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ABSTRACT

Introduction

HIV/AIDS remains a major health concern worldwide, with sub-Saharan Africa (SSA)
carrying the largest burden. HIV is characterised by extremely high genetic diversity, with all
the major groups and subtypes circulating in SSA. Combination antiretroviral therapy (CART)
have substantially reduced HIV related deaths, but this is counteracted by the development of
HIV drug resistance, caused by certain drug resistance-associated mutations (RAMS).
Integrase (IN) strand transferase inhibitors (INSTIs), the newest class of antiretroviral drugs,
has a high genetic barrier and can be used in individuals that previously exhibited resistance to
other classes of drugs. The World Health Organisation (WHO) approved the use of
Dolutegravir (DTG) as part of first-line CART.

Methods

This is a descriptive experimental design study, which aimed to identify IN natural occurring
polymorphisms (NOP) among different HIV-1 group M subtypes and Drug resistance
mutations within the HIV-1 pol gene fragment of INSTI naive patients from South Africa (SA)
and Cameroon (CR), using the Stanford University genotypic resistance interpretation
algorithm. Structural computational methods that included; homology modelling, molecular
docking, molecular dynamics simulations and interaction analysis was performed to
understand the structural impact of mutations from diverse HIV-1 subtypes on DTG drug

binding.
Results

We observed low-level RAMs against INSTIs in SA (2.2%) and CR sequences (5.4%).
Through Fisher’s exact test we noted that the two NOPs occurred: V1721 and R269K, with p-
values <0. 05, were statistically enriched. The impact of having these mutations are yet to be
fully understood. Through molecular modelling and stability predictions, we observed a
destabilizing effect of the known G140S mutant on the HIV-1C IN protein structure and
simulation analysis showed that it affected structural stability and flexibility of the protein
structure. Interactions analysis of different drug binding conformations to different HIV-1 IN
subtypes reported differences in the number of binding interactions to different HIV-1 IN
subtypes, but we did not observe any significant differences in binding affinity for each INSTIs.
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This implies no significant alteration to the binding site in the wild type IN, which may not
prevent INSTIs drug binding. In addition, all accessory mutations that resulted in a change in
the number of interactions encompassing residues were found within the stable alpha-helix

secondary structure element and not in close proximity to the drug active site.
Conclusion

The study data indicate that RAMS against INSTIs remain low both in SA and in CR. Subtype
C in SA and CRF02_AG in CR continues to be the driving force of the epidemic. We further
reported on the impact of various NOPs on drug susceptibility. The analyses suggested that
NOPs does not have an impact on IN protein structure and stability, and does not affect drug
binding in the WT IN, but the known mutation G140S affect DTG binding. The study support
recommendations made by the WHO to use DTG as part of salvage therapy in patients with
RAM’s and accessory mutations. Data obtained from this study can help to tailor effective

treatment strategies in the African population, where diverse HIV subtypes circulate.

xii |Page



Stellenbosch University https://scholar.sun.ac.za

OPSOMMING

Inleiding

MIV/vigs bly wéreldwyd ’n ernstige gesondheidskwessie, en Afrika suid van die Sahara dra
die swaarste las. MIV word deur uiters hoé genetiese diversiteit gekenmerk, waarvan al die
vernaamste groepe en subtipes in Afrika suid van die Sahara in omloop is. Kombinasie-
antiretrovirale terapie (kART) het 'n aansienlike vermindering in MIV-verwante sterftes tot
gevolg, hoewel dit teengewerk word deur die ontwikkeling van MIV-middelweerstandigheid
vanwe€¢  sekere = middelweerstandigheidsverwante = mutasies  (oftewel =~ RAM’s).
Integrasestringtransferase-inhibitors (INSTI’s), die jongste klas antiretrovirale middels, het 'n
hoé genetiese skans en kan gebruik word by individue wat voorheen weerstandigheid teen
ander klasse middels getoon het. Die Wéreldgesondheidsorganisasie (WGO) het die gebruik

van dolutegravir (DTG) as deel van eerstelinie-kART goedgekeur.

Metodes

Hierdie studie gebruik ’n beskrywende proefondervindelike ontwerp om natuurlike integrase-
(IN-) polimorfismes (NOP’s) in verskillende MIV-1-groep-M-subtipes en middelweerstandige
mutasies in die MIV-1-pol-geenfragment van INSTI-naiewe pasiénte van Suid-Afrika (SA) en
Kameroen (KR) te identifiseer. Dit word met behulp van die Universiteit van Stanford se
algoritme vir genotipiese weerstandigheidsvertolking gedoen. Strukturele berekeningsmetodes
soos homologiemodellering, molekulére koppeling, molekulére dinamikasimulasies en
interaksieontleding is uitgevoer om die strukturele impak van mutasies uit diverse MIV-1-

subtipes op DTG-middelbinding te verstaan.

Resultate

Laevlak-RAM’s teen INSTT’s is in reekse van SA (2,2%) én KR (5,4%) opgemerk. Fisher se
eksakte toets het twee NOP’s opgespoor — VI72] en R269K — met p-waardes van <0,05, wat
statisties verryk was. Die impak van hierdie mutasies is nog nie ten volle duidelik nie. Deur
molekulére modellering en stabiliteitsvoorspellings het ons bepaal dat die bekende G140S-
mutant 'n  destabiliseringsuitwerking het op die MIV-1C-IN-proteienstruktuur.
Simulasieontleding het getoon dat dit die strukturele stabiliteit en buigbaarheid van die
proteienstruktuur beinvloed. Interaksieontleding van middelbindingskonformasies met MIV-
1-IN-subtipes het verskille in die getal bindingsinteraksies met verskillende subtipes

opgelewer, maar geen beduidende verskille in bindingsaffiniteit is vir enige van die INSTI’s
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opgemerk nie. Dit impliseer dat daar geen beduidende aanpassing is in die bindingsetel by die
wilde-tipe IN wat INSTI-middelbinding kan verhoed nie. Daarbenewens is alle bykomstige
mutasies wat “n verandering in die getal interaksies in residu’s veroorsaak het in die stabiele
alfaheliks- sekondére struktuurelement aangetref, en nie naby die aktiewe setel van die middel

nie.

Gevolgtrekking

Die studiedata toon dat RAM’s teen INSTI’s steeds laag is in sowel SA as KR. Subtipe C in
SA en CRF02_AG in KR bly die dryfkrag agter die epidemie. Daarbenewens is daar oor die
impak van verskillende NOP’s op middelvatbaarheid verslag gedoen. Die ontledings toon dat
NOP’s nie ’n impak op IN-proteienstruktuur en -stabiliteit het nie, en ook nie middelbinding
in die WT-IN beinvloed nie. Nogtans het die bekende mutasie G140S w¢l 'n invloed op DTG-
binding. Die studie ondersteun die WGO se aanbeveling dat DTG as deel van
reddingsbehandeling by pasiénte met RAM’s en bykomstige mutasies gebruik word. Die data
uit hierdie studie kan doeltreffende behandelingstrategieé help ontwikkel vir die bevolking van

Afrika, waar diverse MIV-suptipes in omloop is.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1. INTRODUCTION

There has been many challenges in the search for a cure for HIVV/AIDS. The improvements of
care through standard combination antiretroviral therapy (CART) regimens has reduced the
severity of HIV/AIDS to a more manageable, chronic disease. CART includes the use of one
non-nucleoside reverse transcriptase inhibitors (NNRTIs) and two nucleoside reverse
transcriptase inhibitors (NRTIs) as part of the first-line regimen and two NRTIs, ritonavir
(RTV)-boosted PI (bPl), as part of the second-line regimen. Due to the emergence of HIV-1
drug resistance, Integrase (IN) strand-transfer inhibitors (INSTIs) has now become a viable
option to include in standardized cART. Available INSTIs include; Raltegravir (RAL) and
Elvitegravir (EVG) as first-generation INSTIs and Dolutegravir (DTG) and Bictegravir (BIC)
as second-generation inhibitors. First-generation INSTIs have been reported to have a
relatively low genetic barrier to resistance, while second-generation INSTIs, including DTG,
exhibit longer dissociation half-life in biochemical analyses of wild-type (WT) Integrase/DNA
complexes, resulting in a high genetic barrier to resistance and able to achieve complete viral
suppression that will likely reduce the rate of viral rebound. Furthermore high prevalence of
HIV diversity worldwide, particularly in sub-Saharan Africa, poses a major challenge on a
wide spectrum of fields, such as vaccine development, diagnostics and CART outcomes. It is
hypothesized that diverse HIV-1 subtypes from sub-Saharan Africa have specific naturally
occurring polymorphisms (NOPs) that might reduce the efficacy and binding strength of
second-generation INSTIs, like DTG, since current available cART drugs are designed in
relation to HIV1-B, predominate in the Western Countries, with less research done in Africa
focusing on non-B subtypes prevalent in Africa. Our work uses a genotypic and structural
modelling approach to help us try to understand the effect of NOPs from diverse subtypes on
drug susceptibility and binding affinity to DTG. Molecular modelling provides an approach
that can be applied to prioritize the effect of mutations/variants on IN drug binding before
expensive experimental assays are performed. In this chapter, we will highlight the origin and
history of HIV, including the impact it had on people's lives and how the world responded to
the AIDS epidemic. | will also provide an overview of the steps that CART target to inhibit
HIV-1 to replicate further. The study used cohort samples from Cameroon and South Africa.
Central and West Africa, including Cameroon, which is seen, as the birthplace of HIV, whereas

South Africa is a country that is heavily affected by the HIV-1 pandemic.
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1.2. HIV-1 GENOME STRACTURE

A structure of the HIV-1 genome is presented in Figure 1. HIV is a retrovirus, composed of
double-stranded genomic RNA that is approximately 9kb in size (1). The virus encodes nine
open reading frames (ORFs) of which three of these (gag, pol and env) are found in all
retrovirus and provide the instructions to make proteins that will form new virus particles (2).
For example, env provides the code to make the proteins that form the envelope, or shell, of
HIV. gag makes the structural proteins such as the matrix and the capsid, and pol makes the
enzymes that are essential for making new viruses. The structural components of the virion
compose of six proteins that form the building blocks of the virus. These are the four Gag
proteins Capsid (CA), Matrix (MA), Nucleocapsid (NC) and p6, and the two Env proteins,
Surface (SU or gp120) and Transmembrane (TM or gp41). The polymerase gene (pol) encodes
three of the major enzymatic components, Protease (PR), Reverse Transcriptase (RT) and

Integrase (IN) that plays unique roles in other retroviruses.

HIV encodes at least six additional proteins that play a role in the viral replication cycle. These
proteins are called accessory and regulatory proteins. Three of the accessory proteins, [Virion
infectivity factor (Vif), Viral protein R (Vpr), and Negative factor (Nef)] are packed in the viral
particle core and they play a role in increasing production of the HIV proteins. The vif gene
increases the production of the HIV particle in the peripheral blood lymphocytes (3). Vpr
facilitates the infection of non-dividing cells by HIV ;| while Nef plays a role in down
modulation of CD4 and MHC class | (4). Two other regulatory proteins, Transcriptional
transactivator protein (Tat) and Regulator of expression of virion proteins (Rev) are essential
for regulating the production of HIV in vitro (5) and the last Viral protein U gene (Vpu), helps

in the assembly of the virion indirectly (6).
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Figure 1: The HIV-1 genome structure.The Structural genes (gag, pol and env) regulatory genes
(tat and rev) and accessory genes (nef, vif, vpr and vpu) are indicated in Figure 1, as well as the
proteins encoded by each genomic region. Image reproduced with permission and adapted from

(Source:www.hiv.lanl.gov).

1.3. HIV-1 LIFE CYCLE

Retroviruses uses cells in the host body to replicate (7) Figure 2. HIV infection starts when the
virus attaches its own glycoprotein (gp120/gp41) to the host CD4+ T-cell receptor and the
chemokine core-receptors , either Chemokine core-receptors 5 (CCR5) and / or Chemokine X
core-receptors 4 (CXCR4), and then penetrate the human host cell, usually white blood cells
(WBC) (8). The CCR5 and CXCR4 co-receptors are the main chemokine receptors that are
used by HIV for entry in vivo (9). Following attachment, the viral Envelope (Env) fuses with
the cellular membrane. This process of fusion allows the HIV capsid that hold the core of the
virus, or nucleus to enter in the cytoplasm of the infected cell (10). The capsid contains two
enzymes essential for HIV replication, the RT, PR and IN. The capsid houses the viral RNA
genome from cytosolic DNA sensors. Soon after entry into the cytoplasm, the virus loses its
outer shell through a process called “uncoating” which is disassembly of a protective, conical
capsid around the HIV-1 genome, during which most of capsid (CA) sheds off, while
nucleocapsid (NC), Vpr, RT, PR and IN are still associated (11). Thereafter, NC disintegrate
and leaves two strand of viral RNA naked and exposed and Viral RNA is then reverse
transcribed into full-length double-stranded complementary deoxynucleic acid (cDNA) with
the help of the viral Reverse Transcriptase (RT) enzyme. Newly formed complementary DNA
(cDNA) interacts with viral and cellular proteins to form the pre-integration complex (PIC).
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The PIC consists of viral proteins (including Vpr, Matrix and Integrase). After the proteins,
enzymes, and newly formed viral cDNA are transported to the host cell nucleus, double-
stranded linear viral DNA is inserted into the host genome in a process catalyzed by the virus-
encoded Integrase (IN) to form a proviral DNA (12). The mechanism involves a series of
nucleophillic attacks, the first of which removes the terminal 2 bases from the 3’ ends of the
long terminal repeats and of the second which inserts the viral DNA into the host genome (13).
When viral DNA is successfully integrated into the human genomic DNA, the provirus RNA
can be transcribed and with the help of Transcriptional Transactivator gene (Tat), which binds
to the 5’ end of the long terminal repeats (LTR) region of the incorporated viral DNA.
Thereafter, host Polymerase recognizes the integrated viral DNA as part of the host genomic
DNA (13). During the late phase of the HIV-1 replication cycle, viral genes are transcribed and
viral RNAs are exported from the nucleus to the cytoplasm, where mRNA strands are used as
blueprint to make long chains of HIV-1 precursor proteins that are not able to function within
the viral cycle to give rise to virus products. PR cuts up these long strands of new HIV particles
into small individual of subunits to make the virus infectious and continues even after virus
assembly. (14). Full length unspliced RNA serves as the mRNA template for Gag and Gag—
Pol synthesis, as well as the genome for packaging (15). The Gag precursor contains MA, CA,
NC and p6 domains, as well as two spacer peptides, SP1 and SP2. As part of the uncleaved
Gag precursor, the MA domain targets Gag to the plasma membrane and promotes
incorporation of the viral Env glycoproteins into the forming virions (16). CA drives Gag
multimerization during assembly; NC recruits the viral RNA genome into virions and
facilitates the assembly process; and the p6 domain recruits the endosomal sorting complex
required for transport apparatus, which catalyses the membrane fusion step to complete the
budding process (17). HIV-1 virion assembly occurs at the plasma membrane, within
specialized membrane micro domains. The HIV-1 Gag (and Gag-Pro-Pol) polyprotein itself
mediates all of the essential events in virion assembly, including binding the plasma membrane,
making the protein—protein interactions necessary to create spherical particles, concentrating
the viral Env protein, and packaging the genomic RNA via direct interactions with the RNA
packaging sequence. These events all appear to occur simultaneously at the plasma membrane,
where conformational change(s) within Gag couples membrane binding, virion assembly, and
RNA packaging (18). Through a complex combination of Gag- lipid, Gag—Gag, and Gag—-RNA
interactions, a multimeric budding structure forms at the inner leaflet of the plasma membrane.
The budding virus particle is ultimately released from the cell surface in a process that is

promoted by an interaction between the late domain in the p6 region of Gag and host proteins,
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most mediated by the host ESCRT endosomal sorting complexes required for transport
(ESCRT) machinery (19, 20). These processing events generate the mature Gag proteins MA,
CA, NC and p6, and two small Gag spacer peptides (SP1 and SP2). Gag cleavage triggers a
structural rearrangement termed maturation, during which the immature particle transits to a
mature virion characterized by an electron-dense, conical core (19-21). Among the Gag
processing cascade, cleavage of SP1 from the C terminus of CA is the final event required for
final CA condensation and formation of the conical core of virus particles. Virion maturation
is essential for the released virus particles to become infectious and initiate a new round of
infection (22).
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Figure 2: This infographic illustrates the HIV replication cycle, which begins when HIV fuses with the surface of

the host cell. A capsid containing the virus’s genome and proteins then enters the cell. The shell of the capsid
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disintegrates and the HIV protein called reverse transcriptase transcribes the viral RNA into DNA. The viral DNA
is transported across the nucleus, where the HIV protein integrase integrates the HIV DNA into the host’s DNA.
The host’s normal transcription machinery transcribes HIV DNA into multiple copies of new HIV RNA. Some
of this RNA becomes the genome of a new virus, while the cell uses other copies of the RNA to make new HIV
proteins. The new viral RNA and HIV proteins move to the surface of the cell, where a new, immature HIV forms.
Finally, the virus is released from the cell, and the HIV protein called protease cleaves newly synthesized

polyproteins to create a mature infectious virus (23).

1.4. HIVV-1 IN South Africa and Cameroon

1.4.1. South Africa

South Africa (SA) has a population of approximately 56 million people and remains the country
that is the most heavily affected by HIV-1, with 7.7 million people living with the virus. SA
has met the UNAIDS 90-90-90 target where by 90% of people living with HIV-1 were aware
of their HIV-1 status by the year 2018 (24). The test and treat strategies in South Africa,
regardless of the CD4+ T-cell count had made SA the country with the largest cCART program
in the world. According to UNAIDS in 2018, 240 000 new infections where recorded with an
additional 71 000 AIDS related deaths. The Integrase (IN) strand-transfer inhibitor (InSTI),
Dolutegravir (DTG) is now recommended by the World Health Organization (WHO) as part
of salvage and / or first-line combination antiretroviral therapy (CART) (25). South Africa has
roughly 4.8 million HIV-1 positive patients who are receiving CART (26). This equated to 62%
of people living with HIV-1 in the country and 87% of all people living with HIV were virally
suppressed (26).

1.4.2. Cameroon

In the West and Central Africa, Cameroon is the country with the highest prevalence rates of
HIV/AIDS, with 560 000 people living with the virus out of a total population of 25 million
people. In Cameroon, the lack of resources further limits the availability of treatment options
in cases where patients require a change of their HIV-1 therapy regimen. Among 560 000
people living with HIV in Cameroon approximately 225 000 (39,3%) were accessing CART
(27). In 2018, 23000 people were newly infected with HIV and about 18000 people died from
AIDS related diseases. A huge effort has been made to meet UNAIDS 90-90-90 target were
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about 74% of people know their HIV-1 status and 52% of people living with HIV are on
treatment. In addition, 8% of pregnant women received CART to prevent Mother-to-child-
Transmission (PMTCT) (26).

1.5. HIV-1 DIVERSITY IN SUB-SAHARAN AFRICA

HIV/AIDS is a major global health concern caused by two types of retrovirus, HIV-1 and HIV-
2 (28). HIV is thought to have originated via cross-species infection (zoonotic transmission)
from infected African primates to the human population. Cross-species infection gave birth to
various types of HIV-1 groups; M (Major), O (Outlier), N (non- M, non-O), P and L (29). HIV-
1is characterized by an extensive genetic diversity, Figure 3. HIV-1 group M can be subdivided
into various subtypes and many recombinant forms (30). Some of these subtypes, such as H
and J, are not common and mostly found in Central Africa (31). Circulating Recombinant
Forms (CRFs), Unique Recombinant Forms (URFs) and Subtype A are dominant in Eastern
Africa and subtype D confined in Central Africa and Western Africa (32). HIV-1 group L was
recently identified from the Democratic Republic of Congo (DRC) (33). HIV-1 group M
subtype C is the driving force of epidemic and caused more than 75% of HIV-1 cases in sub-
Saharan Africa, particularly in eastern and Southern Africa (34). South Africa, have extensively
reported on HIV-1 subtype C as the predominant subtype that account for the majority of
infections (35-37). The most diverse subtypes of HIV-1 is found in Cameroon. Approximately
1-6% of cases of HIV-1 infection in Cameroon and West-Central Africa is caused by HIV-1
group O. HIV-1 group N and P has only been isolated in Cameroonian individuals thus far and
are rare (29,38,39). In Cameroon CRF02_AG subtype is the common cause of HIV-1 infection
and account for approximately 58.2% of HIV infections, with at least 14.8% of infections
caused by URFs. Other subtypes, such D, F2 and G, and CRF, 01, 11, 13, 22, 36, and 37 have

been identified in Cameroon as well (40).
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Figure 3 : Global distribution of major HIV subtypes. Map showing the global distribution of the major HIV
subtypes and circulating recombinant forms from the review. Source: Map of the world modified to show HIV-1
subtype diversity worldwide. Map-menu.com.Source. HIV subtype diversity worldwide. Current Opinion in HIV
and AIDS 14(3): 153-160, May 2019.

1.6. NATURALY OCCURING POLYMORPHISIMS (NOPs).

Naturally occurring polymorphisms (NOPs) are considered as secondary mutations that alone
have no effect on resistance. The high error rate of reverse transcriptase (310-5 sites/
genome/replication cycle) provides tremendous scope for the generation of NOPs in HIV-1
open reading frames (ORFs) (41). To date, approximately 42 mutations within the HIV-1 IN
gene have been associated with INSTI drug resistance. Naturally occurring IN gene
polymorphisms may have important implications for INSTI resistance development. Of the 42
amino acids substitutions currently associated with INSTI resistance, 21 occurred as NOPs (42)
However, their pre-existence might favour a more rapid evolution towards resistance, in
combination with major mutations during therapy (43). For example, a novel next-generation
INSTI termed MK-2078 with a higher genetic barrier for selection of resistance than either
RAL or EVG was able to differentially select for a novel G118R substitution in IN in subtype
C, compared to subtype B viruses (44). This mutation conferred only slight resistance to MK-
2048, but gave rise to 25-fold resistance against RAL when it was present together with a

natural polymorphic substitution at position L74M in CRF02-AG cloned patient isolates (45).
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Other studies reported that NOPs can regulate INSTI susceptibility/resistance in non-B
subtypes (46). A study by Franset et al., showed that the majority of viruses containing N155H
also had at least one NOP mutation, L74M, E92Q, T97A, V151I, or G163R that confers large
reduction in RAL susceptibility. The fact that patient viruses containing N155H without
additional NOPs exhibited a broad range of RAL susceptibility indicates that other amino acid
substitutions in the IN proteins of these viruses also influence RAL susceptibility (46). While,
Ceccherini-Silberstein et al. reported several IN NOPs, for example, M154l, V165I, and
M185L, that were positively associated with specific RT mutations (F227L and T215Y) in
treated patients (47). In silico analysis of IN/DNA complexes predicted the impact of NOPs on
the interaction between the DNA and INSTIs (48). Furthermore, two NOPs V82F and 184V
present in HIV-1 A and C viruses were found to be associated with reduced binding affinity

more than occurred in subtype B. (49).
1.7. HIV-1 INTEGRASE (IN)

1.7.1. STRUCTURE

The HIV-1 IN is a highly conserved protein. IN consists of 288-amino acids (32-kDa). It is
synthesised from the portion of matured pol gene, of the Gag-Pol precursor from the C-terminal
portion (46). IN is divided into three canonical domains. (i) N-terminal domain (NTD) (amino
acids 1-49) that carries an HHCC motif analogous to a zinc finger, and effectively binds Zn?*
(50), possibly favouring protein multimerisation, a key process in integration (51) . (ii) The
catalytic core domain (CCD) (50-212) which is indispensable for the catalytic activity and
which is conserved between viral IN and transposases. (52) This CCD is also implicated in the
binding of the viral DNA extremities mainly via the residuEs Q148, K156 and K159 (53) and
the (iii) C-terminal domain (CTD) (213-288) binds non-specifically to DNA and therefore is
mainly involved in the stability of the complex with DNA (54) . IN catalytic functions are
maintained throughout the catalytic triad D64, D116, E152 consisting in two aspartates and
one glutamate residues and the multimerisation of the protein (55). For example, Zn?*
facilitates the Mg?*-dependent activity of IN by enhancing its multimerisation and
cooperativity of DNA-binding (56). No complete structure has yet been determined for the
integrase protomer (IN1-288), or for oligomers or complexes of these structures with DNA,
due to poor solubility and interdomain flexibility problems. However, several structures of

isolated domains or of two consecutive domains have been reported (57, 58).
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1.7.2. ACTIVITY

HIV IN It is characteristic for all retroviruses, including HIV-1, to perform a catalytic
integration of the proviral DNA (vVDNA) copy of a RNA genome into the host target DNA
(tDNA) (59). Viral IN is a key enzyme in the replication mechanism of retroviruses, mediating
the covalent retroviral integration-insertion process of the vDNA into the tDNA (60). This
integration process establishes productive permanent infection within the host cells, enabling
replication and parallel transcription of the newly inserted provirus with other genes of the host
organism (61). Once integrated, the provirus persist in the host cell and serves as a template for
the transcription of viral genes and replication of the viral genome, leading to the production
of new viruses (60). During this process the IN oligomerizes into a higher-order stable synaptic
complex (SSC) containing two VDNA ends. This is a very important and crucial step in the
replication cycle of HIV-1 and presents one of the major underlying difficulties in combating

the HIV/AIDS pandemic to date (59)

In Figure 4 the DNA cutting and joining steps of retroviral DNA integration is shown. Initially,
IN removes a GT dinucleotide from the 3’-terminus of each viral DNA end (3'-processing) and
subsequently catalyzes concerted transesterification reactions (DNA strand transfer) to
integrate the recessed viral DNA ends into the target DNA in a staggered fashion. Cellular
chromatin-associated protein lens epithelium-derived growth factor (LEDGF)/p75 engages the
IN tetramer in the pre-integration complex (PIC), which, in addition to the intasome, contains
additional viral and cellular proteins, to target HIV-1 integration into active genes (62,63) .
Recently in 2017, a full length three dimensional structure of the HIVV-1B IN strand transfer
complex (STC) intasome (PDB ID:5U1C) has been determined by Cryo-electron microscopy
(CryoEM) methods (64). This structure (5U1C) has provided a first glimpse of nucleoprotein
organization that could be used as a homolog model for the modelling of HIV-1C IN and other
recombinant subtypes. Predicting a 3D structure for HIVV-1C, and other subtypes, using 5U1C
will assist in deducing the effect of known and/or novel HIV-1 cART resistant variants upon
the IN structure. This is possible as 5U1C has a higher resolution (3.9 A) and sequence identity
(93.4%) to our target sequence, relative to other templates from prototype foamy viruses
(PFVs). However, crystal structures of the PFV IN in complex with DNA and INSTIs are
available for comparisons, as they contain both conserved DDE motifs and positions of the

INSTI drugs making them useful for drug extractions (63, 65, 66).
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Figure 4: DNA cutting and joining steps of retroviral DNA integration. (A) The viral DNA synthesized by reverse
transcription is initially blunt ended. (B) The 3’ end processing reaction removes two nucleotides from each 3’
end. (C) Next, in the DNA strand transfer reaction, the 3’ hydroxyls at the ends of the viral DNA attack a pair of
phosphodiester bonds in the target DNA,; in the case of HIV, the sites of attack are separated by five nucleotides
on the two target DNA strands. (D) The result is the integration intermediate, in which the 3’ ends of the viral
DNA are joined to the 5" ends of the target DNA at the site of integration. Cellular enzymes to complete the

integration process then repair the integration intermediate. Image reproduced with permission (67).

1.8. HIV DRUG TARGETS AND ARV CLASSES

The main steps of HIV viral replication include binding and entry, reverse transcription,
integration, viral assembly, and budding. These steps form the basis for the targets of the 6
different ARV drug classes (Nucleos(t)ide reverse transcriptase inhibitors (NRTIs), Non-
Nucleoside reverse transcriptase inhibitors (NNRTIs), Protease inhibitors (PIs), Integrase
strand transfer inhibitors (INSTIs) and entry inhibitors (sub-divided as fusion inhibitors (FI)
and inhibitors of co-receptor usage), Table 1. In total there are 31 United States of America
(USA) Federal Drug Agency (FDA) approved HIV antiretroviral drugs currently being
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marketed and the brand names of their co-formulated products are also given below in Figure
5.

Protease inhibitors
Tripranavir (TPV),
Darunavir (DRV),
tazanavir sulfate (ATV),
Indinavir (IDV),
Saquinavir(SQV),
Lopinavir and Ritonavir
(LPV/r),
Nelfinavir mesylate (NFV)
Fosameprenavir (APV)

Inhibitors of Co-receptor usage
-Maraviroc

-lbalizumab-uiyk

Emtricitabine (FTC),
Lamivudine(3TC),
Abacavir Sulfate (ABC),
Stavudine(d4T),
Tenofovir disoproxil fumarate (TDF),
Tenofovir Alafenamide (TAF),
Zidovudine/ Azidothymidine (AZT),
Enteric coated Didanosine(DDI), % Translation and
Didanosine, dideoxyinosine (ddl) Post-
translation
modification

&3:3\

ﬁe strand transfer inhibitors ; \

Reverse transcription Raltegravir(RAL),
Elvitegravir(EVG),
Dolutegravir(DTG),

Bictegravir(BIC) l (' transcription

Enfuvirtide TR

Integration

%= Rilpivirine (RPV), Etravirine (ETR), Doravirine,
Q Nevirapine (NVP),

Figure 5: FDA approved antiretroviral drugs for HIV treatment shown to act on different stages of the HIV-1
replication cycle. Image reproduced with permission and adopted from Source: HIV-infected patients
eje.bioscientifica.com.
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Table 1: FDA approved Fixed-dose antiretroviral drugs for HIV currently marketed

Fixed-dose combinations

Atripla (EFV+ FTC+TDF) Prezcobix (DRV + Cobicistat)

Stribild (EVG + TDF + Cobicistat + FTC) Trizivir (ABC +3TC +AZT)

Truvada (TDF + FTC) Genvoya (EVG + cobicistat + FTC + TAF)
Triumeq (ABC + DTG + 3TC) Biktarvy (BIC + FTC+TAF)

Complera (FTC + RPV + TDF) Symtuza (DRV+ FTC +TAF + Cobicistat)
Combivir (3TC + AZT) Dovato (DTG + 3TC)

Descovy (FTC + TAF) Juluca (DTG + RPV)

Evotaz (ATV + Cobicistat) Delstrigo (DOR + 3TC + TDF)

Epzicom (3TC + ABC) Symfi (lo) (EFV +3TC +TDF)

Odefsey (FTC + TAF + RPV) Cimduo (Temixys+ 3TC+TDF)

1.9. MECHANISMs OF ACTION OF DIFFERENT cART drugs

1.9.1. Reverse Transcriptase

Reverse Transcriptase (RT) is an enzyme that contains two enzymatic activities, a DNA
polymerase that can copy either an RNA or DNA template, and an RNase H, which degrades
RNA if the RNA is part of an RNA/DNA duplex. RT uses these two enzymatic activities to
convert the single-stranded RNA genome of the virus into a double-stranded DNA that can be
integrated into the genome of the host cell. The synthesis of a DNA copy of the viral genome
is a crucial step in the life cycle of the virus, and RT has, for that reason, been the target of a
number of different anti-HIV drugs (68).

1.9.1.1. Nucleoside Reverse Transcriptase Inhibitors (NRTIS)

NRTIs inhibit the replication of HIV via two channels, phosphorylating the 5'-triphosphate
form by cellular kinase enzymes. The NRTIs becomes, incorporated into the enzyme-template-

primer complex, where natural 5’-deoxynucleoside triphosphates attaches. The NRTIs do not
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have the 3'-hydroxyl group on the deoxyribose moiety required for binding of nucleotide and

this result in chain termination (69).

1.9.1.2 Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIS)

NNRTIs inhibit the replication process of HIV-1 by interacting with an HIV-RT pocket region
(70,71). The binding site of the NNRTI is located very close to the substrate-binding site at a
distance of 10 angstrong (A) away from the polymerase active site. The relationship between
these two sites helps in increasing the effectiveness of RT inhibitors. NNRTIs causes an effect
on the three-stranded B-sheet in the p66 subunit by repositioning it. Once it is repositioned, the
active catalytic site in the inactive p51 subunit becomes locked. All NNRTIs, when they bind
to the HIV-1 RT pocket site, change the structural shape of the binding site into “butterfly-like
“shape and then block the binding of the RT to the primer during reverse transcription (72).

1.9.2. Integrase strand-Transfer Inhibitors (INSTIs)

Two strategies used by the INSTIs to block integration of the virus into virus genome have
been developed; 3’ processing and DNA strand transferase. INSTIs compete with the viral
DNA for binding to the IN DNA complex. The viral DNA recognizes the binding site next to
the catalytic triad, which opens after a change in structure caused by the binding and 3'
processing of the viral DNA (73) . INSTIs chelate the Mg?* cation required for the activity of
IN. Secondly, INSTIs target and bind to the IN vDNA complex , near the 3' end of the host
DNA and thereby blocking the binding of viral DNA, resulting in inhibition of the strand
transfer reaction , ultimately inhibiting the Integration of viral DNA (74).

1.9.3. Protease Inhibitors (Pls)

Protease Inhibitors (PIs) interfere with the process of forming new infectious viral particles.
The viral Protease is engaged in virion maturation (75). Protease targets the amino acid
sequences in the Gag and Gag—Pol polyproteins, which must be cleaved before nascent viral
particles (virions) can mature. Cleavage of the Gag polyprotein produces three large proteins
(p24, p17 , and p7) that contribute to the structure of the virion and to RNA packaging, and
three smaller proteins (p6, p2 and p1) of uncertain function (76). Pls are small molecules that
bind to the active site of the Protease and therefore compete with its natural substrates. Pls
contain a synthetic analogue of the amino acid sequence of the Gag—Pol polyprotein at position

that is cleaved by the Protease. PlIs prevent cleavage of Gag and Gag—Pol protein precursors in
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acutely and chronically infected cells, arresting maturation and hence blocking the infectivity
of nascent virion (77). This results in production of defective viral particles that are unable to

continue with replication (78).
1.9.4. Inhibitors of co-receptor usage (CCR5 antagonists)

CCR5 and CXCR4 are the main HIV co-receptors involved in virus entry and cell-to-cell
spread. R5-tropic viruses are nearly always involved in the initial infection, while HIV strains
using the CXCR4 co-receptor are observed only seldomly in the early infection (79). The first
step of the HIV-1 cell entry comprises the interaction of the Envelope glycoprotein gp120/gp41
with the host receptor CD4, and the binding to chemokine receptors CCR5 or CXCR4 (80).
CCRS5 antagonist bind in a side pocket region of the CCR5 molecule transmembrane cavity,
thus preventing the interaction between the HIV gp120 and CCR5. The CCRS5 imitates the
functions of the chemokines, which are found to be natural ligands of the chemokine co-
receptor, thus inhibiting their effect (81).

1.9.5. Fusion Inhibitors (FIs)

In order for the HIV virus to gain entry to the intracellular human machinery, which all viruses
require for replication, the virus must fuse with the human cell membrane. This occurs in a
complex sequence of events following attachment of the HIV-1 surface glycoprotein 120
(gp120) binding site to human cells expressing CD4 receptor molecules. After binding, gp120
changes shape to allow the viral glycoprotein 41 (gp41) to form a pore in the membrane through
which the virus can enter (82). Fusion inhibitors act extracellularly to prevent the fusion of
HIV to the CD4 or other target cell. Therefore, fusion inhibitors are drugs that blocks the second
step in the fusion pathway by binding to the HR1 region of glycoprotein 41 (gp41l). This
mechanism does not allow HR1 and HR2 to fold properly, thereby preventing the

conformational change of gp41 required to complete the final step in the fusion process (83).

1.10. HIV drug resistance mechanisms, viral fitness and role of secondary mutations in

virus evolution

The high mutation rate of HIV-1 is an important biological factor contributing to HIV drug
resistance. Approximately 1 - 3 mutations occur in each RNA genome target per round of
replication (84). This is due to the error prone HIV-1 RT enzyme that lacks a 3’-> 5’
proofreading activity. Another contributing factor is that HIV-1 has a high recombination rate

when co-infection of a cell occurs with more than one variant (85). The high recombination
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rate is because of the mechanism (known as Copy choice) by which HIV-RT switches from
one template to another during viral cDNA synthesis (86). Earlier studies have shown that the
HIV replication efficiency is related at least in part to the processivity of RT. Additionally, in
vivo peripheral blood mononuclear cell (PBMC)-based replication kinetic assays demonstrated
that the L74V variant replicates two- to three fold slower than the M184V virus, and there was
a 2.4% loss of fitness for M184V in comparison to WT virus and a 5.7% loss of fitness for

L74V virus compared to M184V virus in growth competition assays (87).

In a particular study (88), the relationship between fitness and replication fidelity was
investigated. The study suggested a mutation rate close to the HIVV-1 WT strain represents the
optimum for viral evolutionary adaptive forces. To add on, the study proposed a model that
assumes that high replication fidelity implied evolution of HIV-1 to a lower mutation rate and
factors such as changes in enzyme processivity and increased time for base recognition would
require high energy demands that would inevitably result in a reduction of viral fitness. This
could possibly explain why discriminatory mutations in the HIV-1 pol gene results in less fit
viral mutants (85). The presence of secondary mutations in this gene, changes enzyme kinetics
in a way that overcomes the energy constraints needed for correct base incorporation during
viral synthesis and this compensates for fitness loss (88). Major NRTI resistance-associated
mutations are known to decrease drug susceptibility of the virus at the expense of reduced viral
fitness, whereas the general accepted dogma for secondary (accessory or compensatory)
mutations is that these mutations maintain relative effect of decreased drug susceptibility
imposed by major mutations but will enhance viral fitness (89). Secondary/compensatory
mutations have been observed in some studies (90, 91), playing a role in restoring viral fitness.

The precise molecular mechanisms for drug resistance of each ARV class is discussed below.

1.10.1. NRTIs resistance mechanisms

Drug resistance remains a central challenge in the success of HIV therapies, as resistant viruses
can be transmitted. The prevalence of resistant viruses is increasing in untreated HIV-1
patients. For the virus to replicate and be transmitted, HIV-1 RT must be able to complete viral
DNA synthesis, and NRTI-resistant RTs must retain the ability to incorporate normal dNTPs
with reasonable efficiency. Two rare mutations associated with multiple NRTI drug resistance
are insertions or deletions at codon 69 (known as T69ins/ T69del) and the Q151M (92). The
T69ins is known to co-occur with Thymidine Analogue Mutations (TAMSs) and causes high
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level clinical resistance to all NRTIs (92). The Q151M mutation is known to usually co-occur
with accessory mutations that tend to promote the efficiency of the phosphorolytic excision
reaction of NRTIs (93). As part of the precursor of the multi-nucleoside resistance (MNR)
complex that include accessory mutations F751, F77L, F116Y and A62V, Q151M causes high-
level clinical resistance to AZT, D4T, ddl and ABC and low — intermediate resistance to TDF,
3TC and FTC (94). Combinations of Q151M and T69ins mutations are rarely observed to
occur, but when they appear severely limit therapy options as they incur resistance to all NRTIs
(95). Major NRTI mutations are known to decrease drug susceptibility of the virus at the
expense of reduced viral fitness whereas the general accepted dogma for secondary (accessory
or compensatory) mutations is that these mutations maintain relative effect of decreased drug
susceptibility imposed by major mutations but will enhance viral fitness (89).
Secondary/compensatory mutations have been observed in some studies playing a role in
restoring viral fitness (96).

1.10.2. NNRTIs resistance mechanisms

HIV-1 replication is continuous, occurs vigorously in infected individuals and can
subsequently lead to HIV-1 drug resistance against RT inhibitors. Resistance of NNRTIs is
caused by mutations that are located at the amino acid (aa) residues aligning the NNRTI-
binding pocket site. The most common RT mutation pathways associated with resistance to
NNRTIs include the K103N and Y181C mutations. These mutations can cause reduce
susceptibility to nevirapine (NVP) (97). Other NNRTI mutations include L100l, E138K
,V106A, QA45M and P236L that can cause resistance to NNRTIs. NNRTI-resistance
mutations can occur singly, or in combinations (98). K103R is a polymorphism that is not
selected by NNRTIs and in isolation has minimal effect on NNRTI susceptibility. In
combination with V179D, however, it is associated with about 10-fold resistance to each of the
NNRTIs. Another study found that viruses carrying E138K or Y181C mutation each had
reduced RT activity relative to that of the WT. The introduction of the secodary mutations into
the RT-Y181C mutant virus significantly reduced RT activity and viral fitness (99). The two
most common resistant mutants, K103N and Y181C, show a fitness that is very close to that
of WT virus. Less-frequent mutations, such as V106A, Y188C and G190S, are associated with

lower viral fitness.
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1.10.3. INSTIs resistance mechanisms

Development of primary mutations against INSTIs usually arises under selective drug pressure
and renders down the efficacy of the drugs against the virus at a cost of increasing replication
capacity of the virus. This is due to change in the active site structure where the drug bind
(100). Common pathways that lead to INSTIs resistance are located at IN residues T661/A/K,
E92Q/G, T97A, S147G, Q148R/H/K, and N155H (46,101,102). Another study in which IN
mutations were purposely introduced in order to determine susceptibility and infectivity,
reported that each of the G118R, Y143R, Q148R, R263K and G140S/Q148R mutations, when
introduced into SIV, impaired infectiousness and replication fitness compared to WT virus
(103).

In South Africa, a study conducted by Brado et al., identified the prevalence of Q148H in 1/314
(0.3%) if co-occurring with additional RAMs. This mutation can lead to resistance against all
INSTIs (104). some mutations such as S119R have been shown to increase the resistance to
INSTIs when combined to the primary mutations Y143C, Q148H, and N155H (105). In
addition, another study surprisingly, found no mutations in the IN gene but rather five
mutations located in the nef region, one mutation six nucleotides upstream of the 3’ PPT and
four other changes clustered in the 3’ end of the 3’ PPT, inside the G tract, resulting in GCAGT
instead of GGGGGG. The location of these mutations in a highly conserved region is very
surprising, and the mechanism involved in this change remains unknown. The disruption of the
3’ PPT could lead to modification of the reverse transcription (RT) process, resulting in linear
DNA that is no longer fully compatible with integration, explaining the decrease in infectivity.
This nonconventional linear DNA could impair DTG binding, explaining the resistance to
DTG. (106). Secondary mutations that increase the fitness of the resistant viruses have been
identified in both pathways. In particular, the secondary G140S mutation, observed in tandem
with the Q148H mutation, rescues a replica- ive defect due to the presence of the primary
mutation Q148H (107).

1.10.4. PI resistance mechanisms

Protease inhibitors (PIs) which compete with natural cleavage sites, strongly impair viral
infectivity and have proven to be highly valuable in the treatment of HIVV-infected individuals.
The emergence of specific mutations in Protease that directly decrease the inhibitor binding
affinity for the enzyme active site is considered the primary mechanism of PI resistance (108).

Both primary and secondary mutations modify the shape and size of the substrate-binding
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cavity of the Protease (109), by enhancing the cleavage of Gag and Gag-Pol precursors (110).
This enlargement seems to have more important consequences on the binding of the inhibitors,
most of which are dependent upon a strong and tight interaction with the active site of the
enzyme, than on the binding of the natural substrates of the protease in Gag and Gag-Pol. D30N
is a nonpolymorphic NFV-selected substrate-cleft mutation that causes high-level resistance to
NFV. The Protease mutations A71V/T, T74S, M891/V and L90M (111) showed that mutation
M89I alone did not confer primary resistance to Pls, but in viral isolates that displayed M891/V
and L90M together, the loss of susceptibility to nelfinavir (NFV) was significantly higher than
in isolates with L90M alone (112). Besides the well documented effect of Gag cleavage site
mutations on resistance-associated loss of viral fitness, evidence has been accumulating that
these mutations could also directly affect HIV susceptibility to PIs in a manner that is

independent of their effect on fitness. (113)

1.11. MOLECULAR MODELLING

Molecular modelling can help in determining the 3D structure of a protein sequence and predict
its function from a sequence. It can also be used to understand protein-drug interactions and
help us to assess the influence of mutations on the protein structure. Molecular modelling
methods, such as molecular docking, molecular dynamics (MD) simulation and binding free
energy calculation, have been proved to be very useful tools for protein-ligand and protein-
protein interactions study(48,114). In a previously a molecular modelling study combining
molecular docking, molecular dynamics simulation, and binding free energy calculation was
performed to investigate the interaction details of HIVV-1 IN catalytic core domain (CCD) with
two recently discovered LEDGINs BI-1001 and CX14442, as well as the LEDGF/p75 protein
(115). In addition Molecular modelling was useful in the discovery of known and widely used
drugs, such as HIV PlIs (116). In our study, we will use molecular modelling approach to
understand if second-generation drug, DTG, will be able to retain efficacy against selected
RAL and EVG known resistance mutations in an various subtypes on IN protein. This methods
will provided us with a unique opportunity to model the structure of other IN HIV-1 to
interrogate the effect of other known drug. Overall, computational methods play a significant
part of the drug lead discovery and indispensable to study drug resistance mutations that can

develop in future to prevent possible treatment failures (117).
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1.11.1. HOMOLOGY MODELLING

Predicting the 3D structure of a protein derived from its own amino acid continues to be a
scientific problem. The first and most accurate approach used to predict 3D structure is
“comparative” or “homology” modelling (118). Homology modelling is a method used to
predict a protein structure from its sequence based on the evidence that proteins with similar
sequences have same structures (118). It relies on identifying known protein structures that
they share similarity with the targeted structural sequence and relies on the production of
sequence alignment that maps the residues on template sequence and target sequence. It has
been reported that protein of a sequence is less conserved when compared to a structure of a
protein amongst homologues (119). 3D protein structures gives valuable knowledge about the
molecular and functionality of the protein structure. Although, X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy have been used towards solving the structural
solution experimentally, but these methods requires more time to be performed with no
guarantee of success. About 84 645 of experimentally solved data are found on Protein Data
Bank (PDB) (120). While, the number of known different structures is much less when
compared to the number of known protein sequences in SWISS 64 PROT and TrEMBL
databases (about 850,000 sequence entries) (121). There is a lack of knowledge and
information on protein structures. Comparative homology modelling stands out to be the
reliable methods that can be used to generate a 3D model of a target protein using its own
amino acid sequence (122). Experimentally solved 3D structural template that have similar
amino acid sequence with a target protein is required to build a successful model. At least, 30%
or more of similarity between target sequence and template can be used to generate a model
(118). Homology is made up of four processes (Figure 6). (1) identification of known 3D
structure(s) of a related protein that can serve as template; (2) sequence alignment of target and
template proteins; (3) model building for the target based on the 3D structure of the template
and the alignment; (4) refining/validation/ evaluation of the models. All four steps can be
repeated until a perfect model is built (123). Models by definition are abstraction and may have
errors. MODELLER is a computer program for comparative protein structure modelling (124).
Various parameters such as discrete optimized protein energy (DOPE) score, (125) template.
modelling (TM) score, (126) and RMSD value (127) are used for comparisons and identifying
best models. Depending on the similarity of the sequence and the alignment quality, the
homology models accuracy, when compared with the actual experimental structure can be up

to approximately ~1-2 A C, atom RMSD (root-mean-square deviation distance between
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corresponding C. atoms) (128,129). As a general rule, models with similarity sequence of
>50% are accurate enough for applications in drug discovery, models built with similarity
between 25-50% can be applied in assessing the druggability and experimental study design
such as mutagenesis and models with similarity of between 10-25% are speculative at best
(130). The presence of inserts and loops are thought to be the limitations in homology

modelling. This makes modelling challenging without availability of template data (131).

Protein with unknown 3D structure

V ;

<

\

Identification of a homologous Rory Y/ .
protein with experimental structure S &S or \\
J il
i3 LSGPOTAVAVLCTLLGLL WL
Target/template m"“mm ““"s"mm‘”
sequence alignment ﬁ“mﬁiu ML S !«!;;s
' S 2, ) R :
Model building N s ;% = IR
Refinement & validation RE & - > D TTIR
PP %
e~ IS

Study of protein function and mechanism
Assessment of target druggability
Design of mutagenesis experiments
High-throughput docking
Lead identification and optimization

Drug Discovery Today

Applications to
drug discovery

Figure 6: Outline of the homology modeling process and its applications in drug discovery. Image reproduced
with permission from drug discovery today and adapted from informatics reviews (118). Given the sequence of a
protein with unknown structure, the first step is the identification of a related protein with known 3D structure
that serves as template. An alignment of the target and template sequences is necessary to assign the
correspondence between target and template residues. A model is then built for the target based on the alignment
and structure of the template, and further refined and validated. This figure was prepared using pymol

(http://www.pymol.org).

1.11.2. MOLECULAR DYNAMIC SIMULATION

Molecular Dynamics (MD) is a simulation of atoms movement in a physical state and in a

given system. Interactions of molecules and atoms is time-dependent, taking approximately

41| Page




Stellenbosch University https://scholar.sun.ac.za

ten’s-hundreds of nanoseconds (ns), reaching up to milliseconds generating a view of the atoms

movement (132).

The dynamical system of these entities are calculated by solving the Newton's equations of
motion (d2ri (t)/ dt2 =Fi (t) / mi) for a system of interacting particles (Figure 7). Forces
between the potential energy of the system and atoms are described by the force fields (133).
Commonly applied force fields for molecular dynamics simulation and analysis include several
computer software versions from OPLSAA (134), CHARMM (135) AMBER (136) and
GROMOS (137). Common MD softwares are GROMACS (138), AMBER (139) and NAMD
(140). The molecular structures encode the conformational dynamics of a protein and this is a
critical element for the functioning of a protein. The knowledge for understanding how proteins
function, requires basic understanding of the link between 3D structure, generated with
increased rapidity’s by X-ray crystallography or nuclear NMR spectroscopy, and MD, that is
not easy to obtain experimentally. MD simulations is a powerful computational tool that can
be used for the explorations of changes on structural energy. Landscape accessible to these
molecules and a sharp increase in power of computational analysis with better methods that
makes the application of simulation on structural biology more interesting and exciting (141).
MD simulations provide connections between dynamics and structure by allowing the
manipulations of the structural energy landscape accessible to protein molecules (142,143).
The first MD simulation of small proteins in vacuum (9.2-ps) was first reported in 1977. The
availability of super power computing programs, make it easy to perform simulations of large
proteins, in different systems. Molecular dynamic simulations can provide detail information
of individuals at a level of atomic motions as a function of time. This can be used as a method
to respond to questions, concerning the properties of a model system better than experiments
(141). A successful MD simulation is dependent on the choice of a suitable energy function for
describing the inter and intramolecular interactions (144). Besides the success of MD, principal
challenges still makes MD difficult (145). The accuracy of classical MD simulations is not
good enough to capture protein behaviour at high concentration, as the current force field
parameters cannot describe the crowded microenvironment/ secondary structure of

biomolecules (146).
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Figure 7: Schematic representation of a molecular dynamics cycle. Image reproduced with permission from
Frontiers in pharmacology and adapted from experimental pharmacology and drug discovery informatics reviews
(147)

1.11.3. MOLECULAR DOCKING

Molecular Docking is a structure-based virtual screening (SBVS) that is used to put computer-
generated 3D structures of ligands into a target protein structure in different orientations,
position and conformations (148). Docking is more applied in predicting the best binding
orientation of a drug against a target protein structure, enabling the predictions of binding
strength and drug activity (147). (Figure 8). Molecular docking generates possible structural
orientations for protein-binding site, where drugs can possibly bind. (147). Molecular docking
consists of two processes; pipelines to perform structural orientations sampling and a scoring
function, which gives a score to each generated position that can be used when docking a ligand
to a receptor (149-151). The favoured orientation is possibly used to predict binding strength
between the protein-ligand using the scoring functions (152). Scoring functions play the role
of poses selector, used to assume positions to differentiate a supposed right binding modes and
binders from non-binders from a pools of possible assumed positions generated by the sampling
system engines. Association of the native-bound to the global minimum of the energy

hypersurface is performed by the scoring function. Three different types of scoring functions
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are empirical scoring functions, knowledge-based scoring functions and force-field based
scoring functions. The most popular used software programs for docking is AutoDock(153),
DOCK (154), FlexX (155), Glide (89), GOLD (157), Molegro Virtual Docker (158), AutoDock
Vina (159) and Surflex (160), to name the few. Docking process involves the following steps,
preparations of active site prediction, ligand, the protein and docking. The docked ligand
against protein and interactions are analysed (148). The best docked-ligand complex, get
picked and scored by the scoring function. MM-PBSA and MM-GBSA are methods that
employs two combination of molecular mechanisms (MM) energies, polar and nonpolar
solvation terms, and an entropy term for calculations of free binding energy using the equation
(AGbind; Massova and Kollman) from the change between the bound complex (AGcom) and
unbound receptor (AGrec) and ligand (AGlig) in solution [Eq: AGbind= AGcom -AGrec -
AGlig] (161). The most explored and successful breakthrough in drug discovery, it was the
development of NNRTI RPV that was approved by FDA in 2011. RPV was developed by
combining different synthetic chemicals structures with extensive antiviral screening;
bioavailability and followed by clinical trials on the safety using animals models and use of
molecular modelling approach, that include the analysis of 3D structures and molecular
modelling (162). Lack of confidence and ability by the scoring function in giving accurate

binding energies is a major limitation in molecular docking.

. Ligand

Database | ~3 f %
: 5
u‘
=7 /’ | % gk
i
Modelling Receptor Ligands
)

Docking

Receptor

Figure 8. Molecular docking flow chart. A typical docking workflow. This flowchart shows the key steps common
to all docking protocols. The 3D structures for the target macromolecule and the small molecule must first be

chosen, and then each structure must be prepared in accordance with the requirements of the docking method
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being used. Following the docking, the results must be analyzed, selecting the binding modes with the best scores.
Source, and included with permission.Image reproduced with permission from JSM Chemistry and adapted from

a Review on Molecular Docking (163).

2. CHAPTER TWO: STUDY FINDINGS

2.1. AIMS AND OBJECTIVES

The proposed study includes structural work to understand the impact of natural occurring
polymorphisms (NOPs) and known INSTI mutations on the protein structure of HIV-1 Integrase.
The aim of this project was to determine which polymorphisms and mutations screened may
affect the efficacy of the INSTIs, and further understand the effect on binding of DNA and DTG
to non-B subtypes from South Africa and Cameroonian sequences.

My thesis is driven by the hypothesis that HIV-1 IN gene fragment sequences obtained from
sub-Saharan Africa, particularly Cameroon and South Africa, have specific naturally occurring
polymorphisms that might reduce the efficacy and binding strength of second-generation
INSTIs, like DTG.

This study is a descriptive experimental design study, that investigated the impact of Integrase

NOPs among different HIV-1 group M subtypes. The specific major objectives were:

I.  To determine the primary and secondary resistance-associated mutations (RAMS) to
INSTI naive patients from Cameroon (Chapter I11).
Il.  Todetermine the RAMS of HIV database derived sequences from Cameroon (Chapter
V).
1. To identify the HIV-1 resistance mutation profiles of patients failing second-line cART
regimens in South Africa (Chapter V).
IV.  To determine the structural effects of NOPs on DTG binding to IN (Chapter VI).
V.  To compare the effects of NOPs on INSTI drug binding to various HIV-1 IN subtypes
using molecular modelling, docking and simulation studies (Chapter VII).
VI.  To investigate the structural impact of known drug resistance mutations on HIV-1C

Integrase-Dolutegravir binding (Chapter VIII).
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The results of the study are summarized below in the form of manuscript or article

published.

The goal of Chapter 111, IV and V was to investigate prevalence of HIV-1 diversity and the
HIV-1 drug resistance associated mutations (RAMs) from INSTI naive patients from Cameroon
and South African. Natural occurring polymorphisms of CRF02_AG subtype identified from
Chapter 111, IV and V, and those that are statistically enriched, were explored to further studied
to try and understand their impact on the IN protein structure stability Chapter VI and see if
these polymorphisms they exert any impact on INSTIs binding ability, using molecular
modelling approach (Chapter VII). Known HIV-1 drug resistance mutations against INSTIs
identified from South Africa and Cameroon cohorts (Chapter 111-V), were further investigated
to study their structural impact on the IN HIV-C that is the driving force of epidemic in South
Africa (Chapter VIII). In (Chapter 1X), | give a summary of the study. In Chapter X, I give

general discussion, conclusions and future remarks.
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Chapter 3: HIV-1 Integrase Diversity and Resistance-Associated
Mutations and Polymorphisms among Integrase Strand Transfer

Inhibitor-Naive HIV-1 Patients from Cameroon.

3.1. Journal article

The article is published in AIDS Res Hum Retroviruses. 2020 May; 36(5):450-455. doi:
10.1089/A1D.2019.0264.

3.2. Author’s list
Mikasi SG, Gichana JO, Van der Walt C, Brado D, Obasa AE, Njenda D, Messembe M,
Lyonga E , Okomo O, Cloete R, IkomeGM, Jacobs GB.

3.3. Author’s contribution
In the enclosed manuscript, |1 confirmed that | am the first author. | collected the samples,
performed laboratory experiments and data analysis. | wrote the first draft and was responsible

for subsequent manuscript updates received from the co-authors.

3.4. Background

In Cameroon, resistance testing remains challenging, due to the lack of laboratory
infrastructure and cost involvement. The high genetic diversity of HIV-1 in Cameroon
contribute negatively in optimizing laboratory protocols to amplify, sequence and characterize
the IN gene for diverse subtypes. Though HIV-1 CRF02_AG is dominant in the country, all
HIV strains can be found in the country, complicating HIV diagnostics.

3.5. Main findings

For this study we PCR amplified 56 patient samples targeting the HIV-1 IN gene fragment.
Subsequently, for subtyping and genotypic drug resistance mutation analysis we only used 37
sequences with good quality and fragment size of >500 bp. The majority of the sequence were
infected with subtype CRF02_AG (54%) and 45.9% were infected with other subtypes, such
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as (A, CRF36_cpx, F,G and C). RAMs against INSTIs were identified in 18.9% of the
sequences, of which major RAMs (Y143R/C/D/G and P145S) were detected in 5.4% of the
sequences. Three (8.1%) of the sequences had accessory mutations, with one sequence having
solely E157Q and the other sequence had Q95K. Another patient sequence had a combination
of triple accessory mutations (G140E, E157Q, and G163R). Of the 288 IN positions, 53
(18.4%) had at least one amino acid NOP present in 0.5% or more sequences, including 49
(17.1%), of which two or more polymorphisms were present. Through our test, the two NOPs
namely: V1721 and R269K occurred with p-values <0. 05.

3.6. Study significance
This was a novel study to report the possible appearance of IN mutations against INSTIs naive
patients. Mutations can interfere with the success of therapy. Therefore, proper monitoring of

patients on therapy should be done, to reduce the risk of transmitted drug resistance (TDR).

3.7. Conclusion

Our study identified RAMs against INSTIs among treatment naive patients from Cameroon.
The study supports the use of DTG as part of first-line therapy in Cameroon for patients who
are failing first-line and second line therapy regimens. However, resistance testing is

recommended before initiation of treatment.
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HIV-1 Integrase Diversity and Resistance-Associated
Mutations and Polymorphisms Among Integrase Strand
Transfer Inhibitor-Naive HIV-1 Patients from Cameroon
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Abstract

The World Health Organization (WHO) has put forth recommendations for the use of integrase (IN) strand
transfer inhibitors (INSTIS) to be part of the first-line combination antiretroviral therapy regimen to teat HIV
infections. The knowledge of pretreatment drug resistance against INSTIs is still scarce in resource-limited
settings (RLS). We characterized the infegrase gene to identify resistance-associated mutations (RAMs) in 56
INSTI-naive patient viral sequences from Cameroon. Study analysis used 37 sequences with fragment size
2500bp or of good quality . The majority of the sequences were identified as CRFO2_AG 54.% (n=20/37)
and 45.9% (n=17/37), other subtype viral sequences include (A, CRF36_cpx, F.G, and C). A total of 18.9%
(n=T/37) of the sequences had RAMs, with only 5.4% (n=2/37) having major RAMs (YI43RCDG and
P14535). aganst INSTIS. Accessory RAMs were present in 8.1% (n=3/37) of the sequences. of which one
sequence contained solely E1570), and another (95K. One patient sequence had three accessory RAMSs
(GI40E, E1570Q, and GI63R). We identified major RAMs to INSTIs, which might have a potential clinical
impact to dolutegravir rollout in RLS, including Cameroon. This is the first smdy o describe RAMsS among
INSTI-naive people living with HIV-1 (PLHIV-1) infected with CRFO2_AG and other subtvpes in Cameroon.

Kevwords: HIV-1, integrase, resistance, Camercon, diversity, CRRZ_AG

NTEGRASE (IN) STRAND TRANSFER INHIBITORS (INSTIs)  subtype B (HIV-1B), which mpresents less than 10% of

Downloaded by Unv OF Soell nbosch from wew Bebarmpub com oz 07/ 1010, Porperscnal use caly.

are the newest class of drugs wsed as combination anti-
retroviral therapy (cART) for the treatment of HIV-1 infec-
tions. These drugs are climically effective agamst HIV-1
strains that had previously exhibited resistance-associated
mutations { RAMs) against other cART drug.] IN consists of
three functional domains: The N-terminal domain (amino ac-
ids 1-5{1), which coomdinates zinc binding, the catalytic core
domain (amino acids 51-212), and the C-erminal doman
(amino acids ‘2[3—‘2}53], which facilitates the host hinding and
IN oligomerization.” Most studies that focus on HIV-1 IN
resistance, protein strocume, and drug binding involve HIV-1

the total worldwide pandemic, In contrast, HIV-1 non-B-
subtypes dominate the pandemic, with the majority of
subtypes circulating in sub-Saharan Africa. Sub-Saharan
Africa is home to more than 90% of people living with
HIV-1 {PLHIV-1)?

Cameroon and the surrounding arcas are scen as the
“birthplace™ of HIV, and CRF)Z-AG is the most commaon
and highly prevalent variant in the mgion. HIV-1
CRFOZ_AG is also becoming frequent in dewveloped
countries, such as France and Brazil.* Studies have shown
that INSTIs are clinicall y effective against HIV-1B strains.
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FIG.1. HIV-1 Integrasc phylo-
The ML phylo genetic tree infermed
in MBEGA contains 37 patient-
denved sequences. HIV-1 refor-
ence es were  aoquined
from the HIV-1 LANL database,
using the 3010 data set An ML
tree was constructed wsing Mega
wversion 741 with the Kimura 2

parameter. Hmnﬂgphg was
performed with 1,000 replicates,
with significant values indicated
on tree. Majority of the sequence's
chisters with HIV-1 =subtype
CRFOZ_AG (50%), (312%) as
HIV-1 subtype CPX, two as
subtype G (6.2%), two as sub-
type F2 (6.2%), and two as HIV-
1 subtype C stmms (6.25%).
LANL., Los Alamos MNahonal
Library: MEGA, Moleoular
Evolutionary Genetics Analysis;
ML, maximum likelibood.
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There 1= a lack of data concermng the efficacy of these in-
hibitors on HIV-1 non-B-subty pe stmins. Matumlly occurtng
polymorphisms {MNOPs) can have an imé:m.ct on INSTI sus-
ceptibib ty/resistance in non-B-subtypes” We evaluated the
genetic diversity and NOPs of HIV-1 IMN sequences from
M5 TI-naive patents from Yaounds, Camerson. This 1s the
first study to invesigate the prevalence of dohutegravir (D7)
EAMs in PLHIV-1 from Yaommndé, Cameroon.

We obtained blood plasma samples (7= 36 trom IN5TI
treatment-naive PLHIV-1. Our cobort consisted of patient
samples from multiple ethnic groups, different age groups, as
well as different sexual orientations, Patients were sampled
betaeen Jamary 2016 and December 2017, and were stored
until 2019, Ethical permission for this study was obtained
from the Health Research Ethics Committee of Stellenbosch
Umiversity (M1I4TIV130 and NISNEAITL). The laboratory
cxperiments wers conducted according to the ethical guide-
lines and principles of the imternmational Declaration of
Helsinka 2013, South African Guidelines for Good Clinical
Practice, and the Medical Research Council (MBEC) Ethical
Cuidelines for Research.

Vira BMA was extracted from the 56 patient plasma sam-
ples, wsing the OQlAamp Viml ENA Mini Extraction Kit
(Chagen, Crermany), according to the mamifachurer’s mstrc-
tions and stored at <80°C untl used. The synthesis of comple-
mentary DMA and fisst-round polymerase chain reaction { FCR)
amplification was performed using the Invitrogen &meﬁu’ipt':
I Reverse Trnscnptase reagent {lnvitrogen, Germany), as per
the manutachrer s mstroctions. In-house nm:pliﬁcﬂ:im of the
IN region (867 bp, positons 4230-500, HXB2 strain) by
nested reverse tansoipton-polymerse chan reacton (RT-
PCR) was carned out as previowsly desaribed by our laborato-
J'_','.'E"? Punfied amplicons were sequenced on both stmands with
conventional Sanger DNA sequencing, usmg the ABI Prism Big
D:,c“ Terminator sequencng kit version 3.1, and run on the
ABI 313k automated DNA sequencer { Apphed Biosystems),
acconding © the manufacturer’s instructions. Primers spanning
the fulklength [N (867 bp) wene used to sequence the PCR
products in both dircctions, These include sequencing primerns
consisting of the above primers, Poli6 and Poli7, and additional
soquencing primers were used, namely, Poli2 (TAAARACA
EYAGTACWAATGGCA), rmlaive o positions 47454766,
amd KLVOES (GAATACTGOCATTTGT ACTGETG), come-
sponding to positions 47 304772,

In IN sequence, data were assembled and manually edited
using sequencer version 6.0 (Gene Codes, Ann Arbor), Viml

sequences were also subtyped using the Rega algorithm
{ hittp:#/hivdb stanford. edu).

Multiple sequence alignment ot the full IN region, with
reference sequences from HIV-1 subtypes { A—K) and recom-
binants vimuses prevalent in Camercon, was obtmned trom the
Los Alamos Mational Library database {waowlanl. gov) and
pertormed by MAFFT versionT (. Ahgned sequences were
manually edited wvsing the BiobEdit sottware ]:mc]mg:a and
subsequenty wsed in phylogenete analysis. A maximum
hkelthood (ML) tree was constructed using Mega version 7.0,
with the Kimura 2 pammeter. Bootstmpping was performed
with 1000 replicates, with significant values of >70% indi-
cated on the tree. One reference sequence belonging to the
phylogenctic group O was used a5 an outgroup, Nucleotide
sequences were converted to amino acid and compared with
the 2004 consensns C saquences available from the HIV Los
Alamos National Libmary database (hivlanl).

The amino acid sequence alignment was extensively
screencd for the presence of primary and secondary RAMs
and MOPs assocated with resistance to known IN5TI=.
Furthermore, the Fisher exact test was used to compare amino
acid frequencies across all IN codons, in INST-naive versus
raltegravir (R AL jexperenced sequences available from the
Stanford HIV drug resistance database (bt p:/hivdb stanford)
and to check NOPs that are Signjﬁc.mtl}' enriched tor INSTI
R AMs in subtype CRFO2_AG HIV-1.

Multiple sequences that were 300 bp ar ot low quality wen
excluded from further subtyping analysis. We used 37 se-
quences for phylogenehic inference and identified 54.1% (20
37} of the samples as HIV-1 subtype CRFOZ_AG, followed by
181 %(W3T) as subtype A, 8. 1% (3/37)as subtype CREFM_cpx,
B.1% (M37) as subtype F, 5.4% (2/37) as subtype (i, and 5.4%
{237 as HIV-1 subtype C strans (Fig. 1). The mucleotide se-
quence of the IN gene was avalable tor 37 plasma samples.
These were sul ently screened for the presence of RAMSs
and identified 189% (T/37) sequences to contain EAMs, with
5A4% (237) having major INSTI RAMs: P1455 (Baby44IM)
and Y 14 3RNC/IWG ) were present inone sequence cach 2.7% (1Y
A7) Accessory RAMs were present in V37 samples (8.1%), of
which one sequence contained solely E1570) (Baby33IN), an-
other 95K (Ad51), and a thind had three acoessory mtations,
namely GIAIE, ELSTO), and GL63R (AdSSIN ).

Dvistribution of detected mutations, including primary and
secondary drug resistance mutations (DEMs), is shown in
Table 1. The distribution of amino acid vanation among
CRFOZ_AG was identified using INSTI-ecxposed (m=51)

TapBLE 1. ANTIRETROVIEAL DRUG SUSCEPTIEILITY IN INTEGRASE STRAND TRANSFER INHIBITORS
AMONG INTEGRASE STRAND TharsFER INHIBITOR-MATVE HIV-1-INFECTED STUDY PARTICTPANTS

Mutations Drugs
Drugs' remaining

Specimen Major Accessory B faypes RAL EVir effect
BABY33IN — E1570) 5 5 PL-LR PL-LR BIC and DTG
BABY 4N Pl45P%5 — A 5 5 H-LR BIC I¥TG and EVG
ADSTIM — L 5 5 PL-LR PL-LR BIC and DTG
ALSSIM — GI4OE, E15T0), GLA3R A 5 L-LE L-LE BIC and DTG

CM 47 Y143YCD — 5 5 H-LE PL-LR BIC and DTG

CM 52 — TYT A 5 5 PL-LE PL-LR BIC and DTG

BIC, bategravir, DTG, dolue gavir; EVG, elviiegavir: PL-LE, poenial low level esistance; RAL, raltegravir, 8, suscepiible.
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FIG. 2. [Dismbution of varmnts among CRFOZ_AG HIV-1 I[N sc::‘imx:s among the newly characterized fulklength [N

sequences and sequences denved onlime.

consensus subtype CRE

12_AG soquence is shown at the top of each 30 amino

acid sequence section. Beneath are the variants with the supereript numbers imdicating the number of tmes that they oocumead.

Dommns and 1m

residucs ame highlighted. The N-terminal domain is highlighted in fight gray, the catalytic core domain

in white, and the C-terminal domain in dark gray. Relevant IN inhibitor resistance mutations are in green. [N, integrase.

patient sequences downloaded from a specific database
(https:Vhivdb stanford.edu) and INSTI-unexposed patient
study sequences (n=50), shown in (Fig. Z). Of the 288 IN
positions, 53 (1E4%) had at least one amino acid NOFP
present in 1.5% or more sequences, including 49 (17.1%), of
which teo or more polymorphisms were present. All se-
quences that ocour at a frequency of 22% were used to study
the association of polymorphisms with INSTI resistance.
HIV-1 subtype CRFI2_AG patients, INST]-exposed (n=51)
versus INSTRunexposed study sequence patients (n =56),
wem compared using two by two table (Fisher exact test).
Through our test, the tao NOPs occumed, namely: VIT21 and

R269K* with p-values =05 (Fig. 3). This indicates strong
evidence that the observed polymomphisms are significantly
and statistically enrched.

The majority (34.1%) of our sequences wemre assigned to
CHF02_AG, and the remaining 45.9% were infectzd with
other subtypes (4, CRF3_cpx, F, G, and C). The parental
strains CRF02_AG is known to circulate in Central and
Western Atnca, particularly i Cameroon.” Major EAMs to
[NSTLs were detected in 12.5% of the study patient =e-
quences. These mutations were found in positions 143 and
145. Mutations at position 143 are associated with high-level
BAL resistance. These mutations alone have mimmal eftects
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HV-1,

Flz. 3. Data derved from
Hsher exac test mdicating all
naturally ocoumng polymor-
phisms of the [N gene that an:
dagnificantly enriched. Asrerizk
{*) indicaies the p-values of all
naturally occumng polymor-
phisms that are =ignificantly
enriched: VITZI*: p= (012 and
R269K p= 000408249, 1M,

o
=
1

§

% Mutation frequency

INTEGRASE, RESISTANCE, CAMEROQOMN, DIVERSITY, CRFO2 AG 5

INSTI

W IMI Treated with mutations

1Ml Treated withvout
mutations

B NI Unireated with mutatons

IMI Unirested without
mutations

mtegrase; INSTIs, IN strand
transter mhibitors.

on elvitegravir (EV () susceptibility, but they are associated
with intermediate reductions i EVG susceptibility when
they oocur im combination  with TYTA mutations."
YI43RA NG mutations do not reduce [¥T0 or bictegravir
(BIC) susceptibility. Mutations at position 145 are associated
with high-level resistance to EVG (Table 1).

(ther studies have meported that major INhTI-a:—'sc-cmtcd
mutations were very uncommon in INST -naive pah mtﬁ z
as opposed to our findings that meported the presence of
HAMs agamst INST s from nave treaed patients. Accessory
FANMs have been found at positions 93,140,157, and 163, The
presence of the E157) mutation i our study cohaort, two
paticnts { Baby 33 IN and add 55IN) who were infectad with
subtype CREFOZ_AG, 15 1In agreement with a previous study
that found a CRE02 CAG INST I-naive |nte-ctad ]:umc;nt trmm
Cameroon who harbored the same mutation.” ElS'.I‘Q 15 4
polymorphic accessory mutation selected in vitro by EVG
and in RAL treament-cxpericnced patients, On its own,
E1570) has no significant effect on INSTI susceptibility, bt
reduces the susceptbility of RAL and EV G in the presence of
an MN155H major RAM. We identified a viral sequence with
TUTA mutation; this mutatton 15 mainly selected among
treatment-experienced patients on RAL and EVG."® Simi-
larly, T97 A has a mimmal eftect on INSTI susceptbility on
its owm, bt leads to a significant reduction in B AL and EVG
susceptibility in combination with Y 143070 and N135H
major KAMs. The (B5K mutation is a nonpolymaorphic ac-
cessory mutation selected i patients on BAL and EVG. On
its oam, it does not affect INSTI susceptibility, but enhances
the resistance of N135H mutants to BAL and EVG (hitps:/
hivdb.stanford edu). We further identified poly morphuc
Gl 40E and G163R R AMSs.

All of these mutations werne found tobe within their natuml
prevalence rates, and although they can confer low-level
mesistance to both, AL and EVG, none of these mitations is
kmown tq:u reduce DTG susceptibihity, neither in vifro nor
in viva." Three of the 37 patients (8.1%) had the M30I
polymomphic mutation that 15 selected in vifro by TG and
BIC in combination with R263K and it appears to reduce
TG susceptbility in combinaton with RZ63K. Morover,
WIT samples (24 3%) harbored L74 M1 polymorphic acoes-
sory mutations commonly selected by each of the INSTI=. In
antiretroviral-nalve pabients, L74M occurs in 0.3% to 10% of

ESTEEEETRETERTE

NOPSE

paticnts and L741 occurs in 3% to 20% of patients depending
on the subtype. Alone, L74M/1 have minimal, it any, effect
on INSTI susceptibility. However, they contribute to reducad
susceptibility to cach of the INSTEE when they oocur with
major INSTI-resistance mutations. Polymormphisms at posi-
tions that alter the binding of the drg to the [N may muence
the genetic bamrier to the development of INSTI resistance, '
High frequency of amino acid change, occurnng at positions
72 and 269, from our study viral sequences infected with
CRHE_AG was also simular to a Mozambique study that
ohserved a high pmulm-:\: of amino acid change in patients
intectzd with subtype C." Therefore, these polymorphisms
(VITAY and B269K) in our study indicated that they are
significantly ennched in RAL-treated patients infected with
the HIV-1 CRFIZ_AG subtype compared with INSTI-naive
patients and may thus infuence the evolution of [¥TG resis-
tance (Fig. 3). Finally , our results indicate that the presence of
primary resistance mutations in Camerooman [N sequences,
along with high amino acid variation across diverse HIV-1
subtypes, 15 of great concem as [¥T0 15 anticipated as a ge-
nmenc drmg i our region.

Conclusion

Mone of the reported mutations (P1455 and Y 14 3R00/DVG)
in owr study is associated with mesistance o DTG, as it is
contemplated to be used m our regron. We suggest that IN
sequencing of all HIV-1-infected patients betfore INSTI com-
mencement to be performed to help in tatloning ettective
treatment strategies in the population infected with diverse
HIV-1 subtypes.

Sequence Data

The newly reported integrse soquences are available in
CrenBank under the tol lowan g accession numbers: MNE 16445
MME 16488,
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Chapter 4: HIV-1 drug resistance analyses of Cameroon derived

Integrase sequences

4.1. Journal article
The article is published in AIDS Res Hum Retroviruses.2020  July.
https://doi.org/10.1089/A1D.2020.0022.

4.2. Author’s list
Mikasi SG, Isaacs D, Ikomey GM, Shimba H, Cloete R and Jacobs GB

4.3. Author’s contribution
In the enclosed manuscript, | confirmed that | am the first author. I collected all the sequences
and performed data searches and performed data analyses. | wrote the first manuscript draft

and was responsible for subsequent manuscript updates received from the co-authors.

4.4. Background

CART is widely used to fight against HIV infections. However, it has led to emerging HIV
strains known to contain RAMs. This could consequently lead to treatment failure or
unsatisfactory therapy outcomes. INSTIs are the most recent drug class being administered due

to their higher genetic barrier to develop resistance.

4.5. Main findings
From our online derived sequences, we observed (1.4%) INSTIs mutations that confer
resistance to raltegravir (RAL) and elvitegravir (EVG), as well as 10.1% of the sequences

having accessory mutations.

4.6. Study significance

The study used sequences that were available as early as 2004, before the rollout of the HIV-1
treatment program and the introduction of INSTIs in Cameroon. Data generated from this study
can be considered as a baseline INSTIs resistance rate. This study shows the need and
importance for continuous surveillance of drug resistance mutations (DRM). This information

could possibly be used to improve the effectiveness of future drugs.
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4.7. Conclusion.
HIV-1 CRF02_AG was the predominant subtype (44.7.%) in this study analyses. The

occurrence of INSTI RAMs among the sequences at baseline needs to be monitored carefully.

4.8. Published article
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HIV-1 Drug Resistance Mutation Analyses
of Cameroon-Derived Integrase Sequences
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Abstract

HIV-1 integrase (IN) is a primary target for combination antiretroviral therapy. Only a limited number of
studies report on the emergence of resistance-associated mutations (RAMS) in Cameroon. We observed that
1.4% of sequence from treatment-naive patients had IN strand transfer inhibitor (INSTT) R AMs. These mu-
tations confer resistance to raltegravic and elvitegravie. We also observed that 10.19% of the sequences have
INSTI accessory RAMs. HIV-1 CRF02_AG was the predominant subtype (44.7%) in this study analyses. The

oocurrence of INSTI RAMs among the sequences at baseline needs to be monitored carefully.

Revwords: HIV-1, integrase, resistance, Camercon, diversity, CRF02_AG

IV/ ALDYS BEMAINS a health concem that endangers the

lives of millions of people wordwide. HIV-1 has three
essential enzymes used for its replication, namely,
mveme trnsmiptase, and integrase (IN). HIV IN is o 32kla
protein encoded at the 3-end of the HIV pol gene.” IN consists
of 288 amino acids, and can be divided into three structural and
functional domains: a zinc-hinding MN-terminal domain, a cat-
alytic corz domain, and a DNA binding C-erminal domain,”

IN strand transfer inhibitors (INSTIs) are a class of anti-

mtroviml drugs wsed to target the [N enzyme, to prevent viml
complementary DMNA integration into the host genome. [N
msistance-associged mutations (RAMs) located at amino
acid m=idues Y 143C, QI48H, and N155H have shown to be
the primary/major pathways that induce resistance to the
INSTI mltegravir (RAL). Primary mutations that induce re-
sistance against elvitegravir (EVG) include ToAI, E920)
I45HR/K, and N155H. RALand EVG present broad eross-
msistance.® Dolmegrvir (DTG) retains its activity against
virnses that exhibited RAMs against RAL and EVG.* How-
ever, comhinations of mutations at position G140 and (148
can result in significant drug resistance to DTG, Furthermore,
TG monotherapy in treated naive patients has been reported
to be associated with more tmqu:m development of R AMs
such as R263K, GI1ER, and 52307

Maturally occuming polymorphisms (NOPs) have been
identified at sites associated with secondary RAMs: L74Y,
M1541, I72V, and T125A.° Studies have shown that differ-
ence across HIV-1 subtypes may play a role, by influencing
MOPs in facilitating or compensating the development of
major resistance pathway to antiretroviral drugs.” Owing to
the development of drug resistance across currently available
dmgs, the Word Health Crganization (WHO)) has put forth
the use of the INSTI TG as part of suggested first-line
thempy. Therapeutic advantage of DTG is its ability to
maintain high potencies agamst mutant strams of HIV-1 that
previously exhibited resistance t-u other combination anti-
retroviral thempy (cART) d:rup In Cameroon, them is a
lack of data regarding the emergence of RAMSs against M-
STls; particulanty TG u it 15 anticipated to be used in
future treatment I:gm']vms Therefore, it is of pammount
importance to identify RA NS from samples sequenced before
the initiation of INSTI therapy in Cameroon,

In this study, we evaluated only IN sequences from
INSTIs-naive HIV-infected individuals from Cameroon,
dating between 1994 and 2009, obtained from the Los Ala-
mas Mational Library (LANL) HIV-1 datahase (https:/faaw
i lanl. govicomponents/sequence/ HIV - searchocom),  ac-
cessed between June 10, 2019, and Juns 12, 2019, We

'Division of Medical Vimlogy, Deparment of Patholegy, Facully of Medicine and Health Sciences, Siellenbosch University, Cape

Town, South Afrca

“South African Medical Research Council Bioinformatics Unit, South African Natimal Bicinformatics Institue, University of the

Westemn Cape, Cape Town, South Afrca

TCentre for the Swdy and Contral of Communicable Diseases, Faculty of Medicine and Biomedical Sciences, University of Yaoundé L,

Yapunde, Camenosm.

*Bugando Medical Centre, Mwanza, Uniied Bepublic of Tanzanta.

*These authors contribued equally to this work.
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screencd for the presence of pnmary mutations, sccondary
mutations, and MNOPs,

Ethical parmission for this study was obtained from the
Health Rescarch Ethics Committee of Stellenbosch Uni-
versity (N130807 1), Our search inclusion criteria included
all Camemonian IN sequences identified from treatment-
narve patients. Cnline-derived sequences wsed were sampled
hetween 1994 and 3009, before the stant of INSTIs in Ca-
meroon. We selected one sequence per patient and 655 HIV-1
sequences were included in the analyses.

For HIV-1 subtyping, the IN sequences were reanalyzed
hetween June and July 2019, using the REGA version 3 on-
line subtyping tool (www bicatrica net/rega-genotype/html/
subtypinghiv html), Stanford University HIV Drug Re-
sistance Database (htputhivdb.stanford), and COMET
(https:/icomet lih.lw/).”

IN nucleotide, sequences, and predicted amino acid se-
quences were compared with the HXB2Z HIV-1 subtype B
consensus sequence (CGenBank accession no. KO34335).
Mutations associated with resistance to INSTIs were iden-
tifiecd using the Stanford University genotypic resistance
interpretation algorithm, HIVdb version 8.3 (httpahivdb
stanford.edu/). Drug resistance mutation results were clas-
sified as either major or minor mutations, last accessed
July 18, 2019,

Among the 5TTMES5 (BE.2%) group M viruses, scquences
wemne classified as belonging to subtypes CREFO2_AG (44.7%)
n=293655, A (12%) n=TU%655, CPX (18.0%) n =118/655,
CRFO1_AE (0L6%) n =4/655, D{1.9%) n=13/655, F (5.3%)
n=35655 and G (5.3%) n =35/655. Sequences from (1.8%)
n= 12655 individuals were classified as belonging to group
M, group O (8. 7%) n=57/655, and group U (1.4%) n="9/655.

In total, 1.4% (9655) of the database-derived sequences
had HIV-1 RAMS: this includes Té6A detected in 46535
(0L.6%), R26IK deteated in 20655 (0.3%), N155SK/T detected
in 2655 (0.3%), Q48 detected in 1635 (0.2%) and EY2S
detected in 2655 (0.3%). Of note, 20655 (0.3%) of sequences
that contained E92S occurred in combination with another
mitation, in this case, one sequence had E925 in combination
with 148V and the other sequence had E92S in combination
with TéhA,

In addition, 66/655 (10.1%) of the sequences contained
seven different accessory RAMs, namel v, A12ET detected in
655 (305%), DIIIN detected in 3655 (4.5%), E15TQ) de-
tected in 19 (28 7%, G404 detected in 20655 (3%), Q1 46K
detected in 10655 (1.5%), QUSK detected in 20655 (3.05%),
and T97A detected in 37T/655 (5.6%).

Chrr findings are in agreement with other eported studics,
where CRFIZ_AG is seen as the predominam subtype
causing HIV-1 infection in Cameroon. ™' We further inter-
rogated the IN region for the presence of INSTI RAMs and
we identified major and minor RAMs in the sequences in-
wvestigated. In total, 90655 (1.4%) of the sequences exhibited
major BAMs. Of note, these mutations reduce susceptibility
to EVG and R AL. The R263K mutation was detected in our
database-derved sequences. it occurs in a high proportion of
patients developing virological failure (VF) on an incom-
plately suppressive DTG-containing regimen and rarely in
patients receiving RAL. It reduces DTG and bictegravir
susceptibility approximately twotold and reduces EVG sns-
ceptibility somewhat more' In addition, Q148H may
protoundly attect second-generation INSTI susceptiblity . It

58

MIKASI ET AL.

co-occurnng with additional RAMs, mutations in the Q48
pathiwray can lead tohigherfold resistances against all INSTILL
The results eported are in ling with the previous findings by
our laboratory, which reported the circulation of RAMs from
cART-naive patients in Camemon.

We turther detected large number of patients” cohort se-
quences harboring accessory mutations, with T9TA (56.1%)
being the most frequent accessory mutations detected, tol-
lrared by E1570) detected in 28.7%. TUTA substittion is a
climcal worrisome mutation, since it reduces susceptibility to
RAL and DTG, when combined with other major RAMs.
E1570) 15 an accessory mutation usually selected i patiznts
meceiving RAL and in vitro by EVG. It has also been reported
in a patient with VF on a DTG-containing regimen. [t appears
to reduce RAL and EVG susceptibility by two- to threetold
and to increase DTG susceptibility,'” NOPs that are mostly
not detected at baseline testing are likely to compensate or
delay the dwclufnm of resistance, according to other re-
ported findings."

From this study, we observed the occurmence of INSTI
RAMs from cART-naive patient’s sequences. The occur-
mnce of INSTI R AMs and NOPs among Cameroon-derived
(1] soquences wamants bascline resistance testing, befor
cART commencement, as these patients may be at higher risk
of tailing their INSTI-based thempy.
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Chapter 5: Drug resistance mutations against protease, reverse
transcriptase and integrase inhibitors in people living with HIV-1

receiving boosted protease inhibitors (bPIs) in South Africa.

5.1. Journal article
The article is published in the journal: Frontiers in Microbiology. ORIGINAL RESEARCH
published: 20 March 2020 doi: 10.3389/fmicb.2020.00438.

5.2. Author’s list

Obasa AE, Mikasi SG, Brado D, Cloete R, Singh K, Neogi U, Jacobs GB.

5.3. Authors contribution

In the enclosed manuscript, | confirmed that 1 am the second, co- author. I helped collect
samples for the study, collected demographic data of the patients, assisted with PCR, sequence

and data analysis. | subsequently gave significant inputs in the manuscript.

5.4. Background

South Africa is home to more than 7.7 million people living with HIV-1 and has the largest
CART rollout program in the world. A major drawback of the success of CART is the emergence
of RAMS that can compromise treatment outcomes. In this study, we analyzed the RAMS
against current available drugs (Pls, RTs and INSTIs) from patients suspected of failing first-

line and or second-line cART in South Africa.

5.5. Main findings

Of the 96 samples from individuals suspected of failing first-line and or second-line CART (n=
52, 54%) had M184V/I as the most frequent NRTI RAM. The most frequent NNRTI RAM
was K103N/S, which was identified in (n=40, 42%) patients, while E157Q mutation was
identified in (n= 2, 2%) of patients as the most common INSTIs RAMs, alongside
mutations; T661, Y143R and T97A, which are major INSTIs RAMs.
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5.6. Study significance

Amino acid sequence analysis revealed that the most frequent detected mutation was M184V.
The mutation is associated with reduced susceptibility to the NRTIs. This mutation could have
resulted from first-line therapy. Our findings are relevant given that DTG is recommended as
a rescue intervention, as most patient who are on first-line therapy are already developing

mutations that might compromise treatment success.

5.7. Conclusion

The study of 96 sequences covering three fragments; PI, RT and IN, from patients suspected
to be failing second-line therapy disclosed a high level of polymorphisms against NRTIs and
Pls of HIV-1-infected subjects from South Africa. No major mutations were detected against
INSTIs. This study provide important information about the resistance profile in South Africa
and supports the use of DTG in South Africa.

5.8. Published article
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Drug Resistance Mutations Against
Protease, Reverse Transcriptase and
Integrase Inhibitors in People Living
With HIV-1 Receiving Boosted
Protease Inhibitors in South Africa

Adetayo Emmanuel Obasa'#*, Sello Given Mikasi', Dominik Brado®, Ruben Cloete?,
Kamlendra Singh?5£, Ujjwal Neogi? and Graeme Brendon Jacobs™

! Division of Medical Virafogy, Department of Pathoiogy, Faculfy of Medicine and Health Sciencas, Stallanbosch Universify,
Capa Town, South Africa, * Division of Clinical Microbiology, Department of Laborafary Medicine, Karoiinska Instiufs,
Stockhotm University, Sfockfiolm, Swiadin, 2 Division of Virology, Institile for Virlogy and Immunabiology; Faculfy

of Medicine, Unfvarsity of Worzburg, Wirzburg, Germany, * South Afican Medical Research Councl Bioinformabics Unit,
South Afncan National Biainformatics Institute, Univarsity of the Weslern Cape, Balville, South Afica, ® Deparfmant

of Mokecular Microbiology and Immunalogy;, Univarsity of Missown, Columbia, MO, United States, ® Chisfopher 5. Bond Life
Sciences Canter, Linfvarsity of Missour, Columbiz, MO, United Statas

The South African national combination antiretroviral therapy (GART) roll-out program
started in 2006, with over 4.4 milion people accessing treatment since it was first
intfroduced. HV-1 drug resistance can hamper the success of cART. This study
determined the patterns of HIV-1 drug-resistance associated mutations (RAMs) in
People Living with HIV-1 (PLHIV-1). Receiving first (for children below 3 years of age)
and second-line (for adults) cART regimens in South Africa. During 2017 and 2018,
110 patients plasma samples were selacted, 96 samples including those of 17 children
and infants were successfully analyzed. All patients were receiving a boosted protease
inhibitor (bPI) as part of their cART regimen. The viral sequences were analyzed for
HAMSs through genotypic resistance testing. We performed genatypic resistance testing
(GRT) for Protease inhibitors (Pls), Reversa transcriptase inhibitors (RTls) and Integrase
strand transfer inhibitors (InSTls). Viral sequences were subtyped using REGAV3 and
COMET. Based on the PR/RT sequences, HIV-1 subtypes ware classified as 95 (99%)
HV-1 subtype C (HV-1C) while one sample as 02_AG. Integrase sequencing was
successful for 89 sequences, and all the sequences were classified as HIV-1C (99%,
88/89) except one sequence classified CRF0O2_AG, as observed in PR/AT. Of the
96 PR/RT sequences analyzed, M184V/| (52/96; 54%) had the most frequent RAM
nucleoside reverse transcriptase inhibitor (NRTI). The most frequent non-nucleoside
reverse transcriptase inhibitor (NNHTI) RAM was K103N/S (40/96, 42%). Protease
inhibitor (Pl) BAMs M46! and VB2A were present in 12 (13%) of the sequences analyzed.
Amaong the InSTI major BAM two (2.2%) sequences have Y143R and T97A mutations

Frontiers in Microbiclogy | www frontiersin.ong 1

March 2020 | Violume 11 | Arficke 428
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Hv-1 Resislance In South Alrica

while one sample had TEEIl. The accessory RAM E1570 was identified in two (2.2%).
The data indicates that the majorty of the patients failed on bPls didn't hawe any
mutation; thersfore adherenca could be major issue in these groups of individuals. Wa
proposa continued viral load monitoring for better management of infected PLHIV.

Keywords: HIV-1, reverse transcripiase inhibitor (AT, proteass inhibitor (P, integrase strand-transfer inhibifor
(InETI}, resistance, South Africa, resistance-assoclated mulations [(RAMs), combination antinetroviral therapy

(CART)

INTRODUCTION

Exceptional improvements in combination antiretroviral therapy
(cART) regimens have changed HIV/AIDS from a deadly
pandemic to a2 chronic and manageable disease (Trickey et al.,
2017). cART has made significant contribotions to reducing the
rates of morbidity and mortality in people living with HIV
(PLHIV) and has led to better management of infection at an
individual level, not only in high-income countries but also
in low- and middle-income countries (Hightower et al, 2011;
UMAIDS, 2017). South Africas national HIV cART program was
introduced in 2006, with a public health approach (UNAIDS,
2014). Besides problems related to adherence, the development
and spread of drug resistance have constantly challenged the
long-term management of FLHIY in public health settings, where
patients are often monitored wsing clinical or immunological
parameters (Foussean et al., 2008).

In accordance with the World Health Organization’s (WHO)
guidelines, the recommended first-line cART in South Africa
consists of a non-nucleoside reverse transcriptase inhibitor
(MMETT)} backboned regimen of efavirenz (EFV), combined
with two nucleoside reverse transcriptase inhibitors (METIs),
namely lamivodine (3TC) and either tenofovir diseproxil
fumarate (TDF), for adults, or abacavir (ARC), for children.
The recommended second-line cART consists of the NRTIs
ridovudine (AZT) and 3TC and a ritonavir-boosted (/1) protease
inhibitor (P1), usually lopinavir (LPV/r) which was revised to
atazanavir (ATV/T) in 20017 {Meintjes et al, 2017). The WHO
guidelines also recommend the PI lopinavir co-formulated with
ritonavir (lopinavir/ritonavir [LEV/r]) in a four-to-one ratio in
first-line cART for children younger than 3 years, based on its
superiority when compared with nevirapine (NVF), regardless
of previous WVFP exposure to prevent mother-to-child HIV
transmission {Meintjes et al., 2017).

In vifro studies on Pl-naive PLHIV-1 infected with HIV-
1 subtype C (HIV-1C) viruses, have indicated wide variations
in their respective susceptibility to the PIs LPW/r and ATV/r
(Sutherland et al., 2016). Observational studies from sub-Saharan
Africa have shown a 14-32% prevalence of virological failure to
second-line bonsted PI- (bPI) based cART (Ajose et al, 2012;
Sigalodf et al, 201Z). In South Africa, reports of dmug resistance
patterns in patients receiving bFIs are scarce (Collier et al.,
2017). with this study, we aimed to identify the pattern of
acquired drug resistance mutations (DREMs) among FLHIV in
South Africa receiving bPI second-line cART. Furthermore, we
characterized the presence of primary integrase strand-transfer
inhibitor (InSTT) DFMs in this specific population.

MATERIALS AND METHODS

Ethics Statement

The study was approved by the Health Research Ethics
Committee  of Stellenbosch  University, South  Africa
{M15/08/071). The study was conducted according to the ethical
guidelines and principles of the Declaration of Helsinki 2013,
the South African Guidelines for Good Clinical Practice and
the Medical Research Council Ethical Guidelines for Research.
A waiver of written informed consent was awarded to conduct
sequence analyses on these samples by the Health Research
Ethics Committee of Stellenbosch University, South Africa.

Viral Load

HIV-1 Viral load wes performed using the Abbott mZi0dsp
and the Abbott m2000rt analyzers (Abbott laboratories, Abbott
Park, IL, United States). RNA was isolated from patient samples
according to the manufacturer’s instructions using the Abbott
HealTime HIV-1 amplification reagent Kit.

Study Design

HIV-1-positive patient samples were obtained randomly, without
any knowledge of drog-resistance patterns, from the diagnostic
section at the Division of Medical Wirology, Stellenbosch
University, and the South African National Health Laboratory
Services {MHLS). Samples were collected between March
2017 and February 2018. We excluded patient samples with
no previous cART regimen history and patients receiving
first-line cART treatment regimen. Demographic and clinical
information such as age, cART regimen. and wviral load
measurement {Table 1). Patients had their samples submitted
for HIV-1 genotypic resistance testing to the NHLS. The
WHLS provides routine genotypic antiretroviral drog resistance
testing for clinics from the Western Cape, Gauteng and
Eastern Cape provinces.

We included samples from children (aged below 16 years)
suspected of failing on bPFI - which is used as first-line
therapy in children - and aduolts suspected of experiencing
virological failure on a bPI second-line cART regimen, for
which treatment information, as provided by the physicians, was
available. The treatment history was collected retrospectively.
The selection consisted of plasma samples (1 = 96) obtained from
patients receiving bFls cART, according to the South African
national cART guidelines (Meintjes et al, 2007} These
patientz are eligible for InSTI treatment consideration when PI
mutations are present.
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TABLE 1 | Chamactenstics and patiems of musions in 96 patients &t the time of
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ariais Walue
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(L= 24 Q%)
Urimown 4 (435
Wiral Load (Logh Coples/mL), meen (S0 Log 8.4, 4,64 (1.02 - G.74)
Second-lne reatment regimen
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Any Pl Mejor Mutations 18 {18%}
=1 Pl Major Mutations 17 {18%]
KA 3 )
10U 2 %)
Ry 10 {105}
By 7%
Liney T ()
WALE 12 [13%)
Waz 2%
WazA 12 {13%}
Major HATI resistance mutations

Any NET kuiatons BE B}
=1 MATI Muiations 30 31%}
M1 B4R E2 {54 %}
TEH 2@
Lirdv B (B
KELHM™ E (B
¥116F E %)
TAM-1 patiway

ML 4 4%
T21EY 2 %)
TAM-Z patimway

DETH 11 {11%}
KIORE 17 {18%]
K3 BED 1101
Major HNRTI resistancs miJtation

ANy KINATI Mutations B2 BER)
=1 MNATI Mutetions 41 JI%)
Y1E1C 1 (1%
K103nE A0 )
GI1E0AE 10 {108
KiDiEP B 5%
E138AGD 11 {11%}
H2HY 2 )
W20 1 1%}
P22EH 14 {165}
WDE 13 {14%}
W1DE 3 )
1 EEL BE%)

TABLE 1 | Continued

‘Wariable Vaile
L0 213%}
TAMS 45 (47T
DETH, M44L, THEY/F, K2H3E/Q, KTOR, and L240W
M184Y Bnd TAME 15 (18%)
Inbegrese mutatons

Mejor IN mutation

TEG 1 (1%}
¥143H and TEFA 2 2%}
IN Accessory mutathons

E1&IT 2{2%}

The iV mutation & based an [he 85 sequences [hal passad he qually SOy,

Genotypic Resistance Testing

We performed genotypic resistance testing using viral RMNA
extracted from plasma. The HIV-1 protease and reverse
transcriptase gene fragments were PCE-amplified using a slightly
modified protocel as previously described by us (Jacobs et al,
2008). Briefly, HIV-1 protease and reverse transcriptase first-
round cDMA synthesis through reverse transcription was done
using amplification primers HIV-PR outer S0protl (3'-TAA TTT
TTT AGG GAA GAT CTG GOC TTC C-3) and HIVRT outer
M@ (5-CTG TTA GTG CTT TGG TTC CTC T-3), position
2085-2109 and 3399-3420 of the HXBZ reference numbering,
with an expected fragment size of approximately 1314 base pairs
{bps) (Plantier et al., 2006). For second-ronnd PCR amplification,
primers S0prot? (5-TCA GAG CAG ACC AGA GOC AAC
AGC CCC A-3) and NE13 (5-CCT ACT AAC TTC TGT ATG
TCA TTG ACA GTC CAG CT-¥), position 2136-2163 and
3334-3300 of the HXB2 reference numbering. with an expected
fragment size of approximately 1300 bps, were used (Plantier
etal., 2006). The integrase gene fragment amplification steps were
performed as previously described by us (Brado et al, 2018).
Sequencing reactions were performed as previously described by
us {Brado et al, 2018). As part of guality control, each of the
viral sequences was inferred on a phylogenetic tree in order to
eliminate possible contamination. DREMs were interpreted using
the Stanford University HIV Drug Resistance Database version
£.7'. Subtyping was carried out using REGAv3 and COMET
(Pineda-Pena et al, 2013). Phylogenetic analysis was carried
out using MEGAvE.

RESULTS

We included patients receiving bPl as part of their cART
regimens. We confirmed the successful amplification and Sanger
sequencing of the protease, reverse transcriptase and integrase
gene fragments of the HIV-1 polymerase gene for 96 samples.
In the Integrase region seven sequences did not pass the quality
control. Those sequences were excleded from the final analyses.
Among the patients, 4% (4/96) of the samples did not indicate

! hittps:hivdh.stamford edw'
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their patient file as being either male or female. Hence, they were
classified as unknown. The ages ranged from 2 to 66 years.

Seventeen (n = 17; 18%) of the patients were 16 years or
younger. Of these patients, three (m = 3; 3%) were female,
12 (13%) were male, while for two (2%) the gender had not
been disclosed by the physician. The NRTI cART regimen
combinations administered were ABC plus 3TC (n = & 6% of
patients), AZLT plus 3TC (n = & &%), stavudine [d4T] plus 3TC
(n = 1; 1%}, TDF plus emtricitabine [FTC] {n = 2; 2%), and TDF
plus AZT (n = 1; 1'%). Fourteen (15%) had received LPV /T, two
(2%} had received ATV/r and one {1%) had received darunavir
(DR /r) as their bPIs.

We had a total of 76 adulis; 55 (57%) were women, and
22 (23%) were men, while with two (2%) the gender was not
disclosed by the physician. The most commonly nsed METT
combination was AT plus 3TC (r = 56; 58%), compared with
those receiving ABC plus 3TC (n = 11; 11%) and TDF plus 3TC
(n = §; 8%). Other regimens given were d4T plus 3TC (n = 2; 2%),
TDF plus FTC (n = 2; 2%), TDF plus etravirine [ETR] (n = 1; 1%)
and AZT plus TDF (n = 1; 1%). Fifty-eight (60%) had received
LPV/r and six (6%} had received ATV/r as their bPIs and three
(3%} are currently receiving DEV/T.

HIV-1 Subtyping

Subtyping was carried out using REGAv3 and COMET. While
REGAv3 provide subtyping for all the RT/PR sequences as well
as IN sequences, COMET failed to subtype the IN sequences as
the majority of the IN sequences were typed as CPZ Therefore
we used HIWV-1 BLAST to identify the nearest subtype for the
IM sequences. Based on the PR/RT sequences (n = 96), 99%
were identified as HIV-1C while one as 02_AG (PT4057A).
Based on the IN sequences (n = 89), patient samples PT405ZA
identified as 02_AG while 83 (99%) samples as HIV-1C. The
subtyping data is presented in Supplementary Table 51. We
also performed phylogenetic analysis to identify any specific
clusters. The neighbor-joining phylogenetic tree did not identify
any specific cluster of a transmission network (Figoare 1).

MNRTI Resistance-Associated Mutations

Table 1 shows the number of resistance-associated mutations
(RAMs) observed among the % sequences analyzed. We
observed MIB4V/T as the most prevalent NRTT mutation.
MI184V/1 was detected in 52 (54%) patients suspected of failing
cART. Of these, 36 (69%) patients were receiving a combination
of AZT plus 3TC, compared with 13 (14%) patients receiving
an ABC plus 3TC combination. MI134V/T was also found in two
(4%) patients receiving TDF plus 3TC, compared with those
receiving FTC plus TDF (n = 1; 2%). L74V was detected in five
(5%) patients - three (3%) patients receiving ABC plus 3TC,
and two (2%) patients receiving AZT plus 3TC. The Ka5R/M
mutation occurred in five (5%) patients; KSR ocourred in two
(2%} patients receiving AXT plus 3TC, and in one (1%) patient
receiving TDF plus FT'C. The Y115F mutation occurred in five
(5%} patients. However, Y115F ocourred more often in patients
receiving AZT plus 3TC (n = 4; 4%}k it ocoured in one (1%)
patient receiving ABC plus 3TC. The A6ZV mutation eccurred

in one {1%) patient receiving AZT plus 3TC. V751 occurred in
one (1%) patient receiving AZT plus 3TC.

Thymidine analog mutations {TAMs) were grouped into
TAMs] and TAMs2. The most frequent TAMs observed were
K70R/E in 10 (10%) patients receiving AZT plus 3TC, in three
(3%) patients receiving ABC plus 3TC, and in one (1%) patient
receiving FTC plus TDF. DTN ocourred in five (5%) patients
receiving AZT plus 3TC and in three (3%) patients receiving
ABC plus 3TC. DETH occurred in one (1%) patient receiving
both TDF plus 3TC and an FTC plus TDF-bazed regimen. The
K219E/(} mutation occurred in six (6%} patients receiving AZT
plus 3TC, and in two (2%) patients receiving FTC plus TDF. The
M41L mutation occurred in three (3%) patients receiving AZT
plus 3TC, and in one (1%} patient receiving 3TC plus ATV /.
T215Y ocourred in two (2%) patients receiving AZT plus 3TC.

NMRTI Resistance-Associated Mutations
Table 1 shows the number of NNETI RAMs observed We
observed that the K103M/S mutation cccurred in 41 (43%) of
those patients failing cART. Of the patients with this mutation,
24 (59%) patients were receiving AZT plus 3TC, and five (5%)
patients were receiving ABC plus 3TC. P225H occurred in 10
(1) patients receiving AZT plus 3TC, in three (3%) patients
receiving ABC plus 3TC, and in two (2% ) patients receiving TDFE
plus 3TC. VI06M occurred in 10 (10%) patients receiving AZT
plus 3TC, and in two (2%) patients receiving ABC plus 3TC. The
patients might have received the EFV or NVF based regiments
as their first-line treatment thoogh the past treatment history
was not available.

Y1881 occurred in five (5%) patients receiving AZT plus 3TC,
and in two {2%) patients receiving TDF plus ATV/r, and in
one (1%) patient receiving ABC plus 3TC. GI90G/A ocourred
in six (6%) patients receiving AZT plus 3TC, and in three (3%)
patients receiving ABC plos 3TC. KI0IEP occurred in three
(3% patients receiving AFT plus 3TC, and in one {1%) patient
receiving ABC plus 3TC.

E1380GA occurred in four (4%) patients receiving AZT plus
3TC, in three (3%) patients receiving ABC plus 3TC, and in
one (1%) patient receiving TDF plus 3TC. V1081 oocurred in
one {1%) patient receiving AZT plus 3TC. H221Y and M2I30L
oocurred in one (1%) patient each; both these patients were
receiving AZLT plus 3TC.

Pl Resistance-Associated Mutations

Of the 96 patients, 75 (81%) were receiving the LFV/r-containing
regimen, followed by the ATV/ir- (n = 8 8%) and DREV/r-
(n = 4; 4%} containing regimens. We identified 18 (18%) patients
with major PI RAMs. Of those, a substantial majority of 16
(89%) patients were receiving LFV/r as their bPI regimen, while
two (11%]) patients were receiving ATV/r (Table 1). The most
common major PIRAMs observed were M461 and VB2ZA (n=12;
12%); 154V (n = 10; 10%); [84V and L76V (m = 7; 7%); 14747V
{.I'I = 3; 3%); [ﬁﬂw '[.I'I = 1; I']'E}; and V321 [H = 2; 2%) {TBbLE' |.:I.

In5Tls Resistance-Associated Mutations
We successfully sequence 89 INI samples. In our cohort, we
identified major InSTI RAMs in patients who had received

Frontiers In Mcrobiology | weea Inoniiarsin. org

65

Manch 2080 | Yolume 11 | Aficke 438



Stellenbosch University https://scholar.sun.ac.za

Obasa &t al. HIV-1 AesiEENGa IN South Alnica
1 3 % ? g g §
o [
’*% %i.-'; L X i .E‘- £ g F
%% 5 0® Co i,
R '°¢ %g . . / . .'i" _{l}
}aér%.. .q:."{\ .ﬁﬁ?
%f;?"e,.- Po ﬁ;ﬁ,.
N t%,:q [ ] .Q* tlﬂ'ﬁ
Pﬁ‘;?? ° o a
ray L o ﬂ.ﬁﬂ‘
'Ry )
o, @ ®
s . P‘M
iy ]
- & ot e
;'D".'Eﬂ .‘ nEk
— o
ol e
F'Tdm_;-,': . PTBALR
L F-r
s @ M Only RTI Mutations :‘:;:
wroazze ;b B Mo Mutations
@ Frozees
priaze : ]’} B Pl and RTI Mutations [ Ta—
- P\ ATl and INI Mutations - %,
F'-““'i""#h - .p%
pﬂﬂz ® a4 .n
sk wi @
ﬂ;nﬂﬂ.. ..nprqaah
ﬂﬂ‘.ﬂ* ® & n%%
it [ ] %
0 @ o
‘-'i"'-:i1l . . ‘%iﬁ
& 0 e -
) o,
b r{ o &
& @ L] *‘%%
q‘;;::’saﬁ}'..-. ...."2. %%i}
)
Fds, ®0ego00® 3%"%
S L? §33s 3 2 %
SRR AL
AGUAE 1 | Naghbor-joining piyioganatic iree. Tha piyioganatic analysts |5 camied out LENG e PRAT saquences. Bootstrap sUpport - 706 Was Shown,

the DRV/r-containing regimen. Two (2%) patient had a viral
sequences with Y143R major InSTI mutation in combination
with the accessory T97A mutation, which confers high-
level resistance to raltegravir (KAL), intermediate resistance
to elvitegravir (EVG), and potential low-level resistance to
bictegravir and dolutegravir (DTG). A patient receiving AZLT,
3TC, EFY, d4T and LPV/r had a virus sequence with the Ta&l
mutation (Table 1). The mutation identified and classified as an
‘accessory” integrase, E1570), ocourred in two (2%) patients. One
patient was receiving EFV, TDF and 3T'C and the other AZT, 3TC

and ATV/r. The level of drug resistance against all the cARTs is
presented in Figure 2. The observed RAMs in patient receiving
bPI based treatment regimen shows high-level resistance was
demonstrated in 17 {17%) and 14 {14%) of PLHIV against LPV/r
and [ATV/r), respectively, while seven (7%) showed intermediate
cross-resistance to DREV/r. Despite off-treatment with NNRTIs,
more than half of the patients were shown to have high-level
resistance to MVP (57%, n = 56) and EFV (56%, m = 55). High-
level resistance were also observed with patients receiving NRTI-
based treatment to FTC {60%, n = 59) and 3TC (60%, n = 59),
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DISCUSSION

In this study, we analyzed 96 HIV-1 RT/FR and 89 IN sequences
from PI-experienced and InSTI-naive patients for major EAMs.
The patients were being treated with a bPI second-line cART
regimen and were suspected of virological failure. Second-line
cART consisted of two NRTIs, backboned by a P if previously
treated with an MMNETI-based regimen, and vice versa

As expected, major DRMs against NETIs and NNRTIs were
present at a rate of 65% (n = 65) and 62% (n = 62), respectively.
Despite being on a bFL only 18% (n = 18) of our study sequences
harbored major PI RAMs. This is in line with a previous study
conducted in Sweden, where it was predicted that HIV-1 subtype
C would be more prone to failure in bPIs (Amanda et al,
201&). We identified 27 (27%) sequences not showing any DRM
against the drug classes mentioned above and therefore could
indicate a problem of poor adherence, rather than the selection
of resistant variants.

M134V, the most common WRTI RAM, ocourred more
frequently in patients receiving AZT plus 3TC, in comparison
with patients receiving the ABC plus 3TC regimen. Our findings
correspond with previous studies conducted in South Africa with
FLHIY, showing M184V/1 as the most prevalent NRTT mutation
(Marconi et al., 2008; Wan Zyl et al. 2011, 2013; Wallis et al.,
Z011; Lombaard et al., 2016; Neogi et al, 2016; Steegen et al,
2016a,b; Rossouw et al, 2017; Penrose et al., 2018). The K&5R
and Y115F RAMs occurred more frequently in patients recefving
AZT plus 3TC, rather than in patients recaving ABC plus 3TC.
TAMS 1 and 2 pathway mutations occurred more frequently in
patients receiving the AZT plus 3TC cART regimen but were low
in patients receiving ABC plos 3TC, TDF plus 3TC, and FTC
plus TDF. The most frequent TAM was K70R(E, which occurmed

maostly in patients receiving AZT plus 3TC, as opposed to ABC
plus 3TC and FT'C plus TDFE. In our study, M184V, L74V, K&5R,
and Y115F were the most common major NETT RAMs in patients
receiving LPV/r as their bPIs.

The K103M mutation occurred at a higher frequency in
patients receiving AZT plus 3TC or ABC plus 3TC than in those
receiving TDF plus 3TC, and 3TC plus d4T. The high rate of
E103W RAM is also well documented and has been observed in
several previous studies™ (Bronze et al, 2012; Steegen etal., 2007)
The group receiving AZT plus 3TC or ABC plus 3TC showed
the highest rates of WNNRTI mutations such as P2I5H, V10&M,
E138A/G/E/Q, G190A(S, and Y1881 ocourred most frequently in
patients receiving AZT plus 3TC or ABC plus 3TC. The presence
of NNRTI RAMs when they were off the NNRTT indicating either
the carryover NNETT RAMs from the failed first-line therapy or
could be the transmitted DRMSs in children from the mother due
to vertical transmission prophylaxis.

The majority of our patients were receiving LFV/r as their
bPls. The M46] and W3ZA RAMs were the most common
mutations observed in patients receiving LPV/T compared with
ATV/r. We identified a low frequency of M461 and VE2A in
patients receiving ATV/r as their bPIs. The group receiving
AZT plus 3TC or ABC plus 3TC showed the highest rate
of Fls such as 154V, 184V, L76V, 147A0, IS0L'V, and V32L
Cur findings are in agreement with Meogi et al’s (2016) study
where major PI RAMs were observed in 5% of patients; among
them, VEZA 65% (28/43), 154V 63% (27/43), L76V 23% (10/43),
and L90M 16% (7/43) were the most frequent (Meogi et al,
2016). Cur findings also showed M461 and VEIA RAMs as the
maost prevalent major PI RAMs. Furthermore, these findings are
in agreement with Rossouw et al. (2015) that observed both
WVEZA and M461 has the most common mutation in infected
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children receiving Pl-based cART. Chimbetete et al. (2018)
observed similar results, with all three drug classes showing their
DEMs at similar rates. The most common PI RAM reported
by Chimbetete et al (2018) was M46l 28 (33%), followed
by 150% 18 (21%) and VBZA 18 (21%). We observed more
high-level resistance to patients receiving LFV/t compared with
ATV/r and DRV/r. Van Zyl et al. (2013) findings are consistent
with ours, as they also identified more high-level resistance
in patients receiving LPV/r compared with those receiving
ATVt and DRV/T.

We analyzed the integrase gene for the presence of treatment-
compromising polymorphisms and DRMs against InSTIs. We
observed the presence of Y143R in combination with T974
in ome of our patients receiving ABC, 3TC, LPWV/r. N155H,
QI48H/R/K, and Y143R/C/H are the three major recognized
pathways of genotypic resistance against In5TIs (Doyle et al.,
2015). We confirmed Y143R in our study and this mutation
in combination with T97A also impaired EVG susceptibility
and showed possible low-level resistance. Furthermore, our data
suggest that EVG activity is compromised in the presence of any
RAL RAM, in this case Y143R. We also identified the presence
of EI570) in 2 (2%) patients. The presence of this mutation
is concerning, as these mutations are associated with potential
low-level resistance to both RAL and EVG. In a previous study
conducted by Bradoe et al (2018), we also found E1570) on
HIWV-1-infected South African sequences retrieved from the HIV
database. Viruses having E157() were found to be associated
with treatment failure of a DTG-containing regimen (Brado
et al, 2018). A study has shown that eight patients who had
the E157() mutation and were initiated with DTG-based therapy
did not experience viremia suppression below detection level
(Meogi et al, 2018).

Furthermore, we identified the presence of T66] mutation
in 1 (1%) patient. T6SI confers low-level resistance to RAL
and high-level resistance to EVG. The low prevalence of DRMs
to In3TIs in our cohort should not be underestimated. RAMs
against InST] raises the question about the positioning of DTG
in the treatment guidelines for South Africa. Previous studies
have shown that a considerable minority of patients develop
cross-resistance to DTG after exposure to RAL and EVG;
resistance to DTG has not yet been reported in patients from
South Africa (Fourati et al, 2015; Mespléde and Wainberg,
2015). As DTG was proposed as the first-line drug, it is essential
to conduct studies in real-life clinical settings to identify the
efficacy of DTG as limited viral load monitoring and without
drug resistance genotyping may compromise the next-generation
In5TIs b be used.

Our study had some limitations that merit comments. First,
the sample size was small compared to the total number of
patients who are receiving cART in South Africa. However, to the
best of our knowledge, there has not been any statistical study that
reports on the number of patients receiving second-line cART
from South Africa. Second, the majority of our patients were
receiving LPV/T as their bPls compared to other bFI regimens.
We cannot tell for certain whether the patients having RAL
resistance according to the sequence have had access to an RAL-
based treatment regimen. Finally, we did not have any adherence

data for these patients and the DRM data were only based on
population sequencing, therefore we could not detect minor
mutations below 20% of the population.

CONCLUSION

We identified patterns of RAMs against reverse transcriptase
inhibitors and Pls from patients suspected of failing on the
South African second-line national cART program. Very low or
no primary InS5TI RAMs were detected in second-line failure
patients. The majority of them had MI84V mutations that
could have been carried over from the first-line cART. Given
the megative effect of M184V mutations on viral fitness, it
is more plausible to the recycling of 3TC/FTC in second-
line cART maintains the presence of MI84V. The non-
identification of any RAMs in one-third of the patients and
the presence of PI RAM in only one-fifth of the patients
indicate that the failure may not be due to RAM, buot might
be due to adherence. Given the limited cART drug availability
and high public health burden, we propose for genotypic
resistance testing should be performed before switching to
In5TIs-based regimen in our setting. This will not only detect
treatment failure earlier but will also identify poor treatment
adherence. Data generated from this study can assist in the
development of cART guidelines for patients who experience
treatment failure in resource-limited settings where genotyping
iz not available. Studies that address operational issues, such
as the optimal use of treatment monitoring tools, should be a

research priority.
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Chapter 6: Investigating the structural effects of statistically
enriched mutations identified in Cameroon recombinant subtype

CRF02_AG that might lead to Dolutegravir drug resistance.

6.1. Journal article

The manuscript was submitted to BMC infectious diseases’ journal on the 04 July 2020. It was
subsequently sent back by the reviewers to address the comments on 15 March 2020. Currently
the manuscript is under review ID: INFD-D-20-02350. This is the preprint, submitted to the
BMC infectious diseases doi: 10.21203/rs.3.rs-40608/v1.

6.2. Author’s list
Mikas SG, Isaacs D, Chitongo R, Ikomey GM, Cloete R, Jacobs GB

6.3. Authors contribution
In the enclosed manuscript, I confirmed that I am first author. I performed data analyses and
structural analyses. SGM wrote the first draft of the manuscript reviewed by GBJ, DI and RC.

All the authors approved the final version of the manuscript.

6.4. Background

The majority of HIV-1 infections are caused by subtype C, with an increase in number of
circulating recombinant forms (CRFs), such as CRF02_AG, in the Western regions of Africa.
Genomic differences among various subtypes lead to sequence variations in encoded genes.
This has consequences for gene targets used for CART, such as IN. Clinical aspects of HIV-1
diversity in resource-limited settings is rarely studied and constitute a great interest in the
world. Structural modelling approaches can be a cost effective way to investigate the impact

of mutations at a level of protein structure.

6.5. Main findings

The possible impact on protein structure caused by CRF02_AG subtype variations was
addressed within the context of a 3D model of the HIV-1 IN complex. We observed 12.8 %
(37/287) sequences to contain RAMs with only 1.04% (3/287) of the sequences having major
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INSTI resistance mutations: T66A, Q148H, R263K and N155H. 11.8% (34/287) of the
sequences contained five different IN accessory mutations, namely Q95K, T97A, G149A,
E157Q and D232N. NOPs rates equal or above 50% were found for 66% of central core domain
(CCD) positions, 44% C-terminal domain (CTD) positions and 35% of the N-terminal domain
(NTD) positions. Our analysis showed that all accessory mutations that resulted in a change in
the number of interactions were found within the stable alpha-helix secondary structure
element, but any change may result in a change of protein conformation and could interfere

with the functioning of the protein.

6.6. Study significance

Here we used computational analysis to explore the impact of IN natural occurring
polymorphisms on the IN protein. This study shows that NOPs can have an impact on the
stability of the protein, by either enhancing the functionality of the protein or rendering down

the functionality of the protein.

6.7. Conclusion

Molecular modelling can be used to determine the location and effect of mutations on IN
protein structure to ascertain their effect on drug binding. This is important as some INSTIs
naive patients sequences are already exhibiting resistance mutations before the roll-out of
INSTIs in Cameroon. Integrase strand transfer inhibitors (INSTIs) can be used as the preferred

option to be on the forefront of treatment options.

6.8. Preprint manuscript
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Abstract

Background The Integrase (IN) strand transfer inhibitor (INSTI), Dolutegravir (DT G), has been given the
green light to form part of first-line combination antiretroviral therapy (cART) by the World Health
Organization (WHO). DTG is clinically effective against all HIV-1 isolates previously showing resistance to
INSTIs.

Methods We evaluated the HIV-1 CRFO2_AG IN gene sequences from Cameroon for the presence of
resistance-associated mutations (RAMs) against INSTIs and naturally occumring polymeorphisms (NOPs),
using study sequences (n=20) and (n=278) sequences data derived from HIV Los Alamos MNational
Library (LANL) database. The possible impact of NOPs on protein structure caused by HIV-1 CRF0O2_AG
variations was addressed within the context of a 30 model of the HIV-1 IN complex.

Results We observed 12.8% (37/287) sequences to contain RAMs, with only 1.0% (3/287) of the
sequences having major INSTI RAMs: Te6A, Q148H, R263K and N155H. Of these11.8% (34/287) of the
sequences contained five different IN accessory mutations; namely Q95K, T97A, G149A, E1570 and
D232M. NOP rates equal or above 50% were found for 66% of central core domain (CCD) positions, 44%
C-terminal domain (CTD) positions and 35% of the N-terminal domain (NTD) positions.

Conclusions Our analysis indicated that all mutations that resulted in a change in the number of
interactions encompassing residues were found within the stable alpha-helix secondary structure element
and not in close proximity to the drug active site. Our findings highlight the structural basis for HIV-1 IN
interactions and that INSTIs will remain effective against CRFOZ_AG.

1. Background

Sub-Saharan Africa (S5A) remains the region worst burdened by HIV infection at 70% of the global
epidemic. SSA has an extremely high HIV-1 genetic diversity. It is well known that diverse subtypes may
affect the clinical treatment outcome in patient management (1). In Cameroon, HIV-1 CRFO2_AG
continues to be the predominant subtype causing infection, with most other strains, including groups N, O
and P circulating in the country and accounting for a smaller proportion of infections (2, 3). Previous
studies have shown that different HIV subtypes may support different mutational pathways, and this
could lead to subtype-based differences in acquiring drug resistance (4-6). There is also evidence that
natural occurring pelymerphisms (NOP) associated with Integrase (IN) activity and cccurrence of
resistance to IN strand-transfer inhibitors (INSTIs) are subtype-dependent. Subtype-specific polymorphic
mutations in the IN gene fragment affect IN DMA binding affinity, when additional mutations are present,
and this can influence INSTIs efficacy (4, 5, 7, 8). Computational modelling of resistance-associated
mutations (RAMs) against INSTIs, across different HIV-1 subtypes compared to subtype B, showed that
the presence of M350l in subtypes A and C, L74! in subtypes A and CRFO2_AG, G163R in CRFO1_AE, and
V1651 in subtypes F and CRFO1_AE would be associated with lower genetic barrier to resistance in non-B
clades (9). Cameroon has seen a considerable reduction of HIV infection, since the introduction of
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combination antiretroviral therapy (cART), especially with the rolling-ocut of programmes like prevention of
mother-to-child transmission (PMTCT) and the 90-90-90 strategies to end the AIDS pandemic by 2030
{(10). The ability of the HIV-1 to mutate during therapy, can lead to the emergence of HIV-1 drug resistance
and this necessitates the need for more effective cART regimens with higher genetic barriers (1). In
Cameroon, the HIV-1 drug resistance rates stand at approximately at 10% (11, 12).

The United States of America (USA) Food and Drug Administration (FDA) for the treatment of HIV/AIDS
has approved four HIV-1 INSTIs, including raltegravir (RAL), elvitegravir (EVG), dolutegravir (DTG) and
bictegravir (BIC) (13). Access to INSTIs in resource-limited countries has been restricted due to its high
costs. However, the World Health Organization (WHO) gave the green light to the inclusion of DTG in an
alternative 1st-line regimen (14). INSTIs bind to a catalytic site in the catalytic core domain (CCD) of IN
and block the strand transfer reaction catalyzed by HIV-1-expressed IN (15, 16).

It is important to note that INSTIs do not lead to the disappearance of the viral genome. Mutations that
confer resistance to INSTIs (for example G1405, Q148H and N155H) have been structurally mapped in
proximity to the IN catalytic centre (17, 18). Pimary resistance to INSTIs, together with residues
associated with catalytic activity among different subtypes are highly conserved. HIV-1 sequence and
structure-based analyses have shown that polymorphic residues can cause subtype-specific effects,
which significantly affect native protein activity, structure and functions important for drug-mediated
inhibition of enzyme activity (8).

There is limited information available on the IN structure of CRF02_AG (19). There is henceforth a need to
continue monitoring patients to identify additional RAMs and polymorphic mutations that might affect
the genetic barrier to the development of RAMs against INSTI (8). The goals of this study was to analyse
the Camerconian CRFOZ_AG IN gene sequences obtained from the Los Alamos National Library (LANL;
www.lank.gov) HIV-1 database to assess the occurrence of mutations and natural occurring
polymorphism (MOPs). MOPs are considered secondary mutations that by themselves play a limited, if
any, role in resistance. However, their pre-existence might favor a more rapid evolution towards resistance
when additional mutations are selected under therapy(20). Furthermore, the possible impact on protein
structure caused by statistically enriched NOPs found in CRF02_AG subtype was addressed within the
context of a three dimension (30) model of the HIV-1 IN complex. Molecular modelling of HIV-1 integrase
sequences showed that viral, subtypes and codon substitutions would affect the genetic barrier to the
emergency of INSTIs resistance differently (8).

Methods

Generation of consensus HIV-1CRF02_AG Integrase
sequence

To compare our study CRFO2_AG sequences (n = 20) available in GenBank under the following accession
numbers: MN816445- MN816488 (21), with the the CRFO2_AG IN sequences from Cameroon between
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1994-2010 before INSTIs treatment. We performed a search on the HIV Los Alamos Mational Library
(LAML) database for additional (n = 278) sequences (hitps://www_hiv.lanl gov/compeonents/sequence/
HIVsearch.com), completed on 01 February 2020. Our search criteria included all Cameroonian HIV-1
subtype CRFO2_AG IN sequences identified from treatment naive patients. We selected one sequence per
patient and all problematic sequences were excluded from further analyses. The consensus sequence
was generated using the database-derived HIV-1 CRFO2_AG sequences (n = 278) and CRF02_AG cohort
sequences from our previous study (n = 20) (21). Nucleotide sequences were checked for quality and
verified for stop codons, insertion and deletions using an online quality control program on the HIVLANL
database (hitps://www_hiv.|lanl.gov/content/sequence/QC/index_htm). Multiple sequence alignments
were done with MAFFT version 7, from which the consensus sequence was derived (22). As part of
quality control, each of the viral sequences were inferred on a phylogenetic tree in order to eliminate
possible contamination.

HIV-1 subtyping using online programs.

HIV-1 subtyping based on IN sequences was performed using REGA version 3
(hitp//www bioafrica.net/rega-genotype/html/subtypinghiv. html) and COMETHIV
(https://comet. lih_lu/).

Drug resistance analysis

Mutations associated with resistance to INSTIs were identified using the Stanford University genotypic
resistance interpretation algorithm, HIVdb version 8.3 (hitp://hivdb_stanford.edu/). Drug resistance
mutations results were classified as either major or minor mutations, last accessed 01 April 2020.

Homology modelling and quality assessment

The crystal structure of the HIV-1B intasome (PDBID: 5U1C) was used to generate a three-dimensional
tetrameric structure of HIV-1CRFD2_AG IM using the consensus sequence of recombinant subtype
CRFO02_AG sequence that we generated. The SWISSMODEL webserver was used for model generation by
first constructing a pairwise sequence-structure alignment between HIV-1C wild-type (WT) amino acid
sequence and template 5U1 (22). The quality of the resulting model was assessed using SWISSMODEL
quality assessment scores, Root mean square deviation analysis compared to homologous template
(PDBID: 5U1C) and with publicly available algorithms located at the SAVES webserver
(hitps://servicesn.mbi.ucla.edu/SAVES/) namely; ERRAT, VERIFY3D and Ramachandran plot (22).

Mutation analysis and stability predictions
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The energy minimized structure of HIV-1 CRF02_AG IN was used to introduce variants identified from the
sequence alignment using PyMol mutagenesis wizard. Once the WT and variant structures were
generated, the change in energy after introduction of a mutation was calculated using mutation cut-off
scanning matrix (MCSM). mCSM uses graph-based distance pattems and calculates a Delta-delta G-
score for the impact of the mutation on the neighbouring residues and provides a phenotypic assessment
namely destabilizing or stabilizing. The loss or gain of interactions between the variant and WT
neighbouring residues was determined using Pymol

Results
HIV-1 subtyping.

HIV-1 subtyping was done using HIV-1 subtyping online-automated tools and all sequences were verified
as HIV-1 subtype CRFO2_AG.

Database derived IN sequence resistance analyses.

After excluding multiple sequences from a patient to avoid overestimation of the variant calling and
problematic sequences, we used 287 sequences collected between 1994 and 2010. These sequences
were subsequently screened for the presence of RAMs. We identified 12.8% (37/287) sequences to
contain RAMs, with only 1.0% (3/287) having major INSTI RAMs: T66A, Q148H, R263K and N155H. Two
mutations, Q148H and R263K, occurred together in one sequence (0.3%), whereas T66A and N155H were
present individually in one sequence each. 11.8% (34/287) of the sequences contained five different IN
accessory mutations, namely Q95K, T97A, G149A, E1570Q and D232NM. Mutations G149A and D232H
occurred together in one sequence (0.3%). Notably, one sequence dating back from 2010 had two major
mutations; Q148H and R263K in combination with two other minor mutations G149 and D232H.

Generation of consensus Cameroonian’s HIV-1 CRF02_AG
sequence

The consensus sequences generated using the database-derived HIV-1 CRFD2_AG sequences (n = 287)
and cohort sequences (n = 20), identified 20 naturally occurring polymorphisms (NOPS): E11D ,K14R,
V3T, MB0L 72V, L74MVI, L1071, TT12V, T124A, T124A, G134N, 1135V, K136K/Q, V2011, T206S, T218l,
L2341, A265V, R2Z69K, S283G (Fig. 1). Three of these (E11D0, K14R and ¥311) belong to the NTD, whereas
M50I belongs to the loop region connecting the NTD and CTD. Eleven NOPs (I72V, L74MVI, L1071, T112V,
T124A T124A, G134N, 1135V K136K/Q, V2011 and T206S) are part of the CCD, and the remaining five
(T218I, L2341, A265V, R269K and S283G) belong to the CTD.

Molecular modelling and structural analysis
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Figure 2, shows the 3D tetrameric structure for HIV-1 CRF02_AG IN that consist of 288 amino acids, 10
alpha helices, 9 beta sheets and 19 coil regions. The homology model passed all the external 3D quality
validation tools subjected to it. The Verify3D score for the model was predicted to be 71.1%, while ERRAT
score for all the chains was 86.0% and higher, the Ramachandran plot indicated that 98.0% of residues
occur in most favoured and allowed regions, and the Prosa Z-score was — 6.18 which is in range with
proteins of similar size. Superimposing the template 5u’lc onto the target energy minimized structure
indicated an RMSD value of 0.212 A, suggesting very little backbone deviation in main chain atoms

(Fig. 2b). Figure 2c, shows the locations of the nine mutations relative to the active site. Furthermore,
mCSM predictions indicated that eight of the nine variants, i.e. the M50I, L741, L74M, T974, G1185,
ST19R, P1455, E1570 substitutions resulted in destabilizing effects of -0.582, -1.069, -0.93,-1.051, 0.492,
-0.091,-0.485 and - 1.111 Kecal/Mol each, respectively. Only substitution Q95K resulted in a slightly
stabilizing effect of 0.146Kcal/Mol. Interaction analysis of the single amino acid changes indicated
differences in the number and type of interaction between neighbouring residues and the DNA. The T974A
showed four polar contacts for T97 compared to the three of A97 (Table 1). This suggests a loss of
stable contacts in this region that could destabilize the protein structure. Moreover, the S119R
substitution indicated interactions with the known active site residue E92 that could alter the IN active site
reducing INI binding (Table 1). Inspection of the E157 residue showed four contacts with neighbouring
residues while Q157 revealed five polar contacts of which two were with DNA (Table 1). In addition, the
remaining other six substitutions; M501, L74, L74M, Q95K, G118S and P145S showed no changes in the
number or type of interactions, implying no strong effect on the protein structure and function (Table 1).
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Table 1
Summary of all interactions observed between the INSTIs and CRFOZ_AG IM subtype. The number in front
of brackets is the total amount of interactions. Abbreviations of amino acids: A -Alanine; D-Aspartic acid;
E-Glutamic acid; G-Glycine; H-Histiding; Hsoleucine; K-Lysine; N-Asparagine; 0-Glutamine; R-Arginine; S-
Serine; T-Threonine; Y-Tyrosine, Bold-Change in amino acid

Number Mutation # Polar contacts
WT Mutant

1 M50l Mone Mone

2 L74M 1(Glu 87) 1(Glu 87)

3 L741 1 (Glu 87) 1 (Glu 87)

4 Q95K 2 (1(Ala98), 1(Tyr99)) 2 (1{Ala98), 1(Tyr99))

5 T97A 4 (2(T93), 1(G94), 1(1101)) 3 (1(T93), 1(G94), 1(1101))

6 G1185 MNone MNone

7 S119R ?{(T1 hfr”hzg..réz}g}, 1(Asn120), 3( 1(Thy29), 1(Glu92), 1(Thr122))

8 P1458 1(GIn148) 1(GIn148)

g E157Q 4 (1(Ser153), 1(Met154), 5 (1(Thy20), 1(Ade21), 1(Ser153), 1
1(Lys156), 1 (le161)) (Met154), 1(lle161))

Discussion

Despite INSTIs possessing a higher genetic barmrier against resistance, studies performed from high-
income countries shows that the development of RAMS against INSTIs can occur, via acquired drug
resistance mutations (DRM) and/or transmitted DRM, leading to reduced susceptibility to INSTIS and
possible treatment failure (23, 24). The IN mutations usually associated with reduced INSTIs
susceptibility include both polymorphic mutations and non-polymorphic mutations (25, 26). Other studies
have reported that several NOPs can affect structural stability and flexibility of the IN protein structure
(27,28). Low rates of IN mutations against INST|s were reported in Cameroon (21). The WHO has
recommended the use of DTG as part of firstline regimens (14). With the approval of using INSTIs
worldwide, it is projected that approximately 57% of people living with HIV will be receiving DTG based
regimens, including new-borns and children (29). It is imperative to monitor the presence of mutations
against INSTIs that can affect treatment outcomes. Furthermore, there is limited knowledge and data
available for INSTI RAMs from studies that focuses on the SSA region, where over two-thirds of the
current infected individuals reside (30, 31). Our previous studies found low level of RAMSs against INSTIs
(21). Our recent studies on CRFO2_AG, reported that NOPs can have an effect on DTG binding with or
without combination of primary mutation (19, 24, 28). In the cumrent, study we analysed the CRFO2_AG IN
gene sequences for the presence of polymorphic and non-polymorphic mutations. Four major INSTIs
mutations were present in the database sequences: T66A, Q148H, N155H and R263K. R263K displayed
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moderate level resistance against EVG (12-fold) (32) and seems to confer low-level resistance against
DTG. Structural analyses have suggested that DTG shares a similar interfacial mechanism of inhibition
with EVG and RAL, but is able to make more intimate contacts with the viral DMA (33). In addition, DTG is
purported to be able to readjust its position and conformation in response to structural changes in the
active sites of EVG- or RAL resistant IN enzymes and avoid some crossresistance due fo slower
dissociation (24, 34). Two principal mutation pathways identified from our study that reduces
susceptibility to RAL are Q148HKR and N155H. These mutations are located in close proximity to the
Integrase’s active site and each mutation significantly reduces viral fitness by 92-fold for Q148R, 30-fold
for N155H (35). Q148H and N155H mutations are thought to trigger conformational changes within the
catalytic pocket that result in an increase in the binding energy of INSTIs to IN (36). Variant TesA found
in 0.3% of our sequence cohort, is a primary mutation nomally selected by EVG treatment. It is
associated with reduced susceptibility to EVG by 5-fold, although T66A mutations also bear cross-
resistance to DTG and is selected by RAL (35). Abraham et al, 2013, showed that T66A lies within the 2
sheet distal fromn the DDE triad, its proximity to the viral DNA 3" end and N155H, suggests that Te61/A/K
mutations may sterically affect viral DNA binding and/or metal ion coordination through N155H (35). The
fact that only 1.0% of sequences analysed contained INSTI primary RAMs suggest that mutations
against INSTIs will need to be monitored carefully against Cameroonians living with HIV. This result is in
agreement with other studies done in Africa (2, 21, 37-39), Asia (40, 41), Europe (42, 43), and South
America (44) where studies showed a low frequency of INSTI primary RAMs. IN accessory RAMSs
observed in our study include Q95K, T974, G149A, E1570Q and D232N. T97A mutation can reduce EVG
susceptibility by 3-fold (35) and combination of T97A mutation with other INSTI RAMs lead to reduced
susceptibility to RAL (45, 46) and DTG (47, 48). Similarly, E1570 individually has a negligble effect on the
susceptibility to INSTIs; however, a combination of E157Q with other INSTI RAMs may lead to reduced
susceptibility to INSTIs. Individuals containing E1570Q (49) mutation in combination with other IN RAMs
showed reduced susceptibility to DTG. Eleven of the INSTI MOPs, were in the IN CCD. This IM region
contains the endonuclease and polynucleotide transferase site and is involved in DMA substrate
recognition, binding and chromosomal integration of the newly synthesized double-strand viral DNA into
the host genomic DMA (50-52). The other five MOPs mutation were in the CTD, a region that helps
stabilize the integrase—viral DNA complex (53). The mutations on the CTD regions involved in
recognition, binding, integration and stabilization of HIV into the host DNA shows the potential for these
mutations to affect the IN function and response to INSTIs. We further analyzed the effect of MOPs on
the stability of the structures and neighbouring residues. Most of the variants noted in our study were
shown to destabilise the protein structure, except one residue Q95k, that showed to exert a slightly
stabilising effect on the protein structure. We assume that the destabilising effects will render down the
functionality of the protein or enzyme. However at this stage, we cannot confidently state this, as
additional analyses like molecular dynamic simulations would be required for confirmation. Molecular
dynamic simulations will allow us to investigate whether these variants or mutations exert an effect upon
protein folding or unfolding. This would allow us to conclude what effect these variants has upon the
functionality of IN. While interactions between Q157 variant residue and DMA could promote viral DMA
integration and prevent IN drug binding. Interestingly, all the mutations (T974, 3119R and E1570Q). In
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addition, all accessory mutations that resulted in a change in the number of interactions encompassing
residues were found within the stable alpha-helix secondary structure element and not in close proximity
to the drug active site.

Conclusion

With the use of DTG and the high HIV-1 diversity noted in SS4, it is probable that some individuals on this
regimen may well develop resistance mutations at some point during treatment. Proper surveillance for
management of such cases should include modelling and screening for the presence of INSTIs major
RAM. This would help in identifying gaps and actions needed to improve effectiveness of DTG once
adopted.
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Figure 1

Prevalence of NOPs in IN genes from CRFO2_AG subtypes. The figure shows the distribution of variants
among the 293 and 20 CRFO2_AG full-length integrase sequences. The proteins varied from 1 -288 amino
acids in length. Divided into: N-terminal domain (NTD) (residues 1-50), catalytic core domain (CCD)
(residues 50-212) and C-terminal domain (CTD) composes of amino acids 213-288.
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Figure 2

3D tetrameric structure for HIV-1 CRF02_AG IN. (A): Three-dimensional tetrameric structure predicted for
HIV-1 CRF_02 AG IN in complex with magnesium ions. Chain A: green, Chain B: cyan, Chain C: Magenta,
Chain D: yellow, Magnesium ions shown as spheres coloured in green and Dolutegravir shown as sticks
coloured in red. No DNA shown. (B): Structural superimposition of HIV-1 AG IN onto HIV-1 B (5Suic) in
complex with MG ions. CRFO2_AG IN: green, 5u'lc: blue, DNA= magenta, MG shown as spheres. (C):
Locations of destabilizing mutations on HIV-1 integrase CRF02_AG structure. Mutations that affect the
protein structure are shown as red spheres and mutations with no effects are shown as blue spheres.
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Chapter 7: Structural comparison of diverse HIV-1 subtypes using
Molecular modelling and Molecular Docking of integrase

inhibitor.

7.1. Journal article

The manuscript was submitted to Viruses’ journal on the 31 January 2020. It was subsequently
sent back by the reviewers to address the comments on 15 March 2020. Currently the
manuscript was re-submitted to the journal on 10 June 2020 after addressing the reviewers
comments ID: Viruses-721103. This is the preprint ,submitted to the preprints.org > life
sciences > virology > doi: 10.20944/preprints202002.0062.v1.

7.2. Author’s list
Isaacs D, Mikasi SG, Obasa AE, Ikomey GM, Jacobs GB and Cloete R.

7.3. Authors contribution

In the enclosed manuscript; Mr. Isaacs and I, are joint-first authors, with equal contributions to
the work performed. | provided raw sequence data. Mr. Isaacs and I, we performed sequence
analysis .We both started the first manuscript draft and subsequently addressed the reviewers

comment to the manuscript.

7.4. Background

HIV-1 integrates its viral DNA into the host genome using two processes: 3’-end processing
and strand-transfer activities. INSTIs target the HIV-1 gene. These drugs have high genetic
barrier against resistance mutations. As these drugs become preferred option to be used as part
of first-line therapy world-wide, there is a need to understand the mechanism of resistance
among subtype C that dominates in South Africa and subtype CRF02_AG that dominates in
West Africa, particularly Cameroon. Studies have showed that mutations can be subtype-
specific and for this reason, IN polymorphisms among various subtypes might be responsible
for different mutational patterns. HIV-1 IN structure of high resolution has been a major
drawback to the study and understanding the mutational pathways and the impact of NOPs on

treatment outcome.
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7.5. Main findings

In this study, we investigated the impact of NOPS on IN structure of HIV-1, using molecular
modelling and docking approach. NOPs were identified among Cameroonian sequences (n=16)
and South African sequences (n=17). NOPs did not show to exert any impact on INSTIs
binding. All INSTIs showed to have same binding affinity to each IN structure. INSTIs shows
to remain the effective drugs against INSTI treatment naive individuals living with HIV. The
study support wide scale access to DTG in Sub-Saharan Africa, where there is a high HIV
pandemic and to combat the spread and control of HIV.

7.6. Study significance
The study provided important data that can provide guidance for investigating how NOPs affect
IN structure and INSTIs binding affinity. The analysis of these molecular modelling

approaches provides crucial clues to the possible future discovery of novel IN mutations
7.7. Conclusion

NOPs that were present in the study did not possess any form of effect against binding affinity

of INSTIs. DTG will remain effective once it becomes available in this region.
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Abstract The process of viral integration into the host genome is an essential step of the HIV-1 life
cycle. The wiral integrase (IN) erzyme catalyzes integration. [N is an ideal therapeutic encyme
targeted by several drugs; raltegravir (RAL), elvitegravir (EV (), dolutegravir (DTG), and bicte granir
(BIC) having been approved by the USA Food and Drug Administration (FIDA) Due to high HIV-1
diversity, it is not well understood how specific naturally coourring polymorphisms (NOPs) in
IN may affect the structure/function and binding affinity of integrase strand transfer inhibitors
(IMSTIs). We applied computational methods of molecular modelling and docking to analyze the
effect of NOPs on the full-length IN structure and INSTI binding. We identified 13 NOPs within the
Cameroonian-derived CRF0Z_AG IN sequences and further identified 17 MOPs within HIV-1C South
African sequences. The NOPs in the IN structures did not show any differences in INSTI binding
affinity: Howewer, linear regression analysis revealed a positive cormelation between the Ki and EC50
values for DTG and BIC as strong inhibitors of HIV-1 IN subtypes. All INSTIs are clinically effective
against diverse HIV-1 strains from INST] treatment-nafve populations. This study supports the use
of second-generation INSTIs such as DTG and BIC as part of first-line combination antiretroviral
therapy (cART) regimens, due to a stronger genetic barrier to the emergence of drug resistance.

Keywords: integrase; naturally occurring polymorphisms; HIV-1; molecular modelling; molecular
docking; diversity

1. Imtroduction

The HIW/AIDS pande mic continues tobe a significant problem worldwide [1]. The viral integration
process, which is the insertion of viral DNA into host genomic DNA, is an indispensable step of the
retrowiral life cycle and is catalyzed by the viral integrase (IN) eneyme [2]. Integration is achieved
wia two distinct sequential catalytic activities, 3’ processing and strand transter. [N first processes
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viral DNA by excising a dinucleotide at the 3 end, exposing hydroxyl ends. [N then catalyzes the
introduction of the prepared DINA into genomic DMA by fadlitating a nudeophilic attack upon genomic
DMA [3,4]. The same active site in IN, which contains a retroviral highly conserved DDE motif and
magnesium ions, performs both activities [ 5,6]. HIV-1 1M is a 32 kDa protein that functions as a tetramer
or multimer [3,4]. A monomer consists of three distinct domains; the N-terminal domain (NTEY
comprising residues 1-46, the catalytic core domain (CCTY) comprising residues 56-186 within which
the active site DIDE motif (aspartate (D64), aspartate (0116), and glutamate (E152) is present, and the
C-terminal domain (CT1) comprising residues 195-288 |7,8). Several integrase strand transfer inhibitors
(IMN5T1s) have been developed to target HIV-1 IN to prevent viral integration into the host genome.
The four INSTIs available thus far include raltegravir (BA L) and ebvitegravir (EVG) that are considered
as first-generation inhibitors, while dolutegravir (DTG) and bictegravir (BIC), along with the late-phase
clinically trialed cabotegravir (CBT), are classified as second-generation IN5TIs [9). At present, first-line
combination antiretrowviral therapy (cART) regimens for HIV-1 are expected to include the INSTI
DTG according to World Health Organization (WHOY) recommendations [10], as it has been shown to
possess a higher genetic barrier to drug wesistance development as compared with RAL and EVG [11].
HIW-1 is a genetically highly diverse virus, forming different subtypes, recombinant and region-specific
variants [12]. Development of IN5TTs, as with most pharmaceutical agents, was primarily conducted by
companies in First World nations, where subtype B is the most predominant variant or subtype [13,14].
It remains unclear what effects naturally occurring polymorphisms (NOPs) may have upon the TN
structure and INSTT susceptibility. This lack of data poses a challenge in concluding the efiects of NOPs
on the binding of INSTIs to HIV-1 IM subtypes [15-19].

In this study;, computational me thods, which indude molecular modelling and docking, were used
to determine if NOPs affect INSTI binding to HIV-1 [N subtype C (HIV-1C) and a drculating recombinant
form of HIV-1 IN CRF_02_AG. The recently resolved cryogenic electron microscopy full-length HIV-1
subtype B IN structure allowed us to build accurate and complete tetrameric three-dimensional
structures of HIV-1C IN and of HIV-1 IN CEF_02_AG. The value of having accurate protein models
allows us to infer the exact mode of interactions formed between active site residues of HIV-1 subtypes
and drug atoms. HIV-1 subtype C derived from a South African cochort was chosen as one of our
IN models, as it represents the most prevalent subty pe both globally and for sub-Saharan Africa in
particular [14,19,20). Our focus on a Cameroonian cohort was spurred on by the previously reported
HIV-1 diversity present in Cameroon with all known subtype gvariants found within Cameroon [21,22].
Furthermore, the full-length Cryo-EM HIV-1 IN structure, which was used as the template in our
maodecular modelling, served additionally as a subtype B IN model in our study, the predominant strain
in developed nations.

2 Materials and Methods

2.1. Ethics Statement

The study used sequences from two African settings: South A frica and Cameroon.

Ethical permission for this study was obtained from the Health Research Ethics Committee of
Stellenbosch University (N14/10¢1 30—approved on 13 August 2019 and MN15/08/07 1—approved on 26
March 2019). Ethics protocols are revised and renewed each year The study was conducted according
to the ethical guidelines and prindples of the intermational Declaration of Helsinki 2013, South African
Guidelines for Good Clinical Practice, and the Medical Research Coundl (MRC) Ethical Guidelines for
Research. A waiver of consent was awarded to conduct sequence analyses.

2.1 Study Design

HIV-1-positive plasma samples were obtained from the Centre for the Study and Control of
Communicable Diseases (CSCCDY, University of Yaoundé I, Cameroon (n = 37), and South Africa
samples (n = 91) were requested, with permission, through the National Health Laboratory Services
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{(NHLS) within the Division of Medical Virology, Skellenbosch University, South Africa. Samples were
collected between March 2017 and February 2018 [23]. We excluded patient samples with no previous
cART history and patients receiving first-line cAKT Patients had their samples sent to the NHLS for
HIV-1 genotypic resistance testing. Treatment failure is defined according to the South Africa adult
antiretrowiral guidelines by a confirmed wiral load of =1000 copies'mL on two measurements taken
two to three months apart.

2.3, Nudec Aad Exfraction

HIV-1 ENA extraction was performed using the QlAamp Viral BNA Mini Ectraction Kit's Spin
protocol, according to the manufacturer’s instructions (Ciagen, Hilden, Germany). Briefly, 140 pL of
plasma was used as a starting volume. A larger starting volume of 280 ul. of plasma was used for
samples with very low viral titers. Viral KMA was stored at —80°C until use.

24 PCR Amplification and Sequencing

The synthesis of complementary DMNA (cDMA) and first-round PCK amplification were performed
using the Invitrogen SuperScript® 11 Reverse Transcriptase (RT) reagents (Invitrogen, Karlsruhe,
Germany), as per the manufacturer’s instructions. In-house amplification of the IN region (867 bp,
positions 4230-5096, HXB2 strain) by nested KT-PCR was performed as previously described by our
laboratory [24,25). Purified amplicons were sequenced on both strands with conventional Sanger
DMA sequencing, using the ABI Prism Big D}E'E' Terminator sequencing kit version 3.1 and run
on the ABI 31301 automated DMNA sequencer (Applied Biosystems, Foster City, California, USA),
according to manufactures instructions. Primers spanning the full-length integrase (867 bp) were used
to sequence the PCR products in both directions. These included sequencing primers Pelié and Poli7,
and additional sequencing primers were used, namely Foli2 (TAAARACARYAGTACWAATGCCA),
relative to position 47454766, and KIMOS3 (CAATACTGCCATTTGTACTGCTG), comesponding to
position 47504771

15, Consmsus Sequence Alignment and Mufation Defection
We performed a search on the HIV Los Alamos Mational Library (LANL) database (https:

i wwrw hiv lanl gow/components/sequence/HIV search.com). Qur search inclusion criteria included
all Cameroonian HIV-1 subtype CRF02_AG IN sequences identified from treatment-naive patients.
We selected ome sequence per patient, and all problematic sequences were excluded from further
analyses. The consensus sequence representing CRFIZ AG was generated using the CRF02_AG
study sequences (n = 37) as previously reported [25], accession number: MMNE16445-MMNE16488,
while the consensus sequence for subtype C was derived from cohort sequences (n = 91,) as previoushy
reported [26]. Nucleotide sequences wene verified for stop codons, insertion, and deletions using an
omnline quality control program on the HIVLANL database (httpsy/www hivlanl gov/ content'sequence)
O findex. htm). Multiple sequence alignments wene done with MAFFT wersion 7, from which the
oconsensus sequence was derived [27). As part of quality control, each of the viral sequences were
inferred on a phylogenetic tree in order to eliminate possible contamination. The amino acid sequence
alignment was extensively screened for the presence of primary and secondary resistance-associated
mutations (KAMs) and NOPs associated with mesistance to known INSTls.

26, Protan Modelling

A three-dimensional model was constructed for HIV-1C I[N and recombinant form CRF0Z_AG
using Schrodinger Prime modelling softwame [28,29). A suitable homologous template was identified
by performing a Blastp search using the consensus amino acid sequences of HIVIC IN and recombinant
form CRF02Z_ACG. Prior to modelling, missing residues were fixed by re-modelling the structune of
template S5U1C using Schrodinger PRIME modelling software [30]. The Cryo-EM-solved IN subtype
B intasome structure (1% 5U1C) was used as the homologous template for comparative modelling,
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as it shared a high sequence identity and coverage with HIV-1C IN from a South African cohort and
with the recombinant form CRF02_AG from a Camerconian cohort. Additionally, as SU1C contains a
mutation at residue 152, this was mutated back into glutamic acid during re-modelling.

27. Protan Preparafion

Processing of protein models was performed using Schrodinger Protein Preparation Wizard,
which added hydrogen atoms, created disulphide bonds, assigned bond orders, filled in any missing
side chains, and optimized the H-Bonds [31]. Magnesium ions weme extracted from the prototy pe
foamy virus and simian immunodeficiency virus [N experimental structures.

2.8. Model Validation

To assess the quality of the constructed IN protein models, a variety of structural parameters
were tested within each model. The Structural Analysis and Verification Server (SAVES) was used
for this purpose and includes the tools Procheck, Whatcheck, Prove, Verify 312, and ERRAT [32-36].
The cut-off values used by the tools were as follows: = 80% for Verify3DlD, <1% for Prove, =50 for ERRAT.
Whatcheck and Procheck are further subdivided into tests, but both make use of a Eamachrandran
plot analysis, which is deemed passed if the majority of residues are within the allowable region.
Furthermore, the root mean square deviation (RMSD) analysis was conducted using PYMOL/Maestro
maolecular visualizing software to compare backbone structural similarity to the experimentally sobved
SUIC template structume [37].

2.8, INSTT Extractions and Molecular Doclang

The INSTT's RAL, EVG, DTG, and BIC were extracted from known solved structures deposited
inside the Protein Data Bank (PIYB) with the respective identifiers 3oya, 312u, 3s3m, and brwm [38-41].
The structures were superimposed upon our generated [N models using PYMOL and subsequently
saved as protein-ligand complexes.

The INSTICBT has not been published in complex with an IM protein, therefore molecular docking
was done to predict the binding mode, affinity, and chemical interactions. Docking was performed
using SMINA, a fork of AUTODOCK VINA [42,43]. The three-dimensional (30) structumes for CBT
wemne acquired from the ZINC database [44]. Conversion of receptor and ligand structures from the
respective pdb and sdf formats to pdbgt was done using OBABEL [45). The docking grid was centered
om the active site with a box size of 204 in all planes. CBT was docked to each subtype structural
intasome HIV-1C, B and AG, respectively. Ranking of generated binding poses was done based on
the binding affinity values calculated using the Vinardo Scoring function with the top binding pose
complex selected for the next step [46].

210 Refinemeent and Ener gy Minmrisation

The refinement process invohred repeating the aforementioned protein preparation steps.
The complexes wem subsequently energy-minimized using the CHAEMM-GUI webserver [47)
for structural preparation and energy minimization using defanlt CHA BMM-GUI-generaed parameter
files. The molecular dynamics engine software utilized was GROMACS 2018.1 [458] and charmm3&M
forcefield [49].

211. Bmding Affinity Calcrdafion and Inferaction Analysis

The energy-minimized structures wemne desolvated and the ions emoved using PYMOL.
The complexes were separated into two separate files, one for IN as the receptor(s) and one for
the IN5TIs as the ligand(s). To calculate the binding affinity, the scome only function was used
within SMINA in combination with the Vinardo scoring function. Pymol was used to caloulate polar
interactions formed between the IN protein, DNA, MG, and the drugs.
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212 Bmding Site Analys's

The spatial and chemical features of the active sites containing the DDE motif of each IN subtype
weme compared to one another using PYMOL/MAESTRO. Briefly, the residues encompassing the
binding site were determined by aligning each IN-INSTI complex to one another and extracting
all residues within a 5A radius of the inhibitor binding site. The binding sites were superimposed
to determine the difference by measuring the Root Mean Square Deviation (RMSD) values for the
backbone atoms of the protein chains.

3. Results

A1 Sequence Alignments and Profen Structure Assessment

Two IN consensus protein sequences, corresponding to the South African and Cameroonian
ocohorts respectively, were aligned to the sequence of the subtype B IN structure (ID:5ulc) (Figure 1)
The sequence identity was caloulated to be 8% for both sequences when compared with subtype B.
The alignment evealed 13 NOPs within the Cameroonian cohort-derived CRF02_AG IN sequences.
The identified polymorphisms being K14E, V311, V721 L1o1l T112V, T1244, T1254, Ki36T, 1151V,
W2011, T2065, ¥ 2341, 52836, The alignment also showed 17 NOPs within a South African cohort-derived
Subtype C consensus sequence, namely D25E, ¥311, M50, V721, Flo0Y, L1011, T112V, T1244, T1254,
K13460, 1151¥, V2011, T2181, V2341, B26eK, D2rsa, 52830 (Supplementary Figure 51). The construcked
IN models were validated with the following scores obtained with the SAVES server tests. CRF02_AG
IN: Verify31, 71%: ERRAT, 93/100; Prove, 7.8%; and for the Ramachandran plot analysis, 86.1% of
residues are within the most favored region. Subtype C IMN: Verify 310, 74%.; ERRAT, 92/100; Prove,
7.8%; and for the Ramachandran plot analysis, 86.1% of residues are within the most favored region.
Subtype B IN: Verify3D, 71%; ERRAT, 92/100; Prove, 10.3%; and for the Ramachandran plot analysis,
B2 6% of residues are within most favored region.

SUIC_gubtypel_§ FLIN L DEAJEEHER THSHNNEAMASOFNLPFYVARE [ TASCORCLELE Y DCSPE IR LDCTHLEG
CONSENBUS € € FLOGIDRAQEENE 'rnlrnwmirn AL L TASCERCOLEGIANNGYYDCSPGTNYLICTALEG
consENsUs 07 _AG © FLOGIDRAQEERERYH ARE[TASCOICOLEGEAHROGYDCEFOINILOCTHLED
|I: H m 1 1|
sess lessslosanlonss lossslassaasaabisaalasaabaaaalaaaalaaaalaaaalaass
5UIE_subtypul 8 Tnnvnvuiﬂnmnm“ m-l.alrn anmnﬂmnn
consFsus ¢ ¢ TLNAVEVAS0Y IEAEVIFAETGUETN
CORSINGUS 0 3G § IEMAVHVASGY TEREVI PRETGOETRY
] L 18
S | [ PV — — I s L N - I
5i1E subtypud & IPTHPGS0OVIEEHNKELEK] IaQVRDOAERLETATGHATT IRSFRRN 00 TO0YSADERTVD I IRTDIPT
COREINGUS € € IPTHPQS SHHKELKE] 1GOVRDOAEELETAVORATT INTRARGG [CGYSAGERT II:LI:!H‘
coxsznsus 07 _ac & TFTHRS SHNEELEET TGQVEDQAERLETATOMATT IMSTRARGG TG0 T5AGERTRD 1TABD TOT
i i Fia na Ise e ina
s Bwas Dians lesnnlsnna b Duuns bumnin Dun s dunma Lown s awunlusns b s |
WIS sukiypal_§ FELUFGLTF LORF YT P RO ERD P YR eGP AL LS CIGAY T [ QORE D L E Y PEEEAR | IEDT R OMAS P
CUNSERSUS © € FELGEQTERTONTRVYTRE: AFLLWEGIGATYICOESDTNVYFRREART 'rﬁmni-c

CORSENGUS 0T _AG 6 EELOROTTRTGNFRVYYRASKED FARLLEEGECATY I SOHAETRVVERRRART TROY GROHAGH DS
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CORSTNSUI_0T_MG © DOED

Figure 1. Amino acid sequence alignment of inte grase variants subtype B, subtype Cza, and CRF_02Z_AG,
respectively. Red highlighted residues indicate poly morphism locations in comparison with the Subtype
B emplate. Blue highlighted residues indicate the aspartate (D6d}, aspartabe (D116) and glutamate
(E152) DDE muotif
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The RMSD analysis score was found to be approximately 0.4A when all three structures were
compared to one another. In addition, there was minimal difference in secondary structural makeup
(Figure 2). However, reference subtype B structure forms an extra helical turn absent in Subtype C
and CRF02_AC.

Figure 2. (a) A superimposition of all three integrase models show ing high backbone identity and
secondary structure conservation. (b) CRF2_AG integrase (IN) model colored according to secondary
structure and in cartoon depiction. (¢) Subtype B IN model colored according to secondary structure
and in cartoon depiction. (d) Subtype C IN model color:d acconding to secondary structure and in
cartoon depiction. Encirded in red is the secondary structure difference observed between the template
structure and the generated IN models. Light blue indicates the helices, purple indicates beta-sheets,
and tint color indicates loops.

3.2 Mdecular Docking and Interaction Analysis

The molecular docking methodology was validated using the genetics algorithm (AutoDock),
providing a correlation of the experimental data (half-maximal effective concentration, EC50) with
the binding affinities showing reliable statistics (Supplementary Tables S1 and S2, Figure 3) [50].
Subsequently, rescoring/docking assays was done using VINA of the five FDA approved and late-phase
clinical trial INSTI's showed minimal differences in binding affinity between one another, with less
than 2 kcal/mol difference observed. The obtained binding affinities furthermore were comparable
when SMINA was used to rescore Prototype Foamy Virus (PFV)-INSTI or Simian Immuncdeficiency
(SIV}INSTI complexes. (Table 1). In Table 2, most of the drugs made two ionic interactions with
Magnesium ions, except for EVG and BIC in HIV-1B IN due to the different orientation of the active
site as a result of remodelling missing residues.
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Figure 3. Linwar mlationship bebaesn the predicted binding constants caleulated from the docking
studies of integrase strand transter inhibiters (INSTI) with HIV Ins and the experimental half-maximal
efective concentration (BCS0) vahes detenmined fron the TZM-bl cells based assay.

Table 1. Vinanlo binding afinity scones predicted for each INSTI bound e the thoe [N subby pes
CRRZ_AG, B, and C and the PFV/SIV meported INa

Drug CRFOZ_AG Sublype B Sublype C PFV/SIV
(Keal/Muol) (Kcalf/Moly (KealMaoli (Keal/Mol)
Ralte gravir -72 -44 -51 -61
Elvitegravir =37 -34 -34 4.0
Drolubegravic -30 -34 -30 -54
Bictegravie —4.0 -5 -35 -39
Cabotagravir —6.5 —-57F -0 MNiA

Table L Swmumary of all interactions observed bebween the fve INSTls and three TN subtypes. Lisked
also are inderactions which ocour between INST] and PEVSIV nucleic acid.

INSTI HIV-1B (IDx5ulc) HIV-1CIN CRF 02 AGIN FFV/SIV IN
Hydrogen lonmic Hydrogen lomic Hydrogen lomic Hydrogen Tomic
bonds comtact bonds conkact bonds comtact bonds conkact
6 (THYI1L,
GLIA2D, 5&?:"2;} 4 (ASP128,
2 {CYSI0, ASPEd, 5 ASP18S, 5
BAL GLLULEY) ™G ASP116, G A‘S}A!"-m, MG TYRXZ, G
TYRIAS, GLU15Y) GLLIZE1)
GLU15Z) :
5 (THY11, :
GLAZL, P P 3 (ASP12E,
OTG ASRP&L, MG MG MG ASP18E, MG
ASP11E, g — GLUZ)
GLU1E2) ) !
5 (THY11, 6&?‘,{;}
ADE2L, 3 [ADE21, ASPRL,
EVG GLIAZ2, 1IMG GLUSB2, 228G ASPIIE, MG 1 (GLUZERTY MG
ASP116, ASPEL) CLUIE
ARG231) —
- ARG
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Table I Comt
INETI HIV-1E {Ik5uilc) HIV-1CIN CHF 02 AG IN PEVIEIV IN
Hydrogen lomic Hydrmgen lomic Hydrogen lonic Hydrogen lomic
bonds: comitact bonds contact bonds: comtact bonds conkact
4 (THY1l, 5({THY11,
4u:umle£ GUA2Z ASPES, 3 [ASPS4,
BIC IMG A5, MG Y565, MG ASF116, IMG
TS5 CYS65, GLU92, GLUIEZ)
ASPI16) ASP116)
B(THYI1I,
?EE[:E* ADEL, & (THY11,
GLUA2D, ADEZR],
GUAZZ, ASPE, GUAZZ,
CBT ASPGL, MG N MG MG NA MNFA
THREE, THEGE, ASPE,
1567 HIBE7, HISET,
.ﬁ.EF‘]lé- ASP116, ASP116)
) GLULSZ)

MNumber outside bradeet indicates total number of ineradtions. Supplementary Figures 52-56 EAL, raltegranir;
DTG, dolutegravir; EVG, elvitegravir; BIC, bickegravir; CBT, cabobegraviz

13. Binding 5ite Analysis

We calculated differences in total surface area, with 86042 for subtype B IN, 969A? for subtype C
IN, and 1041A2 for CRE_02_AG IN. EMSD) analysis show that subtypes C IN and CRF_02 AG deviate
by 0.309A and 0.444, respectively. The NOP 1151V was found to oocur within the binding site, but
does not directly interact with INSTI's. NOP 1151V is present in both subtype C and CRF 02 AGIN's.

4. Discussion

The NOPs that have been identified in subtype C and CEF_02_AG IN have not been previoushy
associated with HIV-1 IN drug mesistance, except for the pelymorphism MS0L M50I was identified in
our subty pe C IN sequences and this polymorphism has been reported to reduce DTG susceptibility
when found in combination with the mutation E263K in HIV-1 subtype B IN [51,52]. However, in our
study; the mutation K263K was not present. Furthermome, M50 is not able to cause drug resistance
on its own but increases the effect of resistance exhibited by R263K [51]. In our study, M30] had no
effect on INSTT's binding to IM. NOPs were found to be cocurring within their natural prevalence rates
and these MOPs have minimal effect on [NST] susce ptibility when ocourming alone, such as in the case
of M50I [51]. This is in contrast to the study by Brado et al. that reported an impact of MO's on the
stability of the protein complex, suggesting they may contribute to an overall potency against INST]s.
Owr study is, however, in agreement with a study by Chitongo et al,, 2020 that showed that one known
major resistance mutation, (31405, had an effect on DTG drug binding in HIV-1C IN in combination
with NOF's. Theretore, NOPs alone have a negligible effect on drug binding [53].

A comparison of the backbone structures of the modelled IN proteins showed high structural
similarity with one another with RMSI? values less than 0.4A, suggesting similar fold between the
protein structures. Cur IN homology modelling showed one slight secondary structural feature
alteration within the N-terminal domain. Subtype B displayed a helical turm absent in Subtype C and
CRF02_ACG IN. Secondary structural features, such as helices, may influence the accessibility of dmigs
to a protein’s active site, either by directly changing the binding pocket properties or through affecting
stability of the whole protein [54]. In our study, the structural alteration had no efiect on drug binding
as it is located further away from the active site

Extractions showed that all INSTIs are able to bind to either of the &sted N subtype structures with
plausible binding poses, which is in agreement to the previously reporied PFV or SIV binding poses.
Mo significantly reduced binding affinity was observed for each of the INSTIs, mplying no negative
alteration to the binding site which may prevent INSTI drug binding. Differences in binding affinity ane
present. The Binding affinity is an indication of how strong the ligand is binding to the active site. NOPs
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associated with a reduction to EVG susceptibility have been previously reported to oocur with a relatively
high frequency within CEF02_AG IN, however those MOPs wem not identified in our study [55-57].

Magnesium ions are responsible and important for the binding of DMNA. INSTIs competitively
inhibit this process by binding to the magnesium ions [58-60]. Itwas therefore expected that interaction
analysis would reveal that an interaction{s) takes place between the IN5TIs and magnesium ions
present within [N active sites. The interaction(s) with magnesium ions are considered to be essential
for inhibition to take place, whereas other interactions are considered nonessential for the activity of
INSTIs to take place. Therefore, we considered an INSTT to be successfully bound if interaction analysis
predicted interactions occurring with magnesium ions. It may, howewver, be plausible that NOPs favor
or reduce the likelihood of additional interactions occurring and thereby enhancing binding affinity.
In our study, all drugs make contact with MG ions but only 1MG contact is found for HIV-18B IN bound
to EWG and BIC. The remodeling of missing residues could be a reason for HIV-1B not making two
MG ion contacts with EVG and BIC, but this is a surprising finding that warrants further investigation.

Binding site analysis further supports the results from the rescoring/molecular docking assay.
The analyses conducted show that binding sites between each [N structure are identical. One NOP
1151V is present within the binding sites of our study, but does not induce any effect beyond a slight
spatial change due to its different side chain orientation.

The free energy of binding values caloulated between the different proteins and drugs using
the Molecular Mechanics Poisson-Boltemann Surface (MM-PBSA) package confirmed no significant
difference in the strength of binding between the drugs and different HIV-1 [N protein subtypes.
However, the inhibition constant (ki) values and inhibitor potency EC50 value s provided evidence
for TG and BIC as strong binders with high inhibition values, suggesting DTG and BIC as good
candidates for treatment of the three caused by the three different HIV-1 subtypes.

Future work should include viral integration assays to determine if DTG, BIC, and CBT can
prevent viral integration within plasmids containing diffevent HIV IN subtype sequences.

5 Conclusions

Chur study showed that unique polymorphisms within geographically distinet HIV-1-infected
populations with different variants do not prevent INSTI binding. Howewer, linear correlation be tween
the inhibition constant (Ki) values derived from docking experiments and experimental EC50 values
for INSTI's suggest DTG and BIC as strong inhibitors. We themefore put forward that second-generation
DTG and BIC should be added to antiviral regimens as part of first-line regimens for HIV-1C TN
subtype infections, this would account for cross-resistance which may oocur between EVG and RAL as
DTG and BIC may have a higher genetic barrier to resistance.

Supplementary Materials The following ame available online at httpsfeownee md pi comy 1999 491501 2r9/9356/51,
Table 51: Binding affinities (AG in keal/mol), Table 52 Inhibition constants (Ki in uM) [61] Figune 51: HIV-1C and
CRRAZ_AG integrase mutation profiling, Figuee 52 Interaction diagram showing different polar contacts being
formed bebween BAL and different IN subty pes, Figune 53: Interaction diagram afmw img; ditferent polar contacts
being formed between EVG and different [N subby pes, Figume 54 Interaction diagram showing djfﬁmil‘zuh:
contacts being formed bebween DTG and different IN subdy pes, Figure 55 Interaction diagram showing different
pelar contacts being formed between BIC and different IN subtypes, Figure 56: Interaction diagram showing
different polar contacts being formed bebween CBT and different IN subty pea.

Author Contributions: Conceptualization, B.C; methodology, DL S.GM, A EQ. and 55;; formal anabysis, DL,
56GM, 55 and BC; owestigation, DL and 5.GA; data curation, D.].;wri-ﬁ:hﬁf—miﬂiml draft preparation, DL
and 5.GM.; writing—review and editing, DL, 5.GM, 55, GB], RC, GMIL, AEQ. and RC; supervision,
EC and G.B]; project administration, F.C; funding acquisition, B.C All authors have read and agreed to the
published version of the manuscrpt.

Funding: The Mational Research Foundation (NEF) of Scuth Africa and the Poliomyelitis Besearch Foundation
{FEF) ot South Africa funded this study. Grant support for this study was eceived from the National Research
Foundation (NEF) of South Africa, the Poliomyelitis Research Foundation (PRF) of Sowth Africa, Harry Crossley
Foundation and Mational Health Laboratory Services {(WHLS) mesearch trust. Darren Isaacs was funded by the
South African Research Chairs Initiative of the a.]::lpmm af Science and Innovation (Gl and the Mational
Besearch Foundation (WEF) of South Africa (e ard nmber U0 64597

99



Stellenbosch University https://scholar.sun.ac.za

Wiruses D020, 17, 936 10 of 12

Conflicts of Interest: The authors declars no conflict of interast.

References

1k

1L

12

13

14

16

17

14

1%

Fiot, B; Quinn, T.C. Besponse to the AIDS Pandemic—A Global Health Model N. Engl. J. Mad 2013, 368,
IN0-2218. [CrossHef] [PubMed]

Lesbats, F; Engelman, AN.; Chempanoy, E Retroviral DNA Integration. Cheme Ren 2016, 116, 13730-12757.
[CrosaRef] [Pubbded)

Craigie, K The Molecular Biclogy of HIV Integrase. Future Virol 32, 7, 679686, [CrosBef] [Pubbded]
Craigie, K; Bushman, FD0 HIV DNA Inkegration  Cold Spring Harb, Perspect. Mad 202, 2, al06890.
[CrossReaf] [Pubbded]

Grobler, A Stillmock, Ko; Hu, B; Witmer M.; Felock, F; Eﬁ-l:n‘:il‘l'l,_. AS: Walfe, A Elqherhﬂl'l. ML-
Bourgecis, M.; Melamed, ]; et al. Diketo Acid Inhibitor Mechanism and HIV-1 Integrase: Implications
for Metal Binding in the Active Site of Phosphotransferase Enzymes. Proc Nall. Amd 5S4 1754 2002, 99,
Bbh1-6666. [CrossHef)

Meamati, MN.; Lin, Z; Karki, RG; O A Cowansage, K Strumberg, D Pais, GCG; Voigt, JH;
Micklaus, MO Winslow, HE et al MetalDependent Inhibition of HIV-1 Integrase. | Med. Chan_ 2002, 45,
Seh1-5670 [CrossHef)

Ceccherini-Silberstein, E; Maled, 1; VA rrigo, B ; Antinord, A ; Mancelin,k A -G ; Perno, C-F Characteriz ation
and Structural Analysis of HIV-1 Integrase Conse rvation. AIDS Rer. 2004, 11, 17-20, [FubMed])

Malet, L; Soubie, C; Tehertanow, Lo; Derache, A ; Amellal, B Tracee, O Simon, A Katlama, C; Mouscadet, | -F;
Calvez, V.; et al Structural Effects of Amino Acid Variations between B and CRE02-AG HIV-1 Integrases.
J- Med Virol 2008, 80, 754-781. [CrossFed]

Anstett, K Brenner, B; Mesplede, T; Wainberg, M.A. HIV Drug Resistance against Strand Transfer Integrase
Inhibitors. Retrowradogy 2017, 14, 34, [CrossEet)

Warld Health Organisation. Lipdate of Recommendations of First-and Seomad-Line Antivetrooral Regimens; Werld
Health Organisaticr: Geneva, Switzerland, 2019,

Bhee, 5-Y; Grant, EM.; Teou, EL; Barrow, G.; Hardgan, PR ; loannidis, [ PA; Shafer, EW. A Systematic
Feview of the Genetic Mechanisms of Dolutegravie Resistance. [ Antdricrob. Chenother. 2019, 74, 3135-3149.
[CrosaRef]

Santom, MM, ; Perno, CE HIV-1 Genetic Variability and Clinical Implications. [SREN Mioraliol. 2003, 2013,
1-3k [CrosaBef]

Kevhani, 5.; Wang, 5; Hebert, P; Carpenter, D; Anderson, (. US Pharmaceutical Innovation in an
International Context Am. [ Public Hezlth 2000, 100, 10751080, [CrossBef] [Pubbed]

Bbosa, M.; Kaleebu, B; Sseonvanga, D HIV Subtype Diversity Worldwide, Clorr. Opin. HIV ATDS 2019, 14,
153160 [CrossBef] [PubMed)

Bar-Magen, T; Sloan, B D; Faltenbacher, V.H ; Donahue, DA Kuhl, B.D Ofiveira, M Xo, H Wainberg, MA
Comparative Biochemical Analysis of HIV-1 Subty pe B and C Integrase Eneymes. Retromraogy 2000, & 1032
[CrosaRef]

Lessells, B ; Katzenstein, [0 de (Miveira, T Are Subtype Differences Important in HIV Drug Resistance?
Curr. Opin. Viral. 22, 2, 636643, [CrossBet)

Depatumeaux, A ; Quashie, PE; Mesplde, T; Han, ¥.; Koubi, H.; Plantier, |.-C; Obiveira, M.; Moisi, [0;
Brenmer, B.; Wainberg, M AL HIV-1 Group O Integrase Displays Lower Enzymatic Efficiency and Higher
Susceptibility to Ealke gravir than HIV-1 Group M Subtype B Integrase. Antimiorob. Agents Chemother. 2014,
58, 7141-7150. [CroasFat]

Han, ¥-5; Mesplede, T; Wainberg, M.A. Differences among HIV-1 Subty pes in Drug Resistance against
Integrase Inhibitors. Infect. Genet. Epol 2016, 46, 386201, [CrossFRef]

Lldcer Delicade, T; Tormecilla, E; Holguin, A Deep Analysis of HIV-1 Natural Variability across HIV-1
Variants at Residues Associated with Integrase Inhibitor (INI) Resistance in INFMaive Individuals.
I Antimicrob. Chemother. 2006, 7T, 362-366. [CrossHef)

Obasa, AE; Engelbrecht, 5; Jacobs, GE Near Full-Length HIV-1 Subty pe B Sequences from the Early South
Arican Epidemic, Detecting a BD Unigue Recombinant Form (URF) from a Sample in 1985, 5o Rep. 2019, 5,
XX, [CrossBef]

100



Stellenbosch University https://scholar.sun.ac.za

Viruses D020, 12, 936 11of 12

2 & & E N4 B

ok B @8

g9 #

&

4L

Courtney, CR; Agyingi, L; Fokou, A Christie, 5.; Asaah, B; Meli, ].; Ngai, |; Hewlett, L; Nyambi, PI
Monitoring HIV-1 Group M Subby pes in Yacundd, Camercon Reveals Broad Genetic Dive rsity and a Novel
CRF02_AGF? Infection. AIDS Res. Hum. Refromr. 2016, 32, 381-385. [CrossRef]

Abongwa, LLE; Nyamache, A K Torimirg, | M.; Okemo, F; Chardes, E Human Immunodeficiency Virus
Type 1 ({HIV-1) Subty pes in the Northwest Eegion, Camercon. Vird. [. 20019, 16, 100, [CrossHef]
Obasa, A E; Mikasi, 5.G; Bradeo, D; Cleete, B ; Singh, K; Neogi, U; Jacobs, G.B. Drug Resistance Mutations
Against Protease, Reverse Transcriptase and Inbegrase Inhibitors in People Living With HIV-1 Receiving
Boosted Prolease Inhibitors in South Africa Fremt Micrebiology 2020, 11, 438, [CrossBEef] [Fubbed)
Jacobs, G.B; Laten, A_; van Rensburg, E]; Bodem, |.; Weissbrich, B.; Rethwilm, A_; Preiser, W; Engelbrecht, 5.
FPhylogenetic Diversity and Low Level Antiretroviral RBesistance Mutations in HIV Type 1 Treatment-MNaive
Patsents from Cape Town, South Afrca AIDS Res. Hwon Earopr. 2008, 24, 1006-1012, [CrossBef] [Pubbed)
Brado, [; Obasa, AE; [komey, GM.; Cloete, B; Singh, K.; Engelbeecht, 5; Neogi, 1L; Jacobs, B, Analyses
of HIV-1 Integrase Sequences Prior to South A frican National HIV-Treatment Program and Av ailability of
Integrase Inhibitors in Cape Town, South Africa. 5a. Rep. 2018, §, 4709, [CresaRef] [PubbMed]

Mikasi, 5.G.; Gichana, [.OV; Van der Walt, C; Brade, I; Obasa, AE,; Njenda, D, Messembe, M.; Lyonga, E.;
Asgoumou, O; Cleete, K et al. HIV-1 Inegrase Diversity and Resistance-Associated Mutations and
Foly morphisms Among Integrase Strand Transfer Inhibitor-MNaive HIV-1 Patients from Camercon. AIDS Res
Hium. Refromr. 2020, 36, 450455, [CrossReaf]

Katoh, K ; Standley, DM MAFFT Multiple Sequence Alignment Software Version 7: Improvements in
Performance and Usability,. Mol Bid. Evol. 2013, 30, 772-780. [CressBed]

Jacobson, MLE; Friesner, BA; Xiang, £.; Honig, B. On the Eole of the Crystal Environument in Determining
Protein Side-Chain Conformations. [. Mol Hiol. 2002, 320, 597608, [CrossRef]

Jacobson, MLE; Pincus, DUL; Rapp, C5; Day, TLE; Honig, B.; Shaw, DLE; Friesner, KA. A Hierarchical
Approach to All-Atom Protein Loop Prediction. Profans D004, 55, 351-357. [CrossRef] [PubMed]

Fassos, DO ; La, ML; Yang, B; Rebensburg, 5V Ghirlando, B ; Jeon, Y; Shkdabai, N.; Kvaratskhelia, M.;
Craigie, B ; Lyumkis, D, Cryo-EM Structures and A tomic Model of the HIV-1 Strand Transfer Complex
Intasome. Scimce M7, 355, 8992 [CroszBef] [Pubbded]

Madhavi Sastey, G Adzhigimy, M.; Day, T.; Annabhimoju, B ; Sheoman, W. Protein and Ligand Preparation:
Parameters, Protocols, and Infleence on Vidual Seeeening Enrichiments, [ Compel. Aided Mol Des 2013, 27,
2112 [CrossRef]

Coloves, C; Yeates, TO. Verification of Protein Structums: Pattems of Monbonded & tomic Interactions.
Protein 5a. 1993, 2, 1511-1514. [CrossRef] [PubbMed]

Laskeswski, BLAL; MacA cthug, MW.; Moss, D5 Thomton, .M. PROCHECK: A Program to Check the
Stereochemical Quality of Protein Structures. | Appl Crysk. 1993, 25, 283201 [CrossBef]

Hoodt, EW.W.; Vrend, G.; Sander, O; Abola, EE Ermors in Protein Strwctums, Nafure 1996, 381, 272
[Cres=Ref] [Pubbdad]

Eisenberg, D; Liithy, B.; Bewia, LU [20] VERIFY2D: Assesement of protein mede bs with three-dimensiconal
profiles. InMethods in Enzymdogy; Elsevier Amsterdam, The MNetherlands, 1997 Volume 277, pp. 396404
Fontius, |.; Richelle, [.; Wodak, 5] Deviations from Standard Atomic Volumes as a Cuality Measume for
Protein Crystal Structures. [ Mol Biol. 1006, 264, 121-136. [CrossRef] [Pubbad]

The PyMOL Mdeoular Graphics Systen, version 1.E; Schrodinger LLC: New York, NY, USA | 2015,

Hars, 5.; Vos, AM.; Clavton, BE; Thuring, [W.; Cummangs, M.D.; Cheee pancoy, E Molecular Mechanisms of
Betroviral Integrase Inhibition and the Ev olution of Viral Resistance. Proc Natl Acad Sa. LS4 2010, 107,
05720062 [CrossRef]

Hare, 5.; Gupta, 5.5.; Valkoy, E; Engelman, A_; Cherepanoy, F Retroviral Intasome Assembly and Inhibition
of DMA Strand Transfes, Natire 2000, 464, 232236, [CrossBef]

Hare, 5.; Smath, 5.J.; Métifiot, M. Jaxa-Chamiec, A ; Pomumier, Y., Hughes, S H.; Cherepanoy, B Structural
and Functional Analyses of the Secomd-Generation Integrase Strand Transfer Inhibitor Dolutegravic
(SAGSK1349572). Mol Muarm. 2011, 50, 565-572 [CrossBef)

Cook, M.J; Li W.; Berta, [; Badacui, M.; Ballandras-Colas, A; Mans, A; Kokecha, & Rosta, E;
Engelman, AMN.; Cherepanoy, E Structural Basis of Second-Generation HIV Integrase Inhibitor Action and
Viral Resistance. Scimeee 2000, 367, 8068100 [CrossHef]

101



Stellenbosch University https://scholar.sun.ac.za

Viruses 020, 12, 956 12cf 12

£ kB B B

3

5L

&1

Trott, O; Olacas, Al AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring
Function, Efficient Optimiz ation, and Multitheeading. [ Comput. Chan. 2010, 31, 455-461. [Cros=Red]
Koes, DR Baumgartner, MLE; Camacheo, C.]. Lessons Leamed in Empiccal Scoring with Sanina foom the
CSAR 2011 Benchmarking Exercise. [ Chen. Inf. Model 20013, 53, 1893190, [CrossRad]

Inwin, JL; Shoichet, BE. ZINC—A Fee Database of Commercially Available Compounds for Virtual
Semening, [ Chen. Inf. Model 2005, 45, 177-182. [CrosaRef]

O'Boyle, NLM.; Banck, M.; James, CA.; Modey, C; Vandermes mch, T.; Hutchison, R Open Babel An Open
Chemical Toolbos. [ Chominform. 2011, 3, 33, [CrossFed] [Pubhded]

Quiroga, K; Villarreal, MLA. Vinando: A Scoring Function Based on Autodock Vina Improves Scoring,
Diesckimg, and Virtual Scoeening. FLoS ONE 2008, 11, 155183, [CrossFef] [Pubbdad]

Je, 5. Kimy, T Tyer, ViG,; Ton, W, CHARMM-GUL A Web-Based Graphical User Inbecface for CHARMM.
J. Conpme. Chem. 2008, 29, 1850-1865. [CrossFef] [Fubbad]

Wan Der Spoel, I Lindahl, E; Hess, B; Groenhof, G; Mark, AE.; Berendsen, HLJLC GROMACS: Fast,
Flexible, and Free. || Conpet. Cheme 2005, 26, 1701-1718. [CrossBef] [PubMad]

Huang, |.; MackKenell, A D. CHAEMM3: All-Atom Additive Protein Force Field: Validation Based on
Comparisen to NME Data. [ Conmet. Chen. 2013, 3, 2135-2145. [CrossBaf]

Mornis, GM.; Goodsell, D5 Halliday, 5. Huey, R Hart, WE; Belew, EK; Olson, A ] Automated Docking
Using a Lamarckian Genetic Algorithm and an Empirical Binding Free Energy Function. [ Comput. Chean
1998, 18, 162391662, [CrossRad]

Wares, M.; Mesplisde, T.; Chaashse, FE.; Osman, MN.; Han, ¥; Wainberg, M.A. The M50] Polymorphic
Substitution in Association with the E33K Mutation in HIV-1 Subtype B Inte grase Increases Drug Resistance
bt Dises Mot Restore Viral Replicative Fitness. Retromirology 2004, 11, 7. [CrossBed]

Rogers, L; Obasa, AE; Jacobs, G.B; Sarafiancs, 5.G.; Sennerborg, A Neogi, U Singh, K Structural
Implications of Genoty pic Variations in HIV-1 Integrase From Diverse Subtypes. Front. Miorobial. 2018, 4,
1754 [CrossRef]

U‘l.i.tﬂ':u'llqu_, R Obasza A E ; Mikasi, 515G.- ]'ambﬁ, GR: O, B Mulﬁctﬂarﬂ_w'lal't'l:it Simulations ll}lllh‘-EiH.gaE
the Structural Impact of Known Drug Resistance Mutations on HIV-1C Inge grase- Dolute gravie Binding,
PLaS ONE 2020, 15, e0223464. [CrossBef]

Lahti, | L.; Tang, GW.; Capriotti, E; Lin, T.; Albman, RB. Bicinformatics and Variability in Drug RBesponse
A Protein Stoectural Perspective. | B Soc Interface 2012, 9, 1409-1437. [CrossFef] [PubMed]

Kobayashi, M.; Makahara, K; Seki, T Miki, 5.; Kawawchi, 5; Suyama, A Wakasamorimoto, C; Kodama, M.;
Endoh, T.; Oosugi, E. Selection of Diverse and Clinically Relevant Integrase InhibitorResistant Human
Immunodeficiency Virus Type 1 Mutants. Antimr. Res. 2008, 80, 213-222 [CrossBef] [PubMed]

Hatang, H.; Lampiris, H; Fransen, 5.; Gupta, 5.; Huang, W; Hoh, B ; Martin, | N; Lalezari, |.; Bangsberg, D.;
Petropoulos, C; et al  Evolution of Inkegrase Besistance During Failure of Inbegrase Inhibitor-Based
Antimetrovical Therapy. [ Aopuir. Immoeoe Defic. Symdr. 2000, 54, 388-393. [CrossRef] [Pubbded]

Abram, M.E; Ram, BE.; Margot, NLA; Bames, TL; White, K L.; Callebaut, C; Miller, M. Lack of Impact of
Pre-Existing T97A HIV-1 Integrase Mutation on Infe grase Strand Transfer Inhibitor Besistance and Treabment
Cutcome. PLoS ONE 2007, 12, e0172206. [CrossRef]

Ribeiro, AJM.; Bamos, MU Fernandes, EA. The Catalytic Mechanism of HIV-1 Integrase for DMA 3-End
Processing Established by QMMM Calculations. [. Am. Char. Sec 2002, 134, 14361347, [CrosaRef]
Rogoling, D; Carcelli, M.; Cmnpa.ri,, C.; De Luca, L. ; Ferno, 5 ; Fisicaro, E; Ri.ipuli,,. G Meamati, N; Ebh:(ﬂl;. s
Cherist, F; et al. Diketoacid Chelating Ligands as Dual Inhibitors of HIV-1 Integration Process, Eur
Med Chan. 2014, 78, 425-430. [CrossBed]

Musyoka, T; Tastan Bishop, O; Lobb, K.; Moses, V. The Determination of CHA EMM Fornce Fiald Farameters
foor the Mg2+ Containing HIV-1 Integrase. Chen. Phys. Lett. 2018, 711, 1-7. [CrossRed]

Hassounah, S.A; Alikhani, A; Oliveira, M.; Bharaj, 5.; Ibanescu, B-L; Osman, N.; Xu, H-T.; Brenner, B.G;
Mesplde T; Wainberg, MA Antiviral Activity of Bictegravir and Cabotegravir against Integrase
Inhabitor Resistant SIV macZ39 and HIV-1. Antiricrob. Agents Chemather 207, 61, e01695-17. [CrossBaf]

(2020 h_-,r the authors. Licensee MDPL, Basel, Switzerland. This article ig an Open avess
article distributed under the termes and conditions of the Creative Comanons & ttribution

(CC BY) license (hitpe ) creativ ecommeons. ong/loe nsesby (4.0/).

102



Stellenbosch University https://scholar.sun.ac.za

Chapter 8: Molecular dynamic simulations to investigate the
structural impact of known drug resistance mutations on HIV-1C

Integrase-Dolutegravir binding.

8.1. Journal article
The article is published in the journal: PLoS ONE 15(5): e0223464.
https://doi.org/10.1371/journal. pone.0223464.

8.2. Author’s list
Chitongo R, Obasa A.E, Mikasi SG, Jacobs GB and Cloete R.

8.3. Authors contribution

In the enclosed manuscript, I am the co-author. | assisted with sample collection and with
laboratory work (RNA extraction, PCR, sequencing) and performed sequence analysis, prior
to molecular modelling, also learned major principles of molecular modelling. I also had
various interactions (discussions) with the first author (Ms. Chitongo) and the corresponding

author (Dr. Cloete) on the analysis and findings.

8.4. Background

The emergence of drug RAMs as a result of CART poses a major concern to the control of the
HIV-1 pandemic. The INSTI DTG has shown high efficiency in controlling HIV replication
and viremia, IN structures have only been partially studied to understand the resistance
mechanisms against INSTIs, like DTG. The development of resistance involves the
accumulation of concoctions of mutations along the periphery and active site of the enzyme.
Mutations that are found in close proximity to the active site decreases the drug binding.
Conformational changes of the active site of an enzyme is typically associated with
destabilizing of proteins. Mutations that successfully destabilizes the protein can therefore

interfere with protein function.
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8.5. Main findings

The HIV-1 subtype C structure was assessed and found to be reliable with support of 90%
confidence in modelled regions. Through molecular modelling and stability predictions, we
observed a destabilizing effect of the known G140S mutant on the HIVV-1C IN protein structure.
Simulation analysis showed that it affected structural stability and flexibility of the protein
structure. Our results indicate that the G140S mutant has an effect on INSTI drug binding to
HIV-1 subtype C IN structure. These results can also be validated using laboratory -
experiments. This study method can also be applied to investigate the effect of other mutations
on HIV-1 subtype C INSTIs binding.

8.6. Study significance
Our findings are in agreement with the hypothesis that conformational change on the active
site of the enzyme caused by the development of resistance mutations; it has a negative effect

on the stability of the protein and drug binding
8.7. Conclusion
Our findings explain the effects of mutations located close to the active site and underscore the

importance of drug binding and protein stability during the presence of mutations.

8.8. Published article
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none (3468 the binding of the drug Dolutegrmavir to the catalytic pocket of the protein. A homology model
Editor: Peter.). Bond, Bioinformetics Instis, of HIV=1 subtype C IN was successfully constructed and validated. The site directed mutator
SINGAPORE websener was used 10 predct destabilizing and'or stabilizing effects of known BAMs while
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Introduction

The Integrase (IM) cnzyme plays an important role in the Human Immunodeficiency Virus
type 1 (HIV-1) replication cycle by catalysing two distinct reactions termed: ¥-end processing
and strand transfer. During the 3" processing, 1M removes two nudeotides from the 3" ends of
both viral DNA strands and exposes the C-alpha hydroxyl group on the ¥ends. The aibze-
quent step invobees strand transfer whereby, [N attacks the phosphodiester backbone of the
hoa DMA and links the exposed 3'-end to the 5 hydroxyl end of the host DA [1]. This
makes HIV-1 I an important target for combination antiretroviral therapy (cART). HIV-1
IM iz a 32 kilo Dalton (kDa) protein, and consist of three structural and fundional domains;
the M-terminal domain (W11, residues 1-49), the catabytic core domain (CCD, residues 50-
212), and C-terminal domain (CTD, residues 213-288). It also contains a conserved DD E
motif consisting of residues Asph4, Aspl16 and Glul52 in the CCD, important for drug bind-
ing and enzyme activity [2]. Several IN strand transter inhibitors (INST1s) have been devel -
oped [3-5]. These inhibitors inchide; Raltegravir (RAL) and Elvitegravir (EVG) as first-
generation INSTls and Dolategravir (FTG) and Bictegravir (BI1C) are seoond-generation
inhibitors [6]. All first-generation INSTIs have been reported to have relatively low genetic
barrier to resistance while second-generation INSTIs including DTG (a coplanar and linear
molecule) are associated with a higher genetic barrier against resistance associated mutations
(EAMs), and are rendered safe and tolerable, showing little to none drug-drug interactions
resistance [7].

The functional mechanism of INSTIs is to bind to the catabytically esential magnesiom
ions, thereby displacing the reactive 3'-hydroxyl group of the terminal A17 away from the
active site which disrupts the strand transter process. Several mutations have emerged in
patients receiving first-line INSTIs BAL and EVG. Brado ef al reported that despite higher
fold FAbds against INSTIs being absentin most treatment naive patients, they can emerge
under treatment, particularly with first generation IN5TEs [E].

Genetic resistanoe pathways induding primary mutations at codons Y14 3C/H/R, Q148H/
E./R or N155H together with one or more additional associated seoondary mutations at L74M,
ES20), T97A, E138 E/A/K or (G1405/A, has been reported to result in higher levels of resistance
with RAL treatment [9-11]. On its own, the Y143 K non-polymorphic mutation reduces RAL
susceptibility by ~20-fold, but has no effecton DTG susceptibility [12,13]. On the other hand,
EV( spedfic resistance pathways involve IN mutations T661/ A/E, E9200G and 51470 path-
ways [14,15]. The E92() mutation alone reduces EVG susceptibility to =20-fold and results in
limited («5-fold) cross-resistance to RAL [14-16]. The E920 mutation is also selected in witro
by DTG and reduces DTG susceptibility by ~1.5-fold [11, 17]. With more people living with
HIV-1 in resource limited countries still receiving RAL and EVG treatment as first-line anti-
retroviral ARW therapy, these treatments have suffered an extensive cross-resistance of muta-
tions, highlighting the need for a switch to INSTIs possessing a more robust resistance profile
such as DTG, Farthermaore, a recent study provided evidence for the replacement of RAL with
DTG based on the low prevalence of TG resigance and the Jow risk for INSTI mutations
when patients are on DTG treatment [18]. Several studies have used the prototype foamy virns
intasome structure (medium sequence identity) to model the structure of HIV-1 IN inorder
to investigate the effect of single and double mutations on HIV-1 1M and drug binding using
molecular dynamic simulations [19-23]. Here, molecular dynamics studies have demonstrated
the importance of this 140% loop’s flexibility as a mechanism of drug resistance [19-23]. How-
ever, the findings from some studies were incondusive due to the poor quality of the protein
modes delineating the active site and viral DMNA binding site for simulation studies.
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HIV-1 subtype C (HIV-1C) acoounts for nearly 50% of all global HIV-1 infections, while
HIV-1 mubtype B (HIV-1B) accounts for only approximately 1 2% [24]. However, a vast major-
ity of research on HIV-1 infections focussed on the development of combination anti-retrovi-
ral therapy (cART) drugs for HIV-1B and studying the mechanisms of drug resistance in HIV-
18, with less information known about HIV-10C. As a resolt, all antiretroviral drugs have been
devdoped in relation to HIV-1E. They have also been reported to be effective againsta wide
range of HIV-1 subtypes [25]. (ther dinical studies have however revealed very poor cART
treatment outcome when assodated with HIV-1C infections [26-28]. Although HIV-1C has
notbeen considered an effective predictor for therapy failure earlier, a recent trial indicated
that HIV-1Chas independent predictors for viral failure [28]. Recent studies also have identi-
fied subtype specific differences in DTG cross-resigance pattern in patients failing the first-
generation RAL treatment [8,14].

Owr work carries on from such previoudy reported molecular dynamics simulation find-
ings to try and assess the molecular mechanisms of resistance in a subtype CIN protein and
see how the reported known resigance mutations will affect binding affinity. Based on this
insight, this study has been dedicated to employ in silico methods to understand whether the
seoond-generation drog, DTG, will be able to retain efficacy against selected RAL and EVG
known resistance mutations in an HIV-1CIN protein. In 2017, Cryogenic electron micros-
copy was used to solve the structure of HIV-1 strand transfer complex intasome for HIV-1
subtype B [29]. This provided us with a unique opportunity to model the structure of HI'V-1
subtype CIN to interrogate the effect of known drug resistanoe assodated mutations ( EAbMs)
on the protein structure using molecular dynamic simulation studies. This is the first study
that uses the consensus wild type subtype C [N sequence to build an accurate 30 model of
HIV-1C IM to understand the effect of three known RAL, EVG and DTG mutations on DTG
drug binding.

Materials and methods
Generation of consensus HIV-1C Integrase sequence

To compare our sequences with the rest of the IN sequences from South Africa, we performed
asearch on the HIV Los Alamos Mational Library (LANL) database (https: (fwsanachivlan] gov
componentssequence’ HIVsearch.com). Our search inclusion criteria inclnded all South Afri-
can HIV-1 subtype C IN sequences and those identified from treatment naive patients. We
selected one sequence per patient and all problematic sequences were excluded from further
analyzes. Finally, the consensus sequence was generated using the database-derived HIV-1Cz,
sequences (o= 314) and cohort sequences (n =91) [E]. Nucleotide sequences were verified for
stop codons, insertion and deletions using an online quality control program on the HIV-
LAMNL datahase (https: fwww.hiv lan | gov/con ten tisequence/ QC findexchtm). Multiple
sequence dignments were done with MAFFT version 7, from which the consensus sequence
was derived [30]. As partof quality contral, cach of the viral sequen ces were inferred on a phy-
logenetic tree in order to diminate possible contamination.

Molecular modelling and quality assessment

The arystal structure of the HIV-1EB intasome (PDEID: 5U1C) was used to generate a three-
dimensional tetrameric structure of HIV-1C I using the consensus HIV-1C sequence that we
generated. The SWISSMODEL webserver was used for modd generation by first constructing
a pairwise sequence-structure alignment between HIV-1C wild-type (W) amino acid
sequence and template S5UTC [31]. The quality of the resulting mode was assessed using
SWISSMODEL quality assessment scores, oot mean square deviation analysis compared to
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homaologous template [I-‘IJIHII:II SUIC) and with pub] u:]':.- available algorithms located at the
50) namely; ERRAT, VERIFY3D and

Ramachandran plot [_'-’—_]

Structure preparation

The predicted 3D structure of HIV-1C [N was superimposed to 5ULC to extract proviral
DA, while the Magnesinm (MG) ions and drug I¥T'G were extracted and obtained from
homaologous template 353 b [ Prototype foamy virus) onto their specific positions within the
predicted HIV-1C [N using PyMOL. The atomic coordinates of the wild-type (W) structure
of HIV-1C in complex with DM A, MG and DTG, were uploaded onto the CHARMM-GUI
solution builder webserver to generate a series of input files for energy minimization of the
molecule in an aqueous solvent environment [35, 36]. 50,000 steps of energy minimization
using the steepest descent minimization integrator was used to equilibrate the system of the
solvated complex structure using CHARMM36 force field [37], and applying constraints to
hydrogen bonds using the LINCS constraint algorithm. All this was performed with Gromacs
software version 5.1 [38]. Thereafter, we predicted the stabilizing and/or destabilizing effect of
mutations on the protein structure. For this purpose, the site directed mutator (SDM) webser-
ver and the software FoldX was used to predict the change in Gibbs free energy after the intro-
duction of the mutation [39, 40]. We also calculated the loss or gain of polar interactions
between neighbouring residues located adjacent to the mutation using FyMOL [36].

Molecular dynamic simulation

Forsimulation studies we only considered the two inner dimers of the protein structure, as the
other two monomers were similar in sequence and structure. Three different mutant systems
were prepared by introducing a spedfic mutation into the W structure through the mutagen-
esis wizard in PyMOL and energy minimizing the structures using Gromacs applying the
same parameters used to energy minimize the W structure [38, 41]. The WT and three
mutant systems (E920}, (1405 and Y143R) were prepared by uploading the atomic coordi-
nates of the Protein- DMA-MG-D'TG complexes to the CH ARMM-GUI interface [36]. These
three mutant systems were sdected for simulation studies becanse they represent three resis-
tance pathways assodated with RAL, EVG and possibly DTG resistance. Both E920) and
(31405 mutations have been reported to reduce susceptibility of IXTG ~1.5-fold and up to
10-fold respectively [13.17]. The individual systems were built using the solution builder
option in the input generator [35,36]. Each system was solvated in a rectangular TIP3 water-
bieee with 10A distance between the edges of the box. The topology and coordinates for each
system was generated using the CHARMM36 all-atom force field [37] and CHARMDM general
force field [37] for DTG, Each system was neutralized by adding counter ions to each ofthe
systems. For the WT system, 157 potassium ions (K) and 81 chloride ions (C1) were added, for
the mutant Y143 K system we added 156 K and 81 Cl ions, while for the mutant system G405
we added 157 K and 81 Clions and for the mutant system E920) we added 156 K and 81
ions. Each system was at a final concentration of 0.15M for simulation dynamics.

CGiromacs version 5.1 was used for running all the simulations [18]. Each system underwent
50000 steps of steepest descents energy minimization to remove steric overlap. Afterwards, all
the systems were subjected to a two-step equilibration phase namely NVT (constant number
of particles, Volume and Temperature) and MFT (constant Mumber of particles, Pressure and
Temperature). The WVT equilibration was run for 500 picoseconds (ps) to stabilize the tem-
perature of the system and a short position restraint MFT was run for 500 ps to stabilize the
pressure of the system by relaxing the system and keeping the protein restrained. The V-resale
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temperature-coupling [38,39] method was used for the NVT ensemble, with constant coupling
of 1 psat 303.15K. For NPT, the Nose-Hoover pressure coupling [42-44] was turned on with
constant coupling of 1 ps at 303.15K under conditions of position restraints (h-bonds) selecting
arandom seed. Electrostatic torces were calculated for both NVT and NPT using Particle
Mesh Ewald method [45]. All systems were subjected to a full 300 nanoseconds (ns) simulation
under conditions of no restraints, an integration time step of 0,002 ps and an xtc collection
interval of 3000 steps for 10 ps. Each simulation was repeated (duplicating each simulation sep-
arately) to validate reproducibility of results.

The analbyses of the trajectory files were done using GROMACS utilities. The root mean
square deviation (RMSDY) was caloulated using gmx rmsd and root mean square flactuation
[(EMSF) analysis using gox rmsf. The radius of gyration was calculated wsing gmx gyrate to
determine if the system reached convergence over the 300 ns simulation. Pairwise distan ce
analysis between the drug and MG was done using gmx pairdist tool. The total number of
hydrogen bonds between the protein and drug was calculated using gmx hbond. The total
pairwise non-bonded interaction energy (which is not a free energy or binding energy)
between the protein and the drog IYTG was caloulated using gmx energy over 100 ns. The
energy terms induded were average short range Coulombic interactions and short range Len-
nard Jones interactions. The free energy of binding was caloulated using Molecular mechanics
Poisson-Boltzmann surface area (MM-PBSA) protocols implemented in the g_mmphsa pack-
age [46]. The AG binding energy was calculated for 800 frames between the protein and the
drug over & ns from 100-108 ns of the simulation trajectory with a sampling interval of 10 p=.
Afterwards, we extracted structures every 50 ns over the last 200 ns of the equilibrated system
to determine any structural changes and differences in the number of interactions between the
protein and drug at different time intervals.

Prindpal component analysis

Principal component analysis (PCA) is a statistical technique that reduces the complexity of a
data set in order to extract biologically relevant movements of protein domains from irrelevant
localized motions of atoms. The technique is known for its ability to transform a number of
(possibly) correlated variables into a (smaller | number of uncorrelated variables, called pringi-
pal components (PCs), while retaining those characteristics of the data set that contribute
most to its variance [19]. For PCA analysis the translational and rotational movements were
removed from the system using gox covar from GROMACS to construct a covariance matrix.
Mext the eigenvectors and cigenvalues were calaulated by diagonalizing the matrix. The cigen-
vectors that correspond to the largest eigenvalues are called "prindpal components”, as they
represent the largest-amplitude collective motions. We filtered the original trajectory and proj-
ect outthe part along the most important eigenvectors namely: vector 1 and 2 using gmx
anadg from GROMACS utilities. Furthermore, we visualized the sampled conformations in
the subspace along the first two digenvectors using gmx anaeig in a two-dimensional
projection.

Results
Sequence and structural analysis

The amino acid sequence of HIV-1C IN shared 93.4% sequence identity with the template
SUTCamino acid sequence (51 Eig). The tetrameric protein structure buit for HIV-1C 1N had
a Global mean quality estimate score of 0.59 and 60% sequence similarity to 5U1C (52 Fig).
The active site residnes, MG and DNA nucleotides involved in DTG binding to HIV-1C [N
are shown in Fig L The VERIFY 3D score was 80.1%, the ERRAT overall quality soore was
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Fig 1. HIV-1C Integrase active site showing interactions with DNA, MG and drug Dolutegravir. Magnesium ™
10ns (green spheres) are shown sitting in close proximity with Daluteg ravir (cyan) within the binding pocket (DDE
motf) residues arelabelled and shown as sticks. Two DNA residues: THY11 and GUA22 (magentasticks) areshown
exprassing polar interactions with Dolutegravir and the drug also interacts with both MG ions as shown. Dashed
yellow lines show polar contacts.

ittps2/idoiorg/10.1371 fournalpona 0223454 9001

90% and higher for al four chains (A, B, Cand D) and the Ramachandran plot indicated more
than 90% of residues fell within the most favoured regions of the plot suggesting the predicted
structure is a reliable moddl. Stability predictions indicated 15 RAMs to be destabilizing and
five to be stabilizing for the protein structure based on SDM ddta-delta G free energy scores
(Lable 1). The FoldX change in unfolded energy values indicated thatthe GG140S was stabiliz-
ing, E92Q) destabilizing and Y143R neutral based on comparison with the WT structure each
having values of 162.89,131.94, 14647 and 151.83 Kcal/Mol, respectively. Interaction analysis
showed ten mutations resulted in a loss of polar contacts; three resulted in an increase in polar
contacts, while seven showed no change in the number of polar contacts with neighbouring

residues (Lable 1).

Molecular dynamic simulations

All the MD trajectory analysis considered the single chain A (monomer) ofthe IN protein in
contact with the drug DTG and the DNA. Trajectory analysis of the RMSD of the backbone
indicated that the W'T system reached equilibrium after 100 ns as well as the E92Q), Y143R and
(1408 mutant systems (Eig 2A). Only G140S showed higher RMSD variation values compared
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Tablke | Summary of sahility predictions and polar ineractions.

|smm’

FoldX® Polar | nt evactions
Mutation |Predicted 16 (KalMal) | Total Energy AG (Kal/Mol)  |Energy Difference | Wild Type Mutant
WT MA 151 &% A MA A
TéhA NE] 152 69 086 3 (H&7, 173, ADE21) 1 {173}
Tésl 0.0 153 63 1.80 3 (H67, 173, ADE21) 14173}
TEGE L5l 160.15 LEY] 3 (H&7, 173, ADE21) 14173}
Eaxg AL16 151 94 1989 3 (136, 1113, TI1S) (i
E1 38K 12 151 %2 151 3 (136, 1113, T115) 2 (T115, 1115}
El3RA FiF] 15201 0.1% 3 (136, 1113, T115) 2(T115, 1113}
E1 36T [ 151 &2 gini]| 3 (136, 1115, T115) 2 (T115, 1113}
G405 {158 162 89 1106 2{T115, N117H 3 {1148, T115, H11T)
G404 g 152 43 060 2{T115, M1 7} 2(T115 N117)
G400 0% 154 81 298 2{T115, N11T7) 2(T115,NIT)
Y43 0.14 152 4% 066 Hane Hane
Y14 R L 146 47 5 Mone 1 {5250)
Y143 H 7 152 24 0.45 Hone Hone
51475 18 150,16 ALE7 2148, W14} 1 {1 44)
QI48H 063 15778 5395 3{VI51, P145,5147) 2(VI51, P145)
Q48K .78 151 .33 150 3{V151, P145, 5147) 3{V 151, P145, H114)
Q48R 071 152 53 070 3{VI51, P145, 5147) 4{D116PI45, V150, VI51)
Q148N 82 151 54 025 3{V151, P145, 5147) 3{V 151, P145, H114)
MI55H 23 152401 0.8 3 (V151 P145, 5147) 3 {E152, V151, K159}
R Az 15115 L6 40146, N 144, GUALE, ADEIS) a

! negative values for A0 indicate 2 stabilizing effect nd positive vahues desabilizing.

* pasitive enargy difference MG valus > indicate 2 destahilizving effect, whersas values 1 < AG < 0 imply 2 newtral effect and AG values = -1 indicte astbilizing dfact.
Abbreviations nssd: B4 - notapplicable. The noumber in frontof brackets is the Iofal amoont of inemctons. Abbreviations of amino acids A -Alanine D-Aspartic add;
E- Glutmic acid G-Glycne; H-Histidine; I-Isolendneg K-Lysing N-Aspargine; -Glhitamine; B-Arginine; 5-5erine; T-Threonine; Y-Tymosne.

hitpe=iid olom 10,137 15ournalp ane 34 64400 1

to the WT, Y143 R and E92() systems (Fig 2A). RMSF analysis clearly showed higher flexibility
for the GG1405 mutant system, with four highly flexible regions (residues 68-70, 142146, 166
170and 253-256) compared to the WT, E920) and Y143R systems (Fig 2B). These fledble
regions affect the 140°s loop region that regulates drug binding. The Radius of gyration values
indicated decreasing vales for ¥143R and E920) compared to the WT and G1405 mutant sys-
tem (Fig 2C). Flotting the first two principal components provided insight into the oollective
movement of each protein atom. The 2D projections of the first and second principal compo-
nents for the WT vs ES20), WT vs Y143R and W'T vs (G1408 systems are shown in 534, 538
and 53C Fig. Calculation of the covariance matrix values after diagonalization showed a signif-
icant increase for the G1405 system (1833 nm) compared to the other three systems W',

ES 3} and Y143K cach having 9.58 nm, 898 nm and 10.41 nm lower values, respectively. Dis-
tance analysiz indicated a smaller average distance of 0.21 £0.01 nm and 0.22 £ 0,01 nm
between the WT, Y143R MG ion and drug DTG systems compared to ES20) and G 1405 each
havinga distance of 0.41 + 0,04 nm, 0.99 + 020 nm, respectively. The average number of
hydrogen bonds formed between the protein-DNA-MG and drug were calculated to be 1.58,
0.34, 0.20 and 0.54 for the WT, E920), G1405 and Y143R, respectively (S2A-5400 Fig). The
repeats of the simulation runs showed similar results for each of the first simulation runs (554
and 558 Fg). The RMSD showed equilibrinm after 100 ns for the WT system while the G1405
mutant system showed increasing BMS DY values comparable to the first run (554 Fg).
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(a)
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Fig 2. Trjectory analysis ofthe four simulation systems. (A) Change in backbone RMSD for the WT, E92Q, G 1405
and Y 143R systems plotted over 300 ns. (B) Change in RMSF for the C-alpha residues for the WT, E92Q, G140S and
Y 143R systems plotted over the last 200ns.(C) Mexsure of compactness for the WT, E92Q, G 1405 and Y 143R systems

plotted over the last 200 ns.
ttips2ddoiorg/10.1371 /o urnalpona 0 223464 9002
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Tahle 2 Binding free energies of DTG to varinms Protein oom plexes nsing M MP ES A method.

Eﬂ-mdfﬁdb WT B2y Y1458 G 1408
&.‘- 4588 + X254 23 2R + 9008 = 2107 + 1015 = 1488 + 12 X2
AF =112 + 1127 =210 + 507 10LES 4664 =500 £9.11
AE_ 4 2090 + 1584 830 £9.101 ~H52 + 1155 ~0L51 + 1984
A yn =555 + 245 HAT 155 564 2195 =173 +2.04
Aind -FOAS £ 1854 (LS £ 234G - X530 & 1052 =21.9% £ 2311

AFeny: van der Wizals energy, AFlp,.: Flectrosatic interadtion energy, AP o polar sahvation energy, AFsus & Solventaccessible surface anea energy, M3 na: Total
binding energy.

N0 "

Additionally, the radius of gyration vahie was lower for the WT compared to the mutants sug-
gesting the WT structure is more compact compared to the mutant structures, again similar to
the first run (556 Fig). The total non-bonded pairwise interaction energies between the HIV-
1IN protein and DTG were found to be higher for the WT (49454 + 13.20) compared to the
three mutant structures (ES20), Y1438 and G1405) cach having, -3874 + 6.70, -I797 + 237
and -16.49 + 1,02 K}/ Mol, respectively. To understand the binding free energy of DTG to the
WT and the mutant HIV-1C [N protein strucures we performed MMPBESA binding energy
calculations, Tahle 2 summarises the different contributors to the hinding free energy. The
highest total binding free energy was observed for the W7 [-29.65 + 1854 Kcal Mol) followed
by the ¥143K mutant system (-23.20 + 10052 Kcal/Mol) and G1408 mutant system

(-21.93 + 2311 Kcal/Mol), while the E920) mutant system showed the weakest binding free
energy of (-30.65 + 936 Kcal/Mol) (Lable 2). The major contributors to the total binding free
energy in the WT was the van der Waals energy, dectrostatic interaction energy and SASA
energy, while the polar solvation had no contribution (because of its positive value) to the
binding of the drug and similarly for the ES20) mutant (Lable 2). For the ¥ 143K system the
van der Waals, polar solvattion and SASA energy were the major contributor s to the hinding
free ener gy, while the electrostatic interaction energy had no contribution. Both the van der
Waals and the decrostatic interaction energies contributed significantly to the total binding
energy observed in the Gl 405 mutant, while the polar solvation and SASA energy cach had
smaller contributions to the binding of the drug. This suggests thatall the mutants considered
may trigger conformational changes in the active site resulting in significantly weak binding of
DTG to HIV-1C TN,

Interaction analysis

We performed interaction analysis for five snapshots (every 50 ns) of each of the simulation
systems to determine which residues played a role in the binding of DTG to the protein in the
WT and mutant protein structures. For the WT system, interactions were observed between
the drug DTG and known active site residues D64, D116 and N148, MG ion and also to DNA
nucleotides (Table 3). Similarly, interactions were observed between the drug DTG and
known active site residue [464, Y1438, M148, MG ion and DNA nudeotides for the Y143R sys-
tem (Lable 3). Interestingly, no active site residue and MG ionic interactions were formed
between TG and the (1405 mutant system, resulting in the dissociation of the drug from the
binding pocket over time (5600 Fig). Odn the other hand, the E920) system showed interactions
with one of the active site residues (I2116) but no MG ionic interactions (Table 3). S6A-5600
Figin Supporting Information File shows the different interactions formed between the drug,
MG ion and active site residues for snapshots taken at 100 ns for each simulation system.

PLOS ONE| hitpa: Fdol. oy 10. 1371 fowmsl pone 0033464 May 7, 2020 a/15

113



Stellenbosch University https://scholar.sun.ac.za

PLOS ONE Miclecular dynamic simulations 1o investigatethe strectural Impact of res Btance mutations on HIV-1 G Imvegrase
Table 5. Summary of interadtion analysis.
Strudure Chuster Interactions
Hydrogen bonds Tomic
WT 1{ 100 nsh 2 (GUAZF, D1 16) MG
2 {150 ns) 3 (THY 1%, D4, D1 16} MG
3 (300 ns) 2 (GUAZF, D1 16) MG
4 (250 ns) 4 [THY11%, GLIAZE, D4, D116} MG
5 | 500 ns) 2 (THY 1%, M148) MG
YI43R 1 {100 ns) 4 (THY 11", GLIAZY, Diid, N 148) MG
2 {150 ns) 4 (GUAZF, D64, R1435, N148) MG
3 (200 ns) 4 (GUAZF, D64, R143, N 148) MG
4 | 250 ns) 4 (GUAZF, D64, R143, N148) MG
5 {300 ns) 5 (THY 11% GUIAXY, GUIAZF, D64, W 148) MG
E9xQ) 1 {100 ns) 3 (CYTHF, D116, P145) Mane
2 {150 ns) 3 (D14 P45, E152) Mane
3 | 200 n=) 5 (CYT 30, 21, D11§) Mane
4 (250 ns) 4 (CYTHI", P142, P145, E152) Mane
5 (300 nz) 3 (CYTHF, P145, N148) Mane
(31408 1 {100 ns) 3 (GUAZY, ADE2S", ADE2T") Mane
2 {150 n=) 3 (GUAZY, ADE2S, ADERT) Mane
3 (300 ns) 5 (GUAZY, ADE2S, ADERT) Mane
4 (250 nz) 5 (THY 11", GLIAZY, ADEXT) Mane
5 (300 ns) 3 (THY 11", GUAXY, ADEX) Mane
“Interactions with DN A mucleotide residnes.
Abbreviztions of DMA nuclantides: ADE-Adenine; CYT -Cyinsine; GLUA-Goanine; THY- Thymine. Abhreviations of
amino acids DA spartic Acid; E-Gluamic Acid H-Histidine M. Asparagine; P-Proline; E-A rginine.
Mo Lorg 10,1371 fournalpo na 0 213464 1003
Discussion
Previous studies by Chen ef al and Dewdney et al. [19, 21] showed the structural impact of
mutations () 148H /K and G1405/A on the flexibility of the HIV-1 IN as a mechanism for RAL
resistance. Furthermore, Xue and team [46 ] found that the cross-resistance mutation E138K/
148K resulted in a reduction in the chelation ability of cxygen atoms in INST1s to Mg™ in
the active site of the mutated intasomes resulting in a reduced binding affinity of RAL and
EVG to the protein. Another simulation study also revealed the binding mode of EVG and
RALto HIV-1 [N and the structural mechanism of drug resistant mutants (G 1404 and
(3149 A) that affect the 140°s loop region spanning residues 140-149 [23]. However, all of these
studics only considered HIV-1E IN and protein models of low sequence identity. In this study,
we selected three known mutations E920), G1405 and Y14 3R associated with BAL, EVG and
DTG resistance to investigate their effect on the protein structure of HIV-1C [N and DTG
drug binding,. The structural moddling of HIV-1CIN considered a homologous template of
high sequence identity, and good overall target sequence coverage, compared to previous
homaology models that considered templates of low sequence identity. We could therefore
acaurately reconstruct HIV-1Cusing the close homolog HIV-1B aystal structure as template
to infer accurate drug interactions Further ingpection of the overall structure confirmed accu-
rate prediction of more than %0% of domains within the protein structure, compared to the
template HIV-1EB gructure. The quality analysis provided support for the predicted mode
based on side chain conformations. Stabiity predictions showed contrasting results to
PLOS ONE| hitpa: fdol. omy' 10, 1371 fowmal. pone 0333464 May 7, 2020 10015
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interaction anabysis, whereby amino add substitutions that resulted in a gain of interactions
was predicted to be destabilising. The FoldX changes in energy values were similar to interac-
tion analysis for the three mutant structures under investigation. To fully comprehend the
effects of individual mutations we opted to use molecular dynamic (MD) simulations to under-
stand the effect of three known mutations on protein movement and drug interactions M
analyses hawe shown to be sucoessful in quantifying small changes in protein structures that can
affect overall drug hinding [47]. Analysis of the change in trajectory of the mutant systems com-
pared to the wild type suggested less stability and higher fhictuation of the G1 405 mutant syz-
tem compared to the WT system. We also confirmed the destabilizing effect of the G1405
mutant using principal component analysis which suggested larger randomized concerted
movemnent for the G408 mutant compared tothe WT, ES2(} and Y143R systems. These find-
ings are contradictory to Chen etal. [19] who performed 150 ns simulation studies of the
G408 HIV-1B IN mutant system with NAMD and discovered that the 140% loop of the single
1405 mutant system displayed reduced movements using principal component analysis,
Their results showed that the single G1 405 mutation did not adversely affect drug binding, In
our case, the 140°s loop region is stabilized by the G405 mutation and we assume that could
reduce drug binding, This is supported by pairwise distance analysis confirming a larger dis-
tance between the MG ion and drug DTG for the G1405 mutant system compared to the WT
and Y143R. Furthermore, the total pairwise non-bonded interaction energy was significantby
loweer for the G1405 mutant compared to the W, suggesting weaker affinity of the drug DTG
for HIV-1C IM in the presence of the mutant. Similarly, the binding free energy calculations
alan showed higher binding energy between the WT HIV-1C I and DTG and reduced binding
for the E920}, Y 143K and (1405 mutant systems. These results are in stark contrast to the study
of Chen et al. [19] that showed no difference in binding affinity of BAL to the WT and G1405
single mutant. Interestingly, the binding free energy in our study for the WT and DTG

[-2965 + 18.54) was comparable tothat found in the Xue ef al. [22] study (-30.55 +0.10),
although having ~1.3 Kal/Mol energy difference. Further interaction analysis was performed
to confirm the hypothesis that the G1408 mutation could reduee drug binding by extracting
structures at different snapshots of the simulation. Here, we found that the (1408 mutation
resulted in the drug moving further away from the binding podiet. We also observed weaker
interactions for the E920) mutation but stronger interactions for Y14 3R mutant based on the
average number of hydrogen bonds and the total number of polar contacts between the protein
and the drug. The model generated in this study can be used to tease out the effects of novel var-
iants. A fow limitations of this study are the use of RAL and EVG mutants and not considering
novel RAL or IFI'G mutations and also simulating single instead of double mutations. However,
we have yet to identify double mutants within the South African cohort of HIV-1C infected
patients, Another limitation is the exdusion of entropy effects due to the ladk of computational
resources this might have led to under or overestimation of the binding free energy. However,
our total pairwise interaction energies also correlate wel with RAL binding energies ohserved
in the Chen et al. [19] study with the WT showing higher pair interacion energy compared to
the (1405031 48H double mutant. Future work will include viral fitness assays to determine the
effect of mutants E920), ¥143R and G1405 on the HIV-1C virus replication in the presence of
DTG,

Supporting information

51 Fig. Pairwise amino add sequence align ment between HIV-1C consensus and HIV-1B
(PDBID: 5ULC). The conserved ['DE motif residnes (D64, D116 and E152) are shown in

black boxes.
(TIFF)
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51 Fig. Tetrameric 3D structure of HIV-1C Integrase in complex with DNA, MG and drag
Dolutegravir. Magnesium®* ions (dirty violet spheres), Dolutegravir (brown), DDE motif resi-
dues of the protein represented as navy blue sticks and the DNA asa ladder. Each chain/mono-
mer of the protein is lahelled and coloured differently.

(TIFF)

53 Fig. PCA analysis for the first two principal components. (A) Graphical representation
of PCA of WT vs E920) systems plotted over the last 200 ns, (B) Graphical representation of
PCA of WT vs (1405 systems plotted over the last 200 ns and (C) Graphical representation of
PCA of WT vs Y143 K systems plotted over the Last 200 ns,

(TIFF)

54 Fig. The average number of hydrogen bonds formed between the HIV-1C IN protein-
DN A-MG and DTG, A)WT, B) E920), C) G1405 and [) Y143R.

[TIFF)

55 Fig. Trajectory analysis of the repeat of the foor simmulation systems. A ) EMS D backbone
deviation of the four HIV1C IN protein simulations and B) The change in Raduis of gyration
values for the backhone atoms of the four HIVIC IN protein simulations.

(TIFF)

86 Fig. Interaction analysis for the four simulation systems. (A Interactions formed
between WT HIV-1C integrase structure and DTG taken at 100 ns. (B) Interactions formed
between Y143 R HIV-1C integrase structure and DTG taken at 100 ns. (C) Interactions formed
between E920) HIV-1C integrase structure and DTG taken at 100 ns. (D) Interactions formed
between G1405 HIV-1C integrase structure and IXTG taken at 100 ns.

(TIFF)
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Chapter 10: Overall discussion and future remarks

Sub-Saharan Africa (SSA) is a developing region with most of the countries listed as resource-
limited settings (RLS), with limited access to HIV drug resistance testing (HIVDRT) and
infrastructure for proper research. Drug switching to effective regimens remain a major clinical
challenge in RLS, especially in patients already experiencing virological failure and who have
developed drug resistance. These pose a challenge on meeting the global and regional 90-90-
90 target for the year 2020, with the aim that 90% of all people living with HIV (PLHIV) to
know their status; 90% of people living with HIV to start CART; and 90% of people on
treatment to have fully suppressed the virus. South Africa has successfully met one global
target of 90% of all people living with HIV knowing their status, while 62% are on treatment
and 54% of these virally suppressed. In Cameroon, 74% of people living with HIV know their
status and 52% were on treatment. (UNAIDS, 2019). The high HIV-1 genetic diversity further
makes it difficult to control the epidemic. It is well known that HIV diversity remains a key
challenge pertaining to a wide spectrum of fields, such as serological diagnosis, virological
follow-up, vaccine development and therapeutic monitoring. This is due to the concept that
natural occurring polymorphisms (NOPs) from diverse HIV-1 subtypes can affect therapy
outcomes. The combined results from (Chapter 3 - Chapter 8) discussed in full below, support
the hypothesis proposed in this study that HIV-1 IN gene fragment sequences obtained from
SSA contains NOPs that might possibly have an effect on the efficacy of second-generation
INSTIs, like DTG. The chapters are discussed below.

In Chapter 3 it was demonstrated that CRF02_AG remains the predominant subtype in
Cameroon. This is in agreement with other reported studies (164,165). The study further
reported the appearance of accessory mutations and RAMs against naive INSTI individuals
(166). NOPs across diverse subtypes were secondly reported. Some NOPs can play a role in
the development of RAMSs as some of them are statistically enriched. Given the presence of
these mutations in Cameroon, where INSTIs is not yet widely in use, there is the possibility of
cross-resistance to occur if drug resistance testing is not done prior to switching cART
regimens. This assumption is supported, by the data generated from Chapter 4 that analysed
CRF02_AG sequences data dating back from 1999 to 2004, which also detected major RAMs
that cause resistance against INSTIs. Furthermore, we detected Q148H that can cause cross-

resistance to other class of INSTIs, if it occurs in combination with other mutations, R263K
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(0.3%) mutation identified in our study, is commonly found in patients experiencing therapy
failure , especially on incompletely suppressive regimens containing DTG. In South Africa,
subtype C, remains the driving force of the epidemic, Chapter 5. High level of RAMs against
first-line CART in South Africa is increasing and this could be due to poor adherence. The low
rate of RAMSs against Pl and INSTIs was expected as the majority of South African individuals
are still on standardised regimens. Results from Chapter 6 showed some interactions between
variant residues and DNA, could promote integration of DNA and assumed to have effect on
drug binding. NOPs can have two effect on the IN gene, firstly NOPs can interfere with the
ability of protein binding caused by primary mutations and also NOPs can help to restore viral
enzymatic activity, based on the presence of background mutations and specific subtype. Some
mutations that resulted in the change in number of interactions were found to be within the
stable alpha-helix secondary structure element and this change could affect the protein
conformation. Results from Chapter 7 give long-term optimism for the use of DTG as part of
first-line cCART. We explored computational analysis to study the possible impact on protein
structure caused by NOPs present in diverse HIV-1 subtypes (CRF02_AG and HIV-1C). NOPs
present in IN sequences and in silico analysis of IN/DNA complexes predicted the impact of
NOPs on the interaction between the DNA and INSTIs (48). We identified 15 NOPs present
on CRF02_AG when compared to subtype B using consensus sequence analysis. Based on a
model of the HIV-1B integrase/DNA complex, Malet et al., suggested that these NOPs might
affect IN interaction with DNA or IN susceptibility to INSTIs (101). Moreover, two NOPs
V82F and 184V, present in our study were previously reported among subtype A and C viruses
to be associated with reduced binding affinity, as compared to subtype B. However, more
mechanistic studies are needed to demonstrate the association of NOPs with major INSTI
RAMs and evaluate the potency of INSTIs in treating HIV-1 non-B subtypes. In chapter 8 the
potential impact of INSTIs mutations among subtypes C on the protein structure, functions and
susceptibility to INSTIs were performed using computational modelling tools. Results suggest
that the G140S mutant has the strongest effect on the HIVV-1C IN protein structure and DTG
binding. However, a combination of mutants still need to be investigated among individuals
infected with diverse HIV-1 subtypes. This approach will allow us to have better insight
knowledge with the pathways of resistance and drug binding, more especially in SSA, where
HIV-1 infections continues to increase and the majority of infections are caused by non-B

subtype.
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Significance of the study in resource limited settings (RLS)

Wide-scale access to DTG across the SSA region has been given the green light by the WHO
to form part as a the preferred first-line and salvage regimens for all HIV infected individuals
and the treatment of paediatric patients (167). In SSA few studies have been done on identifying
mutational patterns in the HIVV-1 IN gene of the infected patients failing first-line and second-
line CART (104,168,169). The proposed study had the strength to bridge that gap of lack of
data on DRMs against DTG in RLS and able to study genetically diverse HIV-1 strains that
might potentially have an impact on the susceptibility to INSTIs of patients’ sequences infected
with different subtypes. Furthermore, this study will strengthen the collaborative research
initiative and skills transfer on HIV-1 drug resistance between South Africa and Cameroon.
Data generated from this study will help to guide in tailoring effective treatment strategies in
the South African and Cameroonian populations, infected with diverse HIV-1 subtypes.
Computational analysis methods used in this study is cost effective, time saving and can be
used as a tool to predict therapy failure due to resistance and timely switching of patients to a

more efficacious regimen.

Overall strength and limitations of the work

There are several strengths and limitations in the study. There was small samples size of patient
sequences analysed (Chapter 3). This was as a result of no or poor PCR DNA amplification.
This is most likely due to the high sequence variability seen in HIV, thus primer mismatches
lead to inefficient PCR amplification and DNA sequencing. In addition, there were no data
available, or access to patients, who are currently receiving INSTIs to make comparison
between INSTI naive and treated INSTI individuals. We were only limited to one statistically
method for analysis of the mutations that might be statistically enriched. This would have been
an interesting and crucial addition to our knowledge of INSTI success in CART regimens. In
Chapter 4 we used online database sequences dating back from 2000-2001 before the roll out
of HIV treatment in South Africa and this result provided a baseline resistance in South Africa.
In this study we did not screen for resistance associated mutations on the 3’ polypurine tract
(PPT) region of HIV-1 that has been suggested as an alternative mechanism to the develop of
resistance to INSTIs. Chapter 5. This is the first study to look at the prevalence of InSTIs in
patients receiving LPV/r and ATV as their bPIls from South Africa, this study therefore
contributed to expanding current HIV-1 knowledge regarding LPV/r and ATV resistance.
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Although there was no data of HIV-1 viral load and CD4 count. Other limitations was that we
only investigated RAL and EVG and did not include novel DTG mutations. We further
excluded entropy effects due to lack of computational resources and this might have led to
under or over estimation of the binding free energy. In addition to the study limitations include
lack of performing in vitro assays to determine the drug resistance against virus isolates that
harbour RAMs in relation to WT strains. The study had the strength to study the mutations that
might potential have an impact on the protein binding and susceptibility to INSTIs of patients’
sequences infected with different subtypes in the context of 3D using computational analysis
(Chapter 6 and Chapter 7). Thus far, subtype B is the only structure available that is used as
a template to study structural difference because there is no structure for non-B subtypes. This
is the first study to successfully build an accurate three dimensional model using wild-type
HIV-1 subtype C consensus sequence to study the effect of mutations on INSTIs drug binding
(Chapter 8).

Overall strength of our study, knowledge transfer and strengthening collaboration

Our collaborating partners throughout Africa are using the HIV resistance protocols we have
developed in our studies. These include Dr. George Ikomey — University of Yaoundé | in
Cameroon, Mr. Henerico Shimba in Mwanza, Tanzania and Dr. Franklin Onyambu from the
University of Nairobi, Kenya. This is a real world impact and shows the strength of our work.
Other international partners, from the Institute of Virology and Immunobiology, University of
Wuerzburg, Germany and the Department of Laboratory Medicine, Karolinska Institute,
Sweden, have also used our Methods.

Conclusions

The following conclusions and recommendations can be made from findings in this thesis

e In South Africa, there is a high prevalence of RAMs against first line therapy (NRTI
and NNRT]I), with increasing number of patients having RAMs against Pls and INSTIs.
Thus, close monitoring strategies to ensure a successful switch of regimens is

warranted.
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e [N Cameroon, there is a low rate of mutations against INSTIs and this could be due to
INSTIs not yet fully available. There is a possibility of HIV-1 infected patients to
experience virological failure ,when switched to DTG as mutations already appear

before the roll out of DTG based regimen in Cameroon

e This study further reports the analysis and interpretation of HIV-1 IN sequences and
subtyping among infected individuals from naive ART Cameroon and South Africa.
CRF02_AG continues to increase and becoming the predominant subtype causing the
infections in Cameroon, while subtype C also remains the predominant subtype causing

the infections in South Africa.

e We further reported the impact of various NOPs and their impact on drug susceptibility.
The analyses suggested that NOPs might have impact on IN protein structure and
stability, which will in turn affect viral DNA binding and which will subsequently affect

drug sensitivity.

e Up to date, the only available crystal structure used to study computational analysis is
based on the HIV-1B intasome (PDBID: 5U1C). This is not ideal to assess the viability
and long-term efficacy of INSTIs based regimens on non-B subtypes circulating in
SSA. Therefore, it is imperative that standard crystal structure to study diverse subtypes
mostly affecting sub-Saharan Africa should be investigated.

e Despite the fact that the majority (90%) of infections worldwide are caused by HIV-1
non-B subtypes, knowledge of HIV-1 diversity and drug resistance-associated
mutations (RAMS) in non-B HIV-1 and their clinical management in RLS is limited

and need to be addressed.

Overall, to the best of our knowledge this is the first study to successfully construct an accurate
3D model structure that ca be used to study further in silico studies. Furthermore, our study
findings support the use of INSTIs in first line therapy to form part of the long-sought goal of
attainment of a functional cure for HIV-1 disease. However, before roll out of DTG in RLS,
infrastructure capacity need to be improved, to allow proper and adequate switching of

regimens to prevent carrying over resistance mutations.
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Future work

e Perform drug resistance analysis of mutations outside IN that can confer resistance
against DTG

e Perform phenotypic drug resistance analysis on integrase-based recombinant viral
mutants.

e Perform viral fitness assays to determine the effect of known mutants on the HIV-1
virus replication in the presence of DTG.

e Perform viral integration assays to determine if DTG, BIC and CBT can prevent viral

integration within plasmid.
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