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INTRODUCTION

Human immunodeficency viruses type 1 and 2 (HIV-1 and HIV-2) are causative agents of the
acquired immunodeficiency syndrome (AIDS). HIV-1 was first descibed in 1983, and 3 years later,
HIV-2 was identified from a patient in West Africa, where the virus remains endemic (Clavel et
al., 1986), The two RNA viruses share roughly a 55-48 % similarity in their nucleotide sequence
(Motomura et al., 2008) (Li et al., 2015), while markedly differing in epidemiologic distribution
and their manifestation of infection. While HIV-1 is responsible for infections worldwide; with
more than 37 million registered patients, HIV-2 infection, and dual-infection with both viruses
(HIV-D), are mostly prevalent in West Africa, and in regions sharing socio-ecomomic relations to
that region; such as Portugal, France, India, and Brazil (Gomes et al., 2003) (Faria et al., 2012)
(Kanki and DeCock, 1994).

Phylogenetic analyses have shown that HIV viruses came into existance as a result of inter-viral
recombination events from their ancestors; the simmian immunodeficency viruses (SIV) (Sharp et
al., 2000). While HIV-1 is closely related to SIV chimpanzee and gorilla (SIV cpz / gor) (Gao et
al., 1999), HIV-2 is related to SIV of sooty mangabey (smm) (Cavaco-Silva et al., 1998) (Santiago
et al., 2005). Even though both viruses share a common ancestor, variability in their genomic
sequences accounts for the presence of unique accessory proteins. For example, HIV-2 codes for
the viral protein X (vpx) accessory protein, while HIV-1 codes for the viral protein U (vpu).
Additionally, a difference can also be observed in the regulatory proteins; such as the
transcriptional trans-activator protein (Tat). Tat plays an important role in the initiation of viral
transcription, through binding to RNAP II elongation factor, P-TEFb and interacting with the super
elongation complex (Karn and Stoltzfus, 2012) (Zhu et al., 1999) (Rice, 2017). Although Tat
protein of both HIV viruses induces transcription, several differences can be observed. HIV-2 Tat
is much longer compared to that of HIV-1 (Jeang et al., 1999) (Kurnaeva et al., 2019), and the

estimated homology in the amino acid sequence is less than 30 %. While the first three domains:
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the Pro-rich, Cys-rich and core region of Tat are involved in the function of transactivation, the N-
terminal region of HIV-2 Tat shows only a 10 % homology with the Pro-rich domain of HIV-1 Tat
(Pagtakhan and Tong-Starksen, 1997). Whereas many of the HIV proteins; such as Tat, are
polymorphic, mutations in the acidic domain of HIV-1 Tat have no effect on the function of the
protein (Ruben et al., 1989) (Rossenkhan et al., 2012). It is well described that tyrosine to alanine
substitution in the Cys-rich domain of HIV-1 and SIV results in aberrant folding, leading to the
inactivation of Tat (Verhoef and Berkhout, 1999) (Verhoef et al., 1997) (Das et al., 2007), but no
effect of tyrosine to alanine subsitution in the Pro-rich region of HIV-2 has been described.

Compared to HIV-1, infection with HIV-2 is less pathogenic, patients usually have undetectable
or low plasma viral load (Avettand-Fenoel et al., 2014) (Damond et al., 2002) (MacNeil et al.,
2007), slower CD4+ decline (Van der Loeff et al., 2002) and a slower rate of progression to AIDS,
even in antiretroviral-therapy (ART) naive patients. CD4+ T-cell decline is strongly associated
with disease progression, and its rapid decrease delineates the rate of progession (Esbjornsson et
al., 2018) (Audige et al., 2010).

Plasma viral load is a prognostic marker of HIV infection, and has been found to be significantly
lower in HIV-2 infection, compared to that of HIV-1 (Andersson et al., 2000). Thus, monitoring
of ART efficacy in HIV-2 infected individuals is challenging, since 25-40 % of HIV-2 infected
individuals have undetectable viral load (Gottlieb et al., 2018). In this case, detection of HIV-2
DNA load provides a more sensitive approach for monitoring of HIV-2 infected patients.
Another important determinant of disease progression is the evolutionary rate of the viruses, which
is dependent on their high replication and mutation rates (Mikhail et al., 2005) (Lemey et al., 2005).
Although association between evolutionary rates and disease progression shows correlation in
HIV-1 infection, such information is lacking in the case of HIV-2. Despite abundance of
phenotypic assays on the virus, intra-patient evolution of HIV-2 is understudied (Lemey et al.,

2005) (Salemi, 2013) (Borrego et al., 2008) (Skar et al., 2010).



Patients can be dually infected with both HIV viruses, especially in areas where these two
lentiviruses are prevalent; such as West Africa, where an estimated prevalence of HIV-D was
found to be 0-3,2 % (Hamel et al., 2007). Dually infected patients were shown to have a
significantly higher percentage of CD4+ and CD8+ T-cells, slower decline of T-helper cells, and
higher immunactivation of CD8+ T-cells, compared to patients with HIV-1 mono-infection
(Esbjornsson et al., 2012) (Esbjornsson et al., 2014) (Koblavi-Déme et al., 2004). Similarly to
HIV-2 mono-infection, HIV-D patients have undetectable viral load (Landman et al., 2009) and
slower progression to AIDS, than those with HIV-1 mono-infection (Esbjornsson et al., 2012).
Even though dual infection had been described in the literature more than two decades ago, its
pathomechanism remains poorly understood. Some studies suggest a protective role of HIV-2
against HIV-1 infection (Travers et al., 1995), while other studies were not able to verify this
finding (Norrgren et al., 1999) (Greenberg, 2001).

Given the relative lack of studies on HIV-2 infection, and the low plasma viral RNA load in HIV-
2 infected patients, our aim was to develope a highly sensititve qPCR method which can be used
to detect HIV-2’s DNA in patients with undetectable viral RNA level, and to define the relation
between disease progression and viral evolutionary rate of HIV-2. We also focused on studying
HIV-D in cell culture, in order to explore possible mechanisms by which HIV-2 may protect
against HIV-1 superinfection, identifying accessory / regulatory proteins that may be responsible
for the attenuated pathogenicity of HIV-1, dectribed in HIV-D infected patients. Additionally, we
explored the function of HIV-2 Tat, and identified a new mutation in the barely studied Pro-rich
region, using a structure-based design, and studying the effect of Y44 A mutation in HIV-2 Tat on

capsid production, reverse transcription, and the efficiency of proviral transcription.



THEORETICAL BACKGROUND
Origin and classification of Human Immunodeficiency Viruses

HIV-1 can be subdivided into 4 groups: M (major), N (non-M, non-0O), P (pending identification)
and O (outliner). While group M; which can be classified into nine more subtypes (Huet et al.,
1990), is responsible for most of HIV-1 infections worldwide, other groups remain more or less
confined to certain countries (Peeters et al., 2014). Both groups P; identified in 2009 (Plantier et
al., 2009), and group N; discovered in 1998, have been isolated from Cameroonian patients (Simon
et al.,, 1998) (Vallari et al., 2011). Based on phylogenetic analysis, M and O groups of HIV-1
originated from SIV in chimpanzees (Vanden Haesevelde et al., 1996) (Simon et al., 1998) (Sharp
and Hahn, 2011), while groups P and O were found to be closely related to SIV in gorillas (Plantier
et al., 2009) (Vallari et al., 2011). Molecular clock analysis indicates that HIV-1 M and O lineages
appeared between 1900-1920, HIV-1 P appeared between 1845-1989, while group N was
transmissed around 1963 (1948-1977) (Wertheim and Worobey, 2009) (Figure 1).

Nine HIV-2 groups have been described to date (A-I). Whereas group A is the most prevalent
worldwide, group B is the most frequently encountered in Ivory Coast, Mali, Burkina Faso and
Equatorial Guinea, (Cavaco-Silva et al., 1998) (Soriano et al., 2000) (Machuca et al., 1998)
(Soriano et al., 1996) (Heredia et al., 1997) (Ayouba et al., 2013) (Visseaux et al., 2016). Groups
A and B are the only epidemiologically successful HIV-2 strains (de Mendoza et al., 2014)
(Gottlieb et al., 2003) (Damond et al.,, 2001). Lemey and his coworkers described that the
estimated date of transmission of HIV-2 groups A and B to humans was around the 1930’s (Lemey
et al., 2003). While circulating groups A and B have been identified in symptomatic HIV-2 infected
patients, the other groups (C-H) were only identified in local / unique infections (Damond et al.,
2004) (Chen et al., 1997) (Ayouba et al, 2013). Groups C and D were isolated from Liberian
patients, groups E and F were identified in Sierra Leoneans (Gao et al., 1994) (Chen et al., 1997),

group G was identified from blood sample of an asyomptomic patient from Ivory Coast
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(Yamaguchi et al., 2000) (Brennan et al., 1997), and group H, was identified in 2004 from a male
patient originating from Ivory Coast, and seems to be pathogenic (Damond et al., 2004). The ninth
lineage, group I, was identified from an eight year-old boy from Ivory Coast (Ayouba et al., 2013).
Most of the non-epidemic variants cannot, or hardly replicate in vitro (Gao et al., 1994), and do

not appear to cause symptomatic infections (Damond et al., 2004) (see Figure 1).
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Figure 1. Phylogenetic tree of HIV and its SIV predecessor. HIV had evolved from SIVs of
chimpanzees and gorillas (HIV-1); and sooty mangabeys (HIV-2) (Figure was modified and generated
based on: Lemey et al., 2003; Damond et al., 2004; deMendoza et al., 2017; Wertheim and Worobey,
2009)).

Epidemiology of Human Immunodeficiency Virus type 2

According to WHO, it is estimated that approximately 37.9 million persons are infected with HIV
worldwide, 62 % of which are receiving antiretroviral treatment (ART) (WHO, 2019). Most of the
infections are caused by HIV-1, and while recent statistical data about HIV-2 infection is lacking,
early estimates put the total number of HIV-2 infected patients at around 1-2 million, which also
included patients dually infected with HIV-1 and HIV-2 (Gottlieb et al., 2018) (Gottlieb et al.,

2008) (Figure 2 A).
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HIV-2 is restricted primarily to West Africa and countries that share past socio-economic relation
with this region; such as Portugal and France (Sallman-Raynar and Cliff, 1991) (Gomes et al.,
2003) (Faria et al., 2012). Furthermore, HIV-2 infections have been reported from countries with
Portuguese socio-economic ties; such as Brazil, Mozambique and Angola (Kanki and DeCock.,
1994). The prevalence of HIV-2 was reported in several West African countries; such as Sierra
Leone, Gambia, Senegal, Cape Verde, Ivory Coast, Guinea and Guinea-Bissau, where the highest
prevalence was reported (De Cock et al., 1991) (Gottlieb et al., 2008) (Horsburgh and Holmberg,
1988) (Poulsen et al., 1989) (Nicolas et al., 2015) (Gilbert et al., 2003) (see Figure 2 B). A study
in Senegal had shown that 20 % of HIV seropositive women are HIV-2 infected, however, the
percentage of HIV-2 infection decreased from 54 % to 20 % between 1990 and 2009, while the
percentage of HIV-1 positivity increased during that period (Heitzinger et al., 2012). A similar
pattern was observed in Guinea-Bissau, wherein 1990-1992, about 11.3 % of HIV patients were
HIV-2 positive, and in 1997, the number had dropped down to 6.5 %. During the same period,
registered HIV-1 cases significantly increased from 0.4 % to 2.0 % (Norrgren et al., 1999). Another
Senegalese study showed that the number of registered HIV-2 infections declined from 11 % to
5.5 %, between 1985 and 2003 (Hamel et al., 2007).

While HIV-2 is mostly endemic in West Africa, a global pattern has emerged (Dougan et al.,
2005) (Grez et al., 1994) (Barin et al., 2007) (Torian et al., 2010). The highest number of European
HIV-2 cases has been reported in Portugal, where 5 % of HIV registered infection is HIV-2 related,
of which around 50 % of HIV-2 infected patients have ties to Guinea-Bissau (Soriano et al., 2000).
In France, the prevalence of HIV-2 infections was 2 % (Barin et al., 2007), mostly in patients with
Sub-Saharan African origin (Damond et al., 2001). HIV-2 infections have also been reported in
other European countries; such as the United Kingdom, where 52 out of 1324 patients; who
probably contracted the infection in West Africa, were registered with HIV-2 and/or HIV-D

(Dougan et al., 2005). In 2013, 297 patients were registered with HIV-2 infection in Spain, 71 %
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of which have Sub-Saharan African origin (de Mendoza et al., 2014). In Switzerland, the
prevalence of HIV-2 was 0.7 % of total HIV infections, and 25 % of the cases were dually infected
patients (Zbinden et al., 2016). HIV-2 infection had also been reported in Belgium, Italy, and India
as well (Ruelle et al., 2008) (D'Ettorre et al., 2013) (Grez et al., 1994) (Babu et al., 1993).

Based on the findings of previous studies, where an African origin of HIV-2 cases have been
reported (Soriano et al., 2000) (de Mendoza et al., 2014) (Barin et al., 2007), and the geographical
origin of the reservoirs of SIV (Apetrei et al., 2005) (Ayouba et al., 2013), it is safe to assume that
Guinea-Bissau and Cote d’Ivory may be regarded as the epicenters for HIV-2 infection (see Figure

2 B).

East Europe and Asia
1.4 million

Caribbean i }
310 000 { Asia and Pacific
5.2 million

O Westand
Eastand  * £ Central Africa
Latin America South Afriea 6.1 million

1.8 million 19.6 million '

Figure 2. Epidemiology of HIV infection and the global spread of HIV-2. A: Estimation of HIV
prevalence worldwide B: Reported cases of HIV-2 infections worldwide; green colours indicates reported
HIV-2 cases worldwide, while red arrows show the possible circulation and epicentres of HIV-2 infection
from West Africa and Europe. (Figure was modified and generated based on: de Menoza et al., 2017,
WHO database, 2019; Esbjornsson et al., 2014; Gottlieb et al., 2018; Faria et al., 2012).

Genome of HIV-2

HIV-1 and 2 share only a 55-48 % identity in the nucleotide level; the main structural genes also
show comparable similarity (gag: 54 %, pol: 55 % and env: 35 %) (Motomura et al., 2008) (Li et

al., 2015).
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HIV-2 genes can be classified into three main groups: main structural genes: gag, pol, env;
regulatory genes: tat and rev, and accessory genes: vif, nef, vpr and vpx. On both the 5’ and 3’
ends of the viral genome, the long terminal repeat (LTR) region is flanking, where the 5> LTR
region acts as a promoter for transcription (Shah et al., 2014). Schematic representation and

comparism between the two HIV genomes is provided in Figure 3.

HIV-1 pol

i 3 env
gag PR RT IN 5 vPr | vpu sU ™ nef
S’LTR MA CA NC p6 - — tat — 0 3’LTR

HIV-2 onv

V| ‘ SuU T™
PR RT IN p
: v

. nef
5LTR | maA caA NC p6 vif — a — M 3’LTR
5 v

Figure 3. Genomic comparism of HIV viruses. The main difference between the two viral genome have been
indicated by blue arrows.

Structural genes

Gag

HIV gag encodes a precursor protein, which is cleaved by the viral protease into matrix (MA),
capsid (CA), nucleocapsid (NC) and p6 proteins (Bieniasz, 2009). MA domain consists of a
myristoylated globular head and an a-helical stalk. The function of CA is to provide structural shell
and protect the viral core (Campbell and Hope, 2015). NC is capable of interaction with RNA, and
is important in the packaging of the viral genome (Bieniasz, 2009). The p6 domain, which is on
the C-terminus of the precursor protein, is an anchor site of the endosomal sorting complexes

required for transport (ESCRT) proteins (Bieniasz, 2009) (Usami et al., 2009).
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Env

HIV-2 env gene encodes for a 140 kDa precursor protein (gp140), which is cleaved into gp125
(125 kDa) surface (SU) and gp36 (36 kDa) transmembrane (TM) proteins. SU contains 5 conserved
(C1-C5) and 5 variable (V1-V5) regions (Reeves and Doms, 2002). Both HIV virions can bind
CCRS or CXCR4 co-receptors, though the V3 loop of envelope (Hu et al., 2000) (Doring et al.,
2016).

The first step in the viral life-cycle is the interaction between gp125 and CD4 receptor, which
initiates viral entry, trigerring the binding to the co-receptors (Engelman and Cherepanov, 2012).
Although HIV viruses can bind to either CCRS or CXCR4 co-receptors, binding to the CXCR4
co-receptor occurs when mutations in the V3 region change the charge of that region and new N-
linked glycosylation sites appear (Doring et al., 2016). Changes in co-receptor utilization can
provide a possible escape mechanism for the virus. For example, when CCRS5 binding inhibitors
are used, they result in a resistance to RANTES-induced inhibition (Nabatov et al., 2004) (Doring
et al., 2016). Other variable regions also play a role in co-receptor usage: V1/V2 can interact with
V3 loop, and mutations in the V1/V2 regions come about as a result of change in co-receptor

utilization (Santos-Costa et al., 2014) (Nabatov et al., 2004).

Pol

Pol gene encodes for enzymes that are necessary for viral replication and infectivity. These are the
protease (PR; p12), reverse transcriptase (RT, p51), RNase H (p15) and the integrase (IN, p32)
(German Advisory Committee Blood, 2016).

HIV-2 protease is a homodimeric aspartyl protease that comprises 99- residues/monomer. HIV-2
PR shows 31 % asymmetry along its structure, particularly in the elbow and flap regions. The
substrate binding site, with a highly conserved catalytic triad Asp-Thr-Gly, is located between the
two subunits (Triki et al., 2018), and recognises the Gag and Pol polyproteins. While the exact

timing of when the viral PR is active remains debatable, Mattei and his coworkers suggested that
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the protease activates the Gag precursor protein by cleaving it in five sites, after maturation of the
new virion (Mattei et al., 2018). Cleavage of the Gag polyprotein, results in release of the matrix,
capsid, nucleocapsid and p6 proteins.

The reverse transcriptase of HIV has three main functions: RNA-dependent DNA polymerase,
DNA-dependent DNA polymerase and endonuclease activity, mediated by the RNase H domain.
RT can synthetize double stranded DNA from single stranded viral RNA template, and the RNA
strands are degraded from the RNA-DNA complex by RNase H. The newly synthesized proviral
DNA is then integrated into the host’ s genome, a step catalyzed by the viral integrase (Coffin et
al., 1997). RT of HIV-2 has lower activity than that of HIV-1s (75 %), furthermore, RNase H
activity of HIV-1 is higher than that of HIV-2 (Boyer et al., 2006) (Boyer et al., 2012).

HIV integrase (IN) is derived from a Gag-Pol polyprotein though proteolytic cleavage by the viral
protease. It contains three main domains: an N-terminal domain stabilized by a Zinc atom and
involved in dimerization, a core-domain that is responsible for the catalytic activity, containing a
conserved catalytic triad (DDE motif) forming a Mg-bivalent cation binging pocket (Esposito and
Craigie, 1999) (Bercoff et al., 2010), and a C-terminal domain that contains the nuclear localization
signal, and is involved in interaction with RT (Dar et al., 2009).

The first step of proviral DNA integration is a hydrolytic cleavage; also known as 3’ processing,
which is followed by a DNA strand transfer when the 3’-hydroxyl end of viral cDNA is covalently
joined to the host DNA (Esposito and Craigie, 1999). Thereafter, host enzymes will ,,fill up” the
gaps and ligate the viral DNA to host DNA.

IN shows only 40 % similarity at the nucleotide, and 65 % identity at the amino acid level between

HIV-1 and 2 (Bercoff et al., 2010).

Regulatory genes
HIV genome encodes two regulatory proteins: the transactivator protein (Tat) and the RNA-

splicing regulator protein (Rev). Both are equally vital to viral replication.
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HIV Tat plays a crucial a role in the initiation of viral transcription. Tat protein of HIV-2 is longer
compared to its counterpart, while HIV-1 Tat is comprised of 86-104 amino acids (Jeang et al.,
1999) (Kurnaeva et al., 2019), depending on the group, on the other hand, Tat of HIV-2 is 130
amino acids long (Arya, 1993). Estimated molecular weight of HIV-1 Tat protein is 9 to 14 kDa,
while the size of HIV-2 Tat ranges between 14 to 16 kDa (Bose et al., 2015) (Ruben et al., 1989).
Both HIV-1 and HIV-2 Tat proteins are coded from two exons, and consist of six main domains;
the first five domains are encoded by the first exon: an acidic N-terminal Pro-rich, a Cys-rich, a
hydrophobic core, an Arg-rich basic, and a C-terminal Gln-rich domains, while the sixth domain
is coded by the second exon (Clark et al., 2017) (Smith et al., 2003). Although the second exon is
not implicated in transactivation, it is necessary for repressing MHC I expression and interaction
with integrins (Smith et al., 2003) (Clark et al., 2017) (Weissman et al., 1998) (Barillari et al.,
1999).

Tat proteins of HIVs share similarities in their function and amino acid sequence. The Cys-rich
core and basic domains of HIV-2 Tat show homology with Tat protein of HIV-1. On the other
hand, the N-terminal region of HIV-2 Tat is longer, and contains less proline than that of HIV-1.
Overall, only 10 % homology is observed between the Pro-rich regions of the two Tat proteins
(Pagtakhan and Tong-Starksen, 1997). Amino acid sequence similarity is provided in Figure 4.

HIV Tat proteins are multifunctional. One of the functions of Tat is the initiation of viral
transactivation, wherein a member of the super elongation complex; Cyclin T, interacts with the
Tat protein through its first 3 domains: Pro-rich, Cys-rich and core domains (Kalantari et al., 2008)
(Schulze-Gahmen and Hurley, 2018). During the initiation of viral transcription; Tat interacts with
several cellular factors: Tat binds to RNAP II elongation factor, P-TEFb (Zhu et al., 1999),
inducing transcriptional elongation (Karn and Stoltzfus, 2012). This interaction induces
conformational changes in CDK9 kinase (Tahirov et al., 2010). CDK9 then phosphorylates RNAP

II, which leads to stimulation of elongation (Rice, 2017). Tat is also involved in the assembly of
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super elongation complex, comprised of CDK9, Cyclin T1, ELL1/2, AF9 and AFF4, at the TAR
RNA (Rice, 2017).

An important property of Tat is its capability of nuclear localisation, wherein the 4" and 5%
domains of Tat interact with the nuclear import receptor; importin-o (Smith et al., 2017) (Kalantari
et al., 2008). The third cardinal function of Tat is to induce elongation of proviral transcription,
thus, heavily regulating the expression of the viral genome (Jones et al., 1994) (Lata et al., 2018).
It is worth mentioning that HIV-1 Tat is capable of trans-activating LTRs of both HIV viruses,
while HIV-2 Tat is not (Chang et al., 1992).

HIV Tat is one of the most polymorphic of the viral proteins. Although mutations in the acidic
domain of HIV-1 Tat are well tolerated and have no effect on the transactivation activity of Tat
(Ruben et al., 1989) (Rossenkhan et al., 2012) information about the effect of mutations in the
acidic domain of HIV-2 Tat is still lacking. Schematic representation of HIV-2 Tat protein with

the indication of different domains and its main interaction partners is presented in Figure 5.
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Figure 4. Amino acid sequence similarity between HIV-1 and HIV-2 Tat proteins. Domains were indicated
based on Clark et al., 2017. Predicted secondary structures (H: a-helix, E: B-strand) and globular regions (underlined)
are shown. Figure was constructed with the aid of Dr. Janos Andras Moétyan
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Figure 5. Schematic representation of HIV-2 Tat protein with locations of domains and indication of their
potential interaction partners. A: Important amino acid residues are indicated within each domain. Y44 and Y55
residues highlighted in black. Interaction partners of HIV Tat are also represented (Luna et al.,2012). B: HIV Tat
interacts with super elognation complex (SEC), which consists of FMR2 family member 4(AFF4)(cyan blue) and
positive elongation factor b (P-TEFb), composed of Cyclin dependent kinase 9 (CDK9) (blue) and cyclin T1
(orange). Proline rich (purple stick), cyctein-rich (pink sticks and ribbon) and partial core (yellow ribbon) domains
of HIV Tat involved in the interaction with SEC (PDB ID: 6¢yt) (Schulze-Gahmen and Hurley, 2018). C: HIV Tat
can be found in the nuclei of infected cells. Basic domain, also known as TAR binding domain, which contains the
nuclear localization signal can directly interact with nuclear import receptor, importin-o (green). Amino acids of Tat
required for the interaction are highlighted in red and represented in red sticks (PDB ID: 5svz) (Smith et al., 2017).
Representation of interaction partners and domains was based on and modified from Luna et. al. (Luna et al.,2012),
6¢yt protein sturcture was used to represent HIV Tat interaction with SEC (Schulze-Gahmen and Hurley, 2018), and
Ssvz stucture was used to show interaction between Arg-rich domain of Tat and improtin-a (Smith et al., 2017).

RNA-splicing regulator protein is encoded by rev. Rev transports the unspliced and singly-spliced
viral RNAs from the nucleus of host cells to the cytoplasm (Blissenbach et al., 2010). Nuclear
export signal is responsible for this function, which contains the "IQHLQGLTIQ?? motif (Szilvay
et al., 1995). XPO1: in association with RBM14, interacts with Rev, and assists the export of vial
RNAs (Budhiraja et al., 2010). During the transport, Rev binds to RRE segments of viral RNA
(Coffin, 1997). Although HIV-1 Rev can facilitate the export of viral RNAs of both HIV viruses,

HIV-2 Rev is unable to export viral RNAs of HIV-1 (Dillon et al., 1990).
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Accessory genes of HIV-2

The genome of HIV-2 encodes four accessory genes: viral infectivity factor (Vif), negative
regulatoring factor (Nef), viral protein R (Vpr) and viral protein X (Vpx), which play important
roles in viral pathogenesis, budding and infectivity (German Advisory Committee Blood, 2016).
Vif

Viral infectivity factor (Vif) is expressed in the late stage of viral replication. Vif can facilitate
reverse transcription, and is capable of the induction of proteosomal degradation of the cellular
restriction factor APOBEC3G (Chougi and Margottin-Goguet, 2019). Interaction of Vif with the
cellular E3 ubiquitin ligase complex; composed of Cullin-5, Elongin B and C and Rbx2, results
in the polyubiquitination of APOBEC3G (Wolfe et al., 2010).
Vif contains a highly conserved '“SLQLA!*° motif; also known as the BC-box motif, which is
responsible for the abolishment of the function of APOBECS3 proteins (Oberste and Gonda, 1992)
(Yu et al., 2004). Serine at position 144 is one of the major phosphorylation sites, and is highly
conserved in all lentiviruses (Barraud et al., 2008). S144A substitution is an inactivation
mutation, which results in the loss of Vif’s activity, suggesting that phosphorylation is required
for enhanced viral infectivity (Oberste and Gonda, 1992) (Yang and Gabuzda 1998).
Nef

Negative regulatory factor (nef) is expressed in the late-phase of infection. The main function

of Nef is the down-regulation of MHCI and CD4 receptor expression (Aiken et.al., 1994) (Das
et al., 2005). It had been shown that in 10 % of HIV-2 infections, nef gene has deletions (Switzer
et al., 1998), this is less commonly observed in HIV-1 infections (<1 %), being mostly noticeable

in long-term non-progressors (Kirchhoff et al., 1995).

Vpr
Viral protein R (Vpr) of HIV-1 is a multifunctional protein, which induces G2 cell-cycle

arrest in non-dividing cells, in order to benefit viral proliferation (Fletcher et al., 1996), and plays
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arole in the nuclear transport of pre-integration complex (PIC) (Belshan and Ratner, 2003). These
functions are shared between Vpr and Viral protein X in the case of HIV-2. Both Vpr proteins of
HIV-1 and 2 contain a highly conserved arginine-rich domain, a repeated H(S/F)RIG amino acid
motif (HIV-1 ’HFRIGCHSRIGIIQ® and HIV-2 "HFRAGCCGHSRIGQ®® ), which can trigger
cell grow arrest (Macreadie et al., 1995). Mutations in this domain affect the capability of cell-

cycle arrest and LTR transcription activity (Sawaya et al., 2000).

Vpx

Viral protein X (vpx) is only present in HIV-2, and its ancestor SIVsmm. Similar to Vpr, it
is incorporated into the viral particle via interaction with p6 Gag domain (Schaller et al., 2014).
HIV-2 Vpx shares the same three-helix structure with Vpr (Chougi and Margottin-Goguet, 2019),
and shows 22 % identity in the amino acid sequence to Vpr of HIV-2 gene, which suggests that
HIV-2 vpx is supposedly a result of vpr gene duplication (Hanel et al., 2014) (Khamsri et al.
2006).

HIV-2 Vpx is important in the nuclear transport of PIC, wherein K® and R’ residues of the
protein mediate the main function (Belshan, 2002). The nuclear localization signal (residues 65-
72) contains three main residues: K68, Y68 and R70 that are crucial for the infection of non-
dividing cells (Belshan et al., 2006). Alanine substitutions of K68 and R70 residues lead to a
complete loss of infection of cells (Belshan et al., 2006).

Another major function of Vpx is to counteract the antiviral effect of sterile a motif (SAM)
domain and HD domain-containing protein 1 (SAMHD1), a human dendritic- and myeloid-cell
— specific HIV-1 restriction factor (Laguette et al., 2011). SAMHDI1 is able to block HIV
replication by restricting reverse transcription, through maintaining low cellular free ANTP level
in the early stage of infection (Goldstone et al., 2011) (Hollenbaugh et al., 2014). Vpx induces

the proteosomal degradation of SAMHDI by binding to the Cullin4-DDB1-DCAF1 E3 ligase
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complex (Ciftci et al., 2015). K68 residue of HIV-2 Vpx is critical for Vpx-E3 ligase complex
interaction, and the subsequent ubiquitation of SAMHD1 (Mcculley et al., 2012).

Vpx also neutralizes the effect of human silencing hub (HUSH) complex, by inducing
proteosomal degradation of one member of the complex called transgene activation suppressor
(TASOR), through the same mechanism used for the inactivation of SAMHDI1. Vpx thereby
induces the reactivation of HIV provirus through depletion of HUSH (Chougi and Margottin-
Goguet, 2019). Schematic representation of HIV-2 Vpx induced proteosomal degradation of

SAMHDI1 and interaction partners of Vpx is presented in Figure 6.

\ RBX1

CUL4A

Ub  Up Ub

l DDB1

SAMHD1

Figure 6. HIV-2 Vpx induces the proteosomal degradation of SAMHDI, a cellular restriction
factor. Vpx (green) binds to Vpr-binding protein (DCAF1) (blue) through Q76 and K77 amino acids
(highlighted in purple in the protein structure). DCAF1 interacts with DNA-damage binding protein 1
(DDBI1) (purple) Cullin-RING Ligase 4 (CUL4A) (orange). CUL4A binding a RING-box protein 1
(RBXT1) (brown), which interacts with the E2 ubiquitin-conjugating enzyme (E2) (light pink) and induces
ubiquitination of SAMHDI1 (yellow). (Chougi and Margottin-Goguet, 2019). Cartoon representation of
DCAF1 (blue), Vpx (green) and SAMHDI1 (yellow), where cylinders represents o-helix, amino acid
residues binding to DCAF1: Q76 and K77 highlighted in purple (PDB ID: 4cc9) (Schwefel et al., 2014).
Representation of interaction partners of Vpx was based on and modifed by using figure of Chougi G.
and Margottin-Goguet F., and 4cc9 protein structure was used to show interaction partners (Schwefel et
al., 2014).
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Life-cycle of HIV viruses

Schematic representation of the life-cycle and structure of HIV is provided in Figure 7.

The life-cycle of HIV can be divided into two phases: early: from viral fusion to integration,
and late phase: from beginning of proviral transcription to the release of the new virions) (Chougi
and Margottin-Goguet, 2019).

Infection of the cell is initiated by the interaction between the viral envelope glycoproteins,
CD4, and co-receptors. SU/TM binds to the CD4 receptor on the surface of target cells by forming
a bridging site between the inner and outer side of the SU, which bare the co-receptor binding
site (Engelman and Cherepanov, 2012). Following the interaction between SU/TM and the main
receptor, a hydrophobic cavity is created (Kwong et al., 1998). Interaction with the co-receptors
induces conformational changes in the TM domain of the viral envelope (Gallo et al., 2004) that
leads to viral fusion.

HIV-2 has a lower binding affinity to CD4 receptor (Moore, 1990), moreover, it is capable
of attachment to the cell surface in a CD4-independent manner, as SU is capable of interacting
solely with co-receptors (Azevedo-Pereira and Santos-Costa, 2016). Another important
difference between the two viruses, is that fusion between HIV-2 envelope and the cell membrane
happens relatively faster than in the case of HIV-1 (Gallo et al., 2006).

After fusion between the cellular and viral membranes, the viral capsid is translocated into
the cytoplasm. Following/or during de-capsidation, the RT mediated reverse-transcription creates
double stranded viral DNA from a single-stranded viral RNA, which is then integrated into the
host genome, by a reaction catalyzed by the viral integrase (Coffin et al., 1997) (Esposito and
Craigie, 1999). Integration mostly occurs into actively transcribed genes (Chougi and Margottin-
Goguet, 2019).

In the late phase of infection, host cells’ machinery is used to transcribe viral genomic RNA

and mRNAs. Spliced and partly-spliced mRNAs are transported from the nucleus to the
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cytoplasm by the aid of Rev (Blissenbach et al., 2010). Following translation, the viral protease
cleaves the precursor polyproteins: such as Gag precursor protein to MA, CA, NC and p6 proteins
(Mattei et al., 2018) resulting in a fully functional proteins and infectious viral particles, which

are released from infected cell by budding.
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Figure 7. Life cycle of HIV viruses

Clinical manifestation of HIV-2 infection

A brief comparison between HIV-1 and HIV-2 in terms of characteristics is shown in Table 1.
Compared to its counterpart, HIV-2 appears to be initially less pathogenic. Previous studies
reported that patients infected with HIV-2 have lower plasma RNA and mRNA loads compared
to those observed in HIV-1 infection (Popper et al., 1999) (Popper et al., 2000) (Damond et al.,
2002) (MacNeil et al., 2007). Plasma viral load is under the detection limit (10 copies / ml) in 39
% of HIV-2 infected individuals (Avettand-Fenoel et al., 2014), supporting the notion that HIV-
2 viral load (VL) is 37-fold to 28-fold lower than that of HIV-1 (O’Donovan et al., 2000)

(Andersson et al., 2000).
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Modes of transmission for HIV-2 are the same as those for HIV-1; mainly through infected
blood, sexual contact, and vertical, or postnatal transmission (Campbell-Yesufu and Gandhi,
2011). However, lower transmission rate has been reported for HIV-2 infection: mother to child
transmission was significantly lower (O’Donovan et al., 2000) (Burgard et al., 2010) (Adjorlolo-
Johnson et al., 1994). While vertical transmission rate of HIV-1 was 16-24 % (Newell et al.,
1996) (O’Donovan et al., 2000), that of HIV-2 was ranging between 1.2-4 %. This finding can
be explained by the lower maternal HIV-2 RNA level (O’Donovan et al., 2000) (Adjorlolo-
Johnson et al., 1994). Viral RNA level in male genital secretions were found to be lower in HIV-
2 infected patients compared to those infected with HIV-1 (Gottlieb et al., 20006).

Even without treatment, HIV-2 infection is associated with a slower decline of CD4+
percentage (% CD4+) (Van der Loeff et al., 2002). Higher percentage of CD4 + was detected in
HIV-2 infection even in AIDS stage (median 8.2 % in HIV-1 infection versus median 18.2 % in
HIV-2 infection) (Esbjornsson et al., 2018). HIV-2 plasma VL correlates with CD4+ T cell count
(Damond et al., 2002), total viral and integrated DNA and viral mRNA levels (MacNeil et al.,
2007), and associates with a lower rate of transmission (Gottlieb et al., 2008). Lower plasma viral
load is associated with decreased virus production and infection transfer (Popper et al., 2000).

AIDS-defining illnesses, such as tuberculosis, candidiasis, Kaposi’s sarcoma,
cytomegalovirus infection and HIV-associated nephropathy (HIVAN), were also reported in
HIV-2 infections (Campbell-Yesufu and Gandhi, 2011). However, herpes virus 8-induced
Kaposi’s sarcoma and HIVAN are less frequent in HIV-2 infection than in HIV-1 (Ariyoshi et
al., 1998) (Izzedine et al., 2006). An in vivo study showed that HIV-2 isolates have significantly
reduced fitness; fitness dropped by 100-fold for HIV-2, as compared to HIV-1 strains (Arién et
al., 2005). This indicates a longer time to AIDS progression, and a longer survival time as well

(De Cock and Brun-Vézinet, 1989) (Whittle et al., 1994) (Van der Loeff et al., 2002).
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HIV-1

HIV-2

Origin of different SIVgor >HIV-1P, O SIVsmm—> HIV-2 A-I
subtypes SIVepz2>HIV-1 M, N
Epidemiolo Worldwide Endemic in West African countries
P gV and Portugal, Spain, France
Estimated number of 38 million und.etermined . .
infected individuals (estimated 1-2 million in 2011)
(Campbell-Yesufu et al., 2011)
e Higher e Less transmission
Main di . transmission e Lower or undetectable viral
ain difference in the .
clinical symptoms * _Higher plasma load
RNA level
Estimated time to AIDS
phase in ART naive 5-10 years 10-20 years
patients
Vpu (Viral protein U)

Main difference in viral
genome

gene only encoded in
the genome of HIV-1
and SIVcpz (Huet et
al., 1990) (Vanden
Haesevelde et al.,
1996)

Vpx (Viral protein X) gene
encoded only in HIV-2 and its
ancestors (Huet et al., 1990)

Coreceptor usage
(in vivo)

CCRS5, CXCR4

CCRS5, CXCR4, Bob, Bonzo,
CCR6, CCR2, CCR3 (several
chemokine receptors)

Table 1. Comparison between HIV type 1 and type 2

2019) (Phillips et al., 1991).

Virus evolution and disease progression
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Hepatitis B and RNA viruses such as hepatitis C and HIV-1, are mostly characterized by a high
number of spontaneous mutations and genetic diversity (Perelson, 2002). A higher rate of
spontaneous mutations may lead to faster evolution of the viruses, promotes eluding of

neutralization, and indicates immune escape and the risk of disease progression (Krakoff et al.,

Both HIV viruses evolve rapidly, due to high mutation and replication rates (Rambaut et al.,
2004). Their rapid evolution is attributed to the lack of proofreading activity of the reverse
transcriptase, and the editing of viral cDNA by the cellular cytidine deaminases of the A3 family
(Andrews and Rowland-Jones, 2017) (Cuevas et al., 2015). It was previously shown that the error-

prone nature of RT contributes 2 % of the mutations, while 98 % of the mutations are mediated by




the host cytidine deaminase (Cuevas et al., 2015). The mutation rate is extremely high for HIV-1:
(4.1 £1.7) x 1073 per base per peripherial blood mononuclear cell (Cuevas et al., 2015), while no
information exist about the mutation rate of HIV-2.

The association between HIV evolution and disease progression had been described in the
literature (MacNeil et al., 2007) (Lemey et al., 2007). Although correlation between evolutionary
rate and disease progression is well characterized for HIV-1 (Salemi, 2013), viral evolution of
HIV-2; especially intra-patients evolution, is understudied. Some studies reported a lower rate of
synonymous substitutions and evolutionary rate for HIV-2, compared to HIV-1 (MacNeil et al.,
2007) (Lemey et al., 2007).

Env gene endures purifying selective pressure in both HIV virions (Barosso and Taveira, 2005)
(Edwards et al., 2006). HIV-1 disease progression is mostly associated with positively selected
sites in the viral envelope (Ross and Rodrigo, 2002). Skar et al., observed a significantly higher
evolutionary rate of HIV-2 in the gp125 and V3 regions of env gene, compared to that of HIV-1
(Skar et al., 2010). Mutations in the envelope proteins can lead to immune escape, as neutralizing

antibodies become unable to effectively neutralize the mutant virions (Miller et al., 2018).

HIV-1 and HIV-2 dual infection

Where both HIV viruses circulate, patients can be dually infected. The estimated
prevalence of HIV dual infection (HIV-D) is 0-3.2 % in West African countries (Hamel et al.,
2007). In Guinea-Bissau where both HIVs are endemic, 0.5 % of HIV patients were dually
reactive between 1990-1997 (Norrgren et al., 1999). Da Silva et al, have reported that the
prevalence of dually infected individuals in Bissau and Guinea-Bissau was 0.5 % in 2006 (Da
Silva et al., 2008). In Senegal; where less than 1.5 % of the population is infected with HIV, 8 %
of the patients are dually infected, it is worth mentioning that the tendency of HIV-D infection

did not change drastically since 1990 (Heitzinger et al., 2012). In a small cohort, 19 out of 47
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individuals were diagnosed as dually infected (Gottlieb et al., 2003). In Cape Verde, 4.1 % out
of registered HIV cases were dually infected (de Pina-Araujo et al., 2014).

Only few studies about the frequency of HIV-D infections in non-African countries exist.
0.2% of French HIV infected individuals were dually infected, (Barin et al., 2007); and in Spain,
32% of registered HIV-2 infected are also HIV-1 positive (de Mendoza et al., 2017). In some
Asian countries such as India, 91 out of 553 (16.5 %) of HIV positive people showed dual
seropositivity in 1994 (Grez et al., 1994), while 1.5 % of blood donors were co-infected
(Kannangai et al., 2010).

Detection of CD4+ T-cell decline is one of the indicators of disease development. The
percentages of CD4+ and CD8+ T-cells were significantly higher in dually seropositive cases, in
comparison to HIV-1 mono-infected ones (Esbjornsson et al., 2012). Moreover, in a cohort from
Guinea-Buissau, a slower increase in the percentage of CD8+ T-cell was noticed in the case of
dually infected patients, compared to HIV-1 mono-infected individuals, interestingly, this was
only observed in individuals who were initially infected with HIV-2 followed by superinfection
with HIV-1 (Esbjornsson et al., 2012) (Esbjornsson et al., 2014). CD4+ T cells count was also
found to be higher in HIV-D, compared to HIV-1 mono-infection; however, the count was lower
than that observed in HIV-2 mono-infection (Koblavi-Déme et al., 2004). Detection and
monitoring of plasma viral load can provide information about disease progression, and point out
the success of treatment. 25-40 % of HIV-2 infected patients have undetectable viral load
(Gottlieb et al., 2018), similarly, in HIV-D, VL is undetectable in roughly half of the cases.
Patients dually infected with both viruses have lower HIV-1 plasma viral load compared to HIV-
1 mono- infected individuals, Additionally, they also have undetectable HIV-2 RNA load
(Andersson et al., 2000) (Koblavi-Déme et al., 2004). Neither HIV-1 nor HIV-2 plasma RNA

levels were detectable in 10 out of 11 cases of dually infected individuals (Landman et al., 2009).
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HIV-2 mono-infection is mostly described by a lower mortality rate, and longer progression
time to AIDS than HIV-1 mono-infection (Van der Loeff et al., 2002). Dually infected patients
have slower progression to AIDS, compared to HIV-1 mono-infected individuals; time to
development of AIDS was 104 months for HIV-D and 68 months for HIV-1 (Esbjornsson et al.,
2012). A meta-analysis however showed that no significant difference was observed in the
mortality rate of HIV-1 mono- and dual infections (Prince et al., 2014).

The mechanism of dual infection with both HIV viruses remains poorly understood. Travers
and his coworkers reported approximately 70 % protection against re-infection with HIV-1 in HIV-
D patients (Travers et al., 1995), Kanki et al., also reported a 64 % protection (Kanki et al., 1996),
in other studies however, this HIV-2 mediated protection was not noted (Norrgren et al., 1999)
(Greenberg, 2001).

HIV-2 was found to downregulate HIV-1 infection by blocking HIV-1 capsid and viral RNA
production, in a dose-dependent manner, however, HIV-1 was not found to down-regulate HIV-2
(Al-Harthi et al., 1998) (Arya and Gallo, 1996). While HIV-2 is capable of utilizing a wide range
of different co-receptors (e.g. CXCR6, GPR15 etc.), HIV-1 uses mostly CCR5 or CXCR4 in vivo
(Blaak et al., 2005). Also, B-chemokines (natural ligands of CCRS5 receptors) were found to be
expressed at higher level during HIV-2 infection, compared to its counterpart (Akimoto et al.,
1998), which could mediate blocking of R5-tropic HIV-1 during co-infection (Kokkotou et al.,
2000). Moreover, T-cell activation by HIV-2 was found to differ from that of HIV-1; HIV-2 gp105
has a higher inhibitory effect on T-cell proliferation and activation than gp120 of HIV-1 (Cavaleiro
et al., 2000).

In addition, Nef-mediated down-regulation of T-cell activation via down-modulation of TCR-
CD3 was observed in the case of HIV-2 and its ancestors, while this function was diminished in

HIV-1 (Schindler et al., 2006).
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Anti-retroviral therapy for HIV-2 and HIV-D

Viral enzymes such as RT, IN, PR can be targeted by antiretroviral drugs. Nucleoside analogue
reverse transcriptase inhibitors (NRTI) or non-nucleoside reverse transcriptase inhibitors (NNRTI)
are the most commonly used RT inhibitors. HIV-2 shows natural resistance againts most of the
NNRTIs, and zidovudine, as HIV-2 RT has [181Y substitution in the ,,NNRTI pocket” (Post et al.,
2003) (Ren et al., 2002). HIV-2 is also resistant to enfuvirtide (fusion inhibitor), therefore, the use
of NNRTIs and fusion inhibitor is highly discouraged in HIV-2 infection (Alvarez et al., 2018)
(Witvrouw et al., 2004) (Poveda et al., 2004). However, NRTTIs, integrase strand transfer inhibitors
(INSTIs), and some protease inhibitors are effective against HIV-2.

An alternative way to inhibit viral replication is by blocking the coreceptor binding. Maraviroc
and cenicriviroc; a CCR5 and CCR2 binding inhibitors, respectively, can effectively block RS
HIV-2 isolates, however, they are ineffective against X4 and R5/X4 strains (Visseaux et al., 2011)
(Visseaux et al., 2015). In around 13 % of HIV-2 infections caused by X4-tropic viruses, the virus
can switch to CCR4 or R5/X4 (dual) receptor usage (Visseaux et al., 2015). Another reason why
co-receptor binding inhibitors may be ineffective against HIV-2, is the broad spectrum of co-
receptor usage by HIV-2 (CCRS5, CXCR4, CCR3, CCR2, CCRI1, Bob (GPR15) and Bonzo
(CXCR6)) (Morner et al., 1999) (Blaak et al., 2005).

The recommended therapy for HIV-2 and HIV-D infection is an integrase inhibitor plus 2
NRTIs, or 2 NRTIs combinated with a boosted protease inhibitor (PR) (Darunavir / Lopinavir)
(WHO guidelines).

In a 48-week trial, 40 % of ART naive patients showed positive response to Raltegravir-
containing ART, no resistance mutations were detected in the RT region, and viral and total DNA
levels were undetectable in most of the subjects (Matheron el al., 2018). In another trial that lasted
for 1 year, HIV-2 patients receiving a combination of NRTIs and integrase inhibitor (elvitegravir

+ cobicistat + emtricitabine + tenofovir disoproxil fumarate) were followed. At the end of the
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study, only one out of 29 participants had virological failure, as a result of multiple drug-resistance
mutations in the RT (K65R) and IN (G140S + Q148R) regions (Ba et al., 2018). It is worth
mentioning that IN G140S/Q148R mutations induced only 2 fold resistance to bictegravir in the
case of HIV-1, while inducing a 34- and 110-fold resistance for HIV-2 (Smith et al., 2019).

Studies on the treatment of dually infected individuals are limited. One of the major hurdles of
the therapy of HIV-D patients is the appearance of drug-resistance mutations in one or both of the
viruses (Landman et al., 2009) (Rodés et al., 2005). Mutations commonly appear in HIV-2 RT
(Q151M+ M184V or K65R+ 1118V) and PR (I54M+ I82F or V47A) during treatment (Landman
et al., 2009) (Rodés et al., 2005). Charpentier and his coworkers showed that 5 % of PI-resistant
drug mutation are transmitted between individuals, and 69 % of HIV-2 infected patients on
treatment carry the 154M and Y47A substitutions (Charpentier et al., 2013) (Charpentier et al.,
2014).

Thus, frequent monitoring of both HIVs’ viral loads and the continuous assay for treatment-
associated mutations are vital during patient management. It is important to note that there are no
guidelines for the treatment of HIV-D infection; treatment is usually similar to that of HIV-2: 2

NRTIs and an INSTL
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Scope of the study

Even though HIV-2 was discovered more than 30 years ago, relatively limited information exist
about its pathomechanism and infectivity, compared to HIV-1. The two viruses share only a 40 %
similarity in their genome. Each individual virus encodes for unique genes; such as vpx in HIV-2
and vpu in HIV-1; furthermore, some of the viral proteins are highly polymorphic, and substantially
differ in their amino acid sequence between the two viruses; such as the transcriptional trans-
activator protein (Kurnaeva et al., 2019), which may result in noticeable differences in their
replication dynamics and the clinical manifestation of infection.

While mutations in the first domain of HIV-1 Tat have no effect on the transactivation activity
of Tat (Ruben et al., 1989) (Rossenkhan et al., 2012), effect of substitutions in the acidic domain
of HIV-2 Tat is unknown.

Secondly, although HIV-2 infection is associated with a slower rate to AIDS progression
(Esbjornsson et al., 2018), it has a high mutation rate, similarly to its counterpart (Rambaut et al.,
2004). There are limited number of publications about the contribution of HIV-2 evolutionary rate
to disease progression, of which most are phenotypic assays, performed on viral RNA or DNA
from viruses reproduced in cell cultures, and not intra-patient studies, which would far more
accurately represent the different circulating viruses in the population (Borrego et al., 2008)
(MacNeil et al., 2007). Intra-patient studies are the key to understand viral evolution.

Moreover, although dual infection had been described in the literature, studies about its
pathomechanism are widely lacking. Therefore, our aim was to carry out an in-depth study of HIV-
D, in addition to characterizing inactivating mutations in HIV-2 Tat, and developing a sensitive

and robust method for detection of HIV-2 DNA load.
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Aim 1: Characterization of HIV dual infection in cell culture

1. To study the effect of inactivated HIV-2 protease, regulatory and accessory genes on HIV
dual infection in HEK293T cells.

2. To study the effect of HIV-2 Vpx and its inactivation on HIV-1 superinfection in
HEK?293T cells, by quantification of HIV-1 2-LTR circle junctions, and measuring the activity of
HIV-1 RT and p24 capsid production.

3. To optimize transfection and transduction of THP-1 cells, and study the transduction
efficiency of HIV-1 in the presence of HIV-2 Vpx.

Aim 2: In silico and in vitro characterization of the effect of mutations in the acidic domain
of HIV-2 Tat

1. Investigation of the destabilizing mutations of HIV-2 Tat using sequence- and structure-
based in silico analysis.

2. Determine the effect of HIV-2 Tat mutation on HIV-2 capsid production, activity and
expression of HIV-2 RT, and the efficiency of proviral transcription.

Aim 3: Development of a sensitive HIV-2 DNA quantification protocol

1. Optimalization and preparation of HIV-2 and PBDG standards for qPCR, to quantify the

level of HIV-2 DNA load.

2. Optimalization of DNA extraction from whole blood of HIV-2, HIV-1 and HIV-naive
individuals.
3. Quantify the sensitivity and specificity of HIV-2 DNA qPCR by using DNA from HIV

negative and HIV-1 positive participants.
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Aim 4: Investigation of differences in HIV-2 evolutionary rate between fast and slow HIV-2

progressors

1. Investigation of the association between HIV-2 disease progression and the
evolutionary dynamics of HIV-2.

2. Analysis of the association between synonymous and non-synonymous nucleotide
substitutions and viral evolutionary rate in faster and slower progressors.

3. Determination of the positively selected amino acids in slow progressors, and
investigation of the association between envelope surface exposition and positively selected amino

acids.
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MATERIALS AND METHODS

Plasmids and vectors

2" generation lentiviral vectors were used for HIV-1 and HIV-2 virion production. For
production of HIV-1 pseudovirions, the following plasmids were used: psPAX: as a packaging
plasmid; a kindly gift from Dr. D. Trono (University of Geneva Medical School, Geneva,
Switzerland); pWOX-CMV-GFP transfer vector (Miklossy et al. 2008), which was modified to
code for mCherry instead of Green Fluorescent Protein (GFP), and pMD.G; encoding for the
envelope protein of vesicular stomatitis virus (VSV-G) (Figure 8). The following plasmids were
used for HIV-2 pseudovirion production: HIV-2 CGP (a ROD based HIV-2 protein expression
vector, which encodes for all HIV-2 genes except nef and env), a transfer plasmid CRUSSINCGW,
which has a CMV promoter induced GFP expression cassette (Mahdi et al. 2014), and pMD.G
plasmid. HIV-2-CRUSSIN-WPRE vector contains U5 regions and HIV-2 gag, lacking of po/ and
env (Figure 9). HIV-2 CGP and CRUSSINCGW plasmids were a kindly gift from Joseph P.
Dougherty (Robert Wood Johnson Medical School, New Jersey, USA) (Mukherjee et al. 2007).
pcDNA3.1-Vpx-NeGFP encodes for HIV-2 Vpx-GFP fusion protein, and the sequences of HIV-2
vpx gene is identical to that found in the HIV-2 CGP vector. pcDNA3.1-Vpx-NeGFP was obtained
from Genscript services (Genscript Biotech Corporation (NJ, USA). As a mock plasmid, we
created pcDNA3.1-NeGFP from pcDNA3.1-Vpx-NeGFP plasmid using Kpnl and Xbal (New
England Biolabs, MA, USA) restriction enzymes. pTY-EFeGFP was also used as a control vector

in some experiments carried out in THP-1 cells (Chang et al. 1999).
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Figure 8. 2" generation vector system for HIV-1 pseudovirion production
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Figure 9. 2" generation vector system for HIV-2 pseudovirion production

Mutagenesis

We used QuikChange II Site-Directed Mutagenesis and QuikChange Lightning Multi Site-
Directed Mutagenesis Kits (Agilent Technologies, CA, USA) to carry out loss-of-function
mutagenesis on HIV-2 protease and regulatory and accessory genes, using the primers listed in
table 2. The following mutations were performed on the HIV-2 CGP plasmid. Protease: D25N,
Tat: Y44A/ YS55A, Rev: H73R, Vif: S144A, Vpr: R78A, Vpx: K68A and R70A. Inactivating
mutations of Vpx (K68A and R70A) were performed on the pcDNA3.1-Vpx-NeGFP vector. PCR

sequencing was used to confirm the success of mutagenesis.
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Name of Sequence of primers

primers

PRDISN | F: 5-GTA GAA GTT TTG TTA AAC ACG GGA GCT GAC G-3'
R: 5-C GTC AGC TCC CGT GTT TAA CAA AAC TTC TAC-3’

AT vasn | F: 3-CTC TCT CAG CTA GCC CGA CCC CTA GAA AC-3|
R: 5-GT TTC TAG GGG TCG GGC TAG CTG AGA GAG-3’
F- 5-CA TGC AAT AAC TCA TGC GCC TGT AAG CGA TGC TGC TAC
CAT TG-3’

TATYSSA | p.5.CA ATG GTA GCA GCA TCG CTT ACA GGC GCA TGA GTT ATT
GCA TG-3’

REV 73R | F5-CC AGA CTA TAC AGC GTC TGC AGG GAC TTA C-3
R:5-G TAA GTC CCT GCA GAC GCT GTA TAG TCT GG-3'

VPR R7sA_ | F:3-TTC ACG CAC TTC GCA GCA GGA TGT GGC C-3

R: 5'-G GCC ACA TCC TGC TGC GAA GTG CGT GAA-3'

F: 5-GA GCC CAG GTA CCG GCA CTT CAATTT CTG-3'
VIF S144A | R: 5'-CAG AAA TTG AAG TGC CGG TAC CTG GGC TC-3'

F:5'GGG ATG TCA GAA AGT TAC ACA GCG TAT AGA TAT TTG TGC
ATA ATA CAG-3'

R: 5'-GCA CAA ATA TCT ATA CGC TGT GTA ACT TTC TGA CAT CCC-3'
VPX R70A F: 5'-GT TAC ACA GCG TAT GCA TAT TTG TGC ATA ATA CAG-3'

R: 5'-GTA TTA TGC ACA GCT ATG CAT ACT TTG TGT AAC 3'

VPX K68A

Table 2. Mutagenesis primers for loss-of-function mutations. Underlined positions indicate the
substitutions in the original gene. (F: Forward; R: Reverse)

In silico predictions of Tat mutations

For in silico predictions, sequence of HIV-2 Tat protein was downloaded from UniProt database
(UniProt ID: P04605), and protein model structures were obtained from Swissmodel repository

(Bienert et al. 2017) (SWISS-MODEL Template Library identifiers, SMTL IDs: 1tvs.1 and 1tvt.1)

(https://swissmodel.expasy.org/repository/uniprot//P04605, date of download: 2017.03.27). For
short disordered and structured region predictions, we used IUPred webserver (Dosztanyi et al.
2005). I-Mutant 2.0 server was used to calculate the point mutation-induced stability changes
(Capriotti, Fariselli, and Casadio 2005). We also used JPred4 server for secondary structure
predictions (Drozdetskiy et al. 2015). To estimate the effect of point mutations on Tat protein
stability, we used SDM server (Pandurangan et al. 2017) and FoldX algorithm (Guerois, Nielsen,
and Serrano 2002) structure-based predictions.

Full-length HIV-2 Tat sequences were downloaded from the Los Alamos National Laboratory
HIV sequence database (https://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html, date

of download: 2019.10.28). A multiple-sequence alignment of amino acid sequences (without any

37



gap) was made using ClustalW (https://www.genome.jp/tools-bin/clustalw) and the divergence of
HIV-2 Tat sequences was schematically visualized using Weblogo for 1-70 residues of the first

two domains (https://weblogo.berkeley.edu/logo.cgi).

Experiments on HEK293T cells to study HIV-1/2 dual infection

Production of HIV-1 and HIV-2 viral particles
293T human embryonic kidney (HEK293T) cells (Invitrogen, CA, USA) were used for

pseudovirion productions. For production of HIV-1 pseudovirions, we used: psPAX,, pWOX-
CMV-mCherry, and pMD.G plasmids in a 3:2:1 ratio. For HIV-2 production, we used HIV-2 CGP,
HIV-2 CRUSSINCGW, and pMD.G in a 1:1:1 ratio (Mahdi et al., 2018). HEK293T cells were
seeded in T-75 flask and grown in 15 ml Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-
Aldrich, St. Louis, MO, USA) complemented with 10 % fetal bovine serum (FBS), 1 % glutamine
and 1 % penicillin-streptomycin.

Cells were passaged in order to achieve around 70 % confluency (5-6x10° cells/ml) on the next
day. For HIV-2, we used a total of 30 pg plasmid DNA, and a total of 36 pg plasmid DNA for
HIV-1. Transfection was carried out using polyethylenimine (PEI) (Sigma-Aldrich, St. Louis, MO,
USA) (Mahdi et al., 2014). HEK293T cells were incubated at 37°C, 5 % CO; in 5 ml antibiotics-
free DMEM containing 1% FBS after adding the PEI-DNA solution for 5-6 hours. The media was
then replaced by 15 ml DMEM supplemented with 10 % FBS, 1 % glutamine and 1 % penicillin-
streptomycin, and the supernatant containing virions was collected and filtered through a 0.45 pm
polyvinylidene fluoride filter (Merck Millipore, Darmstadt, Germany) on day 1, 2 and 3. The
collected supernatant was then concentrated by ultracentrifugation (100 000 x g, 2 hours, 4°C),
and the viral pellet was dissolved in 200 pul phosphate-buffered saline (PBS), portioned, and stored
at -70°C. Reverse transcriptase (RT) activity and amount of HIV-2 capsid were then measured

using ELISA-based colorimetric reverse transcriptase assay (Roche Applied Science, Mannheim,
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Germany), and ELISA-based colorimetric p24 (for HIV-1) or SIV p27 (HIV-2) assay (Express

Biotech International, Frederick, USA), according to the manufacturer's protocols.

Transduction of HEK293T cells

24 hours before transduction, HEK293T cells were seeded in a 48-wells plate in 300 ul DMEM
containing 10 % FBS, 1 % glutamine and 1 % penicillin-streptomycin to achieve around 50 %
confluency (2.5-3x10% cells/ml) on the next day. Cells were transduced with 10-30 ng RT-
equivalent of HIV-1 or HIV-2 pseudovirions in 100 pl serum- and antibiotic-free media,
complemented with 8 ug/ml polybrene. The day after transduction, cells were complemented with
200 pl of DMEM contains 20 % FBS, 2 % glutamine, 2 % penicillin-streptomycin, and were
thereafter incubated at 37°C, 5 % CO, for 4 days. Media was then removed, and the cells were
mechanically detached and suspended in 200 pl PBS. After centrifugation (5 min, 152 x g), PBS
was discarded, and cells were suspended in 400 pl 1 % formaldehyde containing ice-cold PBS.
Fluorescence-activated cell sorting (FACS) (FACSCalibur, BD Biosciences, Singapore) was used
to determine the number of successfully transduced cells based on either GFP or mCherry
fluoresence.

HIV-1 and HIV-2 dual transduction assays

Schematic representation of HIV-1 and HIV-2 dual transduction models is provided in Figure 10.

Simultaneous infection model

The day before transduction, 40,000 HEK293T cells were plated per well in 48-well plate. Cells
were then infected with 30 ng RT-equivalent of HIV-1 and HIV-2 pseudovirions simultaneously.
The cells were complemented with 100 pl of serum- and antibiotic-free media containing 8 pg/ml
polybrene. We also prepared HIV-1 and HIV-2 mono-infection controls, where 30 ng RT-
equivalent of HIV-1 or HIV-2 virions were used to infect the cells. On the next day, the cells were

supplemented with 200 ul DMEM containing 20 % FBS, 2 % glutamine, and 2 % penicillin-
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streptomycin, and were incubated for 4 days. FACS analysis was then performed to analyze
infectivity (Figure 10 A).
“Superinfection” models

Similarly to simultaneous transduction, HEK293T cells were plated in 48-well plate a day
before superinfection. For HIV-1 superinfection experiments, cells in 100 pl of serum- and
antibiotic-free media containing 8 pg/ml polybrene were first infected with 30 ng HIV-2, after 24
hours incubation at 37°C, 5 % CO», 30 ng RT-equivalent of HIV-1 and 200 pl of DMEM medium
containing 20 % FBS, 2 % glutamine and 2 % penicillin-streptomycin was added to the cells,
followed by a 4 days incubation in the same conditions (Figure 10 B). HIV-2 “superinfection” was
carried out similarly, with the exception that HIV-2 transduction was followed by transduction
with HIV-1 (Figure 10 C). After 4 days incubation, FACS analysis was performed to quantify
HIV-1 (mCherry) and HIV-2 (GFP) positivity in 5,000 cells.

To exclude the possible interference between mCherry and GFP fluorescent proteins, HEK293T
cells were transduced with mCherry and GFP encoding HIV-1 pseudovirions, using the

aforementioned protocol.

2 (P

A) HIV-1+ HIV-2 simultanous infection

° mCherry
HIv-2 L | Quantitative analysis by
flow cytometry

B) HIV-1 superinfection

(=

C) HIV-2 superinfection

Figure 10. Schematic representation of simultaneous and HIV “superinfection” models in HEK293T cells.
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HIV-1 transduction of HEK293T cells pre-transfected with wild-type and

mutant HIV-2 CGP vectors

HEK?293T cells were passaged in order to achieve ~ 70 % confluency on the next day. Cells
were then transfected with 10 pg of HIV-2 CGP vectors carrying the wild-type, or the mutant gene
of interest using PEI in T75 flasks, and similarly to the transfection protocol, cells were incubated
and media was changed after 5-6 hours. After 30 hours incubation, transfected cells were
deattached using trypsinization. Cells were then plated in 48-well plate (70,000 cells /well), and
supplemented with 50 pl antibiotics- and serum-free DMEM containing 8 pg/ml polybrene. 30 ng
(RT-equivalent) HIV-1 pseudovirions were used to infect the cells, thereafter incubated for 24
hours, and 200 ul DMEM containing 20 % FBS, 2 % glutamine and 2 % penicillin-streptomycin
was added to the cells, followed by further incubation at 37°C, 5 % CO> for 3 days. Cells were
then mechanically scraped and suspended in 500 pl PBS containing 1 % formaldehyde. Flow
cytometry analysis was used to detect the percentage of HIV-1 positivity (mCherry) in 5,000 cells.

HIV-1 transduction of HEK293T cells transfected with Vpx

Representation of methods used to study the effect of HIV-2 vpx on the infectivity of HIV-1 is
provided in Figure 11.

Using the previously mentioned transfection protocol, HEK293T cells were transfected with 10
ug of pcDNA3.1-Vpx-NeGFP plasmid. After 30 hours incubation, Vpx-transfected cells were
seeded in 48-well plate (70,000 cells/well) and transduced with 20 ng RT-equivalent of HIV-1
pseudovirions. After 4 days incubation (at 37°C, 5% CO»), cells were mechanically scraped off,
and HIV-1 mCherry positivity was analyzed in 5,000 cells using flow cytometry.

For control experiments, non-transfected, HIV-1 transduced cells, pcDNA3.1-NeGFP vector, and
K68A-R70A functionally restricted mutant Vpx was used to transfect cells, followed by

transduction with HIV-1.
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Western blotting of of HIV-2 Vpx expressed in HEK293T cells

Western blotting was used to verify the presence of HIV-2 Vpx. HEK293T cells were
transfected with 10 ug of HIV-2 CGP, pcDNA3.1-Vpx-NeGFP or pcDNA3.1-NeGFP in T75
flasks using PEI, and incubated at 37°C, 5 % COx for 6 hours. Thereafter, the medium was changed
to DMEM containing 10 % FBS, 1 % glutamine and 1 % penicillin-streptomycin, and cells were
incubated for 30 hours. After that, the media was discarded, and cells were scraped in 5 ml ice cold
PBS. The cells were a centrifuged for 10 minutes at 152 x g at 4°C, then dissolved in 1 ml lysis
buffer (50 mM Tris-HCI, 250 mM NacCl, 0.5 % NP-40, 5 mM EDTA, 50 mM NaF, pH 7.4) and
left on ice for 30 minutes, while vortexed every 10 minutes. The cells were also disrupted by short
sonication (Branson Sonicator, 10 seconds at 40 % energy, 4°C), and the lysate was then
centrifuged for 30 minutes at 14000 x g, 4°C. Protein was detected on 14 % SDS polyacrylamide
gel from 30 pl of the supernatant (normalized to capsid level). HIV-2 Vpx monoclonal antibody
(Kappes et al., 1993) was used as a primary antibody, followed by a secondary anti-mouse IgG
(Sigma-Aldrich, St. Louis, MO, USA) to detect the presence of viral protein X. HIV-2 Vpx
Monoclonal Antibody (6D2.6) was obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: from Dr. John C. Kappes. B-actin antibody (Covalab, Villeurbanne, France)
was used as a primary antibody, followed by anti-mouse IgG, used for normalization of total

protein. Blots were detected with SuperSignal West Pico Chemiluminescent substrate (Thermo

Fisher Scientific, MA, USA).

Quantitative real-time PCR analysis of vpx transfected, HIV-1 transduced cells

Isolation of viral DNA from vpx-transfected, HIV-1 transduced cells

HEK?293T cells were pre-transfected with pcNDA3.1-Vpx-NeGFP plasmid, then transduced
with HIV-1 pseudovirions using the aforementioned protocol. For control, we used HEK293T cells

only transduced with HIV-1 virions. After 3 days incubation, medium of the cells was replaced by



4 ml ice-cold PBS and cells were scraped. After centrifugation for 10 minutes at 1500 x g, 4°C,
the pellet was suspended in 500 ul ice-cold PBS, and DNA was extracted using Qiagen Blood and
Cell culture DNA Mini Kit (Qiagen, Hilden, Germany), following the manufacturer's protocol.
Concentration of eluated DNA was measured using NanoDrop 2000 spectrophotometer (Thermo

Scientific, Massachusetts, USA).

Real-Time PCR for quantification of 2-L'TR circle junction

Real-time polymerase chain reaction of HIV-1 2-LTR circle junction was used to analyze the
change in HIV-1 infectivity (transduction efficiency) as a result of pre-transfection of cells with
HIV-2 Vpx (see Figure 11). qPCR was carried out with an initial denaturation step at 95°C for 10
minutes, followed by 45 cycles of 95°C for 1 minute, and 60°C for 1 minute (Prasad and Kalpana,
2008). pWOX-CMV-mCherry plasmid was used as a standard, as it encodes for the long terminal
repeat region. For quantification, a series ten-fold and two-fold dilution of pWOX-CMV-mCherry
corresponding to 107 to 5 copies of DNA was used as a standard. HIV-1 DNA was normalized to
the expression of PBDG (porphobilinogen deaminase) housekeeping gene using 600 nM of PBDG
forward and reverse primers. 15 pl SYBR Green Master Mix containing ROX (Thermo Scientific,
Massachusetts, USA), and 100 ng template and the same PCR cycling conditions were used as for

HIV-1 U3 LTR amplification. Sequences of primers are listed in Table 3.

Name of primers | Sequence of primers

HIV-1 U3 LTRF | 5° TGA TAT CGA GCT TGC TAC AAG GGA 3°

HIV-1 U3 LTRR | 5 AAG TAG CCT TGT GTG TGG TAG ATCC 3’

PBDG F 5’AGG GAT TCA CTC AGG CTCTITCT 3°

PBDG R 5’GCA TGT TCA AGC TCC TTG GTA A3’

Table 3. qPCR primers used for quantification of 2-LTR circle junctions. (PBDG: porphobilinogen
deaminase) (F: Forward; R: Reverse)
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Figure 11. Representation of methods used to study the effect of pre-transfection of cells with HIV-2 vpx
on HIV-1 superinfection

Detection of HIV-2 Vpx incorporation into HIV-1 pseudovirions

Schematic representation of methods used to detect the incorporation of Vpx into HIV-1 is

provided in Figure 12.

Firstly, HEK293T cells were transfected with 10 ug of pcDNA3.1-Vpx-NeGFP vector in T75
flasks using PEI. After 30 hours of incubation (37°C, 5 % CO»), the transfected cells were also
transfected with 36 ug of plasmids used for HIV-1 (psPAX>, pWOX-CMV-mCherry, and pMD.G
in 3:2:1 ratio) using the abovementioned transfection protocol (see protocol in the section of
“Production of HIV-1 and HIV-2 viral particles”). Pseudovirion-containing medium was then
collected and filtered every 24 hours for 3 days, thereafter concentrated by ultracentrifugation (100
000 x g, 2 hours, 4°C). For control experiments, pTY-EFeGFP (a lentivector-based plasmid) was
used instead of the pcDNA3.1-NeGFP plasmid in the co-transfection experiments. ELISA-based
colorimetric RT assay was used to detect the reverse transcriptase activity from the harvested

pseudovirions.
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To detect the presence of Vpx in the harvested pseudovirions, western blot analysis was
performed. Pseudovirions were lysed in pH 7.8 lysis buffer (50 mM Tris, 80 mM KCI, 25mM
DTT, 0.75 mM EDTA, 0.5 % Triton X-100) and incubated for 30 mins at room temperature. 40 pl
of the lyzed virions was loaded onto 14 % SDS polyacrylamide gel, then anti-Vpx monoclonal
antibody (Kappes et al., 1993) and anti-p24 monoclonal antibody (Chesebro et al., 1992) were
used as primary antibodies, and anti-mouse IgG (Sigma-Aldrich, St. Louis, MO, USA), was used
as a secondary antibody. Blots were detected using SuperSignal West Femto Chemiluminescent
substrate (Thermo Fisher Scientific, MA, USA) and the amount of pseudovirions was normalized
to p24 capsid. (The following reagent was obtained through the NIH AIDS Reagent Program,
Division of AIDS, NIAID, NIH: HIV-2 Vpx Monoclonal Antibody (6D2.6) from Dr. John C.
Kappes, and anti-HIV-1 p24 Monoclonal (183-H12-5C) from Dr. Bruce Chesebro and Kathy
Wehrly).

The harvested pseudoviorions were also used to transduce HEK293T cells using the previously
mentioned transduction protocol referred to in the “Transduction of HEK293T cells” section.
Fluorescence microscopy was used to detect positively transduced cells (EVOS FLoid Cell
Imaging Station).

Transfection with

Vpx-GFP construct

Transfection with HIV-1 vectors
GFP @
v I , >
Reverse Transcriptase

assay (ELISA)

mCherry
Detection of HIV-2 vpx
by Western Blot <:|

Transduction of
HEK293T cells with the
collected pseudovirions

Figure 12. Schematic representation of methods used to detect HIV-2 Vpx incorporation into HIV-1
pseudovirions.
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Experiments on THP-1 cells

Simultaneous and “superinfection” assays in THP-1 cells

THP-1 cells (ATCC Number: TIB-202) were plated for transduction in 96-well plate (5,000
cells/well) in 200 pl serum and antibiotic-free RPMI media containing 8 pug/ml polybrene. Cells
were transduced with 10 ng RT-equivalent HIV pseudovirions. The day after the transduction, cells
were complemented with 150 pl of RPMI containing 20 % FBS, and 2 % glutamine and incubated
for 3 days. For HIV-1 superinfection, cells were plated in 50 ul of serum- and antibiotic-free RPMI
media in 96-well plate, and then transduced with 10 ng of HIV-2 in the presence of 8 pug/ml
polybrene, followed by incubation for 30 hours. Cells were then superinfected with 10 ng RT-
equivalent HIV-1 virions, and supplemented with 200 ul of RPMI containing 20 % FBS and 2 %
glutamine. After 3 days incubation, FACS analysis was carried out. HIV-1 or HIV-2 mono-

infections were used as controls

Activation, transfection and transduction of THP-1 cells

50 nM phorbol 12-myristate 13-acetate (PMA) was used to activate THP-1 cells. ~ 15,000 cells
per well were plated in 48-well plate in RPMI containing only 10 % FBS. After the addition of 50
nM PMA, the cells were incubated for 2 days. Differentiation of monocytes to adherent
macrophages was detected by optical microscopy. Activated cells were transfected with 500 ng
pcDNA3.1-Vpx-NeGFP or pcDNA3.1-NeGFP (mock) vectors using Lipofectamine LTX Reagent
(Thermofisher Scientific, Massachusetts, USA), following instructions of the manufacturer, and
incubated for 30 hours at 37°C, 5 % CO.. Thereafter, the supernatant was changed to a fresh 300
ul RPMI medium, and cells were infected with 13 ng RT-equivalent of HIV-1. This was followed
by 3 days of incubation, and fluorescent cells were detected using EVOS FLoid Cell Imaging

Station and by flow cytometry.
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Studying the effect of HIV-2 Tat Y44A mutation

Experiments in HEK293T cells

Detection of HIV-2 RT and Tat by Western-blot

HEK?293T cells were transfected with HIV-2 CGP plasmid encoding for the wild-type or Y44A
mutant Tat, HIV-2-CRUSSIN-CGW, and pMD.G plasmids as described in the “Production of
HIV-1 and HIV-2 viral particles” section. As control, HEK293T cells were transfected only with

10 pg of HIV-2 CGP carrying wild-type HIV-2 tat using PEL.

To detect the presence of HIV-2 RT and Tat by Western-blot in pseudovirions, 1 ng of HIV-2
pseudovirions (normalized for p27 capsid) were suspended in lysis buffer (50 mM Tris, 80 mM
KCl, 25 mM dithiothreitol (DTT), 0.75 mM EDTA, 0.5 % Triton X-100, pH 7.8), thereafter,
incubated for 30 minutes at room temperature. 40 pl of the lysate was then loaded onto 12 % SDS
polyacrylamide gel. After blotting of the proteins onto nitrocellulose membrane, the membrane
was incubated either with Tat antiserum (Echetebu and Rice, 1993), anti-HIV-2 RT (Klutch et al.,
1993), or anti-p24 monoclonal primary antibodies, followed by the use of secondary anti-rabbit
IgG (BioRad, Hercules, CA, USA) for anti-Tat, and anti-RT antibodies and anti-mouse IgG; for
anti-p24 monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA). SuperSignal West Pico
Chemiluminescent substrate (Thermo Fisher Scientific, MA, USA) was used to detect the bands.
(The following reagent was obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH: antiserum to HIV-2 Tat (466) from Dr. Bryan Cullen; and anti-HIV-2 ROD RT

Polyclonal (Antigen 2) from Dr. Judith Levin).

To detect intracellularly expressed RT and Tat, HEK293T cells were transfected with 10 pg of
HIV-2 CGP plasmid coding for either the wild-type or Y44A mutant HIV-2 Tat. 24 and 72 hours
after transfection, transfected cells were mechanically scrapped in 5 ml ice cold PBS, then

centrifuged for 10 minutes at 152 x g, and the pellet was suspended in 1 ml ice cold PBS. After a
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brief sonication (Branson Sonicator, 3x2 minutes, 4°C), the cell lysate was centrifuged for 30
minutes (13,500 x g, 4°C). 30 ul of the supernatant (normalized to B-actin) was then loaded onto
10 % SDS polyacrylamide gel. HIV-2 Tat antiserum or anti-HIV-2 RT primary antibodies were
used, followed by the use of secondary anti-rabbit IgG, and the SuperSignal West Pico

Chemiluminescent substrate was used for detection.

Proximity Ligation assay (PLA)

For PLA assay, HEK293T cells were plated on polylysine pre-coated 8-well ibidi chambers
(30,000 cells/well) (Ibidi GmbH, Grifelfing, Germany) in 300 ul DMEM supplemented with 10
% FBS, 1 % penicillin-streptomycin and 1 % glutamine. At ~50 % confluency, cells were
transduced with 2 ng (normalized for p27) of wild-type and Y44A Tat mutant HIV-2
pseudovirions, in 200 pl serum- and antibiotic-free media, supplemented with 8 pg/ml polybrene.
Cells were incubated for 1 hour (37°C, 5 % COx), then the supernatant was discarded and the cells
were washed with 100 pl PBS, and fixed with 8 % formaldehyde (Thermo Fisher MA, USA) for
30 minutes at room temperature. Cells were then washed twice with 100 pl PBS, and
permeabilized with PBS containing 0.5% Triton-X 100 for 10 minutes at room temperature. The
PLA protocol was performed according to the manufacturer’s recommendations (Duolink ™ PLA
Kit (Sigma-Aldrich, St. Louis, MO, USA) using anti-Vpx and anti-Tat antibodies in 1:100
dilutions. Interaction was detected by fluorescence microscopy using EVOS FLoid Cell Imaging

Station.

Experiments in GHOST cells

Production of viral particles for transduction of GHOST cells

In regards to experiments on GHOST(3) parental cells (cat nb.: 3679) (Mdrner et al., 1999)
GHOST(3) Parental Cells (3679) were obtained through the NIH AIDS Reagent Program, Division

of AIDS, NIAID, NIH: from Dr. Vineet N. Kewalramani and Dr. Dan R. Littman). We used HIV-
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2 CGP as an expression vector, HIV-2-CRUSSIN-WPRE as a transduction vector, instead of HIV-
2-CRUSSIN-CGW, and pMD.G. Pseudovirion production was performed using a slightly
modified protocol: HIV-2 CGP, HIV-2-CRUSSIN-WPRE, and pMD.G plasmids were used in a
1:1:1 ratio. Preparation of HEK293T cells, collection of supernatant, virus concentration and
detection of RT and capsid concentration was performed as described in the “Production of HIV-

1 and HIV-2 viral particles” section.

Transduction of GHOST cells

GHOST cells were seeded in a 12-well plate (100,000 cells / well) in 1 ml DMEM supplemented
with 7.5 % FBS, 1 % glutamine and 1 % penicillin-streptomycin the day before transduction. On
the next day, the indicator cells were transduced with 5 ng (normalized for p27) HIV-2 virus in 1
ml serum- and antibiotic-free DMEM, augmented with 2 pg/ml polybrene, and incubated at 37°C,
5 % COx for 2 hours, thereafter, 500 ul of DMEM containing 7.5 % FBS, 1 % glutamine, 1 %
penicillin-streptomycin was added to the cells, followed by incubation at 37°C, 5 % CO; for 3
days. The medium was then removed and the cells were mechanically detached and suspended in
200 ul PBS. After short centrifugation (152 x g, 5 min), the PBS was changed to 500 ul PBS
containing 1 % formaldehyde. To quantify the percentage of LTR-induced GFP positive cells,
FACS analysis was performed (FACSCalibur, BD Biosciences, Singapore). Protocol of GHOST

cell transduction was adopted and modified from Vodros and Fenyo (Vodros and Fenyo 2005).

Dot Blotting

1 ng (normalized for HIV-2 capsid) pseudovirions carrying wild-type or mutant (Y44A or
Y55A) Tat were lyzed using the following lysis buffer: 50 mM Tris, 80 mM KCI, 25mM DTT,
0.75 mM EDTA, 0.5 % Triton X-100, pH 7.8; and incubated for 30 minutes at room temperature.
20 pl of the lysed pseudoviruses were loaded onto nitrocellulose membrane and detected using

HIV-2 Tat anti-serum as a primary antibody, followed by the use of secondary anti-mouse IgG.
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SuperSignal West Femto Chemiluminescent substrate (Thermo Fisher Scientific, MA, USA) was
used to detect the blots.

Dot-blotting of the cell lysate was performed as follows: GHOST(3) indicator cells were
transduced with 5 ng (normalized for p27) of wild-type or Y44A / Y55A mutant Tat HIV-2
pseudovirions, as mentioned above. After 3 days incubation, the medium was discarded, and cells
were mechanically scraped in 3 ml of ice-cold PBS. Cells were then centrifuged for 6 minutes at
152 x g, and the pellet was dissolved in 500 pl lysis buffer (50 mM Tris-HCI, 250 mM NaCl, 0.5
% NP-40, 5 mM EDTA, 50 mM NaF, pH 7.4). and incubated on ice for 30 mins, while vortexed
in every 10 minutes. Cells were then disrupted with sonication and centrifuged in the same
conditions mentioned previously. 20 pl of supernatant was loaded onto nitrocellulose membrane.
HIV-2 Tat anti-serum (Echetebu and Rice ,1993), followed by secondary anti-rabbit IgG (BioRad,
Hercules, CA, USA) were used to detect HIV-2 Tat in the cell lysate. B-actin was used as a control
(primary antibody: B-actin antibody (Covalab, Villeurbanne, France) and secondary anti-rabbit
IgG). SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher Scientific, MA, USA)

was used to detect the dot blots.

Quantification of HIV-2 DNA in Whole Blood

DNA extraction from PM1, U1 cells and Whole Blood

DNA was extracted from 5 x 10 PM1 cells (modified CD4+ T-cell clone) (Lusso et al., 1995)
and 5 x 10° U1 cells (subclones of U937 chronically HIV-1 infected cells) (Folks et al., 1987) using
Qiagen QIAamp DNA Mini Kit according to the manufacturer’s instructions. U1 cells were used
as control to detect the specificity to HIV-2. Viral DNA was extracted from 200 ul of whole blood
in the presence of 5 pg carrier RNA to increase the effiency of extraction using Qiagen QIAamp

Blood DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instruction.
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Preparation of HIV-2 standard for Real-Time PCR

Firstly, RNA was extracted from 1.44 x 10! RNA-copies/ml of electron microscopy-counted
HIV-2 particles using Qiagen miRNeasy micro Kit according to the manufacturer’s instructions
with minor modifications: extraction was performed in the presence of 5 pul carrier RNA (1 pg/ ul)
(Qiagen, Hilden, Germany), increased volume of chloroform (200 pl), and the RNA was eluted in

30 ul of RNase-free water.

Secondly, cDNA synthesis was performed using SuperScript III One-Step RT-PCR System
(Thermo Fisher Scientific, MA, USA) and Platinum Taq DNA polymerase (Thermo Fisher
Scientific, MA, USA). Reactions were prepared in 25 pl solution containing: 2x reverse
transcription buffer (0.4 mM of each dNTP, 3.2 mM MgSOs), 1 ul of eluted total RNA (5,000
copies/pl), 100 ng forward and reverse primers (Forward Primer BEN 740F and BEN 1640R
reverse primer) (100 ng/ul), 1 ul SuperScript™ IIT One-Step RT-PCR System with Platinum™
Taq DNA Polymerase (Thermo Fisher Scientific, MA, USA), and RNase/DNase—free sterile
water up to the final volume. RT-PCR was carried out with an initial cDNA synthesis step for 30
min at 50 °C, followed by initial denaturation for 2 min at 94 °C, 35 cycles of 15 s at 94 °C, 30 s
at 50 °C, 45 s at 68 °C, and a final elongation step for 5 min at 68 °C. PCR protocol of Damond et
al. (2002) was used for HIV-2 qPCR with minor modifications. Product was visualized on 1%
agarose gels stained with Gel Red, and was purified using QIAquick PCR purification Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instruction; concentration was then verified

using NanoDrop ND-1000 spectrophotometer.

Preparation of PBDG standard for Real-Time PCR
PBDG fragment was amplified using two steps PCR (an outer and a nested PCR). The reaction
was prepared in 25 pl solution. For outer PCR, the reaction contained 10 ng eluted DNA of PM1

cells, 0.125 pl Dream Taq DNA polymerase (5 U/ul), 5 mM dNTP mix and 100 ng primers (PBGD-
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CF1 and PBGD-CR2). For nested PCR, the reaction contained 1 ul of outer PCR product, 0.125
pl Dream Taq DNA polymerase (5 U/ul), 5 mM dNTP mix and 100 ng primers (PBGD-CF1 and
PBGD-CR1). Products were visualized on 1% agarose gels stained with Gel Red. Nested and outer
PCRs were carried out with an initial denaturation of 2 min at 94 °C followed by 35 cycles of 30 s
at 94 °C, 30 s at 55 °C, 45 s at 72 °C and a final elongation step for 5 min at 72 °C. PCR product
was purified using QIAquick PCR purification Kit according to the manufacturer’s instruction,
then quantified using NanoDrop ND-1000 spectrophotometer. Sequences of primers for HIV-2

and PBDG standards are listed in Table 4.

Relative
HIV primers used for standard preparation position of
HIV-2
Name Sequence of primers bp Start End
BEN 740F | 5°-GTG TTC CCA TCT CTC CTA GTC-3’ 20 740 760

BEN 791F | 5’-AAC AAG ACC CTG GTC TGT TAG-3’ 20 791 811
BEN 1640R | 5’-GAT TTC AGG CAC TCT CAG AAG-¥’ 20 1620 1640

Relative
PBDG primers used for standard preparation position of
PBDG
Name Sequence of primers bp Start End

PBDG-CF1 | 5’-TGC TCC CAG TTC TGA AGGTGCT-3* |22 4891 4913
PBDG-CR1 | 5’-AGG CTC CAC CAC TGA AGT AGA G-3° | 22 5645 5666
PBDG-CR2 | 5’-ACT GCC CTA GGCTCC ACCACT G-3° |22 5638 5659

Table 4. Primers used for HIV and PBDG standard preparation. HIV-2 BEN was used as a
reference strain (GenBank accession number M30502), PBDG (porphobilinogen deaminase) was
used a host gene for normalization (GenBank accession number M95623). (Bp: base pair; F:
Forward; R: Reverse)

Quantitative real-time PCR analysis for detection of HIV-2 DNA

Reactions were prepared in 30 pl solution containing: 15 pl Thermo Fisher Maxima probe qPCR
Master Mix (Thermo Fisher Scientific, MA, USA), 4 uM of probe, 100 ng/ul of each primer
(Damond et al., 2002) and 8 pl of template DNA (concentration ranging between 800-1000 ng).
Sequences of primers and probes were obtained from Damond et al. (Damond et al., 2002).
Reactions were also prepared in the presence of 1 pg PM-1 cell’s DNA in the same conditions as

mentioned above. qPCR was carried out with an initial denaturation step at 95°C for 10 minutes,
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followed by 40 cycles of 95°C for 15 seconds, 60°C for 30 seconds and extension at 72 °C for 30
seconds. For quantification, a series of ten-fold and two-fold dilution of the HIV-2 gag fragment
corresponding to 10°to 1 copies DNA was used as a standard (see Figure 13).

HIV-2 DNA was normalized to the expression of PBDG housekeeping gene using 2 uM of
probe, 50 ng/ul primers (sequences have been obtained from Mbisa et al. (2009)), 12.5 ul Thermo
Fisher Maxima probe qPCR Master Mix, and 3 pl of template DNA (extracted DNA of uninfected
and infected individuals). For quantification, a series of ten-fold of the PBDG fragment
corresponding to 10°to 100 DNA copies was generated. The same PCR cycling conditions were
used as mentioned previously for HIV-2 gag fragment.

HIV-2 DNA concentrations were firstly calculated as HIV-2 DNA copies/pl obtained from the
gqPCR reaction. Copy number of HIV-2 DNA was then normalized to PBDG. Finally, the results
were reported as the number of copies/10° cells, using the following formula: (HIV-2 DNA copies
per ul)/(PBDG copies per pul/2 chromosomes per cell) x 10° cells = HIV-2 DNA copies per 10°
cells. Limit of detection (LOD) and limit of quantification (LOQ) were calculated using a formula

described by Schwarz et al. (2004).
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Water 45 451 454 45 45 45l 45 45 25l 451 451 45
Final 50 ul 50 pl 50 50 pl 50 pl 50 pl 50 pl 50 pl 50 pl 50l 50 pl 50 pl
volume

Dilution  10fold  10fold  10fold 10fold 10fold  10fold  10fold  10fold  2fold 10fold  10fold 10 fold

Inputin =~ -=me — —— 108 10° 104 10° 102 e 10 5 1
qPCR(in
10 )

Figure 13. Schematic representation of the serial dilution of HIV-2 standard. Serial dilution of standard was
prepared in 1.5 ml Eppendorf tubes by pipetting 5 pl from 10° ‘stock’ to 108 copies/pl tube and adding 45 pl
water. Yellow highlight indicates dilutions used to prepare the HIV-2 standard curve.
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Ethical approval of HIV-2 DNA quantification from patient samples

Quantification of HIV-2 DNA was approved by the ethical committees of the National Health
Ethics Committee in Guinea-Bissau (Ref 038/CNES/INASA/2016) and the Regional Ethical
Review Board, Lund University, Sweden (Dnr 2016/426). All participants had received
information about the study before inclusion, and provided oral and written informed consent. To

ensure confidentiality, all study data were managed under code.

Analysis of the association between CD4" T-cell level and HIV-2 evolutionary rate
Population study of cohort in Guinea-Bissau

Samples were collected from a large cohort of police officers in Guinea-Bissau by members of
the SWEGUB CORE group. The cohort was started in 1990 and continued until 2011 (Mansson
et al., 2009) (Norrgren et al., 1995) (Esbjornsson et al., 2012). Plasma samples were collected from
selected individuals in 2013 as well. The cohort included 438 seroincident HIV-2 infected
individuals. 83 members of the cohort had an estimated date of infection. It is worth mentioning
that due to low viral RNA levels in HIV-2 infection, amplification of viral RNA was only
successful in a few samples.

V1-C3 region of HIV-2 env was amplified from 53 samples collected from 16 individuals of a
cohort of police officers in Guinea-Bissau (Mansson et al., 2009) (Norrgen et al., 1995).
Median observation time of 16 participants was 19,2 years (interquartile range [IQR]: 15.0-20.8);
median time between the first and last amplified sequence of participants was 7.9 years (IQR: 5.2-
14.0).

Information of samples and individuals are presented in in Table 5, whereas AIDS have been

defined by WHO stage 4 and CDC stage C (Hare, 2006) (Anonymous, 1999).
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Individual Date of Observation Sample date Visit AIDS' ART' Clones*
infection time(months) no”

26-Tun- 2001-10-20 v N N 11
DL3405 1999, 188 2004-06-26 \Y N N 8
2008-10-07 VII N N 9
1994-11-07 11 N N 9
- W ol 2013-09-25 X Y N 8
1996-02-12 v N N 7
1997-09-26 \Y N N 5
DL2051 NA 252 2002-07-31 VI N N 11
2006-11-28 X N N 5
2009-10-07 X N N 2
1995-12-28 v N N 6
DL2876 NA 174 1996-12-19 \% N N 6
2000-08-23 VII N N 9
02-Jul- 1998-02-04 11T N N 7
DL3654 1997 238 2013-09-27 1X N N 7
1991-04-19 1 N N 10
2001-12-04 \Y N N 7
IDLPREE Ll AU 2002-07-24 VI N N 4
2006-11-14 VII N N 12
2001-10-21 X N N 10
DL2316 NA 149 2002-07-22 X Y N 7
12-Jun- 1993-11-10 11 N N 10
DL2794 2000 154 1996-04-08 v N N 7
2004-06-26 VIII Y N 5
2004-12-08 v N N 12
2008-09-18 \Y N N 5
DL3941 NA 226 2010-03-10 VI N N 8
2013-09-23 VII Y N 6
2003-03-13 VIII N N 7
DL2381 NA 278 2004-06-10 IX N N 11
2009-09-28 X1 N N 12
2002-07-16 v N N 9
2003-11-14 \Y N N 12
DL2335 NA 278 2004-11-05 VI N N 12
2007-10-11 VII N N 7
2009-09-29 VIII Y N 2
2001-06-25 v N N 9
DL3647 NA 196 2006-11-11 VII Y N 5
2010-03-19 VIII Y N 7
1996-04-08 11 N N 9
2006-11-10 VII N N 6
DL3646 NA 238 2008-10-04 VIII N N 9
2009-10-19 X N N 10
2010-05-11 X N Y 6
18-May- 1997-02-06 v N N 9
WLLsply) 1994 s 2001-07-26 \ N N 11
2007-10-24 v N N 7
10-Jul- 2009-03-30 \Y N N 8
DL3740 2004 236 2009-10-23 VI N N 4
2013-09-16 VII N Y 9
29-Jul- 2008-10-16 VI N N 5
DL2386 1995 278 2010-02-19 VII N N 6
2013-09-26 VIII N N 4

Table 5. Characteristics of participants with successfully amplified HIV-2 env gene.

*
Visit number are indicated in roman numerals; TSamples collected after patients developed AIDS or initiated
antiretroviral therapy (ART)(N=no, Y=yes). AIDS was interpreted by WHO stage 4, when CD4+ T cell count

is <200 cells/ul and/ or CD4% < 14%.IThe number of clones from each sample.
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Amplification and sequencing of V1-C3 region of HIV-2 env

HIV-2 RNA was extracted from plasma samples using Qiagen miRNeasy micro kit according
to the manufacturer’s instructions. Extraction and sequencing was performed by members of the
Department of Laboratory Medicine, University of Lund. Viral RNA was extracted from 200 pl of
plasma in the presence of 15 ug carrier RNA.

cDNA synthesis was performed from extracted RNA using SuperScript III One-Step RT-PCR
System and Platinum Taq DNA polymerase, KH2 OF, and TH2 OR primer pairs. This was
followed by a semi-nested PCR using Platinum Taq High Fidelity, KH2 OF, and KH2 OR
primer pairs (MacNeil et al., 2007) (Barroso and Taveira, 2005). Sequences of primers are shown
in Table 6.

One-step and nested-PCRs were carried out with an initial cDNA synthesis step for 30 min at
50 °C, followed by initial denaturation for 2 min at 94 °C, 40 cycles of 15 s at 94 °C, 30 s at 50
°C, 60 s at 68 °C, and a final elongation step for 5 min at 68 °C.

Amplified fragments were cloned into pCR2.1 TOPO cloning system, and then 12 individual
clones were picked for subsequent sequencing.
HIV-2 V1-C3 region of env sequences were edited using CodonCode Aligner v1.5.2 and MEGAS

using the Clustal algorithm (Tamura et al., 2011).

HIV primers used for HIV-2 two-step PCR

Name Sequence of primers bp
KH2 OF g ,-GAG ACA TCA ATA AAA CCA TGT GTC - 24
TH2 OR | 5'-TTC TGC CAC CTC TGC ACT AAA GG-3’ 23
KH2 OR | 5"-ACC CAA TTG AGG AAC CAA GTC A-3’ 22

Table 6. Primers used for amplification of HIV-2 env. HIV-2 BEN was used as a reference strain (GenBank
accession number M30502), (Bp: base pair; F: Forward; R: Reverse)
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Survival and phylogenetic analysis

Survival and phylogenetic analyses were performed by members of the Department of
Laboratory Medicine, University of Lund. Kaplan-Meier analyses were performed for AIDS
progression time, and log rank test was used for statistical comparisons.

To determine the non-significant interactions between covariates, Cox proportional-hazards
model was used. PHI test was used to identify intra-patient recombinants (Bruen et al., 2006), then
Maximum-likelihood (ML) phylogenetic trees were used to reconstruct the inferred model using
Garli v2.0 (Zwick).

Internal branches were identified by Maximum-likelihood-based approximate likelihood ratio
test (aLRT) Shimodaira-Hasegawa (SH)-like branch support, in PhyML 3.0, where SH-values of
> 0.9 were significant (Guindon et al., 2010) (Anisimova et al., 2011). Subtype analysis was
performed using reference sequences from Los Alamos database and Clustal algorithm (Tamura

et al., 2011), then phylogenetic analysis was performed.

Evolutionary rate analysis of HIV-2 envelope

Evolutionary rate analyses were performed by members of the Department of Laboratory
Medicine, University of Lund. BEAST v1.7.5 was used to reconstruct time-measured and Bayesian
rooted phylogenetic trees. All analyses were performed by Markov Chain Monte Carlo (MCMC)
50x10° generations with sampling every 2500-5000 generation, and effective sample sizes >100
and inspection of traces, as assessed in Tracer v1.6 (available from

http://beast.bio.ed.ac.uk/software/tracer/), For every participant, two different clock models were

used to estimate the nucleotide substitutions (uncorrelated lognormal relaxed and strict clock), and
two different demographic models were also used for substitutions: Bayesian skyline plot and

constant size.

To estimate the rate of substitutions, the Hasegawa, Kishino and Yano (HKY) substitution
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model was used (Hasegawa et al., 1985), and exploratory analyses were performed by single
analysis of 50x10° MCMC generations. Results of duplicate analyses were combined in
LogCombiner v1.7.5 (Drummond and Rambaut, 2007). Nucleotide (HKY) and codon (GY9%4
codon model) substitution rates were estimated for V1-C3 regions of HIV-2 env (Hasegawa et al.,
1985) (Goldman and Yang, 1994). BEAST v1.7.5: hierarchical phylogenetic model (HPM) was
used to compare the evolutionary rate between slow and fast disease progressors (Drummond and
Rambaut, 2007) (Edo-Matas et al., 2011), and Bayes Factors (BFs) >3 were considered as a

significant association (Kass and Rafter, 1995).

Absolute rates and divergence plots

The indicator of selection and molecular adaption is the ratio of nonsynonymous and
synonymous rates (dN/dS rate ratio), which cannot be used to detect the simultaneous increases
and decreases (Seo et al., 2004), thus, every branch in the tree of the substitution rate needs to be
differed into expected nonsynonymous (E[N]) and synonymous (E[S]) substitution rates (Lemey
et al., 2007). Analysis of expected nonsynonymous (E[N]) and synonymous (E[S]) substitutions
and divergence plots were performed by members of the Department of Laboratory Medicine,
University of Lund, based on publication of Lemey et al. (Lemey et al., 2007). For each individual,
200 random trees generated by HPM analysis were used to define the [N] and E[S] rates in HyPy

2.2.0 (Pond et al., 2005).

Analysis of selected sites of HIV-2 env

BEAST v1.8.1 (Drummond and Rambaut, 2007) was used to approximate the ratio of
nonsynonymous (E[N]) and synonymous (E[S]) substitution at each codon, and identify the
differences under positive and negative selection (Lemey et al., 2012), when dN/dS is equal to 1,
there is a neutral selection, when the ration is >1 it suggests positive, when is it less then 1 it

suggest a negative selection. The analysis was performed by Patrik Medstrand and his coworkers.
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Analysis was carried out using strict clock model with HKY nucleotide substitution model
(Hasegawa et al., 1985) and constant population size model.

Conservation analysis of HIV-2/SIVsmm envelope

For conservation analysis, reference sequences of HIV-2 and SIVsm env (N=61 and N=54)
were downloaded from Los Alamos database, and Clustal algorithm was used for alignment. When
amino acid positions showed 100 % identity, it was considered as conserved amino acid in HIV-2
and SIVsm env as well.

Surface accessibility of envelope protein

To quantify solvent-accessibility surface area of the HIV-2 gp125 (PBD ID:5cay), DSSP
running web server was used (http://www.cmbi.ru.nl/xssp/) (Touw et al., 2015). Relative solvent
accessibility (RSA) was calculated as described by Tien et al (Tien et al 2013). Residues were
considered to be exposed on the surface when residues of RSA of >5% (Miller et al., 1987). HIV-
2 envelope protein (PBD ID: Scay) was used to visualize the surface exposed positively selected

amino acids, by Chimera programe (https://www.cgl.ucsf.edu/chimera/).

Statistical analysis

One-way ANOVA analysis was performed to compare RT activities, transduction efficiencies
and LTR-induced GFP positivity of wild-type and Tat mutant HIV-2 transduced GHOST cells,
using GraphPad Prism 7.0.

For analysis of dual infection experiments: statistical analysis using One-way ANOVA analysis
of variance for independent samples were used to show the difference of HIV-1 infectivity when
a wild-type or mutant HIV-2 CGP vector, and when wild type or mutant Vpx coding pcDNA3.1-
Vpx-NeGFP vector was used.

Regarding the phylogenetic analysis: IBM SPSS Statistics 21 was sued to perform statistical
analyses for cohort study: two-tailed Mann-Whitney U test, two-tailed Fisher’s Exact Test,
Friedman’s test for compare multiple groups and Spearman’s rho for correlation analyses.

Bonferroni corrected Wilcoxon signed rank test was performed after significant Friedman’s tests.
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RESULTS

Inhibitory effects of HIV-2 Vpx on the replication of HIV-1

Simultaneous or pre-transduction of cells with HIV-2 decreases the transduction efficiency
of HIV-1 in HEK293T cells
Transfection and transduction efficiency of HIV-1 and HIV-2 vectors and pseudovirions was
first optimized. Viral titers were determined by colorimetric reverse-transcriptase (RT) assay, and
ranged from 1-3 ng RT / pl. Transduction efficiency of 10 ng RT-equivalent HIV in HEK293T
cells ranged between 15-25 % for HIV-2 and 25-40% for HIV-1 (Figure 14 A and B). In the case
of fluorescence transduction experiments, HIV-1 related fluorescency was significantly decreased
by more than 60%, compared to HIV-1 mono-infected cells (P-value = 0.001), while HIV-2 related
fluorescent signal did not change significantly (P-value = 0.7) (Figure 14 C-E and Figure 15 A).
When HIV-2 transduced HEK293T cells were superinfected with HIV-1, the HIV-1 related
fluorescent signal decreased by more than 80 % (P-value < 0.01).This is indicating a protective
nature of HIV-2 againts HIV-1 “superinfection” (Figure 15 B). To exclude that the observed
difference is due to interference between the fluorescent proteins encoded by the pseudovirions,
we carried out concominant dual transduction experiments, using HIV-1 virions coding for
mCherry and GFP proteins. No significant difference was observed in the fluorescence signal of

mCherry (Figure 15 C).
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A. B v c.
D E

Fig 14. Analysis of transduction efficiency. Fluorescence microscopy was used to detect cells positively infected
with HIV-1 (mCherry) and HIV-2 (GFP). A: Cells transduced with HIV-1, B: cells transduced with HIV-2, C:
Simultaneous HIV-D (HIV-1), D: Simultaneous HIV-D (HIV-2) and E: an overlay of mCherry and GFP fluorescence
in HIV-D.
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Figure 15. Analysis of HIV-1 and HIV-2 dual “infections”. HIV-1 (mCherry) and HIV-2 (GFP) related
fluorescent signals were affirmed by flow cytometry. A: Simultaneous transduction: HIV-1 fluorescence
decreased by 60% (*** P-value = 0.001), while that of HIV-2 remained unaltered (P-value = 0.7). B: HIV-1
“superinfection”: 80% decrease of mCherry fluorescence in HIV-1 positive cells (¥* P-value < 0.01). C: Effect
of Fluorescent proteins on dual transduction, when dual “infection” was repeated using only HIV-1
pseudovirions, where one encodes mCherry, and the other coding for GFP. Results show the positivity of
mCherry detected after simultaneous dual transduction (P-value= 0.18), and supertransduction (P-value=0.36).
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HIV-2 Vpx protects cells against “superinfection” with HIV-1

Based on the findings of dual transduction experiments, we aimed to determine which HIV-2
protein plays a role in the inhibitory mechanism of HIV-2 against HIV-1 “superinfection”.
HEK?293T cells were transfected with CGP plasmid carrying defective HIV-2 genes, and the cells
were “superinfected” with HIV-1 pseudovirions. A CGP vector coding for an active-site mutant
HIV-2 protease was used to study the effect of the lack of Gag and Gag-Pro-Pol processing effect
on HIV-2 induced inhibition of HIV-1.

Following transfection of cells with HIV-2 CGP vector coding for a defective protease, Rev,
Tat, Vpr and Vif, HIV-1 transduction efficiency decreased by 40 %, 30 %, 51 %, 36 % and 45 %,
respectively (Figure 16). The decrease in HIV-1 “infectivity” was comparable to that observed
when HEK293T cells were pre-transfected with the wild-type CGP plasmid. This was statistically
proven using One-Way analysis of variance of independent samples (P-values = 0.02-0.04). HIV-
1 “infectivity” was not altered when cells were pre-transfected with the control HIV-2-CRUS5SIN-
WPRE vector; a minimal HIV-2 vector with GFP expression cassette lacking viral enzymes and
regulatory and accessory genes. However, when cells were first transfected with HIV-2 CGP
vector encoding a functionally restricted Vpx, HIV-1 “infectivity” was restored (* P-value <0.05),
reaching levels similar to those obtained in mock-transfected cells (P-value = 0.32). These findings
suggest that the presence of an active Vpx may be involved in the inhibition of superinfection by

HIV-1.
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Figure 16. HIV-1 transduction of HEK293T cells pre-transfected with mutant HIV-2 protease/ regulatory
(tat and rev) / accessory (vif, vpx, vpr) genes. HEK293T cells were transfected with CGP (HIV-2 based vector)
carrying defective accessory/regulatory/ protease, followed by transduction with 15 ng HIV-1 (RT-equivalent).
Results show percentage of HIV-1-infected cells from triple measurements. (ns: non-significant) (* P-value <
0.05).

HIV-1 transduction of GFP-Vpx expressing cells

Based on the previous findings, HEK293T cells were transfected with pcDNA3.1 vector coding
for HIV-2 Vpx in fusion with Green fluorescent protein (GFP) (pcDNA3.1-Vpx-NeGFP), followed
by transduction with HIV-1. The sequence of the encoded vpx gene is identical to that found in the
wild-type HIV-2 CGP vector. A mock vector was designed by restriction of the vpx coding
sequence from the pcDNA3.1 plasmid using Kpnl and Xbal restriction endonucleases.
Transfection efficiency of pcDNA3.1-Vpx-NeGFP and the mock vector was measured by flow
cytometry, and was found to be > 90 %. In the presence of HIV-2 Vpx, HIV-1 infectivity
(transduction efficiency) was reduced by more than 80 % compared to the control transduction
(Figure 17 A). Furthermore, HIV-1 transduction of HEK293T cells pre-transfected with a
functionally restricted (K68A-R70A) mutant Vpx did not resulted in reduction of HIV-1
transduction efficiency (see Figure 17 B). Western blotting was used to detect the intracellular

expression of Vpx following transfection with pcDNA3.1-Vpx-NeGFP and HIV-2 CGP vectors
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(see Figure 17 C). These results indicate that HIV-2 Vpx plays a crucial role in the inhibition of

HIV-1’s replication.
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Figure 17. Transduction analysis in HEK293T cells. A: Western blotting of HIV-2 Vpx. Estimated molecular
weight of HIV-2 Vpx was found to be ~ 13 kDa. Cells transfected with vectors coding for HIV-2 Vpx were lysed, and
an anti-Vpx monoclonal antibody was used to detect expression of the protein. Mock vector used was a pcDNA3.1-
NeGFP vector devoid of HIV-2 vpx. B: HIV-1 transduction of Vpx-transfected cells. Cells were first transfected with
HIV-2 Vpx-GFP fusion protein followed by transduction with HIV-1. Results show percentage of positive HIV-1 cells
from triplicate measurements (*** P-value < 0.001). As a mock transfection, cells were transfected with pcDNA3.1-
NeGFP plasmid devoid of the vpx gene. C: HIV-1 transduction of K68A-R70A mutant Vpx-transfected cells. Cells
were first transfected with a vector coding for a functionally restricted Vpx, thereafter transduced with HIV-1
pseudovirions. Results show that a functionally restricted Vpx did not alter infectivity of HIV-1. Percentage of

fluorescence was adjusted to allow for comparison with HIV-1 transduction of native cells.

Effect of Vpx on the replication of HIV-1

To characterize the inhibitory effect of HIV-2 Vpx on HIV-1, we performed qPCR of HIV-1 2-
LTR junctions from isolated DNA. When HEK293T cells were first pre-transfected with a Vpx-
GFP coding plasmid, followed by transduction with HIV-1 pseudovirions, the copy number of 2-
LTR circle junctions were reduced by > 40 % (P-value < 0.01) (Figure 18). Furthermore, p24
capsid production and RT-activity were hampered (Figure 19 A and B). pTY-EFeGFP lentiviral

vector was used as a control vector (see Figure 19 C).
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Figure 18. qPCR analysis Vpx transfected and HIV-1 transduced cells. 2-LTR circle junctions were
decreased by more then 40% in the presence of Vpx (** P-value < 0.01), compared to HIV-1 transduced
HEK293T cells. Results show 2 LTR circle quantity from triplicate measurements.
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Figure 19. HIV-1 and Vpx co-transfection experiments. A: Quantification of HIV-1 p24 production. When HIV-1
pseudovirions were produced in the presence of wild-type Vpx, level of p24 capsid was significantly decreased
compared to HIV-1 control virus production. (*** P-value <0.001). In the presence of functionally restricted K68A-
R70A Vpx mutant and mock plasmid pTY-EFeGFP, amount of p24 protein level did not change significantly. B: HIV-
1 RT activity was also decreased in the presence of Vpx (** P-value < 0.01). C: pTY-EFeGFP vector was used in our
control experiments, and RT activity of harvested virions were significantly changed in the presence of wild-type Vpx
compared to mock vector co-transfected virions (* P-value < 0.05).

Vpx-GFP incorporation into HIV-1 pseudovirions
We studied whether or not Vpx-GFP is incorporated into HIV-1 pseudovirions. For this, HIV-
1 pseudovirions were produced and collected from cells pre-transfected with a plasmid coding for

Vpx-GFP. Western blotting was used to detect the presence of the 37 kDa Vpx-GFP fusion protein
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from lyzed pseudovirions, and p24 capsid was used for normalization (Figure 20 A). The harvested
virions were used to transduce HEK293T cells, and the presence of Vpx-GFP was confirmed using

a fluorescent microscope (see Figure 20 B).
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Figure 20. Vpx incorporation into HIV-1 pseudovirions A: Western blotting of HIV-1 virions produced in
Vpx-transfected HEK293T cells. Anti-Vpx antibody was used to detect the approximately 37 kDa sized Vpx-
GFP fusion protein from lysed pseudovirions and anti- HIV-1 p24 antibody was used as a control. B: These
previously mentioned virions were used to transduce HEK293T cells, and then infection related fluorescency
was detected by using fluorescence microscopy. Yellow arrowheads indicate the presence of Vpx-GFP protein.

Experiments on THP-1 cells

Protocols were optimized for transduction of THP-1 cells by HIV-1 and HIV-2 pseudovirions.
Transduction efficiency of HIV-2 was higher compared to that of HIV-1 (less then 5 % for HIV-
1). This decreased efficiency of HIV-1 transduction is attributed to the presence of a cellular
restriction factor, SAMHDI1 in cells of monocytic lineage (Uhlen et al., 2015). When THP-1 cells
were transduced with both HIV-1 and 2 pseudovirions concomitantly, or when HIV-I1
“superinfection” followed pre-transduction with HIV-2, the transduction efficiency of HIV-1 did
not change significantly (Figure 21 A). To minimize the interaction between Vpx and SAMHDI,
THP-1 cells were activated and differentiated into macrophages using phorbol 12-myristate 13-
acetate (PMA). This was then followed by transfection with the pcDNA3.1-Vpx-NeGFP plasmid
encoding for the Vpx-GFP fusion protein. Transfection efficiency was confirmed by flow
cytometry and fluoresce microscopy, and resulted in 15-20 % fluoresence. It is worth mentioning

that when THP-1 cells were first pre-transfected with Vpx-GFP, and then transduced by HIV-1;
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HIV-1-related mCherry fluorescence was restored, indicating increased transduction efficiency,
which may be the result of proteosomal degradation of SAMHDI1 by Vpx (Figure 22 D).

In activated THP-1 cells, similarly to results obtained in HEK293T cells, pre-transfection with
wild-type Vpx decreased the transduction efficiency of HIV-1 (* P-value < 0.05) (Figure 21 B).
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Figure 21. Transduction of THP-1 cells. A: Simultaneous and HIV-1 “superinfection” in undifferentiated THP-
1 cell line. No significant reduction was observed in the transduction efficiency of HIV-1 in either the dual or
sequential transductions. B: HIV-1 transduction of Vpx pre-transfected differentiated THP-1 cells. When HIV-1
transduction was performed on Vpx-transfected macrophages, HIV-1 infectivity was significantly reduced (* P-
value < 0.05).

Figure 22. Fluorescence microscopy of transfected and transduced THP-1 cells. THP-1 cells were pre-
transfected with pcDNA3.1-Vpx-NeGFP vector, and thereafter transduced with HIV-1 pseudovirions. A: native
picture of THP-1 cells, B: Vpx-related GFP fluorescence of transfected cells, C: HIV-1 transduction-related
mCherry fluorescence, and D: superimposed picture of GFP and mCherry fluorescence.
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Effects of Y44A mutation in the acidic domain of HIV-2 Tat on the expression
and activity of RT, and the transactivation of proviral genome
In silico characterization of HIV-2 Tat mutations

Effects of mutations in HIV-2 Tat protein focusing on the acidic domain were examined by in
silico methods. Sequence- and homology model structures were used to predict and identify a
residue to destabilize the Tat protein. Disorder predictions show that while the central region (39-
78 residues) of the protein has a globular nature, both N- and C-termini are unstructured. It is worth
mentioning that Cys-rich domain of HIV-1 Tat have a flexible nature (Bayer et al., 1995), our
predictions of the Cys-rich domain of HIV-2 Tat show that it may be structured (see Figure 4).

SWISS-MODEL repository was used to map potentially destabilizing mutations, as no crystal
or NMR structures are available for HIV-2 Tat. Since homology models are not available for the
full-length, only for truncated proteins, we chosed those models which are predicted to be globular
for the entire region. To map possible inactivating mutations, structure-based methods were
performed. Alanine-scanning was performed using FoldX algorithm and SDM server. Changes in
stabilities upon point mutations were calculated for the full-length protein, with the exception of
A7, A28, and A33 residues. Mutations which showed destabilizing nature of alanine-substitution
by both methods were found to be within, or near the globular region of the protein (see Figure
23A). Mutations of these residues (G36, L40, Y44, L47, L72, and G80); mainly in the central
region of the protein, may induce changes in the structure and stability of the protein, which was
proven using sequence-based prediction by [-Mutant server (see Figure 23 B). Except for Y44;
which is a hydrophilic sidechain, the predicted residues are hydrophobic. Substitution of this large
polar Tyr sidechain to a small hydrophobic Ala may result in loss of potential hydrogen bond
interactions. Based on these results of stability analyses, [-Mutant 2.0 was used to predict the effect
of substitutions at the 44" Tyr, and Y44A mutation was predicted to be the most destabilizing on
protein structure (Figure 23 C).
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Previous studies on SIV and HIV-1 Tat proteins reported that Tyr to Ala substation leads to the
inactivation of the protein (Verhoef et al., 1997) (Das et al., 2007). Both Tyr residues at position
44 for HIV-2 and 55 for SIV are located in the N-termini of the proteins, and Y55 is equivalent to
the Y26 in HIV-1. Stability analyses were used to compare the effects of the point mutations (Y44A
and Y55A) on protein stability (see Figure 23 D). By using three different methods for prediction,
a destabilizing nature of Y44A mutation in both analysed model structures was shown. I[UPred2A
and Jpred4 servers were used to predict the effect of Y44A and Y55A mutations in the secondary
structure of HIV-2. Based on our secondary structure predictions for Y44A and Y55A in HIV-2,
both mutations indicate disruption of the a-helix at the N-terminal part of the globular region, and
in the case of Y44A substitution, a higher probability for helical arrangement of the Cys-rich
domain was observed (Figure 24).

Both Y26 (for HIV-1) and Y55 (for SIV) residues are highly conserved, based on available data
in the HIV Sequence Compendium (2018; https://www.hiv.lanl.gov). Polymorphism analysis of
the first two domains of HIV-2 Tat protein was performed on sequences from different subtypes,
based on data available in the HIV Sequence Compendium (Table 7). Similarly to its counterpart,
HIV-2 Tat also contains conserved Tyr residue in the Cys-rich domain (Y55), and the Tyr residue
in the 44™ position also shows high conservation (Figure 25 A), especially in group B (Figure 25
(), however, His and Phe variations were observed in epidemic and non-epidemic strains (Figure

25 B and D).
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Figure 23. Mapping of destabilizing mutations. A: Alanine-scanning of HIV-2 Tat performed by FoldX and SDM.
Wild-type and mutant proteins have been compared based on the free energy levels (DDG, kcal/mol) and residues
regarded to be destabilizing for both model structure (by black and grey for 1tvs.1 and 1tvt.1 models, respectively)
were plotted on the graph. For FoldX server Ala substitutions causing DDG > 0 kcal/mol change, while in SDM
DDG < 0 kcal/mol change in stability are considered to be destabilizing. Mutations in the globular regions are
highlighted in green. B: Residues selected considered to destabilize the protein (see figure part A) have been
analyzed by I[-Mutant 2.0 to predict the effect of alanine-substitutions. Negative values (kcal/mol) indicate
decreasing nature of the mutations. C: Effect of substitution in Y44 residue was predicted by using I-Mutant 2.0
server. D: Comparison of predicted effect of Y44 A and Y55A mutations. Values obtained for both homology model
structures are shown (SMTL IDs: 1tvs.1 and 1tvt.1). Stability change was considered to be increased or decreased,
based on average values. Figure was constructed with the aid of Dr. Motyan Janos Andras
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Figure 24. Effects of Y44A and Y55A substitutions on secondary structure and globular regions. For
predictions, amino acid sequences of the wild-type HIV-1 and HIV-2 Tat proteins were used. Jpred4 was used
to predict secondary structures for the wild-type and mutant proteins, where H stands for a-helices and E
indicates B-strands. And IUPred2A was used for residues predicted to constitute globular regions are shown by
G. Figure was constructed with the aid of Dr. Janos Andras Motyan.
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Accession Name Subtype Isolation Isolation Protein ID
number year country
U38293 A.CL.88.UC2 A 1988 Cote d'Tvoire AAB47786.1
M30502 ADEx.BEN A 1990 Germany AAB00741.1
U22047 A.DEx.PEI2 KR KRCG A 1995 Germany AAA64580.1
KY025539 AFR.93.LA37 A 2000 France APJ01780.1
748731 A.GW.x.MDS A 2006 Guinea-Bissau CAA88625.1
MF595856 ANL.0O1.RH2.13 A 2001 Netherlands ATU79188.1
EU980602 AIN.0O7.NNVA A 2007 India ACHT73025.1
DQ307022 A.IN.9S5.CRIK 147 A 1995 India ABC39622.1
AB731742 A.JP.08.NMC786 clone 41 A 2008 Japan BAM76177.1
AF082339 APTx.ALI A 1998 Portugal AAC95345.1
M15390 A.SN.85.ROD A 1985 Senegal AAB00768.1
L17625 B.CL88.UC1 B 1988 Cote d'Tvoire AAA43940.1
AB485670 B.CI.x.20 56 B 2009 Cote d'Tvoire BAH97699.1
U27200 B.CLx.EHO B 1994 Cote d'Tvoire AAC54471.1
KY025545 B.FR.00.LA44 B 2000 France APJ01830.1
KY025544 B.FR.98.LA43 B 1998 France APJ01822.1
AB100245 B.JP.01.IMCJ_KRO020 1 B 2001 Japan BAC79371.1
KP890355 F.US.08.NWKO08 F 2008 United States ALAG65441.1
AF208027 G.CL.92.Abt96 G 1992 Cote d'Tvoire AAF82033.1
EU028345 AB.CM.03.03CM_510_03 AB 2003 Cameroon ABV83030.1
L36874 H2 01 _AB.CL90.7312A H2 01 _AB 1990 Cote d'Ivoire AAL31357.1
ABT731738 H2 01_AB.JP.04NMC307 20 | H2 01 AB 2004 Japan BAM76141.1
AB731740 H2 01 _AB.JP.07.NMC716 01 H2 01 _AB 2007 Japan BAM76159.1
AY530889 U.FR.96.12034 u 1996 France AAT37067.1

Table 7. Sequences of HIV-2 Tat used in polymorphism analysis for the first two domains of the protein. Data
regarding sequences include accession numbers, the isolation year, country of isolation, protein ID and sequence name.
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Figure 25. Genetic diversity of N-terminal domains of HIV-2 Tat. HIV-2 Tat sequences of epidemic (group A
and B) and non-epidemic groups were collected from the Los Alamos National Laboratory (LANL) HIV sequence
database (2019. 10. 28). Clustal W was used to align multiple amino acid sequences, and divergence of sequences
was schematically visualized using Weblogo until the 70th residue. A: Sequence logo showing the Tat amino acid
diversity observed until position 70 in all HIV-2 groups, B and C: Diversity in epidemic groups A and B and D:
polymorphism represented in non-epidemic groups of HIV-2. Red arrows indicate positions of 44" and 55" amino
acids.

In vitro characterization of HIV-2 Y44 A mutant Tat

To confirm the predicted destabilizing nature of the designed amino acid substitution, and to
explore the effects of Y44A mutation on the function of Tat and activity of RT, HIV-2 vector
carrying the modified fat gene was prepared and used for in vitro experiments. Furthermore, Y55A
mutant was also studied for comparison in some of the experiments. HIV-2 tat was inactivated in
the CGP vector using site directed mutagenesis.

ELISA-based colorimetric SIV p27 (capsid) assay was used to determine the viral titers, which

yielded 16-18 ng/mL for wild-type and mutant pseudovirions. HIV-2-CRUSSIN-WPRE was used
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to produce HIV-2 pseudovirions for experiments performed on GHOST HIV indicator cells, and
no difference in capsid amount was observed between the mutant and wild-type virions
Transduction efficiency of the wild-type and mutant Tat HIV-2 pseudovirions in HEK293T
cells using 6 ng of viruses (normalized for capsid) was confirmed by flow cytometry, and no
significant difference in GFP expression was observed between the wild-type and mutant
pseudovirions (P values 0.95 and 0.44, respectively) (Figure 26). This observation was expected,
since GFP expression in the HIV-2-CRUSSIN-CGW is driven under a CMV promoter. A
pseudovirion carrying an inactivating mutation in the active site of the protease (D25N) was used

as a negative control, which resulted in a complete abolishment of viral infectivity.
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Figure 26. Effect of Y44A and Y55A Tat mutations on transduction efficiency of HEK293T. HEK293T cells
were transduced with 6 ng of pseudovirions (normalized by capsid ELISA) (n=3). Percentage of fluorescent positive
cells was measured by flow cytometry. In the presence of Y44A and Y55A mutations, percentage of transduction
efficiency did not change significantly compared to the wild-type HIV-2. Wt: wild-type, PR: active-site protease
mutant.

Experiments in GHOST(3) cells

GHOST(3) cells contain a tat-dependent HIV-2 LTR-GFP construct, and a GFP fluorescence
is obtained in response to transduction with a functional Tat. To examine the effect of Tyr
mutations on Tat-induced HIV LTR transactivation, HIV indicator cells were infected with 5 ng
(normalized for p24 capsid) of virions. GFP fluorescence signal was significantly decreased by
more than 93 % and 91 % in the presence of HIV-2 Tat Y44A and Y55A mutations, respectively
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(P value < 0.0001), compared to that of the wild-type (Figure 27 A). The pseudovirions used were
produced using the HIV-2-CRUSSIN-WPRE transducing vector instead of the HIV-2-CRUSSIN-
CGW, thus, the fluorescence obtained was only attributed to Tat-induced LTR transactivation,
since the HIV-2-CRUSSIN-WPRE vector did not contain a CMV driven GFP expression.
Furthermore, dot-blotting was used to confirm the presence of HIV-2 Tat from cell lysate,

following transduction, and also in the virions (Figure 27 B and C).
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Figure 27. Experiments on HIV-indicator GHOST cells. A: GHOST(3) cells were transduced using equal amounts of
p27-containing wild-type and Tat mutant virions (5 ng as determined by capsid ELISA) , then HIV LTR-induced GFP
expression was measured by flow cytometry. GFP-positivity measured for GHOST(3) cells that were transduced with wild-
type HIV-2 pseudovirions was considered to be 100%. LTR-induced GFP percentage was significantly decreased in the
presence of Y44A and Y55A mutations (P value < 0.0001) (n=9). Error bars show SDs. Wt: wild-type. B: Dot-blotting was
used to demonstrate the presence of Tat protein in the virions. Equal amount of pseudovirions (1000 pg) were lysed, and
anti- HIV-2 tat serum was used to detect the presence of the protein. C: GHOST(3) cells were transduced with 5 ng

p27-containing pseudovirions (determined by capsid ELISA) and Dot-blotting was used to detect the presence of HIV-
2 Tat from cell lysate. S-actin was used as control. Cc, uninfected GHOST(3) cells.

Effects of Tat mutations on RT

RT activity was determined from viral supernatant using an ELISA-based colorimetric assay.
In the presence of Y44A and YS55A mutations, HIV-2 reverse transcriptase activity was
significantly reduced, compared to that of the wild-type pseudovirions. RT activity was decreased
by 97% for Y44 A and by 96% for Y55A tat mutations, compared to the wild-type HIV-2 (P-values

<0.0001), implying a detrimental effect of the mutations on the activity of RT (Figure 28).
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Figure 28. Effect of Tat mutations on HIV-2 RT activity. Quantification of HIV-2 RT activity. Activity of HIV-2
RT was significantly decreased in the presence of Tat mutations. Amount of pseudovirions were normalized to capsid.
Error bars represent SD (n=6), **** P value < 0.0001, Wt: wild-type.

Western-blot was carried out to qualitatively determine whether the Y44A Tat mutation had
any effect on the quantity of RT packaged into the pseudovirions. Surprisingly, RT was
undetectable in the presence of Y44A mutant Tat from the lysate of pseudovirions (Figure 29 A).
This finding may explain why RT activity was abolished, while the amount of capsid and Tat in
the pseudovirions was not affected by the mutation.

To explore the changes in RT as a result of the mutation, HEK293T cells were transfected with
wild-type and Y44A mutant Tat coding HIV-2 CGP plasmids, and changes in RT quantity were
then followed by Western-blotting of transfected cell lysate over a period of 3 days. After 24 hours
of transfection, the amount of RT was lower in the presence of Y44A mutation compared to that

found in the wild-type, and after 3 days, RT was undetectable (Figure 29 B). S-actin was used as

a control.
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Figure 29. Effect of Y44A Tat mutation on the expression of HIV-2 RT. A: Western-blot analysis of RT, Tat and
p24 in HIV-2 virions. Pseudovirions were concentrated by ultracentrifugation, and pelleted viruses were lysed and
viral proteins were loaded onto SDS-PAGE and transferred onto nitrocellulose membranes. For protein detection,
polyclonal antibodies against HIV-2 Tat or HIV-2 RT or monoclonal anti-p24 (capsid) were applied. B: HEK293T
cells were transfected with HIV-2 CGP vector, then lysed after 24 and 72 hours. Polyclonal anti-Tat serum and
polyclonal HIV-2 RT antibodies were used to detect HIV-2 Tat and RT from transfected cell lysate. B-actin was used
as control. The results are representative of 3 separate experiments. Cc, non-transfected HEK293T cells.
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Detection of HIV-2 Tat in pseudovirions

Incorporation of Tat into the pseudovirions was analyzed by proximity ligation assay (PLA).
Using anti-Tat and anti-Vpx antibodies, the fluorescence signal indicating interaction between the
two viral proteins was detected. Since HIV-2 Vpx is known to be incorporated into virions (Baldauf
et al., 2017), this suggested that HIV-2 Tat was similarly packaged (Figure 30 A). Incorporation
was detected for Y44A mutant virions, as well (Figure 30 B). Tat To explore whether or not
exosomal expression of Tat might have interfered with our assay, a mock transfection of HEK293T
cells with a wild-type fat coding HIV-2 CGP plasmid was performed. Following collection,
filtration and ultracentrifugation of the supernatant, Western-blotting in this case failed to detect

the Tat protein (see Figure 29 A).

A Phase contrast DAPI +PLA

100 um 100 pm

100 pm 100 m

Figure 30. Detection of HIV-2 Tat incorporation into pseudovirions using PLA. HEK293T cells were transduced
with 19 ng (normalized for p27, capsid) A: wild-type HIV-2, or B: mutant (Y44A) HIV-2. After one hour incubation,
cells were fixed, permeabilized and processed for PLA. Cells nuclei were stained with DAPI. Scale bar: 100 um. Each
red spots represent an interaction between HIV-2 Tat and Vpx proteins. For representation, some of the PLA signals
are indicated by white arrows. Phase contrast of both HIV-2 Tat (wild-type and mutant) is represented.
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Quantification of HIV-2 DNA

HIV-2 standard was prepared using extracted RNA of HIV-2 particles counted by electron
microscopy. Plus strand of HIV-2 gag with an estimated size of 850 base pair was then visualized
on 1% agarose gel (see Figure 31).

For quantification, a series of ten-fold dilutions of the HIV-2 gag fragment was used, and was
normalized to purified PBDG. The linear regression analysis between the quantities of HIV-2 gag
gene and Ct values is represented in Figure 32. Regression equations were calculated with y = -
3.305 + 38.692, R? = 0.999. Linear regression analysis between the quantities of PBDG and Ct
values is represented in Figure 33. Regression equations were calculated with y =-3.483 + 39.893,
R?=0.999.

During qPCR reactions, several different controls have been used to establish the specificity:
extracted DNA from Ul cells (subclone of cronically HIV-1 infected U937 cells) (Folks et al.,
1987), DNA from HIV-1 infected patients, and DNA from negative participants. None of the
control samples gave positive results, thus, specificity was 100%. Sensitivity of our assay was
100% at five copies/reaction (detected in 14/14 runs, 0.69 logio with SD 0.44), while 78% at one
copy/reaction (11/14 runs).

Limit of detection (LOD, respectively) was found to be 1 copies/reaction (11/14 runs), and the
median correlation coefficient was 0.999 (range: 0.998-1.000), and limit of quantification (LOQ,
respectively) was 5 copies/reaction at CT 33 (SD: 0.9). Median slope was -3.15 (range: -3.004--
3.373) and median efficiency was 97% (range: 98.44% to 98.50%). Overall, detection limit of
proviral DNA was 0.5 copies/10° leukocytes.

To exclude the possibility that human DNA contamination might have any effect on the
sensitivity of our assay, qPCR was also performed in the presence of 1 ug PM-1 cell’s DNA. Linear
regression analysis between the quantities of HIV-2 gag fragment and Ct values in the presence of

human DNA is presented in Figure 34. Regression equations were calculated with y = -3.305 +
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38.692, R? = 0.999. It is worth mentioning that no effect was observed in the presence of

background DNA. A sample calculation used to quantify the concentration of HIV-2 DNA is

presented in Figure 35.
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Figure 31. Detection of cleaned PCR product of HIV-2 gag
PCR. An example of successful of PCR purification is
visualised on 1% Agarose gel stained with Gel red. L: 1Kb
DNA ladder, 1-2: Sample 1 and 2.
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Figure 32. Standard curve of HIV-2 gag fragment. A: Sensitivity test for TagMan probe for HIV-2 gag gene.

Amplification plot shows the results of the tenfold dilution series of gag gene (from 10° to 1 DNA copies). B: The linear

regression analysis between the quantities of HIV-2 gag and Ct values. Red box represents Ct values of gag fragment.
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Figure 33. Standard curve of PBDG. A: Sensitivity test for TagMan probe for PBDG. Amplification plot shows the
results of the tenfold dilution series of host gene (from 10° to 100 DNA copies). B: The linear regression analysis between
the quantities of host gene and Ct values. Red box represents Ct values.
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Figure 34. Standard of HIV-2 gag in the presence of 1 pg human DNA of PM1 cells. To exclude that human
DNA has an inhibitory effect: reactions were set up in the presence of 1ug DNA of PM1 cells. The linear regression
analysis is presented between the quantities of HIV-2 gag gene and Ct values in the presence of DNA of PM1 cells.
Red box represents Ct values of HIV-2 gag without, and blue box represents Ct values in the presence of human

DNA.
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Formula to use for calculation:
(HIV-2 DNA copies per pl)/(
) x 105 cells = HIV-2 DNA copies per 105 cells >

Example:
((average of 79 and 95) per 8 pl) /(
) x 105cells = 28,4 HIV-2 DNA copies per

105 cells

Figure 35. Example for a sample calculation used to quantify the concentration of HIV-2 DNA. A: Standard
curve of HIV-2 gag fragment (red box) with the HIV-2 copy number of unknown sample (blue box). Red box
represents Ct values of HIV-2 standard and blue box represents HIV-2 gag Ct values of unknown sample. B: Standard
curve for PBDG (red box) and unknown sample (yellow box). C: Formula used to calculate the results to HIV-2 DNA
copy number per 10° cells.
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Low postseroconversion CD4" T-cell level is associated with faster disease

progression, and higher viral evolutionary rate in HIV-2 infection

Phylogenetic analysis of V1-V3 region of env sequences

Maximum likelihood analysis was performed on 409 env sequences collected from 16 study

participants. For each participants, in each time-point, a median of 7 clones were sequenced, in

total, 528 sequences, however, for evolutionary analyses, 119 recombinant sequences were

removed, thus, only 409 sequences were used. Phylogenetic analyses also showed that all the

sequences are subtype A. Phylogenetic tree of sequenced samples is shown in Figure 36.
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Figure 36. Maximum
likelihood phylogenetic
analysis of V1-V3 region of env
sequences. In total 409 V1-V3
region of env sequences were
collected in different time-points
from 16 participants. Every
monophylogenetic  clade s
formed from the sequences
collected from a corresponding
participant. Length of horizontal
bar is 0.02 nucleotide
substitutions per site. Name of
sequences consist of the patient’s
number, followed by the number
of visit in roman numerals and
the clone number. Figure was
constructed with the aid of Prof.
Patrik Medstrand.



Classification of HIV-2 infected participants into faster and slower progressors

Classification of study participants into different group of progressors was based on the
dynamics of longitudinal CD4+ T-cells. All HIV-2 infected cohort members were classified into
two groups: faster and slower disease progressors.

As decline of CD4 T-cells is an indicator for disease progression, a minimum two CD4 % was
recorded for all seropositive patients.

To define faster and slower progressors, 3 stratifications were used: the decline rate of CD4 %,
the level of CD4% at the midpoint between the first and last records, and the combination of the
decline rate and the level of CD4 % (Figure 37).

Firstly, the decline rate of CD4 % was resented. 111 patients were categorized as slower
progressors, and 81 patients were classified as faster progressors. Mean CD4 % decline rate was
2,7% /year (SD: 2.6), and the median time to AIDS was 11.7 years (95% CI 7.3-16.1) for faster
progressors, from the first recorded CD4%. Mean CD4% decline was 0.5% / year (SD: 1.6) and
the median time to AIDS was 16.8 years (CI 12.3-21.3) for slower progressors, from the first
recorded CD4 % (Figure 37 A, p=0.008, log-rank test).

The second stratification shows the level of CD4 % at the midpoint between the first and last
recorded CD4 % levels, using the regression line generated in the first stratification. Based on the
second stratification, 87 patients were faster progressors with a mean CD4% level of 21.0% (SD
4.3), and the median time to AIDS was 9.4 years (CI 6.7-12.1), with a low CD4 % level. While
105 participants were classified as slower progressors with a mean CD4 % level of 35.0% (SD
5.7), and the median time to AIDS was 15.5 years (CI 14.3-16.6) with a high CD4 % loads. (Figure
37 B, p<0.001, log-rank test).

In the third stratification, the decline rate and the level of CD4 % was combined (Figure 37 C).
Based on this, 85 patients were faster progressors, where the median time to AIDS was 8.6 years
(95% CI 6.5-10.8) from the first recorded level of CD4 %, and 107 participants were slower
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progressors with 18.7 years (CI 13.6-23.8) median time to AIDS (Figure 37 C, p<0.001, log-rank

test). Accordingly, the study participants were classified into faster or slower disease progressors

(Table 8).
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Figure 37. Kaplan-Mayer curves of latency period based on level and decline rate of CD4 %. A: Decline
rate of CD4 % B: Level of CD4 % at the midpoint between the first and last recorded CD4 % levels. C: Combined
effect of CD4% and decline rate. Asterisks indicate the time points, when 5 individuals were at risk of AIDS
development and the number of participants at that time point is shown under the panels. Faster progressors are

represented in orange, while data from slower progressors are represented in blue. Figure was constructed with
the aid of Prof. Patrik Medstrand.

CD4% decline CD4% level Combined coefficient
rate /year

Individual Value Progrl;esso Value® Progressor’ Va,]ile* Progressor’
DL3405 -1.46 Slow 33.95 Slow 1.00 Slow
DL3542 0.69 Fast 32.73 Slow 0.74 Slow
DL2051 1.61 Fast 31.11 Slow 0.62 Slow
DL2876 0.55 Fast 28.91 Slow 0.67 Slow
DL3654 -0.15 Slow 27.74 Slow 0.70 Slow
DL2533 -1.10 Slow 23.96 Slow 0.68 Slow
DL2316 1.10 Fast 23.45 Fast 0.50 Fast
DL2794 -0.11 Slow 20.99 Fast 0.53 Fast
DL3941 3.40 Fast 20.65 Fast 0.29 Fast
DL2381 1.17 Fast 20.62 Fast 0.44 Fast
DL2335 0.58 Fast 20.41 Fast 0.47 Fast
DL3647 0.73 Fast 19.63 Fast 0.44 Fast
DL3646 0.33 Slow 19.32 Fast 0.46 Fast
DL3222 -0.88 Slow 19.25 Fast 0.53 Fast
DL3740 -0.69 Slow 17.57 Fast 0.48 Fast
DL2386 1.61 Fast 16.29 Fast 0.32 Fast

Table 8. Disease progression of all individuals based on stratifications for CD4 %. Individuals have been classified
into slower or faster progressors based on the three different stratifications (n=16).
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HIV-2 evolutionary rate association with the level of CD4 %

Evolutionary rate of HIV-2 was evaluated within hierarchical phylogenetic modelling (HPM)

framework. Evolutionary rate of V1-C3 region was 23.5x10-* codon substitutions/site/year.

When participants were classified based on the decline rate of CD4 % (Bayes Factor [BF]=0.3),
there was no association between disease progression and evolutionary rate. Although, when
classification was based on CD4 % level or a combination of CD4 % decline rate and level, the
mean evolutionary rate was significantly higher for faster disease progressors (28.6x10~ codon
substitutions /site/year, HPD: 24.2x1073-33.5x107). Evolutionary rate on the other hand was only

14.9x107 codon substitutions/site/year for slower progressors (Table 9).

Also, strong association was found between disease progression and evolutionary rate in the
first variable regions (V1V2) (BF=11.8), and the conserved domains of Env ( C2 (BF=28.4); C3

(BF=6.1)).

To find out the difference in evolutionary rate between different disease progressors, ratio of
non-synonymous to synonymous substitution rates (the dN/dS rate ratio) were estimated. The
dN/dS rate ratio shows if the region of a gene goes under positive (dN/dS>1), negative selection
(dN/dS <1) or just naturally developed (dN/dS=1). While there was a negative selection of the
entire V1-C3 region of Env (dN/dS rate ratio=0.56), there was no statistical difference between the
two classified groups (BF=1.3). Although region-specific analyses showed that V1/V2 (dN/dS
rate ratio=1.27) and C3 (dN/dS rate ratio=0.94) regions developed naturally, C2 (dN/dS rate
ratio=0.22) and V3 (dN/dS rate ratio=0.41) regions were under strong negative selection. When
dN/dS rate ratios were compared between the different groups for different regions, only the C2
regions was found to be strongly negatively selected in faster progressors, compared to slower

progressors (BF=3.7) (Table 10).

While dN/dS ratio evaluates the selective pressure of the specific region, expected non-
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synonymous (E[N]) and synonymous (E[S]) substitution rates can provide information about viral
replication (Lemey et al., 2007). E[N] and E[S] divergences were plotted as accumulated derivation
over time (see Figure 38). E[N] and E[S] substitutions increased relatively rapidly in the faster
progressors during the asymptomatic phase. Median E[N] rate was 3.0x1073-6.6x107 nucleotide
substitutions/site/year ~ for  faster  progressors, and  1.4x103-4.6x10°  nucleotide
substitutions/site/year for slower progressors (P=0.005, two-tailed Mann-Whitney U test [M-W]).

This suggests the overall higher evolutionary rate for faster progressors compared to slower

progressors.
CD4%stratification
eny, Individuals CD4% decline CD4% level and
region Combination
Fast Slow"  BF Fast™ Slow' BF
24.7 219 28.6 14,9
vi-es 3303 20,1- 191- 03 (242 (L22- 203
: 9.6) 4.9) 3.3) 7.6)
0 28.8 35.4 19.6
vive 3338510 24 6- 23 7- 03 (289 14.8- 11.8
6.0) 4.0) 2.2) 4.7)
8.6 16,7 21.5
18.0 (15.2- 12.0 (9.2-
2 5.3- 139- 03 (176 28.4
20.7) 1.9) ﬁ9.5) 5.7 15.2)
21,6 20,8 24.1 16.5
v 370 16.5- B 03 {180 110- 2.4
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o ) 23.0- 216- 02 (243 15.2- 6.1
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Table 9. Evolutionary rate of HIV-2 envelope using hierarchical phylogenetic model. BF= Bayers factor, which
is stands for the association between disease progression and codon substitution rate. When BF is more than 3, it is
considered as a significant association.

CD4% stratification

eny region Individuals CD4% decline
Fast’ Slow' BF
V1-C3 0.56 (0.49-0.63) 0.47 (0.41-0.53) 0.71 (0.56-0.87) 1.3
VIVv2 1.27 (0.84-1.80) 0.94 (0.68-1.22) 1.84 (0.93-3.11) 1.4
C2 0.22 (0.18-0.27) 0.18 (0.14-0.23) 0.29 (0.20-0.39) 3.7
V3 0.41 (0.27-0.57) 0.35 (0.22-0.51) 0.50 (0.26-0.79) 1.2
C3 0.94 (0.70-1.22) 0.90 (0.65-1.19) 1.00 (0.62-1.43) 0.5

Table 10. Ratio of non-synonymous to synonymous substitution rates (the dN/dS rate ratio) in V1-C3 regions
of envelope in faster and slower progressors.
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Figure 38. E[N] and E[S] divergences over time. Estimated Synonymous and non-synonymous (E[N] and
E[S]) divergences over time in V1-C3 regions of HIV-2 env. Faster progressors are represented in orange, data
from slower progressors are shown in blue. Figure was constructed with the aid of Prof. Patrik Medstrand.

Positive selection in conserved sites of HIV-2 envelope in slower disease progression

To estimate the number of residues that go under positive selection during disease progression,
a renaissance counting procedure was used to estimate the dN/dS rate ratio at each codon site

(Figure 39).

The number of positively selected sites was similar in the V1/V2, V3 and C3 regions in both
groups. C2 region of Env in slower progressors has a higher number of positively selected sites,
compared to that in faster progressors (35 vs 20 sites; P=0.026, two-tailed Fisher’s Exact Test
[FET]). C2 and C3 regions of HIV-2 env are exposed and under negative selection, thus, positive
selection of amino acids in these regions may negatively affect the viral fitness (Barroso et al.,

2011).

Some of the amino acids of Env, which are critical to viral fitness, and are conserved in HIV-2
and SIVsm, have been identified. Among the 246 amino acids, 84 were conserved in SIVsm and
HIV-2 VI1-C3 regions, and 20 conserved amino acids showed positive selection in slower
progressors, compared to only 5 in faster progressors (P=0.002, FET). Positive selection was
mostly observed in C2 region between the two groups, (12 sites for slower and 3 sites for

faster progressors, respectively, P=0.021, FET).
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Protein structure of HIV-2 gp125 (Barroso et al., 2011) (Davenport et al., 2015) was used to
visualize the surface exposition of positively selected amino acids, the majority (15 of 22) were
surface-exposed (Figure 40). Furthermore, surface accessibility of amino acids showed that the

positively selected amino acids were associated with solvent-exposed surfaces in the C2 region (29

out of 68 AAs, P=0,04), FET).

1.0 V1v2 c2 V3 c3
0 ‘ | ||||I I || | | 1] lll|l II|I|I|I ||I|I[I|IIII [|| 1|
20 40 60 80 100 120 140 160 | 180 200 220
|

05 ‘

|l|||| [ | IL_LI |III] | LI |H||I | IIII||I
80 100 120 140 16! 80 20

0 1

1.0
1.0

0.5 -

Ll |

40 258

Ske=-_ |

20 40 60

Proportion of individuals with positive or negative selection

0.5

1.0
Codon site in sequence alignment

Figure 39. Codon-specific selection pressure of V1-C3 region of HIV-2 eny for faster and slower
progressors. Y axis shows the proportions with positive selection (faster progressors are represented in orange
and slower ones in blue colour) or negative selection (gray colour) of the codon sites in the sequence alignments
(x axis). The upper graph shows the selection for faster, and the lower graph shows the selection for slower
progressors in different regions of HIV-2 envelope gene. Figure was constructed with the aid of Prof. Patrik
Medstrand.
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Figure 40. Ribbon and surface representation of HIV-2 gp125 monomer. A: Ribbon representation of constant
and variable regions of envelope protein. N- and C-terminal region are indicated by N and C, and each regions are
colour coded, and codes are indicated on the left side of the diagram. B: Surface representation of HIV-2 gp125
monomer, structure is rotated by 180°, positively selected amino acids are coloured in red.
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DISSCUSSION

HIV-1 and HIV-2 share a common ancestral origin, and a similar replication cycle; however,
HIV-2 differs from its counterpart in many aspects. Infection by HIV-2 is mostly characterized by
lower pathophysiology and reduced transmissibility (Azevedo-Pereira and Santos-Costa, 2016).
While most HIV-2 infected patients were registered in West African countries (Sousa et al., 2016),
the incidence of HIV-2 infection had been on the rise in many European countries; such as
Portugal, France, UK, Spain, Belgium and Italy; and also, in America and Asia, as well (Soriano
et al., 2000) (Barin et al., 2007) (Dougan et al., 2005) (de Mendoza et al., 2014) (Ruelle et al.,
2008) (D'Ettorre G et al., 2013) (Makroo et al., 2011) (Torian et al., 2010).

As previously described, patients can be dually infected with both HIV viruses. The mechanism
of dual infection is poorly understood. While Travers and his colleagues suggested protection of
HIV-2 against HIV-1 infection (Travers et al., 1995), other studies did not reach this conclusion
(Norrgren et al., 1999) (Greenberg, 2001), and it is yet unclear, whether or not HIV-2 accessory
and/or regulatory proteins are involved in this prolongation of the asymptomatic phase of infection.

Our goal was to construct an in vitro model to study HIV dual infection, and determine whether
HIV-2 regulatory and accessory proteins might have any interfering role in HIV-D. In our dual
infection assays, simultaneous infection of HEK293T cells with both HIV virions resulted in a
decrease in the infectivity of HIV-1 by more than 60 %, while that of HIV-2 had not changed,
“superinfection” of HIV-2 pre-transduced cells by HIV-1 resulted in a 90 % decrease of HIV-1
related fluorescence signal. Based on our findings, we carried out dual sequential transduction
assays, using functionally restricted accessory/ regulatory HIV-2 proteins, in order to determine
the protein responsible for the decrease of HIV-1’s infectivity. All of the loss—of—function
mutations were described previously in the literature, with the exception of Tat Y44 A mutation.

Our results showed that in the presence of a functionally restricted Vpx, HIV-1 infectivity was
restored, similarly to those obtained in mock-transfected cells. To prove that HIV-2 Vpx might

have an inhibitory effect on the infectivity of HIV-1, we carried out experiments using a vector
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coding only for a Vpx-GFP fusion protein, results of which showed that the infectivity of HIV-1
decreased by more than 80 %.

As Vpx plays an important role in the transport of PIC (Belshan, 2002), we hypothesized that
this interference with HIV-1 happened in the early phase of the viral life-cycle. 2-LTR qPCR was
then used to analyse this hypothesis. In the presence of Vpx, the 2-LTR circle junctions amount of
HIV-1 was significantly reduced by > 40 %. We also found that Vpx has an inhibitory effect on
HIV-1 capsid production and RT activity. When HIV-1 pseudovirions were produced in the
presence of Vpx, RT activity and p24 quantity were significantly lower. Additionally, Vpx
incorporation into HIV-1 pseudovirions was also demonstrated using Western blotting. How Vpx
was able to protect cells against HIV-1 infection, however, remains obscure, and elucidation of the
pathomechanism is currently underway.

When we experimented in immune cell line, HIV-1 superinfection of Vpx- pre-transfected
native THP-1 cells appeared to promote the entry of HIV-1 virions into the cells. This is perhaps
a result of an interaction between HIV-2 Vpx and SAMHD1, which is a cellular restriction factor
that is highly expressed in cells of monocytic lineage.

To attenuate the interaction between Vpx and SAMHDI1, we repeated our HIV-1 superinfection
experiments on differentiated THP-1 monocytes. It was shown that the level of SAMHDI is
decreased in monocyte-derived macrophages (MDMs) (Laguette et al., 2011), thus, PMA was used
to activate and differentiate THP-1 monocytes into macrophages. When we carried out our
experiments on MDMs, HIV-1 related fluorescency was decreased by > 80 % in the presence of
Vpx, which was similar to that observed in HEK293T cells. Therefore, after down-regulation of
SAMHDI; as a potential interaction partner of Vpx, we could conclude that Vpx was detrimental
to HIV-1.

Moreover, another aim was to study the effect of mutations in the acidic domain of HIV-2 Tat

in silico and in vitro, given the lack of studies on this particular region in HIV-2. Our sequence-
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based analysis showed that even though HIV-2 Tat shares common and highly conserved
sequences with Tat protein of HIV-1, amino-terminal region of the two proteins shows only 10 %
homology. Despite the fact that HIV Tat is a highly polymorphic protein, mutations in the Pro-rich
domain of HIV-1 Tat are well tolerated, and do not affect its functions (Ruben et al., 1989). On the
other hand, mutations in the core and basic domains of HIV-1 Tat negatively affect reverse
transcription (Ulich et al., 1999). The effect of mutations in the Pro-rich region of HIV-2 Tat,
however, are yet to be been defined.

Using sequence-based predictions and stability analysis, we found that Y44 A substitution may
inactivate the protein. Based on our in silico analyses, we assumed that Y44A mutation may
inactivate HIV-2 Tat or negatively affect its function. We carried out a series of in vitro
experiments to study the inactivating nature of the Y44A mutation. Previous publications about
SIV (Y55A) and HIV-1 (Y26) Tat proteins show that Tyr to Ala substitution in the Cys-rich
domain abolishes the transcription activation function of the protein (Das et al., 2007) (Verhoef et
al., 1997). For comparison, Y55A Tat mutation was also studied, since Y55 residue of HIV-2 Tat
corresponds to the Tyr in the 26™ position of HIV-1 Tat.

To determine the effect of the Y44 A and Y55A Tat mutations on transactivation of the proviral
genome, we carried out experiments in GHOST (3) HIV indicator cell line. When GHOST cells
were transduced with HIV-2 pseudovirions carrying mutant Tat (Y44A or Y55A), LTR-induced
GFP signal was significantly decreased by more than 90 %, compared to that observed for wild-
type HIV-2 Tat. This was expected for Y55A mutation, since HIV-1 Tat Y26 A mutant was shown
to reduce the Tat mediated HIV LTR activation (Verhoef et al., 1997). Our finding is in good
agreement with the previous studies, which showed that the 38-48 region is crucial for
transactivation of the LTRs in HIV-2. Furthermore, deletion in the amino-terminal region (30-47
residues) drastically reduced the LTR activation function of the protein (Arya, 1993) (Pagtakhan

and Tong-Starksen, 1997).
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HIV-1 Tat interacts with both subunits of RT in vitro, and this interaction can stimulate the
activity of RT (Apolloni et al., 2007). To examine whether HIV-2 Y44A mutation has any effect
on the activity and expression of RT, we carried out a series of experiments in vitro. Our findings
showed that RT was undetectable in pseudovirions carrying the Y44A mutant Tat. It is possible
that the Y44A mutation negatively affected the stability and packaging of RT (Lin et al., 2015).
We carried out further experiments to detect the changes in RT in transfected cell lysate by
Western-blot. While RT was still detectable in day 3 post-transfection in the case of wild type, it
was undetectable in day 3 in the presence of Y44A Tat mutant. Our findings indicate that Tat plays
an important role in the stabilization of RT, and perhaps, Y44A Tat mutation may have induced
the degradation of HIV-2 RT in a ubiquitination-dependent, or -independent manner.

As our in silico and in vitro results were concurrent, our findings imply that the applied methods
can be used for mutation analysis and design, however, the possible uncertainties of the models;
caused by relatively lower target-template identity, need to be considered, and sophisticated
experimental approaches may be applied in future studies to confirm the predicted changes. The
Y44A mutation was predicted to alter the structure of an ordered region, thereby inactivating the
protein. This indicated that the Pro-rich domain has a main role in the transactivation function of
HIV-2 Tat, unlike Tat protein of its counterpart. Also, the findings of this study suggest that the
first domain of HIV-2 Tat is involved in the regulation and stability of RT and reverse transcription,
in addition to Tat-dependent LTR transactivation.

While plasma viral load of the two viruses differ, proviral DNA load was reported to be similar
for both viruses (Popper et al., 1999) (Popper et al., 2000). We aimed to develop a sensitive cellular
HIV-2 DNA quantification method using whole blood. HIV-2 DNA load was normalized to PBDG
host gene, and both specificity and sensitivity of the assay was 100 %. Furthermore, we were able

to detect viral DNA in participants with undetectable viral RNA.
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It was previously shown that the decline of T helper cells is associated with disease progression
of in HIV-2 infection (Jaffar et al., 1997). Even though HIV-2 infection is mostly characterized by
a long asymptomic phase, infection in some patients can rapidly progress, similarly to HIV-1
infection (Van der Loeff et al., 2010). To determine the association between evolutionary dynamics
of HIV-2 and disease progression, firstly, we classified participants of a cohort into groups of faster
and slower progressors based on longitudinal CD4" T-cell datas. Then, the level and decline rate
of CD4+ T cells in association with progression to AIDS was determined in three stratifications.
We found that CD4 % level or the combined CD4 % level/decline rate stratifications were
associated with the evolutionary rate of HIV-2 infection, and it was almost twice as high in the
case of fast disease progressors, compared to slower progressors. To specify which regions of HIV-
2 envelope undergoes selection during the development of the disease, 528 HIV-2 env V1-C3
sequences were analysed from longitudinal plasma samples of 16 individuals during a median
observation time of 7.9 years, and we found that both non-synonymous and synonymous
substitutions accumulated at a higher rate in faster progressors, indicating that the evolutionary
rate is higher for faster progressors. We could also determine that slower progressors had more
residues that underwent positive selection in the C2 region of env, compared to faster disease
progressors. These positively selected amino acids in the C2 region; which are conserved in the
envelope of HIV-2/SIVsm, are surface exposed.

In conclusion, our analyses of dual infection with both of HIVs, and experiments on the
association between viral evolutionary rate and disease progression of HIV-2, may help to
understand the clinical manifestation of HIV-2 and dual infection with HIV-1 and HIV-2 viruses.
Our findings may provide new insights into associations between pathogenesis and evolution of
HIV-2 virus, and may provide a base to understandwhy HIV-1/2 dual infection and HIV-2 mono-

infection is less pathogenic, compared to HIV-1 mono-infection.
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SUMMARY

The purpose of this study was to shed light on HIV-2, its replication dynamics, infectivity, and

the role it plays in dual infection. Compared to HIV-1, studies on this virus are indeed lacking.
In summary, we presented a cell culture model to study and analyze HIV-1 and HIV-2 dual
infection. In the presence of HIV-2, HIV-1 transducing capability was significantly decreased.
After carrying out loss-of-function mutations in HIV-2 accessory and regulatory genes, we were
able to identify viral protein X as the protein implicated in the diminishment of HIV-1"s infectivity.
HIV-1 transduction of Vpx transfected cells resulted in decreased quantity of 2-LTR circle
junctions, impaired capsid (p24) production, and hindered reverse transcriptase activity of HIV-1.
Having optimized the transfection and transduction protocols of activated and differentiated THP-
1 monocytes, a similar result was obtained, when we controlled the level of SAMHDI1. We can
conclude from our cell culture and other in vitro experiments that HIV-2 Vpx is indeed involved
in the reduction of HIV-1’s infectivity in dual infection, at least on the cellular level.

Also, we were able to show that even though HIV-2 Tat protein shares similarities in its
structure and function with its HIV-1 counterpart, the N-terminal region; which differs the most
between the two proteins, plays a crucial role in viral replication, unlike the acidic domain of HIV-
1’s Tat. We studied the effects of Y44 A mutation in Tat protein using in silico and in vitro methods,
as well. Our results suggest that Tat Y44A mutation has a negative effect on the infectivity,
expression and stability of HIV-2 RT. Our findings highlight the importance of the N-terminal,
Pro-rich domain in the regulation and activity of HIV-2 RT, unlike in Tat protein of HIV-1.

To understand the mechanism of disease progression of HIV-2, we analysed HIV-2 envelope
sequences to determine the connection between disease progression and viral evolutionary rate,
with our collaboration partners. Our analysis shows that CD4 % level, or the combined CD4 %
level and decline rate stratifications are associated with evolutionary rate of HIV-2. Furthermore,

we were able to classify the study participants into groups of slower and faster progressors, based

94



on their longitudinal T helper cell datas. Our results show that the evolutionary rate of faster
progressors is twice as high, compared to that of slower progressors, and this would appear to
indicate that high evolutionary rate implies faster disease progression. Additionally, we could
determine that more residues in the C2 region of envelope went under positive selection for slower
progressors, compared to faster progressors; and these residues are surface exposed.

Last but not least, we developed a sensitive HIV-2 DNA quantification protocol, which could be
applied when viral plasma RNA level is undetectable. It is important to have a sensitive and
specialized protocol for the detection and monitoring of HIV-2 viral load. We are confident that
our proviral DNA assay provides a sensitive approach to HIV-2 DNA viral quantification from
whole blood, and will aid in the monitoring and diagnosis of HIV-2 infection in the future.
Altogether, we believe that our findings may help to understand the mechanism of dual-infection
and disease progression of HIV-2; highlight the importance of the acidic domain of HIV-2 Tat,
and help to monitor HIV-2 infection and the success of therapy, when viral RNA is under

quantification level or undetectable.
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OSZEFOGLALAS-MAGYAR NYELVEN

Vizsgalataink célja az volt, hogy jobban megértsiik a HIV-2 virus replikacidjanak dinamikajat,

a virus fert6zoképességét €és a dupla fertézésben betdltott szerepét.
A HIV-1 és HIV-2 dupla fertdzés modellezésére és tanulmanyozasara sejtkultiras modellrendszert
alkalmaztunk. A HIV-2 jelenlétében a HIV-1 infektivitasa szignifikdnsan lecsokkent. Miutan
kisérleteinket ,,funkcié-vesztett” HIV-2 regulatorikus és / tartozék géneket hordoz6 plaszmidokkal
elvégeztiik, megallapitottuk, hogy a viralis protein X képes a HIV-1 transzdukcié gétlasara. Ez a
gatlo hatds megmutatkozott a 2-LTR junkciok szamanak csokkenésében, a kapszid fehérje (p24)
termelésben és a HIV-1 reverse transzkriptdz aktivitas csokkenésében egyarant. A HEK293T
sejtekhez hasonléan, az aktivalt és differencalt THP1 monocyta sejteken is a Vpx HIV-1
»infektivitassal” szembeni gatld hatasat észleltiilk. Fontos kiemelni, hogy ezen gatlds csak abban
az esetben volt tapasztalhatd, amikor a PMA-val tortént aktivalas révén feltehetdleg le tudtuk
csokkenteni a sejten beliill SAMHDI1 szintet. A sejtkulturas és in vitro kisérleteink alapjan
feltételezhetd, hogy cellularis szinten a HIV-2 Vpx felelés a HIV-1 transzdukcios képességének
gatlasaért.

Tovabba, eredményeink azt mutatjdk, hogy habar a HIV-2 Tat hasonl6d szerkezettel ¢és
funkcioval rendelkezik mint a HIV-1 Tat; az N-terminalis régi6 — mely a leginkdbb eltérd
szerkezettel rendelkezik a két HIV virus Tat fehérjéje esetén - jelentds szerepet tolt be a virus
replikdcioban, ellentétben a HIV-1 Tat proteinjének azonos doménjével. In silico és in vitro
kisérleteink révén a Y44A mutacidé hatdsat tanulméanyoztuk. Eredményeink arra engednek
kovetkeztetni, hogy az Y44A mutéacio negativ hatdssal van a fert6zoképességre, a HIV-2 RT
expressziojara és stabilitdsara. Eredményeink arra engednek kovetkeztetni, hogy az N-terminalis,
HIV-1 Tat Pro-gazdag doménjével.

Annak megértése céljabol, hogy milyen mechanizmus éllhat a HIV-2 progressziojanak

hatterében, HIV-2 burokfehérje (Enc) kodold szekvencidkat analizaltunk kollaborécios
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partnereinkkel és ezek betegség progressziohoz és virus evolicidhoz vald kapcsolodasat
vizsgaltuk. Analiziseink azt mutatjak, hogy a CD4 % szint vagy a kombinalt CD4 % szint /
csokkenés a HIV-2 virus evoluciohoz kapcsolddik. Tovabba a longitudinalis CD4 sejtes adatok
alapjan a kohort résztvevait lassu és gyors progresszios csoportokra osztottuk. Eredményeink azt
mutatjak, hogy a gyors progresszioju csoportba tarozé betegek virus evolucios rataja kétszer olyan
magas, mint a lassu progresszids csoportba tartozd betegeké. Az Env szekvencidk azonositdsa
savak pozitivan szelektdlodnak a lassii progresszids csoport esetén, a gyors progresszios
coportokéhoz képest. Illetve analizisenk azt mutatjak, hogy e pozitivan szelektalédott aminosavak
a burok fehérje felszinén expozalodnak.

Nem utolsé sorban, szintén kollaboracios partneriink segitségével egy szenzitiv HIV-2 DNS
mennyiségét meghatarozo protokollt is beallitottunk. Az altalunk beéllitott protokoll kiemelendd
jelent6séggel bir abban az esetben, amikor a virus plazma RNS szintje nem detektalhatd. A HIV-
2 plazma RNS szintje a fertézottek jelentds hanyadanal nem detektalhatd, ezért sziikséges egy
olyan megfeleld szenzitivitasi €s specifitasi protokoll, mely lehetévé teszi a HIV-2 detektalasat és
a fertdzés monitorozasat. Az altalunk beallitott médszer lehetdséget biztosit a HIV-2 fertdzések
jovObeni monitorozasara, illetve e diagnosis felallitdsanak megerdsitéséhez is.

Eredményeink hozzdjarulnak a HIV-1/2 dupla fertézés ¢és a HIV-2 mono-infekcio
progresszidjanak és mechanizmusanak megértéséhez. Tovabba analiziseink ravilagitanak a HIV-2
Tat savas doménjének a virus replikacidban betoltott szerepére, ezzel is kiemelve, hogy habar mind
a két HIV virus Tat proteinje hasonld szerkezettel rendelkezik, azoban jelentds eltérések
figyelhetdek meg azok funkcidjaban. Es nem utolsé sorban sikeresen beallitottunk egy olyan
protokollt, mely lehetové teszi a HIV-2 infekcid €s a terapia monitorozasast abban az esetben is

amior a virus RNS szinte a kvantifikalési szint alatti vagy egyaltalan nem detektalhato.
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