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1. LIST OF ABBREVIATIONS

APOBEC3G mRNA Apolipoprotein editing enzyme catalytic polypeptide-like 3G

CA Capsid protein

CA-NTD Capsid amino terminal domain

CAP-1 Adenylyl cyclase-associated protein 1

cART Combined antiretroviral therapy

CASP3 Caspase 3

CCD Catalytic core domain

CCR C-C motif chemokine receptor

CD Cluster of differentiation

CMV Cytomegalovirus

CORO7-PAM16 Coronin7 presequence translocase associated motor 16

CPSF6 Cleavage & polyadenylation specificity factor 6

CRF Combining recombination Forms

CTD Carboxyl terminal domain

CUL4 Cullin 4

CXCR CXC chemokine receptor 4

DCAF1 DDB1 & CUL4 Associated Factor 1

DDB1 Damage specific DNA binding protein 1

DEGs Differentially Expressed Genes

DEPDC1 DEP domain containing 1

dGTPs Deoxyguanosine triphosphate differentiation 3

DMEM Dulbecco modified eagle medium

DNA Deoxyribonucleic acid

dNTPs Deoxyribonucleotide triphosphates

EDTA Ethylene diamine tetra acetic acid

ELISA Enzyme linked immunosorbent assay
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ENV Envelope

FAK Focal adhesion kinase

FBS Fetal Bovine Serum

FDA Food & Drug administration

FDR False discovery rate

G1, G2, S Gap-1, Gap-2, Synthesis phase

GFP Green fluorescent protein

GO Gene ontology

GPR15 G Protein coupled receptor 15

H3K36me3 Histone H3 lysine 36 trimethylation

HAART Highly active antiretroviral therapy

HHCC Histidine Cysteine

HHDGF Hepatoma Derived Growth Factor

HIV- 1/2 Human Immunodeficiency virus type 1or 2

HIVA HIV associated nephropathy

HIV-D Dual infection with HIV-1 and HIV-2

HLA-DR Human Leucocyte Antigen DR-isotype

HRP-2 Hepatoma-derived growth factor related protein 2

HSP40 Heat shock protein 40

HTLV I, II, III Human T-cell leukemia virus I, II, III

HUSH Human Silencing Hub

IBD Integrase binding domain

IFNA Interferons alpha

IL Interleukin 1

IN Integrase

INSTIs Integrase Strand Transfer Inhibitors

IRF5 Interferon regulatory factor 5
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LEDGF/p75 Lens epithelium derived growth factor splice variant 75

LEN Lenacapavir

LTR Long terminal repeat

MA Matrix protein

MDMs Monocyte Derived Macrophages

MHCI Major Histocompatibility complex class I

mRNA messenger ribonucleic acid

MTCT Mother to child transmission

mTOR Mechanistic Target of Rapamycin

MYD88 Myeloid differentiation 88

NC Nucleocapsid

Nef Negative effector

NF-κB Nuclear factor kappa B

NNRTI Non-nucleoside reverse transcriptase Inhibitor

NOP58 NOP58 ribonucleoprotein

NRTI Nucleoside reverse transcriptase Inhibitor

NSP 13 Non-structural protein 13

NTD Amino terminal domain

Nup153 Nucleoporin 153

OIS Opportunistic infections

PBS Phosphate-buffered saline

PCDHGC4 Protocadherin Gamma subfamily C

PCDHs Protocadherins

PCR Polymerase Chain Reaction

PEI Polyethylenimine

PFV Prototype Foamy Virus

PI Protease Inhibitor
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PI3K/AKT Phosphoinositide 3-kinase/ Protein kinase B

PIC Pre-Integration Complex

PLWHIV People living with HIV virus

PMA Phorbol 12-myristate 13-acetate

PPDE Posterior probabilities of gene differential expression

PR Protease

PSIP1 PC4 & SRSF1 interacting protein 1

P-TEFb Positive transcriptional elongation factor beta

PYK2 Proline-rich tyrosine kinase 2

Rbx1 Ring box protein1

RdRp RNA dependent RNA polymerase

REV RNA-splicing regulator protein

RIN RNA integrity number

RNA Ribonucleic acid

RNAP II RNA polymerase II

RPMI Roswell Park Memorial Institute

RRE Rev Response element

RT Reverse transcriptase

SAMHD1 Sterile alpha motif and HD domain-containing protein 1

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

SDS Sodium dodecyl sulfate

SEC Super elongation complex

SiRNA silencing Ribonucleic acid

SIV Simian immunodeficiency virus

SIV/sm Simian immunodeficiency virus of Sooty mangabeys species

SKOR2 SKI family transcriptional co-repressor 2

SMAD Suppressor of mothers against decapentaplegic
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snRNP Small nuclear ribonucleic proteins

SNX14 Sorting nexin 14

SU Surface Protein

TAR Tat-responsive region

TAT Transcriptional trans-activator

TCR-CD3 T cell receptor in association with the CD3

TGF-β Transforming growth factor β

TGF-βR1 Transforming growth factor-β receptor 1

TM Transmembrane

TNF Tumor Necrosis Factor

TRIM5 Tripartite motif protein 5

U2AF U2 small nuclear RNA auxiliary factor 1

U2AF1L5 U2 small nuclear RNA auxiliary factor 1 like 5

Vif Viral infectivity factor

Vpr Viral protein r

Vpu Viral protein u

Vpx Viral protein x

WHO World Health Organization

Wnt/β Wingless integration site and beta pathway
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2. INTRODUCTION
Acquired Immunodeficiency Syndrome (AIDS) is a condition that gradually weakens the
immune system by depleting CD4 T lymphocytes, leading to immunosuppression and a
heightened risk of opportunistic infections (Fauci, 1988). AIDS is caused by two distinct
types of human immunodeficiency viruses (HIV), namely, HIV type 1 (HIV-1) and HIV type
2 (HIV-2) (Weiss, 1993). HIV-1 is the predominant and most widely studied virus worldwide,
infecting over 39 million people as of 2023. HIV-2 on the other hand is less common, with
data about its prevalence remaining widely unavailable (Gottlieb et al., 2018; Ceccarelli et al.,
2021). Reports from over a decade ago estimate its prevalence at approximately 2 million
infections worldwide, a figure which is likely underestimated (Carvalho et al., 2012).

First identified in 1986 among West African patients, HIV-2 is endemic to the region (Clavel
et al., 1986), with documented cases elsewhere in Asia, South America, Europe and the
United States (Marquart et al., 1988; Reeves et al., 2021; de Mendoza et al., 2017). This
dispersion is likely due to migration and trade connections established during colonial times,
particularly from Portuguese and French influences (Faria et al., 2012). In Europe, notably
high prevalences are reported in France, Portugal, and Spain (Carvalho et al., 2012).

Despite their common lineage, HIV-2 shares an estimated 60% nucleotide sequence identity
with HIV-1, although several genetic and clinical differences are evident between the two
viruses (Bock & Markovitz, 2001). HIV-2 is less virulent, with lower transmission rate, a long
asymptomatic period, and a slow progression to AIDS (Marlink et al., 1994). After infection
with HIV-2, an initial spurt in viral replication is followed by a long latency period; a
characteristic feature of this virus (Campbell-Yesufu & Gandhi, 2011). Although the precise
mechanisms behind this long latency period is still unknown, distinct regulatory
characteristics of HIV-2 long terminal repeats (LTR) may contribute to this phenomenon
(Marchant et al., 2006). In addition, HIV-2 genome expresses viral protein x (Vpx) which
neutralizes host defences, enhancing its infectivity, particularly in myeloid-lineage cells such
as dendritic cells and macrophages (Fujita et al., 2010).

A critical event in the retroviruses’ replication cycle is the viral DNA insertion into the host
genome, a process driven by integrase enzyme in coordination with host cellular factors
(Delelis et al., 2008). In HIV-1, this step is made efficient by Lens Epithelium-Derived
Growth Factor p75 (LEDGF/p75), a host transcription cofactor which anchors integrase to
actively transcribed chromatin through its PWWP (Pro-Trp-Trp-Pro) domain, while engaging



12

the enzyme through its integrase-binding domain (IBD) (Poeschla, 2008a). This targeted
integration enhances viral gene expression and replication efficiency (Ciuffi et al., 2005).
HIV-1 has demonstrated its preference for integration into active genes, maintaining robust
replication and a lowered tendency for latency (Schroder et al., 2002). Only a few studies
have reported integration sites of HIV-2 with varying results. An in vitro study analysing 202
HIV-2 insertion sites found that 82% were located within RefSeq genes, suggesting a
preference for gene-dense and GC-rich regions, similar to HIV-1 (MacNeil et al., 2006).
However, in vivo studies suggest that HIV-2 integrates more frequently into heterochromatin,
which may contribute to its slower replication and lower pathogenicity (Marchant et al.,
2006). In addition, HIV-2 dependency on LEDGF/p75 in integration targeting remains
largely unexplored. These important functions make integrase and LEDGF/p75 proteins
potential targets for antiviral therapies.

HIV-2 is inherently resistant to a variety of drugs commonly prescribed to HIV-1 infected
patients. In particular, HIV-2 exhibits resistance to reverse transcriptase inhibitors of non-
nucleoside nature (NNRTIs), the fusion inhibitor enfuvirtide, and the attachment inhibitor
fostemsavir, in addition, to a weakened response to many protease inhibitors ((Desbois et al.,
2008); Witvrouw et al., 1999). However, it has shown susceptibility to nucleotide reverse
transcriptase inhibitors (NRTIs), the capsid inhibitor lenacapavir, and to integrase strand
transfer inhibitors (INSTIs) (Cardoso et al., 2021).

INSTIs target the integration process by blocking integrase enzymes’ active sites, preventing
insertion of viral DNA into the host genome (Craigie, 2012). Currently, five INSTIs have
received clinical approval: including first-generation inhibitors (raltegravir and elvitegravir)
and second-generation inhibitors (dolutegravir, bictegravir, and cabotegravir) (Choi et al.,
2018). While initial studies demonstrated promising activity of INSTIs against selected HIV-2
groups, resistance mutations rapidly emerged, particularly in patients receiving raltegravir and
elvitegravir (Anstett et al., 2017). This necessitated the development of second-generation
inhibitors, characterized by enhanced pharmacokinetic stability and improved resistance
profiles. Dolutegravir has demonstrated superior efficacy against HIV-2 groups harboring
resistance mutations to earlier INSTIs, and while remaining effective, some mutations similar
to those seen in HIV-1, have been reported (Hare et al., 2011). Bictegravir has also shown
potent in vitro activity against HIV-2, although clinical data on its efficacy in INSTIs
treatment-naive HIV-2 patients remains sparse (Spagnuolo et al., 2018).
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To address drug resistance and improve treatment outcomes, new innovative drugs are
continuously being developed. This is demonstrated by the recent approval of cabotegravir,
the 5th INSTI, and lenacapavir, which are both long-acting inhibitors given orally or through
injection (Link et al., 2020; Pinto et al., 2023). Lenacapavir, a novel capsid inhibitor approved
in 2022, offers an innovative approach to HIV therapy, particularly for individuals
experiencing multidrug resistance (Prather et al., 2023). Although ongoing trials have
confirmed its efficacy in HIV-1 patients, its utility in HIV-2 remains largely unexplored, with
limited in vitro and in vivo assessments.

All the approved inhibitors are designed for HIV-1 management. Susceptibility of HIV-2 to
these inhibitors remains understudied and standardized treatment guidelines are yet to be
established in the case of HIV-2. Most research on the efficacy of antiretroviral drugs on
HIV-2 has been confined to in vitro studies or clinical evaluations in patients experiencing
failure to combined antiretroviral therapy (cART). Therefore, our primary aim was to evaluate
the susceptibility of HIV-2 to lenacapavir and INSTIs through cell culture and in vitro based
assays. Additionally, we utilized computational molecular docking to model interaction of
HIV-2 integrase with the inhibitors and the capsid with lenacapavir.

Due to the limited number of studies on HIV-2 integration mechanisms and its latency period,
with existing research yielding inconclusive results (MacNeil et al., 2006), our research
sought to fill this gap by investigating interaction between HIV-2 integrase and LEDGF/p75
and characterized preferred integration sites of HIV-2 within the host genome. Additionally,
we explored additional functional roles of Vpx in HIV-2’s lifecycle. Our findings advanced
the understanding of HIV-2 integration mechanisms, confirmed interaction of HIV-2 integrase
with LEDGF/p75 and showed that Vpx protein may be possibly linked to the down regulation
of HIV-1 in dual HIV-1 and 2 infections through the down regulation of a splicing factor
important for the functioning of HIV-1 tat protein. In addition, lenacapavir and INSTIs
showed excellent efficacy against HIV-2, similar to HIV-1.

3. THEORETICAL BACKGROUND
3.1 Origin and Classification of HIV

The initial case of AIDS was reported in 1981 and its causative agent, HIV type 1 was
isolated by a team of virologists in 1983 (Gallo et al., 1983; Montagnier et al., 1984). A
second virus with similar appearance but a different identity, named HIV-2, was discovered in
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1986 in West Africa (Clavel et al., 1986). Although the AIDS causing viruses were identified
over four decades ago, these viruses have existed among the simians in the African forests as
early as 1900s and evolved from the simian immunodeficiency viruses (SIVs) (Sharp & Hahn,
2011). At least a dozen distinct SIV interspecies transmissions involving sooty mangabeys of
Cercocebus atys species, gorillas of Gorilla gorilla species and chimpanzees of species Pan
troglodytes, in central Africa have been linked to HIV origin by evolutionary studies (Gao et
al., 1992). Nine mangabeys isolates produced nine HIV-2 strains A-I, while four strains of
SIVs belonging to chimpanzees and gorilla families gave rise to HIV-1, which in turn
diverged to M, O, N, and P groups (Hirsch et al., 1989) (Figure 1).

Figure 1: HIV origin and evolution from African primates naturally infected by SIVs. Cross
species transmissions resulted in recombinant SIV viruses in chimpanzee and gorilla species
giving rise to HIV-1, while HIV-2 originated from sooty mangabeys. Each virus diverged to
different groups, subtypes, and unique recombination forms (CRFs/URFs) with different
proportions. Subtype C accounts for (46.6%), B (12.1%), A (10.3%), G (4.6%), D (2.7%), F,
H, J, K, L (0.9%), CRFs (16.7%) and URFs (6.1%) (Adapted and modified from Dawit
Assefa et al., 2022)

This cross-species transmission of the simian retroviruses may have occurred as a result of
hunting practices in Cameroon and exposure to contaminated fluids. High sero reactivity to
SIV antigens among central African primate bush meat hunters supports this theory of
zoonotic transmission (Peeters et al., 2002). According to extensive research, the chimpanzee
and gorilla subspecies (Pan troglodytes troglodytes) and the subspecies of sooty mangabeys
(Cercocebus atys atys) are the origins of HIV-1 and HIV-2, respectively (Gao et al., 1992).
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Significant recombinations in genetic sequences between viruses resulted in multiple subtypes
with different geographic prevalences (Tang et al., 2021).

The envelope (env) gene, specifically the V3 loop, is responsible for majority of the genetic
variations observed in HIV and is a key component of tropism (Laakso et al., 2007). Most of
infections by HIV-1 globally belong to Group M, which includes up to 158 circulating
recombinant forms (CRFs) and groups A-L (Tang et al., 2021). About half of all HIV-1 cases
worldwide are caused by subtype C, which is common in Southern Africa where most of
HIV-1 infected cases have been reported. Group P and N are found in Cameroon, where there
are only a few known isolates, whereas Group O is limited to West Africa and makes up
around 1% of all infections (Robertson et al., 1995). Clusters M and N are linked to SIV in
chimpanzees, while clusters P and O likely belong to SIV in gorilla populations (Le Hingrat et
al., 2020). Only groups A and B have been demonstrated to cause illness out of the nine
groups (A–I) that make up HIV-2 viruses (Gao et al., 1992). Group B is found in a few
countries, whereas Group A is the most prevalent globally. Groups C-H are less pathogenic,
and cause limited infections (Robertson et al., 1995).

3.2 HIV-2 Epidemiology

HIV-2 is known for its lengthy latency period of 15 – 20 years and a slower rate of CD4
decline and development of AIDS, with most patients remaining asymptomatic for long
duration. However, if left untreated, it progresses to AIDS similarly to HIV-1. Majority of the
infections are found in West Africa, with over 90% of the cases reported in Sierra Leone,
Ivory Coast, Guinea-Bissau, Gambia, Cape Verde and Senegal (Hamel et al., 2007).

The spread of HIV-2 to other regions is attributed to the concept of the West African corridor
which saw migrations to America, Middle East, Caribbean, Europe, Asia and diverse African
regions like Mozambique and Angola (Faria et al., 2012) (Figure 2).
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Figure 2: HIV-2 epidemiology and spread pattern. Blue lines represent major spread routes
from its origin in Ivory Coast to different continents; Europe, Asia and America. Red lines
represent spreading routes related to colonial and trade ties. (Figure adapted from Faria et al.,
2013)
A notable number of HIV-2 infections were reported in Spain, Portugal, France, the United
Kingdom, Switzerland, and other European countries. In Portugal specifically, HIV-2
infection prevalence is 5%, with descendants of Guinea Bissau accounting for 50% of the
approximately 2000 reported cases (Soriano et al., 2000). Among those of sub-Saharan
African heritage, the frequency was 2% in France with approximately 1000 cases, and
comparable trends are observed in Spain which has reported 424 cases, with 76% of the
infections among people of West African descent (de Mendoza et al., 2017). In Switzerland,
the prevalence was 0.7% comprising cases of both mono and dual HIV infections(Barin et al.,
2007). In Italy, HIV-2 has recently been highlighted as a concern due to continuous human
migration from African countries (Ceccarelli et al., 2021). There were one hundred and ninety
eight observed cases in the US from 2010 to 2017 comprising of both dual and single
infections (Heitzinger et al., 2012).
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3.3 HIV Genome

HIV-2 genome is roughly 9,800 nucleotides long compared to that of HIV-1 at approximately
9,200 to 9,600 nucleotides (Hernandez-Vargas & Middleton, 2013). In addition, HIV-2
contains an accessory viral protein x (Vpx) instead of viral protein u (Vpu) which is found in
HIV-1 (Fujita et al., 2010). At nucleotide level, HIV-2 shares 60% similarity with HIV-1,
including approximately 40% identity in the env gene and 60% identity in structural genes
gag and pol (Motomura et al., 2008).

HIV-2 genome comprises of nine genes bordered by long terminal repeats at the 5’ and 3’
termini of the genome. These genetic elements are organized into three distinct categories:
structural genes (gag, pol, env), regulatory genes (tat and rev), and accessory genes (vif, nef,
vpr, and vpx) (Figure 3).

Figure 3: Genomes of HIV -1 and HIV-2 viruses depicting the structural genes; gag, pol, env
in grey colour, regulatory genes and LTRs are shown in blue, accessory genes in pink while
orange shows the unique genes for each virus.

Transcription is initiated by a promoter located at the 5’ end of the genome (Guyader et al.,
1987). Although similar to HIV-1 in structure and organization, HIV-2 gag protein is larger at
57kDa compared to that of HIV-1 at 55kDa. On the N-terminal domain, gag comprises matrix
(MA) p17, capsid (CA) p26, nucleocapsid (NC) p7, and on the Carboxyl terminal, the p6
domain (Talledge et al., 2023). The matrix interconnects the nucleocapsid and the envelope
and facilitates the translocation of the gag protein during assembly (Campbell & Hope,
2015a). The capsid functions as a structural shield, safeguarding the viral genome, while the
nucleocapsid encapsulates the viral genetic material comprising of two identical single
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stranded RNA molecules (Payne, 2017). Additionally, the p6 domain serves as an anchor site
for endosomal sorting complexes responsible for protein transport (Görlich et al., 1994).

HIV-2 env codes for the viral envelope, which is composed of a heterodimer transmembrane
(TM) protein and surface glycoproteins (SU) (gp36 and gp125 respectively). The surface
glycoprotein consists of five variable (V1-V5) and five constant (C1-C5) regions on its
binding site. The V3 loop on the SU variable domain binds to the receptors on the CD4 cells
similar to HIV-1 (Laakso et al., 2007).

To enhance viral infectivity and replication, the pol gene encodes the following enzymes;
protease (PR), reverse transcriptase (RT), integrase (IN) and RNase H (Guyader et al., 1987).
HIV-2 protease is a homodimer responsible for the hydrolysis of gag and gag-pol precursor
polyproteins, during virion maturation and budding. The proteases of HIV-1 and HIV-2 share
39–48% amino acid sequence identity (Triki et al., 2018).

The reverse transcriptase enzyme utilizes the single-stranded viral RNA as a template to
synthesize complementary double-stranded viral DNA, while RNase H facilitates the
degradation of RNA strands. Comparative analysis show diminished RT and RNase H
activities in HIV-2 in comparison to HIV-1 (Sertznig et al., 2018). Integrase (IN), derived
from the gag-pol polyprotein through proteolytic cleavage, integrates the synthesized viral
DNA into the host genome(Talledge et al., 2023). Integrase exhibits 40% nucleotide similarity
and a 65% amino acid identity between HIV-1 and HIV-2 (Craigie, 2012).

The transactivator protein (Tat) and the RNA- splicing regulator protein (Rev), are regulatory
proteins essential for virus replication. HIV Tat protein is an initiator of viral transcription
(Ponti et al., 2008). HIV-2 Tat protein is larger, comprising of 130 amino acids, with a
molecular weight of 14-16 kDa compared to its HIV-1 counterpart with 86-104 amino acids
(Kurnaeva et al., 2021), and a molecular size 9-14 kDa (Bose, 2017). Rev is an RNA-splicing
regulator protein transporting viral RNA transcripts from the nucleus to the cytoplasm
(Blissenbach et al., 2010).

The HIV-2 genome comprises of four accessory genes, namely viral infectivity factor (Vif),
negative factor (Nef), viral protein r (Vpr), and viral protein x (Vpx), which potentiate viral
pathogenesis and infectivity (Strebel, 2013). Vif, expressed in the late phase of infection,
facilitates reverse transcription and induces proteasomal degradation of the cellular restriction
factor APOBEC3G using the ubiquitin ligase E3 complex (Berger et al., 2010). Nef, also
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expressed in the late phase, down-regulates the expression of the Major Histocompatibility
Complex (MHC) class I and CD4 receptors, enhancing evasion of immune system (Das et al.,
2017). Vpr induces G2 cell-cycle arrest, enhancing viral proliferation, and aids in the nuclear
transport of the PIC to the nucleus (Fujita et al., 2010). Notably, Vpr and Vpx in HIV-2 share
a 22% amino acid sequence identity, and both are incorporated into the viral particles through
interaction with p6 region of the gag protein (Belshan & Ratner, 2003). Vpx, exclusive to
HIV-2 and its predecessor SIVsmm, is involved in nuclear transport of PIC, and counteracts
the antiviral effect of the sterile α motif (SAM) domain and HD domain-containing protein 1
(SAMHD1) immune restriction factor (Laguette et al., 2011).

3.4 Vpx and its functions in the life cycle of HIV-2

Vpx is a small 14-16 kDa accessory protein encoded by HIV-2 and SIVs of sooty mangabeys,
rhesus macaques (SIVmac), red-capped mangabeys (SIVrcm), and mandrills (SIVmnd-2)
(Reeves & Doms, 2002). Both Vpx and Vpr share structural similarities, including three
amphipathic α-helices, despite having only 20–25% sequence similarity (Fujita et al., 2010).
Structurally, Vpr/Vpx in HIV-2 have notable distinctions from HIV-1 Vpr, such as an
extended N-terminal loop and proline clusters in the C-terminal loop (Belshan & Ratner,
2003). In particular, HIV-2 Vpx contains a longer region between its second and third helices,
enriched with glycines, while HIV-1 Vpr has hydrophilic residues and arginines in the
corresponding regions. This distinct modular architecture enables its interaction with various
host proteins (Hernandez Vargas & Middleton, 2013). Vpx enhances replication of the viruses
and modulates host’s immune responses, especially in macrophages and dendritic cells.
During viral assembly, it is produced as a component of the gag precursor (Pancio & Ratner,
1998).

One of its prominent function is its ability to impede the activity of SAMHD1, a host
restriction factor that limits the availability of deoxynucleotide triphosphates (dNTPs) in non-
dividing cells (Laguette et al., 2011). As a dNTP triphosphohydrolase, SAMHD1 decreases
the availability of dNTPs, thereby impeding viral reverse-transcription. Vpx interacts directly
with SAMHD1, facilitating its ubiquitination and subsequent proteasomal degradation. This
interaction occurs through the formation of a Vpx-SAMHD1-DCAF1 complex, wherein Vpx
acts as a molecular adaptor, promoting the recognition of SAMHD1 by ubiquitin E3 ligase
complex (Goldstone et al., 2011). Consequently, the depletion of SAMHD1 enhances the
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availability of dNTPs, thereby facilitating efficient HIV-2 replication in dendritic cells and
macrophages, which express SAMHD1 in abundance.

In addition, Vpx plays a key role in transporting the viral PIC into the nucleus, where reverse
transcription and integration of the viral genome takes place (Singhal et al., 2006). It carries
out this function by promoting interaction of the viral integrase with host proteins involved in
nuclear transport. Specifically, Vpx enhances PIC’s interaction with importin α/β complexes,
which mediate translocation of proteins across the nuclear envelope (Gorlich et al., 1994).
This interaction not only ensures efficient nuclear localization of the PIC, but also augments
the integration in transcriptionally active sites of the host genome, thereby optimizing
conditions for viral replication (Singhal et al., 2006).

Vpx significantly influences the early phase of the viral life cycle in SIV and HIV-2. In
myeloid cells, Vpx contributes to the persistence of latent viral reservoirs, which are
necessary for viral transmission and disease progression (Laguette et al., 2011). Furthermore,
Vpx enhances the virus’s ability to evade host defences, facilitating chronic infection
(Klotman & Chang, 2006).

This characteristic has prompted research into the use of Vpx to improve lentiviral
transduction in gene therapy applications particularly by improving gene delivery to non-
dividing or slowly dividing cells (Munis, 2020). By degrading SAMHD1, Vpx enhances
reverse transcription, increasing lentiviral transduction efficiency, especially in gene therapy
targeting immune and hematologic disorders such as hematopoietic stem cells (HSCs), which
are essential for treating conditions like severe combined immunodeficiency (SCID) and
sickle cell disease (Laguette et al., 2011). In cancer therapy, Vpx enhances macrophage
transduction, improving their potential in immune-based treatments by enabling more
efficient gene delivery for anti-tumor functions, such as cytokine expression and phagocytic
activity. This is particularly beneficial for solid tumors, where macrophages can be
genetically engineered to remodel the tumor microenvironment or directly attack cancer cells
(McAllery et al., 2016). Vpx can be delivered via virus-like particles (VLPs) or pre-packaged
in lentiviral vectors, allowing transient degradation of SAMHD1 and optimizing gene
delivery without altering the cell’s genetic makeup. The use of Vpx reduces the viral vector
dose required, enhancing safety while boosting therapeutic efficiency in both gene therapy
and cancer immunotherapy (Munis, 2020).
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Moreover, Vpx inhibits NF-κB to counteract transcriptional suppression by promoting
transactivation and the degradation of the human silencing hub (HUSH) complex (Chougui et
al., 2018). It also facilitates PIC translocation via interaction with heat shock protein 40
(Hsp40) and nucleoporin 153 (Nup153), while suppressing immune activation by interacting
with interferon regulatory factor 5 (IRF5) (Buffone et al., 2018). Previous studies suggest that
Vpx may reduce infectivity of HIV-1 by inhibiting the reverse transcriptase indirectly (Mahdi
et al., 2018).

3.5 HIV-2 Life cycle

HIV-2 replication cycle shares many similarities with HIV-1, although it exhibits unique
features that might impact viral replication, contributing to its lower transmissibility, slower
disease progression, and different immune control mechanisms (Nyamweya et al., 2013). HIV
life cycle is divided into early phase (entry to integration) and late phase (transcription to
virion release) (Chougui et al., 2018) (Figure 4).

Figure 4: HIV replication cycle (Figure created by BioRender.com). CCR5 is an example of
co-receptors utilized by HIV-1. HIV-2 on the other hand can utilize many other co-receptors
for entry.

Viral entry is initiated by SU/TM binding to CD4, forming a bridging interaction with co-
receptors. The SU gp125 interacts with the cells CD4 receptor, causing conformational
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changes that allow the virus to interact with the coreceptors (Reeves & Doms, 2002). Both
HIV-1 and HIV-2 target CD4-expressing cells, including CD4+ T lymphocytes, macrophages,
dendritic cells, and microglial cells, with entry mediated by co-receptors such as CCR5 or
CXCR4 (Fauci, 1988). While both HIV-1 and HIV-2 utilize CCR5 or CXCR4 co-receptors
(Lever, 2021), HIV-2 can utilize a broader range of co-receptors, including CCR1, CCR2,
CCR3, CCR5, CXCR4, GPR15, and CXCR6 (Tong & Revill, 2016). Additionally, HIV-2
infects resting CD4+ T cells and myeloid cells more efficiently, a property linked to its unique
Vpx accessory protein, which is absent in HIV-1 (Laguette et al., 2011).

After fusion, the viral core enclosing the ssRNA genome core enters into the cytoplasm and
partial uncoating of the viral core enables the relocation of the PIC into the nucleus through
the nuclear pore (Desbois et al., 2008). The enzyme, reverse transcriptase, converts virus
RNA genome into a double-strand DNA copy (A. N. Engelman & Cherepanov, 2021).
Reverse transcription is a complex process prone to errors (Menéndez-Arias, 2009). HIV-2
RT has lower polymerase activity compared to its HIV-1 counterpart and exhibits reduced
RNase H activity (Das et al., 2017).

The integrase enzyme facilitates insertion of proviral DNA into the host genome and host
cells’ machinery is used to transcribe viral genomic RNA and mRNAs with the help of Tat
protein (Chen & Zhou, 1999). This process generates fully spliced, partially spliced, and
unspliced mRNAs, encoding different viral proteins. Tat proteins of both viruses function as
transcriptional activators of LTRs during replication (Jeeninga et al., 2000).

Rev regulates export of the generated mRNA transcripts from the nucleus into the cytoplasm,
ensuring proper viral protein translation and packaging by binding to the Rev Response
Element (RRE) segments of viral RNA (Coffin et al., 1997). Viral mRNAs are translated into
polyproteins, which are then processed by viral protease to create mature virions after
budding(McGraw et al., 2024). During the budding process, HIV hijacks the Endosomal
Sorting Complex Required for Transport machinery (ESCRT), facilitating membrane scission
and viral release (Hurley & Cada, 2018). The release of the viral particles can be inhibited by
host viral restriction factor tetherin. HIV-1 uses Vpu to counteract tetherin while HIV-2 relies
on its Env protein for partial anti-tetherin activity (Arias et al., 2014).
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3.6 Mechanisms of HIV integration
3.6.1 HIV Integrase Enzyme
HIV integrase is a 32kDa protein comprising of three functional domains: the N-terminal, the
catalytic core, and the carboxyl DNA binding domains (Jaskolski et al., 2009) (Figure 5).

Figure 5: Integrase enzyme. The three domains of HIV integrase and their components; the
NTD (purple), CCD (blue), and CTD (pink) are depicted.

With two histidine and two cysteine (HHCC) residues attached to a zinc ion, the amino
terminal domain, comprises of amino acid residues 1 - 49 and makes for 20% of the integrase
structure (Jóźwik et al., 2020). By stabilising the amino terminus, this zinc binding improves
integrase's tetramerization and catalytic activity. According to in vivo research, HHCC
mutations obstruct viral replication and integration (Tong & Revill, 2016). The highly
conserved active site catalytic core domain, which is made up of half of the integrase
polypeptides amino acids from position 50–212, is characterized by the DDE motif (Asp64,
Asp116 and Glu152), crucial for enzymatic activity of integrase both in vivo and in vitro.
This catalytic triad functions in conjunction with Mg2+/Mn2+ ions which are essential for the
two step catalytic process (Hare et al., 2012). The carboxyl terminal domain (residues 213-
288) is necessary for DNA binding and is the least conserved component of retroviral
integrase (Tong & Revill, 2016). It enables protein-protein interactions ensuring stability of
the PIC.
3.6.2 Integration of HIV
HIV integration is a process that ensures incorporation of viral genome into the host cell
chromatin under the influence of integrase enzyme, establishing a persistent infection
(Engelman & Cherepanov, 2012). The process begins after reverse transcription of HIV viral
RNA into a complementary DNA copy (Craigie, 2012). Integrase binds to the newly formed
double stranded viral DNA on the LTR sequences. The integrase - DNA complex becomes
part of the PIC consisting of viral DNA, host proteins and viral proteins; including integrase,
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nucleocapsid, matrix, reverse transcriptase and Vpr. This complex also interacts with host
factors such as LEDGF/p75 which facilitate chromatin targeting (Kurnaeva et al., 2021).

Enzymatically, IN catalyses two significant sequential processes inside the intasome: the
strand transfer and 3′-processing. Initial step involves the 3’ processing where IN removes
two GT nucleotides from the conserved CA dinucleotide on the 3’ end, leaving dinucleotide
overhang on the 5’ and an exposed 3’ hydroxyl group (Delelis et al., 2008). In the strand
transfer, the hydroxyl group attach to the phosphodiester bonds on the opposite strand of the
host DNA target, leaving gaps of 4-6 base pairs (Senavirathne et al., 2023). These gaps are
filled and conjoined by host repair cellular enzymes: polymerase and ligase enzymes,
completing the strand transfer process where viral DNA is embedded in the host DNA (Hare
et al., 2012).

The proviral genome is regulated by host and viral transcription factors leading to either
active transcription and replication or latency, depending on cellular or environmental
conditions (Lever, 2021) (Figure 6).
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Figure 6:Mechanism of HIV integration starting with 3’ processing, strand transfer, insertion
and DNA repair. It depicts Viral DNA interaction with integrase enzyme and co factor,
LEDGF/p75. Integrase inhibitors (INSTIs) target the strand transfer step (Figure was adapted
and modified from Richetta et al., 2022)

The integration process of HIV-1 has been extensively studied to identify virus integration
sites, effect of cellular cofactors on integration, and the implications of integration on gene
expression (Delelis et al., 2008). Similar studies have been performed for other retroviruses
(Desfarges & Ciuffi, 2010), but the mechanisms of viral DNA integration for HIV-2 is less
well documented. HIV-2 replication is less frequent in vivo and is also less aggressive
compared to HIV-1. It remains to be established whether differences in the integration sites
are responsible for the attenuated pathogenicity observed in HIV-2 (Ceccarelli et al., 2021).
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An in vitro study on sequences of HIV-2 circle junctions concluded that integrase protein in
HIV- 2 cuts the ends of linear DNA unequally leading to removal of two or three bases from
the U3 and U5 ends before the integration process (Whitcomb & Hughes, 1991). Another in
vitro study found that the nucleotide sequences are mostly similar in both viruses, but they
found that HIV-2 contained three base pairs after the 3’CA nucleotide (Hansen & Bushman,
1997).

For retroviruses, actives sites of transcription are favorable targets for integration, although,
integration can also occur in non-gene-rich regions within the heterochromatin, leading to
varying degrees of expression resulting from chromatin-mediated transcriptional silencing of
the integrated provirus (Sunshine et al., 2016). In an in vitro study, selection of the site of
integration was dependent on the substrate used and the nucleotide sequence of the target
DNA (Dolan et al., 2009) .

In a study by Schroder et al., 2002, unlike HIV-1, HIV-2 integration occurred in opposite
direction of the corresponding gene. These events may contribute to HIV-2's prolonged
latency (Yeni, 2006). Compared to HIV-1, HIV-2 is more prone to latency and shows a
diminished response to activation signals from cells. The long terminal repeats (LTRs)
regulate the expression of the virus in response to cellular transcription signals (Jeeninga et
al., 2000). Its LTRs differ in composition from HIV-1, and contains fewer and distinct
transcription factor binding sites, leading to reduced activation in T cells (Le Hingrat et al.,
2020). Additionally, LEDGF/p75 directs lentivirus integration holding integrase and
chromatin together during HIV-1 integration (Poeschla, 2008). It is yet to be investigated
whether HIV 2 integration site is influenced in a similar fashion by LEDGF/p75 just like in
HIV 1.

3.6.3 LEDGF/p75 and its role in integration

LEDGF/p75, a nuclear protein, is involved in regulation of genes, cell survival and disease
processes such as cancer, autoimmunity, and HIV integration (Ortiz-Hernandez et al., 2024).
It belongs to the family of hepatoma derived growth factor (HDGF)-related proteins, encoded
by the PSIP1 (PC4 and SFRS1 interacting protein) gene on chromosome 9p22.2, and
functions as a molecular bridge connecting proteins to chromatin (Lampi et al., 2019). This
protein has gained significant interest in HIV due to its interaction with integrase, making it a
potential target for therapy (Poeschla, 2008).
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Structurally, LEDGF/p75 consists of 530 amino acids and features five distinct functional
regions within the PWWP domain. This PWWP domain comprises of amino acid residues 1-
93 at the N-terminus and interacts with methylated histones to bind chromatin (Ciuffi et al.,
2005). The C-terminal domain (residue 347-429) comprises of the integrase-binding domain
(IBD) of approximately 80 amino acids. The IBD facilitates interaction between LEDGF/p75
and IN, making it crucial for virus DNA integration into human host chromatin (Lampi et al.,
2019). A smaller protein variant, made up of 333 amino acids, LEDGF/p52, lacks the IBD
and is thought to be a coordinator between transcription and pre-mRNA splicing. LEDGF/p75
is highly expressed in rapidly dividing tissues, and contributes to genomic stability, DNA
repair, and stress response by activating stress-related genes (Maertens et al., 2003)(Figure
7).

Figure 7: Structural representation of splice variants LEDGF/p75, LEDGF/p52 and HRP-2
based on the amino acid (aa) sequences and highlighting key domains such as the PWWP
domain, the nuclear localization signal (NLS), three charged regions (CR1,CR2,CR3), an AT-
hook-like motif (AT), homology region III (HR III), and the integrase-binding domain (IBD)
(Schrijvers & Debyser, 2018).

The IBD contains an alpha helix that binds to the hydrophobic pockets of the catalytic core
domain. This interaction involves LEDGF/p75 residues (Ile365, Asp366 and Phe406) and
integrase residues (Trp131, Thr125 and Asn120) enhancing stability of the complex
(Schrijvers & Debyser, 2018). This promotes the dimerization of IN, which is necessary for
its catalytic function. To enhance integration targeting in gene rich regions, the N-terminal
PWWP domain binds to histone H3 lysine 36 trimethylation (H3K36me3); a histone
modification factor present in enriched regions of actively transcribed genes (Lampi et al.,
2019). This directs HIV to preferentially integrate into gene-dense euchromatic regions
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enhancing proviral expression and facilitating stable tethering of PIC to chromatin, thereby
increasing the efficiency of integration (Maertens et al., 2003).

Absence of LEDGF/p75 reduces the integration efficiency, and may result in random
integration which can lead to suboptimal viral activity (Yoder, 2019). While other proteins
such as hepatoma-derived growth factor related protein 2 ( HRP-2) may substitute for
LEDGF/p75 in some retroviruses, they are less effective in guiding integration towards
transcriptionally active sites (Shun et al., 2007). The connection between the LEDGF/p75-IN
complex and its role in integration has made it a target for therapeutic development, leading to
the creation of inhibitors known as LEDGINs. These inhibitors disrupt the pre-integration
complex, reducing viral replication and redirecting the integration to less-active genomic
regions (Christ et al., 2012). Unlike conventional antiretroviral drugs, LEDGINs are less
prone to resistance since they act on a host protein rather than the virus itself (Christ &
Debyser, 2013).

Beyond its role in HIV, LEDGF/p75 is linked to the development of cancer, by promoting
proliferation and cell survival, particularly in leukemia and prostate cancer (Ortiz-Hernandez
et al., 2024). It is also an auto antigen in diseases like Sjögren's syndrome and systemic lupus
erythematosus, suggesting a potential link to the development to autoimmune diseases (Ciuffi
et al., 2005). Further research into its functions across different biological and pathological
contexts continues to expand its therapeutic relevance.

3.7 HIV-2’s Susceptibility to Antiretroviral Therapy
Combined antiretroviral therapy (cART) marked a transformative step in the treatment of
HIV, shifting the prognosis from fatal to manageable (Woldegeorgis et al., 2024). cART
entails combining agents from various drug classes targeting diverse phases of the virus life
cycle, contrasting earlier monotherapies or dual therapies (Yeni, 2006). The goal of cART is
to reduce viral load, lower transmission risk, boost immune system and minimize
opportunistic infections, thereby, prolonging patient’s survival (Reeves et al., 2021).

To date, Food and Drug Administration (FDA) has approved more than thirty antiretroviral
drugs targeting different steps in the viral life cycle (Gandhi et al., 2025) . They include CD4
mimics, CCR5 inhibitors, fusion and entry inhibitors, reverse transcriptase inhibitors; further
classified into nucleoside analogues (NRTIs) and non-nucleoside analogues (NNRTIs)
(Taramasso et al., 2023), protease inhibitors (PIs) (Arts & Hazuda, 2012) and integrase
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strand-transfer inhibitors (INSTIs) (Triki et al., 2018). Common drug regimens entail the use
of two NRTIs along with one NNRTI, PI or INSTI.
All the approved antiretroviral drugs are designed for HIV-1 management and therapy for
HIV-2 lags behind with notable limitations due to the presence of inherent polymorphisms
and mutations in NNRTIs (Woldegeorgis et al., 2024) (Table 1).With supporting data from a
few phenotypic studies, INSTIs have shown efficacy in HIV-2 similar to HIV-1 (Mörner et
al., 1999).

Class

Antiretroviral Drugs: HIV-2 Activity

Effective Ineffective

Reverse Transcriptase Nucleoside
inhibitors(NRTIs)

tenofovir, lamivudine,
emtricitabine,, islatravir, abacavir

didanosine, stavudine,
zidovudine

Reverse Transcriptase non-
nucleoside Inhibitors(NNRTIs) -

doravirine, nevirapine,
rilpivirine, efavirenz,

etravirine,

Inhibitors of Protease lopinavir, saquinavir, darunavir nelfinavir atazanavir, indinavir
fosamprenavir ,tipranavir

Inhibitors of Integrase Cabotegravir, raltegravir,
dolutegravir elvitegravir,

bictegravir,
-

Fusion-entry Inhibitors Ibalizumab, maraviroc Fostemsavir, enfuvirtide

Capsid Inhibitors Lenacapavir -

Table 1: Approved antiretroviral drugs with activity against HIV-2

3.8 Integrase Strand Transfer Inhibitors (INSTIs)
INSTIs constitute an important class of HIV antiretroviral agents designed to block the
integration of the viral DNA into the host cell (Craigie, 2012). Since their introduction,
INSTIs have significantly improved HIV treatment by offering potent antiviral effects,
favourable tolerability and a high resistance barrier, particularly with second generation
agents (Wang et al., 2021). According to guidelines by the European AIDS Clinical Society
(EACS), cabotegravir can be administered immediately after primary HIV infection until
resistance testing is available, while experienced virologically suppressed individuals can use
bictegravir and dolutegravir containing regime (EACS 2025: Summary V12.1).

To date, FDA has approved five INSTIs with the latest inhibitor designed as long acting
injectable offering solution to adherence challenge (Messiaen et al., 2013). The first
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generation INSTIs include raltegravir (RAL) which was the first INSTI to be licensed over a
decade ago (2007) followed by elvitegravir (EVG) (2012). They proved to be effective
treatments of HIV but this was short lived as resistant mutations emerged, dampening the
notion that they had a low genetic barrier to resistance (Di Perri et al., 2019; Pau & George,
2014).

The second generation INSTIs soon followed and included dolutegravir (DTG, licensed in
2013), bictegravir (BIC, licensed in 2018) and cabotegravir (CAB) which was approved in
2020. Their development was based on a fundamental shift in the central pharmacore from the
bicyclic form to the tricyclic ring responsible for the metal ion chelation (Jóźwik et al., 2020),
creating additional scaffold with the integrase residues, and increasing their potency in order
to combat the rapidly emerging HIV variants These inhibitors increased potency by making
broad contact with integrase residues through the enlarged scaffold (Wang et al., 2021)
(Figure 8).

Figure 8: Chemical structures of the INSTIs (Sayyed et al., 2023) highlighting interaction
with HIV integrase

3.8.1 INSTIs Mechanism of action

HIV integration is a multistep process involving DNA processing and its incorporation into
the host genome. By competitively attaching to their active sites, INSTIs prevent integration
and impede the strand transfer phase (Delelis et al., 2008). This is accomplished by either
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chelating the divalent cation necessary for the enzymatic activity or by displacing the end of
viral DNA 3′region from the catalytic binding site (Anstett et al., 2017). The phenyl ring of
INSTIs interacts with residues 145 and 146 of the integrase as well as the viral guanine:
cytosine bases. The 3′ processed DNA's terminal adenine is moved out of the IN-DNA
complex's active site (Jóźwik et al., 2020). The action of the enzyme depends on the chelation
of the Mg2+/Mn2+ divalent cations by three coplanar oxygen atoms, which also renders the IN-
DNA complex inactive and inserts it into the host's genome (Hare et al., 2011). Since
integrase homologue is absent from human cells and given its importance in virus cycle, it has
emerged as a promising target for antiretroviral therapy development (Engelman &
Cherepanov, 2012).
3.8.2 FDA approved INSTIs
3.8.2.1 Raltegravir
This first INSTI became popular upon approval for its rapid viral suppression and relatively
favourable safety profile. It was recommended for use in persons with multidrug-resistant
HIV-1, who had previously been exposed to a cocktail of ARVs from the NRTI, NNRTI, and
PI classes (Hicks & Gulick, 2009). Later, it was added as a first-line treatment administered
with two NRTIs, either once or twice a day for both HIV-1 and HIV-2 patients. When used
together with tenofovir disoproxil fumarate (TDF), it demonstrated efficacy in treating naive
persons, as well as immunosuppressed individuals (De Clercq, 2009). According to in silico
prediction studies, it works by directly interacting with a number of residues on the catalytic
region of HIV-1 integrase (Trivedi et al., 2020). However, RAL has a relatively short half-
life, necessitating twice daily dosing, impacting adherence and overall treatment
effectiveness.

3.8.2.2 Elvitegravir
In a once daily fixed-dose combination, elvitegravir demonstrated efficacy in treating HIV-1
and HIV-2 (Reviriego, 2014). Compared to raltegravir, it was better tolerated and more
effective in treating multi-drug resistant strains of moloney leukemia viruses (MLV), HIV and
SIV (Trivedi et al., 2020). Elvitegravir hinders the interaction between the IN and DNA,
thereby inhibiting integration. This is accomplished by interaction with residues E152 and
D64 of the integrase (Shimura & Kodama, 2009).
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3.8.2.3 Dolutegravir
Approved in 2013, (Walmsley et al., 2013) dolutegravir inhibits HIV integrase by binding to
the enzyme’s active site, where it interacts with key residues near the β4-α2 loop and chelates
essential magnesium ions, inducing conformational changes that block the strand-transfer step
of viral DNA integration (Hare et al., 2011). In contrast to RAL and EVG, DTG's halobenzyl
group; a special structural component, increases its reach into the active site and creates a
noticeably stronger interaction with the enzyme. This distinctive characteristic enhances
DTG’s efficacy against strains resistant to EVG and RAL (Le Hingrat et al., 2019).

Dolutegravir showed superior efficacy to its predecessors, forming more stable interactions
with the Integrase-DNA complex (Kandel & Walmsley, 2015). Its 14-hour plasma half-life
increases its ability to suppress resistant strains, which made it ideal for treatment of naive
patients (Aknin et al., 2019). In combination with other drugs, DTG is under trial for use as an
injectable antiretroviral therapy (Perazzolo et al., 2023).

3.8.2.4 Bictegravir
In 2018, the FDA authorised the use of bictegravir along with tenofovir and emtricitabine
(Spagnuolo et al., 2018) and showed its potent activity against both HIV-1 and HIV-2.
Bictegravir has demonstrated greater efficacy than RAL or EVG, in part due to its prolonged
dissociation from the integrase–DNA complex (~35 hours), which enhances its antiviral
potency and resistance barrier. Additionally, its favorable pharmacokinetic profile, including
high bioavailability and sustained plasma concentrations, supports once-daily dosing without
a booster. Bictegravir showed little to no cytotoxicity on cells in vitro and a higher barrier to
resistance compared to RAL, EVG, and DTG in HIV-1 and HIV-2 (Tsiang et al., 2016;
Bártolo et al., 2022).

3.8.2.5 Cabotegravir
The most recent addition to INSTI is cabotegravir, which was approved in 2021 for use as a
once-daily oral tablet in conjunction with rilpivirine (Pinto et al., 2023). In patients who have
had virological suppression, it is given as a long-acting intramuscular injectable once per
month or once every two months (Nachega et al., 2023). An analogue of DTG, cabotegravir
has a longer half-life of approximately 40 days when administered intramuscularly (Whitfield
et al., 2016). The drug exhibited excellent potency against four HIV-2 isolates with EC50 of
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0.12 nM. According to a newly released in vitro study, CAB showed efficacy against HIV-2
with a low EC50 in a single cycle spreading assay (Fernandez & van Halsema, 2019).
3.8.3 Common treatment - associated resistance mutations
Resistance to INSTIs is primarily caused by mutations in the catalytic core domain of the IN.
Primary resistance mutations such as Q148H/R/K, N155H, and Y143C/R; occur near the
enzyme's active site, directly interfering with drug binding, thereby reducing INSTI’s
effectiveness. In people with HIV-2, N155H, Y143 and Q148K/R/H mutations are typically
linked to resistance to RAL therapy (Anstett et al., 2017) (Table 2).

Category Mutation Notes

Primary
mutations

Q148H/K/R Major mutation; causes broad resistance to INSTIs
N155H Common pathway; cross-resistance with raltegravir and

elvitegravir
Y143C/R Specific to raltegravir resistance
E92Q Strong impact on elvitegravir and moderate on raltegravir
R263K Linked to dolutegravir, bictegravir, and cabotegravir resistance
S230R Associated with dolutegravir resistance
S153Y Associated with cabotegravir resistance
H51Y Associated with cabotegravir resistance
Q146L Associated with cabotegravir resistance

Secondary
(accessory)
mutations

T97A Accessory; increases resistance, restores viral fitness
G140A/S/C Accessory; often co-occurs with Q148 mutations
L74M Accessory; enhances resistance with Q148 mutations
E138A/K Increases resistance when combined with primary mutations
L234V Minor mutation contributing to dolutegravir resistance

Table 2:Major primary and secondary mutations associated with INSTIs

Secondary mutations, such as G140S/A/C, L74M, T97A and E138K/A, amplify the impact of
primary mutations, enhancing viral replication and decreasing susceptibility to INSTIs (Mbisa
et al., 2020). Cross-resistance is a significant challenge, as certain mutations that confer
resistance to one INSTI can also affect the efficacy of others. For instance, the Q148H
mutation combined with G140S leads to strong resistance against RAL, EVG, DTG and BIC
(Gil et al., 2022). Additionally, mutations such as R263K result in intermediate resistance to
multiple INSTIs, complicating treatment choices. In vitro, R263L or M501/R263K mutations
diminished BIC’s efficiency by 2-3 times, whereas replacement at position Q148 reduced its
effectiveness by 63 times (Anstett et al., 2017). However, BIC did not exhibit any resistance
to E92Q/T97A and E92A/Q148K, which were seen in RAL and DTG (Bártolo et al., 2022)
(Table 3).
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Drug Key Mutations Notes

Bictegravir

E92Q, T97A, Y143C/R, Q148R,
N155H; G140A/C/S +
Q148H/R/K (+ L74M, T97A,
E138A/K)

High genetic barrier to resistance;
retains activity against most single
mutations

Cabotegravir

R263K, S153Y, S147G, H51Y,
Q146L; Q148Q/R, G140G/R,
N155N/H, T97T/A, E138E/K,
L74I

Moderate genetic barrier to
resistance;
resistance may cause class-wide
cross-resistance

Dolutegravir

R263K, S230R, N155H + E92Q;
Q148H + G140S/A/C (+ L74M,
E138K/A)

High genetic barrier to resistance;
resistance common, occurs with
advanced HIV or low drug levels

Elvitegravir E92Q (most frequent), N155H,
Q148H/K/R, T66I

Lower genetic barrier; E92Q alone
reduces elvitegravir’s
susceptibility >20-fold

Raltegravir

N155H + E92Q; Q148H +
G140S; Y143R + T97A; G118R,
F121Y

Lowest genetic barrier; rapid
resistance
emergence, significant cross-
resistance

Table 3: Drug specific mutations of INSTIs observed in HIV-1 and HIV-2

The genetic barrier to resistance varies across INSTIs, with some drugs requiring multiple
mutations while others are compromised by a single mutation (Tang & Shafer, 2012).
DTG and BIC have a high genetic barrier to resistance, maintaining effectiveness unless
several mutations accumulate (Zhao et al., 2022). CAB has a moderate barrier while RAL and
ELV have a lower barrier, making them more prone to treatment-associated resistance (S. J.
Smith et al., 2018). Sub-optimal drug levels, usually as a result of inconsistent adherence or
insufficient drug concentrations, can promote the emergence of resistant viral strains (Tam et
al., 2008). For example, resistance to DTG is more likely observed in individuals with pre-
existing integrase mutations or in cases where serum drug concentrations are insufficient for
complete viral suppression (Pena et al., 2018).

Screening of our HIV-2 ROD based CGP sequence for possible polymorphisms, in
comparison to deposited sequences in the NCBI database revealed some secondary resistance
mutations such as 72I, 74I, 165 I, 201I and 203M which have been reported in HIV-2 ROD
and are known to confer resistance to INSTIs in the case of HIV-1.
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3.8.4 Molecular docking studies of INSTIs

Molecular docking studies have emerged as critical computational approach in HIV drug
discovery, illustrating the mechanisms of interaction between INSTIs and the integrase
enzyme, and providing structural basis of drug binding, effects of resistance mutations, and
optimization of new inhibitors ((Esposito & Tramontano, 2014). The prototype foamy virus
(PFV) intasomes' X-ray crystallographic structures clarified INSTIs' binding to IN;
nevertheless, due to the low sequence identity (15% genome) of HIV-1 and PFV, the
information acquired was insufficient (Rabe et al., 2021). Later, HIV-1 and SIV red capped
mangabeys (SIVrcm) intasomes complexed with DTG and BIC residues were elucidated
through Cryo electron microscopy providing more insights into the phenomenon (Cook et al.,
2021).

This high-resolution structure revealed that key INSTI binding interactions involve
coordination with active site residues such as Asp64, Asp116 and Glu152 (Hare et al., 2012).
They demonstrated the ability of INSTIs to chelate metal ions within the active site and form
hydrogen bonds with key integrase residues. Docking studies of second-generation INSTIs,
such as DTG and BIC, have demonstrated that these inhibitors exhibit stronger binding
affinities and enhanced stability, compared to first-generation drugs such as RAL and EVG
(Savarino, 2007). The improved potency of these newer drugs has been attributed to their
ability to accommodate conformational changes within the integrase enzyme, enabling them
to maintain activity against some resistant variants (Tsiang et al., 2016).

Through docking, mutations within the integrase protein, particularly in the catalytic core
domain, have been shown to reduce the efficacy of INSTIs by altering the structural
conformation of the active site, thereby weakening drug binding (Quashie et al., 2012). Key
resistance mutations, such as Q148H/R/K, N155H and Y143C/R, have been extensively
studied using molecular docking approaches, revealing significant reductions in binding
affinities for several INSTIs (Smith et al., 2009)

For instance, the Q148H mutation, which is commonly associated with high-level resistance
to RAL and EVG, disrupts critical hydrogen bonding interactions within the active site,
leading to reduced drug binding stability. Docking simulations have further shown that the
presence of secondary mutations, such as G140S and E138K, enhances the impact of Q148H
by further destabilizing the inhibitor-enzyme complex (Tsiang et al., 2016). Conversely, DTG
and BIC exhibit greater resilience to these mutations, as docking studies suggest that their
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flexible binding conformations allow them to retain inhibitory activity despite structural
alterations in the enzyme (Savarino, 2007).

Although the enzyme binding sites are highly conserved and unique to retroviruses,
polymorphisms and point mutations can alter the inhibitor peptide's specificity, lowering its
binding affinity (Engelman, 2019). These studies have been done for HIV-1, and given the
60% amino acids sequence differences, it is unclear how certain naturally occurring integrase
polymorphisms may impact the structure, function, and binding affinity of INSTIs to HIV-2
integrase (Isaacs et al., 2020).

3.8.5 INSTIs as potential therapeutics for SARS-CoV-2
HIV antiretroviral medications gained attention during the coronavirus epidemic because of
their various functions in viral replication. Since there was no known effective treatment for
COVID-19, it was necessary to evaluate available antiviral drugs for potential medication
repurposing in order to stop the pandemic (Sang et al., 2020). HIV antiviral medications, such
as DTG, RAL and some protease inhibitors were among substances tested for use against
SARs-CoV-2’s polymerase and protease (Indu et al., 2020). Further research was necessary
to validate the findings of in silico evaluations that highlighted RAL as a potential therapeutic
option based on its strong binding energies to the RNA-dependent polymerase (RdRp) of
SARS-CoV-2 (Indu et al., 2020).

Through molecular docking studies, it was hypothesized that integrase inhibitors would
interfere with SARS-CoV-2’s replication by interfering with essential components such as
helicase, non-structural proteins NSP13 and NSP14, and RdRp (Zapata-Cardona et al., 2023).
DTG and RAL showed favourable binding affinities in silico through interference at the RNA
synthesis stage. Additional simulations against exoribonuclease (nsp14) and helicase (nsp13)
revealed that they might also prevent viral RNA from unwinding and proofreading (Ahmed et
al., 2020). These interactions were confirmed by molecular dynamic simulations, which
revealed stable drug-protein complexes and advantageous binding energies, suggesting that
the inhibitors would efficiently suppress SARS-CoV-2 (Mohamed et al., 2023).

DTG, RAL and BIC demonstrated modest antiviral activity in vitro utilising cell lines like
Vero E6, HEK 293T and Calu-3, with dose-dependent reduction of viral replication (Dittmar
et al., 2021). However, due to potential differences in the replication dynamics between
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SARS-CoV-2 and HIV, these medications were not strong enough to completely stop viral
reproduction (Zapata-Cardona et al., 2023).

3.9 Capsid Inhibitors
Capsid inhibitors target the viral capsid (Link et al., 2020). Polypeptides, gag & gag/pol, are
processed by the viral protease at particular sites during HIV-1 particle formation, resulting in
the formation of the mature capsid (Rossi et al., 2021). The capsid plays multiple roles from
protection and stabilization of genome, virus uncoating, transport of PIC into the nucleus for
integration, immune response and maturation of virions, making it an attractive therapeutic
target specifically aiming at the highly conserved N-terminal domain (Campbell & Hope,
2015b).

The exploration of capsid-targeting HIV inhibitors began in 2003, with the identification of
Adenylyl cyclase-associated protein 1 (CAP-1), a compound discovered through
computational methods aimed at its N-terminal domain. In vitro, it inhibited the assembly of a
mature capsid, but the viral core remained intact (Tang et al., 2003). Subsequent scientific
advancements included elucidating the crystal structure of the capsid hexamer crystal
structure, providing vital insights into molecular underpinnings of capsid assembly. This led
to the identification of a new compound (BI-1 & BI-2) that effectively bound to the capsid,
though BI-1's limited potency hindered its clinical progression (Lamorte et al., 2013). In
2010, PF-3450074 (PF74) emerged as a promising candidate, targeting a previously
unexplored region within the CA amino terminal domain. Having a broad spectrum of
inhibition against various HIV isolates with sub-micromolar potency, PF74 disrupted both the
early phase; leading to capsid instability, and the late phase by interfering with formation of
mature viral cores. Notably, PF74's antiviral effects were influenced by the host factor
cyclophilin A, suggesting its mechanism involved disrupting host interactions with the viral
capsid (Blair et al., 2010).

The introduction of GS-CA1 in 2017 marked a significant advancement, providing a broad-
spectrum effect across all HIV clades. Exhibiting exceptional potency, and favorable
pharmacokinetic properties in mononuclear cells, GS-CA1 demonstrated potential for long-
acting formulations (Perrier et al., 2017).

In recent years, GS-6207 showcased impressive antiviral potency, with significantly lower
EC50 values than existing antiretroviral drugs. Its pharmacological profile indicated high
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metabolic stability and favorable pharmacokinetics, suggesting viability for once-every-three-
month administration in humans (Zheng et al., 2018). Resistance studies revealed specific
mutations associated with GS-6207 however it was effective in treatment naïve patients
(Marcelin et al., 2020).

3.9.1 Lenacapavir
Lenacapavir, the latest and first FDA-approved HIV capsid inhibitor, administered orally or
via subcutaneous injection, exhibits potent efficacy against multidrug-resistant HIV-1 strains
(Prather et al., 2023) (Figure 9).

Figure 9:Mechanism of action of lenacapavir (Adapted and modified from Segal-Maurer et
al., 2022)

It functions by binding to p24 capsid protein subunits, disrupting viral replication in both the
early and late stages. Lenacapavir blocks nuclear uptake of proviral DNA by impeding the
interaction between nuclear import proteins and the capsid. Moreover, it hampers the efficient
functioning of gag/gag-pol polyproteins, preventing capsid core formation, thereby resulting
in dysfunctional virion production (Perrier et al., 2017). Furthermore, lenacapavir acts by
interfering with essential processes of HIV-1 replication. Specifically, it disrupts interactions
between capsid monomers, impeding binding of essential proteins like NUP153 and CPSF6,
necessary for entry of capsid into the nuclear and viral genetic integration (Buffone et al.,
2018). Lenacapavir's binding mode to the phenylalanine-glycine binding pocket between
adjacent capsid monomers prevents efficient nuclear entry of the capsid, thus inhibiting HIV-
1 genomic integration (Faysal et al., 2021). Lenacapavir targets the hydrophobic capsid
pocket, disrupting gag-pol function and reducing subunit production of the capsid protein.
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In low concentrations of picomolar range, it demonstrated broad-spectrum antivirus activity
against all HIV-1 clades (Dzinamarira et al., 2023). The efficacy of lenacapavir was shown to
be more evident in the early phase, with an EC50 of 23-55 pM compared to the late phase
with an EC50 of 314-439 pM (Link et al., 2020). At higher concentrations (5 nM), formation
of two-long terminal repeat (2-LTR) circles was impaired, and overall, there was reduction in
HIV-1 DNA levels. Previous studies have shown that at even higher doses (50 nM),
lenacapavir also inhibited reverse transcription (Bester et al., 2020). As reported by
CAPELLA study and other clinical trials, resistance to lenacapavir was rare in treatment-
naive patients, but possible in patients experiencing viral rebound or in case of poor adherence
to oral medications. On another note, baseline resistance to major ART classes does not
appear to affect lenacapavir’s efficacy, making it a valuable option in multidrug-resistant HIV
treatment settings (Segal-Maurer et al., 2022).
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4. RESEARCH OBJECTIVES

Objective 1: Inhibition profiling of INSTIs and lenacapavir against HIV-2 and
investigation of the effects of raltegravir on SARS-CoV-2`s activity

a) Inhibition profiling of INSTIs against HIV-2 in vitro
b) Profiling INSTIs inhibitory effects on HIV-2 in cell culture
c) Evaluation of INSTIs against SARS-CoV-2 activity
d) Evaluation of lenacapavir’s effects on HIV-2 in cell culture
e) Molecular docking of INSTIs and lenacapavir on HIV-2 integrase and the capsid,

respectively
Objective 2: Evaluation of the transcriptomic changes induced by Vpx on gene
expression, cytokine profiles and HIV-1 Tat protein

a) Determine the transcriptomic changes induced by Vpx following transfection with
wild-type and functionally restricted mutant plasmids

b) Detection of the Vpx effects on the cytokine profile of transfected THP-1 cells
c) Investigation of Vpx’s effects on HIV-1 Tat protein

d) Evaluation of effects of Vpx on gene expression following HIV-2 infection or
transfection

e) Measurement of Caspase 3 activity

Objective 3: Studies on HIV-2 integration sites and the interaction of LEDGF/p75 with
HIV-2 integrase during integration

a) Detection of LEDGF/p75 and integrase expression in Jurkat and HEK293T cell
line

b) Evaluation of LEDGF/p75–integrase interaction in Jurkat cells using proximity
ligation assay (PLA)

c) Examining the effects of LEDGF/p75 silencing on transduction efficiency and
interaction with HIV-2 integrase

d) Analysis of the preferred integration sites of HIV-1 and HIV-2 using genomic
sequencing
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5. MATERIALS AND METHODS
5.1 Plasmids and inhibitors
Second-generation lentiviral vectors comprising of the packaging, transfer and envelope
plasmids were utilized for HIV-1 and HIV-2 pseudovirion production. These included the
transfer vector pWOX expressing mCherry (Jochmans et al., 2012), packaging plasmid
psPAX2 (which were kind gifts from Dr. D. Trono of the University of Geneva Medical
School), and the envelope plasmid pMDG encoding the vesicular stomatitis virus (VSV-G)
envelope protein for the production of HIV-1 pseudovirions. For HIV-2, plasmids comprised
of HIV-2 CGP (based on the ROD protein containing HIV-2 genes), the transfer plasmid
CRU5SINCSW, and the pMDG envelope plasmid (Mahdi et al., 2015). The HIV-2 vectors
were generously provided by Joseph P. Dougherty of the Robert Wood Johnson Medical
School (NJ, USA). Additionally, CRU5SINCSW (HIV-2’s transfer plasmid) was engineered
to express the mCherry fluorescent protein under the control of a CMV promoter, inserted
between the BamH1 and Nde1 (New England BioLabs, MA, USA) restriction enzyme sites.
Verification of cloning and transduction efficiency was conducted using restriction enzyme
digestion, PCR, and transduction-based assays. All chemical inhibitors were purchased from
MedChem Express (MCE, NJ, USA) and dissolved in DMSO to achieve final concentrations
of between 1 nM to 1 µM for INSTIs and 1 pM to 1 nM for lenacapavir.

5.2 Inhibition profiling of INSTIs against HIV-2 in vitro
5.2.1 Cloning, expression and purification of HIV-2 integrase

A HIS- tagged plasmid pQE-60 was constructed (Genscript Biotech Corporation (NJ,
USA) containing an 894 bp DNA fragment of the HIV-2 integrase and preceded by six
histidine residues at the 5’ end of the cloning site. The constructed plasmid was then
transformed into competent Escherichia coli BL-21(DE3) culture cells expressing pET11a
bacteria (Thermo Fisher Scientific, Waltham, MA, USA) and restricted with BamH1 and
Nde1 (New England BioLabs, MA, USA) restriction enzymes for confirmation (Figure
10).
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Figure 10: Work flow for cloning of HIV-2 integrase in pET11a vector and
confirmation through gel electrophoresis

For protein expression, an overnight culture was prepared containing 60 μl from the bacterial
culture and 5 µl ampicillin in 5 ml LB medium, and incubated overnight at 37 °C on a shaker.
The pre-culture was transferred into 100 ml LB medium (containing 100 µl Ampicillin),
incubated at 37 °C, until the absorbance reached 0.7-0.8 read at a wavelength of 600 nm.
Induction of protein expression was performed with 1M isopropyl β-D-1-thiogalactopryr-
anoside (IPTG) and growth culture was continued for a further 3h and centrifuged at 6000xg,
at 4 °C for 20 minutes. The bacterial pellet was suspended in 8 ml of Buffer A (10 mM
imidazole, 50 mM Tris-HCI, 10% glycerol, 20 mM 2- mercaptoethanol, 1 mM PMSF, 0.1
mM EDTA, pH 7.6). Lysis was enhanced by 1 mg/ml of lysozyme followed by culture
incubation on ice for 30 minutes. To optimize protein solubilisation, 25 mM CHAPS and 1M
Sodium chloride were added. The suspension was subjected to sonication using five 240-W
bursts of 20 seconds each, with 1- minute cooling intervals between bursts. It was centrifuged
at 20,000xg for 30 minutes. Affinity chromatography was employed for protein purification
where 1 ml supernatant was loaded onto His Trap column pre-equilibrated with Buffer B
(0.1mM EDTA, 50 mM Tris HCI, 20 mM 2-mercaptoethanol, l mM PMSF, 10% glycerol, 10
mM imidazole, 1M NaCl, 25 mM CHAPS, PH 7.6). Elution was done with 2 ml of Buffer C
(20 mM 2-mercaptoethanol, 50 mM Tris-HCI, 0.1 mM EDTA, 10% glycerol, 1 mM PMSF,
25 mM CHAPS, 1M NaCI, 100 mM imidazole, PH 7.6). Eluted samples were collected at
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different concentration peaks and run on 16% SDS-PAGE again to identify the purified
proteins. Bradford assay determined the protein concentration.

5.2.2 Efficacy of INSTIs against purified HIV-2 integrase
A non-radioactive assay (Xpress Bio, Frederick, MD, USA) was used to quantitatively
measure the activity of the purified HIV-2 integrase. Briefly, 100 µl DS oligo was added to
HIV-1 LTR U5-coated streptavidin plates and incubated at 37ºC for 30 minutes followed by
five times washing using 300 µl wash buffer. Unbound sites were blocked with 200 µl
blocking buffer for 30 minutes at 37ºC in a microbiological incubator, followed by washing
three times in 200 µl reaction buffer wash. 100 µl of 1:300 dilution of integrase in reaction
buffer was added and incubation was done for 30 minutes at 37ºC. Subsequently, 50 µl of
INSTI inhibitors (equivalent to 10 µM) diluted in reaction buffer were added and incubated at
room temperature for 5 minutes. A uniform concentration of the inhibitors was added at 10
µM each of raltegravir, dolutegravir, bictegravir and cabotegravir (MedChem Express (MCE,
NJ, USA). 50 µl of target substrate (TS) oligo was added and incubated for 30 minutes at
37ºC. Five washes with 300 µl wash buffer were followed by addition of 100 µl HRP
antibody with incubation for 30 minutes at 37º C. The enzymatic signal was developed by
addition of 100 µl/well of TMB substrate. After 10 minutes incubation at room temperature,
the assay was terminated using 100 µl stop solution and absorbance measured at 450 nm. The
experiment was done in triplicates as per manufacturer’s instructions. Controls containing
integrase enzyme only without inhibitors were included.

5.3 Inhibition profiling of INSTIs against HIV-2 in cell culture
5.3.1 Assessment of cell viability in the presence of inhibitors
In 96-well plates (Greiner Bio One, catalog no. 655074), 25,000 Jurkat cells (ATCC, Manassas,
VA, USA) were cultured in complete RPMI medium (Sigma-Aldrich, St. Louis, MO, USA) (1%
L-glutamine, 10% FBS and 1% penicillin-streptomycin) and incubated at 37ºC in 5% CO2 for 24
hrs. On the subsequent day, cells were treated to a range of serially diluted inhibitor
concentrations of between 1 nM to 1 µM for INSTIs and 1 pM to 1 nM for lenacapavir in DMSO
(MedChem Express, NJ, USA) and then incubated at 37ºC in 5% CO2 for two days. Afterward,
an MTT assay to evaluate the viability of the treated Jurkat cells was performed following the
manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA). Controls included a
cell control containing MTT reagent with no inhibitor, and a blank without both inhibitor and
MTT.
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5.3.2 Production of HIV-1 and HIV-2 pseudoviruses

Pseudotyped virions were generated using human embryonic kidney (HEK-293T) cells
(Invitrogen, Carlsbad, USA). Cells were initially cultured in T-75 flask containing 15 ml of
complete DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 1% L-glutamine,
10% fetal bovine serum (FBS), and 1% penicillin-streptomycin and incubated at 37ºC in 5%
CO2. Within 24 hours, the cells reached approximately 70% confluency, equating to 5 to 6×106

cells per flask. On the subsequent day, transfection was done utilizing the polyethylenimine
(PEI) (Sigma-Aldrich St. Louis, Missouri, USA) method (Mahdi et al., 2018). 10 µg of each
plasmid was used. Transfection mixture was added into the cells in 5 ml of 1% DMEM and
incubated at 37°C in 5% CO2 for 5-6 hours. Following this, the media was substituted with 10 ml
of complete DMEM. Over the next 24 hours and for the subsequent three days, the viral
supernatant was harvested, pooled and filtered using a 0.45 μm polyvinylidene fluoride filter
(Merck Millipore, Darmstadt, Germany). To concentrate the pseudovirions, the filtrate was
ultracentrifuged at 4°C for 2 hours at 100,000 x g, after which the medium was discarded and the
viral pellet suspended in 200 μl of phosphate-buffered saline (PBS), aliquoted and preserved at
minus 70°C. To quantify the concentration of pseudovirions, an ELISA-based colorimetric
reverse transcriptase assay (Roche Applied Science, Mannheim, Germany) was employed. This
assay measured the reverse transcriptase (RT) activity of virions in nanograms per well unit.
5.3.3 Inhibition profiling assays
In 48-well plates (Greiner Bio One, catalog no. 677180), 25,000 Jurkat cells (ATCC, Manassas,
VA, USA) were seeded in triplicates in 200 µl of RPMI medium supplemented with 1% L-
glutamine and 10% FBS, to reach 50-70% confluency by the following day after incubation at
37°C in 5% CO2. The cells were then exposed to a series of inhibitor concentrations, ranging
from 1 nM to 1 µM of INSTIs (MedChem Express (MCE, NJ, USA) in fresh medium without
antibiotics and incubated at 37°C in 5% CO2 for 3 hours. Subsequently, transduction was
performed using 4 ng of RT/well of the pseudotyped HIV-1 or HIV-2 virions in the presence of 8
µg/ml polybrene/well (Sigma-Aldrich St. Louis, Missouri, USA). A cell control containing
polybrene without the virus was included. Following 48-hours incubation at 37°C in 5% CO2,
the medium was discarded and the cells were collected in 400 µl in PBS and fluorescence
determined by flow cytometry (FACS calibur, BD Biosciences, NJ, USA) (Figure 11).
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Figure 11:Workflow for inhibition experiment in cell culture

Transduction efficiency was determined based on mCherry fluorescence in 5000 cells per
sample using Version 10 of FlowJo Software (Becton, Dickinson and Company; 2019). The
50% inhibitory concentration (IC50) values were calculated by GraphPad Prism version 9.0
(GraphPad Software, Inc. Boston, MA, USA).

5.4 Evaluation of INSTIs against the activity of SARS-CoV-2
In collaboration with our partners from the Laboratory of Virology and Chemotherapy (Rega
Institute for Medical Research, Department of Microbiology, Immunology and
Transplantation, Belgium), we assessed the potential antiviral activity of INSTIs against
SARS-CoV-2 in A549-Dual™ hACE2-TMPRSS2 and VeroE6-GFP cells (provided by M.
van Loock, Janssen Pharmaceutical, Beerse, Belgium). 25, 000 VeroE6-GFP cells were
cultured in 96-well plates (Greiner Bio One, catalog no. 655090) and pre-treated with
raltegravir overnight in the presence of 0.5 μM MDR1-inhibitor CP-100356 (MedChem
Express, NJ, USA). The cells were exposed to the SARS-CoV-2 inoculum at a multiplicity of
infection (MOI) of 0.001 median tissue culture infectious dose per cell. The GFP fluorescence
intensity was quantified on day 4 post-infection, and the percentage of inhibition was
determined by subtracting background fluorescence and normalizing to untreated-uninfected
control wells. The potential toxicity of compounds was evaluated in treated-uninfected
cultures, and the 50% cytotoxic concentration (CC50) was calculated using logarithmic
interpolation. The SARS-CoV-2 variants B.1.1.7 and Omicron BA.2 were recovered from
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nasopharyngeal swabs of RT-qPCR-confirmed human cases while the SARS-CoV-2 GHB
strain was isolated from a nasopharyngeal swab obtained from Wuhan returning patient, and
tested in biosafety level 3 and 3+ facilities at the Rega Institute for Medical Research, KU
Leuven.

5.5 Evaluation of lenacapavir’s effects on HIV-2 in cell culture
5.5.1 Efficacy of lenacapavir against HIV-2 in cell culture
Following a protocol similar to that described in section 4.3.3, 25,000 Jurkat cells (ATCC,
Manassas, VA, USA) were seeded in 48-well plates (Greiner Bio One, catalog no. 677180) in
triplicates in 200 µl of RPMI (Sigma-Aldrich, St. Louis, MO, USA) medium supplemented
with 1% L-glutamine and 10 % FBS and incubated at 37 °C in 5% CO2 overnight. On the next
day, cells were treated with a concentration gradient of lenacapavir ranging from 1 pM to
1 nM (MedChem Express, NJ, USA) in fresh medium without antibiotics followed by
incubation at 37 °C in 5% CO2 for 3 hours. Transduction was subsequently carried out by
adding 4 ng of pseudotyped virions per well, along with 8 µg/ml polybrene to enhance viral
entry. Controls included cells treated with DMSO without viruses. After 48 hours incubation
at 37 °C in 5% CO2, the cells were collected in 400 µl of PBS and mCherry fluorescence
measured using flow cytometry (FACS Calibur, BD Biosciences, NJ, USA).

5.5.2 Production of pseudoviruses in the presence of lenacapavir
Following a similar procedure as described in section 4.3.2, viruses were generated in the
presence of varying concentrations of lenacapavir prior to transfection. Initially, on day 1,
three million HEK-293T cells were seeded into T-75 flasks containing 10 ml of complete
DMEM supplemented with 1% L-glutamine, 1% penicillin-streptomycin and 10 % FBS and
incubated at 37 °C in 5% CO2 overnight. On the subsequent day (day 2), the cells were treated
with lenacapavir for a period of 3 hours at concentrations of 1 nM, 10 nM, and 100 nM
(MedChem Express, NJ, USA). Following this treatment, the cells were transfected with 10
µg of HIV-1 and HIV-2 vectors in 5 ml of 1% DMEM. After an incubation period of 5 hours
at 37 °C in 5% CO2 overnight, the medium was replaced with fresh complete medium
supplemented with the corresponding concentrations of lenacapavir, followed by a two-day
incubation period. The supernatant containing virions were harvested and concentrated using
Amicon Ultracel 100K (Merck Millipore Ltd Tullagreen, Ireland). An ELISA-based RT assay
was then employed to determine the concentration of virions, followed by transduction assays
to assess functionality.
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5.5.3 Evaluation of lenacapavir’s effects on HIV-2 capsid formation

25,000 Jurkat cells (ATCC, Manassas, VA, USA) were plated in a 48-well plate in triplicates
in full RPMI (Sigma-Aldrich, St. Louis, MO, USA) medium containing 1% L-glutamine and
10% FBS without antibiotics followed by 24 hours incubation at 37°C in 5% CO2 overnight.
The cells were transduced with 4 ng of RT/well of pseudoviruses produced in the presence of
lenacapavir as described in section 4.5.2. 8 µg/ml of polybrene/well was also used to enhance
transduction. A control containing cells treated with DMSO only was included. This was then
followed by a further incubation at 37°C in 5% CO2 for 48 hours, after which the cells were
collected in 400 µl PBS, and the fluorescence percentage measured using flow cytometry
(FACS calibur, BD Biosciences, NJ, USA). Transduction efficiency was determined by
FlowJo Software Version 10 (Becton, Dickinson and Company; 2019) and statistical analysis
was performed using GraphPad Prism 9.0.

5.6 Molecular docking of INSTIs and lenacapavir
This was conducted by Dr. Gyula Hoffka from the Department of Biochemistry and
Molecular Biology, University of Debrecen. We utilized the SIVrcm intasome structure to
model the HIV-2 integrase structure, incorporating INSTIs (bictegravir, dolutegravir and
cabotegravir) and a DNA substrate. The sequence of SIV DNA was modified to match our
HIV-2 sequence, and nucleotide changes were made using UCSF Chimera (Isaacs et al.,
2020). Structure minimization was performed using Amber16 force field, incorporating
Li/Merz parameters for Mg2+ ions, and TIP3P water solvation model. Bictegravir and
cabotegravir structures were geometrically optimized using Gaussian16 and RESP charge
calculations. Molecular docking was conducted using PLANTS, targeting subunit A of the
integrase active site. The docking centre was defined at the coordinates between the two
catalytic Mg2+ ions, with a binding site radius of 12 Å, and the structure that demonstrated
lowest energy structure was selected for analysis (Waterhouse et al., 2018). For lenacapavir, a
structural model of the HIV-2 capsid protein (p26) was generated using its amino acid
sequence and the protein-ligand structures were converted using AutoDock Tools to pdbqt
files. Comparative docking was guided by the known binding interface near Asn57 in the
HIV-1 capsid protein (p24) structure (PDB ID: 7RHN) as a reference (Pettersen et al., 2004).
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5.7 Transcriptomic changes induced by Vpx
5.7.1 Transfection of THP-1 cells
We employed the pcDNA3.1-Vpx-NeGFP plasmid which encodes HIV-2 Vpx conjugated
with GFP, obtained from Genscript Biotech Corporation, NJ, USA. The Vpx sequence
mirrored that of the HIV-2 ROD-based vector, specifically the HIV-2 CGP (Mahdi et al.,
2015). To create a functionally restricted mutant Vpx, K68A and R70A mutations were
introduced into the Vpx coding region, generating the pcDNA3.1-MutVpx-NeGFP vector. A
mock control, pcDNA3.1-NeGFP lacking Vpx, was used for comparison. Additionally,
pcDNA1-Tat encoding HIV-1 Tat was sourced from Addgene, Watertown MA, USA
(Plasmid #138478), a gift from Akitsu Hotta (Bolger et al., 2014). For transcriptomic analysis
via transfection of THP-1 cells, the THP-1 monocyte cell line (ATCC, Manassas, VA, USA,
Number: TIB-202) was cultured in RPMI medium supplemented with 10% FBS and 1% L-
glutamine (Thermo Fisher Scientific, MA, USA) without antibiotics. On the day of
transfection, cells were seeded into 6-well plates at a density of 5×105 cells/well in 500 µl
serum and antibiotics-free Opti-MEM (Thermo Fisher Scientific, MA, USA). Transfection
was conducted using Lipofectamine LTX reagent (Thermo Fisher Scientific, MA, USA) with
5µg of pcDNA3.1-Vpx-NeGFP, pcDNA3.1-MutVpx-NeGFP, or pcDNA3.1-NeGFP
plasmids, following the manufacturer’s protocol. Expression of the constructs was assessed
using EVOS FLoid cell imaging station (Thermo Fisher Scientific, MA, USA) and flow
cytometry to detect positively fluorescing cells. For transcriptomic analysis, RNA isolation
was performed 16 hours post-transfection with the aforementioned plasmids using TRIzol
Reagent (Thermo Fisher Scientific, MA, USA) according to the manufacturer's instructions.
All experiments were conducted in duplicate.

5.7.2 RNA data sequencing and analysis
This was conducted by Balázs Kunkli from the Department of Biochemistry and Molecular
Biology; University of Debrecen. RNA samples were prepared for the investigation and
sequenced using the Agilent RNA 6000 Nano Kit and 2100 BioAnalyzer (Agilent
Technologies, Waldbronn, Germany). Samples chosen for library preparation had an RNA
integrity number higher than 7. The Ultra II RNA Sample Prep Kit (New England Biolabs,
Ipswich, MA, USA) was used to produce RNA-Seq libraries after oligo-dT magnetic beads
were employed to isolate Poly-A RNA, mRNA was eluted and fragmented at 94°C. Random
priming reverse transcription was used to create first-strand cDNA, and second-strand
synthesis was followed by the production of double-stranded cDNA. Sequencing libraries
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were created by PCR enrichment of adapter-ligated fragments. Using the Illumina NextSeq
500 platform (San Diego, USA) single-end 75-cycle sequencing was carried out. FastQC,
Bowtie 2, and MultiQC were used for data processing and analysis. Using the EBSeq tool,
differential gene expression analysis was carried out to compare gene expression in three
different conditions: GFP control, wild-type, and mutant Vpx. The topGO R program was
used to perform gene ontology analysis, and genes with significance were filtered using a p-
value threshold of less than 0.05. Additionally examined were HIV-1 interaction partners and
PubMed metadata pertaining to viral infections. The R tools ggplot2, ggrepel, GOplot, and
formattable were used to visualise the data.

5.7.3 Detection of Vpx’s effects on the cytokine profile of transfected THP-1 cells

In triplicates, 500,000 THP-1 cells (ATCC, Manassas, VA, USA) were cultured in 6-well
plates (Greiner Bio One, catalog no. 657160) containing 500 µl of RPMI medium enriched
with L-glutamine (1%) and FBS (10%) (Thermo Fisher Scientific, MA, USA). Following a 3-
hour incubation in 5% CO2 at 37°C, cells were activated with 100 nM phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO, USA) for 1 hour. PMA-containing medium
was replenished with 500 µl freshly prepared RPMI medium, and the cells were incubated for
24 hours to allow for adherence and differentiation into macrophage-like cells and confirmed
via light microscopy.

Subsequently, transfection of the activated cells was performed using 5µg of pcDNA3.1-Vpx-
NeGFP or pcDNA3.1-NeGFP (mock) vectors using Lipofectamine LTX Reagent in Opti-
MEM (Thermo Fisher Scientific, MA, USA), followed by 5-hour incubation in 5% CO2 at
37°C and replacement of medium with 1 ml of fresh RPMI medium. Non-transfected cells
(lipofectamine-treated only) were also included as controls. The cells were further incubated
for 24 hours under the same conditions and centrifuged for 3 minutes at 11,000xg. The
supernatant was carefully collected for cytokine analysis. Cytokine levels (IL-1β, TGF-β,
IFN-α and IL-6) in the supernatant were quantified by ELISA from BD Biosciences (BD
Biosciences, San Diego, CA, USA), and PBL Assay Science (PBL Assay Science,
Piscataway, NJ, USA) following manufacturer’s protocol. IFN-α quantification was
performed using the IFN-α ELISA Kit (TCM) from PBL Assay Science. Statistical
comparisons across different conditions were made by comparing cytokine levels across
different transfection conditions and analysis was performed using a Kruskal-Wallis test (non-
parametric) in version 7.0 of GraphPad Prism software.



50

5.7.4 Investigation of Vpx’s effects on HIV-1 Tat protein
To evaluate the influence of Vpx on HIV-1 Tat expression, western blot assay was
conducted. HEK-293T cells (1 x 106cells/well) (ATCC, Manassas, VA, USA) were seeded
into T-25 flasks containing 5 ml of full DMEM enriched with FBS (10%), penicillin-
streptomycin (1%) and L-glutamine (1%) (Sigma-Aldrich, St. Louis, MO, USA) in 5% CO2 at
37°C, one day prior to transfection. For the initial transfection, 5 µg of pcDNA3.1-Vpx-
NeGFP, pcDNA3.1-MutVpx-NeGFP or pcDNA3.1-NeGFP (mock) vectors, were transfected
into the cells using PEI as the transfection reagent. Non-transfected, PEI-treated only cells
served as native controls. The following day, cells were transfected again with 5 µg of
pcDNA1-Tat plasmid encoding HIV-1 Tat (Addgene, Watertown, MA, USA) using PEI.
After 24 hours of incubation, the supernatant was discarded, and cells were washed with 1 ml
of PBS before gently scraping them from the flask. The cells were then centrifuged, washed
with PBS, and the resulting pellet was resuspended in 300 µl of lysis buffer (50 mM Tris-HCl,
25 mM NaCl, 5 mM EDTA, 50 mM NaF and 0.5% NP-40, pH 7.4). The suspension was
incubated on ice for 30 minutes with intermittent vortexing. After incubation, the samples
were sonicated and centrifuged, and the supernatant was collected. Protein concentration was
determined using the Pierce BCA protein assay kit (Thermo Fisher Scientific, MA, USA).
Subsequently, 15 µg of protein from each sample was loaded onto an 18% SDS-acrylamide
gel for electrophoresis. Proteins were then transferred onto a nitrocellulose membrane
(Biorad, Hercules, CA, USA) and probed with Tat antiserum (1:750 dilution) (NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH, Bethesda, MD, USA) and anti-β-actin
(Sigma-Aldrich, St. Louis, MO, USA) antibodies as primary antibodies, followed by
appropriate secondary antibodies (1:2000) (Sigma-Aldrich, St. Louis, MO, USA). Blots were
visualized using Western-bright PICO substrate (Advansta, San Jose, CA, USA) and imaged
with an Azure 600 GelDoc system (Dublin, CA, USA).

5.7.5 Effects of Vpx on gene expression following HIV-2 infection or transfection
To investigate Vpx effects on gene expression, a combination of virus infection-based and
plasmid-based transfection approaches were employed. For the infection experiments which
were conducted by our collaborating partners from the Department of Laboratory Medicine,
Lund University, three primary HIV-2 subtype A isolates (1010, 1654, and 1806), obtained
from West African individuals, were utilized alongside HIV-1 IIIB and HIV-1 BaL strains as
reference controls. Virus stocks were generated by infecting phytohemagglutinin P
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(Pharmacia, Uppsala, Sweden) -stimulated peripheral blood mononuclear cells (PBMCs) from
healthy donors with the viral isolates. Fresh PBMCs were added weekly, and supernatants
were collected on days 7, 14 and 21, and then stored at −80°C. For infection of THP-1 cells,
250,000 cells per well were plated in quadruplicate in 24-well plates with RPMI-1640
medium (Thermo Fisher Scientific) enriched with 10% FBS and 1% L-glutamine (Thermo
Fisher Scientific). After 3 hours of incubation, the cells were activated with 100 nM phorbol
12-myristate 13-acetate (PMA) (Thermo Fisher Scientific) for 1 hour, then the medium was
replaced, and the cells were incubated at 37°C in 5% CO2 for 24 hours. Monocyte
differentiation into macrophages was confirmed using an optical microscope. Activated cells
were transfected with 25 ng of HIV-1 or HIV-2 isolates (capsid equivalent) and incubated for
48 hours under the same condition. Controls included native cells and PMA-stimulated cells.
Infection was monitored by reverse transcriptase (RT) activity, measured with a SYBR Green
I-based PERT assay.

To assess gene expression changes induced by Vpx on SKOR2, U2AF1 and CASP3 genes,
total RNA was extracted from virus infected THP-1 cells using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) in accordance with manufacturer’s instructions. cDNA synthesis was
performed on the extracted RNA using Superscript IV Reverse Transcriptase (Thermo Fisher
Scientific Waltham, MA, USA) with an R1 primer and RiboLock RNase inhibitor (Invitrogen,
Taastrup, Denmark). The synthesis protocol included initial 5-minute incubation at 23°C,
followed by 10 minutes at 55°C, and a final inactivation step at 80°C for 10 minutes.
Quantitative real-time PCR was conducted using SYBR Select Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA) and gene-specific primers on a CFX96 Touch Real-Time
PCR machine (Bio-Rad, Hercules, CA, USA). The results were analysed using the ΔΔCt
method, and statistical analysis was performed using the non-parametric Kruskal-Wallis test
in GraphPad Prism 7.0 (GraphPad software, LA Jolla, CA, USA).

In parallel, a transfection-based experiment was performed to investigate the effects of Vpx
on the expression of SKOR2, U2AF1 and CASP3 genes (Thermo Fisher Scientific, Waltham,
MA, USA). 500,000 THP-1 cells were plated in triplicates in six-well plates containing RPMI
medium complemented with 1% L-glutamine and 10% FBS. The cells were transfected with 5
µg of pcDNA3.1-Vpx-NeGFP, pcDNA3.1-MutVpx-NeGFP, or pcDNA3.1-NeGFP plasmids
using lipofectamine, followed by 16 hours of incubation at 37°C in 5% CO2. RNA was
isolated from the cells using TRIzol Reagent as per the manufacturer's instructions (Thermo
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Fisher Scientific, Waltham, MA, USA). Quantitative real-time PCR was performed with 500
ng of RNA using the Cells-to-CT TaqMan RT-qPCR master mix and gene-specific TaqMan
assays for SKOR2, U2AF1, CASP3, and GAPDH (Thermo Fisher Scientific, Waltham, MA,
USA). The RT-PCR conditions included reverse transcription at 50°C for 5 minutes, RT
inactivation at 95°C for 15 seconds, followed by amplification with 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. Data was analysed using the ΔΔCt method, and statistical
analysis was performed using the non-parametric t-test in GraphPad Prism 7.0 (GraphPad
software, LA Jolla, CA, USA).

5.7.6 Caspase 3 activity measurements
500,000 THP-1 cells/well in triplicates were seeded in a 6-well plate (Greiner Bio One,
catalog no. 657160) using antibiotic-free RPMI media supplemented with 1% L-glutamine
and 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA) to a final amount of 500
μl/well. The cells were transfected with 5 μg of pcDNA3.1-Vpx-NeGFP, pcDNA3.1-
MutVpx-NeGFP, or pcDNA3.1-NeGFP (mock) using lipofectamine LTX reagent (Thermo
Fisher Scientific, Waltham, MA, USA). In addition to a native control comprising of
lipofectamine LTX-only treated cells, a positive control was included in which the cells were
treated with 1 μM of staurosporine (MedChem Express (MCE), Monmouth Junction, NJ,
USA) to induce apoptosis. After incubation for 16 hours at 37°C in 5% CO2, the cells were
collected and lysed in a solution that contained 10 mM Tris, 1 mM dithiothreitol, 2 mM
EDTA and 1 mM PMSF for 30 minutes on ice at a pH of 7.4. The protein concentration was
assessed by BCA after the lysates were centrifuged for 30 minutes at 4 °C at 14,000 rpm.
CASP3 activity was evaluated using the MedChem Ac-DEVD-pNA colorimetric substrate
(CAS no. 189950-66-1, MedChem Express Monmouth Junction, NJ, USA) (Chopra et al.,
2009). To reach a final reaction of 100 μl per well, 40 μg of cell lysate was mixed with 0.2
mM of Ac-DEVD-pNA substrate that had been diluted in the lysis solution in a 96-well plate.
The preparation was incubated for one hour at 37 °C. An Agilent BioTek Synergy H1
microplate reader (Agilent Technologies, Santa Clara, CA, USA) was then used to detect
absorbance at 405 nm. All the experiments were done in triplicates.

5.8 Experiments on LEDGF/p75 and HIV-2 integrase
5.8.1 Detection of LEDGF/p75 and Integrase expression by Western Blot
500,000 Jurkat cells and HEK-293T cells were plated in triplicates in a six well plate (Greiner
Bio One, catalog no. 657160) in complete RPMI and DMEM medium supplemented with
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10% FBS, 1% L-glutamine & 1% penicillin-streptomycin ()Thermo Fisher Scientific,
Waltham, MA, USA, respectively and incubated at 37°C in 5% CO2 . The following day,
supernatant was discarded and cells were washed with 1 ml PBS, centrifuged for 5 minutes at
870 rpm at room temperature, and the pellet was washed with 5 ml PBS followed by another
wash using 1 ml of PBS. The pellet was then re-suspended in 100 µl lysis buffer (150 mM
NaCl, 50mM Tris, 0.5% Deoxycholic acid, 0.1% SDS, 0.5% NP-40, 1mM PMSF and 1mM
EDTA, pH 8.0).

For integrase detection, 100,000 Jurkat Cells and HEK-293T cells were plated in a 24 well
plate (Greiner Bio One, catalog no. 657168) in triplicates in complete RPMI and DMEM
medium supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA) respectively and incubated at 37°C in 5%
CO2. After 24hr incubation, the cells were transduced with 20 ng of HIV-2 pseudovirions in
the presence of 8 μg /ml polybrene. The cells were incubated for 6 hours at 37°C in 5% CO2

incubator. The supernatant was discarded and cells were washed with 1 ml PBS centrifuged
for 5 minutes at 870 rpm at room temperature, and the pellet was washed with 5 ml PBS and
washed again with 1 ml of PBS. The pellet was then re-suspended in 100 µl lysis buffer (50
mM Tris buffer, 319 mM potassium chloride, 33 mM magnesium chloride, 11 mM DTT pH
7.8.)

All lysates for LEDGF/p75 and integrase were incubated on ice for 30 minutes and vortexed
for 5 seconds every 10 minutes. Following lysis, the samples were sonicated for 2 minutes
using a Realsonic sonicator with a break every 20 seconds to prevent overheating. Lysates
were then centrifuged at 14,000xg for 30 minutes at 4°C, and the supernatants were collected.
Protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo
Scientific, Waltham, MA, USA).

For immunoblotting, 30 µg of the total protein per sample was resolved on 14% SDS-
polyacrylamide gels and transferred onto nitrocellulose membranes (Biorad, Hercules, CA,
USA). Detection of LEDGF/p75 was performed using 2 µg/ml anti-PSIP1 monoclonal
primary antibody (Sigma-Aldrich, St. Louis, MO, USA), followed by 1:2000 anti-mouse
secondary antibody (Sigma-Aldrich, St. Louis, MO, USA). Signal visualization was done
using the Western Bright Femto substrate (Advansta, San Jose, CA, USA) and imaged on the
Azure 600 Gel Documentation System (Dublin, CA, USA).
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For HIV-2 integrase detection, blots were incubated with 1:1000 anti-HIV-2 integrase
primary antibody (NIH AIDS Reagent Program), followed by 1:2000 anti-rabbit secondary
antibody (Sigma-Aldrich, St. Louis, MO, USA). Detection was carried out using the Western
Bright Pico substrate (Advansta) and visualized using the Azure 600 system. Β-actin served
as the internal loading control, detected with a specific anti-β-actin antibody and its
corresponding secondary antibody.

5.8.2 Evaluation of LEDGF/p75-Integrase interaction by Proximity Ligation Assay
(PLA)
20,000 Jurkat cells (ATCC, Manassas, VA, USA) were plated in a 96 well plate (Greiner Bio
One, catalog no. 677180) in full RPMI medium containing 10% FBS and 1% L-glutamine
(Thermo Scientific, Waltham, MA, USA).without antibiotics. They were transduced with
HIV-2 pseudoviruses at a MOI of 1 in presence of 8 μg/ml polybrene and centrifuged for 10
minutes. Cells were then incubated at 37°C in 5 % CO2 for different time points ranging from 0
to 12 hours (0h, 4h, 5h, 6h, 8h, 10h, and 12h). The supernatant was discarded and the cells
were washed with 200 μl PBS, centrifuged at 1000 rpm for 5 minutes and re-suspended in 100
µl of 1x PBS. The cells were fixed with 5 % paraformaldehyde (200 μl/well) for 30 minutes
and the membrane permeabilized with 0.3 % Triton X-100 (100 μl/well) for 10 minutes at
room temperature (Thermo Fisher MA, USA). The duolink PLA protocol was performed
according to the manufacturer’s recommendations (Duolink TM PLA Kit (Sigma-Aldrich, St.
Louis, MO, USA) using1 μg/ml anti- PSIP1 antibody (Sigma-Aldrich, St. Louis, MO, USA)
(Cat no. SAB1404913-100UG) and anti HIV-2 integrase antibody at 1:2000 dilution (NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH, Bethesda, MD, USA) Cat no.12883
Lot 160216). Interaction was detected by fluorescence microscopy using EVOS FLoid Cell
Imaging Station (Thermo Scientific, Waltham, MA, USA) at a magnification of x460 and a
scale bar of 100 μM. All the experiments were done in triplicates and the control cells were not
treated with the antibodies.

5.8.3 Effects of LEDGF/p75 silencing on transduction efficiency and interaction with
HIV-2 integrase
100,000 Jurkat cells (ATCC, Manassas, VA, USA) were seeded in triplicates in a 24-well
plate (Greiner Bio One, catalog no. 677180) in full RPMI medium containing 10% FBS and
1% L-glutamine without antibiotics. They were transfected with 1.5 μg of PSIP1 siRNA using
RNAiMax lipofectamine (Thermo Fisher MA, USA), followed by incubation for 24 hrs at
37oC. After incubation, the cells were collected, centrifuged for 5 minutes at 870 rpm, and
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washed with 1ml PBS. The cells were lysed in 100 μl lysis buffer (150 mM NaCl, 50 mM
Tris, 0.5% deoxycholic acid, 0.1% sodium dodecylsulfate (SDS) 0.5% NP-40, 1 mM PMSF
and 1 mM EDTA pH 8.0) and thereafter incubated for 30 minutes on ice and vortexed for 5
seconds every 10 minutes. After incubation, samples were sonicated (Realsonic sonicator, 2
minutes with a break every 20 seconds) and centrifuged for 30 minutes at 14,000xg at 4oC.
Supernatants were transferred into a clean tube and Pierce BCA protein assay kit (Thermo
Scientific, Waltham, MA, USA) was used to determine the protein concentration. Proteins
were subsequently analysed by western blot to confirm LEDGF/p75 silencing.

For proximity ligation assay, 20,000 of the LEDGF/p75 silenced Jurkat cells were plated in a
96-well plate, and transduced with HIV-2 pseudoviruses at MOI of 1 using polybrene at a
concentration of 8 μg/ml. A control of unsilenced cells was added followed by incubation for
6hrs at 37oC. The cells were collected, fixed with 5% paraformaldehyde and permeabilized
with 0.3% Triton x100 respectively. Duolink PLA procedure was performed as per
manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA).

To assess the effects of LEDGF/p75 silencing on the integration, 20,000 of the LEDGF/p75
silenced Jurkat cells were transduced with HIV-2 pseudoviruses at MOI of 1 using polybrene
at a concentration of 8 μg/ml followed by incubation for 48hrs at 37oC in 5% CO2. A control
comprising of unsilenced cells was also included. The cells were collected in 400 µl cold
sterile PBS and fluorescence was measured by flow cytometry (FACS calibur, BD
Biosciences, NJ, USA). Transduction efficiency was determined using Version 10 of FlowJo
Software (Becton, Dickinson and Company; 2019).

5.9 Experiments on the integration sites preference of HIV-1 and HIV-2
5.9.1 Detection of HIV-1 and HIV-2 LTR sequences by PCR
To confirm if transduction and integration were successful, the presence of LTRs was
confirmed in the isolated DNA obtained from the transduced Jurkat cells before
sequencing. Briefly, 35,000 Jurkat cells (ATCC, Manassas, VA, USA) were plated in full
RPMI medium (10% FBS and 1% L-glutamine) (Thermo Scientific, Waltham, MA, USA)
without antibiotics and transduced with HIV-1 and HIV-2 pseudoviruses at a MOI of 1, in
presence of 8 μg/ml polybrene. After 48 hrs incubation at 37°C in 5% CO2, genomic DNA
was extracted from transduced cells and purified using Invitrogen PureLink ™ Genomic
DNA Mini Kit (Thermo Fisher Scientific Waltham, MA, USA) as per manufacturer’s
protocol. 100 µl of DNA was fragmented by sonication for 2 minutes with a short break
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after 30 seconds. 100 ng of the fragmented DNA template was amplified by PCR using 10
µl Thermo phusion high fidelity master mix (Thermo Fisher Scientific Waltham, MA,
USA), 0.2 µl of HIV-1 and HIV-2 5’ forward and reverse primers (shown below). The
PCR conditions were: 1 cycle initial denaturation at 98oC for 30 seconds, 35 cycles
extension at 72oC for 30 seconds and 1 cycle final extension at 72oC for 10 minutes.
Thereafter, 20 µl of the amplified PCR sample was loaded onto agarose gel
electrophoresis.

The following primer sequences were used for confirmation of LTRs sequences based on
the transfer plasmids sequences (Figure 12) for HIV-2 and HIV-1 respectively (Sigma-
Aldrich, St. Louis, MO, USA).

CGW LTR Forward: 5’- CCGCTCGAGCGCCACCATGGTGAG-3’
CGW LTR Reverse: 5’- CCGCTCGAGGCCGCTTTACTTGTA-3’

pWOX LTR Forward: 5’- TGGCTAACTAGGGAACCCAC-3’
pWOX LTR Reverse: 5’- CCACACTGACTAAAAGGGTCTG-3’

Figure 12: Transfer plasmids showing the LTRs A: HIV-2 CGW plasmid expressing GFP
B. HIV-1 pWOX plasmid expressing mCherry

5.9.2 Transduction of Jurkat cells with HIV-1 and HIV-2 pseudoviruses
35,000 Jurkat cells (ATCC, Manassas, VA, USA) were plated in a 48-well plate in complete
RPMI medium containing 1% L-glutamine, 10% FBS and 1% penicillin-streptomycin
(Thermo Fisher Scientific Waltham, MA, USA), antibiotic in triplicates. The cells were
immediately transduced with HIV-1 and HIV-2 pseudoviruses at a MOI of 1 in the presence
of 8 μg/ml polybrene followed by centrifugation for 10 minutes to enhance viral entry into the
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cells. A control containing cells with polybrene only was included. The transduced cells were
incubated for 48hrs in 5% CO2 incubator at 37°C. Cells were collected, centrifuged for 5
minutes at 870 rpm and the pellet was washed with 5 ml, then with 1 ml of PBS. The pellet
was then re-suspended in 200 µl PBS.

5.9.3 Genomic DNA extraction from the transduced cell lysates
DNA extraction and purification was carried out using Invitrogen PureLink ™ Genomic DNA
Mini Kit (Thermo Fisher Scientific Waltham, MA, USA), as per manufacturer’s protocol.
Briefly, the cells in 200 µl PBS were transferred into a sterile micro centrifuge tube containing
20 μl Proteinase K. 20 μl RNAse was added to the sample, vortexed briefly and incubated for
2 minutes at room temperature. Then, 200 μl of genomic lysis buffer was added, vortexed to
obtain homogenous solution, and incubated at 55oC for 10 minutes for protein digestion. 200
μl of 96% ethanol was added to the lysate and well vortexed for homogeneity and purification.
The lysate was loaded onto spin column and centrifuged at 10,000xg for 1 minute at room
temperature, washed with 500 μl wash buffer 1 and centrifuged at 10,000xg for 1 minute at
room temperature. This was followed by a second wash using 500 μl wash buffer 2 and
centrifuged at a maximum speed (17,000xg) for 3 minutes. The DNA was eluted with 25 µl
elution buffer into 1.5 ml eppendorf tube after 1 min incubation and centrifugation at
17,000xg for 1 minute. The purified DNA concentration was measured using Nano drop 2000
and stored at -20°C and later sent for genomic analysis.

5.9.4 Genomic sequencing to assay for integration sites
This was performed by Dr. Szilárd Póliska from the Genomic Medicine and Bioinformatics
Core Facility at the Department of Biochemistry and Molecular Biology, University of
Debrecen. In accordance to manufacturers’ guideline, 1 μg of the purified DNA per sample,
from 5 replicates each, was used to prepare the library using the NEBNext DNA Library Prep
Kit (New England Biolabs, MA, USA). Ultrasound shearing was employed to randomly
fragment the genomic DNA to approximately 350 base pairs. The DNA fragments were then
end-polished, A-tailed, and ligated using the NEBNext adapter for Illumina sequencing (New
England Biolabs, MA, USA). P5 and indexed P7 oligos were then used to further enrich the
DNA in PCR. The AMPure XP system (Beckman Coulter, Paris, France) was used to purify
the PCR products, and the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany) was used to assess the size distribution of the resulting libraries and quantify them
using real-time PCR. Using multiple lanes per volume to reduce batch impact, the selected
libraries were pooled based on their optimal concentration and projected data volume before
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being sequenced by Illumina NovaSeq 6000 sequencers (San Diego California, USA) with
paired-end reads that were 150 bases long.

5.9.5 Bioinformatic analysis of the sequenced data
With the assistance of Noemi Caballero Sanchez from the Department of Biochemistry and
Molecular Biology, University of Debrecen, raw sequencing reads were trimmed using
Trimmomatic v0.39 and quality-checked with FastQC. Cleaned reads were aligned to a hybrid
reference genome (hg19) and reference genomes of HIV-1 (GenBank: K03455.1) and HIV-2
(GenBank: M15390.1), using BWA-MEM. Viral integration sites were identified using Virus-
Clip, to detect host-virus junctions via soft-clipped reads and filters for high-confidence
breakpoints (≥2 supporting reads, consistent orientation). Integration coordinates were
annotated against GENCODE v41 using BEDTools and downstream analyses were performed
in R v4.3.1 using GenomicRanges. Only autosomal, annotated loci were retained. To assess
chromatin context, Jurkat cells ATAC-seq data (SRA: SRR15931092, SRR15931093) were
processed using BWA-MEM and MACS2. Signal tracks were generated with DeepTools and
normalized around ±2 kb HIV integration windows using EnrichedHeatmap with 50 bp bins.
Heatmaps and enrichment profiles were visualized with EnrichedHeatmap and circlize,
enabling comparison of HIV-1 and HIV-2 integration preferences in open chromatin regions.

5.10 Statistical Analysis
5.10.1 Inhibition profiling experiments
Quantitative flow cytometry analysis measuring mCherry fluorescence in transduced Jurkat
cells was conducted using FlowJo Software version 10, for assessment of transduction
efficiency and evaluation of the antiviral activity of integrase strand transfer inhibitors
(INSTIs) and lenacapavir. GraphPad Prism version 9.0 was employed to calculate the 50%
inhibitory concentration (IC₅₀) values for INSTIs and lenacapavir in both the in vitro
integrase activity assays and pseudotyped lentiviral inhibition assays. IC₅₀ values were
derived using nonlinear regression models (log [inhibitor] vs. normalized response – variable
slope). In SARS-CoV-2 cytotoxicity assays, 50% cytotoxic concentration (CC₅₀) values were
estimated via logarithmic interpolation. All experiments were performed in biological
triplicates. Statistical analyses were conducted in GraphPad Prism version 9.0, and a p-value
≤ 0.05 was considered statistically significant.
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5.10.2 Vpx Functional Assays
RNA sequencing and differential gene expression analyses were conducted to assess
transcriptomic changes following transfection with wild-type Vpx, mutant Vpx, or GFP-only
control vectors. Quality control and alignment of sequencing reads were performed using
FastQC, Bowtie 2, and MultiQC. Differential expression analysis was conducted using
EBSeq; with downstream gene ontology (GO) enrichment analysis performed using the
topGO package in R, applying a significance threshold of p < 0.05. Data visualization was
carried out using ggplot2, ggrepel, GOplot, and formattable packages in R.

Cytokine quantification for IL-1β, TGF-β, IFN-α, and IL-6 was performed using ELISA, and
group comparisons were analyzed using the Kruskal–Wallis test in GraphPad Prism version
7.0. For RT-qPCR validation of selected genes (SKOR2, U2AF1, and CASP3), relative gene
expression was quantified using the ΔΔCt method. The Kruskal–Wallis test was applied to
infection-based datasets, whereas non-parametric unpaired t-tests were used for transfection-
based analyses. All experiments were conducted in triplicates, and statistical significance was
defined as p ≤ 0.05.

5.10.3 LEDGF/p75 and Integration Site Analysis
Data analysis in LEDGF/p75-related experiments focused on protein expression,
protein–protein interactions, and viral integration efficiency. Western blotting for LEDGF/p75
and HIV-2 integrase expression was evaluated qualitatively based on band intensity, using β-
actin as a loading control. Proximity ligation assays (PLA) were quantified by counting
fluorescent dots per nucleus as captured in fluorescence microscopy at a scale of 100 μM and
a magnification of x460. Comparative analysis of the images at different time points and
comparative analysis between silenced and unsilenced conditions were performed using
Image J software. Flow cytometry (FACS) was employed to assess transduction efficiency in
LEDGF/p75-silenced versus control in Jurkat cells. Data was analyzed in FlowJo v10, with
GFP positive cell percentages used as a proxy for transduction success. Statistical significance
was set at p ≤ 0.05. Statistical comparisons (using t-tests) were carried out in GraphPad Prism
version 9.0 to assess differences in PLA signal counts or transduction efficiency between
experimental groups.

PCR followed by gel electrophoresis was performed to qualitatively confirm the presence of
integrated HIV-1 and HIV-2 long terminal repeat (LTR) sequences.
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6. RESULTS
6.1 Inhibition profiling of INSTIs in vitro and in cell culture
6.1.1 Efficacy of INSTIs against purified HIV-2 integrase in vitro
The inhibitory effect of INSTIs was evaluated using purified integrase enzymes. While
significant inhibition of HIV-1 integrase activity was observed with all the tested INSTIs
compared to the control, no appreciable inhibition was detected against HIV-2 integrase
although the enzyme demonstrated excellent activity in the controls (Figure 13).

Figure 13: In vitro Inhibition profiling of INSTIs against purified HIV-2 integrase using a
quantitative non-radioactive assay. 10 μM of the inhibitors diluted in the assay’s reaction
buffer was used and the absorbance was measured at 405 nm. The y axis is the percentage
activity of the enzyme relative to the control while the x-axis shows the tested inhibitors
relative to the controls. The controls contained integrase enzyme without the inhibitors. The
experiment was carried out in triplicates and the significance level *** p value ≤ 0.001, ns p >
0.05

It is important to note that the commercial kit used to evaluate the inhibition was designed for
HIV-1; however, the manufacturer stated that measurement of HIV-2 integrase activity was
also possible.

6.1.2 Efficacy of INSTIs against HIV-2 in cell culture
Subsequent evaluation of antiviral efficacy in cell culture revealed potent inhibition of the
HIV-2 ROD strain by all the tested INSTIs. Low nanomolar IC₅₀ values were achieved across
all the inhibitors with dolutegravir demonstrating the highest potency against HIV-2 (IC₅₀
=0.9 (±0.4) nM) (Table 4 and Figure 14).
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IC50 (nM)
INSTI HIV-1 HIV-2

Elvitegravir 2.4 (±0.08) 2.1 (±0.1)
Raltegravir 7.2 (±0.1) 2.1 (±0.1)
Dolutegravir 2.2 (±0.07) 0.9 (±0.4)
Bictegravir 1 (±0.3) 1.8 (±0.08)
Cabotegravir 0.4 (±0.3) 2 (±0.1)

Table 4: IC50 values of INSTIs against HIV-1 and HIV-2 in cell culture. Data is represented
as mean ± standard error (SE) expressed as the logIC50 value of the inhibitor. Results were
concluded from triplicate measurements.

Figure 14: Representation of dose response curves of inhibitors in cell culture using serial
dilutions of the INSTIs ranging from 1 nM to 1 μM diluted in DMSO. The y-axis represents
the percentage of fluorescence (indicating infectivity) relative to the negative control (cells
treated with DMSO in the absence of the inhibitor), while the x-axis shows the logarithmic
concentration of the inhibitor. Cytotoxicity percentages are also displayed and can be inferred
from the y-axis relative to the control. The data are based on measurements performed in
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triplicate using Jurkat cells. There is reduction in fluorescence with increasing concentration
of the inhibitors.

6.1.3 Effects of INSTIs on the activity of SARS-CoV-2
Raltegravir did not exhibit noteworthy antiviral activity against the Wuhan-1 (GBH), B.1.1.7
or BA.2 omicron spike variants of SARS-CoV-2, with IC50 values exceeding 100 uM, in
Vero E6 cells and A549 hACE2-TMPRSS2 cell lines (Figure 15). This was also observed in
the assessment of dolutegravir and cabotegravir using similar methodology with no significant
inhibition.

Figure 15: Inhibition profiling of Raltegravir against SARS-CoV-2. Efficacy against the
prototypical Wuhan-Hu-1 (GBH) is shown in purple, while that against the B.1.1.7 variant is
shown in blue, and omicron BA.2 is shown in grey. Percentage of cytotoxicity is indicated in
red. Inhibition profiling was carried out in Vero ™ TMPRSS2 cells using three fold serial
dilution of the inhibitor to a final concentration of 0.5 μM. y axis indicates percentage of
inhibition, and x axis is the logarithmic transformation of the inhibitor’s concentration.
Results represent at least triplicate measurements.

6.1.4 Efficacy of lenacapavir against HIV-2 in cell culture
Lenacapavir exhibited potent antiviral activity against both HIV-1 and HIV-2 in cell culture
with IC₅₀ values in the low picomolar range. The IC₅₀ for HIV-1 was 399.2 (±0.2) pM, while
HIV-2 displayed a slightly lower IC₅₀ of 206.2 (±0.2) pM, indicating greater susceptibility of
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ROD-based HIV-2 to lenacapavir. The dose-response curves demonstrated a concentration-
dependent inhibition of viral replication, with near-complete suppression observed at higher
concentrations of the inhibitor. Importantly, the cytotoxicity (black curve) remained
negligible across the tested concentration range, indicating that the observed inhibitory effects
were not attributable to compound toxicity (Figure 16).

Figure 16: Inhibition profiling of lenacapavir in cell culture using Jurkat cells
A: Picomolar IC50 values of lenacapavir against HIV-1 and HIV-2 in cell culture
B: Dose-response curve of lenacapavir showing percentage fluorescence (x-axis) and the
logarithmic transformation of lenacapavir concentration in picomoles (y-axis). The percentage
of cytotoxicity is indicated with black dotted line. The inhibitor concentration ranged from 1
pM to 1 nM serially diluted in DMSO. The experiment was carried in triplicates.

6.1.5 Effects of lenacapavir on HIV-2 capsid formation
There was no significant difference in the reverse transcriptase (RT) activity between the
HIV-2 pseudoviruses produced in the presence of different concentrations of lenacapavir
compared to the control. However, transduction efficiency was significantly reduced when
these pseudoviruses were used to transduce cells (Figure 17), suggesting a defective the
virion formation in the presence of lenacapavir, despite having normal RT activity.
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Figure 17: HIV-1 and 2 pseudovirions with aberrant capsids produced in the presence of
lenacapavir. Pseudovirions were produced in the presence of 1, 10, and 100 nM of
lenacapavir. The y axis indicates percentage of transduction efficiency (percentage of
fluorescence), and x axis denotes the concentrations of lenacapavir used to treat the cells.
Control cells were only treated with DMSO. Results are concluded from triplicate
measurements. * p value ≤ 0.05, ** p value ≤ 0.01, *** p value ≤ 0.001.

6.1.6 Molecular docking analysis of INSTIs and lenacapavir
Molecular docking simulations revealed favourable binding of dolutegravir, bictegravir and
cabotegravir within the HIV-2 integrase’s active site. The inhibitors engaged DNA substrates
and coordinated with the Mg²⁺ ions essential for enzymatic activity (Figure 18).
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Figure 18: Molecular docking of the INSTIs on HIV-2 integrase active site
Structure of (a) bictegravir, (b) cabotegravir, and (c) dolutegravir inhibitors docked by
PLANTS in the active site of HIV-2 integrase. The inhibitor (teal), the DNA substrate (grey),
and the Mg2+ coordinating active site residues (green) are represented in stick format, the
Mg2+ ions (deep teal), and the coordinated water molecules (red) as spheres. (d) For
comparison, the SIV integrase crystal structure (PDB ID: 6RWN (Waterhouse et al., 2018)
that binds dolutegravir, applying the same colouring and representation schemes.

Additionally, lenacapavir demonstrated favorable docking to the p26 capsid protein of HIV-2
with binding characteristics comparable to its interaction with the HIV-1 p24 capsid crystal
structure (Figure 19).



66

Figure 19:
(a) Lenacapavir in complex with the HIV-2 capsid protein (p26) docked by AutoDock
Vina to the AlphaFold model; (b) in complex with the active site of HIV-1 capsid protein
(p24), crystal structure (PDB ID: 6V2F). The protein is represented with a grey surface and
lenacapavir as blue sticks. Close up of lenacapavir in (c) the HIV-2 model and (d) the HIV-1
crystal structure. The inhibitor (teal) and the interacting capsid residues (hydrogen bond
forming—green, a polar interaction forming—brown) are represented as sticks, the rest of the
protein as cartoon. The interactions were determined with LigPlot+.

6.2 Transcriptomic changes induced by Vpx
6.2.1 Analysis of gene regulation by Vpx
In this work, we assessed the effects of HIV-2’s accessory protein Vpx on the transcriptome
of THP-1 cells after transfection with both the wild–type, and functionally restricted Vpx
plasmids. Our analysis revealed that hundreds of genes with different functions were either
upregulated or downregulated by Vpx. Many genes involved in critical biological processes,
such as immune response regulation, cell division, and cell death, were upregulated by wild-
type Vpx.

Wild-type Vpx significantly upregulated genes associated with immune modulation,
apoptosis, and cellular differentiation, such as RANBP2-like, caspase 3(CASP3), GRIP
domain containing 2, U2 small nuclear RNA auxiliary factor 1 like 5 (U2AF1L5), NOP58
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ribonucleoprotein, and protocadherin gamma subfamily C (PCDHGC). Conversely, genes
such as the U2 small nuclear RNA auxiliary factor 1 (U2AF1), SKI family transcriptional co-
repressor 2 (SKOR2), mucin 4 cell surface associated (MUC4), CORO7-PAM16 read-
through (CORO7-PAM16) and serpin family A member 1 (SERPINA1) among others, were
downregulated (Figure 20).

Figure 20: Differential gene expression profile. Volcano plot showing differentially
expressed genes in the presence of wild-type Vpx compared to GFP expressing mock control
in THP-1 cells. Plotted are the negative base 10 posterior probabilities of genes being equally
expressed (-log10PPEE) in the function of log2 transformed fold changes. Probability values
were subject to FDR correction at an alpha level of 0.05.

On the other hand, transfection with a construct expressing the functionally impaired K68A-
R70A mutant of Vpx led to increased expression of several keratin-related genes (KRT81,
KRT5, KRT19, KRT6A), along with MAL, T-cell differentiation protein 2 (MAL2),
SERPINB5, MAGEA3, MAGEA6, KLK6, and RHOD. In contrast, a number of genes were
found to be downregulated, including EIF3CL, CNR2, SENP8, TOR1AIP2, PARD6G,
ZNF490, RSPH3, SLC35E3, PSTPIP2, and SHOX. Similar to what was observed with wild-
type Vpx, SKOR2 expression was also reduced.
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6.2.2 GO analysis of differentially expressed genes
GO enrichment analysis of genes differentially expressed in response to wild-type Vpx
identified 27 molecular functions, 28 cellular component groupings and 72 biological process
categories. Biological process (BP) analysis revealed that the impacted genes were primarily
associated with the negative regulation of viral processes (GO:0048525), the type I interferon
signaling pathway (GO:0060337), spliceosomal snRNP assembly (GO:0000387), regulation
of transcription elongation from the RNA polymerase II promoter (GO:0034243), negative
regulation of the innate immune response (GO:0045824), positive regulation of interferon-
beta production (GO:0032728), and DNA-templated transcription elongation (GO:0006354)
(Figure 21).
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Figure 21: Bubble plots illustrating significantly enriched GO categories of the differentially
expressed genes (DEGs) impacted by transfection with wild-type Vpx. A) GO analysis
highlights the top seven enriched terms in each category with BP representing Biological
Processes; CC is the Cellular Components and MF is the Molecular Functions respectively.
Bubble size reflects the number of DEGs associated with each term. The accompanying
horizontal bar plots indicate the proportion of DEGs relative to the total number of annotated
genes within the top seven terms under B) Biological process C) Cellular component (CC)
and D) Molecular function(MF).

Further analysis of the identified pathways that were altered significantly was carried out,
with a focus on the link between the top selected GO terms and the DEGs. The analysis
showed that the differentially expressed genes (DEGs) were predominantly associated with
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processes such as regulation of transcription elongation from the RNA polymerase II
promoter (GO:0034243), DNA-templated transcription elongation (GO:0006354),
involvement in the ubiquitin ligase complex (GO:0000151), localization to the nuclear speck
(GO:0016607), ubiquitin binding (GO:0043130), and negative regulation of the innate
immune response (GO:0045824). The connection between the GO terms and DEGs is
represented in Figure 22.
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Figure 22: Gene association analysis of DEGs. Association between 99 DEGs and the top 7
selected GO terms: (1) DNA-templated transcription elongation; (2) the negative regulation of
innate immune response and (3) the regulation of transcription elongation from RNA
polymerase II promoter classified under biological processes; (4) nuclear speck and (5)
ubiquitin ligase complex belonging to cellular components; (6) transcription co-repressor
activity and (7) ubiquitin binding pertaining to molecular functions, along with the
corresponding log2FC values of genes are represented in GOChord plot. Genes associated
only with nuclear speck or ubiquitin ligase complex in the range of −0.58 < log2FC < 0.58
(0.58 ≈ log21.5) were omitted. The color intensities of the rectangles reflect the significance
of change in the corresponding gene level relative to the control (color scale: log FC = −2
blue, log FC = 0 white and log FC = 1 red).

6.2.3 Vpx effects on the cytokine profile of THP-1 cells
We analysed the culture medium of transfected cells to assess the secretion of key pro-
inflammatory cytokines, including Interleukin-6 (IL-6), Interleukin-1 beta (IL-1β), and
Transforming Growth Factor Beta (TGF-β). Our findings demonstrated that transfection with
the wild-type HIV-2 Vpx led to a notable increase in the levels of these cytokines, suggesting a
pro-inflammatory response. However, this effect did not extend to type I interferons (IFN-α),
which are critical antiviral mediators; their expression remained unchanged compared to
control cells. These results suggest that while Vpx enhances inflammatory signaling, it may not
directly influence the type I interferon response (Figure 23).
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Figure 23: Vpx effects on the cytokine profile 24hrs after THP-1 cells transfection. Secretion
of A: TGF- β B: IL-6 C: IL-1 β and D: Type I α interferons in the medium of transfected
cells. Bars represent the average values obtained from two separate experiments. * depicts
statistical significance p < 0.001***, p < 0.01**. The experiment was carried out in
duplicates. Native cells were treated with lipofectamine only.

6.2.4 Effects of Vpx on the expression on HIV-1 Tat
Following co-transfection of HEK-293T cells with plasmids encoding HIV-1 Tat and either
wild-type or functionally restricted Vpx, western blot analysis revealed a substantial reduction
in HIV-1 Tat expression in cells expressing wild-type Vpx. The mutant Vpx (K68A-R70A)
also led to reduced Tat expression compared to the control; however, this effect was
considerably less pronounced than that observed with the wild-type Vpx (Figure 24).
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Figure 24: HIV-1 Tat expression measured by Western blot from wild type Vpx transfected
cells (A) and mutant K68A-R70A Vpx shown in (B). Controls consisted of cells transfected
with pcDNA1-Tat alone (CC) and mock transfected cells with pcDNA3.1-Vpx-NeGFP; β
–actin was used for normalization. Results are obtained from a single representative
experiment.

6.2.5 Effects of Vpx on the expression of SKOR2, U2AF1 and CASP3 genes
RT-qPCR analysis showed that U2AF1 expression was significantly downregulated in THP-1
cells transfected with either the wild-type Vpx or the functionally restricted mutant plasmids
(**** p<0.0001). However, SKOR2 and CASP3 expression levels remained largely
unchanged under similar conditions. A significant decrease in U2AF1 expression was
observed in cells infected with the HIV-2 1806 isolate (*p < 0.05), while CASP3 expression
was significantly downregulated following infection with the HIV-2 1654 isolate (*p < 0.05).
In contrast, SKOR2 expression remained unchanged across all HIV-2 primary isolates
(Figure 25).
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Figure 25: RT-qPCR validation of significantly altered transcripts. Relative fold changes of
RT- qPCR Ct values of CASP3, SKOR2 and U2AF1 are shown in (A): THP-1 cells infected
with HIV-1 and HIV-2 isolates, and (B): Wild-type and functionally restricted Vpx-
transfected THP-1 cells. PcDNA-NeGFP was used as a mock control. The experiment was
carried out in triplicates * p < 0.05; **** p < 0.0001.

CASP3 was upregulated in our analysis of DEGs of Vpx-transfected cells, however, from RT-
qPCR analysis, it was downregulated as a result of infection by HIV-2, and significantly so
with variant 1654. To address this discrepancy, we measured CASP3 levels from cell lysates
using colorimetric substrate after transfection of THP-1 with Vpx-expressing plasmid. A
significant increase in the activity of CASP3 was observed in wild-type Vpx transfected cells
while CASP3 activity was comparable to the control after transfection with a functionally
restricted Vpx mutant (Figure 26).
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Figure 26: CASP3 enzymatic activity in THP-1 cells transfected with pcDNA3.1-Vpx-
NeGFP (wild-type), pcDNA3.1-MutVpx-NeGFP (K68A-R70A mutant) and pcDNA3.1-
NeGFP (mock) plasmids. Non-transfected THP-1 cells were used as negative controls (−
Control), while cells treated with 1 µM staurosporine were used as positive controls (+
Control). An unpaired t-test was used to calculate statistical significance. * p-value ≤ 0.05;
*** p-value ≤ 0.001. The experiment was carried out in triplicates.

6.3 Interaction between LEDGF/p75 and HIV-2 integrase
6.3.1 Detection of LEGDF/p75 and Integrase by western blot
To assess the expression of proteins, western blot analysis was performed. LEDGF/p75
was detected in lysates of HEK-293T and Jurkat cells using an anti-PSIP1 monoclonal
antibody, identifying two isoforms of LEDGF: p52 and p75. For the detection of
integrase, HEK-293T and Jurkat cells were transduced with HIV-2 pseudoviruses, and a
32 kDa integrase protein band was detected 48 hours post-transduction using an anti-HIV
integrase antibody (Figure 27).
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Figure 27:Western blot analysis of cell lysates collected from HEK 293T and Jurkat cells A:
Detection of LEDGF isoforms (p52 and p75) and B: Detection of HIV-2 Integrase protein (32
kDa) following transduction of cells with Jurkat and HEK 293T cells. Results are obtained
from a single representative experiment.

6.3.2 Time dependent interaction between LEDGF/p75 and HIV-2 integrase
We detected the interaction signal between LEDGF/p75 and HIV-2 integrase as early as 4hrs
post transduction with the peak interaction at 6 hour time-point (Figure 28), hinting to the
possibility of utilization of LEDGF/p75 by HIV-2 for integration into the host’s genome, as in
the case of HIV-1.

Figure 28: Interaction between LEDGF/p75 and HIV-2 Integrase
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A: Representative processed images showing DAPI-stained nucleus (blue) and PLA signals
(red dot) implying interaction between the two proteins and B: Quantification of PLA signals.
The y axis is the mean +/-SEM (dots/nucleus) while x axis shows interaction of the proteins
after transduction at different time points. Control included cells not treated with LEDGF/p75
or integrase antibodies.

6.3.3 Effects of LEDGF/p75 silencing on the transduction efficiency and interaction with
HIV-2 integrase
To ascertain the optimum time required for silencing using siRNA, we incubated the silenced
cells for 1–3 days (24–72h). Western blot analysis confirmed efficient silencing after 24 hours
of incubation, which was selected as the optimal time point for further PLA analysis. PLA
results demonstrated a clear reduction in the interaction signal between LEDGF/p75 and HIV-
2 integrase in silenced cells compared to unsilenced controls at 6 hours post-transduction
(Figure 29).

Figure 29: Results of the LEDGF/p75 silencing in Jurkat cells
A: Western blot showing results of silencing following incubation for 1-3 days. Jurkat cells
silenced through transfection with 1.5 μg of PSIP1 siRNA in appropriate lipofectamine
RNAiMAX as per manufacturers guidelines. β actin was used for normalization. Results are
obtained from a single representative experiment.
B: Representative images showing DAPI-stained nucleus (blue) and PLA signals (red dots)
as seen under fluorescence microscope showing reduced LEDGF/p75-IN interaction in
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silenced versus unsilenced cells after 6hrs incubation. Images acquired at a magnification of
x460 and a scale bar 100 μM.
C: A bar chart showing quantification of PLA signals between silenced versus unsilenced
cells. The y axis is the mean +/-SEM (dots/nucleus) while x axis shows interaction of the
proteins after transduction and incubation for 6 hours. Image is representative of a single
measurement ** p value ≤ 0.01

To further investigate the effects of LEDGF/p75 silencing on integration, we transduced the
silenced cells with HIV-2 pseudoviruses and measured the transduction efficiency after 48hrs
of incubation using flow cytometry. There was no difference in the percentage of fluorescence
between the silenced cells and the control (Figure 30).

Figure 30: FACs analysis results of LEDGF/p75 silenced Jurkat cells (orange) transduced
with HIV-2 pseudovirions relative to the control (black). The control represents unsilenced
Jurkat cells transduced with HIV-2 pseudoviruses. Measurements were done in triplicates- ns;
p > 0.05

6.4 Confirmation of HIV-1 and HIV-2 LTRs from the transduced cells
Successful viral transduction and integration were confirmed by PCR amplification of the
HIV-1 and HIV-2 LTR regions from genomic DNA of transduced cells. Gel electrophoresis
revealed bands corresponding to the expected sizes: approximately 640 bp for HIV-1 LTR
and 850 bp for HIV-2 LTR (Figure 31).
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Figure 31: Gel electrophoresis image after PCR amplification of HIV-1 and HIV-2 LTRs
from transduced Jurkat cells. The LTRs sizes were estimated at 850 and 640 base pairs for
HIV-2 and HIV-1 respectively. Results are obtained from a single representative experiment.
6.5 Integration sites analysis

Following transduction of Jurkat cells with pseudoviruses, we compared HIV-1 and HIV-2
integration sites after genomic DNA sequencing. From our results, a higher proportion of
integration occurred in the introns and intergenic regions in the case of both HIV-1 and HIV-
2. However, HIV-1 showed a higher frequency of integration within the exons compared to
HIV-2 (Figure 32A). Chromosomal distribution analysis showed that both viruses integrated
broadly across all 23 human chromosomes but exhibited distinct preferences. HIV-1 favoured
integration in chromosomes 15, 14, 6, and 12, while HIV-2 preferred chromosomes 13, 20,
chromosome Y and 17 with an average distribution of approximately 70% across these
favoured chromosomes (Figure 32B).
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Figure 32: Distribution of HIV-1 and HIV-2 integration sites in Jurkat cells transduced with
HIV-2 pseudoviruses at a MOI of 1. Results are representative of a single measurement.
A: Distribution of integration sites within genomic features (intronic, intergenic, exonic
regions)
B: Percentage distribution of integration sites per chromosome with HIV-1 represented in
blue and HIV-2 in orange.

To investigate the relationship between viral integration and chromatin accessibility, ATAC-
seq signal intensity was mapped relative to the integration sites of HIV-1 and HIV-2.
Comparative analysis revealed marked differences in both signal intensity and distribution
patterns between the two viruses. For HIV-1, the average ATAC-seq signal showed a sharp
peak at the integration start site correlating with a high intensity signal on the heat map with
values reaching up to a maximum scale of 250. A strong signal depicted in white and red hues,
was observed immediately at the insertion start point of the target regions (Figure 33, left
panel).
In contrast, HIV-2 integration sites showed a different chromatin landscape. The heat map
showed a weaker, more diffuse ATAC-seq signal dominated by blue and light blue shades. The
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peak signal intensity reached only up to a maximum value of 40. The average plot for HIV-2
was relatively undefined and lacked a pronounced peak demonstrating less accessible
chromatin or integration in more random regions(Figure 33, right panel)..

Figure 33: ATAC-seq profiles of HIV-1 and HIV-2 integration sites relative to chromatin
accessibility. (Top): Line graph showing average ATAC-seq signal at the insertion sites.
(Bottom): Heat map showing ATAC-seq signal intensity across individual insertion sites.
Color scale represents chromatin accessibility with red/white showing high accessibility and
blue indicating low accessibility. x-axis shows distance in base pairs from the insertion sites,
y-axis shows the scale representing maximum and minimum signal intensity based on the
number of insertion sites

7. DISCUSSION
7.1 Inhibition profiling of INSTIs and lenacapavir against HIV-2
To study the efficacy of INSTIs in vitro, we expressed the HIV-2 integrase in Escherichia coli
bacteria and purified the enzyme by affinity chromatograph. We quantitatively measured the
activity of the enzyme in the presence of serial dilutions of the inhibitors utilizing non-
radioactive synthetic oligonucleotides substrates. The inhibitors were not effective against
HIV-2 integrase enzyme even at high concentrations of 10 μM despite showing efficacy
against HIV-1 under identical conditions. This observation suggested that probably HIV-2
integrase possess structural or conformational features that reduced inhibitor binding
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efficiency in a purified system. Additionally, we hypothesized that the substrate (designed for
HIV-1 integrase) did not meet the maximum threshold required for the activity of HIV-2
integrase, and further troubleshooting was hindered by the lack of research resources designed
specifically for HIV-2. Nevertheless, HIV-2 integrase showed a good catalytic activity in
control reactions confirming the functionality of the enzyme preparation, although the activity
was lower compared to that of HIV-1 integrase. Studies have shown that the purified integrase
is less soluble in solution; it’s very hydrophobic and prone to precipitation reducing the
activity of the enzyme (Oh & Shin, 1996). In addition, activity is influenced by both substrate
and target oligonucleotide sequences affecting the 3’ processing and strand transfer activity of
integrase (Ad et al., 1992), which could affect the outcome.

In contrast to the in vitro findings, all the tested INSTIs exhibited potent antiviral activity
against the HIV-2 ROD strain in cellular assays, achieving low nanomolar IC50 values.
INSTIs are favourable key components of the first-line treatment of HIV-1 because of their
efficacy and tolerability. They have shown excellent efficacy in treatment-naive patients as
documented in clinical studies, however, their success rate with ART-experienced patients
varies (Engelman, 2019).

With an IC50 value of 2.1 (±0.1) nM, raltegravir inhibited HIV-2 in our investigation, which
was comparable to a prior study on HIV-2 ROD clinical isolates (Cook et al., 2020). Four
clinical isolates were inhibited by raltegravir with an IC50 of 2.4 nM in a phenotypic study of
INSTIs naive patients (Indu et al., 2020). Raltegravir was demonstrated in clinical trials to be
effective in lowering the viral load in patients infected with HIV-2; however, the resistance
mutations N155H and Q148R rapidly surfaced (Hicks & Gulick, 2009). Elvitegravir
demonstrated efficacy as well, with an IC50 of 2.1 (±0.1) nM that was similar to earlier studies
performed using clinical isolates. Elvitegravir’s effectiveness was reported by Roquebert et al.
at 0.7 nM. Elvitegravir demonstrated efficacy in vitro when combined with the NRTIs
emtricitabine and tenofovir, with an EC50 of 1.6 nM (Roquebert et al., 2009).

Nine clinical isolates from integrase-naive patients showed an EC50 of 0.8 nM, which is
comparable to our IC50 of 0.9 (±0.4) nM for dolutegravir; a well-established integrase inhibitor
in treatment-naive patients. Dolutegravir’s IC50 range in a single cycle cell assay was 1.3–2.6
nM (Kandel & Walmsley, 2015). The efficacy of more recent inhibitors, including bictegravir
and cabotegravir, against HIV-2 is not well described. In comparison to other INSTIs,
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bictegravir was shown to have a low rate of resistance to the development of mutations, and
was effective against HIV-1. In a single spreading cycle assay in cell culture, bictegravir had an
EC50 ranging from 1.4 to 5.6 nM against 15 clinical isolates (Tsiang et al., 2016) comparable to
our study with an IC50 of 1.8 (±0.08) nM. Cabotegravir has also shown efficacy in inhibiting
HIV-2 in vitro with a low EC50 of 1.8–2.6 nM (Whitfield et al., 2016). It demonstrated efficacy
against HIV-2 ROD-based pseudovirions in our investigation, with an IC50 of 2 (±0.1) nM.

As far as we are aware, no prior research has systematically assessed the effectiveness of all
currently available INSTIs against HIV-2 integrase. The strength of our study lies in its
consistent approach—evaluating the inhibitors using the same ROD-based integrase sequence
within a standardized cell culture system, thereby minimizing variability and eliminating
potential interference from other compounds.

Furthermore, we assessed the efficacy of INSTIs raltegravir, dolutegravir, and cabotegravir
against the activity of SARS-CoV-2, and found that the inhibitors were unable to significantly
inhibit the three variants; wuhan-1(GHB), B.1.1.7 or omicron BA.2. An urgent search for
effective treatments was prompted by the global crisis caused by the SARS-CoV-2 pandemic in
2019. With differing results, several studies have investigated the repurposing of HIV
antiretroviral medications such as protease inhibitors and INSTIs to fight different SARS-CoV-
2 variants (Dittmar et al., 2021).

In one in vitro and in silico study, Vero E6 cells infected with the D614G variant from a
Colombian isolate were treated with six antiretroviral medications, including raltegravir.
Raltegravir exhibited the highest binding energies in the in silico analysis and showed
inhibitory effects at concentrations between 6.3 and 25 µM (Zapata-Cardona et al., 2023).
However, INSTIs and tenofovir did not significantly affect the acquisition or outcomes of
SARS-CoV-2 infection, according to an in vivo study conducted on a Dutch cohort of people
living with HIV (Dittmar et al., 2021). Drugs like dolutegravir, raltegravir, and bictegravir
demonstrated moderate antiviral effects in vitro using cell lines like Vero E6, HEK293T, and
Calu-3, with dose-dependent inhibition of viral replication. However, due to potential
differences in the replication mechanisms of SARS-CoV-2 and HIV, these medications were
not strong enough to completely stop viral replication (Sang et al., 2020).

The capsid inhibitor lenacapavir also demonstrated potent activity against HIV-2, achieving
picomolar IC50 values of 206.2 (±0.2) that were superior to those observed against HIV-1 at
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399.3 (±0.2). Earlier studies have demonstrated EC50 values ranging from 50–314 pM in HIV-1
infected cell cultures (Bester et al., 2020), with specific activities of 105 pM in MT-4 cells, 56
pM in macrophages and 32 pM in primary CD4⁺ T cells. In primary human peripheral blood
mononuclear cells, lenacapavir maintained activity across clinical HIV-1 isolates with EC50

values between 20–160 pM. Notably, only one study indicated its activity against two HIV-2
isolates (Link et al., 2020). Mechanistically, lenacapavir disrupts capsid-capsid interactions by
binding at the interface of adjacent hexamers, resulting in the generation of structurally
defective virions (Di Perri et al., 2019). Our functional assay experiment indicated that while
the reverse transcriptase activity of the pseudovirions remained unaffected by lenacapavir
treatment during virus production, transduction efficiency was significantly impaired.

Molecular docking simulations supported the experimental findings by demonstrating favourable
binding of bictegravir, cabotegravir, and dolutegravir within the HIV-2 integrase active site,
providing insights into their binding interactions with the enzyme. Structural evaluations of our
model showed that Mg2+ ions binding to the active site was nearly covalent as described
(Buffone et al., 2018) and consistent with effective strand transfer inhibition. Furthermore,
lenacapavir exhibited favorable docking to the HIV-2 capsid model (p26), displaying similar
binding characteristics to those observed in the HIV-1 capsid crystal structure.

7.2 Transcriptomic changes induced by Vpx
To examine Vpx’s broader impact, we analysed proteo-transcriptomic changes induced by Vpx in
THP-1 cells transfected with GFP-tagged wild-type and functionally restricted Vpx, followed by
next-generation sequencing. Our data showed that vpx altered the expression of hundreds of genes
coding for zinc finger proteins, helicases, transcription factors, chaperons, and DNA methylation
proteins. The genes significantly upregulated by the wild-type Vpx included the protocadherin
gamma subfamily C4 (PCDHGC4), caspase 3 (CASP3), NOP58 ribonucleoprotein (NOP58), and
sorting nexin 14 (SNX14) while down regulating expression of SKI family transcriptional co-
repressor 2 (SKOR2), CORO7-PAM16 readthrough (CORO7-PAM16) and U2 small nuclear
RNA auxiliary factor 1 (U2AF1). In HIV replication, several host genes play distinct roles by
either facilitating or dampening viral processes in response to infections.

PCDHGC4, a member of the protocadherin gamma family, is a cell adhesion molecule involved in
maintaining cellular integrity and signalling. While studies specifically addressing PCDHGC4 in
HIV replication are limited, the protocadherin family has been linked to cell-cell interactions that
may aid viral spread by allowing HIV to traverse cellular junctions and establish infection (Pancho
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et al., 2020). Protocadherins are associated with pathways such as PYK2 and FAK tyrosine
kinases, as well as mTOR signalling, which could impact viral propagation (Shan et al., 2016).

CASP3, a central player in apoptosis, significantly affects HIV replication and pathogenesis by
triggering programmed cell death in infected CD4+ T cells, hastening immune deterioration
(Garden et al., 2002). HIV accessory proteins Vpr and Vpu are known to interact with CASP3,
with Vpr halting cells at various stages of the cell cycle and Vpu enhancing CASP3 expression
and activation, which also contributes to the inhibition of NF-κB (Vermeire et al., 2016). There
was an upregulation of CASP3 in Vpx-transfected cells in our study after 16 hrs of incubation;
however, qPCR validation experiment for CASP3 gave conflicting results whereby CASP3 was
significantly down regulated after 48 hrs incubation following transduction with HIV-2 isolate
1654 in comparison to HIV-1. When we further measured the activity of CASP3 in Vpx-
transfected cell lysate using a colorimetric substrate, it was significantly upregulated. From
literature, variations observed between qPCR and transcriptomic results may arise due to both
technical and biological differences specific to each approach. RNA-seq and similar
transcriptomic techniques are highly sensitive and capable of detecting widespread gene
expression changes, including subtle decreases in expression. In contrast, qPCR has more limited
sensitivity and may fail to detect minor changes, particularly for genes with low baseline
expression(Eskandari & Eaves, 2022). We hypothesized that the CASP3 down regulation detected
by qPCR after two days could have been a delayed cellular compensatory response for the earlier
upregulation.

SKOR2, a transcriptional repressor within the SKI family, plays a role in gene regulation and
cellular differentiation by interacting with other regulatory proteins to inhibit gene expression
(Tecalco-Cruz et al., 2018). Although the impact of SKOR2 on HIV replication is not yet fully
understood, its reduced expression may alter cellular transcriptional responses to HIV. In
particular, SKOR2 acts as a significant inhibitor in the TGF-β1/Smad signalling pathway, a
regulatory axis whose disturbance can affect TGF-β1 levels, influencing cell function and disease
progression. Research has connected this pathway to HIV-1 infection, showing increased TGF-β
expression in HIV-infected monocytes (Chinnapaiyan et al., 2019). Additionally, in SIV-infected
rhesus macaques, the TGF-β pathway influences SMAD2 and SMAD3 activation while down
regulating SMAD7 (Boby et al., 2021).

In this study, we posited that Vpx-induced down regulation of SKOR2 may activate TGF-β
signalling by facilitating SMAD2/3 and SMAD4 interactions. The degradation of SKOR2 and
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related proteins has been shown to increase TGF-β1 expression and increasing levels of TGF-β
cytokine (Wang et al., 2001). There was an upregulation of TGF-β signalling factors, including
SMAD4 and TGF-βR1 in our differential gene expression analysis. TGF-β1 overexpression is
linked to enhanced HIV pathogenesis, latency, apoptosis induction, and suppression of innate
immunity (Yim et al., 2023). TGF-β1 may further drive apoptosis through upregulation of
apoptosis-related proteins like CASP3 (Akari et al., 2001). Indeed, our cytokine analysis showed
elevated TGF-β in the medium of Vpx-transfected cells compared to controls, supporting our
hypothesis.

Vpx increased the levels of pro-inflammatory cytokines IL-6, IL-1, and TNF-α in the medium of
transfected cells, additionally, elevated levels of TGF-β1 was observed, which parallels findings in
SIV and HIV-2 infections and supports Vpx’s role in modulating the immune response (Appay &
Sauce, 2008). Inflammatory cytokines have been linked to tissue damage in people living with
HIV. Although HIV-2 Vpr, is known to enhance type I IFN signalling in human dendritic cells, we
found no evidence of Vpx affecting type I IFN secretion in our experimental model (Fujita et al.,
2010). Moreover, in our quantitative PCR analysis, the expression of SKOR2 gene in cells
transfected with Vpx or transduced with HIV-2 did not show significant alteration compared to the
control.

U2AF1, a vital component in pre-mRNA splicing, is crucial for recognizing 3' splice sites and
supporting spliceosome assembly. Efficient splicing of HIV RNA is necessary for producing the
array of viral proteins required for replication and infection (Sertznig et al., 2018). Reduced
U2AF1 expression may hinder splicing efficiency, potentially lowering functional HIV protein
levels. This reduction could decelerate viral replication, as HIV depends on precise and diverse
splicing to create the transcripts essential for its life cycle (Dlamini & Hull, 2017).

During replication, alternative splicing by HIV produces early regulatory proteins like Tat and Rev
from fully spliced transcripts. Binding of U2AF factors to the 3’A3 splice site, where Tat is
generated, stabilizes splicing of HIV's weak polypyrimidine tract (Yukl et al., 2018). Enhanced
mutations in this region were shown to drastically reduce Tat mRNA and, subsequently,
dampening viral replication in infected cells (Ponti et al., 2008). Additionally, complex splicing is
involved in HIV-1 latency and transcriptional regulation in infected CD4+ T cells, with latency
often linked to limited levels of transcription factors (Sertznig et al., 2018).
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In our analysis of differential gene expression, we observed Vpx-induced down regulation of
U2AF1. We hypothesized that reduced U2AF1 levels might impact Tat protein expression.
Indeed, Western blot analysis in HEK-293T cells indicated lower Tat expression in the presence of
Vpx. Further real-time qPCR validation confirmed the down regulation of U2AF1 in Vpx-
transfected and transduced cells, aligning with our hypothesis linking U2AF1 to the down
regulation of HIV-1 tat.

Alteration of essential cellular transcription factors, like NF-κB, and insufficient levels of Tat
protein have been linked to the latency of HIV (Fink et al., 2022). Additionally, in our study, Vpx
downregulated MYD88; an adaptor protein in innate immune signalling that activates NF-κB
(Deguine & Barton, 2014). This down-regulation could potentially reduce proviral transcription,
encouraging latency, though further research is necessary to confirm this effect and elucidate the
exact pathways involved.

7.3 Interaction between HIV-2 IN and LEDGF/p75, and preliminary analysis of
integration sites preference
Integration site selection by HIV-1 is well known to be influenced by the host LEDGF/p75;
however, its role in HIV-2 integration remains less clearly defined. To explore this, we utilized a
duolink proximity ligation assay to investigate the potential interaction between LEDGF/p75 and
HIV-2 integrase. Our findings revealed a specific and temporally regulated interaction between the
two proteins, with the strongest PLA signal (indicating interaction) detected approximately six
hours post-transduction. This was earlier than anticipated, given that reverse transcription is
typically thought to initiate around five hours after viral entry (Murray et al., 2011). Interestingly,
this early detection may support emerging evidence for intra-nuclear uncoating and reverse
transcription of the HIV-1 genome (Burdick et al., 2020), a mechanism that could be conserved in
HIV-2.

Silencing LEDGF/p75 via RNA interference 24 hours prior to infection resulted in a significant
decrease in the PLA signal, indicating a diminished interaction between LEDGF/p75 and HIV-2
integrase. Notably, transduction efficiency remained unaffected by LEDGF/p75 silencing,
suggesting that alternative host cofactors may compensate for its absence during integration.
These findings highlight a possible divergence in host factor utilization between HIV-1 and HIV-
2, warranting further investigation into the cellular determinants of HIV-2 integration. To further
investigate the mechanistic role of LEDGF/p75 in HIV-2 integration, we are conducting follow-up
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experiments in which cells are transduced after LEDGF/p75 silencing, followed by genome-wide
integration site mapping using high-throughput sequencing.

To investigate the integration site preferences of HIV-1 and HIV-2, we transduced Jurkat cells with
pseudoviruses of both strains and performed high-throughput genomic sequencing of the isolated
DNA. Our results indicate that both HIV-1 and HIV-2 predominantly integrate into intronic regions
of actively transcribed genes, consistent with their reliance on host factors such as LEDGF/p75.
HIV-1 showed a slightly higher frequency of integration into exonic regions compared to HIV-2,
though intronic integration remained dominant for both viruses.

The integration patterns of HIV-1 and HIV-2 showed some differences in their distribution
across chromosomes. HIV-1 exhibited integration hotspots in gene-dense regions, including
chromosomes 6, 12, 14, and 15, which harbor genes involved in immune regulation, cell
signaling, and T-cell function. For example, chromosome 6 contains the Human Leukocyte
Antigen (HLA) locus, which is critical for immune responses. HIV-2 integration sites were
similarly biased toward active genes but showed less pronounced clustering in these
chromosomes, preferentially integrating into chromosomes 13, 20 and the Y chromosome,
suggesting potential differences in integration preferences that warrant further investigation.

Analysis of ATAC-seq profiles showed distinct patterns of chromatin accessibility at HIV-1
and HIV-2 integration sites. HIV-1 insertions were strongly associated with regions of high
chromatin openness, as shown by a sharp peak in average ATAC-seq signal and concentrated
high-intensity regions on the heat map. In contrast, HIV-2 insertions occurred in areas with
lower chromatin accessibility, displaying a diffuse and flatter ATAC-seq signal distribution
with no defined peak suggesting a broader and less selective integration pattern.

Further analysis is ongoing on the integration of HIV-1 and HIV-2 within the repetitive
sequences such as the short interspersed elements (SINEs) with the prominent Alu repeats and
the long-terminal interspersed elements (LINEs). From other studies, HIV-1 demonstrates a
strong bias toward gene-dense, transcriptionally active regions, with a moderate enrichment in
SINEs—particularly Alu elements—which are often located near promoters and regulatory
regions of actively transcribed genes (Schröder et al., 2002). This preference is largely
mediated by host factors such as LEDGF/p75 which guide the integration machinery toward
euchromatic regions (Christ et al., 2012). Conversely, HIV-2 exhibits a broader and more
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flexible integration profile, with comparatively reduced enrichment in Alu repeats and a
slightly higher tolerance for integration into LINE elements (Delelis et al., 2010).

8. CONCLUSION

To our knowledge, no prior study has comprehensively investigated the efficacy of all
currently available INSTIs against HIV-2 integrase. Our analysis presents a distinct advantage
by testing these inhibitors against a consistent ROD-based integrase sequence, using a
standardized cell culture methodology free from interference by host factors or other drugs.
While limited data exist on the efficacy of cabotegravir and bictegravir against HIV-2, and
given that lenacapavir has been tested against only two isolates, our study provides broader
insights on the potency of these inhibitors against HIV-2. Further studies exploring the
mechanistic basis for the in vitro resistance of HIV-2 integrase are warranted. Additionally,
we confirmed experimentally that raltegravir, despite earlier in silico predictions, did not
exhibit meaningful antiviral activity against SARS-CoV-2. These findings underscore the
critical role of in vitro and cell culture-based assays in validating in silico results.

Our transcriptomic analysis of HIV-2 Vpx-transfected cells highlights the extensive impact of
this accessory protein on multiple pathways. Analysis of GO terms revealed a wide range of
cellular processes influenced by Vpx, including inhibition of viral processes, assembly of
spliceosomal snRNPs, activation of type I interferon signalling, regulation of RNA
polymerase II transcription elongation, suppression of innate immune responses, enhancement
of interferon-beta production, and promotion of DNA-templated transcription elongation. Vpx
was also shown to influence cytokine profiles by increasing key pro-inflammatory cytokines.
Notably, HIV-2 Vpx appears to enhance the TGF-β1/SMAD signalling pathway, likely
through the down regulation of SKOR2. Additionally, our findings suggest that Vpx down
regulates HIV-1 Tat, a factor warranting further study due to its potential role in viral latency.
Overall, we provide valuable insights into how HIV-2 Vpx manipulates the cellular
environment to facilitate infection.

Our findings also show the distinct integration site preferences and chromatin accessibility
profiles of HIV-1 and HIV-2 viruses, as well as the interaction of LEDGF/p75 with HIV-2
integrase suggesting its potential function in influencing integration site selection. These
differences may be linked to the distinct replication dynamics of the two viruses and warrant
further investigation in future studies.
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9. SUMMARY

This PhD research investigated key aspects of HIV-2 biology, focusing on integration events,
drug susceptibility, and the functional roles of the Vpx protein. The primary aims were to
evaluate the susceptibility of HIV-2 to lenacapavir and integrase strand transfer inhibitors
(INSTIs), explore the transcriptomic effects of Vpx, and characterize HIV-2 integration
patterns and interaction with the LEDGF/p75 host factor.

The study utilized a multifaceted methodological approach. In vitro assays were conducted
using purified HIV-2 integrase to assess inhibitor efficacy, while cell-based assays using
pseudoviruses determined antiviral activity. Transcriptomic changes induced by wild-type and
mutant Vpx were analysed through RNA sequencing and gene ontology analysis in THP-1
cells. Cytokine profiling and Western blotting were employed to investigate Vpx’s effects on
HIV-1 Tat expression and host immune responses. Integration site mapping was performed
using next-generation sequencing of pseudovirus-transduced Jurkat cells, complemented by
ATAC-seq analysis to assess chromatin accessibility. LEDGF/p75-IN interaction was
evaluated via proximity ligation assay and silencing experiments.

Key findings include the observation that INSTIs exhibited potent antiviral effects against
HIV-2 in cell culture despite a lack of inhibition in in vitro enzyme assays, suggesting a
complex interaction influenced by host cell context. Lenacapavir also showed efficacy against
HIV-2 in culture. Vpx was found to modulate host gene expression, enhance pro-
inflammatory cytokine production, and suppress HIV-1 Tat expression, likely through down
regulation of U2AF1. Integration analysis revealed that HIV-2 preferentially integrated into
intronic and intergenic regions, with a broader chromosomal distribution and weaker
association with open chromatin compared to HIV-1. The interaction between HIV-2
integrase and LEDGF/p75 was confirmed, implicating its role in HIV-2 integration targeting.

In conclusion, the study expands our understanding of HIV-2 integration and drug
susceptibility. It highlights possible interactions between HIV-2 integrase and host factors,
underscores the potential of lenacapavir and INSTIs in HIV-2 treatment, and unveils novel
functions of Vpx in viral regulation and immune modulation. These findings contribute
valuable insights for therapeutic strategies targeting HIV-2 and inform future research into
viral latency and integration dynamics.
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