2, the ability of plasma-derived Envs to use the CCR5:MVC complex was
investigated in an ART-naïve manner, which provides information about the efficiency of the
Env to utilize the CoR CCR5 from chronic to advanced stages of infection. In other words,
Envs that are naturally resistant to CCR5 antagonists may have evolved to become more
flexible in engaging the CoR CCR5 and occur more frequent in later stages of HIV-1 infection
172,173.

In our ART-naïve cohort a proportion of the C-HIV Envs exhibited incomplete

inhibition by MVC (baseline resistant), confirming the observations from other research
groups 133,338. However, the appearance of baseline resistant Envs could not be related to the
stage of C-HIV infection and no increase was visible, conversely to other cross-sectional
studies

133,172,173,338.

As mentioned previously, to detect Env changes during disease

progression it may be possible that a longitudinal cohort observed over three years is not
long enough. Therefore, subjects have to be included that represent early stages of C-HIV
infection to cover a broader time frame.
However, the identified baseline resistant C-HIV Envs demonstrated a relationship between
the reduced MPI and the efficiency of the gp120:CCR5:MVC interaction, which was
previously also described for B-HIV Envs demonstrating incomplete MVC inhibition

354.

Furthermore, subject-specific changes in the V3 domain of gp120 contributed to baseline
resistance, also demonstrated before on CCR5 antagonist experienced subjects
297,325,330,331,341,362,363.

Baseline resistance in our C-HIV cohort of ART-naïve subjects showed a similar mechanism
as from subjects who failed MVC-containing therapy. This information provides new
insights about the evolution of the Env and the engagement of the CoR CCR5 over
progressive C-HIV infection. However, further investigation on more subjects is necessary to
analyze changes in the Env that are contributing to incomplete inhibition to MVC.
In addition, 293-Affinofile CD4mod/CCR5high cells are more sensitive to detect incomplete
inhibition to MVC, which is in agreement with previous studies 133,330,338.
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6.2 Limitations in this study
Some limitations of this study have to be mentioned. The basis of these investigations were
formed on a longitudinal cohort who started at the chronic stage of infection and over 3years the subjects progressed to advanced stages of C-HIV infection

178.

Nearly all subjects

with the exception of 204, 455 and 1503 had schistosomiasis, an infection with a parasitic
flatworm and were treated at study enrolment with a single oral dose of praziquantel

178.

This parasitic infection may have influenced virus tropism and especially M-tropism, since it
is known that co-infections influencing the immune activation that can further lead to
changes in the receptor expression levels on HIV susceptible cells
information of additional infections and health conditions are unknown

123-126.

178,

Further

as well as no

information about how long the individual had been infected before they were enrolled in
the cohort.
The isolated C-HIV Envs from the subjects were used to investigate the viral entry of C-HIV
Envs, which included the attachment of the Envs to the host cell receptors on one specific
immune cell and the Env – CD4/CCR5 interactions. However, another limitation is that
alterations in the fusion process were not investigated and the role of gp41 in the context of
M-tropism, even though it has been shown that this step can also contribute to M-tropism
268.

Besides, by using luciferase reporter viruses pseudotyped with the Envs and not using

full-length viral clones, differences and influences of several Envs during other steps of the
viral replication like magnitude of replication cycles and assembly between the phenotypes
were not investigated.
Experimental limitations were the preparation of luciferase reporter viruses pseudotyped
with the Envs in 293T cells, where due to repeatedly generation of the virus stocks led to
variations in infectivity, because of different transfection efficacy levels and also differences
in Env functionality. Variations in infectivity were validated via the quantitation of each
virus stock by infecting cells expressing CD4 and CCR5/CXCR4. Furthermore, the use of
MDMs isolated from different donors limits this investigation, because of high donor
variability that influences the ability of Envs to enter MDMs from different donors with the
same efficacy in independent experiments. In addition, the use of MDMs isolated from
Australian donors rather than MDMs of donors from Sub-Saharan Africa, as it is known that
an increase of immune activation (more commonly in regions like Sub-Saharan Africa)
influences the expression of the CoR on the cell surface of immune cells 123,124, including MØs
129,130,

which may have influenced the frequency of M-tropic Envs, as mentioned previously.

Moreover, as I was not able to investigate the exposure of the CD4 binding site via
neutralization assays with sCD4, therefore the mAb b12 was used. MAb b12 has similar
binding to sCD4 to the outer domain 84, but the conformational changes like the assembly of
the bridging sheet differ between sCD4 and b12

61,68,77,369,370.

Therefore it may be possible
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that differences between the phenotypes were unseen, especially in some Envs (subjects
513, 1114, 1854 and 2042) without the b12 epitope since it is not highly conserved 251,267.
Another experimental limitation that I could not overcome due to time limits was the
expression of CCR5 mutants on the cell surface of CF2-CD4 cells. Each transfection of the
different CCR5 mutants generated various expression levels on the cell surface and
introduced high levels of cell death, all these variations influenced the HIV-1 entry levels
and therefore high standard errors appeared in this assay. To overcome the issue of
transfection variations, the production of stable cell lines expressing the individual CCR5
mutants will be necessary.
The generation of homology models limits the interpretation of structural Env
determinants, because crystal structures of gp120 with all variable loops are not available.
The characterization of alterations in the CD4 and/or CCR5 binding site by binding CD4
and/or CCR5 based on crystal structure of CD4-bound YU2 gp120 without the variable loops
V1/V2, containing the V3 and docked with the NMR structure of an N-terminus peptide of
CCR5 (residues 2-15) 63 does not reflect the natural structure of the Envs in this interaction,
even though it provides valuable insights into possible conformational alterations
associated with functional differences in Envs. However, the crystallization of gp120 is
complicated by extensive glycosylation and variable loops on the outer domain of gp120
that are not included in solved crystal structures

61,64,65,84.

Although crystal structures of R5

gp120 proteins containing the V3 loop have been generated recently 63,64, but as mentioned
before crystallization of gp120 including V1/V2 loops have not been successful so far. The
V1/V2 loop form distal strands of the inner domain and contribute to conformational
masking of the CD4bs and CoRbs

61,86,299,372,388.

Furthermore, high resolution crystal

structures used for homology models are always bound to sCD4 or other mAb (for example
b12 or 17b), resulting in a fully assembled bridging sheet. One exception showed a crystal
structure of unliganded gp120 of SIV 81.
The listed limitations in this study have to be considered when analysing the data.

6.3 General discussion
HIV-1 infects a diversity of immune cells, like T-cells, MØs and DCs, and all of them express
the receptor CD4, the coreceptors CCR5 and/or CXCR4 on the cell surface. The usage of the
coreceptor (R5, X4 and R5X4) determines the cellular tropism and depends on the envelope
glycoprotein. Over the course of infection of HIV-1 the Env is evolving and therefore the
usage of the CoR can change during the HIV-1 pathogenesis, and also influence cellular
tropism. During transmission, acute phase and clinical latency the predominant phenotype
is R5, due to the biological bottleneck, since more CD4+ T-cells are present that express
CCR5 in the genital environment during early stages of infection138,145,146. But in the
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symptomatic stage 40 – 50% of B-HIV infected subjects develop virus strains that evolved to
use CXCR4 for HIV-1 entry 285,340, leading to a faster decline of CD4+ T-cells, because 70-85%
of CD4+ T-cells express CXCR4. However, subjects that did not undergo a CoR switch
demonstrated R5 virus strains that are more virulent and have an increased viral fitness due
to a more exposed viral CD4bs, a more efficient usage of low levels of CD4 and CCR5 and a
decreased sensitivity to CCR5 antagonists. These characteristics can also lead to the ability
to enter MDMs more efficiently in later stages of the infection, which may be an advantage
since most of the CD4+ T-cells are depleted.
By comparing the different subtypes of HIV-1, it is known that the pathogenesis between BHIV and C-HIV is distinct and since the information about C-HIV is not as detailed as for BHIV, this study focused on C-HIV pathogenesis. As mentioned earlier, in B-HIV 40 – 50% of
infected subjects undergo a CoR switch in later stages of the infection, conversely to C-HIV,
where some studies showed a lower frequency of X4 and R5X4 virus strains in later stages
of infection. The CoR switch in C-HIV occurred in 17 – 52% of the infected subjects 13,174-179,
but the longitudinal cohort in this study demonstrated that 2 of 21 (9.5%) ART-naïve
subjects harbored X4 or R5X4 virus strains

178.

Our investigation only included Envs that

were phenotyped as R5 and they were analyzed in their structure and function in the
context of binding different levels of CD4 and CCR5, as well as the sensitivity to certain mAb
and CCR5 antagonists and if these characteristics relate to a more efficient entry into MDMs.
10 of 20 subjects harbored M-tropic Envs (14 of 199 R5 Envs) and the appearance of Mtropic Envs was not related to disease progression from chronic to advanced stages of C-HIV
infection, different to B-HIV where M-tropism increases over the course of infection. Our
result contributes to the information that C-HIV has a distinct pathogenesis compared to BHIV and it may be possible that the lower viral fitness related to a slower disease
progression and therefore a longer asymptomatic phase 10 are reasons that an increase in Mtropism could not be identified. M-tropism was not the only feature I observed over the
course of infection. The ability of Envs to use the CCR5:MVC complex was also included in
this study, which provides information about the interaction between the CoR CCR5 and
gp120. Subsequently, 16 Envs of 8 ART-naïve subjects were identified that were able to use
the CCR5:MVC complex, but similar to the M-tropic Envs I did not see a relation between the
occurrence of these Envs and a temporal pattern. However, studies that concentrated on
subtype B Envs showed a decrease in sensitivity to CCR5 antagonists over the course of
infection

173,359,364.

An alteration in R5 viruses isolated from later stages of infection had to

evolve to be more efficient to infect CD4+ T-cells that express CCR5, which is only a small
subset of 15 – 30 % 167-169. The changes in B-HIV Envs include also an increased viral fitness
and a more exposed CD4bs

171-173,365,

but also our group demonstrated in a C-HIV infected

cohort a higher frequency of Envs that are able to use alternative CoR in later stages of the
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infection 43. The ability to use alternative CoR, like FPRL1 and CCR3 in addition to CCR5 can
be associated with a more flexible engagement of the CoR, but it is not necessarily related to
a low MPI to the CCR5 antagonist MVC.
To confirm our observations that an increase in M-tropism and the ability to use CCR5:MVC
does not occur in C-HIV infected ART-naïve subjects, more studies on C-HIV Envs derived
from later stages of the infection need to be conducted. This would determine whether these
characteristics were predominant in B-HIV infected subjects and not necessary over the
course of C-HIV infection, because the environmental circumstances in C-HIV infected
subjects are different. This includes the living conditions and the higher prevalence of coinfections, which may lead to a different pathogenesis in C-HIV. It has to be mentioned that
the subjects of this cohort were not treated with ART, but received treatment (single-dose of
praziquantel) against the co-infection schistosomiasis during the enrolment timepoint. The
influence of this co-infection is not known and can only be estimated since a co-infection
increases the immune activation and therefore may influence the expression levels of the
host cell receptors 123-126.
Furthermore, in 50 % of the M-tropic C-HIV Envs a unique phenotype was identified, which
distinguishes itself from B-HIV M-tropic Envs due to the lack of ability to use low levels of
CD4 and CCR5, a CD4bs and CCR5 binding site exposure similar to non M-tropic Envs.
Unfortunately, the mechanism and a common characteristic of this so-called	
   “alternate”	
  
phenotype is still unknown and needs further investigation. The fusion process, a stronger
interaction between gp120 and the host cell receptors or other cellular factors, like different
expression levels of CCR5 on the cell surface of the population in Sub-Saharan Africa 129-131
may contribute the ability to enter MDMs.
This study contributed to the elucidation of the envelope glycoprotein of C-HIV that is the
key protein in the HIV-1 entry. During the different disease stages the Env evolves and
demonstrates different characteristics that can influence the interaction with host cell
proteins like CD4 and CCR5. Since viral entry can be used as one of the targets in treating
and preventing HIV-1 infection, it is important to accumulate as much information about the
Env in different stages of the infection. For example the CCR5 antagonist MVC is under
investigation to prevent new infections as a component of PrEP and microbicides

345-348,

therefore the knowledge about the interaction between the Env and CCR5:MVC is necessary.
This can help to improve PrEPs and microbicides, because our study demonstrated that
even ART-naïve subjects inherit MVC resistant C-HIV strains and in this case PrEPs and
microbicides that include MVC may not be effective in preventing infection. However, even
in later stages of infection information about viral tropism can be useful in the development
of new drugs and antibodies that target the Env glycoprotein, especially resistance to former
ART demonstrates the need in the development of new ways to inhibit HIV-1 infections.
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6.4 Conclusion
The characterization of C-HIV Envs from the MUSH-cohort during progressive HIV-1
infection provided new insights about C-HIV pathogenesis that may help to develop new
specific antibodies and drugs that target epitopes of C-HIV Envs. Several aspects in this
cohort demonstrated differences between C-HIV and B-HIV Envs. An increase of M-tropic
Envs was not found that showed incomplete inhibition to the CCR5 antagonist, conversely to
B-HIV. Furthermore, C-HIV Envs of ART-naïve subjects presented two phenotypes in the
context of M-tropism; first a phenotype with similar patterns as M-tropic B-HIV Envs and
secondly a phenotype with the ability to enter MDMs, but inefficient in entering cells
expressing low levels of CD4. The entry mechanism for the latter phenotype is still unknown
and deserves further investigation, especially since all alterations in the Envs contributing
to M-tropism were subject-specific and a greater number of Envs is necessary to identify a
common pattern.
Furthermore, this study demonstrated the importance of 293-Affinofile cells as a tool to
investigate the interaction between gp120 and CD4 and/or CCR5 in detail, but not as a tool
to replace the identification of M-tropic Envs via entry assays with MDMs.
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Appendix 1. 1: GenBank Accession Number of Envs 178.
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Appendix 1.1 (Part 2): GenBank Accession Number of Envs 178.
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Appendix 1.1 (Part 3): GenBank Accession Number of Envs 178.
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Appendix 1.1 (Part 4): GenBank Accession Number of Envs 178.
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Appendix 1.1 (Part 5): GenBank Accession Number of Envs 178.
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Appendix 1. 2: CF2-CD4 cells expressing CCR5 that contain mutations in the ECL area of CCR5,
were infected with luciferase reporter viruses pseudotyped with M-tropic Envs (red labeled)
or non M-tropic Envs (grey labeled). Each dot is the mean of one experiment.
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Appendix 1. 3: CF2-CD4 cells expressing CCR5 mutants were infected with luciferase reporter
viruses pseudotyped with Envs. The HIV-1 entry is presented as a percentage of the entry in
Cf2-CD4 cells expressing the CCR5 wt. Each data point is the mean-value of 3 independent
experiments performed in triplicate wells. Line marks 100% entry.
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Appendix 1. 4: Primers used in the Overlap-PCR with the corresponding melting temperature
(Tm)
Name

Sequence 5' to 3'

Tm (C˚)

I30_C2+rev

tatacatacaatttctacggattcattaagctgtactat

66.8

I30_C3

aacattaatacaagtgaatggggtgaaactttac

68.8

+I26_V3

atagtacagcttaatgaatccgtagaaattgtatgtata

66.8

I26_V3+rev

ttcacttgtattaatgttacaatgtgcttgtcttatgtc

70.4

I26_C2+rev

acatacaacttctatggatctattaagctgtacgattat

67.6

I26_C3

aacattagtagaaaggactggaatgaaactttac

66.5

+I30_V3

ataatcgtacagcttaatagatccatagaagttgtatgt

67.6

I30_V3+rev

agtcctttctactaatgttacaatatgcttgtcttatgtt

68.3

E15_P227L

ataattagatctgagaatctgacagacaatgccaaa

71.6

E15_P227Lrev

tttggcattgtctgtcagattctcagatctaattat

71.6

E10_L227P

ataattagatctgagaatccgacagacaatgccaaa

74.0

E10_L227Prev

tttggcattgtctgtcggattctcagatctaattat

74.0

I3_S192N

aataatgagacattcaatggaacaggaccat

70.6

I3_S192Nrev

atggtcctgttccattgaatgtctcattatt

70.6

I4_N192S

aataatgaggcattcagtggaacaggaccat

73.7

I4_N192rev

atggtcctgttccactgaatgcctcattatt

73.7

I3_C1+rev

caatttaaagtgacacaaagtggggtcaactttac

71.9

I3_C2

aactcctcaaaaataacacaagcctg

66.0

+I4_V1/V2

taaagttgaccccactttgtgtcactttaaattgt

71.9

I4_V1/V2+rev

acaggcttgtgttatttttgaggagttacaatttgttaatatata

71.1

I4_C1+rev

gtacaacttaaagtgacacagagtggggtcaactt

72.3

I4_C2

aactcctcaaaaataacacaagcttgtcc

68.4

+I3_V1/V2

aagttgaccccactctgtgtcactttaagttgt

72.4

I3_V1/V2+rev

gcttgtgttatttttgaggagttacaatttgttaatatataatc

69.1

I3_V3+rev

attcccctcgctaatgttacaatgtgcttgtcttat

74.2

I3_V4

tgcaatacatcacagctgtttaatggtac

68.0

+I4_C3

ataagacaagcacattgtaacattagcgaggggaat

74.2

I4_C3+rev

ctgtgatgtattgcaatagaaaaattctcctccaca

73.7

I4_V3+rev

attccccttgctaatgttacaatgtgcttgtcttat

72.9

I4_V4

tgcaatacaacacagctgtttaatggtac

68.0

+I3_C3

ataagacaagcacattgtaacattagcaaggggaat

72.9

I3_C3+rev

agctgtgttgtattgcaatagaaaaattctcctcca

73.9

KpnI-Env (fw)

gtctattatggggtacctgtgtgg

64.1

BamHI-Env (rev)

gctaaggatccgttcactaatcgt

65.2
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Appendix 1. 5: Summary of experimental results.
Chapter

alternate phenotype

CD4 phenotype

Assay

3.3.4

4.3.3

4.3.2

4.3.6

5.3.1

5.3.2

5.3.3

MDM-Entry assay

Entry in 293-Affinofile
CD4low/CCR5mod cells

Vector
angle

MVC inhibition
assay

b12 neutralization
assay

Binding assay with 17b

CoR mutant assay

% Entry relative to
YU2

% Entry to CD4high/CCR5high

IC50 [nM]

IC50 [µg/ml]

204_E12

0.9

1.0

10.8

0.6

relative flourescnece /
BB10
- sCD4
+ sCD4

% Entry relative to CCR5 wt
H88A

Y89A

Y184A

Q188A

Y10A

Y14A

Y15A

0.0023795

0.5

0.9

111.9

63.3

134.5

121.7

113.8

18.7

62.1

204_E7

26.3

9.5

13.4

5.9

0.0036755

0.7

1.1

78.0

123.3

115.0

106.7

58.4

17.0

46.6

550_I31

3.3

1.4

10.5

0.5

8.756

0.4

1.1

60.5

78.2

89.5

116.1

36.7

4.2

15.4

550_I32

30.7

8.4

17.7

0.5

0.2495

0.7

1.1

47.2

99.7

119.1

124.6

10.0

1.0

2.1

1114_F18

4.7

0.6

18.1

1.4

30

0.4

0.9

59.9

102.8

101.4

125.2

16.7

2.9

13.7

1114_F19

81.3

5.7

21.9

0.8

17.9215

0.8

1.7

58.5

124.8

137.8

100.9

16.3

2.6

10.0

1684_F17

1.7

1.5

27.0

0.3

2.3305

-0.1

0.6

32.1

75.4

97.1

97.4

3.6

2.2

0.9

1684_F8

163.3

6.0

24.7

1.0

0.115825

0.7

1.0

56.6

116.7

108.2

127.5

8.8

0.4

6.8

1854_E10

0.3

0.1

16.8

0.5

30

0.1

0.9

108.2

115.9

155.9

163.2

52.3

43.0

18.5

1854_E5

228.7

11.4

36.0

0.5

0.14335

0.4

0.7

173.3

133.2

113.7

227.5

1.1

2042_I13

1.0

0.1

15.3

0.4

30

0.5

1.3

81.2

113.4

128.5

143.6

69.1

54.8

40.4

2042_I38

38.3

5.8

15.1

0.5

0.072675

0.5

1.0

81.1

109.7

98.3

120.2

54.7

21.3

32.6

204_E10

3.0

0.1

12.3

1.1

17

0.1

0.4

79.7

205.2

116.7

99.6

221.8

4.2

41.0

204_E15

14.3

0.1

12.0

0.6

4.5795

0.1

0.4

71.9

133.8

111.1

131.8

42.0

5.9

17.6

455_F23

1.1

1.2

13.0

0.5

6.141

0.1

0.6

55.5

161.9

91.4

92.9

18.9

0.6

9.0

2.8

455_F2

19.7

1.9

9.2

0.7

0.49875

0.4

1.1

52.0

120.0

129.2

113.3

16.9

3.2

4.1

513_E4

2.0

0.1

18.1

0.8

20.165

0.0

0.3

37.4

68.6

92.8

140.1

14.4

5.0

2.0

513_E8

30.7

0.2

10.2
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Appendix 1. 6: Alignment of M-tropic Envs and their genetically-related non M-tropic Envs
(Part1).

200

Appendix 1.6: Alignment of M-tropic Envs and their genetically-related non M-tropic Envs
(Part2).
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Appendix 1.6: Alignment of M-tropic Envs and their genetically-related non M-tropic Envs
(Part3).
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Appendix 1.
alignment of
against Hxb2

7: Sequence
subject 1684
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Appendix 1. 8: Sequence
alignment of subject 1854
against Hxb2
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Appendix 1. 9: Analysis of the net charge of each of the Env domains presented as dot plot or frequency graph. Red labeled data represents M-tropic Envs and
grey represents non M-tropic Envs (Part1).
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Appendix 1.9: Analysis of the net charge of each of the Env domains presented as dot plot or frequency graph. Red labeled data represents M-tropic Envs and
grey represents non M-tropic Envs (Part2).
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Appendix 1.9: Analysis of the number of residues of the variable loops presented as dot plot or frequency graph. Red labeled data represents M-tropic Envs
and grey represents non M-tropic Envs.
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